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Introduction

Experimental results

High-resolution far-infrared spectroscopic measurements

“In all, 950 peaks have been recorded, and we have been able to give an unambiguous rotational

assignment for 329 of them, as described in the following sections.”

ortho

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).
v

1S

para

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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Introduction

Electronic 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).

¢ @ o

Global minimum (GM) (0 cm™1) Secondary minimum (SM) (99 cm~1)
H>0 is the proton donor CHy is the proton donor

@ equilibrium structures: Cs point group symmetry

@ intermolecular dissociation energy from the GM: D = 350 cm™%, Dg = 150 cm™*
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Molecular symmetry group: Gug

21 41.2/2 = 48 permutation inversion versions with feasible exchange

E, (ab)

{(123)}cs, {(123)(ab) s
R IS el
{(12)(3) =5, {(12)(34)(ab) },cs
{[(1230)] } o ([(12.‘;4)(«:»»)]*},,“,‘, l |

{23 bna=s: {[(23)(@b)]" }ni=s
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Introduction

Molecular symmetry group: Gug

Gus E (123) (14)(23) [(1423)(ab)]* [(23)(ab)]* (ab) (123)(ab) (14)(23)(ab) [(1423)]* [(23)]*
ng 1 8 3 6 6 1 3 6 6
Af 11 1 1 1 1 1 1 1 1
Ay 11 1 -1 -1 1 1 1 -1 -1
Et 2-1 2 0 0 2 —1 2 0 0
Ff 3 0 -1 1 -1 3 0 -1 1 -1
Fy 3 0 -1 -1 1 3 0 -1 -1 1
A; 11 1 1 1 -1 -1 -1 -1 -1
A, 1011 -1 -1 -1 -1 -1 1 1
E- 2-1 2 0 0 -2 1 -2 0 0
Ff 3 0 -1 1 -1 -3 0 1 -1 1
F;, 3 0 -1 -1 1 -3 0 1 1 —1
no proton exchange between the moieties:
CHy-(ortho-H0) (') and CHy4-(para-Hx0) (I'")
alternatively: CHg-(ortho-H20) (I;) and CHy4-(para-H20) (Is)
72" ISMS Meeting Champaign-Urbana, 20.06.2017
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Tunneling splitting

@ 48 equivalent minima

@ 24 functions of A" and A" symmetries of the C, group (symmetry of the equilibrium
structure):

Fa=Af®E*®F; ®2F] & A; ®E- ®2F; @ F5
= symmetry of the J = 0 ZPV splitting manifold

Iar=A; ®E* @ 2F ®F3 ® A; ®E~ @ F] ® 2F;

J. Sarka, A. G. Csészar, S. C. Althorpe, D. J. Wales, and E. Matyus, Phys. Chem. Chem. Phys. 18, 22816 (2016).
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Variational rovibrational computations

GENIUSH approach

General (GE) rovibrational code with numerical (N), internal-coordinate (1),
user-specified (US) Hamiltonian (H).
v
Rovibrational Hamiltonian in the Podolsky form (Quasi-)variational solution
. q D+3D43 @ vibrational representation: Hermite, Legendre,
AP = 5 Z Z g’”"ﬁka/g”Zﬁ/g’”" +V (1) Laguerre, Fourier, potential-optimized, etc. DVRs
k=1 1=1 @ rotational representation: Wang functions
Mass-weighted metric tensor (k,/=1,2,...,D +3): @ PES: v(qg): diagonal matrix
N T ~ . .
or; or; @ KEO: § , G(q): diagonal matrices
g=Y m (a i ) (37,) @ 8(a). £(q). G(q): diag
i=1 K a @ Lanczos iterative eigensolver
v
G=g and z=detg (3)
Advantages of GENIUSH
Angular momentum operators (a =1,2,3):
Poss = _[ha a -7 @ @ arbitrary internal coordinates
dp+a @ arbitrary embeddings
@ D <3N -6: reduced and full-dimensional models @ no in principle limit on the size of the molecule
y 4

E. Métyus, G. Czaké, and A. G. Csaszar, J. Chem. Phys. 130, 134112 (2009);
C. Fébri, E. Matyus, and A. G. Csaszér, J. Chem. Phys. 134, 074105 (2011).
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Variational rovibrational computations

