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High-resolution infrared laser spectroscopy has been used to obtain rotationally resolved spectra-of HCN
Zn, (n = 1—4) complexes formed in helium nanodroplets. In the present study the droplets passed through
a metal oven, where the zinc vapor pressure was adjusted until one or more atoms were captured by the
droplets. A second pickup cell was then used to dope the droplets with a single HCN molecule. Rotationally
resolved infrared spectra are obtained for all of these complexes, providing valuable information concerning
their structures. Stark spectra are reported and used to determine the corresponding permanent electric dipole
moments. Ab initio calculations are also reported for these complexes for comparison with the experimental

results.

Introduction the symmetry of the rovibrational spectrum of the i€ stretch

. o ave direct insight into the overall symmetry of the complex.
The main driving force for the study of metal clusters has g 9 y y b

. . L ~> Although this symmetry within the droplet remains unaffected,
been the detailed characterization of the transition in bonding " ¢, o1l fraction of the helium solvent rotates along with the

that .takz.as place.as a cluster INCreases In size. This change Ir1:omplex, resulting in a slight increase in the measured moment
binding is especially relevant in the divalent groups of metals, of inertia. The quantification of this fraction has proven to be

where the smallest clusters are dominated by van der Waals

forces, the intermediate cluster sizes by covalent bonds andVery difficult, and aside from a few model systefis;® the
’ ; ’ determination of bond lengths via rovibrational spectrosco
the bulk by metallic bonds. One of the benchmarks for such 9 P Py

S . i remains beyond the current state of the art. Empirically, it has
StUd'fes is that of the. group 12 Hglusters_, for_ which there is been found that heavy rotdfhave rotational constants reduced
considerable experimental and theoreficalliterature. The

isovalent Cdg clusters have also been studfedalthough to a by a factor of 2.5+ 0.5 in helium when compared to their

hat | d hile th ) little th " Icorresponding gas-phase values. This factor of 2.5 will be
Someﬁoa esser degree, while there Is very Iitlie theorelical ofarreq to throughout this paper when comparing ab initio/
work® and virtually no experimental data on the ,Zn

" . ; i gas-phase rotational constants to those measured in helium
clusterst! In this series of divalent group 12 atoms, theory

A " droplets.
predicts that the transitions from van der Waals to covalent to In addition to structural inf tion. infrared ¢
metallic bonding will occur at progressively smaller sizes for n addition to structural information, iniraréd Spectroscopy
the lighter atomé. Thus, zinc atoms seem like prime targets can provide information on the nature of the interaction between

for studying these transitions in a size range that is amenablethe mgtal cluster anq the adsorbate. For instance, th.b.l c
to study with high-resolution spectroscopy methods. stretching frequency in HCN was found to be very sensitive to

In this paper, we present the experimental structural deter- the changing magnesium cluster siz&pecifically, we observed

o L . ; . a dramatic vibrational red-shift for the HCNMgn=4, when
minations for clusters containing multiple zinc atoms. The zinc

clusters are formed in helium nanodroplets at 0.37 K, after which compared to thg HCNM9"53' This shift pointed to a funda-'
. - mental change in bonding between the HCN and magnesium
a single HCN molecule is added to make a metal cluster

adsorbate complex. These experiments were undertaken in a{:luster when going from HCNMgs to HCN--Mga and was

- . . 12 characterized by the measurement of each complex’s dipole
manner similar to that used in a previous study of HOW, - .
in which we showed that the magnesium clusters, ranging from moment with Stark spectroscopy. The dipole moments ofthe

. o 9 - ranging < 3 complexes were small and only slightly larger than the
two to six atoms in size, could be formed and their overall 7. A . ; .

. I, . dipole moment of HCN, indicating a weak dipole induced dipole

structure left relatively unperturbed by the addition of a single . - A
HCN molecule interaction. On the other hand, the dipole moment of HCN

. . Mg was found to be 8.5 D, which is more than double the
The use of helium droplets as an ultracold spectroscopic

. ) dipole moment of HCN. Through the use of charge density
medium has been tharoughly demonstrated, gn(_JI itis well-knov_vn calculations it was found that HCN donated 0.15 electrons to
tha_t molecul_ar complex_es can freely rotate within the superflwd the Mg, cluster, thus accounting for the very large dipole
helium matrix314allowing for the measurement of vibrational moment
spectra with full rotational resolution. This free rotation is ' . .
particularly useful in the study of metal clusteadsorbate In the previous HCN-Mg, study, we performed very high

complexes. For example, in our previous HEMg, study!2 level ab initio calculatlons_ on the various metal_ _cluster
adsorbate complexes. This investigation was simplified by the
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calculations. The situation with the zinc clusters, however, is TABLE 1: Bond Lengths (A) for the Zinc Dimer, Trimer,
quite different because, as noted above, there exists little ?Jr;(ijnZ;]—etggn;i:itgggtcfgrtggdgtrntg% '\P/Ilpon?Dnl(:j gffce?:tl?\g)clz_;\éel’
theoretlcal ,da.ta on the smqll zinc clusters an.d no dat.a on SmallPotential and the (8s7p6d2fg)-[6s5p3d2fg] Valence Basis
zinc cluster’s interactions with adsorbates. With very little work gep

to compare our calculations to, the appropriate method had to

- . h . small-core large-core
be chosen wnfg great care. Usmg the denslty functional methods MP2 CCSD(T) ECPICCSD(T) ECPICCSD(T)
of Wang et al® seemed an unlikely candidate due to the poor 5 38291 41927 3959 2150

