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The populations of the two different Hel, conformers (linear and T-shaped) were calculated as a function of
temperature using a simple thermodynamic model and the quantum mechanical partition functions for
each conformer. Variational quantum calculations were performed for angular momentum values J up
to 15, and by analyzing the rovibrational energies and functions, all states up to dissociation were
assigned. On the basis of the vibrational and rotational partition functions calculations, it was found that
the relative populations of the isomers have a strong dependence on the temperature. The population of
the linear isomer (the most stable one according to the ab initio CCSD(T)/CBS potential used) decreases
relative to that of the T-shaped, as the temperature increases, and at temperatures around 1 K the two
populations are equal, with the T-shaped isomer being more abundant for higher temperatures. The
temperature effect on the relative population was also investigated as a function of the difference in the
binding energy values of the two isomers, including those determined from the experimental
observations with the T-shaped being energetically most stable. In this case, even though the ratio of the
T-shaped/linear populations decreases rapidly for temperatures below 1 K, the T-shaped isomer was the
most abundant at all temperatures. The system evolves between both T-shaped and
arrangements, with no significant changes at temperatures 1.5 K. The disagreement at low temperatures
between theoretical predictions and experimental data available indicates that further refinement is still
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Weakly bound van der Waals (vdW) clusters have proven, by
both theoreticians and experimentalists, to be suitable for
investigating long-range intermolecular interactions,® energy
transfer mechanisms, and even microsolvation processes.*”
There has been a significant amount of effort focused on rare
gas-dihalogen complexes,*?* and as a consequence new
aspects of these systems emerge. For example, high-level ab
initio electronic structure computations have predicted minima
in the ground electronic states of such complexes at both linear
and T-shaped orientations,*** with the final conclusion drawn,
later on, from the experimental evidences on the stabilization of
two isomers in the supersonic expansions,'®*>*® although they
have been first observed by Levy and coworkers®* in the spectra
of the Hel,. In the case of He-dihalogen, such as HeBr,, Hel,
and HelCl, the depths of the potential wells for the linear and T-
shaped configurations have been found to be comparable, with
the linear being the deepest one.'**** By including zero-point-
energy (ZPE) effects for T = 0 K, the linear isomer has been
predicted to be the most stable one, with energy differences
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between the two conformers estimated at 3.14, 1.14 and just
only 0.21 ecm ' for the HelCl, HeBr,, and Hel,, respec-
tively.****?* For the HeICl and HeBr, complexes such values has
been found in accord with experimental predictions, while in
the case of the Hel, experimental measurements support an
inverse ordering in the stability of the two isomers, with the T-
shaped conformer being by 0.3 cm ' more stable than the
linear one.*®

Moreover, Loomis and coworkers'® have recorded LIF and
complimentary action spectra for Hel, in the I, B-X, 20, 0 region
at two different distances downstream along the expansion,
corresponding to rotational temperatures of <0.09 and 1.86(2)
K. By observing changes in the intensities of the T-shaped and
linear features, with the linear spectral feature becoming less
intense than the T-shaped peak with cooling, they have
presumed® that the linear conformer is less stable than the T-
shaped one. This finding brings us back to one of the initial
motivations of this series of studies, arising the question of
whether there is a simple explanation for the apparent
disagreement between theory and experiment on the stability of
the two ground state Hel, isomers. Although the errors in the
experimental binding energy values of the two isomers are
larger than the energy difference between them, it seems that
the linear isomer has been measured to be the most stable one.
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So far, a number of spectroscopic studies have detected
different isomers for such vdW clusters formed in supersonic
expansions,>'*'>'#?* with the mechanisms for their formation
and the subsequent cooling via collisions remain uncertain,
and probably system depended. Experimental results have
shown™ that the relative populations of the isomers may change
within a supersonic expansion even under conditions of
temperature below 1 K. Further, investigations in similar rare
gas—-dihalogen complexes*~* have also shown that the forma-
tion of isomers is controlled by thermodynamic factors, so the
complexes are not kinetically trapped in different potential
minima, and thus kinetic effects do not influence the relative
population with respect to the equilibrium ones.

