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ABSTRACT: The structural and dynamical characteristics of isolated molecules are essential,
yet obtaining this information is difficult. We demonstrate laser-desorption jet-cooling/
ionization-loss stimulated Raman spectroscopy to obtain Raman spectral signatures of
nonvolatile molecules in the gas phase. The vibrational features of a test substance, the most
abundant conformer of tryptamine, are compared and found to match those resulting from the
scaled harmonic Raman spectrum obtained by density functional theory calculations. The
vibrational signatures serve to identify the most prominent gauche conformer and evaluate its
predicted electronic structure. These findings, together with noncovalent interaction (NCI)
analysis, provide new insights into electron densities and reduced density gradients, assessing
the hydrogen bonds (N−H···π and C−H···H−C) and interplay between attractive and
repulsive NCIs affecting the structure. This approach accesses vibrational signatures of isolated
nonvolatile molecules by tabletop lasers at uniform resolution and in a broad frequency range,
promising great benefit to future studies.

The development of a variety of spectroscopic techniques,
combined with quantum molecular calculations, has

made significant contributions to the study of structural and
dynamical properties of biomolecules.1−10 These methods
include ion- and fluorescence-dip spectroscopies, with tunable
microwave (MW),11 infrared (IR),12,13 visible (VIS),14,15 and
ultraviolet (UV)16 sources. In most cases, pump sources
resonantly deplete the population of specific rovibrational
states of ground-state molecules, subsequently probed by an
additional laser beam, via action spectroscopy, involving laser-
induced fluorescence17 and resonance-enhanced multi- or two-
photon ionization (REMPI or R2PI).18,19 This population
depletion leads to reduced fluorescence or ion signals for
excitations induced by the pump and probed from a shared
level. The mass spectrometric (MS) detection of ion signals
has the advantage of mass selectivity and is crucial for cluster
studies. Moreover, the coupling with jet-cooling (JC) provides
sufficient resolution for the separation of vibronic transitions of
selected tautomeric, conformational, and structural isomers.
These double-resonant or hole-burning (HB) techniques

probe vibronic or vibrational transitions of specific isomers,
like conformers, tautomers, or cluster structures. Implementa-
tions include UV−UV HB,20 infrared-ion-dip spectroscopy
(IR-IDS),1−10 and ionization-loss stimulated Raman spectros-
copy (ILSRS).15,21,24,25 In IR-IDS, it is possible to obtain IR
signatures by scanning the IR “burn” wavelength while
monitoring the R2PI ion signal from a “probe” UV laser,
tuned to the transition of a specific isomer. Since IR lasers are

relatively limited in their wavelength range, most studies refer
to the region covering the hydride stretch frequencies, while
the assessment of far IR vibrational modes in 200−1800 cm−1

range so far has been achieved only at a free-electron laser
(FEL) facility1 with lower resolution. Nowadays, there exists a
limited possibility to overcome the challenge of monitoring
vibrational signatures in the extended spectral range while
using different sources, i.e., the far vibrational modes and the
hydride stretch regions by FEL and an optical parametric
oscillator, respectively.26 Although this approach expands the
excitation frequency ranges, it suffers from main drawbacks,
i.e., FEL availability and limited spectral resolution.
Similar to IR-IDS, in ILSRS,15,21−25 the UV laser is tuned to

the transition of a specific isomer, but two different VIS beams,
i.e., a fixed frequency pump (ωp) and a tunable Stokes-shifted
frequency (ωS) are used, where ωp − ωS can match Raman
transitions of the probed species. Under these conditions,
depletion of a certain percent of the ground vibrational-state
population occurs, leading to a loss in the ionization signal and,
consequently, to isomer-specific Raman signatures. In this
approach, one uses VIS laser beams for promoting vibrationless
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ground-state isomers to fundamental, overtone, or combina-
tion vibrations, where the last two are considerably less intense
and scarcely seen. Indeed, in our first attempt,15 SRS was
induced, leading to features in the extended range of 900−
3500 cm−1 and later21−24 even in the 400−3650 cm−1 range by
using copropagating and counterpropagating VIS beams,
respectively. The resulting ILSRS vibrational signatures in
the extended spectral range highlight the importance of
vibrations corresponding to collective motions and bends,
positioned at low frequencies, rather than only hydride
stretches for revealing skeletal structures and the intra-
molecular forces affecting their shape. In principle, ILSRS
can cover the entire spectral region of the fundamental
vibrations with a uniform resolution with the use of the proper
tabletop lasers.
Up to now, a limitation of ILSRS of isolated molecules has

