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IntroductionExperimental results
High-resolution far-infrared spectroscopic measurements“In all, 950 peaks have been recorded, and we have been able to give an unambiguous rotationalassignment for 329 of them, as described in the following sections.”

ortho para
L. Dore, R. C. Cohen, C. A. Schmuttenmaer, K. L. Busarow, M. J. Elrod, J. G. Loeser, and R. J. Saykally, J. Chem. Phys. 100, 863 (1994).
Microwave spectrum
R. D. Suenram and G. T. Fraser and F. J. Lovas and Y. Kawashima, J. Chem. Phys. 101, 7230 (1994).
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IntroductionElectronic structure computations
intermolecular (6D) PES: O. Akin-Ojo and K. Szalewicz, J. Chem. Phys. 123, 134311 (2005).full (18D) PES: C. Qu, R. Conte, P. L. Houston, and J. M. Bowman, PCCP 17, 8172 (2015).

Global minimum (GM) (0 cm−1) Secondary minimum (SM) (99 cm−1)H2O is the proton donor CH4 is the proton donor
equilibrium structures: Cs point group symmetryintermolecular dissociation energy from the GM: De ≈ 350 cm−1, D0 ≈ 150 cm−1
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IntroductionMolecular symmetry group: G48
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IntroductionMolecular symmetry group: G48

G48 E (123) (14)(23) [(1423)(ab)]∗ [(23)(ab)]∗ (ab) (123)(ab) (14)(23)(ab) [(1423)]∗ [(23)]∗

ncl 1 8 3 6 6 1 8 3 6 6

A+
1 1 1 1 1 1 1 1 1 1 1

A+
2 1 1 1 −1 −1 1 1 1 −1 −1

E+ 2 −1 2 0 0 2 −1 2 0 0
F+
1 3 0 −1 1 −1 3 0 −1 1 −1

F+
2 3 0 −1 −1 1 3 0 −1 −1 1

A−
1 1 1 1 1 1 −1 −1 −1 −1 −1

A−
2 1 1 1 −1 −1 −1 −1 −1 1 1

E− 2 −1 2 0 0 −2 1 −2 0 0
F−
1 3 0 −1 1 −1 −3 0 1 −1 1

F−
2 3 0 −1 −1 1 −3 0 1 1 −1

no proton exchange between the moieties:CH4·(ortho-H2O) (Γ−) and CH4·(para-H2O) (Γ+)alternatively: CH4·(ortho-H2O) (Γa) and CH4·(para-H2O) (Γs )
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IntroductionTunneling splitting
48 equivalent minima24 functions of A’ and A” symmetries of the Cs group (symmetry of the equilibriumstructure):
ΓA′ = A

+
1 ⊕ E

+ ⊕ F
+
1 ⊕ 2F

+
2 ⊕ A

−
2 ⊕ E

− ⊕ 2F
−
1 ⊕ F

−
2

⇒ symmetry of the J = 0 ZPV splitting manifold
ΓA′′ = A

+
2 ⊕ E

+ ⊕ 2F
+
1 ⊕ F

+
2 ⊕ A

−
1 ⊕ E

− ⊕ F
−
1 ⊕ 2F

−
2

J. Sarka, A. G. Császár, S. C. Althorpe, D. J. Wales, and E. Mátyus, Phys. Chem. Chem. Phys. 18, 22816 (2016).
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Variational rovibrational computationsGENIUSH approach
General (GE) rovibrational code with numerical (N), internal-coordinate (I),user-specified (US) Hamiltonian (H).
Rovibrational Hamiltonian in the Podolsky form

ĤP = 12 D+3∑
k=1

D+3∑
l=1 g̃−1/4 p̂kGkl g̃

1/2 p̂l g̃−1/4 + V (1)
Mass-weighted metric tensor (k, l = 1, 2, ... ,D + 3):

gkl = N∑
i=1 mi

(
∂r i
∂qk

)T ( ∂r i
∂ql

) (2)
G = g−1 and g̃ = detg (3)

Angular momentum operators (a = 1, 2, 3):
p̂D+a = −i~ ∂

∂qD+a
= Ĵa (4)

D ≤ 3N − 6: reduced and full-dimensional models

(Quasi-)variational solution

vibrational representation: Hermite, Legendre,Laguerre, Fourier, potential-optimized, etc. DVRsrotational representation: Wang functionsPES: V (q): diagonal matrixKEO: g (q), g̃ (q), G (q): diagonal matricesLanczos iterative eigensolver
Advantages of GENIUSH

arbitrary internal coordinatesarbitrary embeddingsno in principle limit on the size of the molecule
E. Mátyus, G. Czakó, and A. G. Császár, J. Chem. Phys. 130, 134112 (2009);C. Fábri, E. Mátyus, and A. G. Császár, J. Chem. Phys. 134, 074105 (2011).
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Variational rovibrational computationsRovibrational computational details
Internal coordinates

x
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relative motion of rigid monomers

