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Complete active space (CAS) calculations with 6-8%1g(3df,3pd) basis sets were performed for a large
number of electronic states of the nitrate free radical {IIBH;CH,N) and their positive and negative ions.

All calculated states are valence states, and
Teller effect on the CkN radical,Cs symmetry

results (CASPT2 adiabatic excitation energies and CASSI oscillator strengths) suggest that the calculated

transitions of CHN at 32172 and 32139 crhare

their characters are discussed in detail. To investigate the Jahn

was used for both GN and CHCH:N in calculations. The

attributed to the®a"” — 13A" and A’ — 13A", respectively,

which is in accordance with the3& — X3A, emission spectrum &y = 31 817 cnm™. The calculated transitions
of CH;CH,N at 334 nm are attributed to theé A" — 23A" and BA" — 13A’, respectively, which is in

accordance with the UV absorption spectrum of a series of 11 bands beginning at 335 nm. The vertical and
to compare with the PES data. These results are in agreement

adiabatic ionization energies were obtained

with previous experimental data, which is discussed in detail.

Introduction

Nitrate free radicals (molecules formulated as® contain
electron-deficient nitrogen atorhand are extremely reactive
species. As the simplest alkyl nitrene, §His a kind of
dielectronic radical similar to carbene @Hand is thought to
be an important intermediate in many organic and inorganic
reactions’3

The first ab initio calculation of the different electronic states
of CH3N was reported in 1974 by Yarkony et“alhey con-
firmed that the lowestA,, 1E, and'A; electronic states of Ci,
arising from the same electron configuraticm320;230.;240112%-
1e*50,,22€?, are analogous to the knowE ™, 1A, and!S™ states
from 102202302172 of the diatomic NH. NH has been rather
well characterized by spectroscopist$,and it has a stable
triplet ground and excited state and stable singlet excited $tates.
Therefore, CHN should be at least a stable triplet radical.

However, from the 1950s to 1970s, great efforts had been made

to obtain optical spectra of GN through the photolysis and
pyrolysis of various precursofgspecially methyl azide Gz,
but only the isomer, CENH, a transient species as g¥ was

observed, which is of interest in astrophysics and has been

observed in dark interstellar dust clous.
The first report of the electronic emission spectrum of;NH
originates from Carrick and Engelking’s 1984 work using the

complex eigenvalue Shroedinger equation (CESE) method of

radical production for spectroscopyTheir spectrum is much
broader than subsequent jet-cooled emission spébtraclearly
shows an electronic transition assigned A= X3A,, with

To = 31811 cml. Since then, several other groups have
observed the same emission bah& The structure of the Ci\
radical was first determined by high-resolution gas-phase
emission spectroscopy of the transitiSnAfter several years,
Zhao et al. obtained experimentally the vibrationally resolved

determined the excited-state vibrational frequentté&Since

the first ab initio calculation of the different electronic states of
methylnitrene was reported in 1974 by Yarkony et*ahany
calculations on it have been reporféd!® In contrast to CHN,

less is known about C¥H;N, although a few experimental
and theoretical studies have been repottetk However, there
have not been thorough theoretical studies about the excitation
spectroscopy of ChN or CH;CH:N.

Several studies by photoelectron spectroscopy (PES) were
also carried out which were mainly concerned with the vertical
ionization of different molecular orbitals of GN and CH-
CH,N.2223Wang et al. reported four experimental energies in
the low ionization energy region for GN and CHCH,N. They
also performed some limited ab initio calculations of the vertical
ionization energies according @, symmetry andCs symmetry
from the Gaussian2 (G2) and density functional theory (DFT)
methods to explain their findings for GN and CHCH:N,
respectively. However, the structures and properties of the
ground and excited states which would be of importance in their
cations (CHN* and CHCH,N*) were not treated by them.
Moreover, the ionization energies they calculated are vertical
ionization energies which are not thought of for geometry
relaxation, but the adiabatic energies which would be of
important contribution to the ionization energies and to explain
the characters of the electronic states were not calculated.

In 1999, Paul observed the PES of the {8H anion; they
measured the electron affinity of methylnitrene to be 0.822
0.009 eV, confirmed that the methylnitrene anion ¢8H) is
stable, and they measured the singlet/triplet splitting of meth-
ylnitrene to be 1.352- 0.011 eV?4 However, there have not
been experimental or theoretical reports on the characters of
the ground and excited electronic states of sNH and
CH3CH;N™.

laser-induced fluorescence spectra of a system of radical and The aim of the present paper is to study and characterize a

*To whom correspondence should be addressed. E-mail:

zhanghx@mail.jlu.edu.cn.

large number of electronic states of gdHand CHCH,N and
their positive and negative ions. CASSCF and CASPT2 methods
have proved to be effective for theoretical studies of electronic
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spectra of molecule®:2” Equilibrium geometries, harmonic  few electronic states by the CASSCF method, which provides
frequencies, adiabatic excitation energies, and oscillator strengthus with dipole transition moments for the calculation of oscillator

for the low-lying states of neutral species and their positive and strengths, were calculated. Furthermore, the configuration
negative ions at the CASPT2//CASSCEF level of theory, which interaction (Cl) vectors of the CASSCF wave function give

give insight into the characteristics of the electronic states, were insight into the structure of the respective electronic state and
determined. Preliminary results are also obtained for the vertical will be discussed in the following. For all of the calculated states,
and adiabatic ionization energies of different orbitalsd e improved the accuracy of the adiabatic excitation energies

symmetry for CHN and CHCH;N, and they are in agreement  py including dynamic electron correlation by the CASPT2
with experimental data. method.

