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Emission spectra from CN@™) produced by dissociative excitation of MCN (¥ Rb, K, Na) in collision

with Ar™(®P, ) were observed, and the mechanism of the energy partition between the two fragments was
elucidated. The vibrational distribution of the CNEB) product is composed of two distinct components,

P. andPy, ranged in the vibrational levels of = 0—3 and 11-19, respectively, wherg is the vibrational
guantum number of CN@™"). The component$), andPy, arise from direct dissociation and predissociation

of MCN by Ar™(®P,) impact, respectively. The direct dissociation proceeds on a repulsive potential energy
surface correlating diabatically to M€S) + CN(B?Z') (n=5, 4, 3 for M= Rb, K, Na, respectively). This
mechanism was further supported by a molecular dynamics simulation. The predissociation, on the other
hand, proceeds via a superexcited ion-pair staté;[&N-]**, having a much longer equilibrium €N
internuclear distance than that of CNEB), so that more than 90% of the excess energy is transmitted in the
vibrational degree of freedom of the CN@") product. In a framework of a state-crossing model, the
extremely high vibrational excitation is explained by a large overlap between the vibrational wave functions
of the superexcited [CN** and CN(B%Z™).

Introduction on the potential energy surface of a superexcited repulsive state
diabatically correlating to K(48) + CN(B%") and (2) the

Superexcited molecules, which have a larger internal energy X S .
predissociation pathway on the potential energy surface of the

than their electron binding energy, exhibit characteristic chemi- C . 8 . . .
cal and physical processges su?:?: as auto electron detachmen?,uloere_Xc'teoI |on-pa|rs_ta%e§+-[CN ]*_* » on which an ad'ib"f'c
predissociation, and photoemissibh.Many experimental and transition to the rep‘ﬂ's"’e state leading to K@+ CN(,B Z ,) )
theoretical studies have been extensively carried out mainly on ©CUrs at the crossing seam between the superexcited ion-pair
superexcited covalent molecules. In this relation, we have Stat€ and the repulsive state. The superexcited ion-pair state
investigate@dissociation of triatomic molecules held by an ionic ©f KCN has a much longer equilibrium -€N internuclear
bond, such as an alkali-metal cyanide, MCN @K, Na)? dlstgnce than that.of CN€E+),3 so that more thqn 90% of the
through covalent repulsive and ion-pair states. When MCN is available energy is transmitted to the V|brat|(_)nal degree of
excited to one of the superexcited states by collisional energy freedom of the CN(B=*) product. In the reaction of NaCN
transfer from an argon metastable atori"@P,,), the triatomic  With Ar™ on the other hand, CN(&", » = 0-3) is observed,
molecule is dissociated into M&S) and CN(BZ*) as that is, only the direct dissociation proceeds. This characteristic
feature is explained by energetics that the predissociative
m/3 . 2t 1 superexcited ion-pair state of NaCN lies in a higher energy range
MCN + Arf(P, 9 — CN(BZ) + M(nsZS)+ A(S) (1) than the excitation energy of AEP, .2
These findings indicate that the mechanism of the MCN
dissociative excitation is controlled by the energetics of the
superexcited states involved, which is changed greatly by
changing M. The systematic study on the dissociative excitation
quantum number of CN@E™"). It has been concluded that of va_rious_MCN gives fF‘“d"’.‘me”t?" information ona c_hemic_al
superexcited repulsive and ion-pair states of KCN are respon-reactlon viaa superexcned |on-pa|r_state. Frgm this V|ewpo!nt,
sible for the production of CNE*, »/ = 0—3) and CN(BZ", RbCN p_rowdes a unique opp_ortunlty to _eluqdate the react|on_
V' = 11-19), respectively: (1) the direct dissociation pathway mechamsm of M,CN pec_ause Its ene_rgeths IS expected to _admlt
both the direct dissociation and predissociation pathways in the
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wheren is the principle quantum number of an alkali-metal atom
(n=4 and 3 for M= K and Na, respectively). In the reaction
of KCN, the CN(E’=™) product is populated in two vibrational
ranges,v’” = 0—3 and 1119, wherev' is the vibrational
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Figure 1. Typical emission spectrum of CN{Bt—X?Z*) Av = 0, I A | A1
—1 sequences observed in the reaction of RbCN witHRAg. In n X A 7A
addition to the CN(B=+—X2=") emission, many resonant lines of Ar o T A ) 1
and Rb are observed (marked by *). 0 5 10 15 50
. . . . . . v

dlscu_zsedt_ n ghls I’eafCtIOn lscheimed, alon_g Wl.th Itgt?l?mrstlcal Figure 2. Vibrational populationP(2'), of CN(B?Z*, ') produced in
consideration by use of a molecular dynamics simu the reactions of RbCN&), KCN (2), and NaCN [0) with Ar(3P,0) as

a state-crossing model. a function of the vibrational quantum numbet, of CN(B%*). The
population at' = 0, P(0), is normalized to be unity.

