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1    INTRODUCTION

Circular Dichroism (CD) is today a well established technique, present in many laboratories in most of the European Universities and in several industrial environments. While generally teached in most of academic courses, it’s still however felt as a rather specialists technique.

The underwriter has been installing CD spectropolarimeters since more than 30 years, this means a lot of contacts with several research people in the field. Well, it has been, and it’s still hard to explain newcomers that CD spectropolarimeters are, after all, simple single beam UV-Vis spectrophotometers, easy to use and to understand. The only difference is that we operate here with circularly polarized light!

This short presentation is addressed to newcomers, it tries to give simple elements and includes several references to rely on.

Journals:

So far there is no magazine specifically devoted to CD technique, but:

· CHIRALITY (Wiley)

· ENANTIOMER (Gordon & Breach)

print many articles about, while articles on CD are published in several other specialized or wide field magazines.

Congresses:

We will have this year in Mierki (Poland) the 7th International Conference on Circular Dichroism, previous meetings took place:

1997 Pisa (Italy)

1993 Pilgrim Park (US) 

1991 Bochum (Germany)

1989 Prague (Czechoslovakia)

1987 Budapest (Hungary)

1985 Sofia (Bulgaria) 

So there is an established tradition …., meeting with specialists may help newcomers  …

Books:

A list of modern and old (but not aged) books is enclosed.

-     A. Rodger, B. Norden, Circular Dichroism & Linear Dichroism, Oxford University Press, 1997

· K. Nakanishi, N. Berova, R.W. Woody (ed), Circular Dichroism: principles and Application, VCH, 1994

· G. Snatzke (ed), Optical Rotary Dispersion and Circular Dichroism in Organic Chemistry, Hyden & Son, 1967

· F. Ciardelli, P. Salvadori (ed), Fundamental Aspects and Recent Development in Optical Rotary Dispersion and Circular Dichroism, Heyden & Son, 1973

· P. Crabbe, ORD and CD in Chemistry and Biochemistry: An Introduction, Academic Press, 1972

CD data bases:

so far commercial data bases are not available, big organic compounds spectra collection from Prof Snatzke has not been published yet, but Chiral World CD/UV Database (Chair person Prof. N. Harada) is available at http://www.chiral.icrs.tohoku.ac.jp  

Articles: 

Of the very many introductory articles around, it pays to mention two very simple, but effective ones:

-N. Purdie, K.A. Swallows, Trends in Analytical Chemistry, Vol 9, No 3 (1990) 94-97

-N. Purdie, K.A. Swallows, L.H. Murphy, R.B. Purdie, Trends in Analytical Chemistry, Vol 9, No 4  

 (1990) 136-142

2     CD TECHNIQUE IN ITS DEVELOPMENT YEARS

CD spectropolarimeters are in a sense a mixture between variable wavelength polarimeters (i.e. spectropolarimeters in a real term) and absorption spectrophotometer.

In practical terms the technique was invented by Cotton in 1896 and reinvented in modern terms in France in 1960. At the beginning of the sixties there was a lot of interest about the potential of the ORD technique, and very soon several manufacturers of ORD spectropolarimeters started making CD accessories.

So it would pay to see briefly the basic concepts behind the two techniques:

Chiral compounds can be detected by two alternative methods: Circular Dichroism and Optical Rotary Dispersion. Polarimetry is actually a single (or discrete) wavelength ORD.

[image: image2.wmf]
CD is the difference in absorption coefficients of an optical active medium for left and right circularly polarized light.

[image: image3.wmf]
ORD is the difference in refractive indices of the medium for the two circular polarizations
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An optically active non-absorbing media will give typically an ORD monotonous (positive or negative) curve with trend following the square power of the reciprocal of the wavelength.  This is why ORD is the general-purpose analytical tool to detect chirality.  

If a sample compound has a chromophore adjacent to the chiral center the ORD spectra shows an anomalous rotation called Cotton effect, positioned at same wavelength of the absorption band.  In contrast, CD spectrum will show a band (positive or negative) only at the same chromophore absorption wavelength. 

