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1 Introduction

Systematic analysis of electronic barrier heights
and widths for concerted proton transfer in

cyclic hydrogen bonded clusters: (HF),,, (HCl),, and
(H>0),, where n = 3, 4, 5%

Yuan Xue, 2@ Thomas More Sexton, 2 ° Johnny Yang & +° and

Gregory S. Tschumper (2 *?

The MP2 and CCSD(T) methods are paired with correlation consistent basis sets as large as aug-cc-
pVQZ to optimize the structures of the cyclic minima for (HF),, (HCl), and (H,O),, where n = 3-5, as well
as the corresponding transition states (TSs) for concerted proton transfer (CPT). MP2 and CCSD(T)
harmonic vibrational frequencies confirm the nature of each minimum and TS. Both conventional and
explicitly correlated CCSD(T) computations are employed to assess the electronic dissociation energies
and barrier heights for CPT near the complete basis (CBS) limit for all 9 clusters. Results for (HF), are
consistent with prior studies identifying C,, and D,, point group symmetry for the minima and TSs,
respectively. Our computations also confirm that CPT proceeds through Cg TS structures for the C;
minima of (H,O)s and (H,O)s, whereas the process goes through a TS with D,q symmetry for the S4
global minimum of (H,0),4. This work corroborates earlier findings that the minima for (HCl)3, (HCl)4 and
(HCl)s have Cs,, S4 and C; point group symmetry, respectively, and that the C,, structures are not
minima for n = 4 and 5. Moreover, our computations show the TSs for CPT in (HCl)z, (HCl4 and (HCl)s
have Dz, Doy, and C, point group symmetry, respectively. At the CCSD(T) CBS limit, (HF); and (HF)s
have the smallest electronic barrier heights for CPT (15 kcal mol™ for both), followed by the HF trimer
(~21 kcal mol™Y). The barriers are appreciably higher for the other clusters (around 27 kcal mol™ for
(H,0)4 and (HCls; roughly 30 kcal mol™ for (H,0)s, (H,O)s and (HCl)4; up to 38 kcal mol™* for (HCl)s).
At the CBS limit, MP2 significantly underestimates the CCSD(T) barrier heights (e.g., by ca. 2, 4 and
7 kcal mol™ for the pentamers of HF, H,O and HC, respectively), whereas CCSD overestimates these
barriers by roughly the same magnitude. Scaling the barrier heights and dissociation energies by the
number of fragments in the cluster reveals strong linear relationships between the two quantities and
with the magnitudes of the imaginary vibrational frequency for the TSs.

intermolecular hydrogen bonds, such as those found in por-
phyrins, porphycenes, carboxylic acid dimers, nucleic acid base

Double proton transfer reactions have been extensively studied
due their importance in biochemistry, atmospheric chemistry,
electrochemistry and other areas."® These processes can
occur in a step-wise or concerted manner,” "> and they are
often directed along pathways associated with intra- or
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pairs and related systems.”>™° In a similar manner, cyclic
hydrogen bonding arrangements in trimers, tetramers, etc.
can provide alignments conducive to analogous transfer phe-
nomena involving three or more protons. Higher-order
(triple, quadruple, etc.) proton transfer reactions have been
characterized experimentally,® >’ but such observations
remain relatively rare compared to their double proton transfer
counterparts.

Small homogeneous hydrogen-bonded clusters have pro-
vided very useful prototypes for the computational and theore-
tical characterization of H' transfer reactions involving three or
more protons. When these H atoms are covalently bonded to an
atom or small functional group with an appreciable electron
withdrawing character and the capacity to accept a hydrogen
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Fig. 1 General scheme for concerted proton transfer (CPT) between
equivalent minima of a cyclic trimer that differ only by the relative direction
of the hydrogen bonding network: clockwise (CW) vs. counter clockwise
(CCwW).

bond (R = F, Cl, OH, OCH;, OCH,CHs;, etc.), the resulting
hydrogen bonded (HR), clusters tend to adopt homodromic
cyclic arrangements for n = 3 to n & 5 where the hydrogen
bonds adopt the same relative orientation in the ring, clockwise
(CW) or counter clockwise (CCW). Both scenarios are depicted
in Fig. 1 for a trimer, (HR);. In this type of cyclic hydrogen-
bonded network, concerted proton transfer (CPT) can occur
with each fragment serving as a proton donor to one nearest
neighbor while simultaneously acting as a proton acceptor
from the other adjacent fragment. In the transition state (TS)
associated with this CPT process (center of Fig. 1), there is an
energetic barrier (AE*¥) on the Born-Oppenheimer potential
energy surface that must be overcome in the classical limit as
three covalent R-H bonds are broken and three new covalent R—
H bonds begin to form as an equivalent global minimum is
produced (right side of Fig. 1). The two minima differ only in
the relative orientation of the hydrogen bonding network. The
heights and widths of these barriers, along with other features
of the surface near the TS, influence the extent to which
quantum mechanical tunneling occurs in these CPT processes
under various conditions.