As such, an important issue to be checked is the temperature
dependence of the isomers' populations in the case of the Hel,.
Thus, calculations of the rovibrational states of the Hel, (X)
were performed using the ab initio CCSD(T)/CBS potential
surface,* vibrational and rotational partition functions were
computed, and then the populations of the linear and T-shaped
conformers were obtained via a simple thermodynamic model
as a function of temperature. Apart of the temperature effect on
the stability of the isomers, we also investigate the role of the
difference in the binding energies of the isomers, as it has been
predicted by both theory and experiment. Hence, we present
how the relative populations of the two Hel, isomers vary with
the temperature, and thus with the distance from the nozzle.
Such results offer additional information, since complexes with
different orientations could be preferentially stabilized, and
that can serve as targets for experimental and theoretical
endeavors aimed to fine-tune errors in the measurements and
to improve any reflecting deficiencies in the intermolecular
potentials for controlling their formation. The remainder of the
paper is organized as following. Next section contains three
subsections, which include computational details for the vari-
ational rovibrational state calculations, description of the
thermodynamic model, calculation of partition functions and
relative population of the two isomers, and discussion of the
results and their sensitivity to various parameters. Finally,
Section 2 summarizes some conclusions of this work.

1 Computational details, results and
discussion
1.1 Rovibrational states from variational calculations

The rovibrational Hamiltonian in the Jacobi (r,R,f) coordinate
system has the form®®

- 2
. B R SR SR & i
H=e—r —— + Vi(r, R 0), (1
2, 07 2 R 2w 2R T w(r, R, 0), (1)
1 1 1 1 1 1
where — = +— and — = —+ — are the reduced
My Mye  2My Mo my

masses, Mye = 4.00260 and m; = 126.904473 u are the atomic
masses of “He and '*’I isotopes, I andj are the angular
momentum operators associated with the vectors R and r,
respectively, leading to a total angular momentum j = [ + j’,
while Vio(r,R,0) = V(1,R,0) + Vi (1), with V(r,R,0) and V; (r) being
the ab initio CCSD(T)/CBS Hel, and I, ground state potentials
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from ref. 32. The CCSD(T)/CBS energies and structures have
been further compared with experimental data for both Hel,
and I, molecules, as well as with values from multi-reference
calculations.'>**%”%% In Fig. 1 we display the minimum energy
path (MEP) of the vibrationally averaged V, ,(R,0) = (x.(7)|
V(R,8,7)| x(7)) intermolecular vdW potential of Hel, over the I,
Xv—o Vibrational eigen functions, as a function of 4. This surface
presents minima for both linear and T-shaped configurations at
—44.48 and —38.93 cm ™, respectively, which are very close in
energy within 5.5 cm™, while they are separated by a isomeri-
zation barrier lying at energy of —18.43 cm™ .

The bound vdW levels, and the corresponding wave func-
tions are calculated variationally by diagonalizing the vibra-
tionally averaged Hamiltonian, using up to four vibrational
basis functions, x,—¢-3(r). For a given total angular momentum J
and a parity of total nuclear coordinates inversion p, the cor-
responding Hamiltonian is represented as a product of radial,
{f(R)}, and angular, {©%"P}, basis functions. For the R coordi-
nate a discrete variable representation (DVR) basis set was used
based on the particle in a box eigen functions, while the angular
{Q,({]MP)} basis functions are eigen functions of the parity, with M
being the projection of J on the space-fixed z-axis, Q its projec-
tion on the body-fixed z-axis, which is chosen here along the R
vector.* The Hamiltonian is represented on a finite three-
dimensional basis set. The V,, potential matrix elements
were evaluated for v = 0-3 values at 61 Gaussian quadrature
points in r range between 2.2 to 3.5 A. For the angular coordi-
nate we used ortho normalized Legendre polynomials {P;(cos )}
as basis functions, with up to 48 and 49 values of the diatomic
rotation j, for even and odd symmetry, respectively, while for the
R coordinate, a basis set of 140 DVR functions over the range
from 2.85 to 15.0 A were used, achieving a convergence of 0.0005
em ™" in the bound state calculations.

