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Infrared laser spectroscopy and ab initio calculations are reported for cyanoacetylene bound to magnesium
clusters of varying size, formed and observed in the superfluid helium nanodroplets. Ab initio calculations of
the binary HCCCN-Mg potential energy surface reveal three minima. The corresponding isomers are observed
experimentally, owing to the unique “growth” conditions provided by liquid helium. The cyanoacetylene is
also observed to bind at both the nitrogen and hydrogen ends to larger magnesium clusters in agreement with
the minima found in the corresponding ab initio calculations. The infrared spectra show rotational structure
that can be fit by the corresponding gas-phase Hamiltonian, using modified constants that account for the
effects of the helium solvent. Stark spectroscopy is used to measure the dipole moments of these complexes,
providing further insights into the nature of the associated interactions.

Introduction

The field of metal cluster science continues to provide new
and fundamental insights into the nature of adsorbate-metal
interactions. Studies of this type not only help to bridge our
understanding from the molecular to the condensed phase, they
also hold the promise of providing a source of new nanoma-
terials with novel properties.1-22 This interdisciplinary field
spans chemistry, materials science, nanotechnology, and ca-
talysis, making the study of the physical and chemical properties
of metal clusters an active area for both experiment and
theory.11,12,19,23-30 Definitive studies now exist that show how
significantly the rates and mechanisms of cluster-molecule
reactions vary with cluster size,11,31 suggesting that new
nanocatalysts might display novel properties.31-33

Despite all that has been learned from these studies, the
detailed determination of experimental metal cluster structures
is generally lacking. In view of the strong correlation between
structure and function, this often makes it difficult to obtain
conclusive information on the association chemical mechanisms
from such studies. Indeed, the lack of experimental methods
for probing structures in metal cluster science has been the
subject of much discussion in the literature.12 Although spec-
troscopic methods can provide quantitative structural information
from rotational constants, only small systems (single metal atom
complexes)34 have been studied in this way. In contrast,
chemical probe techniques have been used on much larger
systems,35-38 but usually provide only qualitative information
on the binding sites of adsorbates on larger metal clusters.39 In
general, experiments on the chemistry of metal clusters often
depend heavily upon ab initio calculations for structural
information.

Recent developments in the use of infrared spectroscopy in
the helium nanodroplets40,41-44 have provided methods for
determining the structures of metal cluster-adsorbate systems.45

These experiments often provide rotational resolution even for
systems containing multiple metal atoms, while the associated
vibrational frequency shifts from the free molecule provide
information on the interactions with the metal cluster. Our first
application of this approach was on HCN-Mgn complexes,45-47

where the experimental results provided compelling evidence
for nitrogen-bonded structures. In the case of the binary HCN-
Mg complex, two isomers were observed, corresponding to the
Mg atom binding to the hydrogen end (H-bonded) and nitrogen
end (N-bonded) of the HCN.46

In the present study we consider a somewhat more compli-
cated system, namely that of cyanoacetylene bound to Mgn. Ab
initio calculations are also reported here, yielding an HCCCN-
Mg potential energy surface (PES) that is quite anisotropic, with
three binding sites for the magnesium atom. The corresponding
isomers are observed in the helium droplet experiments reported
here, as well as those for the clusters withn > 1, including
both N-bonded and H-bonded complexes for each size. Dipole
moments and vibrational frequency shifts are reported for all
of these complexes, providing insights into the nature of the
corresponding interactions. Comparisons with the corresponding
results for hydrogen-bonded complexes (such as (HCCCN)n

48)
reveal that the interactions in HCCCN-Mgn are highly non-
additive.

Experimental Method

The helium droplet apparatus used in the present study has
been described in detail elsewhere.49 Helium nanodroplets are
formed by expanding ultrahigh purity helium (99.9999%) into
vacuum through a 5µm diameter nozzle, maintained at
approximately 23 K by a closed cycle helium refrigerator. At a
source pressure of 60 atm, the mean droplet size is ap-
proximately 4000 helium atoms. The atoms and molecules of
interest are added to the droplets via the pick-up process.50 In
particular, the magnesium atoms were captured by the droplets
first, as they passed through a metal oven, the temperature of
which was used to vary the vapor pressure of the magnesium.
The cyanoacetylene was introduced into the droplets by a second
pickup cell positioned downstream of the metal oven. The flight
time of the droplets between the two pick-up cells is sufficiently
long to ensure that the metal atoms have formed a cluster and
cooled to the droplet temperature (0.37 K),41 before the arrival
of the cyanoacetylene molecule.
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The seeded droplets pass through the laser excitation region,
where the C-H stretch of the cyanoacetylene is excited by an
F-center laser, pumped by a krypton ion laser. Subsequent
vibrational relaxation results in the evaporation of approximately
600 helium atoms from the droplet. The corresponding depletion
in the helium flux is detected by a bolometer.51 The spectra are
made background free by amplitude modulating the laser, while
using phase-sensitive detection methods. A multiple reflection
cell was used to reflect the laser through the helium droplet
beam many times, greatly improving the excitation probability.

Two electrodes were positioned normal to the multipass cell
in order to apply a large DC-electric field to the laser excitation
region. In this way, the Stark spectrum52 of the complex could
be measured, from which the permanent electric dipole moment
was obtained.53 At high fields, a significant increase in the signal
levels was obtained, as the rotational contour in the vibrational
spectrum collapses into a single pendular peak.45 By recording
the dependence of the signal levels for the various vibrational
bands on the cyanoactylene and magnesium pressures, firm
assignments of the cluster sizes (m,n) were obtained,m andn
being the numbers of HCCCN molecules and magnesium atoms,
respectively. In the present study, the focus is on clusters
containing a single HCCCN molecule.

Ab Initio Results for HCCCN -Mgn. The ab initio calcula-
tions reported here were performed by using second-order
Møller-Plesset perturbation theory (MP2) and the 6-311++G-
(3df,3pd) basis set. The associated potential energy surface
(PES) was calculated with the Molpro-2000 package,54 and
basis-set superposition error (BSSE) was taken into account by
using the counterpoise correction method.55 The fully optimized
geometries for all of the isomers and transition states were
calculated with Gaussian98,56 along with the corresponding
vibrational frequencies.

