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ABSTRACT

The microwave spectrum of 2,5-dimethylpyrrole was recorded using a molecular jet Fourier transform microwave
spectrometer operating in the frequency range from 2 to 26.5 GHz. Only one stable conformer was observed as
expected and confirmed by quantum chemical calculations carried out to complement the experimental analysis.
The two equivalent methyl groups cause each rotational transition to split into four torsional species, which is
combined with the quadrupole hyperfine splittings in the same order of magnitude arising from the **N nucleus.
This results in a complicated spectrum feature. The spectral assignment was done separately for each torsional
species. Two global fits were carried out using the XIAM code and the BELGI-C-2Tops-hyperfine code, a
modified version of the BELGI-C,-2Tops code, giving satisfactory root-mean-square deviations. The potential
barriers to internal rotation of the two methyl groups were determined to be V3 = 317.208(16) cm™2. The molecular
parameters were obtained with high accuracy, providing all necessary ground state information for further

investigations in higher frequency ranges and on excited torsional-vibrational states.
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I. INTRODUCTION

Besides the classic topics in structural chemistry,* large amplitude motions (LAMS), e.g., internal rotation,? ring
puckering,® and inversion motion,* form a very active area in microwave spectroscopy. The effect of a methyl
internal rotation on the rotational spectrum is that each rotational transition exhibits a torsional fine structure
caused by the interaction of the methyl internal and the overall rotation. This fine structure, consisting of A-E
doublets, depends on the height of the potential barrier hindering the internal rotation. If the barrier is very high,
the internal motion of the methyl group corresponds to simple harmonic oscillation, whereas if the barrier is very

low, the internal motion corresponds to an essentially free rotation.

In the presence of two methyl internal rotors, the fine structure consists of quartets (two equivalent tops)
and quintets (two inequivalent tops). Analyzing their microwave spectra is a rather complicated task. Fitting the
spectrum with sufficient accuracy often requires effective Hamiltonians to be included in the model. Due to
challenges in both spectral assignment and fit, only a limited number of two-top molecules have been investigated,
as reviewed by Nguyen and Kleiner.? Unlike inequivalent two-top cases where the point group of the frame
symmetry can be C; or Cs, in the cases of two equivalent methyl groups, due to the higher molecular symmetry
requirement, e.g., Ca, Can, 0or Cyy, the number of studies reported in the literature are even smaller. Some examples
of equivalent two-top molecules are dimethylgermane,® dimethylamine,® dimethylketene,” isobutylene,® propane,®
2,6-lutidine,** difluorodimethylsilane,'? 2-bromopropane,'® dimethyl sulfate,’* acetone,'>¢ dimethyl ether,'’
diethyl  ketone,®*  dimethyl sulfide,®®  25-dimethylthiophene,®  2,5-dimethylfuran,?* and 2,6-
dimethylfluorobenzene.?? The spectral analysis can be challenging in some cases like 2,6-lutidine,'®! that
understanding the microwave spectra still remains incomplete. In the present work, we studied the microwave
spectrum of 2,5-dimethylpyrrole (25DMP), a nitrogen-containing five-membered ring which contains two
equivalent methyl groups and a nitrogen atom with support from quantum chemical calculations. The investigation

adds an important contribution to the limited number of studies on two equivalent methyl rotors.

While high barriers result in rather small torsional splittings in the order of a few tens of kHz to a few
MHz as found for 4- and 5-methylthiazole,®?* or 2-chloro-4-fluorotoluene,?® in the case of low barriers, the
splittings can be up to several GHz,%6?® making the spectral assignment difficult. If the molecule contains also a
1N nucleus which causes a quadrupole hyperfine structure with splittings also from a few tens of kHz to 2 MHz
in addition, the spectral analysis is even challenging for high barrier cases, since the hyperfine patterns overlap
with the torsional splittings.?° To confirm that the assignments are correct, it is often useful to fit each torsional
species separately. For 25DMP, we wrote a program called WS18 which takes into account the quadrupole

coupling of one *N nucleus for this purpose.

