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Spectroscopic characterization of

clusters is crucial to understand-

ing the structures and reaction

mechanisms at the microscopic

level, but it has been proven to

be a grand challenge for neutral

clusters because the absence of a

charge makes it difficult for the

size selection and detection. In-

frared (IR) spectroscopy based on

threshold photoionization using a tunable vacuum ultraviolet free electron laser (VUV-FEL)

has recently been developed in the lab. The IR-VUV depletion and IR+VUV enhancement

spectroscopic techniques open new avenues for size-selected IR spectroscopies of a large va-

riety of neutral clusters without confinement (i.e., an ultraviolet chromophore, a messenger

tag, or a host matrix). The spectroscopic principles have been demonstrated by investi-

gations of some neutral water clusters and some metal carbonyls. Here, the spectroscopic

principles and their applications for neutral clusters are reviewed.

Key words: Clusters, Infrared spectroscopy, Vacuum ultraviolet free electron laser, Struc-

tures, Reaction mechanisms

I. INTRODUCTION

The clusters are the aggregates of bound atoms

or molecules, which exhibit interesting size-dependent

physicochemical properties and bridge the gas and con-

densed phases [1, 2]. For instance, atmospheric clusters

are formed through random collisions and rearrange-

†Part of special topic of “the New Advanced Experimental Tech-

niques on Chemical Physics”.
∗Author to whom correspondence should be addressed. E-mail:

ljiang@dicp.ac.cn

ments of pollutant molecules, and the clusters undergo

condensational growth in the atmosphere environment

to form larger aerosol particles [3]. The stepwise evo-

lution from molecules to aggregates could be traced by

probing the properties of clusters. Catalytic reactions

are universally recognized to occur at active centers

[4]. While it is difficult to characterize the structure

and constitution of the active center of a catalyst, the

investigation on the reactions of small molecules with

size-selected metal atoms/clusters helps uncover the mi-

croscopic mechanism of single-site catalysis processes at

the molecular level.
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The clusters can be classified as ions (anionic and

cationic) and neutrals according to the charge involved.

Extensive efforts have been made for the study of ionic

clusters, for which size selection and detection are easy.

However, it is difficult for the size selection and detec-

tion of neutral clusters due to the absence of a charge.

Several spectroscopic techniques have been developed

to explore the structure, dynamics, and reactivity of

some neutral clusters, including Fabry-Perot cavity

pulsed Fourier transform microwave spectroscopy [5],

IR-molecular-beam spectroscopy [6, 7], scattering anal-

ysis of cluster beams [8], helium-droplet evaporation

spectroscopy [9], far-IR spectroscopy [10], population-

modulated attachment spectroscopy [11], and broad-

band chirped-pulse Fourier transform microwave spec-

troscopy [12]. The applications of these optical methods

are practically limited to small-sized clusters due to lack

of the intrinsic size selectivity. Size-selective infrared

spectroscopy of neutral clusters is availably achieved

by infrared-ultraviolet (IR-UV) double resonance spec-

troscopy [13], in which the cluster is required to have a

chromophore or intermediated state in the UV or visible

region for electronic transition measurements to detect

the population transfer. This prerequisite thus restricts

the widespread application of this technique.

Infrared-vacuum ultraviolet (IR-VUV) spectroscopy,

a variant of IR-UV spectroscopy, is an alternative tech-

nique for spectroscopic investigation of neutral clusters

[14−16], in which VUV threshold photoionization does

not require a UV chromophore (intermediate state) and

the neutral cluster can be softly ionized without ex-

tensive fragmentation. While the ionization energies

of neutral clusters span a broad VUV region, the lack

of a tunable intense VUV light source precludes the

wide application of present IR-VUV spectroscopic tech-

nique. Recently, a tunable vacuum ultraviolet free elec-

tron laser (VUV-FEL) (50−150 nm) has been devel-

oped [17], which makes it possible to measure the size-

selected IR spectra of confinement-free, neutral clusters

by the IR-VUV scheme, with vibrational modes excited

by an IR laser and size-selective detections achieved by

VUV soft ionization near the threshold.