The PES for the binary complex was calculated by freezing
the cyanoacetylene monomer at its equilibrium geometry
(determined from a separate geometry optimization of the
monomer at the same level of theory). A total of 144 points
were calculated on the 2-D intermolecular potential, defined
by the intermolecular distance and the angle between the Mg
atom and the HCCCN molecule, as shown in Figure 1a. Three
minima are evident on this PES, the global one (De ) 303 cm-1)
corresponding to the magnesium atom binding to the nitrogen
end of the molecule (hereafter referred to as the N-bonded
isomer). This minimum actually corresponds to a bent geometry
(structure1(a) in Figure 1b), with the magnesium being∼35°
from the molecular axis and 4.93 Å from the center of mass
(COM) of cyanoacetylene. It is interesting to note that the barrier
at the linear geometry is quite high (approximately 35 cm-1),
compared to that for HCN-Mg (<5 cm-1).46 In the latter case,
we found that the spectrum was indistinguishable from that of
a linear molecule, suggesting that the barrier is low enough to
make the vibrationally averaged structure effectively linear. The
higher barrier evident in the ab initio PES of HCCCN-Mg
suggests that this may not be the case for this system. This point
will be discussed further in the next section.

A second minimum on the PES (De ) 210 cm-1) is observed
at the hydrogen end of the molecule (structure1(c) in Figure
1(b), hereafter called the H-bonded isomer), corresponding to
a linear structure. The third minimum on the PES (De ) 299
cm-1) corresponds to the magnesium atom being nearly
perpendicular to the molecular axis (∼85°) (structure1(b) in
Figure 1(b)). This structure corresponds rather well to the
T-shaped geometry we have recently identified for the acetylene-

Mg complex,57 corresponding to the magnesium atom attached
to the acetylenic triple bond.

Geometry optimizations were carried out for all three of the
minima discussed above, the results of which are summarized
in Table 1. For all three cases there were no imaginary
frequencies, consistent with these being real minima on the PES.
The ab initio frequency shifts for the C-H stretching vibrations
of these three isomers are given in Table 1. These were obtained
by first scaling the vibrational frequencies of the complex and
the monomer by 0.959, namely that needed to bring the
harmonic C-H stretching frequency of the cyanoacetylene
monomer into agreement with the experimental value. By using
harmonic zero-point energies (ZPE), theD0 binding energies
were determined to be 136, 139, and 43 cm-1 for structures
1(a), 1(b), and1(c), respectively.

Figure 1. (a) The ab initio potential energy surface (PES) of HCCCN-
Mg in Cartesian coordinates, calculated at MP2/6-311++G(3df,3pd)
level of theory. The energies were corrected for basis set superposition
error (BSSE) by using the counterpoise correction method. The
separation between the adjacent contours is 5 cm-1. (b) The structures
1(a), 1(b), and1(c) correspond to the indicated minima on the PES
and were obtained from full geometry optimizations.

TABLE 1: Spectroscopic Parameters of Different Isomers of
Mg-HCCCN: Comparisons between Experimental Results
and ab Initio Calculations at the MP2/6-311++G(3df,3pd)
Level

experimental MP2/6-311++G(3df,3pd)

1a 1b 1c 1ab 1bb 1cb

ν/cm-1 3326.339 3326.188 3305.32 3325.78a 3325.43a 3305.99a

µ/D 4.5( 0.5 4.25 3.55 4.42
A/cm-1 0.197 0.050 - - 0.5360 0.1530
B/cm-1 0.012 0.020 0.005 0.0353 0.0600 0.0206
C/cm-1 0.011 0.015 0.005 0.0331 0.0431 0.0206
∆ν/cm-1 0.651 0.902 21.77 1.31 1.66 21.10
De/cm-1 303 299 210
D0/cm-1 c 136 139 43

a Ab initio frequencies scaled (f ) 0.959, which is determined from
HCCCN monomer calculation at the same level).b Structures are shown
in Figure 1.c Dissociation energy after harmonic zero-point energy
corrected.

2182 J. Phys. Chem. A, Vol. 108, No. 12, 2004 Dong and Miller



Previous studies from our group have shown that cluster
growth in helium droplets often results in the formation of higher
energy isomers,58 particularly when the barriers between the
corresponding minima on the PES are moderately large, so that
at the low temperature of the droplets there is no interconversion.
The ab initio barriers were determined by searching for the
transition states between the three isomers, yielding∼18 cm-1

for the barrier between the two bent geometries (1(a) and1(b))
and∼10 cm-1 between structures1(b) and1(c), including the
harmonic ZPE correction. As shown below, all three of these
isomers are observed in the present helium droplet experiments,
indicating that these barriers are sufficiently high to prevent
the isomers from interconverting.

Ab initio calculations were also performed for complexes
containing multiple magnesium atoms. Since the magnesium
atoms were added to the helium droplet prior to the molecule,
we only considered structures where the magnesium atoms form
a compact cluster. In other words, we have not considered
clusters in which the magnesium atoms are separated from one
another in widely spaced mimima on the PES. In fact, we have
observed such species, by changing the pick-up sequence,
although the discussion of these is beyond the scope of the
present paper.

It is interesting to note that the distance between minima1-
(a) and 1(b) on the PES discussed above is nearly identical
with the bond length of the magnesium dimer. This suggests
that one of the stable isomers of HCCCN-Mg2 will have the
two magnesium atoms accommodated in these minima, giving
rise to the planar structure2(a) shown in Figure 2b (De ) 684
cm-1). Another possibility is a “T-shaped” cluster, having the

magnesium dimer bound to the nitrogen end of the cyanoacetyl-
ene. In this case, the Mg2 bond length is much shorter than the
diameter of the trough in the PES of the binary complex (∼5.72
Å) going around the molecular axis (at the nitrogen end of the
molecule) so we might expect that the corresponding structure
will be somewhat nonplanar (structure2(b) in Figure 2(b)) (De

) 708 cm-1). Finally, the magnesium dimer can be placed at
the hydrogen end of the molecule, giving rise to a “T-shaped”
structure (structure2(c) in Figure 2b) (De ) 317 cm-1). In this
case, the corresponding minimum in the PES of the binary
complex is in the linear geometry so that the equilibrium
geometry of this T-shaped complex is planar. The latter is much
more weakly bound than the other two, simply based on the
depths of the wells on the PES of the binary complex.

