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ABSTRACT
Multidimensional spectroscopy is the optical analog to nuclear magnetic resonance, probing dynamical processes with ultrafast
time resolution. At optical frequencies, the technical challenges of multidimensional spectroscopy have hindered its progress
until recently, where advances in laser sources and pulse-shaping have removed many obstacles to its implementation. Multidi-
mensional spectroscopy in the visible and infrared (IR) regimes has already enabled respective advances in our understanding of
photosynthesis and the structural rearrangements of liquid water. A frontier of ultrafast spectroscopy is to extend and combine
multidimensional techniques and frequency ranges, which have been largely restricted to operating in the distinct visible or IR
regimes. By employing two independent amplifiers seeded by a single oscillator, it is straightforward to span a wide range of
time scales (femtoseconds to seconds), all of which are often relevant to the most important energy conversion and catalysis
problems in chemistry, physics, and materials science. Complex condensed phase systems have optical transitions spanning the
ultraviolet (UV) to the IR and exhibit dynamics relevant to function on time scales of femtoseconds to seconds and beyond. We
describe the development of the Multispectral Multidimensional Nonlinear Spectrometer (MMDS) to enable studies of dynami-
cal processes in atomic, molecular, and material systems spanning femtoseconds to seconds, from the UV to the IR regimes. The
MMDS employs pulse-shaping methods to provide an easy-to-use instrument with an unprecedented spectral range that enables
unique combination spectroscopies. We demonstrate the multispectral capabilities of the MMDS on several model systems.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5055244

INTRODUCTION

Multidimensional optical spectroscopy is the optical ana-
log to nuclear magnetic resonance (NMR), probing dynamical
processes with ultrafast (10−15–10−12 s) time resolution. Corre-
lating the excitation and detection frequencies of a physical
system through the nonlinear optical response allows direct
access to spectral features and to dynamics that are obscured
in conventional one-dimensional spectra.1 A 2D spectrum can
be thought of as pump-probe transient absorption with equal
spectral resolution of both the pump and the probe (Fig. 1) and
is therefore a map correlating excitation and detection fre-
quencies.2–10 At optical frequencies, technical challenges have
hindered progress until relatively recently, when advances in

laser sources and pulse-shaping are removing obstacles. In the
past ∼20 years, multidimensional spectroscopy in the visible
and infrared (IR) regimes has enabled novel measurements of
challenging condensed phase systems ranging from quantum
wells and liquids to proteins and catalysts.11–19 Phenomena
ranging from protein folding and photosynthesis to charge
transport and photocatalysis exhibit relevant energetic and
dynamical changes on time scales from femtoseconds to sec-
onds. One of the great open challenges in understanding com-
plex, multi-tiered dynamical systems is to understand what
links seemingly distinct length and time scales. To meet these
challenges, the next generation of ultrafast spectroscopy must
extend the temporal observation window and combine mul-
tidimensional techniques and frequency ranges. We report
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FIG. 1. Pulse sequence (top) and schematic 2D spectra (left) showing corre-
lated 2D line shapes reflecting inhomogeneity hidden in the 1D absorption spec-
trum, anharmonicity, and lineshape evolution with increased waiting time due to
spectral diffusion. (Right) Coupled excitonic systems typical of multichromophoric
aggregates and light harvesting complexes, highlighting coupling, inhomogeneous
broadening, energy transfer, and spectral diffusion.

the development of a general multispectral multidimensional
spectrometer (the “MMDS”) capable of accessing transitions
from the ultraviolet (UV) to the infrared to enable break-
through structural and dynamical characterization of next
generation condensed phase systems.

