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10 Abstract: Chiroptical responses have been an essential tool over the last decades for chemical
11 structural elucidation due to their exceptional sensitivity to geometry and intermolecular
12 interactions. In recent times, there has been an increasing interest for the search of more efficient
13 sensing by the rational design of tailored chiroptical systems. In this Review article, advances on
14 chiroptical systems towards their implementation in sensing applications are summarized.
15 Strategies to generate chiroptical responses are illustrated. Theoretical approaches to assist in the
16 design of these systems are discussed. Development of efficient chiroptical reporters in different
17 states of matter, essential for the implementation in sensing devises, is reviewed. In the last part,
18 remarkable examples of chiroptical sensing applications are highlighted.
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20

21 1. Introduction

22 The concepts related to mirror-image symmetry have become a prominent topic as scientists
23 have made progress in structural determination of three-dimensional (3D) objects from both atomic
24 and molecular levels. Particularly, the presence or lack of mirror-image symmetry plays a crucial role
25  in shedding light on the origin of biological processes relevant to human life.[1] At different scales,
26  objects are said to be chiral when they do not coincide with their mirror image. Accordingly, achiral
27  objects are those possessing at least one improper axis i.e.,, a plane of symmetry or a center of

28  inversion (Figure 1).[2]

29

30
31 Figurel. Chiral (left) and achiral (right) macroscopic objects.
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32 It was not until 1884 that the discovery of molecular chirality was achieved by Louis Pasteur
33  when he observed left- and right-handed crystals of sodium ammonium tartrate tetrahydride.[3]
34  Today, itis known that a pair of opposite-handed-shapes are called enantiomers and their interaction
35  with other chiral entities may give rise to distinct physiological and/or toxicological responses. As an
36  example, thalidomide was used for the treatment of morning sickness in pregnancy in the late 50s
37 and early 60s. While (R)-thalidomide was an effective analgesic, its enantiomer (S)-thalidomide had

38  ateratogenic effect causing over 10,000 birth defects (Figure 2).[4]

Mirror
(o) o
NH H HN
N 0.0 N

0 0
39 ;
40 Figure 2. (R)-Thalidomide (left) and (S)-Thalidomide (right).
41 Like molecules, light can also be chiral. In fact, the circularly polarized light-waves of opposite

42 helicity, yet the same amplitude and phase, constitute the linearly polarized light. In this regard, the
43  interaction of two enantiomeric molecules with the same helical wave may be different. The outcome
44  of this distinction is known as circular dichroism (CD), a type of chiroptical response that can be used

45 for several applications (Figure 3).[5]
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47 Figure 3. General representation of the applicability of a chiroptical system.
48 The generation of chiroptical responses is very general, ranging from monodisperse to

49  polydisperse systems, individual or collective chirality, of organic, organometallic, or inorganic

50 nature, or even a combination of them. Also the applicability is wide, the absolute configuration
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51  determination being the most frequently used after the discovery of chiroptical responses, but
52  nowadays also the conformational assignment of the responding systems, detection of chiral or
53  achiral molecules as well as the characterization of self-assemblies. Furthermore, the wavelength of
54  the induced chiroptical sensor readout is typically free of the interfering signals coming from the
55  sample under investigation. This spectral extension is advantageous in medical applications since

56  long exposure to light radiation can affect bimolecular samples.

57 The intent of this review is to provide the reader with a general overview of key aspects to take
58  into consideration when developing of a chiroptical system for sensing. It starts with an illustrative
59  description of the most commonly used strategies for the generation of chiroptical responses. Since
60  the signatures of the chiroptical responses are not trivial, different approaches for their prediction
61  have been developed, and here we summarize the most relevant ones. A desired application may
62  require of chiroptical systems to be in a particular state of matter, therefore, some examples herein
63  were classified concerning this aspect. Finally, some demonstrative examples of chiroptical sensing

64 are sketched on molecular detection, switches, and diagnosis.

65

66 2. Strategies for the Generation of Chiroptical Responses

67 The rise of chiroptical methods, the key spectroscopic means of probing and reporting the
68  presence of chiral motive(s) within the molecular framework, came as a result of coinciding advances
69  in instrumentation as well as computer technology and algorithms that allow implementation of ab
70 initio theoretical simulations. In a timely manner, scientific community has made notable advances
71  inintelligent design of chiral systems capable of manifesting chirality in different ways: by selecting
72 chromophore providing chiral signals in specific spectral region or by fine-tuning the chiroptical
73 response via methodical selection of the preferred symmetry/geometry of the system in a given
74  media.