The four-dimensional intermolecular PES for the HCCCN-
Mg2 was scanned with Gaussian98 (magnesium dimer distance
fixed at 3.89 Å), searching for different isomers. These
calculations revealed only the minima suggested above. These
are illustrated in the planar 2-D slice through the potential shown
in Figure 2a, where the angle between the line joining the centers
of mass of the Mg2 and the cyanoacetylene and the Mg2 bond
axis is also fixed at 90°. Although the minimum at the nitrogen
end of the cyanoactylene is actually nonplanar, it is already
evident in this planar slice. It is interesting to note that the
barriers between these minima are larger than those on the PES
of the binary complex, namely∼70 cm-1 between2(a) and
2(c) and∼120 cm-1 between2(a) and2(b).

Geometry optimizations were carried out for all three HC-
CCN-Mg2 isomers and the results are summarized in Table 2.
The optimized geometries (Figure 2b) are in good agreement
with the above arguments, based on the PES of the binary
complex. The correspondingD0 binding energies obtained after
applying the harmonic zero-point energy corrections are 483,
516, and 119 cm-1 for isomers2(a), 2(b), and2(c), respectively.

A cut through the ab initio HCCCN-Mg3 PES is shown in
Figure 3a (constructed from 180 points). In this case the line
joining the centers of mass of cyanoacetylene and the magne-
sium trimer is maintained perpendicular to the trimer plane and
the bond lengths of Mg3 are fixed at 3.31 Å (as shown in the
inset). In this case we see only two minima, namely a deep
well (De ) 1795 cm-1) at the nitrogen end of the molecule
(structure3(a)) and a relatively shallow well (De ) 671 cm-1)
at the hydrogen end (structure3(b)). The barrier between these
two minima is less than 10 cm-1. The barrier is not evident in
the PES shown in Figure 3 simply due to the course spacing
between the contours, illustrating that the calculated barrier is
very small. Full geometry optimizations confirm the existence

Figure 2. (a) A cut though the PES of HCCCN-Mg2 in Cartesian
coordinates, calculated at MP2/6-311++G(3df,3pd) level of theory.
The distance between two magnesium atoms was held fixed at 3.89 Å,
and the angle between the line joining the centers of mass of the
molecule and the magnesium dimer and the axis of the latter was held
fixed at 90°, as shown in the inset. The energies were corrected for
BSSE by using the counterpoise correction method. The separation
between the adjacent contours is 10 cm-1. (b) A scan of the
four-dimensional PES and ab initio geometry optimizations revealed
the three geometries labeled as2(a), 2(b), amd2(c).

TABLE 2: Spectroscopic Parameters of Different Isomers of
Mg2-HCCCN: Comparisons between Experimental Results
and ab Initio Calculations at the MP2/6-311++G(3df,3pd)
Level

experimental MP2/6-311++G(3df,3pd)

2a 2b 2c 2ab 2bb 2cb

ν/cm-1 3325.302 3325.389 3297.60 3324.37a 3324.57a 3298.81a

µ/D 4.8( 0.5 3.92 4.52 4.89
A/cm-1 0.018 0.036 0.020 0.0732 0.0855 0.0815
B/cm-1 0.011 0.013 0.0055 0.0315 0.0235 0.0172
C/cm-1 0.009 0.010 0.0045 0.0220 0.0184 0.0142
∆ν/cm-1 1.694 1.606 29.49 2.72 2.52 28.28
De/cm-1 684 708 317
D0/cm-1 c 483 516 119

a Ab initio frequencies scaled (f ) 0.959, which is determined from
HCCCN monomer calculation at the same level).b Structures are shown
in Figure 2.c Dissociation energy after harmonic zero-point energy
corrected.
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of two minima corresponding to the N-bonded and H-bonded
isomers. Both of these areC3V symmetric top structures
(structure3(a) and 3(b) in Figure 3b, respectively). Table 3
summarizes the ab initio calculations for both isomers. The
interaction energies for structures3(a) and3(b) are-1520 and
-530 cm-1, respectively, after harmonic zero-point energy
corrections.

The global minimum on the Mg4 PES is well-known to
correspond to the tetrahedral structure.2,59,60In studies of HCN-
Mg4 carried out in our laboratory, we identified a complex in
which the nitrogen of HCN binds to a single magnesium atom
of Mg4 (on-top structure), resulting in a complex withC3V
symmetry. Ab initio calculations confirmed that this is the most
stable isomer for this system.47 Analogous calculations for
HCCCN-Mg4 reveal that the same on-top structure is the most
strongly bonded isomer (structure4(a) in Figure 4) (De ) 2239
cm-1). However, in this case a full geometry optimization yields
a structure in which the molecule is slightly tilted off theC3V

axis, as shown in Figure 4. A second isomer is predicted by
the ab initio calculations, corresponding to the hydrogen end
of the HCCCN pointing toward the magnesium cluster, in these
cases on one of the faces of the tetrahedral (see structure4(b)
in Figure 4) (De ) 946 cm-1), which in surface science would
be called a 3-fold binding site. The results from the optimized
structures for these two isomers are summarized in Table 4.
The binding energies after zero-point energy corrections for
structures4(a) and4(b) are 1891 and 820 cm-1, respectively.

