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ABSTRACT: Herein, we present the initial steps toward
developing a framework that will enable the characterization of
photoinitiated dynamics within large molecular ions in the gas
phase with temporal and energy resolution. We combine the
established techniques of tag-loss action spectroscopy on cryogeni-
cally trapped molecular ions with ultrafast vibrational spectroscopy
by measuring the linear action spectrum of N2-tagged protonated
diglycine (GlyGlyH+·N2) with an ultrafast infrared (IR) pulse pair.
The presented time-domain data demonstrate that the excited-state
vibrational populations in the tagged parent ions are modulated by
the ultrafast IR pulse pair and encoded through the messenger tag-
loss action response. The Fourier transform of the time-domain
action interferograms yields the linear frequency-domain vibrational spectrum of the ion ensemble, and we show that this spectrum
matches the linear spectrum collected in a traditional manner using a frequency-resolved IR laser. Time- and frequency-domain
interpretations of the data are considered and discussed. Finally, we demonstrate the acquisition of nonlinear signals through cross-
polarization pump−probe experiments. These results validate the prerequisite first steps of combining tag-loss action spectroscopy
with two-dimensional IR spectroscopy for probing dynamics in gas-phase molecular ions.

■ INTRODUCTION
Experimental and technological advances throughout the
spectroscopy and chemical physics communities have led to
the rapid development of new methods for increasingly
detailed investigations of molecular structures, interactions,
and dynamics. Condensed-phase ultrafast spectroscopies can
now readily interrogate dynamics on time scales that reveal
nuclear motions along reaction pathways. In particular,
coherent multidimensional spectroscopies such as two-dimen-
sional infrared (2D IR),1,2 2D electronic (2D ES),3,4 2D THz,5

and mixed methods6,7 have emerged as powerful methods to
extract structural and dynamical information that are not
readily obtainable from linear optical spectra, such as resolving
homogeneous vs. inhomogeneous line broadening contribu-
tions and cross peaks, which indicate molecular coupling or
transformations. Despite these advances and impressive
volume and scope of research, there remain key limitations
in condensed-phase multidimensional spectroscopies including
high sample concentrations, broad transitions, spectral
congestion, solvent background, solvent-molecule dynamics
and coupling, and, most critically, interpretational difficulties
that are not easily addressed with current computational
approaches.
Ultrafast multidimensional spectroscopies of dilute gas-

phase systems could alleviate many of the challenges faced in
the condensed phase while providing stringent benchmarks for
computational methods and experimental models to aid in the

interpretation of condensed-phase measurements. There are
some problems with performing nonlinear spectroscopies on
gas-phase species which must be overcome or addressed. In
particular, sample densities in solution tend to be significantly
higher than in the gas phase such that direct measurement of
light absorption is generally not possible for dilute gas-phase
ensembles. Measurement of light absorption must be done
indirectly through action schemes such as photoionization or
photofragmentation. Importantly, excited-state populations
and nonlinear responses induced by broad-band ultrafast
pulse sequences must be mapped by the indirect action
response observable.
Thirty years ago, Scherer et al. measured modulations in the

fluorescence emitted from the B-state of photoexcited I2 as a
function of the time delay between two replica ultrafast pulses.8

The Fourier transform of the time-domain fluorescence action
signal yielded a progression of transitions consistent with the
vibrational frequencies of B-state I2. The excited-state
populations were, then, directly proportional to the measured
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fluorescence yield as a function of the pulse pair delay time.
More relevant to the present study, over a decade ago, Marcus
obtained 2D ES spectra of Rb vapor by monitoring intensity
modulations in the emitted fluorescence as a function of the
delay times between a series of four ultrafast pulses.9,10

Recently, the groups of Brixner (NO2)
11 and Stienkemeier (Rb

dimer and trimer trapped in He nanodroplets)12,13 have
reported the first gas-phase 2D ES spectra of neutral molecules
by monitoring time-domain modulations in photoionization
and/or ionic photofragmentation yields detected with mass
spectrometry. Action detection methods have also been
employed in the condensed phase with Cundiff demonstrating
the collection of 2D ES spectra of semiconductor nanowires by
monitoring modulation in photocurrent14 and van Hulst
measuring transient absorption spectra of a single molecule
through fluorescence modulation.15 In related studies, Allison
has demonstrated the collection of electronic pump−probe
transient absorption spectra on neutral gas-phase molecules
and clusters via direct absorption measurements using cavity-
enhancement techniques employing high repetition rate
frequency-comb lasers.16,17 These important experiments
have set the precedent for obtaining ultrafast multidimensional
spectra in the gas phase using action-based detection schemes.
Two critical next steps are extending these techniques to

