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Abstract

:

We studied supramolecular chirality induced by circularly polarized light. Photoresponsive azopolymers form a helical intermolecular network. Furthermore, studies on photochemical materials using optical vortex light will also attract attention in the future. In contrast to circularly polarized light carrying spin angular momentum, an optical vortex with a spiral wave front and carrying orbital angular momentum may impart torque upon irradiated materials. In this review, we summarize a few examples, and then theoretically and computationally deduce the differences in spin angular momentum and orbital angular momentum depending on molecular orientation not on, but in, polymer films. UV-vis absorption and circular dichroism (CD) spectra are consequences of electric dipole transition and magnetic dipole transition, respectively. However, the basic effect of vortex light is postulated to originate from quadrupole transition. Therefore, we explored the simulated CD spectra of azo dyes with the aid of conventional density functional theory (DFT) calculations and preliminary theoretical discussions of the transition of CD. Either linearly or circularly polarized UV light causes the trans–cis photoisomerization of azo dyes, leading to anisotropic and/or helically organized methyl orange, respectively, which may be detectable by CD spectroscopy after some technical treatments. Our preliminary theoretical results may be useful for future experiments on the irradiation of UV light under vortex.






Keywords:


supramolecular chirality; DFT; circular dichroism; transition; angular momentum












1. Introduction


Photo-induced molecular orientation due to the trans–cis isomerization of an azobenzene derivative moiety, namely, linearly or circularly polarized light-induced optical anisotropy or helical alignment, respectively, attributed to molecular reorientation caused by the Weigert effect, has been extensively studied [1,2] (Figure 1). In the field of polymer chemistry in particular, studies on supramolecular chirality focus on the origin of chirality, and many papers have been reported to date [3,4].



Besides pure azo-polymers [5], our research group and others have explored metal complexes aiming to develop new functional materials based on aligned isolated metal complexes co-existing [6,7,8] or azobenzene derivatives [9,10,11], in a matrix or on the surfaces of various materials. Metal complexes undertake electric dipole transition when excited by light absorption [12], and azobenzene derivatives absorb the specific orientation of the light irradiated against molecular axes to carry out trans–cis photoisomerization [13].



Therefore, spectroscopic measurements and computational chemistry techniques have been developed for the photo-orientation of azo metal complexes. Schiff base metal complexes, as well as azobenzene moieties dispersed in a polymer matrix, increase optical anisotropy after the irradiation of linearly or circularly polarized ultraviolet (UV) light, a process that can be observed using various spectroscopic measurements. Polarized UV-vis (visible) [14,15], IR [16,17], or circular dichroism (CD) [18,19] spectra can now be simulated via the energy of the electronic transitions using conventional computational calculations [20,21].



In recent years, studies on optical vortex light have attracted much attention as a new kind of chiral light [22,23,24]. In contrast to circularly polarized light carrying spin angular momentum, a light vortex exhibiting a spiral wave-front and carrying orbital angular momentum may mechanically impart torque when irradiated onto an object (Figure 2) [25,26,27]. Indeed, some examples of spiral damage on the “surface” of azobenzene-containing polymers have been reported [28,29]. In this context, we should consider excitation via light absorption or electronic transitions in a molecule, which cannot be observed in the case of ordinary or conventional lights [30,31]. However, new theoretical approaches to interpreting light absorption should be developed for such new types of light, except for the spin of magnets, for which techniques have already been developed [32,33].



Herein, we discuss chiroptical spectroscopy and electronic transitions for optical vortex UV light via thought experiments (using actual systems for linearly or circularly polarized UV light experiments, we expect the difference or difficulty to be overcome in the case of optical vortex light.) and hypothesis frameworks that are analogous with conventionally established treatments [34,35]. We are seeking to determine what will happen to the metal complexes and azo-groups in the polymer medium [36,37,38] when the light vortex is irradiated. All actual experiments on conventional light were carried out in the referenced papers using cast films less than 0.05 mm thick at room temperature.




2. Thought Experiments of Optical Vortex Applied for Some Cases of Known Systems


2.1. Separated Azobenzene and Schiff Base Metal Complexes


First, it is easy to imagine facing technical problems when using CD to determine the orientation of molecules [39,40] that are not related to the optical vortex, which may induce chiral supramolecular orientation [41,42]. Even if using circularly polarized light appropriately generated by a conventional UV light source with optical devices (Figure 3), supramolecular helical chirality was inferred from so-called artifact CD peaks due to the LD and CD terms in the oriented samples [43]. Although several experimental methods for overcoming or avoiding this issue have been proposed [44,45], the rotation and averaging of the CD spectra of oriented samples may be one of the easiest solutions (Figure 3).