H ny . . . .
performance of DFT when calculating weakly bound structures. Zn, 33896 39508 375

Indeed, Zhao comments on the poor agreement between his Zn,  2.7080 29358 294
calculations on Zs—2Zn, when compared to the coupled cluster _ _ _
calculations of Fla#land Y and only includes these results to ~__° These are compared to previous CCSD(T) calculations using the
compare their overall bonding patterns to the higher order E@;‘;;ﬂ&?g%ﬁ;ﬁg’; ?ﬁg'%?f?et%ﬁsécLélg\;\?:g‘nutsr:re‘gtwoe éﬁ%ﬁ:gg:g
clusters. The HCNZn, clusters reported here involved this very cCsD(T) calculations is due to our omission of a counterpoise
same weakly bound cluster size regime in addition to another correction in the geometry optimization and the use of a slightly smaller
weak bond between the cluster and the HCN molecule. We valence basis set.
attempted the CCSD(T) methods of Flad and Yu but quickly

found it to be unfavorable due to the large computational cost 1.0683  1.1713

of such calculations. In the end we decided to approach the A) ¢ =°=°”309

HCN-—Zn, cluster calculations with MP2 methods along with / CNZn=174.6

the use of relativistic effective core potentials (ECP), which will

be discussed further below. B LITIG L0 5548
The large number of electrons associated with zinc atoms ) W

make all electron calculations very time-consuming. The

standard method for reducing the computational cost of systems

that contain large numbers of electrons is to replace the core 10624 11715 36973 —
electrons that do not actively participate in bonding with a C) =°=o-°____%\)
potential. This potential mimics the behavior of the innermost / NZnZn = 177.02

electrons while drastically cutting the amount of basis functions ’

required for electronic structure calculations. An important D) ° E P 1.0688
advantage that accompanies the use of an ECP is the ability to ) _ ) 0 F) 1.1710
include scalar and spirorbit relativistic effects within the 1.0684 1.0687 :
potential itsel?! which becomes increasingly important as the 11717 tl 1719 i
: ; ; ; : g | 2.941

mass of the atom increases. The primary disadvantage is the i ]
omission of core polarization, which becomes important when i -

calculating the geometries of van der Waals type compléxes. 3:63497 % P 2.693

In the case of zinc clusters, this disadvantage can be minimized

by using a “small-core ECP”, which replaces the inner 10 o o 3.096

electrons, as opposed to using a “large-core ECP”, which 3.6854 2.666
replaces 28 of the 30 electroffsAlternatively, a core polariza-  Figyre 1. Calculated minimum energy structures and relevant bond
tion potential (CPP) can be added to the large-core ECP. Thejengths for the various HCNZn, (n = 1—4) complexes, using the
CPP reproduces the corgalence correlation on the valence ECP10MDF ECP and MP2 level of theory: (A) HENn, (B)
electrons and has the tendency to contract the valence elechydrogen-bound linear ZnHCN, (C) near-linear HCNZn,, (D)

trons23 CPPs are available in Molptbbut not in the Gaussi&h T-shaped HCN-Zny, (E) Cs, HCN—Zng, and (F)Ca, HCN—Zns. The
ab initio package. bond lengths are given in angstroms. The HEM, T-shaped structure

contains one imaginary frequency upon vibrational analysis.