molecular ions and into the infrared region. Compared to

neutrals, the versatility of mass spectrometric methods affords
much greater experimental control by allowing for the
composition-selected preparation of the desired chemical
species. Soft ionization techniques like electrospray ionization
now allow for the isolation of increasingly complex and diverse
systems extracted from solution that are not generally
accessible with neutral techniques, from host−guest com-
plexes,18−20 to catalysts and their intermediates,21−24 to
nanoparticles,25 to complex cluster systems.26−31 Linear action
spectra of molecular ions are often collected using the
messenger-tagging method,32 where gas adducts (H2, N2, Ar)
form weakly bound complexes with the ion of interest through
buffer gas collisions in cryogenically cooled ion traps33,34 or
within supersonic expansions.35 In a typical experiment, a high-
frequency-resolution laser is scanned through the optical
wavelengths of interest and the amount of tag-loss photo-
fragmentation is measured as a function of laser frequency to
record the linear action spectrum.30,36,37 Importantly, mes-
senger tag loss occurs in the single-photon regime. Further,
cryogenic cooling enables the lowering or stabilization of
molecular ions into the lowest-energy conformers/isomers.
The low sample temperatures (<50 K) result in populations
only in the lowest vibrational and, to some extent, rotational
levels. Consequently, highly resolved frequency-domain linear

Figure 1. (a) Schematic of the photofragmentation mass spectrometer. Electrosprayed ions are stored and messenger-tagged in a cryogenically
cooled, mass-selective Paul trap. After mass selection, the tagged ions are photoexcited directly in the ion trap. Tagged parent ions and untagged
photofragment daughter ions are separated in a time-of-flight reflectron mass spectrometer. (b) Time-domain experiments utilize an ultrafast IR
pulse pair to monitor the modulation in the photofragment yield as a function of the time delay between the pulse pair. The pulse pair is generated
in a Mach−Zehnder interferometer. BS: beamsplitter; TS: translation stage; P: power meter for active monitoring of the dark arm (dashed line).
The Fourier transform of the time-domain signal gives the linear vibrational action spectrum. (c) Frequency-domain experiments utilize a tunable
IR source to monitor the photofragment yield as a function of laser frequency.
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spectra can be obtained that are directly comparable with
theoretical predictions.
Here, we report a method for collecting frequency-resolved

linear vibrational action spectra of gaseous, messenger-tagged
molecular ions measured in the time domain using an ultrafast
IR pulse pair. The system chosen for this demonstration is N2-
tagged protonated diglycine, GlyGlyH+·N2, which has been
extensively studied using high-frequency-resolution cryogenic
ion vibrational spectroscopy (CIVS) by Johnson.38−41 We
focus on the amide I and II vibrations, a spectral region that
has proven highly fruitful in the condensed-phase 2D IR
community. GlyGlyH+, therefore, presents itself as an ideal test
system. We observe strong modulation of the messenger tag-
loss action signal as a function of the pulse pair delay time that
persists for >1.5 ps. Fourier transformation of the measured
time-domain tag-loss signal yields the linear vibrational
spectrum of the ion ensemble and matches that collected
using standard high-frequency-resolution IR sources. We
discuss the observed time-domain signal in terms of both
time- and frequency-domain interpretations. Further, we
demonstrate the measurement of weaker nonlinear signals
using cross-polarized pulses where the background two-pulse
linear response is eliminated. Importantly, the results lay the
foundation for the collection of ultrafast time-resolved and
multidimensional action spectra of tagged molecular ions and
we discuss the prospects of such experiments.

■ EXPERIMENTAL SECTION
Apparatus. A schematic of the experimental apparatus is

shown in Figure 1. The homebuilt photofragmentation mass
spectrometer is similar in design to those of Johnson42 and
Garand.43 Ions are generated via electrospray ionization by
applying 3−5 kV to a 34-gauge stainless steel capillary housed
in a Thermo LCQ ESI source, which is secured to an Al block
that houses a 0.030 in. ID, 1/16 in. OD, 3.9 in. long stainless
steel capillary inlet. Generated ions are transferred via the
capillary inlet to the first differentially pumped stage (2 Torr)
and skimmed by a 0.030 in. nose cone. The ions are guided in
the second differential stage (20 mTorr) by an RF-only
hexapole (2 MHz, 500 Vpp). A 0.060 in. aperture leads to the
third differentially pumped stage (<1 × 10−5 Torr) and a
second RF-only hexapole guide (2 MHz, 300 Vpp). A custom-
designed gate valve (Ardara Technologies) separates the
source region from the ion trap and detection regions. The
thin (0.1 in.) gate minimizes the separation (0.150 in.)
between the second and third hexapole (2 MHz, 300 Vpp)
guides allowing for efficient ion transfer. All hexapole guides
have rod diameters of 3/16 in. and an assembled inscribed
diameter of 0.372 in. The RF (model PSRF-128) and
electrospray (PS_ESI_CONT_139) power supplies were
purchased from Ardara Technologies. Following the third
hexapole guide, the ions are focused by einzel lenses into a 3D
quadrupole Paul trap (Jordan TOF) attached to the second
stage of a closed-cycle helium cryostat (Janis Research; SHI-
4−15-HV). Buffer gas is introduced into the trap through a
pulse valve (Parker Hannifin; Series 9 general valve) attached
to an Al heat shield that encloses the trap. The pulse valve is
thermally isolated from the Al heat shield, which is attached to
the Au-plated heat shield enclosing the 50 K first stage of the
cryostat, with a small length of Teflon tubing. A 1200 L/s
turbomolecular pump attached to the trap chamber allows for
sufficient evacuation of the pulsed buffer gas during experi-
ments. Background pressure in this region is 3 × 10−7 Torr and