With only 2 atoms and 10 electrons per fragment, small
hydrogen fluoride clusters (e.g., (HF), where n = 3-6) have been
extensively studied in this context because they are amenable to
sophisticated theoretical interrogation.”®*® Additionally, HF
clusters also exhibit rather strong and highly cooperative
hydrogen bonding interactions,*®*%*'°*> and there is evidence
of rapid monomer dissociation in the gas phase.®*** For the HF
trimer, tetramer and pentamer, the H nuclei are symmetry
equivalent, and proton transfer is a synchronous process that
proceeds through D,;, TS structures that connect equivalent C,p,
minima with electronic barrier heights (AE*) estimated to be
around 21, 15 and 17 kcal mol " (&2 keal mol ) for n = 3, 4, 5,
respectively, near the CCSD(T) complete basis set (CBS) limit.*

Although homogeneous hydrogen chloride trimers, tetra-
mers and pentamers offer closely related platforms for studying
hydrogen bonding,*>”> we are aware of only a single study that
has examined CPT in (HCl);.>" As with (HF);, a synchronous
process connects equivalent Cs, minima for (HCl); through a
Ds;, TS, but the electronic barrier (AE*) is approximately 4 to
9 kecal mol " larger based on their MP2, MP3, MP4, QCISD and
QCISD(T) computations with split-valence triple-{ basis sets.

The analogous CPT processes have also been studied in
small water clusters, (H,0),-5_5.>"%®" However, the small
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tunneling splittings observed in the vibration-rotation-
tunneling (VRT) spectra of these cyclic water clusters are
typically interpreted as tunneling through much lower
barriers® % associated with mechanisms that might, for
example, break/form one or more weak intermolecular bonds
(hydrogen bond exchange). Consequently, the high-barrier
saddle points associated with CPT in small cyclic water
clusters®*”®”” have not been subjected to the same rigorous
analyses used to characterize the analogous proton transfer
processes in cyclic hydrogen fluoride clusters. Nevertheless, a
direct experimental observation of concerted proton tunneling
of (H,0), on a Au-supported NaCl(001) film was reported in
2015, and the experiments revealed that the process could be
suppressed or enhanced by a Cl-terminated scanning tunneling
microscope tip.”” Additionally, a delocalized proton model has
also shown that similar tunneling processes in the cyclic H,O
trimer®® and pentamer'® are consistent with the 2-dimensional
IR spectrum of liquid water’® and can also reproduce the
splitting patterns in the VRT spectra of (H,0); and (H,0)s.

In light of the fundamental importance of CPT processes in
these small cyclic hydrogen bonded clusters and some relatively
large uncertainties in the associated barrier heights, the pre-
sent study was initiated to rigorously characterize the minima
and corresponding TS structures of (HF),, (HCl), and (H,0),
clusters, where n = 3, 4, 5, with conventional and explicitly
correlated CCSD(T) computations. All of the structures were
optimized with the MP2 and CCSD(T) methods utilizing triple-
and quadruple-{ correlation consistent basis sets augmented
with diffuse functions. Harmonic vibrational frequencies were
also computed to confirm the nature of each stationary point
and gauge the width of the barriers near at each TS from the
magnitude of the imaginary vibrational frequency. The electro-
nic barrier heights (AE*) for CPT near the complete basis set
(CBS) limit are estimated from both extrapolation techniques
and explicitly correlated computations. To the best of our
knowledge, this work reports the first characterization of the
TSs for CPT in (HCl), and (HCl)s. The data reported here not
only provide important benchmark structures, energetics and
vibrational frequencies for these systems, but they also enable
direct comparison of the barriers for CPT between (HF),, (HCI),
and (H,0), for n = 3, 4, 5.

2 Computational methods

The structures of the global minima and CPT TSs for (HF),,
(HCl),, and (H,0), for n = 3, 4, 5 were fully optimized along with
a few higher-order saddle points and the isolated HF, HCI, and
H,O monomers using the MP2'°> and CCSD(T)'**"**® ab initio
quantum mechanical electronic structure methods in conjunc-
tion with correlation consistent basis sets augmented with
diffuse functions on all atoms'*®™% (aug-cc-pVXZ where X =
D, T, Q and abbreviated here as aXZ). The corresponding
harmonic vibrational frequencies were also computed to con-
firm the number and nature of imaginary vibrational frequen-
cies associated with each stationary point (although this was

This journal is © the Owner Societies 2024
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not feasible with the CCSD(T) method and aQZ basis for some
of the pentamer structures). Gradients were evaluated analyti-
cally except for the CCSD(T)/aQZ geometry optimizations of the
(H,0)5 structures which employed finite difference procedures.
Residual components of the gradient for the optimized struc-
tures did not exceed 1 x 10~ ° Ey/a, in the former case and did
not exceed 5 x 107> Ep/a, for the latter scenario. For most
frequency computations, the Hessians were also obtained
analytically. However, CCSD(T) harmonic frequencies were
evaluated via finite differences of gradients for some of the
larger clusters and some of the computations with the the aQz
basis set.

The barrier heights for CPT (AE*) were calculated directly
from the differences in total electronic energies of the corres-
ponding minima and TS structures for each cluster. In a similar
manner, the electronic dissociation energies (AE) of the (HF),,
(HQl),, and (H,0),, for n = 3, 4, 5 global minima were determined
from the energy difference between the cluster and n times the
energy of an isolated monomer. Although this approach to evaluat-
ing AE introduces a basis set superposition inconsistency,'**° the
popular counterpoise (CP) procedure'"'*> was not implemented
because the discrepancy vanishes by definition at the complete
basis set (CBS) limit.