Rovibrational computational details

Internal coordinates

Discrete variable representations

Coord. Min.*

Nuclear motion computations

DVR type®

N Grid interval

R[A] 3447 PO Laguerre 15  scaled to [2.5,6.0]
6 [°] 117.72 PO Legendre 14 scaled to [1,179]
¢ [°]  90.00 Exponential 15 wunscaled on [0,360)
X a[°]  297.65 Exponential 9 unscaled on [0,360)
81°] 11280 PO Legendre 21 scaled to [1,179]
v [°] 293.52 Exponential 21 wunscaled on [0,360)
v
relative motion of rigid monomers
J. Sarka, A. G. Csészar, S. C. Althorpe, D. J. Wales, and E. Matyus, PCCP 18, 22816 (2016).
). Sarka, A. G. Csaszér, and E. Matyus, PCCP 19, 15335 (2017).
Champaign-Urbana, 20.06.2017 10/ 29
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CH4'H202

E —Ep [em™1]

80

70

60

40

30

20

10

vibrational states

Computed
energy
levels

Assignment

ZPV(GM) Stre.(GM)
(Complete (Lower part of the
splitting pattern)  splitting pattern)

L 66.1

— Ay,
Fy,53.3

53.9

— AT, 487

<F7,112
Ay, 6.9

(F‘;‘AS
AY, 0.0 (206.8)

ZPV(SM)
(Lower part of the
splitting pattern)

— F, 196 (54.0)

16,1 (50.5) 4

— AT, 00 (34.4)

72" ISMS Meeting

Assignment (example)

CHy-(para-H20): F3 (4.8 cm™?)

J. Sarka, A. G. Csészar, S. C. Althorpe, D. J. Wales, and
E. Matyus, Phys. Chem. Chem. Phys. 18, 22816 (2016).
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ational results for CHg - H2O: theory v

CHy-(ortho-H,0): transitions seen in the experiment

CHy 20 (ortho) Deviation from
0F  J=o y=1 J=2 J=0 J=1 J=2 J=0 J=1 J=2 1 experiment:
(4, g) = (0.5,0.005) cm ™"

6L | [Exp.: JCP 100, 863 (1994)]

222

36.4

30

E — Ep [em™]

20 +

ZPV, Fy (32.6
ZPV,E™ (36.4), J0.24-25  ZPV, F, (32.7), J0.15 ZPV, Fy (11.2), J0.6-8 ZPV, A; (6.9), J0.5
[Table 1] [Table I11] Table IV] [Table V]

). Sarka, A. G. Csaszér, S. C. Althorpe, D. J. Wales, and E. Métyus, Phys. Chem. Chem. Phys. 18, 22816 (2016).
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ational results for CHg - H2O: theory v

CHj-(para-H;O): transitions seen in the experiment

70

60

40

30

E — Ep [em

20

10

). Sarka, A. G. Csaszér, S. C. Althorpe, D. J. Wales, and E. Métyus, Phys. Chem. Chem.

CH,-H20 (para)

J=0 J=1 J=2

ZPV, E* (35.7), J0.19-20

Table V1] [Table V1I]

109

ZPV, F} (4.8), J0.2-4

ZPV, Ff (28.9), ]
ZPV, Ff (36.3), J
[Table VIIT

Deviation from

J=0 J=1 J=2 1 experiment:
(A, 0)=(2,001) cm™!
[Exp.: JCP 100, 863 (1994)]
204 300

) )

ZPV, A} (0.0), J0.1
[Table 1X]

Janos Sarka (ELTE)
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Deuterated isotopologues of Ggg symmetry

Vibrational states of CX4-Y20 (XY = H,D)

CH, H0 CH, D20 CD;H,0 D, D20

5o

30

CH,4 - H20, CH4 - D20,
CDg4 - H20, CD4 - D20:
@ similar vibrational splitting
pattern

E — Ej [em™]
-

@ characteristic upper-lower
separation

J. Sarka, A. G. Csaszar, and E. Matyus, PCCP 19, 15335 (2017).
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Deuterated isotopologues

Deuterated isotopologues of Ggg symmetry

Rovibrational states of CX4-Y20 (X,Y = H,D), I'" symmetry

CHyH,0/CHyD,O (0 )
D, 1,0/CD,D,0 (L) £ = B fem™]
J=0 J=0 J=1 J=2 J=0 J=1 J=2 J=0 J=1 J=2 J=0 J=1 J=2
E*
¥
30.6/170 3L2/176
- Wi X v
¥
120101 12010,
12/30
¥ I
oo s 0003,
A7 cana " osT
Vib. parent:
ZPV I't ZPV Bt ZPV Fi, Fy ZPV Fj ZPV Af

@ the splitting values are different but the pattern is very similar for the isotopologues