been the demand for probing relatively volatile species.
However, most biomolecules of interest are nonvolatile and
might decompose upon heating, requiring specific vaporization
techniques. One of the approaches for producing JC molecules
and their clusters is laser desorption (LD)27 combined with
supersonic expansion.28−30 The LDJC technique involves the
use of a pulsed laser to induce fast heating and to desorb
molecules from a surface before they decompose. This
approach has allowed the study of numerous flexible biological
building blocks, consisting of backbones and side chains and
existing as various conformers and isomers.1−8,10 Although the
energy barrier between conformers or isomers is relatively low,
LDJC allows isolating specific species.
The present study aims to demonstrate the feasibility of

coupling a new compact and stable vaporization source for
generating intact neutral molecules31 with ILSRS. Tryptamine
(TRA), which contains a rigid indole moiety attached to a
flexible ethylamino side chain, serves as an example of the
conformer-specific spectroscopy made possible by this
approach. Although this molecule has previously been
vaporized by thermally heating the solid compound and
studied by different spectroscopic methods,32−43 to identify its
conformers, its structure and particularly the intramolecular
noncovalent interactions (NCIs) are not fully understood,
highlighting the necessity for obtaining this information. Here,
a proof-of-concept study, in which a laser beam is delivered
toward a pressed TRA/graphite mixture for LD into the gas
phase and coupled with ILSRS, shows that the LD/ILSRS

combination for obtaining vibrational signatures is viable. In
addition, comparison of the scaled harmonic spectrum of the
dominant conformer, obtained by density functional theory
(DFT) calculations, with the conformer-specific ILSR
spectrum identified the most stable conformer of TRA and
evaluated its predicted electronic structure. These findings
provide insight into structural adjustments by NCI analysis44,45

and help identify the interplay of attractive and repulsive
interactions in this conformer.
We perform the experiments on a previously described

system.24,31 The schematic of Figure 1(a), LDJC coupled with
ILSRS, Figure 1(b), shows the laser pulse sequence used to
obtain the Raman signatures of the dominant conformer of
TRA.
The spectrum of LDJC TRA, monitored by one-color R2PI

in the 34 810−34 935 cm−1 range,31 is essentially similar to
that of heated JC TRA,32,33,35,40,42 exhibiting unique bands,
related to its different conformers. Considering that TRA
consists of an indole moiety and a flexible ethylamino side
chain with torsional degrees of freedom, about the C−N and
two C−C single bonds, it is possible to obtain structures that
mainly differ in the amino group position. In particular, the
predominant conformer is the gauche conformer, denoted as
Gpy(out),35 shown in Figure 2, where the amino hydrogen
points toward the pyrrole π cloud, and the position of the
nitrogen lone pair is away from the indole π cloud.
By tuning and parking the exciting UV laser beam on the

most intense feature, positioned at 34 919 cm−131 and spatially
overlapping it with the ωp and ωS beams, we measure the ILSR
spectrum of the most stable conformer, obtained by LDJC of
TRA while gating the molecular ion in the mass spectrometer
(MS). We selected to monitor the ILSR spectrum of the
Gpy(out) conformer in the low- (1300−1600 cm−1) and high-
frequency (3000−3450 cm−1) ranges, shown in the upper trace
of Figure 2. This spectrum displays an almost constant ion
background level due to the R2PI signal of TRA, but at specific
wavenumbers, sharp features of different intensities aiming
downward emerge. Relying on the scheme of Figure 1(b),
these features in the spectrum reflect the population depletion
of the vibrationless ground state of the corresponding TRA
conformer. Especially, for frequency differences (ωp − ωS)
matching resonant transitions to specific molecular vibrational
modes, the ion signal drops, producing the ILSR spectrum, via
scanning of ωS. These features correspond to Q-branch

