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Abstract

So far, no experimental data of the infrared and Raman specti¥Caotopologue of dimethyl ether is available. With the
aim of providing some clues of its low-lying vibrational bands and with theehofpcontributing in a next spectral analysis, a
number of vibrational transition frequencies below 300tof the infrared spectrum and around 400¢mf the Raman spectrum
have been predicted and their assignments were proposed. Calcuetiansarried out through aab initio three dimensional
potential energy surface based on a previously reported one fordeeabundant dimethyl ether isotopologue (M. Vikd,al.,

J. Phys. Chem. A15 (2011) 13573). The potential function was vibrationally correctedcmputed with a highly correlated
CCSD(T) method involving the COC bending angle and the two large amplitkderiernal rotation degrees of freedom. Also,
the Hamiltonian parameters could represent a support for the speletnacterization of this species. Although the computed
vibrational term values are expected to be very accurate, an empiljoatment of the Hamiltonian has been performed with the
purpose of anticipating some workable corrections to any possiblegéiee of the vibrational frequencies. Also, the symmetry
breaking derived from the isotopic substitution’8€ in the dimethyl ether was taken into account when the symmetrization
procedure was applied.

© 2012 Published by Elsevier Ltd.
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1. Introduction

Molecular spectroscopy provides transition frequencieslae intensities necessary for the astronomical detec-
tion of molecular species. With these spectroscopic dagsspectral confusion of the surveys is being solved allgwin
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new molecular identifications. This requires the collabeeseffort of spectroscopy and astronomical observation re-
search groups.

In particular, the characterization of isotopologues ipamiant from the astronomical point of view for determin-
ing the isotopic abundances in timterstellar mediun{ISM). By comparing isotopic ratios in fierent ISM regions,
some clues about the origin of astronomical objects and thelecules could be derived. For example, th@&iD
ratio was used to estimate the origin of Earth’s water [1]. ihilar study could be carried out by measuring the
12¢/13C isotopic ratio of complex molecules, which will allow usdain an insight into the formation mechanism of
the molecular species. Although many isotopic varietiegaioing*3C have been spectroscopically characterized to
allow their astronomical detection (i.e. fog 2], Cs [3], methanol [4], methyl formate [5, 6], ethyl methyl etH&),
the®3C isotopologues of many other species cannot be identifitakitSM due to the lack of their spectral recordings.
This is the case of dimethyl ether (DME).

As far as we know, experimental spectroscopic studies of IMMias phase were carried out from 1957 [8], when
its vibrational Raman spectrum was recorded, and from 1959hen for the first time the microwave spectrum
was used to characterize its molecular structure. Aftadgjan sequence of spectroscopic works was carried out.
During the sixties, Fateley & Miller recorded the far infedrspectrum [10] and Blukist al. used the MW spectrum
(barely 10 lines) of the most abundant variety to determirgestructure of six additional isotopologues, providing
also its dipole moment [11]. The seventies were charaeteti the beginning of its torsional splitting analysis. For
the parent species GACH; (DME-hg) and two deuterated species §gMHCD; (DME-d3) and C;OCD; (DME-dg),
Durig et al. [12] determined the torsional potential barrier heighttlgh the measurement of tens of lines (19-40
GHz) in the ground vibrational state (g.s.) and Groner & D{ti3] provided their Raman and far infrared spectra.
Also, Lovaset al. measured and assigned 157 lines (9-112 GHz) in g.s. for DME4}. Moreover, in the seventies,
the most abundant DME isotopologue was detected for thdifimstin the ISM. The discovery was carried out in the
Orion nebula molecular cloud [15].

Later on, DME spectral analysis was revisited by Neusteckl. [16] with the measurement of 66 new lines
(63-222 GHz) corresponding to the ground state (g.s.) of EdilEand by Groneet al. [17] with the first extensive
spectral recording (over 1100 lines in the frequency rarfg@4eb44 GHz). This last analysis was performed by
means of the ERHAM global analysis code [18]. Recently, dHftsndamental stretching bands were rotationally
analyzed [19] and a new molecular structure was derived fvdhmeasurement of some tens of lines (12-25 GHz)
in g.s. for 17 isotopologues [20]. In 2009, Endetsal. measured 1600 lines (39 GHz -2.1 THz) in g.s. for DME-h6
and a global analysis was carried out with ERHAM [21].

Nevertheless, for a correct spectral analysis, a suit@lelerétical model is needed specially when highly excited
spectral lines have been recorded and their assignmermscarieed. DME has a complex spectrum caused mainly by
the two large-amplitude torsional modes which split thectiiaélines into nine components since the full-dimensiona
potential energy surface (PES) shows nine equivalent nainim 1995, Senerdt al. anticipated the future spectro-
scopic requirements for the study of highly excited stafé3ME, determining theab initio torsion-bending spectrum
of CH30OCH; and C3OCD; with Moller-Plesset theory and a douliidasis set [22, 23]. These works proved that to
analyze transition lines involving higher excited torsibstates than fundamentals the Fermi interaction between t
torsional modes and the COC-bending mode is needed in theetiwal formalism [23]. Recently, a more accurate
ab initio study of the infrared and Raman spectra of main isotopolagage made [24]. A new three dimensional
potential energy surface was determined using highly tateé ab initio calculations (CCSD(T)) in order to pre-
dict the frequencies of overtones and combination bandsgeonding to the torsional modes and the COC bending
mode. Besides, a PES adjustment was performed to improweetheacy of the transition frequencies. The potential
surface was also verified through the analysis of the isdétogues DME-d and DME-¢ [25] for which previous
experimental data were available [13]. In 1997, an apprdacldealing with two-top molecules by means of an
effective rotational Hamiltonian was thought up and applie®kE spectral analysis (ERHAM [18]). Since then,
other diferent studies were carried out for the microwave spectiayais of two unequivalent methyl top molecules
as e.g. N-methylacetamide [26], methyl acetate [27], ethwthyl ether [28], and thab initio CCSD(T) study of
infrared spectrum of ethyl methyl ether [29].