The effects of internal rotation arising from two methyl groups in combination with one weakly coupling
14N guadrupole nucleus can be treated in a global fit with the program XIAM.* However, XIAM has its weakness
in reproducing the experimental data to measurement accuracy if the torsional barrier is low.3:% It is often
discussed that a reason might be the neglection of interactions between different v; states, but a study on m-
methylanisole has proven this assumption to be false.®* Recent studies on 4-methylacetophenone,® 3-
fluorotoluene,*® and m-methylanisole®” strongly suggest the limited number of parameters available in XIAM to be

the main reason.
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The initial version of the BELGI-C, program® has been extended to a hyperfine version for one-top,
BELGI-Cs-hyperfine,® and recently also for molecules with two inequivalent methyl tops, BELGI-Cs-2Tops-
hyperfine.3! In many cases, the BELGI code shows great advantages over XIAM in reducing the root-mean-square
(rms) deviations.?:31:3%-41 To treat the microwave spectrum of 25DMP, we modified the BELGI-C,,-2Tops code
which was used to fit the rotational spectrum of dimethyl sulfide, properly treating molecules containing two
equivalent methyl tops with C,, molecular symmetry,'® to BELGI-Ca-2Tops-hyperfine to consider the quadrupole
coupling of one N nucleus. The results of BELGI-C,-2Tops-hyperfine will be compared with those of XIAM.

I1. THEORETICAL

A. Quantum chemical calculations

Quantum chemical calculations were performed at the MP2/cc-pVDZ level of theory using the GAMESS
program.*? The obtained rotational constants, the V3 term of the methyl torsional potentials, and the *N nuclear
quadrupole coupling constants (NQCCs) were used as initial values for assigning the spectrum of 25DMP.

Optimizations of the molecular geometry of 25DMP at the MP2/cc-pVDZ level of theory yielded only
one stable conformer with the geometry shown in Fig. 1. The dihedral angles a; = £(Cs,C2,Cs,H13) and
a2 = £(C4,Cs,C7,Hi6) are 0° at equilibrium. The nuclear coordinates in the principal axis orientation are given in
Table S-I in the Supplementary Material. In order to calculate the N NQCCs, the method of Bailey*® was applied
as it is known to give very reliable results.3!44-6 The electric field gradient at the site of the N nucleus in 25DMP
was calculated at the B3PW91/6-311+G(d,p) level using the molecular geometry given in Fig. 1. The calibration
factor eQ/h = 4.599 MHz/a.u. recommended for conjugated = systems was used.** The resulting quadrupole
coupling constants are yaa = 1.3243, yu» = 1.665, and y¢c = —2.996 MHz. Due to the C2, symmetry of the molecule,
all off-diagonal elements are zero.

b
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i
@

FIG. 1. The molecular geometry of 25DMP calculated at the MP2/cc-pVDZ level of theory. The atom numbering and the
principal axis of inertia a- and b- are given.

A two-dimensional potential energy surface (2D-PES) was calculated at the MP2/cc-pVDZ level by

varying the dihedral angles o1 and o, = (C4,Cs,C7,Hi6) to predict the barriers to internal rotation and to study the
3



AlP

Publishing

possible potential coupling effects between the two methyl rotors, as given in Fig. 2. The symmetry adapted Fourier
coefficients describing the PES are collected in Table S-11 in the Supplementary Material. From the PES, we obtain
a V3 value of 281.9 cm™ for each top with a Vs contribution of approximately 42.6 cm. Moreover, the top-top
potential coupling contributes with 10% to the value of the barrier to internal rotation, indicating a weak anti-

gearing motion between the two tops, as will be discussed in detail in section 1V.C.

180

O

180 0 180

FIG. 2. The potential energy surface of 25DMP calculated at the MP2/cc-pVDZ level of theory obtained by varying the dihedral

angles a1 = (Cs,C2,Cs,H13) and o2 = (C4,Cs,C7,H16) in a 10° grid, corresponding to the rotations of the methyl groups. The
energies (in percent) are color-coded. The global energy minimum is at E = —287.897702 Hartree (0 %).

B. Molecular symmetry

In 25DMP, two equivalent methyl groups are attached to a C,, symmetric frame. Its molecular symmetry
group is Gss with the well-known irreducible representations Ai, Az, As, As, E1, Ea, Es, E4, G and the character
table given in Table S-111 in the Supplementary Material.*’ In this work, we follow a labeling scheme (00), (01),
(11), and (12) which naturally arises from the semi-direct product decomposition Gzs = (C1 ® C1) & C, as reported
by Ezra® and discussed for 2,5-dimethylthiophene by Van et al.*® but with detailed intuitive interpretation. The
label (a4, 0,)-X of the irreducible representations consists of two parts. The first part arises from the invariant
subgroup of Gss, which is the direct product ¢ ® €2 of the two intrinsic (superscript 1) Cs permutation groups of
the internal rotors. Their irreducible representations (oy,0,) with g; = 0,—1,1 represent the transformation
properties of the Cs-adapted planar rotor wave functions e‘!Gk+9)« [ € 7 and the torsional angle a, according to
the three species A, Ea, E, of the Cs group, respectively. For a better readability, we use the number 2 in the
symmetry labels for the o; = —1 irreducible representation. Under the Cyy, frame symmetry, the direct product C2
® €4 decomposes into four orbits {(00)}, {(12), (21)}, {(11), (22)}, and {(01), (10), (02), (20)}. One representative
of each orbit is chosen for the symmetry label. The second part, the label X, is formed by the irreducible
representations of the little co-group of a given (oy, o) orbit. Here, we will give an intuitive description of this
little co-group. The expectation values of the angular momentum of a methyl group are zero for the g; = 0 states.
For g; = 1 and —1 states, the angular momenta are non-zero with opposite signs. This can be imagined as no rotation
for o; = 0, and a clockwise or a counterclockwise rotation for o; = +1. In the case of the (00) species, none of the
tops rotates. There is no displacement of the methyl groups, and in this state the little co-group is C,, with its