To illustrate actual difference between an ORD and a CD spectra of a given sample, we report here the well known CD and ORD spectra of an aqueous solution of ammonium d-10 camphorsulfonate  (typical standard for intensity CD calibration).
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ORD and CD spectra of NH4-CSA solution, CD is maximum at 290 nm where ORD curve crosses the zero.

Even in this simple case it’s clear that the CD spectrum looks simpler.

If our molecule has more than one chromophore present, the situation is becoming more complex, particularly in the case of ORD.  CD is more selective than ORD, since a signal is detected only if a chromophore is present close to the chiral center.  Therefore, the two types of instruments are looking at different phenomena (or better at two different aspects of the same phenomenon, since ORD and CD spectra can be converted each-other by the Kramer-Kronig manipulation) and require rather different instrumental designs.

As a matter of fact CD replaced ORD in most of the applications. 

Since the sixties CD instruments had an obvious continuous development. A milestone has been the use of piezolelastic modulators, replacing the fragile Pockel cells, while other key components such as source, monochromator and detector had only refinement in their design.

More recently the expanding of computer technology allowed much easier data acquisition and handling.

At the same time a growing number of accessories substantially expanded the technique, as we will see later, today instruments are designed mainly on the basis of the accessories which can be fitted.

The history of Jasco spectropolarimeters may well indicate the way instrumentation has developed in the last 40 years:

1961
AP-1
first Jasco spectropolarimeter (ORD only)

1963
ORD/UV-5
ORD/UV capabilities in the same unit, widely sold worldwide

1965
ORD/UV-5
with CD option, first CD in Jasco

1970
J-20
ORD/CD spectropolarimeter

1972
J-40
first dedicated CD unit (at the beginning still with Pockel cell)



first data processors for spectra averaging …..

1978
J-500
refinement of J-40 design, updated electronics and data processor



(DP-500), later on interface for MS-DOS computers (IF-500II)

1980
J-200
NIR CD unit (800-2000 nm)

1986
J-600
fully PC controlled CD spectropolarimeter (MS-DOS soft)

1990
J-710/720
widely renovated unit with PC control (MS-DOS and later on Windows),      

                                         followed by J-730 for NIR

1995
J-715
J-710 update, with refinements

1999
J-810
current production model

References:

-A.M. Cotton, Ann. Chim., Phys. Sec., 8 (1986) 347

-M. Grosjean, M. Legrand, Compt. Rend. Acad. Sci. (Paris), 251 (1960) 251

-Y. Shindo, Optical Engineering, Vol 34, No 12 (1995) 3369-3384

-H.P. Jensen, J.A. Shellman, T. Troxell, Applied Spectroscopy, Vol 32, No 2 (1978) 192-200

-A. Abu-Shumays, J.J. Duffield, Analytical Chemistry, Vol 38, No 7 (1966) 29A-44A 

3 LAYOUT OF A CURRENT CD SPECTROPOLARIMETER 

The next figure shows the (schematic) optical diagram of a modern CD spectropolarimeter  (Jasco 

J-810).

As you can see it’s not so far from a simple single beam spectrophotometer. 
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Legend:

LS
light source, is a 150W, air cooled Xe lamp, with quartz envelope. It emits a strong continuous spectra in the all wavelength range of the monochromator (163-1100 nm)

M1

is an elliptical mirror focusing the lamp arc on the entrance slit (S1) of the double monochromator 

M0
is the mirror to collect back-emitted radiation from the source

S1, S2, S3
are the entrance, intermediate and exit slits of the monochromator, all linked together

M2, M3, 
are the spherical collimator mirrors of the double monochromator (Czerny Turner

M4, M5
type) 

P1, P2
are the quartz prisms of the monochromator, prisms are used to disperse radiation and also to get linear polarization output.E-ray (extraodinary ray with crossed polarization) is not getting out

L
is the focusing lens to get beam collimated in the sample compartment

F
is a series of 45° quartz plates to clean further the monochromatic exit beam polarization

CDM
is the photoelastic modulator crystal in its thermostatted housing, it acts (in CD mode) as a ¼ wave achromatic plate, i.e. the linear polarized beam is deflected + and – 45° at the crystal oscillation frequency (50 KHz)