The present work is motivated by the relatively high aburgaof DME in star-forming regions where highly
excited rotational lines have been observed [30]. Thisaakes us to expect that torsionally excited DM&amd
13C isotopologue of dimethyl ethéfCH;O'*CHz (DME-13C) should be observed in the ISM, as it occurs with other
complex one torsional methyl top molecules such as methgidite detected in Orion KL and W51 e2 clouds [5, 31].
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The lack of spectral recordings for the torsional exciteesi of DME-Ig and for DME3C can explain why they have
not been identified yet. However, their spectra are in the @fdyeing solved (Private Communication. M. Koerber,
C. Endres, S. Schlemmer, 1. Kleiner) [32].

In this paper we report some theoretical frequencies qooreding to the infrared and Raman spectra of DME-
13C aiming to help forthcoming spectral analysis. In our tle¢ioal model, a 3D vibrational Hamiltonian involving
two large-amplitude motions relative to the two €ldternal rotors of the molecule and the COC bending mode is
solved variationally. As it is shown in previous works, th©C bending mode needs to be explicitly considered as
independent variable to obtain a suitable description efitkvest energy torsional states [23, 24]. The calculations
are based on thab initio CCSD(T) state-of-the-art PES and its adjustment given in[R4]. The symmetrized basis
set used for diagonalizing the Hamiltonian has been obddiyemeans of the symmetry projection methofiedient
to the textbook approach, as was explained in Refs.[33, 34].

This paper is organized as follows. In Section 2 the vanmetigorocedure is presented, providing some details
about the 3D torsion-torsion-bending Hamiltonian and tbednination of theb initio PES and kinetic parameters.
In Section 3 some symmetry considerations are dealt for & abundant species and for DMEE. In Section 4,
vibrational energy levels of DME2C are determined and shown. Finally, conclusions are presém Section 5.

2. Computational details

Dimethyl ether is a non-rigid molecule with two strongly pbed equivalent methyl groups that also interact with
the COC bending mode by means of a Fermi interaction. Forréason, it is necessary to consider these three
vibrational modes altogether in our approach in order taiokd suitable description of the lowest frequency range of
the vibrational spectra. The vibrational term values wdrined by means of a variational procedure that includes a
3D torsion—torsion—bending Hamiltonian.

The potential energy surface and its molecular structuneswalculated by CCSD(Tab initio calculations in
a previous paper devoted to the study of the most abundatopsiogue DME-B [24]. In this work, the same
procedure and PES is applied to interpret the DME-properties by taking into account two facts: first, the loks
symmetry derived from the isotopic substitution of dA€ atom by'3C, and also that some of the parameters of the
3D-Hamiltonian are isotopically dependent and need to belcalated. Some hints of the variational procedure are
given below.

2.1. Hfective torsion-torsion-bending Hamiltonian

DME two methyl top rotations are described by the torsiomalesé; andé, while the COC bending angle is
given bya. With these internal coordinates, a 3D torsion-torsionelieg Hamiltonian is built up as:

0
op’

where the fective potential energy surfadé®’ represents the sum of three terms: the potential energgcaurf
V(a, 61, 65), thePodolsky pseudopotential §, 61, 6,) and the zero point vibrational energy correctitht’V e, 61, 65).
The subindexeg, 8’ run over the internal coordinateso, 6,. Whereas the Potential Energy Surfatis isotopically
invariant,V’, V2PVE and the kinetic matrix elemenBg , are functions of the nuclei masses of the molecule.

In Ref. [24], a very accurate Potential Energy Surfatevas obtained from the total electronic energies of
126 molecular structures which were selected followingrgpnend symmetry criteria. They were determined us-
ing Coupled Cluster theory with both single and double stiigins, including perturbatively the triple excitat®n
(CCsD(T)) [35]. The augmented basis set aug-cc-pVTZ wadayed in all the computations [36]. For each struc-
ture, defined for selected values of the three independentlitates, the remaining eighteen internal coordinates
were optimized at the CCSD level. In addition, as an artifisieak of theCs, symmetry of the tops appears during
the optimization process, the torsional coordinates warefally defined in order to preserve the threefold symme-
try [24]. Definitions of the independent coordinates areegiin Ref. [24, 37]. There, the torsional coordinates are
defined as linear combination of three COCH dihedral angléstiae bending coordinate is identified with the COC
curvilinear internal coordinate.

+ Ve(a, 61, 60,) 1)

~ 0
H(a, 61,62) = - Z %Bﬁﬁ’ (@, 61, 62)
BB
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The pseudopotential” and the kinetic parameteBgs were obtained for each 126 CCSD geometries through
the MATRIZG subroutine implemented in ENEDIM code [38] aradelr on, they were fitted to symmetry adapted
functions (see below). How these subroutines work is detai Ref. [39].

For DME-*3C, the ZPVE correctio’v?PVE has been determined in present paper from the MRRcc-pVTZ
harmonic frequecies; of the remaining vibrational modes:

N6
ZPVE _ Wi
e @
i=n+1
where the sum neglects the two torsional and the COC bendodgesnf = 3) and runs over the total number of
vibrational modes in the moleculeN3- 6).