In Fig. 1 the bound vibrational (J = 0) states together with
their angular distributions are also depicted. On the basis of the
localization of their radial and angular distributions, the lowest
3 levels for n = 0, 1 and 2, were assigned to linear and T-shaped

0 10 20 30 40 50 60 70 80 920
0 (deg)

Fig. 1 Minimum energy path of the vibrationally averaged Vg,
potential for the Hel, as a function of angle 6, together with the bound
vibrational levels and the angular probability distributions of the n =
0 (linear) and 2 (T-shaped) states for J =0 (p = +1,j = even). The zero
probability for each state has shifted to its energy value.
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isomers, respectively. Their binding energies were calculated to
be D§ = 15.72 and D§ = 15.51 cm™ ', respectively, with the linear
conformer being more stable by just 0.21 cm ™' than the T-
shaped one.

The energies of all bound levels for each J = 15 are displayed
in Fig. 2. As we are interested at low temperatures T' = 3 K, only
states with J = 15 are significantly populated, so only these
states were evaluated. As we mentioned above for J = 0, the n =
0 and 1 states have linear He---I-I geometries, the n = 2 state
corresponds to T-shaped ones, while the higher vibrational
states present a wide spread over the 6 angle. As j value
increases, we observe two smooth progressions for the linear
states (denoted by e symbols) corresponding initially to the two
lowest levels (n = 0, 1) for J = 0 at energy of —15.72 cm™ ', and to
n =1, 2 levels for J = 1 at —9.70 cm™ ", respectively. In turn, for
each J value the T-shaped states (denoted by & symbols) split
into 2J + 1 different K rotor levels, although due to near
degeneracies between states with same K value and different
parities only J + 1 levels are distinguishable in Fig. 2. The
energies of these levels increase and their pattern becomes
congested as J increases with the K states spreading at higher
energies and overlapping other rovibrational states. By
comparing with the rigid rotor model energy values (denoted by
* and x symbols for linear and T-shaped levels, respectively),
one can observe a very similar behavior, especially at low
energies.

1.2 Thermodynamic model and partition functions

The thermodynamic model employed to obtain the Hel,
isomers' populations is similar to the one described in ref. 33.
In brief, relative isomers’ populations were obtained from the
exact formula derived directly from the standard Gibbs energies
of the isomers,* assuming that both linear and T-shaped
isomers are in thermodynamic equilibrium. Thus, their rela-
tive populations, at a given temperature, are equivalent to the

ratio of their partition functions (respecting entropy
0
8 8 e °©° B o oy ° g & § 8
: S 8 3 5 8 o E g 8 8 o o
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J

Fig.2 Bound ro-vibrational energies of He:--1, (X, v = 0) as a function
of J obtained from variational quantum calculations, together with
their assignment to linear or T-shaped conformers. The estimates of
the rigid rotor model are also displayed.
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contributions). Moreover, as vibrational energies are greater
than the rotational constants for the Hel, in its ground elec-
tronic state, so vibrational and rotational motions are reason-
ably well separated, and the partition functions can be
simplified to:

ZVNT) = Zig (DZis!(T) (2)

with Z,, and Z,, denoting the vibrational and rotational
partition functions, respectively. The ratio of the vibrational
partition functions can be written as:

2D o 2E)
=exp| ——— 3
ZL(T) " P\ kT )
where 3E = Eg — Eg = 0.21 cm ™ * represents the difference in the
binding energy of the isomers, with the terms Eg and Ej being

the vibrational energies of the lowest linear and T-shaped
states. In turn, the Ziz{ partition functions are expressed as:

ET
2 -S| - ) 0

where 7 runs over all populated J rotational states shown in

Fig. 2, with E/"" denoting the energy of each of these states. In

the case that kgT > Bl the partition function of the linear

conformers corresponds to a symmetric top rigid rotor,****
kgT

L B

Zrol(T) = B—L [5)

rot

The rotational constant for the linear Hel, isomer, B, is
obtained as the one half of the difference between the energies
of the J =1 and J = 0 calculated states. The values of 0.0301 and
0.0309 cm ! indicate that the criterion, T > 6%, = BY/kg =
0.043 K, is fulfilled by a factor of only 2 for the lowest temper-
ature values reported at the experiment."® For the T-shaped
conformer, the theoretical approximation of the rotational
partition function based on the asymmetric top rigid rotor
iS,34‘41
12

1/2 373
kg’ T > ©)