Diastereomers of (achiral or chiral) Schiff base Ni(II), Cu(II), and Zn(II) complexes with or without azobenzene moiety in their ligands were prepared as PMMA cast films (namely organic/inorganic photofunctional hybrid materials) (Figure 4) [46]. These samples were irradiated with linearly or circularly polarized UV light; we then compared their CD spectra before and after irradiation to confirm the molecular orientation inside the hybrid materials. Utilizing symmetry, the optically active complex is strengthened by the molecular CD and tends to form a helical pattern. Achiral complexes, on the other hand, are suitable for comparing spiral-only CD spectra.



Using wavelength selective UV light may also help to overcome this issue [47]. In the first step, we saw that circularly polarized UV light induced different chiral supramolecular orientations, as assessed by CD spectra, before and after UV irradiation. In the second step, we confirmed that the linearly polarized UV light induced little changes in CD spectra via control experiments. Circularly polarized UV light at 260, 318, and 380 nm was irradiated for 0, 3, 5, and 8 min. The differences in the CD spectra (considered blank data to remove the effect artifact peaks) indicated increasing CD peaks, suggesting that chiral supramolecular orientation was induced. Light at 260 nm was effective for inducing bands at about 300 nm in all complexes (in addition, the band at 400 nm was induced only for the Zn(II) complex). Light at 318 and 380 nm was effective at inducing bands at about 300 and 500 nm for all complexes (in addition, the band at about 500 nm was induced for the Ni(II) and Zn(II) complexes, and was induced at about 700 nm for the Cu(II) complex).



On the other hand, similar differences in the CD spectra before and after linearly polarized UV light irradiation at selective wavelengths were observed; that is, no CD peaks could be observed in the long-wavelength region without noise peaks. Generally, in solutions with isotropic environments, proper CD spectra can be obtained for chiral metal complexes, which has been ascribed to molecular chirality. That said no CD spectra could be observed for achiral metal complexes. On the other hand, it is well known that samples manifesting an anisotropic environment (for example, solid state or well-oriented films) show not only proper CD peaks but also artifact CD peaks. In the different CD spectra, the artifact peaks were cancelled out when no changes related to chirality occurred, even if molecular or supramolecular chirality was present. In other words, although linearly polarized UV light induced optical anisotropy in metal complexes in hybrid materials, the supramolecular chiral order was not affected, even in chiral metal complexes.



In conclusion, the presence of CD peaks in different CD spectra is attributed to the supramolecular helical orientation induced by circularly polarized UV light irradiation, for achiral as well as chiral metal complexes. Additionally, UV light of specific wavelengths can effectively induce molecular orientation.




2.2. Azobenzene Containing Schiff Base Metal Complexes


Photofunctional materials sensitive to optical vortex UV light will also attract attention in the near future. Until then, both experimental results and computational treatments carried out with conventional polarized light and azobenzene-related compounds should be thoroughly examined, and their difference from the optical vortex should be considered [48,49]. Clear circularly polarized light experimental data (identical to conventional circularly polarized light irradiation) are useful for light absorption treatments (unknown for optical vortex), and affect the CD spectra.



We also employed azo-containing mononuclear Schiff base metal complexes in PMMA films for assessing the molecular orientation effect induced by several types of UV light irradiation (Figure 5) [50,51]. Among such complexes, we selected a complex with M = Zn(II) and R = H, which manifested an intense peak at 380 nm, for the photoirradiation experiments. We also confirmed the cis–trans photoisomerization of the azo-moiety of the ligand with wavelength-selective UV light irradiation, the Weigert effect, which is the linear polarization of anisotropic molecular orientation induced by light, and supramolecular chiral arrangement induced by circularly polarized light irradiation. Employing a conventional laboratory light source, linearly polarized and circularly polarized UV light was used, and the rotating CD spectra of the complexes were measured (Figure 5). The peaks may be attributed to supramolecular chiral arrangement induced by circularly polarized light irradiation.




2.3. Mechanical Effect of the Light for Complexes without Azobenzene


Although it was not clear in our experiments, circularly polarized light is expected to have a physical and mechanical effect on the distribution of singular points and peripheral parts of the optical vortex [52,53]. Azobenzene polymers have several different mechanical properties [54,55]. Without azo-groups, the typical Weigert effect does not occur. However, it may be a useful tool for discussing the direct mechanical effects (twisting) of light [56,57].