2.2. Torsion-torsion-bending basis set

DME 3D torsion-torsion-bending Hamiltonian [24] is solvedriationally with a basis set expressed in a sym-
metrized form made up of a product of two torsional free retavefunctions [40] and the COC bending harmonic
oscillator wavefunction.

For a molecule with one Ciinternal rotor with a molecular symmetry groGp,(M), the torsional wavefunctions
are given by

kmax
Mooy = D ALTEEn ®)
k:*kmax
wherey is the torsional angles runs from—Kkmax t0 +kmax V is the torsional quantum number andprovides the
symmetry of the torsional state. When = 0O the torsional state carmx symmetry (eitherA; or A, irreducible
representations) and whether= +1, the torsional state bears tResymmetry irreducible representation [41].
For the dimethyl ether, two internal GHlotors with torsional angle$, andé, should be involved in the calcula-

tions. Therefore, the torsional basis set for the interotrs of DME is given by:

¢(tor) = g Bkatoa)di d(Bko+0)02 o =0,+1 (4)
whereo, ando, will provide us the symmetries of the torsional states

Kmax
(01, 92|Vt’vé, Oar b)) = Z CVk:’Vk{t:O'a,(Tbei(3ka+0'a)91é(3kb+a'b)92 (5)
Ka,Ko=—Kmax

in the spectroscopic notatiokA, AE, EA, andEE for (o5, o) equal to (00), (0, +1), (x1,0), (1, +1) respectively.
The torsional quantum numbers are given by the laalady;. Also, the wavefunctions could be written as a double
trigonometric series according to the symmetry of the toral states [23, 42].

The extension of the 2D torsional basis set to a 3D torsigsidn-bending basis set is obtained straightforwardly
by the product of the COC bending harmonic Wavefuncdléif')(a) to the torsional states (5):

(61,62, Vi, V;, Ny; Tip) = (01, 6211, Vf, 7, ) O () (6)

whereny is the harmonic COC bending quantum number Bgds the symmetry of the state. The harmonic wave-
function for the COC bending is characterized as follows

_ 22
{any) = <Dg;'°')(a) = Nn€ 2 Hy(Ba) ; B°=

CZOO (7)

wherep is obtained by the parameters of the zeroth-order harmoamiktbnian of the COC bending mode: the
kinetic paramete€2%, with information of COC bending reduced mass, and the peraling second-order force

constantAyqg (see below).N,, is the normalization constant ar},, are Hermite polynomials. The COC bending
states can be dealt in second quantization.
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2.3. Adjustment of the 3D potential energy surface

Theab initio potential surface was used in the calculation of the DMEatibnal term values. Although pued
initio results are very accurate, computed energies were slidéwiated from the experimental ones [24] (3¢rthe
torsional fundamentals and 8 chthe bending fundamental for DMEgh In our previous paper, we have performed
an empirical adjustment of the PES in order to understandtiggn of this deviation. We concluded that these
small errors came mainly from two causes, one reflected iovheestimation of the pure COC bending energies and
another observed in the energy gap between the torsiorigearing and gearing modes that is extremeffialilt to
reproduce well from pura@b initio calculations given the artificial loss of symmetry deriveonf the optimization
processes.

The first source of these small errors was caused by the d@@fimif the bending coordinate. In our 3D model,
the COC bending coordinate is identified with one internardmate, the COC in-plane angle Thus, we have
introduced an error since the bending COC normal coordiisat®t 100% the COC bending angle but also has a
contribution of the other internal coordinates lying on thelecular plane. Therefore, in order to correct the COC
bending energy levels, a new definition of the COC bendingdinate that weights the contribution in the normal
coordinate should be carried out:

@ = a(1+ Factor/100) , (8)

and should be substituted in the Hamiltonian (1) besidesgihg the kinetic matrix paramet&,, by:

B, = Bue (1 — Factor/100) . )

Actually, the new coordinate’, and hence thEactor value in its definition, is obtained after adjusting the P& 8t
available experimental data [24, 25].

The second source of error came from Big, parameter of the potential energy surface mainly resptesib
the energy dierences between the gearing and antigearing torsionabnsotiTheab initio value of the parameter
resulted in pushing up the antigearing torsional energgllemile the gearing torsional energy levels were pushed
down. A slight change of thBy;; parameter value was required in order to correct the géiprdnces between the
gearing and antigearing torsional term values.

3. Symmetry considerations

Symmetry properties for a molecular system with two egeivatops, as DME-) and with two unequivalent
tops, as DMELC, were derived long time ago (see e.g. Refs. [13, 42, 43])wé¥er, in this paper a symmetry
projection diferent to a textbook approach is carried out. This is basedvenyadficient formalism that was recently
applied to the study of the molecular vibrational and roailamal structure [33, 34]. Besides, with the aim of working
with a number of DME isotopologues, the consideration ofdbeelation tables among their molecular symmetry
(MS) groups will allow us to interrelate their symmetry atiapbasis sets.

The symmetrization procedure of a selected basis set fbriain andC species is carried out by thégen-
function method44] as described in Refs. [33, 34]. General features amkstefollow are given below. A linear
combination of the symmetry group elements is built from s@quivalence classes of the group. This linear combi-
nation is appropriately chosen when the eigenvalues ofatgotalization for the basis set distinguishes each one of
the irreducible representations of the molecular symmgtoyip. This linear combination is called Complete Set of
Commuting Operators of type | (CSCO-I). If some irreducifdlpresentations are degenerate, the last step is repeated
but for a subgroup of the molecular symmetry group, in ordetistinguish each component of the degenerate irre-
ducible representation. The linear combination of both OS@r the molecular symmetry group and the subgroup
is called CSCO of type Il (CSCO-Il). Therefore, the diag@eation of CSCO-Il should provide eigenvalues that
distinguish the irreducible representations and eacheif tomponents.

