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Optimization of vibrationally promoted electronic
resonance (VIPER) excitation
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Vibrationally promoted electronic resonance 2D-infrared (VIPER 2D-IR) spectroscopy is a powerful

spectroscopic method using a sequence of IR and UV/VIS ultrafast laser pulses, which can for instance

be used for 2D-IR spectral diffusion measurements beyond the vibrational lifetime or to induce suben-

semble-selective light-triggered processes. Its successful application depends e.g. on the intensities of

the pulsed laser beams, their exact wavelengths, pulse timings and polarizations as well as on sample-

dependent parameters such as concentration and optical pathlength. In this work a systematic

experimental and theoretical approach is taken to optimize different parameters of the detected signals.

Notably, when going from low to high optical density in the UV/VIS range, the VIPER 2D-IR signal can

transition from being proportional to being inversely proportional to the number of molecular absorbers

present in the sample. A reversal in signal sign can be induced simply by tuning the UV/VIS pump

wavelength. Exploring these and other experimental variables provides a detailed insight into the

molecular parameters that govern the amplitude of the observed VIPER 2D-IR signal. This study aims to

assist in the design of VIPER 2D-IR experiments that achieve the largest possible signal amplitudes as

well as obtain optimal chemical contrast between different co-existing molecular species that can be

excited and observed. It also provides important insight for other experimental techniques that are

based on the modulation of the UV/VIS cross-section by IR excitation.

Introduction

The infrared (IR) spectral range offers detailed insight into
molecular structure and often allows the distinction of even
very similar species via specific bands in their IR spectra.
In contrast, the UV/VIS spectra of similar species often exhibit
substantial band overlap, impeding their selective excitation in
mixtures. However, UV/VIS excitation is frequently required to
populate electronically excited states and initiate photochemi-
cal and photophysical processes. Thus, combining the possibi-
lities of UV/VIS excitation with the selectivity of IR excitation is
of great interest for mixtures of similar molecules. Vibrationally
promoted electronic resonance (VIPER) excitation solves this
problem by first applying a resonant, selective IRpump pulse,
followed by an off-resonant UV/VISpump pulse, such that their
combined sequential absorption populates the electronically
excited state (Fig. 1(A) and (B)).

Using VIPER excitation, we have demonstrated selective
electronic excitation and photodissociation within a mixture
of isotopomers, even though their UV/VIS spectra in solution
are indistinguishable.1,2 In a conventional UV/VISpump–IRprobe

experiment (i.e. TRIR, for transient IR) all isotopomers are
simultaneously excited electronically, whereas a VIPERpump–
IRprobe experiment with a tunable narrowband IRpump pulse
(i.e. VIPER 2D-IR spectroscopy, Fig. 1(B)) monitors the electro-
nic excitation of each isotopomer selectively. Further examples
of subensemble-selective excitation by VIPER are the differen-
tiation between hydrogen bonded and free molecules3 as well
as selective excitation of solute molecules in different local
solvent environments within an ionic liquid.4 In the latter
cases, VIPER excitation was used to generate 2D-IR signals that
did not decay with the vibrational lifetime, but rather with the
much longer electronic lifetime. This enables the observation
of chemical exchange processes between the corresponding
subpopulations on a wide range of time scales.

In summary, VIPER excitation is particularly advantageous
in the study of heterogeneous systems, where it allows to select
molecules according to their IR spectrum for electronic excita-
tion. Application examples are the generation of long-lived
2D-IR signals (VIPER 2D-IR spectroscopy) for measurements
of spectral diffusion and chemical exchange3–5 and the
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subensemble-selective triggering of light-induced processes,
such as photochemistry.1,4

Because VIPER 2D-IR spectroscopy is a fifth-order experi-
ment, the signal sizes are relatively small when compared to
third-order experiments such as conventional pump–probe or
2D spectroscopy (i.e. excited populations of 10–20% vs. 1–2%
are typically achievable for third- and fifth-order experiments,
respectively). A better understanding of the available parameter
space that leads to successful signal detection is therefore
essential. In this work, we will explore this parameter space
using the laser dye coumarin 6 (C6) as it exhibits large VIPER
2D-IR signals and is easy to work with due to its stability and
high solubility. Similar considerations as discussed here for
VIPER 2D-IR spectroscopy apply to other experiments, where
direct resonant UV/VIS excitation is replaced by combined
excitation using an IR and an off-resonant UV/VIS pulse.6–9

Measurement principle

VIPER experiments start with the IR excitation of a specific
vibrational mode, which changes the electronic absorption
spectrum through vibronic couplings,10–12 usually by shifting
it to the red (Fig. 1(C) and (D)). This prepares the IR-excited
molecule for subsequent excitation, shifting it into resonance
with the off-resonant UV/VISpump pulse (note the dashed line in
Fig. 1(A)), which promotes it to the electronically excited state.

The off-resonant UV/VISpump pulse usually is tuned to the
red. On the one hand, this minimizes direct excitation of
molecules without IR pre-excitation (the TRIR signal), and on
the other hand it maximizes excitation of the IR pre-excited
molecules (the VIPER signal). Note, that also for photon

energies lower than E(0,0) there is a non-zero probability for
direct excitation, as low frequency modes are thermally excited.
This leads to a residual TRIR signal as a background to the
VIPER signal. Depending on the goal of the experiment it might
be beneficial to either optimize the VIPER signal or the ratio of
VIPER-to-TRIR signal.