Recently, we have developed IR spectroscopy based

on threshold photoionization using a tunable VUV-FEL

[18, 19]. We have applied this scheme to neutral water

clusters and metal carbonyls [18−21]. Here, we review

the optical principles of the IR spectroscopies based on

VUV-FEL and our recent applications of these tech-

niques to size-selected neutral clusters.

II. EXPERIMENTAL METHODS

The schematic of VUV-FEL-based IR spectroscopy

apparatus is shown in FIG. 1, which mainly consists of

four parts: cluster source, reflectron time-of-flight mass

spectrometer (TOF-MS), VUV-FEL beam line, and IR

laser system.

A. Cluster source

Cluster source is a key component for the gener-

ation of neutral clusters. Our apparatus has two

cluster sources, a pulsed supersonic expansion clus-

ter source and a laser-vaporization supersonic cluster

source (FIG. 1).

As shown in FIG. 1(a), pulsed supersonic expansion

cluster source is applied to generate the metal-free neu-

tral molecular clusters. A high-pressure pulsed valve

(Even-Lavie valve, EL-7-2011-HT-HRR) is used to pro-

duce neutral molecular clusters by supersonic expan-

sions of samples seeded in carrier gas, which is capable

of producing a very cold molecular beam [22]. In order

to prevent liquid sample condensation, the entire gas

inlet and the pulsed valve are always heated during the

experiments. The concentration of the sample-carrier

gas mixtures and the backing pressure are optimized to

meet the experimental requirements for a given cluster.

Laser-vaporization supersonic cluster source is uti-

lized to generate the neutral metal-containing clusters.

FIG. 1(b) shows a schematic diagram of the laser-

vaporization supersonic cluster source, which is a mod-

ified version based on this kind of cluster sources previ-

ously reported in the literatures [23−25]. A strong and

cold supersonic beam is generated by a high-pressure

pulse valve equipped with a trumpet-shaped nozzle with

a 250 µm hole. An operating gas pulse width is about

22.5 µs. The carried gas is directly injected to growth

channel and passes over the surface of the metal rod. A

second harmonic of a 532 nm Nd:YAG laser (Beamtech

Optronics, Dawa-200) is used to evaporate the metal

sample which moves translationally and rotationally.

The diameter and length of the waiting room are 5

mm and 16 mm, respectively, and are adjustable for

cluster growth. The diameter of the output orifice is 2

mm and the length of the nozzle is 10 mm. The clus-

ter beam passes through a skimmer (Beam Dynamics,

Model 50.8) and enters the reflectron TOF-MS cham-
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FIG. 1 Schematic diagram of VUV-FEL-based IR spectroscopy apparatus, which is equipped with (a) pulsed supersonic
expansion cluster source and (b) laser-vaporization supersonic cluster source.

FIG. 2 Schematic of the VUV-FEL beam line.

ber. Charged clusters are deflected out of the molecular

beam by the DC electric field of the extraction plates.

Our “cutaway” and “offset” type sources can be altered

to generate wanted clusters with different compositions,

temperatures, and sizes.

B. Reflectron time-of-flight mass spectrometer

The mass spectral signals of VUV-FEL photoion-

ized clusters are detected using a classic Wiley-McLaren

time-of-flight mass spectrometer with a reflector to

eliminate energy aberration. The acceleration plates are

powered by a high-voltage direct current (DC) power

supply (2950 V). The neutral clusters are ionized by

VUV-FEL light in the center of the extraction region of

the reflectron TOF-MS. Cationic clusters are extracted

out of the molecular beam by the DC electric field of

the accelerator. The electric field of the drift tube and

the reflector are shielded by a steel cylinder to avoid in-

terfering the flight of cations. The ions are detected by

using a dual microchannel plate (MCP) detector. The

transient signals from MCP are first amplified by a fast

preamplifier (FEMTO, DHPCA-100) and then trans-

mitted to a dual 1 GHz multiscaler (FAST ComTec

GmbH, P7888-2) for real-time data acquisition. An

external delay generator (Stanford Research Systems,

DG645) is used to trigger all the timings of lasers and

acquisition card. The best resolution of our TOF-MS is

up to ∼20000.

