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Microwave Spectrum of NCI in the Second Electronically Excited State (HX*)
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The pure rotational transitions of?Cl in the second electronically excited staté3ly, were detected together

with those of the isotopic specie$®I by microwave spectroscopy. The NCI radical in th&l state was
generated by dc-glow discharge of a/@l, mixture. The rotational constant, centrifugal distortion constant,

and quadrupole coupling constants of the Cl nucleus were determined. The observation of rotational transitions
in the vibrationally excitedv = 1 state made it possible to derive equilibrium structural parameters. A
discussion on the internuclear potential of the three low-lying electronic states of NCI is given.

Introduction Coombé? studied collisional quenching rates of NCl{&) with
several molecules. NCI(E) quenching rate constants were

The difficulty in producing molecules in metastable electronic - -
yinp g etermined by several groups?® The molecular properties of

states has prevented the observation of pure rotational spectr 27 - :
P P P Cl concerning its geometrical structifeglectronic struc-

of such species. This is especially true for molecules in the 2223 N AP .
second electronically excited state since microwave spectra haveture' and radiative lifetimé *>were studied by severab

only been observed for CO™)! and SO(B'=")2. Other than initio MO calculations. )
these examples, some reports on molecules in the first electroni- N the present 13"de we have detected the pure rotational
cally excited state, that is, SOtA)3~5, Ox(a *Ag)8, CO(a3I1)’, spectra of NCI(b'=*) in the » = 0 andv = 1 states and
NF(a 1A)8, and NCI(alA)®, are known. In these electronic determined molecular constants and a precise equilibrium
systems, i.e. &, alA, and b'=*, these results clearly reflect structure. This report completes microwave spectra of the NCI
that bX+—X33" transition is weakly allowed via the magnetic radical in the three low-lying states. The result i; a good
dipole selection rule whereas thé&a—X3Z" transition is spin example of how the molecular structure and potential energy
and orbital forbidden. surface change between electronic states.

The b1Z* state of NCI was first identified in the E=—
X3Z~ electronic spectrur? From the b-X electronic emission Experimental Section
spectrum, vibrational and rotational constants of both states were .
determined and the low-lying electronic statésh was shown The source-modulated microwave spectrometer attached to
to be 15 038.94 crf above the X2~ ground state. Yamada 2 2 m free-space cell at the Institute for Molecular Science was
and his collaboratots 12 studied the microwave spectrum of USed for the experiment. The experimental setup has been
NCI(X32") by using dc-glow discharge of a nitrogen and described in a previous repdft. The experimental conditions
chlorine gaseous mixture. They determined its detailed mo- Were similar to those used for observing the microwave spectrum

N . " . 1 1 - i

lecular constants and derived the spin densities of the unpaired®f NCI(@*A). NCI(b*>") was produced by a dc-glow discharge
electrons for the nitrogen and chlorine atoms. The data of the Of Nitrogen gas (7 m Torr) and chlorine gas (9.98% diluted in
b—X electronic transition obtained by Colin and Joesere helium gas, 20 mTorr). The discharge current was 200 mA.
reanalyzed with the precise molecular constants of N&I(X. The background pressure was 3 mTorr, argl2im free-space
The radiative life time of NCI(3=*) was reported to be 0.25 cell was maintained between 180 and 200 K by circulating liquid

ms when generated by mild microwave discharbehich was nitrogen in the cooling jacket during the measurements.

shorter than that (2 ms) of NCI(&\). These lifetimes are First we searched for th = 9—8 diamagnetic transition
consistent with the nature of the electronic transitions, as line in 368 GHz region predicted from the rotational constant
described above. and the centrifugal distortion constant obtained from the
The azide radical reaction reanalysi&! of the b-X electronic transition. A diamagnetic
line was detected near predicted frequency. Since NCI in the
N, + CI—*NCI(alA, b12+) +N, b 1=+ state is diamagnetic, the Zeeman effect can not be

applicable to the discrimination of lines due to various dia-
magnetic reaction intermediates and products. The line im-
mediately disappeared when discharge was turned off or nitrogen
gas or chlorine gas flow was cut off. Eight series lines were
found in the 164450 GHz region in total. The lowest two
rotational lines withN = 4—3 andN = 5—4 show hyperfine
structure due to the chlorine nucleus, as shown in Figure 1.
. . . The observation of th&l = 9—8 transition of the isotopic

an effective production method. Recent development of chemi- species, RICI(b 134), in the 363 GHz region in natural