75 Historically, synthesis and isolation of chiral molecules has routinely incorporated
76  measurements of optical rotation (OR) at single sodium-D-line wavelength (589 nm) and electronic
77  CD (ECD) spectral signature. To achieve a reliable stereochemical structural elucidation, nowadays,
78  asimultaneous use of more than one chiroptical method is strongly encouraged: ORD, ECD, VCD,
79  and Raman optical activity (ROA).[6,7]

80 Different chiroptical methods probe chiral systems under variable conditions and with different
81  forms of energy, hence accessing different unique sensitivities to different structural features.
82  Specifically, UV-Vis linearly polarized light is used in the case of ORD, while circularly polarized
83  light in the case of ECD. VCD extends the functionality of ECD to the mid-infrared regime where
84 normal mode vibrational transitions are observed. Like VCD, ROA is a form of vibrational optical
85  activity that is sensitive to chirality associated with all fundamental vibrational normal modes. ROA
86  measures a small difference in the intensity of vibrational Raman scattering from chiral molecules in
87  right- and left-circularly polarized incident light. It is considered as insightful probe of the structure
88 and behavior of biomolecules in aqueous solution.[8,9] As such, different methods require different
89 solvation environments, different concentrations, different consideration of solute-solute vs. solute-

90 solvent interactions, as well as intra vs. intermolecular interactions.
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91 In general, merits and limitations of a given chiroptical method can be identified when multiple
92  methods are applied simultaneously to cross-examine a given stereochemical structural objective. As
93  mentioned earlier, while OR at 589 nm is routinely reported, for structural elucidation it is advisable
94  to consider the overall ORD pattern that extends over multiple wavelengths. While ECD requires a
95  UV-Vis chromophore in order to produce a chiroptical response, in the case of VCD each 3N-6 normal
96  mode vibrations have potential to serve as a chirality probe of N-atomic molecule. VCD typically
97  access multiple well-define bands, yet it is less sensitive that ECD as reflected in the need for higher
98  concentrations and 3-5 orders of magnitude lower intensity of the CD response.[10] Chiroptical
99  response depends on the spatial orientation of chromophoric groups, moieties near the stereogenic
100  centers and consequently on the overall molecular flexibility. Nonetheless, VCD is highly
101 conformational sensitive, which is why in the case of flexible molecules it can be occasionally
102  hindered by conformational averaging that leads to attenuation of the bands.[9] To reiterate, the best
103  practice is to resort to multiple chiroptical method in order to increase the confidence level of the

104 assignment. [6]
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106

107 Figure 4. Different strategies to chiroptical systems.

108 Chirality can be manifested in many different ways, in this section we group chiroptical systems

109  originating form three different strategies: Individual, Collective, and Induced Chirality (Figure 4).
110  Other approaches to render chiroptical systems such as integrated photonics,[11] are not in the scope

111 of this review.

112 2.1. Individual Chirality

113 In this section we want to call the attention over systems that independently present chirality.
114  Considering individually chiral systems one may identify them as being from molecular or
115  nanoparticle nature (Figure 5). Very often the open molecular systems are monodisperse,[12]
116  however, there are several examples of open polydisperse oligomers presenting chiroptical
117  responses.[13] On the search for specific molecular recognition sites and restriction of the
118  conformational space, several cases have been developed on cyclic[14] and cage-like organic[15] and
119  organometallic systems.[16]

120 Open Cyclic Cage Cluster 2D NP 3D NP
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121 Figure 5. Different examples of systems presenting individual chirality.

122 On the other hand, a tremendous expansion in the last years has been realized in the
123 development of intrinsically chiral metal nanoparticles. While for clusters, the system can be
124  monodisperse, larger nanoparticles are typically polydisperse and can be classified as 2D chiral
125  nanoparticles, where the chirality comes from the nanoparticle lying onto a surface, or 3D chiral
126  nanoparticles.[17]

127  2.2. Collective Chirality

128 Collective chirality is referred to the global asymmetry featured by 3D complex
129  nanoarchitectures. The asymmetric organization of chiral or achiral entities mainly stems from
130  specific weak interactions through space rather than covalent bonding. This reality can be realized
131 by self-assembly or template strategies (Figure 6).

Self-assembl
132 y Templated
133 Figure 6. Representation of self-assembly and template-guided self-assembly processes to reach
134 collective chirality in 3D nanoarchitectures.
135 To reach collective behavior in a variety of complex nanostructures with chiral morphology,

136  bottom-up approach has been utilized for many decades. As an example, gel formation of a chiral
137  azobenzene via m-mt stacking was attributed to be mainly responsible for the observed chiroptical
138  responses since the isolated molecular system employed is practically CD silent.[18] On the other
139  hand, template-guided self-assembly involves the interaction between entities and templates to tackle
140  challenges in precise control of self-assembly at nanometer scale. For instance, well-defined
141  arrangement of plasmonic nanoparticles can be achieved when inorganic silica helices are used as a
142 chiral template. This complex architecture features remarkable chiroptical responses as a result of the
143 helical arrangement of the metal nanoparticles.[19]

144 2.3. Induced Chirality

145 The expression of chirality in achiral molecules and molecular assemblies is known as induced
146  chirality. Typically, chiral induction is achieved when units comprising the system are arranged in
147  an asymmetric or helical manner, even though constituents of the system are achiral. From
148  mechanistic perspective, chiral induction at the supramolecular level can be generated via host-guest
149  complexation or by the formation of vividly termed sergeant-and-soldiers (Figure 7). Chiral induction
150  and tunable helicity control in oligomers, host-guest complexes, and supramolecular assemblies is a
151  desirable goal in view of appealing applications in material science. Below we present few selected
152  systems that demonstrate the induction and amplification of supramolecular chirality from achiral
153  molecules.
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Host-Guest Sergeants & Soldiers

Figure 7. Representation of host-guest and sergeants and soldiers strategies for chiral induction.

