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DEFINITIONS

Non-Rigid Molecules various minima (conformers) in the Potential
Energy Surface; large amplitude vibrational motions (such as torsional
modes) intertransform the minima.

Semi-Rigid Molecules one minimum in the Potential Energy Surface or
various minima (isomers) that intertransform throught chemical

reactions.
/id j/ :IT/




Non-rigid molecules

* N > 1minima in the PES separate by
relatively lowPotential Energy Barriers

* Inter conversion of the minima through
“feasible” large amplitude motionsE AMSs)
(without bond breaking).

 LAMs: usuallyvery anharmonic
* Tunneling effectsplit the vibrational levels



Methyl-groups tunneling effects
A and E components of the levels

0,

(typical “egg box” of a

3 different behaviors §=0,v=1) two-methyl groups systen)
, = components -




Why these molecules are relevant for
astrophysics?

1) Some NRigMare abundant species in the ISM gas phase

sources(few species such as propane and methanol exist in
planetary atmospheres and planetoids)

1) Related to the problem of origin of life:PREBIOTIC

1) The internal motions responsible for the non-rigid propertes
display very low energy levels that can be populated at low
temperatures
(i.e. the torsional levels are separated typidayiyL 00 to 200 cr)



ISM Detected molecules
(gas phase)

10M (1970-1979)
W YO vy e T A

Methanol Formicacid Formamide Acetaldehyde Dimethyl-ether Methyl-amine Ethanol  Methyl-formate
1970 1971 1971 1973 1974 1974 1975 1975

» Ethyl-cyanide ‘:4 Methyl-Mercaptan
® 1977 1979

1M (1980-1989)
Yy
1M (1990-1999)

Acetic acid
1997



10+1+1+11+15 38 jjj

11M (2000-2009)

WOl WS M e Ah A

Glycolaldehyde Vinyl alcohol Ethylene glycol  Glycine ? Propanal Propenal Dihydroxi acetone Acetamide
2000 2001 2002 2003-2005 2004 2004 2005 2006

Yy ~f  lA¢

Propylene  Aminoacetonitrile  Ethyl formate
2007 2008 2009

15M (2010-2019)

O ek XX 42 K e

5011 Ethanimine Cyanomethanimine Methyl acetate Phenol Ethyl mercaptan Isopropyl cyanide Methyl isocyanate
2013 2013 2013 2013 2014 2014 2015

A iy o KA

Ethyl methyl ether ~ Propylene oxide N-methyl formamide Methyl silane  Methoxi methanol glyconitrilo  urea
2015 2016 2017 2017 2017 2017 2019



Usual techniques
(FIR, Raman, and rotational spectroscopy;
ab initio calculations)

FIR and
Raman Rotational
spectroscopy

MW spectroscopy (0-30 GHz)
Millimeter-wave spectroscopy (30-300 GHz)
Sub-millimeter-wave spectroscopy (300-1000 GHz)

Theory and ab initio
calculations



Ab initio calculations
Highly correlated methods (if possible)

1- Structures, equilibrium rotational constants, anddipole moments

2- VPT2: anharmonic analysis {ull-dimensional)

3-VARIATIONAL procedure of reduced dimensionality for the n large
amplitude vibrations (LAM) responsible for the non-rigid properties.



Ground vibrational state rotational parameters
l.e. rotational constants

B,= B, (CCSD(T)-F12)+AB " (CCSD(T)) +ABYP (MP2)

1- Structures and equilibrium rotational constants and dipolemoments

2- VPT2: full-dimensional anharmonic analysis

(MOLPRO and GAUSSIAN)



1) methyl-Format

M' = 13.8 Kcal/mol
>

CIS
0 Kceal/mol

5.3 Kcal/mol

Rotational constants (MHz) of cis-methyl-format
7 sets of experimental values

Exp. [1] 2] [3] [4] [5] [6]

19983.05| 19985.7623| 19983.06 17522.369P39141.92 19120.151
6914.4194 6914.757 | 6914.928| 9323.54766pH 9112.39 9181.7185

C |[5303.2474 5304.468 | 5304.236| 5312.69996| 5264.63 5254.7515

oy,

Acd=19990.97 MHz B&P=6907.92 MHz C®®=5301.47 MHz
|Acalc.Aex) ~7 MHz; |Bae-BeH ~6 MHz; |CleCe*A ~2 MHz

Senent et alAstrophys. J (2005);Gamez et al.J.Phys.Chem.A (2019)




M' = 13.8 Kcal/mol
>

CIs

1) methyl-Format

Rotational constants (MHz) of cis-methyl-format
7 sets of experimental values

Ref. 2] [3] [4] 5% PAM [6] [7]

@ Pin S o Q S RAM? P _ ,ﬁﬁ,/ :é\

P P eV & ‘&
A 19983.05| 19985.7623| 19983.06 17522.369P39141.92 19120.151
B |[6914.4198 6914.757 | 6914.928| 9323.54766p 9112.39 9181.7185
C [5303.2474 5304.468 | 5304.236| 5312.69996| 5264.63 5254.7515