Experimental Section

used in the previous study.The rotational distribution of the

CN(B%=Y) in each vibrational state was expressed well by a
Boltzmann distribution with a rotational temperature in the range
of 3000-600 K. The rotational temperatures thus obtained were
the same as those obtained in the reaction of KCN (see Table
1 of ref 3).

A flowing afterglow method was used. As the experimental
apparatus was the same as that used in the previoustiidy,
paper gives only a brief description of the experimental
procedure. An effusive molecular beam of RbCN was generated
by vaporizing a RbCN crystalline sample in a tantalum crucible
maintained at a temperature of 800 K. A vapor pressure of . P ; '
RbCN was estimated to be on the order ok 101 Pa at this c Figure 2 shows the vibrational populatioR(v), of the

¢ ¢ here th fROCN i imated N(B2=") produced in the reaction of RbCN as well as those
emperature, where Ine vapor pressure o IS apProXiMaAeq, 1he reactions of KCN and NaCNwhere the vibrational

by that of RbCI, as RbCN has similar physical properties to distribution i ; _ o
. ) istribution is normalized t&(0) = 1. Uncertainties{20%)

those of RbCPR’ The concentration of (RbCM)at this - I : i i .
temperature is nealicibly small Araon metasgable Ezoms were in the vibrational populations originate mainly from an ambigu-

c'f db €giigibly di h 9 f 99 0995 ity in the simulation analysi. The vibrational distribution
gruc;e)u CeActiv)rle ggg?evfmethelz(i:sfr:g?ggd ::%I%Cvevaz;s@((@.) ° obtained from theP_. component (theP_ distribution) is

’ i > . . 20, independent of M, while that obtained from tRg component

and other active species did not take part in the present redction. P -
The concentratiorl? ratio, [ATR.)]/[AI( EPO)] was Fr)neasure dto (the Py d_|str|but|on) changes significantly from one MCN to
be 113 Emission due to the CN@B:*—X22’+) transition in the ?nn:;if;s[lr;]np(tgt)ei:]cllrllzvgn%igﬁg&?;i: is(z})théS ;ﬁgjig?ért&ee
reaction region was dispersed by a monochromator (SPEX reactions of RbCN anl:j KCN, respectively, and (2) the inten-
1704), and detected by a single-photon counting method. TheSit ratio, 22, [CN(BZS+ ,)’]/ 3 [CN(B{Z* ", of the
resolution of the spectra observed was 0.03 nm (fwhm) at a Cl\)l/(BZY)’ Zrué):(jllljct is 20 8 Uandzcv)':f%r the reaé:tizi)n,s of RbCN
wavelength of 380 nm. The ambient pressure at the reaction KCN. and ?\IaCN respe’cti\’/ely ’
region was maintained at & 10! Pa. At this pressure, the The counter Rb atom of the CN{B*, ' = 0—3) product is

collisional relaxation of the nascent vibrational and rotational considered to be in the electronically ground state, FISBs
distributions of the CN(B=™) product does not occur within . v g oo
the emission lifetim@ as(ljs the caseI gf thebNaCN riaﬁt%%grjse (1)(§h%)v|brac';|onal
: . and rotational distributions of the , v' = 0—3) product
The RbCN crystalline sample was synthesized by a neutral in the reaction of RbCN are almost the same as those in the

ization reaction between rubidium hydroxide dissolved in reaction of NaCN and (2) the excess energies for the reaction
anhydrous ethanol and hydrogen cyanide dissolved in anhydrous 9 ’

benzene under a dry argon atmosplfer&n elemental analysis m_, 2t A o
showed that the purity of the RbCN sample was more than 90% RDCN-+ Ar RB(5$S) + CN(B’Z", »/ =0, =0) (2)
and that major impurities were the solvents used in the synthesis gre almost the same as those for the reaction
To remove the solvents and water absorbed in the sample, the
sample was heated to 400 K under an ambient pressure 8f 10  NaCN+ Ar™ — Na(3$S)+ CN(B=*, v/ = 0,7 =0) (3)
Pa for more than 10 h just before its use.
whereJ' is the rotational quantum number of CNgB). On

Results the other hand, the energetics allows only the counter atom, M,

; _n _ _ f CN(B2=*", v/ = 11-19) in its electronic ground state.