C. VUV-FEL beam line

The schematic of the VUV-FEL beam line is shown

in FIG. 2. The electron bunch is emitted from the gun

when the drive laser hits on the surface of gun cath-

ode. Passing through the linear accelerator (LINAC),

the electron bunch is accelerated to desired energy and

compressed to high peak current. Before lasing in the

radiator, the electron bunch suffers from energy mod-

ulation enforced by seed laser in the modulator. Sub-

sequently, the energy modulation is turned into den-

sity modulation in dispersion section (DS), and micro-

bunching with spacing of seed laser wavelength emerges

in the bunch. Finally, the modulated electron bunch

enters the radiator and radiates the highly bright and

narrow-bandwidth FEL light at high harmonic of seed
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FIG. 3 Excitation schemes of (a) IR-VUV depletion spectroscopy and (b) IR+VUV enhancement spectroscopy.

laser.

The VUV-FEL is operated in high-gain harmonic

generation mode [26], in which a seed laser is injected

to interact with the electron beam in the modulator.

Given the proper optimization of the linear accelera-

tor, a high-quality beam with an emittance as low as

∼1.5 mm mrad, a projected energy spread of ∼1%, and

a pulse duration of ∼1.5 ps can be obtained. Gener-

ally, the VUV-FEL pulse is operated at 20 Hz, with

the maximum operating frequency of 50 Hz. The max-

imum pulse power of the VUV-FEL light is about

900 µJ/pulse. Each single VUV-FEL pulse is detected

by an online VUV spectrometer for real-time monitor-

ing the spectral characteristics of the pulse.

D. IR laser system

IR laser beam is generated by a potassium titanyl

phosphate/potassium titanyl arsenate optical paramet-

ric oscillator/amplifier system (OPO/OPA, LaserVi-

sion) [27] pumped by an injection-seeded Nd:YAG laser

(Continuum Surelite EX). The IR wavelength is tun-

able from 700 cm−1 to 7000 cm−1 with a line width

of ∼1 cm−1. The pulse width of LaserVision system

is 7 ns at 10 Hz. The maximum IR pulse energy is

∼3 mJ/pulse in the region of 700 cm−1 to 2000 cm−1

and ∼30 mJ/pulse in the region of 2000−7000cm−1.

The wavelength of the OPO laser output is calibrated

by using a commercial wavelength meter (HighFinesse

GmbH, WS6-200 VIS IR).

E. IR-VUV principle and experimental procedure

FIG. 3 shows two kinds of excitation schemes of IR-

VUV spectroscopy based on VUV single photon ion-

ization detection, which are used for size-selected vi-

brational spectroscopic investigation of neutral metal-

free molecular clusters and metal-containing complexes.

Neutral metal-free molecular clusters are produced by

a high-pressure Even-Lavie valve. Species and distri-

bution of these neutral clusters are optimized by fine

adjustment of the sample-carrier gas mixtures and the

backing pressure. Neutral metal complexes are pro-

duced via laser vaporization in expansions of helium

seeded with reactant gas using a high-pressure pulsed

valve at backing pressures of 3.5−5.0 MPa. The cluster

beams pass through a 4 mm skimmer and an aperture

into reflectron TOF-MS chamber. Neutral complexes

are ionized by a single photon VUV-FEL light and an-

alyzed by Reflecton TOF-MS.