The hints for the building of the CSCO-I and CSCO-II are gilmnthe A tables [33, 34] constructed from the
character tables of the molecular symmetry group and theerhsubgroup through the formula [44]

IKil""

r _ i

A== (10)
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where|K;| stands for the number of elements belonging toittfe class,nr corresponds to the dimension of the
I'-th irreducible representation, amﬂ) is its character. Consequently, the eigenvalues assigneddh irreducible
representation and their components can be known a prianigh the character tables of the molecular symmetry
group and the selected subgroup. Hence, the diagonahizati€SCO-II for the chosen basis set is carried out in
order to obtain the eigenvectors, i.e., the symmetry addpdsis set.

Because we are interested in the torsion-torsion-bendiggegs of freedom for DME, we will not deal with the
rotational degrees of freedom here. In case that the globation is involved in the study, the symmetrized rotatlona
basis set can be obtained from diagonalizing the CSCO-llatpewith the symmetric-top rotational basis set. For
that, the equivalent rotations [43] should be sought oniyefach symmetry element involved in the CSCO-II. Our
symmetrized rotational basis sets are the same than thaseigiRef. [27]. In order to study the microwave spectrum
of a two-top molecule, aompletebasis set of torsion-torsion-bending wavefunctions cediplith rotational functions
should be used to diagonalize the CSCO-II that providesaisdmpletesymmetry adapted basis set.

The COC bending mode has a totally symmetric representafibarefore, the symmetry of the torsion-torsion-
bending wavefunctions only depends on the transformatfidheotorsion-torsion wavefunction (4) under the sym-
metry operations. In order to obtain a symmetry adaptedsisztj the CSCO-II operator should be diagonalized in
a subspace of the torsional basis set. The torsional bassigspace is chosen for each set of possible values of
(oa, op) in order that their torsional functions intertransforndenthe symmetry operations. Hence, the subspace,
for a given setd,, o), is the following:

' = Jka, ko)
— ei(3ka+ffa)91ei(3kb+0'b)92
¢l = ko, ka)
— dBton) g(Bkatoa)d
¢l = |~ ka, —kp)
— e—i(SkaJru—a)(-)le—i(Skaro—b)é)g
S [
— e—i(3kb+0'h)91e—i(3ka+0'a)(7‘2 (11)

3.1. Gzg Symmetry

DME-hg has a molecular symmetry grogias [42] and, at the equilibrium, a molecular point gratyy, where this
latter is a subgroup of the former one. In Tables 1 and 2, ckargables corresponding to the molecular symmetry
groupsGss andCo (M) are shown with their symmetry elements grouped as equigalelasses. The labeling of the
atom nuclei is given in Fig. 1.

The CSCO-llis chosen as a linear combination of symmetiyeigs involved in the chai@ss > C2(M) in order
to distinguish among irreducible representations and twnponents. This operator could be chosen as

Cii = Kz + 3Ky + 2(K} + 3K)) (12)

whereKz andK7 are equivalence classes@fs (see Table 1), and/ andK; are equivalence classes@f,(M) (see
Table 2). The sum of all the symmetry elements belonging ¢octhsses in Eq. (12) produces the CSCO-Il. The
eigenvalues of Eq. (12) are given in Table 3 and provide tteglircible representations ks and distinguish their
components through the irreducible representationS,gfM). In this table the subductioGss | C2(M) is also
presented. With the subspace (11), for a given sgtdp), the CSCO-II is diagonalized and the eigenvectors are
obtained (see Table 4). In fact, the torsional symmetry thpasis sets are obtained through a linear combination
of the result of Table 4 for a given symmetry after summingrtlreverk, andk, values from—Kknmax to +knax (S€€
Eq. (5)).

For G molecule, the symmetry of the molecular dipole moment indberatory axis systemi(ua) = Az but the
infrared transitions, corresponding to the Q branchestgpe-bands are given by the symmetry of the c-component
of the molecular dipole moment in the molecular fixed axidesyd (1) = A [24].
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According to the Born-Oppenheimer approximation, the PESe same for all DME isotopologues. That means
thatV is totally symmetric for the symmetry transformations of &ss group. Therefore, the 3D-PES is expressed
as:

4 2 2
V(a,01,02) = ZZZA nea™ (cos N6, cos 3.6,)

M=0N=0 L=0

+ Bm1a™ (sin ¥: sin3y) . (13)
=0

<

3.2. Gig symmetry

The molecular symmetry group of #C isotopologue is reduced &g while, at the equilibrium, its point group
is reduced t@s. In Refs. [26] and [27], symmetry discussions are carrigdf@uthe microwave spectral analysis of
a two-top molecule witlg;g symmetry. The equivalence classes are given in Table 5 diogpto Ref. [26].

After considering the case of DMEshthe simple way to tackle the symmetrization is through thiedsiction
of Gs6 t0 G1g for obtaining the irreducible representations of DM and the subductio@, (M) to Cs(M) to
distinguish the components of each degenerate irredugplesentation af1g. In Table 6, the subduction frofiss
to Gig is provided by showing the irreducible representationg gf for each setd,, o). Thereby, the symmetry
adapted basis of the torsional wavefunctions of DME-can be obtained from the result given in Table 4 but taking
into account the symmetry @5 given in Table 6. The components of the degenerate irretfudpresentations of
G1g are distinguished with the symmetry grogg(M). Therefore, the following subductiagg | Cs(M), referred in
Table 7, will provide us the components of the degeneragelirtible representations which are characterized by the
values either-1 or -1 of o-; ando,. The character table @fs(M) is presented in Table 8.