1. CASPT2//CASSCF Results for the Ground and Excited
States of CHN and CH3CH,N. We optimized equilibrium

The active space for CASSCF calculations contains 12(11, structures of the ground states and 7/8 lowest excited states of
13)and 8(7,9) electrons and consists of 11/12 molecular O_Vbita|5CH3N/CH3CH2N by CASSCF to obtain good starting guesses
that are all valence orbitals for GN and CHCH:N and their  anq approximate Hessians for the computationally extremely
ions, respectively. For C#, the full-valence active space was  gemanding CI optimizations. All of the states for the experi-
used; for CHCH.N, the CH; group is stable and the active space | antal Cs equilibrium geometry that we obtained at the

orbitals should be less than 12 orbitals to ensure the accuracy-agpT2//CASSCE level are summarized in Table 1a and Table
of the results, consisting of 8 electrons and 12 molecular orbitals 2a, which contain energies and oscillator strengths. We will first

IS ?_ﬂ':}abé%:ﬁétSH;?V’\érm s?tﬂfeu@ggnd fimized at the complete describe the results of GN and then compare the results of
g y y p Pt cH,CHLN with them.

active space-self consistent field (CASSCF) level of theory. . ) .
Multiconfigurational linear response (MCLR) was used to  Hyperconjugation arguments are often evoked when discuss-
calculate the harmonic frequencies, and CASPT2 was used toind the bonding in open-shell systems, usually in the context
calculate the dynamic correction. of explaining ESR or PES data. In our calculations, we find

For all of the calculations, extended basis sets were usedthat the effect of &N hyperconjugation would shorten thedT
which contain polarization and diffuse basis functions to give bond length as shown in Figure 2c (Supporting Information).
sufficient flexibility to describe a variety of different states. We Moreover, increased s character along theNCaxis, charac-
used the basis sets, denoted 6-8%(3df,3pd) basis, which teristic of a strong-type N—C bond, enhances the-@ bond
were employed in a previous stifywhere it is described in  since excess electrons occupied the stabilizedCN-type bond
detail for all of the calculations, which are explained in the and are at the expense of s character in théd®onds, which
following. Because the,g 1 »-type basis is treated as an s-type results in carbon p-type orbitals that play a more important role
basis is the reason for excess electrons in the orbitals in thein the C—H bonds. Thus, it weakened-@& bonds and made
Mulliken population analysis in some cases. It gives the the HCH bond angle tend to 90exactly as found in the
contraction scheme (12s,6p,3d,1f)/[5s,4p,3d,1f] for the N and optimized ground geometry, as determined by Chappell and
C atoms and (6s,3p,1d)/[4s,3p,1d] for the H atom with a total Engelking!! In the Z2A" and BA’ excited states, the-type
of 135/207 contractions for GM/CH;CH,N and their positive  N—C bond is weakened because of an electron transfer from
and negative ions. _ the C-N o-type bond to the HOMO(2e) orbital, and the-&

To investigate the distortion of the excited states ofzI8H bonds are strengthened, thus thelCbond is lengthened, the

we performed the geometry optimizations un@gisymmetry HCH bond angle is a little bigger, and the NCH bond angle is
for every state of CEN and CHCH;N at the CASSCF level. a little smaller.

The oscillator strength is defined as The Jahn-Teller effect is not evident in the ground state,
2 since it retainsCs, symmetry. We find in excited states the
f= 3 (TDM)ZAE geometry was also affected little as is found throughout Table
la. ThetA’, SA’, and 2ZA" states have one short and two long
C—H bonds, and théA"”, 28A", and 3A’ states distort from
Cs, symmetry in the opposite sense. However, the distortion

Methodology

The transition moments were computed by CASSCF, and the
excitation energies which are very sensitive to dynamic cor- e .
relation were computed by CASPF2. from Cgz, symmetry of both components & and3E is quite

