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CMDS

The Wright Group focuses on the development and usage of
Coherent MultiDimensional Spectroscopy (CMDS).

CMDS is a family of related nonlinear spectroscopic experiments.
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Why CMDS?

[A BUNCH OF COOL PUBLICATIONS—FOCUSING ON COHERENCE
TRANSFER, MECHANISMS ETC] [MORE APPLICATIONS]
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Abstract

Ultrafast energy transfer is used to transmit electronic excitation among the
many molecules in photosynthetic antenna complexes. Recent experiments
and theories have highlighted the role of coherent transfer in femtosecond
studies of these proteins, suggesting the need for accurate dynamical models
to capture the subtle characteristics of energy transfer mechanisms. Here
we discuss how to think about coherence in light harvesting and electronic
energy transfer. We review the various fundamental concepts of coherence,
spanning from classical phenomena to the quantum superposition, and define
coherence in electronic energy transfer. We describe the current status of
experimental studies on light-harvesting complexes. Insights into the micro-
scopic process are presented to highlight how and why this is a challenging
problem to elucidate. We present an overview of the applicable dynamical
theories to model energy transfer in the intermediate coupling regime.
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Analytical

But wait! I’m an Analytical Chemist...

What am I doing in a field so rich with fundamental studies?

I hope to convince you that CMDS can be used for analytical work.
I detection (selectivity)
I unknown identification
I quantification
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Pakoulev et al. (2009)

Mixed Frequency-/Time-Domain Coherent
Multidimensional Spectroscopy: Research Tool

or Potential Analytical Method?
ANDREI V. PAKOULEV, MARK A. RICKARD, KATHRYN M. KORNAU,
NATHAN A. MATHEW, LENA A. YURS, STEPHEN B. BLOCK, AND

JOHN C. WRIGHT*
Department of Chemistry, University of Wisconsin, Madison, Wisconsin 53706

RECEIVED ON JANUARY 23, 2009

C O N S P E C T U S

Coherent multidimensional spectroscopy (CMDS) is now the
optical analogue of nuclear magnetic resonance (NMR). Just

as NMR heteronuclear multiple-quantum coherence (HMQC) meth-
ods rely on multiple quantum coherences, achieving widespread
application requires that CMDS also excites multiple quantum
coherences over a wide range of quantum state energies. This
Account focuses on frequency-domain CMDS because these meth-
ods tune the excitation frequencies to resonance with the desired
quantum states and can form multiple quantum coherences
between states with very different energies.

CMDS methods use multiple excitation pulses to excite multiple
quantum states within their dephasing time, so their quantum
mechanical phase is maintained. Coherences formed from pairs of the
excited states emit coherent beams of light. The temporal ordering of
the excitation pulses defines a sequence of coherences that can result in zero, single, double, or higher order coherences as required
for multiple quantum coherence CMDS. Defining the temporal ordering and the excitation frequencies and spectrally resolving the
output frequency also defines a particular temporal pathway for the coherences, just as an NMR pulse sequence defines an NMR
method. Two dimensional contour plots through this multidimensional parameter space allow visualization of the state energies
and dynamics.

This Account uses nickel and rhodium chelates as models for understanding mixed frequency-/time-domain CMDS. Mixed fre-
quency-/time-domain methods use excitation pulse widths that are comparable to the dephasing times, so multidimensional spec-
tra are obtained by scanning the excitation frequencies, while the coherence and population dynamics are obtained by scanning
the time delays. Changing the time delays changes the peaks in the 2D excitation spectra depending upon whether the pulse
sequence excites zero, single, or double quantum coherences. In addition, peaks split as a result of the frequency-domain mani-
festation of quantum beating. Similarly, changing the excitation and monochromator frequencies changes the dependence on the
excitation delay times depending upon whether the frequencies match the resonances involved in the different time-ordered path-
ways. Contour plots that change a time delay and frequency visualize the temporal changes of specific spectral features.

Frequency-domain methods are resonant with specific states, so the sequence of coherences and populations is defined. Coher-
ence transfer, however, can cause output beams at unexpected frequencies. Coherence transfer occurs when the thermal bath induces
a coherence between two states (a and g) to evolve to a new coherence (b and g). Since the two coherences have different fre-
quencies and since there are different time orderings for the occurrence of coherence transfer, the delay time dependence devel-
ops modulations that depend on the coherences’ frequency difference.

Higher order coherences can also be generated by raising the excitation intensities. New features appear in the 2D spectra
and dynamic Stark splittings occur. These effects will form the basis for the higher order multiple quantum coherence methods
and also provide a method for probing molecular potential energy surfaces.