In the present work, we simultaneously measure the VIPER
signal, the TRIR signal and the 2D-IR signal for a given set of
experimental parameters. This is possible by mechanically
chopping the IRpump (at a quarter of the laser’s repetition rate)
and VISpump pulses (at a half the repetition rate) to obtain
IRprobe pulse intensities I for all possible combinations of
IRpump and VISpump (IIRoff,VISoff

, IIRoff,VISon
, IIRon,VISoff

, IIRon,VISon
).

The TRIR and 2D-IR signals are obtained as

DATRIR = �log(IIRoff,VISon
/IIRoff,VISoff

) (1)

DA2DIR = �log(IIRon,VISoff
/IIRoff,VISoff

) (2)

Narrowband selective IRpump pulses for VIPER and 2D-IR are
generated with a Fabry–Pérot interferometer. The VIPER signal
is obtained as a double difference signal

DDAVIPER = �(log(IIRon,VISon
/IIRon,VISoff

) � log(IIRoff,VISon
/IIRoff,VISoff

))
(3)

which is the actual VIPER signal with the residual TRIR signal
resulting from direct excitation being subtracted. Alternatively,
a Fourier transform (FT) implementation is possible as well.4

Materials and methods
Sample details

The laser dye C6 is used ‘as is’ and dissolved in tetrahydrofuran
(THF) or perchloroethylene (PCE). All compounds are from
Merck KGaA (Darmstadt, Germany). The saturated solutions
are spinned down before use to remove undissolved material.
The concentrations of the samples at room temperature are
20 mM in THF and 2.3 mM in PCE. The samples used for the
laser measurements have a total volume of 8 ml and are
continuously circulated in a transmission flow cell13 that has
an optical pathlength of 250 mm.

Experimental setup

Steady-state UV/VIS and IR experiments are done on an UV/VIS
spectrometer (U-2000; Hitachi, Japan) and an FTIR spectro-
meter, equipped with an MCT detector (Tensor 27; Bruker
Optics GmbH & Co. KG, Ettlingen, Germany).

Time-resolved measurements are done on the laser setup
that has been described earlier.1,3 In brief, a Ti:sapphire
regenerative amplifier seeded by an oscillator generates 100 fs
pulses at 800 nm, 1 kHz repetition rate with 3.5 mJ per pulse
(Spitfire XP and Tsunami from Spectra Physics, Newport, USA).
The output fundamental is split into three beams that each
pump different optical parametric amplifiers (OPAs) which
generate signal and idler beams. These beams ultimately gen-
erate one probe (IR) and two pump (VIS and IR) beams.
Broadband mid-IR probe light is generated by mixing signal

Fig. 1 Schematic representation of the VIPER 2D-IR pulse sequence and
its effect on the UV/VIS absorption spectrum. Panel A shows the Jablonski
diagram of the electronic ground (S0) and excited states (S1) as well as the
levels of the vibration (n) that are excited. Only with the aid of IR pre-
excitation (straight black arrow) S1 is reached, as the energy of the UV/VIS
pulse (dashed arrow) itself is non-resonant with the S0 - S1 transition
(depicted by the red cross). At non-zero temperature, low frequency
modes are thermally excited (not shown), leading to a non-zero absorp-
tion cross section for photon energies below the 0–0 transition and thus a
long wavelength tail in the absorption spectrum. Panel B shows the used
pulse sequence. In the present work, either broadband IR or selective
narrowband IR excitation is used. Alternatively, the IRpump pulse can be
replaced by a pulse pair in a Fourier transform approach. Panel C sche-
matically shows the influence of the IRpump on the S0 - S1 transition. Panel
D shows the difference between the two spectra in panel C.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 7
:3

0:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03543k


This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys.

and idler in an AgGaS2 crystal. Narrowband mid-IR pump light
(spectral width 14–18 cm�1) is generated from broadband IR
(about 7.5 mJ per pulse) using a Fabry–Pérot interferometer. VIS
pump light from 420 nm up to almost 500 nm is generated by
tripling of the signal beam (FK-800-100; EKSMA, Lithuania),
from 480 nm to 520 nm by mixing the fundamental with the
signal beam, and for higher wavelengths by mixing the funda-
mental with the idler beam. The relative polarization of all
beams was parallel. The beam diameters are about 160 mm for
the IR pump, 190 mm for the Vis pump, and 90 mm for the IR
probe. Dispersed detection on a 2 � 32 MCT array (Infrared
Associates Inc., Stuart, USA) is achieved using a TRIAX 180
spectrometer with a 100 l mm�1 grating (Horiba Jobin Yvon
GmbH, Munich, Germany). The VIPER 2D-IR double difference
absorption signals are collected using the mechanical chopper
scheme described earlier.3

The general experimental conditions are the following
(unless stated otherwise). The lower ring mode RM1 (see
Fig. 2(B)) is pumped with narrowband IR pulses at a delay of
tIR = 2 ps for the 2D-IR measurements as this delay is longer
than the pump pulse. The VISpump pulse was centered at
500 nm having a pulse energy of 0.75 mJ and a delay of tVIS =
100 ps. For the VIPER 2D-IR measurements delays of tIR = 101 ps
and tVIS = 100 ps are used.