cal laser systems utilizing transient_species like NCi3 abundance confirmed that these series lines are dué@(N
forwarded research on the quenching constants. Ray and12+)_ Four rotational lines of RICl(b 1=") were also measured.
t Email: kaori@ims.ac.jp. For a further confirmation of the spectral lines in theX
*Email: saito@ims.ac.jp. state, spectral lines of ®RCI(b 1=*) in the v = 1 vibrationally
® Abstract published irdvance ACS Abstractdanuary 15, 1997. excited state were searched for. A somewhat weaker dia-

is an efficient method of generating metastable NCI radicH,
which was thought to be an important point. TheXaemission
spectra were measured in the near infrared region using this
reactiort” and many studies on the kinetics of NCI were carried
out. Our recent microwave study of NCI{@A)°, however,
showed that dc-glow discharge of ap &hd Ch mixture is also
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NCI (b 'z TABLE 1: Observed Rotational Transitions of NCl(b 1X*)2
J=5-4 Av(obs— calc)
N-N F-F Vobs (MHZ) (MHz) weight
F-F=45-35  65-55 N*Clv=0

_ 35-25 65-45 45-35 163 688.416(29) —0.004 1.0
B 35-25
£ 2515 163 686.946(50) 0.025 1.0
3 5-4 6.5-5.5
g oo a0 204602.392(14) 0.010 1.0
Z 45-35 _
i 35-25 204 601.452(44) 0.044 1.0
g 6-5 245 510.950(20) 0.083 6.0
7—6 286 413.376(31) 0.034 1.0
8—7 327 308.398(15) —0.016 1.6
9-8 368 195.041(19) 0.011 1.0
10-9 409 072.104(9) —0.030 1.0
, . , . , . 11-10 449 938.688(9) 0.017 1.0
204601 204602 204603 v=1
Frequency (MHz) 6—5 243 236.282(25) 0.033 Jé?
Figure 1. The J = 5—4 transition line in thev = 0 state of NCI(b ;:g ggi Z?ggggggg _0'3%214 0'1'0
3%). The splitting due to the quadrupole interaction of the chlorine  g_g 364 783:162(24) —0.056 1.0
nucleus was observed. The NCI radical was generated by a dc-glow 14 g 405 281.272(42) —0.014 1.0
discharge in a gaseous mixture of&hd C} (9.98% dispersed in helium 11-10 445 768.833(11) 0.030 1.0
gas) at a total pressure of 30 mTorr. The integration time was 80 s. NTC 0
v =
- . . . 7—6 282 000.635(48) 0.029 1.0
magpnetic line compared with that of the ground vibrational state g7 c 0.0¢
was observed. By the difference of these two lineswas 9-8 362 522.988(20) —0.027 1.0
estimated and five additional= 1 lines were observed onthe  10-9 402 770.875(18) —0.022 1.0
basis of the calculated frequencies. The estimated vibrational 11-10 443 008.553(22) 0.024 1.0
temperature was 1800 K under the experimental conditions. 2 The numbers in parentheses represent the variances of the observed

value in units of the last significant digit¥ Not accurately measured
) ) due to the interfering line~ Not observed due to the interfering line.
Results and Discussion 4Not included in the fit.

The observed lines were analyzed by using a conventional @ and b electronic states. This picture is also consistent with
Hamiltonian for a diatomic molecule in th&*t state with the decrease in the quadrupole coupling constant of the C1
electronic quadrupole coupling interaction of the chlorine nhucleus if the amount ofr electron back-donation increases
nucleus. The observed lines of both isotopic species are listedfrom the X*=" state to the BX* state. This back-donation is
in Table 1. The molecular constants of3el and N'Cl supported by the net Mulliken charge of the nitrogen nucleus
obtained from the least-squares fit are summarized in Table 20btained by Papakondylis and his co-workers in tiaditinitio
with the data of NSCI obtained from the study on electronic MO study?® They showed the decrease in the charge of the N
emission spectroscopy. The molecular constants obtained innucleus from—0.08¢*>") to —0.20(b*=*) at the CISD level
the present study agree well with the constants obtained fromof theory. The change in the bond length and vibrational
the electronic spectroscopy. However, our results provide frequency in the single bond of NCI from tHE™ state to the
improved accuracy. The standard deviations of the final fit of ‘" state makes a distinct contrast with the one in the double-

N35Cl in the v = 0 andv = 1 states and NCl in they = 0 bonded radicals such as SO, which has an isoelectronic s§stem.
state were 30, 43, and 36 kHz, respectively, which fall within The vibrational frequency given by electronic spectra also agrees
the experimenta| errors, as shown in Table 2. well with our more accurate value of 93675(99)@1“1

