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진동 원편광 이색성(VCD; Vibrational Circular Dichroism) 분석기기를 사용한 키랄 유도체의 광학순도 분석을 수행하였

다. 이 분석법을 통하여 광학이성체의 절대배위와 2% 이내의 오차 범위 내에서 %EE 값을 용이하게 측정할 수 있었다. 

또한 VCD분석을 연속순환방식으로 시간 변화와 함께 수행하여 키랄화합물의 %EE 값을 측정하였다. ECH와 글리시

돌 두 키랄 성분이 섞인 2성분 계에서 특별한 분리조작 없이 각 성분에 대한 농도 및 %EE 변화를 동시에 모니터링 

하는 것이 가능하였다. 본 연구에서 응용한 VCD 분석법은 반응 중의 반응 속도 등을 연속적으로 측정하는데 유용한 

기법이며, 서로 다른 키랄 화합물이 혼합되어 있는 경우에 각각의 광학순도를 시간 변화와 함께 비파괴법으로 측정하

기에 편리한 방법임을 확인하였다. 

In this work, vibrational circular dichroism (VCD) technique was applied for the determination of %EE of chiral compounds. 

It may provide an easy way to determine the %EE with a proper accuracy within 2% error ranges as well as the absolute 

configuration of enantiomers. We demonstrated herein a flow cell VCD (FT-VCD) technique for time-dependent %EE 

measurements. The simultaneous monitoring of the mole fraction and %EE for two chiral species (epichlorohydrin and glyci-

dol mixture) in the mixture was shown to be successful without any further separation steps. Thus, we demonstrate that 

FT-VCD is an appropriate analytical tool to monitor the kinetics of reactions involving chiral molecules. FT-VCD also pro-

vides a convenient nondestructive approach for the time dependent determination of the optical purity of individual compo-

nents in a reaction mixture containing chiral molecules.
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1. Introduction 
1)

Chirality is the property of an object that makes it nonsuperposable 

on its mirror image. A plane of symmetry is an imaginary plane that 

cuts a molecule in half, making one half the mirror image of the other. 

The compound that rotate plane-polarized light are said to be optically 

active. The racemate is a mixture of equal molar quantities of two 

enantiomers. A mixture of enantiomers is optically active when one 

enantiomer is present in greater amounts than the other. The fractional 

excess of one enantiomer in a mixture over the other is called as 
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enantiomeric excess (EE). Configuration is defined as the three- 

dimensional arrangement of substituents around a stereocenter, and is 

designated (R) or (S) according to the Cahn-Ingold-Prelog Rules[1]. 

Thalidomide has been sold once as a racemic mixture, even though 

only the (R)-enantiomer has the desired antidepressant properties. The 

(S)-enantiomer was found to be mutagenic and antiabortive and, 

therefore, caused not only deformed fetuses but prevented their natural 

expulsion. The use of thalidomide by pregnant women led to the birth 

of many very seriously deformed children with underdeveloped arms 

and legs[1]. The production of pharmaceutical drugs with high optical 

purity becomes strongly important. Currently most pharmaceutical 

drugs are made as a chiral form showing no side effects. The 

regulations from FDA stress that the pharmaceuticals have to be made 

in optically pure form. As a result, it is needed and becomes very 

important to determine the chirality (optical purity) of the compounds 

for the process control in drug synthesis.  
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Figure 1. A closed flow cell system employed for VCD analysis.

Typically enantiopurity of compounds can be determined by separation 

of enantiomers using chromatography. This is achieved by separation 

of the two enantiomers from one another and measuring peak areas 

using a proper chiral column. However, real time monitoring of chiral 

molecules during the reaction cannot be carried out easily through the 

chromatography measurements. It may take a long time as compared 

to the direct spectroscopic measurement such as the case of vibrational 

circular dichroism (VCD). 

