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Rotational spectroscopy of 10 X?II;

Charles E. Miller
Department of Chemistry, Haverford College, Haverford, Pennsylvania 19041-1392

Edward A. Cohen
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109-8099

(Received 5 June 2001; accepted 10 July 2001

Pure rotational spectra of the 10 radical have been observed for vibrational levels e18in the

X4 214, state and up to =9 in theX, 2I1,,, state. Isotopically enriched®0 rotational spectra have

been observed for vibrational levels upde5 in both theX; and X, states. These are the first
high-resolution spectra of any kind reported for ¥iestate and greatly extend the available data for
the X, state. The data for both isotopomers have been fitted simultaneously to a singléHet of
parameters with fixed isotopic ratios. The isotope relations among the parameters have provided a
means of decorrelating the electron spin-rotation consjaftom the fine-structure centrifugal
distortion constantAp, and have allowed the first determination of an effective valueyfofhe
rotation—vibration constants correspond to the equilibrium molecular propeg(i¥s) =186.762

pm, ro(X,) =188.468 pm,we(X;)=681.69 cm?, and w.(X,)=645.29 cm'. These constants
have been used to calculatg and X, Rydberg—Klein—Rees potentials encompassing energies up
to 40% of the dissociation limit. A complete set of hyperfine coupling constants has been determined
for the first time and interpreted using appropriate relativistic atomic radial integral200@
American Institute of Physics[DOI: 10.1063/1.1398308

INTRODUCTION study refined the rovibrational antl-doubling constants for
_ . the X; state and provided precise values for the quadrupole

_ There has been considerable controversy over the impaghupling constants and a partial set of magnetic hyperfine
of iodine oxides on atmospheric ozone deplefidiChlorine parameters. More recently, Wennbezgal® reported rota-
and bromine oxides form photochemical cycles that deStrOYionaIIy resolved Fourier transform spectrum of the— X,
stratospheric ozone with alarming efficiency and catalytic(z_o) band while Newmaret al 1! obtained cavity ringdown
cycles involving iodine oxides are even more efficient. spectra for all six ¢’ —0) bands of theA,— X, spectrum
Solomonet al? hypothesized that iodine oxides could cause There have also been a number of detailed spectroscopic
substantial stratospheric ozone depletion even at total iOdinﬁlvestigations focused on the2I1 state. Carringtoret al12
concentrations as low as 1 part per trilligopt). Subsequent and Brownet al2® reported ESR spect.ra of I®, 2I14, .in

. '4 .
studies _concluded that the vertlca}l t_r an.sport rate of LH the J=3/2 and J=5/2 levels, respectively. These studies
the dominant source of atmospheric iodine, was too slow to

. . ) conclusively established the inversion of the XFII spin-
produce the required, Iconcentrations in the stratosphere. " .
orbit components. Byfleedt a

. . |14 determined the electric di-
However, recent atmospheric measurements have conﬂrmedI t E h . tors B t a113
IO concentrations of 1-5 ppt in the upper troposphere an Ole moment. From the experimengalactors Browret al.

the marine boundary layéf, as well as concentrations in the est_|m?ted the fine-structure splitting to Ag~ 23.,30 cm -
0.5-1.0 ppt level in the lower stratosphéras part of our Saitd® observed the 5/23/2 and 7/2-5/2 rotational tran-

continuing effort to provide accurate spectroscopic informaSitions of theX, vibrational ground state using Stark modu-

tion for molecules of importance in atmospheric ozonelated microwave spectroscopy. The precise rotational con-

depletion chemistry, we investigated the pure rotational specStant derived from this work was combined with éagvalue
trum of iodine monoxidel0), the prototypical reactive io- °btained from the emission spectrtito calculate théHSl/g
dine oxide. equilibrium bond length as,=186.7728) pm. Gilleset al.

The 10 radical has proven difficult to study due to its feported a direct determination of the fine-structure interval

rapid self-reaction. Much of the high-resolution spectro-Ao=—2091(40) cm* and we=758(25) cm* for the X,
scopic information available for I0 comes from studies ofstate from the photoelectron spectrum of "lOFranck—

the strongA, 2Il, — X, Il electronic transition. Durie Condon simulations of the photoelectron spectrum were op-
and Ramsdyidentified six vibronic levels of the\;—X,  timized with the *IIy, equilibrium bond length as
absorption spectrum. Durie, Legay, and Ramisaybse- r.=188.7110) pm. Tamassieet al.'’ studied theX, (2-0)
quently observed thé\;—X; system in emission and ob- overtone band by laser magnetic resonance and reported the
tained rotational constants for th¢; vibrational levelsv results of a combined analysis that incorporated data from
=0-4, 6, and 9. Bekoowt al° probed the(2-0), (2-1), and  Ref. 10.

(2-2) vibronic bands of the A;<X; system using Our preliminary investigations of the 10 rotational spec-
microwave-optical double resonance spectroscopy. Thirum probed the ground and two lowest excited vibrational

0021-9606/2001/115(14)/6459/12/$18.00 6459 © 2001 American Institute of Physics
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FIG. 2. The calculated hyperfine structure of %e?II,, v=0 transitions
FIG. 1. The characteristic 1-4-1 hyperfine structure exhibited byXiO  plotted as a function o8’ + 1/2. Circles:e-parity A-doubling components.
II,, rotational transitions is shown here for the =0) 29/2—27/2 Inverted trianglesf-parity A-doubling components. See the text for addi-
transition. tional details.

levels of theX; °Ilg, state. While recording some weak doublet. The four central hfs components are resolved for
AF =0 transitions of the ground state, we observed a set dpw to moderateJ transitions but coalesce akincreases
slightly stronger lines with a hyperfine pattern similar to thatbeyond 35/2. Nead=55/2 the A doubling and hyperfine

of the strongAF=1 transitions. Calculations showed that splittings are on the order of 0.5 MHz and the 12 line pattern
the new lines belonged ti; rotational transitions of the is severely blended. At the highdimit A doubling domi-

v =8 level. Optimization of the IO source chemistry enablednates, the transitions group by parity, and the pattern trans-
us to observe pure rotational transitions of 10 in vibrationalforms into a doublet of unresolved sextets.