SH
is a mechanical shutter to remove radiation from sample (when needed)

PM
is the photomultiplier tube detector (HTV R376)

Notes:

-Double monochromator is necessary to keep stray-light at low levels, particularly in the low UV, 

 mainly keeping in consideration that a Xe lamp is used

-Prism monochromator is selected (despite higher cost than grating types) since prisms are much less

 inducing spurious linear polarization and because they give high linear dispersion in the far UV range

 (where most users operate)

If we insert now an optically active sample in the compartment, from PM tube we will get the following signal:
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IA
is the average current generated by the PM tube. It’s a function of lamp emission,  high voltage applied to PM tube, monochromator efficiency, bandpass and sample transmittance. This current is kept constant by dynode feedback.

S
is the amplitude of the modulated component (at 50 kHz, as frequency of the PEM). This component is present only if sample is optically active AND absorbing at the specific wavelength

In practical terms a CD spectropolarimeter will keep IA constant and measure S intensity and phase by

a lock-in amplifier. The phase will indicate if signal is positive or negative.

A more complete layout of the CD instrument electronics is as from the enclosed block diagram:
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As an example, the commercial specifications of a modern CD spectropolarimeter are as follows: 

SPECIFICATIONS OF J-810

Light source: 150W Xe arc lamp (air cooled) or 450W

Xe arc lamp (water cooled)

Sample chamber: small size and large sizes available

Input channels: 2 internal plus 2 external signals can

be acquired simultaneously

Wavelength range: 163 ~ 900 nm (standard) ~1100 nm

(with optional NIR sensitive PM T)

Wavelength accuracy: 0.2 nm (at ~180 nm)

0.1 nm (at ~250 nm)

0.3 nm (at ~500 nm)

0.8 nm (at ~ 800 nm)

2.0 nm (at ~1100 nm)

Stray light: 0.0003 % (200 nm)

Spectral Bandwidth: 0.01 ~ 15 nm

Baseline Stability: 0.03 m/ hr

Scanning modes: 3 modes: autoresponse, continuous,

step

Scanning speeds: 1 ~ 10,000 nm / min

Response: 0.5 ms ~ 32 s

CD full scale: 10 m/ 200 m/ 2000 m

CD resolution: 0.0005mwith CD scale of 10 m

0.01 mwith CD scale of 200 m

0.1 mwith CD scale of 2000 m

RMS noise: 0.05 m(150 W Xe) / 0.045 m(450 W Xe)

at 185 nm

0.04 m(150 W Xe) / 0.035 m(450 W Xe)

at 200 nm

0.035 mat 500 nm

Shutter: Manual or computer control

Other: Sample chamber liquid leakage sensor, liquid

leakage stop valve optional
4 CONVENTIONAL SAMPLING 

Standard CD applications are restricted to the analysis of solutions. Conventional quartz cuvettes, same as in the UV-VIS spectrophotometry,  are used.

In the past it was typical to use only 22 mm OD cylindrical cells. These are commercially available with pathlenghts from 0.01 mm to 10 cm and have the advantage of superior optical quality (less strain birefringence, giving LD artifacts).

Today it’s more common to use cheaper rectangular cells, which are easier to thermostat. These cells are however limited to 1 mm path (apart from demountable types).

Polarimetric grade rectangular cells are available from Hellma, but usually also normal ones are suitable, a comparison of solvent baseline with air-baseline will clearly indicate eventual artifacts and their amplitude. The good practice is to orient the cell in the the beam always in same direction and to clean them properly. Short path cells are more problematic to clean and dry out. Cleaning agents as the Hellma HELLMANEX( II are very suitable to remove contaminants. Dry gas Nitrogen with a Pasteur tip will also help to dry out small cells.

When sample volume is of much concern it’s possible to use self masking cells (with black walls) eventually with different types of beam condensers. Much care to sort out the birefringence effect is here required. 

Reference:

-Japan Spectroscopic Co., CD(ORD Measurement Manual
5 PERFORMANCE CHECKING 

CD spectropolarimeters are usually very reliable, long lasting apparatuses. If properly purged with good quality dry Nitrogen gas, maintenance is reduced to periodic exchange of lamp (typical lifetime around 800 hours) and lamp mirrors replacement after several years. Built in routine diagnostic assures basic data consistency. 