The folding of biopolymers into compact architectures capable of encapsulating ligands has
inspired chemists to design artificial receptors based on helically folded oligomers possessing a
hollow cavity. In many cases, oligomeric-foldamers have demonstrated propensity to strongly
express homo-chirality by providing confined environments suited to recognizing chiral guests with
high enantioselectivity. The binding of chiral guests can lead to dynamically responsive helical
chirality of an oligomeric-foldamer which serves as the host.[20] For instance, the addition of chiral
monoterpenes results in induction, increase and eventual saturation of the CD signal for achiral
oligomeric phenylene ethynylene.[21] Further developments in designing foldamers susceptible to
helical-bias have included higher degree of modularity of such receptors.[22] Another type of
induced chirality within host-guest complexes occurs when chirality is transferred from chiral non-
chomophoric systems to chromophoric groups that adopt chirality and serve as chiral sensors. A class
of achiral molecules susceptible to such chiral imprinting are metalated bis-porphyrin tweezers. A
wide array of dimeric porphyrin hosts has been developed and applied towards the absolute
configuration (AC) assignment of several classes of mostly bifunctional chiral compounds such as
diamines, amino alcohols, or amino acids.[23,24] Upon formation of 1:1 host—guest complex through
bidentate metal coordination, chirality is transferred from the guest to the host with the effect of
inducing a preferential chiral twist in the porphyrin—porphyrin arrangement. The sign of the Soret
CD couplet is related to, and diagnostic of the AC of the guest. On the other hand, diverse achiral
guests such as nonchromophoric[16] or organometallic sandwich[25] can be detected due to chiral
induction through inclusion complex formation with helical molecular cages.

Sergeant-and-soldier induction mechanism involves a small amount of chiral material (sergeant)
that enforces a chiral structure on assembly composed predominantly of achiral molecules (soldiers)
as dictated by the chirality of the sergeant. To date, numerous systems exhibiting induced chirality
have been reported using this principle.[26,27] One example of sergeant-and-soldier phenomena is
the induced helicity of isotactic-rich poly(2-vinylpyridine) by means of its hydrogen-bonding with
chiral hexahydromandelic acid. The mirror imaging of the CD spectra suggests the formation of right-
and left-handed helical chains of the achiral polymer through complexation with the chiral guest.[28]
Poly(phenylacetylene)s have also shown to present distinct chiroptical responses associated with
their helicity. These systems can remarkably switch conformation upon complexation with different
guests.[29]

3. Approaches for the Prediction of Chiroptical Responses

The prediction of the chiroptical responses is not trivial, and therefore different methodologies
have been developed for their prediction. Ab initio calculations have been extensively used for small
and medium sized molecular systems, not far above 1000 heavy atoms. The specific level of theory

may be chosen not only considering the chiroptical response under evaluation but also the nature of

do0i:10.20944/preprints201911.0005.v1
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192 the chiroptical system. A much more intuitive method for the prediction of chiroptical responses is
193  the exciton chirality (EC) method, this method is reliable when the chromophores mainly responsible
194  for the response in the system are independent, no direct conjugation between them, and may interact
195 to each other through space. While EC has been extensively used for interpretation of ECD
196  signals,[30] more recently it has also been implemented in the analysis of VCD spectral profiles.[31]
197  Nonetheless, an extension of the EC concepts to VCD has to be applied and interpreted with great

198  care to prevent possible erroneous predictions.[32]

199 ab initio Exciton Chirality Classical Electromagnetism
200

201 Figure 8. Different approaches for chiroptical prediction.

202 The prediction of the chiroptical responses via EC method has been typically applied by the

203  summation of the pairwise interactions among all chromophores. Specifically, for systems with high
204  symmetry, a chiroptical symmetry analysis may help on the design of chiroptical systems. On the
205  other hand, for systems presenting surface plasmon resonance, methodologies based on classical
206 electromagnetism are often used (Figure 8).

