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ABSTRACT:

Soft- and reactive-landing of gas-phase synthesized cationic Cr(aniline)2 complexes onto self-assembled monolayers of methyl-
terminated (CH3�SAM) and carboxyl-terminated (COOH�SAM) organothiolates coated on gold were performed at hyperther-
mal collision energy (5�20 eV). The properties of the Cr(aniline)2 complexes on the SAM surfaces were characterized using
infrared reflection absorption spectroscopy (IRAS) and temperature-programmed desorption (TPD), together with theoretical
calculations based on density functional theory (DFT). For the CH3�SAM, the Cr(aniline)2 complexes were embedded inside the
SAM matrix in a neutral charge state, keeping a sandwich structure. For the COOH�SAM, the IRAS and TPD study revealed that
the amine-containing Cr(aniline)2 complexes were bound to the SAM surface in two forms of physisorption and chemical linking
through an amide bond. In the desorption, the latter form appeared as the reaction product between organothiolates and
Cr(aniline)2 above 400 K, where the organothiolate molecules, forming the SAM, were desorbed from the gold surface. The results
show that the hyperthermal depositions onto a COOH�SAM bring about reactive-landing followed by covalent linking of an amide
bond between the amine-containing Cr(aniline)2 complexes to the carboxyl-terminated SAM surface, in which the binding sites can
be separated from the functional sites of the d�π interaction.

1. INTRODUCTION

The research field of size-selected clusters originated from
the development of mass-selected cluster beam techniques in
the early 1980s.1�6 As well as pure clusters consisting of single
elements, furthermore, gas-phase cluster synthesis provides a
chemical advantage for producing novel composite clusters of
alloy, ionic, and organometallic clusters. Over the past decade, in
particular, the combination of laser-vaporization and molecular
beam methods has yielded various kinds of clusters and organo-
metallic complexes in the gas phase,7�14 and the one-dimen-
sional (1D) organometallics exhibit unique size-dependent
electronic and magnetic properties, originating from the d�π
interaction between a transition metal atom and organic ligands
in the 1D anisotropic structures.13�19

The notion that the novel properties of these functional gas-
phase species might be utilized to create advanced functional
nanomaterials leads to a strong motivation to decorate surfaces
with gas-phase compounds such as clusters20�32 and biomole-
cules33�38 and also to assemble designer nanostructured materi-
als from them. An important theme to this research effort is to
establish a well-controlled way to produce novel nanostructured
surface based on an understanding of the interaction between the
compounds and surface.39,40

In the previous studies of cluster-deposition experiments
conducted in ultrahigh vacuum,21,41,42 the method to preserve
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the clusters size demonstrated the soft-landing of clusters onto
cryogenically cooled surfaces covered with a rare-gas matrix,
which inhibits cluster diffusion along with efficient energy dis-
sipation of collision energy at the deposition.20,21 To prevent
thermal diffusion of the clusters at room temperatures and above,
it is necessary to fix the cluster more tightly to the surface, and
two techniques used to produce size-selected cluster arrays of
arbitrary density are known as (1) the use of surface defects
created before cluster deposition43�45 and (2) self-pinning of
clusters, in which the clusters are pinned to the surface where
they land above a critical threshold impact energy.31,32 Indeed,
these two ways are good for the preservation of cluster size,
but the clusters encounter considerable structural deformation
through cluster�surface interactions. Thus, to realize nanostruc-
tured functional surface decorated with organometallic clusters,
the preservation of the free organometallics’ properties,46,47

especially the functional d�π interaction sites, on a surface is a
key issue in deposition studies; ideally the cluster should possess
two different sites for the functionality and the binding, because
the binding required to fix the clusters at surfaces would generally
cause a serious change in the clusters’ characteristic gas-phase
properties. From the viewpoint of the separation of the binding
and functional d�π sites of the complexes, it seems suggestive to
immobilize gas-phase peptide ions onto organic surfaces through
the covalent bonding between the peptide’s “residual” (not skeletal)
group and terminal group of the surface.35

Self-assembled monolayers (SAMs) of organic molecules
formed on metal and semiconductor surfaces are an excellent
deposition target for the soft-landing48�50 because the long-
chain alkanethiolate SAM effectively dissipates the translational
energy of the projectiles.51,52 Our previous works have demon-
strated that the organometallic complexes are embedded in the
SAM, as a result of their soft-landing at hyperthermal collision
energy of∼20 eV. The embedded complexes can be trapped just
above room temperature (up to around 300 K with C22�SAM)
with negligible deformation, where the ordering of the alkyl-
chains provides two-dimensional solid-like surroundings.53,54