VCD[2-4] is the extension of electronic circular dichroism[5,6] from 

the visible-ultraviolet region into the infrared regions. These vibrational 

transitions can be found either as fundamental bands that are predominant 

in the mid-IR region and combination bands that occur in the near-IR 

[7-9]. It is defined as the difference in the absorbance intensity of a 

vibrational transition in a molecule for left versus right circularly 

polarized radiation[10,11]. Most VCD studies to date have involved 

vibrational transitions in the mid-IR region where commercially available 

Fourier transform VCD (FT-VCD) spectrometers may be operated, 

although the earliest studies of VCD using scanning dispersive instruments 

[12], were confined to the region of hydrogen and deuterium stretching 

modes from 2000 to 4000 cm
-1

[10,11]. The theory, interpretation and 

application of VCD analysis are well introduced by Naffie in the 

review papers[10,13]. 

One of the simplest applications of VCD is to determine the %EE 

of a sample in the mixture of enantiomer molecules. The %EE of a 

sample is defined as the excess amount of one enantiomer over the 

other relative to the total amount of both enantiomers. The expression 

is for the %EE of enantiomer A relative to that of enantiomer B is 

given by

%EE(A) = (NA - NB) /(NA + NB) × 100%  (1)

where NA is some measure of the moles of enantiomer A and NB the 

corresponding quantity for enantiomer B. The magnitude of the VCD 

spectrum of enantiomer A (or the magnitude of any other form of 

optical activity) scales directly and linearly with the %EE of 

enantiomer A. The determination of %EE using VCD was published in 

the literature recently[14,15]. VCD intensities were analyzed by 

determining the area of the spectrum relative to a predetermined 

baseline. The magnitude and sign of the VCD peaks could be used for 

determination of %EE of the chiral species. The analysis by VCD 

provides the practical way either for the determination of the optical 

purity and the absolute configuration of the sample. The determination 

of %EE by VCD provides some advantages with reasonable accuracy 

in the cases where more than one chiral species is present as a 

mixture.  

In this work, the spectral analysis of VCD to measure the %EE of 

chiral molecules was performed in both one-component solutions and 

two-component mixtures. Additionally we applied the use of a flow-cell 

technique for VCD spectral measurements in the real time analysis. As 

a result, VCD spectra were monitored to determine the composition 

and %EE of chemical reactions of chiral species using a flow-cell. 

2. Experimental

A dual-source, dual-polarization-modulated VCD spectrometer developed 

from a commercial FT-VCD spectrometer, the Chiral IR (ABB 

Bomem-BioTools, Quebec, PQ, Canada and BioTools, Inc., Wauconda, 

IL) was used to carry out IR and VCD measurements in the spectral 

range 800∼2000 cm
-1

. All spectra were collected at room temperature 

with a resolution of 4 cm
-1

. A closed flow cell system was employed 

for introduction of samples inside the VCD spectrometer included a 

pump and an IR flow cell with a 100 µm path length and BaF2 

windows (from International Crystal Laboratories, Garfield, NJ), as 

shown in Figure 1. The samples of (R)-(-)-Epichlorohydrin (ECH), 

(S)-(+)-ECH, (S)-(-)-Glycidol (Gly), (R)-(+)-Gly and CDCl3 were 

purchased from Aldrich Chemical Co. and used without further 

purification. The pure chiral molecules had %EE values in the range 

of 98∼99%.

The general procedure for carrying out flow-cell VCD measurements 

was as follows. The starting solution (@10 mL) was placed in the 

reservoir beaker and pumped into the flow-cell system. The VCD 

spectrometer was set to continuously measure 20 to 24 blocks, each a 

10- or 20-minute measurement. At the beginning of the even numbered 

blocks (2
nd

, 4
th
, 6

th
, 8

th
…), 0.5 to 2 mL of a second, add-in solution 

was injected into the reservoir beaker, thereby changing the solution 

being pumped through the flow cell. The add-in and original solutions 

were allowed to mix and flow through the system for the remainder 

of the even numbered block. The subsequent odd-numbered block was 

used to measure the IR and VCD spectra of the newly mixed solution.  