207  3.1. Ab Initio

208  The exponential growth of computational power has been the key driving force that revolutionized
209  the way chemists approach the stereochemical structural elucidation without the need for any
210 additional chiral reagents, chemical derivatization or reference system.[33] As such, simulations
211  related to identifying stable geometries and predicting corresponding chiroptical responses from first
212 principles (ab initio) have become indispensable tool in investigating chiral molecular systems. A
213 large number of research studies have demonstrated that molecular chiroptical properties can be
214  computed reliably, starting from first principles quantum theory, particularly Density Functional
215  Theory (DFT) (Figure 9).
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217 Figure 9. Necessary steps for the chiroptical prediction.
218 A number of recent review articles, for instance references,[8,34-38] document the progress

219 made in the computational chiroptics. Simulations are used to predict and visualize stable
220  conformations, to assign absolute configurations, to simulate and analyze chiroptical data, as well as
221  to provide a basis for understanding their origin. Additionally, simulations can provide supporting
222 evidence and insight into the origin of chiral induction phenomena. On the other side of the coin,
223  since molecular modeling always yields data, one needs to be mindful not to treat molecular
224  modeling as a black-box tool or take the quality of simulated data for granted.[8,10,38] In this section,
225  we discuss key steps with a few examples aimed at highlighting the most critical aspects of the ab
226  initio protocol towards chiroptical structural elucidation. As routine to computational chemistry, ab
227  initio based chiroptical predictions begin with building virtual model(s) and for each model
228  conducting conformational survey aiming to identify prevailing molecular geometries. In this initial
229  step, empirical data from NMR spectroscopy and X-ray crystallography could yield the relative
230  configuration (RC) of selected stereogenic centers which can significantly reduce the number of
231  necessary virtual models. An illustrative example of valuable a-priory RC determination is the study
232 of marine natural product (+)-bistramide C, which is endowed with 10 stereogenic centers.[39]
233 Specifically, NMR based study has reduced the candidate pool of 1024 possible stereoisomers, to only
234 16 diastereomers needed for ECD theoretical consideration. In the absence of RC data, for system
235 with n elements of chirality, one must consider all 2n-1 diastereomers, mindful that enantomeric
236  forms provide mirror image chiroptical responses.

237 The most common approach to identify the local minima is to initiate the survey of potential
238  energy surface (PES) by resorting to molecular mechanics (MM) based molecular dynamics (MD) or
239  Monte Carlo (MC) algorithms with a well mindful selection of parametrized force field based on
240 atom-types and moieties (e.g. MMFFs, OPLS3, AMBER, etc.). It is of critical importance that
241  conformational survey is conducted in a comprehensive manner in order to avoid any carryover
242 errors from this initial step that have negative consequences on the final chiroptical results and are
243 challenging to track-back. Even if the conformer is not highly populated, it could intrinsically provide
244  astrong chiroptical response and, as such, have influence on the overall predicted spectral signature.
245  Therefore, the use of multiple algorithms and possibly applicable force fields are advisable[8,37,38]
246  inorder to properly explore variation in all rotatable bonds and overcome energy barriers associated
247  with ring-puckering modes.

248 The stable MM-identified geometries within ~10-20 kcal/mol energy window[40], depending on
249  the intrinsic degrees of freedom, are subsequently fully optimized under appropriate quantum
250  mechanical levels of theory. For larger molecular systems, it is not uncommon to firstly apply semi-
251  empirical AM1 or PM3 methods, followed by full geometry optimization at higher ab initio level of
252 theory. DFT which encompasses a large variety of different levels of approximation, levels of theory,
253 has been benchmarked as a standard computational method, yielding the best average performance
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254 for energy minimization and chiroptical predictions. Contrary to colloquial statement “one size fits
255  all”, in choosing the appropriate DFT-based level of theory, there is no classification of molecular
256  system by size or atom type that allows for single universal reliable approach. Every simulations
257  method is prone to error.[41] Therefore, one should resort to exploring different combinations of DFT
258  functionals and basis sets in search of consistencies in Boltzmann populations of stable conformations
259  as well as, at later stage, corresponding chiroptical responses. Simulation results that are more
260  consistent among each other and, most importantly, that more closely correlate with the experimental
261  data are considered as delivering a higher confidence level results. Identification of true PES minima
262  resulting from the full geometry optimization is verified by the absence of negative vibrational
263  frequencies at the same level of theory.

264 Two suggested families of functionals that can be explored are hybrid and range-separated ones.
265  Popular hybrid functional with increasing amounts of “exact” HF exchange integral are B3LYP (20%
266 HF), PBEO (25%), M06 (27%), BH&HLYP (50%), and M06-2X (54%). Range-separated functionals such
267  as Coulomb-attenuated CAM-B3LYP and wB97X functionals often outperform the hybrid ones in
268 ECD predictions and, hence, are considered standard. One instructive illustrative example can be
269  found in references [38,42]. It is important to emphasize that relative Gibbs free energies, dipole and
270  rotational strength can be very sensitive to the choice of functional. Literature provides several
271  cautionary tales of studies which demonstrate that popularly used B3LYP is not necessarily the most
272 accurate functional for predicting structures and energies of standard organic molecules, especially
273  when noncovalent interactions come into play.[8,38,42-45]