irreducible representations Ai, B1, Az, B2. Therefore, we have the Gss species (00)-A1, (00)-Bs, (00)-Az, (00)-Ba,
4
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corresponding to the traditional A1, A2, As, A4 labels, respectively. For the (12) orbit, one top rotates clockwise,
the other one counterclockwise. Looking at a snapshot at a given time, the point group of the frame symmetry is
no longer Cyy but Cs symmetry. There is no longer an ab mirror plane but only a bc mirror plane. From the
irreducible representations A’ and A" of C, we obtain the Gzs species (12)-A’ and (12)-A” corresponding to E;
and E, respectively. In the case of the (11) orbit, both tops rotate either clockwise or counterclockwise. Almost
all the time, there is no longer any mirror plane in the molecule but the C; axis, coinciding with the b axis, remains.
The little co-group of the (11) orbit is C, with the irreducible representations A and B. We obtain the Gz irreducible
representations (11)-A and (11)-B, corresponding to Es and E4. Finally, the (01) orbit describes the case where one
top does not rotate and the other one rotates clockwise or counterclockwise. A snapshot of the molecule will not
show any non-trivial symmetry elements. The little co-group is C; with the species A, and the Gss irreducible
representation is therefore (01)-A corresponding to G. A comparison of both labeling schemes shows that direct
information of the degeneracy of a species, i.e., the non-, double-, and four-fold degeneracy of A, E, G,
respectively, is lost. Instead, we obtain intuitive information on the behavior of the internal rotors for a given Gss

irreducible representation.

25DMP has 9 protons and one *N nucleus, from which 2°-3 = 1536 spin functions arise. The selection
rules along with the spin statistical weights is given in Table I. In comparison to 2,5-dimethylthiophene,* a factor
of 6 was found because the NH group, replacing the sulfur atom in 2,5-dimethylthiophene, adds a proton with two
spin states and a **N nucleus with three spin states while the 3?S nucleus has only one spin state. Without taking
the spin statistical weights into account, the intensities of all torsional components are the same (see for example
Fig. 4 in Ref. %). When the spin weight was taken into account, the calculated intensities of torsional components
are in fairly good agreement with the observed intensities as depicted in Fig. 3. Only for the (12) species, which
should be about half as intense as the (00) species, we found that the two lines feature almost the same intensity

and have no reasonable explanation for this observation.

Table I: Spin statistical weights of torsional components of allowed transitions of 25DMP

ee < 00 €0 < 0e
(00)-A1 < (00)-A; 216 | (00)-B1 <> (00)-B2 168
(12)-A’ & (12)-A" 96 | (12)-A’ >(12)-A" 96
(11)-A < (11)-A 120 | (11)-B < (11)-B 72
(01)-A < (01)-A 384 | (01)-A < (01)-A 384

| |
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FIG. 3. The broadband scan and the simulated spectrum of the four torsional species (00) in red, (01) in green, (11) in blue,

and (12) in purple of the rotational transition 422 < 413 of 25DMP.
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C. The WS18 code

The complexity of the spectra of 25DMP caused by two equivalent methyl groups and the presence of a
14N nucleus makes the spectral assignment a challenging task. The splittings of the torsional species for some
rotational transitions are within 1 MHz and overlap with the hyperfine splittings of the 1*N nucleus. Using a global
fit for assignments was very time-consuming and uncertain. From experiences in the literature, separately fitting
the torsional species is a good alternative to check the assignments, as successfully done in the investigations in
Refs. 223550, Tg take into account the quadrupole coupling of the N nucleus, the WS18 code was written. The

effective Hamiltonian used in our study is:

H =H; + Heq + Hop + Hyg, (1)
with the pure rotational part:

H, = APZ + B%(Pi +P2+P,P_+P_P,)— C%(Pf +P2—P,P_—P_P,), )
the quartic centrifugal distortion terms:

Heq = —4P* — A P2PZ — A P} — §,P?(P2 + P2) — 5, (P2, (P% + P2)}, (3)
the odd-order angular momentum terms:

H,p :qPZ+r§(P++P_)+q,P2Pz+qKPz3+--~, 4)
and the nuclear quadrupole coupling Hamiltonian:

Hpq = V@ Q®, yu0 = 2eQV?, xop — xee = V6Q,P + VD). (5)

The Hamiltonian matrix is set up in the symmetric top basis. Only matrix elements diagonal in J were considered,
leading to a matrix size of (2J + 1)(2J + 1). Both real and complex matrix elements are allowed. The code can be
used for fitting microwave spectra of molecules with any point group of the frame symmetry. Effective
Hamiltonian terms can be added from the input file in WS18, similar to the aixPAM code written for treating the
rotational spectrum of one-top molecules.®* These terms are given as a sum of products of the fundamental operator
P2, P, the step-up and step-down operators P, = Py + iPy, P_ = P, — iP, which are coded as P2, Pz, P+, and P,
respectively. As an example, the operator r;, multiplying %(P2P+ + P2P_), is coded as:
rJ 0.5 P2 P+

(6)

rJ 0.5 P2 P-.

D. The BELGI-Ca-2Tops-hyperfine code

In order to treat the LAMSs originating from two methyl groups and a weak nuclear quadrupole coupling
caused by a N nucleus in the rotational spectrum of 25DMP, the BELGI-C»-2Tops code®® was modified to
BELGI-C,,-2Tops-hyperfine. The method is similar to that applied for 4,5-dimethylthiazole.3! The only difference

is the molecular point group which is Cs in the case of 4,5-dimethylthiazole and C,, in 25DMP.
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The Hamiltonian used in BELGI-C,,-2Tops-hyperfine is the same as in BELGI-C,,-2Tops*® which is based
on the Hamiltonian initially introduced by Ohashi et al.>° It is written in a slightly modified Principal Axis Method
(quasi-PAM). In the Hamilton operator of Eq. (6) from Ref. > which we also used, the axis system (X, y, z) is
chosen in such a way that quadratic cross terms in the angular momentum components Px, Py, and P; are kept fixed
to zero at lowest order, which is different from the traditional PAM Hamiltonian with internal rotation (see Eq. (7)
of Ref. %°). The relations between the parameters of our quasi-PAM and the traditional PAM system are defined in
Egs. (9) to (12) of Ref. %, Unlike in Ref. 5°, we follow a two-steps diagonalization of the matrix associated to the

Hamiltonian. More detailed descriptions are referred to Refs. 1° and 5.

The quadrupole energies for each rotational transition in a given torsional state caused by the **N nucleus
are computed in the BELGI-C,,-2Tops-hyperfine code using the perturbation approach where the hyperfine energy

expression is

fU.J,F)
JU +1)

with the Casimir function f(1, J, F).%

Ene (1,],F) =2 [Xaa(Pzz) + xob{PE) — Kaa + Xbb) (Pf) + Xap(PPx + PXPz)] )

To facilitate the calculations, the numerical expectation values of the quadratic angular momentum
components (P,%),(Pyz),(Pzz), and (PP, + P,P,) are quantified and then transferred into Eq. (7). This method
allows us to determine the structure of all hyperfine patterns and take the nuclear quadrupole coupling constants
into account in a global fit which already treats the internal rotation of two equivalent methyl groups in BELGI-
Co-2Tops.®®

11l. EXPERIMENTAL
A. Measurements

The rotational spectra of 25DMP were measured with a molecular jet Fourier transform microwave spectrometer
operating in the frequency range from 2.0 to 26.5 GHz.5® 25DMP was purchased from TCI Europe, Zwijndrecht,
Belgium, with a stated purity of over 97% and was used without any further purification. A small piece of a pipe
cleaner containing the substance was put inside a steel tube close to the nozzle. Helium was used as carrier gas
and flowed at a backing pressure of approximately 200 kPa over the substance. The mixture of helium and 25DMP
was then expanded into the cavity. A broadband scan with a step width of 250 kHz was recorded in the frequency
range from 10.6 to 12.5 GHz. Eventually, all spectra were recorded at high resolution where Doppler splittings are
observed due to the coaxial arrangement between the molecular beam and the resonators. The measurement

accuracy is approximately 4 kHz for all lines.

