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Transition probabilities were evaluated for the斉1∑ --A Iu system of AINC and AICN isomers to

analyze photoabsorption and飢Iorescence spectra. The global potential energy surfaces (PESs) of

the斉1∑　and A Iu (1 1A〝,2 A') electronic states were determined by the multireference

configuration interaction calculations with the Davidson correction. Einstein's B coefficients were

computed by quantum vibrational calculations using the three-dimensional PESs of these states and

the electronic transition moments for theえ1 1A′′ andえ2 1A′ systems. Einstein's B coefficients

obtained for AINC or AICN exhibit that the Al-N or Al-C stretching mode is strongly enhanced in

the transition. The absorption and fluorescence spectra calculated for the嘉-1 1A′'andえ2 1A′

systems are discussed comparing with the observed photoexcitation and fluorescence spectra. The

lifetimes for the several vibrational levels of the A ^ state were calculated to be ca. 7 ns for AINC

and 21-24 ns for AICN from the且uorescence decay rates of the 1 A〝-X and 2 1A/-X emissions.

ゥ2006 American Institute of Physics. [DOI: 10.1063/1.220761 1]

I. INTRODUCTION

In recent years, much attention has been directed to

metal cyanide/isocyanide molecules (MCN/NC) through

spectroscopic and theoretical studies丘om astronomical and

reaction mechanismic points of view. The structures and re-

actions of the alkali molecules have been explained from the

nearly isotropic nature of the interaction of a metal ion with

the cyanide anion. The experimental and theoretical stud-

les of the corresponding alkaline earth molecules (M=Mg,

Ca, Sr) showed that all these species have a linear structure

including the first excited state.　The ground and first ex-

cited states are still characterized by ionic bonding and the

potential energy curves along the bending coordinate are

relatively isotropic. Moreover, large amplitude motions

(LAMs) often appear in excited rovibrational levels of MCN/

MNC. The LAM plays an important role of the unimolecular

reaction in the gas phase and the intermolecular vibrational

redistribution process. '5 Nanbu et al.u studied the theoret-

ical absorption and emission spectra of the斉2∑+-A 2n sys-

tem for CaNC/CN by performing time-dependent quantum

mechanical calculations on the potential energy surfaces

(PESs) of the related states. They pointed out that the char-

acteristics of the observed spectra by Scurlock et al. origi-

nated in the Renner-Teller (RT) splitting.

It is also interesting to consider cyanides involving triva-

lent metals because of increasing the covalent character. Ma

et al: have employed quantum mechanical methods to

study the ground electronic state of the AINC and AICN
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isomers and the transition state between these two structures.

They also calculated vibrational and rotational constants for

both isomers. Rotational transitions of AINC have been re-

ported by Robinson et al. and Walker and Gerry. These

studies show that the ground state has a linear and fairly rigid

AINC structure. Fukushima observed the laser induced

fluorescence (LIF) spectra from AINC/AICN generated in

supersonic丘ee expansions. He assigned the dispersed且uo-

rescence spectra with the band origin at 28 754 cm-　to the

progressions of the AINC(A IH一斉1∑+) transition and related

the congested bands to the isomerization reaction,

AINCを⇒ AICN. He also determined the vibrational constants

of the X state. Later, Gerasimov et al.　observed the

AINC(A Iu一斉1∑+) transition in the 35 800-37 700 cm-1 re-

gion and determined the vibrational constants of the X state.

They also observed the 28 754 cm x band, assigned to AINC

by Fukushima, and concluded that the molecular carrier of

this transition is attributed to the AICN isomer. Mok et air

calculated the geometries and the harmonic vibrational丘e-

quencies for these electronic states employing several meth-

ods. They simulated the theoretical fluorescence spectra aris-

ing from the Al-N stretching modes (i>3=0, 1 ,2) of the upper

state based on the harmonic Franck-Condon factors (FCFs)

and assigned the spectra observed by Gerasimov et al. to

the A IIl一斉1∑　transition of AINC. Nevertheless, to our

knowledge, it seems that information on the electronic states

and their vibrational structures of AINC/AICN molecule es-

pecially the excited states is still insufficient.

In this paper, we outline ab initio molecular orbital con-

figuration interaction (MO CI) calculations used in our de-
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termination of the three-dimensional PESs as well as quan-

tum vibrational calculations. Subsequently, we describe the

PESs for the斉1∑+ and A Iu (1 1A〝,2 1A') states and also

vibrational levels for each electronic state. Next, the FCFs

and Einstein's A and B coefficients between these states were

calculated. The且uorescence lifetimes for the 1 A′'and 2 1A'

states were obtained from the inverse of the state sum of

且uorescence decay rate. Finally, the theoretical absorption

and emission spectra of the妄"x+-A II system based on the

transition probabilities are summarized and discussed com-

paring with the observed spectra. ' The main purpose of

this paper is to elucidate the photoexcitation and且uores-

cence mechanisms of AINC and AICN more precisely.