Furthermore, chemical modification of organic molecules form-
ing SAM matrices can produce a wide variety of adsorption
regime and/or supporting system of gas-phase species soft-
landed on the SAM substrate.55�60 In particular, terminal
modification of the SAM surface can be used to change the fixa-
tion position of the organometallic complexes; in n-alkanethiol
(CH3�SAM), complexes are embedded inside the SAM, while
in a carboxyl-terminated SAM (COOH�SAM), they are fixed at
the top of surface of the SAM because the rigid hydrogen-
bonding networks formed at the carboxyl-terminated surface
inhibit the penetration of the incoming clusters inside the
SAM.59

In this work, we have developed a new method to fix the
organometallic complexes on a surface with the separation of the
binding and functional d�π sites of the complexes to achieve the
preservation of the organometallics’ properties above room
temperatures. Together with terminal modification of the SAM
surface from methyl to carboxyl group, aromatic ligands of the
organometallic complex are chemically modified; the derivatives
of M1(benzene)2 substituted by amine groups, a Cr1(aniline)2
complex, were deposited onto COOH�SAM to perform the
immobilization with covalent linking between the complexes and
the SAM surface. The resulting adsorption properties of the soft-
landed complexes were investigated by means of infrared reflec-
tion absorption spectroscopy (IRAS), temperature programmed

desorption (TPD) measurements, and harmonic frequency
analyses based on density functional theory (DFT). Reactive-
landing of the Cr(aniline)2 complexes on COOH�SAM was
achieved through a formation of an amide bond, demonstrating
that the chemical modifications of both the terminal group of the
SAM and the aromatic ligands of organometallic clusters enable
us to fix the functional complexes on the surface far above room
temperatures of∼380 K, where binding sites are separated from
functional sites.

2. EXPERIMENTAL AND COMPUTATIONAL SECTION

Details of experimental procedures and setup have been described
elsewhere.53 A commercially available 10 � 10 mm gold substrate, Au
(100 nm thickness)/Ti/silica (PREX Sheet K, Tanaka Precious Metals),
was used as the gold surface. To remove organic contaminants from the
gold surface, the substrate was chemically cleaned by dipping in a
piranha solution (3:1 concentrated H2SO4�H2O2) for about 20 min.
The gold substrate was subsequently immersed into a 0.5 mM ethanolic
solution of 1-octadecanethiol and 16-carboxypentadecanethiols contain-
ing 2% (v/v) trifluoroacetic acid at ambient temperature for about 20 h
to form methyl-terminated SAMs (C18�SAM; hereafter cited as CH3�
SAM) and carboxyl-terminated SAMs (COOH�SAM).46 After the for-
mation of the SAMs, the substrates were treated by rinsing with neat
ethanol, and then the COOH�SAMs only were additionally rinsed with
a 10% (v/v) ethanolic solution of aqueous ammonia (28�30%) several
times. The formations of the SAM substrates thus obtained were
characterized by means of infrared reflection absorption spectroscopy
(IRAS) under vacuum condition (∼1.5 Torr) using an FT-IR spectro-
meter (IFS66 vi, Bruker Optics).

Chromium (Cr)�aniline complexes are produced in a molecular
beam by the reaction of laser vaporized Cr atoms with aniline vapor.
Cationic complexes are extracted by a quadrupole deflector, and only the
Cr(aniline)2 complexes are mass-selected by a quadrupole mass spectro-
meter (150QC, Extrel), respectively. These cations are subsequently
deposited onto the SAM substrate mounted in an ultrahigh vacuum
chamber (∼2 � 10�10 Torr). The temperature of the substrate can be
cooled to 150 K by a liquid nitrogen cryostat, with the peak kinetic
energies of∼5�20 eV. The cation beam was focused onto the substrate
by use of electrostatic lenses, within the size of <10 mmϕ, and the total
amount of the deposited cations was determined by integrating the ion
current (typically 4�6 nA) on the substrate during the deposition of the
complexes.

The IRAS spectra for the deposited complexes were obtained with IR
at an incident angle of∼80� with respect to the surface normal, and the
spectra were recorded with the a resolution of 2 cm�1. The TPD mea-
surements were carried out with a heating rate of 1�3 K/s after the
deposition of the complexes, and the desorption species were detected
by another quadrupole mass spectrometer (150QC, Extrel) via electron
impact ionization (∼70 eV).