levels of theX; 215, and X, 2II,,, states with up to 8000 EventuallyX, transitions associated with vibrational lev-
cm ! of total energy. The extensive number of precise tran€ls up tov = 12 were observed with this source chemistry.
sition frequencies measured in this study has enabled us ®though no experiments have been performed in this study
derive accurate equilibrium spectroscopic constants antp determine the 10 excitation mechanism, we note that the
Rydberg—Klein—Ree$RKR) potentials for bot?Il states. X1 (v=12) level of 10 contains approximately 7480 chof

We also report the first complete set of hyperfine constants

and discuss their values in terms of relativistic contributions

to the electronic structure of the 10 radical. A

RESULTS

The submillimeter spectrometer used in these experi-
ments has been described previodél? Measurements
were made using a 1-m long double-pass absorption cell with
a Zeeman coil wrapped around its entire length. Spectra were
observed at room temperature in selected regions between 51 . ‘ ‘ : : . . )
and 679 GHz. The submillimeter radiation was detected bya ¢ 2 4 ¢ 8 10 12 1
liquid-helium-cooled InSb hot electron bolometer, digitized, MHz from 288322
and recorded by a personal computer.
10 radicals were initially generated by flowing the prod-
ucts of an Q discharge over a sample of iodine crystals B
contained in an open ended pyrex tube that had been placed
in the bottom of the absorption cell. Optimal IO production
was achieved at the maximum available pumping sg@éd
I/'seg with the O, flow rate adjusted to maintain pressures in
the 85—-100-mtorr range. The reaction was accompanied by a
bright chemiluminescence which served as an excellent di-
agnostic of successful 10 production. . . . . . . . . .
Figure 1 displays an example of a typi¢&l 21, rota- 0 2 4 6 8 0 12 14 16
tional transition. The sextet hyperfine structuinés) associ- MHz from 285075
ated with the'?| nuclear spin(l = 5/2) appears in a charac-

fin 1A s . . . FIG. 3. Characteristic hyperfine patterns for the X92I1,,, state illus-
teristic 1-4-1 splitting pattern in this frequency range. Flguretrated with the ¢ =1) 31/2—29/2 transition(A) UpperA-doubling compo-

2_ depicts the calculatetil;, hyperfine splitting as a func-  nent showing 1-5 splitting(8) Lower A-doubling component showing 5-1
tion of J. For low-J values each feature is an unresolvkd splitting.
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FIG. 4. The hyperfine structure of the 2I1,,, v =0 transitions plotted as a
function of J’ + 1/2. Circles:e-parity A-doubling components; inverted tri-
angles:f-parity A-doubling components. Th& doublets are separated by

20 40
J'+172

approximately 3.62 GHz.

vibrational excitation. This is comparable to the 7918 ¢m
of electronic energy contained in,@A,) as well as the
7603 cm  of electronic energy in*l (5p° P,,,). Rotational
transitions of Q(alAg) were readily observed in the reac-

FIG. 5. %O rotational transitions foX; 2II,, showing the vibrational state

i

v=1

v=2

0o 2 4 6 8 10 12
Relative Frequency/MHz

dependence of the hyperfine structure.

60

Spectroscopy of 10 6461

TABLE I. Distribution of experimental uncertainties.

Uncertainty(kHz) Number of features
6-25 179
26-50 249
51-100 102
101-150 62
151-300 29

tion mixture. We suspect that the reaction mixture also con-
tained a significant concentration of kince the rapid, effi-
cient energy transfer between@ 1Ag) and | to form F is
well known.

No X, 2I1,,, rotational transitions were detected using
the external microwave discharge source chemistry even
though the 2091 cm® fine-structure splitting corresponds
roughly to thev =3 level of X;. However, when a 35 mA dc
discharge was passed through the entire cell with 40 mTorr
of O, flow, we observed significant enhancement of the high-
v 2Il4, transitions,X; (v=13) transitions were observed
for the first time, and prominerX, transitions from several
vibrational levels were discovered. Tie rotational transi-
tions were easily distinguished fro, transitions by their
characteristic 1-5 or 5-1 hyperfine patterns, depending on
whether the the transition belonged to the upper or lower
A-doubling componenfsee Fig. 3. TheJ dependence of the
X, hyperfine splitting patterns are shown in Fig. 4. Rota-
tional transitions forX, vibrational levelsv=0—9 are pre-
dicted within the spectral range scanned using the dc dis-
charge source chemistry and transitions within all ten
vibrational levels have been observed. A careful reexamina-
tion of the survey scans recorded using external microwave
discharge source chemistry revealed some weak features at
the correct frequencies fof, transitions, but these signals
were far weaker than the features associated ¥ithransi-
tions for states of similar internal energy. However, a later
series of measurements in the 600-GHz region with an ex-
ternal microwave discharge did produce readily observable
X, spectra. The reasons for the difference in behavior have
not been determined.

Transition frequencies for'40 in both theX; and X,
states were predicted using the isotopic dependencies of the
spectroscopic constantsee below for detai)s These transi-
tions were recorded using the dc discharge source chemistry
and isotopically enrichetfO,. Figure 5 presents a sample of
the 80 spectra obtained under these conditions.

lodine dioxide, OlO, was observed as an additional
product of both 10 source chemistri#s0IO was generated
more efficiently in the dc discharge source although it did not
interfere with the IO observations in either set of experi-
ments. We note that anomalous vibrational excitation was not
apparent in OIO.