Computational Details This increase in stabilization for Zri§ analogous to those seen
in the magnesium clusters and will be addressed later in this
Gaussian 2008 was used for all calculations presented in paper.
this paper. Geometry optimizations were set with the tight  Ab initio calculations for HCN-Zn, (n = 1—4) were carried
convergence settings. The approach taken here was guided byut at the MP2 level, the results of which are summarized in
previous zinc cluster studi€s’2%nd recommendations taken Figure 1 and Table 2. The CCSD(T) calculations were simply
from an earlier study based upon ECP# the end, we chose  too expensive for the adsorbatmetal cluster systems. Fortu-
to use the ECP10MDF small-core ECP, with an accompanying nately, the comparisons for the naked metal clusters suggest
(8s7p6d)~[6s5p3d] valence basis set, which was further that the structures obtained at the MP2 level are reasonable,
augmented with 2f and 1g functioASThe HCN was treated  although the zinc interatomic bond lengths were systematically
using a 6-31%++G(d,p) basis set. smaller than those obtained from the CCSD(T) calculations.
In an effort to benchmark the present calculations against Harmonic frequencies were also calculated at the MP2 level
those of previous studies, we began by carrying out calculationsfor these HCN-Zn, complexes. No imaginary frequencies were
for neat zinc complexes. Table 1 summarizes the results of theseobtained at the optimized geometries reported in Figure 1.
calculations, along with those from earlier studies by Flad et However, it should be noted that experimental data, to be
al 828 Although we omitted the core polarization potential and presented below, strongly suggest that the H@N, complex
have used a slightly smaller basis set, the agreement is quiteis T-shaped, a structure that ECP/MP2 theory predicts as a first-
reasonable. Indeed, our MP2 and CCSD(T) calculations showorder transition state. Table 2 summarizes the vibration fre-
the same trends in bond lengths with cluster size. Notice the quency shifts (from the HCN monomer) for the-@& stretching
large contraction in bond length when going fromzZa Zn,. mode, along with the ab initio values for the permanent electric
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TABLE 2: Comparison of the Calculated and Experimental

=
Vibrational Frequency Shifts (all to the red) of the C—H 4 3 2 ) | é
Stretches (from the HCN monomer} =
MP2 experiment ! I ! ! 350°C
Avem?) u(D) Av(cm? (D) al | L 21K
HCN—Zn 2.05 351 1.3 3.28:0.05 a
Zn—HCN 20.4 3.44 30.2 -
(L) HCN—Zn, 2.46 3.74 2.53 3.205 360°C
(T) HCN—Zn, 4.19 3.71 J 19K
HCN—Zng 7.17 3.97 4.33 3.85 0.05 A - SPTIN e -
HCN—Zny 7.80 5.34 7.60 -
375°C
@ The calculated and experimental dipole moments are also given. | 18K
The excited and ground-state dipole moments were set to equal during N I Lt
the fit to the Stark spectra. The MP2 calculations used the same valence 405°C
basis set and ECP that was used for the bare zinc clusters. The two J 175K
entries for HCN-Zn;, correspond to the linear (L) and T-shaped (T) , b TR WO )

structures. (Frequency calculations of the T-shaped structure contain r T T T T )
Wavenumber (cm’)

TABLE 3: A Summary of the Experimentally Determined

Rotational Constants (cnt!) Determined in the Ground and

Vibrationally Excited State?

Figure 2. A series of pendular state spectra taken at various zinc oven
temperatures and droplet sizes. HERh, are labeled as well as the

HCN and HCN dimer pendular peaks. The small, unlabeled peaks are
due to higher order HCN clusters. The higher oven temperatures and

Experiment -

- larger droplets were required to form the larger clusters. The HCN
rotational pickup cell pressure was kept below the optimal pressure for the pickup
constants ~ HCN-— Zn— HCN—  HCN- HCN-— of a single HCN molecule per droplet in order to decrease peak

(cm™) Zn HCN  Zn, Zng Zny intensities arising from HCN multimers.
A - - 0.019  0.0108 0.005
B” 0.0236 0.004 0.015  0.0107 0.00490 F-center laser (Burleigh FCL-20), operating on crystal #3 (RbCl:
g 0.0238 0.004 oodgéi 006%36 00(5833%8 Li). Subsequent vibrational relaxation to the helium droplet
c _ _ 00092 00106 0.00488 results in the evaporation of approximately 600 helium atoms.
D" 13%x 105 — - 53x 106 3 x 107 The resulting depletion of the droplet beam is then detected by
D' 1.7x10° - - 52x 106 3x107 a liquid helium cooled bolometép. The laser is amplitude
modulated and the corresponding bolometer signals are mea-
MP2 . " : ;
sured using phase sensitive detection methods. The details
rotational HCN-Zrp associated with tuning and calibrating the laser can be found
constants HCN— Zn— T- HCN— HCN- elsewhere®
(em™) Zn HCN  linear shaped Zng VAl An electric field can also be applied to the laser interaction
A - - 0.05217 0.02776 0.03710  region, using two metal electrodes. A considerable enhancement

B 0.04545 0.03766 0.01265 0.03883 0.02776 0.01487

of the signal levels is obtained by using a large electric field

¢ B 0.02226 0.02751 0.01487 (~24 kVvicm) to collapse the entire rovibrational band into a
aThe A rotational constant is given as the average between the single “pendular” peak’-3® The added sensitivity is particularly
ground and vibrationally excited states. The MP2 “gas-phase” rotational yseful when searching for new species. At more modest electric
constants are also given. The calculated rotational constants for bothgq) s (1-4 kv/cm), Stark spectra are recorded to obtain

the linear and T-shaped HCNZn, complexes are given, even though . .
the later was calculated to be a transition state and the former did notexpenmental dipole momentSfor the HCN-Zn, complexes.

agree with the experiment. )
Experimental Results
dipole moments. The calculated rotational constants are sum-