Construction of the 2D frequency map requires multiple
field interactions with control over either the relative tim-
ing between pulses or over center frequency of the excita-
tion pulse. The basic pulse sequence for two-color 2D Fourier
transform spectroscopy, as well as 2DUV with tunable nar-
rowband excitation, is shown in Fig. 2, along with the gen-
eral layout of the MMDS. The most popular implementation
of 2D optical spectroscopy uses a pair of pulses separated by a
time delay τ (often denoted the “coherence” time), followed
by a third pulse delayed by T relative to the second pulse.
The second time period is often called the “waiting” time. The
signal field emitted by the macroscopic polarization induced
in the sample by the three excitation pulses is detected by

interference with a reference local oscillator field. In the case
where the first two excitation pulses are collinear, the sig-
nal is emitted in the same direction as the third (i.e., “probe”)
pulse, which serves as the local oscillator.20–26 In an alternative
geometry, all three beams are non-collinear, and a fourth field
must be provided for interference with the signal. The signal
and local oscillator are typically detected in a spectrograph
equipped with an array detector, providing the detection fre-
quency directly. By varying the coherence time, the detected
signal field will oscillate slightly differently at each detected
pixel, and Fourier transforming the signal on each pixel with
respect to τ results in a two-dimensional spectrum. Multi-
ple 2D spectra are recorded at different waiting times (T) by
stepping the delay between the second and third pulses.5,9

Multidimensional spectroscopy is an emerging field, but
the technical difficulties of its implementation have limited its
use to a small number of labs worldwide, studying a restricted
set of scientific problems. Significant progress has recently
been made toward simplifying the experimental implemen-
tation through the use of pulse-shaping. These advances and
recent developments in broadband femtosecond pulse gener-
ation provide the opportunity to develop a truly unique easy-
to-use instrument to enable multidimensional spectroscopy
spanning the UV-IR, with unprecedented combination spec-
troscopies. The MMDS makes exclusive use of optical pulse
shapers to implement the multidimensional pulse sequences
in the pump probe geometry. An optical pulse shaper acts as a
programmable linear filter, which can alter the spectral phase
of a light field with accuracy that exceeds the requirements of
2D spectroscopy.21–23,25–29

There are several key advantages of using pulse shapers to
produce the pulse sequences used in 2D spectroscopy. Since
the first two pulses are collinear, one adopts the pump-probe
geometry, where the signal propagates collinearly with the
probe. In this geometry, the relative phase between the sig-
nal and the local oscillator (which is the probe) is well-defined
and locked such that the recorded signal corresponds directly
to the pump-induced change in absorption. The pump-probe
geometry avoids the additional and often tricky step of “phas-
ing” a 2D spectrum, a requirement for obtaining an absorp-
tive spectrum in the noncollinear geometry. This implemen-
tation is easier to align and is compatible with multispectral
experiments. With the pulse shaper’s high phase fidelity, there
is no appreciable uncertainty in the coherence time delay,
eliminating the need to measure the first optical delay.

2D spectroscopy with a pulse-shaper also enables phase-
cycling schemes—where multiple pulse pairs separated by the
same envelope delay (i.e., linear phase) have different con-
stant phases—that enable removal of scatter as well as the
isolation of distinct dynamical pathways.23,25,26,30,31 Scatter-
ing is a challenge in all coherent spectroscopy methods, but
by shifting the frequency of the scattered signals outside of
the measurement window, it is possible to suppress the back-
ground.26,32 Any pair of pulses can interfere due to scattering,
and combinations of phase cycling and chopping can signifi-
cantly reduce contamination by scattering. Another key fea-
ture of phase-cycling is the ability to recover distinct Liou-
ville space pathways, which can be helpful in interpreting
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FIG. 2. Layout of the dual-amplifier mul-
tispectral multidimensional spectrome-
ter (MMDS). The components com-
bine commercial sources and special-
ized optics (such as pulse shapers)
with homebuilt sources and experimen-
tal setups. Components are classified
as (green) commercial, (blue) in-house
developed using existing expertise of
the co-PIs, and (orange) new technology
that we will learn and develop. Arrows
show that each wavelength range source
can act either as a pump or a probe for
multispectral multidimensional measure-
ments or for transient 2D spectroscopy
combining different spectral ranges. For
2DVE, the interference between the sig-
nal and the probe will be directed to the
CCD camera of the pump-probe geome-
try 2DES setup for detection.

spectra and dynamics.25 With non-collinear, background-free
2D spectroscopy, there are two signals that emerge with dif-
ferent wavevectors. By swapping the timing of the first two
pulses, it is possible to record separately the so-called rephas-
ing spectrum in the k− = −k1 + k2 + k3 direction and the
non-rephasing spectrum in the k+ = +k1 − k2 + k3 direction.33