Atotal of 615 features in the 50—680 GHz region as well
as the sixAJ=0, A-doubling transitions measured by
Bekooy et al® are included in the fit. These correspond to
1293 assignments of individual transitions. Of the fitted fea-
tures 211 were single lines and 354 were unresolved pairs of
lines, usuallyA doublets. Experimental uncertainties ranged

Downloaded 29 Mar 2013 to 165.82.168.47. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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TABLE II. The 10 X ?IT v and]J states spanned by the data set. surements of th&, state and thé®0 isotopomer. Files con-

I N taining the complete line list with observed and calculated

Y i i line positions, the optimized fitting parameters, and the cor-
) relation coefficient matrix have been deposited with the

0 5/2<J<65/2 3/2<J<63/2 journal??

1 5/2<J<65/2 5/2<J<43/2

2 5/2<J<65/2 5/2<J<43/2

3 5/2<J<65/2 2712<3<43/2

4 7/2<J<65/2 31/2<J<63/2 DISCUSSION

5 27/2<J<65/2 31/2<J<43/2

6 27/2<J=<6712 41/2=J=4512 The present study provides the first high-resolution char-

; ggjjjg;g ggijig?g acterization of the IOX 2II state to include transitions from

B 29/2< J<67/2 43/2 J<45/2 _both s_pm—orblt components. We ha\{e determined a sgt of

10 20/2< J<65/2 isotopically independent spectroscopic parameters by simul-

11 20/2< J<45/2 taneously fitting*?1%0 and 2180 transitions for theX,

12 39/2<J<45/2 21, state in vibrational levels up to=13 andX, °I1;,,

13 33/2<J<4712 state in vibrational levels up to=9. These parameters de-
w2180 scribe the equilibrium values, vibrational dependencies and

0 31/2, 33/2, 41/2, 4312 45/2, 4712 centrifugal dlstor_tlon o_f the mechgnlca‘i, doublm_g, and r_lfs

1 31/2, 33/2, 41/2, 4312 4512, 47/2 constants. The inclusion of two isotopomers in the fit has

2 31/2, 33/2, 41/2, 43/2 enabled the first determination of the electron spin-rotation

3 31/2, 33/2, 41/2, 43/2 constanty as well as the deviations of the consta¥itg and

4 31/2, 3312, 41/2, 432 Y, from the Born—Oppenheimer approximation.

5 41/2, 4312 47/2, 4912

The following analysis mirrors that presented in our re-
cent report of the BrO rotational spectrdfThe BrO data
were analyzed first since the new submillimeter transitions
could be merged with existing microwave data, experimental
measurements of the Bri®, 2I1,,,— X, 211, fine-structure
from 6 to 30 kHz for the six transitions from Refs. 10 and 15transition and rotationally resolved infrared spectra. The ex-
to 300 kHz for the newly measured features. The distributiorperience gained from fitting the comprehensive BrO data set
of the experimental uncertainties is shown in Table I. Table llled to a method for fitting spectra of multiple isotopomers
summarizes the quantum states spanned by the data and Fsgnultaneously using the effecti?&l Hamiltonian of Brown
6 shows the distribution of the measurements among thet @l”* The vibrational, centrifugal distortion, and isotope
electronic states and isotopes. All fits were made with Pickdependencies of all mechanical, fine-structure, and
ett's sPFIT program? which weights data inversely as the hyperfine-structure parameters have been defined in the op-

1 . .
square of the uncertainty. The reduced rms was 0.78 corr%%}c[’rslgzgturgggf ﬁzzl:nti?gdhlegsgtzrﬁe:ggi!{(igngsjrc‘:’ e?gzghe
sponding to an overall rms of 53 kHz. Data included in the f'tculminating with the present analysis of 10. Readers, inter-
were all within 2.5 times their uncertainty from the calcu-

] i - i ested in the specific form of the Hamiltonian should consult
lated frequencies. These are the first high-resolution meagets 19 and 24.

Rovibrational constants, fine-structure constants,
and interatomic potentials

10 The optimized rovibrational and fine structure constants

% determined in the final fit are reported in Table Ill. The
atomic masses used to determine the reduced mass ratios
were taken from Audi and Wapstfa The uncertainties re-
ported are approximatelydl and do not include contribu-

* m10°,, tions from the uncertainty ii\. For the equilibrium param-
0 Emoms, eters, these reflect correlations with the higher-order
© W10, constants which describe the vibrational dependence. The

combinations of parameters that determine the rotational
transition frequencies for the lower vibrational levels, par-

Number of Features
8

® ticularly those of theX; state, are considerably more precise.
° “% “ H_ H H H These may be generated from the files of extended precision
0 - parameters and correlation coefficients which have been de-
¢ & 2 3 % 8 8 @ & 8 b a2 B posited with the journai? Calculated spectra based on these
Vibrational State parameters have been placed in the $Ribmillimeter, Mil-
FIG. 6. Number of features included in the fit. limeter, and Microwave Spectral Line Cataldg
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TABLE Ill. 10 X ?I mechanical parameters in MHz. Fit with the ground to derive Dunham potential coefficiefts? for the X; and
_ 1 : _ . .

stateA— 2091 cm - (Ref. 16 an_d t_heAlyo va_llues in Table IV The num X, states using the expansion

bers in parentheses are- Lincertainties in units of the last digit.