For the IR-VUV depletion spectroscopic study of neu-

tral metal-free molecular clusters, the tunable IR light

pulse is introduced at approximately 30−50 ns prior to

VUV-FEL pulse in a crossed manner. When the IR

laser frequency is resonant with a vibrational transition

of a size-selected neutral cluster, vibrational predissoci-

ation causes the depletion of VUV ionization signal of

neutral cluster. The IR spectrum of this size-selected

neutral cluster is recorded by monitoring the depletion

of the signal intensity for a specific cluster as a func-

tion of IR wavelength (FIG. 3(a)). Since the bind-

ing energies of metal-containing complexes are larger

than those of metal-free molecular clusters [28−31], IR-

induced predissociation is more difficult for metal com-

plexes. The heating of metal complexes via the resonant

absorption of infrared photons can enhance ionization

efficiency when its ionization potential is just above the

VUV photon energy. Then, the IR+VUV enhancement
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spectrum of a size-selected neutral metal complex can

be recorded by monitoring the enhancement in signal

intensity as a function of IR wavelength (FIG. 3(b)).

The operating frequencies of the pulsed valve, vapor-

ization laser, and the VUV-FEL are 20 Hz, while that

of the IR laser is 10 Hz. The IR spectrum is obtained

in the difference mode of operation (IR laser ON mi-

nus IR laser OFF). The IR spectrum is determined by

converting the measured relative enhancement of the

mass spectrometric ion signal (I(ν)/I0) upon irradia-

tion with IR light to relative absorption cross sections

σ(ν) using σ(ν)=ln[I(ν)/I0]/P (ν). The normalization

with the IR laser pulse energy P (ν) accounts for the

variations of P (ν) over the tuning range. Typical spec-

tra are recorded by scanning the IR laser in steps of

2 cm−1 and averaging about 900 laser shots at each

spectrum.

III. IR-VUV DEPLETION SPECTROSCOPY OF

NEUTRAL WATER CLUSTERS

Water and its interactions with other species are es-

sential in human life. The water clusters play an impor-

tant role in scientific disciplines ranging from geology to

astronomy to biology [32−43]. Spectroscopic investiga-

tion of gas-phase water clusters and its transition to

bulk water offers an opportunity to better understand

the structures and properties of condensed phase wa-

ter. As the smallest water cluster, the water dimer is

a model system for the study of the cooperative hydro-

gen bond (HB) in liquid water [6, 7, 32, 44−47], which

has proven to be difficult to adequately capture through

bulk experiments [48].

Dissociative photoionization of neutral water clusters

may occur via the “OH loss channel” (reaction (1)) or

the “water loss channel” (reaction (2)).

(H2O)n + hν→H+ (H2O)n−1 +OH+ e− (1)

(H2O)n + hν→ (H2O)n−1
+ +H2O+ e− (2)

For example, dissociation of the (H2O)2
+ ground state

into the OH and water loss channels requires dissoci-

ation energies of 1.25 and 2.34 eV, respectively [49].

The OH loss channel is energetically favorable and will

dominate for cold parent dimers and low (near thresh-

old) ionization energies; dissociation into the water loss

channel may occur for higher excitation energies [49].

The OH loss channel undergoes very fast on the sub-

picosecond or femtosecond time scale. Accordingly, the

water loss channel is relatively slower and could be rea-

sonably suspended by reducing the excess energy from

the ionization via the fine tune of the wavelength and

pulse energy of VUV-FEL.

