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Abstract

Circular dichroism (CD) spectropolarimeters typically employ one photoelastic modulator. 

However, spectropolarimeters employing two or even four modulators are more versatile and can 

be used to subvert common measurement errors arising from imperfectly isotropic samples or 

sample holders. Small linear anisotropies that can cause large errors in CD measurement can be 

associated with multi-well sample holders. Thus, high-throughput CD analyses in multi-well 

plates have not yet been demonstrated. One such application is the determination of enantiomeric 

excess of a library of reaction products. Herein, a spectropolarimeter employing four photoelastic 

modulators and a translation stage was used to determine the enantiomeric excess of a family of 

chiral amine complexes much more rapidly than could be achieved with a robotic fluid injection 

system. These experiments are proof of concept for high-throughput CD analysis. In practice, 

commercially available glass bottomed well plates are sufficiently strain free such that a simple 

instrument with just one photoelastic modulator and a vertical optical train should be able to 

deliver the CD without special considerations given herein. On the other hand, polystyrene well 

plates cannot be used in this way.

Introduction

Chiral HPLC and GC are the most common methods for determining enantiomeric excess 

(ee), but they are serial and slow.1-5 Demand for simple, fast assays for the determination of 

ee has grown over the last several years driven by the development of high-throughput 

screening (HTS) protocols for reaction development using parallel synthesis6-10 in which 

reagent or catalyst ligands and/or reaction conditions are varied systematically.11-21 Parallel 

synthesis has become popular with the advent of micro-well plates, micro-reactors, mini-

block reactors, and automated liquid handlers.22,23 Given the synthetic efficiency of parallel 

syntheses, a limiting step in asymmetric catalyst discovery is the determination of ee. 

Unfortunately, a fast CD plate reader that can deliver ee in a high-throughput platform has 

not been demonstrated. By contrast, Leung and Anslyn utilized colorimetric indicator 
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displacement assays28 that require only 1 to 10 minutes to read a 96-well plate with a simple 

UV-vis spectrophotometer, bona fide high-throughput screens that can analyze thousands of 

samples per day.24,25

The design and construction of an apparatus able to perform the sampling operations and 

read a 96-well plate may bring CD into the realm of HTS, a boon to the synthesis 

community because a growing number of ee assays involve chiroptical measurement.29 For 

example, the groups of Anslyn and Wolf have developed and tested CD methods for the 

analysis of chiral analytes including amino acids30, alcohols,31 amino alcohols32,33 

carboxylates34 and amines.35-38 Biological/biochemical sciences may benefit likewise. CD 

spectroscopy is sensitive to the conformational analysis of peptides, proteins, and nucleic 

acids.39,40 CD can also be used to study dynamic processes such as binding interactions 

between a macromolecule and small molecule drugs, dyes, guests, and ligands.39-41

Manufacturers of CD spectropolarimeters have attempted to streamline the acquisition of 

data by designing auto-samplers or robotic injectors,42 but they only marginally speed 

measurement; CD “robots” are not true plate readers but automated flow injectors, drawing 

each sample and injecting it sequentially. Moreover, they can be sensitive to non-aqueous 

media, malfunctioning when handling common organic solvents.43

Why is a HTS-CD spectrometer not currently available? Presumably, this is because multi-

well plates are not necessarily optically isotropic. They can be burdened with strain linear 

birefringence (LB), i.e. refractive index variance. Parasitic LB has plagued measurements of 

the CD of anisotropic media for decades.44-50 Moreover, menisci -- non-normal interfaces -- 

in well plates can introduce Fresnel linear dichroism (LD) into the optical system. LB and 

LD can be much larger than circular birefringence (CB or optical rotation) and CD. The 

minor chiroptical perturbation to the polarization state of light in anisotropic media can be of 

the same order of magnitude as parasitic ellipticities from imperfect samples, containers, and 

optical components.