Parameter Value Isotope dependence V( §)=30§2 1+2 a; fi (4)
Aoy 183.843965) ut =1
An 2.871912) w3 . .
Ay X 10° —17.5654) w2 whereé=(r—rg)/r.. Even though there are no vibrational
Ay X 10° 1.08593) w2 energy intervals explicitly included in the 1O data, the pa-
Ay X 10° 60.653) M:z rameter set includes extensive information on the vibrational
Ao 10 050 118 o dependence of the rotational constants. Efés derived
Apx 10° 1.8966) i . - . .
Appx 10° 0.80283) 0 from the data contain sufficient information to calculate the
You 10107.594 3044) pt pure vibrational termsr ", and the vibrational energies for
% 0.767231) w Mgt X; andX,. Equation(5) shows that the/[", lead immediately
Yy —82.635 2662) u¥ to the vibrational state dependence of the fine-structure inter-
X106 -7.3672) w Mgt val
Yo —0.129 8430) n2
Y X 10° —9.49154) wo _ 2 2
Yiix]_O? -0.101940) w3 AI,O_YI*,O( H3/2)_Yik,0( s,
Yo, X 10° ~6.2411) w2 ()
Yoo ~0.010 451 6(66) w2 Ago=Act Y251 — Y4211 4y).
Y ,X 10° —-0.0612242) w2
Y5oX 10° —2.47682) nl where A(r)=Vy (r)—Vy. (r) decreases almost linearl
Yoo 10° ~0.165%50) w () ,lXZ( )=V, (r) - y
Yo 10° —7.2438) e from 2600 cm* at r=165.0 pm to 795 cm" at r=240.0
Y13x 10° -0.64G92) u " pm.
y? ~799.419) wt The calculated Dunham potential coefficierds, Y[y,
Poo 3280.36676) M:i/z Ao, and equilibrium bond lengths for theX;2I1p,,
Ew _fg'ggﬁig) - X, 2I1,),, and averagé *Il 4 states are presented in Table
pzzx 108 6.0239) Z—S/Z IV. Uncertainties have not been propagated for the values in
PoyX 10° —0.26624) w2 Table IV, but the number of significant figures given enables
p1X 10° -0.371193) w52 one to reproduce the observed constants within experimental
q —-0.49937) w? uncertainty.

Table V shows theX; vibrational term values derived
from the parameters in Table IV. For comparison, the
experimental ! values and those calculated from a three-
term fit (Y,,=681.4683 cm?, Y,o=—4.29594 cm?, and

The parameters include the deviations from the Born-y,,=—0.01280 cm?') which reproduced the observeq
Oppenheimer approximatiodg,=0.7672(31) MHz and’?;  values with an rms error of 0.03 crh are also shown. We
= —7.36(72)kHz. Le Roy”® has defined isotope dependent note that the two sets of calculated vibrational origins never
quantities,df',,, such that for a halogen oxide XO we have deviate by more than 1.5 ¢ from each other. This pro-
vides some confidence that the calculaxedvibrational lev-
els are of comparable accuracy. Figure 7 shows the RKR
}potentials and vibrational energy manifolds derived from the
parameters of Tables Ill and IV. The RKR turning points and
energy for each state are given in Table VI. These have been

The variation ofy with A, 9y/9A~5.06 MHz/cm *.

Yl,n:M_(|+2n)/2UI,n_ I?n_éffn' (1)

The oxygen correction is of the order magnitude indicated b
Watsort® with the relation

5|0n: -U, nAane/(/vLMo)- 2) calculated using a program obtained from Le ﬁayndYLo
' Y andY, ; values that were derived from only rotational data.
We note that for CIO, BrO, and I0AJ= -2.24013), Note that the energy differences between X3ev and

—-1.9634), and —2.21®), respectively. Since there is only X,, v+ 3 states are quite small and decrease with increasing
one iodine isotope, only the oxygen correction is determiny. Since the reportél uncertainty ofA is 40 cm ! and the
able. For CIO and BrAy,= —1.41924) and —1.12448). If  calculated differences range from 98 to 14 cnfor the ob-
Ag;~—1, we estimatesy;~44 kHz. This is only a minor served states, the possibility of a resonant interaction cannot
part of the total correction and the quantity ,+ 5,",1 has  be ruled out. However, no clear evidence of such an interac-
been used to approximage” ' *2W2y, | for Yo andYy;. tion is apparent in the data set. We estimate the main contri-
One may recover Dunham parameters forXheandX,  bution to the matrix elemerftasea basis between the states

states from the fittet| , and the fine-structure constam{g,

via the relationship (X1, v+3|H[Xz, v)
1/2
£y A2 3 B3v+1)(v+2)(v+3
L Tl &) g BN - Jw*3) (X1, v|H|X,, v).
where the sum in Eq(3) refers to theX; %I, state and the @
difference refers to th¥, 2I1,, state¥* The Y}, can be used (6)
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TABLE IV. IO potential constants and derived parameters.

Parameter X1 2H3/2 Xz 2Hl/2 X ZHeff

ag (cm™b) 341528.83 311 640.68 326 145.39

a, —3.658 74 —3.702 29 —3.680 27
a, 8.205 60 8.527 59 8.365 43
ag —15.249 02 —16.508 05 —15.869 30
a, 25.007 00 26.545 23 25.631 93
ag —60.015 87 —42.914 09 —50.255 88
ag 189.076 03 64.792 47 121.200 85
Yoo (cm™1) 0.050 64 0.066 64 0.058 74
Y, (cm™1) 681.772 45 645.362 03 663.232 27
Y, (cm™1) —4.35211 —4.31310 —4.33191
Y3 (cm™1) —0.003 75 —0.004 85 —0.004 36
Ygo (cm™h) —0.000 50 —0.000 45 —0.000 48
Ao (cm™) 36.410 43
Ay (cm™ b —0.039 00
Az (cm™ Y 0.001 10
Ay (cm™ —0.000 04
re (pm? 186.761 882) 188.468 026) 187.609 183)

#Ther, uncertainties reflect only & experimental uncertainties. The Born—Oppenheimer correction for the |
atom is neglected in the calculation, but may a&d@.0004 pm to the tabulated values.