We used the optimized geometry of the ground state ofgH ~ SMall; the!A” and 'A” states’A" and 2A" states, and A"
CHsCH.N to calculate the vertical ionization energies which and 3A'’ states differ in energy by less than 0.01 eV. TheNC
were obtained from the difference of the total energies betweenPond length in théA” and*A" states is nearly the same, and
the resulting radical ion and the neutral @HCH3;CH,N both are slightly shorter than the-@®l bond length in théA"
diradical. The calculated adiabatic ionization energies are State as found by Borden et?iThe C-N bond lengths in the
obtained from the difference of the total energies between the *A" and ZA" states are slightly longer than the-® bond
radical ion and the neutral GN/CHsCH,N diradical under their ~ length in the®A"" state, and the €N bond ruptures in thel&"
respective optimized geometry. All of the calculations were and 3A' states.
performed using the MOLCAS 5.4 quantum-chemistry soft-  The oscillator strengths for the transitions between the ground

ware® on a Lenovo/1800 server. and excited states were calculated. To obtain a nonvanishing
) ) transition dipole momentg; |i| ;L) the direct productl’; x
Results and Discussion I, x I}, must contain the totally symmetric irreducible
A. Adiabatic and Vertical Excitation Energies and State representation. In the case of tf¥ point group,l’,y and T,

Characteristics of CHsN and CHsCH>N. The calculation of are A and the ground-state symmetry A1, thus transitions
the excitation spectrum is a natural starting point for a thorough into states of A symmetry are dipole allowed, artly is A",
investigation of the excited states of any polyatomic system. A thus transitions into states of Aymmetry are dipole allowed.
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TABLE 1:
(a) Total Energies, Adiabatic Excitation Energies, Oscillator Strengths, and Optimized Structures of
Ground and Excited States of @ as Calculated by CASPT2//CASSCF
R12 R R3 alb a2b o3P adb CASSCF CASPT2 Ey
state A R R (deg) (deg) (deg) (deg) E (au) E (au) (cm™d) f
SA" 1.446 1.110 1.110 110.6 110.6 108.4 108.4 —94.123867 —94.410685
expg 1.411 1.09 106.68
A 1.417 1.112 1.118 112.3 110.7 107.9 107.2 —94.058218 —94.357749 11617 <1070
A" 1.417 1.119 1.114 110.8 111.4 107.7 107.8 —94.058208 —94.357805 11604 <1010
2IA’ 1.414 1.117 1.117 111.3 111.3 107.6 107.5 —94.026794 —94.322790 19288 <1010
SA 1.509 1.102 1.105 104.3 109.9 110.6 111.3 —93.972327 —94.264230 32139 0.225
2BA" 1.510 1.106 1.103 111.1 106.5 111.1 110.3 —93.972214 —94.264081 32172 1.773
3tA’ 1.701 1.097 1.096 114.8 115.7 —93.925936 —94.210400 43952 <1071
21A" 1.702 1.096 1.096 115.5 114.4 —93.925907 —94.210368 43959 <1010
(b) Leading Configurations, Occupation, and Respective Weights
in the Cl Vector €¢?) of CHsN Electronic States from CASSCF Calculations
sym. occupatioh weight sym. occupatich weight
SA 22220u00 2u0 0.936 3’ 222u0d00 220 0.937
A 22220200 200 0.505 A" 222u0200 2u0 0.935
22220000 220 0.439 A 222u0u00 220 0.935
A" 22220u00 2d0 0.944 " 222u0200 2d0 0.938
2tA’ 22220200 200 0.457
22220000 220 0.458
(c) Harmonic Frequencies of Ground and Excited States aNCi$ Calculated by MCLR
state e vy e v’ e e’ e e’ ©
SA" 2854 1403 1009 2923 1469 999
exp 2943 1349 1040 2989 1490 903
SA 2891 1393 750 3016/2971 1502/1450 809/1072
exp 759 2943 1500
23A" 2889 1397 810 2982/3017 1463/1497 1183/i808
A 2894 1379 1043 2782/2394 1421/1428 558/972
A" 2850 1372 1044 2769/1908 1416/1412 969/i1187
217 2797 1369 1069 2859/2859 1438/1438 1145/1143
3IA’ 2965 1263 879 3114/3109 1424/1460 507/472
21A" 2967 1269 914 3115/3107 1447/1447 507/i430

2R1 is the N-C distance, R2 is the -€H1 distance, and R3 is the-G42 distance? a1 is the N-C—H1 angle,a2 is the N C H2angle,a3 is
the H1 C H2 angle, and4 is the H2-C—H2(X) angle. The geometry of G is restricted toCs symmetry. All states were optimized at the
CASPT2/CASSCEF level using 6-331-g(3df,3pd) basis set§ Carrick, P. G.; Brazier, C. R.; Bernath, P. F.; Engelking, P. C. ref The occupation
number represents the electronic number that is occupied in the active space. u represents a spin-up electron, and d represents a spin-down electron.
ep,"" represents the symmetric hydrogen streteh,represents the symmetric hydrogen bend, represents the €N stretch,vs’ represents the
asymmetric hydrogen stretchy” represents the scissors, anf represents the rockChappell, E. L.; Engelking, P. C., ref 14Zhao, X.; et al.,
ref 14,

TABLE 2:

(a) Optimized Geometries, Excited Energies, and Oscillator Strengths of t@HGN Radical
RI2 R2 R*® R4# R® ol° o022 a3 a4 ob° oB® a7’ o8P CASSCF CASPT2 Tv

state (&) A A A (A (deg) (deg) (deg) (deg) (deg) (deg) (deg) (deg)  E(au) E@) @m f
SA" 1433 1557 1.086 1.082 1.104 108.9 110.9 109.9 108.0 110.7 109.4 108.9 10B33.165206 —133.649713