All the spectra of odd numbered blocks were then used in the analysis.  

In each block, 10% of the time was used for the IR measurement and 
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Table 1. The Comparison of %EE as (R) form for the Add-in 

Experiment with ECH

No.
Adding (S)-ECH

1.0 M

Predicted %EE

(Calculated)

Actual %EE

(Analysed by VCD)

1 0.0 mL 100.0 99.1

2 0.5 mL 88.2 89.3

3 0.5 mL 77.8 77.1

4 0.5 mL 68.4 67.2

5 0.5 mL 60.0 61.1

6 0.5 mL 52.4 52.3

7 0.5 mL 45.4 45.9

8 1.0 mL 33.3 32.7

9 1.0 mL 23.1 24.0

10 1.0 mL 14.3 14.1

11 1.0 mL 6.7 7.9

12 1.0 mL 0.0 0.0

Figure 2. VCD sepectra of ECH determined in flow cell experiment. 

From bottom to top, the %EE of (R)-ECH are 100.0, 88.2, 77.8, 68.0, 

60.0, 52.4, 45.3, 33.1, 23.1, 14.3, 6.7, and 0.

Figure 3. IR and VCD spectra of 1.0 M (R)-(+)-Gly and (S)-(-)-Gly 

in CDCl3 solution.

90% was used for the VCD in total measurement period. For 

concentrations CA and CB of the A and B enantiomers in a solution, 

the EE of the sample is (CA – CB) / (CA + CB), or (CB – CA) / (CA 

+ CB), depending on which enantiomer is selected as a reference. The 

sum CA + CB can be obtained from the IR measurement and difference 

CA – CB can be obtained from the VCD measurement. Thus, the %EE 

can be obtained by the combination of IR and VCD measurements. 

3. Results and Discussion

3.1. VCD Determination in One-Component Solutions

The determination of VCD spectra in a one-component solution, 

which includes only the enantiomer of a single chiral molecule, is the 

simplest case. Herein, ECH and Gly were selected as molecules to test 

the accuracy of the VCD technique. 

For the flow cell experiment, the original solution was 8.0 mL of 

1.0 M (R)-(-)-ECH in CDCl3. The add-in solution was 1.0 M 

(S)-(+)-ECH in CDCl3 solution, with consecutive add-in volumes of 

0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 1.0, 1.0, 1.0, 1.0, and 1.0 mL at the 

even-numbered blocks. Each block was a 10 min measurement (1 min 

for the IR absorbance measurement and 9 min for the VCD 

measurement). In the add-in experiment, added amount of (S)-(+)-ECH 

into (R)-(-)-ECH solution, calculated %EE and observed %EE for each 

case are listed in Table 1. 

The VCD spectra obtained by changing the enantiopurity are shown 

in Figure 2. The concentration of (R)- and (S)-ECH was controlled as 

same as shown in Table 1. During this experiment, the IR spectra did 

not change, while the decrease in %EE was monitored by the changes 

in the VCD spectra. This means the concentration of ECH in the 

solution is same. As the amount of (S)-ECH added into (R)-ECH has 

increased, the %EE decreased from 100% to 0 as same as shown in 

Figure 2, showing the decrease of peak intensity in VCD spectra.

The second one-component system was studied for Gly as a target 

chiral compound. Figure 3 shows the IR and VCD spectra of pure 1.0 M (R)-(-)-Gly and (S)-(+)-Gly determined in CDCl3 solution, 
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Scheme 1. Test reaction simulated for two component reaction

Table 2. The Comparison of %EE as (R) form for the Add-in 

Experiment with Gly

No.
Adding (S)-Gly

1.0 M

Predicted %EE

(Calculated)

Actual %EE

(Analysed by VCD)

1 0.0 mL 100.0 99.3

2 0.5 mL 90.5 91.1

3 0.5 mL 81.8 82.3

4 1.0 mL 66.7 65.4

5 1.0 mL 53.9 54.6

6 1.0 mL 42.9 43.4

7 1.0 mL 33.3 32.8

8 1.0 mL 25.0 24.2

9 1.0 mL 17.7 16.8

10 1.0 mL 11.1 11.9

11 2.0 mL 0.0 0.0

Figure 4. VCD sepectra of Gly determined in flow cell experiment. 