Computational details

The computational method is described in detail in a previous
work.10 In short, density functional theory (DFT) calculations of
the respective molecular compound are done in Gaussian16
B.0114 employing the oB97X-D functional15 in combination with
the Def2-TZVP triple-zeta basis set.16 The solvent is modelled by
the polarizable continuum model (PCM). Electronically excited
states are computed via time-dependent DFT (TD-DFT). Vibration-
ally resolved absorption spectra are obtained via analytical TD
Fourier transform of the respective correlation function using
the FCclasses code.17 Subsequently, these spectra are convo-
luted with Gaussians and offset to match the experimentally
observed spectra.

Results and discussion

The model system for the exploration of the experimental
variables is the laser dye C6 (Fig. 2(A)), as it exhibits large
VIPER 2D-IR signals and is easy to work with due to its stability
and high solubility. Its FTIR spectrum (Fig. 2(B)) contains 3
main features in the 1550–1750 cm�1 spectral region assigned
to ring (RM) and carbonyl (CO) modes. Resonant VIS excitation
leads to bleaches of each feature as well as a clear excited state
absorption of the CO (denoted by the asterisk) in the TRIR
spectrum of Fig. 2(C). The 2D-IR spectrum shows the same
bleaches as well as corresponding downshifted positive
features assigned to vibrationally excited states. RM1-mode
excitation preceding non-resonant VIS excitation produces the
VIPER spectrum of Fig. 2(D), which is similar but not identical
to the TRIR spectrum (note for instance the shape of the bleach
of excited RM1 as well as its corresponding positive part at
lower wavenumbers). Note also that, due to the very high VIS
absorption, it is still possible to generate a measurable TRIR
signal at the used VIS pump wavelength of 517 nm in the red
wavelength tail of the absorption band (see Fig. 3(B), blue
symbols).

First, the parameters of the laser pulses are optimized to
achieve the largest VIPER 2D-IR signals, subsequently followed
by those related to the sample. Finally, computations predict-
ing the influence of the IR pre-excitation on the electronic
absorption spectrum are presented.

IR mode selection and timing

The first pulse in the VIPER 2D-IR sequence (see Fig. 1(B))
prepares the system by pre-excitation of a selected vibrational
mode. Previously, it has been shown for C6 as well as for other
aromatic compounds that RM excitation leads to VIPER 2D-IR
signals that are larger than those after CO mode excitation.10

The shape of the VIPER 2D-IR signal, however, remains the
same, regardless which mode is pre-excited first. The reason for
this observation is that the VIPER spectra after vibrational
relaxation resemble the UV/VIS pump-IR probe spectrum
(from now on referred to as transient-IR or TRIR).

With progressing time, the vibrationally excited population
decays to its ground state. Before that happens, the non-resonant

Fig. 2 Spectroscopic properties of C6 (panel A) in THF probed in the ring
mode (RM) and carbonyl (CO) spectral region. The steady-state FTIR
spectrum and its assignments are shown in panel B. The asterisk denotes
the electronically excited state. Panels C and D depict data that are quasi-
simultaneously collected (using RM1 excitation with an IRpump bandwidth
of 14 cm�1 and off-resonant VIS excitation at 517 nm). Panel C shows the
2D-IR (blue; at tIR = 2 ps) and TRIR (red; at tVIS = 100 ps) difference signals.
The blue spectrum is scaled by a factor 3 for better visibility. Panel D shows
the (double difference absorption) VIPER 2D-IR spectrum collected using
tIR = 101 ps and tVIS = 100 ps. The black/red/blue vertical double-headed
arrows define the VIPER/2D-IR/TRIR signal amplitudes that are used
throughout the paper.
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UV/VISpump pulse can interact with the IR pre-excited population,
as the IRpump pulse shifts the electronic transition into resonance.
Without or after decay of the pre-excitation the energy of the
UV/VIS pulse is not sufficient to promote molecules to the
electronically excited state and to generate a VIPER signal.
It is thus important to accurately control the relative timings
of the pump pulses.

The time evolution as well as the mode dependence of
several VIPER 2D-IR signals is shown in Fig. 4. The narrowband
IRpump is tuned to one of the two shown RMs or to the CO
mode. The observed time courses for all pumped modes are
very similar. The maximum signals are reached within the
instrument response, i.e. during the IRpump pulse from
the Fabry–Pérot interferometer. We therefore conclude that
the largest VIPER signal is generated by the vibronic coupling
of the originally excited mode. After vibrational relaxation and
intramolecular vibrational relaxation (IVR) a smaller VIPER
signal persists until the vibrational energy finally leaves the
molecule into the solvent.3 In principle, IVR could also be
exploited to use modes for selective excitation that themselves
do not have a strong vibronic coupling to the electronic transi-
tion. The incorporation of a short delay between the two pump
pulses would then provide the time for IVR to populate one or
more vibronically coupled modes, which in consequence leads
to a shift of the electronic absorption spectrum. Such a shift
can in principle also occur after energy transfer from the local
environment, but in the current study the described vibrational
modes are all located on the same molecule.