2A" 1612 1499 1.076 1.079 1.111 1146 1112 111.3 107.8 109.4 108.33.054098 —133.513120 334 0.057
3A' 1614 1499 1.076 1.079 1.108 1140 1123 111.4 107.5 109.8 108.83.053757 —133.512020 334 0.004

A" 1413 1.554 1.090 1.082 1.105 106.9 115.1 110.8 105.8 110.5 109.8 108.8 10B38.112272 —133.592933 802 <10 1
A" 1.413 1566 1.087 1.081 1.104 109.4 1109 109.5 108.1 110.6 108.9 109.2 10B38.110044 —133.596373 854 <1010
2'A" 1.449 1527 1.088 1.082 1.105 108.1 111.6 110.7 107.5 110.9 109.6 108.7 10B33.090364 —133.561227 515 <1071°

3'A" 1.781 1.489 1.073 1.079 1.110 116.7 114.8 111.5 107.2 110.0 168133.012599 —133.464765 246 <101°
2'A" 1.768 1.488 1.073 1.079 1.112 116.7 114.8 111.5 107.2 110.0 108133.012599 —133.464765 246 <101°
41A" 2183 1.469 1.072 1.077 1.100 1211 117.4 1115 102.6 112.4 10932.897258 —133.327859 142 <1010

(b) Leading Configurations, Occupation and Respective Weights
in the CI Vector ¢?) of CHsCH;N Electronic States from CASSCF Calculations

sym. occupatioh weight sym. occupation weight
SA" 222u00000 u00 0.944 1’ 222200000 000 0.459
23A" 22u200000 u00 0.926 222000000 200 0.455
SA 22uu00000 200 0.926 Ry 22ud00000 200 0.926
A 222200000 000 0.721 Ry 22u200000 d00 0.929
222000000 200 0.222 A’ 220200000 200 0.851
A" 222u00000 d00 0.945

aR1 is the N}-C1 distance, R2 is the CIC2 distance, R3 is the CIH1 distance, R4 is the C2H2 distance, and R5 is the €23 distance.
bl is the NI-C1—-H1 angle,a2 is the N:-C1—-C2 angle a3 is the C2-C1-H1 angle,04 is the H:-C1-H1(Z) angle,a5 is the Ct-C2—H2
angle,ab is the CtC2—H3 angle,a7 is the H2-C2—H2(Z) angle, andu8 is the H2-C2—H3 angle. The geometries were restrictedCp
symmetry and optimized at the CASPT2//CASSCF level of theory using 6-311(3df,3pd) basis set§.The occupation number represents the
electronic number that is occupied in the active space. u represents a spin-up electron, and d represents a spin-down electron.

Our calculated oscillator strengths (cf. Table 1a) reflect exactly orders of magnitude smaller than those féAland 2A". It
these selection rules, and within numerical accuracy, oscillator also shows that transitions from the triplet state into triplet states
strengths of transitions into staté&’ and!A" are above 10 are available.
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a) character is a little different in the’&"" and A’ excited states
1110 of CH3CH,N. Except for the two excited states ofAl and
\ 1’A" at excitation energies of 11608 and 11609 &m
c 1.446 respectively, excitation energies are all above the photodisso-
w-g;“f“ \/ ciation limit of 17 000 to 18 000 cri. However, there have
/ 10.6 not been experimental reports on tHA?2 3'A’, or 2!A" states,
H2 perhaps modern spectroscopic methods would be capable of
observing these states which might be an interesting challenge
H2(Z) for experimentalists. The CASPT2//CASSCF adiabatic excita-
3 tion energies Tp) and state properties yield a picture of the
& Loggy 12 electronic spectrum of C#l, including several states never
calculated nor measured before. We calculated the triplet/singlet
splitting energies to be 1.439 eV which is compared with the
1.557 experimental 1.352 eV dafa.

110.9 The results of CHCH,N are summarized in Table 2a. The
109.9 ’\' two isomers energies demonstrate that the cross configuration
1433 N is a little more stable. By comparing the results of SSHvith
Hl(Z)“‘\\\\\\\\\‘ J CHsN, we find: (1) The effect of hyperconjugation is weakened
108.0 108.9 by replacig a H atom with a CHl group. (2) The adiabatic
H1 * 1.086 excitation energies at 334 nm compared with the UV absorption
spectrum in solid nitrogen consist of a series of 11 bands
©) beginning at 335 né® The red shift is the reason for the @H
H3 group which delocates the electron between the N and C atoms
H2(Z)”““”“” 119 (cf. Table 9b, Supporting Information). The vertical transition
/I C energies are also obtained for gdand CHN (cf. Table 8).
H2 ®osi L3 (3) In the ground state, the-N\C distance of CHCH;N is shorter
‘ than that of CHN and the N-C bonding of CHCH,N is