Only contributions from the rotational constant are considfor BrO.1° These changes indicate a weakening of the 1-O
ered in the above expression. Only in the case of interactingond in theX, state.
states separated by energies of the order of a rotational con- Figure 8 compares th¥; and X, RKR potentials with
stant will the perturbations be appreciable compared to théhe ab initio potentials of Roszalet al>* calculated at the
normal vibration—rotation interaction terms. If such reso-multireference single- and double-excitation configuration
nances exist for accessible energy levels, a more precise dieteraction level of theory. Thab initio calculations include
termination ofA will be necessary to search for the effects in spin-orbit coupling and employed relativistic effective core
the rotational spectrum. Introducing a fixed term given bypotentials for the iodine atom. Ttab initio calculations sys-
Eq. (6) into the fit produced only changes of the order oftematically overestimate the |-O internuclear separation due
0.0l in even the smallest parameters and the effects wert the freezing of the iodineddelectrons at the configuration
not considered further. interaction step” The fairly diffuse 41 electrons of the io-
The results summarized in Table IV indicate that theredine atom are significantly polarized by the strongly elec-
are significant physical differences between ¥yeand X,  tronegative oxygen atorf. This leads to stronger bonding,
states. Most notably, the isotopically independent equilib+&P(X;)=186.762 pm versug "°(X;)=192.2 pm and
rium bond length increases from 186.76XB8%m in theX;  r&(X,)=188.468 pm versus:®°(X,)=193.9 pm, and
state to 188.468 @B) pm in theX, state. TheAr=1.706 14  larger vibrational frequenciesy&**(X;)=681.7 cm'* ver-
pm change between the two spin-orbit states is comparable
to the bond length changes usually associated with electronic

transitions. The change in harmonic vibrational frequencies, 10000 1T : ‘ 7/
AY’j,=—36.4 cnm’l, is also substantial; for comparison, it is UV 77/
a factor of 2 larger than thAY*,= —14.9 cm ! observed (L _//
8000 | | } 7/
| 7/
s //
TABLE V. 110 X, 2I15, vibrational intervalsE(v) — E(0). L — 'y 7/
s 0 7/
v From fit to intervals Observed From derived potential L2 vV 7/
8 \ A / /

1 672.83 672.8607 673.05 s 4000 \ w&__ —— 7 /

2 1336.96 1336.9816 1337.35 (= N . U

3 1992.31 1992.35 1992.85 K \ k&———— /

4 2638.79 2638.73 2639.50

5 3276.34 3277.21 2000

6 3904.87 3904.88 3905.92 12

7 4524.31 4525.52

8 5134.58 5135.92 0 32

9 5735.61 5735.61 5736.98 o b 0 s

10 6327.32 6328.58

r/pm

&Calculated from the band origins reported in Ref. 10.
bCalculated from the band origins reported in Refs. 9, 11. FIG. 7. The 10X, ?Tl4, (solid line) and X, 2I1,,, (open circles RKR po-
Calculated from the band origins reported in Ref. 9. tentials and vibrational manifolds derived from the fitted spectrum.
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TABLE VI. RKR Turning points for the 1%0 X ?II Potentials. Energies in cih; bond lengths in pm.

Xy ?Mgp X ?I

v Energy I min I max Energ)ﬁ I min I max

0 339.85 181.19 193.02 2430.85 182.75 194.91
1 1012.90 177.49 198.10 3067.57 178.96 200.16
2 1677.20 175.12 201.87 3695.60 176.54 204.06
3 2332.73 173.29 205.11 4314.90 174.68 207.43
4 2979.35 171.78 208.07 4925.41 173.14 210.49
5 3617.07 170.48 210.83 5527.05 171.83 213.36
6 4245.77 169.33 213.46 6119.74 170.66 216.10
7 4865.38 168.30 216.00 6703.38 169.62 218.75
8 5475.76 167.38 218.46 7277.88 168.68 221.32
9 6076.82 166.53 220.87 7843.10 167.82 223.84
10 6668.42 165.74 223.25 8398.94 167.03 226.33
11 7250.42 165.02 225.60 8945.26 166.30 228.79
12 7822.66 164.34 227.93 9481.89 165.61 231.24
13 8384.97 163.70 230.27

14 8937.19 163.11 232.60

15 9479.10 162.55 234.93

@Adjusted so thaB,=—2091 cm L.

su5w‘he°r(xl)=650 cm! and ngpixz):645_3 cm ! ver- radical. It appears that future calculations employing full op-
sus wi®°(X,) =626 cni'l, in the experimental values. The timization of the iodine core electrons may be able to repro-
ab initio Vi (r) andVy(r) have therefore been reduced by duce the 10 potentials with near spectroscopic accuracy.

5.0 pm to create Fig. 8. We note that the relative precision of 1€ effective parameters reported in this paper have
the ab initio calculations is much better than their absolutebeen derived without explicit consideration of the difference

accuracy, yiemingﬁrgheor:l_? pm andAwteheor: —24 cmi in ro between theX; and X, states. A more rigorous treat-

compared to the valueAr=1.706 pm andAY*,= —36.4 ment would consider the less than unit overlap of the vibra-

cm 1 derived from the fit. It is interesting to note that tae ~ tional wave functions s, , =(X1,v[[Xz,v). In the case of -
initio calculations slightly overestimate the anharmonicity at"® nalogen oxides, ignoring this effect results in no signifi-
larger. Alternatively, one may interpret this as an underesti-Cant change to any molecular parameter, with the exception
mation of the I-O bond strength in the attractive limb andOf the electron spin-rotation constapt which would affect
once again attribute the deficiency to the fact that the effeci-ts interpretation in terms of the interatomic potential or elec-
tive core potentials fail to account for all of the polarization tron distribution. The fitting parametey I|s_ted in Table il .
effects in the real molecule. Despite these shortcomings, th@ctually represents an effective spin-rotation constant, as dis-
empirically corrected potentials of Roszekal3 provide an ~ cussed by Browret al™ It is an extremely difficult param-

excellent description for both thé, andX, states of the 10 eter to determine accurately since it is very sensitive to the
value of theA and contributes primarily to the difference

between the effective rotational constants of ¥yeand X,

10000 states. This is given to second order by

8000 -

B(X;)—B(X,)=Ap+2(B— y/2)%/(A—2B). (7)