Acac=19990.97 MHz B®®=6907.92 MHz Ce=5301.47 MHz

|Acdlc- AR ~7 MHz; |Beale-Bex ~6 MHz; |Crale-Cex) ~2 MHz

Senent et alAstrophys. J (2005);Gamez et al.J.Phys.Chem.A (2019)




2) methyl isocyanate

. : Methyl Isocyanate(CH,-NCO)
Calculated Laboratory rotational spectroscopy
A,| 76164.32 73849.2 78395(410) 128402(13)
Byl 4411.89 4392.22 4442.982(49) | 4414.6287(75)
C,| 4254.58 4256.66 4256.691(31) | 4256.7452(71)

J. Koput, J.Mol.Spectrosc, (1986)
D. T. Halfen, et al. Astrophys. J. (2015)
J. Cernicharo et al, Astron & Astrophys (2016)

(lab rotational spectroscopy)
(Interstellar detection + lab rotational spectrosgop
(Interstellar detection + lab rotational spectrosgop

il

s ’ 5

[

bt

Methyl Cyanate(CH,-OCN)

Calculated Laboratory rotational spectroscopy
A,| 39089.80 39042.4(8)
By| 5314.78 5322.88(3)
C,| 4816.35 4821.33(3)

T.Sakaizuma, et al J.Mol.Spectrosc. (1990)

(lab rotational spectroscopy)

15



2) methyl isocyanate

Hi, On !
2
&

i 18

Methyl Isocyanate(CH,-NCO)

Calculated

Laboratory rotational spectroscopy

Ao

76164.32

—l3840.2 5 = 78395(410)| 128402(13) 44

By

4411.89

Gy

4254.58

4392.22
4256.66

4442.982(49
4256.691(31

4414.6287(75)
4256.7452(71)

J. Koput, J.Mol.Spectrosc, (1986)
D. T. Halfen, et al. Astrophys. J. (2015)
J. Cernicharo et al, Astron & Astrophys (2016)

(lab rotational spectroscopy)
(Interstellar detection + lab rotational spectrosgop
(Interstellar detection + lab rotational spectrosgop

[

cn

0 L]
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bt

Methyl Cyanate(CH,-OCN)

Calculated Laboratory rotational spectroscopy
A,| 39089.80 39042.4(8)
B,| 5314.78 5322.88(3) ¥
C,| 4816.35 4821.33(3)

T.Sakaizuma, et al J.Mol.Spectrosc. (1990)

(lab rotational spectroscopy)
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3) isopropyl-cyanide Vo™
Kerkeni, Gamez, Senent, Feautrier, PCCP (2019)
is_o—mN
Cale, Exp.? Exp.” Exp.f

A 7930.497  7940.877174(31)  7940.8/46(16) TO40,5725(43)

By 3064.2330  2068.087775(27)  3968.08888(52)  3968.087329(56)

Co 2898.4008  2901.053223(22)  2901.05458(53)  2901.052880(43)
AJ %108 612.550 610.2684(153) 612.7(12) 609.971(16)
AJK %10° 12.43% 12.17725(43) 12.1698(43) 12.176382(65)
AR x10P 5,961 5.23249(61) 5,931(27) 5.9110(11)
dq %108 038.167 -244.0908(69) -243.93(11) 244.012(10)
dy x10° 187,016 1189, 2889(76) 189 404(63) 189.3655(54)
Hr x1012 -1054.181 584.83(151) 633.0(20)
Hy =107 12.057 37.163(24%)
Hrp x10° 46,861 38.267(140) 34.7(16) 37.319(10)
Hpr x10% 45,804 10,968(281) 11,908(34)
hyxlot2 87.493 68.73(77) 44.0014)
hax1012 989, 246 864.23(33) 931.0(72) 895.1(13)
hax10l2 303,884 322.39(140) 226.0(33) 318,02(55)

Lis 4,3600 4.0219 (50)

HE

L 0.7573 0:6192 (267)

d) Miller, Coutens, Walters, Grabow, & SchlemniEkol.Spectros. (2011)
b) Arenas, Gruet, Steber, Giuliano, & SchneCCP (2017).

c) Kolesnikova, Alonso, Mata, Cernicharo, & Alongp,J (2017).




Variational procedure (LAMS)

3-VARIATIONAL procedure of reduced dimensionality: large ampli tude
vibrations (LAMS) responsible for the non-rigid properties.