T ™
ZlT) = =5 <m

rot™~rot “rot

with the assumption that T>> {/AL,BL,CL /kz. The constants
for the T-shaped rotor, Aj,. = 0.2404 cm ™, Bio, = 0.0376 cm ™,
and Ch = 0.0322 cm ', are obtained again by energy difference
between the / = 1 and J = 0 T-shaped levels, indicating
temperatures of 7' 0.095 K. In this case, one can see that the
characteristic temperature is just at the lower limit of the
cluster's temperature, and thus, the rotational partition func-
tions for both linear and T-shaped states were also determined
using eqn (4) by the sum over the calculated energies of the
linear or T-shaped conformers for temperatures up to 5 K.
The small difference in the binding energies of the two
ground state conformers together with the larger density of
states for the slightly more energetic T-shaped configuration
shown above, indicates the possibility of a temperature
dependence populations for the linear and T-shaped

RSC Adv., 2017, 7, 19273-19279 | 19275
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conformers. Thus, the relative populations of the linear and T-
shaped He: -1, features, Z"/Z", are plotted in Fig. 3 as a function
of temperature. It is noticeable their strong dependence on the
temperature, with the population of the linear being almost
100% at low temperature, while it decreases rapidly at 66% at T
= 0.5 K compared to that of 34% for the T-shaped feature by
increasing temperature. The two populations become equal at
Tc = 1.037 K, while above this temperature there is an inversion
of the population ratio of the He---I, isomers. The T-shaped
isomer is more abundant than the linear one, counting 61
and 65% at T = 2 and 3 K, respectively. Also in Fig. 3 the cor-
responding partition functions obtained from the rigid rotor
(RR) model are shown for both linear and T-shaped rotors.
Different type of lines correspond in the case that the second
progression of linear rotor states (see Fig. 2) appears atJ = 1 has
been included (solid line) or not (dashed line) in the calcula-
tion. One can see that no differences are obtained in the pop-
ulations of the He--I, isomers for temperatures below 2 K,
while above this temperature the RR model diverge, slightly
favoring the T-shaped abundance, and with the inclusion of the
linear states' progression in the upper energy band to quanti-
tatively affect the partition functions' ratio. We should point out
that as temperature increases (T > 3 K), the rotational partition
functions start to become subject to the finite number of
calculated J states.

1.3 Results’ discussion

A theoretical approach based on a simple thermodynamic
model including data from quantum rovibrational / = 0 bound
state calculations was employed to evaluate the isomers' pop-
ulations as a function of temperature and to provide results on
the populations' inversion of the He--'I, system. We should
note that the relative proportion of the linear and T-shaped
isomers was obtained from the corresponding vibrational and
rotational partition functions. On the other hand, as we
mentioned above, LIF and action spectra have been recorded"®

100%

80%

60%
= Linear

—— T-shaped
—— Linear (RR)
—— T-shaped (RR)

40%

20%

T (K)

Fig. 3 Relative population (in %) of the linear and T-shaped
conformers as a function of temperature. The curves correspond to
the partition functions obtained using the thermodynamic model and
the data from variational quantum calculations and rigid rotor
estimates.
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at two different downstream distances along the expansion. The
I, (X, v = 0) rotational temperature of these spectra was esti-
mated at 1.86(2) K and <0.09 K, respectively. They observed*®
that the intensity of the linear spectral feature becomes less
intense with cooling, than the T-shaped one, so the linear He---
I, (X, v = 0) isomer should be less stable than the T-shaped. The
binding energy of the linear species has been measured™ at
16.3(6) cm™ " by the average energies of the onsets of the
continuum signals of action spectra in the I, B-X, 1'-0 regions
with v = 19, 20 and 23, while the relative binding energy of the
T-shaped conformers has been measured at 0.3(2) cm ' by
recording multiple, two-photon spectra, setting® the T-shaped
binding energy to 16.6(6) cm '. We should note that the
errors reported in the experimental binding energy values for
each isomer are higher than the energy difference between
them, and their stability is in an inverse ordering compared to
the theoretical estimates from ab initio quantum mechanical
calculations. Thus, in Fig. 4 we present the relative populations
of the isomers obtained from the RR model using the rotational
constants from the rovibrational calculations, and the values of
the experimental binding energies D§ = 16.6 and Dy = 16.3
em™'. As it was expected, there is no inversion from the T-
shaped to linear species. One can now see that the population
of the T-shaped conformers drops down to 67% at temperatures
up to 1 K, and then increases slightly to 72%. The reversed
behavior occurs in the population of the linear species, with
population around to 3 and 30% at the experimental tempera-
tures of 0.09 and 1.86 K, respectively. Similar estimates for the
population of each He---I, (X, v = 0) isomer can be, in principle,
tracked by measuring the integrated intensity of the corre-
sponding He---I, spectral feature in the recorder action spectra
at the same temperatures.'”® Moreover, the binding energy
difference value, dE, between the two isomers is also expected to
influence the value of the population's crossing temperature
(see eqn (3)). Thus, on the basis of the present theoretical
results on the Hel, partition functions with the linear isomer
being more stable than the T-shaped one, the lowest T value for