Geometry optimizations and harmonic frequency analyses for the
Cr�aniline complexes were carried out using density functional theory
(DFT) with the Gaussian 03 quantum chemistry programs.61 Our
previous studies on vibrational frequency analysis for organometallic
complexes of first-row transition metals and π-donor ligands concluded
that the B3LYP functional provides realistic correspondence with the
experimental IR results.62�64 Accordingly, all of the calculations de-
scribed here used the B3LYP functional, with a scaling factor of 0.967
applied to the computed harmonic vibrational frequencies using values
from the experimental IR spectrum for aniline vapor.64 The TZVP basis
(polarization functions) was used for the Cr center, and the split valence
triple-ζ 6-311+G(d,p) basis (polarization for all, diffuse functions for all
but H) was used for the rest of the atoms.
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3. RESULTS AND DISCUSSION

3.1. Soft-Landing of Cr(aniline)2 on CH3�SAM. The geo-
metric structure of gas-phase-synthesized Cr(aniline)2 complexes
was investigated through soft-landing isolation technique using
the CH3�SAM as a matrix. First, the desorption behaviors of the
complexes were examined with TPD measurements after the
hyperthermal depositions (20 eV). Figure 1 shows the TPD spec-
tra for species desorbed from the CH3�SAM substrate after the

soft-landing of Cr(aniline)2 cations (m/z = 238) at the surface
temperature of 200 K. The desorption signals were observed for
the parent Cr(aniline)2 (m/z = 238) along with the species of
Cr(aniline) (m/z = 145) and aniline (m/z = 93). As seen in
Figure 1, the thermal desorption starts at ∼280 K and the
desorption rates reach maxima at ∼305 K, and then rapidly
decrease, indicating a first-order desorption profile,65 corre-
sponding to the desorption of embedded Cr(aniline)2 inside
the CH3�SAM matrix.53,58 All three desorption signals, more-
over, illustrate identical peak profiles, showing that the latter two
of Cr(aniline) and aniline are fragments of Cr(aniline)2 pro-
duced through the electron-impact ionization in the mass spect-
rometer. Furthermore, because no TPD signals could be ob-
tained without the electron-impact ionizer, it is confirmed that
Cr(aniline)2 cations deposited were neutralized on the substrate,
keeping their chemical composition in the SAMmatrix even after
the hyperthermal collision event.
For the complex of transitionmetals and anilinemolecules, the

aniline ligand provides two possible sites of the π-ring and
amino-group for metal atom attachment, which generate metal�
π and metal�N bonds, respectively.64 As representative isomers,
three kinds of isomers are conceivable:π,π-bond, N,π-bond, and
N,N-bond, as shown in Figure 2. Among them, a sandwich
isomer (π,π-bond in Figure 2a) through the interaction between
a metal atom and π-ring isomer is energetically 1.9 and 3.3 eV
more stable than the other two isomers in Figure 2b and c with
single and double N-bond isomers. Furthermore, the structures
optimized by the DFT calculations allow us to simulate their IR
spectra, and the three isomers actually exhibit different absorp-
tion profiles, as shown in Figure 2. When a transition metal atom
binds to an aniline molecule at the NH2 group (N-bond), the
simulated IR spectra illustrate intense absorption bands around
1000�1100 cm�1, originating from the frustrated inversion
mode of the NH2 group. The calculation results clearly show

Figure 1. TPD spectra obtained for Cr(aniline)2 complexes soft-landed
on CH3�SAM after deposition of 5 � 1013 cations at the surface
temperature of 200 K with the heating rate of 1 K/s. Three kinds
of desorption mass signals were mainly recorded: (a) aniline (93 amu),
(b) Cr(aniline) (145 amu), and (c) Cr(aniline)2 (238 amu).

Figure 2. Theoretically simulated IR absorption spectra for Cr-
(aniline)2 complexes in three possible conformations based onmetal�π
and metal�N bonding: (a) π,π-bond, (b) N,π-bond, and (c) N,N-
bond, where the bandwidth of 10 cm�1 is given for each band.