Figure 1. Schematic drawing of the (a) experimental system including the lasers with second-harmonic generators (SHGs) and the time-of-flight
mass spectrometer (TOFMS) with repeller (R), extractor (E), and ground (G) electrodes; (b) the energy diagram presenting the ionization-loss
stimulated Raman scattering processes.
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rotational band contours for transitions to different vibrational
modes, which occur by conservation of rotational states.
The calculated spectrum of the GPy(out) conformer of TRA

is obtained by quantum chemical calculations at the B3LYP/6-
311++G(d,p) level of theory and is based on the optimized
geometry of the structure shown in the central part of Figure 2.
This spectrum, constructed from intensities deduced from
Raman activities,42 convolved with Lorentzian lines of full
width at half-maximum (fwhm) of 0.5 cm−1 and from scaled
harmonic vibrational frequencies, is shown at the bottom of
Figure 2. The calculated Raman spectrum of the TRA
GPy(out) conformer agrees well with the measured ILSR
spectrum, although not quantitatively.
By comparing the observed features to the calculated ones, it

is possible to attribute them to different normal mode
vibrations, where those corresponding to the dominant
features in the ILRS spectrum of Figure 2 are portrayed in
Figure 3. For instance, starting from the highest-frequency
mode, the respective antisymmetric and symmetric N−H
stretches of the ethylamino group and the symmetric C−H
stretch mode of the benzene ring are shown in Figure 3(a−c).
In the low-frequency range, modes corresponding to collective
motions, mostly characterized by different high-amplitude
movements of the atoms in the indole ring and some minor
ones in the amino chain, are shown in Figure 3(d−f).
A unique feature, considerably broader than others, in the

low-frequency range (1337 cm−1) [marked with an asterisk
(*)] appears in the ILSR measured spectrum, Figure 2. This
feature is observed even upon blocking of the ωp beam,
implying that it stems from a two-color VIS−VIS−UV−HB
process, induced by ωS.

41,42 In this process, excitation with two
VIS photons (17 460 cm−1) burns a hole in the ion signal by
resonantly depleting the TRA ground state.
The agreement between the calculated Raman and measured

ILSR spectra confirms the identification of the TRA Gpy(out)
conformer and its electronic structure. It is instructive to find
out which interactions determine this structure. To extract and
classify the intramolecular interactions that lead to the unique

structure, we applied an NCI analysis.44,45,47,48 This analysis
utilizes a reduced density gradient, s(r), given by

ρ π ρ∇= | |s r r r( ) ( ) /2(3 ) ( )2 1/3 4/3 (1)

where ρ(r) represents the electron density and |∇ρ(r)|
represents its gradient, and the second eigenvalue of the
electron-density Hessian (second derivative) matrix is
represented by λ2. Regions with low s(r) correspond to
NCIs,47 and those with a negative or positive sign of λ2 are
related to regions of locally increased or depleted electron
density, referring to attractive or repulsive NCIs, respectively.
Visualization plots of s(r) vs. ρ(r)*, corresponding to the
product of the sign of λ2 and the density [= sign(λ2)ρ(r)],
should exhibit an exponential behavior in the absence of NCIs
and an appearance of troughs in s(r) in their presence.
Furthermore, by plotting low-valued isosurfaces, it should be
possible to visually examine the low-s(r) regions and obtain
information on the atoms involved in the NCIs.
Performing this NCI analysis, we identified and classified

regions with low s(r) values in the TRA Gpy(out) conformer,
presented in Table 1 and Figure 4. By choosing a red, green,
and blue (RGB) color scheme, we obtain the isosurfaces in
Figure 4(a) and the visualization plot of s(r) vs. ρ(r)* in
Figure 4(b). The observed color variations in the isosurfaces,
visualization plot, and the bottom arrows classify the
interactions, whereas attractive (stabilizing) interactions appear
in blue, repulsive (destabilizing) interactions appear in red, and
delocalized weak interactions appear in green. As the darkness
of the blue and red colors increases, the local densities of
electrons are more affected, implying correspondingly stronger
interactions.
Examination of the isosurfaces with s(r) = 0.6 a.u., Figure

4(a), and of the visualization plot, Figure 4(b), suggests the
presence of the interactions listed in Table 1. In particular, the
N1−H14···π [ρ(r)* = −0.0083 a.u.], C11−H24···H17−C3
[ρ(r)* = −0.0037 a.u.], and C2−H15···H24−C11 [ρ(r)* =
−0.0035 a.u.] interactions, denoted as Ai−Aiii, correspond to
regions with λ2 < 0, showing the occurrence of weak attractive

Figure 2. (a) The top trace displays the measured ionization-loss
stimulated Raman (ILSR) spectrum of laser-desorbed jet-cooled
tryptamine (TRA), probed at 34 919 cm−1, and the bottom trace is
the computed spectrum, based on the derived Raman intensities
convolved with Lorentzian lines (full width at half-maximum of 0.5
cm−1) vs. the scaled harmonic vibrational frequencies at the B3LYP/
6-311++G(d,p) level of theory for the optimized geometry of the TRA
GPy(out) conformer, shown in the central part.