The ab initio vibrational frequency calculations for all of these
complexes indicate that the associated C-H stretches are all
shifted to the red, relative to the HCCCN monomer. As
expected, the calculated shifts for the N-bonded complexes are
small relative to those of the H-bonded isomers (see Tables
1-4). For the N-bonded complexes, the red shift increases rather
smoothly with increasing metal cluster size, from Mg-HCCCN
to Mg3-HCCCN, with a sudden increase for HCCCN-Mg4.
The calculated dipole moments of the smaller systems (n )
1-3) are generally incrementally larger than that of the
monomer, consistent with the induced dipole on the magnesium
cluster. The one exception is the N-bonded on-top isomer of
HCCCN-Mg4, for which the dipole moment is qualitatively
larger (9.9 D), suggestive of charge transfer between the
molecule and the Mg4 complex. This will be discussed further
in later sections of this paper.

Experimental Results

We have shown in a number of previous studies that the
sensitivity of helium droplet spectroscopy can be improved
considerably by using the pendular state method.45 As a result,
initial searches for the magnesium-cyanoacetylene clusters were
carried out with a large electric field (∼50 kV/cm) applied to
the laser-droplet interaction region. Using the HCN-Mgn results
as a guide46,47 (since the experiments were performed before

Figure 3. (a) The PES of HCCCN-Mg3 in Cartesian coordinates, with
the configuration shown as an inset, calculated at MP2/6-311++G-
(3df,3pd) level with BSSE corrections. The distances between the
magnesium atoms were fixed at 3.31 Å. The plane of the equilateral
triangle of Mg3 was set to be normal to the line connecting the center
of mass of Mg3 and HCCCN molecules. The separation between the
adjacent contours is 60 cm-1. (b) The two optimized geometries,3(a)
and 3(b), both haveC3V symmetry, corresponding to the minima
indicated by the arrows.

TABLE 3: Spectroscopic Parameters of Different Isomers of
Mg3-HCCCN: Comparisons between Experimental Results
and ab Initio Calculations at the MP2/6-311++G(3df,3pd)
Level

experimental MP2/6-311++G(3df,3pd)

3a 3b 3ab 3bb

ν/cm-1 3323.673 3282.15 3321.41a 3287.32a

µ/D 5.0( 0.2 4.9( 0.4 5.08 4.74
A/cm-1 0.028 0.025 0.0683 0.0616
B/cm-1 0.0065 0.0045 0.0210 0.0143
C/cm-1 0.0065 0.0045 0.0210 0.0143
∆ν/cm-1 3.417 44.94 5.68 39.77
De/cm-1 1795 671
D0/cm-1 c 1520 530

a Ab initio frequencies scaled (f ) 0.959, which is determined from
HCCCN monomer calculation at the same level).b Structures are shown
in Figure 3.c Dissociation energy after harmonic zero-point energy
corrected.

Figure 4. Ab initio optimized structures for HCCCN-Mg4, corre-
sponding to the nitrogen bonded, on-top geometry4(a) and hydrogen
bonded, 3-fold structure4(b). The optimized structure for4(a) is
somewhat tilted, while the hydrogen-bonded complex hasC3V symmetry.

TABLE 4: Spectroscopic Parameters of Different Isomers of
Mg4-HCCCN: Comparisons between Experimental Results
and ab Initio Calculations at the MP2/6-311++G(3df,3pd)
Level

experimental MP2/6-311++G(3df,3pd)

4a 4b 4ab 4bb

ν/cm-1 3318.685 3263.20 3318.68a 3261.54a

µ/D 9.6( 0.4 5.0( 0.4 9.99 5.09
A/cm-1 0.035 0.035 0.077 0.076
B/cm-1 0.0050 0.0044 0.011 0.0092
C/cm-1 0.0050 0.0044 0.011 0.0092
∆ν/cm-1 8.405 63.89 8.45 65.55
De/cm-1 2239 946
D0/cm-1 c 1891 820

a Ab initio frequencies scaled byf ) 0.962.b Structures are shown
in Figure 4.c Dissociation energy after harmonic zero-point energy
corrected.
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the ab initio calculations), we expected that the C-H stretch of
HCCCN in the nitrogen-bonded complexes would only be
weakly shifted from the cyanoacetylene monomer. Figure 5
shows a comparison between two pendular spectra, the top panel
having been recorded under conditions that optimize for the
formation of HCCCN-Mgn complexes, while in the lower panel
the magnesium oven was switched off so that the helium
droplets only contain cyanoacetylene. The spectra of the linear
cyanoacetylene clusters (lower panel) formed in the helium
droplets have been discussed previously48 and are labeled in
the figure. The new peaks that appear when the magnesium
oven is heated can be assigned to the HCCCN-Mgn complexes,
with the size determined from the way in which the intensities
of the various bands vary with magnesium pressure in the oven.

The latter point is illustrated in Figure 6b, which shows a
series of pendular spectra recorded as a function of the
magnesium oven temperature. The broad feature (1,1) in the
figure (1 cyanoacetylene and 1 magnesium atom, respectively)
was the first to appear at low oven temperatures and disappeared
quickly at higher temperatures. The fact that the shape of the
band does not change with oven temperature suggests that all
of the corresponding signal comes from (1,1) complexes. This
assignment is also consistent with the fact that the band is the
least shifted from the monomer. Note that the peak labeled (2,0)
(cyanoacetylene dimer) simply decreases with increasing oven
temperature, as is the case for the monomer (1,0) (not shown).

Figure 6a shows the (cyanoacetylene) pick-up cell pressure
dependence of several of the bands in the spectrum. The fact
that all of these Poisson distributions peak at the same pick-up
cell pressure confirms that they are all associated with complexes
that contain only a single cyanoacetylene monomer. The
combination of the metal oven temperature dependence and the
cyanoacetylene pick-up cell pressure dependence provides
unambiguous assignments of the cluster compositions (m,n).
Several bands are also identified in the spectra that are clearly
due to complexes containing more than one cyanoacetylene
molecule, although the discussion of these is beyond the scope
of the present work.