II. THEORY

A. Ab imtio MO Cl calculations

Determination of the global PES is quite important to

calculations of the higher vibrational states, as it is necessary

to take into account the anharmonicity of the PES, especially

for the electronic excited states. The basis set used in the

present work was the diffusion-function-augmented, correla-

tion consistent, polarized valence, triple zeta (aug-cc-PVTZ)

of Woon and Dunning. - The MOs were determined by com-

plete active space self-consistent-field (CASSCF) calcula-

tions. After determining the MOs, multireference configura-

tion interaction (MRCI) calculations were carried out.

AINC is a 26-electron system, and the ground state for

the valence is approximated by the wave function

[core](60-)2(70-)2(2Tr)4(80-r(9a^　斉1∑+,

for both linear AINC and AICN, and

[core](la')2(sa')2(9a')2(2a")2(10a′mia'y　斉1A′,

for the bending conformation.

The first excited singlet state for linear AINC/CN is an

open shell and the corresponding configurations are

[core](60-)2(7cr)2(8a-)2(277)4(9c7-)1(37r)1 A Iu,

and

[com](7ar)2(saf)2(9af)2(2a")2(10a')2(ua')l(3a")1 1 1A",

[core](7a')2(8a')2(9fl')2(2a")2(10fl')2(llfl')1(12a')1 2M',

for the bending conformation. The 1 A" and 2 A'states are

a RT pair.

To obtain the MOs necessary to describe these electronic

states, the state-averaged CASSCF calculations were carried

out with inclusion of a full valence as the active space orbit-

als. The active space of the MRCI calculations is the same as

that of CASSCF, and the con且guration state functions were

generated by single and double excitations with respect to

the reference con丘gurations used in the CASSCF calcula-

tion, except for the frozen-core orbitals, Is, 2s, and 2p (Al).

Moreover, the Davidson correction丘)r the MRCI calculation

was employed to include the correlation energy due to higher

excitations.  In the present work, the potential energies

for the electronic ground state, I A', and the next two elec-
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tronicexcitedstates,1A"and2A',werefinallyobtained

intheCssymmetry.Thetotalnumberofconfigurationsfor

thefinalinternallycontractedMRCIcalculations'was
(4-14)×106fortheA′symmetryand(3-13)×106forthe

A′′symmetry.Thetransitiondipolemomentsbetweenthese

stateswereevaluatedfromtheCIwavefunctions.Allofthe

abinitiocalculationswereperformedusingthemolpro

2002.6programpackage.Thecalculationsweremainlycar-

riedoutontheSX7andTX7computersoftheResearch

CenterforComputationalScienceofTheOkazakiNational

Institutes.Eachdatapointrequiredabout12hofCPUtime.

Jacobicoordinateswereemployedtodescribetherela-

tivepositionsofthethreenucleiinthebody丘xedplane;ris

thedistancebetweenCandNatom,Risthedistancebe-

tweentheAlatomandthecenterofmassofCandNatoms,

and6istheanglebetweenthevectorsRandr.Potential

energiesandtransitiondipolemomentswerefinallycalcu-

latedat1500geometriesandwereinterpolatedbytheinter-

polantmovingleastsquaresmethodcombinedwiththe
Shepardmethod231tocarryoutaquantumvibrationalcal-

culationonthePESs.Theparameterstodeterminethe

weightfunctions[seeEq.(6)ofRef.29]werechosentobe

a=0.03and/?=4.

B.Quantumvibrationalcalculations

Sincesomeofthehighlyvibrationalexcitedstatescould

becharacterizedwiththeunlocalizedwavefunctionthat

doesnotlooklikethezero-pointvibrationalwavefunction,

weperformedaquantumvibrationalcalculationbasedonthe

discretevariablerepresentations.TheHamiltonianop-

eratorHmaybewrittenformallyas"

H-盈+盈+隻+志+V(R,r,cosO),(1)

wherefjLR=m^i(mc+m^)/(m^i+mQ+m^),ixr=mQin^l{m.Q

+mN),PRandprareappropriateradialmomentumoperators

associatedwithRandr,andJandjdenotethetotalangular

momentumandCNangularmomentumoperators.