Routine, periodic checks of calibration are however part of GLP requirements. Wavelength calibration standards are the same as used in UV-VIS spectrophotometers, while the CD scale calibration may be checked with suitable standards as suggested in the literature.

References:

-T. Takakuwa, T. Konno, H. Meguro, Analytical Sciences, Vol 1 (1985) 215-218

-J.P. Hennessey, W. Curtis Johnson, Analytical Biochemistry, Vol 125 (1982) 177-188

-P. H. Schippers, H. P. J. M. Dekkers, Anal. Chem., Vol 53 (1981) 778-782

-E. Castiglioni, lecture presented at CD’97 in Pisa, reprints available from J/E

6 OPTICAL ROTARY DISPERSION (ORD)

The ORD technique, although widely restricted in its applications, has still an important role when dealing with samples without chromophores absorbing in the UV-Vis range.

ORD is now an accessory to fit CD spectropolarimeters. In Jasco we do have two different models:

-a simple version (ORDE) in which a cross polarizer is placed in front of the PM tube.

The modulator is powered with higher voltage in order to operate as ½ waveplate and the detection uses a 100 kHz lock-in amplifier (double frequency than in CD mode).

With this accessory, ORD spectra can be easily obtained on samples with low optical activity (( within 1°)

-a more elaborate version (ORDM) consisting of a polarimetric block fitted in the main unit. It includes a rotable analyzer and a dedicated PM tube. With this accessory high accuracy optical null measurements are possible, regardless of the intensity, as in original ORD units of 30 years ago.

The choice is therefore related to the application. Users who needs ORD as main analytical technique should better consider the second, more expensive solution.

Reference:

-C. Djerassi, Optical Rotary Dispersion, Applications to Organic Chemistry, McGraw-Hill, 1960

7    LINEAR DICHROISM (LD)

A CD spectropolarimeter may be easily adapted to measure Linear Dichroism (LD) instead of CD.

In contrast with CD (usually carried on chiral molecules in isotropic solutions) LD is a technique widely adopted for achiral (and occasionally chiral) molecules in anisotropic solutions.

LD can be measured with a simple UV-Vis spectrophotometer using a linear polarizer. Orienting the sample or polarizer at 0 and 90° it’s possible to carry on the two measurements, which will provide us the required information. For good accuracy correction factors should be used to compensate the fact that all optical elements of a spectrophotometer are more or less sensitive to linear polarization and this in an achromatic way.

The use of a CD spectropolarimeter for LD experiments allows higher sensitivity and better accuracy,

it’s enough to change PEM program to get 90°, rather than 45° light modulation (a facility built in most of current commercial units) and to double the observation frequency, in order to measure directly the LD of the sample.

Proper calibration is easy, using tilted quartz plate as reference samples.

Alternatively it’s possible to use a standard CD for LD measurements using simply an achromatic

quarter-wave plate between the modulator and the sample, but conversion from CD to LD mode and viceversa may not be so easy.

The normal problem in LD measurements is usually the sample orientation. Shear flow methods, magnetic and electrical fields are alternative approaches, much depending on the type of sample.

References:

-B. Norden, M. Kubista, T. Kurucsev, Quaterly Rev of Biophysics, 25, 1 (1992) 51-170

-B. Norden, S. Seth, Applied Spectroscopy, 39, 4 (1985) 647-655

-B. Norden, Applied Spectroscopy Reviews, 14, 2 (1978), 157-248

-A. Rodger, Meth. in Enzymol., 226 (1993) 232

8 MAGNETIC CIRCULAR DICHROISM (MCD)

This technique is still rather rare and of limited application in specialized laboratories. It may be that the cost of hardware is a limiting factor. In MCD the sample is placed in a magnetic field parallel to the lightpath of the spectropolarimeter.

The magnetic field may be able to induce circular dissymmetry in a sample, and this causes a measurable CD signal.