: ‘ The experimental conditions required for the formation of
marized in Table 3.

the various HCN-zinc complexes were optimized by first
adjusting the HCN pressure to achieve the best possible
monomer signals. The zinc oven temperature was then slowly
The apparatus used in the present study has been discusseiicreased, while monitoring the HCN monomer sighféf The
in detail previoush\?®-3! The droplets are formed by expanding pickup of zinc atoms from the vapor resulted in a corresponding
ultrapure helium through a &m diameter nozzle, cooled by a  decrease in the HCN monomer signal, which was typically
closed-cycle helium refrigerator. The nozzle was operated at areduced by a factor of 2 before scanning was commenced. The
pressure of approximately 60 bar and temperatures between 21.%nitial search for the spectra corresponding to theHCstretches
and 17 K, corresponding to mean droplet sizes of 1000 and of the HCN-Zn, clusters was performed with a large dc electric
8000 atoms, respective®y:33 Zinc atoms were doped into the field applied to the laser interaction region.
droplets by passing the latter through a 1.3 cm long oven, Figure 2 shows a series of pendular spectra, recorded over a
operated at a range of temperatures near€30nonitored using range of zinc oven temperatures and helium droplet sizes. In
a J-type thermocouple<10~> mbar of zinc)3** HCN was added particular, large droplets are required to form the larger zinc
downstream of the metal oven in a separate pickup cell, the complexes, owing to the considerable condensation energy that
pressure of which was optimized for the capture of a single is dissipated to the droplets. In the spectra shown in Figure 2,
molecule. the HCN pickup cell pressure was deliberately kept below that
The seeded droplets then pass through a laser interactiorrequired to optimize the HCN monomer signal to ensure that
region, where the €H stretch of the HCN is excited by an  contributions from the HCN dimer, trimer, etc. were minimized,

Experimental Method
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2.02 KV/em
3096 33098 33100 33102 33096 3309.8 33100 33102
-1
Wavenumbers (cm') Wavenumbers (cm’)
Figure 3. The full rotationally resolved spectrum of HENEN. The Figure 4. The fitted constants, along with the dipole moment, were

simulated spectrum, plotted below the experimental spectrum, was used to fit the Stark spectrum. Diagonalizing the full Stark Hamiltonian

generated with a linear rotor Hamiltonian (equilibrium structure is given generated the simulated Stark spectrum at 2.02 kV/cm (below experi-
in the inset). mental spectrum).

) . adjustable parameter in this fit is the permanent electric dipole
although these bands are still Weakly visible. From the oven moment, which was assumed here to be the same in the ground
temperature dependence of the various peaks in these spectrgnq viprationally excited states. As discussed in detail else-
(see Figure 2), we tentatively assign the peaks labeled —4 where$3 the dipole moments determined by fitting a helium
to the corresponding HCNZn,, complexes. In particular, the  nanodroplet Stark spectrum require only minor correctiors (1
larger complexes are not seen at the lowest oven temperaturéos) 1o account for the polarization of the solvent atoms. The
(350° C), given that they require higher zinc vapor pressures ginole moment obtained from this analysis is 3.20 D, which is
and larger mean droplets size. The oven temperature and droplef, reasonable agreement with the results from the ab initio
size dependence of these bands is consistent with our previouga|culations, namely 3.51 D. It should be pointed out that the
observations of the corresponding magnesium cluténsieed, latter value corresponds to the equilibrium structure of the
the pattern of vibrational frequency shifts (from the HCN cN—zn complex, while the experimental value includes the
monomer) is also reminiscent of that observed for the HCN  effects of vibrational averaging. As discussed previously for
Mgs complexes? Of particular note is the relatively large  the HCN-Mg complex® intermolecular bending of the com-
frequency shift in going from HCNZng to HCN—Zn,, which plex results in an experimental dipole moment that is smaller
was also observed for the corresponding magnesium complexesihan that for the equilibrium structure, which is in agreement
This behavior is quite different from that observed in van der ity the difference observed here. These effects have also been
Waals complexé$ and is indicative of strongly nonadditive  §iscussed for a number of weakly bound van der Waals
interactions. The tentative assignments given here can now becomplexe§?57 The ab initio calculations give a binding energy
further tested by examining the individual bands in the absencey, the HCN-zinc complex of only 116 crmt (uncorrected for
of the strong dc electric field. zero-point energy), again suggesting that this system will