In the IR, spectral features are often narrow and can be
assigned to different species (e.g. conformations), whereas the
UV/VIS bands strongly overlap. While selective UV/VIS excita-
tion in such cases is not possible, a species can be selected via

its IR spectrum for electronic excitation in the VIPER experi-
ment. Recently, this has opened a new avenue for photo-
chemistry applications because it can be used for compound-
specific uncaging.1,2

UV/VIS pump wavelength

The second pump pulse is in the UV/VIS range and promotes
the vibrationally excited population to the electronically excited
state. As sketched in Fig. 1(C), the IR pre-excitation shifts the
electronic absorption spectrum to the red, allowing the use of
non-resonant UV/VIS pump wavelengths. The choice of this
wavelength obviously has a large impact on the amplitude of
the experimentally observed VIPER 2D-IR signals. Subtracting
the shifted spectrum from that of the vibrational ground state
leads to a difference spectrum that is schematically depicted in
Fig. 1(D). This difference spectrum is experimentally measured
here in the form of an action spectroscopy by manual scanning
of the VIS wavelength (see Fig. 3(A)) and subsequent detection
of the VIPER 2D-IR signal amplitude (as defined by the vertical
arrow in Fig. 2(D)). This time-consuming experiment (for
instance, it requires changing the wave-mixing process; see
Materials and Methods) essentially reproduces the schematic
induced absorption depicted in Fig. 1(D). Upon further scan-
ning towards the blue, the maximum is followed by a sign-
change, before the signal is dropping below the noise level for
wavelengths under 470 nm. The disappearance of the signal is
in disagreement with the sketch in Fig. 1(D) and caused by the
high absorption in the VIS wavelength region.

To illustrate this, the actual optical density of the sample is
also plotted in Fig. 3(A) (see the grey-shaded area). The rise of

Fig. 3 UV/VIS pump wavelength dependence of the VIPER 2D-IR, TRIR
and 2D-IR signal amplitudes in THF. Each symbol represents a separate
measurement and its magnitude is as defined in Fig. 2. The grey area
represents the (unscaled) absorption of the sample, while the grey line
represents its scaled absorption (�0.02). Panel A is measured at tIR = 101 ps
(IRpump width: 14–17 cm�1) and tVIS = 100 ps, panel B at tIR = 2 ps and tVIS =
100 ps. The blue datapoints are multiplied by a factor 3. The square
symbols indicate the VIS wavelength used for the measurements shown
in Fig. 6, the open symbols indicate the wavelength used for Fig. S1
(resulting in a sign-flipped VIPER 2D-IR signal).

Fig. 4 Mode dependence of the VIPER 2D-IR signals in THF as function of
IR delay. The narrowband IR pump (18 cm�1 width; B250 nJ per pulse) is
centered at the absorption of one of the three IR modes (depicted in each
panel) and the time evolution is probed at four different wavenumbers
(RM1 bleach, RM2 bleach, CO* excited state absorption and CO bleach).
The delay of the VIS pump pulse at 517 nm is fixed at tVIS = 100 ps. A
maximum population in the vibrationally excited state appears just before
101 ps.
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the VIPER 2D-IR signal initially correlates with the rise of the
absorption tail towards the blue. However, the sharp increase of
the VIS absorption increasingly hampers the detection of a
VIPER 2D-IR signal below 470 nm (at 487 nm the OD is already
about 3), as effectively all VIS pump light is already absorbed
within the first layers of the sample (see also the paragraphs on
the sample’s concentration and thickness below). As a conse-
quence, a VIPER 2D-IR signal cannot be generated. The VIPER
signal is caused by a modulation of the UV/VIS cross section by
the IR excitation, leading to an increased or decreased popula-
tion of molecules in the electronically excited state. If all UV/VIS
photons are absorbed anyway, the IRpump pulse cannot cause a
change in the population of the electronically excited state and
no VIPER signal is observed.

A benefit of the way the VIPER 2D-IR signals are measured
here, i.e. via chopping and double-difference spectroscopy
instead of the FT approach, is that 2D-IR and TRIR signals
are collected near-simultaneously and therefore under the
same conditions. Obviously, of the two single pulse experi-
ments only the TRIR difference signal depends on the VIS
pump wavelength (see the blue symbols in Fig. 3(B)). Although
the signal initially scales linearly with the optical density when
coming from the red, first a plateau about 15 nm wide appears,
followed by a slow decrease. The reason for the deviation from
the linear behaviour is currently not fully understood and
cannot be solely explained by the lesser amount of pump
photons (the pulse energy was kept constant, not the photon
flux) towards the blue side of the spectrum. The wavelength
dependency of the blue datapoints is also reproduced when
tuning the OPA from the blue to the red part of the spectrum
(not shown), implying that systematic measurement artifacts
are unlikely. When coming from the red, it is also noted that
the first appearance of the VIPER 2D-IR signal occurs at higher
wavelengths than that of the TRIR signal. The reason is that the
IR pre-excitation effectively allows for more off-resonant VIS
excitation, providing a maximum VIPER 2D-IR signal for VIS
pulses at about 497 nm.

The VIPER 2D-IR signal that is measured for pump wave-
lengths between 475 nm and 485 nm is negative and thus
corresponds to a sign-flipped signal (see Fig. S1). In contrast,
the 2D-IR and TRIR signals are not sign-flipped (not shown).
Careful tuning of the VIS pump wavelength is therefore man-
datory in order to optimize the VIPER 2D-IR signal’s amplitude
as well as its sign.

