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The ν2 bending vibrational structure of the X̃ 2�+ state of MgNC
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We have generated MgNC in supersonic free jet expansions and observed the laser induced
fluorescence (LIF) of the Ã 2�–X̃ 2�+ transition. We measured the LIF dispersed spectra from the
single vibronic levels of the Ã 2� electronic state of MgNC, following excitation of each ν2 bending
vibronic band observed, i.e., the κ series of the (0,v′

2,0)–(0,0,0), v′
2 = 0, 1, 2, 4, and 6 vibronic bands.

In the vibrational structure in the dispersed fluorescence spectra measured, the long progression
of the ν2 bending mode in the X̃ 2�+ state is identified, e.g., up to v′′

2 = 14 in the (0,6,0)–(0,v′′
2 ,0)

spectrum. This enables us to derive the potential curve of the ν2 bending mode in the X̃ 2�+ state.
We used two kinds of models to obtain the potential curve; (I) the customary formula expressed in
the polynomial series of the (v′′

2 + (d2/2)) term and (II) the internal rotation model. The potential
curve derived from model (I) indicates the convergence of the bending vibrational levels at about
800 cm−1 from the vibrationless level of MgNC, which may correspond to the barrier height of the
isomerization reaction, MgNC ⇀↽ MgCN, in the X̃ 2�+ state. Model (II) gives a simple picture for
the isomerization reaction pathway with a barrier height of about 630 cm−1 from the vibrationless
level of the more stable species, MgNC. This shows that the v′′

2 = 8 bending vibrational level of
MgNC is already contaminated by the v′′

2 = 2 bending vibrational level of the isomer, MgCN, and
implies that the isomerization reaction begins at the v′′

2 = 8 level. The bending potential surface and
the isomerization reaction pathway, MgNC ⇀↽ MgCN, in the X̃ 2�+ state are discussed by compar-
ing the potential derived in this study with the surface obtained by quantum chemical calculation.
© 2011 American Institute of Physics. [doi:10.1063/1.3640024]

I. INTRODUCTION

The metal cyanide and isocyanide system is thought to
be one of the several systems in which the reaction dynam-
ics are well suited for spectroscopic investigation, since a
low isomerization reaction barrier is predicted theoretically;
the reaction barrier for the MgNC/MgCN system was pre-
dicted to be about 2000 cm−1 above the more stable species
of MgNC in the ground X̃ 2�+ state.1 Contrary to this in-
teresting feature, the initial interest in the MgNC and MgCN
radicals has arisen from neither chemists nor spectroscopists,
but from radio astronomers because of large abundance of
Mg in the universe. Thus, these species were initially studied
through rotational spectroscopy. Laboratory measurement of
the MgNC rotational spectrum, guided by a molecular struc-
ture predicted from quantum chemical calculation, made it
possible to achieve the first identification of Mg-containing
species in space.2–5 The astronomical observation of the iso-
mer, MgCN, was also achieved following the laboratory de-
tection of the species.6, 7 The rotational spectrum of MgNC
was also measured under jet cooled condition using Fourier
transform microwave (FT-MW) spectroscopy,8 but the MgCN
rotational spectrum was not observed under these conditions.9

Applying laser vaporization and photolysis techniques
simultaneously, Wright and Miller generated MgNC under
jet cooled condition and measured the electronic spectrum
of the Ã 2�–X̃ 2�+ transition by laser induced fluorescence
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(LIF).10 The reported spectrum is in the region between the
origin band, 00

0, and the fundamental vibronic band of the
Mg–NC stretching (ν3) mode, 31

0, which lies about 580 cm−1

above the 00
0 band. They analyzed the rotational structures

of the two vibronic bands, 00
0 and 31

0. They also studied the
vibronic bands involving the Mg−N−C bending (ν2) mode
within the spectral region. Taking the Renner-Teller and
spin-orbit interactions into account, the ν2 vibronic structure
of the Ã 2� state was discussed. We reported the rotationally
resolved spectrum of the C–N stretching (ν1) vibronic band,
11

0, which lies about 2000 cm−1 above the origin band.
Recently, we have studied the vibronic bands involving the
Mg–NC stretching mode, 11

031
0 and 3n

0, n = 0–3, and discussed
the dependence of the rotational and spin-orbit interaction
constants in the Ã 2� state upon the ν1 and ν3 stretching
modes.11, 12 We have also studied the rotational structure of
the low-lying bending vibronic bands, and found P -type
doubling on the (0, 20, 0) μ 2�1/2 vibronic level in the Ã 2�

state.13 P -type doubling has been analyzed as Coriolis inter-
action between the (0, 11, 0) κ 2�(+) and (0, 20, 0) μ 2�1/2

levels. The vibronic structure of the Ã 2� state of MgNC has
been discussed in view of the theoretical and computational
chemistry.14–16 The quantum chemical study shed light on the
vibronic structures of the ground X̃ 2�+ state of MgNC and
both of the Ã and X̃ states of MgCN.17, 18 These studies were
extended to the isomerization reaction of MgNC ⇀↽ MgCN
in the ground X̃ 2�+ state,19 and the isomerization potential
barrier was estimated to be about 2000 cm−1 above the
vibrationless level of the more stable species, MgNC. The
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permanent electric dipole moments of both ground X̃ 2�+

and excited Ã 2� states of MgNC were determined by
Steimle and Bousquet utilizing optical Stark spectroscopy.20

In the present work, we observed the Ã 2� – X̃ 2�+ tran-
sition of MgNC in a supersonic free jet expansion and mea-
sured the LIF dispersed spectra from the single vibronic lev-
els (SVL) of the Ã 2� state involving the Mg−N−C bending
(ν2) mode. On the basis of the vibronic structures observed in
the SVL dispersed fluorescence spectra, we discuss the vibra-
tional structure of the ground X̃ 2�+ state and the potential
surface of the isomerization reaction, MgNC ⇀↽ MgCN.