Additional single point energy computations were carried
out on the CCSD(T)/aQZ optimized structures to determine AE
and AE* near the CBS limit. Conventional CCSD(T) energies
were computed with the aTZ, aQZ, a5Z and a6Z basis sets was
well as their counterparts that only add diffuse functions to the
heavier non-hydrogen atoms (i.e. cc-pVXZ for H and aug-cc-
PVXZ for O, F and Cl, hereafter denoted haXZ). Estimates of the
Hartree-Fock self-consistent field energy at the CBS limit (ES&y
was obtained using an algebraic expression''® for the three-
parameter exponential function proposed by Feller'™* with
energies from 3 sequential basis sets (small (SZ), medium
(MZ) and large (LZ), such as aTZ/aQZ/a5Z or haQZ/ha5Z/ha6Z).

( ELZ _ EMZ)2
ECBS _ plz SCF SCF (1)
R v A

Similarly, the electronic correlation energy at the CBS limit
(ES®S) was calculated using an algebraic expression™'® for the
two-parameter inverse cubic function described by Helgaker
and co-workers'" with two consecutive basis sets from either
the aXZ or haXZ series (denoted here as sZ and [Z for the
smaller and larger basis sets, respectively).

Z3Eéz _ S3EgZ

CBS __
Ec - B3 (2)

Independent estimates of electronic energies for the
CCSD(T)/aQZ optimized structures near the CBS limit were
also obtained from explicitly correlated CCSD and CCSD(T)
computations*®**® carried out with the corresponding aXZ-
F12 and haxZ-F12 families of basis sets (X = D, T, Q, 5)."2>**
The results reported here were obtained with ansatz F12b and
default auxiliary basis sets in the Molpro 2022 quantum chem-
istry program,'>”'** and the triples contributions were not
scaled. These computations also provide density fitted explicitly
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correlated MP2 (DF-MP2-F12) electronic energies, with the
fixed amplitude ansatz 3C, that are used to estimate energetics
near the MP2 CBS limit along with the aforementioned
extrapolations.

All MP2 optimizations and frequency computations were
performed with the Gaussian16 software package.'>> Most
conventional CCSD(T) computations were performed with the
CFOUR suite of quantum chemistry programs,'**'*” although
some of the energies and analytical gradients were obtained
with Molpro 2022. A frozen-core approximation was employed
for all computations that excluded the 1s-like orbitals of
fluorine and oxygen as well the 1s-, 2s-, and 2p-like orbitals of
chlorine from the electron correlation procedures.

3 Results and discussion
3.1 Structures of minima and transition states

The structures optimized in this investigation for the minima
and TSs of the HF and H,O clusters are consistent with those
reported in previous studies (see the introduction and refer-
ences therein). For the (HF), clusters, the minima are planar
with C,;, point group symmetry (top row of Fig. 2), whereas the
TSs associated with the CPT processes have D,, symmetry
(bottom row of Fig. 2). For the (H,0), clusters, the minima
have C;, S4, and C; point group symmetry for n = 3, 4, 5,
respectively, and their structures are shown in the top row of
Fig. 3. The corresponding TS structures for CPT can be seen in
the bottom row of the figure, and they are somewhat more
symmetric with D,4 point group symmetry for the tetramer and
Cs point group symmetry for the trimer and pentamer. An
analogous D,q TS structure for CPT also connects equivalent
S, minima in the methanol tetramer.**®

The cyclic minima of (HCI),-; 4 5 have been less thoroughly
characterized than those of (HF),, and (H,0),. Nevertheless, our
MP2 and CCSD(T) optimized structures shown in the top row of
Fig. 4 are consistent with prior studies of these clusters using
comparable methods and basis sets.”7*7>*?° Although the
HCI trimer adopts the same Cj;, configuration as (HF)z, the
cyclic minima for the HCI tetramer and HC] pentamer are not
planar and exhibit hydrogen bond configurations that more
closely resemble those of (H,0), and (H,O)s. Our MP2 and
CCSD(T) computations with the aDZ, aTZ and aQZ basis sets
indicate that the planar Cy,, structure of (HCl), has 1 small
imaginary frequency and is slightly higher in energy than the
puckered S, minimum (within 0.1 kcal mol’l]. For the HCI
pentamer, the cyclic minimum is also non-planar with C,
symmetry. Moreover, the present investigation has identified
three TS structures for CPT in the cyclic HCI trimer, tetramer
and pentamer (bottom row of Fig. 4), which are reported here
for the first time, to the best of our knowledge, for n = 4 and 5.
The TS is planar with D;, symmetry for (HCI);, puckered with
D,q symmetry for (HCl), and non-planar with C, symmetry for
(HCD)s.

Although multiple covalent bonds are broken in the CPT
processes being studied here, the single-reference nature of the
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Fig. 2 Structures and point group symmetries (in bold) of the (HF),_345

minima (top row) and transition states (bottom row) along with select

interatomic distances (R(HF) and R(FF) in A) from MP2/aQZ (in italics) CCSD(T)/aQZ optimizations, with the Cartesian coordinates provided in the ESI{

(Tables S1-S6).

TS structures was noted in one of the earliest studies of these
systems. The 1991 ab initio study of CPT in water clusters by
Garrett and Melius”® stated that preliminary MCSCF computa-
tions “on the transition-state structure of the cyclic water
trimer indicate that the electronic structure is dominated by a
single configuration.” Early work on CPT in (HF),-; 4 5 clusters
also pointed out that a multiconfiguration treatment was not
necessary’’ based on the small T; diagnostic reported for the
HF trimer from CCSD(T) computations by Komornicki, Dixon
and Taylor, “which would indicate that nondynamical correla-
tion effects should not be a problem.”*® Our own CCSD(T)/aQZ
computations show that both the T; and D, diagnostics'*°™'%*
are small, with values for the TS structures being only slightly
larger than those for the corresponding minima (7; < 0.010 for

all minima and <0.011 for all TS structures; D; < 0.023 for all
minima and <0.025 for all TS structures).