TheHamiltonianmatrixandassociatedwavefunctions

arerepresentedwithevenlyspacedgridsinRandr,and

associatedLegendrepolynominalstodescribecos6.The

gridparametersweresuitablefortheradialpart:(NR=139,

/emin=1.0ao,flmax=8.0aO)and(Nr=79,rmin=1.0aO,rr

=5.0ao),whereNisthenumberofgridpointsandaoisthe

Bohrradius.ThenumberofLegendrefunctionswas70for

theangularpart.Themethodadoptedforthediagonalization

oftheHamiltonianmatrixistheimplicitlyrestrictedLanczos
method.7Inthepresentwork,assumingthetotalangular

momentum/=Oand1,thelowest350vibrationalstateswere

obtainedforthethreeelectronicstatesofAINC/CN.The

FCFswerethenevaluatedasthesquareoftheoverlapinte-

gralsbetweentheinitialandfinalstatesfortheX-1A〝and

X-2Asystems,andEinstein'sBcoefficientsfor
in
photoabsorptionwerealsocalculatedasthesquareofthe
transitionmomentsthatdependonboththeinitialandfinal

vibrationalstates.Finally,Einstein'sAcoefficientswere

evaluatedfromthetransitionenergiesandEinstein'sBcoef一

丘cients.
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FIG.1.Potentialenergysurfacesforthe(a)妥1∑+,(b)1XA〝,and(c)21A'

statesforAINC/AICN;risfixedattheequilibriumdistanceof1.188Afor
thegroundstate.Narrowandthickcontoursareshownintheintervalsof0.2
and1.0eV,respectively.

III.RESULTSANDDISCUSSION

A.Potentialenergysurfaces

Figure1showsthetwo-dimensionalPESsofthe妄Ia'A',
11A",and2A'states,whererisfixedattheequilibrium

Olengthof1.188Aforthegroundstate.Theenergyzeroof

eachelectronicstateistakentobeattheglobalenergymini-

mumofthecorrespondingstate;嘉1M′′and21A'states

are-334.693700,-334.548638,and-334.551343Eh,re-

spectively.Figure2showsthepotentialenergycurvesofthe

threeloweststatesforAINCandAICNandthedependence

ofthetransitiondipolemoments,M,on0andR.InFig.2(a),

itisclearlyseenthatthe1A〝and21A/statesaretheRT

pairderivedfromtheAIHstate.Thepotentialfunctionfor

the1lA"stateistheloweroneandthatforthe2A'stateis

thehigheronearoundthelineargeometry,whereasthese

statescrosseachotheraround∂=50-and110-andthenthe
21A/statehasaglobalminimumaround∂=90-;wecallthis

geometrytheT-shapedAINCinthispaper.

Theequilibriumgeometryofeachstatewasevaluated

viapolynomial丘tforthepotentialenergydata.TableIsum-

marizesthegeometriesthusdeterminedcomparedwiththe

publisheddata.Thegeometriesofthegroundstateobtained

inthisstudyareingoodagreementwithrecenttheoretical

data,whereasthoseoftheA^stateareslightlydifferent
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FIG. 2. (a) Potential energies for the妥1∑¥ ¥ lA'′, and 2 1A'states in eV and
(b) transition dipole moments, M, as a function of 0.

from the previous values.16'19'21' The global minimum for

the X state is the linear AINC and the energy difference with

the linear AICN is 0.224 eV. The transition state for the

isomerization reaction of AINC(斉) -AICN(X) is around r

=1.19, if=2.14 A, and O=104-, and its barrier height was

estimated to be 0.52 eV from the global minimum of AINC.

The geometrical character of the transition state is in good

agreement with the 0.57 eV barrier reported by Ma et al.

For the Å lu state, the linear AICN is about 0.593 eV more

stable than the linear AINC. Our Ee energy of 4.574 eV cal-

culated for the A Iyl state ofAINC agrees well with the ob-

served Eo value of 4.512 eV.2 The transition state for the
O

PES of the 1 lA" state is around r=1.19, R=2.01 A, and 6

=78-, and its barrier height was estimated to be 1.22 eV

斤om the global minimum of AICN(Å 1n). The PES of the

2　A'state has two transition states around 6=45 and 122-

with the barrier of 1.05 and 1.03 eV, respectively. The exci-

tation energy from the X state to the A state for AICN is

evaluated to be 3.723 eV, which is consistent with 3.77 eV

calculated by Chau et al.　and the observed Eo of

3.565 eV.19'20

To clarify the spin-orbit (SO) interactions, the SO matrix

elements and eigenstates were computed using the Breit-

Pauli operator within the MRCI program of MOLPRO pro-

gram package. The basis set used in this calculation was the

Stuttgart relativistic large core effective core potential (Ref.

