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Vibrational circular dichroism
Vibrational circular dichroism (VCD) spectroscopy is basically circular dichroism
spectroscopy in the infrared and near infrared ranges[1] . Because VCD is sensitive to the
mutual orientation of distinct groups in a molecule, it provides three-dimensional structural
information. Thus, it is a powerful technique as VCD spectra of enantiomers can be
simulated using ab initio calculations, thereby allowing the identification of absolute
configurations of small molecules in solution from VCD spectra. Among such quantum
computations of VCD spectra resulting from the chiral properties of small organic
molecules are those based on density functional theory (DFT) and gauge-invariant atomic
orbitals (GIAO). As a simple example of the experimental results that were obtained by VCD
are the spectral data obtained within the carbon-hydrogen (C-H) stretching region of 21
amino acids in heavy water solutions. Measurements of vibrational optical activity (VOA)
have thus numerous applications, not only for small molecules, but also for large and
complex biopolymers such as muscle proteins (myosin, for example) and DNA.

Vibrational modes

VCD of peptides and proteins
Extensive VCD studies have been reported for both polypeptides and several proteins in
solution[2] [3] [4] ; several recent reviews were also compiled[5] [6] [7] [8] . An extensive but
not comprehensive VCD publications list is also provided in the "References" section. The
published reports over the last 22 years have established VCD as a powerful technique with
improved results over those previously obtained by visible/UV circular dichroism (CD) or
optical rotatory dispersion (ORD) for proteins and nucleic acids.
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Amino acid and polypeptide structures
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VCD of nucleic acids
VCD spectra of nucleotides, synthetic polynucleotides and several nucleic acids, including
DNA, have been reported and assigned in terms of the type and number of helices present
in A- , B-, and Z- DNA. 

VCD Instrumentation
For biopolymers such as proteins and nucleic acids, the difference in absorbance between 
the levo- and dextro- configurations is five orders of magnitude smaller than the 
corresonding (unpolarized) absorbance. Therefore, VCD of biopolymers requires the use of 
very sensitive, specially built instrumentation as well as time-averaging over relatively long 
intervals of time even with such sensitive VCD spectrometers. Most CD instruments 
produce left- and right- circularly polarized light which is then either sine-wave or 
square-wave modulated, with subsequent phase-sensitive detection and lock-in 
amplification of the detected signal. In the case of FT-VCD, a photo-elastic modulator (PEM) 
is employed in conjunction with an FT-IR interferometer set-up. An example is that of a 
Bomem model MB-100 FT-IR interferometer equipped with additional polarizing optics/ 
accessories needed for recording VCD spectra. A parallel beam emerges through a side
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port of the interferometer which passes first through a wire grid linear polarizer and then
through an octagonal-shaped ZnSe crystal PEM which modulates the polarized beam at a
fixed, lower frequency such as 37.5 kHz. A mechanically stressed crystal such as ZnSe
exhibits birefringence when stressed by an adjacent piezoelectric transducer. The linear
polarizer is positioned close to, and at 45 degrees, with respect to the ZnSe crystal axis.
The polarized radiation focused onto the detector is doubly modulated, both by the PEM
and by the interferometer setup. A very low noise detector, such as MCT (HgCdTe), is also
selected for the VCD signal phase-sensitive detection. Quasi-complete commercial FT-VCD
instruments are also available from a few manufacturers but these are quite expensive and
also have to be still considered as being at the prototype stage. To prevent detector
saturation an appropriate, long wave pass filter is placed before the very low noise MCT
detector, which allows only radiation below 1750 cm-1 to reach the MCT detector; the latter
however measures radiation only down to 750 cm-1. FT-VCD spectra accumulation of the
selected sample solution is then carried out, digitized and stored by an in-line computer.
Published reviews that compare various VCD methods are also available.[9] [10]
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Magnetic VCD
VCD spectra have also been reported in the presence of an applied external magnetic
field[11] . This method can enhance the VCD spectral resolution for small molecules[12] [13]
[14] [15] [16] .

Raman optical activity (ROA)
ROA is a technique complementary to VCD especially useful in the 50--1600 cm-1 spectral
region; it is considered as the technique of choice for determining optical activity for
photon energies less then 600 cm-1.
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and continue the rest onto adjacent pages. 
If you publish or distribute Opaque copies of the Document numbering more than 100, you must either include a machine-readable Transparent copy
along with each Opaque copy, or state in or with each Opaque copy a computer-network location from which the general network-using public has
access to download using public-standard network protocols a complete Transparent copy of the Document, free of added material. If you use the latter
option, you must take reasonably prudent steps, when you begin distribution of Opaque copies in quantity, to ensure that this Transparent copy will
remain thus accessible at the stated location until at least one year after the last time you distribute an Opaque copy (directly or through your agents or
retailers) of that edition to the public. 
It is requested, but not required, that you contact the authors of the Document well before redistributing any large number of copies, to give them a
chance to provide you with an updated version of the Document. 