B. Spectral analysis

Due to the C,, symmetry of 25DMP, we only expected one dipole moment component along the b axis which is
in agreement with results from quantum chemical calculations stating that |ua| = 0.00, |ub| = 2.10, and |uc| = 0.00
D. Using the calculated rotational constants, V3 potential of the methyl groups, and angles between the principal a

axis and the internal rotor axes, a spectrum was predicted using the XIAM code.* We first neglected the nuclear
7



quadrupole hyperfine structure and could identify the four torsional states (00), (01), (11), (12) of some intense
transitions such as 21p < 1o, 404 < 313, and 4y < 413 by comparing the broadband scan and the predicted
spectrum. Using those lines, a fit was carried out, and the fitted molecular parameters enabled us to predict and

find further lines in the frequency range of the spectrometer.

The hyperfine structures arising from the nuclear quadrupole coupling of the **N nucleus were observed
for all torsional transitions. The assignment of the hyperfine patterns was first done separately for each torsional
species using the WS18 code. Subsequently, all lines are fitted globally with the programs XIAM and BELGI-Cy,-
2Tops-hyperfine. The frequency list along with the residuals obtained with XIAM, BELGI-C,.-2Tops-hyperfine,
and WS18 are given in Table S-1V in the Supplementary Material.

IV. RESULTS AND DISCUSSION

A. Separate fits

The four torsional species (00), (01), (11), and (12) were fitted separately with the parameters summarized in Table
I1. All separate fits yielded reasonable standard deviations which are close to the measurement accuracy, showing
that all lines are assigned correctly. All geometry parameters in the separate fits are effective and do not present
the real geometry of the molecule.

Table I1. Molecular parameters of all torsional species of 25DMP obtained from fits with WS18.

Par. Unit (00) (01) (11) 12)
A MHz 6294.59598(87) 6291.65826(19) 6288.7238(19) 6288.71917(62)
B MHz 2016.97245(33) 2016.91615(10) 2016.86103(37) 2016.86032(23)
c MHz 1557.13464(36) 1557.13473(10) 1557.13585(23) 1557.13595(14)
43 kHz 0.1258(82) 0.1004(11) 0.1034(41) 0.0991(22)
Ax kHz -0.152(39) -0.1723(52) -0.235(23) ~0.259(13)
Ak kHz 5.28(20) 3.913(23) 2.74(41) 2.30(12)
33 kHz 0.0521(79) 0.0301(61) 0.0318(50) 0.0285(19)
MHz - 44.94177(36) - 89.8432(18)
r MHz 6.086(37) 12.311(76) -
s kHz ~1.240(13) - ~2.588(60)
qk kHz ~41.645(64) - ~8.452(45)
pon MHz 1.3253(25) 1.3243(15) 1.3262(20) 1.3301(16)
yob-yeo  MHz 4.6287(49) 4.6339(25) 4.6450(35) 4.6331(29)
NP 44 98 55 77
o kHz 4.1 2.5 2.4 2.1

2 All parameters refer to the principal axis system. Watson’s A reduction and I" representation were used. Single standard

errors in the unit of the last digits are given in parentheses.

b Number of hyperfine components.

¢ Root-mean-square deviation of the fit.

B. Global fits

Publiching

AlP

The microwave spectrum of 25DMP was fitted globally with the programs XIAM and BELGI-C,,-2Tops-hyperfine
with results given in Table I11. Both fits give satisfactory rms deviations. In Table 11, all parameters are referred
to the principal axis system. As the BELGI-C,,-2Tops-hyperfine program works in the quasi-PAM system, the

8
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rotational and the quadrupole hyperfine constants need to be converted into the principal axis system for
comparison. The complete set of fitted parameters using the BELGI-C,,-2Tops-hyperfine code is presented in
Table IV.

Table I11. Molecular parameters of 25DMP in the principal axis system obtained with XIAM (Fit XIAM) and
BELGI-Cy-2Tops-hyperfine (Fit BELGI) as well as values calculated at the MP2/cc-pVDZ level of theory.
Parameters from the quasi-PAM system are converted into the PAM system using the conversion code introduced
in Section 2.3. of Ref. 3.