12 stronger than that of C4#\. In the3A’ and 2A"" excited states,

110.4 ’\' the N—C bond is ruptured in CECH,N and weakened in C4\.
e LSRN (4) The triplet/singlet splitting energy of GBH,N is 1.451
HI(Z) o ev.
107.7 4 1086 2. Characteristics of Electronic StatesWith the CASSCE
‘ - Hl : framework, each state is characterized by its CI vector which
Figure 1. Optimized structure of théA" state of (a) CkN and (b) in general is easily interpreted. Most states can be well described
CHsCH,N at cross configuration and (c) GBH.N at parallel config- by one dominant electron configuration which reveals the

uration using CASSCF calculations. excitation process by which the respective state arises from the

electronic ground states. In Tables 1b and 2b, we compile the
tion analysis for th€A" ground state and®A’ and 2A" excited leading electron conﬂgura’qon, _the occupation n V},'h'Ch u
represents an electron spin orientation that is “up” and d

states. We can see that only the population on the C and N hat is “d » and thei . .
atoms is different. In the ground state, the electronic configu- represents one that is “"down’, and their respective weigHjs (
ration of the C/N atoms is 287%,0954,0.954,0.627g4108 in the CASSCF wave function for all calculated states. The
zZ . . .
1.034) 1034, 1.268 \while in the A" and BA' excited states the CHsN ground state retain€s, symme;ry an.d is dominantly
FC)Xonfig)ljrati‘ct))lf]s are3§13p, 0976 0.956,0.459 3,889 1015 1.9615,0.699 (3a)2(4{1)2(53)2(13')2(63)2(83)1(23')1, in which the 6aand
and §013,0.958 0,973 0.459¢3.88, 1962 1,014, 0.698 respectively. 1d' orbitals are degenerate orbitals and thesBal 24 orbitals

The BA" — 13A" transition calculated at 32 172 cihhas the are degenerate orbitals as is shown in parts a and c of Supporting

largest oscillator strength of 1.773, but the calculated frequency Inflgrn;ati_on CI:: igure 2 and it i§an a%cor(:l_'aplce with (tjhe le aqd 2e
values of the 2A" state show a negative value which indicates orbitals in s, Zsymgwetryz. 'el bCIz ground state s
CH3N is not stable in the 3A" state, and the®A’ — 13A" dominantly (7§(8d) .(ga) (3d’)*(104). !n thg CHN ground
transition calculated at 32 139 cthas an oscillator strength sta’:e, tlhe tW[;). ulnpa;]rle(; electrons rg;ldle n thhe a:;jb de

of 0.225, thus we relate the two transitions to the experimental M0lecular orbitals which are perpendicular to the @l bon

ASE — X3A, emission spectra af, = 31 817 cmti0-12 |n and are mostly composed of the,2md the 2porbitals of the

the transitions, about 0.93.@r R, electron on the N atom is N atom and show a small degree of the-N interaction
transferred to the s and p orbitals of the C and N atoms at g Character. States 3 and 4 malnly.result from single excitations
ratio 1:4 statistically. We assigned it to be @@s) (sp), in between the two degenerate orbitals.

nature, and the two orbitals are shown in parts a and b of In fact, the majority of the calculated states arise from single
Supporting Information Figure 2. We can also see that in the Or double excitations into the two orbitals which are the
27" state of CHN™* or in the2A’ and2A" states of CHN™~ an energetically lowest, not completely occupied, orbitals in the
electron dominantly moves away or in the @p®ybital. The  ground state. In the ground state of £&HH;N, the two unpaired
evident change of population of s orbitals on H atoms is greater electrons reside in the 15and 34 orbitals between which the
than that in the 20" and BA' excited states of C#N and is calculated orbital energy interval is very small.

the reason for the shorter-ON bond length which strengthens The c? values of all of the states leading configurations are
the N—H interaction. We can see analogous results for-CH above 0.9, indicating a single-reference character of the respec-
CH;,N in Table 9b (Supporting Information), however, the effect tive states except thtA' and 2A’ states of CHN and CHs-

of hyperconjugation is less than that in gNHand the orbital CH>N, which also reflect that the 8and 24 orbitals of CHN

Supporting Information Table 9a gives the Mulliken popula-
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TABLE 3:
(a) Total Energies, Adiabatic Excitation Energies, Oscillator Strengths, and Optimized Structures of
Ground and Excited States of Gt as calculated by CASSCF
R12 R22 R3 olb o2b o3P o4b asP CASSCF CASPT2 Tv
state A) A) (G (deg)  (deg)  (deg)  (deg)  (deg) E (au) E (au) (m) f
A 1.317 1.109 1.158 121.2 103.9 116.9 88.4 —93.766200  —94.020970
A" 1.644 1.100 1.100 116.5 116.5 —93.736199 —93.975214 996 <1010
A 1.486 1.077 1.211 121.3 117.2 112.8 60.6 59.7 —93.640397 —93.901780 382 <1010
22A" 1.775 1.100 1.100 118.1 118.2 —93.657312 —93.895364 363 0.001
227! 1.717 1.102 1.102 118.0 117.7 —93.626489 —93.884344 334 0.164
32A 1.732 1.104 1.104 118.2 118.2 —93.588309 —93.838336 249 0.008
(b) Leading Configurations, Occupation, and Respective Weights in the CI VegYor (
of CHsN™ Electronic States from CASSCF Calculations
sym. occupatioh weight sym. occupation weight sym. occupation weight
A’ 2222u000 200 0.912 " 222ud000 2u0 0.701 0.234 222u0000 220 0.471
A" 222uu000 2u0 0.918 222uu000 2d0 0.234 2A'3 222u2000 200 0.459
A 2222u000 uu0 0.941 ' 222u2000 200 0.473 0.471 222u0000 220 0.459

