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The rotational excitation spectrum, including the vibrational shift of the rotational band, of several CO
isotopomers solvated in He clusters has been calculated. Reptation quantum Monte Carlo simulations are
used in conjunction with an accurate He-CO potential energy surface, which quantitatively describes the
rovibrational spectrum of the binary complex. Our simulations, when compared with number-selective infrared
spectra taken for different isotopomers, help discriminate among the alternative assignments proposed for
cluster sizes around 15 He atoms. The origin of the vibrational band has a red shift that is nearly linear with
the cluster size within the first solvation shell and is almost constant up to the largest cluster studied, well
beyond completion of the second solvation shell. A blue upturn at even larger sizes would be needed to attain
the nanodroplet limit, as recently estimated from the isotopic dependence of the measured R(0) transitions.

I. Introduction

Recent years have witnessed an impressive progress in the
study, both experimental and theoretical, of helium droplets and
clusters doped with molecular impurities.1-4 The introduction
and rapid develompent of experimental techniques for size-
selective spectroscopy,5 in a range that now encompasses several
tens of He atoms,6,7 have provided a unique opportunity to
directly compare theoretical results8,9 against measurements. In
this size range, much insight into the relationship between
structural and dynamical properties and the onset of superfluidity
has been gained by quantum Monte Carlo simulations using
high-quality interparticle potentials. However, the increasing
body of experimental information reveals a new and unexpect-
edly rich phenomenology, with details of the interaction between
He atoms and molecular impurity playing a crucial role10 and
calling for a deeper investigation.

One of the most studied dopant molecules is carbon
monoxide.7,11-16 Whereas some of the main properties of the
evolution of the observed spectra with the cluster size11 are well
understood,13 further measurements with isotopical substitution
of carbon and/or oxygen7,12 reveal interesting features with
possible implications on the assignment of spectral lines and
pose new questions on the approach to the nanodroplet (large
size) limit. The isotope effect has been used16 to determine both
the rotational constant and the shift of the origin of the
vibrational band from the R(0) line measured in large droplets
(thousands of He atoms). However, a similar analysis applied
in the size range around 20 He atoms gives unexpectedly
scattered results.7

In this paper we report on a quantum Monte Carlo study of
both the rotational excitation spectrum and its vibrational shift
in CO in He clusters (CO@HeN) with up to several tens of He
atoms and consider all of the four CO isotopomers employed
in the experimental studies.7,11,12,16We use a recent He-CO

potential,17 which quantitatively reproduces the known18 rovi-
brational excitations of the binary complex, that includes, in
particular, the vibrational shift. Our results support the “D
numbering”, one of various assignments forN ≈ 15 proposed7

as an alternative to the conventional numbering adopted in ref
11. We also discuss the approach to the nanodroplet regime.
The calculated red shift of the vibrational band turns out to be
stronger with two complete solvation shells than the estimate
given for the nanodroplet limit.16 Comparison with the R(0)
transitions observed in the IR spectrum7 suggests that forN J
30 the red shift should be even larger than our result. This would
require either a substantial blue upturn to eventually attain the
nanodroplet value or a revision of the latter.

II. Theory

We employ a realistic model Hamiltonian in whichN He
atoms are treated as point-like particles, and the CO molecule
is a rigid linear rotor. Interactions are described by pair potentials
and are obtained from ab initio quantum chemistry calculations.
For He-He we adopt the SAPT2 potential of Korona et al.,19

whereas for He-CO we use the “CBS+corr” potential energy
surface (PES) of Peterson and McBane,17 which is supposed to
be very accurate. We use the two-dimensional version of this
PES, which is appropriate for the vibrational ground- and first
excited-state of the molecule (V00 and V11, respectively). In
particular, the CBS+corr potential is known to give a value for
the shift of the vibrational band in the He-CO binary complex
in quantitative agreement with the experiment, whereas the
SAPT PES20 that we adopted in our previous study of this
system13 overestimates it by a factor of 2.

We use the reptation quantum Monte Carlo (RQMC) method21

to calculate unbiased22 estimates for the ground-state energy,
structural properties, and imaginary-time correlation functions
of the doped clusters.8 Rotational energies are extracted from
imaginary-time correlation functions via an inverse Laplace
transform. Further details of our quantum Monte Carlo simula-
tions can be found in ref 13.