Figure 3. IRAS spectra for Cr(aniline)2 complexes soft-landed on
CH3�SAM after deposition of 1.5 � 1014 cations at the surface
temperature of 200 K, along with simulated IR spectra for sandwich
formedCr(aniline)2 complexes in three rotational conformations, where
the bandwidth of 10 cm�1 is given for each band in the simulated spectra.
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that each spectral feature can identify either the π-bond or the
N-bond structures for the Cr(aniline)2 complexes by comparison
with the experimental IRAS measurements.
Figure 3 shows an experimental IRAS spectrum after the soft-

landing of 1.5 � 1014 Cr(aniline)2 cation beam onto the
CH3�SAM with the collision energy of ∼20 eV at the surface
temperature of 200 K. Two absorption bands appeared at 1447
and 1529 cm�1, and no prominent IR bands appear around
1000�1100 cm�1, which are characteristic of N,π-bond and N,
N-bond isomers in Figure 2b and c. Therefore, the structures of
the Cr(aniline)2 complexes landed can be presumed to take a
sandwich structure of π,π-bond in Figure 2a, which is consistent
with our DFT calculation mentioned. In addition, a gas-phase
study with IR spectroscopy has indeed revealed a sandwich form
of cationic Cr(aniline)2 complexes.64

It is noted that the IR bands observed exhibit relatively broad
bandwidth of∼15 cm�1 (full-width at half-maximum). In the IR
spectrum of Cr(benzene)2, for comparison, the IR peaks typi-
cally exhibit the bandwidth of∼4 cm�1,59 and then the broad IR
peak implies that a number of Cr(aniline)2 conformers having
different rotational angles betweenNH2 groups might contribute
to the band envelopes. Figure 3 further shows the simulated IR
spectra for Cr(aniline)2 for three representative conformers
having different rotational angles of two ligands. The energies
of the rotational conformers are almost equal within∼0.01 eV in
the DFT calculations, and the rotational barrier estimated was
only ∼0.03 eV, which is small enough to pose free rotation of
two ligands at the temperature of 200 K. Because the vibra-
tional bands of the rotational conformers exhibit slightly dif-
ferent frequencies as shown in Figure 3, the broad bandwidths for
Cr(aniline)2 might be attributed to the mixing of the rotational
conformers.
The calculated spectra represent three noticeable absorption

bands in the region of 1300�1800 cm�1 for all of the conformers.

The absorption bands originate from NH bending vibrations
(v(NH), 1600 cm�1), in-plane ring CC stretching/deforming
vibrations (v(CC), 1500 cm�1), and in-plane CH bending vib-
rations (v(CH), 1430 cm�1), respectively. However, our experi-
mental IR spectra exhibit only two notable absorption signals. To
ascertain the vibrational assignments for the landed Cr(aniline)2,
the deuteration effects of aniline ligands on the IR absorption fre-
quencies were investigated.
Figure 4 shows the IRAS spectrum for Cr(C6D5NH2)2

containing deuterium-substituted aniline: Cr(C6D5NH2)2 sup-
ported on the CH3�SAM substrate after the deposition of 2 �
1014 ions at the surface temperature of 200 K, together with that
of former undeuterated one of Cr(C6H5NH2)2 as a reference.
Calculated IR spectra for the deuterated and undeuterated
complexes (conformer I) are also displayed in the lower trace.
For the experimental spectra of Cr(C6D5NH2)2 complexes, the
two IR peaks were observed at 1499 and 1354 cm�1. The peak
frequencies were predictably red-shifted due to the deuterium
substitution. Judging from the similarity in relative peak inten-
sities, the 1447 cm�1 band for Cr(C6H5NH2)2 is by about
100 cm�1 red-shifted, while the higher one (1529 cm�1) is
about 30 cm�1 red-shifted with the deuteration substitution. In
fact, the DFT calculations provide the consistent prediction that
both of the vibrational frequencies for the CH bending and CC
stretching/deformingmodes are red-shifted by 110 and 40 cm�1,
respectively, because the deuteration considerably results in the
lowering of vibration frequency for the former CH modes. In
addition, the calculated frequency for NH2 scissoring modes is
almost unchanged, although the mode is not observed experi-
mentally. Therefore, the observed two IR signals of 1447 and
1529 cm�1 for Cr(aniline)2 could be assigned to be the CH
bending and ringCC stretching/deforming vibrations, respectively.
For free aniline, as shown in Figure 4, both the experimental