We prepared organic/inorganic hybrid materials composed of water-soluble binuclear Zn(II) Schiff base complexes without azo-compounds in a PVA film to investigate changes to molecular orientation induced by linearly and circularly polarized UV light (Figure 6) [58,59]. The data showing the variation in Figure 6 reflect the reality better than other low-quality images. This is because a slight orientation change induced by polarized UV light was measured for a sample containing no azobenzene moiety, indicating a direct photoisomerization response. We have synthesized and characterized a new Schiff base dinuclear Zn(II) complex including chloride anions as axial ligands, and prepared PVA polymer cast films. Without photochromic additives, optical dichroism at charge transfer peaks could be observed after linearly polarized UV light irradiation with electric field vectors, illustrated by the increasing anisotropy of the molecular orientation of the complexes. For example, the related Ni(II) complex showed the most obvious anisotropy after linearly polarized UV light irradiation for 10 min. Figure 6 also shows the angular dependence of the polarized UV-vis spectra (absorbance at 367 nm) of the Ni(II) complex. The Zn(II) complex also manifested similar behavior to the Ni(II) complex. Compared with other CD data from control experiments (only PVA film or hybrid materials, solutions or film, wavelengths or the orbital angular moment dependence of UV light), we derived preliminary evidence that circularly polarized UV light induced the molecular orientation of the Zn(II) complex in hybrid materials.



For considering the mechanical effects of optical vortices by comparison with spin and orbital angular momentum [60], the following data handling methods can be used (this is a thought experiment). Consider the following situation: a PMMA film containing a complex with an extended planar ligand and having azobenzene moiety [61] is irradiated with a linearly polarized optical vortex with an orbital angular momentum l = −1, 1 near the absorption wavelength. The measurement points for each wavelength of the CD spectrum, measured by changing the angle, are fitted with the sine curve equation y = Asin {(xB) · π/90} + C, and the graph of the A term is constructed by the linearly polarized light component of the optical vortex. The graph of the C term can thus be analyzed by the orbital angle momentum. The graph of the linearly polarized light component A shows a periodic change, suggesting the formation of chiral orientation. Further, in the graph of the C term depicting the orbital angular momentum, the influence of the angle-independent component is small, and a half-wavelength deviation in the orbital angular momentum is expected, with different signs in specific wavelength regions. The appearance is different depending on the surface [62], and in the molecule inside the material (where electronic states are important [63]), the orbital angular momentum of the optical vortex may have a physical and mechanical influence on the distribution of the singular point and the peripheral part of the optical vortex, or the polarization of light [64].





3. Theoretical Consideration of Topological Factors for CD


The theory of CD spectroscopy (rotation of polarized light by chiral materials) is well-established [65,66]. The spatial factors of both chiral materials and electromagnetic waves [67,68] and the resulting molecular orientation [69] should be considered, except for electron transitions, during excitation [70]. Polarized light is light in which the vibration is fixed in a specific direction. Let us set the coordinates of x and y on the vibrating surface and try to decompose the components. When the two are in the same phase, the light will be linearly polarized. As the phase shifts, the light becomes circularly polarized or elliptically polarized. The equation for the vibration of linearly polarized light in the x and y directions is cos ωt. Left-handed polarized light is achieved by shifting the phase by π/2 in only one direction, and right-handed polarized light involves shifting by π.


Linearly polarization light x = cos ωt y = cos ωt



(1)






Left polarization light x = cos ωt y = cos(ωt + π/2)



(2)






Right polarization light x = cos ωt y = cos(ωt + π)



(3)




where ω and t denote angular frequency and time, respectively. This is a commonly used treatment in which circularly polarized light (elliptical polarized light) is derived from the phase difference.



The vibration equations are also shown above, where ω represents the frequency.



Since the synthetic electric field of left and right circularly polarized light is a composite of sine and cosine, it is convenient to mathematically display it as a complex number.



The time-varying part of the Hamiltonian of electric charge in the electromagnetic field is taken out and used as the perturbation term. It is shown in Equation (4).


   H ′  = −   ∑  j   e   m j  c    A j  ·  P j   



(4)




where j: respective charge in molecule; m: mass; c: light velocity; e: elementary charge; A: vector potential; P: momentum.



Since the conventional method of confirming that the vector potential is uniform on the molecule is coarse, the value of the potential changes according to the position on the molecule. Furthermore, when the matrix element is calculated by substituting the Taylor expansion of the vector potential into Equation (4), the electric and magnetic dipole moments appear, as shown in Equation (5):


  〈  φ ′  |  H ′  | φ 〉 = −  {    i ∆ E   c h   〈  φ ′  |  μ e  | φ 〉 ·  A 0  + 〈  φ ′  |  μ m  | φ 〉 ·  (  ∇ × A  )   }  e x p  (  i   2 π ∆ E  h  t  )   



(5)




where    φ ′  , φ  : different kind of electronic state;   ∆ E  : energy gap between two states; h: Planck’s constant;    μ e   : operator of electronic dipole moment;    μ m   : operator of magnetic dipole moment.



