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A new horizon for vibrational circular dichroism spectroscopy: a 
challenge for supramolecular chirality   

Hisako Satoa,* 

Vibrational circular dichroism (VCD) spectroscopy is an extension of circular dichroism spectroscopy into the infrared and 

near-infrared regions where vibrational transitions occur in the ground electronic state of a molecule. The method offers 

the advantage of studying the chiroptical properties of a wide range of molecules in non-crystalline states. However, because 

of the smallness of the signals, one measurement requires several hours to yield reliable results. Accordingly, its targets 

were limited to a stable molecule in a solution. To overcome this difficulty, our group applied the VCD method to 

supramolecular systems. The work was launched based on the finding that the VCD signal remarkably enhances when low-

molecular mass gelators form gels. By analysing a number of well-resolved VCD peaks, the detailed conformation of a 

component molecule was deduced. This provided a clue to elucidating the molecular organization in supramolecular 

architectures. Our final goal was to clarify the route from microscopic molecular chirality to supramolecular chirality. For 

this purpose, a time-step VCD measurement method was developed for the in situ monitoring of the progress of chirality 

amplification.

Introduction 

Vibrational circular dichroism (VCD) spectroscopy is an 

extension of circular dichroism spectroscopy into the infrared 

region.1–13 The method was initiated by Holzwarth et al. and  

developed by Nafie et al. in the 1970s,8,9 and has been 

substantially assisted by the theoretical approach.7 Since the 

VCD theory includes only the ground electronic state, it is 

considered more reliable and straightforward than the 

calculation of electronic circular dichroism (ECD) spectra. 

A drawback of the VCD method is that the signal from an 

isolated single molecule is very small. The smallness of a signal 

is essential since a molecule is predicted to have no VCD activity 

within the scope of the Born–Oppenheimer approximation.7 

The intensity of a signal is expressed in terms of the 

dissymmetry factor denoted by the g-value, which is given by g 

= A/A, where A and A are the absorbance and the difference 

in the absorbances of left- and right-handed circularly polarized 

lights (or A = Aleft - Aright), respectively. The g-value for VCD 

ranges from 10-5 to 10-4 for an isolated chiral molecule in a 

solution, and is two or three-orders lower in magnitude than 

that for ECD (10-3–10-2).  

The VCD spectra are usually measured for several hours 

through repeated scanning for 104–105 times. Thus, the main 

target is limited to the determination of the absolute 

configuration of stable chiral molecules in a solution. In this 

respect, the method is complementary to other spectroscopies 

such as single crystal X-ray or NMR analyses. 

To overcome this limitation, improvements have been 

achieved by various approaches.14–54 The enhancement of VCD 

signals is one such approach. In fact, the phenomena have been 

noted in several cases such as the aggregation of biomolecules 

in a solution or their crystalline states.30–53 For example, the 

formation of insulin fibrils was studied by VCD spectroscopy in 

various conditions.31–34 It is now in demand to determine the 

systems that can be studied in a more systematic way.45,47 For 

instrumental improvement, a number of attempts have been 

made such as combining ATR-IR with VCD, using quantum 

cascade laser (QCL) as a light source, and introducing mapping 

systems with a micro-sampling accessory.54–63 In spite of these 

efforts, construction of an instrument to measure the VCD 

spectrum of a sample with high optical density over a wide 

wavenumber range is yet to be realized. 

Motivated by the above-mentioned research trends, our 

group applied the VCD method to samples other than organic 

molecules in solutions such as metal complexes,64–75 gels,76–89 

liquid crystals,90,91 molecular crystals,92-98 and inorganic 

intercalation compounds.99–101 Our aim was to clarify the 

mechanism of amplification of molecular chirality up to the 

supramolecular scale. We believe that the VCD method is 

unique in establishing the stereoregular arrangement of 

molecules over hundreds of nanometres. Moreover, the need 

to gain deep insight into this spectroscopy  led to the synthesis 

of new compounds for specific purposes.  The work was driven 

by the finding that the signal intensity increased tremendously 

when some chiral molecules formed a gel.76,78,80 In comparison 

to the reported examples involving biomolecules such as  
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amyloids, peptides and proteins,3,30–36 the low-molecular mass 