274 While 6-31G* can be used as the most fundamental basis set to obtain initial simulation-based
275  insight, double-zeta-C or triple- C as well as augmented basis sets (aug-TZVP, aug-cc-pVDZ) as well
276  as those with polarization functions (6-311++G(2d,2p)) are recommended as capable of producing
277  quality chiroptical outcomes. If ionic species are involved, diffuse functions must be included within
278  the basis set selection. Los Alamos National Laboratory 2 Double-Zeta, LANL2DZ basis set[21] is
279  extensively tested effective core potential to model metal atoms.[22] Benchmark investigation
280  demonstrates that CAM-B3LYP with the aug-cc-pVDZ basis set can be a useful method considering
281  both accuracy and reasonable computational time to predict the Boltzmann average optical rotation
282  that matches the experimental, and thereby the absolute configuration of chiral molecules.[46] An
283  illustrative case for which both geometry optimization and TDDFT calculation of chiroptical property
284  can be highly sensitive to the used basis set is the ORD-based investigation of isocytoxazone.[47]

285 While functional and basis set should be varied and explored for consistency, the solvent model
286  should be accounted to match the media used for experimental chiroptical measurements. Solvent
287  may affect the relative stability of conformers, especially with propensities for non-bonding
288  interactions. In most cases continuum solvent models such as conductor like screening model
289  COSMO and polarizable continuum model PCM are satisfactory. According to few case-studies, the
290  reliability of PCM predictions of solvent effects on optical rotations is dependent on the solvent
291  chosen.[48] If spectral predictions are not optimal and verifying level of theory do not improve the
292 level of correlation, one may choose to resort to explicit solvent to account for specific solute-solvent
293  and solute-solute (dimer, trimer) interactions. For examples of such a procedure, we refer the
294  interested reader to the literature. [49-53]

295 Besides the choice of functional and basis set, vibrational effects can play notable role in the
296  simulated chiroptical response, especially in the case of ORD and ECD. Predicted electronic
297  chiroptical data in which molecule’s environment and inclusion of vibrational effects have been taken
298  into consideration have generally improved agreement with experimental data. One illustrative
299  example is the ORD-based structural elucidation of (R)-methyloxirane by means of a novel
300  computational protocol, involving MD trajectory, able to take into account vibrational averaging and
301  solvent effects, leading for the first time to a quantitative agreement (both sign and absolute value)
302  between computed and experimental OR values at several frequencies.[54] This research area will
303  remain highly active as new computational methods are being developed.
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304 Chiroptical properties are subsequently computed from first principles and Boltzmann averaged
305  based on predicted Gibbs free energies if more than one stable structures (AE <1 kcal) are identified.
306  The variability of ab initio predicted chiroptical signals depending on conformer, underscores the
307  importance of through conformational exploration and geometry optimization as a fundamental and
308  one of the most important step in carrying out AC assignment.[47] In general, the weaker the
309  experimental chiroptical response and/or the more conformationally flexible the molecular system
310  under study, the more likely will be its dependence on the calculation method, including functional,
311  basis set, and solvation model. As previously mentioned, TDDFT has been established to be main
312  state-of-the-art technique to obtain accurate numerical results for chiroptical predictions. In addition,
313  methods that have been used to provide trustworthy chiroptical spectroscopic response are time
314  dependent HF (TDHF)[15] and more computationally demanding coupled cluster (CC) method. For
315  larger systems with up to 1000 atoms, simplified TDDFT (sTDDFT) method has been recently
316  introduced as good combination between computational cost and satisfactory accuracy for ECD
317  prediction.[55]

318 Typically, when ECD and VCD spectra are simulated, the computed stick spectra corresponding
319  to vertical electronic and vibrational transitions are broadened with Gaussian and Lorentzian
320  functions, respectively. ECD spectra often require a global shift of the excitations, because of the
321  tendency of TDDFT to underestimate excitation energies.[8,56] Therefore, the excitation energies are
322  typically shifted by +0.2eV to +0.45eV. On the other hand, due to variation method nature of the
323  approach of calculating VCD signals, vibrational energies are typically overestimated and need to be
324  downshifted by factors recommended depending on the given basis set level of theory.

325 It might appear that ab initio predictions of multiple chiroptical spectroscopic methods are likely
326  to give redundant structural information. However, at the very least, simulations of multiple
327  chiroptical responses serve as independent verifications of molecular structures. In general, the
328  weaker the computed chiroptical spectrum, the stronger the dependence on the level of theory
329  (functional, basis set and solvation model selection). When a given chiroptical spectroscopic method
330  gives ambiguous results, the use of more than one chiroptical spectroscopic method may provide
331  missing information and increase the overall confidence level of the stereochemical assignment.