-1

6000 |- The total contribution of the second term in E() is

slightly less than 2% that 0%1EADe and that fromy is

only 0.15% ofA,;. For a single isotopic species, is en-
tirely correlated withAy;. The correlation is removed by
fitting the 2711%0 and*?/1*%0 spectra simultaneously with the
assumption thaty and Ay, vary exactly asu 1. The two
terms in Eq.(7) have different isotope effects and can be
separately determined. Since absorbs all contributions
S which make(X;,v|B— y/2|X,,v) different fromB, it should
160 180 200 220 240 be interpreted cautiously. Moreove#,y/JA~5.06 MHz/
r/pm cm~ ! and the uncertainty oA is 40 cni L.

The effect of the vibrational overlap opis a significant
FIG. 8. A comparison of the IX; ?I1,, andX, 21, RKR (bold lineg and fraction of its fitted value. ForfO and O (X1,0]|X5,0)
ab initio (filled symbols potentials. The . values of theab initio potentials ) . . 122117220
(Ref. 34 have been reduced by 5.0 pm for better agreement with experi— 0-97887 and 0.97781, respectively. Unlike the lighter halo-
ment. See text for additional details. gen oxides, the difference in overlap between the two iso-

4000

Energy/cm

2000 -

Downloaded 29 Mar 2013 to 165.82.168.47. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



6466 J. Chem. Phys., Vol. 115, No. 14, 8 October 2001 C. E. Miller and E. A. Cohen

TABLE VII. Comparison of the halogen monoxide and nitrogen monoha- <2H| L A|22t><22t||_ B|2H>
lide electron spin-rotation constants. 7(2): 2 * AE — ’ (11
i [
X0 NX
wherey* = Y1+ v(2) and y(? is the dominant contribution.

X 14 v*/B ~Pod2 Y /B Equations(9) and (10) imply that p/q~A/B. For 1?10,

cl —-300" —~0.0160 -339.3 —2086 -0.0108 P/g=—6534(2) andA/B= — 6255, which suggests that the

Br -760 -0.0592 -913.9 -517%  -0.0386  single perturber approximation is fairly good for the?IT,

' -1043 01032  -1640.2  -6402 -0.0620  gtate. The positive value gf obtained from the fit implies
“Reference 24y and pg in MHZ. that>* states dominate the sum in E@). It also im'plies.
PReference 35. that y=~—p/2. Table VIl shows that this last relationship
ZReference 19. holds quite well for CIO, but worsens progressively for the
e?;fse;‘jgfke 36. heavier halogens. Contrary to the relation betwpeand g,

this suggests that thé 21 mixing with low-lying electronic
states becomes more complex with increasing molecular
weight and increasing magnitude of the spin-orbit coupling

Reference 37.

constant.
topes is also important in determining the value,df for If one assumes that a singl® * state is responsible for
unit overlap. To second order the observed\ doubling inX 2I1, then the perturbing state is
located near 25800 cnt or 27200 cm?! depending on
S5 o 11%0) — pS5 o(1180) | /2 . whether one calculates tR& * — X?I1 energy difference us-
(2B—y)u= 1p (2B=y"), ing the fit value ofp or g. These results are consistent with

(8)  the observed energy of th&; 2IT3,—X; 2I13, electronic
transition, which is predissociated by crossings with multiple

wherep is the ratio of the reduced mass dfO to that of  repulsive state$: Calculations of théS, * — XI1 energy dif-
1'%0. When the isotopic difference in overlap is very small, ferences for BrQRef. 19 and CIO(Ref. 24 yielded similar
this expression reduces to Ed.1) of Ref. 19. The result is results. The 10 calculations are also consistent with the ex-
that y* ~ — 1043 MHz, which is considerably larger that the citation energies of 23200 c¢m (1%%7), 23900 cm'*
fitted value of— 799 MHz. The values of* for the halogen (12%7), and 26250 cm® (223 ") predicted by Roszak
oxides are compared with for the corresponding nitrogen et al. in the L-S coupling limit3* Note, however, thagb
monohalides in Table VII. It can be seen that the trenddnitio calculations implemented in the spin-orbit coupling
across both series are similar with the oxide values beingimit®* predict six electronic states with=3,% between
about 50% higher throughout. The value pfas discussed 23700 and 29800 cnt.
below is roughly proportional to both the rotational constant
and the effective electron spin-orbit coupling constan is
often estimated for a diatomic molecule by the spin densityiyperfine constants
weighted sum of the atomi.c spin—prbit couplings. This has  The extensive set ok, 2I15, and X, 2I1,,, submillime-
been done for the NX seri&s*’ with A calculated to be ter transitions measured in this work enabled us to determine
abput half th‘? .valu.e OT the corr_e§p0nd|ng oxide. Thus, inhe first complete set of hfs constants for 10. The optimized
spite of the difficulties in determining accurate valuesyof \3jues of the nuclear spin-rotation const@qtand the mag-

for the ZH series of XO molecules, the results appear connetic hyperfine constant by, ¢, andd are given in Table
sistent with those obtained for the N3 series for which  v/j| The table also contains the linear combinations of con-

the determination is more direct and precise. Since the fittediantsh,,= by — coy/3, andh. =age* (beo+ Cog). The pa-
value of y depends strongly on the fixed value Af the -0
consistency of the results as well as good agreement of oth
IO and BrO parameters determined by photoelectro
spectroscop suggests thaA lies within the limits given by
Gilles et al1®

The X ?IT A-doubling constantg andq, as well as the

rameterh, is considerably better known than is apparent
flom the uncertainties of the individual fitted constants due
o correlations among them. This reflects the more extensive
and precise data available for tig state. The hfs patterns,
illustrated in Figs. 1 and 4, were measured with sufficient
. . * ) . precision that the fit yielded linear vibrational dependencies
spin-rotation constang® may be used to deduce information for a, the sum b+c), andd. Centrifugal distortion ofl was

on low-lying excited states. F8il states, itis often assumed also required to fit the spectrum. The centrifugal distortions

that the main contributions to these terms arise from perturze oo oo primary magnetic constants cannot be reliably

bations by nearbys states. The second-order expressions;aiarmined since they are strongly correlated \@randby

for these constants afe and cannot be decorrelated by their isotope effects. The non-
axial nuclear spin-rotation constai@, , does not affect the

(9) quality of the fit, has a & uncertainty that is slightly larger

than its magnitude, and has been excluded from the final
parameter set.