The vibrational shift is defined as the difference between the
rotational ground-state energies of the cluster corresponding to
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the V00 and theV11 PES, which describe the interaction of He
atoms with the molecule in its vibrational ground- and first
excited-state, respectively. As this difference is small with
respect to the individual energies, whose statistical uncertainties
grow with the cluster size, we resort to a perturbative approach.14

We thus evaluate the vibrational shift as the expectation value
of V00 - V11, sampled on the random walk generated with either
PES. Comparison with complete, non-perturbative calculations,
performed at selected cluster sizes up toN ) 30, shows that
this perturbative approach is accurate enough for the purposes
of this work.

Different isotopomers are treated16 by using the appropriate
values of the mass and gas-phase rotational constant and by
shifting the potential along the molecular axis by an amount
(ú) opposite to the shift in the center of mass with respect to
the reference isotopomer,12C16O. In the two-dimensional PES
approximation, this implies neglecting a small effect on the
potential due to the change in the vibrational ground state of

the molecule upon isotopic substitution. Using correlated
sampling to infer the properties of all the isotopomers from
configurations sampled for one of them is, in principle,
straightforward within RQMC.21 In practice, however, we have
found very large fluctuations of the weights, and the results
presented here are obtained with independent simulations for
different isotopomers.

III. Results

A. Vibrational Shift. Our results for the vibrational shift∆ν-
(N), together with a few direct, non-perturbative estimates at
selectedN values, are shown in Figure 1The difference between
the two estimates is largest aroundN ) 20, possibly in relation
to the change in the behavior of the chemical potential at this
cluster size (shown in the inset). TheN dependence of the
vibrational shift is qualitatively similar to that computed14 using
the SAPT PES of Heijmen et al.,20 with an almost linear
behavior within the first solvation shell, and a significant change
in the slope betweenN ) 15 andN ) 20. However there are
quantitative differences, whose importance for the agreement
of the calculated R(0) transitions with the available experimental
information will be discussed in Section IIID Using the
CBS+corr potential, the initial slope closely matches the value
measured18 for the binary complex, and the red shift saturates
aroundN ) 50, with a weak upturn at larger sizes. With the
SAPT potential the initial slope is twice as large, and the
saturation of the red shift drifts to larger sizes and it appears to
be monotonic, at least in the range studied here.

The estimated16 nanodroplet limit is much closer to the
CBS+corr result. On the other hand, the analytic expression of
this potential is fitted to a PES calculated for distances up to
7.9 Å.17 From the extension of radial density profiles, shown
in Figure 2, we see that already forN ) 30 the calculation relies
on extrapolation. In particular, the CBS+corr differenceV11-
(R,θ) - V00(R,θ) is positive for most values ofθ at R J 7Å,
with an unphysical persistence of a significant angular depen-
dence at large distance. This explains the blue upturn of the
CBS+corr vibrational shift, but it casts doubts on its accuracy
at large sizes. In particular, the tendency seen in Figure 1 to
approach the estimated nanodroplet limit16 is possibly due to a
deficiency of the potential at large distances. The SAPT method,
instead, directly determines the dispersion coefficients, thus
affording a better accuracy at large distances. It yields a negative
value forV11(R,θ) - V00(R,θ), with a weak nearly quadrupolar
angular dependence (except, of course, close to the molecule).
Including the rotational excitations we can directly compare with
the measured R(0) transitions. We will see in Section IIID that

Figure 1. Vibrational shift of CO@HeN clusters: pertubative estimates
using the CBS+corr potential (filled circles) and the SAPT potential
(filled diamonds), and complete calculations using the CBS+corr
potential (open triangles). The dashed line is the nanodroplet limit
according to ref 16. Inset: the “chemical potential”,∆EN ) -[E(N) -
E(M)]/(N - M), with M being the largest available cluster size smaller
thanN. The horizontal dashed line is the bulk He chemical potential.
For N g30, the SAPT results are obtained from densities calculated
with the CBS+corr potential (consistently with the perturbative
approach).

Figure 2. Radial density profiles of CO@HeN clusters forN ) 20,
30, 50, and 100. The horizontal line is the equilibrium density of bulk
He.

