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Novel patterns of torsion-inversion-rotation energy levels in the v,
asymmetric CH-stretch spectrum of methylamine

Mahesh B. Dawadi,! C. Michael Lindsay,'-® Andrei Chirokolava,'-®) David S. Perry,-°)

and Li-Hong Xu?

' Department of Chemistry, The University of Akron, Akron, Ohio 44325, USA
2Department of Physics, Centre for Laser, Atomic and Molecular Studies (CLAMS),
University of New Brunswick, Saint John, New Brunswick E2L 4L5, Canada

(Received 28 November 2012; accepted 20 February 2013; published online 11 March 2013)

The high-resolution infrared spectrum of methylamine (CH3NH;) has been recorded using slit-jet
direct absorption spectroscopy in the v;; CH-stretch region (2965-3005 cm™!) with a resolution of
0.0025 cm™!. The 621 lines assigned by ground state combination differences represent 27 substates
with |K'| < 2 for the A, B, E{, and E, symmetries. The spectrum of CH3NH, is complicated by torsion
and inversion tunneling connecting six equivalent minima. The upper states K’ = 0, £ 1 for E; and
E, are substantially perturbed by “dark” states. The result in the spectrum is multiplets of 2 or 3 states
with mixed bright/dark character. The analysis of the spectrum reveals two qualitative differences in
the energy level pattern relative to the vibrational ground state and relative to available data on the
lower frequency vibrations (NH, wag and CN stretch). First at J' = 0, there is a different ordering of
the levels connected by torsion-inversion tunneling. Second, the low-J splittings indicative of torsion-
rotation coupling are greatly reduced in the v; excited state relative to the vibrational ground state
for both the E| and E; species, suggesting the partial suppression of torsional tunneling in the v;; CH-

stretch excited state. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4794157]

. INTRODUCTION

CH;NH; is a prototypical molecule with two large am-
plitude degrees of freedom: the internal rotation of the methyl
(CHj3) group (vis torsional motion) and the inversion motion
of the hydrogen atoms of the amine (NH;) group (vo wag-
ging motion).'™ The two large amplitude vibrations (LAV)
are coupled to each other and to the small amplitude vibra-
tions (SAV).>® These couplings are reflected in the energy
level structure and impact the patterns of transitions observed
in microwave and infrared spectra.

The potential energy surface for the ground electronic
state of methylamine has six equivalent minima connected
by torsional and inversion tunneling. The tunneling dynam-
ics can be understood in terms of the torsional and in-
version tunneling parameters, h3, = —0.083 cm™! and Ay,
= —0.052 cm™!, respectively.>’ The order of the energy
levels in the ground state tunneling multiplet (at K = 0, J”
=0)is A; < B; < E; < E,." Since the Cs point group des-
ignations are not adequate for labeling the resolved tunneling
states, these vibrational symmetry species refer to irreducible
representations in the G, molecular symmetry group.'' For
K" > 0, the term values show a sinusoidal variation when plot-
ted as K”-reduced energies (Fig. 3 of Ref. 12).

In vibrationally excited states where one of the LAV is
excited, a change in the ordering of the levels in the tunneling
multiplet is possible. For example, in the vy wagging excited
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vibration of methylamine, the inversion tunneling parameter
increases in magnitude by about 40x to sy, = —1.93 cm™'13
while the torsional tunneling parameter increases more mod-
estly to 3, = —0.152 cm™!. The result'>'* is the tunnel-
ing ordering for the wagging excited state: A; < E; < E;
< Bj. Other examples of LAV excitation producing changes
in the ordering of tunneling doublets are the torsionally ex-
cited states of S; acetaldehyde'” and the excited wagging state
of NH,D.'®

In vibrationally excited states where one of the SAV is
excited, three kinds of changes in the patterns of the torsion-
inversion-rotation energy level structure might be observed.
First, quantitative changes in the tunneling spacings and ac-
companying changes in the periodic torsion-rotation structure
variation with K’ might be observed while maintaining the
“normal” ordering of the torsion-inversion tunneling multi-
plets. An example of such a case is the CN stretch fundamen-
tal band of methylamine'?!” where both the ordering of the
tunneling levels and the pattern of variation with K’ are qual-
itatively the same as in the ground state. The K’-dependent
amplitude associated with the inversion splitting is very close
to the ground state value, but the amplitude associated with
torsional tunneling is increased by 50% indicating a lower ef-
fective torsional barrier in the CN stretch excited state.'? This
case can be understood in terms of an approximate adiabatic
separation of the LAV from the SAV, in which the motion in
the (slow) LAV is considered to occur in an effective potential
determined by the (fast) SAV. Thus, the effective torsional or
inversion barrier can be different in the SAV vibrationally ex-
cited state, resulting in a quantitative change in the tunneling
splittings. For example, such an adiabatic treatment of the tor-
sional barrier has been applied to the v; OH and v3 symmetric

© 2013 American Institute of Physics
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CH stretch vibrationally excited states of methanol.'32° Typ-
ically, the same form of the spectroscopic Hamiltonian can
be used in this case to fit both ground state and excited state
spectra.