(10) The definitions of the magnetic hyperfine and quadru-
pole coupling constants

ZHL A2i ZiL_BZH
p=—22ir< |+|EA>I<E-E| ).

- (H|L, B[S ")
q= _22 iA—Ei’
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TABLE VIII. 10 X 2I1 hyperfine parameters in MHz. The numbers in pa- whereh, =a+ %(bF+2C/3)- Similarly, b andc are deter-
rentheses are & uncertainties in units of the last digit. mined fr_om the expectation values lof as well as the ma-

Parameter Value Isotope dependence  trX element(Xy|bg—c/3|X,). The magnetic constantpro-
duces significant effects only in thé, state.

ago 774.82492) On .
ay —14.2712) 12 Table !X compares the 10 moIe.cuIar expectation yalues
by —95.837) In (r~3)_ derived froma and(r ~3)g derived fromd+ c/3 with
Coo —416.756) On those determined for atomic iodine from relativistic
(be+5¢)10 12,1623 gne 2 calculationg’®4! Using the appropriate atomic iodine relativ-
goo 171;2-33%2) O istic expectation values yields an unpaired electron density
d;ix 16° 453615 g:z,l of 38—40% on the | atom, with the unpaired electron densi-
o} 0.077 4194) gup ties derived from(r _3>s only slightly less than those derived
hif 588.04216) O from (r*3>L. The distribution of the unpaired electron in IO
h_,, 961.6118) In is consistent with the periodic trend observed for GRf.
2‘230& - lg‘éf;gg% & 24) and BrO(Ref. 24, ps(CI0)=0.35, p5(BrO) = 0.37 with
eQq” ~17.2749) Qu- 1 little difference betweer{r ~3), and (r ~3)s. We note that
eQq, X 10° —4.5531) Qut failing to distinguish between the atomjc™3), and(r 3)g
eQag,, 198.1765) Q i expectation values will lead to a substantial difference be-
283210 _31111'%131(‘;?) 8“ tween the unpaired electron density calculated frarand
eQq (X)) —1887.8214) 0 d+c/3. If, for example, the single atomic | valug —3)
Qe (X) ~2085.9863) Q =127.7x10° m3 tabulated by Morton and PresfBnis

used, the unpaired electron density calculated fep38.1%,
is consistent with that found for CIO and BrO, but the
density of 48.2% calculated frord+c/3 is considerably

a=2guern( LIr3) higher.
NZelN L The angular distribution of the unpaired spin about the |
be=(87/3)geOnitetin( #%(0))s, atom may be determined fronsirg)=2d/(3d+c). The

_ 3 value of 0.7611 indicates a slightly compresgearbital.
©=(3/29eGnrepn((3c0S0-1)/r)s, 12 This is consistent with the trend seen in FO, ClO, and BrO of
d=(3/2)geOnmeren(SirPo/r3)s, 0.8390% 0.81462* and 0.8003° Although all of these val-
ues are close to the 0.8 expected qf arbital, they indicate
eQq=eQ((3cosd-1)/r’)r, a possible problem in determining spin densities when only
eQq=—3eQ(sirta/r3), ((3cogh—1)r3)gis determinable. For example, in the case
of the 33 nitrogen monohalides, it is necessary to make an
assumption about the angular distribution for both atoms.
Usually one assumes thédcog6—1)s=—0.4 as is the case

enable one to determine the electron distributions inXO
2I1. In Eq. (12) L refers to the electrons responsible for the
orbital angular momentung denotes those electrons respon- . 137
sible for the molecular spin, and includes all electrons. for an g(tjoml_cp_%rglﬁl.f Hgéveveirbtgg;a;ngleofor the halogen
Equation(12) defines the hyperfine constants as average valfoNoxIdes IS—U. or to—=0. or 19.

The negative Fermi contact terimz = —95.8(37) MHz,

ues for a singléIl state, implicitly assuming that these con- i ) ) i s
represents another interesting manifestation of relativistic ef-

stants have identical values for both the and X, states. ) i o : :
Although this assumption probably becomes less valid as thfCts in 10. Equation12) indicates thabe is defined by the

spin-orbit coupling increases, it is not possible to determindroduct of several positive physical constants and the elec-
changes in the individual magnetic hyperfine constants exfon density at the iodine nucleugy“(0))s. Negative

perimentally. Thus, the reported here is actually (%(0))s values have traditionally been attributed to spin
) polarization®” although one may also explain this behavior
a=3((Xa|hy [X1)+(Xa[h-|X2)), (13 as a result of relativistic effects. In the absence of other ef-

fects, the unpaireg electron should contribute about87
MHz to b . No s character can be attributed to the unpaired
TABLE IX. Parameters derived from the magnetic hyperfine constanfs. ~ electron. For comparison, Sakamaki al®’ found bg
and ¢#(0) in 16*° m~3 Unpaired electron density in %. =—61.75 MHz for NI, a molecule in which the determina-
b tion of the Fermi contact term is more direct. It is interesting

P 10 | atorf a | b

arameter 2o P AOMT P that  be(NI)/be(I0)=0.645(25) and c(NI)/c(IO)
(r 3 61.56 162.80 37.8 162.31 379 =0.683(13).