and the simulated IR spectra display an intense NH2 bending
absorption band as compared to that of ring CC stretching/
deforming vibrations. However, as mentioned above, both IR
spectra for Cr(C6H5NH2)2 and Cr(C6D5NH2)2 complexes do
not contain absorption bands for NH2 bending vibrations
predicted near 1600 cm�1, and the calculated spectra also suggest
a weak absorption character for the NH2 bend. Indeed, the
absence of the NH2 bend for the complexes demonstrates that
the corresponding absorption intensity is below the detection
threshold (<0.0001 in absorbance) of the IRAS measurement,
while a drastic enhancement of absorption intensity is observed
for the CH bending and ring CC stretching/deformation mo-
tions of the phenyl rings on forming the sandwich complex.
These CH bending and CC stretching/deformation modes
reside in vibrations of the phenyl frameworks (π rings) and
could be enhanced by charge transfer between the Cr atom and
the π rings. Indeed, vibrational studies of organometallics have
demonstrated that charge transfer between the transition metal
and ligands works to enhance the absorption intensity for specific
vibrational modes.66,67 It is deduced that the IR intensities of the
CH and CC vibrational modes might be selectively enhanced
due to the charge transfer with the d�π interactions, while those
for the NH-groups separated from the phenyl framework were
rather unchanged.
Furthermore, selective observation of specific vibrationalmodes

can be accounted for by the surface selection rule of IRAS; only
the vibrational modes whose transition dipoles are perpendicular
to the surface are active.68,69 The dipole of the NH2 bending
vibration is parallel to the phenyl-ring plane so that the loss of the

Figure 4. IRAS spectra and simulated IR absorption spectra for
deuterated-Cr(aniline)2 complexes together with their undeuterated
spectra as references. Gas-phase IR data76 and simulated IR spectra for a
free aniline molecule are also displayed as references.
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NH2 absorption might indicate that the complex is oriented on
the SAM substrates with its molecular axis along the surface
normal direction. However, our previous studies demonstrate
that the CH�πweak hydrogen-bonding interaction between the
phenyl ring and the alkyl chains of the SAM orients the sandwich
complexes in such a way as to tilt their molecular axes far from
the surface normal direction;53,57 the NH2 absorption might be
allowed by this orientation. If the Cr(aniline)2 sandwich com-
plexes also involve the CH�π interaction in the SAM, the orien-
tation should be a minor cause of a missing NH2 bending mode.
3.2. Reactive-Landing of Cr(aniline)2 on COOH�SAM.

Figure 5a shows the IRAS spectrum of the COOH�SAM surface
under the ultrahigh vacuum conditions with the surface temper-
ature of 240 K. The spectrum was measured when the clean gold
surface without COOH�SAM was used as a background spec-
trum. The characteristic bands for the free and hydrogen-bonded
CdO stretching modes were observed at 1735 and 1718 cm�1,
respectively.70

Figure 5b shows the IRAS spectrum after the soft-landing of
2.0 � 1014 Cr(aniline)2 cations, when the cations were landed
onto COOH�SAM with the collision energy of ∼5 eV at the
surface temperature of 240 K. Because the spectrum in Figure 5b
was obtained by the subtraction from a background spectrum for
the COOH�SAM surface before the soft-landing, a positive peak
corresponds to the appearance of vibrations by newly landed
species, while a negative one corresponds to the disappearance of
vibrations in the COOH�SAM.
The spectrum shows that the Cr(aniline)2 complexes landed

on the COOH�SAM keep the sandwich formation in a neutral
state after the hyperthermal depositions, because the positive
peaks of 1529 and 1447 cm�1 are in absolute agreement with
those for Cr(aniline)2 complexes supported inside the CH3�
SAMmatrices as shown in Figure 3. On the other hand, negative
IR signals of 1736 and 1717 cm�1 in Figure 5b are assignable to
the CdO stretching of the COOH�SAM as shown in Figure 5a.
The depletions of CdO stretching peaks should be caused by
structural disordering of the COOH�SAM surface, and two rea-
sons are conceivable: (1) the orientation of the terminal carboxyl

group is changed by the adsorption of Cr(aniline)2 and (2)
amide bonds are newly formed with the impinging clusters.
Although the two are not exclusive to each other, the latter of the
amide bond formation seems favorable as discussed below.
Figure 5c shows the IRAS spectrum when Cr(benzene)2

cations were landed onto the COOH�SAM instead of Cr-
(aniline)2 cations. No negative IR peaks were observed, while
the positive peak of 1429 cm�1 could be assigned to be the CH
bending vibrations of Cr(benzene)2. The depletions of the IR
peaks assignable to terminal carboxyl group were observed only
when amine-containing complexes are landed. Therefore, the
negative IR peaks are seemingly attributed to the formation of the
amide bond through the reactive landing of Cr(aniline)2 com-
plexes rather than the change in the orientation of terminal car-
boxyl group with the adsorption of Cr(aniline)2. In the hyper-
thermal collision event of gas-phase compounds with SAM
surfaces, indeed, it has been reported that the chemical reactions
take place between the projectiles and terminal groups of SAM
surface,35,57 as well as the trapping of the incoming species as they
are.48,58,59