From bottom to top, the %EE of (R)-(+)-Gly and (S)-(-)-Gly are 100, 

66.7, 25.0 and 0, respectively.

respectively. The several characteristic peaks were found in the spectra, 

showing the up and down-direction waves. (R)-(-)-Gly is showing fully 

reversed peaks in up-down direction at the same wave number as 

compared to (S)-(+)-Gly, indicating the opposite chirality in visual. 

For the flow cell experiment to determine the %EE by VCD, 10 mL 

of a 1.0 M (R)-(+)-Gly solution in CDCl3 was used as the original 

solution. The add-in solution was 1.0 M (S)-(-)-Gly in CDCl3, with 

consecutive add-in volumes of 0.5, 0.5, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 

and 2.0 mL at even numbered blocks. Each block was a 20 min 

measurement (2 min for the IR measurement and 18 min for the VCD 

measurement). The magnitude of the VCD bands in Gly is a factor of 

2 smaller than that of ECH, and hence, longer scan times were chosen 

to achieve the desired signal-to-noise levels. Compared with the 

(R)-(-)-ECH flow cell experiment, the longer collection time in the 

flow cell experiment for Gly (20 vs. 10 min) resulted in a better 

prediction even though (R)-(+)-Gly has a weaker overall VCD 

spectrum than that of (R)-(-)-ECH.

In this add-in experiment, the each case of calculated and observed 

enantiomeric excess % is listed in Table 2. As can be seen in this 

Table 2, the VCD anslysis could provide the easy determination of 

%EE with a proper accuracy.

The VCD spectra of the changing enantiopurity experiment for chiral 

Gly are shown in Figure 4. During this experiment, the IR spectra did 

not change, while the decrease in %EE was monitored by the changes 

in the VCD spectra. As the amount of (S)-Gly added into (R)-Gly has 

increased (or reversely (R)-Gly into (S)-Gly, as in Table 2, the %EE 

decreased from 100% to 0, showing the decrease of peak intensity in 

VCD spectra at the same wave number.

3.2. VCD Determination in Mixed Two-Component Solutions

A mixture of two chiral molecules, ECH and Gly, was investigated 

to simulate a chemical reaction. ECH and Gly differ only in one 

functional group, chlorine for ECH and hydroxyl for Gly. The 

chloropropandiol (CPD) is the hydrolyzed product from ECH, and it 

is ring closed in the presence of base to form Gly. Because it was 

difficult to determine the VCD spectra of CPD in CDCl3 solution, the 

Gly was chosen as a target compound, thereby simulated in this study 

as shown in Scheme 1. This reaction can be adopted for the application 

of VCD analysis in the flow type monitoring. The concentration of 

CPD can be assumed as same as that of Gly when the ring closing 

reaction proceeded completely. For all the two-component solutions in 

this paper, the VCD measurements were set up as a 20-min collection 

(2 min for IR absorbance and 18 min for VCD) in Figures 5 and 6.

The IR and VCD spectra of (R)-(-)-ECH and (R)-(+)-Gly were 

determined to find the differences between them. A comparison of the 

IR and VCD spectra of 1.0 mL, 1.0 M (R)-(-)-ECH and 1.0 mL, 1.0 

M (R)-(+)-Glycidol in CDCl3 solution is presented in Figure 5. 

In total, 6 samples were prepared and measured by this flow cell 
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Figure 5. IR and VCD spectra of optically pure 1.0 M (R)-(-)-ECH 

and 1.0M (R)-(+)-Gly in CDCl3 solution.