The second kind of change that might occur when a SAV
is excited is a qualitatively different ordering of the tunneling
levels. Until the present work, such a case has not been ob-
served in methylamine. However, in methanol, the asymmet-
ric CH stretches, v, and vo,2'"2* and a number of other funda-
mental bands?>*?> have been found to have inverted torsional
tunneling splittings relative to the ground state. Fehrensen
et al."® provided a systematic explanation for the inverted tor-
sional tunneling splittings in methanol by including the con-
cept of geometric phase in their adiabatic treatment and solv-
ing for torsional wavefunctions with 477 boundary conditions.
This invokes the application of geometric phase in the adi-
abatic separation of the LAV and SAV. A number of other
theoretical approaches have also been applied to the inverted
tunneling in methanol. >+’

The third kind of change results from “accidental” per-
turbations by nearly resonant overtone or combination vibra-
tions. Perturbations may shift some of the levels in a tunneling
multiplet by larger amounts or in different directions than oth-
ers. Such “contamination”?® of the tunneling pattern results
in splittings that are not characteristic of an effective barrier
in the large amplitude coordinate. In fact, as has been shown
for three bands in the fingerprint region (900-1050 cm™!) of
propene, the relative perturbation shift may be large enough
to change the sign of the tunneling splitting.”® In general, one
finds that perturbations occur in the same spectra as the sys-
tematic effects discussed above.!? 1317

This paper reports the high-resolution infrared spectrum
of the vy, asymmetric CH-stretch band (2965-3005 cm™!) of
jet-cooled methylamine, including assignments, a perturba-
tion analysis, and plots of K’-reduced term values. The im-
pact of the asymmetric CH stretch excitation on the torsion-
inversion-rotational energy level structure is explored.

Il. EXPERIMENTAL

Direct absorption detection under sub-Doppler slit-jet
conditions was used to record the high-resolution IR spec-
trum of methylamine in the v;; CH-stretch region (2965—
3005 cm™!). A detailed description of the experimental set-up
has been previously reported,?*?’ therefore, only a brief sum-
mary will be given here. An F-center laser (Burleigh FCL-10),
optically pumped by a Coherent Krypton ion laser, provides
single mode, continuous wave, continuously tunable infrared
light from 2.3 to 3.3 um. A pulsed 2 x 0.01 cm slit nozzle
and multi-reflection cell®® were used to increase the infrared
absorption optical path length and the resolution. The infrared
spectrum is obtained by recording the intensity of transmitted
light with an InSb detector as the laser frequency is scanned.
A mixture of 10% by volume methylamine in argon was
expanded through the slit nozzle at a backing pressure of
100 kPa. Two matched InSb detectors, one before and the
other after the slit jet, were used to reduce noise by baseline
subtraction.

J. Chem. Phys. 138, 104305 (2013)

The residual Doppler width in the slit-jet is 0.0025 cm™".
Relative wavenumber calibration of the recorded lines is
achieved with a temperature-controlled sealed 150 MHz
marker etalon with a precision of ~0.00025 cm™~! as judged
by the standard deviation of combination loops involving a set
of more intense infrared lines. Absolute wavenumber calibra-
tion is established by a fit of the marker etalon fringe posi-
tions to ethylene gas cell absorption lines? (standard devia-
tion 0.0005 cm™1).

lll. RESULTS AND DISCUSSION
A. Overview of the spectrum

The high resolution infrared spectrum in the v;; asym-
metric CH-stretch band is shown in Fig. 1 and the transition
wavenumbers along with the relative intensities are tabulated
in Table S-I of the supplementary material.>! The observed
spectrum has 1543 lines, and most above 2985 cm~! are as-
signed. The lower wavenumber part of the spectrum has many
unassigned lines, which may belong to the v, asymmetric
CH-stretch band and also to perturbing bands.?! The equally
spaced Q-branches clearly evident in Fig. 1 are the signature
of AK = =1 selection rules in a near-prolate asymmetric
rotor. On close inspection, each of these Q-branches is a stack
of sub-Q-branches corresponding to the various symmetry
species in the G, molecular symmetry group.