The mass spectra of water clusters ionized at differ-

ent VUV-FEL wavelengths are shown in FIG. 4. There

are two kinds of water clusters in mass spectra, un-

protonated (H2O)n
+ and protonated H(H2O)n

+. The

unprotonated water clusters (H2O)n
+ are mainly from

ionization of neutral water cluster [50, 51]. The pro-

tonated water clusters H(H2O)n
+ are generated via

proton transfer and subsequent OH elimination of un-

protonated water clusters (reaction (1)), which is the

most thermodynamically and kinetically favorable re-

action pathway [51, 52]. Many operating conditions

(i.e., the wavelength and power of VUV-FEL, concen-

tration of water/helium mixture, stagnation pressure,

pulse width of pulse-valve) are optimized to maximize

the signal of the (H2O)2
+ cluster and avoid the inter-

ference from larger clusters. At 98.10 nm (12.64 eV),

the unprotonated (H2O)2
+ cluster is clearly identified

(FIG. 4(a)). The mass spectral signal of (H2O)3
+ is

detected at 108.00 nm (11.48 eV) (FIG. 4(b)) and ap-

preciably enhanced with wavelength up to 110.00 nm

(11.27 eV) (FIG. 4(c)). Therefore, IR spectra of size-

selected neutral water dimer are obtained by record-

ing the mass spectral intensities of the unprotonated

(H2O)2
+ cations at 98.10 nm (FIG. 5). IR-VUV scheme

of neutral (H2O)2 is free from spectral contamination

because the IR excited water clusters dominantly disso-

ciate into the monomer and protonated cluster cation

mass channels in the VUV photoionization process as

analyzed above [53]. It is a special feature of our

method, especially because these neutral clusters are

confinement free from the messenger tagging or helium

droplets.

As shown in FIG. 5, the experimental IR-VUV de-

pletion spectrum of neutral water dimer consists of four

groups of bands (labeled as A−D). Band A is assigned

to the antisymmetric OH stretch of the proton accep-

tor, which are rotationally resolved at 3764, 3780, and

3792 cm−1. Band B at 3732 cm−1 comes from the free

OH stretch of the proton donor, which is the strongest

peak in the IR spectrum. Band C at 3603 cm−1 is

due to the symmetric OH stretch of the proton accep-

tor. The splitting of band D is observed at 3537 and

3549 cm−1, which is attributed to the hydrogen-bonded

OH stretch of the proton donor. These assignments are
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FIG. 4 Time-of-flight mass spectra of the cations produced from the VUV-FEL single-photon ionization process.
(a) λVUV-FEL=98.10 nm, (b) λVUV-FEL=108.00 nm, (c) λVUV-FEL=110.00 nm.

FIG. 5 Experimental IR-VUV depletion spectrum of
(H2O)2. The OH stretch fundamentals assigned to anti-
symmetric OH stretch of the proton acceptor (A), free OH
stretch of the proton donor (B), symmetric OH stretch of
the proton acceptor (C), and hydrogen-bonded OH stretch
of the proton donor (D) are labeled. The inset shows the
molecular structure.

supported by quantum mechanical calculations at the

MP2/aug-cc-pVTZ and CCSD(T)/aug-cc-pVTZ levels

with harmonic approximation and on a 12-dimensional

ab initio potential energy surface [18].

For the water trimer (H2O)3, the vertical ionization

energy and dissociation energy for the loss of one water

molecule was experimentally measured to be 11.15 eV

and 0.84 eV, respectively [51]. The threshold for the

water loss channel is estimated to be 11.99 eV, which is

consistent with the calculated value of 11.988 eV [54].

The 3537 and 3549 cm−1 bands in our IR spectrum of

(H2O)2 measured at 98.10 nm (12.64 eV) do not appear

in the IR spectrum of (H2O)3 measured at 110.00 nm

(11.27 eV) [20], indicating that a 98.10 nm (12.64 eV)

photon energy might be not large enough for the water

loss channel of (H2O)3.

The main features in the spectrum are consistent

with those in the previous studies [7, 32, 55, 56], espe-

cially the size-specific IR-UV spectra of benzene-(H2O)2
cluster [32]. In contrast with the general concert in

the studies of Huang, Pribble, Page, and Coker et al.

[7, 32, 55, 56], the major concern raised by Huisken

et al. was that the ∼3600 cm−1 band was proposed

to hydrogen-bonded OH stretch of proton donor and

the ∼3540 cm−1 band was presumed to originate from

a water trimer [45]. This contradiction could be ra-

tionalized by the un-controllable fragmentation caused

by the electron impact ionization scheme [45, 57, 58].

In our approach, the soft near-threshold ionization of

confinement-free water dimer avoids the extensive frag-

mentation and the complicatedness of ultraviolet chro-

mophore tagging.