Discrete variable representations

J. Sarka, A. G. Császár, S. C. Althorpe, D. J. Wales, and E. Mátyus, PCCP 18, 22816 (2016).J. Sarka, A. G. Császár, and E. Mátyus, PCCP 19, 15335 (2017).
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Rovibrational results for CH4 ·H2O: theory vs. experimentCH4·H2O: vibrational states
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J. Sarka, A. G. Császár, S. C. Althorpe, D. J. Wales, andE. Mátyus, Phys. Chem. Chem. Phys. 18, 22816 (2016).
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Rovibrational results for CH4 ·H2O: theory vs. experimentCH4·(ortho-H2O): transitions seen in the experiment
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[Exp.: JCP 100, 863 (1994)]

J. Sarka, A. G. Császár, S. C. Althorpe, D. J. Wales, and E. Mátyus, Phys. Chem. Chem. Phys. 18, 22816 (2016).János Sarka (ELTE) 72nd ISMS Meeting Champaign-Urbana, 20.06.2017 13 / 29



Rovibrational results for CH4 ·H2O: theory vs. experimentCH4·(para-H2O): transitions seen in the experiment
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Deuterated isotopologuesDeuterated isotopologues of G48 symmetry
Vibrational states of CX4·Y2O (X,Y = H,D)
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CH4 ·H2O, CH4 ·D2O,CD4 ·H2O, CD4 ·D2O:similar vibrational splittingpatterncharacteristic upper-lowerseparation

J. Sarka, A. G. Császár, and E. Mátyus, PCCP 19, 15335 (2017).János Sarka (ELTE) 72nd ISMS Meeting Champaign-Urbana, 20.06.2017 16 / 29



Deuterated isotopologuesDeuterated isotopologues of G48 symmetry
Rovibrational states of CX4·Y2O (X,Y = H,D), Γ+ symmetry
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the splitting values are different but the pattern is very similar for the isotopologues
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Deuterated isotopologuesDeuterated isotopologues of G48 symmetry
Rovibrational states of CX4·Y2O (X,Y = H,D), Γ− symmetry
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the splitting values are different but the pattern is very similar for the isotopologues
János Sarka (ELTE) 72nd ISMS Meeting Champaign-Urbana, 20.06.2017 18 / 29



Deuterated isotopologuesReversed rovibrational sequences
Regular Reversed

Reversed rovibrational sequencesformally “negative” rotational excitation energies are present in certain vibrational bands(ZPV E
+, F+

1
, F+

2
, E−, F−

1
, and F

−
2

) in all CX4·Y2O (X,Y = H,D) isotopologuesalso present in the experimental data reported for CH4 ·H2O [JCP 100, 863 (1994)]
J. Sarka, A. G. Császár, and E. Mátyus, PCCP 19, 15335 (2017).János Sarka (ELTE) 72nd ISMS Meeting Champaign-Urbana, 20.06.2017 19 / 29
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The coupled-rotors pictureThe coupled-rotors picture
J

[[jM, jW
kakc ]j ,Λ]JM

jM jW

•
•

Λ

R fixed
PES set to 0

solve this reduced-dimensional model (with V = 0) usingGENIUSH to obtain the coupled-rotors states in the sameangular grid representation as the full problem
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The coupled-rotors pictureSymmetry of the coupled-rotors functions
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The coupled-rotors pictureCoupled-rotors decomposition
Overlap of the full intermolecular wave function and the coupled rotors functions

sum of columns = 1sum of rows ≥ 1

⇒ jM, jWkakc , and Λ labels
⇒ automated symmetry assignment(irreps of the G48 group)

J. Sarka, A. G. Császár, and E. Mátyus, PCCP 19, 15335 (2017).
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The coupled-rotors pictureRovibrational states of CX4·Y2O (X,Y = H,D), Γ+ symmetry
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The coupled-rotors pictureRovibrational states of CX4·Y2O (X,Y = H,D), Γ− symmetry
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Summary
All experimentally reported transitionshave been identified in the computationstake place within the rovibrational ZPV manifold of the

global minimum.

Theoretical predictions oftransitions to states assigned to the secondary minimummight be confirmed experimentally in the future (exchangedroles of the hydrogen donor and acceptor).
Similar ZPV splitting patternwere found for all CX4·Y2O (X,Y=H,D) isotopologues.
Coupled-rotors picturehelps to understand the negative-energy rotational

excitations.
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