B. Symmetry, selection rules, and spectroscopic
background

This paper follows the notation of Ohashi and Hougen.?
The symmetry species in the G, molecular symmetry group
are {A, Ay, By, By, E, and E; }2 and are, respectively, equiv-
alent to {A’, Ay, A,”, A,”, E/, and E'}." The traditional
notation {A;, A,, E;, and E,;} corresponds to {A, B, Ej,
and E, },'>3 where the 1-2 distinction in the non-degenerate
species has been suppressed. The A, B, E;, and E; torsion-
wagging-rotation species combine with different nuclear spin
combinations that have their respective nuclear spin statistical
weights, >4 12,32

In the vibrational ground state, the species of the torsion-
wagging-rotation states are ""T” = A; + By + E; + E;
for K = 0, and A] + A2 + B] + B2 + 2E1 + 2E2 for
K"# 0.2 Note that the symmetries of basis functions for
the individual degrees of freedom may not be unique in
permutation-inversion group theory; however, the species of
the observable quantum states, which represent the combined
torsion-wagging-rotation motion, are unique. For example,
different authors>!! employ different species in Gy, for the
rigid rotor basis functions.

Likewise, the symmetries of the vibrational normal
modes are not uniquely determined in the presence of large-
amplitude motion.'"3* In the usual spectroscopic conven-
tion, the normal modes of methylamine are categorized and
numbered in the Cg point group as it applies to the global
minimum-energy conformation. The two asymmetric CH
stretches are v, and vy, which are A" and A”, respectively, in
Cs. Of these, the fundamental vy, is higher in frequency’* 33
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FIG. 1. A stick representation of the slit-jet infrared spectrum of CH3NH, in the v;; CH-stretch region (2965-3005 cm™!), with |K’|

< |K”| transitions labeled.

The assigned transitions for A, B, Eq, and E; species are colored with blue, green, orange, and red, respectively. The grey lines indicate all unassigned transitions

in the observed spectrum.

and is the subject of this work. In the presence of large-
amplitude motion, there are multiple choices for the symme-
try species of the normal modes in the Gj, molecular sym-
metry group.''33 The choices for the pair of asymmetric CH
stretches v, and vy, are A| + Ay, B + B,, E;, or E, (Table
15-4 of Ref. 11). Following Bunker and Jensen’s analysis for
nitromethane (Egs. (15)—(65) of Ref. 11), we identify the sec-
ond choice, B for v, and B, for v;;, as the “best” choice
for methylamine. Accordingly, the species of the torsion-
wagging tunneling multiplet at J/ = 0 of the vy, vibrationally
excited state are "' T =B, ® {A| + B +E; + E;} = {B»
+ Ay +E; +Ep}.

CH3NH; is a slightly asymmetric prolate top with an
asymmetry parameter (¢ = —0.97). When symmetric top no-
tation is used, we identify |K| = K,,. The transition dipole mo-
ment of the v band is in the direction of the b-rotational axis,
that is, parallel to a line connecting the two-amine hydrogens.
The rigid near-prolate asymmetric rotor rotational selection
rules for b-type transitions are AJ = 0, = 1 (except J = 0
«J =0); AK, = £ 1; and AK, = %1, £3. In the Gy, group,
allowed transitions in methylamine'-3¢ obey ®"' T ® V[
® Ay’ D Ay; where T and ™™ T” are the torsion-wagging-
rotation-vibration species of methylamine in the excited and
ground states, respectively. Thus, A; < Aj; B} < Bj; E;
<> El; E2 <> E2.2

The non-rigidity of methylamine gives rise to further
complications in the rotational selection rules.?’ For the ™" T
= A and B species, the rotational wave functions are well de-
scribed as rigid asymmetric rotor functions, and these species
obey b-type rotational selection rules as above. As usual, the
asymmetric rotor Hamiltonian has four blocks according to
the Viergruppe symmetries of the Wang functions®

1 Y

[JKy) ﬁ(IJK)Jr( D" J, =K)), 1)
where y =0 or 1 for K > 0 and |JKy) = |JK) for K = 0. The
symmetric rotor functions are notated as [/K) and |J, —K)
where the quantum number M has been suppressed. In the
present near-prolate asymmetric rotor limit, each rotational
wavefunction for the A and B species is well-approximated
by one of the Wang functions. For the E; and E, species, the
rotational wavefunctions are linear combinations of the y =0
and 1 Wang functions for a given K, with the result that “ex
tra” rotational transitions appear in the spectrum.*’ In the con-
text of the Wang basis, these “extra” transitions appear to have
c-type selection rules, but can alternatively be interpreted as
b-type transitions between states of mixed rotational symme-
try. A symmetric rotor-like notation with a signed value of K
has been used in the literature for the E species,"*® and the
levels are labeled E;y; and E,;; for K > 0, and E;_; and
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FIG. 2. Reduced term values of the ground (a) and excited (b) vibrational
states plotted as a function of angular momentum quantum number (/). The
plotted term values are vpX/ = K/ — %(B” +CNJJ+ 1) —[A — %(B”
+ C”)] K2, where the ground state rotational constants are from Refs. 3 and
35. Perturbations in the E; and E; species result in 2 or 3 upper state levels
with the same J’, K, T'" assignment, and their relative intensities are indicated
approximately by the area of the markers.