increases to 1−3 × 10−6 Torr during experiments. The
pressure inside the trap is estimated to be a few mTorr.44 Ions
are extracted from the trap into a reflectron time-of-flight
(TOF) mass spectrometer and detected with a dual MCP
detector (Jordan TOF). Pressure in the TOF and detection
region is 2 × 10−7 Torr.

Methods. Ion Preparation. Electrosprayed ions were
generated from a 300 to 500 μM solution of diglycine in
methanol with approximately 10 ppm of formic acid.
Generated GlyGlyH+ ions were initially stored in the first
hexapole guide for approximately 95 ms by applying a repelling
voltage to the aperture. In the following cycle, the stored ions
were released 1 ms after the pulse valve fired to maximize
trapping efficiency. The short distance between the pulse valve
and trap yields an ∼35 ms burst of gas that enables sufficient
evacuation of background gas from the trap prior to laser
excitation and ion ejection. In the experiments described here,
the cryostat temperature was held at 28 K allowing for the
condensation of N2 tags onto the GlyGlyH+ parent ions. The
buffer gas was He (10 psi backing pressure) with the N2
coming from trace impurities (<1%). The trap float, RF
amplitude, and buffer gas pressure were optimized for the
production of a single N2 adduct. The estimated ion density is
∼106 cm−3. After 20 ms of trapping, a low voltage (∼4 Vpp) RF
pulse was applied (Stanford Research System; DS345) to the
trap entrance electrode and tuned to the secular frequency of
the untagged parent ion for approximately 5 ms. This RF pulse
sweeps the untagged parent ion out of the trap.45 After 95 ms
of storage in the trap, the trap RF is clamped off and the exit
electrode is pulsed to −400 V to extract the ions out of the
trap. Extraction optics are floated at −1500 V to accelerate the
ions into the TOF region. The estimated number of tagged
ions detected per cycle is estimated to be ∼104−105.

Time-Domain Experiments. The compressed output of a
Ti:sapphire oscillator/regenerative amplifier system (Coherent
Astrella, 800 nm, 1 kHz, 35 fs, 3.6 mJ/pulse) pumps a
commercial OPA (Light Conversion TOPAS Prime) generat-
ing tunable near-IR signal (1.2−1.7 μm) and idler (1.7−2.4
μm) pulses. The signal and idler outputs are difference-
frequency mixed in a type I AgGaS2 crystal (Eksma Optics;
AGS-802H) in a homebuilt source to generate tunable IR
pulses46 (3−7 μm, >10 μJ/pulse, >200 cm−1 full-width half-
maximum (FWHM)). A pulse pair is generated in a Mach−
Zehnder interferometer (MZI) consisting of two KBr
beamsplitters (Spectral Systems; 945-0506H). The dark arm
of the MZI is actively monitored with a power meter and used
to phase-correct the spectra. The delay between the two pulses
is controlled with a high-accuracy translation stage (AeroTech;
ANT95L).
The IR pulse pair was softly focused into the trap using a

−800 mm radius concave spherical mirror (400 mm focal
length; laser focal diameter <1 mm) through a KBr window
(International Crystal Laboratories; 0002D-262). The repeti-
tion rate of the ion trap/mass spectrometer was held at its
typical value of 10 Hz (100 ms). This meant that
approximately 80 ultrafast pulse pairs (1 kHz repetition rate,
1 ms) irradiated the ions during the ∼80 ms between the end
of the sweeping pulse and ion ejection from the trap.
Importantly, the 1 ms delay between successive ultrafast pulses
means that tagged ions cannot be excited by multiple pulse
pairs. Since tag loss occurs in the single-photon regime,38 if an
ion is excited by a pulse, the messenger tag will dissociate well
before the next pulse pair. Further, since the trap is mostly
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evacuated of the He buffer gas during the first 20 ms before
irradiation, recooling and retagging will not occur. Therefore,
this scheme can be viewed as the accumulation of a tag-loss
signal from 80 individual experiments during each mass
spectrometry cycle. The fluence is estimated to be ∼102 μJ/
cm2 per pulse (6 μJ/pulse) with a pulse width of 85 fs, as
measured through interferometric autocorrelation. The spot
size diameter of the pulse is about 1 mm, giving an excitation
volume of ∼10−3 cm3. Lowering the power of the ultrafast
pulses by half decreased the tag-loss photofragmentation by
half and resulted in similar time- and frequency-domain spectra
(Supporting Information Figure S1). These observations, along
with calculations presented in the Discussion section, suggest
that the ultrafast experiments were performed in the linear
regime.
Photofragmentation yield was monitored by recording the