ENEDIM code



ENEDIM

p INPUT DATA | ENEDIM
B by, nixy,z)
_ PES
Geometries
[ G matrix
Vibrational, retational and re-vibrational
MATG *=—> parameters of the Hamiltonian Intensities
‘r//:l | :
ENEDIM | 1D {unadim) Band positions je—» o coc
\ EDI:-I-:FIr”ﬂ;' Assignments
) B C e Arevibrational - "
':L-' [ : -£1 M : IEHEIS IEme'EtrE L Emgii |
BL) (BT pmhab"iwl rrre ; “Lh .
L MP2/VSCF l/ <f H,g 1) -
|

Theoretical Chemistry Team: I. Estructura de la Materia, CSIC, Madrid
http://tctl.iem.csic.es/PROGRAMAS.htm



Variational procedure |Hy, = Tg, + PES

curvilinear Internal Coordinates (g;,0y, - --03n.g)
(matrizG code)

2 reference systems (origin=c.d.m

Inertia matriX\

O(X,y,z) rotating with the molecule
O’(X,Y,Z) space fixed

+ Podolsky “trick”

3 3
2 =g 3" " Pog" e Pag

a=1 g=1
3N—63N—-6

e & Z Z pigl/gg(i+3,j+3)pjg_1/4

i=1 j=1
3 aN—4

+Q_1/4 Z Z (pigl/zg(i-l-g,a)poz + Pagl/zg(a:i+3)pi)g_l/4

a=1 i=1

G matrix
el
I (pt;pf) )‘; })E ) ( f;) ) s (Pt)pf)G( I; ) G5 = Gl G oy QEN—5)
X
N

or;, Jr,

)ft My - :
! Z:; (3%) (8%)

Senent M.L. 1998, Chem.Phys.Lett., 296, 209.
Senent M.L. 1998, J.Mol.Spectrose., 191, 265.

Senent M.L. 2001, Mol.Phys., 15, 1311.



Variational procedure |Hy,, =T, + PES

Quantum mechanical operator for J=0:

3N—63N—6
J

Z Z (8(1 ) (8 ) + V((h G2, onne ;QBN—G) = Vf(gl,q% ..... ,ggN_G)
=523 () (5) - () (e

52 BN-63N—6

ESss(CONED

Quantum mechanical operator for J> O:

? g : o 3 3N-6 B
ZZ aﬁpapfg I:IRT— . Z Z (anj = ( ga?) pa)
a=1 B=1

o 94



Variational procedure

But ......... a full-dimensional variational calculation is not realistic for complex molecules.
What do do?

1) The n large amplitude vibrations (LAM’) are considered to elependenion the
remaining3N-6-n coordinates.

2) The PES is determined from the energies ofguid of conformations selected for
different values of the n coordinates.

3) The remaining3N-6-n are optimizedn all the conformations; this represergtspartial
way to take into consideration their small interactions with the LAM

4) As these 3N-6-n modes are expected “to be at the ZPVE” instead “at the Pifarh
a ZPVE correction must be added.

= n n 3 5 f
HT - Z Z (%) Bij (%) =+ V(QhQQJ """ an) +V (QI)QQJ """ ;Qn) - VZPVE(Qb 11 TRDION ;q'n,)
{4 7

It works?.......ccceeeeeeee. Yes, when the interactions among the LAM and the remaining
coordinates are relatively small. Otherwise:

Hranme = Hpape + Hon + Hpane mn



Variational procedure

Classification of the vibrational levels

a) Symmetry (MSGS)

b) Probability integrals (PES minima)
g
/ ¢; Psdaidaaday,
g

c) Expectation values of the one-dimensional Hamiltonians (vibrational moek)

. d*
<H >=<@H, > H. ——Bfa—ngV(qn)

d) Intensities (vibrational modes)

q

=
3ReE

— (B, — B F;— B) < 4|y >



Variational procedure

Trial functions

For J=0: Fourier series, Harmonic Oscillator, Morse, Coon...etc
Integrals: analytical methods and gaussian quadratures ...

ForJ>0

LI](Q? @; Xod1,42;5 -5 qn) — Z On,J)K,mC;fbeJ)iK)m(Q; @; X)
n,J K m

Grikm(@,0,%) = B(S) 1xm(8,0, )X £ B(S; g (6,0, x)eFx

For large systems:

a) Contracted basis sets
b) Symmetry adapted functions



cos 181 cos JO, + cos JB cos 10,
sin 10; sin JO» + sin JO; sin 10,

cos 10, cos JO:2 — cos JO1 cos 10,
sin 101 sin JO2 — sin JO, sin 10,

cos 10y sin JO> + sin JO; cos 10>
sin 181 cos JB: + cos JO sin 18,

cos 101 sin JO2 — sin JO1 cos 102
sint 10, cos JO> — cos JB1 sin 10,

I=3K J=3L

cosIBi1cosJ02+ sinl015inJ0: + cosJOi1cos10;2 + sinJ015inl0,

cos101c0sJ0; F 5inl@15inJ0; - cosJO1cos10;2 F 5inJO15inl0,

Ea

cosI81cosJ0; £+ 5inlB:5inJ9; - cosJO1cos10: + 5inJO15inl0,

cosI815inJ0, + sinlBicosJ0:+ 5inJ61cos10: £ cosJ8:15inl0,

Es

cos101cosJO2 F sinl05inJ0: + cosJ01cos10: F sinJ0sinl0-

cos1015inJ0: + sinlBicosJB: + sinJB1cos10: £ cosJO15inlB,

E4

cos101cosJ0; T 5inlB15inJ0; - cosJO1cos10: + sinJ0sinld,

cos1015inJ0, + 5inl01cosJ0; - sinJOcos10; + cosJB15inl0;