E,_; for K < 0. In this symmetric rotor basis, there are “ex-
tra” symmetric rotor-forbidden (AK = =+ 3) transitions that
arise from the mixed rotational character (e.g., E; ;<> E;_})
of the |K| = 1 levels. Such transitions have been reported in
the NH, wagging band of methylamine.'?

For the vibrational ground state of methylamine, the split-
ting patterns of the rotational levels are shown in Fig. 2(a).
For the A and B species, the asymmetry splittings behave
as expected® for a rigid near-prolate asymmetric rotor, ap-
proaching 0 as J” — 0. For the E; and E, species, the K”
= 1 splittings approach the rigid asymmetric rotor limit for
large J” (~7-8), but do not approach 0 as J” — 0. The lim-
iting splitting at J” = 0 is a measure of the symmetric ro-
tor torsion-rotation coupling. Thus, these J-dependent split-
tings might be termed torsion-rotation-asymmetry splittings.
These splittings reflect a transition of the K” = 1 rotational

J. Chem. Phys. 138, 104305 (2013)

TABLE I. The numbers of symmetric-rotor allowed (AK = +£1) and forbid-
den (AK = £3) transitions assigned for E; and E species in the methylamine
v11 band.

IK'| < |K"| 10,2 0,2« 1 2«3
wrvp/ AK=+41 AK=4+3 AK=4+1 AK=+3* AK=+=Il
Ei_1 39 8 19 9 6
Ei41 69 10 81 10 6
Ex 26 8 14 6
Ext1 34 10 69 3 2

4“Extra” symmetric rotor-forbidden transitions that arise from the mixed (Ej+1<> E;_;
or By, <> E;_) rotational character of the |K| = 1 levels.”’

wavefunctions from the symmetric rotor limit at low J” to the
asymmetric rotor limit at high J”. At K” = 2, asymmetry in
this near-prolate top contributes less to the splittings, and all
of the plotted J” values are close to the symmetric rotor limit.

C. Assignments

The pattern of the torsion-wagging-rotation levels in
the vibrational upper state of the v;; CH-stretch funda-
mental band is not known a priori. Coupling of the large
amplitude motions to the asymmetric CH-stretch may af-
fect the K-dependent torsion-inversion splittings and also
the J-dependent torsion-rotation-asymmetry splittings. Fur-
ther, accidental perturbations expected for a vibrationally
excited state will cause frequency shifts and result in ad-
ditional observable transitions. Accordingly, in the present
work, assignments are based on ground state combination
differences'>® using the known ground state term values sup-
plied by Ohashi.*> With the selection rules, AJ = 0, &1, AK
= =£1, 43, there are up to 12 possible transitions reaching
particular J', K’, T upper states, of which a maximum of
8 have been assigned in this work. The only AK = %3 transi-
tions observed are those “extra” transitions that are expected
from the mixed rotational character of the |[K| = 1 levels. The
precision of ~0.00025 cm™! in these combination loops pro-
vides considerable confidence in the assignments.

In total, 621 lines out of 1543 recorded lines were
assigned and are tabulated in Tables S-II-S-V of the sup-
plementary material.>! Table I summarizes the number of
symmetric-rotor allowed and forbidden transitions assigned
for the degenerate species. The transitions of the E; and E;
species for K’ = 0, +1, —1 are perturbed (Table II). Because
of the challenges posed by numerous perturbations and be-
cause of the lack of a torsion-inversion-rotation Hamiltonian
suitable for the CH-stretch excited state, a detailed global fit
of the observed transitions has not been attempted.

D. Reduced term values

For the purpose of visualizing the trends of the state ener-
gies, it is convenient to represent them as reduced term values
from which the rigid symmetric rotor part of the energy has
been subtracted. The individual rotational levels of the upper
and lower vibrational states are thus represented as reduced
term values in Fig. 2. Vibrational substates are specified by
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TABLE II. Substate origins, reduced substate term values, and effective rotational constants.?