The Binary HCN—Zn Complex. Figure 3 shows a zero-  yndergo wide amplitude bending motion.
field spectrum obtained in the region centered on the band |n the previous study of the HCNMg complex!? 54 we

labeled as 1 in the pendular spectrum shown in Figure 2. This showed that the increase in the dipole moment upon complex
spectrum is consistent with that of a linear molecule, showing formation (the dipole moment of HCN is 2.97% can be
well-resolved R and P branch transitions. A linear rotor fit to explained in terms of the polarizability of the metal atom. Not
the experimental spectrum is shown in the Figure 3, from which surprisingly, HCN-Zn behaves similarly. The ab initio dipole
the rotational constants and vibrational Origin given in Table 3 moment of HCN-Zn is somewhat smaller (351 D) than that
are determined. As expected, the experimental rotational of HCN—Mg (3.71 D), consistent with atomic polarizabilities
constant for the ground vibrational state (0.0236 &ns much of Zn and Mg, namely 7.1 and 10.63Arespectively#* In
smaller than the ab initio value for the binary compIeX (004545 contrast, the experimenta| d|p0|e moments for these two
cm™), corresponding to a ratio of 1.9, well within the range of complexes are the same, within the experimental uncertainty,
values observed for a wide range of molecules in hefiéithe Suggesting that the HGANZn Comp|ex is somewhat stiffer than
small frequency shift of this band from the monomer suggests HCN—Mg. This seems inconsistent with the fact that the ab
that the complex is nitrogen-bound, in agreement with the ab initio HCN—Mg binding energy between the HCN and Mg atom
initio structure shown as an inset in Figure 3. is about 140 cm?, while that of HCN-Zn is about 120 cmt.

As is typical of helium solvated molecules, the low J However, considering the size of both metal atoms, one observes
transitions are rather broad compared to those associated withthat the van der Waals radii for Zn and Mg are $%8nd 1.73
higher J states. This is consistent with the fact that low J statesA 59 respectively. This smaller size of zinc allows it to interact
are more sensitive to the anisotropic interactions that might resultmore closely with the lone pair on the nitrogen of HCN, thus
from the surrounding solvert. 46 Unfortunately, due to the  reducing the amplitude of the bending motions and reducing
numerous broadening mechanisms, both homogeneous andhe effects of vibrational averaging. It should also be pointed
inhomogeneous, the exact cause for the J-dependence of theut that we neglected the core polarization in the calculations
line width is not completely understodé->2 and therefore probably underestimated both the binding energy

Figure 4 shows an experimental Stark spectrum of the HCN and induced dipole moment of the HEXn complex. A high-

Zn binary complex, recorded at an electric field of 2.02 kV/ level all-electron two-dimensional potential energy surface
cm. A fit obtained by diagonalizing the full Stark Hamiltonian would be extremely helpful in the analysis of the vibrational
matrix*® is shown below the experimental spectrum in Figure averaging taking place in this complex, but at the moment, it is
4, based upon the rotational constants and band origin obtainecbeyond the scope of this study.

from the zero-field spectrum. The Stark Hamiltonian matrix ~ Although the calculation of the full 2D intermolecular
elements were generated using the asymmetric top basis set witlpotential energy surface for the HEI¥n complex has not been

J, K, and M up to 15, 12, and 15, respectively. The only carried out, we concluded from a large number of geometry
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=0 o0——- -Q

3308.4 3308.6 3308.8 3309.0
Wavenurmbers (cimi’)

0KV/iem Figure 6. Partially resolved rovibrational spectrum of HEMN,.
Although theory predicted a linear structure, the experimental spectrum
is that of an asymmetric top.
) T T T T T T T T T 1
32807 3280.8 32809 3281.0 3281.1 32812 usual factor of 3 (closer to 9) that has been observed for many
other system& It is interesting to note that we observed the

Wavenumbers (cm 1) same anomaly for the hydrogen-bound MdCN complexé4
Figure 5. Pendular spectrum of the hydrogen-bound—ECN Indeed, it is clear from a large number of studies that the ratio
complex (upper plot). The poorly resolved zero-field -Z#CN of the gas phase and helium nanodroplet rotational constants
spectrum (lower plot) is shown along with the crude fit. The calculated depends on the details of the intermolecular potential between
structure is shown in the inset. the solute molecule and the helium, which have not been

optimizations that the nitrogen-bound complex discussed abovecalculated for the HCNZn binary system.
corresponds to the global minimum on the ab initio surface. In ~ HCN—2Zn». We now turn our attention to the peak labeled 2
addition to this complex, calculations revealed that a hydrogen- in Figure 2, which we have tentatively assigned to the HCN
bound linear isomer exists in a local minimum on the surface. Zn, complex. Here we note that the ECP/MP2 calculations gave
The corresponding geometry, vibrational frequency shift, and the linear complex in Figure 1 as the only stable complex. We
rotational constant are given in Figure 1 and Tables 2 and 3. expected and did find a T-shaped geometry using ECP/MP2
Previous studi¢86have shown that the growth of complexes methods, but upon harmonic vibration calculations, the structure
in helium nanodroplets (in the absence of strong dipdigole returned a single imaginary frequency, indicating that the
interactions) can result in the formation of these higher energy T-shaped structure was a transition state. This conclusion is
isomers. Owing to the hydrogen-bonded nature of this isomer, clearly in poor agreement with the experimental data, displayed
we expect that the corresponding spectrum will be more strongly in Figure 6, which shows the spectrum of an asymmetric top
shifted from the HCN monomer. (notice the Q branch). As a double check, a series of all-electron