This explanation will be further ascertained by the surface
heating and thermal desorption studies. The thermal stability of
the landed Cr(aniline)2 complexes at the COOH�SAM surface
was evaluated by monitoring the IRAS spectra during a surface
heating process. Figure 6 shows temperature dependences of the
IRAS spectra for the COOH�SAM in the range of 240�360 K
after 2.0 � 1014 Cr(aniline)2 complexes were landed at the sur-
face temperature of 240 K. For both the positive v(CC) and
v(CH) and the negative v(CO) bands, the integrated intensities
are almost unchanged even after the surface is heated up to 360 K.
For instance, the change in intensities for v(CC) modes were
only within 7% in 240�360 K, although the relative peak in-
tensity was varied slightly with the surface temperature due to
temperature-dependent orientation angles of polymethylene

Figure 5. IRAS spectra of (a) COOH�SAM surface obtained using a
clean gold surface as a background; (b) modified COOH�SAM after
deposition of 2.0� 1014 Cr(aniline)2 cations at the surface temperature
of 240 K obtained using unmodified COOH�SAM as a background;
and (c) Cr(benzene)2 complexes soft-landed on COOH�SAM.

Figure 6. Temperature dependences of IRAS spectra in 240�360 K for
Cr(aniline)2 landed on COOH�SAM at 240 K.
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chains forming the COOH�SAM matrix.71 As compared to the
desorption of physisorped complexes below 280 K,59 it is evident
that the Cr(aniline)2 complexes landed on theCOOH�SAM are
firmly bound at the surface, implying that a covalent bond could
be formed between the Cr(aniline)2 and the SAM surface.
Although the formation of the new amide bond would provide

additional IR absorption for amide I (CdO stretching, around
1800 cm�1) and amide II bands (N�H bending, around
1450 cm�1) in the IRAS spectrum, no amide bands were ob-
served. This result implies that the amide bands are rendered
unfavorable by the IRAS surface selection rule. Indeed, it has
been reported that the surface amide groups formed by the sur-
face reaction of alkyldiamine molecules and imidyl-ester-termi-
nated SAM contain no absorption bands in the IRAS spectrum.38

Furthermore, no substantial IR peak shifts for v(CC) and v(CH)
modes were found between free and amide-bonded Cr(aniline)2
complexes (in Figures 3a and 5b). In fact, our DFT calculations
show that the frequency shifts obtained are only within 2 cm�1,
when one of the NH2 groups in aniline ligands is converted to an
amide bond with polymethylne chains.72 In other words, chemi-
cal bond formation of the substituted amino group has less effect
on the structure of phenyl frameworks in the Cr(aniline)2
complexes. Therefore, the electronic structure of the functional
site stemming from the d�π interaction in the complex would
remain even after forming amide bonds at the SAM surface.
To characterize the thermal desorption process of the landed

clusters on theCOOH�SAMsurface, a temperature-programmed
desorption (TPD) study was conducted. Figure 8 shows the
TPD spectrum for the COOH�SAM substrate after the soft-
landing ofmass-selectedCr(aniline)2 cations (m/z= 238)with the
kinetic energy of∼5 eV at the surface temperature of 250 K. The
total amount of the landed complexes was set to be 1.5� 1014, and
the mass resolution of the spectrometer was somewhat reduced to
m/Δm =∼120 to gain the sensitivity for largemasses (>500 amu).
The TPD spectra were measured by three mass channels of Cr-
(aniline)2 (m/z = 238), 16-carboxypentadecanethiol (m/z = 288),

and their reaction product (m/z = 508), the third of which
corresponds to the species formed by the amide bond between
the NH2 group of Cr(aniline)2 and the terminal COOH group of
16-carboxypentadecanethiol in the landing.
As shown in Figure 7a, the TPD spectrum for Cr(aniline)2