For G1s, the symmetry of the molecular dipole moment in the labayasxis systen'(ua) = Az but the infrared
transitions, corresponding to the Q branches of c-type $ane given by the symmetry of the c-component of the
molecular dipole moment in the molecular fixed axis systém) = A,.

For DME-3, due to the isotopic substitution 6iC in DME, the mass-dependent potential functivhandvZPVE
have the same mathematical expression thanEq. (13) although they are totally symmetric respect éodyymmetry
transformations of1g group. Hence, thefiective PESV®' is also expanded as in Eq. (13) and, as it is the sum of
V, V’ andVZPVE it will bear the irreducible representati@dq in the G1g molecular symmetry group and not G
group. As happens to the potential terms, the kinetic matarments also depend on the nuclei masses and therefore
they are given as an expansion of the internal coordinates:

4 2 2
Bys (@,61,62) = Z Z Z Cip-a™ (cos N6; cos 3.6,)
—0N=0 L=0

+ > SpttaM (sin@sindy) | (14)
M=0
which will be totally symmetric respect to thig g symmetry elements.

4. Application to 3C-dimethyl ether

The torsional-bending energies of DMEC are obtained variationally. Thab initio PESV(a, 61,6,) of the
Hamiltonian (1) was the same used for DME{B4]. For the DMEX3C, besides the obvious change of mass, some
molecular structural variations are caused by the carbbstiution. The more evident is given by the transformation
of a two equivalent methyl tops molecule to a two unequivateps one. As a consequence, the isotopic substitution
effect is expressed mathematically by the expansiofficants changes of the pseudopotendiahnd the zero-point
vibrational energy correctiod?"”VE, which cause the change of thfeetive potential expansion. Although changes
in the dfective potential expansion ceients, defined as in Eq. (13), are very small, they are saatifie when an
interchange of the subindexes of the potential expansieficents are carried out:

7



M. Carvajal et al,/ Journal of Molecular Spectroscopy 00 (2012) 1-17 8

AunL # Avny when N # L. (15)

Therefore, for'3C species, the potential teri is totally symmetric with respect to th@ss Symmetry group
wheread/” andVZFPVE are totally symmetric with respect to tigas group. Then, theféective potentiaVef transforms
as totally symmetric representation@fg. The symmetry loss of theffective potential and the kinetic parameters,
caused by the isotopic substitution, is perceptible in treghicients of Table 9 and Table 10. In Table 9, tifkeetive
potential parameters are presented as they are defined i1 Eoand the isotopic substitution is noted in the fifth
decimal of their cofficients. In Table 10, the more significant kinetic parameseesshown for DMEXC according
to Eq. (14). Infact, in Tables 9 and 10 the parameters predeme not the obtained with puab initio calculations but
considering the corrections set out in Ref. [24] and deddileSubsection 2.3. These corrections come from the new
definition of the bending COC coordinaté (8), which concerns to all the parameters through their deégece on
the bending COC angle, and from a further adjustment 81, (see Eq. (13)). As there is no available experimental
data for DME23C, it is assumed that the PES adjustment of DME24] could closely work in the present DMEC
study. Therefore, the same adjustéidetive potential function and kinetic term given in Ref. [2¢re used in this
work but considering the correction of thecoordinate for the DMESC and the geometrical changes derived from
the isotopic substitution, i.e. M, VZPVE and the kinetic matrix elemenBy; . Hence, according to the contribution
of adjustment of the COC angte to the bending normal coordinate for DME;tthe bending angle correction of
DME-13C was also given b¥actor = 1.954 in Eq. (8) whereaB;1; was changed from the pure CCSD(T) value of
-15.899 cnt! to —2.899 cn1! (see Table 9).

For the diagonalization of the Hamiltonian matrix, the tonsl-bending basis set (6) was symmetrized as it has
been explained in Section 3. The dimension of the Hamiltoniatrix is determined by the chosen valuekgf in
Eg. (5) and the maximum quantum numb@#*for the bending harmonic functions (7). High valuekafx andn]'®
guarantee the convergence of higher excited torsionalibgrenergies. In this work, the convergence of the trassiti
frequencies among lowest excited states was reached ugitdttind decimals whekimax = 22 andn]'®* = 13, as was
observed in Ref. [25].

In Tables 11 and 12, the computed frequencies of some lavglyansitions are presented for the infrared and
Raman spectra, respectively. Under coluB®@SD(T)of former tables, the frequencies calculated with a @lraitio
CCSD(TYyaug-cc-pVTZ level of theory, with no further correctionse given. Although they are expected accurate
we do not dismiss some small divergences with respect ttrtieevalues. In order to delimit therue values of the
transition frequencies, since there is no available erpantal data to compare with our calculations, we have thbugh
necessary to provide an alternative result coming from tr@ampeters of Tables 9 and 10, i.e., obtained from the
empirically adjustecb initio PES (see Subsection 2.3). Their calculated frequenciggasented under the column
marked byAdjustedof which we would expect that the possible existing divemgecould be corrected. In Tables 11
and 12, we have classified the transition lines by symmetidies proposing for them an assignment. The symmetry
labeling characterizes the splitting caused by the twecetangplitude unequivalent tops.