HCCCN-Mg1. As noted above, the pendular spectrum of
the (1,1) complex in Figure 6b is quite broad relative to the
others in the spectrum. This is further illustrated in the expanded
view of this spectrum, shown in Figure 7a, along with a scan
of the same spectral region recorded in the absence of an electric
field. Analogous spectra obtained for the HCN-Mg complex

showed well-resolved rotational fine structure, providing infor-
mation on the molecular symmetry and rotational constants,
which were qualitatively compared with the ab initio calculations
(after applying a simple factor of 3 correction to account for
the effects of the helium40). Unfortunately, the zero-field
spectrum shown here is not fully resolved, which makes sense
given that the candidate complexes (shown in Figure 1) are
asymmetric tops and the cyanoacetylene is considerably heavier
than HCN. In the absence of theoretical guidance, a unique
assignment of this spectrum would be difficult, particularly given
that we were unable to fit the zero-field spectrum to a single
ro-vibrational band. This is consistent with the fact that isomers
1(a)and1(b) have similar ab initio C-H stretch frequency shifts
(from the monomer), namely 1.31 and 1.66 cm-1, respectively.
As a result, we expect the spectra of these two isomers to
overlap.

Combined with the fact that the spectra associated with these
two isomers are both hybrid bands, this could also account for
the broadening observed in the pendular spectrum. Using the
ab initio structures as a guide (starting rotational constants and
relative contributions from A-type and B-type bands), we
obtained a reasonable fit to the zero-field spectrum, shown in
Figure 7a. The constants used to generate these calculated
spectra are summarized in Table 1. The fitted rotational
constants are reasonable, namely a factor of∼3 smaller than
the ab initio values, owing to the effects of the helium.40 In
addition, the difference in the fitted vibrational band origins
for these two bands is consistent with the ab initio calculations

Figure 5. Infrared pendular spectra of the free C-H stretches for
(bottom panel) pure (HCCCN)m (m ) 1-4) complexes and (top panel)
HCCCN-Mgn (n ) 1-4) N-bonded complexes.

Figure 6. (a) The dependence of the intensity of the pendular spectra
of HCCCN-Mgn complexes on the HCCCN pick-up cell pressure. The
dashed and dotted lines are the pressures that optimize for the pick-up
of one or two HCCCN molecules, respectively. (b) A series of pendular
spectra recorded as a function of the magnesium oven temperature,
used to assign the bands to different cluster sizes. The transitions are
labeled as (m,n), wherem is the number of HCCCN molecules in the
cluster andn is the number of magnesium atoms.
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for isomers1(a) and 1(b) and the results from the pendular
spectrum. The most we can say from this analysis is that the
experimental spectra are consistent with both of these isomers
being formed in the helium droplets. As we will see in what
follows, the correspondence between the experimental and
theoretical data is excellent for the larger cluster sizes, giving
us considerable confidence in the above assignment.

As indicated in Table 1, ab initio calculations suggest that
the linear H-bonded isomer of the binary complex has a much
larger frequency shift (∼21.1 cm-1) than the two considered
above, owing to the close proximity of the magnesium to the
C-H. Searches were carried out in this spectral region, resulting
in the observation of the band shown in Figure 7b. Here again,
the spectrum is not fully rotationally resolved, although it does
show a clear P/R contour that is consistent with a linear
molecule. It is interesting to note that even in the lighter Mg-
HCN complex,46 the hydrogen-bonded isomer showed a simi-
larly broad spectrum, presumably due to fast vibrational
relaxation resulting from the strong coupling between the

intermolecular degrees of freedom and the C-H stretching
vibration, due to the close proximity of the magnesium to the
latter.

The smooth line in Figure 7b is a fit to a linear molecule
Hamiltonian, with the corresponding rotational constants sum-
marized in Table 1. It is important to note that the spacing
between the P and R branches provides a reasonable measure
of the rotational constants of this species, because we know
the rotational temperature, characteristic of the droplets. The
ratio of the ab initio and experimental rotational constants for
this species is approximately 2.5, quite reasonable for a molecule
in helium. Note that the ab initio (21.1 cm-1) and experimental
(21.77 cm-1) frequency shifts are in excellent agreement and
that the oven temperature and cyanoacetylene pick-up cell
pressure dependence of this band confirm that it is a (1,1)
complex. Pendular spectroscopy was also used to estimate the
dipole moment of this complex (∼4.5 D), which is also in
excellent agreement with the ab initio value (4.42 D). Note that
the dipole moment of the cyanoacetylene monomer is 3.72 D.61

The combination of all of these results provides a firm
assignment of this spectrum to the most weakly bound isomer
of the binary complex, namely1(c) in Figure 1b.

HCCCN-Mg2. In the pendular spectra shown in Figure 6b
there are two bands assigned to (1,2) complexes based upon
the oven temperature and pick-up cell pressure dependence of
the associated signals. Here again, we see that the relative
intensities of these two bands do not depend on the oven
temperature and pick-up cell pressure, indicating they have the
same composition. Note that these peaks grow in more slowly
than those assigned as (1,1) complexes, consistent with the fact
that their formation requires the pick-up of two magnesium
atoms, and thus higher oven temperatures. The experimental
vibrational frequency shifts are in quite good agreement with
the ab initio calculations for isomers2(a) and2(b) (see Figure
2b), as shown in Table 2. It is also interesting to note that the
frequency shifts for these isomers are somewhat less than double
that of the (1,1) complexes, consistent with the fact that two
magnesium atoms cannot interact quite as efficiently with the
molecule as they can independently, due simply to steric effects.
A similar effect was seen for HCN-Mg2

45 and is also typical
of complexes containing multiple rare gas atoms.62 All indica-
tions are that the magnesium dimer is a van der Waals complex,
making this additive description of the associated interactions
quite reasonable.