4
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Deuterated isotopologues

Deuterated isotopologues of Ggg symmetry

Rovibrational states of CX4:Y20 (X,Y = H,D), [~ symmetry

CHH0/CH DO 0
D, 1,0/CD,D,0 (L )7 £ = o fem™]
J=0 J=0 J=1 J=2 J=0 J=1 J=2 J=0 J=1 J=2 J=0 J=1 J=2
.
¥, T
179/110 185 H“,\
9.6/4.4  101/48
s
F, 64/13
Ay
Vib. parent:
7PV T 7PV E- ZPV F;, F; ZPV F; ZPV A;

@ the splitting values are different but the pattern is very similar for the isotopologues

4
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Reversed rovibrational sequences

Regqular Reversed

ZPV, A (6.9) ZPV, E~ (36.4)

Reversed rovibrational sequences

@ formally “negative” rotational excitation energies are present in certain vibrational bands
(ZPV E*, F{, F3, E7, F7, and F3) in all CX4-Y20 (XY = H,D) isotopologues

@ also present in the experimental data reported for CH4 - H2O [JCP 100, 863 (1994)]

J. Sarka, A. G. Csaszar, and E. Matyus, PCCP 19, 15335 (2017).
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The coupled-rotors picture

The coupled-rotors picture

J

)

J. Sarka, A. G. Csészar, and E. Matyus, PCCP 19, 15335 (2017).
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The coupled-rotors picture

The coupled-rotors picture

J

)

J. Sarka, A. G. Csészar, and E. Matyus, PCCP 19, 15335 (2017).
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The coupled-rotors picture

The coupled-rotors picture

. J
M T

J. Sarka, A. G. Csészar, and E. Matyus, PCCP 19, 15335 (2017).
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The coupled-rotors picture

The coupled-rotors picture

J

J'Mrj;Ych T

J. Sarka, A. G. Csészar, and E. Matyus, PCCP 19, 15335 (2017).
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The coupled-rotors picture

The coupled-rotors picture

[]Mvjkak(].l TJ

J. Sarka, A. G. Csészar, and E. Matyus, PCCP 19, 15335 (2017).
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The coupled-rotors picture

The coupled-rotors picture

MY 1A TJ

J. Sarka, A. G. Csészar, and E. Matyus, PCCP 19, 15335 (2017).
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The coupled-rotors picture

The coupled-rotors picture

M Y T Alam

J

)

J. Sarka, A. G. Csészar, and E. Matyus, PCCP 19, 15335 (2017).
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The coupled-rotors picture

The coupled-rotors picture

M Y T Alam TJ

R fixed

rrmrmnnnnnanns

»>
PES set to 0

J. Sarka, A. G. Csészar, and E. Matyus, PCCP 19, 15335 (2017).
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The coupled-rotors picture

The coupled-rotors picture

M 78 L Alm TJ

i "
R fixed

rrmrmnnnnnanas

»>
PES set to 0

@ solve this reduced-dimensional model (with V = 0) using
GENIUSH to obtain the coupled-rotors states in the same
angular grid representation as the full problem

). Sarka, A. G. Csaszér, and E. Matyus, PCCP 19, 15335 (2017).
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The coupled-rotors picture

Symmetry of the coupled-rotors functions

Trreps

E (123) (14)(23) [(1423)(ab)]* [(23)(ab)]" (ab) (123)(ab) (14)(23)(ab) [(1423)]* [(23)]*

EtaF;
EteF]
E" 9 Fy

1
1

1

1

1

-1

-1

-3
3
3
3
-3
3

oF
E-aF
E-aF
E-¢F

1
1
1
1

1
1

2

J. Sarka, A. G. Csaszar, and E. Matyus, PCCP 19, 15335 (2017).
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The coupled-rotors picture

Coupled-rotors decomposition

Overlap of the full intermolecular wave function and the coupled rotors functions

(Ro)vibrational states
AYFR*ACF- R FB F E F' E
Ng | J No 0 @ 2 [10.00010,010 | I I
J T (J ~(J
CRD(), = Z Z U i(ors wo) - G (wo) [[1.00011, 110 4
r=1 [k=—J o=1 -

[10.Lo1 T, 1o

@ sum of columns =1 [12.000)2.210

@ sum of rows >1
[[1.191]0.0]0

= jM, ¥, and A labels [(2-Tou1y, o

= automated symmetry assignment [[1.10112,210 u

(irreps of the Gag group) (0.0, 1010 n
[10. L1011, 1o
[[1,11110,010
.
([, L]0 .L
- , [[1.11112.2]0
J. Sarka, A. G. Csészér, and E. Matyus, PCCP 19, 15335 (2017).
v
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The couple

Rovibrational states of CX;-Y,0 (X,Y = H,D), I't symmetry

CH,-H,0/CH4-D,0
CD4-H,0/CD4-D,0O
J=0 J=0 J=1 J=2 J=0 J=1 J=2 J=0 J=1 J=2

(T*): E - By [em™]