Since the two signals report distinct dynamics—for exam-
ple, there is no “echo” in the non-rephasing pathway—being
able to decompose the purely absorptive spectrum into the
rephasing and non-rephasing contributions actually increases
the information content of the spectroscopy. Rephasing and
non-rephasing contributions can readily be separated with
phase-cycling.25

MULTISPECTRAL MULTIDIMENSIONAL
SPECTROSCOPY

Figure 3(a) depicts an overview of the cutting-edge and
conceivable multidimensional spectroscopies which are under
development or will be developed in the near future. The
whole family includes 2D ultraviolet (2DUV) spectroscopy,
2D electronic spectroscopy (2DES), 2D infrared (2DIR) spec-
troscopy, 2D terahertz (2DTHz) spectroscopy, as well as
mixed-frequency 2D spectroscopy such as 2DEV, 2DVE,
2DTHz-ES, 2DTHz-IR, 2DIR-THz, and 2DE-THz. Multidimen-
sional THz spectroscopy, which has been demonstrated by
several groups,34–37 is beyond the scope of the current
work. In our manuscript, we will focus on the spectral
range spanning from UV to mid-IR. One-color 2D electronic
spectroscopy (2DES) and 2D infrared (2DIR) spectroscopy
are mature techniques which have been implemented in
many groups already. The frontier in multidimensional spec-
troscopy is to broaden the accessible range of measurable fre-
quency correlations, whether using two-color methods or by

continuum probe pulses.23,25,38–55 The MMDS is designed to
combine distinct spectral regions in order to leverage the
powerful correlation of 2D spectroscopy, uncovering hidden
structure in distinct spectral bands [Fig. 3(b)]. For each pair
of frequency regions, there are two basic pulse sequences
defined by the arrival order of the two “colors.” For exam-
ple, pumping with UV, visible, or near-IR excites electrons
which then undergo excited state dynamics, including relax-
ation or possibly a chemical reaction, all of which can be
probed by monitoring time evolving vibrational transitions.
Alternatively, vibrational excitation could precede an elec-
tronic probe—either a single UV, visible, or near-IR pulse or a
full 2D pulse sequence—to monitor the influence of deposit-
ing energy directly into specific motional degrees of free-
dom. Processes such as charge or energy transfer can be
significantly altered by non-equilibrium vibrational pump-
ing.56 Being able to access very different electronic transi-
tions has long been used to study photoinduced processes in
molecules and semiconductors, but so far, there has been little
progress in marrying these measurements with multidimen-
sional approaches.

Dual amplifiers (access to 12 orders of magnitude
in time)

By employing a dual-amplifier system seeded by using a
common titanium sapphire oscillator, the MMDS bridges time
scales from the fastest femtosecond fluctuations to the much
slower, potentially diffusive, micro- and millisecond regimes.
This flexibility enables the triggering of nonequilibrium pro-
cesses, which can then be followed with a choice of mul-
tidimensional probe. Since the timing between the lasers is
controlled electronically, it is possible to access the full range
from femtoseconds to milliseconds and beyond. The use of

Rev. Sci. Instrum. 90, 013108 (2019); doi: 10.1063/1.5055244 90, 013108-3

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 3. (a) Illustration of existing and conceivable multispectral multidimensional
spectroscopies spanning the THz-UV. The dashed box indicates capabilities of the
MMDS. (b) Cartoon depicting the benefits of employing multispectral multidimen-
sional spectroscopy for studying a system with overlapping electronic transitions
that induce distinct photochemical or photophysical processes. As shown in (b),
the correlation between excited electronic and detected vibrational transitions
enables clear isolation of the distinct species which is difficult or impossible with
transient 1D spectroscopy.