Fig. 4 Relative population (in %) of the linear and T-shaped
conformers and their binding energy difference as a function of
temperature. The curves correspond to the rigid rotor model using the
binding energy values for the two isomers from the experimental and
theoretical studies.
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the convertion is T, = 0.58 K (see Fig. 4), corresponding to the
zero energy difference between the two isomers.

A key point could also be that the present theoretical results
check whether only thermodynamic factors control the inver-
sion of the populations, without taking into account kinetic
effects that may change them compared to the equilibrium
ones. In this vein, simulations in similar vdW systems** have
been provide insights into different collision mechanisms that
could affect the inversion between the isomers even at the very
low temperatures of the experimental setups. The dominant
mechanism for such conversion under temperature has not
been, so far, precisely determined, although for He complexes
there is no evidence for kinetically trapped species in the
different potential wells,’>** that seem to behave thermody-
namically in the supersonic expansion. Thus, according to the
present results for the Hel, complex the ordering and relative
values of the binding energies for the two isomers still remain
under consideration. Given that there is no kinetic effect, the
simplest explanation to the discrepancies between the experi-
mental and theoretical values should be the accumulation of
statistical or fitting errors to the measurements, and/or
convergence errors in the ab initio calculations. On the one
hand, it may be useful to record spectra of the He---I, vdW
complex at multiple distances to the nozzle. By varying the
temperature regimes within the expansion different features
could be identified, and the role of the underlying interactions,
as well as the effect of the thermodynamic and/or kinetic
mechanisms on the complex dynamics could be then deter-
mined. On the other hand, it is clear that the energy difference
between the two isomers is really very small, so ab initio calcu-
lations for improving the accuracy of the interaction should be
performed. Previous CCSD(T)/CBS calculations on Hel, (X)
complex estimated differences of about 4 cm ™" in the optimized
linear and T-shaped interaction energies.** Different simple
extrapolation formulas in conjunction with correlation consis-
tent basis sets have been used. However, the spread in inter-
action energies from those CBS schemes,* counting to around
1.5 cm ™, provides the uncertainty in these values, indicating
that any of the CBS estimates should be seen only as an
approximation of the CBS limit.*>*

More recently explicitly correlated CCSD(T)-F12a/b methods
have also been developed, providing dramatic improvements of
the basis set convergence of CCSD correlation energies.* Thus,
we performed CCSD(T)-F12 calculations using the Molpro
package*>*® to further check the quality of the Hel, ab initio data
and their convergence to CCSD(T)/CBS limit. In the F12 calcu-
lations specially optimized correlation consistent F12 basis
sets”” were used, in conjunction with resolution of the identity
complementary auxiliary basis set (OptRI), and density fitting of
the Fock, exchange and other two-electron integrals (JKFit,
MP2Fit).*** Up to now, benchmarks were usually carried out
considering only equilibrium configurations. However, given
the importance of the linear/T-shaped isomerization barrier in
the energetics of the Hel,, as well as the small energy differ-
ences observed between the Hel, isomers, we now consider to
check the performance of the different methods and basis sets
at a number of intermolecular configurations. Obviously, the
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most relevant for the sampling should be those in the regions
along the minimum energy path between the two Hel, potential
minima. In this way, we created a set of 19 benchmark inter-
action energies for the Hel, along the minimum values of the
2D V(R,0;r.) potential, and another 13 configurations corre-
sponding to the minimum energies of the full V(R,6,r) surface.
In Fig. 5 we display the results from the CCSD(T), CCSD(T)/CSB
and CCSD(T)-F12 calculations along these two minimum energy
paths (see top and bottom panel, respectively). As it can be seen,
the CCSD(T)/CBS data predicts deeper potential wells at both
linear and T-shaped configurations, and lower isomerization
barrier than the CCSD(T) results, while the CCSD(T)-F12 esti-
mates present an opposite behavior, showing shallower wells
and higher isomerization barrier compared to the CCSD(T)
ones. The F12a and F12b energy values are quite similar, with
the F12a closer to the CCSD(T) reference values corresponding
to the calculations with the AV6Z/AV5Z-PP basis sets. We should
note that the convergence of the CCSD(T)-F12 energies is quite
different in the regions around the barrier and minima,
showing a better performance, especially the F12a, in the
configurations around the potential minima. Even though the
potential energies nearby the two minima are described pretty
consistently by the CCSD(T)/AV5Z/AV5Z-PP, CCSD(T)/AV6Z/
AV5Z-PP and CCSD(T)-F12a calculations, the performance of
the CCSD(T)-F12 around the barrier seems inconclusive, and
thus no additional support for its reliability has been gained.