Given that the vibrational origins for these two bands are
accurately determined from the pendular spectrum, the fitting
of the zero-field spectrum is more straightforward than that for
the Mg-HCCCN systems discussed above. Here again, how-
ever, the spectrum is not fully resolved, because these complexes
are asymmetric tops with quite complex spectra. Figure 8a
shows a comparison between the pendular and field free spectra
for HCCCN-Mg2 complexes, along with a fit to the zero field
spectrum, obtained with some guidance from the ab initio
calculations, as discussed below. In these spectra, the well-
defined Q branches in the field free spectrum line up rather
well with the pendular transitions, confirming that the latter
provide an accurate measure of the corresponding vibrational
origins. The P and R branches are rather well resolved in this
spectrum, aiding in the fitting of the spectrum. The smooth lines
in the figure show the fitted zero-field spectrum, which is in
excellent agreement with the experiment. Note that we once
again find that the fitted rotational constants are approximately
a factor of 3 smaller than the ab initio values.

Figure 7. Field free and pendular spectra for HCCCN-Mg, corre-
sponding to the N-bonded (a) and H-bonded (b) isomers. The spectra
in panel (a) correspond to the overlap of the two N-bonded isomers,
namely 1(a) and 1(b) in Figure 1. The fit to the overall field free
rotational contour consists of the sum of two spectra, generated
assuming the ab initio structures and rotational constants that are
modified to approximately account for the effects of the helium. The
spectra of H-bonded isomers (b) are consistent with a linear molecule
(structure1(c) in Figure 1). The dipole moment, obtained by fitting
the Stark spectrum, is approximately 4.5 D.

2186 J. Phys. Chem. A, Vol. 108, No. 12, 2004 Dong and Miller



The ab initio calculations also predict the existence of a
hydrogen-bonded isomer (see Table 2), with a calculated
vibrational frequency shift of 28.3 cm-1. As shown in Figure
8b, we observed a band at 3297.6 cm-1, corresponding to an
experimental vibrational frequency shift of 29.5 cm-1. The oven
temperature and pick-up cell pressure dependence of this band
confirm that it was indeed associated with a (1,2) complex. The
agreement between the ab initio and experimental frequency
shifts leaves little doubt that this is the hydrogen-bonded Mg2-
HCCCN complex. The field free spectrum is more poorly
resolved in this system, compared with that of Mg-HCCCN
discussed above. Nevertheless, a fit to the overall contour is
obtained with constants that are of reasonable magnitude,
compared to the ab initio calculations, accounting for the effects
of the helium (see Table 2). The electric field dependence of
this vibrational band gave an estimated dipole moment of this
complex of 4.9( 0.5 D, in excellent agreement with the ab
initio value (4.89 D).

HCCCN-Mg3. As noted in the ab initio section of this paper,
the most stable structures for the Mg3-HCCCN complex have
the molecule lying along the 3-fold axis, with the magnesium

cluster at either the nitrogen or hydrogen end. The N-bonded
complex is clearly evident in the pendular spectrum in Figure
6b, labeled as (1,3). This peak grows in more slowly with
increasing oven temperature, compared to the smaller magne-
sium complexes. Here again, the experimental vibrational
frequency shift clearly indicates that the magnesium cluster is
bonded to the nitrogen end of the cyanoacetylene. Indeed, the
comparison between the experimental (3.417 cm-1) and calcu-
lated (5.68 cm-1) frequency shifts is quite reasonable, certainly
compared to the much larger shifts associated with the hydrogen-
bonded complex. As is now routine, the (1,3) assignment of
this band is based upon the oven temperature and pick-up cell
pressure dependence of the associated signals.

The zero-field spectrum of this (1,3) complex is shown in
Figure 9a, along with several Stark spectra recorded at different
electric fields. In this case, the zero-field spectrum is well
resolved, owing to the high symmetry of the complex, and can
be accurately fit to a symmetric top Hamiltonian. The rotational
constants obtained from fitting the zero-field spectrum are
summarized in Table 3. Note that the A rotational constant for

Figure 8. The field free and Stark spectra of HCCCN-Mg2 for both
the N-bonded (a) and H-bonded (b) isomers. The pendular spectrum
provides an accurate determination of the vibrational band origins for
two N-bonded isomers; so these are held fixed in the fit to the field
free spectrum. The simulated spectra are again consistent with the ab
initio structures2(a) and2(b) in Figure 2. The spectra in panel b are
consistent with the H-bonded isomer and yield a dipole moment of
approximately 4.9 D.

Figure 9. Field free and Stark spectra of N-bonded (a) and H-bonded
(b) isomers of cyanoacetylene-Mg3. The high symmetry (C3V) of the
nitrogen-bonded complex results in considerable rotational structure
in the spectrum. The fits to the spectra give rotational constants that
are consistent with the ab initio structure, when corrected for the effects
of the helium. The dipole moments determined from the Stark spectra
of these two isomers are 5.2 and 4.5 D for structures (3a) and (3b),
respectively.
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this complex is determined from the relative intensities of the
P, Q, and R branches, which is possible given that the rotational
temperature is known. Here again, the experimental values are
a factor of approximately 3 smaller than those from ab initio
theory. All of the Stark spectra presented in this paper were
calculated by diagonalizing the full Hamiltonian matrix for a
linear, symmetric, or asymmetric top molecule. The dipole
moment obtained from the fits to the Stark spectra of HCCCN-
Mg3 shown in Figure 9a is 5.2( 0.2 D, in excellent agreement
with the ab initio value of 5.08 D.

Searches for the hydrogen-bonded (1,3) complex revealed the
spectra shown in Figure 9b. The experimental frequency shift
is 44.94 cm-1, in good agreement with the ab initio result (39.77
cm-1). As we have come to expect, the broadening in the
spectrum of this hydrogen-bonded complex is considerably
greater than that for the nitrogen-bonded species, such that
individual rotational transitions are not observed. As a result,
the fits to these data are more qualitative and the corresponding
molecular constants are less well determined (see Table 3). From
the fits to the Stark spectra presented in Figure 9b we estimate
the dipole moment of this complex to be∼4.5 D, compared to
the ab initio value of 4.72 D. The somewhat smaller dipole
moment of this isomer results from the fact that the most polar
part of the cyanoacetylene in the H-bonded complex is further
from the magnesium atoms than in the N-bonded complex.