ASF MK

[2, 1]
2111
[1,]114]
B
E+ 35.7/235 36.0/238 365 35.5/206 35.8/209
0 | /20 0.6/170 L2176
o b i [36/20 200/212 0.6/170 o
{27/14/24/13) 30.1/204 30.4/207 309212 0 So0/1a1" 26.6/146
¥ [2; 00} oro /163279 /164 5410
25.4/24.3
116/11.3
22,6/218 00 =+ Ly : [36/20)
110/10.9” {26/14/25/14} O — 11 < [36/20
(29/14/p7/14}
120/101 [126/107,
e B
321/3.5
[1, 00o]
75/60 SUTA
320 fi/35 0/38
Nm 30 44 12/30 45/33 50/38
¥ | “og/05 1ojor o L8/12
0-52:(31/]5) ‘er (10/5) I 00
+ 5724712 /774"
Aj 5720712711} 877774}
Vib. parent:
ZPV '+ ZPV Et ZPV Fy, Fy ZPV Ff

J. Sarka, A. G. Csaszar, and E. Matyus, PCCP 19, 15335 (2017).
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Rovibrational states of CX;-Y,0 (X,Y = H,D), [~ symmetry

The couple

CH,-H,0/CH4-D,0

J=0

CD4-H,0/CD4-D,0

(I7): E - By [em™]

B F,

Fl

Vib.

ZPV T

o+ [17/10)
/12

[0, 10:]

J=0 J=1 J=2
110]
517/107 320/200
o 064 107 52.6/20.4
e AT I 28.6/162 29-2/168
21/13a 246/138
Iy = 1yo : [17/10
18/12/17/12}
1y =1
iro/110 [189/116, R
S0 101748 0, 1a1]
l39/7  M5/84
O 9.4/1.4
89/30 »
W 103/40 106/42 %
a3 e ) T2/2
s | 5415 67/10 1
0-2: (31/]5)
{25/24/17/1p) |
O = Loy < 23
(7/1/6/1)
parent:
ZPV E- ZPV Fi, Fy ZPV Fy

ZPV Ay

J. Sarka, A. G. Csaszar, and E. Matyus, PCCP 19, 15335 (2017).
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Summary
All experimentally reported transitions E- 364
+7 9nc
@ have been identified in the computations EL’ ‘zg‘;
@ take place within the rovibrational ZPV manifold of the - Fy, 32.7
global minimum. Fy, 326
Fy, 289

ul
AY
ul
AP

__C Fr,11.2

A(l)p Ay, 6.9

< F;’ )
AT, 0.0 (206.8)
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Summary
All experimentally reported transitions E- 364
+7 9nc
@ have been identified in the computations EL’ ‘zg‘;
@ take place within the rovibrational ZPV manifold of the - Fy, 32.7
global minimum. Fy, 326
o’ Fs, 28.9

Theoretical predictions of

@ transitions to states assigned to the secondary minimum Ayl
might be confirmed experimentally in the future (exchanged Al
P

roles of the hydrogen donor and acceptor).
__C Fr,11.2
Al A7, 6.9

op
Af, 0.0 (206.8)
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Summary

All experimentally reported transitions

ET, 364

e ) Fil363

@ have been identified in the computations EY 357
@ take place within the rovibrational ZPV manifold of the - Fy, 32.7
global minimum. Fy, 326

o’ Fs, 28.9

Theoretical predictions of

@ transitions to states assigned to the secondary minimum Ay
might be confirmed experimentally in the future (exchanged Al
P

roles of the hydrogen donor and acceptor).
w

Similar ZPV splitting pattern __C Fr,11.2
@ were found for all CX4-Y20 (X,Y=H,D) isotopologues. Al A7, 6.9
v

op
Af, 0.0 (206.8)
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Summary

All experimentally reported transitions

ET, 364

e ) Fil363

@ have been identified in the computations BV 557
@ take place within the rovibrational ZPV manifold of the - Fy, 32.7
global minimum. Fy, 326

o’ Fs, 28.9

Theoretical predictions of

@ transitions to states assigned to the secondary minimum Ay
might be confirmed experimentally in the future (exchanged Al
P

roles of the hydrogen donor and acceptor).
w

Similar ZPV splitting pattern __C Fr,11.2
@ were found for all CX4-Y20 (X,Y=H,D) isotopologues. Al A7, 6.9
v

op

Coupled-rotors picture AT, 0.0 (206.8)

@ helps to understand the negative-energy rotational
excitations.
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