II. EXPERIMENTAL

Details of the experimental setup have been reported in
our previous papers.11, 12 Hence, the characteristic parts of the
present experiment are briefly described. Applying the laser
ablation technique, the MgNC radicals were generated un-
der jet cooled condition and detected by LIF technique. The
LIF signals were obtained by the excitation of the second
harmonics output of a pulsed Nd3+ YAG pumped dye laser
(Quanta-Ray, LAB-170, and Lambda Physik, Scanmate 2E).
The resolution of the UV probe laser was about 0.2 cm−1,
and its frequency was calibrated with opto-galvanic lines of
Ne using the red fundamental output. By detecting the to-
tal of the UV fluorescence through a glass filter (Corning,
CS 7-59), the LIF excitation spectrum was measured. In the
measurement of the dispersed fluorescence spectrum, the flu-
orescence was dispersed through a 0.5 m monochromator
(SPEX, 500M). The photo-current signals from a photomulti-
plier (Hamamatsu, R-928) were processed by a gated integra-
tor (Stanford Research, SR-245) after current amplification
(Ithaco, 1211). The monochromator was calibrated using Hg
lines. The spectral resolution was 10 cm−1 (FWHM), and the
peak position of the dispersed fluorescence could be deter-
mined with an accuracy of ±2 cm−1. For all spectra obtained
in the present study, the LIF signal intensities were normal-
ized against the measured laser intensities at each laser shot.
Magnesium rod (High Purity Chemetals Laboratory, 99.9%),
acetonitrile (Katayama Chemical, Special Grade), and the Ar
carrier gas (Nippon Sanso, Research Grade) were used with-
out further purification.

III. RESULTS

Figure 1 shows the LIF excitation spectrum of the Ã 2�

–X̃ 2�+ transition of MgNC. In this spectrum, the vibronic
bands indicated by arrows are attributed to a by-product of
MgOH.21 An entire spectral region is covered by one dye,
LDS-751, and this spectrum includes the vibronic bands re-
ported by Wright and Miller,10 i.e., the lower vibronic bands
lying up to ∼600 cm−1 above the 00

0 band. The higher end
of this spectrum is just below the ν1 fundamental band, 11

0,
analyzed by our group,11 which is in the region of the next
dye, pyridine 1. Several vibronic bands in this spectrum are
attributed to the ν3 progression as indicated in the figure
and have been analyzed previously.10, 12 The remaining bands
could then be attributed to the transitions to the vibronic levels
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FIG. 1. The LIF excitation spectrum of MgNC observed in the supersonic
free jet expansions of Ar. In this work, our interest is focused on the 00

0 and
four ν2 bending vibronic bands in the κ series indicated by vertical lines. The
energies of vibronic bands, such as 0 + 206 cm−1, are expressed in the energy
differences from the 00

0 band, 26 084.229 cm−1. The progression of the ν3
stretching vibronic bands analyzed in the previous studies is also indicated
in this spectrum. The four vibronic bands of the Ã 2� – X̃ 2�+ system of
MgOH are also observed in the same spectral region, which are indicated by
arrows.

involving the ν2 bending mode. The bending vibronic struc-
ture of the Ã 2� state is much more complicated than that of
the X̃ 2�+ state because spin-orbit interaction caused by the
non-zero electron spin and orbital angular momentum must
be considered in addition to the Renner-Teller interaction aris-
ing from the vibrational angular momentum.22 The rotational
structures of the 0 + 206 and 0 + 367 cm−1 bands in this spec-
trum have been previously analyzed, and these bands were as-
signed to transitions involving the ν2 bending vibronic levels
Ã (0, 11, 0) κ 2�(+) and Ã (0, 20, 0) κ 2� in order of increas-
ing energies.10, 13

To clarify the vibronic structure of the excitation spec-
trum shown in Fig. 1 and to explore the vibrational structure
of the X̃ 2�+ state, we measured the SVL dispersed fluores-
cence spectra for all vibronic bands. Figures 2(a)–2(e) show
LIF dispersed spectra obtained by the excitation of the 00

0
band and the 0 + 206, 0 + 367, 0 + 678, and 0 + 944 cm−1

bands, respectively, in the excitation spectrum shown in Fig.
1. In the dispersed fluorescence spectra obtained by the ex-
citation of the bands with lower vibrational energies, such as
spectra (a) and (b), the fluorescence spectra show quite simple
structures consisting of few members in a progression. In con-
trast, a well-developed vibrational progression occurs in spec-
tra observed at the higher vibronic bands, such as spectra (c)–
(e). With the exception of the spectrum (b), all of the vibronic
bands on the main progression coincide with each other as
indicated by single dotted-dashed lines in Fig. 2, though the
lengths of the progression depend upon the upper fluorescent
levels. The features of spectrum (b) do not coincide with the
others, and it appears that these features are shifted just onto
the middle of the vibronic bands of the other spectra as in-
dicated by double dotted-dashed lines in the figure. Look-
ing at the spectra more carefully, we notice that the double
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FIG. 2. The LIF dispersed spectra obtained by the excitation of (a) the 00
0

� = 1/2 band, (b) 0 + 206, (c) 0 + 367, (d) 0 + 678, and (e) 0 + 944 cm−1

bands. The horizontal axis represents the relative energy from the excitation
energy. The single dotted-dashed lines indicate the major progression rec-
ognized in the spectra except that obtained by the 0 + 206 cm−1 band ex-
citation. The double dotted-dashed lines show the progression accessed via
the 0 + 206 cm−1 band excitation. These two progressions correspond to the
bands terminating on v′′

2 = even and odd vibronic bands arising from the
excitation of the ν2 bending mode, respectively. The v′′

2 quantum numbers,
0–12, without underline represent the observed levels included in the anal-
ysis using the customary formula, Eq. (1). The levels, v′′

2 = 11 and ≥ 13,
were not identified. The two thin solid lines, the sixth and seventh members
of the progression from the right among all of the vertical lines, indicate the
energy position of the v′′

2 = 13 and 14 vibrational levels assigned only by
the analysis using the customary formula, and these have no correspondence
with the results from the internal rotation model. The four thin broken lines
lying near the middle of all the lines indicate the level energy positions pre-
dicted for the vibration levels, v′′

2 = 0, 1, 2, and 3, of MgCN derived from the
internal rotation model analysis. The five dotted lines from the right indicate
the positions predicted for the levels, v′′

2 = 12–16, of MgNC derived from the
internal rotation model, which are near degenerate for the level with even and
odd parities for the internal rotation angle. The levels attributed solely to the
internal rotation model are labeled by the v′′

2 quantum numbers with under-
line. The two horizontal braces on the bottom spectrum indicate congested
band groups consisting of apparently four vibronic bands. The arrows indi-
cate the combination vibronic bands with the ν3 stretching mode. Because
of the simplicity of the figure, the vibronic levels with l = 0 and 1 are only
indicated by the vertical lines.