4G) for Al atom and the cc-PVDZ (Ref. 41) for C and N

atoms. The energies of the X and A states calculated mclud-

ing the SO coupling were almost equal to the MRCI values

neglecting the SO coupling around the linear AINC and

AICN. Moreover, the A IIl state does not seem to intersect

with any triplet state at lower energy region. Therefore, we

concluded that the SO effects are negligible on the X and A

states and their vibrational levels around the energy region

interested in this study.
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TABLE I. Equilibrium geometries and electronic energies of the斉1∑+ and A ln (l lA〝 and 2 1A′) states; bond

lengths are in A, angles are in -, and the energy difference (Ec) form the ground state ofAINC in eV.
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Thiswork.
Reference16.
Reference19.
Reference21.
・Reference39.
EavaluefromRef.20.

InFig.2(b),theM*isthetransitiondipolemomentfor

the1M′′-Xsystem,andtheMBXandM^xarethoseforthe

2A'-Xsystems.Figure3showsthetwo-dimensionalsur-

facesoftheabsolutetransitionmoments.TheMybecomes

zeroatthelineargeometryandMchangesthesignaround
o-72-.BothMjxandMB
xXwithr-1.2Ahaveamaximum
O

OaroundR=2AAforAINCandR=2.6AforAICNandrap-

idlydecreasewhenRdeviatesfromtheequilibriumlength.

Thesefeaturesindicatethatthebandstohighervibrational

levelsintheAl-NorAトCstretchingmodearemoresup-

pressedthantheFCenvもIopesinthe妥-¥vA′'and嘉Ia'21A

photoexcitations.

B. Vibrational analysis

Vibrational energies were calculated up to 350 levels

with 7=O and 1 for the three electronic states; the vibrational

energies for the 350th level with 7=O of the斉1 M〝, and

2 1A'states are 7060, 9020, and 8660 cm-1, respectively,

from each potential minimum. For all the electronic states of

the linear AINC, linear AICN, and T-shaped AINC, the vibra-

tional levels have been assigned as the vibrational quantum

numbers (vl,v2, v3); the r stretching vh bending v2, and R

stretching v3 modes. All vibrational wave functions were

successfully assigned except the strongly mixed wave func-

tions, which correspond to LAM and entirely spread to the

bending coordinate. To certify the assignment, a least-square

analysis was applied to the vibrational丘equencies using the

well-known formula for three normal vibrations including

anharmonicity constants; the vibrational丘equency in refer-

ence to the vibrational ground state is given by
FIG. 3. Absolute transition moment surfaces for (a) MAX, (b) Mf , and (c)
Mfx; r is fixed 1.2 A.
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TABLE II. Vibrational (G) and vibronic (T) energies of the斉1∑+, 1 !A〝, and 21A'states for the linear AINC

in cm , C-N str. vx, bend v2, andAl-N str. i/3.

斉1∑十　　　　　　　　1 1A′'　　　　　　　　　　　2 1A′

Calc.a Obs.D Calc.a Obs. D

(vu v2, v3)
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Levels with x>2=even and odd corresponds to the state with 7=O and 1, respectively, in this study; T means the

energy from the vibrational ground level of each electronic state.

""Reference 20.

First value from Ref. 20 and second is the value reassigned in this study.

3　　　3　3

G(vltv2,v3) =∑ dv,+∑ ∑Avivk-
i=l i=l kM

(2)

For the linear AINC and AICN, the linear notation of bending

vibrational quantum state was applied for the bending modes

(v2)- The pure stretching levels were well fitted by the for-

mula, whereas the combination levels with vx+ v3 ≧6 were

found to be deviated from Eq. (2) indicating strong couplings

among these stretching modes. Moreover, the v2 5s 14 levels

were deviated de丘nitely from this formula. Therefore, we

added the third order anharmonicity constants j222 tO Eq. (2).

We should take Conolis coupling into account for the rigor-

ous analysis since the vibrational energies calculated for the

levels with /= 1 include the Coriohs interaction. Neverthe-

less, we neglected the effect of Coriolis interaction in the

vibrational analysis because our goal of this study is to de-

scribe the feature of the妥-1 LA′′ and妥-2 1A'transitions as a

whole.