The equilibrium parameters of3fCl(b 1=+) derived from In the Dunham expansion, the internuclear potential is

the molecular constants of the= 0 andv = 1 states are shown ~ assumed to be of the form

in Table 3. For comparison equilibrium parameters of the other ) )

two low-lying electronic states are also shown in Table 3. The U=af(1l+tast+tas +..) ©)
equilibrium bond lengthre, is determined to be 1.568 006 9(20)

A, where the precision of the calculated bond length is limited Where

by the experimental accuracy of Planck’s constant and the

atomic mass un#t’ On the other hand, the bond length obtained E= r—re (4)

from ab initio MO calculatio® by the full configuration M

interaction (F-CI) method is 1.598 A, which is slightly larger

than our value. The bond length of théX" state obtained by ~ From the observed equilibrium constants, Dunham expansion
the F-CI method has the same value as that of tha atate. coefficients are evaluated. These parameters are tabulated in
However, the results of other calculation methods showed that Table 4 with the data of the SO radi¢#282° The shape of

the bond length of the E=* state is always smaller than that potential is governed by, and a,. Near the equilibrium

of the a’A state. The decrease in bond length from tHEX geometry, we can see that the shapes of potential resemble each
state to the B=" state is the same as the result of previabs other which suggests that the change of spin states does not
initio MO calculations and well corresponds to the increasing affect the shape of each potential. The strength of the bond is
tendency of vibrational frequency. These tendencies suggestindicated byag. It is interesting to notice that the change of
that the NCI bond acquires more double-bond character in the spin orientation decreases the total energy of the NCI and SO
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TABLE 2: Molecular Constants of NCl(b 1X+) (MHz)2
present study

electronic transitioh

N35C| N3Cl N3C|
v 0 1 0 0
B, 20 462.412 4(53) 20 272.855 8(115) 20 147.0853(119) 20 462.84(153)
D, 0.044 026(30) 0.043 955(61) 0.042 702(60) 0.044 25(144)
eQqCl) —51.7(36) —51.F o
rms 0.030 0.043 0.036

aThe numbers in parentheses represent 3 standard deviations in units of the last significarttRiggéteence 11. Converted from chunits
to MHz units.¢ Fixed value . Not determined.

TABLE 3: Equilibrium Molecular Constants of N 35Cl|2

NCI(X3s-)b NCI(atA)° NCI(b Iz+)d NCI(b I=+)e
Be (MHz) 19 481.734(144) 20 290.635 3(27) 20 557.190 7(98)
o (MHz) 192.297(21) 188.673 4(29) 189.556 6(127)
De (MHz) 0.047 912(64) 0.045 345 2(187) 0.044 062(93)
Be (MHZ) —0.000 050(32) —0.000 214(20) —0.000 071(68)
we (cm?) 827.957 8(26) 905.498(187) 936.75(99) 935.6
ware (CM) 5.300 2(219 5.274(50) 5.777(1819 5.4
re (A) 1.610 705(19) 1.578 272 6(20) 1.568 006 9(20)
eQqN) (MHz)" 1.842(96) 1.72(46) i
eQqCl) (MHz)" —63.13(18) —52.54(68) —51.7(36)

2 The numbers in parentheses represent 3 standard deviations in units of the last significafitRigdésences 11 and 1B, O, De, Be, we, and
wexe Were assumed to Béi, —Yi1, Yoz, Y12, Y10, and—Yao respectively. Some constants were converted fromtamits to MHz units.° Reference
9. 9 Present studyt Reference 10. Electronic transitidrDerived by the following relatiorD. = 4B3/wé?. 9 Derived by Dunham expansion coefficients
shown in Table 4 These values are those of the ground vibrational statet determined.

TABLE 4: Potential Parameters of N3°Cl and SO? has higher quenching rate than NF{A).32 Especially the

guenching rate of NF(E=™) with F is larger than that of NCI-

NCI(X3Z-)be NCl(alA)bd NCI(b i=+)e ) o Cor oy 2 ord . e e -
ao(Cm ) 26372388(162) 302859(125)  319922676) D =) With Clz by 2 orders of magnitude. ‘This fact might
a —3.096 02(23) ~3.07337(43) —3.099 5(22) explain our successful detection of NCKE") and failure to
a 6.544 2(27) 6.612(49) 6.392(176) detect NF(b'=") even though a strong signal was observed for

1
SO(Cs ) SO(alA)b SO(biz)oh NF(@A).
1
gi(cm ) i%?112827§22?)15) _433. 2396 3(11(2% _; ggg ?g(ég) Acknowledgment. This study was supported by Grant-in-
a 6.312 7(141) 6.945(188) 6.733(69) Aid from Ministry of Education, Science, Sports and Culture

@ The numbers in parentheses represent three standard deviations irgNo' 04233107).
units of the last significant digit$. These parameters are derived from
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