The wavelength scanning procedure used in this study
entails manual optimization of the optical mixing processes
to generate the same amount of pump pulse energy, rendering
it a relatively time-consuming experiment. Especially if the
mixing process needs to be changed altogether due to occurring
degeneracies at certain wavelengths in the used non-linear
optical materials, care needs to be taken that the beam sizes
as well as the polarization conditions remain identical. More-
over, the light source needs to be stable in terms of output over
the entire duration of the experiment. The UV/VIS wavelength
dependence could in principle also be directly measured in
an IR pump-UV/VIS probe18 or 2D-VE measurement,19,20

simplifying and accelerating the search for the optimal UV/
VIS pump wavelength and relative pump pulse timings.

IR pump energy

In order to get the highest possible VIPER-excited population,
increasing the number of absorbable IR photons is crucial. In
this work the narrowband IRpump pulses are generated via a
Fabry–Pérot cavity, reducing the bandwidth by an estimated
factor 10 and the pulse energy of the broadband IR pulses by
about a factor 20. The influence of the IRpump pulse energy on
the 2D-IR (red spheres) and VIPER 2D-IR (black spheres) signals
are shown in Fig. 5 in PCE. Both signals scale linearly with the
IR pulse energy. As expected, the size of the simultaneously
measured TRIR signals does not depend on the pulse energy of
the IR pump, as the VIS pump energy is invariant. The same
trends are observed when applying lower and higher VIS pulse
energies (see Fig. S2). The amplitude of the VIPER 2D-IR signals
is therefore limited by the number of IR photons, whereas it is
easily saturated by increasing the UV/VIS pulse energy
(Fig. 6(A)).

Strategies to improve the IR intensity could be to reduce the
diameter of the IR pump beam as well as different IR light
sources, in particular using chirped-pulse difference-frequency
generation to create narrowband IR pulses.

UV/VIS pump energy

After having determined the influence of the wavelength of the
UV/VIS pump, its pump energy/pulse dependence is investi-
gated. As is true for conventional pump–probe experiments
such as a 2D-IR experiment, the amplitude of the VIPER 2D-IR
signal is also expected to scale proportionally with the number
of available UV/VIS photons. In Fig. 6 the VIS energy/pulse is
gradually increased (using the optimal VISpump wavelength for
C6). Up to about 3 mJ the TRIR signal (blue spheres) scales
linearly. Beyond 3 mJ the sample suffers from photodamage.

Each datapoint in Fig. 6 has a corresponding 2D-IR, TRIR
and VIPER 2D-IR datapoint, as they are measured quasi
simultaneously. As expected, the 2D-IR signal amplitude (red
spheres) is independent of the VIS energy/pulse. The VIPER

Fig. 5 IRpump pulse energy dependence of the VIPER 2D-IR (black
spheres), TRIR (blue) and 2D-IR (red) signal amplitudes in PCE. The
approximate IR pump energy is given by the broadband IR energy/pulse
divided by 20. The left-hand y-axis is for the VIPER signals, the right-hand
one for IR and TRIR signals. The VIS pump wavelength is 500 nm at 0.25 mJ
per pulse and at tVIS = 100 ps. The signal size of the blue data points is
multiplied by a factor 5 to match the scale of the red data points. The IR
pump is always at tIR = 101 ps (width 18 cm�1), except for the 2D-IR
experiment, where it is tIR = 2 ps.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 7
:3

0:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03543k


Phys. Chem. Chem. Phys. This journal is © the Owner Societies 2025

2D-IR signal’s pump energy dependence (black spheres) is
clearly different from the other two curves. Saturation is
reached around 1 mJ, i.e. at significantly lower pulse energies
than those leading to saturation of the TRIR signal, because
there are less IR-pre-excited molecules than non-pre-excited
molecules (hence there are more photons/molecule).

Optimizing the experiment further for generating larger
VIPER 2D-IR signals thus has to focus on increasing the IR
pulse energy with which the VIPER 2D-IR signal scales linearly
(Fig. 5 and Fig. S2).

Contrast for species-selective experiments

For some applications not the largest VIPER 2D-IR signal may
be desired, but instead a minimum relative amount of ‘back-
ground’ signal caused by direct electronic excitation may be
aimed for, e.g. if selective photochemistry of a particular
species should be induced.1,2 This can be regarded as an
optimization of the VIPER 2D-IR/TRIR signal ratio. In
Fig. 6(B) the spectroscopic contrast is shown to be inversely
proportional to the VISpump pulse energy. The IRpump energy
is held constant for the shown measurements. The contrast
can in principle be further enhanced by using a higher IR
photon flux.

An alternative approach to achieve a higher contrast could
be to improve the steepness of the red flank of the electronic
absorption spectrum by changing the solvent or even the
molecule targeted by VIPER. For instance, the red flank of C6
in PCE is steeper than that in THF, leading to a 20-fold increase
in contrast ratio (from 0.5 in Fig. 6(B) to 20 in Fig. S3).