gelators could be synthesized artificially. Thus, the mirror-image 

relation between the antipodal pairs can be confirmed. It makes 

the phenomena more confident and reliable. We also provided 

the first example of the in situ monitoring of the build-up of 

stereoregular architects of molecules by the time-step VCD 

method. 73,82,85,89,90 

To strengthen the basis of the above-mentioned 

experimental efforts, an accurate large-scale simulation was 

performed for the vibrational properties of a model array of 

chiral molecules.86 The simulation revealed the enhancement in 

VCD signals with an increase in the array length to a few 

hundred nanometres. The results presented a theoretical basis 

for rationalizing the enhancement of VCD signals for molecular 

aggregates.  

In this perspective article, we report the opening of a new 

horizon for VCD spectroscopy by targeting gels, metal 

coordination compounds, and solid surfaces, all of which lead 

to remarkable signal enhancement. In the case of metal 

coordination compounds, VCD spectroscopy revealed the effect 

of spin multicity on their vibrational energy levels. The VCD 

band arising from the electronic transition to low-lying excited 

states was observed for a paramagnetic metal complex with  

isomerism. It was confirmed for the first time that the band 

satisfied the mirror-image relation between the optical 

antipodes. Regarding solid surfaces, we developed a solid-state 

VCD (SD-VCD) method to investigate intermolecular 

interactions. Stereoselective VCD enhancement was first 

observed on a solid surface, mainly caused by coherent 

vibration in a stacked pair. Finally, we describe an on-going 

project involving the construction of a multi-dimensional VCD 

system.  

Criteria for VCD application for supramolecular 
chirality 

Chiral low-molecular mass gelators are an example of 

supramolecular chirality generated through the spontaneous 

aggregation of small molecules.102,103 A chiral gelator often 

leads to the formation of helical fibrils on a micrometre scale. 

The VCD method was employed to reveal how the molecular 

chirality of a gelator was amplified to the helicity of fibrils. When 

the work was started, there were rare reports on the 

application of the VCD method to gels. Therefore, to confirm 

the reliability of VCD signals, the observed spectra were 

validated as reflecting the true chiral vibrational properties of a 

molecule. Our criteria are as follows: 

(i) The samples of antipodal molecules should have a mirror-

image relation.  

(ii) The samples containing a racemic mixture should not 

produce a VCD signal.  

(iii) Linear dichroism (LD) is measured simultaneously to 

estimate its contribution to the observed signal. No inversion of 

signs is ascertained when a cell rotates around the direction of 

monitoring.  

(iv) A corresponding IR peak should be obtained at the same 

wavenumber. 

There is a possibility that a signal satisfying criteria (i)–(iii) 

appears due to physical reasons.53  Such a signal, however, has 

no corresponding IR peak (criteria (iv)). The IR and VCD spectra 

were recorded using an assembled cell with CaF2 windows and 

a Teflon spacer of 50 m optical length. An isotropic solution 

containing a gelator at a concentration above the critical gel 

concentration was injected and cooled to room temperature. 

The final sample should be transparent as much as possible.53 

Once the signals satisfy the above criteria, analysis is proceeded 

according to the following steps: 

(i) A large number of reliable VCD peaks are obtained 

because of signal enhancement. 

(ii) The conformation of a gelator molecule is analysed in 

detail. In these procedures, the observed spectra are 

compared with the theoretical ones calculated for 

various conformations until the most probable 

conformation is obtained.  

(iii) By connecting the molecules in the deduced 

conformation in reasonable manners, such as 

intermolecular hydrogen bonds, a model is 

constructed to show the organization of the molecules 

within a fibril.  