I=3K+6 J=3L.to
o==1

cos 101 cos JO2
sin 10, sin JO-

cos 10, sin JO;
sin 101 cos JO:

cos 10 cos JO,
sin 101 sin JO;

cos 10, sin JO;
sin 101 cos JO2

L<K

I=3K J=3L+é
o=+1

I=3K+é J=3L
o=+1

3D-WF of DME (G,) w3 = qﬂﬂz 4o




4) methyl-acetate

(=939
‘ 1852 cm?
trans (¢=180°)

N 4457 e | AH*=2604 cm!

cis (a=0°)

1) 3 internal rotations intertransform 18 inequivalent minima (MSG G,)

2) Astrophysical detection: Tercero, Kleiner, Cernicharo, Nguyen, Lopez, &
Mufoz Caro, ApJ (2013)

3) Laboratory rotational spectroscopy and assignments in 2D:Tudorie,
Kleiner et al. J.Mol.Spectrosc. (2011)

4) 3D (— 2D) Ab initio calculations: Senent, Dominguez-Gomez, Carvajal &
Kleiner, J.Chem.Phys., 138, 044319 (2013)



4) methyl-acetate

3D-torsional Hamiltonian

o o
Bqlq] (a, 91, 62)6_ + V(“, 91, 92) -+ |4 (a, 91, 92) + VZPVE(CI, 91, 92)

H(a,6,,0,) = —Z
b2 . 8q; qj

3 3
i=1 j=1

G, O = @, 04, 0,

3D-Potential energy surface

148 geometries optimized with CCSD/VTZ; CCSD(T)/VTZ EnergiesMP2/NTZ
ZPVE correction:

9 2 9
V(a,8,,0,) = z z Apnzmzr cos(Na) cos(3M8,) cos(3L0,) + Z Ay_3_3 cos(Na)sin (38,) sin(30,)

I
[=]
M B

=0 N=0
8 8 2

+ Z A_y3m—3 sin(Na) cos (3M@,) sin(30,) + Z Z A_y_33 sin(Na)sin (38,) cos(3L0,)
N=1 M=0 N=1 L[=0

Hamiltonian matrix size: 5493 @A,) 5492 @A,), 10985 E, E,, E;, E,)



4) methyl-acetate

ZPVE
000 | A, 0.00
E, 1.08
E, 0.01
Es 1.09
E, 1.09
C-CH, (V27)
010 | A, | 63.74
E, | 51.93
E, | 63.74
E;, | 51.93
E, | 51.93
020 | A, | 87.35
E, | 113.77
E, | 87.35
E;s | 113.77
E, | 113.77

O-CHj; (v,
001 | A, | 136.09
E, | 137.98
E, | 13572
E; | 136.73
E, | 136.73
002 | A, | 248.0

- (5
C-O torsion (v25)

100

175.81
178.62
175.75
178.56
178.56

200

486 |



cos ry, cos nd, _ A
kinetic parameters ¥ 4) methyl-ace'tate
(sinrbysinmhy) ? &8 2D PES and kinetic parameters

Ab initio CCSD(T)/VTZ
3D— 2D (o =09
Senent, Dominguez-Gomez, Carvajal & Kleiner, J.ChenRhys., 138, 044319 (2013)

V(0,,6,) = 269.642-206.919 cos @, -13.447 cos 6, -50.081 cos 8,
+0.707 cos),cos I, -0.227 cos 8,cos &), +0.548 cos &, -0.36 cos 6,cos I,
+0.112 cos 6,cos &, -6.489 sin ®,sin 39,

Fitted (effective Hamiltonian)
more than 800 microwave and millimeter-wave transitions
Tudorie, Kleiner, Hougen, Melandri, Sutikdja, & Stahl, J.Mol.Spectrosc. (2011)

V(0,,6,) = 258.418207.548 cos®, -47.344 cos B, -3.526 cos 6,cos 3,
+34.24 sin 8,sin 30,

By10,=5.554669 cni; By;,,=0.332 cni; By~ 5.523464 cm



4) methyl-acetate

21
ZPVE ()

Sym.