intensities of the tag-loss daughter ion and tagged parent ion
(Picoscope; 5243D) as a function of the pulse pair delay time.
Data was collected in 5 fs steps from −500 fs to 5000 fs to
sufficiently sample the interferogram, resulting in a resolution
of about 7 cm−1. For each delay time, the signal was averaged
over 5−20 cycles of the mass spectrometer depending on
signal stability. For averaging over 10 mass spectrometer
cycles, a single scan took approximately 30 min to collect. A
total of 15 interferograms were collected during four separate
days. Each individual interferogram was phase-corrected with
the Mertz method47 using the output of the dark arm of the
MZI, which was recorded simultaneously with the photo-
fragmentation signal. The frequency-domain spectrum was
then inverse Fourier transformed back to the time domain,
removing any timing errors that would otherwise mix the
absorptive and dispersive parts of the spectrum. The phase-
corrected interferograms were apodized with a Hanning
window and zero-padded to twice the number of points.
Fourier transformation back to the frequency domain yielded a
purely absorptive linear spectrum. The individual frequency-
domain spectra were then averaged together. Transformed
spectra with alternative windowing functions are given in
Figure S2. Zero-padding by one or three times the number of
points yields identical spectra. Averaging the time-domain
interferograms together after phase correction and then
Fourier transforming yield essentially identical frequency-
domain spectra. Frequency-domain spectra obtained by
truncating the time-domain signal at different delay times are
identical except for the loss of spectral resolution (Figure S3),
indicating that the only accessible dynamics is overall
dephasing of the signal.
For the demonstration of a nonlinear signal, a zero-order

CdSe half-wave plate (Alphalas; PO-TWP-L2−25-FIR) was
placed in the fixed arm of the interferometer to rotate the
polarization 90°. Assuming that rotational dynamics are
negligible between pulses, the linear signal generated from
two cross-polarized fields will orientationally average to zero.
Since each individual pulse still contributes to the tag-loss
signal, the nonlinear signal was measured by subtracting signal
contributions from the individual pulses from the signal
obtained with both pulses present: SNL(τ) = S12(τ) − S1 − S2.
Measurements were performed at several delay times by
successively measuring the average of each signal contribution
over 500 mass spectrometry cycles at each delay. These
experiments were performed 8 times over two different days.
The average signals and error bars shown in Figure 4a come
from these eight averages.

Frequency-Domain Experiments. A Nd:YAG laser (Am-
plitude Continuum Surelite EX, 10 Hz, 7 ns, 670 mJ/pulse)
pumps an infrared optical parametric oscillator/amplifier
(OPO/OPA) system (LaserVision). The output of the
OPO/OPA spans 2000−4500 cm−1 with 2−40 mJ/pulse.
The lower-frequency region (600−2200 cm−1, 0.1−1 mJ/
pulse) used in the experiments reported here is achieved
through difference-frequency generation (DFG) of the OPA
signal and idler outputs in AgGaSe2 (Dien Tech). The
bandwidth of the IR output is about 5 cm−1 in the lower-
frequency region. The fluence is estimated to be ∼104 μJ/cm2

per pulse (1 mJ/pulse) with a pulse width of 7 ns. The
intensity of the tag-loss photofragment was recorded as a
function of laser frequency. The laser was scanned at 1.5 cm−1/
s between 1500 and 1900 cm−1. Each spectrum was divided by
the laser power spectrum to normalize for variation in laser
power over the tuning range. The reported spectrum is the
result of 16 averages, each binned by 1 cm−1. Each spectrum
took approximately 4 minutes to collect.

Computational. Structure optimization and harmonic
frequency calculations of GlyGlyH+ were performed with
Guassian0948 at the B3LYP/6-311++G(d,p) level of theory
and basis set. The N2 binding energy was computed to be
∼1000 cm−1. The H2 binding energy was previously
determined experimentally to be ∼500 cm−1.38

■ RESULTS
The interferogram of the ultrafast IR pulse pair, collected from
the dark arm of the Mach−Zehnder interferometer, is
displayed in Figure 2a. The IR source has sufficient bandwidth
(Figure 3b; center frequency 1700 cm−1 and FWHM 260
cm−1, as determined from a fit of the frequency-domain
spectrum to a Gaussian function) to simultaneously excite the
three dominant GlyGlyH+ vibrational transitions in this region:
the amide II mode at 1540 cm−1, the amide I mode at 1725
cm−1, and the C-terminus acid carbonyl stretch at 1785 cm−1.
The optimized structure, unscaled harmonic transitions, and
normal mode displacement vectors are displayed in Figure 3a.
We note that the original frequency-resolved studies of
Johnson are consistent with the minimum-energy structure
shown in Figure 3a being the only conformer present under
these experimental conditions.38