exhibits two desorption bands around 280 and 410 K, showing
that there are two different adsorption states of Cr(aniline)2 on
the COOH�SAM surface. The lower-temperature desorption
around 280 K would be attributed to the physisorption states of
Cr(aniline)2 stabilized via interactions of COOH�π and/or
COOH�NH2 between the COOH�SAM surface and the com-
plexes of Cr(aniline)2. The higher-temperature desorption bands
appeared between the substrate temperature of 380�450 K with
a peak of∼410 K. Because the desorption signals for m/z = 288
and m/z = 508 were also observed at the similar substrate tem-
peratures of 380�450 K, it is reasonably presumed that the high-
temperature desorption signals of Cr(aniline)2 (m/z = 238)
result from fragmentation of parent species (m/z = 508), that is,
Cr(aniline)2 amide bonded to a mercapto-polymethylene chain,
in the electron impact ionization. In the TPD spectrum of the
COOH�SAM substrate without any landing of the complexes,
indeed, the desorption of 16-carboxypentadecanethiol molecules
can be observed above 380 K similarly to Figure 7b, showing that
the Au�S bond between 16-carboxypentadecanethiol and Au-
(111) dissociates. Therefore, along with the observation of the
reacted compound signal (m/z = 508), the higher-temperature
desorption bands in Figure 7 can be attributed to the reaction
product formed by amide bond between the NH2 group of
Cr(aniline)2 and the terminal COOH group of 16-carboxypen-
tadecanethiol. In the TPD spectra, no desorption signal of Cr-
(aniline)2 formed through the dissociation of the surface amide
bond is observed before the thermal desorption of the SAM.
Hence, the binding energy of the amide bond is larger than that
between thiols (�SH) and gold surface (∼1.35 eV).73

3.3. Temperature Influence on Reactive-Landing Effi-
ciency. After the landing at surface temperature of 240 K, some
of the Cr(aniline)2 cations are bound to the SAM terminal with
an amide bond, while the other Cr(aniline)2 are left as physi-
sorbed species. To further discuss the reactive-landing mechan-
ism of Cr(aniline)2 to the COOH�SAM, the influence of the
surface temperature of the COOH�SAM during the landing
was examined on the resultant adsorption states of Cr(aniline)2,
for example, population change between the physisorption and
amide-bond states.
Figure 8a and b shows IRAS spectra for Cr(aniline)2 com-

plexes after the landing of 1.5 � 1014 cations on the COOH�
SAM with the incident energy of∼5 eV at different surface tem-
peratures of 200 and 250 K. The corresponding TPD spectra for
Cr(aniline)2 (m/z = 238) are shown in Figure 8c and d, and the
ratio of integrated intensities between the two desorption states
of physisorption (A) and amide bond (B) is also indicated as A/B
in the figure.
For the lower-temperature landing at 200 K, the IR spectrum

contains additional two bands at 1607 and 1501 cm�1 with the
signals for Cr(aniline)2 at 1529 and 1448 cm�1. The additional
peaks can be assigned to the vibrational modes of an aniline
molecule itself. The result shows that some incident complexes
dissociate into aniline molecules during the hyperthermal colli-
sions with the COOH�SAM surface, and the fragment of aniline
molecules is trapped at the low-temperature COOH�SAM
surface (200 K). The two bands at 1607 and 1501 cm�1 for
aniline fragments are missing in the IRAS at 250 K (Figure 8b),

Figure 7. TPD spectra obtained for Cr(aniline)2 complexes reactive-
landed on COOH�SAM after deposition of 1.0 � 1014 cations at the
surface temperature of 250 K with the heating rate of 3 K/s. Three kinds
of desorption mass signals were mainly recorded: (a) Cr(aniline)2 (238
amu), (b) 16-carboxylpentadecanethiol (288 amu), and (c) their reacted
compound (508 amu).
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because physisorped aniline molecules are desorbed above
∼220 K.
When the TPD spectra are compared between 200 and 250 K

in Figure 8, the intensity ratio between the physisorption state
(A) and the amide-bond state (B), A/B, is significantly different:
The landing at 200 K generates prominent desorption from the
physisorbed state (A/B = 2.6), while the landing at 250 K does
prominent desorption from the amide-bond state (A/B = 0.08).
The result in Figure 8 shows that the increase in surface temper-
ature during the landing can significantly enhance the reactive-
landing efficiency for Cr(aniline)2 onto the COOH�SAM.
The reactive-landing efficiency can be estimated by comparing