We should remark some of théfects of the adjustment in the vibrational energies (seee$abl and 12). For
example, on one hand, the bending angle correction conteerzure COC bending energy level (00 1) by shifting
its value from 41& cnt? to 4092 cnvt. On the other hand, thefect of decreasing the absolute valueBgf; caused
that the energy gap drop between the gearing torsional (§&t6) and the antigearing torsional state (01 0) from a
difference around 46 cthto 41 cnt?. It is expected that the frequency corrections are goingénright direction
after being proven previously in Refs. [24, 25].

Also, it is interesting to highlight that fag;s DME species, the transition (106 (000) (g.s.) is forbidden for
both the infrared and Raman spectra. The torsional stat@)(h&sA; symmetry in thegss symmetry group while,
e.g., in the infrared spectrum the symmetry of the c-compbagthe dipole moment i§(u) = A;. For DME-ZC,
this band can be observed in the infrared spectrum. The(4tat@) hasA, symmetry in thgz1g molecular symmetry
group and according tB(u), the infrared transition (100} (000) (g.s.) is allowed.

This fact is very important in order to provide some inforioatof the energy term value of (1 0 0) of main species,
which can only be observed in less intense transitions wheresombinations bands are involved. A first recording
of the DME-Z3C is longed to verify theb initio PES of Ref. [24] when adjusted fétC-isotopologue and to resolve
the energy term value of (1 0 0) of parent species throughlthaitio PES.
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5. Summary and conclusions

For first time, infrared and Raman low-lying transition foegcies have been computed for the DME- An ab
initio three dimensional potential energy surface calculatel wihighly correlated method for DME;H24] was
vibrationally corrected and expanded in terms of the irdkooordinates describing the COC bending and the two
large-amplitude Chlinternal rotation degrees of freedom. The vibrational teaiues were computed variationally
after an appropriate symmetrization of the wavefuncti@esides, according to previous infrared and Raman analysis
of the main isotopologue [24] and of two deuterated sped@d8§ pn empirical adjustment of thab initio 3D-PES
was carried out in order to understand the possible smaithtiens between calculations and thieire data.

In the infrared spectrum some allowed vibrational tranagibelow 300 cmt were presented and, for the Raman,
some of those around 400 chn In total, 85 transition frequencies were predicted witteangood accuracy, as was
proven in Refs. [24, 25]. The splittings caused by the tosionodes have also been resolved for each vibrational
transition according to the standards of highly correlatedhitio calculations.

Due to no experimental frequencies have been recordedédDRME-'>C yet, these accurate calculations of the
vibrational band positions could be useful whether measargs of the infrared and Raman spectra were carried
out. Also, the calculated Hamiltonian parameters repteaayood starting support for the spectral analysis in the
microwave range and to characterize DNAE for astronomical purposes.
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Figure 1. DME at the equilibrium structure and the numberihguzlei considered in this work.
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Table 1. Character table for the MS gro@gs in terms of the group classes [43].

G | Ki Ko Kz Ky Ks Kg Kz Kg Kg
Aq 1 1 1 1 1 1 1 1 1
Ao 1 1 1 1 1 1 -1 -1 -1
A 1 1 -1 1 1 -1 1 1 -1
Ay 1 1 -1 1 1 -1 -1 -1 1
E1 2 2 2 -1 -1 -1 0 0 0
E, 2 2 2 -1 -1 1 0 0 0
Es 2 -1 0 2 -1 0 2 -1 0
E4 2 -1 0 2 -1 0 -2 1 0
G 4 -2 0 -2 1 0 0 0 0

The Gss group classes are the following:

E} : Ky ={(123)(456)(132)(465)
(123)(465) (132)(456) ;

(142635)(78), (143526)(78), (162534)(78), (153624)(78), (163425)(78), (152436)(78)}

12

Ks = {(14)(26)(35)(78). (15)(24)(36)(78), (16)(25)(34)(78)}
Ks = {(123) (132) (456) (465)

(14)(25)(36)(78)(15)(26)(34)(78)(16)(24)(35)(78)

(142536)(78)(143625)(78)(152634)(78)(163524)(78)(153426)(78)(162435)(78)
(23)(567, (13)(46), (12)(45), (23)(45), (23)(46), (13)(45), (13)(56), (12)(46), (12)(56) }

Table 2. Character Table for the MS grodg,(M).

Ca(M): | K] K, Kj K]
Ay 1 1 1 1
A 1 1 -1 -1
B: 1 -1 -1 1
B, 1 -1 1 -1
TheCy,(M) group classes are the following:

Ki = E

Ky = (14)(25)(36)(78)
Ky = (23)(56)

Ki = (14)(26)(35)(78)
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Table 3. Eigenvalues of the CSCO-II for a molecule vty symmetry.

Gss | Cv(M) | {=v+2u
Aq Ar 20
Ao B, -2
A Ao 2
Ay B, -20
E1 Aq 11
E. B, 7
E, Ao -7
E, B, -11
Es Ay 17
Es Ao 5
E4 B, -5
E4 B, -17
G Aq 8
G Ao -4
G B, 4
G B, -8

Table 4. Eigenvectors of the CSCO-II fggs from Eq. (11).

oa Op ¢ | Symnt | Eigenvectd?
0 0 20 A, A1 {1,1,1,1}
-2 A,Br | {1,-1,-1,1})
2 Az, A | (-1,-1,1 1)}
~20| ALB,|{1,-1,1,-1)
1 -1 11 Ei, A {1,1,1,1}
7 E., By | {1,-1,-1,1}
7| EnA | {-1,-1,1,1)
11| ExnB,| (-1,1,-1,1)
1 1 17 Es, A1 {1,1,1,1}
5 Es, Ao | {-1,-1,1,1}
-5 E4, By | {1,-1,-1,1}
=17 Es, By | {-1,1,-1,1}
1 0 8 G,A {1,1,1,1}
-4 G A | {-1,-1,1,1
4 G,B; | {1,-1,-1,1}
-8 G,B | {-1,1-1,1}

NOTES:

& The labels provide the irreducible representationgzed and Co(M) respectively, that means, the irreducible
representations @ss and their components.

b The four components of the eigenvectors refers to each Bfetml wavefunction of the subspace given in Eq. (11).
The symmetry adapted basis will be obtained from a sum ofitleneectors, with a given symmetry, for all possible
values ofk, andk,. The normalization should be considered too.

