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Chemical systems

chemical systems are complex!
I many molecules

I 1025 in a cup of co�ee
I 1 trillion in each human cell

I multiple interaction modes
I potential for very rare but important species (e.g. catalysts)
I dynamics and equilibrium
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Dynamics
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Analytical chemistry

analytical chemists separate, identify, and quantify chemical systems

to do this, we build instruments that exploit physical properties of the component
molecules

I separation (chromatography, electrophoresis)
I mass spectrometry
I electrochemistry
I microscopy
I spectroscopy

as a spectroscopist, I focus on ways to exploit light ma�er interaction



Nonlinear
Multidimensional

Spectroscopy

Blaise Thompson

Chemical systems

Analytical chemistry

Spectroscopy

Instrumentation
LASER

OPA

Experiment

Gasses

Drug complexing

�antum dots

Conductive
polymers

Spectroscopy

molecules respond to electric fields

static electric fields cause charged molecules (ions) to move, as in electrophoresis
and mass spectrometry

oscillating electric fields (light) can interact directly with the molecules
themselves, driving transitions within the molecule

however, these transitions can only be driven with the appropriate frequency of
light (resonance)

di�erent frequencies (colors) of light interact with di�erent kinds of transitions,
revealing di�erent features of the molecule of interest
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Spectroscopy

energy range transition
radio nuclear

microwave rotational
IR vibrational

visible electronic
UV electronic

X-rays buried electronic (elemental)
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Spectroscopy

video: how is a photon created or absorbed?
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Nonlinear Spectroscopy

spectroscopy is fantastic, but sometimes simple experiments don’t reveal
everything

nonlinear spectroscopy exploits nonlinearity (multi-photon) interactions to
further decongest the spectrum
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Nonlinear Spectroscopy

in a simple case like resolving inhomogeneous broadening, multidmensional
spectroscopy can be thought of as a measurement of the correlation function

increasing inhomogeneity→
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Instrumentation

to accomplish nonlinear spectroscopy, specialized light sources are needed

I gigantic electric fields
I ultrafast time resolution
I tunable frequencies
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Original LASER
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Original LASER
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Original LASER
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LASER

LASERs are coherent
I spatially
I temporally
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Temporal coherence



Nonlinear
Multidimensional

Spectroscopy

Blaise Thompson

Chemical systems

Analytical chemistry

Spectroscopy

Instrumentation
LASER

OPA

Experiment

Gasses

Drug complexing

�antum dots

Conductive
polymers

Pulse
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LASER

by keeping a wide range of colors in phase simultaniously, we are able to create
ultrafast pulses of light

in my case
I 35× 10−15 full width half maximum
I 1 KHz rep rate
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very short

fun fact:

pulse duration (35 fs)
time between pulses (1 ms)

≈ 5.75 months
age of universe (13.7 billion years)

proportionally, our sample spends 6 months in the “sun” for every age of the
universe in the dark
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very intense

fun fact:

energy per pulse (4 mJ)
pulse duration (35 fs)

≈ US electricity generation (5.43× 1011 W)

5

our laser outputs electric fields one fi�h as powerful as total US electricity
generation (2016)
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LASER
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LASER

ultrafast lasers are used for more than just spectroscopy
I fs lasers are used for bladeless surgery, such as LASIK eye surgery
I ultrafast lasers are key to inertial confinement fusion devices, such as the

National Ignition Facility
I precision machining (ablation without heating)
I microscopy
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OPA
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Experiment

experiment consists of measuring intensity of new beam output as function of
input parameters

can control many properties of input pulses:
I color (ω)
I relative arrival time (τ )
I polarization
I intensity
I and more!

ultimately, experiments include scanning several of these parameters

challenge and opportunity in dimensionality of experiment
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Gasses

gaseous reactions are particularly di�icult systems

rotational-vibrational spectra of gas mixtures typically contain thousands of
peaks from transitions between the many levels of the molecules
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Peak Separation and Sorting by Coherent 2D
Resonance Raman Spectroscopy

Peter C. Chen* and Candace C. Joyner

Chemistry Department, Spelman College, 350 Spelman Lane, Atlanta, Georgia 30314

The ability to separate and sort peaks is explored using a
new coherent two-dimensional form of resonance Raman
spectroscopy. This experimental technique distributes
normally congested rotational-vibrational peaks along a
series of curved lines according to vibrational sequence,
rotational quantum number, and selection rule. Each line
consists of rotational-vibrational peaks that have the
same vibrational sequence and the same value for ∆J,
distributed in order by rotational quantum number. For
diatomic molecules, these lines originate from points
where they initially travel in opposite or orthogonal
directions in two-dimensional space, which helps facilitate
the separation between lines. Simulations and experi-
mental results on C2 in a flame confirm the ability to
separate and sort these normally congested rotational-
vibrational peaks. This method appears to provide a
solution to the long-standing problems of spectral conges-
tion and disorder in gas-phase electronic spectra.