Figure 3. Geometry of the Gpy(out) conformer of tryptamine,
following optimization at the B3LYP/6-311++G(d,p) level of theory,
together with the displacement vectors, generated with GaussView.46

The dominant features in the ILSR spectrum of Figure 2 correspond
to various normal mode vibrations [(a−f)], where the measured and
scaled harmonic (in parentheses) frequencies at the same level of
theory are given at the bottom of each panel.
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interactions. Specifically, the Ai interaction corresponds to the
blue isosurface in Figure 4, between the amino hydrogen and
the π system of the pyrrole ring, and Aii and Aiii C−H···H−C
interactions correspond to the green isosurfaces, between two
different hydrogens of the ethyl group and the hydrogen
pointing toward them on the benzene ring and Aii.
The finding that the weak NH···π interaction contributes to

the stabilization of the TRA Gpy(out) conformer is in line with
previous propositions;35,42 however, it appears here that the Ai
and Aiii C−H···H−C interactions related to hydrogen−
hydrogen bonding49,50 also play a role. In these interactions,
hydrogen atoms bonded to different carbon atoms tolerate
identical or similar electron charges while coming into close
contact and slightly stabilizing the molecule. This behavior
implies that the topology of the carbon skeleton in the
ethylamino chain affects these interactions. Furthermore,
despite the weakness of the C−H···H−C and N−H···π
interactions, it seems that their buildup between the ethyl-
amino chain and different portions of the indole results in TRA
Gpy(out) conformer stabilization.
It is interesting to compare the attractive interactions

observed here to those arising in the most stable gauche
conformer of 2-(4-fluorophenyl)-ethylamine.24 We found in
the latter, by NCI analysis, that in addition to the N−H···π
interaction, which is somewhat more intense than in the TRA
Gpy(out) conformer, the C−H···N (the C−H of the phenyl
with the amino N) also fulfills a role but no C−H···H−C
interactions. The appearance of C−H···H−C interactions in
the TRA conformer is probably due to the larger indole
moiety, where the C−H bonds of the chain can come closer to
the benzene C−H.
In addition, besides bonding (negative ρ(r)*) interactions,

nonbonding (positive) interactions occur due to local
depletion of the electron density (λ2 > 0). These interactions
correspond to ring-critical points positioned in the center of
the pyrrole, RCi, and benzene, RCii, rings. Also, some
additional repulsive interactions, RCiii and RCv, occur due to
five- up to seven-membered ring formations, respectively,
incorporating the ethylamino chain atoms. The RCiii
interaction represents the ring formed by the C4−C3−C2−
N1−H14 atoms, where the last two are involved in the N−
H···π interaction, Ai. These interactions are evident from the
blue isosurface, shown in Figure 4(a), which changes color to a
mixed color scheme that varies sign, leading to two

differentiated parts. The blue part illustrates the directional
N−H···π interaction, and the red part indicates the strain in
the five-membered ring, resulting from a multicentric density
close to the ethylamino chain. In addition, the RCiv and RCv
intramolecular ring closures, including atoms of the ethylamino
tail and relatively close lying phenyl atoms, also increase
somewhat the electron density and induce strain in the region
of the Aii and Aiii isosurfaces, turning them slightly yellow.
Consequently, the attractive NCIs play a pivotal role in
affecting the TRA Gpy(out) conformer structure, but the
repulsive ones are important too, enabling the balancing of
both types and dictating the conformer structure.
To summarize, we performed here the first experiment that

integrates LDJC and ILSRS, allowing extension of the available
frequency range for studying the vibrational signatures of

Table 1. Noncovalent Interactions in the Tryptamine
Gpy(out) Conformer, Determined by the Noncovalent
Interaction (NCI) Analysisa

noncovalent interaction ρ(r)* (a.u.) s(r) (a.u.)