The N2 tag-loss action response as a function of the IR pulse
pair delay time for a single data collection run is given in
Figure 2b, while Figure 2c shows the average of all time-
domain scans after phase correcting and normalizing each
individual scan. The time-domain tag-loss signal displays high-
frequency modulations around 20 fs, consistent with the
oscillation periods of vibrational frequencies in this region.
Lower-frequency components occurring at the relative
frequencies between the vibrational transitions give rise to
the beat pattern, with three main beats centered near τ = 0,
500, and 1000 fs and a weaker beat near 1500 fs emerging in
the averaged signal.
A fit of the averaged interferogram in Figure 2c to a simple

model equation

∑τ ω τ= τ

=

−S A( ) cos( )e
n

n n
1

3

0
/T n

2
( )

(1)

is shown in Figure 2d, where ωn0 are the fundamental
vibrational frequencies of the three main transitions and T2

(n)

are the phenomenological dephasing time constants for each
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mode. The origin of eq 1 in the context of both time- and
frequency-domain representations is discussed in more detail
below. Equation 1 sufficiently captures the observed
interference signal, with fitted vibrational frequencies of
1542(1) cm−1 (A1 = 0.15(1)), 1724.3(3) cm−1 (A2 =
0.53(1)), and 1786.9(5) cm−1 (A3 = 0.33(1)). Dephasing
times around 800 fs are obtained for each of the three modes:
860 ± 90, 810 ± 30, and 800 ± 40 fs for the amide II, amide I,
and acid carbonyl modes, respectively. The complete set of
fitting parameters and residuals are given in Figure S4. The fit
to eq 1 demonstrates that the time-domain tag-loss signal can
be satisfactorily described by the superposition of three
components with frequencies matching those of the dominant
GlyGlyH+ vibrational transitions in the spectral range covered
by the laser bandwidth.
To demonstrate that the time-domain experiments are

monitoring the linear vibrational action spectrum, Figure 3
compares the frequency-domain spectrum obtained through
the Fourier transform of the time-domain tag-loss interfero-
grams to that measured using a high-frequency-resolution IR
source in the standard CIVS approach. The averaged
frequency-domain spectrum is shown in Figure 3a, while the
spectrum in Figure 3b is normalized for the laser power by
dividing the spectrum in 3a by the Gaussian fit of the laser
spectrum (green trace in Figure 3b). The spectrum collected
with the high-frequency-resolution IR source is shown in the

red trace in Figure 3c (normalized by the laser power at each
frequency) and is consistent with the spectrum collected by
Johnson.41 The laser-normalized trace from Figure 3b is
overlaid in Figure 3c for a better comparison of the two
methods. Importantly, the spectral frequencies and line widths
obtained using the two methods are identical. The overlay
shows that weaker spectral features are also captured in the
time-domain experiment, in particular, the transition between
the amide I and acid carbonyl modes at 1760 cm−1 (of
unknown origin) and the broad transition(s) near 1600 cm−1

originating from NH3
+ bending modes. The frequency-domain

spectrum obtained from the time-domain data also appears to
capture an asymmetry on the high-frequency side of the amide
II transition, consistent with the observed shoulder in the
frequency-domain experiment. Slight discrepancies in peak
heights are attributed to the normalization schemes.

Figure 2. Time-domain GlyGlyH+ N2-tag loss as a function of the
delay time between two replica ultrafast IR pulses. (a) Interferogram
of the IR pulses. (b) N2-tag-loss photofragmentation signal for a single
representative data scan. (c) Average of the phase-corrected time-
domain tag-loss interferograms showing interferences out to 1.5 ps.
(d) Fit of the interferogram in panel (c) to eq 1 in the main text that
models the signal as a superposition of three frequency components
corresponding to the three dominant vibrational transition
frequencies of GlyGlyH+ in the spectral range spanned by the laser
source.