To examine the accuracy of the PESs, especially con-

cerning the v3 mode, the vibrational frequencies obtained in

this study are compared with the observed data. ' Table II

summarizes the vibrational energies of the three states with

J=O and 1 for AINC and Table III summarizes those for

AICN. For the X state, the vibrational energies of bending

modes calculated for both AINC and AICN are about 10%

higherthantheobserved.Moreover,thoseforthepurev3

modearelowerthantheobserved;thedifferencebetween

thecalculatedandobservedenergiesofthe(0,0,6)level

reachesto5%forAINCandto10%forAICN.Nevertheless,

thepresentresultsoftheXstateagreeentirelywiththeob-
servedvaluesforbothAINCandAICN.Gerasimovetal.2

concludedthatthevibrationalenergiesdeterminedbyFuku-

shimacorrespondstoAICN.ThepresentresultsfortheX

stateofAINCareroughlyintermediatethoseobservedby
FukushimaandGerasimovetal?Thereforewecannot

decidetheemitterobservedbyFukushimaiseitherAICNor

notunlessweconsidertheelectronictransitionenergy.

Thevibrationalenergiescalculatedforthe1A"and

21A/statesagreewellwiththeobservedvaluesbyGerasi-

20
movetal.exceptthoseforbendinglevels.Takinginto
accountofthetransitionenergyTqandtheprofileofthe

emissionspectra,wereassignedallthespectra,whichwere

attributedtothe妥-21A'transitionbyGerasimovetal.The

detailofthereassignmentwillbedescribedinthenextsec-

tion.Theagreementofthecalculatedenergiesforthebend-

inglevelsofthe2.A'statewiththeobservedwasimproved

bythereassignment;thevibrationalenergiesevaluatedby

thereassignmentwereshowninthesecondrow.Hereafter,
wewritethebendinglevelsofthe1A〝and21A/stateasv2

andi>2,respectively,forconvenience.
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TABLE III. Vibrational (G) and vibronic (T) energies of the差!2+, 1 XA", and 2 1A′ states for the linear AINC

in cm , C-N str. vx, bend v2, andAl-N str. v3.

x-1∑　　　　　　　　　　1 1A′′　　　　　　2 1A′

Obs. -　　　　　　Calc.a Calc.a

(yi, v2, vj T(= G)

(0,0,0)

(0,1 ,0)

(0,2,0)

(0,3 ,0)

(0,4,0)

(0,5 ,0)

(0,6,0)

(0,0,1)

(0,1,1

(0,2,1)

(0,3,1)

(0,4,1)

(0,0,2)

(0, 1 ,2)

(0,2,2)

(0,3,2)

(0,0,3)

(0,0,4)

(0,0,5)

(0,0,6)

(1 ,0,0)

(1,0,1

(1,0,2)
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'States with v2=even corresponds to 7=O and those with i>2=odd to J-¥.

First value calculated from the vibrational constants in Ref. 19 and second value calculated from those in

Ref.20.

Mixed with the (080) level.

The 1 lA" and 2 1A'states are subjected to the RT inter-

action. The Renner parameter, s, is a dimensionless constant

to describe the RT coupling of the bending potential. The s

parameter may be expressed using the bending frequencies

for the two states as

9fc

44

(W音Y - {ォhY

(の;-¥2:)2+K)
(3)

where or andの　are the frequencies for the higher and lower

states, respectively. The e value of the A IH state for AINC

estimated from the frequencies calculated for the (0, v2- l

蝣3,0) levels is 0.38±0.02, against 0.63 obtained by the data

reassigned in this study. In the same way, the e parameter for

AICN is calculated to be 0.39±0.02. Thus, it may be con-

eluded that the splitting of the RT pair for AINC is the same

order as that for AICN.

The discrepancy between the present and observed s val-

ues for AINC should be caused by the RT coupling because

the observed frequencies should correspond to the levels

with /ラ 1. When /=0, the RT coupling between the bending

levels of the 1 lA" and 2 A'states is rigorously neglected,

whereas the RT interaction should be included in the levels

with J> 0 in the rigorous treatment of the vibrational energy

and the transition probability. In preliminary calculation with

the same method reported by Goldfield and Gray," the RT

effect on the vibronic energies was estimated for the states

with /=1 of AICN. Table IV lists the results for the states

with 7=1 and K=¥ including the RT coupling compared

with those neglecting the RT effect. Although the RT cou-

pling is found to be not so large for the states with v2^5, the

s parameter is improved to be 0.57 from the (0,1,0) energies

calculated including the RT effect. Of course, it should be

needed to calculate the vibrational energies until much

higher states both to make sure such an explanation and to

calculate the transition probabilities more accurately than

this convenient approximation for the RT effect. Unfortu-

nately, the (0, l+,0) level for AINC is estimated to be higher

than the 300th level in the calculation and then the calcula-

tion including much higher levels may exceed our available

TABLE IV. Vibrational energies in cm-1 0f the states with J= 1 and K= 1 for

the linear AICN.