Substate identifiers? K| mwrvps oK (em™1) Beg (cm™ 1y Deg ( 107%cm™) v ,’§ "(em™1) ZIK’
100 0 A 2986.146(1) 0.7418(2) 10(3) 2986.147 168
200 0 B 2986.168(2) 0.7424(3) 27(4) 2986.168 368
300° 0 Eiii 2986.791(2) 0.7282(4) ~18(2) 2986.792 64
301 0 Eiq1 2986.827(4) 0.7374(3) 0.89(41) 2986.828 259
302¢ 0 Ei41 2984.758(2) 0.7339(6) 13(2) 2984.758 46
500¢ 0 Bt 2985.405(1) 0.7368(1) 24(1) 2985.405 97
501¢ 0 Exyi 2986.578(1) 0.7377(3) 96(12) 2986.579 96
110 1 A 2988.928(1) 0.7484(4) —31(10) 2986.227 89
110 1 A 2988.926(1) 0.7347(1) 2.3(10) 2986.225 123
210 1 B 2989.060(1) 0.7339(1) 0.4(4) 2986.359 320
210 1 B 2989.055(2) 0.7501(20) 25(35) 2986.354 185
310¢ 1 Eiq1 2989.121(1) 0.7343(1) 5.4(10) 2986.419 244
311¢ 1 Eiq1 2988.521(1) 0.7371(1) 49(1) 2985.819 171
410¢ 1 Ei_1 2989.141(2) 0.7433(3) —24(6) 2986.439 224
411¢ 1 Ei_: 2988.523(3) 0.7378(4) 66(11) 2985.821 25
510¢ 1 Exy1 2989.056(5) 0.7324(8) —46(26) 2986.269 104
511¢ 1 Ez41 2988.038(1) 0.7384(2) 38(4) 2985.337 69
610°¢ 1 E>_ 2989.058(3) 0.7472(6) 19(26) 2986.357 57
611¢ 1 Er g 2988.049(6) 0.7409(10) —17(1) 2985.347 22
120 2 A 2997.204(2) 0.7427(3) 33(5) 2986.399 70
120 2 A 2997.204(3) 0.7428(4) 28(7) 2986.399 37
220 2 B 2997.464(2) 0.7438(2) 20(3) 2986.658 134
220 2 B 2997.468(1) 0.7432(1) 32(4) 2986.663 137
320 2 Eiy1 2997.352(1) 0.7425(1) —0.27(7) 2986.547 146
420 2 Ei_; 2997.489(3) 0.7429(3) 49(5) 2986.684 146
520 2 Ez41 2997.490(9) 0.7440(9) 80(21) 2986.685 53
620 2 | 2997.521(1) 0.7425(1) —0.94(14) 2986.716 63

4Substate origins (ué‘ ,) and reduced substate term values (vl’q( /) are related by Eq. (3). For v(f ,, B.y, and Dy the uncertainties are given as two standard deviations of the fit (in

parentheses) in units of last digit. ZIK/ is the sum of the intensities for each substate.

YThe substate identifiers are used in the detailed line lists in the supplementary material. The first digit of substate identifier encodes the symmetry, *"*I", the second digit is K’, and
the last digit distinguishes the levels in an interaction doublet or triplet. The deperturbation results for these multiplets are summarized in Table III.

Perturbed substates for E; and E; species with K’ =0, +1, —1.

the combination of the K rotational quantum number and the
symmetry species. The computation of reduced substate term
values is explained in the next paragraph.

The upper state term values (vX"/") of the v;; CH-stretch
are obtained by adding the relevant ground state term values to
the wavenumber of each observed transition. Then the upper
state term values were fit to the expression:

VKT = K 4 BRI )= DRI 1P (@)

where By and D are effective rotational and effective cen-
trifugal distortion constants, respectively. The resulting sub-
state origins vy " are converted to reduced substate term val-
ues vE " by subtracting the remaining symmetric-rigid-rotor
energy,

, , B// "
K K _ |:A” _B+ )} K" (3)

Vp =1 )

The excited substate origins (v(f /) and reduced term values
(vg ") are listed in Table II.

E. Perturbation analysis

The v;; fundamental of CH3NH, exhibits multiple per-
turbations affecting most of the E; and E, upper state ro-
tational levels. Each perturbation reflects the mixing of a

“bright” rotational level*” of the v, vibrationally excited state
with rotational levels of one or more nearly resonant “dark”
vibrational states. In the deperturbation analysis below, it is
assumed that the rotational levels of the dark vibrational states
carry no oscillator strength from the ground state. When a per-
turbation mixing occurs, the “dark” rotational levels appear as
observable transitions in the spectrum with intensities propor-
tional to their “borrowed” bright state character. The extent of
mixing depends on the size of the coupling matrix elements
relative to the zeroth-order energy spacings.

The signature of these perturbations is the fragmentation
of expected single lines into a multiplets of two or three tran-
sitions with the same J', K’, " assignment (Fig. 2(b) and
Table II). Such perturbations were not found for the A and
B species. It is likely that there are additional perturbations in
the present spectrum—for the A and B species as well as for
the E; and E, species—for which the relevant “dark™ levels
did not borrow sufficient intensity to be detected at the present
sensitivity and resolution. Such additional undetected pertur-
bations may still cause frequency shifts of the observed transi-
tions. The evident propensity for more perturbations in the de-
generate E; and E, species could be attributable in part to the
expected larger numbers of the degenerate vibrational states
among the nearly resonant “dark” combination and overtone
vibrations.*!
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To determine the hypothetical unperturbed torsion-
wagging-rotation tunneling patterns in the vibrationally ex-
cited state, it is necessary to deperturb the substates where
perturbations occur. In most cases, only a pair of levels is ob-
served, the bright level and one dark level that borrows in-
tensity, and the standard 2-level deperturbation formulae®2°
may be used. For each interacting pair, the relative intensities
as well as the observed transition wavenumbers are needed to
determine the hypothetical unperturbed upper state term val-
ues v/"X" and the effective coupling matrix element, Wij/’K,.
For one substate, K’ = 0 Ej, three interacting levels are ob-
served, one bright level and two dark levels, which can be de-
perturbed using the Lawrance and Knight (LK) method.*>%3
For the case of three interacting levels, there are three possi-
ble coupling matrix elements, one connecting each pair. The
LK deconvolution yields two matrix elements, the two that
connect the bright level to the interacting pair of dark levels.
It also yields the deperturbed bright level term value and the
term values of the two interacting dark levels. The LK method
does not directly give any information about the matrix ele-
ment coupling the two dark levels to each other, nor does it
deperturb the interacting dark levels.