MCD signal intensity is proportional to magnetic field strength applied, so different types of magnets can be used:

-permanent magnets with field up to a few kGauss

-electromagnets with field up to 15 kGauss

-superconducting magnets with field of 50 kGauss (and more)

The stray field generated by strong superconductive magnets calls for shielding of :

-PM tube

-PEM modulator

-lamp itself

References:

-D. W. Ball, Spectroscopy, Vol 6, No 1 (1991) 18-24 

-A. D. Buckingham, P. J. Stephens, Ann. Rev. Phys. Chem., Vol 17 (1966) 399 

9 FLUORESCENCE DETECTED CIRCULAR DICHROISM (FDCD)

In FDCD we measure the difference in fluorescence intensity for left and right circularly polarized excitation. Experimentally the matter is simple: the PM tube is placed at 90° from the lightpath and a suitable long pass filter (or a monochromator) is conveniently placed to avoid elastic scattering to reach the detector.

The technique is very selective since only fluorophores are detected.even in a multichromophoric molecule. 

Additionally exciton coupled FDCD seems a very promising approach, since selectivity and sensitivity are highly enhanced. 

References:

-I. Tinoco, D.H. Turner, J. Am. Chem. Soc., 96:13 (1974) 4340-4342 

-N. Harada, K. Nakanishi, Circular Dichroic Spectroscopy-Exciton Coupling in Organic Stereochemistry, 

 University Science Books, 1983

-J. G. Dong, A. Wada, T. Takahashi, K. Nakanishi, N. Berova, J. Am. Chem. Soc., Vol 119 (1997) 12024-12025

10 SIMULTANEOUS FLUORESCENCE DETECTION

Using a fluorescence cuvette and placing at 90° a second photomultiplier tube with transfer optics, it’s possible to collect at the same time CD and fluorescence from the sample.

Emission signal should be filtered by a long-pass filter, or even by an emission monochromator.

The approach is getting today rather popular, mainly in applications requiring long thermal melting experiments to monitor conformational changes, since a double information can be obtained, with limited hardware investment.

Reference:

-G. Ramsay, M. R. Eftink, Biophysical Journal, Vol 31 (1994) 516-523

11 NIR-CD AND VCD

We are all used to CD experiments in the UV-VIS range, but CD may also be measured outside these limits. We try here to present a low level entry introduction to vibrational CD spectroscopy:

NIR-CD

Applications of CD in the near infrared region are quite rare, but not uncommon. Many metals linked with proteins and several chiral metal complexes may give CD active bands in the NIR region (NIR is starting from 700 nm up). So a few customers around are interested in this field, particularly for MCD.

Conventional CD spectropolarimeters feature double prism monochromators for best efficiency in the far UV ((250 nm) where most of the users are interested. Double prism monochromators have very low dispersion toward the NIR field, so the actual limit of standard units are around 1100nm.

1100 nm is also the practical NIR limit of red extended (S1) photomultiplier tubes and of Si diodes.

To approach the NIR further a different hardware is therefore necessary. Jasco’s J-730 was designed for this purpose, it features a filament source (halogen), a plane grating single monochromator, a linear polarizer, a conventional piezoelastic modulator and a liquid nitrogen cooled InSb detector. But the most important difference is that a further light modulator (a chopper) must be inserted in the beam, since typical IR detectors would not operate with DC signals. From above it’s clear that NIR CD are basically different from equivalent models for UV-VIS range, only if NIR expansion is limited to 1.6 or 1.7(m, InGaAs diode detectors can still be used, sparing the need of a chopped optical train.

VIBRATIONAL CD

The matter is becoming more complex when moving toward the mid IR.

The potential advantage is evident: while most organic compounds have only a few chromophores (potentially CD active) all optical active molecules have IR (and Raman) spectra. So CD/IR or CD/Raman spectra may provide an important molecular structural information.

IR spectra shows typically sharper bands than the UV-VIS electronic spectra, so easier and more specific information should be obtainable. Potential application of VCD to stereochemical problems are therefore great, but problems are many: namely the relative low sensitivity of available hardware and the higher difficulties in getting proper light polarization in the IR field.

As said above the Raman technique may be alternative to IR absorption, so talking about VCD we should consider also ROA (Raman Optical Activity) in addition to absorption techniques.