Experimental Strategy

Instrument Design

CD spectropolarimeters typically modulate between left and right circular polarization states 

by using a photoelastic modulator (PEM) placed before the sample. The differential 

transmission is recorded. But the measured CD can be grossly affected by the admixture of 

linear polarization in the input light and its coupling to linear anisotropies of the medium (in 

solid samples) or the container. Multiple photoelastic modulators (PEMs) provide a strategy 

for separating and eliminating contributions to the change in the polarization of light due to 

parasitic linear anisotropies that have traditionally given rise to artifactual chiral 

signatures.58,59

Most polarization techniques rely on measuring particular elements of the sample Mueller 

matrix, the linear operator that contains all of the information about the polarization 

transforming properties of an analyte.60 Increasingly complex samples spread the desired 

optical effects over all 16 elements of the Mueller matrix.45 In 2011, we introduced a 
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polarimeter using four PEMs (4-PEM spectropolarimeter or simply “4-PEM” in brief) that 

measures simultaneously all Mueller matrix elements without reconfiguration, thus avoiding 

errors associated with moving optical components.58,59 A schematic is shown in Figure 1. 

This instrument is fast, sensitive, and accurate. It will be used here as a high-speed 

automated plate reader.

In our instrument, light from a Xe arc lamp coupled to a monochromator (290 nm to 850 

nm) was normally incident on the sample. The polarization state generator and the polarizer 

state analyzer are each composed of a linear polarizer and two PEMs (Hinds Instruments) 

operating at a different frequencies. The PEMs were set at relative orientations of ±45°. The 

advantage of this setup over other Mueller matrix polarimeters is that measurements are 

obtained without any moving parts. The transmitted light was detected with a 

photomultiplier. The 4-PEM measures the 16 parameters of a normalized Mueller matrix at 

each wavelength.

A 96-well glass bottom plate (In Vitro Scientific, P96-1.5H-N, with a MatTek Corporation 

top cover glass, PCS10872-1.0) was mounted on two linear actuators (Newport) with a 

range of only three wells in the vertical and horizontal directions, thus only a 3×3 block of 

wells could be measured without repositioning the plate. The cover glass was secured with 

elastic bands because our polarimeter has a horizontal light path. There are no obstacles to 

building a comparable instrument with a vertical optical train and a high-speed translation 

stage outfitted for well plates. But, for proof of concept here, we used the instrument 

currently in operation (in fact, two PEMs will suffice). With average reading times of about 

two seconds for a single wavelength and around 30 seconds for a 120 nm-wide scan per 

sample, the rate of CD analysis can truly be called high-throughput. Single ellipticity values 

(as used herein) can be read for the entire plate in less than three minutes.

Chemical System

With the goal of testing the performance of a multiple PEM polarimeter in HTS 

measurements, we chose a validated CD assay for ee of α-chiral amines.35 Aldehyde 1 
reacts with the a chiral amine (4-7) to give a bidentate imine 2. Fe(II), in turn, binds three 

equivalents of that imine to give several helical octahedral complexes represented as 3, 

whose handedness is dictated by the chirality of the amine (Scheme 1). We determined the 

enantioenrichment of amine 4-7 by measuring CD in the strong metal-to-ligand charge 

transfer bands that arise upon formation of complex 3.35 This reaction is fast, simple, relies 

on commercially available reagents and can be analyzed in situ.

Results and Discussion

Mueller Matrix Polarimetry

A Mueller matrix is a real valued 4×4 matrix that represents an optical element or sample. 

Stokes-Mueller calculus tracks the transformation of the state of polarization of light passing 

through the 4-PEM and the sample.

The Mueller matrix of an optically active solution, (Msol ) in (1), has only two parameters 

where α = CD and, β = CD, and α2 + β2 + γ2 = 1. It has been shown previously that Mueller 

Metola et al. Page 3

Chem Sci. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



matrix which introduces small, parasitic linear anisotropies (LB and LD less than ~0.5 rad) 

and negligible depolarization can be expressed as the explicit matrix (Manis) in (1).61 Here, 

LB' and LD' refer to a set of orthogonal axes at ±45° with respect to the instrument 

coordinate system.

In the absence of linear anisotropies, CD can be taken directly from either the M03 or M30 

elements. Commercial CD spectrometers typically measure M03 using a single PEM 

positioned before the sample. However, even small ellipticities introduced by the sample 

holder will perturb the measured Mueller matrix. To evaluate the Mueller matrix with 

anisotropy introduced into sample holder before or after the sample, i.e. closer to or further 

from the light source, we analyzed the

(1)

respective matrix products or MsolManis or ManisMsol.