Ab initio [I]

0.0
64.9
83.5

141.2
205.4
221.1
223.4
226.2

107.0

(I) Senent, Dominguez-Gomez, Carvajal & Kleiner, J.@em.Phys., 138, 044319 (2013)
(Il) Tudorie, Kleiner, Hougen, Melandri, Sutikdja, & Stahl, J.Mol.Spectrosc. (2011)

Fitted [I1]

0.0
62.6
83.1
133.1
189.4
205.6
222.5
226.6

76.0




o1

Ethyl-Methyl-Ether

E 2(456) 2(123) 2(123)(456) 2(123)(465) 9(23)(56)* C;!xCs?
A 11 1 1 1 1 AA
Az 1 1 1 1 | AA
B 2 32 -1 -1 -1 0 EA
E, 2 -1 2 4 -1 0 AE
B 2 A A 2 41 0 EE
E, 2 -l -1 -1 2 0 EE

1) PES= 27 minima (3 torsions)
2) Symmetry= G,gand Cs
3) Theory: Senent, Ruiz, Dominguez-Gémez, & Villa, J.ChemPI§2009); Chem.Phys., (2010)

0,(0-CHy)
] V; (trans)=871 cmt
V; (trans) =1079 cmt

92 (C'CH 3)
V; (gauche)=639 cni
V3 (gauche) =996 cm

%
207 cm"Ji
I T T I T T 1

0 60 120 180 240 300 360
o (degrees)

AH =445 ol I




Previous experimental work:

5. Ethyl-Methyl-Ether

FIR and RAMAN, Durig et al., Struct.Chem., (2002)

ROTATIONAL SPECTROSCOPY

The MW in the ground state
Fuchs et al., ApJ (2002)
Tsunekawa et al., Molecules (2003)

The MW in the first skeletal torsionally excited stde (v;5=1)
Kobayashi et al.).Mol.Spectrosc. (2008)

Analysis of the pure-rotational spectrum in thev,,=1 excited torsional state
Kobayashi, et al. J.Mol.Spectrosc. (2011)

The MW in the v,4=1 excited torsional state
Kobayashi, et al. J.Mol.Spectrosc. (2009)

Reanalysis of the ground andhree torsional excited states
Kobayashi et al., J.Mol. Spectrosc. (2016)



5. Ethyl-Methyl-Ether

CCSI(T) band positions (in em ™) and intensities of frans-EME

Assign.

000 —100

100 —200

200 —300

000 —010

010 —020

020 —030

100 —110
010 —110
001— 101
110 —=210

Symm.

A—Ay
E—E;
E—E,
E:—E,
Ey—E,
Ay Ay
E—E;
E—E,
Es—E;
E;—E,;
A=A,
E—E,
E—E,
Ei—E;
Ey—E,;

A—A;
Ei—E,;
E,—E,
E;—F,
E;—E,
A=Ay
E—E;
E—E,
E—E;
E,—E,
Aj— A,
E—E;
E—E,
E—E;
E,—E,;

A— Ay
A— Ay
A— Ay
Aj—Ay

v

1153
115.3
115.3
115.3
115.3
110.9
111.1
111.1
111.1
111.1
106.4
106.4
106.5
106.1
106.1

206.6
206.6
206.6
206.6
206.6
195.2
195.2
195.5
195.5
195.5
179.3
179.3
179.4
179.4
179.4

206.0
114.7
114.0
116.0

Intensity

273°K)

0.41 10"
0.81 10"
0.81 10"
0.41 10"
0.41 10
0.48 10*
0.96 10°*
0.96 10*
0.48 10
0.48 10
0.42 10*
0.84 10
0.84 10
0.42 10*
0.42 10

0.31 10"
0.61 10*
0.61 10*
0.3110*
0.3110*
0.19 10*
0.19 10
0.38 10°*
038 10*
0.19 10*
0.90 10°°
0.18 10*
0.18 10
0.90 10°
0.90 10°®

0.15 10"
0.14 10*
0.11 10*
0.16 10"

exp Assign.
v (intens)

Skeletal torsion
115.40 (vs) 300—400

111.77 400 —500

107.80

Methyl torsions
202 (m) 000 —001

001 — 002

002 —003

Combination bands
210 — 310

101 — 201
201 — 301
001 — 011

Symm.

Ay—Ay
E—E;
E—kE,
E:—E;
Ey—E,
A—Ay
E,—E,;
E—E,
Es—E;
E,—E,;

A—A,
E—E,;
E—F,
E;—FE,
E,—E,
A=Ay
E,—E;
E—E,;
Es—E;
E,—E,
A=A
Ei—E;
E;—E,
Es—E;
E;—E,;

Ay— Ay
Aj—A,y
Ay Ay
A— Ay

v

101.6
101.6
101.7
102.1
102.1
96.4
96.4
96.4
96.4
96.4

2552
2552
2552
2552
2552
2423
2423
2423
242.3
2423
230.0
230.0
230.1
230.1
230.1

106.1
110.1
105.8
190.9

Intensity
(273°K)

0.3410*
0.68 10°*
0.68 10
0.34 10"
0.34 10
0.27 10°*
0.34 10"
034 10"
0.27 10*
027 10*

024 10°
0.47 10°
0.47 10°
0.24 105
0.24 10°
0.19 10°
0.3810°
0.38 10°
0.19 105
0.19 10°
<10°
<10
<10*
<10*
<108

0.15 10"
0.15 10"
0.11 10"
0.6510°

exp
v (intens)

103.54

99.0

248 (m)

Ab initio
CCCSD(T)/CCSD/VTZ+ZPVE
300 geometries




Fundamental frequencies in cm™
(intensities)

We suggest a new assignment for CH3-O-CH,-CH;

Exp. (Durig et al. 2002) CH-0-CH -CH;
OLD assign (Durig et al Ex

22 CCSIX(T) P 7
NEW assign (this paper) (OLD)

trans-EME

Vas (C-CH -torsion) 255.2 278
V2o (O-CH-torsion) 206.5 248
Vg (O- C;H -torsion) 1153 115.4
cis-gauche-EME

_ 243.8

Vag (C-CH -torsion) 243.8
92.