dotted-dashed lines do not only point to the main bands of
spectrum (b), but also the weak ones of the other spectra,
which is remarkable in the spectrum (e). The bands indicated
by single dotted-dashed lines also have a similar kind of the
feature, i.e., they occur at the weak bands of spectrum (b)
and also at the main bands in the other spectra. Thus, we can
conclude that both progressions indicated by the dotted- and
dotted-dashed lines in Fig. 2 correspond to the progression
of the same vibrational mode, and the characteristic intensity
distribution of the progression is attributed to an intensity al-
ternation of the vibrational bands. The alternating intensities
can thus be interpreted in terms of the selection rules of 	v2

= even.
The intensity alternation of the vibrational progression is

a typical feature of doubly degenerate bending vibronic tran-
sitions observed in linear molecules.22 The v2-selection rule is
governed by the 	l = 0 selection rule in vibronic transitions
with degenerate vibrational mode. The vibronic levels with l

= even are only included in the levels with even v2, and the
levels with l = odd are only in the levels with odd v2.22

Under the present experimental conditions, it would be
expected that the most of the MgNC molecules generated un-
der jet cooled conditions are in the vibrationless level of the
X̃ 2�+ state with l′′ = 0. The � vibronic levels with the l′

= 0 property of the Ã 2� state are predominantly prepared by
the excitation from the � vibronic level with l′′ = 0. From the
� vibronic levels with l′ = 0, the fluorescence terminates on
the � vibronic level with l′′ = 0 because of the 	l = 0 selec-
tion rule. The progression consisting of the v′′

2 = 0 and even
vibronic levels in the X̃ 2�+ state is observed with moderate
intensity in the SVL dispersed fluorescence spectra from the
upper � vibronic levels, since the v′′

2 = 0 and even vibrational
levels only appear in the � vibronic level, and the v′′

2 = odd
levels do not. Because the vibronic transition from the � vi-
bronic levels with l′ = 0 can be accessible from only the v′′

2
= 0 and even levels with l′′ = 0, the l-selection rule looks
like the 	v2 = 0 and even selection rule in the LIF dispersed
spectra.22 Therefore, the upper levels of the 0 + 367, 0 + 678,
and 0 + 944 cm−1 bands, which show the v′′

2 = 0 and even
members of the progression in the SVL dispersed fluores-
cence spectra are attributed to the ν2 bending vibronic lev-
els with v′

2 = 0 or even. This conclusion is consistent with
the previous result of the rotational analysis of the excitation
spectrum, which ascribed the 0 + 367 cm−1 band to the Ã

(0, 20, 0) μ 2� 1
2
–X̃ (0, 00, 0) 2� transition.13

Because of the Renner-Teller interaction in the Ã 2�

electronic state, the � vibronic levels also have the l′ = 2
vibronic component in addition to the l′ = 0 level.22 Accord-
ingly, applying the 	l = 0 selection rule, the l′ = 2 property
of the upper � vibronic levels allows the transitions to the
l′′ = 2 vibrational levels in fluorescence. Although the en-
ergy separation between these two transition components with
	l′′ = 2 approaches the spectral resolution, the dispersed flu-
orescence spectra clearly show the splitting between the l′′

= 0 and 2 states. The splittings between the 	l′′ = 2 com-
ponents of the v′′

2 = 2 and 4 vibrational levels may be ob-
served in an expanded scale of the horizontal axis, as shown
in Fig. 3. The peaks of the vibronic bands corresponding to the
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FIG. 3. The lower energy part of the LIF dispersed spectra of MgNC ob-
tained by the excitation of (a) the 00

0, � = 1/2, band and (b) the 0 + 678 cm−1

band, 24
0 κ 2�–2�+. The horizontal axis represents the relative energy from

the excitation energy.

	l′′ = 2 components are clearly separated. The relative inten-
sity ratio between the vibronic transitions to the 	l = 0 and 2
components mostly reflects the ratio of the coefficients of the
l′ components in the fluorescent level, Il=0 : Il=2 = cos2 β :
sin2 β ≈ 5 : 4, where β is one of the Renner-Teller param-
eters defined by Hougen23 and β = 41.43◦, at the (0, 40, 0)
κ 2� level,13 since the two transitions have similar Franck-
Condon factors.

In spite of the 	v2 = 0 and even (or 	K = ±1) selection
rule, the 	v2 = ±1 (or 	K = 0) transitions occur with very
weak intensities, as seen in spectra (d) and (e). They are in-
duced by the 	K = 0 selection rule,24 and they are usually
very weak because they are fundamentally forbidden elec-
tronic transitions in a linear molecule.25 The 0 + 206 cm−1

band in the excitation spectrum is thought to be induced by
the 	K = 0 selection rule because it is possible to access to
the (0, 11, 0), l′ = 1, � vibronic level in the Ã 2� state from
the vibrationless level, (0, 00, 0), with l′′ = 0 and K ′′ = 0 of
the X̃ 2�+ state. In the SVL dispersed fluorescence spectrum
(b) obtained by the excitation of the 0 + 206 cm−1 band, the �

vibronic level with l′′ = 1 is expected to show the progression
terminating on the v′′

2 = odd levels with l′′ = 1, due to the se-

lection rule of 	l = 0. Therefore, the upper fluorescent level
of the 0 + 206 cm−1 band is attributed to the ν2 bending vi-
brational level with l′ = 1. It is consistent with the conclusion
of the rotational analysis10, 13 that the 0 + 206 cm−1 band is
ascribed to the Ã (0, 11, 0) κ 2� – X̃ (0, 00, 0) 2� transition.

The lowest vibronic level in the LIF dispersed spec-
trum obtained in the excitation of the 0 + 206 cm−1 band lies
94 cm−1 below the laser frequency, which is in good agree-
ment with the vibrational frequency predicted for the ν2 mode
in the X̃ 2�+ state of MgNC.4, 5, 11, 17 Based on the vibra-
tional energy and the alternation of the band intensities, we as-
cribed the vibrational progression in the fluorescence spectra
to that originating from the ν2 bending mode. The observed
level energies involving the ν2 vibration in the X̃ 2�+ state
of MgNC are listed in Table I. In the dispersed fluorescence
spectra, combination bands with the Mg−NC stretching ν3

mode weakly occur because of unfavorable Franck-Condon
factors. On the basis of the vibrational quantum number of

TABLE I. The vibrational level energies of the X̃ 2�+ state of MgNC
(in cm−1).