The electronic spectra of gas-phase molecules are potentially
rich but often notoriously difficult-to-analyze sources of information
on molecular structure and behavior. These spectra typically
contain thousands of peaks from transitions between the many
rotational-vibrational levels of the ground and excited electronic
states. The peaks originate from multiple pathways corresponding
to spectroscopic selection rules, different modes of vibration, and
isotopes. Peaks from different pathways often overlap with one
another, resulting in severe spectral congestion and the appear-
ance of disorder. In conventional spectroscopy, the congestion
can cause the peaks to form unresolved bands unless performed
under conditions for high-resolution spectroscopy. Even if indi-
vidual peaks are resolved, the assignment of such peaks can be
difficult because peaks from one process occupy the same spectral
space as peaks from other processes. Effects such as perturbations
can cause peak frequencies to deviate from their theoretical
position, further complicating the ability to sort through the
congestion. Consequently, the gas-phase UV-visible spectra for
the vast majority of molecules have never been completely
analyzed.

Recently, two-dimensional (2D) spectroscopy has gained at-
tention as an effective approach for improving spectral resolution
and addressing the issue of spectral congestion by dispersing
information (peaks) along a second dimension.1 Among these 2D

techniques are a number of new coherent 2D spectroscopic
techniques that can use electronic or vibrational coupling to
resolve overlapping peaks.2-5 Information not available from
conventional one-dimensional (1D) techniques can be extracted
from the location, amplitude, shape, and behavior of cross-peaks
that appear in the off-diagonal region of the 2D spectra (see Figure
1). In 1991, Suter et al.6 published a paper showing cross-peaks
due to atomic sublevel coherences in sodium vapor. In 1993,
Tanimura and Mukamel7 proposed using 2D femtosecond spec-
troscopy to study dephasing mechanisms in liquids. Afterward,
Jonas and co-workers published work on 2D Fourier transform
electronic spectroscopy as an analogue to 2D NMR spectroscopy,8

a well-established and powerful technique based upon spin
coupling. Other groups have used coherent 2D spectroscopy to
develop alternative approaches such as phase cycling9 instead of

* To whom correspondence should be addressed. E-mail: pchen@
spelman.edu. Fax: 404-270-5752.

(1) Noda, I. Vib. Spectrosc. 2004, 36, 143-165.
(2) Wright, J. C. Int. Rev. Phys. Chem. 2002, 21, 185-255.
(3) Jonas, D. M. Annu. Rev. Phys. Chem. 2003, 54, 425-463.
(4) Mukamel, S. Annu. Rev. Phys. Chem. 2000, 51, 691-729.
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Phys. Lett. 1998, 297, 307-313.
(9) Tian, P.; Keusters, D.; Suzaki, Y.; Warren, W. S. Science 2003, 300, 1553-

1555.

Figure 1. Simple simulated 2D plot (left) and energy level diagram
(right) for C2DRR spectroscopy. The simple simulated plot shows
the location of off-diagonal cross-peaks between a vibration in the
ground electronic state (level b) and a coupled vibration in the excited
electronic state (level d). For the energy level diagram, the thick
arrows indicate broadband light and the thin arrow (for ω3) indicates
narrowband light. Level c is a (nonresonant) virtual level.

Anal. Chem. 2005, 77, 5467-5473

10.1021/ac0504215 CCC: $30.25 © 2005 American Chemical Society Analytical Chemistry, Vol. 77, No. 17, September 1, 2005 5467
Published on Web 08/04/2005
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Drug complexing

most drugs work by physically binding to a specific site (protein, DNA, lipid)

o�en, drugs work simply by physically inhibiting the activity of the target

finding out what drugs bind which targets is a key part of pharmacutical
development
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Drug complexing

current strategies for investigating drug binding typically involve separating the
bound complex(es) and testing each piece for evidence of drug binding

this is slow and disruptive—the binding properties may change as the mixture is
purified

an all optical method that can identify drug binding in complex mixtures without
separation would be ideal

multidimensional vibrational spectroscopy can meet this demand
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Drug complexing (David Klug group)
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Drug complexing

100 peaks 3σ above noise floor

7 only present when drug is specifically bound

peak intensity follows expected dosing behavior

energy and anisotropy of peaks gives clues about the exact nature of the binding

measurement can be done in complex mixture including other potential
targets—potentially even in vivo
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�antum dots

quantum dots are very small chunks of semiconductor
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�antum dots

quantum dots have strong electronic
transitions

the energy of these transitions can be
tuned by changing the size of the dot

this property makes quantum dots
useful

I displays
I solar cells
I medicine
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PbSe dynamics
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PEDOT:PSS

PEDOT:PSS is a transparent, conductive polymer

it’s conductivity comes from the mobile bipolarons that it contains
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PEDOT:PSS

as a polymer, PEDOT:PSS has a large amount of structural inhomogeneity

from linear spectroscopy, we know that the bipolaron transitions are broad

question: how inhomogeniously broadened are the bipolaron transitions in
PEDOT:PSS?

I the answer will provide clues about the mechanism of conductivity within
the polymer
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Rephasing

earlier, we saw that inhomogeneity can be resolved in 2D frequency scans

it’s also possible to separate inhomgeous and homogenious broadening with 2D
delay scans, through a process called repahsing (or echo)

with certain pulse orderings, signal loss due to dephasing can be counteracted
through echo process
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PEDOT:PSS
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PEDOT:PSS
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PEDOT:PSS

I homogeneous
linewidth > 73 meV

I heterogeneous
linewidth > 43 meV

I very large
broadening of both
kinds

I tells a story of
rapidly fluctuating
discrete states
within PEDOT:PSS
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