It also needs to be stressed, however, that the presented
VIPER 2D-IR data are automatically corrected for signals arising
due to direct resonant UV/VIS excitation.3 Therefore, even in
presence of resonant VIS absorption, species-selective experiments

are possible, as previously shown for a mixture of co-existing
photocages.1,2

Polarization dependence

In a pump–probe experiment the relative orientation of the
polarizations of the pump and probe pulses determine which
molecules are preferentially excited. For a molecule of the size
of C6 and the used TRIR delay of tVIS = 100 ps rotational
diffusion has largely scrambled the correlation between the
pulses polarization and the molecular orientation.21 The rela-
tive orientation of the IRpump and IRprobe pulses was thus
chosen to be parallel here. Nonetheless, it is important to
mention that setting of the polarizations can lead to a maximal
achievable signal gain of a factor 3 in pump–probe spectro-
scopy,22 and even a factor 15 in a three pulse experiment.23

Here we used parallel polarization between the two pump
pulses as that resulted in the largest VIPER signal for exciting
RM1 in agreement with the computed transition dipole angles
(see Section 4 in the SI).

To illustrate the maximum possible range of the signal size
of C6 as a function of the two relative polarization angles of the
three pulses, we show the computed map in Fig. 7, which
neglects rotational diffusion and thus resembles the situation
for short delays tIR and tVIS. In this plot the relative angle
dependence between the VIS transition dipole and the RM1 and
CO modes is shown. At first glance it is helpful to look at the
ordinate, where it can be seen that the relative angle between
the electronic transition dipole and the RM1 mode is about
parallel (the redder the colour, the larger the signal). In fact, it
is less than 20 degrees. About a factor 4 in signal size can be
gained over the parallel orientation. Much less gain in signal
size can be achieved for the CO mode, as the abscissa only

Fig. 6 VISpump pulse energy dependence of the VIPER 2D-IR (black
spheres), TRIR (blue) and 2D-IR (red) signal amplitudes in THF (panel A).
The left-hand y-axis is for the VIPER 2D-IR signals, the right-hand one for
the 2D-IR and TRIR signals. The VIS pump wavelength is 500 nm (where
the optical density is 0.275) at a delay of tVIS = 100 ps. The IRpump is at tIR =
101 ps (width 14 cm�1; B0.275 nJ per pulse), except for the 2D-IR
experiment, where tIR = 2 ps. Panel B shows the ratio of the VIPER and
TRIR data (diamonds).

Fig. 7 Normalized computed polarization dependence for the three-
pulse experiment on C6 in THF after excitation of RM1. The relative angle
dependence between the orientation of the IR modes (RM1 and CO) and
the VIS transition dipole moment (VISpump) is shown. Higher values indicate
a larger signal for a given relative polarization orientation. Fig. S4 shows the
same plot for C6 in PCE.
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indicates a moderate increase of about 5% (it has a relative
orientation of about 65 degrees).

In general, however, careful optimization of the relative
pulse timings and their polarization conditions allow a gain
of more than an order in magnitude in VIPER 2D-IR signal
amplitude.

Sample concentration

Besides optimizing the properties of the different laser pulses
for larger VIPER 2D-IR signal amplitudes, increasing the num-
ber of molecules will generally also lead to larger signals. For
the following discussion it is assumed that the electronic
absorption spectrum is not modulated by intermolecular inter-
actions. Here it is shown that, perhaps surprisingly, the VIPER
2D-IR signal amplitude can increase when lowering the concen-
tration. This is illustrated in Fig. 8 for C6 dissolved in PCE. In
analogy to Fig. 3 (where THF is the solvent) the VIS pump
wavelength is again tuned in Fig. 8(A). For increasing wave-
lengths up to 465 nm no VIPER 2D-IR signal (black spheres) is
observed. For longer wavelengths a positive signal appears.
Previously, a negative signal was observed below the zero
crossing of the VIPER 2D-IR signal (see Fig. 3(A)). Besides a
solvent-induced shift of the electronic ground state absorption
spectrum, there is however no obvious reason why the wave-
length dependence of the VIPER 2D-IR signal should be funda-
mentally different in either solvent. In THF the (negative)

VIPER 2D-IR signal actually also disappears below 470 nm,
which was attributed to the high VIS absorption (see above).
The same absorption effect occurs for the drop to zero ampli-
tude in PCE. In Fig. 8(C) the VIPER 2D-IR signal amplitude at
465 nm in PCE is shown. Without dilution of the sample
(corresponding to the open black symbol at a concentration
multiplier factor of 1) no VIPER 2D-IR signal is detected. The
absorption at this wavelength approaches OD = 2. Diluting the
sample by a factor two now leads to the appearance of a
(positive) VIPER 2D-IR signal. In contrast, the 2D-IR signal
amplitude is approximately halved as only half the number of
molecules is present. The TRIR signal also decreases, but only
by a factor 1.1, meaning that saturation effects still dominate at
the high present VIS optical density and used VIS pump energy,
i.e. basically all VIS photons are absorbed. The deviations from
linearity for the signals shown in panels C–E can be explained
by the high optical density leading to reduction of the pump
intensity while propagating through the sample. Linearization
can be achieved by multiplying the signals by 2.303�A/(1 � 10�A)
with A as the absorption in the respective spectral region in
OD,24–27 i.e. that at RM1 for the 2D-IR measurements, at the VIS
pump wavelength for the TRIR experiments, and that of the
sum of the absorptions at RM1 and the VIS pump wavelength
for the VIPER data. The corrected data is shown in each panel
as light-coloured spheres as well as their corresponding linear
fits, showing that at high concentrations the high VIS absorp-
tion is the main factor leading to a smaller absolute size of the
VIPER signal. The VIPER signal at the highest concentration
(the open sphere at concentration multiplier 1) is not corrected
because the measured signal size is around the noise level.