Enhancement of VCD signals for gels: long-
distance chiral transfer in 12-
hydroxyhexadecanoic acid 

VCD spectroscopy was first successfully applied to the 

benzene-d6 (C6D6) gels of R- or S-12-hydroxyhexadecanoic acid 

(denoted as R-12-HOA or S-12-HOA, respectively).76 The 

molecule is a chiral derivative of stearic acid with an asymmetric 

carbon atom at the 12th carbon position. The OH group attached 

to the 12th carbon atom is capable of forming a hydrogen bond 

with either the OH or the carboxyl group of another molecule, 

which leads to the formation of molecular networks.102 

VCD spectra were so intense that they were obtained 

within a few hundred times of scanning. In contrast, no 

significant VCD signal was detected even after 104 

accumulations for an isotropic CD3OD solution containing the 

same amount of enantiomeric 12-HOA.  

At first, the signal was suspected to be an artifact caused 

by linear dichroism arising from the crystalline domains in the 

gel. In spite of this suspicion, however, the observed signals 

satisfied criteria (i)–(iv), as stated in the previous section.  The 

results indicated that the signals were true signals, which 

reflected the chiral properties of the composite molecule in the 

gel. The racemic mixture of 12-HOA did not form a gel in C6D6 

but formed an isotropic solution with no VCD activity.104 

For the C6D6 gels, distinct VCD peaks were observed in the 

wavenumber range of 1800–1000 cm-1, where the vibrational 

peaks assigned to -COOH, -OH and -CH2 appeared. All the peaks 

indicated a mirror-image relation between the antipodes in the 

wavenumber range of 1800–1000 cm-1. The strong peaks at 

1078 cm-1 (negative for R-12-HOA), 1130 cm-1 (positive), 1220 
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cm-1 (positive), 1271 cm-1 (positive), and 1437 cm-1 (positive) 

were related to the vibrations involving the asymmetric centre 

at carbon 12. In particular, a very strong couplet appeared, 

which was assigned to the C-O stretching of a carboxyl group. 

This is interesting because the planar carboxyl group is achiral. 

The results imply that the chiral nature of carbon 12 transferred 

to the carboxylic group through vibrational coupling along the 

long alkyl chain.  

Another aspect was that the band for C=O stretching split 

into two components with opposite signs. This feature was 

ascribed to the formation of hydrogen bonds between the 

carboxylic groups. These analyses of the observed VCD signals 

were used to construct the model of molecular organization in 

a fibril. It consisted of a twisted dimer with intermolecular 

hydrogen bonding at the carbonyl groups (Figure 1). The 

proposed fibril model was quite different from the previous 

models and provided a clue to interpreting the gel properties by 

other researchers.105  

 

 
Figure 1. A model of molecular organization of R-12-HOA in a gel. 

Perfluoroalkyl gelators: helical winding of 
perfluoro chains and temperature profiles  

The VCD study was extended to the chiral low-molecular 

mass gelators with perfluoroalkyl chains. The compounds are 

particularly interesting for VCD application because the 

perfluoroalkyl chains wind helically due to the steric hindrance 

of the bulky fluorine atoms. Since the chain showed no 

electronic transition in the UV-vis region, ECD spectroscopy 

could not be applied to study the chiral properties of the chains. 

Before our investigation, Monde et al. studied the helical 

properties of a perfluoroalkyl chain in a solution by the means 

of VCD.106  

The structures of the used compounds are shown in Chart 

1. They are denoted as CFn (n = number of carbon atoms in the 

perfluoroalkanoyl chain; Chart 1). CFn possesses the head group 

of a cyclohexyl ring attached to two perfluoroalkanoyl chains 

through amide bonds. The molecule is capable of constructing 

a molecular array, forming two intermolecular hydrogen bonds 

at the amide groups in an anti-parallel way. The perfluoro chains 

are expected to reinforce such an array owing to their 

aggregative properties. The molecule was synthesized as a 

derivative of its alkanoyl analogue, which was first reported by 

Hanabusa et al. as an efficient gelator for a wide range of 

organic solvents.103   CFns were found to form a gel in several 

organic solvents such as acetonitrile, methanol, benzene, and 

C6F6.78,79,83,84 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Chart 1. Molecular structures of RR-CFn (upper) and SS-CFn (lower). CF4, CF7, CF8, 
and CF9 correspond to compounds with n =3, 6, 7, and 8, respectively. 