Figure 3. Rotational energies of13C18O@HeN clusters: RQMC
calculations (filled circles) and experiment7 (open circles, conventional
numbering; crosses, weighted average of the line positions with the D
numbering). The experimental values are obtained from the measured
R(0) line by subtracting the origin of the band in the gas-phase and
the calculated vibrational shift.
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this supports the view that the CBS+corr vibrational shift is
too high in the size rangeN ≈ 30 to 100.

B. Rotational Energy. The lowest rotational excitations of
the cluster, as obtained8,13 from the imaginary-time autocorre-
lation function of the molecular dipole, are displayed in Figure
3 for the 13C18O isotopomer; results for this and other isoto-
pomers are collected in Tables 1 and 2, where a comparison is
also made with results obtained using the SAPT potential for
the normal isotopomer,12C16O. The well-known pattern7,11-13,15

with two main series, named a-type and b-type after the
corresponding spectral lines of dimer complex, is common to
all isotopomers. For smallN the a-type series has an end-over-
end rotational character, low energy and weak spectral weight;
as N increases, it gradually acquires free-rotor character and
gains over 95% of the dipolar spectral weight. In the limit of
largeN the energy of the a-type series settles to the so-called
nanodroplet value. Conversely, the b-type series, which origi-

nates from the free-rotor mode of the dimer, weakens and
disappears for clusters of less than a dozen He atoms.

Experimentally, a limited number of split lines are observed,
which show subtle differences among various isotopomers in
the rangeN ) 4 to 8.7,12 In the presence of small line splittings,
our procedure is not accurate enough to capture such fine details
and presumably gives at best a weighted average of the split
lines. This situation is further complicated, in the size range
where the a-type and b-type series coexist, by the presence of
two strong excitations which exhaust most of the oscillator
strength. In this respect, the situation is more favorable for larger
cluster sizes, where the b-type series has disappeared, and our
spectral analysis is more robust. AtN ) 15, one further line
splitting is seen in the experimental spectrum according to the
so-called conventional numbering,7 i.e., an assignment as
consistent as possible with that of ref 11. However, different
assignments in the size range around 15 cannot be excluded on

TABLE 1: The a-Type Rotational Energies (Erot, in K) of CO@HeN and Their Spectral Weights (A)a

CBS+corr SAPT
12C16O 13C16O 12C18O 13C18O 12C16O

N Erot A Erot A Erot A Erot A Erot A

1 0.99(18) 0.113(16) 0.9(3) 0.11(3) 0.68(19) 0.096(15) 1.09(8) 0.143(9) 0.79(4) 0.112(4)
2 0.96(7) 0.223(12) 0.94(8) 0.231(14) 0.73(16) 0.21(2) 0.93(4) 0.251(8) 0.67(6) 0.196(11)
3 0.84(5) 0.281(13) 0.87(3) 0.316(6) 0.81(4) 0.313(8) 0.85(2) 0.337(6) 0.768(18) 0.292(4)
4 0.83(6) 0.352(13) 0.75(11) 0.35(3) 0.79(6) 0.376(16) 0.75(6) 0.378(15) 0.874(12) 0.367(3)
5 0.92(2) 0.410(6) 0.87(3) 0.414(9) 0.89(3) 0.429(8) 0.83(2) 0.431(6) 0.991(12) 0.411(4)
6 1.03(4) 0.431(10) 1.02(3) 0.446(9) 1.00(4) 0.452(12) 0.95(3) 0.458(8) 1.149(11) 0.448(4)
7 1.29(3) 0.452(8) 1.24(3) 0.467(8) 1.20(3) 0.466(9) 1.16(4) 0.478(14) 1.408(19) 0.463(7)
8 1.69(3) 0.473(9) 1.67(2) 0.494(7) 1.62(4) 0.489(13) 1.58(4) 0.511(13) 1.87(3) 0.482(10)
9 2.24(7) 0.50(2) 2.14(8) 0.50(3) 2.11(8) 0.51(3) 2.05(9) 0.52(4) 2.47(5) 0.536(19)