3.2 Harmonic vibrational frequencies

MP2 and CCSD(T) harmonic vibrational frequencies (w) were
also computed for the 9 minima and 9 transition states
described in the previous section (Tables $19-S36 in the ESIT).
For the minima, the intramolecular stretching frequencies
associated with the hydrogen bond network are reported in
Tables 1-3 along with the corresponding monomer stretching
frequencies.

It is well known that hydrogen bonding significantly per-
turbs these stretching frequencies to lower energies (Aw). The
effect is most pronounced in the (HF), clusters and least

(H,0); (H,0), (H,0)s
R(HO) R(HO) J‘ R(HO)
J‘ 0.972 ’J@ 0.979 T, 098I
Min 97 o011 L0977 @ @ 0978
| _ ) J ] —_—
‘ R©00) ‘ R(00) 4 ! R(00)
A, e 2.782 ’J“ d 2731 ,‘“‘, 2.717
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@ 1.215 Vo 125 d . 1.200
TS 5 o 1214 5 o, 1204 9 @ 1199
) @, R(0) 2 & ROO ¢ 9  R00)
Dok 5T P 90 2
C, 2.368 p,  23% e 2397

S

Fig. 3 Structures and point group symmetries (in bold) of the (H,0),-345 minima (top row) and transition states (bottom row) along with select
interatomic distances (R(HO) and R(OO) in A) for n = 4 and average interatomic distances (R(HO) and R(OO) in A) for n = 3, 5 from MP2/aQZ (in italics)

CCSD(T)/aQZ optimizations, with the Cartesian coordinates provided in the
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Fig. 4 Structures and point group symmetries (in bold) of the (HCl),-345 minima (top row) and transition states (bottom row) along with select
interatomic distances (R(HCl) and R(CICl) in A) for n = 3, 4 or average interatomic distances (R(HCl) and R(CICl) in A) for n = 5 from MP2/aQZ (in italics)
CCSD(T)/aQZ optimizations, with the Cartesian coordinates provided in the ESIT (Tables S13-S18).

pronounced in the (HCI),, systems. The CCSD(T) computations
with the aTZ basis set show that the HF stretching frequencies
decrease by nearly 400 cm ™' relative to the monomer for (HF);
and that the maximum shifts (Awnmax) increase in magnitude
with the size of the cluster to more than 800 cm™* for (HF)s.
For (H,0),, the CCSD(T)/aTZ shifts grow with n from around
—200 cm ™" for n = 3 to nearly —400 cm ™" for n = 5 (for the OH
stretching frequencies associated with the hydrogen bonds
relative to the symmetric OH stretching frequency of the
monomer). Although the HCI stretching frequencies decrease
by more than 100 cm™" in the trimer, the magnitudes of the
shifts do not increase significantly for n = 4 or 5 (<50 cm ™' at
the CCSD(T)/aTZ level of theory).

In the six clusters with C,;, or S, point group symmetry
(HF)y=3,4,5, (H20)4, (HCl),=3 4), the Awp,.y values in Tables 1-3
are associated with the totally symmetric intrafragment stretch-
ing mode of the H atoms in the hydrogen bond network.
Although these in-phase modes are IR inactive, they are acces-
sible via complimentary Raman spectroscopy measurements,
and their coupling with the out-of-phase modes is sensitive to
many-body effects that could also influence multiple proton
tunneling."®* A similar situation is observed for the 3 minima
with C; point group symmetry ((H;0),-35 and (HCl)s). The
corresponding pseudo symmetric stretching modes have the
lowest harmonic vibrational frequencies (w) and consequently
give the largest magnitude shifts (Awmax). These modes have
sizable Raman scattering activities, and although their IR
intensities are no longer formally zero within the double
harmonic approximation due to symmetry, the intensities
remain very small.

In all cases, MP2 appreciably overestimates the magnitudes
of these Aw shifts relative to the corresponding CCSD(T) results
(e.g., by 38 to 92 cm ™" with the aTZ basis set). Like (HF), and
(H,0),,"** the basis set convergence of the harmonic vibra-
tional frequencies for these cyclic HF and H,O clusters is not
necessarily monotonic (Tables S19-S36 in the ESIf) but fairly
rapid for most intramolecular modes.

This journal is © the Owner Societies 2024

Table 1 Harmonic HF stretching frequencies (w in cm™* and labelled by
irreducible representations) for the (HF),-345 minima along with the
maximum frequency shifts relative to the HF monomer induced by the
hydrogen bond network (Awmax)

MP2 CCSD(T)

aDZzZ aTzZ aQz aDZzZ aTZ aQZ
HF
(o) 4082 4123 4137 4081 4125 4142
(HF),
w(e’) 3782 3832 3838 3809 3864 3872
w(a’) 3665 3711 3716 3700 3751 3758
Awmax —418 —411 —421 —381 —-373 —384
(HF),
o(bg) 3602 3638 3656 3652 3694 3712
o(ey) 3527 3556 3576 3583 3618 3638
o(ay) 3333 3348 3374 3403 3426 3452
Awmax —749 —775 —763 —677 —699 —690
(HF)s
w(e’z) 3529 3545 3570 3587 3611 3636
w (e;) 3413 3417 3447 3479 3492 3522
w(a’) 3213 3197 3238 3296 3290 3331
Awmax —870 —926 —900 —784 —834 —811