2R1 is N-C the distance, R2 is the-@H1 distance, and R3 is the-G42 distance? a1 is the N-C—H1 angle,a2 is the N-C—H2 angle,a3
is the HI-C—H2 angle,a4 the H2-C—H2(X) angle, andu5 is the C-H2—H2(X) angle. The geometry of GIN™ is restricted taCs symmetry.
All states were optimized at the CASPT2//CASSCF level using 6+3#d(3df,3pd) basis set§.The occupation number represents the electronic
number that is occupied in the active space. u represents a spin-up electron, and d represents a spin-down electron.

TABLE 4:

(a) Optimized Geometries and Total Energies 0;CH,N" Radical Electronic States

R1®2 R2 R R& R  alf a2 a3 a4 o5 G a7P o8P CASSCF CASPT2
state. A A A A (A (deg) (deg) (deg) (deg) (deg) (deg) (deg) (deg) E (au) E (au)
2A" 1325 1564 1.115 1.079 1.100 101.2 1185 1165 99.9 109.9 106.7 110.8 16932.793668 —133.267129
‘A" 1484 1989 1.078 1.076 1.075 114.9 122.5 118.3 118:232.624496 —133.040094

(b) Leading Configurations, Occupation, and
Respective Weights in the CI Vecta®) of
CHsCH,N™ Electronic States from CASSCF Calculations
sym. occupatioh weight
2N 222u00000 000 0.934
A uu2u00000 200 0.938

aR1 is the N}-C1 distance, R2 is the CIC2 distance, R3 is the CIH1 distance, R4 is the C2H2 distance, and R5 is the €23 distance.
balis the N:-C1-H1 angle,a2 is the N:--C1—-C2 anglea3 is the C2-C1—H1 angle,a4 is the HE-C1-H1(Z) angle,a5 is the C:-C2—H2
angle,ab is the CEC2—H3 angle,a7 is the H2-C2—H2(Z) angle, andu8 is the H2-C2—H3 angle. The geometries were restrictedCp
symmetry and optimized at the CASPT2//CASSCEF level of theory using 6-34(3df,3pd) basis set§.The occupation number represents the
electronic number that is occupied in the active space. u represents a spin-up electron and d represents a spin-down electron.

in the'A’" and 2A’ states are degenerate orbitals and th¥ 4
state of CHCH)N which indicates a low multireference
character. We can predict that in high excited states it will show
high multireference character.

3. Harmonic Frequencies. The experimental frequency
values for all the vibrational modes in the ground state o§/\CH
were reported in several papéfs!® The frequency values of
CHsN which are summarized in Table 1c at the CASSCF level
using the MCLR program of the MOLCAS 5.4 software were
calculated. The calculated” andws” values in the 3A" state
are slightly bigger than the experimental values in tR&;1
ground state. The calculated’, v3", v, andwvs" values are
slightly smaller than the experimental values in tA&;lground
state. The calculateds” values in the 1A", 11A’, and ZA’
excited states are bigger than that in tBA'1state as the €N
bond length is shorter, which is in accordance with Zhao et
al.’s work!® The calculateds” values in the 2A", 3A", 31A",
and 2A" excited states are smaller than that in tRA’'1state
as the C-N bond length is longer.

B. Excitation and lonization Energies and State Charac-
teristics of CH3N™ and CH3CH,N™. To further investigate the
chemical properties of Ci#l and CHCH:N, the ground and
excited states of CHN* and CHCH,N™ using the same basis

in Table 3a and Table 4a, which contain energies and oscillator
strengths. Furthermore, the vertical ionization energies which
are obtained from the difference of the total energies between
the resulting radical ion and the neutral §NMCH;CHyN
diradical were calculated. The calculated adiabatic ionization
energies are obtained from the difference of the total energies
between the radical ion and the neutral SHCH3;CH;N
diradical under their respective optimized geometry.