332 It is worth mentioning that in the past decade it has been brought to light that traditional solely
333  qualitative correlation between experimental and ab initio predicted spectral profiles can provide
334  limiting and even misleading analyses as such approach overlooks the valuable stereochemical
335  information embedded within the corresponding electronic absorption (EA) as well as electronic
336  dissymmetry factor (EDF) spectra. Therefore, one of the recent trends pioneered by Polavarapu et al.
337  isto correlate theoretical vs. experimental ECD, EA and EDF spectra in order to enhance applicability
338  as well as increase confidence level of stereochemical structural elucidations via electronically-based
339  chiroptical spectroscopy. As such, quantitative correlations between experimental and theoretical
340  electronic signatures represent the suggested overall ab initio protocol. Algorithms have been
341  implemented in general-purpose programs such as CDSpecTech which helps generate, cross-
342  correlate and quantitatively score the degree of overall between theoretical and experimental EA,
343  ECD, and EDF spectra. We refer readers to further literature for recent case studies which
344  demonstrate the scope of applicability and benefits of applying novel quantitative ECD approach
345 towards reliable stereochemical elucidations.[57-59]

346  3.2. Exciton Chirality

347 When two equivalent chromophores are present in the same system, the apriory degenerated
348  associated electronic transistions, may split into two nondegenerated in-fase and out-of-fase
349  transitions. Figure 10 shows the electron transition dipole moment (ETDM) associated with a
350  chromophore and the two possible associated transitions for a systems incoorporating two of them.
351  Additionally, if the two chromophores have a mutial chiral arrengement, the specific chiroptical
352  signature can be easily associated with such chiral arrengmet.[60] Particularlly, if the Cotton effect of
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353  lower energy is possitive and the other negative, the torsion angle between the two associated ETDMs
354  is possitive, the opposite is true for the contrary. This simple relation between the CD response and
355  the geometry of the chiroptical system has been extensivelly used not only for the relative and
356  absolute configuration of complex systemas, but also for the detection of molecular systems.[61]

Aj-transition E-transition

Chiroptical Symmetry Analysis

—
Allowed Transitions —b
3 57 Electron Transition Dipole Moment Dy-symmetric Ag-transition E-transition
358 Figure 10. Example of exiton chirality an chiroptical symmetry analysis.
359 For systems presenting more than two independent chromophores, the chiroptical responses

360 may be determined by the summation of the chiroptical responses originated for pairwise coupling
361  between all chromophores. However, if the system presents higher symmetry, a chiroptical
362  symmetry analysis can be emploied as alternative.[62] The chiroptical symmetry analysis of
363  trianglimines has been recently performed as a case study.[63]

364  3.3. Classical Electromagnetism

365 As for the case of large molecules, more than 100 heavy atoms, the prediction of the chiroptical
366  responses of metal nanoparticles is not typically affordable using ab initio for most of the cases. This
367  field has greatly developed recently and is the subject of other reviews,[64] therefore we refer the
368  reader to them for a more specific reading on the topic.

369

370 4. Chiroptical Systems on Different States of Matter

371 There is a vast amount of chiroptical responding systems, with fewer of them employed in
372  chiroptical applications. Among the requirements the applicability of chiroptical systems, one needs
373  to take into account the state of matter required for a specific application.

374 Chiroptical Solutions Two-dimensional Chiroptical Surfaces
375 Figure 11. [llustration of chiroptical systems in different states of matter.
376 Therefore, we want to draw the attention of the reader in this section to chiroptical samples that

377 are in solution and two-dimensional surfaces (Figure 11).
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378  4.1. Chiroptical Solutions

379 Chiroptical solutions are by far the most abundant among chiroptical systems. The g-factor, the
380  ratio between circular dichroism and absorption, is typically used as a measure of the chiroptical
381  power. Therefore, this parameter is often used to evaluate the chiroptical responses. The highest
382  reported for purely organic molecules are 0.05 for polyaromatic systems[65] 0.01 for alleno-[66]and
383  spiro-acetylenic[14] oligomers, and 0.06 for protein complexes.[67] On the other hand, colloidal small
384  metal nanoparticles present typically values below 0.001[68] while fluid suspensions of nanorods
385  may reach a g-factor c.a. 0.022.[69]

386  4.2. Two-dimensional (2D) Chiroptical Surfaces

387 Chiroptical methods have been extensively used for the structural characterization of chiral
388  systems and complexes due to their high sensitivity as mentioned above. To expand their
389  applicability in today’s world, the development of 2D surfaces with tailored chiroptical properties is
390  essential. Such complex systems are described as those nanostructures lacking mirror-image
391  symmetry in solid state. Among other strategies, the inherent chirality of either small or large
392  molecules could be transferred to achiral metal substrates upon self-assembly. Regarding the former
393  case, Walti and co-workers conducted a conformational study on monolayers of synthetic peptide by
394  means of CD spectroscopy.[70] On the other hand, unlike large molecular systems, the exploration of
395  chiroptical responses featured by single monolayers of small molecules might require more
396  sophisticated chiroptical methods. In this regard, the chiral 2D ordering of allenes on a metal surface
397  has been previously studied by scanning tunneling microscopy, however, the low stability hampered
398  the exploration of the chiroptical responses of the monolayer.[71] Recently, incorporation of
399  anchoring groups to the allenic moiety enabled the formation of device-compatible chiroptical
400  surfaces. Whereas the conventional CD spectroscopy measurements have yielded unambiguous
401  results, the chiroptical responses of these molecule-thin sheets have been addressed via second
402  harmonic generation spectroscopy on a custom-made transparent substrate.[72]