The imaginary harmonic vibrational frequencies (w;) asso-
ciated with the TS structures for CPT in each cluster are
tabulated in Table 4, and they provide information about the
widths of the barriers associated with the proton transfer
process. For each value of n, the magnitude is consistently
largest for (H,O),, with the CCSD(T)/aTZ values decreasing
monotonically from 1915i em ™" for the trimer to 1724i cm ™"
for the pentamer. In contrast, the cluster with the smallest
magnitude for w; changes from (HCI),, for n = 3 to (HF),, for n =
4, 5 (1652i, 15151 and 1433i cm™*, respectively, at the CCSD(T)/
aTZ level of theory). The MP2 computations consistently under-
estimate the magnitude of the CCSD(T) imaginary frequencies
(by ca. 90 em™* for (HF),, 110 cm ™" for (H,0), and 150 cm™ " for
(HCl), with the aug-cc-pVIZ basis set). The computed

Phys. Chem. Chem. Phys., 2024, 26,12483-12494 | 12487
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Table 2 Harmonic bound OH stretching frequencies (w in cm™ and

labelled by irreducible representations) for the (H,0),-3 45 minima along
with the maximum frequency shifts relative to the w(a;) symmetric OH
stretching frequency of the H,O monomer induced by the hydrogen bond
network (Ammay)

MP2 CCSD(T)

aDZ aTz aQz aDZ aTz aQzZ
H,0
(by) 3938 3948 3966 3905 3920 3941
(a;) 3803 3822 3840 3787 3811 3831
(FL0)s
(a) 3641 3650 3664 3655 3669 3685
w(a) 3633 3641 3654 3648 3662 3678
(a) 3575 3578 3591 3597 3605 3621
A®pmax —229 —244 —248 —190 —206 —210
(H:0),
(b) 3524 3530 3545 3559 3570 3588
w(e) 3486 3490 3506 3527 3534 3554
(a) 3396 3393 3412 3447 3448 3471
A®max —408 —428 —428 —340 —363 —360
(H:0)5
w(a) 3494 3499 3515 3535 3544 —
(a) 3487 3490 3507 3530 3537 —
w(a) 3442 3443 3461 3490 3495 —
w(a) 3433 3434 3451 3483 3487 —
(a) 3354 3350 3370 3413 3413 —
A®max —450 —471 —470 —374 —398

imaginary frequencies also exhibit appreciable basis set sensi-
tivity for the (HF), clusters with the aTZ results being smaller in
magnitude than the aQZ values by approximately 30, 50 and
60 cm ™' forn=3,4,5, respectively. The differences between the
aTZ and aQZ results are smaller for the (H,0), and (HCl),

Table 3 Harmonic HCl stretching frequencies (w in cm™* and labelled by
irreducible representations) for the (HCl),-345 minima along with the
maximum frequency shifts relative to the HCl monomer induced by the
hydrogen bond network (Awmax)

MP2 CCSD(T)

aDZ aTz aQz aDZ aTzZ aQzZ
HCI
(o) 3023 3044 3041 2971 2991 2989
(HCI),
w(e’) 2923 2920 2911 2899 2903 2899
w(a’) 2889 2877 2868 2873 2871 2866
A®max —134 —-167 —-174 —98 —120 —123
(HCD),
(b) 2895 2889 2880 2883 2882 2877
w(e) 2877 2867 2858 2869 2865 2861
(a) 2836 2818 2808 2839 2828 2824
A®max —187 —226 —233 —133 —163 —166
(HCD),
(a) 2891 2885 2878 2881 2880 —
(a) 2887 2880 2871 2878 2876 —
(a) 2863 2852 2843 2860 2855 —
(a) 2863 2851 2842 2860 2854 —
(a) 2830 2812 2803 2835 2825 —
A®max —193 —232 —238 —136 —166
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Table 4 Imaginary harmonic vibrational frequencies (w; in cm™ and

labelled by irreducible representations) associated with the transition
states for concerted proton transfer in (HF),, (H>O), and (HCl),, where
n=23415

MP2 CCSD(T)

Cluster Mode aDZ aTZ aQZ aDZ aTZ aQz

(HF); wi(ay) 17921 1690i 17200 1879 1775i 1808i
(HF), oi(ag) 15851 14261 14771 16721 15151  1569i
(HF); wi(ay) 15271 13440 14061 16110 14331 1497
(H,0); (@) 18691 1811i 18291 1972i 1915i 1934i
(H,0);  y(ay 17221 1649 1671 1823 17531 1777i
(H,0); wi(a’) 16971 1621 1642 17881 1724i —

(HCl;  oj(ay) 14860 14961 14750 1627 1652i  1635i
(HCl),  wi(ay) 14381 1456 14361 1571i 1602i  1586i
(HCD)s (b 1426i 1451 1428 15591 15971 —

clusters (typically ca. 20 cm™'). Although the relative magni-
tudes stay the same for H,O (aTZ values larger than aQZ), they
reverse for HCI (aTZ values smaller than aQZz).