Examples of the derived coupling matrix elements W,
are shown in Fig. 3. For the three interacting levels of
the K’ = 0 E; species, two matrix elements are derived at
each J', one larger ~0.8 cm~! and one smaller <0.2 cm™!
(Fig. 3(a)). The larger matrix element shows some scatter,
but is approximately independent of J’, which is the behav-
ior expected for either anharmonic coupling or for a-axis
Coriolis coupling. Since a-axis Coriolis coupling is null for
K =0, it is likely that this matrix element represents anhar-
monic coupling with the rotational levels of a dark vibrational
state. The smaller matrix element increases approximately
linearly with [J'(J/ 4+ 1)]"2, which is the behavior expected
for a b- or c-type Coriolis interaction.** As noted above, we
do not know the matrix element and coupling type connect-
ing the two dark states. Given that the two computed matrix
elements scale differently with J’, one explanation is that the
bright level couples to the two dark levels by the indicated
mechanisms and the coupling between the dark levels is negli-
gible. Other coupling schemes may also be consistent with the
data.

For the K’ = 0 E, species (Fig. 3(b)), there are two in-
teracting levels, one bright and one dark. The deperturbed
coupling matrix element is independent of J' at ~0.6 cm™',
indicating anharmonic coupling. The transitions in the E,
Ei_1, Exy1, and E,_; substates are also perturbed by appar-
ent anharmonic interactions (Fig. S-I of the supplementary
material).3!

The scatter in Fig. 3 arises primarily from uncertainties in
the intensity measurements, the wavenumber measurements
being much more precise. In addition, these uncertainties re-
sult in significant uncertainties in the deperturbed term values.
The effect of intensity uncertainties is most readily seen in
sets of transitions reaching the same upper state J', K’ level
via different selection rules, e.g., P, Q, R transitions. Such
P, Q, R transitions were deperturbed separately and are rep-
resented by separate points in Fig. 3. Since there are mul-
tiple determinations of each coupling matrix element, more
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FIG. 3. (a) Coupling matrix elements (W;;) for the K’ = 0 E; species in the
excited state as a function of [J/ (// + 1)]"/2.** Matrix elements attributed to
a blc-type Coriolis interaction are denoted with circular markers and those
attributable to an anharmonic interaction of the same CH-stretch bright states
are represented with square markers. (b) Coupling matrix elements W;; at-
tributed to an anharmonic interaction for the K’ = 0 E; species. The lines
are fits to the data given the deduced mechanisms: constant with J’ for anhar-
monic and proportional to [J/(J' + 1)]"2 for b/c-type Coriolis coupling.

precise matrix elements can be obtained as the average W;;
of all independent determinations. In addition to the sepa-
rate analysis of the P, Q, and R transitions, the J'-dependence
(Fig. 3) provides more determinations. Of course, use of the
J'-dependent data for this purpose, assumes the validity of
the above explanations of the perturbations as one case of
b/c-Coriolis coupling and several cases of anharmonic cou-
pling. Then with the more precise W_l‘j, more precise deper-
turbed substate origins can also be calculated. The results
of the deperturbation analysis are summarized in Table III.
The uncertainties given in Table III and Fig. 4 for the deper-
turbed term values include only the statistical uncertainties of
this analysis. Additional systematic errors likely result from
the existence of additional—as yet undetected—perturbing
vibrations.
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TABLE III. Average coupling matrix elements, deperturbed reduced term
values, and types of interactions.*

wrvp? K Vaep.rK (cm™h) Wij (em™h) Coupling type
Ei+1 0 2986.437(76) 0.82(7) Anharmonic
Ei 0 0.018(3)® blc-Coriolis
Eot1 0 2986.086(20) 0.58(2) Anharmonic
Ei+1 1 2986.256(21) 0.28(2) Anharmonic
Ei_1 1 2986.322(50) 0.32(5) Anharmonic
Eoti 1 2986.030(39) 0.42(4) Anharmonic
Eog 1 2986.094(50) 0.47(5) Anharmonic

4For average coupling matrix elements W; 1 and upper state deperturbed reduced term
values (vdep_RK’), the statistical uncertainties are given as two standard deviations (in
parentheses) in units of the last digit. Deperturbed upper state term values vd(,,,K "
were calculated from the average matrix elements, fitted to Eq. (2), and reduced accord-
ing to Eq. (3) using the ground state rotational constants, A” — (B” + C”)/2 = 2.701
cm™! from Refs. 3 and 35.