two kHz amplifiers (Spitfire Ace and Solstice, Spectra Physics),
both seeded by using the same oscillator (MaiTai, Spectra
Physics), enables simultaneous and independent access to the
full UV-to-IR spectral range, as described below and depicted
in Fig. 4. The dual-amplifier approach is mandatory to access
long, micro-, and millisecond time delays required to fully
sample hierarchical condensed phase dynamics ranging from
protein folding to charge carrier migration in natural and arti-
ficial systems. The time delay between the amplifiers can be
adjusted in steps of the 80 MHz oscillator’s 12.5 ns round-
trip time by digitally delaying the signal (Stanford Research
System, DG535) sent to each amplifier’s electro-optic device
(a Pockels cell) with no moving parts. Delays shorter than
12.5 ns are achieved by using a standard multiply passed trans-
lation stage (Newport, IMS600LM). We note that similar dual
amplifier setups are available at the Rutherford Appleton Lab
(in which one amplifier is a narrowband ps system and the
other is a short-pulse fs amplifier)57–61 and in the lab of Prof.
Peter Hamm (University of Zürich).62

Light sources of the MMDS (ultraviolet—Mid IR)

The spectral ranges of the different light sources of the
MMDS are shown in Fig. 4, featuring both commercially avail-
able and home-built sources. The output of the 35-fs Spit-
fire amplifier pumps a commercial nonlinear optical paramet-
ric amplifier (NOPA) (TOPAS White, Light Conversion) using
700 µJ, while an additional 700 µJ is used to pump a home-
built NOPA for broader bandwidth. The TOPAS White output
can be tuned from 500 to 1000 nm with a typical pulse energy
of 5–50 µJ. These high energy pulses are frequency doubled
in an additional module inside the TOPAS White to produce
narrow-band high energy UV pulses which are tunable from
250 to 375 nm and 420 to 500 nm. The home-built NOPA
can be tuned from 490 to 750 nm with a typical pulse energy
of 5-10 µJ.63 A visible white light continuum is generated by
focusing ∼0.8 µJ of the 800 nm pulses either into a 5 mm
thick sapphire window (450–780 nm) or into a 5 mm thick

FIG. 4. Sources and overall spectral range available for multispectral multidimen-
sional spectroscopy with the MMDS. The UV, WL continuum, and NOPA are gen-
erated using the Spitfire Ace, while the DOPA and mid-IR spectrum are generated
using the Solstice Ace amplifier.
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CaF2 window (320–780 nm) that is continuously translated in
order to avoid thermal damage. The near-IR wavelengths of
the continuum spanning 820–1100 nm can also be used for
probing. Frequency doubled 800 nm pulses are focused on the
CaF2 window to generate UV white light continuum spanning
260–370 nm. The 100-fs Solstice amplifier is used to pump
a commercial near-IR OPA (TOPAS Twins, Light Conversion)
that has two independently tunable outputs. The signal (1160–
1550 nm) and idler (1550-2600 nm) from one of the outputs are
used to generate mid-IR pulses by difference frequency gen-
eration. The signal from the output of the other port is used to
generate a white light continuum spanning the near-IR (600–
970 nm). This pulse acts as seed in a home-built degenerate
optical parametric amplifier (DOPA) pumped by the second
harmonic of the 100 fs fundamental from the Solstice.64 The
amplified broadband pulses span 670–950 nm with a typical
output energy of 8 µJ.

2DES and 2DIR spectroscopy
2D Fourier transform spectroscopy in the visible and mid-

IR regions is a well developed and mature technique and can
readily be implemented with pulse-shapers. In the visible,
the MMDS employs an acousto-optic pulse-shaper (Dazzler,
Fastlite), a small optical element the size of a deck of cards
that can be inserted into the beam to produce a programmable
pulse train, where each laser shot (1 kHz repetition rate) can
be programmed differently. The Ogilvie lab has previously
demonstrated the use of the Dazzler for 2DES.23,25,29 For 2DIR
experiments, the MMDS employs an acousto-optic pulse-
shaper (PhaseTech) developed by the Zanni lab.22,26,64,65