Operator Par.2 Unit Fit XIAM Fit BELGI ® ab initio®
P2 A MHz 6290.61862(82) 6290.69(32) 6192.8
pZ B MHz 2016.95964(16) 2016.96(17) 1999.7
P2 C MHz 1557.07334(14)  1557.06340(11) 1541.2
—p* A3 kHz 0.1010(16) 0.0964
—P2p? Ak kHz -0.2058(96) -0.2100
—p} Ak kHz 3.294(39) 3.3804
—2P%(P2 — P2) 03 kHz 0.02840(99) 0.0289
—{pz,(PZ - P?)} ok kHz - 0.0580
Fo GHz 158¢ 160.238(72)¢ 158
(Pai _ ppa)z F GHz 164.0340° 164.9605f
{(pal - 31‘1‘:;1), (Paz - Bfﬁrz)} Fi2 GHz -5.4211¢ -5.74(12)°
(1/2)(1 — cos(3a)) Vs cmt 317.208(16) 317.9205(41) 281.9
FP,pg, p 0.0370° 0.036460(18)®
{(Pai - B’rﬁri), p?} Dpizk MHz 0.6996(89)
Xaa MHz 1.3272(21) 1.3267(14) 1.3243
Job—xcc  MHz 4.6390(36) 4.6388(31) 4.6610
Z(ina)9  ° 157.130(22) 156.955(24)¢ 156.41
L(ih) ° 67.123(22) 66.955(24)° 66.42
(@) ° 22.888(22) 23.045(24)¢ 23.59
L(izb) ° 67.112(22) 113.045(24)¢ 66.42
Ng" 274 274
rmsk  kHz 4.8 34

8 All parameters refer to the principal axis system. Watson’s A reduction and I" representation were used.

b Rotational and quadrupole hyperfine constants obtained by transformation from the quasi-PAM to the PAM system.

¢ Calculated at the MP2/cc-pVDZ level. The centrifugal distortion constants were obtained by harmonic frequency
calculations.

dFixed to the calculated value.

¢Derived parameter in XIAM. For BELGI-Ca-2Tops-hyperfine, the fitted parameters are qi (= g2) which multiplies the operator
P,p,, (see Table IV). The value of the p parameter can be obtained from g1 = g2 = —2F1p1z and r1 = —r2 = —2F1p1x. fi2 is @
floated parameter, with the relation fi2 = —2F12 (see text).

fFixed value. In BELGI-Ca-2Tops-hyperfine, F1 (or f1 in the notation of Ref. %) = F2 (or f2), multiplying the operators p3, =
e,

9 /(i,c) = 90° for both rotors due to symmetry.

P Number of hyperfine components.

KRoot-mean-square deviation of the fit.
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Table IV. Spectroscopic constants of 25DMP in quasi-PAM obtained with the program BELGI-Cy-2Tops-

hyperfine.
Operator? Par. Unit Value
P2 A MHz 6736.22(17)
P2 B MHz 2024.689(11)
P)% C MHz 1557.06340(11)
—p* 4 kHz 0.0392(17)
- Ak kHz 3.433(28)
—Pp2p2 A kHz ~0.1561(69)
p? = p? Fi=F: GHz 164.9605°
p1p2 fi2 GHz 11.47(12)
(1/2)(1—cos(304)) Va1 cm-! 317.9205(41)
P.p1 q GHz ~12.3329(45)
Pxp1 rn GHz ~1.5691(12)
Pxp1P? r MHz ~11.91(28)
2yaa MHz 2.6533(29)
200 MHz 3.3121(27)
2yce MHz -5.9654(29)
Ngd 274
rms® kHz 34

@ All parameters refer to the quasi-PAM system. Px, Py, P; are the components of the overall rotation angular momentum, p1
and p: are the angular momentum of the first and the second top, and i is the internal rotation angle.

b Notation used in the input and output. The relations between the parameters of top 1 and top 2 are: Va2 = Vaz, Va2 = Vau, Q1
=02, = 1, ry= .

¢ Fixed values.

4 Number of hyperfine components.

¢ Root-mean-square deviation of the fit.

C. Discussion

The different approaches used in the XIAM and BELGI-C,,-2Tops-hyperfine codes lead to different values of fitted
parameters which are given in Table Ill and Table IV, respectively. The rotational constants obtained from the
BELGI-C,-2Tops-hyperfine fit, after converting them to the principal axis system, agree well with those obtained
from the XIAM program. The small deviations are probably not only due to different terms included in the two fits
carried out in different coordinate systems but also due to the conversion process. The values of the calculated
rotational constants A, B, C deviate by —1.6%, —0.86%, —1.02%, respectively, to the experimental ones obtained
with XIAM. Since the rotational constants obtained from ab initio calculations are evaluated at equilibrium
geometry and the experimental constants refer to the vibrational ground state, an agreement better than 1% is
hardly feasible. In the XIAM fit, four centrifugal distortion constants (except k) are accurately determined while
only three of them (4,, 4k, 4:) are needed to model the microwave spectra of 25DMP with BELGI. The calculated

values of centrifugal distortion constants are in very good agreement with the experimental ones (see Table IlI).

To predict the V3 potential and determine the contributions of higher order terms such as Vs, Vs, etc. in
the Fourier expansion of the potential function, as well as to study the potential coupling between the methyl
groups, three different sets of symmetry adapted terms were used to parameterize the potential functions. For

comparison, the contour plots drawn with the Fourier coefficients obtained from those three different
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parameterizations are given in Fig. 4. Due to symmetry, only a portion of each PES with the dihedral angles a1

and ay ranging from —60° to 60° is necessary.