3.3 Dissociation energies

The electronic dissociation energies (AE) near the MP2, CCSD
and CCSD(T) CBS limits are reported in Table 5 for CCSD(T)/
aQZ optimized structures of each cluster and corresponding
monomer. With the exception of (H,0)s, the tabulated results
are obtained using an average of 4 AE values: 2 from explicitly
correlated computations with the ha5Z-F12 and a5Z-F12 basis
sets along with 2 more from X = Q, 5, 6 CBS extrapolations using
the haXZ and aXZ families of basis sets. These 4 values (or 2 in
the case of (H,O)s) tend to be very similar, typically deviating
from the mean by a few hundredths of a kcal mol " and at most
by 40.13 kcal mol ' for the HCI pentamer. For the case of
(H,0)s, CCSD(T) computations were not feasible with the a6Z
and ha6Z basis sets, and the AE values reported in Table 5 are
merely the average of the a5Z-F12 and ha5Z-F12 explicitly
correlated results. It is worth noting that these 3 average
dissociation energies for the water pentamer do not change
appreciably if the analogous X = T, Q, 5 extrapolations are
included (by no more than 0.05 kcal mol ™" to give 36.34 + 0.08,
33.86 + 0.06 and 36.00 + 0.06 kcal mol™* for MP2, CCSD and
CCSD(T), respectively).

Near the CBS limit, the CCSD(T) dissociation energies of
(HF); and (H,0); differ by only ~0.5 kcal mol™" (15.25 and
15.77 keal mol ™", respectively). The difference in AE is even
smaller for the tetramers (27.71 kcal mol™" for (HF), and
27.45 keal mol ™" for (H,0),), whereas it grows to approximately
2 keal mol " for the pentamers (38.08 kcal mol ™' for (HF)s vs.
36.05 kcal mol ™! for (H,0)s). This corresponds to at least 5.0,
6.8 and 7.2 keal mol ™" per hydrogen bond for the homogeneous
trimers, tetramers and pentamers of HF and H,O based on the
CCSD(T) AE values near the CBS limit. In contrast, the corres-
ponding dissociation energies for the (HCI), clusters range
from approximately 2.2 to 2.7 kecal mol " per hydrogen bond
(AE = 6.66, 10.37 and 13.28 kcal mol™" for n = 3, 4, 5,
respectively). The CCSD(T) CBS AE values from this work are
typically within a few tenths of a kcal mol " of other benchmark
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Table 5 Estimates of the MP2, CCSD and CCSD(T) electronic dissociation energies (AE in kcal mol™) at the CBS limit for the CCSD(T)/aQZ optimized
structures obtained from the average of two explicitly correlated values computed with the a5Z-F12 and ha5Z-F12 basis sets and two extrapolated
values? from the aXZ and haXZ series of basis sets with X = Q, 5, 6, where the + data denote the range of these values about the mean (not error bars)

Cluster MP2 CCSD CCSD(T) Other CCSD(T)
(HF); 14.94 + 0.01 14.33 + 0.02 15.26 + 0.03 15.3” 15.1°
(HF), 27.66 + 0.04 26.26 + 0.02 27.91 + 0.03 27.7° 27.4°
(HF)s 37.90 + 0.05 35.97 + 0.03 38.08 + 0.04 37.8” 37.4°
(H20)3 15.81 £ 0.02 14.77 £ 0.01 15.77 £ 0.01 15.87 15.8°
(H,0), 27.66 & 0.04 25.77 & 0.01 27.46 & 0.02 27.4° 27.8"
(H,0)5" 36.32 + <0.01 33.91 + <0.01 36.05 + <0.01 35.9° 36.4
(HC); 7.63 £ 0.03 5.51 £ 0.06 6.66 = 0.06 6.8°

(HCl), 11.94 £+ 0.05 8.60 £ 0.09 10.37 £ 0.10 —

(HC)s 15.33 + 0.06 10.97 £ 0.12 13.28 £ 0.13 —

“ Average of a5Z-F12 and ha5Z-F12 for (H,O)s. ” Ref. 35. © Ref. 136. ¥ Ref. 92. ° Ref. 137./ Ref. 138. & Ref. 73.

CCSD(T) results for these systems,*>”>9>1367138 gyych as those
listed in the last column of Table 5.

The estimates of the MP2 AE values at the CBS limit in
Table 5 are within 0.3 kcal mol ! of the CCSD(T) results for
the (HF), and (H,0), clusters, but MP2 tends to overestimate
the CCSD(T) results by 1 or 2 kcal mol ™" for the (HCI),, systems.
In contrast, the CCSD CBS limit dissociation energies in
Table 5 are always smaller than the CCSD(T) values by roughly
1-2 keal mol .

Although correlation consistent basis sets with an additional
set of tight d-functions (aug-cc-pV(X+d)Z) are available for C1,"*°
we found that replacing the haXZ and aXZ basis sets with
their ha(x+d)Z and a(X+d)Z counterparts changed the CBS
values reported for (HCI); and (HCl), in Table 5 by no more
than 0.01 kcal mol™', while the corresponding ranges
changed by no more than 40.01 kcal mol™" for the trimer
and 40.03 kcal mol ' for the tetramer. These observations are
consistent with our previous findings regarding the negligible
impact of tight d-functions on non-covalent dimers containing
HCl or H,S.''3'49143 The AE values obtained from each
level of theory and from the extrapolations can be found in
Tables S37-S45 of the ESL.f

3.4 Barrier heights

The same procedures were used to estimate the electronic
barrier heights (AE*) for CPT in each cluster near the CBS limit
for the MP2, CCSD and CCSD(T) methods. These results are
reported in Table 6 for the CCSD(T)/aQZ optimized structures
of each minimum and TS structure. As with AE, the AE* results
from X = Q, 5, 6 extrapolations are quite similar to those
from the ha5Z-F12 and a5Z-F12 explicitly correlated computa-
tions, all 4 values typically falling within a few hundredths
of a kcal mol ™" of the mean and never deviating from it by more
than 40.14 kcal mol ™" for (HCl)s.