Figure 5 shows a pendular spectrum, along with the corre- calculations [6-3%+G(d) basis set for zinc and 6-33#G(d,p)
sponding field-free spectrum, shifted from the HCN monomer for HCN] was performed, revealing both a linear and T-shaped
by 30.2 cntl. This is to be compared with the ab initio isomer (with all real frequencies), the latter being the most
frequency shift for the hydrogen-bonded-ZHCN complex of stable. As stated above, Figure 6 immediately suggests that that
20.4 cntl. Although the agreement is not quantitative, in both the complex observed in the experiment is T-shaped, given the
cases the shifts are qualitatively larger than the correspondingpresence of the strong Q branch. In fact, the fit shown just below
values for the nitrogen-bound complex. Given that these the experimental spectrum in Figure 6 was obtained by first
calculations do not include the effects of anharmonicity, we are using the rotational constants given by the calculations for the
satisfied with the agreement between theory and experiment.T-shaped structure (divided by 2.5) and then by fine-tuning the
In part, owing to that fact that the line widths associated with rotational constants to get the best agreement with experiment.
the observed spectra are much broader than those of theThe resulting rotational constants and vibrational band origin
nitrogen-bonded complex, the signal levels in the zero-field are given in Table 3. Although considerable effort was expended
spectrum are quite low. Fortunately, the pendular spectrum couldin searching for a linear isomer of the HEMn, complex, no
be used to optimize the signal levels. In particular, we found such features were observed in the spectrum. At this point we
that the pendular spectrum optimized at the same zinc ovenare uncertain as to whether this means the all-electron calcula-
temperature and HCN pressure as used for the nitrogen-boundions are in error (perhaps due to the minimal basis sets) or if
binary complex, giving further support to the assignment of this the barrier between the two isomers is simply too small to
band to the hydrogen-bonded binary complex. support the linear complex.

The low resolution of the zero-field spectrum would appear  The Stark spectrum of the HCAzZn, complex is given in
to prevent the determination of a rotational constant for this Figure 7. A direct comparison of the experimental (3.7 D) and
complex. However, since the rotational temperature can be theoretical dipole moment was problematic for reasons stated
assumed to be in equilibrium with the droplet temperature (0.37 above. Does one compare the experiment with ECP/MP2
K), the separation between the P and R branches can be usedalculations that give an imaginary frequency or does one
to estimate the rotational constant of this complex. The fitted compare it with all-electron calculations that utilize inferior basis
spectrum shown in Figure 4 was generated using the line width sets? We chose to use the T-shaped geometry calculated via
determined from the pendular spectrum, using a linear rotor ECP/MP2 methods that contained a single imaginary frequency
Hamiltonian. The resulting B rotational constant is given in (11 cnT?). This was done primarily because the HERN,
Table 3. Although the uncertainty in this value is considerably complex is bound by weak van der Waals forces and large
larger than that for the nitrogen-bound complex (due to the lack polarizable basis sets are required to reproduce the dipole
of fine structure), it is still apparent that reduction in the induced dipole interactions that dominate the intermolecular
rotational constant due to the helium is much greater than theforces. Table 2 gives the dipole moments of both the T-shaped
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2.35KV/em
3.67 KV/cm
33084 3308.5 3308.6 3308.7 3308.8 3308.9 33066 3306.7 33068 33069 3307.0 3307.1
Wavenumbers (cm") Wavenumbers (cm’”)

Figure 7. The Stark spectrum of HCNZn; recorded at 3.67 kV/cm Figure 9. The Stark and simulated (below) spectrum of HERh;
using the T-shaped rotational constants determined from the field-free recorded at 2.35 kV/cm.

spectrum.
33066 33067 33068 33069 3307.0 3307.1
Wavenumber (cni’) 330345 330350 330355 330360 330365 330370 330375
Figure 8. The fully resolved rovibrational spectrum of HGNns. Wavenumber (crmi')

The symmetric top spectrum can only be due toGhestructure shown

in the inset. The simulated spectrum was initially generated with a linear
rotor Hamiltonian to fit the P and R structure. ThAeconstant was
obtained by fitting the relative intensities.