10 3.00(7) 0.62(3) 2.85(6) 0.61(3) 2.87(7) 0.64(3) 2.79(8) 0.66(4) 3.49(15) 0.57(4)
11 3.56(5) 0.74(3) 3.53(6) 0.78(4) 3.45(5) 0.78(3) 3.34(9) 0.79(6) 3.84(3) 0.60(5)
12 4.01(3) 0.880(9) 3.85(9) 0.849(5) 3.86(2) 0.913(9) 3.64(10) 0.86(7) 4.07(9) 0.87(5)
13 4.16(4) 0.911(16) 4.05(3) 0.925(9) 3.991(14) 0.941(4) 3.85(2) 0.942(7) 4.26(5) 0.931(11)
14 4.23(2) 0.935(4) 4.08(3) 0.936(8) 4.00(2) 0.943(4) 3.83(2) 0.939(6) 4.37(3) 0.87(5)
15 4.299(10) 0.949(2) 4.13(2) 0.937(15) 4.01(2) 0.943(5) 3.85(3) 0.923(12) 4.26(4) 0.931(7)
16 4.307(13) 0.950(3) 4.19(2) 0.957(4) 4.00(3) 0.941(9) 3.83(3) 0.938(8) 4.33(3) 0.947(5)
17 4.281(14) 0.946(3) 4.13(2) 0.946(5) 4.03(2) 0.952(3) 3.900(16) 0.953(3) 4.38(4) 0.950(8)
18 4.34(3) 0.958(5) 4.14(3) 0.948(6) 4.068(16) 0.954(3) 3.88(3) 0.947(7) 4.38(4) 0.951(8)
19 4.33(2) 0.955(3) 4.15(3) 0.951(4) 4.02(6) 0.947(11) 3.90(2) 0.954(4) 4.37(4) 0.953(7)
20 4.30(4) 0.950(7) 4.20(2) 0.957(4) 3.98(3) 0.940(6) 3.92(3) 0.956(5) 4.34(4) 0.949(7)
25 4.35(5) 0.963(6) 4.31(12) 0.956(12)
30 4.05(11) 0.89(4) 4.33(11) 0.961(8)
35 4.12(7) 0.92(2)
40 4.14(7) 0.938(15)
45 4.14(9) 0.94(2)
50 4.15(10) 0.945(18)

100 4.05(9) 0.943(11)

a Computed with RQMC using the CBS+corr potential for four CO isotopomers22,25and with the SAPT potential for the normal isotopomer. The
SAPT data atN ) 25 and 30 are from ref 13.

TABLE 2: The b-Type Rotational Energies (Erot, in K) of CO@HeN and Their Spectral Weights (A)

CBS+corr SAPT
12C16O 13C16O 12C18O 13C18O 12C16O

N Erot A Erot A Erot A Erot A Erot A

1 5.88(20) 0.873(6) 5.58(23) 0.871(8) 5.37(14) 0.855(7) 5.52(5) 0.850(7) 5.85(4) 0.868(3)
2 6.44(13) 0.759(6) 6.22(16) 0.746(13) 5.8(3) 0.746(13) 6.05(8) 0.736(4) 5.9(3) 0.71(5)
3 6.88(17) 0.683(3) 6.80(8) 0.666(3) 6.65(12) 0.662(3) 6.64(8) 0.647(4) 6.67(10) 0.664(7)
4 7.2(3) 0.611(3) 6.7(5) 0.594(20) 7.1(3) 0.595(5) 6.7(3) 0.587(3) 7.41(10) 0.607(3)
5 7.75(12) 0.565(3) 7.41(18) 0.556(4) 7.51(18) 0.541(2) 7.15(14) 0.536(3) 7.70(9) 0.561(4)
6 7.7(3) 0.536(3) 7.54(20) 0.524(3) 7.5(2) 0.515(3) 7.23(17) 0.510(4) 7.99(11) 0.528(3)
7 7.62(15) 0.515(4) 7.54(17) 0.505(4) 7.33(17) 0.499(5) 7.1(3) 0.486(5) 7.86(13) 0.513(4)
8 7.41(13) 0.496(7) 7.38(12) 0.478(5) 7.12(20) 0.477(8) 7.11(20) 0.458(8) 7.50(17) 0.491(7)
9 7.0(3) 0.465(18) 6.8(4) 0.46(2) 6.7(3) 0.45(2) 6.4(5) 0.44(3) 7.4(2) 0.438(17)