The phase transition from an isotropic solution to a gel 

was monitored by measuring the VCD spectrum of a CD3CN 

solution containing SS-CF7.89 No VCD peak was detected when 

the sample formed an isotropic solution in the temperature 

range of 60°C to 45°C. When the temperature was decreased 

below the sol-gel transition temperature (or 45°C in this case), 

distinct VCD signals appeared. The results confirmed that the 

enhancement of VCD signals was associated with the 

occurrence of sol-gel transformation. In addition, it was noted 

that the IR peaks assigned to the C=O stretching vibrations red-

shifted by ca. 30 cm-1 during the sol-gel transition. This indicated 

the formation of hydrogen bonds at C=O and NH.  

The VCD spectra of the gels formed by a series of CFns (n 

= 7, 8, and 9; Chart 1) were recorded.82–84 Table 1 summarizes 

the results focusing on the couplet peaks assigned to the C=O 

stretching vibrations. The splitting of the original peak was 

caused by intermolecular hydrogen bonding. For CD3CN solvent, 

the enantiopure CF7 and CF9 yielded gels, while CF8 did not. It 

was noted that the couplets of CF7 and CF9 had opposite signs. 

SEM analysis of the CH3CN gels revealed that the fibrils of CF7 

and CF9 were wound with opposite helicity. These results 

presented an example of chiral hierarchy showing how the 

molecular chirality was amplified to macroscopic scales. 

Furthermore, the sign of the couplet of the CF7 gel inversed 

when the solvent was changed from CD3CN to C6F6. The sign 

inversion was also observed for the CF9 gels. The results 

indicated that the helical stability of a molecular array was 

significantly affected by the participation of solvent molecules 

(Figures 2(a) and (b)). 

Figure 2(a) shows the VCD and IR spectra of the CD3CN 

gels of RR- and SS- CF7s. The multiple peaks in the region of 

1238–1170 cm-1 were assigned to the stretching vibrations of 

the C-F bonds in the perfluoroalkyl chains (denoted as PFCs).78 

The observed spectra were compared with the theoretical 

spectra calculated for a single molecule under various 

conformations. From the comparative analysis, it was deduced 
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that the PFCs were helical with right- or left-winding for RR-CF7 

and SS-CF7, respectively. The SEM images of the gels showed 

that the fibril is a right- or left-handed helical ribbon for RR-CF7 

or SS-CF7, respectively. Thus, the chirality of a fibril at the 

micrometre scale is uniquely related to the molecular chirality 

of the gelator.  

The crystal structures of RR-CF4 (n=3) and RR-CF8 (n=7) 

were studied by single crystal X-ray or powder X-ray diffraction 

analysis.83,87 RR-CF4 was so packed as to form a molecular array 

with its cyclohexyl rings stacked parallel. In the array, the 

molecules were connected by two anti-parallel intermolecular 

hydrogen bonds at C=O and NH groups. The structure was 

consistent with the model proposed for the formation of a fibril. 

In the case of RR-CF8, the powder X-ray diffraction analysis 

revealed that an oxygen atom of one of the carbonyl groups in 

RR-CF8 was free of hydrogen bonds.85 In addition, one of the 

PFCs was a mixture of right- (P) and left-handed (M) helices, 

while the other was a purely P helix. The crystal structure 

analysis of RR-CF8 revealed that the two amide groups formed 

hydrogen-bonded 1-D chains in parallel. The low gelation ability 

of chiral CF8 in an organic solvent was related to the structural 

instability or the formation of only a single hydrogen bond in 

the connecting molecules. 