1310 ACCOUNTS OF CHEMICAL RESEARCH 1310-1321 September 2009 Vol. 42, No. 9 Published on the Web 05/15/2009 www.pubs.acs.org/acr
10.1021/ar900032g CCC: $71.50 © 2009 American Chemical Society
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Pakoulev et al. (2009)

Spectroscopy forms the heart of the analytical methodology used for routine
chemical measurement. Of all the analytical spectroscopic methods, NMR
spectroscopy is unique in its ability to correlate spin resonances and resolve
spectral features from spectra containing thousands of peaks. For example,
heteronuclear multiple quantum coherence (HMQC) spectroscopy achieves this
capability by exciting 1H, 15N, 13 C=O, and 13Cα spins to form a multiple quantum
coherence characteristic of a specific position in a protein’s backbone. Three
excitations define a specific residue, and a fourth defines the coupling to an
adjacent residue. Not only does it decongest the spectra, it defines the couplings
and connectivity between the di�erent nuclear spin states. Coherent
multidimensional spectroscopy (CMDS) has emerged as the optical analogue of
nuclear magnetic resonance (NMR), and there is great interest in using it as a
general analytical methodology.
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Donaldson et al. (2010)

Generation of Simplified Protein Raman Spectra Using Three-Color Picosecond Coherent
Anti-Stokes Raman Spectroscopy

Paul M. Donaldson,†,§ Keith R. Willison,‡ and David R. Klug*,†

The Single Cell Proteomics Group, Chemical Biology Centre, Department of Chemistry, Imperial College
London, Exhibition Road, London, SW7 2AZ, United Kingdom, and Institute of Cancer Research, Chester
Beatty Laboratories, Section of Cell and Molecular Biology, London SW3 6JB, United Kingdom

ReceiVed: July 3, 2010

The well-known and prominent marker bands of aromatic amino acids in Raman spectra of protein and peptide
films are revisited in the frequency and time domains using three-color picosecond coherent anti-Stokes Raman
spectroscopy (CARS). We show here that control of the probe delay allows the narrow width/long lifetime
states to be observed free not only from nonresonant background and fluorescence contamination but also
free from the spectral congestion that arises from the complex background of spectrally broader (shorter
lifetime) vibrational modes. The reasonable limits of detection obtained indicate that such CARS methods
may be useful for quantitative analysis of protein composition.

Introduction

The relative and absolute quantification of proteins and their
amino acid composition from separated cell extracts is of central
importance in the field of proteomics. The possibility of
performing such analyses by optical means, on proteins
separated, for example, by capillary electrophoresis (CZE) or
high-performance liquid chromatography (HPLC) and deposited
on a suitable substrate is of great practical interest. It is well
established that vibrational spectroscopy can isolate spectral
features from proteins which report on secondary structure,
amino acid composition and chemical state.1-5 Spectroscopic
signals usually have a simple relationship to the quantity of
material present in the sample meaning that in principle
additional labeling/tagging is not necessary for quantification
of protein levels. It is also possible in principle to identify
proteins from their amino acid composition. It therefore follows
that key requirements for a vibrational spectroscopic method
to become useful as a protein identification method are high
sensitivity, sufficient information content, and elimination of
spectral congestion/backgrounds.

An optical method for direct protein differentiation/identifica-
tion and absolute copy number quantification was recently
outlined based on determining the amino acid composition of a
set of proteins by measuring the amino acid vibrational band
strengths relative to the CH2/CH3 stretch bands.6,7 To circumvent
the usual problems of spectral congestion and contaminating
backgrounds a type of picosecond two-dimensional infrared
spectroscopy known as EVV-2DIR, based on infrared-infrared-
visible four wave mixing,8-12 was employed to completely
isolate background/congestion free signals from a CH3 band,
phenylalanine (F), tyrosine (Y), and tryptophan (W). In this way
it was possible to determine the relative quantities of three amino
acids in a protein and the method also allowed the absolute
quantification of protein levels. A defining feature of 2D-IR

spectroscopy that helped to reduce spectral congestion of the
protein spectra was the ability to select only coupled vibrational
states (the fundamental feature of multidimensional vibrational
spectroscopy). The method also employed picosecond delays
between the excitation pulses to reduce the levels of nonresonant
background relative to the desired signals.9

In this paper we show that even in one-dimensional spec-
troscopies the pulse delays themselves can filter out broad (short-
lived) vibrational states and so reduce spectral congestion. We
explore how this factor alone contributes to the simplification
of peptide and protein spectra through 3-color picosecond
coherent anti-Stokes Raman spectroscopy (CARS). The use of
probe delays for the simplification of CARS spectra is demon-
strated for dried peptide and protein films. For the systems
examined, we show that probe delays greater than 1.4 ps for 1
ps Gaussian half-width pulses generate excellent quality CARS
spectra of protein aromatic amino acids, with the narrow bands
of W, F, and Y clearly isolated from the numerous broader
protein vibrational modes. Probe delay scans are used to recover
the line-widths of the bands, and we also explore experimental
detection limits, measuring F signals from the protein bovine
serum albumin (BSA) at levels in the tens of femtomoles range
(∼1010 BSA molecules in the laser focus).