Figure 3. Frequency-domain cryogenic ion vibrational spectra of
GlyGlyH+·N2. (a) Averaged spectrum processed from the Fourier
transformed time-domain signals collected with the ultrafast pulse
pair. (b) Pump-normalized spectrum taken by dividing the spectrum
in panel (a) by the laser spectrum (green). (c) Spectrum collected
using the high-frequency-resolution IR source (red). The spectrum
from (b) is overlaid in panel (c) for better comparison. The unscaled
harmonic vibrational frequencies (blue sticks) and normal mode
displacement vectors for the amide II (1540 cm−1), amide I (1725
cm−1), and acid carbonyl (1785 cm−1) modes are shown in panel (a).
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■ DISCUSSION
Interpretations of the Time-Domain Signal. Action-

detected interferometric measurements are most commonly
discussed in the context of the wave-function-based first-order
time-dependent perturbation theory.8,9,49 In the weak-field
limit, a single-photon process varies linearly with the excitation
field such that the contributions from each field in a two-pulse
sequence E(t) = E1(t) + E2(t − τ) can be treated separately
and summed. Taking the initial population to be completely in
the ground state, ϕ0, the time-dependent wave function
generated after interaction with the pulses can be expressed as

∑ ∑ψ ϕ ϕ= +t c t( ) ( )
n p

n
p

n0
( )

(2)

where p denotes the pulse number and n denotes the excited
eigenstates (in our specific case, these will correspond to the
three GlyGlyH+ vibrational modes discussed above). The
excited-state coefficients cn

(p) are given by

∫= −
ℏ

− ′ ′ω
∞

′c t
i
M E t t t( ) ( )e dn

p
n

i t( )
0

0
p

n0
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where Mn0 is the transition dipole moment. The observed
action signal will be proportional to the total excited-state
population after interaction with the two-pulse sequence b(τ)

∑
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τ τ
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0
2

0
2
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The linear action response, therefore, manifests as an
interferogram with a constant offset (resulting from interaction
with pulse 1 or 2 only) and oscillatory components occurring
at each transition frequency ωn0 (the v = 0−1 transition
frequency of normal mode vibration n) arising from
contributions due to both pulses. The modulation amplitude
from each transition depends on the transition dipole moment
squared, |Mn0|

2, and spectral amplitude of the pulses at each
transition frequency, |E(ωn0)|

2.
The expression can be interpreted as follows: the first pulse

generates a coherent superposition state between v = 0 and 1
for each excited vibrational mode, which then evolve under the
system Hamiltonian during the time delay τ between the two
pulses. The excited coherences can undergo dephasing from
both homogeneous and inhomogeneous dynamics that occur
during the time delay between the pulses. Dephasing during
the “coherence time” between pulses is typically accounted for
using a phenomenological exponential decay term like the one
introduced in eq 1.1 The second pulse can also excite the
system, generating a set of coherences that interfere with the
first. Interference between the two possible, indistinguishable
excitation pathways modulates the populations in v = 1 as a
function of the delay time τ. The sum of the oscillatory terms
from each excited transition will yield a beating pattern in the
time domain described by the interferogram in eq 1.
In density matrix-based linear response formalism used to

describe condensed-phase experiments,1,50 a single laser pulse
induces a macroscopic polarization in the sample that radiates
a signal field. The signal field is the convolution of the
excitation field, with the field emitted by the excited
coherences as described by the linear response function:
R(1)(t) ∝ |Mn0|

2 eiωn0t e−t/T2. The convolution (interference)

between these fields, either in the time domain using a pulse
pair51 or in the frequency domain using a spectrometer,1 allows
for the extraction of the molecular information contained in
the linear response function: the linear absorption spectrum of
the system. In the action-based experiments performed here,
the observed interference signal described by eqs 1 and 4 can
be viewed as an indirect measurement of the linear response
function.
It is important to emphasize that the above expressions and

interpretations do not depend on the time duration or shape of
the initial pulse and only require that the two pulses are
coherent with respect to each other.49,52 That is, a linear
spectrum is independent of the phase relationships between
the different frequency components contained in the light
pulse. Ultrafast pulses do not provide any additional
information compared to nonphase-locked pulses or fre-
quency-domain approaches in linear spectroscopy. Indeed,
coherent oscillatory signals can be observed when using
spectrally incoherent light51,53 since time resolution depends
on the temporal coherence length (given by the autocorrela-
tion function ⟨E(t)E(t − τ)⟩) and not the temporal envelope
of the pulse. Coherent oscillatory signals have also been
measured in experiments using frequency-comb sources.52,54

For time-domain linear spectroscopy, the main benefit of
ultrafast pulses is the simplified mathematical treatment and
interpretation when in the impulsive limit; the measured
signals are directly proportional to the linear response function,
which contains the desired molecular information, and not the
convolution with the excitation field.
There is a complementary frequency-domain picture when

considering the total field E(t). The power spectrum of a
replica pulse pair E(t) = E1(t) + E2(t − τ) is a cosine-
modulated amplitude spectrum in the frequency domain

ω ω ωτ| | = | | +E E( ) 2 ( ) (1 cos( ))2
1

2
(5)

Note that eq 5 yields the same result as eq 4. Therefore, one
can consider the experiment in terms of light interference
(spectral amplitude modulation) in the frequency domain. For
the experiments performed here, when the near-transform-
limited pulses are overlapped well within the temporal
coherence length, the observed signal is best described in
terms of the frequency modulations described by eq 5. When
the pulses are well separated temporally, however, we believe
the coherence interference picture is a more accurate
description of the experiment. Although eq 5 predicts light
interference beyond the temporal coherence length, this
interference resides solely in the frequency domain. Interfer-
ence in this regime is observable when using, for example, a
spectrometer to separate out the frequency components
contained in the pulse, thus increasing the coherence lengths
of each frequency component and allowing interference to
occur in space.49,55,56