The simulation of VCD spectra based on the structure 

determined by the above X-ray analyses, however, was unable 

to reproduce precisely the observed spectra of CF7 and CF8 in 

C6F6 solvent (Table 1). To reproduce the VCD signal of the gels 

of chiral CF8 or CF7 in C6F6, one possible model was introduced 

in which one of the perfluorinated chains adopted a bent 

conformation due to the cis-configuration at the -carbon of 

the C=O group. Under the conformation, a pair of NH and C=O 

groups on different perfluorinated chains was positioned close 

enough to form an intramolecular hydrogen bond. The 

remaining pair of NH and C=O groups formed an intermolecular 

hydrogen bond with their adjacent molecules. A detailed large-

scale simulation is required to confirm the validity of this model.  

Time-step VCD measurements 

The high intensity of the VCD signals indicated that 

sufficiently reliable signals were obtained with a small number 

of scans (< 100). One consequence was that it enabled the in 

situ monitoring of the structural development of a gel under 

various conditions such as temperature change, mixed solvents, 

or mixing of two different kinds of gelators.82,85,89 

The time course of gel formation was monitored by VCD 

spectrum for an acetonitrile solution containing 0.012 mol L-1 

RR-CF7. The concentration was chosen to be slightly above the 

critical gel concentration. Such a low concentration of the 

gelator resulted in a remarkable decrease in the gelation 

rate.85,86 Immediately after the appearance of a gel, the ratio of 

the VCD to IR peak intensities (denoted as VCD/IR) for the peak 

arising from C=O stretching was determined as a function of 

time (Figure 3). It was found that the VCD/IR ratio continued to 

increase even after the onset of gelation until it reached a 

constant value after several minutes. This implied that the 

initially formed gel underwent further structural changes with 

time. One possibility was that the process involved the 

elongation of a gel fibril by the stripping of the CD3CN molecules 

solvating the amide groups of the gelator through weak 

hydrogen bonds. It has been suggested that the average 

persistence length of molecular arrays is limited by the defects 

caused by thermal fluctuations and/or interactions with 

solvents. In the above examples, the rate of sol-gel 

transformation was controlled by selecting appropriate 

concentrations, gelators, and solvents for the required 

purposes. Compared with the synthetic materials used here, 

such adjustments are difficult for natural materials such as 

amyloids. 

 

 

Table 1.  Signs of C-O couplets in acetonitrile and C6F6 solvents 

 

Gelator Signs of C=O 

couplets in 

CD3CN gels  

Low/high 

wavenumber 

Helicity in 

acetonitrile 

gels by SEM 

Signs of C=O 

couplets in 

C6F6 gels 

Low/high 

wavenumber 

Morphology 

of C6F6 gels 

observed by 

SEM  

RR-CF7 
(n=6) 

-/+ Right-

handed 

helical 

ribbon or 

twisted 

fibril 

+/- Plate-like 

RR-CF8 
(n=7) 

No gelation 

in chiral 

form, 

racemic form 

made gel 

- +/- Fibril 

RR-CF9 
(n=8) 

+/- Left-handed 

helical 

ribbon  

-/+ Fibril and 

tape 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. VCD and IR spectra of RR-CF7 (black) and SS-CF7 (red) in CD3CN (a) and C6F6 gels 

(b). (Insets) SEM images of SS-CF7 (modified from Ref. 78 and 82).  

The observed enhancement in the VCD spectra during gel 

formation was compared with that in the theoretical spectra. 86 
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For this purpose, the model of a helical chain was assumed in 

which enantiopure RR-CF2 molecules were connected through 

two anti-parallel hydrogen-bonded chains at the amide groups. 

The number of molecules (N) was varied from 1 to 200 (denoted 

as (RR-CF2)N). The VCD/IR ratio, calculated as a function of the 

array length (N), increased monotonously with an increase in N 

until N reached ca. 100 (corresponding to ca. 50 nm length). 