Va9 (O-CHj-torsion) : 9; : 202
Vi (O- C;H s-torsion) 3: g 93.56

Exp: FIR and RAMAN, Durig et al., Struct.Chem.. (2002)




. . -1
Fundamental frequencies in cm
(intensities)

We suggest a new assignment for CH3-O-CH,-CH3;

Exp. (Durig et al. 2002) CH-O-CH-CH;
OLD assign (Durig et al
2002) CCSIX(T) Himp ap A
NEW assign (this paper) (OLD) (NEW)
trans-EME
Vas (C-CHj-torsion) 255.2 248 7.2
Y29 (O-CH;-torsion) 206.3 48 202 4.5
V30 (O- C;H s-torsion) 115.3 1154 0.1
_ 243.8
V23 (C-CH;-torsion) 243.8
192.8
Va9 (O-CH;-torsion) 192.5 202
_ 91.0
V3¢9 (O- C,H s-torsion) 91.0 93.56 93.56 -2.6

Exp: FIR and RAMAN,

Durig et al., Struct.Chem., (2002)




. . -1
Fundamental frequencies in cm
(intensities)

We suggest a new assignment for CH;3-O-CH,-CH;

Exp. (Durig et al. 2002)

CH;-O-CH,-CH;

OLD assign (Durig et al
2002) CCSD(T) Eap E A
NEW assign (this paper) (OLD) (NEW)
trans-EME
Vas (C-CHtorsion) 255.2 278 #35 7.2
(m)
Vis (0-CHrtorsion) | 206.5 f;‘g ?33 45
115.4 1154
V39 (O- C,H s-torsion) 115.3 o (s -0.1
cis-gauche-EME
_ 243.8
vas (C-CH g-torsion) 243.8
192.5
Vay  (O-CH;-torsion) 192.5 202 (m)
_ 91.0
V3¢ (O- C,H s-torsion) 91.0 93.56 (m) | 93.56 (m) | -2.6

Exp: FIR and RAMAN,

Durig et al., Struct.Chem., (2002)




. . -1
Fundamental frequencies in cm
(intensities)

We suggest a new assignment for CH3-O-CH-CH;

Exp. (Durig et al. 2002) CH;-O-CH;-CH; CD;-O-CH,-CH ;
OLD assign (Durig et al
Exp Exp Exp Exp
2002) CCSIXT A CCSI(T A
NEW assign (his paper) | oy | mEW '] ©Lp) | vEW)
trans-EMFE
. 248
Vas (C-CH;-torsion) 2335.2 278 e e 249.0 241 241 8.0
Va9 (O-CH;-torsion) 206.5 %;:3 %1?3 4.5 166.6 163 163 3.6
1154 115.4
V3o (0- C,H s-torsion) 1133 ) (us) -0.1 106.2 106 106 02
cis-gauche-EME
_ 243.8
Vas (C-CH ;-torsion) 243.8
Vag  (O-CHj-torsion) ig;g 202 (m)
_ 91.0
V3g (O- C,H s-torsion) 91.0 93.56 (m) | 93.56 (m) | -2.6

Exp: FIR and RAMAN, Durig et al., Struct.Chem., (2002)




6-dimethyl-ether

A A
2-torsional modes % A
v
/ v ' | - v
W el - 92 IR active . =
Vis

Vi1



42 years of DME (1977-2019)

Groner & Durig, J. Chem. Phys. (1977) ...eereeirreirreireecreecreencennnnns 2D

Our old ab initio calculations (Senent et al. 1995)

The COC bending angle varies to
Firstab initio studies: 2D or 3D ? minimize the non-bonding

01

0 interactions between H atoms
:
2D (Can.).Phys. 1995) w0 v s
_ 3D (J.Chem.Phys. 1995)
H(By,0,) = -i Z %Bﬂl_f,zml,ﬂz% + VP (g 9.)