The PES (a) in Fig. 4 is obtained after fitting the data points with a constant term and the Fourier term
(cos(3a4) + cos(3a2)), with which all data points can be reproduced with a maximum deviation of 10% within the
dynamic range. If we included in addition the Fourier terms (cos(6a1) + cos(6az)) and (cos(9a1) + cos(9ay)),
associating with Ve and Vs, respectively, as illustrated in the PES (b), the maximum deviation decreased to 2.8 %,
and the minimum in (b) is significantly broader than that in (a). The PES (c) represents one unit cell of the PES
given in Fig. 2 where also potential coupling terms between the methyl groups are taken into account and the
maximum deviation is 1.13%. The potential minimum is slightly distorted along the anti-diagonal which can be
interpreted as an anti-gearing motion of the methyl groups close to the minimum. The Vg and Vg contributions are
approximately 15% and 3%. Experimental information on these contributions cannot be obtained from our
spectrum containing only vibrational ground state rotational transitions, which only yields an effective V3 barrier
for both rotors. The ab initio results show that the coupling between the two methyl groups is rather weak with
contributions of 1.8% and 11% for V.. and Vs, respectively. This is in agreement with our experimental finding
that potential coupling terms were not needed in the fits. Details of symmetry adapted terms and their values are

given in Table S-11 in the Supplementary Material.

m g; qs !;y l;g‘ §100

= = 4
‘ an - T,
G0 -60 0 G0 -60 0 G0
l‘11 ! b

FIG. 4. The PES of 25DMP calculated at the MP2/cc-pVDZ level parameterized using three different sets of symmetry
adapted terms. (a) Only the Fourier term (cos(30.1) + cos(3a2)) was used; (b) The Fourier terms (cos(6a1) + cos(602)) and
(cos(901) + cos(9az)) are included in addition; (c) Potential coupling terms between the methyl groups are also taken into

account.

The values of V3 are determined to be 317.208(16) and 317.9205(41) cm™ with XIAM and BELGI,
respectively. They are in fairly well agreement but not within their error. Qualitatively speaking, the V3 value
should not depend on the axis system (PAM or quasi-PAM) in use. Nevertheless, it depends on different sets of

parameters floated in the fit, causing the slight difference between XIAM and BELGI.

The V3 potential calculated at the MP2/cc-pVDZ level of theory is 11.2% lower than the observed value,
thus giving only the correct order of magnitude. While comparing the value of the V3 potential obtained for 25DMP
with that of 2-methylpyrrole*® and those of other five-membered rings, as given in Fig. 5, we found that for 2- and
2,5-methylated heterocyclic rings, the barrier to internal rotation is lowest in mono-methylated and di-methylated
thiophenes (1, 2), higher in substituted pyrroles (3, 4), and highest in substituted furans (5, 6). The same holds true

when comparing mono-methylated thiazoles, imidazoles, and oxazoles.*® We also observe that the barrier is always
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larger in dimethylated heterocycles compared to the monomethylated ones. The lower the barrier, the more

pronounced this effect.

=] s
Halom e HC i ~CH;,
a} ﬁ: J N
AR/ Vo
1 2
194.1 247 BE504(20)
MH
HyC A Hﬂ-::%_qf_/r‘“i!,~ _CH,
b} W W ."‘I:"Ir-
L i i
3 4
274 T153(28) 517 208016
HE{_‘:\\/DE H_a!_lz.,___f,,--*':| __-CH,
i " i J
5 B
413 BG4 439, 1461{3)

FIG. 5. Comparison of the barriers to internal rotation (in cm™) of a) 2-methylthiophene (1)** and 2,5-dimethylthiophene (2),*
b) 2-methylpyrrole (3)* and 2,5-dimethylpyrrole (4, this study), and c) 2-methylfuran (5)% and 2,5-dimethylfuran (6).2* For

2-methylthiophene, the uncertainty was not given in Ref. %,

It should be noted that the correlation between the potential barrier Vs and /(i,a) is —1.000, showing that
if the barrier of V3 increases, the value of Z(i,a) will decrease simultaneously. In the BELGI approach, the angle
Z(i,a) is not available as a floatable parameter directly but we observed a correlation between Vs and F1 = F». This
problem has been solved in previous studies by fixing the values of F; and F; to those derived from the XIAM fit.%°
However, in the case of 25DMP, the fit did not converge, and a slight change in F leads to a large different in V3
even though the rms remains the same. We then tried several values of F starting from the value derived with
XIAM in steps of 0.05. The value of F1 = F finally chosen yielded a nicely converged fit.