IV. IR+VUV ENHANCEMENT SPECTROSCOPY OF

NEUTRAL METAL CARBONYLS

Metal carbonyls are of considerable importance in

many heterogeneous and homogeneous catalytic pro-

cesses such as Fischer-Tropsch chemistry, hydroformy-
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FIG. 6 Time-of-flight mass spectra of the cations produced from the VUV-FEL single-photon ionization process at different
VUV-FEL wavelengths: (a) 143.00 nm, (b) 140.00 nm, (c) 137.00 nm, (d) 130.00 nm, (e) 125.00 nm, and (f) 120.00 nm.
The scale of mass spectral intensity for each VUV-FEL wavelength is the same.

lation, alcohol synthesis, and acetic acid synthesis

[59−61]. Laser vaporization in conjunction with su-

personic expansion has been proven to be a very pow-

erful method to produce metal complexes for spectro-

scopic studies in the gas phase. The combined mass

spectrometric techniques with laser-based spectroscopy

are among the most direct and generally applicable ex-

perimental approaches to obtain vibrational and elec-

tronic spectra of metal-containing cluster ions in the gas

phase. These methods have been successfully utilized

in producing and exploring homoleptic metal carbonyl

cations and anions in the gas phase, which serve as typ-

ical models for demonstrating the metal-ligand bond-

ing and the electron counting rules. In contrast, vibra-

tional spectroscopic studies of neutral metal carbonyl

clusters are rare. Nickel tetracarbonyl, Ni(CO)4, which

was the first metal carbonyl to be discovered in 1890

[62], has been studied by Fourier-transform IR (FT-

IR) spectroscopy [63], by matrix isolation spectroscopy

[64−67], and theoretical calculations [68−70]. However,

the IR spectroscopy of mass-selected Ni(CO)4 has not

been reported. In this section, neutral Ni(CO)4 is se-

lected as a prototype to demonstrate the performance

of IR+VUV enhancement spectroscopic method based

on VUV-FEL.

As shown in FIG. 6, the mass spectra of nickel car-

bonyl clusters ionized by VUV-FEL mainly consist of

two groups of peaks: Ni(CO)n
+ (n=0−4) and (CO)m

+

(m=2−7). At 143 nm, unique mass spectrum peak

belongs to Ni+ cation (FIG. 6(a)). At 140 nm, the

Ni(CO)4
+ cation and (CO)m

+ (m=2, 3, 6, 7) cations

are first observed (FIG. 6(b)) and the intensities are sig-

nificantly enhanced at 137 nm (FIG. 6(c)). As the wave-

length of VUV-FEL shortens, the mass spectral signals

of Ni(CO)3
+ and Ni(CO)1,2

+ begin to appear at 130 nm

and 120 nm, respectively (FIG. 6 (d, f). Thus, the mass

signal of a size-specific Ni(CO)n carbonyl at a selected

VUV-FEL wavelength is not interfered by smaller and

larger clusters. This allows the densities of size-specific

nickel carbonyls to be probed by carefully optimizing

the operating conditions (i.e., the wavelength and en-

ergy of VUV-FEL, stagnation pressure and concentra-

tion of CO carrier gas, and every timing).

The ionization potentials of Ni(CO)1−4
+ have been
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FIG. 7 Experimental IR+VUV enhancement spectrum of
Ni(CO)4. The inset shows the molecular structure.

extensively studied [71−76]. The photoionization data

are briefly compared with the mass spectra recorded in

this study. Previous studies show the ionization poten-

tials of Ni(CO)4
+, Ni(CO)3

+, Ni(CO)2
+, and Ni(CO)+

were 8.32 eV (149.01 nm), 8.77 eV (141.37 nm),

10.10 eV (122.75 nm), and 11.65 eV (106.42 nm) [71],

respectively. The bonding energy of OC−Ni(CO)3
+

was 1.36 eV. Therefore, the appearance of Ni(CO)3
+

ion originating from the decomposition of Ni(CO)4
+

is thus estimated at λVUV-FEL≤128.00 nm (9.68 eV)

when Ni(CO)4 is exposed to VUV ionizing radiation.