Figure 10. The rovibrational spectrum of the HCNZn, complex. Poor

signal-to-noise prevented the precise measurement of dipole moment
through Stark spectroscopy. The symmetric top simulated spectrum is
given below the experimental one and is consisted with the proposed

. . . structure shown.
and linear isomers of the calculated HERIn, structures, which

are very close to each other. Due to the uncertainty involved in with the smaller complexes. Once again, all of the dipole
fitting the asymmetric top Stark spectrum and the uncertainty moments quoted here have been corrected for the small effect
in the calculated dipole moments, we are forced to concede thatof the helium solvent polarizatior.It is interesting to note the
the measurement of the dipole moment of HERN, gives no trend of increasing dipole moment with increasing cluster size
help determining the correct calculated structure, and we mustin both the experimental and ab initio results. This incremental
rely solely on the measured field-free asymmetric top spectrum. increase is consistent with simple induction, given that the
HCN—Zn3. A zero-field spectrum for the HCNZn; complex polarizability of the zinc cluster increases with size.
is shown in Figure 8. This well-resolved spectrum appears to HCN—2Zn4. On the basis of our previous HGNMg, work 12
be that of a symmetric top complex, consistent with the ab initio where the largest clusters were optimized with the highest oven
structure shown in Figure 1. From the relatively small red-shift temperatures and largest droplet sizes, the spectrum shown in
(relative to that expected for hydrogen-bound structures, namely, Figure 10 was assigned to HCIn,. This trend is clearly
>25 cntl), we conclude that the HCNZn; complex hasCs, shown in Figure 2, where the pendular spectrum is weighted
symmetry, with the nitrogen of HCN pointing toward the center toward the largest clusters at an oven temperature of°@05
of the zinc trimer. The calculated spectrum (lower spectrum) and nozzle temperature of 17.5 K. Turning our attention to the
in Figure 8 was generated using the rotational constants andsymmetry of the field-free spectrum shown in Figure 10, it is
vibrational band origin given in Table 3. Determining the clear that this is due to the parallel band of a symmetric top.
rotational constant from a parallel band is always problematic, Assuming that this complex is due to a single HCN molecule
given that K is conserved in all of the observed transitions. As bound to a Zn cluster, only four possible geometries can exist
a result, we were able to use the relative intensities of the P, Q,that give rise to the symmetric top spectrum shown in the figure.
and R branches (knowing the rotational temperature) to estimateThe first two possible geometries are the HCN molecule bound
A. Nevertheless, this estimate was also complicated by the factto the 3-fold site of the Zntetrahedron, either H-end down or
that the broadening in the spectrum is dependent upon theN-end down; the second two possible geometries are with the
rotational states in question, the lower J state transitions againHCN bound to the on-top site of the tetrahedron, again, either
being broader than those associated with higher J. As a resultN- or H-end down. Due to the relatively small frequency shift
the uncertainty in thé rotational constant is considerably larger from HCN monomer and on the basis of our previous experience
than that forB. The corresponding ab initio data are given in with weakly bound complexes, we can rule out the two
Tables 2 and 3 and are in good agreement with experimentalhydrogen-bound species giving rise to the spectrum in Figure
data. Indeed, the ratio of the ab initio (gas phase) (0.0278m 10. For example, in the HCNZn results discussed above, a
to helium droplet (0.0107 cm) B rotational constant is 2.6.  single zinc atom bound to the hydrogen side of HCN shifted
Figure 9 shows one of several Stark spectra recorded for thethe C—H stretch by 30.2 cmt. We are now left to consider the
HCN—Znz complex. The dipole moment obtained from fitting remaining two nitrogen-bound complexes.
a number of such spectra (and used to generate the calculated The results of the our ab intio calculations for the HEN
spectrum shown in Figure 9) is 38 0.1 D. Once again, this  Zn, complex are summarized in Tables 2 and 3, in addition to
is slightly smaller than the ab initio value (3.97 D), consistent the structure shown in Figure 1. The structure that corresponds
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_ 10{ and magnesium clusters with= 1—3 was a result of a dipole-
& M O induced polarization, i.e., physical bonds, whereas the HCN
E 8 g Mg4 began to show the signs of a dative bond through the
£ transfer of charge from the lone pair on the nitrogen and to the
2 atop site of the Mg cluster.
% 4 % The HCN-Zn, clusters, while retaining the overall structure
g N /O/Z of the magnesium clusters, do not interact with the HCN as
e /%/* n strongly. It appears that the HGNZn, complex follows a
=0l 0] monotonic trend with increasing For example, as shown in
1 2 3 4 Figure 11, the smooth increase in frequency shift and dipole
moment for the HCN-Zn, clusters is in sharp contrast to the
9 5 large “jump” in frequency shift and dipole moment for the
g gl Mg HCN—Maga cluster. The mechanism for this weaker interaction
g lies primarily in the smaller polarizability of zinc (6.43R* as
% 71 compared to magnesium (10.6)&4 but also can be traced to
2 the more weakly bound nature of the bare zinc clusters
a themselves. For example, the extremely large dipole moment
£ 59 of HCN—Mgj, (8.6 D) was attributed to the charge donation of
:3 ol o—/ﬁ the lone pair in HCN to the LUMO of the Mg:luster, a LUMO
S Qé*/ that was the direct result of the increased hybridization of the
3 T 3 b p 3s and 3p orbitals in magnesium. Indeed, this large degree of
hybridization has been determined to be the cause aof9vig
HCN-Me, small bond length and large atomization energy when compared
Figure 11. A comparison of the relative frequency shift (a) and to the smaller cluster®.
calculated dipole moment (b) of HCNZn, and HCN-Mgn. Both plots Both magnesium and zinc have very similar electronic

illustrate the similarity for then < 3 complexes and difference for the configurations and it is this connection that is at the heart of
n = 4 complex. the overall similarity of the spectra presented here and previ-
ously!? Does the smaller dipole moment and smaller relative
frequency shift of HCN-Zn, point to a smaller degree of
hybridization of the 4s and 4p orbitals of zinc?