(HF), and (HF)s have the smallest barriers for CPT, by far.
Both values are nearly identical and less than 15 kcal mol * at
the CCSD(T) CBS limit (14.8 and 14.9 kcal mol ", respectively).
(HF); has the closest barrier height to these values, but AE*
increases by more than 5 kcal mol ™" (to 20.7 kcal mol ™). All of
the other electronic barriers for CPT for these clusters are at
least another 6 kcal mol™" larger at the CCSD(T) CBS limit,

This journal is © the Owner Societies 2024

Table 6 Estimates of the MP2, CCSD and CCSD(T) electronic CPT barrier
heights (AE* in kcal mol ™) at the CBS limit for the CCSD(T)/aQZ optimized
structures obtained from the average of two explicitly correlated values
computed with the a5Z-F12 and ha5Z-F12 basis sets and two extrapolated
values? from the aXZ and haXZ series of basis sets with X = Q, 5, 6, where
the + data denote the range of these values about the mean (not error
bars)

Cluster MP2 CCSD CCSD(T) Other CCSD(T)
(HF); 18.87 +0.04 23.31 +0.01 20.67 + 0.03 20.3°
(HF), 12.99 +0.04 17.35+0.02 14.81 £ 0.02 14.3°
(HF)s 12.85 + 0.05 17.61 + 0.03 14.87 + 0.03 15.5”
(H,0); 27.09 +0.02 33.24 £ 0.01 29.99 + 0.01 —
(H,0); 23.62 +0.01 30.43 £ 0.02 26.90 + 0.01 —
(H,0)5% 26.61 + <0.01 34.56 £ <0.01 30.43 + <0.01 —
(HCI), 22.51 4+ 0.04 32.50 + 0.08 27.43 + 0.06 —

(HCl), 24.95+0.03 37.09+0.11 30.98 + 0.08 —

(HCl); 30.50 + 0.04 4555+ 0.14 38.04 + 0.11 —

“ Average of a5Z-F12 and ha5Z-F12 for (H,0)s. ? Ref. 35.

where AE* is around 27 kcal mol~" for both (H,0), and (HCl);
(26.9 and 27.4 kcal mol ', respectively). These barriers grow
by approximately another 3-4 kcal mol™' for (H,O);
(30.0 kcal mol™"), (H,0)s (30.4 kcal mol™') and (HCI),
(31.0 keal mol™"). Lastly, AE* jumps to 38.0 kcal mol™ " at the
CCSD(T) CBS limit for the HCI pentamer.

Prior estimates of CCSD(T) barrier heights for CPT in these
systems are available for (HF),-; 4 s and summarized in Table 6
of ref. 35. Our CCSD(T) CBS AE* values in Table 6 are within
~1 kecal mol™" of the final barrier heights reported in that
study (85, 60 and 65 k] mol " for (HF),=3.4,5, respectively, with
conservative uncertainties of 10 kJ mol ™).

We are not aware of any CCSD(T) barrier heights that have
been reported in previous studies for the (H,O), clusters
examined here. However, an early study reported MP4 AE*
values computed with a double-{ basis set for (H,O); and
(H,0), (28.8 and 25.0 kcal mol ', respectively) that are only
about 1 kcal mol™" smaller than our current estimates at
the CCSD(T) CBS limit.”® In addition, a number of MP2
barrier heights for CPT have been reported for these small
cyclic water clusters,*®”””® and the values are typically within
ca. 1 keal mol™" of the MP2 CBS limits tabulated in the first
column of data in Table 6.
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Fig. 5 Examples of linear relationships within each cluster family involving properties of the TS (magnitude of the imaginary vibrational frequency (|w;|)
and barrier height per fragment (AE*/n)) and/or properties of the minimum (maximum vibrational frequency shift relative to the monomer (Awmax) and

dissociation energy per fragment (AE/n)).

One investigation computed barrier heights for CPT in
(HCl); with a variety of methods including MP2, MP4 and
QCISD(T) utilizing triple-{ split-valence basis sets.>’ Those
barrier heights ranged from approximately 25 to 32 kecal mol ,
which are reasonably similar to the MP2, CCSD and CCSD(T)
CBS values reported in Table 6 for the HCI trimer. We are not
aware of any studies that have reported AE* for (HCI), or
(HCDs.