10 7.4(4) 0.35(3) 7.1(3) 0.37(3) 7.2(4) 0.33(3) 7.0(5) 0.32(4) 9.1(3) 0.280(15)
11 8.0(5) 0.23(2) 8.1(8) 0.20(3) 8.3(6) 0.19(2) 7.5(12) 0.18(5) 11.4(7) 0.148(12)

a Computed with RQMC using the CBS+corr potential for four CO isotopomers22 and with the SAPT potential for the normal isotopomer.
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purely experimental grounds, and alternative numberings dubbed
A, B, C, D are proposed in ref 7. These numberings produce a
smoother evolution of the R(0) series (as well as a smoother
dependence on isotopic substitution, see Section IIIC). This is
shown in Figure 3 of ref 7, which compares the R(0) a-type
series using either the conventional numbering or the D
numbering with weighted average of split lines. This comparison
is reported for convenience in Figure 3, after subtraction of the
computed vibrational shift. The evolution of the a-type series
with the D numbering is remarkably closer to the results of our
simulations. In particular with the conventional numbering the
experimental values have a gap betweenN ) 14 andN ) 16,
significantly larger than the whole spread of the simulation data
in the nearby size range (we do not consider here the two
measured values assigned toN ) 15, which would correspond
to a single intermediate value after weighted average).

C. Isotopic Effect.The isotopic dependence on the measured
R(0) transitions has been reported in ref 12 and 7 using the
conventional numbering. A convenient picture of the effect is
obtained by subtracting the origin of the vibrational band of
individual isotopmers and taking the difference with the normal
case,12C16O. Negative values are generally observed, due the
increased reduced masses of13C16O, 12C18O, and13C18O.

At small cluster sizes, the difference is relatively large for
the b-type line, on account of its free-rotor character in the binary
complex that reflects molecular properties. At larger sizes the
difference decreases, corresponding to the increased solvent
character of the rotational excitation of the cluster. Once again,
for systems up to about 10 He atoms, fine details of split
lines are beyond the accuracy of our calculation. The a-type
line starts instead with negligible differences among isoto-
pomers, corresponding to the initial end-over-end character of
the series. Around a cluster size of a dozen He atoms, where
the a-type series acquires a free-rotor character (see Figure 3
and ref 13), the difference increases, getting very close to its
nanodroplet value already atN ) 20. However the magnitude
of the difference shows a pronounced dip precisely atN ) 15
(in the conventional numbering). If one accepts the view that
the line splitting atN ) 15 is due to a near degeneracy with a
He-related excitation,13 this dip would merely reflect the
increased mixing of solvent states in the cluster rotational state.

With any of the alternative numberings, either member of
the formerN ) 15 doublet of the conventional numbering is
paired to a different line with stronger spectral weight and
stronger isotopic dependence. In the weighted average,23 such
a strong isotopic dependence prevails, and the dip in the
difference weakens (for numberings A and B) or disappears (C
and D).

Our results (see Figure 4 for the a-type series of the13C18O
isotopomer and Table 1 for a complete list) are in good
agreement with the experiment, although we generally find a
slight overestimate of the isotopic effect presumably due to the
simplified treatment of the change in the He-CO potential
mentioned in Section II. We note in particular the absence of a
dip at N ) 15 or N ) 16. If one considers weighted averages
for line doublets at given cluster size, this is consistent with
numberings C, D but not with A, B or conventional.

The simulation results show instead a possible dip atN ) 17
for 13C18O. However this feature, not seen in the experimental
data with any of the proposed7 numberings, is rather weak and
gets lost into the statistical error24 for other isotopomers (see
Table 1).

D. Approach of the a-Type Series to the Nanodroplet
Regime.For the normal isotopomer, infrared spectra taken under

conditions of maximum clustering show that individual R(0)
transitions can be resolved up toN ≈ 50, and provisional
assignments are reported up to this size. The resulting a-type
series is compared to simulation results25 obtained with both
CBS+corr and SAPT potentials in Figure 5. We note from
Table 1 that the purely rotational energies are slightly higher
with SAPT than with CBS+corr in the whole size range
displayed in Figure 5. However, the stronger difference
in the origin of the band (see Figure 1) prevails in the calculated
R(0) transitions, with the SAPT results being too low. The
documented quantitative accuracy of the CBS+corr PES forN
) 1, the plausibility of the nearly linear behavior of the
vibrational shift within the first solvation shell, and the excellent
agreement between measured and calculated R(0) transitions
up to N ≈ 30, all support the high quality of the CBS+corr
potential, at least for not too large He-CO distances. ForN )
30-100, a better agreement would be obtained if the CBS+corr
∆ν(N) decreased at a rate similar to the SAPT∆ν(N) in this
range. In summary, (i) using the best currently available
potential,17 the calculated R(0) transitions are somewhat higher