the IR absorption intensity for the CdO stretchingmodes before
and after the landing, under the assumption that the IR intensity
for CdO stretching of COOH�SAM is not disturbed by the
physisorption state. When Cr(aniline)2 cations were landed onto
the COOH�SAM up to 1.5� 1014 at 200 K, the IR intensity for
CdO stretching almost linearly decreases with time, and the
negative intensity reaches 38% of the initial CdO absorption
intensity before the landing. Because the IR light in our IRAS
setup covers the whole area of the COOH�SAM (1 � 1 cm2),
about 1.3 � 1014 carboxyl groups were ascribed to the IR
intensity for CdO stretching. The 38% of IR depletion corre-
sponds to that 0.49� 1014 carboxyl groups were transformed to
the amide bond after the deposition of 1.5� 1014 ions;∼33% of
incoming Cr(aniline)2 were bound to the SAM surface with the
amide bond. On the other hand, for the landing at 250 K, the
negative intensity reaches 82% of the initial CdO absorption
intensity so that the reactive-landing ratio of Cr(aniline)2 to the
COOH�SAM is estimated to be 67%, which is about twice larger
than that for the landing at 200 K.
Although an amide bond is not formed by direct reaction of

amine and carboxyl group in the solution phase, gas-phase
ion�surface hyperthermal collision can effectively induce novel
chemical reactions that are unsuccessful in the solution phase.

In the hyperthermal ion�surface collisions, projectiles undergo
rapid excitation and activation through direct impact with the
surface within 0.5 ps prior to thermalization at the surface.51,74

The chemical reaction of incomingCr(aniline)2with theCOOH�
SAM performed herein would be induced through such rapid
excitation during the direct impact or subsequent thermalization
process at the locally heated surface. If direct impact excitation
plays a major role for the reaction, the efficiency of reactive-
landing should increase with the collision energy between the
complex and SAM, as predicted by the microcanonical reaction
rate equation.75 However, no IR absorption and TPD signals for
Cr(aniline)2 were observed after the landing onto the COOH�
SAM, when the collision energy (incident kinetic energy) was
increased to 100 eV.72 Therefore, the collision energy was effec-
tively dissipated not into amide-bond formation but into vibra-
tional excitations of the projectiles75,76 to dissociate the incoming
Cr(aniline)2 complexes. On the other hand, the reaction kine-
tics in the thermalizaiton processes should depend particularly
on the temperature of the SAM surface. As mentioned above,
because the efficiency for the reactive landing is sensitive to the
surface temperature in this work, the result suggests the key role
of the thermalization process at the surface rather than the colli-
sion processes. It is reasonably deduced that the amide bond
between Cr(aniline)2 and carboxyl terminates would be formed
through the thermalization process at the locally heated SAM
surface after the hypethermal collision event.

4. CONCLUSIONS

Gas-phase synthesizedCr(aniline)2 complexeswere soft-landed
onto self-assembled monolayers of methyl-terminated (CH3�
SAM) and reactive-landed onto COOH�SAM at herperthermal
energy of 5�20 eV. Together with DFT calculations, IRAS and
TPD experiments have successfully unveiled that the sandwich
form of Cr(aniline)2 is embedded inside the CH3�SAM up to

Figure 8. IRAS spectra for the Cr(aniline)2 landed on the COOH�SAM at (a) 200 K and (b) 250 K, along with their corresponding TPD spectra after
the landing at (c) 200 K and (d) 250 K.
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∼280 K, whereas Cr(aniline)2 landed onto COOH�SAM is
immobilized at the surface of SAM through covalent linking of
amide bonds far above room temperatures. The latter reactive-
landing was enhanced with the increase in surface temperatures
from 200 to 250 K at the landing, indicating that the amide bonds
were formed through the thermalization process at the locally
heated SAM surface in the collisions.

For the production of a novel nanostructured surface based on
an understanding of the cluster�surface interaction, the mass
selected cluster-beam deposition offers excellent control of the
cluster size, and the precise definition of the size features has
great potential applications in many fields, such as the fabrication
of advanced magnetic and optical nanomaterials and semicon-
ductor nanostructures. To achieve the preservation of not only
the cluster size without any fragmentation but also the clusters’
electronic and geometric properties on a surface, chemical modi-
fications both in the functional clusters and on the surface enable
us to decorate the surface with functionality of the clusters char-
acterized by gas-phase researches, as demonstrated in this work.
The strong binding of the gas-phase clusters on surfaces, while
keeping the electronic properties of the functional sites by sepa-
rating them from the binding site, provides high thermal stability.
Hence, this method opens up a new opportunity to utilize gas-
phase synthesized species for functional devices and biotechno-
logical media in the future.
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