The wave function in the perturbed state is expressed as a linear combination of eigenfunctions that are strictly solved, and Equation (5) is used to obtain the coefficient.



Finally, the induced electric and magnetic dipole moment can be derived.



The details are omitted, but the results are shown below.


   μ e ′  = α  E ′  + γ  H ′  −  β c    d  H ′    d t    



(6)






   μ m ′  = k  H ′  + γ  E ′  −  β c    d  E ′    d t    



(7)




where    μ e ′   : induced electric dipole moment;    μ m ′   : induced magnetic moment; E’ and H’: electric and magnetic fields that actually act on the molecule, not the external field.



The coefficient of the differential term in Equations (6) and (7) is important in the discussion of optical rotation.


  β =  c  3 π h     ∑  n    I m  { 〈  0 |  μ e  | n 〉 · 〈 n |  μ m  | 0  〉 }     v  n 0   −  v 2     



(8)






  R = I m  { 〈  0 |  μ e  | n 〉 · 〈 n |  μ m  | 0  〉 }   



(9)




where 0: background state;    v  n 0    : frequency between n and 0; v: frequency of external light.



Equation (9) indicates rotational strength, and it is part of Equation (8).



The vector potential of the magnetic field created by a small loop current is proportional to the product of the current and the area of the loop, which is referred to as the magnetic dipole moment. The orientation of the vector is perpendicular to the loop plane. As shown in Equation (9), the rotational intensity is the inner product of the electric dipole moment and the magnetic dipole moment. Assuming that the angle formed by these is 0°, when the linear motion of the electron and the loop rotation are added, a spiral trajectory is drawn. This is why CD measurements are used to confirm the spiral orientation formed by circularly polarized light. On the other hand, the light vortex exhibits a spiral wave-front and carries orbital angular momentum, in which the electric vector is distributed in complex directions [71].




4. Computational Simulation


Our understanding of the chirality in the interaction between matter and light has deepened in recent years. Moreover, the UV-vis and CD spectra are observed as consequences of electric dipole transition and magnetic dipole transition, respectively. However, the inherent effect of vortex light is postulated to originate from quadrupole transition. Therefore, the simulated CD spectra of both isomers of methyl orange (MO, p-(CH3)2NC6H5-N = N-C6H5-SO3−) [61], which is a typical azo-dye, can be extracted easily by DFT calculation, namely quadrupole transitions (Figure 7). When irradiating with an optical vortex of 280 nm, which is very weak, no chiral order is formed in the trans form of MO. However, in the case of the cis form of MO, a chiral molecular orientation was formed during the winding after optical vortex irradiation by comparison with MO using the TD-DFT calculation. These results are similar to the corresponding experimental results derived using circularly polarized UV light.



Furthermore, a new CD peak appears when a PVA composite film containing MO and an achiral dinuclear Zn(II) complex (Figure 8) [58,59] is irradiated with an optical vortex. Here, we employed water-soluble polymer PVA and metal complexes in our conventional polarized light experiments to expand the protein matrix. Peaks with the same sign appeared on the front and back of the film, and the peaks become symmetrical (viewed from both sides) [60,61] when the orbital angular momentum of the optical vortex became l = −1, 1 (Figure 8). The formation of the chiral molecular orientation order of the complex can be simulated using DFT calculations.



In the case of Figure 8, the MO directly underwent light-induced changes in its molecular orientation, giving rise to the molecular orientation of a metal complex. The effect of direct light-induced molecular orientation change in a metal complex may be weaker than the effect in an MO. In both situations, helically aligned molecules dispersed in a PVA film can exhibit CD signals due to the supramolecular helical chirality of chiral or achiral molecules.



Various changes after optical vortex UV irradiation were assessed. The sample for this simulation was irradiated with two types of optical vortices; the maximum absorption wavelength of the complex was 253 nm and 360 nm and the orbital angular momentum (l = −1, 1) of the wavelength not absorbed was 280 nm. The change in the CD spectrum before and after the irradiation was estimated. It increased to around 280 nm, which was the same as the wavelength (280 nm), but this was not because the MO in the PVA film transitioned from the trans form to the cis form. The torque of the optical vortex causes the Zn(II) complex to form a spirally twisted chiral order. In addition, irradiation with an optical vortex (l = 1) under the same conditions increased the CD spectrum, as in the case of (l = −1), and its peak dipped downwards. This suggests that the angular momentum of the optical vortex has a physical effect on the molecules in the polymer films.