4. MODIFICATIONS 
You may copy and distribute a Modified Version of the Document under the conditions of sections 2 and 3 above, provided that you release the Modified
Version under precisely this License, with the Modified Version filling the role of the Document, thus licensing distribution and modification of the
Modified Version to whoever possesses a copy of it. In addition, you must do these things in the Modified Version: 
1. Use in the Title Page (and on the covers, if any) a title distinct from that of the Document, and from those of previous versions (which should, if there

were any, be listed in the History section of the Document). You may use the same title as a previous version if the original publisher of that version
gives permission.

2. List on the Title Page, as authors, one or more persons or entities responsible for authorship of the modifications in the Modified Version, together
with at least five of the principal authors of the Document (all of its principal authors, if it has fewer than five), unless they release you from this
requirement.

3. State on the Title page the name of the publisher of the Modified Version, as the publisher.
4. Preserve all the copyright notices of the Document.
5. Add an appropriate copyright notice for your modifications adjacent to the other copyright notices.
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6. Include, immediately after the copyright notices, a license notice giving the public permission to use the Modified Version under the terms of this
License, in the form shown in the Addendum below.

7. Preserve in that license notice the full lists of Invariant Sections and required Cover Texts given in the Document's license notice.
8. Include an unaltered copy of this License.
9. Preserve the section Entitled "History", Preserve its Title, and add to it an item stating at least the title, year, new authors, and publisher of the

Modified Version as given on the Title Page. If there is no section Entitled "History" in the Document, create one stating the title, year, authors, and
publisher of the Document as given on its Title Page, then add an item describing the Modified Version as stated in the previous sentence.

10. Preserve the network location, if any, given in the Document for public access to a Transparent copy of the Document, and likewise the network
locations given in the Document for previous versions it was based on. These may be placed in the "History" section. You may omit a network
location for a work that was published at least four years before the Document itself, or if the original publisher of the version it refers to gives
permission.

11. For any section Entitled "Acknowledgements" or "Dedications", Preserve the Title of the section, and preserve in the section all the substance and
tone of each of the contributor acknowledgements and/or dedications given therein.

12. Preserve all the Invariant Sections of the Document, unaltered in their text and in their titles. Section numbers or the equivalent are not considered
part of the section titles.

13. Delete any section Entitled "Endorsements". Such a section may not be included in the Modified Version.
14. Do not retitle any existing section to be Entitled "Endorsements" or to conflict in title with any Invariant Section.
15. Preserve any Warranty Disclaimers.
If the Modified Version includes new front-matter sections or appendices that qualify as Secondary Sections and contain no material copied from the
Document, you may at your option designate some or all of these sections as invariant. To do this, add their titles to the list of Invariant Sections in the
Modified Version's license notice. These titles must be distinct from any other section titles. 
You may add a section Entitled "Endorsements", provided it contains nothing but endorsements of your Modified Version by various parties--for example,
statements of peer review or that the text has been approved by an organization as the authoritative definition of a standard. 
You may add a passage of up to five words as a Front-Cover Text, and a passage of up to 25 words as a Back-Cover Text, to the end of the list of Cover
Texts in the Modified Version. Only one passage of Front-Cover Text and one of Back-Cover Text may be added by (or through arrangements made by)
any one entity. If the Document already includes a cover text for the same cover, previously added by you or by arrangement made by the same entity
you are acting on behalf of, you may not add another; but you may replace the old one, on explicit permission from the previous publisher that added the
old one. 
The author(s) and publisher(s) of the Document do not by this License give permission to use their names for publicity for or to assert or imply
endorsement of any Modified Version. 