In summary, the concentration dependence of the VIPER
2D-IR signal amplitude outlined here is an additional factor to
consider when apparently no or a small VIPER effect is
observed. Using diluted as well as more concentrated samples
can theoretically both lead to larger VIPER 2D-IR signals,
depending on the overall optical density at the sum of the IR
and UV/VIS absorptions.

The already mentioned IR pump-UV/VIS probe spectroscopy
method (see the UV/VIS pump wavelength section above) may
again provide helpful insights and provide details on the
optimal VIS pump wavelength, for instance, as the position of
the positive maximum may shift to the red with increasing
concentration, simply caused by the growing electronic
absorption.

Optical pathlength

Increasing the number of molecules the photons encounter can
not only be achieved by increasing the concentration, but also
by adding pathlength (while keeping the concentration con-
stant). However, adding pathlength also adds solvent mole-
cules, which may potentially absorb at the pump and probe
wavelengths as well, thereby reducing the number of available
photons that can generate the VIPER 2D-IR signal. In cases
where the amount of pump or probe photons is limiting the
signal size and solvent absorption is significant, thinner sam-
ples will be advantageous as they will generate larger signals.

Fig. 8 VIS pump wavelength dependence and dilution series measured in
PCE. Panels A and B are analogous to Fig. 3, with identical pulse timings,
using tIR = 101 ps and tVIS = 100 ps in panel A, tIR = 2 ps and tVIS = 101 ps in
panel B. The blue datapoints are multiplied by a factor 3. The open symbols
indicate the 465 nm VIS pump wavelength at which the data in panels C–E
are measured as function of subsequent sample dilution (with the starting
condition also marked by the open symbol). The bold-coloured symbols
are the measured data that are connected by a spline function as a guide-
to-the-eye, the light-coloured ones the data after correction for the
sample’s high optical density, the light-coloured lines are the corres-
ponding linear fits (with slopes of about 5 mOD per OD in the IR, 2.3
mOD per OD in the VIS, and 2 mOD per sum of the OD in the IR and the
VIS for the 2DIR, TRIR and VIPER data, respectively). The zero amplitude
VIPER signal is not corrected. The initial sample, corresponding to a
multiplier of 1, has an OD of 0.14 at RM1. The pump wavelength depen-
dence and the dilution series are done on different samples.
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The solvents used in this study for instance do not absorb in
the VIS spectral region, but do have some absorption in the IR
(PCE has one absorption feature around 1550 cm�1, THF
around 1460 cm�1). The amplitudes of the VIPER 2D-IR signals
presented in this work (see the vertical black arrow in Fig. 2(D))
are however not significantly affected by the solvent absorption
in the IR. At the used pump and probe wavelengths it is
therefore justified to look at the sample thickness dependence
of the VIPER 2D-IR signal.

For these experiments, the optical pathlength is increased by
using spacers of different thicknesses. Its influence on the
signal sizes of experiments with one pump pulse (2D-IR and
TRIR) and two-pump pulses (VIPER 2D-IR) in THF is shown in
Fig. 9 (dark-coloured spheres). Initially all signal amplitudes
scale proportionally with growing sample thickness, before
showing saturation behaviour. The amplitude of the VIPER
2D-IR signal is even found to decrease beyond 250 mm
(Fig. 9(A)). The optical density in the IR (the RMs have an OD
of about 0.4 at 250 mm, see Fig. 2(A), so at 500 mm the OD will be
about 0.8) now also leads to saturation behaviour for the 2D-IR
signal. Again, and analogous to the concentration dependence
discussed above (and shown in Fig. 8(C)–(E)), the high optical
density is predominantly causing a decrease in observed VIPER
2D-IR signal sizes. The pathlength-dependent data can in this
case also be successfully linearized (shown by the light-
coloured spheres and lines in Fig. 9). Although the saturation
behaviour observed in Fig. 8 and 9 looks similar to that seen for

the pump energy dependence in Fig. 6, their origin is funda-
mentally different (i.e. more molecules vs. more photons). In
either case, both show that the amplitude of the detected signal
is not simply the additive result of the individual absorptions of
(IR and VIS) photons by the molecules, i.e. increasing the
quantity of either will not necessarily simply lead to larger
signals.

Although it is in general not always straightforward to
increase the amount of UV/VIS or IR photons due to experi-
mental limitations (e.g. by low damage thresholds of available
optical materials), increasing the number of molecules via the
sample thickness is a more viable and simple measure to
increase the signal. It is however also shown that merely using
the largest possible optical pathlength does not necessarily
produce the strongest VIPER 2D-IR signals.