Analysis Ia Analysis IIb
v′′

2

v′′
2 l′′ Obs. Cal. Obs. – Cal. Cal. Obs. – Cal. (MgCN)

0 0 0.0 0.0 0.0 0.0
1 1 94.0 93.6 0.4 89.6d 4.4e

2 0 179.1 178.6 0.6 175.1 4.0
2 2 183.9 184.2 –0.3 · · · · · ·
3 1 261.5 260.6 0.9 256.3d 5.2e

4 0 333.2 334.0 –0.9 332.7 0.5
4 2 339.5 339.7 –0.3 · · · · · ·
5 1 405.5 404.6 1.0 403.8d 0.7e

6 0 466.0 466.5 –0.5 469.0 -3.0
( 522.6 · · · 0 )f

7 1 525.4 525.5 0.1 526.9d -1.5e

( 571.5 · · · 1 )f

8 0 575.7 575.8 –0.1 574.7 1.0
( 611.7 · · · 2 )f

9 1 · · · 623.3 · · · 613.2 · · ·
( 661.5 · · · 3 )f

10 0 661.6 662.1 –0.5 661.7 –0.1
11a 1 · · · 695.4 · · ·
11b 1 725.8 725.7d –0.1e

( 725.7 · · · 4 )f

12a 0 725.8 725.4 0.4
12b 0 · · · 802.3 · · · 5g

13a 1 749.9 749.8 ( 0.1 )g

13b 1 · · · 890.2 · · · 6g

14a 0 766.3 765.6 ( 0.7 )g

14b 0 · · · 988.9 · · · 7g

15 1 · · · 777.5 · · · 1098.1 · · · 8g

16 0 · · · 783.3 · · · 1217.5 · · · 9g

aAnalyzed by the customary formula, Eq. (1).
bAnalyzed by the internal rotation model.
cThe values calculated for the l = 0 level with odd parity.
dIn the internal rotation model analysis, the l �= 0 levels were not included in the least-
squares fit analysis.
eThe assignments shown in parentheses correspond to the vibrational levels for MgCN,
and the vibrational quantum numbers correspond to that for MgCN. The vibrational
levels of MgCN with the quantum number, v2 ≥ 4, are mixed with the MgNC levels.
fThe MgNC and MgCN levels are degenerate within calculational accuracy.
gNot included in the analysis.
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TABLE II. The vibrational and force constants of the X̃ 2�+ state of
MgNC.

This work Predicted

Vibrational constants (in cm−1)
ω2 100.76(9)a 83.3b,c, 94.0d, 110.78e

x22 –2.878(7)a 1.74c, –2.0d

g22 1.4(1)a 0.30c, 1.76d

Force constants ( in cm−1 )
f2 1453.3f 1288.7g,h

g4 –147.9f –112.6h,i

aNumbers in parentheses are one standard deviation applying to the last significant digit.
bReference 4.
cReference 5.
dReference 17.
eReference 11.
fThe following rs structures were used; rs (Mg–NC) = 1.92607 Å and rs (C–N)
= 1.16878 Å (Ref. 27).
gConverted from the value, f002 = 0.0256 aJ, in Ref. 17.
hReference 28.
iConverted from the value, f004 = –0.05366 aJ, in Ref. 17.

the strongest band in each SVL dispersed fluorescence spec-
trum, the upper levels of the vibronic bands observed in the
LIF excitation spectrum are assigned to the κ series of the
Mg−N−C bending ν2 mode in the Ã 2� state as indicated in
Fig. 1.26

The energy levels of the X̃ 2�+ state involving the ν2

bending vibration are analyzed by using customary formula;22

G0(v2) = ω2

(
v2 + d2

2

)
+ x22

(
v2 + d2

2

)2

+ g22 l2
2,

(1)

where d2 is the degeneracy of the ν2 mode (d2 = 2 in the
present case). The observed vibrational level energies of v′′

2
= 0–12 are listed in Table I, which are indicated by single dot-
ted and double dotted-dashed lines in Fig. 2. The vibrational
constants obtained are shown in Table II. This analysis includ-
ing the second order anharmonic term, x22, is good enough to
reproduce the observed level energies within the deviations
less than 1 cm−1, which is slightly smaller than our experi-
mental accuracy. As shown in Table II, the vibrational con-
stants, ω′′

2 , x ′′
22, and g′′

22, predicted from ab initio calculations
are consistent with those determined in this study.

As seen in Fig. 2, several vibronic bands lie above the
transition to the vibrational level of v′′

2 = 12. Among them,
we can pick out two bands marked by thin solid lines, which
could be assigned as the transitions to the v′′

2 = 13 and 14
levels. They lie at the energies calculated from the vibra-
tional constants in Table I within our experimental accuracy
of 2 cm−1. However, they were excluded in the analysis to de-
rive the vibrational constants of the ground state, since their
features in the spectra are anomalous. These two bands, espe-
cially the band assigned as the transition to v′′

2 = 13, appear to
have intensities stronger than those expected from the Franck-
Condon patterns in spectra (d) and (e). It also appears that
the spectral congestion arises in the vicinity of these bands,
and most of them remain unassigned in spectrum (e). These
anomalies are interpreted by the internal rotation model in
Sec. IV.

IV. DISCUSSION

From the molecular geometry, we can derive force con-
stants of the potential surface from vibrational constants. We
adopted the following expression for the potential, which de-
pends only on the bending angle, ρ, of MgNC in the X̃ 2�+

state:

V (ρ) = 1

2
f2 ρ 2 + g4 ρ 4, (2)

where f2 and g4 are the harmonic and quartic anharmonic
force constants, respectively. The lowest anharmonic term is
the fourth order term, not the third, since the bending poten-
tial must be an even function with respect to the coordinate
for reasons of symmetry. The potential function depending
upon the dimensionless bending coordinate, q2, was defined
as follows by Mills:29

V (q2) = 1

2!
ω2 q2

2 + 1

4!
φ2222 q2

4, (3)

where φ2222 is the quartic anharmonic force constant for q2.
The dimensionless coordinate, q2, is related to the bending
angle, ρ, through the normal coordinate, Q2, of the ν2 bending
mode,

q2 =
√

2πcω2

¯
Q2 (4)

and

Q2 = B−1
m ρ, (5)

where Bm is the mass weighted B matrix from the GF proce-
dure, equal to the square root of the G matrix, G = Bt

mBm.30

The r0 and rs structures of the X̃ 2�+ state of MgNC were
determined by rotational spectroscopy.7, 8, 27 The re structure
was estimated via ab initio calculations. Comparing the har-
monic terms of Eqs. (2) and (3), and using the rs structure,
rs(Mg–NC) = 1.92607 and rs(C–N) = 1.16878 Å,27 the
harmonic force constant, f2, was evaluated from the vibra-
tional frequency, ω2, determined in this study. The results are
listed in Table II together with the predicted constants for
comparison.