to the nitrogen-end of the HCN molecule bound to the on-top
site of the Zn tetrahedron is the only possible structure to
explain the spectrum shown in Figure 10. In fact, a test

calculation of the HCN bound (N-end down) to the 3-fold site H Tlg i'r\l/lvestilgate th? _differtfenlce fpetv:/eekn thﬁ '_bﬂh” land
of the Zn, cluster was found to be totally repulsive, just as it CN—Mag, clusters, it is useful to first look to the bare clusters.

was found in the case of HCAMg,. Furthermore, there is First, let us examine the atomic spectroscopy data available for

excellent agreement between the experimental vibrational shift € W0 metals under discussion. Magnesium'’s lowest electronic

iti i 64 ine’
7.6 cnY) and the calculated shift (7.80 o) from the HCN  transition (3s3p— 3)) is 21 850 cm® compared to zinc's
Enonome?. ( e (4s4p— 48, which is 32 311 cm'.® Already it is apparent

The Siark speca for HONZ: have  verypoor signakio- 1120 TS, SVeeoe - rcer enerey oo o e i
noise ratio, and despite our best efforts, only limited dipole . Ply P ag :
. . - . The effect of this band gap has been addressed previously when
moment information was attainable. Through: considerable comparing the small alkaline earth metal clusfis. particular
experimental effort, we were able to determine an upper and paring £ poi . . -P )
lower limit of 6 and 4 D, respectively Bauschllch(_ar et &k p_omted out, in comparing BeMgs, and
' ' Ca, that this gap is important in understanding the degree of
nsnp hybridization and thus the relative bond energies of each
alkaline earth metal cluster. However, Bauschlicher also pointed

Up to this point, we compared the individual HEXnN, out that one could not disregard the effects of size in
Comp|exes with their Corresponding Counterparts in the previous Understanding the relative hybridization patterns in each cluster.
HCN—Mgj study. In the remainder of this paper, we will report For example, although Be and Mg have very similar atomic
the overall pattern similarities and differences between the two €Xcitation energies (2s2p- 28 = 21 979 cm'* for beryllium
metal clusteradsorbate systems. Let us begin by inspecting and 3s2p— 3¢ = 21 850 cmr* for magnesium), Beis the
the overall frequency shift pattern of the HE®n, complexes. ~ More strongly bound than Mgas well as having a greater
Figure 11 shows the plot of two different properties of HEN degree of hybridizatiof® This difference in bonding strength
an,| and HCN—Mgn as a function of metal cluster Size, name|y’ is a result of the eXtremely diffuse nature of the 3p orbital
the experimental frequency shift from time— 1 cluster, and relative to the 2p orbital in magnesium, so there is a larger
the calculated dipole moment as a function of cluster size. The €nergy “tax” to pay for the increased stabilization offered by
similarity in the frequency shift patterns is immediately apparent. hybridization.

Then = 1-3 clusters follow a pattern of increasing frequency =~ We can now turn our attention back to the zinc and
shift with the addition of subsequent metal atoms. The larger magnesium clusters. Table 4 displays the natural populations
frequency shift of the magnesium clusters are due to the largercalculated at the MP2 level for both metal clusters. The
polarizability of the magnesium atoms when compared to zinc. populations support our previous conclusions, namely, for
This behavior is well-known in weakly bound complexes and clusters ofn < 3 in size there is little hybridization and are

is explained by the increased interaction between the polarizabletherefore predominately van der Waals in nature. Notice,
metal atom and the increased dipole moment of the vibrationally however, that both metals increase their levels of p population
excited HCN molecule. In the previous HEWg, study we in the n = 4 clusters. This is certainly no surprise for Mg
showed that the primary means of interaction between the HCNwhich has been calculated many times befdf%,70 but

Discussion
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TABLE 4: The Natural Populations for Zn , and Mg,, n =
1-42

4s 4p 3s 3p
Zn 1.95 0.05 Mg 1.95 0.05
Zn, 1.95 0.06 Mg 1.94 0.05
Zng 1.93 0.07 Mg 1.88 0.1
Zn, 1.83 0.16 Mg 1.75 0.21

aBoth were calculated using the MP2 density. Calculations on Zn

clusters used the ECP and associated valence basis set given in thd99

text and Mg clusters used the 6-31+G(3df,3pd) basis set.
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