Protein films are studied here for several important reasons.
When a protein or peptide solution is deposited on a nonwetting
substrate, it dries in a nonuniform manner resulting in a thin
ring of solid material with an annular width as low as a hundred
micrometers. This concentrating effect has been used in ordinary
Raman spectroscopy to allow small volumes of low concentra-
tion protein solution to be analyzed.13 An additional advantage
of dried protein films is that they can be made in the form of
continuous “tracks” from separation methods such as CZE and
HPLC13-15 allowing laser spectroscopic methods to conveniently
and efficiently probe the resulting protein fractions. For coherent
nonlinear optical applications such as EVV 2D-IR spectroscopy
and CARS, such sampling methods remove the requirement for
a sample cell with a front window and containing solvent,
significantly reducing the nonresonant background contribution
to the signal.

* To whom correspondence should be addressed. Phone: +0044 (0)20
7594 5806. E-mail: d.klug@imperial.ac.uk.

† Imperial College London.
‡ Institute of Cancer Research.
§ Present address: Physikalisch-Chemisches Institut, Universität Zürich,

Winterthurerstrasse 190, CH-8057 Zürich, Switzerland.

J. Phys. Chem. B 2010, 114, 12175–12181 12175

10.1021/jp1061607  2010 American Chemical Society
Published on Web 08/30/2010
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Fournier et al. (2009)

Biological and Biomedical Applications of Two-
Dimensional Vibrational Spectroscopy:

Proteomics, Imaging, and Structural Analysis
FREDERIC FOURNIER,† RUI GUO,† ELIZABETH M. GARDNER,†

PAUL M. DONALDSON,† CHRISTIAN LOEFFELD,†

IAN R. GOULD,† KEITH R. WILLISON,‡ AND DAVID R. KLUG*,†
†Department of Chemistry and Chemical Biology Centre, Imperial College

London, Exhibition Road, London SW7 2AZ, U.K., ‡Institute of Cancer Research,
Chester Beatty Laboratories, Cancer Research U.K., Centre of Cellular and

Molecular Biology, London SW3 6JB, U.K.

RECEIVED ON MARCH 10, 2009

C O N S P E C T U S

In the last 10 years, several forms of two-dimensional infrared (2DIR) spec-
troscopy have been developed, such as IR pump-probe spectroscopy and

photon-echo techniques. In this Account, we describe a doubly vibrationally
enhanced four-wave mixing method, in which a third-order nonlinear signal is
generated from the interaction of two independently tunable IR beams and an
electron-polarizing visible beam at 790 nm. When the IR beams are indepen-
dently in resonance with coupled vibrational transitions, the signal is enhanced
and cross-peaks appear in the spectrum. This method is known as either DOVE
(doubly vibrationally enhanced) four-wave mixing or EVV (electron-
vibration-vibration) 2DIR spectroscopy.

We begin by discussing the basis and properties of EVV 2DIR. We then dis-
cuss several biological and potential biomedical applications. These include pro-
tein identification and quantification, as well as the potential of this label-free
spectroscopy for protein and peptide structural analysis. In proteomics, we also show how post-translational modifications
in peptides (tyrosine phosphorylation) can be detected by EVV 2DIR spectroscopy.

The feasibility of EVV 2DIR spectroscopy for tissue imaging is also evaluated. Preliminary results were obtained on a
mouse kidney histological section that was stained with hematoxylin (a small organic molecule). We obtained images by
setting the IR frequencies to a specific cross-peak (the strongest for hematoxylin was obtained from its analysis in isola-
tion; a general CH3 cross-peak for proteins was also used) and then spatially mapping as a function of the beam position
relative to the sample. Protein and hematoxylin distribution in the tissue were measured and show differential contrast, which
can be entirely explained by the different tissue structures and their functions.