5. Conclusions


We have summarized the available information on, and discussed the photo-induced orientation of, azo-dyes and metal complexes in polymer films. The future prospects of such studies are as follows. Firstly, they have potential applicability in materials whose anisotropically or helically aligned physical properties can be controlled by light, that is, in optically switchable materials. Nowadays, studies on smart materials using polymers are attracting attention, and highly efficient and high-performance devices are required. On the other hand, metal complexes have various physical properties, such as magnetism, optical properties, electron transfer, etc., which depend on the metal ions’ and ligands’ properties. Our study may be useful for determining the functions of metal complexes as induced by various types of light. The second aspect is the manipulation of chiral orientation achieved by left and right circularly polarized light or optical vortex, if possible. The chiral orientation of solid-state soft material polymers with an azobenzene moiety on the side chain has been explored. However, there are few studies on the chiral orientation of metal complexes present in (but not on) a polymer matrix. At present, we still have some problems about the interaction between optical vortex and substances. The improvement of measurement methods and actual experiments is necessary for this theoretical study. As an example, local CD observation using a condensing system in a CD spectrometer can be considered. The optical vortex is a so-called “donut-shaped” spiral light, and this may also be beneficial to spatial resolution, along with depth direction and beam size. In composite systems such as the ones mentioned, the difference in the effect on the substance at the central singularity point and in other parts has not been clarified. Analysis in the nano-scale range (volume) will be important for investigating the effects of an optical vortex on a substance, other than the electronic states in a molecule.
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Figure 1. Weigert effect of azobenzene showing cis–trans photoisomerization in a polymer matrix (gray squares) resulting from linearly polarized UV light (large yellow arrow and small yellow arrow are the electric vector of polarized light and the molecular orientation, respectively). 
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Figure 2. Light with angular momentum-induced molecular orientation. (a) Circularly polarized light with spin angular momentum (inducing helical alignment and chirality), (b) optical vortex with orbital angular momentum (unknown). Photofunctional molecules dispersed are depicted in polymer matrix of a film (left). After light irradiation (middle), the overall helical molecular arrangements are presented schematically (right). 
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Figure 3. (a) Generation of left-(l-) and right-(r-) handed elliptically polarized light (epl) using a conventional elongated circularly polarized light source to irradiate samples. (b) Rotating measurement of CD spectra to overcome the artifact peak problem. 
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Figure 4. Molecular (a) and DFT-optimized (b) structures of the Schiff base Ni(II), Cu(II), and Zn(II) complexes without azobenzene moieties. These complex and azobenzene molecules were dispersed in a PMMA film. 
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Figure 5. Molecular structures of the chiral Schiff base Ni(II) and Zn(II) complexes with azobenzene moiety (a) and rotating CD spectra measured at four points in the PMMA films after circularly polarized UV light irradiation (b). Experiments using conventionally polarized UV light have been undertaken in the corresponding literature, and the more rigid M = Zn(II) complex R = H will be used for the thought experiment. 
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Figure 6. (a) Molecular structures of the Schiff base Zn(II) complexes without azobenzene (M = Ni, Zn; L = H2O or OH of PVA (expected axial ligands)). (b) Angular dependence of absorbance (namely, 0.17, 0.168, 0.166, and 0.164 of the radial circles) of polarized UV-vis spectra (367 nm) of Ni(II) complex in PVA film after linearly polarized UV light irradiation (<350 nm) for 0 min (initial), 5 min (UV 5) and 10 min (UV 10). PVA films composed of only metal complexes or metal complexes and azo-dyes were used for comparison. 
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Figure 7. Simulated UV-vis (blue) and CD (red) spectra of MO for the trans form (a) and the cis form (b) using the TD-DFT calculation via Gaussian09. As for the azo-group (-N = N-), the cis and trans isomers can be defined for MO, showing a short wavelength shift of the strongest peak of UV-vis spectrum. The CD spectrum of “achiral” MO isomers can be simulated using TD-DFT to distinguish supramolecular chirality due to the helical arrangement of MO molecules. 
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Figure 8. (a) Molecular structures of the dinuclear Schiff base Zn(II) complex (ZnL2) dispersed with MO. (b) If a positive peak can be obtained regardless of whether the CD peak is measured from the front or back side, this is because the structure is the same from both perspectives. For example, if a spiral structure was formed, it would be “left-handed” when viewed from either side. The Green helical shape denotes molecular arrangement induced by light. Yellow arrows depict viewpoints from both sides. 
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