ROA looks to be a simpler technique, particularly with current array detectors. It is enough to modulate circularly the linearly polarized excitation laser beam (for example by a Pockel cell) to get two set of data corresponding to the relative circular polarization to be subtracted. The matter is not so simple, literature data alerts of many artifacts, typically stronger than the phenomena to be measured. Raman is indeed an emission technique, with all quantitative limitations related, problems are getting very large when differences to be measured are very minor, as in CD case.

So we will focus on absorption VCD. 

The dispersive approach  

You can consider a dispersive VCD as a conventional single beam IR spectrophotometer with direct mount (source-monochromator-sample-detector) in which after the monochromator a linear polarizer is positioned, followed by the piezoelastic modulator (material of modulator should be consistent with the range: typically ZnSe for mid IR). As in NIR case it’s necessary to further modulate the light by a rotating chopper which may take place between the source and the entrance slit. The fast detector (typically a MCT unit) receives light transmitted through the sample by a focussing system (lens or mirror type). Electronics include a circuit running at chopper frequency to amplify the CD (in J terms!) component, while a lock-in amplifier quantifies the CD component AC (still using J terms).  The ratio of AC/DC gives the correct CD value.

The all system may look simple, but it’s not: AC is typically orders of magnitude weaker than DC, and you should consider how IR spectrophotometers are typically less sensitive to UV-VIS ones, to evaluate the difficulties behind.

 The FT/IR approach

FT/IR techniques have been used for VCD since 1979. The potential advantage of the higher sensitivity of FT/IR versus dispersive IR is appealing everybody. A typical VCD-FT/IR set up will include a dedicated external beam with focussing lens (or mirrors) system, linear polarizer, PEM, sample, focussing lens and fast MCT detector. Usually a long pass filter is used before the polarizer to remove unwanted NIR radiation. In the literature there are many arguments about the choice of focal length/aperture of optics of the beam on the sample as well as on the detector. Different choices are possible, keeping in mind that the detector frequency response is strictly related to the active surface.

Also in FT/IR-VCD you have two modulations: the 37 KHz (or similar) from PEM modulator and the frequencies generated by the interferometer itself. So with suitable electronics (lock-in amplifier for PEM frequency and conventional FT/IR circuitry) it’s possible to collect both single beam absorption signal and the uncorrected CD signal …. These can be ratioed to give correct CD data.

The actual situation is more complex: CD 37 KHz is prefiltered before reaching the lock-in amplifier to remove low frequency components and filtered after the lock-in amplifier to pass only the high frequency ones. The first is very necessary to effectively remove the transmission interferogram (in order not to overload the lock-in), while the second may effectively reduce the noise on standard processing FT/IR electronics. The above short notes should give an idea of the complexity of the device necessary to measure an apparently simple phenomenon, the real problem is that the quantities to be measured are very small and present within a much larger signal (the transmission one).

 Is the technique mature?

This is really a good point: VCD accessories are currently available (at least on paper) from a few FT/IR manufacturers, only one manufacturer is offering a dedicated model. One of the reasons is that market is still highly specialized, and indeed in several years of CD conferences, while the number of posters and lectures about VCD has been increasing, the originators of these documents seem to be always the same. Jasco had early experiences in this field, with dispersive systems, early FT/IRs and Raman. Recently a new approach has been investigated using the current FT/IR-600 with dedicated CD external optics. Results have been promising, but future commercial opportunities will strictly depend from the market demand. 

Alpha-Pinene is known as a suitable standard for VCD, it’s readily available both in the (+) and (-) form and can be used as an example.

In the next page we show the two spectra, these were collected with 1024 accumulations, no baseline correction was applied. 

Both spectra were run on Jasco FT/IR-620 with an experimental VCD accessory, using MCT detector and 4 mm/sec of mirror speed.
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Reference:

-T.A.Keiderling, Vibrational CD: Comparision of Techniques and Practical Considerations, in Practical  

 Fourier Transform Infrared Spectroscopy, Academic Press, 1990, 203-284 

12 TITRATION

Application of titrators to a CD spectropolarimeter is not new. Once equipped with a flow through cell, it’s easy to connect the system to a conventional titrating unit.