13
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Table 5. Character table for the MS gro@ps in terms of the group classes [26, 43].

Gis | Ki Ko Kz Kz Kg Kg
Aq 1 1 1 1 1 1
Ao 1 1 1 1 1 -1
Eq 2 2 -1 -1 -1 0
E,| 2 -1 2 -1 -1 0
Es| 2 -1 -1 2 -1 0
E4 2 -1 -1 -1 2 0

TheGig group classes are the following:
K1 = E; Ky = {(456) (465); K3z = {(123) (132)}; K4 = {(123)(456) (132)(465); Ks = {(123)(465)(132)(456);
Ke = {(23)(56Y, (13)(46), (12)(45), (23)(45) . (23)(46), (13)(45), (13)(56), (12)(46Y, (12)(56) }

Table 6. Subduction Table from the MS gro@ps to G1s.

(0a, ) G36 | G3s | Gis
Aq Ay
(0,0) A, A
Az A,
Aq A
(i 1, il) El E3
E> Es
(i 1, il) Es Es
E,4 =

(£1,0),(0+1) | G EieE;

NOTE: E; symmetry corresponds to§, o) = (£1,0) andE; to (o3, op) = (0, £1).

Table 7. Subduction Table from the MS gro@ps to Cs(M).

(0a,00) | Gis | Gig L Cs(M)
©0.0) | A A

Ao A’
GLO) | E1 | AeA
0+1) | E» | ANeA

LF1) | Es | AeA

(+1,+1) | Es | AeA

Table 8. Character table for the MS gro0g(M) [43].
Cs(M) | E (23)(56)

A 1 1

A 1 -1

14
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Table 9.Ab initio parameters of the adjusteffective torsional-bending potential (13).

Parameter Valile  Parameter Valie
Aooco 9709887 Aoog -0.1071
Aioo -54.7897 Aogo -0.1071
Acoo 10.1393 Az2o 0.0038
Azoo -0.1402 Azor 0.0038
Ao1o -497.1729 Aot 0.8149
Agor -497.1729 Ao12 0.8149
Ai1o 317310 A1 -0.3289
Aio1 317310 A1 -0.3289
Ao1o -1.0805 Aooq 0.0481
Aoor -1.0805 Aoro 0.0481
Asz1o 0.0134 Aso1 0.0026
Aso1 0.0134 Az1o 0.0026
Ao11 26.7661 Ao 1.3639
A1 -127102 A12o —-0.0958
Aorq 0.5208 Aooo -0.0293
Az11 -0.0056 Azoo 0.0026
Ag2o -3.2897 Bo11 -2.8995
Agoz -3.2897 Bi11 14.3670
A120 1.1183 Bs11 -0.7375
Aqo2 1.1183 Bs11 0.0117

a The parameter values are expressed in‘camd degrees.

Table 10.Ab initio parametersof the adjusted 3D torsional-bending Kinetic operator (14)

Paramet®  Valu€ Paramet® Valu€ Paramet® Valué
ngo 6.7378 Co0o 6.7169 Cgoo -1.2002
C100 0.0451 cido 0.0451 cibo  _oosa3
c2o0 0.0012 3o 00012  C20  _00010
oo ~0.0089 o 00013  cio  _go102
coot 0.0014 c¥ _poose ¥ _goio2
Clio 0.0021 cit 0.0021 cBo 0.0022
o 0.0036 clir ooose 2 ooo23
Co02 ~0.0016 c¥ 00015
soit 00023 SOl 00023
CO0 51702152  C.0 553450  C2 0.0180
300 ~0.0081

2 Only the parameters with values higher than®ére shown.

b The subindexea andb of the kinetic matrix elements stand for the internal tansiccoordinateg; andé,
respectively.

¢ The parameter values are expressed in'camd degrees.
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Table 11: Calculated Infrared transitions given by a CCSp@tential.