HCCCN-Mg4. The bare Mg4 complex has been the subject
of considerable study and is well-known to have a regular
tetrahedron structure, with considerably stronger interactions
(0.30 eV/atom) (also reflected in the shorter bond lengths
(3.045Å)) than the smaller clusters.59,60 In previous studies of
the N-bonded HCN-Mg4 complex,47 we found that the C-H
stretch vibrational frequency shift was much larger than that
for the smaller complexes. Comparisons with ab initio calcula-
tions revealed that there is a significant change in the nature of
the bonding between the HCN and the magnesium cluster in
going fromn ) 3 to n ) 4. The structure of the corresponding
nitrogen-bondedn ) 3 complex was the same as discussed
above for the HCCCN. Forn ) 4, the molecule prefers the
“on-top” site, namely binding to a single magnesium atom in
the Mg4 cluster. A large increase in the dipole moment was
also observed in going fromn ) 3 to n ) 4, suggesting some
degree of charge transfer between the molecule and the Mg4

complex.
The ab initio calculations presented above suggest the same

trend for the cyanoacetylene-Mgn complexes. This behavior
is clearly evident from the spectrum in Figure 5, with the band
associated with HCCCN-Mg4 appearing at 3318.68 cm-1,
corresponding to a frequency shift of 8.4 cm-1 from the HCCCN
monomer. Once again, the peak labeled withn ) 4 in Figure 5
was assigned by varying the Mg-oven temperature and the
HCCCN pick-up cell pressure. The corresponding ab initio
vibrational frequency shift for the nitrogen-bonded HCCCN-
Mg4 complex is 8.45 cm-1. The zero-field spectrum of the (1,4)
complex is shown in Figure 10a, along with the spectra recorded
at three different electric fields. The high symmetry of this
complex once again makes the rotational band rather well
resolved, even though this is the largest complex studied thus
far. The fitted spectra are also shown and the resulting molecular
constants are summarized in Table 4. Here again, the rotational
constants obtained from the fit are approximately a factor of 3
smaller than the ab initio values. Note the large experimental
dipole moment that is obtained from these fits (9.3 D), consistent
with that obtained from the ab initio calculations (9.99 D). In
our previous study of the HCN-Mgn complexes,63 where a

similarly large dipole was observed forn ) 4, we presented ab
initio calculations that suggested that this was due to charge
transfer from the nitrogen lone pair to the magnesium cluster.
As a result, we expect that the charge transfer will be highly
dependent on the geometry of the complex, making the study
of other isomers of fundamental interest.

Ab initio calculations suggest that the spectrum of the
hydrogen-bonded isomer of Mg4-HCCCN will be shifted by
65.55 cm-1 from the monomer. Searches in this and surrounding
regions of the spectrum revealed the band shown in Figure 10b,
with a frequency shift of 63.89 cm-1. Although the reader could
get the impression that there are bands everywhere and that we
simply find them wherever they are predicated by the ab initio
calculations, we note that many of the bands were actually found
and assigned (based upon the oven temperature and pick-up
cell pressure dependence of the corresponding signals) before
the calculations were performed. As illustrated in the pendular
spectrum shown in Figure 11, the bands assigned above are the
only ones of significant intensity in this spectral region. Note
that the maximum signals for both the N-bonded and H-bonded
series in this spectrum occur for then ) 3 complex. Actually,
the band associated with isomer3(a) is anomalously intense in
this pendular spectrum owing to its relatively narrow width.

Figure 10. Field free and Stark spectra of N-bonded (a) and H-bonded
(b) isomers of cyanoacetylene-Mg4. The fits to the spectra give
rotational constants that are consistent with the ab initio structure, when
corrected for the effects of the helium. The dipole moments determined
from the Stark spectra of these two isomers are 9.3 and 5.3 D for
structures4(a) and4(b), respectively.
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Nevertheless, the intensities of these two series, assigned to the
N-bonded and H-bonded complexes, illustrate further the
assignments determined above. The minor peaks in the spectrum
(including those marked with an asterisk) are associated with
either complexes containing more than one cyanoacetylene
molecule or background gases picked-up from the chamber.

The frequency shift of this hydrogen-bondedn ) 4 complex
is not unusually large, when compared to the smaller hydrogen-
bonded species, implying that the anomalously large shift
observed for the nitrogen-bonded complex is specific to the
interaction with the nitrogen lone pair. This is also reflected in
the dipole moment of the hydrogen-bonded complex, which was
determined from the fit to the Stark spectra in Figure 10b (5.3
D), much smaller than for the nitrogen-bonded complex. A fit
to the zero-field spectrum is also shown in Figure 10b, resulting
in the constants summarized in Table 4.

Discussion

The extensive experimental and ab initio data presented
above, for complexes between magnesium and cyanoacetylene,
suggest that all of the minima on the corresponding potential
energy surfaces are populated in these helium droplet experi-
ments, providing us with a means of studying different portions
of the PES. This is in contrast with what has been observed
previously for clusters formed from polar molecules, such as
HCN and HCCCN, where the growth in helium is dominated
by long-range dipole-dipole interactions, resulting in the
exclusive formation of linear chains.43 Apparently the polar
cyanoacetylene molecule approaches the nonpolar metal com-
plexes with random orientation, resulting in the population of
all of the local minima. Given this, it is interesting to consider
what will happen when a molecule is added to the droplets first,
followed by the metal atoms. In this case, we expect that the
metal atoms will “land on” the molecule from random directions,
becoming trapped in local minima that are remote from one
another (in the present case, at opposite ends of the molecule,
for example). This approach could be used to form even more
exotic isomers, where the molecule is effectively coated by the
metal atoms. Studies of this type are underway and will be the
subject of future reports.