2DUV spectroscopy
Progress in developing 2DUV spectroscopy has been slow

relative to the IR and visible regimes.66 Fortunately there
have been some recent developments that will speed its
implementation and broaden its applications.67–71 Challenges
include broadband UV pulse generation, dispersion compen-
sation, and the control over the coherence time (t1, the
delay between the first two excitation pulses). Pulse gener-
ation and the maintenance of short pulses are both linked
to the same fundamental fact that since all materials even-
tually absorb in the UV, being close to resonance neces-
sarily increases material dispersion. Finally, given the short
wavelengths of UV light, the requirements for any interfer-
ometer to maintain stability are extremely difficult to meet,
given that path length fluctuations on the order of λ/100 can
limit the useful interference needed for Fourier transform
spectroscopy. To date, there have been several approaches
to implementing 2DUV spectroscopy. Weinacht et al. used a
transverse acousto-optic pulse shaper to create the phase-
controlled excitation pulse pair.70,71 Moran et al. and Brixner
et al. leveraged passive phase stability of a diffractive optic
approach, commonly used in 2DES.66,72,73 Brixner et al. also
adopted an all-reflective common-path approach in the vis-
ible.74 Prokhorenko et al. demonstrated the broadest band-
width Fourier-transform 2DUV to date, using an all-reflective
diffractive-optic approach and a frequency-doubled NOPA to

provide spectra spanning ∼250-300 nm.75,76 Chergui et al.
employed the hybrid time-frequency domain strategy which
has found wide adoption in the infrared.77 The hybrid method
does not require the bandwidth to be contained simultane-
ously in a single pulse, but instead a narrower band pump is
tuned (or filtered) across the absorption spectrum. Since UV
transitions are typically very broad, even a “narrowband” UV
pulse can have a Fourier transform time duration of <100 fs,
providing high enough time resolution for many applications.

The MMDS employs a UV Dazzler pulse-shaper, in prin-
ciple enabling both Fourier transform and hybrid frequency-
time approaches; the latter places relaxed requirements on
the degree of pulse compression needed since the pulse
shaper is capable of fully compensating dispersion over a nar-
row spectral range. Krebs et al.78 demonstrated the use of UV
Dazzler to perform 2D UV measurements in the pump-probe
geometry. Our current UV sources are not sufficiently broad-
band to motivate use of the Fourier transform approach. An
alternative approach of generating broadband phase modu-
lated UV pulse pairs is through sum frequency mixing of com-
pressed broadband visible pulse pairs with a sufficiently long
800 nm pulse in a type II BBO as demonstrated recently by
Cerullo et al.79 The current 2DUV capabilities of the MMDS
feature high energy tunable narrow-band (2-3 nm FWHM) UV
pump pulses spanning 250–380 nm and 420–460 nm and a UV
white light continuum probe generated by focusing 400 nm
pulses on a CaF2 window to be discussed in further detail
below.

MULTISPECTRAL MULTIDIMENSIONAL
SPECTROSCOPY

Two-color 2DES and 2DIR are now well established meth-
ods.25,80,81 A unique capability of the MMDS is the genera-
tion of mixed spectral sequences, combining UV, visible, and
IR excitation and probing. In the pump-probe geometry, the
requirements of phase-matching are significantly reduced,
enabling the mixing of vastly different frequencies. In addi-
tion, the probe is detected directly by using the CCD, making
broadband continuum practical probe light sources due to
their lower power.23 By combining the various light sources
discussed above in the pump-probe geometry, the MMDS
is capable of a wide variety of multispectral measurements.
Below we illustrate this capability with several spectroscopies
combining sources in the UV, visible, and mid-IR.

2DES with a continuum probe
2DES with a continuum probe is achieved by employ-

ing pulses from the home-built NOPA or DOPA as the pump
source depending on the sample of interest and the white
light continuum pulses in the visible as the probe pulse. As
described earlier, we perform the experiments in the pump-
probe geometry in an all-reflective spectrometer. Broad-
band probing using white light supercontinuum generated in
bulk crystals has proven to be a versatile tool in the ultra-
fast community and has been implemented more recently in
multidimensional spectroscopic experiments in combination
with broadband visible,28,82,83 UV,78 and supercontinuum
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pump pulses.84 These pulses are linearly chirped owing to
the large frequency content. This necessitates post-process
correction in order to retrieve the temporally aligned (along
detection axis) 2D spectrum, as was illustrated by Tekavec
et al.55 The phase stable pairs of pump pulses are generated
and partially compressed using the Dazzler. The pump and
probe pulses are focused to 1/e2 spots of 250 µm and 170 µm,
respectively. The relative delay between the pump and probe
pulse is controlled via a retroreflector mounted on a com-
puter controlled delay stage. The spectrally resolved intensity
of each laser shot is measured at the full 1 kHz repetition rate
with an Horiba Jobin Yvon (iHR320) spectrometer and a CCD
camera (Pixis, Princeton Instruments). Given that we adopted
the pump-probe geometry, the signal is emitted in the probe
direction with the probe acting as both the third excitation
pulse and the local oscillator field for heterodyne detection.
Background free absorptive 2DES spectra were constructed
by subtracting the phase-cycled data (S(∆φ = 0) − S(∆φ = π))
and Fourier transforming along the τ axis to generate the
excitation axis.25