1. CASPT2//CASSCF Results for the Ground and Excited
States of CHN™ and CH3CH,N™. Their adiabatic excitation
energies, which had never been reported and the results were
summarized in Table 3a and Table 4a, were calculated. The
CASSCEF calculations are not appropriate for a theoretical study
of the A" state of CHN™ or CH;CH,N™ because there is no
energy minimum unless it undergoes a pathway into their amine
cations. However, even though the state exists, it is not the
ground state of CEN™ because the?A’ and A" states in the
ground state of CEN™ in C3, symmetry split due to the Jakn
Teller effect and the2A’ state energy is lower than that @3,
symmetry. So, the 2A’ state is the ground state in our
calculation of CHNT™ and CHCH,N*. We predict a strong
transition in the adiabatic excitation spectrum of {§8H at 4
= 334 nm and a weak transition At= 249 nm.

sets and methods as the neutral molecules were calculated. All The ¢ values of the?A’, “A’, and “A’ states leading

of the states for the experimenta) equilibrium geometry that

configurations of CHN* are above 0.9, indicating a single-

we obtained at the CASPT2//CASSCF level are summarized reference character of the respective states. In TA&,22A’,
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TABLE 5:
(a) Total Energies, Adiabatic Excitation Energies, Oscillator Strengths, and Optimized Structures
of Ground and Excited States of G~ as Calculated by CASSCF
R1a R22 R3 alb o2p o3P o4b CASSCF CASPT2 Ey
state A) R A (deg) (deg) (deg) (deg) E (au) E (au) (nm) f
A’ 1.412 1.134 1.156 110.3 118.2 102.9 102.2 —94.060378 —94.398542
A" 1412 1.168 1.139 119.9 1135 102.4 103.2 —94.060199 —94.398272
A" 1.447 1.082 1.109 111.4 110.9 108.2 106.9 —94.059543 —94.375795 2003 <1010
A 1.449 1.114 1.090 108.6 109.97 107.32 113.5 —94.024492 —94.344352 841 <1010
22A" 1.427 1.086 1.093 110.9 111.9 108.0 105.8 —93.991760 —94.319909 582 0.001
24A" 1.534 1.098 1.098 110.3 106.5 111.5 110.3 —93.909581 —94.231477 273 <1010
29N 1.552 1.105 1.076 108.9 105.0 111.2 115.0 —93.881943 —94.197349 226 <1070
A’ 1.401 1.209 1.209 126.5 126. 88.3 88.3 —93.773804 —94.121232 164 <1070
(b) Leading Configurations, Occupation, and Respective Weights in the CI Vegarf (
CHsN~ Electronic States from CASSCF Calculations

sym. occupatioh weight sym. occupaticn weight sym. occupaticn weight

2N 22220u00 220 0.939 " 2222ud00 2u0 0.239 a' 222u2000 2uu 0.945

2N 22222000 2u0 0.939 2222uu00 2d0 0.722 A'3 22222u00 uu0 0.474

A" 2222uu00 2u0 0.948 " 222u2u00 2u0 0.954 22u2uu00 220 0.474

A 2222u000 2uu 0.952

2R1 is the N-C distance, R2 is the €H1 distance, and R3 is the-G42 distance? al is the N-C—H1 angle,a2 is the N~-C—H2 angle,a3
is the HE-C—H2, ando4 is the H2-C—H2(X) angle. The geometry of GiN~ is restricted toCs symmetry. All states were optimized at the
CASPT2//ICASSCEF level using 6-3%1-g (3df,3pd) basis set§ The occupation number represents the electronic number that is occupied in the
active space. u represents a spin-up electron and d represents a spin-down electron.

TABLE 6:
(a) Optimized Geometries and Total Energies of theCHbN~ Radical
R12 R22 R3* R4 R5 olb o2b o3P a4 o5P o6P a7 o8P CASSCF CASPT2
state. A A A (A (A (deg) (deg) (deg) (deg) (deg) (deg) (deg) (deg) E (au) E (au)
‘A" 1434 1554 1.084 1.082 1.101 109.3 1117 109.6 107.1 1112 108.7 109.4 168.23.114746 —133.618884
A’ 1431 1554 1.086 1.082 1.105 108.7 1108 109.1 110.3 1105 108.9 110.4 16823.096950 —133.595373
2°A" 1659 1.490 1.073 1.079 1.108 1153 111.2 111.8 106.6 1104 108.033.003945 —133.483355
29A" 1635 1.494 1076 1.079 1.112 113.8 1141 111.3 107.0 110.8 108.032.981903 —133.459263
(b) Leading Configurations, Occupation, and Respective Weights in the
Cl Vector (%) of CHsCH,N ™ Electronic States from CASSCF Calculations
sym. occupatioh weight
A" 222uu0000 0u0 0.951
A’ 22200u000 uu0 0.944
2°A" 22u20u000 Ou0 0.929
24A" 22u200000 Ouu 0.929

aR1 is the Nt-C1 distance, R2 is the CIC2 distance, R3 is the CIH1 distance, R4 is the C2H2 distance, and R5 is the €23 distance.
bal is the Nt-C1-H1 angle,a2 is the N:-C1-C2 anglea3 is the C2-C1-H1 angle,a4 is the Ht-C1-H1(Z) angle,a5 is the C:-C2—H2
angle,a6 is the C+C2—H3 angle,a7 is the H2-C2—H2(Z) angle, andx8 is the H2-C2—H3 angle. The geometries were restrictedGp
symmetry and optimized at the CASPT2//CASSCF level of theory using 6-3H1(3df,3pd) basis set§.The occupation number represents the

electronic number that is occupied in the active space. u represents

and 3A' excited states, the-NC bond ruptures and tted values

a spin-up electron and d represents a spin-down electron.

of CHsN and CHCH;N, the ground and excited states of

of these states indicate a multireference character, which showsCH3;N~ and CHCH,N~ using the same basis sets and methods

that the 8aand 24 CH3N™ orbitals in these states are degenerate
orbitals (cf. Table 3b and Table 4b).