00,0 ==Y ' & i, 000 54 V90200, Fermi displacements of the
o CH, overtones

Our recent ab initio calculations (2011-2014)........cccccceererecvcnerererens 3D

1) M.Villa et al. J.Phys.Chem.A (2011) (main isotopologue)

2) M.L.Senent et al. J.Phys.Chem.A. (2012) (DME-d, and DME-d, )

3) M. Carvajal et al. J.Mol.Spectrosc. (2012) (**DME)

4) M.Carvajal et al. Chem.Phys.Lett. (2014) (DME-d1 )
New measurements and assignments based on ab initio calculations (ApJS-2019)



NEW 3D studies (notivated by the astrophysical interest of isotopologugs

111 level of theory (Objective: YYaccuracy)

1995 2010-2011

MP4/MP2/6-31G(d,p) CCSD(T)/CCSD/AVTZ
28 geometries ||~ 126 geometries
(approx. definition of the torsional coordinates) (proper. definition of the torsional coordinates)

No ZPVE + ZPVE correction
1995
3 3
) )
Ha,0,,0,) = _; JZI EBQ 0,,0, (@, 01, 6'2)_] + V"P2(a,0,,0,)
2010-2011

3 3
)
H (e, 01,6,) = —Z Z = Bao,0,(@ 01, 92)—+ VEeSPI) (a, 04, 02) + Viesper (@, 01,02) + Vagps ™ (@, 01, 0,)
i=1 j=1 ¢ Ab initio ass dependent Mass dependent
Mass dependent



New Values (CCSD(T)/AVTZ))
Main isotopologue

3D Exp.
CCSD(T) Groner et
al. 1977

A —A, Vs 241.2 244.7 241.8 241.0
A —A, PAY A V 239.6 242.4 239.1 240.2
A —A, 3V . 2Vye 237.6 241.1 237.0 238.9
Raman
A —A, PAV IR 481.2 487.3 1 480.9 | 481.2
A —A; 2V, 393.2 388.44 391.1 4 395.5
COC bending
A —A,; Vs 429.4 421.6 412.1 412.0

Fitting procedure: refinement of the:

, Accuracy = 1
a) The abending coordinate ¢ = a (1 + F/100) level of theory

b) The parameters of the B, kinetic expanssion




DME. Torsional overtones (Raman)

P=550 mbar
T=298 K

T~154 K

s JY S W

I [ | I I I | I | T l I | T | I | [ | I | L | T

e M

2v,, torsion Vv, bending 2V, torsion \
T~56 K *
1 l [l r 1 I 1 [ L 1 I [l l 1 I ] [ 1 r I'—r 1 ] 1 r Il I 1 Il 1 1 l ] 1 1 1 I 1 I

340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500

Raman shift (cm-")

410 415
Raman shift (cm-")




DME. Torsional overtones (Raman)

u7 bending l

2V, torsion
Raman {overtones)

2V, torsion

) T T T T T T T
= mbar -
e L " OC-Bending
(static sample) :
Calculated | T~
j\k z
4]
s
3
-
R J\’L‘ Observed
e T e T
T S T S i Rl I I P . v o) R U o T T DI N T S (R [ TS 300 350 400 450 500
340 350 360 370 380 390 400 410 420 430 40 450 460 470 480 490 500 410 415
Raman shift (cm-') Raman shift (cm-') wava number (cm-'l}

Firts Assignment (1977) of 2v,; (395.5 cm™?) It is a hot band iiii

New Assignment (2019) of 2v,, (385.2 cm)



£1))

CCSD(T)

Vi 241.0
2V —Vy 2402
3V, —2v,. 238.9

2v,, 481.2
2v,, 395.5
v, 412.0

241.2
239.6
237.6

481.2
393.2

429.4

IR
244.7
242.4
241.1

RAMAN

487.31

388.41M
COC bending

421.6 ™

Ferndndez-Tejeda-Carvajal-Senent, ApJS (2019)

241.8
239.1
237.0

480.9
391.1

412.1

242.6
239.3
236.0

481.9
386.5

413.0

482.0+0.2
385.210.2

412.5+0.2



/- Ethylene glycol

5

1778 em!

852 cm! 68 cm- 1071 ¢

CCSD(T)-F12/AVTZ + ZPVE(MP2/AVTZ)




Potential energy surface (3D-PES)

The molecule can be considered a triple rotor system where olgeutar
hydrogen bonds govern the relative stabilities of the favoured conformetiseand
internal dynamics.

Their intertransformation processes imply the breakingeaztk bondand can
occur through more or less relatively high energy barriers whicharseagelevant
tunnelling effects.

The main part of the conformers correspondsaioble minima

Moreover, the C-C bond internal rotation varies de relative orientafitwo
identical CHOH groups. To classify the rovibrational energy levels and their
splittings, a double Molecular Symmetry Group (MSG) is required

Accordingly, all this features produce a potential energy surlRE8) of 50
minima very anisotropic in thgauche region and very isotropic in theans region.



/- Ethylene glycol

e
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/- Ethylene glycol

3 3
d d
H(20,60,0) == ) > (5=) Bug, (200.81,62) (H)
L

i=1 j=1 1

+ VT (2a,04,6,)

vV (2a, 01, 8) =V (2a, 01, 8) + V'(2a, 01, 8;,) + VEVE(2a, 0y, 0,)

The 3D-PES (see Figure 3) was constructed using a set of 322 energies
calculated with CCSD(T)-F12/AVTZ-F12

Grid : AG,, A6, =45, 135, ...
AO=45, 135, .., in the trans region, and AB0=22.5, 45, 67.5, in the
anisotropic gauche region.