Simulations of the IR-induced electronic red shift

In an effort to understand the observed UV/VIS pump wave-
length dependence of the VIPER 2D-IR signals depicted in
Fig. 3(A), the impact of the vibrational excitation on the
electronic absorption spectrum is computed as described
previously.10 These results are shown in Fig. 10 and compared
to the experimental data in this study. The widths of the
simulated spectra are broadened by Gaussians to match the
width of the experimental absorption. The electronic absorp-
tion spectrum without vibrational pre-excitation (in black)
decreases in amplitude upon RM1 pre-excitation and shows a
concomitant induced absorption on the red side (see Fig. 10(A)).

Fig. 9 Variation of optical pathlength in THF. The RM1 mode is excited
with a 15 cm�1-broad IRpump pulse (with an energy of about 0.25 mJ per
pulse). The sample with an optical pathlength of 500 mm has an OD of
1.7 at RM1. The bold-coloured symbols are the measured data that are
connected by a spline function as a guide-to-the-eye, the light-coloured
ones the data corrected for the high optical density, the light-coloured
lines their corresponding linear fits (with slopes of about 68 mOD per OD
in the IR, 28 mOD per OD in the VIS, and 5.5 mOD per sum of the OD in
the IR and the VIS for the 2DIR, TRIR and VIPER data, respectively). The VIS
pump wavelength is 500 nm (1 mJ per pulse) and its corresponding VIS
absorption is given on top of panel A. The delays in panel A are tIR = 101 ps
and tVIS = 100 ps, in panel B tIR = 2 ps, in panel C tVIS = 100 ps.

Fig. 10 Influence of the RM1 pre-excitation on the electronic absorption
spectrum in THF. Panel A: comparison of the computed UV/Vis spectra
with and without IR pre-excitation to the experimental absorption spec-
trum (same as that shown in Fig. 3). The computed spectra are shifted by
B40 nm and broadened with Gaussians to match the width of the
experimental spectrum (grey dashed line). Panel B: comparison of
the computed difference spectrum shown in A (blue spectrum) with the
experimentally-derived VIPER 2D-IR wavelength dependence (black
spheres, which is also shown in Fig. 3), in addition to the experimental
signal that has been corrected for the high optical density (grey spheres)
with an OD at RM1 of 0.49 and a VIS OD as given in panel A. The data point
at 430 nm is an outlier. Fig. S5 shows the same plot for the solvent PCE.
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The constructed difference spectrum qualitatively reproduces the
shape of the experimental curve (see the black spheres in
Fig. 10(B)). Interestingly, the wavelength at which the sign reversal
is observed is about 15 nm off towards the blue, even after having
wavelength-calibrated the electronic ground state absorption
spectrum to the experimental spectrum. The computed difference
spectrum also shows similar amplitudes of the positive and
negative parts, whilst they are very different in the experimental
data. As argued above, the reason for this is that the more
resonant the VIS pump excitation becomes, the higher the VIS
optical density is, eventually rendering it even impossible
to experimentally generate a VIPER 2D-IR signal at all (see the
UV/VIS pump wavelength section). Correction for the high
optical density shows that the high absorption has decreased
the positive part of the signal up to a factor two (compare the
corrected data in light-coloured spheres to that of the black
spheres). It also blue-shifts the maximum towards the simu-
lated maximum signal (blue curve), whilst the zero-crossing is
untouched. The measured positive VIPER signal remains how-
ever narrower than the simulated curve, showing only one clear
positive feature as opposed to two.

Importantly, however, the presented computations provide a
generic picture on the nature of the shifts in the electronic
absorption spectrum.10 Theoretical modelling reveals that the
largest VIPER 2D-IR signal sizes can be expected for molecules
having the largest vibronic coupling, i.e. having an electronic
transition that is located in the same structural region as that of
the excited vibrational mode and exhibiting large displace-
ments along the mode upon electronic excitation. This is the
reason why pre-excitation of C6’s RM1 mode is leading to a
strong VIPER signal (Fig. 4).

The insights these computations provide are therefore
essential in understanding and optimizing VIPER signals. They
will also assist in the rational design or modification of a VIPER
2D-IR chromophore that suits a particular application best,
e.g. being optimal for the best VIPER/TRIR contrast, or simply
generating the largest possible VIPER 2D-IR signals.

Although the computations largely agree with the experi-
ment, some details are different (e.g. the zero-crossing point
leading to the sign-reversal of the VIPER 2D-IR signal is
shifted). Potential improvements that have been suggested
before include the modelling of anharmonic potential energy
surfaces as well the inclusion of IVR processes.10

Conclusions

The number of potential applications for VIPER 2D-IR spectro-
scopy is vast, as it transfers the structure sensitivity and
selectivity of IR spectroscopy to electronic excitation. The
technique enables generation of long-lived 2D-IR signals that
decay with the electronic instead of the vibrational lifetime,
making it valuable for studies such as solvation dynamics or
spectral diffusion in complex samples. Additionally, it facilitates
the investigation of photophysics and photochemistry in suben-
sembles selected by the IR pre-excitation. This work discusses

several variables important for the selectivity of VIPER excitation
and the contrast and size of VIPER 2D-IR signals. This is especially
relevant for applications where detected signal amplitudes
approach the signal-to-noise level. With VIPER 2D-IR being a
fifth-order spectroscopy, small signals are a frequent obstacle to
overcome. Some insights gained here on VIPER 2D-IR spectro-
scopy are also of interest for techniques which combine VIPER
excitation with other means of detection, such as fluores-
cence8,9,28 or photocurrent.7
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