Today it’s also possible to carry out titration experiments directly in a standard cell, using commercially available or dedicated microtitrators. The experiment can be arranged by a simple (or complex) Macro command. It’s also possible to monitor and collect simultaneously with CD also the pH or other measurement parameters.

The spectra below are the results of a titration experiment.

0.36M of NaK-d-tartrate was added (150 (l addition each step) to 1.5 ml of 0.24 M NiSO4
water solution in 1cm path cell, relevant spectra were collected after each addition.

A strong CD spectra is appearing, growing at each addition.
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13 HPLC/CD

Today, pharmaceutical, food & agricultural chemical and biotechnology companies are facing more and more problems producing enantiomerically pure products.   The companies have to verify and certify the purity of their products to meet the regulations, that are getting more and more restrictive every day. A large investment is necessary for companies to build commercial-scale production processes for optically pure pharmaceuticals and intermediates.  In general, these processes are based on various methods such as catalytic asymmetric synthesis, biocatalytic resolution, diastereomeric crystallization, enantioselective absorption or combinations of these methods.  These processes must include facilities to verify and certify the optical purity of the intermediate and end products or of their metabolites at the laboratory level. For the last 30 years HPLC has been the most preferred separation method in these industries.  Chiral HPLC, both for analytical and preparative scale, is probably the easiest answer to these needs.
Apart from industrial applications, chiral synthesis are carried on in many universities and research

institutions.

Chiral HPLC separations have been booming through continuos development and a growing number of new chiral stationary phases, by the use of chiral modifiers in the mobile phase or by precolumn derivatization with chiral reagents.  As well known, enantiomers have the same chemical and physical properties and the only way to discriminate and quantify is by interaction with polarized light, so chiroptical HPLC detectors are the logical complement to any chiral separation. The tandem combination of chiral and mass-sensitive detectors is very valuable when chromatographic separation can only be partially achieved (or even with no separation at all).

This is probably the main appeal of modern chiral HPLC detectors: the possibility to reliably quantify enantiomeric purity without separation is indeed a dramatic advantage. So while these detectors may well be used with chiral columns to verify elution order or to measure (in CD case) the spectra of the compounds, the main interest is to quantify optical purity when using non-chiral chromatographic conditions.

Many important progresses have been achieved in the last few years and various chiral detectors are now commercially available.  Jasco has pioneered this field and is today offering chiral detectors based either on Optical Rotatary Dispersion or on Circular Dichroism, the latter have the unique advantage to provide two different signals (CD and UV) simultaneously, the first proportional to the optical activity and the second related to the mass or amount of the sample compound.

In addition to dedicated detectors also a conventional CD spectropolarimeter, equipped with a proper flow cell, can be profitably used for the application, providing at the same time chiral and mass information. The basic drawback is (apart the cost) the overall size and lower sensitivity.

[image: image7.wmf]
Schematic view of  the Jasco  CD-1595 dedicated HPLC-CD detector.
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14 FAST KINETICS  (STOPPED-FLOW CD)

Combination of CD spectropolarimeters with high mixing speed stopped-flow devices is a well known practice. Apart from obvious applications in the organic chemistry field, much interest is now going toward protein folding experiments.

These experiments may be tasking since multiple shots accumulation may be necessary to extract a valuable result.

In addition to CD  a spectropolarimeter equipped with a suitable stopped-flow cell may become the proper optical bench to collect simultaneously absorption and fluorescence data.

Proper integration between cell and spectrometer is the first prerequisite, but it’s also essential to rely on a suitable software to control at the same time both the units. More advanced stopped-flow cells feature today syringes (2, 3 or 4) controlled by stepping-motors, and the possibility to exchange easily the observation cell for different experiments.