Alternatively, the f2 constant can be also evaluated
through the GF procedure.30 The degenerate bending mode
of MgNC is only asymmetric with respect to the molecular
axis. The GF treatment for the bending mode becomes a
very simple one-dimensional (1 D) problem. The final equa-
tion which expresses the relation between the harmonic force
constant, f2, and the bending frequency, ω2, can be cited
from Herzberg’s Infrared and Raman Spectra of Polyatomic
Molecules.31 Adapting the formula, Eq. (II, 200) in Ref. 31,
derived from the GF method, and using the molecular geome-
try mentioned above, the f2 value was also evaluated. Because
the evaluation procedure of f2 through the GF method is fun-
damentally equivalent to that shown in Eqs. (2) and (3), the f2

value obtained is completely the same as the value evaluated
above.

To evaluate the quartic anharmonic force constant g4

from the anharmonic vibrational constants, x22 and/or g22

through φ2222, we use the expression derived through the
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second order perturbation treatment;29

x22 = 1

16
φ2222 − 1

16

∑
s=1,3

φs22
2 3ωs

2 − 8ω2
2

ωs

(
ωs

2 − 4ω2
2
) , (6)

g22 = − 1

48
φ2222 + 1

16

∑
s=1,3

φs22
2 ωs

ωs
2 − 4ω2

2
, (7)

where φs22 is cubic anharmonic force constants between
the νs (s = 1 and 3) stretching and ν2 bending modes.
Since we use Eq. (3) for describing the bending potential
function, the coefficients in Eqs. (6) and (7) differ from those
proposed in the literature (Ref. 32). In the X̃ 2�+ state,
the relation, ω2

2 � ωs
2, holds for the vibrational frequency;

ω′′
2 ≈ (1/20)ω′′

1 and ω′′
2 ≈ (1/5)ω′′

3 ,4, 5, 11, 17 and we can thus
approximate Eqs. (6) and (7) as follows:

x22 = 1

16

(
φ2222 − 3

∑
s=1,3

φs22
2 1

ωs

)
, (8)

g22 = − 1

48

(
φ2222 − 3

∑
s=1,3

φs22
2 1

ωs

)
. (9)

Because they just show a relation of x22 = −3g22, we cannot
derive the anharmonic force constant, g4, from x22 and g22 us-
ing the simultaneous Eqs. (8) and (9) though we can confirm
that the constants obtained in this experiment actually satisfy
this relation within our experimental uncertainty. We, there-
fore, estimate the anharmonic force constant g4 in accordance
with Eq. (8) because x22 is obtained more accurately better
than g22. Since we cannot obtain any information for the cubic
anharmonic constants, φs22’s, experimentally, the ab initio an-
harmonic force constants17 were used to evaluate g4. To check
the consistency of the constants predicted by ab initio calcu-
lation, we calculated φ2222 from the quartic force constant of
the bending mode, f004, and also evaluated φs22, s = 1 and 3,
from the cubic force constants, f102 and f012. The evaluated
constants, φ2222 and φs22, s = 1 and 3, gave x22 = –0.8 ac-
cording to Eq. (8), which is in disagreement with the reported
value of x22 = –2.0. The situation is much worse for the g22

constant. Thus, we conclude that the estimation of φ2222 from
the ab initio values may lead to larger error in evaluation of g4.

We thus evaluated the ratio of the first term to the
second one in Eq. (8) from the ab initio bending vibra-
tional constants.17 Equation (8) is evaluated to be −2.0
= (1/16)(−12.98 + X) using x22 and f004 confirmed,28 the
second term X is evaluated to be −19.02, and thus the ra-
tio 1st:2nd = 1.0:1.5 is obtained. Since Eq. (8) is reduced to
x22 = (1/16)(1.0 + 1.5)φ2222, φ2222 was thus estimated to be
−18.42 cm−1 from the experimental value of the anharmonic
constant, x22, and was converted to the anharmonic force
constant, g4, using Eqs. (2)–(5). These results are listed in
Table II.

In Fig. 4, curve (a) is the potential function calculated by
using the force constants, f2 and g4, listed in Table II. The
solid curve is validated in the observed energy range (up to
∼770 cm−1 above the vibrationless level of the X̃ 2�+ state
of MgNC, or up to ∼870 cm−1 above the bottom of the po-
tential). The curve lies apart from the harmonic potential to
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FIG. 4. Potential curve (a) for the ν2 bending coordinate is calculated using
the force constants, f2 and g4, determined this study. The validated region
up to ∼870 cm−1 above the bottom of the potential is shown by the solid
curve. The left axis indicates the energy measured from the bottom of the
potential, while the right corresponds to that measured from the vibrationless
level, which is 97.882 cm−1 above the bottom. Potential curve (b) shown by
the single dotted-dashed curve is derived from two force constants, f2 and g4,
predicted by ab initio calculation.17 Potential curve (c) shown by the double
dotted-dashed curve is the 1 D PES slice at the equilibrium geometries for the
other two normal modes of the three-dimensional (3 D) surface predicted by
ab initio calculation.17 The horizontal lines depict vibrational levels observed
in the experiments. The calculated energies are shown by dotted lines for the
unobserved levels, v′′ = 9 and 11.

lower energies with increasing energy, due to the negative
value of the quartic force constant, g4. This potential curve
shows a barrier near 90◦ of the bending angle, ρ, out of the
energy range of our observation. It can be expected that the
potential barrier is responsible for the convergence of the vi-
brational levels ∼900 cm−1 above the bottom of the potential.
In the dispersed fluorescence spectra, the bending vibrational
levels actually converge at ∼900 cm−1. This convergence of
the bending level might correspond to that expected from the
barrier of the bending potential curve. The isomerization po-
tential barrier seems to be about 900 cm−1 above the bottom
of the potential. A computational study predicted the isomer-
ization barrier about 2.5 times larger, ∼2000 cm−1.1, 19 We
also show the predicted potential curves derived by ab initio
calculation in Fig. 4. Curve (b) drawn by single dotted-dashed
curve shows the potential function derived from the predicted
force constants, and curve (c) drawn by double dotted-dashed
curve is a 1 D slice of the computed 3 D potential energy sur-
face (PES).17, 28 Three potential curves are in good agreement
within the energy region up to ∼870 cm−1 above the bottom
of the potential. However, the discrepancies are apparent at
higher energies. Especially the existence of the sixth order
constant, g6, in the 3 D surface, exacerbates the discrepancy.