Upon the formation of (RR-CF2)N aggregates, intermolecular 

hydrogen bonds are formed between the secondary amide 

groups (O=C–N–H). There are two secondary amide groups in 

each RR-CF2 molecule, and both of them are involved in 

intermolecular hydrogen bonding to form stable (RR-CF2)N 

aggregates. As a result, a co-axial anti-parallel right-handed 

double helical structure is formed by the secondary amide 

groups. The chirality at the molecular scale is amplified in this 

way. The IR and VCD spectra of the C=O stretching mode 

calculated for the (RR-CF2)150 aggregate reproduced the couplet 

sign observed experimentally as shown in Figure 2(a).  

The intensity of a VCD peak is given by the rotational 

strength, which is the dot product of the electric dipole 

transition moment and magnetic dipole transition moment. 

The main reason for the monotonous increase in rotational 

strength is that the contribution of intermolecular vibrational 

coupling to the magnetic transition moment did not decay with 

increasing N. This happened when the molecules were arranged 

regularly under a uniform conformation along a helical chain. 

On the contrary, the dipole transition moment, which was 

responsible for the IR intensity, had little contribution from the 

vibrational coupling between two molecules separated by a 

distance of 10 nm. 

In gels, three tiers of chirality exist hierarchically: (i) the 

molecular chirality of the gelator, (ii) the co-axial anti-parallel 

right-handed double helical structure persistently continuing 

the ca. 50 nm length scale, and (iii) the helically wound fibrils 

extending to a few micrometres. The above theoretical 

simulation reveals that it is the second tier of chirality that 

causes the enhancement of VCD peaks. 

 
Figure 3.  Change in the ratio of the relative intensities of VCD and IR peaks 

assigned to C=O stretching with time for RR-CF7 in CD3CN. (Inset) Model of a 

helical fibril (modified from Ref. 86). 

The dynamic process of gelation can be followed in several 

ways (e.g., visual observation, light scattering, viscosity, and 

spectroscopic analyses such as IR, UV-vis, ECD, and NMR 

spectroscopies). Compared with these methods, the signal 

enhancement in VCD spectroscopy directly represents the 

build-up of the stereoregular molecular array of the gelator 

molecules. In other words, it evidences the construction of a 

well-organized molecular architecture at a scale of few hundred 

nanometres during the observation period (or within several 

minutes). In this respect, this was the first attempt at the in situ 

monitoring of a regular molecular organization, not a randomly 

oriented aggregation of molecule. 

Enhancement of VCD signals in metal 
coordination 

The chelation of a metal ion may result in the 

enhancement of VCD signals. 14,15 This effect was also noted by 

our group from the very beginning of the investigation.16 The 

enhancement of VCD signals revealed the novel properties of 

metal complexes such as (i) the need for anharmonicity 

corrections of a metal complex with spins and (ii) the presence 

of low-lying excited states of a metal complex with spins. These 

were difficult to study by other spectroscopic methods.18,19,68 

The experiments were mostly concerned with a series of 

[M(III)(acac)3] (M= Co, Cr, and Ru; acac = acetylacetonato): 

[Co(III)(acac)3] (d6; S = 0), [Cr(III)(acac)3] (d3; S = 3/2, ) and  

[Ru(III)(acac)3] (d5; S = 1/2). They possessed coordination 

chirality due to  configurations. Figure 4 shows the VCD 

spectra in the wavenumber range of 1100–1700 cm−1. The  

pairs showed a clear mirror-image relationship. The intensities 

of the VCD peaks were very high, e.g.,  = 5 for chiral 

[Ru(III)(acac)3].  