CCSD(T)/AV6Z(He)
CCSD(T)-F12a
CCSD(T)-F12b
CCSD(T)/AVQZ
CCSD(T)/AVSZ
CCSD(T)/CBS[45]

0 10 20 30 40 50 60 70 80 90
0 (deg)

Fig. 5 Interaction energies, AE, along the minimum energy paths for
the Hel, of the full V(R,6,r) (top panel) and V(R,0;r. = 2.666) (bottom
panel), as a function of angle 6 obtained from CCSD(T) using AVQZ and
AV5Z basis sets and their extrapolation to CBS limit, as well as from
CCSD(T)-F12a/b calculations (see text) and from CCSD(T) using AV6Z
basis sets for He and AV5Z-PP for | atoms. Solid lines are drawn only to
guide the eye.
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2 Summary and conclusions

The present work addressed the role played by temperature
and energetics on the stabilization of different Hel, isomers.
Such conformers have been stabilized in supersonic expan-
sions at varying the distance from the nozzle, and have been
identified within spectral features in LIF and action spectra
recorded in the I, B-X, 20-0 region. By analyzing the inten-
sities of the linear and T-shaped features in these spectra with
cooling Loomis and coworkers' have presumed that the
linear He- I, (X, v = 0) isomer should be less stable than the
T-shaped. This was somewhat surprisingly when for similar
He-dihalogen complexes linear species have been found, by
both theory and experiment, to be most stable than the T-
shaped ones. So, we calculated the population of each He---
I, (X, v = 0) ground state isomer as a function of temperature
using a thermodynamic model and the quantum partition
functions from rovibrational variational computations
employing the ab initio CCSD(T)/CBS surface with J values up
to 15. We chose to monitor the change in the relative pop-
ulations of the linear and T-shaped isomers as temperature
changes, and conversion of the linear into T-shaped He--'I,
isomers is observed even at low temperatures, with their
populations being equal at 7= 1 K. We showed that above this
temperature the T-shaped isomer is the more abundant. We
also found that linear and T-shaped rigid rotor models offer
a good description of the system especially at low energies. So,
the results from the quantum partition functions were then
compared with those obtained from the rigid rotor model and
the experimental binding energy values of the two isomers.
Such comparisons demonstrate the high sensitivity of
isomers' populations on the energetics and temperature,
indicating that a higher level of refinement is still needed in
theoretical approaches for this system, and possible in
experimental measurements and their interpretations, to
reach an agreement at low temperature regime for this very
weakly bound complex. In particular, even though high level
ab initio calculations were performed to determine the He-I,
intermolecular interactions, several approximations, e.g. the
CBS extrapolation procedure, should be still reconsidered.
Given the difficulties associated with such calculations for
a very weak system containing heavy atoms (such as iodine),
we aimed to bracket the uncertainties of recent ab initio
methods at various representative configurations. We found
that the previous CBS schemes overestimate the depths for
both linear and T-shaped wells, while no clear clues were
came out for the energies of the isomerization barrier
between them. It seems that the approximations should be
improved and modifications should be introduced, while
complementary information is still needed for ascertaining
the importance of energetics, thermodynamic or even kinetic
effects for this system. Thus, it would be extremely interesting
to record Hel, spectra in varying distances to the nozzle and
temperature regimes within the expansion, that could provide
additional insights in order to fine-tune errors and defi-
ciencies for controlling the stabilization of its isomers.
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