403

404 5. Chiroptical Sensing Applications

405 Chirality plays an essential role in life, providing unique functionalities to a wide range of
406  biomolecules, natural products, and drugs, which makes chiral sensing and analysis critically
407  important. The wider application of chiral sensing continues to be constrained by the involved chiral
408  signals being inherently weak. Despite the tremendous importance of chiral sensing, its application
409  remains very limited, as chiroptical signals are typically very weak, preventing important biological
410  and medical applications. In this session we will give an overview of some of the existing applications
411  of chiroptical sensing such as molecular detection, and diagnosis (Figure 12).
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412 Molecular Detection Diagnosis
413 Figure 12. Representation of chiroptical applications.
414 5.1. Chiroptical Molecular Detection
415 The future perspectives of chiroptical sensing require sensitivities beyond current limits,

416 including (i) determination of protein structure in-situ, in solution, at surfaces, and within cells and
417  membranes, (ii) chiral analysis of body fluids as a diagnostic tool in medicine; (iii) metabolomics e.g.
418  coupling the chromatographic separation techniques with chiral identification of the components of
419  complex mixtures, (iii) creating new standards for the pharmaceutical and chemical analysis
420  industries; (v) measurement of single-molecule chirality. Chiral sensing processes in general consist
421  of two processes, molecular sensing and signal transduction. If we more closely consider intelligent
422 chiral sensors, inclusion of concepts on nanotechnology and nanomaterials becomes more important.
423  There have been great advances in nanostructure fabrications and some of these efforts have
424 successfully created novel, useful concepts such as the atomic switch, probe-fabrication of molecular
425  arrays, and integrated circuit technology. In addition, various nanostructures have now become
426 available such as carbon nanotubes and other nanotubes, nanosheets, nanoparticles, nanorods,
427 nanowires, nanowhiskers, mesoporous silica, mesoporoous carbon and other mesoporous materials,
428  organic-inorganic nanohybrids and bio-related nanohybrids.[73]

429 In recent years, the research in the field of chiroptical sensing has been focused on metamaterial
430 and plasmonic platforms for manipulating local fields to enhance the chiroptical signals.
431  Metamaterials can enhance the chiroptical signals of various biomolecules whose optically active
432  bends lie in the ultraviolet (UV), visible, and infrared (IR) frequencies.[64] The metamaterial platform
433  includes the chiral and achiral types according to their structure. An advantage of using the chiral
434  sensing platform is creating a strong optical chirality in the vicinity of chiral metamaterials. Chiral
435  metasurfaces, in principle, allow unambiguous detection of large chiral molecules. The first use of
436  metasurface which a single layer gammadion structure was used for detecting various proteins and
437  the amino acid tryptophan.[74] The main mechanism is based on measuring the spectral shift in the
438  far field spectrum due to the near field interactions between the chiral molecules and the metasurface.
439  Similarly, the metal Shuriken metamaterial was applied for IgG. The same mechanism was later
440 extended to different smaller chiral molecules.[75-78]
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441 Chiral metamatrial platforms have limitation due to the strong CD signal generated by the
442  platform itself, which can contaminate the relatively weak molecular signal. To overcome the
443 limitations of the chiral metamaterial platform, achiral metamaterials have been introduced. The CD
444  response of a chiral molecule may be significantly boosted around the resonance frequency of a
445  plasmonic nanosphere, with a resultant CD is still in the millidegree range, but now extended to the
446  visible spectrum. This spectral extension is advantageous because long exposure to ultraviolet
447  radiation can affect bimolecular samples. However, plasmonic achiral structures do not allow a
448  univocal chiral detection because the sign of the CD spectrum is sensitive to the binding orientation

449  of the chiral molecule to the plasmonic nanoparticles.[79]

450 On the other hand, the constructions of nanosized supramolecular hosts via self-assembly of
451  molecular components has tremendous applications in many field of chemistry and technology,
452  material science and sensors development. The formed nanostructures are derived from multiple,
453  weak, and noncovalent interactions such as electrostatic and van der Waals forces or hydrophobic
454  effects, m-m stacking interactions, metal coordination, and hydrogen bonding. Capitalizing the
455  plurality of weak interaction pathways, molecules can self-assemble giving different nanostructure
456 motifs, such as tubes, rods, and sheets.[80] Porphyrins, metalrphyrins, and their assemblies afforded
457  alarge number of nanomaterials featuring various electronic and structural characteristics, like rods,
458  rings, particles, sheets, wires, and tubes.[81] The presence of a cationic chiral functionality on the
459  porphyrin periphery results in the achievement of solid-state systems expressing elements of
460  supramolecular chirality. A tetraphenylporphyrin bearing an (L)-prolininium moiety at one of the
461  peripheral phenyl groups has a cationic chiral functionality steers the self-aggregation process
462  toward the formation of large porphyrin aggregates featuring high supramolecular chirality, as
463  evidenced by their CD spectra. This material shows high sensitivity to limonene.[82] In solution,
464  achiral diporphyrins have also been extensively used for the chiroptical detection of a large diversity
465  of chiral synthetic compounds and natural products.[24,49] Similarly, B-cyclodextrin is an ideal host
466  for forming supramolecular structure due to its well-defined hydrophobic inner cavity and
467  hydrophillic shell. B-cyclodextrin has the ability to selectively combine miscellaneous inorganic,
468  organic and biomoleculrs into its cavities to the formation of the host—guest inclusion complex. The
469  inherent chirality of this systems was used for the chiroptical detection of resveratrol.[50] Helical
470  organometallic[16] and purely organic cages[15,25] have been used for the chiroptical detection of

471  divers molecular systems.