Outlook for 2D IR Spectroscopy of Trapped Molec-
ular Ions. Given the weak linear action signals per pulse
observed using the ultrafast IR source, we must assess the
prospects of measuring even weaker nonlinear signals. For a
single arm of the IR pulse pair, about 35% photofragmentation
yield is observed after excitation of the trapped ions with ∼80
pulses. This is a photofragmentation yield per pulse of about
0.4% (Figure 2b), assuming that the total number of ions
excited within the ensemble is small enough to be considered
approximately the same per pulse. Assuming photofragmenta-
tion results from successful absorption of a single photon, this
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indicates that the probability of excitation, equal to the total
excited-state population, is about 0.4%. As detailed in the
Supporting Information, using the calculated transition dipole
moments and measured intensity of the pulse, the predicted
excitation probability for each of the three dominant GlyGlyH+

transitions in the region studied is about 0.1%. This gives a
total probability of excitation of about 0.3% per pulse, in close
agreement with the observed photofragmentation yield.
Nonlinear pump−probe and 2D signals for fundamental

transitions will scale as |M10|
4. Based on the single-pulse

excitation probabilities, signal pathways expected from non-
linear response theory, and orientational factors, we anticipate
a nonlinear pump−probe photofragmentation signal deriving
from the fundamental transitions (excluding cross peaks) on
the order of 10−3% per pulse. For the full 80 pulse cycle on the
experiment, this corresponds to a predicted total measured
signal of about 0.1%. This total signal level is below the
detection limit of ∼2% and the shot-to-shot fluctuations in the
background linear signal of ∼10%.
To see if the nonlinear signal were present and detectable

under the current conditions, we monitored photofragmenta-
tion using a cross-polarized pulse pair. This arrangement
eliminates the background linear response that arises from the
interaction of both pulses together through the orientational
averaging of the excited dipoles, assuming rotational motion is
negligible over the time scale between pulses (computed
rotational A constant of 5 GHz, corresponding to a rotational
period of about 200 ps). Linear signal deriving from
interactions with each pulse individually, however, still
remains. To isolate the nonlinear response, we subtracted
the photofragmentation signal resulting from each individual
pulse from the photofragmentation measured with both pulses
present. The total nonlinear photofragmentation signal
measured at several waiting times between pump and probe
pulses is shown in Figure 4a. Encouragingly, we obtained a
measurable nonlinear signal with values (∼0.05−0.1% per
pulse) larger than anticipated and overall negative.
The possible pathways that contribute to a nonlinear

pump−probe signal due to single interactions with pump
and probe, excluding cross peaks, are depicted in the energy
level diagrams in Figure 4b. Signals that occur at the
fundamental frequencies ω10 derive from ground-state
bleaching (GSB) and stimulated emission (SE) pathways.
These signals are negative since the presence of the pump
reduces the total excited-state population induced by the
probe. There is also an excited-state absorption (ESA)
contribution at frequency ω21 due to excitation between the
v = 1 and v = 2 levels. The ESA yields a positive signal since
this excitation pathway is not present in the absence of the
pump. Since M21 = √2M10 for a harmonic oscillator, the total
nonlinear signal should ideally be zero, at least at the earliest
waiting times. This is also true in condensed-phase pump−
probe or 2D IR experiments. The observed negative signal
could result from the fact that ESA transitions decay faster than
bleach signals since the population in v = 1 will relax through
background bath states and not directly back to the ground
state. Therefore, as waiting time increases, the contribution
from negative bleach signals will increase relative to the
positive ESA responses. The observed signal is in line with this
expectation when considering the anticipated vibrational
lifetimes of <1 ps based on the line widths and dephasing
times for the transitions interrogated.

Alternatively, action-based nonlinear experiments have been
described using density matrix nonlinear response formalism,
even in dilute gas-phase systems, where the pump and probe
pulses each formally provide two simultaneous interactions
with the system.10,13,57,58 The fourth and final interaction
places the system into an excited population state, which is
read out by the action response. Unlike condensed-phase
nonlinear experiments that have three formal field interactions,
the action-based four-field scheme results in an additional ESA
contribution at ω21 corresponding to bleaching of the v = 1
level.57,59 For a harmonic oscillator, these two ESA pathways
will cancel leaving only GSB and SE pathways to contribute to
the nonlinear signal. This perspective could also be used to
explain the presence of a negative nonlinear signal even at the
earliest waiting times. Feynman diagrams for the four possible
rephasing pathways under nonlinear response formalism are
shown in Figure 4c.
We have not taken into account possible cross peaks that are