Table 3. The Ratio of ECH and Gly for Two Component Reaction 

(Total Volume; 20 mL)

No. (R)-ECH (R)-Gly

1 1.0 M -

2 0.8 M 0.2 M

3 0.6 M 0.4 M

4 0.4 M 0.6 M

5 0.2 M 0.8 M

6 - 1.0 M

Figure 6. IR and VCD spectra of ECH and Gly mixture (Numbers are 

according to Table 3).

sampling method and their detailed composition data are presented in 

Table 3. 

Two component experiments were designed to simulate a chemical 

reaction from (R)-(-)-ECH to (R)-(+)-Gly in which the reaction proceeds 

from reactant to product at 100 %EE for both molecules. The results 

from this experiment were combined to obtain a set of data to simulate 

a chemical reaction from ECH to Gly. During the experiment, the sum 

of the concentrations of (R)-(-)-ECH and (R)-(+)-Gly did not change. 

For this system, the only change was the mole fractions of the 

(R)-(-)-ECH and (R)-(+)-Gly. Because both the reactant and product 

are 100 %EE during the experiment, either IR or VCD can be used 

to monitor this reaction separately. 

Figure 6 shows the IR and VCD spectra for ECH and Gly mixture 

determined in the flow cell experiment. Because the total concentration 

of chiral ECH and Gly in the mixtures is constant, the mole fractions 

of chiral ECH and Gly are complementary to each other. The IR alone 

can monitor the changes in mole fraction and the VCD normalized by 

the IR can monitor simultaneously the changes in the %EE of both 

chiral molecules present. 

The results presented here demonstrate that FT-VCD may be 

adopted for advanced application to monitor simultaneously the %EE 

of multiple chiral molecules as a next study. When two compounds 

exist as a mixture at different mole fractions and different enantiomeric 

excesses, the VCD technique can be applied to monitor the conversion 

of a reactant to a product when both the mole fraction and the %EE 

of both species are changing with time. For this system, to obtain the 

%EE of each compound, both IR and VCD spectra are required. The 

IR alone can monitor the changes in mole fraction and the VCD 

normalized by the IR can monitor simultaneously the changes in the 

%EE of both chiral molecules present. The absolute value of the %EE 

for each optical isomer must be normalized by the magnitude of the 

VCD spectrum of that species for the value 100% EE. After these 

preliminary calibrations, reaction kinetics involving simultaneous 

changes in mole fraction and %EE can be followed by simultaneous 

measurements of FT-IR and FT-VCD. 

Although chiral chromatography is much more accurate than VCD 

for %EE determination, typically an accuracy of 0.1% can be achieved, 

a physical separation of the two enantiomers is required and there is 
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considerable expense associated with maintaining a column and use of 

eluting solvents over time. In the determination of %EE using NMR, 

a chiral shift reagent must be added, and it is also time-consuming 

technique. Unfortunately neither chromatography nor NMR can be 

used to monitor simultaneously more than one species as a function of 

time, and neither of these techniques can be considered as a real-time 

monitor of the kinetics of the reactions of chiral molecules. However 

VCD technique may provide the easy determination of %EE as well 

as the absolute configuration of enantiomers with a proper accuracy.

4. Conclusion

We demonstrated herein a flow cell VCD technique for time-dependent 

% EE measurements. The simultaneous monitoring of mole fraction 

composition and % EE for two chiral species (Epichlorohydrin and 

Glycidol mixture) is shown to be successful. Thus, we demonstrate that 

FT-VCD is an appropriate analytical tool to monitor the kinetics of 

reactions involving chiral molecules. Since optical rotation is not useful 

for chiral mixtures and both chromatography and NMR need the 

selection of different chiral reagents for different chiral molecules, 

VCD provides a convenient nondestructive approach for the time 

dependent determination of the % EE of individual components in a 

reaction mixture containing chiral molecules.
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