The possibility of triply resonant EVV 2DIR spectroscopy was investigated on the retinal chromophore at the centre of
the photosynthetic protein bacteriorhodopsin (bR). By putting the visible third beam in resonance with an electronic tran-
sition, we were able to enhance the signal and increase the sensitivity of the method by several orders of magnitude. This
increase in sensitivity is of great importance for biological applications, in which the number of proteins, metabolites, or
drug molecules to be detected is low (typically pico- to femtomoles). Finally, we present theoretical investigations for using
EVV 2DIR spectroscopy as a structural analysis tool for inter- and intramolecular interaction geometries.

1. Introduction

There are a number of forms of coherent multidi-

mensional spectroscopy that have emerged as

useful tools in a variety of research contexts. Each

of these methods has particular strengths and

capabilities that make them more or less suitable

for addressing particular scientific questions. We

have been exploring the utility of one family of

2DIR methods for a range of biological and bio-

1322 ACCOUNTS OF CHEMICAL RESEARCH 1322-1331 September 2009 Vol. 42, No. 9 Published on the Web 06/23/2009 www.pubs.acs.org/acr
10.1021/ar900074p CCC: $71.50 © 2009 American Chemical Society
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Fournier et al. (2009)

Our protein identification strategy is based on using EVV 2DIR to quantify the
amino acid content of a protein. EVV 2DIR is shown to be able to perform
absolute quantification, something of major importance in the field of proteomics
but rather di�icult and time-consuming to achieve with mass spectrometry. Our
technique can be qualified as a top-down label-free method; it does not require
intensive sample preparation, the proteins are intact when analyzed, and it does
not have any mass restriction on the proteins to be analyzed. Moreover, EVV 2DIR
is a nondestructive technique; the samples can be kept for reanalysis in the light
of further information.
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Domains of CMDS

CMDS can be collected in two domains:
I time domain
I frequency domain
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Time domain

Multiple broadband pulses are scanned in time to collect a multidimensional
interferogram (analogous to FTIR, NMR).

A local oscillator must be used to measure the phase of the output.

This technique is...
I fast (even single shot)
I robust

pulse shapers have made time-domain CMDS (2DIR) almost routine.
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Frequency domain

In the Wright Group, we focus on frequency domain “Multi-Resonant”
(MR)-CMDS.

Automated Optical Parametric Amplifiers (OPAs) are used to produce relatively
narrow-band pulses. Multidimensional spectra are collected “directly” by
scanning OPAs against each-other.

This strategy is...
I slow (must directly visit each pixel)
I fragile (many crucial moving pieces)

but! It is incredibly flexible.
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Bandwidth

MR-CMDS has no bandwidth limit!

There is just the small ma�er of making the source continuously tunable...
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Selection rules

MR-CMDS can easily collect data without an external local oscillator.

This means... [BOYLE]
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The instrument

[PICTURE OF LASER LAB]
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The instrument

Many kinds of component hardware
I monochromators
I delay stages
I filters
I OPAs

∼ 10 se�able devices, ∼ 25 motors.
Multiple detectors.
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Pipeline

What does the “pipeline” of MR-CMDS data acquisition and processing look like
in the Wright Group?

How to increase data throughput and quality, while decreasing frustration of
experimentalists?
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Processing

WrightTools.
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Universal format

WrightTools defines a universal file format for CMDS.
I store multiple multidimensional arrays
I metadata

Import data from a variety of sources.
I previous Wright Group acquisition so�ware
I commercial instruments (JASCO, Shimadzu, Ocean Optics)
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Flexible data model

Flexibility to transform into any desired “projection” on component variables.
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Acquisition

PyCMDS—unified so�ware for controlling hardware and collecting data.
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Abstraction

Hardware—something that has a position that can be set.

Sensor—something that has a signal that can be read.
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Modular hardware model
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Modular sensor model

Can have as many sensors as needed.

Each sensor contributes one or more channels.

Sensors with size contribute new variables (dimensions).
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Central loop

Set, wait, read, wait, repeat.

Everything is multi-threaded (simultaneous motion, simultaneous read).
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Acquisitions

Acquisition—a particular set of actions.

Acquisition modules—a GUI that accepts a user instruction.
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�eue

�eue.
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�eue

This strategy can be incredibly productive!
I Soon a�er the queue was first implemented, we collected more pixels in two

weeks than had been collected over the previous three years.



Development of
Frequency

Domain
Multidimensional

Spectroscopy

Blaise Thompson

CMDS

Frequency domain

The instrument

Processing

Acquisition

Tuning

Conclusion

Supplement

Tuning
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Conclusion
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MR-CMDS theory
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Mixed domain

[FIGURES FROM DAN’S PAPER]
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