We illustrate the usefulness of 2DES using a contin-
uum probe by showing representative data (Fig. 5) on the
WM250V mutant of the bacterial reaction center (BRC) from
R. capsulatus.54 The BRC is a macromolecule composed of six
chromophores (4 bacteriochlorophyll a and 2 bacteriopheo-
phytin) arranged in two almost identical branches. It has three
well defined absorption peaks in the near-IR region (Qy) and
slightly weaker peaks in the visible (Qx) as a result of exci-
tonic coupling between the chromophores. Upon photoexci-
tation, there is rapid energy transfer within the chromophores
ultimately leading to charge separation within several
picoseconds. Here we show the real absorptive 2D spectrum

FIG. 5. Real absorptive 2D map at waiting time, T = 1.5 ps, obtained by exciting
the Qy transitions of the WM250V mutant of BRC and detecting the photoinduced
changes in the Qx transitions.54 Contours are plotted in steps of 5% starting at
10%.

acquired at T = 1.5 ps upon exciting the Qy transitions using the
broadband pulses generated from the DOPA and detecting the
Qx transitions using the white light continuum from sapphire
in the visible. A strong negative signal due to the excited-state
absorption (ESA) of the excited Qy molecules is detected in the
Qx region for all the excitation frequencies. The ground-state
bleaching (GSB) of the Qx transitions are detected as positive
signals on top of the broad ESA signal. The signal between
16 200 cm−1 and 17 000 cm−1 is due to the GSB of the Qx transi-
tions of the bacteriochlorophyll molecules, while 18 200 cm−1

and 18 400 cm−1 is due to the GSB of the Qx transitions of the
bacteriopheophytin molecules.

2DUV with a continuum probe
2DUV is currently implemented by scanning the narrow

UV pump spectrum across the absorption spectrum of the
sample of interest while probing with a broadband UV or vis-
ible continuum in a pump-probe geometry. The use of nar-
row pump pulses limits the time resolution of the experi-
ments to ∼250 fs. A vast majority of biomolecules have broad
absorption in the UV, and disentangling the contributions of
overlapping transitions from the constituent amino acids will
help us better understand the mechanisms of charge genera-
tion, photo-protection, etc. To demonstrate the UV capability
of MMDS, we studied the excitation wavelength dependence
of the ground and excited state dynamics of reduced Flavin
Mononucleotide (FMNH−). Flavins are an important class of
photoactive cofactors that are involved in photorepair of UV-
damaged DNA as well as in the photosensory apparatus of
birds.85 Though Flavins in different oxidation states play dif-
ferent roles, the reduced form is known to play the most
important roles. The nature of transitions giving rise to the
absorption spectra of reduced Flavins has been the subject of
debate for some time. According to a recent study reporting
the results of Stark spectroscopy of reduced Flavins, the red
part of the absorption spectrum between 340 and 500 nm
is composed of nearly parallel overlapping electronic tran-
sitions as opposed to earlier reports of a single electronic
transition.86 The FMNH− sample was prepared following the
methods of Brazard et al.87 A 2D plot constructed using the
transient absorption signal corresponding to each excitation
wavelength at T = 1 ps is shown in Fig. 6. The excitation wave-
length region between 370 and 420 nm is not covered by
the NOPA due to the significant instability of the white light
continuum. The truncated steady state spectrum of FMNH−