As shown in FIG. 6(d), the Ni(CO)3
+ is observed

at 130.00 nm, indicating that the signal of Ni(CO)3
+

is generated from single-photon ionization of neutral

Ni(CO)3 rather than the dissociation of Ni(CO)4
+. The

neutral Ni(CO) and Ni(CO)2 cannot be ionized below

125.00 nm, which is consistent with previous photoion-

ization data. These experimental results show the tun-

able VUV-FE is able to accomplish size-selected ioniza-

tion of neutral clusters.

With the wavelength of VUV-FEL fixed at

143.00 nm, the IR spectrum of Ni(CO)4 is recorded

from the enhancement in the intensity of Ni(CO)4
+

mass channel. The intensity of Ni(CO)4 is linear with

IR photon flux by monitoring the IR laser power depen-

dence. As shown in FIG. 7, a single peak is observed at

2060 cm−1 in the experimental IR spectrum of Ni(CO)4,

indicative of a high-symmetry structure. Quantum

chemical calculations at the B3LYP/def2-TZVPP level

predict that Ni(CO)4 has a Td symmetry structure and

the scaled antisymmetric CO stretching vibration of

Ni(CO)4 is 2049 cm−1 [19], which is consistent with the

experimental result. The full width at half maximum

(FWHM) in the present gas-phase IR spectrum is 11

cm−1. Previously, the IR spectrum of Ni(CO)4 vapor

featured a broad band at 2058 cm−1 with a FWHM of

20 cm−1 [63]. In matrix isolation experiments, the IR

absorption band was found at 2052 cm−1 with a FWHM

of 3 cm−1 in an argon matrix [64−66] and at 2056 cm−1

with a FWHM of 4 cm−1 in a neon matrix [67]. As

compared to the peak positions (2058 and 2060 cm−1)

and bandwidths (11 and 20 cm−1) in the gas-phase ex-

periments, the red shifts of the peaks (2052 and 2056

cm−1) and the narrower bandwidths (3 and 4 cm−1) in

the matrix isolation experiments are attributed to the

interaction of the cold rare-gas matrices with the host

molecules [59].

V. CONCLUDING REMARKS

This review summarizes our recent development of in-

frared spectroscopic techniques based on threshold pho-

toionization detection using a tunable vacuum ultravi-

olet free electron laser and our applications to some

neutral water clusters and some metal carbonyls. As

described above, the IR-VUV depletion and IR+VUV

enhancement schemes are of quite advantage for IR

spectroscopic investigations of neutral clusters with-

out a chromophore, which avoids the extensive frag-

mentation and the complicatedness of ultraviolet chro-

mophore tagging. Advanced features of IR spectroscopy

based on VUV-FEL mainly have three advantages: (i)

direct single photon ionization of neutral clusters with-

out confinement (i.e., an ultraviolet chromophore, a

messenger tag, or a host matrix); (ii) high sensitiv-

ity and size-selectivity by a tunable VUV wavelength

and near threshold ionization; (iii) high resolution of IR

spectrum for fine structure analysis of neutral clusters.

Since the photon energies of VUV-FEL cover the ioniza-

tion potentials of the vast majority of neutral clusters

and their threshold ionization can be readily achieved,

the VUV-FEL based IR spectroscopy has the poten-

tial to push size-resolved vibrational spectroscopy of

neutral clusters to more broad systems, such as atmo-

spheric clusters and the reactions of metal clusters with

small molecules (i.e., CO, CO2, N2, H2O, NH3, CH4,

C3H8, etc.). Along with the advanced theoretical calcu-

lations, these studies offer the opportunity for a better

understanding of atmospheric new particle formation

and rational design of single-atom catalysts with iso-

lated metal atoms dispersed on supports.
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