1 lA′′　　　　　　　　　　2 1A'

(vl. j^ j^)　　No RTa RTD No RTa RT-

(0,1,0)　　　　218　　　171　　　326

(0,3,0)　　　　636　　　　522　　　　97 1

(0,5,0)　　　1041　　　974　　　1609

Calculation neglecting the RT effect.

"Calculation including the RT effect.



224301 -7　　Transition probabilities of AINC and AICN

TABLE V. Vibrational energies G (=T) in cm‾ calculated for the nonrotaト

ing 2 71'state of the T-shaped AINC; r str. vx, bend v2, and R str. vv

(y¥, v2, vS　　　　　　　　　(vl> v2, Vj)

(0,0,0)

(0,1 ,0)

(0,2,0)

(0,3,0)
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computational resource. Nevertheless, the energy shifts by

the RT effect for AINC are expected to be similar to those for

AICN based on the Renner parameters for both the geom-

etnes. Therefore, we neglected the RT effect in the calcula-

tion for the /=1 state since the levels with 〃2=odd seem to

be not so important in the emission spectra compared with

the levels with ^2=even-

Table V summarizes the vibrational energies with J=O

of the 2 A'state for the T-shaped AINC; we cannot find any

observed value. Fukushima】 reported the harmonic丘equen-

cies of 1667 cm * forのx, 421 cm-1 for a)2, and 550 cm l for

の3 calculated by the QCISD/6-311+G(3d/) level. The vi-

brational frequencies for the first excited levels calculated in

this study are fairly different from the harmonic frequencies.

C. Franck-Condon factors and transition probabilities

for the X-A system

To evaluate the vibrational distribution of the A II state

in the photoexcitation from the ground and several excited

vibrational levels for AINC and AICN, the FCFs were calcu-

lated for the band from the m state with (v'[,v2, v3) to the n

state with (v[ , *4> ^3) of the嘉一A excitation. Moreover, the

Einstein s Bnm coefficients for the same transition were cal-

culated based on the three-dimensional transition dipole mo-

ment. In this study, Einstein's B coefficients for the m-n

excitationinm J s units aregiven by

Bnm= 1.216 67 × 1020|MJ2,　　　　　　(4)

where the transition moment Mnm is in a.u. Einstein's Anm

coefficients for the n-m band of the A-X emission, which

are proportional to the cube power of the transition energy,

were calculated from Einstein's B coefficients and the differ-

ences of the vibronic energies between the two states. The

transition dipole moment depends on the molecular geometry

as described in Sec. Ill A, and then the transition probability

varies with the vibrational band.

The 1 M〝 and 2 1A/ states are the RT pair as described at

the previous section. The lower 1 lA〝 and higher 2 A/ states

cross each other at bending geometry and then the 2 A/ state

has a global minimum at O=88-. Thus, the rovibrational mix-

ing of the 1 A" and 2 1A'states can occur due to the RT

J. Chem. Phys. 124, 224301 (2006)

v3'-0　　　　　　　　　3 (0.0,v3') a

36500　　　　　37500　　　　　38500

Wavenumber / cm

FIG. 4. Theoretical absorption spectra of the (a)斉-l 'A〝 and (b)斉-2 1A'

systems from the (0,0,0) level for AINC.

coupling, which is a nonadiabatic process. However言n the

present work, keeping the adiabaticity of the electronic

states, we applied the FC analysis to this system for under-

standing both the photoexcitation and the photoemission

mechanism.

Figure 4 shows the theoretical absorption spectra of the

X-l lA〝 andえ2 1A′ excitations from the (0,0,0) level for

AINC. In the transition the change in γ in equilibrium is only
O                                                 0

0.02 A, while that in R is 0.ll A. Therefore, the main band

is the pure v3 progression. The bands to the (0,2,^) and

(1 , 0, 〃3) levels are next important; these sequences become

important in the excitations from higher vibrational levels.

The pr06Ie for each band almost agrees with the FC enve-

lope丘)r these spectral regions. This means that the transition

probability is nearly independent of the vibrational bands as

discussed later m detail. The transition energies, To, of the

蕊-l 'A′′ and妥-2 1A'systems for AINC are evaluated to be

36 668 and 37 041 cm , respectively, from the zero-point

energies of these states. Gerasimov et al assigned the peak at

36 389 cm 1 as the band origin oftheA-Xtransition. How-

ever, the vibrational ground level for the 2 A'state should

be higher than that for the 1 A" state. Therefore, we as-

signed that the 36389 cm"1 peak as the (0,0,0)-(0,(T,0)

band. The difference of the To value calculated for the X

-1 A" transition with the observed is only 280 cm *. Figure

5　shows the theoretical nuorescence spectra of the

AINC(1 A"-X) emission compared with the observed

spectra- and Fig. 6 shows those of the AINC(2 A′-X) emis-

sion. The main band is also the pure v3 progression. The

bands to the (1 ,0, v3) and (1 ,2, *^) levels are next important

especially in the spectra丘om higher vibrational levels. The

theoretical spectra for the 1 A"-X emission agree well with

the observed spectra except those from the vibrational levels

with v2-4. The e聖ssion spectra from the (0,0'弓-0-2)
emitters are very similar to those calculated from the har-

monic FCFs. l

Gerasimov et al. assigned the 36 760 cm 1 peak as the
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v3=0 1　2　3　4　5　6　7