undoubtedly present among the three strongly coupled

Figure 4. (a) Total nonlinear photofragmentation signal measured
using cross-polarized pump and probe pulses. The nonlinear signal
was measured by subtracting the photofragmentation observed from
each individual pulse from that when both pulses were present. The
signal was not frequency-resolved. (b) Energy level diagram for a
single oscillator indicating possible nonlinear signal pathways for
single interactions with pump (red) and probe (blue) pulses. (c)
Rephasing Feynman diagram pathways expected from nonlinear
response formalism due to two simultaneous interactions each with
the pump and probe pulses. Negative nonlinear signals result from
ground-state bleaching (GSB), stimulated emission (SE), and one
excited-state absorption (ESA) pathway. Positive nonlinear signals
derive from an additional ESA pathway. Each signal contribution will
have an additional nonrephasing pathway.
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GlyGlyH+ modes excited by the pump nor the weaker
transitions near 1600 and 1760 cm−1 observed in the linear
spectrum. These additional contributions could account for the
larger than expected overall magnitude of the nonlinear signal,
particularly if ESA pathways do indeed cancel. Further, the
general increase in the nonlinear bleaching signal between 150
fs (earliest time that ensures no pulse overlap) and 1 ps could
arise from growing cross-peak contributions. Interestingly, we
observe a persistent bleach signal at 100 and 200 ps. This
suggests that either tag loss has not yet occurred on these time
scales or that tag loss induced by the first pulse is sufficiently
large to eliminate a measurable portion of tagged ions seen by
the probe at these long delay times. The former is an
interesting prospect as tag loss occurring on relatively long
time scales would not hinder the measurement of the desired
system dynamics.
Frequency-resolving the nonlinear signal into a pump−

probe or 2D spectrum is likely not possible at the current
signal-to-noise levels. The fluence of the ultrafast pulses is quite
low in the current design due to soft focusing of the beams into
the ion trap. A tighter focus would help enhance the nonlinear
signal. The signal can also be increased by increasing the
number of trapped ions. Although ion density is quite limited
in a 3D Paul trap, a linear trap can be employed with excitation
along the longitudinal axis of the trap. The messenger-tagging
method also presents many complications: tag-loss background
signal from each pulse, tag-loss dynamics, and much weaker
signal compared to the untagged species. These issues could be
addressed by monitoring, for example, the photofragmentation
of untagged ions using a fifth pulse (multiphoton UV−vis or
800 nm) as the action response in a similar scheme to
Stienkemeier, which was also shown to enhance the positive
ESA pathway.12 Moving forward, we believe that the best
approach will be to use a pulse shaper to generate a set of four
collinear pulses whose phases can be modulated to generate a
series of sequences that can be used to isolate the desired
nonlinear response from the background linear signals.10−13

Stienkemeier has also demonstrated that the Fourier transform
of time-domain interferograms collected using phase modu-
lation and rotating frame sampling yield frequency-domain
spectra with much improved signal to noise.60

■ CONCLUSIONS

We have demonstrated an important and necessary prereq-
uisite step toward the implementation of time-resolved
multidimensional vibrational spectroscopy of gaseous molec-
ular ions by showing that excited-state vibrational populations
modulated by an ultrafast IR pulse pair are mapped onto
messenger tag photodissociation and can be used to extract the
linear frequency-domain spectrum. Critically, we have also
shown that nonlinear pump−probe signals are measurable
under the current experimental conditions. The next crucial
step is to introduce a probe pulse pair57 in the pump−probe
scheme used to collect the nonlinear data presented in Figure
4a to frequency-resolve the bleach and (possibly) ESA
transitions and to monitor their time evolution with a
pump−probe delay time. The collection of a 2D spectrum
will require an additional pump pulse pair. In an overly
simplified perspective, a 2D spectrum can be obtained through
a 2D Fourier transform of the action signal response as a
function of two delay times: that between a pump pulse pair
and that between a probe pulse pair.

A challenging question that remains is to what extent tag loss
contributes to the decay of the observed time-domain signal.
The mechanism of tag loss is usually described in the context
of intramolecular vibrational redistribution (IVR) where the
vibrational relaxation of the excited oscillators to low-frequency
modes, particularly ion-tag soft modes, via anharmonic
coupling leads to photodissociation.61,62 The tag-loss dynam-
ics, therefore, are intimately related to the population
relaxation component (T1) of the dephasing time. In an
ideal scenario, the decay would be purely from dephasing and
tag loss would occur on much longer time scales (tens of
picoseconds or longer) such that the measured dynamics are
not influenced or limited by the tag-loss process. The initial
nonlinear data presented in Figure 4a is promising in this
regard. We hope the future demonstration of time-resolved
and multidimensional spectra of well-defined, isolated ionic
systems with diverse chemical complexity will foster fruitful
collaborations between the gas-phase and condensed-phase
communities.
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