As explained in the supporting information, regardless of the sample position, analysis of the 

matrix products shows that CD can be approximated from the elements of measured Mueller 

matrix as CD = (M03+M30)/(1+M33). For very small linear anisotropies, M33 approaches 1, 

and the correction for CD approaches the simple average of M03and M30. For large linear 

anisotropies, M03 and M30 will be very different from one another, and the correction fails. 

Figure 2 illustrates the deviations from the artifact-free CD that result from measurement of 

only M03 or M30 in the presence of modest anisotropy.

We emulated a well-plate measurement of a 0.02 M Cu(II)-D-tartrate solution in a quartz 

cuvette placed just before a transparent birefringent material (a piece of adhesive tape). The 

complete M was measured with the 4-PEM. M03 and M30 by themselves did not match the 

CD measured directly in the glass cuvette without the interfering linearly birefringent tape. 

But, (M03+M30)/(1+M33) matched quite well.

Using the In Vitro Scientific glass bottomed well plates, in practice M03 and M30 were equal 

and either could be taken as the CD. This implies that glass bottomed well plates, at least 

from this manufacturer, can be used along with a single photoelastic modulator. That is a 

HTS CD instrument could well be fashioned from a commercial device with a vertical 

optical train and a high speed scanning stage of the type already adapted to simple UV-vis 

HTS. However, there is no direct way to verify the CD measurements with a single PEM, 

while for two (or in this case four) PEMs, M03 , M30 , and M33 can be monitored 

simultaneously to increase data reliability. Additionally, two PEMs deliver other elements of 

the Mueller matrix that can be used to estimate the magnitude of the linear anisotropies.62,63 
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We caution that polystyrene well plates are unsuitable for the measurement of CD as the 

perturbing LB is much too large. Such a plate was analyzed with the 4-PEM and the 

heterogeneities in the optical properties were captured with an imaging Mueller matrix 

microscope described previously.64

Enantiomeric Excess Determination in Well Plates

Amines 4-7 in Fe complexes in Scheme 1 were analyzed by the 4-PEM. CD spectra were 

measured (Figure 3) for solutions spanning the enantiomeric composition between 100% R 

configuration and 100% S configuration. A calibration curve was built from M03 values 

(Figure 4) and fit to a line in the case of 4. The R2 value was 0.998.

While the calibration curve in Figure 4 is a straight line for 4, they are not generally linear 

because the CD represents mixtures of stereoisomers at intermediate concentrations. The 

curves in the supporting material are generally sigmoidal and fit to 3rd order polynomials. 

See supporting information.

Once the calibration curves that relate CD signal intensity to ee for each amine were 

obtained, a number of “unknown” samples were analyzed from new stock solutions of 

products. The CD values were converted to values of ee using the calibration curves 

previously established. The calculated values of ee were compared to the actual values of the 

solutions measured. The ee errors ranged between |5-9|%. These are errors in chemistry 

(weighing reagents and volumes) and are consistent with those found when measuring such 

samples individually and fall within the range of accuracy that is expected for a HTS 

method.28

Conclusions

With a spectropolarimeter carrying more than one photoelastic modulator, CD was 

measured rapidly in a multi-well plate format. The technology has been tested with an 

existing sensing ensemble and the results are consistent with previous data. There should be 

few obstacles to HTS-CD in high quality well plates with glass interfaces.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Four photoelastic modulator (4-PEM) spectropolarimeter. A: light source, B: 

monochromators, C: mirrors, D: linear polarizers, E, F: photoelastic modulators set at 0° (E) 

and 45° (F). G: Sample holder, H: photomultiplier
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Scheme 1. 
Two-step assembly that leads to the CD-active Fe(II) complex used to report the ee of chiral 

amines 4-7.
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Figure 2. 
CD errors when using only one PEM. A 0.02 M solution of Cu(II) tartrate measured without 

(artifact-free CD) and with (all other spectra) a birefringent piece of adhesive tape placed 

after the solution cuvette using the 4-PEM.
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Figure 3. 
CD spectra for the assembly with 4.
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Figure 4. 
Calibration curve for the assembly with 4 at 540 nm.
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