472 5.2 Chiroptical Diagnosis

473 Plasmonic nanpoarticles (NPs) were proposed as materials with great potential for biomedical
474  applications, such as biosensing, drug delivery, or photothermal therapy.[51] In this section, we will
475  present a few cases of successful use of chiroptical sensors in diagnostics of different diseases.
476  Prostato-specific antigen (PSA) is a specific biomarker of prostate cancer and it is found in both
477  diseased and normal prostate cells. Tang developed a highly selective chiroptical detector of PSA
478  based on gold nanorod (Au NR) dimers assembly via complementary DNA fragments. The CD
479  signals were amplified by a silver shell deposition on the surface of the gold nanorod dimers. This

480  biosensor was postulated to serve as a versatile methodology for cancer biomarkers.[52]
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481 The expansion of age-related neurodegenerative disorders associate with increased life
482  expectancy has emerged as a topic of fundamental importance in scientific research. Many of these
483 diseases, including Alzheimer’s disease, Parkinson’s disease, amyotropic lateral sclerosis, and
484  transmissible spongiform encephalophaties, are characterised by the presence of amyloid deposites
485  made of misfolded proteins. Therefore, tools allowing the detection of specific forms of protein
486  aggregates are pivotal to improve the knowledge on fundamental aspects of these neurodegenerative
487  disorders. Golden nanorodes were successfully used to detect amyloides in Parkinson’s and prion
488  diseases using plasmon chirality. The nanorods do not react with monomeric protein but are
489  absorbed onto helical protein fibrils. Chiral amyloid templates, therefore, induce a helical
490  arrangement of nanorodes, giving rise to intense optical activity at the plasmon resonance
491 wavelengths.[55]

492 Type 1 diabetes mellitus is characterized by a permanently elevated level of blood glucose and
493  altered levels of other biomarkers, and by changes in the conformation of blood plasma proteins and
494  other biomolecules associated with the pathogenesis of diabetes. However, the observation of these
495  structural changes by conventional Raman and infrared spectroscopy is limited. The chiroptical
496  spectroscopy, which is inherently sensitive to the 3D structure of chiral molecules and able to detect
497  any possible structural changes. Identification of spectral biomarkers for type 1 diabetes mellitus
498  using the combination of chiroptical and vibrational spectroscopy results suggest that chiroptical
499  spectroscopy gives more detailed information about the 3D structure of biomolecules and therefore,

500 might be a promising complement to conventional diagnostic methods.[83]

501 Most plasmonic sensors and systems to date have been rigid and passive. However, rendering
502  these dynamic structures opens new possibilities for applications. The dynamic plasmonic
503  nanoparticles developed by Jeong and co-worker can be used as mechanical sensors to selectively
504  probe the rheological properties of a fluid in situ at the nanoscale and in microscopic volumes. They
505  have fabricated chiral magneto-plasmonic nanocolloids that can be actuated by an external magnetic
506 field, which in turn allows for the direct and fast modulation of their distinct optical response. Such
507  noninvasive measurements by optical plasmonic sensing methods could be appealied for medical
508  applications such as in situ active nanorheology for viscosity measurements of complex biological
509 fluids, such as blood plasma.[84]

510

511 6. Conclusions and Perspectives

512 This review provides an overview of important methods for chiral sensing via chiroptical
513  spectroscopy as well as addresses possible mechanisms for chiral design that leads to generation and
514  amplification of the chiroptical response. Such chiral design and sensing applications are becoming
515  increasingly important in all areas of chemistry, biochemistry, and structural biology, including
516  implementing chiral systems of various scales and phases of mater, prominently in the arena of
517  pharmaceutical, agricultural, and optoelectronic industries. When different sources of chirality, such
518  as individual, collective and/or induced chirality are present in a molecular system, it may not be
519  possible to perform the structural analysis from an individual type of chiroptical response. Mindful

520  of the scope of applicability, merits and limitations of a given chiroptical method can be identified
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521  when multiple methods are applied simultaneously to cross-examine a given stereochemical
522  structural objective. Some pharmaceutical companies have established a facility often termed as
523  “Chiral Tool Box” which contains chiroptical spectroscopic equipment and related computational
524  methods for analyzing the chiroptical responses. Particularly promising for advances in medicinal
525  fields are novel case studies, presented herein, which demonstrate chiral design and sensing as the
526  frontier in chiroptical diagnosis. We hope that this review will provide a source of inspiration for
527  novel types of chiral design and amplification mechanisms for current practitioners as well as a

528  valuable reference for future generation scientists.
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