Figure 1 showsAv = 0, —1 sequences of the CN{B" 0 ' X .

X231) emission spectrum observed in the reaction of RbCN Therefore, the energies available for the CRKB) + Rb(5§S)
with Ar™. The emission spectrum consists of two components; productg are 3. 0.2 and 3.9+ 0.2 .eV f(())r the reaction of
one originates from CNE", »/ = 0—3) (P, component) and RbCN with Ar@P,) and Ar@Py), respectivelyt® They are almost
the other from CN(ES*, v’ = 11—19) (P4 component). With the same as those for the reactions of NaCN and RCN.

the CN(B=T—X2=") emission, many resonant lines of Arand . .
Rb are observed; the counterproducts of the excited Rb atomsDISCUSSIon
could be CN(AIT) and CN(X=") by the energetics. As described in the previous section, the vibrational distribu-
The vibrational and rotational distributions of the CNEB) tion of the CN(B=") produced in the reaction of RbCN with
product were obtained by the same simulation analysis as thatAr™ consists of the two distinct component8, and Py
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distributions, as observed in the KCN reactforThe P. and 1.25

Py distributions for the RbCN reaction are almost identical to 1.00 @ ® ©

those of KCN? These results lead us to conclude that the same .,

mechanism operates in the dissociative excitation of RbCN and

KCN, i.e., CN(E=*, v/ = 0—3) and CN(BZ*, ' = 11-19) 080 ] ; ;

are produced by the direct dissociation and the predissociation ~ °#° o o o o o o
0 1 0 1

via superexcited states, respectivélyn the following subsec- 0.00
tions, the dynamics of the direct dissociation and the predisso- E,/ eV E,/ev E,/ oV
ciation via the superexcited states are discussed separately an ;o4
the roles of the counter atom, M, are clarified. @

Direct Dissociation for CN(B%X+,»' = 0—3) Production.
The direct dissociation of MCN proceeds on a repulsive potential .+
energy surfacewhich correlates diabatically to M¢ S) + ) i
CN(BZY) (n = 3, 4, and 5 for M= Na, K and Rb) after the 0.28 p
Franck-Condon excitation of MCN by the energy transfer from 0.00 [ tnerce 0 1' WAL 0 : treees

. f . 0 2 2
Ar™. In this channel, more than 90% of the available energy is B,/ eV E, / oV E, / eV

transmitted to the translational energies of nsf( S) and . N . N .

CN(B2*), and a small portion of the available energy is shared Figure 3. Calculated V|br§t|0nal and rot'atlonal_ dIStI:Ibl.J'[IonS (solid
AR . curves),P, and P,, respectively, of the direct dissociation product,

by the vibrational and rotational modes of CNEB). The CN(B2=*, v/ = 0-3), by use of the molecular dynamics simulation

nearly exclusive energy transmission to the translational degree(see text), along with the experimental one3).(The vibrational

of freedom is explained by the fact that the dissociation in the distributions in the reactions of NaCN, KCN, and RbCN are shown in

repulsive state starts from the T-shape geometry due to thepane!s a, b, and c, respectively, and the rota_tional distributions in the

Franck-Condon excitation from the T-shaped ground staté  BER0E &/ B (e T IS A o bl and fotatonal

. . . Y Ty

to th.e repulsive state. The recoil between M and Cm energies of CN(B1), respectively, where the zero-point vibrational

starting from the T-shape geometry does not result in the gnergy of CN(BS*) (= 0.125 eV) is subtracted fro,.

rotational and vibrational excitation of the CN{B") product

because the dissociation coordinate between M and CN ispy soft core potentialsguy vy 2% whereryy denotes the

orthogonal to the MCN locking and the €N stretching  jnternuclear distance between M and Y. The two valges;
vibrational modes of MCN, which directly couple with the 4 /o, andn, were used as adjustable fitting parameters. The
rotation and the vibration of the CN{B") product, respectively.  yibrational and rotational distributions of the CNEB) product
Instead, the M and CN@™) products gain a translational  \yere obtained by averaging the trajectory runs starting from
energy as large as-3.5 eV. Furthermore, the adiabatic more than 5000 different initial geometries in the Boltzmann
transition probability from the repulsive state to another state gistribution at the oven temperature. The time step and the
is considered to be very small, although the repulsive state qyration for the integration of the equations of motion were
crosses with many other excited states, e.g., superexcited ion).1 and 40 fs, respectively, which were found to be sufficient
pair states. in the direct dissociation pathway.