Wavenumber / cm"

FIG. 5. Theoretical and observed飢Iorescence spectra of the 1 lA′'-妥system

for AINC. The wave number for the theoretical spectra are shifted

-279 cm,-i

vibronically induced (0,0,0)-(0,l ,0) band, which is

371 cm-1 higher than the band origin of the差-1 XA′′ system.

Although the fluorescence spectrum of the 36 760 cm band

was not shown, we reassigned this band as the (0,0,0)

-(0,0+,0) band based on the energy difference between RT

pairs for AINC. Furthermore, Gerasimov et al. assigned the

37 048 and 37 366 cm peaks in the absorption spectrum as

the (0,0,0)-(0,2+,0) and (0,0,0)-(0,3+,0) bands, respec-

tively. However, the FCF for the (0,0,0)-(0,3+,0) band is

found to be small. Therefore, the 37 048 and 37 366 cm-1

peaks should be reassigned as the (0,0,0)-(0,l+>0) and

(0,0,0)-(0,2+,0) bands, respectively, based on the vibra-

tional energies and theoretical fluorescence spectra for the

v2=l and 2 levels. The theoretical spectrum from the

(0,1 ,0) level agrees reasonably with the observed

37048 cm emission spectrum adopted from Ref. 20, as

shown in Fig. 6. Finally, either the (0,0+,l) or (0,3+,0)

level is a candidate for the emitter of the unknown

37 656 cm band reported by Gerasimov et al We attributed

the (0,0+, 1) level to the emitter based on the FCFs for the

excitation and the profiles of the emission spectra.

The transition energies, To, of the X-l lA′′ and X-2 1A/

J. Chem. Phys. 124, 224301 (2006)

v3"=0 1 2　3　4　5　6　7(0,0,v3つ
(1.0, vi,- )

{oAvs,") 0 1＼2　3　4　5　6　7

(1.2. *"

from (0,0 ¥0)

3 6000　　　　　34000　　　　　3200 0

from (0,2+,0)

36000　　　　　34000　　　　　32 00 0

from(0,0 ,1)

36000　　　　　340 00　　　　　320 00

from (0,3 ,0)

36000　　　　　34000　　　　　32000

from(0,2 ,1)

36000　　　　　34000

from (0,0 ,2)

38000 36000　　　　　34000

Wavenumber / cm"

FIG. 6. Theoretical and observed fluorescence spectra of the 2 1A'一差system

for AINC. The wave number for the theoretical spectra are shifted

-281 cm"

systems for AICN are evaluated to be　30036　and

30233 cm"1, respectively. The To calculated for the X

-l 'A〝 transition is ca. 1280 cm higher than the observed
J

value of 28 754 cm . The relatively large discrepancy for

AICN may be caused by the interaction of the A Iu state

with the a U state. Nevertheless, we found that the energy

shift by SO effects is negligible around the linear AICN, as

described in Sec. Ill A. Figure 7 shows the theoretical ab-

sorption spectra of the X-l A〝 and X-2 1A/ excitations from

the (0,0,0) level for AICN. In the transition the change in r in
f

v3'=0 1 2　3　　　　　　　(0,IT,v3')

(0,2- V3")

2¥ v3')

4*. </3 )

30000　31000　32000　33000　34000

Wavenumber / cm

FIG. 7. Theoretical absorption spectra of the (a)蕊-l 'A〝 and (b)蕊-2 1A′

systems丘om the (0,0,0) level for AICN.
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0,0,^3

v3"=0　1

from (0,0",1 )

26000

from (0,0",2)

26000

from (0,0‾,3)

29000

Wavenumber / cm'

27000

FIG. 8. Theoretical and observed且uorescence spectra of the 1 A〝-X system

for AICN. The wave number for the theoretical spectra are shifted

-1280 cm-i

O

equilibrium is only 0.01 A, while that in R is 0.13 A. There-

fore, the main band is the v'3 progression. The next intense

transitions are the bands to the (0, v'2=2 and 4, v^) and (1,

v2=O and 2, 1/3) levels. Figure 8 shows the theoretical fluo-

rescence spectra of the 1 lA"-X transition for AICN and Fig.