Regarding the anharmonicity corrections of metal 

complex with spins, the signs of the couplet peaks assigned to 

the couplet vibrations of C=O/C-C around 1400 cm-1 were noted 

to be opposite for the Co(III) and Cr(III) complexes even for the 

same enantiomers. When theoretical calculations were 

performed within the harmonic approximation, the observed 

VCD spectra were well reproduced for [Co(III)(acac)3]. On the 

contrary, the calculation at the same level of approximation 

failed to predict the observed spectra for [Cr(III)(acac)3].  This 

was because of the difference in their spin-multiplicities. When 

the anharmonic effects were taken into account, the calculation 

reproduced the observed spectra of [Cr(III)(acac)3] well. The 

results showed that the positions of the two peaks that 

appeared around 1400 cm-1, which were assigned to the 

stretching vibrations of two C=O/C-C bonds, were predicted 

precisely together with their signs. Their relative positions were 

inverse to those of [Co(III)(acac)3].19 

Regarding the low-lying excited states of metal complex 

with spins, the spectra of chiral [Ru(III)(acac)3] showed a large 

broad band in the wavenumber region of 1600 – 2500 cm-1.19 

The bands exhibited the mirror-image relation between the - 

and -enantiomers. Time-dependent density functional 

calculation predicted the presence of the low-lying excited 
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states for this complex. The open-shell density functional theory 

calculation with MO6 exchange functional and all-electron 

Douglas-Kroll second order scalar relativistic correction could 

reproduce well other sharp VCD peaks observed  in the range of 

1100 – 1600 cm-1.   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Observed IR and VCD spectra: (a) [Co(III)(acac)3], (b) [Cr(III)(acac)3], (c) 

[Ru(III)(acac)3]. The black and red profiles are  and , respectively (modified from 

Ref. 16, 18, and 19). 

Solid-state VCD for intercalation compounds: 
stereoselective VCD enhancements 

To investigate the intermolecular interaction on a solid 

surface, we developed the solid-state vibrational circular 

dichroism (SD-VCD).92-98 The method was applied to inorganic 

intercalation compounds.99-101 Here an attention was focussed 

on how VCD spectra were affected by the chirality relation 

between two different adsorbed species.99 

Sodium montmorillonite was chosen as a host. 99,100,107 In 

montmorillonite, one layer is approximately 1 nm thick and 

negatively charged, and cationic species are intercalated in the 

interlayer spaces.107  When montmorillonite is ion-exchanged 

with - or -[Ru(phen)3]2+ (phen = 1,10-phenanthroline), the 

resultant adduct exhibits a high selectivity towards the 

adsorption of chiral organic molecules such as R- or S-1,1’-bi-2-

binaphthol (denoted as R-BINOL or S-BINOL, respectively). 

Chromatographic results showed that R-BINOL (or S-BINOL) was 

adsorbed more strongly than S-BINOL (or R-BINOL) on a clay 

surface modified with -[Ru(phen)3]2+ (or -[Ru(phen)3]2+). SD-

VCD measurements were performed for montmorillonite 

samples co-adsorbing - or -[Ru(phen)3]2+ and R- or S-BINOL.  

According to the simulation based on molecular 

association, a compact associate was formed for R-BINOL/-

[Ru(phen)3]2+ and S-BINOL/-[Ru(phen)3]2+ (denoted as a 

strongly interacting pair), while a loose pair was formed for R-

BINOL/-[Ru(phen)3]2+ and S-BINOL/-[Ru(phen)3]2+ (denoted 

as a weakly interacting pair) (Figure 5). The simulation was 

consistent with the experimentally observed chromatographic 

results. 

The observed VCD spectra, which reflect the chirality 

relation, of the strongly and weakly interacting pairs differed 

significantly. Notably, in the wavenumber region where the IR 

bands of the co-adsorbed species were partially overlapped, the 

signals enhanced stereoselectively. In other words, the VCD 

peak assigned to chiral BINOL enhanced for the strongly 

interacting pair, while no such enhancement was observed for 

the weakly interacting pair. In such a region, both of them could 

be excited vibrationally. In fact, upon scrutinizing their motions 

in the model, both the components were found to move in a 

coherent way for the strongly interacting pair, whereas each 

component moved independently for the weakly interacting 

pairs.  

Based on these results, it was postulated that the 

delocalization of vibrational motions in a compactly associating 

pair resulted in the enhancement of the VCD peak assigned to 

either of the components. IR spectroscopy is extensively 

employed to identify the reaction intermediates in 

heterogeneous catalysis.108 The ‘stereoselective VCD 

enhancement’ observed here could provide a clue to 

investigating the intermolecular interaction within a solid or on 

a solid surface.  