The vibrational structure is also analyzed using the
internal rotation model, which is well known as a model
for the internal rotation of the methyl group in the methyl-
substituted aromatic molecules.33 As shown in Fig. 5(a), this
model treats the bending mode as the in-plane rotation of Mg
around the CN moiety. The wave equation of the rotational



124311-7 Bending structure of the MgNC X̃ 2�+ state J. Chem. Phys. 135, 124311 (2011)

(a)

(b)

Mg

N       C
ρ

Mg
N

C

ρ

FIG. 5. The internal rotation model viewed on the CN moiety (a) and on
Mg (b). It is apparent that the internal rotation constant, B, corresponds to
rotational constant of free CN.

motion is expressed as follows:

−B
d2�n

dρ2
+ V (ρ) �n = En �n, (10)

where

V (ρ) = 1

2

m∑
j=1

Vj (1 − cos jρ), (11)

where B is the internal rotation constant. In this model, the
potential function for hindered rotation, V (ρ), is interpreted
as perturbation to the free rotor. The wavefunctions of the hin-
dered rotation, �n, are then derived using the wavefunctions
of the free rotor, ψk, as the basis functions in the form,

�n =
N∑

k=−N

ck ψk, (12)

where ψk = (2π )−
1
2 eikρ , k = 0,±1,±2, . . . and ck is a coef-

ficient of ψk. In our case, the potential function for hindered
rotation corresponds to the isomerization potential surface.
It would be expected that the potential function has double
minima, where the global and local minima correspond to
the geometries of MgNC and MgCN, respectively, and thus
m = 2 in Eq. (11).

Adopting the internal rotation model to analyze the bend-
ing vibrational motion, we need to note two cautionary points.
The first is the difference between the adiabatic potentials
of constitutional isomerization, such as MgNC ⇀↽ MgCN,
and those of the internally rotational isomerization, such as
methyl group rotation. Constitutional isomers have the differ-

ent chemical bonds, and each part of the isomerization po-
tential belonging the isomers has different characteristics on
electronic configurations. In contrast, the rotational isomer-
ization potential can be described by nearly identical charac-
teristics, since the chemical characteristics of the isomers are
very similar everywhere along the internal rotational coordi-
nate. The second is interpretation of the l quantum number.
The present internal rotation model does not explicitly include
the l quantum number because it treats the two-dimensional
bending vibrational motion as the one-dimensional cyclical
motion. The effect of the l components can be included in
the analysis, if we will include that of the l �= 0 levels as the
effective terms into the internal rotation potential. However,
the present analysis was only performed for the levels with
l = 0.

The observed ν2 structure in the X̃ 2�+ state was an-
alyzed using the least-squares treatment. Since our analysis
is restricted to the l′′ = 0 levels, only the levels with even
quantum number among v′′

2 = 0–10 were included. In calcu-
lating the matrix elements,34 the basis functions were trun-
cated at the dimension of a hundred, i.e., we set N = 100
in Eq. (12), and even functions in ψk were only considered
as the basis function because of the l′′ = 0 restriction. The
constants obtained are listed in Table III, and the deviation of
the observed energies from calculated ones are listed in the
column of Analysis II in Table I. The calculated level ener-
gies both of even and odd parity vibrational wavefunctions are
listed in Table IV, and the coefficients, ck, are obtainable as
a supplement.35 Using the constants obtained, the internal ro-
tational potential and wavefunction were calculated as shown
in Fig. 6(a), where only the wavefunctions with even parity
levels are presented. Figure 6(b) shows the feature of the en-
ergy levels in the congested region, E = 500–700 cm−1 in
some detail. As seen in Table IV, there is one-to-one corre-
spondence between the quantum number of the bending vi-
brational levels, v′′

2 , and those of the internal rotational levels,
n, up to six. The n = 7–16 are the transition region from the
pendulum motion to the rotational one, and the energy lev-
els of two isomers alternatively occur. On the basis of the
view of the wavefunction as shown in Fig. 6(b), the n = 7
level cannot be attributed to v′′

2 = 7 of MgNC, but to v′′
2

= 0 of the isomer, MgCN. The n = 8–10 correspond to v′′
2

= 7 (MgNC), 1 (MgCN), and 8 (MgNC), respectively; e.g.,
the correspondence of n = 10 to v′′

2 = 8 is evident from
the characteristic shape of the wavefunction, which has eight
nodes in the MgNC territory. The levels with n > 10 are
above the barrier of the potential curve, and the energy levels

TABLE III. The internal rotational constant, Ba , and constants for the in-
ternal rotation potential, V1 and V2

b , of the X̃ 2�+ state of MgNC under the
internal rotator model (in cm−1)c .

B / cm−1 V1 / cm−1 V2 / cm−1

4.86( 24 ) –541.( 12 ) 314.( 15 )

a−B d2�n

dρ2 + V (ρ)�n = E�n.
bV (ρ) = 1

2 {V1(1 − cos ρ) + V2(1 − cos 2ρ)}.
cNumbers in parentheses are one standard deviation applying to the last significant
digits.
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TABLE IV. The level energies calculated using the internal rotor potential
(in cm−1).

v′′
2

c

na Evenb Oddb MgNC MgCN

0 0.0 0
1 89.62 (1)
2 175.13 2
3 256.27 (3)
4 332.65 4
5 403.79 (5)
6 468.97 6
7 522.61 0
8 526.93 (7)
9 571.49 (1)
10 574.67 8
11 611.70 2
12 613.16 (9)
13 661.45 (3)
14 661.74 10
15 725.73 4
16 725.75 (11)
17 802.30

}
18 802.30 12 (5)
19 890.20

}
20 890.20 (13) 6
21 988.89

}
22 988.89 14 (7)
23 1098.06

}
24 1098.06 (15) 8
25 1217.51

}
26 1217.51 16 (9)
27 1347.10

}
28 1347.10 (17) 10
29 1486.73

}
30 1486.73 18 (11)

aThe level with n ≤ 30 are listed.
bParity of the wavefunction.
cThe level with v′′

2 = odd are put in parentheses because they correspond to the l′′ = 1
levels calculated from the l′′ = 0 potential.