9 shows those of the 2 1A'-X transition compared with ihe

observed spectra. The main band is also the v'^ progression.

The vibrational ground levels of the 1 A" and lA'states are

candidates for the emitter of the 28 753 cm-1 band, which

were observed by Fukushima. In the same way, the e血jtter

for the 29698 cm-1 bandjy is attributed as the (0,0+,l)

based on the FC envelope. The energy difference between

the band origins for both spectra is reported to be 946 cm-1.

(0,0,1/3 )

v3"= 0　1

(0,2, v3" )

28000　　　　　　　　　26000

from (0,0 ,1)

28000　　　　　　　　　26000

from (0,0 ,2)

29000　　　　　　　　　27000

froni (0,0+,3)

30000 28000
Wavenumber / cnrf

FIG. 9. Theoretical and observed fluorescence spectra of the 2 1A′一斉system

for AICN. The wave number for the theoretical spectra are shifted
-1068 cm-1.
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● ● 0 ● ●

● ● ○ ●

. . . . I . . . . I . . . . I, . . . . , . , l l

e ● ●

●

L i . . . I I

5000　　5500　　6000　　6500

7/cm-1

FIG. 10. Dependences of the transition probability for the 1 ]A"-Z system

and the且uorescence lifetime on the vibronic energy Tof the 1 A〝 state for

AINC; the filled and open circles represent the vibrational levels with J=O

and 1, respectively.

When the (0,0】,0) level is the emitter丘】r the 28 753 cm-1

band, the energy difference is estimated to be 710 cm-1,

which may be within limits allowed. On the other hand, we

could not find the emitter for the 29 698 cm-1 if the (0,0+,0)

level is attributed to the emitter for the 28 753 cm-1 band.

Therefore, we prefer the (0,0 ,0) level for the emitter of the

28753 cm band. The photoexcitation to the T-shaped

AINC丘om the several vibrational levels of the linear AINC

and AICN is found to be negligible.

In theA-X emission, the Anm summed up with m of the X

state corresponds to the fluorescence decay rate of the n level

of the A state, which represents the inverse of the fluores-

cence lifetime. Figure 10 shows the transition probabilities of

18 bands for the 1 lA"-X emission and the fluorescence life-

times for the vibrational levels of the 1 lA" state for AINC.

The ¥M¥2 slightly depends on the vibrational energy for the

1 lA〝 state. Neve血eless, we丘lund that the dependence is

not so serious and then estimated the transition probabilities

averaged over the vibrational levels in the calculated energy

range. The similar results are obtained from 12 bands of the

2 1A'一意emission. The ¥M¥2 value averaged 18 bands is

(1.51±0.01)e2aZ for the l[A′′-X system and is

(1.37±0.07)e2al for the 2 1A'-X system. The且uorescence

lifetimes for the 1 lA" and 2 1A'states are evaluated to be

7･2±0.5 ns. ForAICN, the ¥M¥2 value is obtained only for the

lowest four levels of the excited state since the FCFs for

much higher levels summed up with the vibrational levels of

the差state did not reach unity. The ¥M¥2 value is l.25e2al for

the 1 M′′-X system and is 1.07e2al for the 2 1A'-X system.

The且uorescence lifetimes for the 1 A〝 and 2 1A/ states are

evaluated to be 21 and 24 ns, respectively.

IV. SUMMARY

The PESs ofthe斉l∑+ andA !n (1 1A′′,2 1A′) states of

AINC/CN were obtained with the CASSCF/MRCI method

with the aug-cc-PVTZ basis sets in this study. The electronic

energies of these states agreed very well with the observed

data.望Ie SO effects on the electronic energies of these states
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were丘】und to be negligible in the energy region interested in

this study. The vibrational energies were calculated and as-

signed up to 350 levels for each electronic state except the

strongly mixed wave functions. Einstein's B coefficients

were calculated as the square of the transition moments that

depend on both the initial and丘nal vibrational states. The

absorption spectra丘)r the linear AINC and AICN calculated

from Einstein's B coefficients and the且uorescence spectra

calculated from Einstein's A coefficients were compared with

the observed spectra. The theoretical emission spectra for the

1 A"-X system agree well with the observed spectra. The

emitters for several bands observed for the AINC(2 A'-X)

system were reassigned and the emitters for the two bands

observed for AICN were identified tentatively based on both

the profiles of the且uorescence spectra and their transition

energies. This study shows that the theoretical method devel-

oped for probing electronic transitions has an adequate accu-

racy to analyze quantitatively available experimental data.
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