is plotted along the excitation axis. The pulse energy of the
different UV pulses was kept constant using a variable ND fil-
ter, and the excitation probability was kept around 5%. The
transient signal consists of either a broad ESA or two ESA
bands and a stimulated emission band at 440 nm. The max-
imum signal is concentrated between 350 and 360 nm and
has a slight structure along the excitation axis. For the 420–
460 nm excitation region, the signal is omitted between 440
and 480 nm due to contamination from pump scatter. Global
analysis of the data promises to provide insight into the elec-
tronic structure and excited state relaxation processes in this
system.
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FIG. 6. 2D UV pump/visible probe spectra of reduced Flavin mononucleotide
recorded at a delay time of T = 1 ps. The narrow UV pump is scanned from 330
to 370 nm and from 420 to 460 nm in steps of 5 nm. The steady state absorp-
tion spectrum of the sample (black) is plotted on the top. The spectrum has been
truncated between 370 and 420 nm in order to match the range of the 2D plots.

2D electronic vibrational spectroscopy (2DEV)
The combination of infrared and visible or UV pulses

enables a direct mapping between, in the case of molecular
systems, vibrational and electronic degrees of freedom. Both

typically exhibit inhomogeneous broadening and spectral
overlap of distinct transitions. By correlating excited elec-
tronic frequencies with detected IR frequencies, we will be
able to use the chemical specificity of vibrational bands to
help assign the structural nature of electronic transitions even
in the presence of environmentally induced spectral hetero-
geneity. Using the dynamical aspects of 2D spectroscopy by
varying the waiting time, we will be able to follow excited elec-
tronic state dynamics by viewing the transient influence over
well-defined vibrational probes. By pumping with IR pulses,
we will be able to assess the state-specificity of excited state
energy and charge transfer given, for example, excitation of a
bridging vibration.56,88

2DEV was demonstrated first with excitation in the visi-
ble range (500-800 nm) by the Fleming group49 and later in
the UV range (390-410 nm) by the Khalil group.52 Recently,
2DEV has been applied to study the photoexcited dynamics in
a few molecular systems, such as laser dyes,49 light-harvesting
complex II,47 a model carotenoid complex,48 chlorophylls,46

and metal complexes.52 Here we demonstrate the 2DEV
capability of the MMDS by studying the photosensitized
dye—di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2′-
bipyridyl-4,4′-dicarboxylato)ruthenium(II) (N719).

Our 2DEV setup adopts our previous design of the pulse-
shaper-based pump-probe geometry 2DES.25 An acousto-
optic programmable dispersive filter (AOPDF) is used to pre-
cisely control the time delay between two pump pulses. A
homebuilt visible NOPA63 (490-750 nm) and a near-IR DOPA41

(670-950 nm) are used as the pump light sources in our setup,
and these two pumps are switchable via inserting/removing
several mirrors on magnetic mounts. The pump beam is
focused at the sample position by a 40 cm lens, and the diam-
eter (1/e2) is ∼250 µm. The probe pulse is generated via a
home-built difference frequency generation (DFG) which is
described in the section on light sources. The probe beam is
focused by using a 10 cm parabolic mirror, and the diameter
(1/e2) at focus is ∼200 µm. The pump and probe are spatially
overlapped at the sample position. The signal is heterodyne
detected with the transmitted probe beam using a Horiba
Jobin Yvon spectrometer (iHR320) and a 64-pixel HgCdTe
(MCT) array detector (Infrared Systems Development, FPAS-
6414). The detected signal includes both linear response and
third-order response such as pump-probe and 2DEV signals.
The desired 2DEV signal is extracted from the background
via Fourier transformation and phase cycling. Although these
two spectra in 2DEV have the same pulse sequence as 2DES
or 2DIR, the emitted electric field in the rephasing spec-
trum does not recover the phase of electronic coherence at
the time t = τ. Thus rephasing of 2DEV does not provide a
straightforward way to disentangle the inhomogeneous and
homogeneous broadening.

To study the dye N719, a 12 fs, 40 nJ NOPA beam centered
at ∼540 nm is used to excite the sample. The probe, generated
by DFG, is centered at ∼4.800 µm with a FWHM >300 nm. The
probe pulse energy is kept below 100 nJ before the sample to
avoid both nonlinear processes induced by the probe and sat-
uration of the detector. The instrument response is estimated
to be ∼100 fs based on pump-probe measurements of a piece
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of silica wafer. For each 2D spectrum, t1 is scanned from −40
to 0 fs with a step size of 0.4 fs. The data were averaged over
400 shots for each coherence time (t1 or t). The N719 solu-
tion is stored in a 380 µm customized CaF2 cuvette during the
measurement at room temperature.