Ai N1−H14···π −0.0083 0.2018
Aii C11−H24···H17−C3 −0.0037 0.4259
Aiii C2−H15···H24−C11 −0.0035 0.1512
RCi C4−C5−N6−C7−C12 0.0493 0.0257
RCii C7−C8−C9−C10−C11−C12 0.0212 0.0828
RCiii C4−C3−C2−N1−H14 0.0084 0.2024
RCiv H17−C3−C4−C12−C11−H24 0.0041 0.4058
RCv H15−C2−C3−C4−C12−C11−H24 0.0035 0.1612

aThe assignments are based on the topological parameters, including
electron densities, ρ(r), and their product with the sign of the λ2
eigenvalues of the Hessian matrices, ρ(r)* = sign(λ2)ρ(r), for the
minima of the reduced density gradient, s(r). The notation of the
atoms involved in the interactions is shown in Figure 4(a).

Figure 4. Gpy(out) conformer of tryptamine: (a) isosurfaces of the
noncovalent interactions at a reduced density gradient s(r) = 0.6
(a.u.) with electron density ρ(r) < 0.01 (a.u.) cutoff and (b)
visualization plot of s(r) against the electron densities and the λ2
eigenvalues of the Hessian matrices [ρ(r)* (= sign(λ2)ρ(r)) in a.u.]
(bottom), as obtained from the analysis of the optimized structure at
the B3LYP/6-311++G(d,p) level of theory. The color schemes in (a)
and (b) and in the bottom arrows are similar, indicating the type of
interactions. In the inset of (b), the expanded visualization plot of the
troughs in s(r) appears, showing that Aii and RCiv adjoin Aiii and RCv,
respectively. The ring closures outlined in Table 1 are denoted by RC.
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nonvolatile samples. Our focus was on the ILSR vibrational
spectrum of the most stable gas-phase TRA conformer, in the
high- and low-frequency regions, following its preparation by
LDJC. The ILSR spectrum of the TRA Gpy(out) conformer
was analyzed with DFT calculations of the characteristic
Raman spectrum, identifying the conformational structure. The
features appearing in the spectrum were found to match
various normal mode vibrations, assessing the electronic
structure of the TRA Gpy(out) conformer. The structure of
this conformer is characterized by an ethylamino side chain,
folded in a gauche configuration, where the amino hydrogen
points toward the pyrrole π cloud, and the nitrogen lone pair is
oriented away from the indole π cloud. The deduced electronic
structure offered the possibility to obtain insight into its
structure by NCI analysis, allowing evaluation of the
contributing interactions.
By considering the reduced gradient isosurfaces and the

visualization plot that provided troughs in the reduced density
gradient, obtained by NCI, it was possible to determine the
attractive and repulsive interactions. These interactions were
classified by considering the λ2 eigenvalue, which varies its sign
depending on attractive (negative) and repulsive (positive)
interactions. We found that the structure of this conformer
involves attractive weak C−H···H−C interactions and the N−
H···π hydrogen bond as well as repulsive interactions that form
five- to seven-membered rings that encompass the atoms of the
ethylamino chain. While the N−H···π hydrogen bond was
previously suggested to stabilize the structure,35,42 it appears,
based on the NCI analysis, that other C−H···H−C interactions
also play a role. Hence, the compromise between the attractive
and repulsive interactions is key in exerting the stabilization of
the TRA conformer. This unique combination of LDJC and
ILSRS, together with quantum calculations, provides access to
vibrational signatures of isolated nonvolatile molecules by
tabletop laser sources at uniform resolution and in a broad
frequency range, expanding the ability to study complex
molecules in the gas phase. We believe that this approach
opens an additional window toward studying nonvolatile
complex molecules and obtaining an in-depth understanding of
the various interactions in these systems.