2. lonization Energies.There have been some photoelectron
spectrum experimental and calculation reports abouNCahd
CH3CH,N,22:23 however, their calculations were only empha-

were also calculated. All of the states for the experime@tal
equilibrium geometry that we obtained at the CASPT2//
CASSCEF level are summarized in Table 5a and Table 6a, which
contain energies and oscillator strengths. Furthermore, we
calculated the vertical electron affinity energy which is obtained

sized on the vertical ionization energies. We calculated the fom the difference of the total energies between the resulting
adiabatic ionization energies and vertical ionization energies \44ical ion and the neutral GN/CHiCH,N radical. The

which were summarized in parts a and b of Table 7 and that

further proved our findings. The difference between the vertical
and adiabatic ionization energies of eNHis 0.34 eV. This
means that the HOMO(2e) of the @M diradical is not
nonbonding orbitals but with a small degree of N interaction
character, as described above.

3. Distortion from Cs, Symmetry. From the optimized
geometries undeCs symmetry, we can see that the distortion
from Cz, symmetry was evident in th@' and“A’ states, and
in the “A’ state of CHN™, the two symmetric H atoms are
bonding.

C. Excitation Energies and State Characteristics of CHN™
and CH3CH,N~. To further investigate the chemical properties

calculated adiabatic electron affinity energy is obtained from
the difference of the total energies between the radical ion and
the neutral CHN/CH3CH;N radical under their respective
optimized geometry.

1. CASPT2//CASSCF Results for the Ground and Excited
States of CHN~ and CH3CH2N~. The adiabatic excitation
energies, which had never been reported and the results were
summarized in Tables 5 and 6, were calculated. The CASSCF
calculations are not appropriate for a theoretical study of the
12A" and PA' states of CHCH,N~ because the states are
repulsive. We predict a weak transition in the adiabatic excitation
spectrum of CHN~ atA = 582 nm.
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TABLE 7:

(a) Calculated Vertical lonization Energids)),
Adiabatic lonization Energie€f), andAE(E, — E,) of CHzN
According toCs, Symmetry from the CASPT2//CASSCF Method

cationic associated

states  orbitals E,(ev) Ea(ev) AE(cm™?) expt
2A 2d’ 11.17 10.60 4597 11.04
2A" 7d 11.17 11.04
A" 6d 12.07 11.85 1774 11.40(12.85)
A’ 14’ 15.17 13.85 10646 15.53

(b) Calculated Vertical lonization Energies,J and
Adiabatic lonization Energie€f) of CH;CH,N
According toCs Symmetry from the CASPT2//CASSCF Method

cationic  associated
states orbitals E/(ev) Ea(ev) AE(cm™) exp@
A 3d' 10.43 10.29 1129 10.19
2A" 104 10.92 10.48
A" 9d 11.59 12.06
A 9d’ 13.89 16.59 21774 13.89

aJing, W.; Zheng, S.; Xinjiang, Z.; Xiaojun, Y.; Maofa, G.; Dianxun,
W., ref 22.°Yang, X.; Zheng, S.; Maofa, G.; Zheng, S.; Meng, L.;
Wang, D., ref 23.

TABLE 8: Vertical Excitation Energies (T, in nanometers)
for Low-lying Excited Electronic States of CH;N and
CH3CH,N Obtained in the CASPT2 Calculations with
6-311++G(3df,3pd) Basis Sets

absorptionTy) emission Ty)
A" — 13A" A" — 22A"  13A" — 13A"  13A" — 28A"
CHsN 307 303 319 319
expP 316 314
CHzCHyN 323 326 368 372
expy 335

aChappell, E. L.; Engelking, P. C., ref 11Ferrante, R. F., ref 12.
¢ Ferrante, R. F.; Erickson, S. L.; Peek, B. M., ref 19.

Thec? values of all the states leading configurations are above

Hou et al.

The calculated transitions of GN at 32 172 and 32 139 crh
are attributed to the 3" — 1°A” and PA' — 1°A",
respectively, which is in accordance with théEA— X3A,
emission spectrum &y = 31 817 cn1! and is assigned to be
(psk — (sp), in nature. For CHCH;,N, the transition energy is
red shifted.

Theoretical studies for the ionization energies ofs8kand
CH3CH,N are compared with the experimental PES data. We
predict a strong transition in the adiabatic excitation spectrum
of CH3N™ atA = 334 nm. We predict a weak transition in the
adiabatic excitation spectrum of GN— at 1 = 582 nm.
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