YFor the b/c-Coriolis interactions (bottom of Fig. 3(a)), the J'-dependent matrix elements
were fit to the expression, W,{ =W; [J'(J + DIV2

F. The torsion-inversion-rotation structure

As noted in Sec. III B above and shown in Fig. 2(a), the
J"-dependent splittings for the K” = 1 E; and E, species are
predominantly asymmetry splittings at high J” but become
torsion-rotation splittings at low J”. The low-J” limits of these
torsion-rotation splittings are 0.13 and 0.38 cm~! for E; and
E,, respectively. Figure 2(b) shows that the pattern is quali-
tatively different in the vibrationally excited state. In the |K'|
= 1 E, the upper state, a perturbation results in two mixed
substates with comparable amounts of bright/dark charac-
ter, one near 2985.3 cm~! in Fig. 2(b) and the other near
2986.3 cm~!. For each of these substates, one can see in
Fig. 2(b) that the torsion-rotation-asymmetry splittings sepa-
rating the Eo 1 and E,_; levels approach 0 as J/ — 0. The |K'|
= 1 E; upper state behaves similarly, except that the E; sub-
state centered near 2986.43 cm™! has a small residual splitting
(0.02 cm™!) at J/ = 0. Thus the |[K’| = 1 E; and E, species

5 (@ - (b)
g -0 A B B b4
® Ejyy e Ep,y ’
1 4 By v By 1
~ 05 - 29865 —
£ £
i Ja : Y _3 47 .
&tz o " o Z:
e % _
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\4
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FIG. 4. (a) Reduced substate term values (vgl) for the ground state as a
function of rotational quantum number K” and (b) deperturbed reduced term
values (vdep,RK’) as a function of K’ for the vy vibrationally excited state.
For the excited state, hollow markers indicate split upper state reduced term
values (Table II) while the solid filled markers indicate deperturbed reduced
term values for the E| and E; species (Table III). The error bars, given as two
standard deviations, represent the precision of the deperturbation analysis.
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show little or no torsion-rotation coupling and revert to the
rigid asymmetric rotor pattern such as is seen (Fig. 2) for the
A and B species in both the ground and excited vibrational
states. At |[K| = 2, the torsion-inversion-rotation splitting pat-
terns for the ground and excited states are more similar. The
E; and E, splittings for |K’| = 2 in the upper state are ap-
proximately constant showing little variation with J’, but the
magnitude of the splittings is less than in the ground state.

Reduced, deperturbed term values, vdep,RK’, for the up-
per state are compared in Fig. 4 to the corresponding re-
duced term values, v ,’,f ', for the ground state. The ground
state torsion-inversion tunneling splittings for methylamine
follow the well-established pattern,®!%12:38 with the A and B
species for K” = 0 at lower energy than the E; and E, species
(Fig. 4(a)). For |[K"| > 0, the energies of the E; and E, species
split by the torsion-rotation interaction according to the rela-
tive signs of the torsional and rotational angular momentum.
For example, at [K”| = 1, the E{ states are above the E;_;
states and the E,; states are above the E,_; states (Fig. 4(a)).
The K”-dependence of the ground state term values follows a
sinusoidal variation (Fig. 3 of Ref. 12) that is most readily ap-
preciated when plotted in terms of Dennison’s torsional sym-
metry index, 7.'>% Similar, but simpler, oscillatory patterns
are well known in torsional molecules like methanol.>*46:47
The presence of inversion tunneling in addition to torsional
tunneling in methylamine serves to increase the number of
symmetry species and to make a more complicated pattern.

The pattern of the torsion-inversion tunneling splittings
in the v;; CH-stretch excited state (Fig. 4(b)) is qualitatively
different from the ground state. For K’ = 0, the origin for the
E, tunneling state is at the bottom of the multiplet, below E|,
A and B, rather than at the top as in the ground state. As noted
in the Introduction, the inversion of the ordering of the tor-
sional tunneling states in methanol*'~?” was found to reflect
the systematic coupling of the large-amplitude torsional mo-
tion to the other SAV, including the asymmetric CH stretches.
Since methylamine has analogous torsional tunneling it is not
surprising to see the same kind of effect here.

The group theoretical formalism of Hougen and Ohashi?
allows for a range of tunneling patterns expected in G,
molecules. The relative energies of the symmetry species at
J =0, K = 0 are given>*® in terms of the tunneling parame-
ters Ky, and A3y :

“)

E ("By) = —2hay + 2hs,.