5. COMBINING DOCUMENTS 
You may combine the Document with other documents released under this License, under the terms defined in section 4 above for modified versions,
provided that you include in the combination all of the Invariant Sections of all of the original documents, unmodified, and list them all as Invariant
Sections of your combined work in its license notice, and that you preserve all their Warranty Disclaimers. 
The combined work need only contain one copy of this License, and multiple identical Invariant Sections may be replaced with a single copy. If there are
multiple Invariant Sections with the same name but different contents, make the title of each such section unique by adding at the end of it, in
parentheses, the name of the original author or publisher of that section if known, or else a unique number. Make the same adjustment to the section
titles in the list of Invariant Sections in the license notice of the combined work. 
In the combination, you must combine any sections Entitled "History" in the various original documents, forming one section Entitled "History"; likewise
combine any sections Entitled "Acknowledgements", and any sections Entitled "Dedications". You must delete all sections Entitled "Endorsements." 

6. COLLECTIONS OF DOCUMENTS 
You may make a collection consisting of the Document and other documents released under this License, and replace the individual copies of this
License in the various documents with a single copy that is included in the collection, provided that you follow the rules of this License for verbatim
copying of each of the documents in all other respects. 
You may extract a single document from such a collection, and distribute it individually under this License, provided you insert a copy of this License into
the extracted document, and follow this License in all other respects regarding verbatim copying of that document. 

7. AGGREGATION WITH INDEPENDENT WORKS 
A compilation of the Document or its derivatives with other separate and independent documents or works, in or on a volume of a storage or distribution
medium, is called an "aggregate" if the copyright resulting from the compilation is not used to limit the legal rights of the compilation's users beyond
what the individual works permit. When the Document is included in an aggregate, this License does not apply to the other works in the aggregate which
are not themselves derivative works of the Document. 
If the Cover Text requirement of section 3 is applicable to these copies of the Document, then if the Document is less than one half of the entire
aggregate, the Document's Cover Texts may be placed on covers that bracket the Document within the aggregate, or the electronic equivalent of covers
if the Document is in electronic form. Otherwise they must appear on printed covers that bracket the whole aggregate. 

8. TRANSLATION 
Translation is considered a kind of modification, so you may distribute translations of the Document under the terms of section 4. Replacing Invariant
Sections with translations requires special permission from their copyright holders, but you may include translations of some or all Invariant Sections in
addition to the original versions of these Invariant Sections. You may include a translation of this License, and all the license notices in the Document,
and any Warranty Disclaimers, provided that you also include the original English version of this License and the original versions of those notices and
disclaimers. In case of a disagreement between the translation and the original version of this License or a notice or disclaimer, the original version will
prevail. 
If a section in the Document is Entitled "Acknowledgements", "Dedications", or "History", the requirement (section 4) to Preserve its Title (section 1) will
typically require changing the actual title. 

9. TERMINATION 
You may not copy, modify, sublicense, or distribute the Document except as expressly provided for under this License. Any other attempt to copy, modify,
sublicense or distribute the Document is void, and will automatically terminate your rights under this License. However, parties who have received
copies, or rights, from you under this License will not have their licenses terminated so long as such parties remain in full compliance. 

10. FUTURE REVISIONS OF THIS LICENSE 
The Free Software Foundation may publish new, revised versions of the GNU Free Documentation License from time to time. Such new versions will be
similar in spirit to the present version, but may differ in detail to address new problems or concerns. See http:/ / www. gnu. org/ copyleft/ .
Each version of the License is given a distinguishing version number. If the Document specifies that a particular numbered version of this License "or
any later version" applies to it, you have the option of following the terms and conditions either of that specified version or of any later version that has
been published (not as a draft) by the Free Software Foundation. If the Document does not specify a version number of this License, you may choose any
version ever published (not as a draft) by the Free Software Foundation. 

How to use this License for your documents 
To use this License in a document you have written, include a copy of the License in the document and put the following copyright and license notices
just after the title page: 

Copyright (c) YEAR YOUR NAME. 
Permission is granted to copy, distribute and/or modify this document 
under the terms of the GNU Free Documentation License, Version 1.2 
or any later version published by the Free Software Foundation; 
with no Invariant Sections, no Front-Cover Texts, and no Back-Cover Texts. 
A copy of the license is included in the section entitled "GNU 
Free Documentation License". 

If you have Invariant Sections, Front-Cover Texts and Back-Cover Texts, replace the "with...Texts." line with this: 
with the Invariant Sections being LIST THEIR TITLES, with the 
Front-Cover Texts being LIST, and with the Back-Cover Texts being LIST. 

If you have Invariant Sections without Cover Texts, or some other combination of the three, merge those two alternatives to suit the situation. 
If your document contains nontrivial examples of program code, we recommend releasing these examples in parallel under your choice of free software
license, such as the GNU General Public License, to permit their use in free software. 

http://www.gnu.org/copyleft/.
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