1-Symmetry:

CH,OH-CH,OH
CH,OD-CH, 0D

2-Contrated basis functions: (convergence — 13 contrated functions)

TABLE 7: Ggtorsional symmetry eigenvectors

o T=oM cosJu (cosNB; cos L@, + cos LB, cos NO,) N=0,1,2,.. | LN
8 cos Ja (sin NO;, sinL6, + sin 1.0, sin NO,) N=0,1,2,.. | LN
A T=ME1 sin Jo.(sinNO; cos1.O; + cos 1.0, sinNGB,) N=1,2... LN
45 sin Jo (cos NO, sin L0, + sin LB, cos NO,) N=12,. L=N
A J=2M cos Ja (sin NO; cos L0, - cos L8, sinNO,) N=0,1,2... | LN
= cos Ja (cos N0, sinl.B, - sin.O, cosNG,) N=0,1,2,.. | L=N
A T=IM+ sinJo (cos NO; cos LB, - cos LO; cos NO,) N=1,2,.. L<N
2 sinJo (sin N6, sinl.8, - sin1.B; sin N6,) N=1,2... L=N
Ay =2M cos Ja (sin NO, cos LB, + cos LB, sin NG,) N=0.1,2,.. | LN
cosJa (cos N8, sinl.B, + sin1.O; cos N8,) N=0,1,2,.. | L=<N

& TeoM sin Jo (cos NO; cos L0, + cos 1.0, cos NO,) N=12, L=N
3 sin Jo (sin NO, sin 1.9, + sin 1.6, sin N6,) N=12,.. L=N
Ay =M cosfo (cos NO, cosL, - cos L.O; cos NO,) N=0,1.2,.. | L<N
cos Ja (sin N, sinL0; - sin L8, sin N6,) N=0.1,2... | L<N

A, T=oM+1 sinJa (sin N0, cos LO; - cos 1.9, sinNG,) N=1.2. LN
a sin Ju (cos N6y sin 1.8, - sin1.8; cos N6,) N=1,2,.. LN

Hamitonian matrix dimension (98865 x 98865)

Poni (20,84, 6;) = Z oy (2Ma) [y (NG )@, (L8:) £ @, (LB )y (NG,)
M

CH,OH-CH,0D

ONLY:
2 Representations

Reduction of the Hamitonian matrix dimension (19773 x 19773 — 98865 x 98865)

3-Probability integrals and expectation values of one-dimensional Hamiltonians

4-Transition dipol moments — Intensities



M=1 =1
M’=1
=0
M=2
M’=2
=0

L=2

L=3

L=2

=1

M’'=4
=0

Matrix elements

<Onmia) Pveron [H | Omra) Bvierez) >

L=4

L=3

=2

L=5

L=4

=3

=2

L=0

Al
A2
A2-Al

Al
A2

Al
A2

Al
A2

Al
A2

L=0

276.2692
276.5530
0.2838

425.0072
425.3583

444.0069
457.1958

468.6974
469.0040

537.9298
589.7966

...etc (convergence — 13 contrated functions)

L=|M-M’|
L=1 L=2
263.7798 263.9834
264.1072 264.3094
0.3274 0.3260
406.1971 405.7074
406.3802 405.8813
431.5899 431.6899
440.2541 441.0730
440.6974 440.9601
446.7797 446.3267
526.8428 526.3336
5772747 576.8800

CH,OH-CH,OH

L=3

263.9503
264.2764
0.3261

405.6230
405.7963

431.6407
440.9607

440.8618
446.2944

526.2930
576.8170

L=4

263.9478
264.2739
0.3261

405.6256
405.7989

431.6401
440.9468

440.8463
446.2963

526.2936
576.8204



/- Ethylene glycol

OH OH oD oD OH oD
000 Al 0.000 0.000 0.000
A2 0.326 (exp=0.2) 0.712 5.089
Al 141.678 138.393 129.991
A2 141.851 137.482 139.503
010 Al 167.692 139.961 150.903
A2 182.345 142.026 162.695
Al 262.346 228.633 283.673
A2 312.873 247.071 300.090
100 Al 176.899 172.801 171.172
A2 176.999 175.020 179.029
Al 324.184 308.578 309.520
A2 325.928 303.022 321.136

16 components

{

=0
~200 vibrational levels
below 500 cm™?



/- Ethylene glycol

001% 001%
AR y V)
~375-362 cm-! ~517-504 cm-!
001> 001°*
M M\
~365 cm’! ~224 cm! 010+
\
010% A
010> 010%
\ Lii...... \
000" 000+
141 ecmy” G3
..'&1 .'X:
Ay — Ay 000™ 000° 1
W ~300 cm!
~500 cm!
-1
122¢cm I G 1