 

 

 

 

 

 

 

 

 

 
Figure 5. Schematic images of R-BINOL /-[Ru(phen)3]2+ (strongly interacting pair) (left) 

and R-BINOL /-[Ru(phen)3]2+(weakly interacting pair)(right).  

Future work   

In terms of instrumental improvement, our VCD system was 

combined with a reflection-absorption spectrometer for the 

first time in collaboration with JASCO Corporation (Japan) 

(named as PRESTO-S-2007). The instrument has now been 

updated with the provision of simultaneous measurement of 

linear dichroism (named as PRESTO-S-2016 (VCD/LD)).  

We are now developing a multi-dimensional VCD system, 

in which ‘time’ and ‘position’ are added as additional axes. For 

this purpose, an instrument with a quantum cascade laser 

(1500–1740 cm-1) is being constructed in collaboration with 

JASCO Corporation (Japan) (named as MDVCD-MIRAI-2020). 

Figure 6 shows one of the preliminary results. Here, a distinct 
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VCD peak is obtained for a CH2Cl2 sample containing Fmoc-L- or 

-D-Leucine with an absorbance as high as 4. The spectra were 

recorded by scanning in the wavenumber range of a resolution 

of 0.5 cm--1. The time required for measurement at each 

wavenumber was less than 1 s.  

It is now moving to the next stage, in which a system with 

a high spatial resolution will make it possible to scan the VCD 

activity at a micrometre scale. The instrument will be used to 

analyse the DL effects on the aggregative properties of 

biopolymers such as an amyloid containing D-amino acid 

residues. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.  Examples of IR (lower) and VCD (upper) spectra of Fmoc-L-Leucine (black) and 

Fmoc-D-Leucine (red) in CH2Cl2 obtained using QCL laser instruments. The path length of 

the liquid cell was 2 mm, and the concentration was 7.12 mg mL-1.  

Conclusions and Outlook  

We described the VCD method applied to supramolecular 

systems. The development of solid state and time-step VCD 

methods opened a new horizon in determining the mechanism 

of chirality amplification from the microscopic to 

supramolecular scales. The VCD signals enhanced in the 

following three cases: (i) chiral gels with hundreds of molecules 

arranged in stereoregularly, (ii) chiral metal complexes with 

low-lying excited states in the IR region, and (iii) a molecular pair 

interacting stereoselectively on a solid surface.  

A project on the construction of a multi-dimensional VCD 

system using QCL as an IR light source was described. Highly 

dense aqueous samples such as blood, serum, and peptide 

could be the targets for this system. 
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Mayerhöfer, ACS Photonics, 2018, 5, 3238. 
52 B. Nieto-Ortega, F. Garcia, G. Longhi, E. Castiglioni, J. Calbo, S. 

Abbate, J. T. L. Navarrete, F. J. Ramíre, E. Ortí, L. Sánchez and 
J. Casado, Chem. Commun., 2015, 51, 9781. 

53 P. Rizzo, S. Abbate, G. Longhi and G. Guerra, Opt. Mater., 2017, 
73, 595.  

54 M. Bieri, C. Gauter and T. Bürgi, Phys. Chem. Phys. Chem., 
2007, 9, 671. 

55 S. R. Bhattacharya and T. Bürgi, Nanoscale, 2019, 11, 23226. 
56 A. Sels, R. Azoulay, W. J. Buma, M. A. J. Koenis, V. P. Nicu and 

T. Bürgi, J. Phys. Chem. C, 2019, 123, 22586. 
57 B. H. Strudwick, M. A. J. Koenis, H. J. Sanders, V. P. Nic, S. 

Woutersen and W. J. Buma, Chem. Eur. J. , 2019, 25, 12560. 
58 S. Lüdeke, M. Pfeifer and P. Fischer, J. Am. Chem. Soc., 2011, 

133, 5704. 
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