Figure 4. Difference between the a-type series of13C18O@HeN and
12C16O@HeN clusters, after subtracting the respective monomer band
origin: RQMC (filled circles), and experiment7 with the conventional
(open circles), B (open diamonds), and D (crosses) numberings. For B
and D we have used weighted averages of split lines.23

Figure 5. Detail of the a-type R(0) transitions in12C16O@HeN for N
> 15: RQMC results25 with the CBS+corr (filled circles) and the SAPT
(filled diamonds) potentials and experiment7 (open circles);26 the
horizontal line is the nanodroplet value.16 We have subtracted the origin
of the vibrational band in the gas-phase.
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than their experimental values for large clusters; (ii) a compara-
tive analysis with the SAPT potential, which is presumably more
accurate at large He-CO distance, suggests that the vibrational
shift, rather than the rotational energy, is too high (see Figure
1). Therefore, to attain its nanodroplet value, which is even
higher, the vibrational shift must have a strong blue upturn at
N > 100.

Because the R(0) lines measured forN ≈ 507 and the
nanodroplet limit16 are already very close, a substantial blue
upturn of the vibrational shift requires a corresponding decrease
of the rotational constant. Indeed, the value given in ref 16 for
the effective rotational constant (Beff) in the nanodroplet limit
is significantly smaller than that calculated previously13,16 (see
also Figure 3) in a wide range of cluster sizes betweenN ≈ 15
and 100. The physical mechanism invoked in ref 16 to explain
the lowering ofBeff in large droplets is the coupling of molecular
rotation with He bulk-like phonons, which can have sufficiently
low energies only at a low wave vector, or equivalently at a
large system size. To simulate a somewhat similar physical
effect with manageable system sizes, we artificially increase
the gas-phaseB value; the rotational energy thus eventually
crosses a high-energy cluster excitation with angular momentum
J ) 1 involving mostly helium motions. The coupling of the
molecular rotation with this mode is illustrated in Figure 6; the
lowest rotational excitation of the cluster doped with CO is
repelled by a solvent-related excitation, with a concurrent loss
of spectral weight. Correspondingly, a second excitation (not
shown for clarity), higher in energy than the He-related mode,
gains weight and further shifts upward.

Interestingly, when we use HCN instead of CO as a dopant
molecule, the molecular rotation is not significantly affected
by a nearly degenerate He-related cluster excitation13 (inciden-
tally, this suggests that the splitting of the measured R(0) series

close toN ) 15 for CO@HeN clusters11 might not be observed
in a similar experiment with HCN). This is consistent with the
observation that the almost constant value ofBeff, predicted10

betweenN ≈ 20 and 50 for HCN@HeN, coincides with the
measured nanodroplet value.27

The correlated basis function calculation of ref 16 explains
this disparity between CO and HCN in terms of the different
degree of anisotropy of the respective interaction potentials with
He atoms. The present calculation gives support to this
mechanism, but it does not have obvious implications on the
displacement of the rotational excitation caused by the presence
of a “quasi continuum” of states in the nanodroplet (which
instead clearly affects the line shape28). Heading back to the
R(0) transitions of real CO@HeN clusters, the present results
call for a demonstration that a sufficiently strong anisotropy
can produce not only a reduction ofBeff but also a correspond-
ingly large blue upturn of the vibrational shift, both in a range
of N between hundreds and thousands.

IV. Conclusions

Using the recent CBS+corr potential17 we have calculated
the vibrational shift and rotational excitations of CO@HeN

clusters. The smoothness of the evolution of the resulting R(0)
a-type series for all isotopomers studied favors the D numbering,
one of the alternative assigments proposed by McKellar7 in the
size range aroundN ) 15, over the conventional numbering of
ref 11; further support is provided by theN dependence of the
differences between isotopomers.

The general agreement between the calculated and measured
R(0) series is very good, and it is somewhat better than that
found using the SAPT potential of ref 20 (for small system size,
see ref 22). For large cluster sizes (N ≈ 30-50), it would further
improve with ≈0.2 cm-1 more red shift of the origin of the
vibrational band. Although the comparison with the size-
selective measurements7,11,12 is gratifying, the present results
could be reconciled with the current estimate16 for the nano-
droplet limit only in the presence of a strong blue upturn for
N > 100.
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