The MP2 CBS barrier heights in Table 6 are always smaller
than the corresponding CCSD(T) CBS values by ca. 2 kcal mol
for the (HF),, clusters, by ca. 3 kcal mol " for the (H,0), clusters
and by 5 kcal mol ™" or more for the (HCI), clusters. In contrast,
the CCSD method overestimates the CCSD(T) AE* values at the
CBS limit, typically by a slightly larger magnitude. Additional
computations were carried out on the TS structures of (HCl);
and (HCl), with the correlation consistent basis sets that
include an additional set of tight d-functions. As with AE
(previous section), the effect on AE* was negligible. The
CBS values reported in Table 6 changed by no more than
0.01 keal mol ™" and the corresponding ranges changed by no
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more than 40.03 kcal mol™". The AE* values obtained from
each level of theory and from the extrapolations can be found in
Tables S37-S45 of the ESL.{

4 Conclusions

For the homogeneous trimers examined in this study, (HF);
and (H,0); have very similar electronic dissociation energies at
the CCSD(T) CBS limit (AE = 15.26 and 15.77 kcal mol
respectively), whereas the corresponding value for (HCI); is
smaller by more than a factor of two (AE = 6.66 kcal mol %).
The CCSD(T) CBS limit electronic barrier heights for CPT in
these systems (AE*) follow a different trend, increasing from
20.67 kcal mol " for (HF); to 27.43 kcal mol " for (HCl); and
finally 29.99 kcal mol " for (H,0);.

The tetramers exhibit the same trend in AE, with similar
values at the CCSD(T) CBS limit for (HF), and (H,0), (27.91 and
27.46 kecal mol™", respectively) but significantly smaller for
(HCI), (10.37 keal mol ). A different pattern is observed for
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the CPT barriers. (HF), has the smallest AE* out of the 9
clusters examined in this study (only 14.81 kcal mol™" at the
CCSD(T) CBS limit). The barrier height nearly doubles in the
water tetramer (26.90 kcal mol ") and more than doubles in the
HCI tetramer (30.98 kecal mol ™).

For n = 5, the HF and H,O clusters again have much larger
dissociation energies at the CCSD(T) CBS limit than the HCI
system (38.08 kcal mol™* for (HF); and 36.05 kcal mol " for
(H,O)s vs. 13.28 kecal mol™" for (HCl)s). Interestingly, AE for
(HF)s is 2 kcal mol ™" larger than (H,0); even though (HF), and
(H,0),, had very similar dissociation energies for n = 3 and 4.
These pentamers follow the same trend in CCSD(T) CBS barrier
heights as the tetramers, with AE* increasing dramatically from
only 14.87 keal mol ™" for (HF)5 to 30.43 kecal mol™" for (H,0)s
and 38.04 kcal mol ! for (HCI)s.

Overall, these well-converged estimates of the CCSD(T) CBS
limit will help anchor the electronic barrier heights for CPT in a
number of these important cyclic hydrogen-bonded clusters for
which prior AE* values were not available or had very large
uncertainties. For example, previous ab initio estimates of AE*
for the HCI trimer computed with various triple-{ basis sets
ranged from roughly 25 to 32 kcal mol™" for the HCI trimer®"
and from approximately 25 to 29 kcal mol™' for the H,O
trimer.””””® This work conclusively demonstrates not only that
AE* for the HCI trimer is appreciably smaller than for the H,O
trimer (by ~2.5 kcal mol™" near the CCSD(T) CBS limit) but
also that the situation reverses for the tetramers and pentamers
where the CCSD(T) CBS AE* is significantly larger for (HCI),
than (H,0), (by more than 4 and 7 kcal mol~" for n = 4 and 5,
respectively). In addition, these are the first barrier heights
reported for CPT in (HCl), and (HCl)s, to the best of our
knowledge. Similar estimates for the electronic barrier height
in (H,0), ranged from ca. 23 to 29 kcal mol~".”””° The CCSD(T)
CBS estimates presented here indicate that the H,O tetramer
has a barrier height around 27 kcal mol ' (more than
3 kcal mol " smaller than the trimer and pentamer), which
suggests that surface effects could substantially lower the
electronic barrier in this system (to <20 kcal mol™") as indi-
cated by the density functional theory (DFT) computations
carried out in ref. 27 to corroborate their experimental observa-
tion of CPT in (H,0),.

Within each family of homogeneous cyclic hydrogen bonded
trimers, tetramers and pentamers, some interesting relation-
ships emerge between the various vibrational and energetic
quantities tabulated in the previous section. For example, the
top left panel of Fig. 5 shows strong linear relationships
between the magnitude of imaginary vibrational frequency of
the TS (Jw;|) and the maximum vibrational frequency shift of
the mimimum relative to the monomer (A®pqy). The R* value is
0.997 for the (HF), data, and it increases to 0.999 for both the
(H,0),, and (HCl),, series. Scaling both the dissociation energies
and barrier heights by the number of fragments (AE/n and
AE*/n, respectively) also reveals a strong linear correlation
(R* > 0.995) between the two quantities for each cluster family
(top right panel of Fig. 5). In addition, the barrier height per
fragment has good linear relationships (R* > 0.987) with both
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|w;| and Awpax as shown in the middle two panels of Fig. 5.
These two vibrational frequency quantities exhibit good linear
correlations with the dissociation energy per fragment (AE/n) as
well (bottom two panels of Fig. 5).

Although it is tempting to infer broad generalizations from
these trends, any conclusions drawn from the strong correla-
tions reported here should be tempered by the limited sample
size, only 3 data points in each (HF),, (H,0), and (HCl), series.
We are in the process of expanding this analysis to more diverse
sets of hydrogen bonded clusters (e.g., heterogeneous clusters
and other fragments). Additionally, the CCSD(T) energetics
determined near the CBS limit and CCSD(T) harmonic vibra-
tional frequencies computed with the aTZ and aQZ basis sets
are being used to calibrate less demanding procedures that can
be reliably used to examine related systems and larger clusters.
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