The mass effect on the direct dissociation pathway was further  Figure 3 shows the calculated vibrational and rotational
examined by a molecular dynamics simulation. The vibrational distributions of the CN(B=") product as functions of the
and rotational distributions of the CN{B") product were vibrational and rotational energies, respectively; the best-fit
calculated by solving the equations of motion with an algorithm parameters used for these calculations arex] = (7.0, 3.0),
of the Verlet method® The method of the calculation is almost (6.5, 2.5), and (7.0, 2.5) for NaCN, KCN, and RbCN, respec-
the same as that employed in the previous sfueycept for tively. The calculated results well reproduce the experimental
including the thermal distribution of the initial-N internuclear ones, and the values of the best-fit parameters are almost
distance of the parent MCN. The distribution function of the identical for the three MCN. These results support that the
initial C—N distance was approximated by a square of the wave CN(BZ=") is produced by the direct dissociation in a repulsive
function of a harmonic oscillator having the vibrational fre- state correlating diabatically to k&) + CN(B%="); the potential
quency equal to that of the-@N stretching of MCN (2163.9  energy surface of the repulsive state is as steggas’ along
cm™1).1° 1t is sufficient to take into account only the ground the dissociation coordinate. The shape of the potential energy
state of the &N stretching vibration because the—@ surface described by the best-fit parameters is almost the same
stretching vibration of the parent MCN has a population in the as that of the repulsive states of alkali-metal halogen diatomic
ground state at the oven temperature of 800 K; the energy of molecules?®

<
—

(e) (f)

[eroyps

the C-N stretching vibration{0.25 e\*9) is much larger than Predissociation for CN(B’X™", »' = 11—-19) Production.
the thermal energy of the parent MCN,(kgT = 0.04 eV for The mean value of the vibrational energy of the CREB, »/
T = 800 K). The distribution of the initial MC—N bending = 11-19) product is as high as 90% of the available energy

angle was assumed to obey the Boltzmann distribution at the for the CN(E=*) product. This exclusive energy transmission
oven temperature, where the potential energy surfaces alongto the vibrational degree of freedom of the CREB) product
the M—C—N bending coordinate were obtained from refs 16 originates from the predissociation of MCN via a superexcited
and 17. state having an equilibrium -€N internuclear distanceg,,

The intramolecular potential energy of MCN in the repulsive much longer than that of CNE&™) (rgyg = 1.15 A3 As
state (excited state) was constructed by a sum of diatomic pairelectronically excited states of CN[CN~]**, were found to
potentials of the M-C, M—N, and C-N pairs; the diatomic have a very longg,, (typically 1.4 A for CN-(3=*)) by our ab
potentials between C and N were approximated by a harmonicinitio calculation (see below), the predissociative excited state
oscillator potential having the same frequency as that of for the production of CN(BE™, o/ = 11-19) is likely to be a
CN(B2=")13 and that between M and Y (¥ C and N) were superexcited ion-pair state, MCN~]**. First of all, MCN is
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excited to the superexcited ion-pair statet-fCN~]**, by the
energy transfer from At and the internuclear distance of the

Yasumatsu et al.

seam between the superexcited ion-pair state and the final
repulsive statef; andf, are the gradients of the potential energy

CN moiety is elongated. Then, adiabatic transition occurs from curves of the superexcited ion-pair state and the final repulsive
the superexcited ion-pair state to a repulsive state diabatically state, respectively, along the dissociation coordinate,fand

correlating to Ms?S) + CN(BZ", v/ = 11—-19), and finally,
CN(B’Z", o/ = 11-19) is produced. The electronic excited
state of CN lies in the energy range higher than the electron
binding energy of CN (3.821 eV9), so that the adiabatic
transition from M [CN~]** to the final repulsive state is
regarded as electron transfer from [CKkf to M *.

As shown in Figure 2, the CN@&™, v/ = 11-19) produced
in the reaction of RbCN is vibrationally excited to a higher

extent than that produced in the reaction of KCN, whereas no

CN(BZT, v/ = 11-19) is produced in the reaction of NaCN.
To clarify the role of M in the predissociation of MCN, a state-
crossing modél was applied to calculate the vibrational
distribution of the predissociation product, CNEB, v/ = 11—
19). Here, it is assumed that the-@ stretching vibration does
not couple with neither the MCN stretching nor M-C—N

(f1lf2))¥2. The term,|@¢'07, is the Franck-Condon factor
between the €N stretching vibration of MCN in the super-
excited ion-pair state and in the final repulsive state.