approach to those under free rotation from restricted rotation;
in other words, they approach those under rotational motion
from pendulum motion. In the free rotor region, the odd and
even levels (2k − 1 and 2k, respectively) are nearly degener-
ate. The n = 11 and 12 levels exist within a 2 cm−1 inter-
val, and it is thought that these may be assigned as the levels
with v′′

2 = 9 (MgNC) and v′′
2 = 2 (MgCN), respectively. The

n = 13 and 14, and n = 15 and 16 levels are attributed to levels
with v′′

2 = 10 (MgNC) and v′′
2 = 2 (MgCN), and those with v′′

2
= 11 (MgNC) and v′′

2 = 3 (MgCN), respectively. The levels
with n ≥ 17 approach those of the free rotor and are attributed
to v′′

2 ≥ 12 of MgNC and v′′
2 ≥ 5 of MgCN. The calculated

levels attributed to MgNC and MgCN below 1500 cm−1 are
also listed in Table I for comparison with observed values.
The results show that the observed vibrational levels with l′′

= 0 were reasonably fitted within the deviation of 4 cm−1,
which is comparable to our experimental accuracy. Although
the analysis was applied only to the l′′ = 0 component, the l′′

= 1 levels, v′′
2 = 1, 3, 5, and 11 are also reproduced within the
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FIG. 6. The internal rotation potential curve, the vibrational levels, and the
wavefunctions obtained in the present experiment. The vibrational quantum
numbers, v′′

2 , of the MgNC levels are indicated. Figure 6(a) represents the
potential and the vibrational levels up to v′′

2 = 14, while Fig. 6(b) shows a
part of the potential and the vibrational levels in the v′′

2 = 6–10 range. In
Figs. 6(a) and 6(b), the left vertical axis indicates the level energy measured
from the bottom of the potential, while the right indicates that measured from
the v′′

2 = 0 level which is 45.80 cm−1 above the bottom. In Fig. 6(a), the solid
horizontal lines show the levels with even symmetry, while the dotted lines
indicate those with odd. For simplicity, only the wavefunctions with the even
symmetry are shown. The two wavefunctions with even symmetry between
v′′

2 = 6 and 8 and v′′
2 = 8 and 10 are not attributed to MgNC, but to the isomer,

MgCN. In Fig. 6(b), the solid and dotted horizontal lines indicate the levels
of MgNC and MgCN, respectively. The wavefunctions shown by solid and
dotted-dashed curves represent those of MgNC and MgCN, respectively.

deviation of ∼5 cm−1, indicating that the contribution of the
l term to the potential might be small.

In Fig. 2, the vibrational levels treated in the internal ro-
tation model are indicated by v′′

2 with underline, such as 11.
In Fig. 2, the vibrational levels, v′′

2 = 10 and 11, indicated by
the two single dotted-dashed lines lie above the potential bar-
rier ( the v′′

2 = 11 level was treated as v′′
2 = 12 in the analysis

using the customary formula, Eq. (1), while that of v′′
2 = 10

is the same as the v′′
2 = 10 level, as seen in Table I). The five

levels, v′′
2 = 12, 13, 14, 15, and 16, predicted in this analysis

are shown by dotted lines in Fig. 2. These levels are close to
those of the free rotor. The restricted rotational motion of Mg
around the CN core shown in Fig. 5(a) is thought to be the
internal rotation of CN in the close neighborhood of Mg as
shown in Fig. 5(b). Thus the internal rotation constant, B, can
be compared with that of free CN. With respect to the hin-
dered potential, the internal rotation constant, B = 4.9 cm−1,
is reasonable compared with the rotational constant of the free
CN molecule, ∼2 cm−1.36
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The estimated energy of MgCN, 522.6 cm−1, shown in
Fig. 6, reasonably corresponds with the predictions, 756,11

656,17 and 651 cm−1,19 though the level energy of 522.6 cm−1

is evaluated only from the vibrational structure of MgNC, as
listed in the Table I. However, the energy spacing between
the v′′

2 = 0 and 1 levels of the MgCN isomer, 48.9 cm−1, is
much smaller than the predicted harmonic frequencies, 173.9
(Ref. 11) and 166.9 cm−1,17 and it is actually close to a quar-
ter of the predicted value. One of the reasons for the smaller
spacing is that the vibrational levels, especially v′′

2 (MgCN)
> 1, evaluated under the internal rotation model are heav-
ily distorted by the MgNC potential, while the harmonic fre-
quencies predicted are determined at around the bottom of the
MgCN potential with little distortion.

In Fig. 6, the potential curve below 720 cm−1 above the
bottom is reliable, since it is evaluated on the basis of the ob-
served vibronic levels, v′′

2 ≤ 10. In this energy region, it is re-
markable that the v′′

2 = 8 level has a trace contribution of the
MgCN isomer in its wavefunction and that the vibrationless
level of MgCN also has a trace of MgNC character, though
it is not apparent even under the resolution of Fig. 6(b). We
attempted to observe the LIF signals attributed to the MgCN
isomer under free jet expansion, but did not succeed. The ob-
servation has not been successful in the FT-MW experiment
performed under a similar jet condition either.9 These results
may indicate the possibility for the occurrence of isomer-
ization reaction, MgCN → MgNC, in the collisional relax-
ation process even in the low vibrational levels under the jet
cooled condition. The rotational spectrum of MgCN was ob-
served, but with very low signal intensity under relatively high
temperature condition, and the observation is restricted to
v′′

2 = 0.7 Since the wavefunction of the v′′
2 > 0 levels of MgCN

have relatively large contribution of MgNC, it would be ex-
pected that the species in these levels isomerize to MgNC ef-
ficiently by collisions.