V& VN, Symm. Vv V n, Symm. CCSD(® Adjusted

1 0 0 Ay « 0 0 0 Ay 198.453 200.912
1 0 0 E, — 0 0 0 E, 198.444 200.903
1 0 0 E, — 0 0 0 E, 198.444 200.904
1 0 0 Es « 0 0 0 Es 198.435 200.894
1 0 0 E4 « 0 0 0 E4 198.435 200.894
0 1 0 Ay — 0 0 0 Ay 244 553 241.607
0 1 0 E; — 0 0 0 E; 244.544 241.598
0 1 0 E, — 0 0 0 E, 244,544 241.598
0 1 0 Es — 0 0 0 Ej 244,534 241.588
0 1 0 E,4 — 0 0 0 E,4 244534 241.588
2 0 0 Ay — 0 1 0 Ay 142.567 148.002
2 0 0 E, — 0 1 0 =3 142.702 148.134
2 0 0 E, — 0 1 0 E» 142.704 148.136
2 0 0 E; — 0 1 0 Es 142.841 148.270
2 0 0 E,4 — 0 1 0 E,4 142.841 148.270
2 0 0 A — 1 0 0 Ay 188.667 188.697
2 0 0 E:1 — 1 0 0 E; 188.802 188.829
2 0 0 E, — 1 0 0 E, 188.804 188.830
2 0 0 Es — 1 0 0 Ej 188.940 188.964
2 0 0 E4 — 1 0 0 E4 188.940 188.964
0 2 0 Aq — 0 1 0 Ay 241.537 238.380
0 2 0 E; — 0 1 0 E; 241.626 238.461
0 2 0 E, — 0 1 0 E, 241.624 238.459
0 2 0 Es — 0 1 0 Es 241.713 238.540
0 2 0 Es — 0 1 0 E4 241.712 238.540
0 2 0 Aq — 1 0 0 Ay 287.637 279.075
0 2 0 E; — 1 0 0 =1 287.726 279.156
0 2 0 E, — 1 0 0 E, 287.724 279.153
0 2 0 E; — 1 0 0 Ej 287.812 279.234
0 2 0 E,4 — 1 0 0 E,4 287.811 279.234
1 1 0 A — 0 1 o0 A 177.520 180.022
1 1 0 E; « 0 1 0 E, 177.749 180.248
1 1 0 E, — 0 1 0 E, 177.742 180.240
1 1 0 Es — 0 1 0 Es 177.970 180.464
1 1 0 E,4 — 0 1 0 E4 177.970 180.465
1 1 0 Aq — 1 0 0 A 223.620 220.717
1 1 0 E, — 1 0 0 E,; 223.849 220.943
1 1 0 E, — 1 0 0 E, 223.842 220.934
1 1 0 Es — 1 0 0 Ej 224.069 221.158
1 1 0 E,4 — 1 0 0 E4 224.069 221.159
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Table 11 — Continuation.

V& VN, Symm. Vv V, n, Symm. CCSD(® Adjusted

2 1 0 A — 2 0 0 Ay 202.118 200.287
2 1 0 E, — 2 0 0 E,; 199.654 197.852
2 1 0 E, — 2 0 0 E, 199.755 197.969
2 1 0 =) — 2 0 0 Ej 197.111 195.293
2 1 0 E,4 — 2 0 0 E4 197.112 195.294
1 2 0 Ay — 1 1 0 Ay 229.572 225.090
1 2 0 E; — 1 1 0 E; 228.109 223.681
1 2 0 E, — 1 1 0 E, 228.150 223.726
1 2 0 E; — 1 1 0 Ej 226.657 222.275
1 2 0 E,4 — 1 1 0 E4 226.645 222.265
1 0 1 Ay — 0 0 1 Ay 196.493 201.032
1 0 1 E; — 0 0 1 E; 196.489 201.117
1 0 1 E, — 0 0 1 E, 196.495 201.118
1 0 1 Es — 0 0 1 Es 196.475 201.203
1 0 1 E,4 — 0 0 1 E,4 196.474 201.202
0 1 1 A — 0 o0 1 A 226.544 224.874
0 1 1 E; — 0 0 1 E; 226.605 224,922
0 1 1 E, — 0 0 1 E, 226.603 224917
0 1 1 E; — 0 0 1 Es 226.664 224.968
0 1 1 E,4 — 0 0 1 E4 226.665 224.968

a8 CCSD(Tyaug-cc-pVTZ
b Adjusted Hamiltonian given in Ref. [24] after including therrections derived from the definition efcoordinate
and the isotopic structural changes.
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Table 12. Calculated Raman transitions given by a CCSD(Teriat.

Vi Vi np Symm. Vv V, n, Symm. CCSD(® Adjusted

0 0 1 A « 0 0 O A 418.537 409.170
0 0 1 E; « 0 0 O E1 418.534 409.173
0 0 1 E, « 0 0 O =) 418.534 409.173
0 0 1 Es « 0 0 O E; 418.530 409.175
0 0 1 E,4 « 0 0 O E4 418.530 409.175
2 0 O Ay « 0 0 O A 387.120 389.609
2 0 O E; « 0 0 O E; 387.246 389.732
2 0 O E; « 0 0 O E, 387.248 389.734
2 0 O Es « 0 0 O E; 387.375 389.858
2 0 O E4 « 0 0 O E4 387.375 389.858
1 1 0 AL « 0 0 O A 422.073 421.629
1 1 0 E; « 0 0 O E; 422.293 421.846
1 1 0 E « 0 0 O E, 422.286 421.838
1 1 0 E; « 0 0 O E; 422.504 422.052
1 1 0 E4 « 0 0 O E4 422.504 422.053
0 2 0 AL « 0 0 O A 486.090 479.987
0 2 0 Ex « 0 0 O E; 486.170 480.059
0 2 0 E; « 0 0 O =) 486.168 480.057
0 2 O E; « 0 0 O E; 486.247 480.128
0 2 O E,4 « 0 0 O E4 486.246 480.128
1 2 0 A « 1 0 O A 453.192 445.807
1 2 0 E; « 1 0 O E1 451.958 444.624
1 2 0 E, « 1 0 O E, 451.992 444.660
1 2 0 Es « 1 0 O E; 450.726 443.433
1 2 0 E4 « 1 0 O E4 450.714 443.424

a8 CCSD(Tyaug-cc-pVTZ
b Adjusted Hamiltonian given in Ref. [24] after including tberrections derived from the definition afcoordinate
and the isotopic structural changes.
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