We report here a typical test reaction for stopped-flow CD:

-mixing cell Bio-Logic (SFM-20
-wavelength: 700 nm

-mixed volumes: 50+50 (l/shot
-bandpass: 2 nm

-mixing ratio: 1:1
-response: 2 msec

-reagent a: 0.36M K-d-Tartrate
-accumulation: 64 times (shots)
       

-reagent b: 0.24M NiSO4.6H2O   
-cell pathlength: 2mm
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15  VARIABLE TEMPERATURE MEASUREMENTS

Similarly to UV-VIS spectroscopy sample thermostatting may be very important:

-some samples may change their optical activity at different temperatures

-several applications (for example folding experiments on proteins), may call for getting melting 

 curves at fixed wavelength while ramping the sample temperature. The technique may further be 

 expanded for collecting spectra, during a temperature ramp, at preselected temperatures.

Experimentally there are different choices:

-use of jacketed cells with external circulator (effective, but expensive)

-use of liquid circulation thermostattable cell holders (cheaper than the above solution)

In both of these cases the external circulator will limit the temperature range. Software is available for selected circulators to generate temperature ramps etc. 

Care should be observed in measuring temperature gradients from bath to the actual sample.

-use of dedicated Peltier devices (single or multiple position), fully software controlled.

This seems to be the current preferred trend, despite the higher cost, due to faster and easier operation.

Further steps may be adopted to improve the overall accuracy:

-stirring the sample to reduce temperature gradients within the sample cuvette

-using remote temperature sensors to be inserted directly in the sample

The experiment below shows multiple spectra of  0.02% Ribonuclease A 0.001N HCl in 1 mm cell,

measured with a temperature ramp from 10 to 80°C, at 50°C/hour.

Spectra were collected at 10, 20, 30, 40, 50, 55, 60, 70, 80 °C.
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The corresponding melting curve (at 222 nm) is plotted as follows:
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16   LOW TEMPERATURE MEASUREMENTS

Application of CD to low temperature is very similar to conventional UV-VIS spectrophotometry.

Low temperature vacuum cryostats (commercially available and occasionally home-built) with suitable windows are generally used, cooling the assembly with liquid nitrogen or liquid helium.

Alternatively expansion gas cooling devices are occasionally adopted.

In all the cases the problem is typically to insert the device into the sample chamber. The best solution is usually to arrange an external, dedicated sample compartment to hold the device, in order to assure easy alignment and freedom from the many electrical and vacuum connections required.

17   HIGH PRESSURE MEASUREMENTS

A new field for CD are high pressure measurements, potentially very interesting to study (for example) formation, racemization or enantiomerization of chiral metal complexes.

High pressure measurements call for the use of diamond cells, not very different from similar ones used in IR, but it is problematic due to different reasons:

-small size of the sample

-linear dichroism artifacts, due to birefringence of optical windows, particularly when high  

 pressure is applied

Several experimental tricks may be used:

-orienting the sample at different angles (in respect to the axis perpendicular to the optical  

 windows) to collect different experimental data to be averaged out.

-use of mild beam focusing, with a suitable lens before PEM modulator 

-simultaneous measurement of double frequency signal (originating from LD) with a second  

 lock-in amplifier

We do feel that in the next few years we will see further improvements.
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18   CONFORMATION OF PROTEINS AND POLYPEPTIDES

Since this is probably the main current application of CD spectropolarimeters, it was left as the last one. Literature is so crowded with data and so many softwares for secondary structure prediction are available (even free of charge), that a full book would be necessary.

Comparing the same experimental data with different softwares may give very interesting (and disappointing) results. We must remember that the technique is sensitive, calls for little sample amount and it’s fast ….., but absolute results are difficult to obtain, if possible. 

An example is reported below:

Sample:  
Lysozyme

Data mode :
Mol. Ellip.

Range :
              250 - 180 nm

Helix:
             34.8

Beta:
             22.9

Turn:
             9.0

Random:            33.3

Total:
            100.0

RMS:
            14.180

19 CONCLUSION

CD is a still growing technique. In the course of  the latest years  we delivered also very specialized/custom made units, such as photoinduced CD spectrometers, CPL (Circular Polarized Luminescence) spectrofluorometers. The flexible structure of our new J-810 is offering opportunities for specific customization in order to meet any sort of requirements in the chiral detection technology.

Furthermore recent approaches on scattering and solid sampling we are currently carrying on, clearly indicate that,  while CD is mature, there is still a space for improvement and expansion.
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