Figure 7 displays a representative absorptive 2DEV spec-
trum of N719 in N,N-dimethylformamide (DMF). The 2DEV
spectrum exhibits one positive peak at 2112 cm−1 and two
distinctive negative peaks at 2080 cm−1 and 2033 cm−1. All
three peaks originate from CN stretching modes. The first
peak stems from the ground electronic state and the latter
two are assigned to the anti-symmetric and symmetric modes,
respectively, in the excited electronic state. Similar features
have been observed in other dye molecules by 2DIR89 and
visible-pump mid-IR probe pump-probe experiments.90 This
observation exemplifies the utility of the MMDS in revealing
the tuning of vibrational molecular levels following electronic
excitation.

While here we have demonstrated 2DEV, the MMDS will
also be capable of performing 2DVE as previously demon-
strated by the Khalil group.50,51,53 To enable 2DVE measure-
ments, the pump-probe geometry will be used, in which the
mid-IR pulse-shaper creates the collinear pump pulse pair,
and the optical probe pulse will originate from the NOPA or
DOPA. The interference between the signal and the probe will
be directed to the CCD camera of the pump-probe geometry
2DES setup for detection.

2D spectroscopy beyond nanosecond time scales
Taking advantage of dual amplifiers with a common

seed, our setup is versatile to record dynamics from ns to
ms. Figure 8 shows an absorption spectrum and a repre-
sentative 2DEV absorptive spectrum of an organic donor-
acceptor blend at 40 ns. This blend is composed of a con-
jugated polymer, poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen
-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1′,3′-di-2-thi
enyl-5′,7′-bis(2-ethylhexyl)benzo[1′,2′-c:4′,5′-c′]dithiophene-
4,8-dione)] (PBDB-T), and a small molecule acceptor, 3,9-bis
(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno[2,3-d:2′,3′-d′]-s-indaceno [1,
2-b:5,6-b′]dithiophene (ITIC). 2DEV exhibits a broadband

FIG. 7. Absorptive 2DEV of N719 in DMF at a waiting time of T = 2 ps. Contours
are drawn at levels of 10%.

FIG. 8. (a) Absorption of the PBDBT, ITIC, and PBDBT/ITIC blend; (b) 2DEV
absorptive spectra of the PBDBT/ITIC blend at T = 40 ns; contour intervals are
5% from 0% to 0.2% and 10% from 0.2 to 1.

photoinduced absorption which can be attributed to the
polarons according to previous studies.91,92 On top of the pho-
toinduced absorption, a positive-going peak at around 2222
cm−1 is also observed. This peak stems from the GSB of the
CN stretching mode in the acceptor. It has been demon-
strated that such a vibrational mode can be used as a spec-
tator to monitor the carrier migration dynamics in the organic
photovoltaic materials.93

CONCLUSIONS
We have demonstrated a dual-amplifier-based MMDS

that enables pulse-shaper-based one color 2D spectroscopy
in the UV, visible, and IR regimes as well as mixed frequency
spectroscopies, of which we have demonstrated 2DEV and
2DES/2DUV with a continuum probe. The flexible setup and
broad range of sources of the MMDS can also be used in
a wide range of other multispectral multidimensional spec-
troscopies, such as transient 2D spectroscopy wherein an
actinic pump initiates a process of interest, and a 2D pulse
sequence is then used as a probe over time scales spanning fs
seconds. Other surface-specific probes, such as second har-
monic or sum-frequency generation, could also be readily
implemented and combined with 2D excitation. In addition,
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“pump-push-probe” methods could be used. For example,
studies of photovoltaics could employ an IR “push” pulse
inserted before the probe pulse in a 2DES experiment to
understand the effect of IR excitation of particular vibra-
tional modes on charge transfer processes.94–97 Considering
these capabilities, the MMDS provides the opportunity to per-
form a wide variety of experiments on atomic, molecular,
and material systems spanning broad spectral and temporal
regimes.
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