As the M—CN distance at the crossing seam is longer than
2.5 A, the potential energied/; and Vs, of the superexcited
ion-pair state and the final repulsive state are well mimicked
by a Coulomb attractive potentf&?3and a constant potential,
respectively

Vi =—(1Ry_cn) + EF (Ue)

(6)
and

V,=E(v) ()

bending motions because these motions are almost orthogona\llvhereRM_CN is the distance between M and CN, aB8(:9)

to the C-N stretching vibration in the T-shape geometry of
MCN.14-17 Actually, the bending motion of MCN is not much
excited because the rotational temperatures of the EX{(B/

= 11-19) products are comparable to that of the parent
molecule, MCN (see Table 1 of ref 3). For simplicity, let us

consider a single superexcited ion-pair state involved in the

predissociation channel. Then, the vibrational populagrt)),
of the CN(E=*, o 11-19) product is given by the
summation of a product between (1) a Fran€ondon factor
between the €N stretching vibration of MCN in the ground

and in predissociative superexcited ion-pair states and (2) an

adiabatic transition probability from the superexcited ion-pair
state to the final repulsive state

P@) O Y {IB%0F QU — v}

808

(4)

where9 andw® are the quantum numbers of the-® stretching
vibration of MCN in the ground and superexcited ion-pair states,
respectively]vis a vibrational wave function associated with
the 'th level of the C-N stretching vibration, an@(:* — ')

is the adiabatic transition probability from the superexcited ion-
pair state, M+[CN~(29)]**, to the final repulsive state, MG)-
CN(BZ=T, v'). The first term,|[39]2°CF, of eq 4 is the Franck
Condon factor between the-@\ stretching vibration of MCN

and EB(2') are the potential energies of the superexcited ion-

pair state and the final repulsive state at the corresponding
dissociation limits, M + [CN~(29)]** and M(?)-+CN(B%=,

'), respectively, with respect to the potential energy of the

ground state of MCN. These potential energies at the dissocia-
tion limits are calculated by

EP(+%) = D(M — CN) + 1(M) — EACCN) + E,(+%) (8)
and

E®(v') = D(M — CN) + E,(v') (9)
respectively, wher® M—CN), [g(M), EA(CN), E1(+°), andE-
(v') are the bond dissociation energy of MCN into 39} +
CN(X2=1),22 the ionization energy of M, the electron affinity
of CN (3.821 eV¥, and the sums of the electronic and
vibrational energies of [CN2®)]** and CN(B%=, '), respec-
tively. The electronic matrix element, is calculated fronV;
andV, by using Olson’s methotf

The C-N stretching wave functiongz®dand |'[] of the
superexcited ion-pair state and the final repulsive state were
approximated by those of a bare [C]¢ and CN(BZZ),
respectively, where the latter was obtained from the RKR

in the ground and in the superexcited ion-pair states. The potential of CN(BZ")?? and the former by an ab initio

summation in eq 4 is calculated in the range energetically
accessible by the Arexcitation. It is sufficient to take only?
= 0 into consideration because the-® stretching vibration

calculation. In the ab initio calculation, the multireference (MR)
configuration interaction (Cl) method was used. The basis set
used for the C and N atoms is [521/211/1] derived from (53/4)

of the parent MCN molecule populates only in the vibrational in Huzinaga's bookS complemented with a diffuse p-type
ground state at the present oven temperature as stated in thunction. In the generation of the reference electron configura-

previous subsection.
The adiabatic transition probabilit@(v¢ — ¢"), is giverf2!
by

Qe —v) =
V27|39 [P

Niite fz\/E(fl —f) + \/ 4o’ + 62(“1 - f2)2
(5)

wherea is a matrix element of nonadiabatic interaction between
the superexcited ion-pair state and the final repulsive stase,

a relative translational energy betweer kind [CN]** when

the M* 4+ [CN~]** system passes through the potential crossing

1—ex

tions for Cl, all valence molecular orbitals (MO) are included
in the active orbital space and, in addition four diffuse MOs
are added to them. The superexcited states of & described
under a restriction that one electron always occupies one of the
diffuse MOs. By this method, the lowest energy states having
symmetries oft>t, 13-, 11, 1A, 8=*, 83, 811, and A were
obtained. The internuclear distancegq, of these states are
elongated because of one or more electrons in antibonding
molecular orbitals such as#A? and (60)*. A potential energy
curve of one of these excited states was used as that of[f€EN

in the calculation, along with the electronic energy of [GN

used as an adjustable fitting paramet&i(w® = 0), (see eq 8)

so as to reproduce the experimental vibrational distribution of
the CN(B=*, ' = 11—-19) product.
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