For the ground state of methylamine, the tunneling param-
eters are both negative, h,, = —0.052 and h3, = —0.083
cm~ .37 In vibrationally excited states, the effective tunnel-
ing parameters might have the same signs as for CN stretch!”
or a different sign combination might apply. For example, in
the first torsionally excited state of methylamine, which has
the “inverted” energy ordering E; < E; < B; < Ay, both
effective tunneling parameters are positive, sy, = +0.172
and h3, = +2.006 cm~'.33 Equation (4), taken in the limit
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hyy — 0, can also be used to model the vibrationally excited
states of methanol. For example, the “normal” symmetric CH
stretch v3*7 can be modeled with /3, = —3.03 cm™!, and
the “inverted” asymmetric CH stretches, v, and V9,23’24 can
be modeled with /3, = +1.09 and +1.83 cm™!, respectively.
Accordingly, one might expect to find a combination of tun-
neling parameters that accounts for the experimental K’ = 0
pattern in Fig. 4(b) for the methylamine v, vibrationally ex-
cited state. Unfortunately, the experimental energy ordering,
E; < A < B < Ey, is not consistent with Eq. (4) for any com-
bination of parameters. As noted above, Eq. (4) does allow E,
to be at the bottom of the tunneling multiplet for a suitable
sign combination of 4y, and /3y, but not at the same time as
E, is at the top.

The most likely explanation for the inconsistency of the
deperturbed K’ = 0 term values with Eq. (4) is the presence
of additional undetected perturbations that have shifted one or
more of the substates enough to change the energy ordering.
Whereas in methanol the tunneling splittings are rather large
(<9.1 cm™1), in methylamine the splittings are much smaller
(<0.4 cm™") and are comparable to the shifts expected from
perturbations.

At |K'| = 1, the splittings (Fig. 4) between the pair E;
and E;_;, and between E,,; and E,_; are greatly reduced in
magnitude (by 2x and by 6x, respectively) in the excited
state relative to the ground state. The |K’| = 1 splittings ob-
tained from the deperturbation are actually inverted relative
to the corresponding ground states (Fig. 4), but the error bars
overlap, meaning that the splittings are small enough that they
could be zero within the uncertainties of the deperturbations.
For |K’| = 2, the splitting between E; | and E;_; and between
the E, | and E,_; is reduced by about a factor of two relative
to the ground state. At |K’| = 2, the sign of the E; splitting is
inverted relative to the ground state while the sign of the E,
splitting remains the same as in the ground state.

The observation of reduced E; and E, splittings for
|K’| > 0 indicates that the torsion-rotation coupling is partially
quenched in the v;; CH-stretch excited state of methylamine,
which, in turn, suggests a partial suppression of the torsional
tunneling in the excited state. Such a suppression of the tor-
sional tunneling splittings has been reported in methanol in
the CH stretch overtone region.”> As noted in the Introduc-
tion, the tunneling splittings in the veyg = 1 vibrations of
methanol can be treated with an adiabatic model in which
the (fast) CH stretch motion is solved at each torsional angle
and then the (slow) torsional motion is solved in the effective
potential that results from the CH stretch excited states. In
such an adiabatic model, the character of the fast wavefunc-
tions changes qualitatively along the slow coordinate. For ex-
ample, in the asymmetric stretch vey = 1 vibrations, the CH
amplitude moves between methanol’s three CH bonds as the
torsional angle changes (Fig. 8 of Ref. 49). At vey = 4 and
higher, the spectroscopically accessible CH stretch vibrations
in methanol become largely localized in single CH bonds,
which means that, in the adiabatic model, 4 or more quanta of
CH stretch need to move from one CH bond to the next as the
torsional angle changes. Thus in the higher CH stretch over-
tones, the coupling between localized diabatic states becomes
successively higher in order, and therefore, weaker until the
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adiabatic approximation breaks down and the torsional tun-
neling is quenched (Fig. 7(a) of Ref. 49). In methylamine, the
torsional tunneling rate in the ground state is 36 times slower
than in methanol, which means at the vcyg = 1 level, the cou-
pling between diabatic states is correspondingly weaker than
in methanol. The torsional tunneling in methylamine appears
to be already somewhat suppressed at the veyg = 1 level.

IV. SUMMARY

The high resolution infrared spectrum of the methy-
lamine vq; CH stretch fundamental band reveals different
spectral patterns from those in the vibrational ground state,
including (i) an altered ordering of the torsion-inversion tun-
neling levels and (ii) substantially reduced torsion-rotation
couplings suggestive of a partial suppression of torsional tun-
neling in the vibrationally excited state. It is likely that these
changes result in part from the systematic coupling of the
LAV to the CH stretches and in part from accidental perturba-
tions that have not been fully deperturbed.
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