Figure 7 shows several bending vibrational levels in the
X̃ 2�+ state of MgNC; schemes (a) and (b) show those
obtained by using the customary formula, Eq. (1), and ob-
tained under the internal rotation model in the present exper-
iment, respectively, and scheme (c) shows those predicted by
ab initio calculation.19 By comparing with schemes (b) and
(c), we note the following three features. The first is contra-
diction in barrier height of the isomerization reaction, MgNC
⇀↽ MgCN. In the present experiment, mixing between the
MgNC and MgCN was determined to start at v′′

2 = 8 ly-
ing at 575 cm−1, while predicted to occur at 2111 cm−1 by
ab initio calculation.19 The isomerization barrier predicted is
much higher than that derived from the present experiment.
The second is in good agreement on the vibrational level en-
ergies in the lower levels, v′′

2 < 5. The third is the similar
tendencies in the interval of vibrational levels. The energy
spacings between the vibrational levels with v′′

2 = 1 decrease
with increasing of the v′′

2 quantum number in the region below
600–800 cm−1, while the spacings are predicted to increase
with increasing of v′′

2 above this energy region.
The third feature of the energy levels described above is

known as the typical manifestation of a saddle point; one of
the example is a phenomena so-called “Dixon dip.”22, 37 We
can, therefore, interpret this finding as the existence of the
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FIG. 7. The bending vibrational levels obtained by the analyses. Scheme
(a) shows the vibrational levels obtained in the analysis using the customary
formula, Eq. (1), and scheme (b) under the internal rotation model. Scheme
(c) shows the levels predicted by ab initio calculation.19 The levels experi-
mentally observed are marked by ∗ (see Table I). The vibrational levels cor-
respond to the states for the vibrational levels with even vibrational quan-
tum numbers and the l = 0 state for those with odd quantum numbers. The
vibrational levels obtained by the customary formula is converged at near
800 cm−1. The vibrational levels with v′′

2 ≥ 15 obtained by the internal ro-
tation model are recognized as the delocalized levels, since the eigenvalues
of the even and odd levels almost coincide with each other. The delocalized
levels predicted by ab initio calculation19 are shown by dashed lines.

isomerization barrier. In contrast to this interpretation, we of-
fer an alternative interpretation to the Dixon dip phenomena
derived from the computational work.19 The decreasing of in-
tervals of vibrational levels could arise from the anharmonic
fourth order force constant with negative value because no
saddle points were expected in this region, due to the pre-
dicted barrier at much higher energies in the computational
study. The change of the spacings around 600–800 cm−1

could be attributed to the change of the curvature of the poten-
tial surface; as seen in Fig. 4 (the double dotted-dashed about
800 cm−1). The increasing of the vibrational spacings could
be induced by the positive sixth force constant, since the po-
tential is distorted by positive higher order (≥4th) term(s) of
the force constants.38

The dynamical behavior of the internal motions are stud-
ied in view of the semi-classical (or old quantum) mechan-
ics. In a system consisting of a spherical pendulum coupled
to a harmonic oscillator, it is reported that a similar tendency
with the vibrational spacings found in this experiment (the
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Dixon dip-type behavior) can occur near a saddle point, the
critical point between the swinging and rotating motions39

(the saddle point is at θ = π in the pendulum model). This
study was extended to the pendulum system with a poten-
tial surface “kink,” the point at the curvature of the surface
changes. A similar tendency for the vibrational spacings has
also been computed near the kink.40 Accordingly, it cannot
be determined whether the origin of our Dixon dip-type ob-
servation comes from the existence of the isomerization bar-
rier, or whether it is derived from the existence of the “kink.”
However, our second interpretation for the congested vibronic
structure discussed below supports the existence of the iso-
merization barrier.

The analysis performed by the internal rotation model
provided a different interpretation for the congested struc-
ture in the energy region above 700 cm−1. In spectrum (e)
of Fig. 2, it is seen that the internal rotation model predicts
that the v′′

2 = 11 and 12 levels lie in this congested region,
and the bands corresponding to v′′

2 = 11 and 12 consist of
at least four vibronic bands as marked by horizontal braces.
The vibrational levels, v′′

2 = 11 and 12, lie above the bottom
of MgCN and also above the isomerization barrier, and each
consists of closely spaced levels with alternating even and odd
parity (Tables I and IV). The spectral congestion may suggest
interference between the bending levels with different parity,
possibly attributed to parity annulling isomerization.

For the congested spectral feature, we can make another
interpretation due to the occurrence of the combination levels
of the ν2 bending and ν3 Mg−NC stretching vibrations. Actu-
ally, the (0,2,1) combination level lies in the energy region of
v′′

2 = 11, and the (0,3,1) level lies in the region of v′′
2 = 12; as

shown in spectrum (e) of Fig. 2, the vibronic levels lie at each
of the left edge of the two horizontal braces indicating the
congested spectral features. In the HCP system, it is reported
that the (2:1) Fermi resonance between the bending and C−P
stretching modes is important to reveal the intra-molecular
dynamics.40, 41 Because of ω2 � ω1, ω3 in the MgNC/MgCN
system, we need to consider a higher order of Fermi reso-
nance than that in HCP. It is reported that, though the higher
order resonance is usually ineffective, it is effective at saddle
points.42 Actually, the (0,2,1) level lies energetically close
to the (0,11,0)MgNC and (0,4,0)MgCN levels. The former,
(0,11,0)MgNC, possesses odd parity, and thus Fermi resonance
with the even (0,2,1) level cannot be expected. In contrast,
the latter, (0,4,0)MgCN, is a even level, and the MgNC part of
the wavefunction corresponds to (0,10,0)MgNC. The coupling
between (0,10,0) and (0,2,1), i.e., the (8:1) Fermi resonance,
can be thus considered in this region. Similarly, there are
(0,12,0)MgNC and (0,5,0)MgCN levels in the (0,3,1) region,
and the wavefunction of (0,5,0)MgCN corresponds to that of
(0,11,0)MgNC. Thus, the (8:1) Fermi resonance is considerable
between (0,11,0) and (0,3,1). Assuming interaction between
the stretching and bending vibrations as Hint = V ′qs sin2 ρ,
where qs is the stretching coordinate, the strength of the
higher order Fermi resonance may be estimated. Unfor-
tunately, the Fourier coefficient Cn, n > 6, have not been
evaluated in the reference, so these were calculated by
following a previously published procedure.42 The result
shows that the higher order coefficients dominate near the

saddle point, though the strength is negligible outside of the
saddle point. Accordingly, in the present MgNC system, it
is expected that the (8:1) Fermi resonance is effective in the
region near the isomerization barrier and induces the level
mixing among the other l = even components of (0,10,0) and
(0,2,1), in other words, among the levels with the same parity.
As suggested by the semi-classical mechanics,39, 43 it would
be expected that eigenstates describing internal rotations of
Mg around the CN core have moderate transition probability
to the fluorescent states. The eigenstates have greater proba-
bility near the saddle point, ρ ∼ 100◦ in the present case, due
to the lowest momentum at the saddle point in the internal
rotor trajectories. To obtain more certain explanation for
the congested features, we need to measure the rotationally
resolved spectra of the congested vibronic bands.

The internal rotation model is a crude model for analyz-
ing the observed ν2 bending structure, since our analysis is
restricted to the l = 0 levels. We are currently analyzing the
vibrational structure utilizing spherical harmonics function.44
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