The XIAM code is based on the rigid top-rigid frame model in which parameters related with the molecular
geometry such as Z(i,a), Z(i,b), and F1, are available as derived parameters. Fi, can be floated but it is not
recommended since it would lead to the distortion of the molecule. In contrast, the BELGI program employed a
different approach in which the angles £(i,a), £(i,b) are not directly involved. Instead, several parameters related
to those angles (qi, ri1, fi2) can be floated, as for the two-inequivalent-top Hamiltonian introduced by Ohashi et
al.>® As given in the footnote of Table 111, F; = F,was kept fixed, and the constants q; and r; are floated. It is clear
in Table IV from the operators they multiply that q; and r; are essentially —2F1 12 and —2F; o1,%* respectively, with
similar definitions for top 2. In the present study for two equivalent tops, the following parameters were set to be

equal:

F1=F2; V31 = V32 01 = O €))
To be consistent with the convention used in Jabri et al.,*® r, was set to be equal but with opposite sign to ri:
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I, = —13. (9)

The magnitude and the signs of those parameters can be derived from equations (11) of Ref. 5°. It should be noted
that the angle @ about the y axis relating the a, b, c principal axes to the X, y, z rho-axes is zero in the case of two

equivalent tops. Due to this choice of sign from r, = —1, we also have the relation fio = —2F ..

In our previous study on 2-methylpyrrole, the methylation effect arising from one methyl group attached
to the pyrrole ring on NQCCs was found to be negligible.*® In the present study, two methyl groups with similar
functionalities are involved, raising an interesting question whether they possess more significant influence than
that of one methyl group. Since the coupling constants obtained in the principal axes of inertia cannot be used
directly for comparison, we attempt to compare their values in the principal axes of the field gradient at the nitrogen
nucleus in each molecule. For molecules having a plane of symmetry, the principal axis of inertia and a principal
axis of the field gradient are collinear with the axis perpendicular to the plane. Assuming that the c axis of the
inertial moment coincides with the principal axis y of the field gradient, then the nuclear quadrupole coupling

constants in the inertia yaa, oo and those in the field gradient yx, 2 are related by the expression:

Yoo \ _ (50?00 05700\ (7, (10)
Top cos26,, sin26,, X2z

where &5 is the angle between the z-axis and the a-axis, as illustrated in Fig. 6.

FIG. 6. The principal axes of inertia of the molecule and the principal axes of the field gradient at the nitrogen atom of
2-methylpyrrole.*6

Because 25DMP has C,, symmetry, the principal axes of the field gradient at the nitrogen nucleus are the
same as the principal axes of inertia. Therefore, 6a =0°, = yaa=1.3272 MHz and y = yu = 1.6559 MHz. For
2-methylpyrrole,* using the experimentally deduced nuclear quadrupole constants ya, = 1.3345 MHz and y, =
1.5127 MHz together with the calculated value of ya, = 0.0908 MHz, the angle 6,, is determined to be 81.4°.
Consequently, y« and y,; are 1.2964 MHz and 1.5508 MHz, respectively. Since the two molecules both have a
plane symmetry, the xy = e and py values are —2.9831 MHz and —2.8472 MHz for 25DMP and 2-
methylpyrrole,*® respectively. The results show that the second methyl group adjoining to the nitrogen atom in
25DMP increase the NQCC values, especially y, of the nitrogen atom. Nevertheless, the effect of methylations

on the pyrrole ring is still negligible, confirming the results found in Ref. 6.
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V. CONCLUSION

The microwave spectrum of 25DMP with four torsional species arising from two equivalent methyl internal
rotations in combination with the presence of quadrupole hyperfine structures originating from a **N nucleus was
recorded under molecular jet conditions and successfully assigned with support of quantum chemical calculations.
The WS18 code, a local approach where the different torsional species were fitted separately, enables us to verify
the correctness of the assignment. The BELGI-C,,-2Tops-hyperfine version of the BELGI code and the program
XIAM offer a proper tool for a global fit of molecules featuring a C,, symmetry and a weakly coupling quadrupole
nucleus, yielding highly accurate molecular parameters and NQCCs. Comparing 25DMP with the mono-
methylated derivative 2-methylpyrrole, we conclude that the second methyl group adjoining to the nitrogen atom
in 25DMP does not significantly change the field gradient around the nitrogen atom, but slightly increases the
NQCC values.

SUPPLEMENTARY MATERIAL

See supplementary information for Cartesian coordinates, coefficients of the PESs, Gss character table with the

adapted spin weight for 25DMP, and frequency list.
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