The vibrational frequency shifts measured as a function of
cluster size and structure can provide important insights into

the nature of the interactions in these systems. As summarized
in Figure 12a, there is a qualitative difference in behavior for
the linear (HCCCN)n clusters and the magnesium clusters
considered here. In the former case, the frequency shifts for
the terminal or “free” C-H stretch (solid triangles in Figure
12a) smoothly saturate with increasing cluster size, at a rather
small value (approximately 4 cm-1). This is easily understood
given that the “free” C-H stretch is rather well localized at the
terminus of the chain, so that the addition of molecules at the
other end becomes less important with increasing cluster size.
The situation is clearly different for the “free” C-H stretch of
the cyanoacetylene-Mgn complexes (solid circles in Figure
12a). As discussed above, the shift for then ) 4 complex is
substantially larger than that of the smaller complexes, sug-
gesting that the interactions are highly nonadditive. Note from
Figure 12a that the same behavior is seen in HCN-Mgn,
although the absolute magnitudes of the shifts are larger in this
case. This makes sense given the relative proximity of the C-H
stretch to the binding site for these two molecules. As noted
above, the large frequency shifts observed for then ) 4
magnesium complexes are consistent with the relatively strong
bonding in these complexes.

The frequency shifts associated with the hydrogen-bonded
C-H stretches of the linear cyanoacetylene chains also shift
smoothly with chain length, as shown in Figure 12b, once again
converging to a limiting value. In this case, the shifts are much
larger (>100 cm-1) than for the “free” C-H stretches, owing
to the much stronger coupling between the intramolecular
vibrations and the hydrogen bond. Similarly, the shifts for the
hydrogen-bonded magnesium clusters are much larger than those
for the nitrogen-bonded complexes. Nevertheless, as shown in
Figure 12b, the frequency shifts increase almost linearly with
increasing magnesium cluster size, showing nothing special

Figure 11. A survey scan of the pendular spectrum of the cyanoacety-
lene/magnesium clusters. The labels on the pendular peaks correspond
to the structures given in Figures 1-4. The weak peaks and those
marked with an asterisk are due to clusters with multiple cyanoacetylene
molecules or contaminants from the background gases in the chamber.

Figure 12. (a) A plot of the frequency shifts as a function of cluster
size for the free C-H stretches of HCCCN-Mgn, (HCCCN)n, and
HCN-Mgn. (b) A plot of the frequency shifts for the H-bonded stretches
of (HCCCN)n and Mgn-HCCCN, Note that the large increase in the
frequency shift observed in going fromn ) 3 ton ) 4 for the nitrogen-
bonded magnesium complexes is not seen for the hydrogen-bonded
species. In addition, the frequency shifts for the free C-H stretch of
HCCCN-Mgn complexes are considerably smaller than the corre-
sponding values for HCN-Mgn.
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occurring atn ) 4. Similarly, the dipole moments for these
hydrogen-bonded complexes show nothing unusual for then
) 4 complex. This is consistent with the charge transfer
mechanism observed in the nitrogen-bonded complex no longer
being important for this isomer, as would be expected from
geometrical considerations. The interactions involving the
magnesium tetramer are clearly not indiscriminately large, but
rather strongly dependent on the orientation of the molecule
relative to the cluster. This is consistent with the idea that charge
transfer between the lone pair on the nitrogen of cyanoacetylene
plays an important role in determining the special character of
the nitrogen-bondedn ) 4 isomer. Indeed, the on-top structure
of this isomer is consistent with charge donation from the
nitrogen lone pair to the lowest unoccupied molecular orbital
(LUMO) of the Mg4, a point that is discussed elsewhere for
other adsorbate-metal systems.47 It is also interesting to note
that the HOMO of Mg4 places considerable electron density on
the 3-fold site,47 accounting for the fact that the electropositive
hydrogen atoms of cyanoacetylene prefer to bind at this location.
Similar arguments, based upon the HOMOs and LUMOs, work
equally well in explaining the structures observed for HCCCN-
Mg3.

The ab initio bond lengths for the various complexes
discussed here, including those of HCN and the bare magnesium
clusters, are summarized in Table 5. These results show that
there are rather significant changes in the values ofRN-Mg and
RMg-Mg with cluster size. It is noteworthy thatRN-Mg for the
nitrogen-bondedn ) 4 complex is particularly short, namely
2.35 Å, compared to that of the binary complex, namely 3.588
Å. Such a large change in bond length over a rather small cluster
size range is unusual (i.e. not seen in van der Waals systems),
providing further evidence that the interactions in these systems
are highly nonadditive.

All of the complexes considered here have been treated as if
they were rigid. We have not discussed the possibility that they
undergo wide amplitude motions, which might include tunneling
through the rather low barriers between the local minima on
the PES. The main reason for this apparent oversight is simply
that the spectra observed here do not provide information on
these motions. All of the spectra reported here could be
adequately fit by rigid rotor energy level expressions (in some
cases modified by centrifugal distortion constants). All indica-
tions are that the barriers between the local minima in these
systems are sufficiently high to prevent interconversion at the
droplet temperature, even though we cannot completely rule
out this possibility.

Conclusions

We have presented a detailed experimental and ab initio study
of the complexes of cyanoacetylene with magnesium clusters,
formed in the liquid helium droplets. Multiple isomers have been
observed for the various cluster sizes. The observation of these
different isomers confirms that the rapid cooling provided by
the helium, during the cluster formation process, is sufficient
to trap the system in metastable structures. This is despite the
fact that, according to ab initio calculations, the barriers between
some of these are quite low. The agreement between experiment
and theory is remarkably good for all of the systems studied
here, illustrating how the two can be used to obtain deeper
insights into the nature of the interactions in these systems. In
fact, magnesium was chosen as a starting point in our study of
metal complexes because of the relative ease with which it can
be treated by ab initio theory, in comparison to the transition
metals.

The interactions in these systems have been shown to be
highly nonadditive and highly structurally specific. Theory and
experiment agree that the interactions in the nitrogen-bondedn
) 4 complex are anomalously strong, as is the associated electric
dipole moment. Indications are that the latter is due to charge
transfer from the lone pair on the nitrogen molecule to the
LUMO of the magnesium tetramer. The experimental method
used here is quite general and plans are underway to study the
analogous transition metal complexes. In addition, further work
is needed on larger magnesium complexes, with the goal of
studying systems near the insulator-to-metal transition,64 in order
to provide insights into the associated changes in the adsorbate
binding.
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