■ METHODS
TRA is mixed with graphite powder at a 4:1 ratio and pressed
into a channel of a translating graphite bar. This mixture is
desorbed using a neodymium:yttrium aluminum garnet
(Nd:YAG) laser beam (1064 nm, ∼8 ns pulsewidth, 10 Hz
repetition rate), delivered via several optical components into
an optical fiber with numerical apertures of 0.22.31 The end of
the optical fiber positioned inside the vacuum chamber is
cleaved and positioned in a stainless steel cylinder, just in front
of the valve orifice and at ∼1 mm distance. The laser fluence
and the spot size of the desorption beam are controlled by
inserting, just before coupling into the optical fiber, two linear
polarizers with a half-wave plate and by altering the optical
fiber height above the sample, respectively. Laser fluences of
0.4−1 J/cm2 and spots of ∼1 mm diameter (dia.) are used for
LD. The sample movement under the laser beam is at a speed
of 0.01 mm/s, and the desorbed material is entrained in a
supersonic expansion of argon gas (10 bar backing pressure),
delivered by a pulsed valve with a 0.79 mm dia., cone-shaped
orifice, polyether ether ketone (PEEK) poppet, and a ∼120 μs
pulse width for JC. The molecular beam then passes through a
2 mm diameter skimmer, with the apex positioned ∼68 mm

downstream of the valve. The R2PI and ILSRS signals,
resulting from probing the cold, gaseous molecules, are
detected in a home-built time-of-flight mass spectrometer
(TOFMS).
One-color R2PI measurements are performed following the

skimming of the molecular beam and its entrance into the
interaction region, midway between the repeller (R) and
extractor (E) electrodes. By using a tunable UV beam [blue
beam in Figure 1(a)], obtained from a frequency-doubled
pulsed dye laser pumped by a frequency-doubled Nd:YAG
laser (5 ns pulses, 10 Hz repetition rate, ∼10 μJ per pulse, and
∼0.5 J/cm2

fluence) the mass-selected R2PI spectrum of TRA
is measured while scanning across the origin of the S1 ← S0
electronic transitions of the TRA conformers.
The VIS beams for ILSRS, Figure 1(b), are generated by an

additional frequency doubled Nd:YAG laser (532 nm, ∼5 ns
pulses at 10 Hz) [green beam in Figure 1(a)]. This second-
harmonic laser beam is divided in a 1:7 ratio, where the weaker
beam served as ωp and the stronger one pumps a dye laser and
provides the ωS [red beam in Figure 1(a)]. The counter-
propagating vertically polarized ωp (entered from the same
side of the chamber as the UV beam) and ωS beams with
energies of ∼20 and ∼25 mJ per pulse, following focusing by
35 and 30 cm focal length (f.l.) planoconvex lenses, are
spatially and temporally overlapped in the interaction region of
the TOFMS. The VIS beams precede the ionization pulse by
∼26 ns, and the ωS beam is scanned across selected wavelength
regions while tuning and parking the UV pulse on the R2PI
transition of the most stable TRA conformer. The ensuing ions
are detected by a microchannel plate while feeding the
resulting signal through a homemade fast preamplifier into a
fast digital oscilloscope. This procedure allows measurement of
mass spectra or integrated intensities of the TRA ion peak at
mass channel m/z = 160.
The equilibrium structure of the dominant conformer of

TRA is obtained by initially optimizing the molecule with the
Merck molecular force field (MMFF94s) in the Avogadro
molecular editor and visualization tool.51 Then, this geometry
is further optimized, with Gaussian 09,52 using DFT
calculations with the Becke three-parameter hybrid functional
combined with the Lee−Yang−Parr correlation functional
(B3LYP)53,54 and the 6-311++G(d,p) basis set to obtain the
energetic, structural, vibrational, and electronic properties of
TRA. The harmonic frequencies of vibrations are scaled by the
previously derived factors23 of 0.956 and 0.964 for the N−H
and C−H stretches, respectively, and 0.946 for the low <1600
cm−1 frequency range. Finally, the calculated Raman spectra
are obtained while accounting for the Raman activities,
converted to Raman intensities,42 and, for the scaled harmonic
fundamental frequencies, convolved with pure Lorentzian lines
of fwhm of 0.5 cm−1. The assignment of the probed conformer
and the involved vibrational modes is obtained by finding the
calculated features that best match the measured ones. We
generated visualization of the structure and the displacement
vectors, corresponding to the identified vibrational modes, by
GaussView.46 The calculated structure is also used for assessing
the NCIs in TRA and for illustrating the interactions by the
NCIPLOT44 ,45 while evaluating the electron density regions
in which the reduced density gradient diminished and
providing iso-surfaces of the gradient.
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