(r=3% 48.70 122.16 39.9 122.74 39.7 _ :

(l/;z(oL)) 0716 1 17 The valueC,=77.41(94) kHz reported in Table VIII

(sirP6) 0.7612 represents the average of the nuclear spin-rotation constants
for the X; andX, states. The neglected centrifugal distortion
Atc_)mlc _|od|ne values taken from the relativistic Hartree-Fokl) calcu- on a contaminates the value GTI determined here, Iowerlng
lations in Table 17 of Ref. 41. . . .
PAtomic iodine values taken from the relativistic Dirac—Fock calculations in it by perhap_s a few kHZ-_bUt does not affect the Interpretation
Table A.2 of Ref. 42. of C,. Within experimental error,C;, of an NX
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molecule®~"is the same as that of the corresponding XOthe same. In the limit of large spin-orbit coupling, Hund’s
molecule. case(c), the qguantum numbers and2 are not well defined
The difference in the nuclear spin-rotation constants forand only the quantum numbél identifies individual elec-
the X; and X, states is related to the Fermi contacttronic states. This would explain differences in the quadru-
term b via pole couplings fotX; 2I15, andX, °I1,,, even though 10 is
best considered as a case molecule.
2(B— y/2)(be— cf3) (14) A potentially important difference in quadrupole cou-
E(X2) —E(X1) pling between thé;and X, states comes from a relativistic
Solving Eq. (14) yields AC,=14.5 kHz. This value is an contribution._The elec_tric field gradignt_at the nu6cleus due to
order of magnitude smaller than th&®C, calculated for apelectron. IS afuncpon of two radial integrél$®and has
BrO2 due in part to the fact thai.— c/3—43 MHz for IO been described preV|ou§1I§/.If the two states have no other
t>;in‘ferences and an unpaired electron denpityon the halo-
gen, then Eq.15 defines the relativistic contribution to
eQqs in terms of correction factors tabulated by Pyykdmad
Setl® and the atomic quadrupole coupling constant for the
BPar2 electron?’

AC=C (X)) —Ci(Xy) =

or almost a factor 4 smaller than for BrO. Since the quanti
b+2c¢/3 is well determined, Eq(14) indicates that every
kHz change iMAC, that may be due to other causes contrib-
utes~2 MHz to the effective value o .

The assumption that all the difference in the nuclea
spin-rotation constant is due to the term on the left-hand side _
of Eq. (14) directly affects the value dfsin’¢) derived from chg': 2ps(Cs -~ C+)(eQ0uo) .
the magnetic hyperfine constants. In fact an equally good fit 3C++

can be obtained with the assumption ti{ain’6)=0.8 and  For |0 the relativistic contribution corresponds to 81.4 MHz.

thatc= —d/2. This givesbe = —0.31(18), which is whatone  |; should be mentioned that E(L5) refers to the quasirela-
might expect in the absence of relativistic or spin-ijistic limit.4

polarization effects. However, the difference in nuclear spin- gy ctural differences between thg and X, states also
rotation constants then becomes large Witf{X1)=53.34  contribute toeQqg since the different ., values in the two
kHz andC,(X;) = 101.54 kHz. Because of this, and the fact giates produce different electron distributions and electric
that the values of botksin?) andbg are consistent with the  fig|q gradients at the iodine nucleus. One may estimate the

trends observed for the XO molecules, the assumption imzmount that the bond length change contributes @ us-
plicit in Eq. (14) seems the better choice. Nevertheless, therﬁqg Eq. (16):

is an indeterminacy that cannot be removed by isotope ef-
fects and that must be kept in mind when comparing these ruct o1
parameters with results @b initio calculations. eQeg —eQOchY—ll- (16)
The vibrational changes of the hyperfine constants are
consistent with the unpaired electron density gradually mov#or 10 the structural contribution ©Q gs equals 38.5 MHz.
ing to oxygen atom and the single bond becoming less ionidhe total calculated value f@Qqs is thus 119.1 MHz. This
as the atoms separate. is the correct sign and order of magnitude as the fitted value
The quadrupole coupling constants reported in TableQgs=198.17(65) MHz but underestimates the experimen-
VIII include both the axial and nonaxial componerg®q;  tal result by 40%. Although the difference of about 79 MHz
andeQq,, respectively. In contrast to the magnetic hyperfineis not large compared to the total quadrupole coupling con-
parameters, changes @Qq, between theX; and X, states  stant, it is apparent that the simple approximation of relativ-
may be determined from the experimental data. The axiaistic effects worsens as one proceeds from CIO to |0 and that
guadrupole coupling was thus fitted usie@q, as the aver- there may be small changes in electronic structure. This is
age 2Il value andeQq as the differenceeQay(X,) not surprising in view of the considerable increase in spin-
—eQq(X,). The linear vibrational dependence was in- orbit coupling. A more detailed description of the quadrupole
cluded in the fit for bothreQq andeQqs. The fit also re-  coupling changes would involve a determination of the mix-
quired a centrifugal distortion term fa&Qq,. The derived ing of the X; ?Il3, and X, ?Il,,, states with other states as
qguadrupole constants for the two states are also included imentioned above.
Table VIII to illustrate that, as is the case for the magnetic = These differences in electronic structure due to mixing
constants, the parameters describing Xjestate are more may also affect the magnetic hyperfine parametisese
precise. The nonaxial quadrupole constai@q, is deter- above, but the effects are not independently determinable.
mined primarily from the splitting of the\ doublets. Al-  The definitions of the magnetic hyperfine constants used to
thougheQq, is large, its contribution is of the order of tle  derive the unpaired electron density are not rigorously cor-
doubling on theX, staté* and is largest for the weakF rect since there is the implicit assumption that the electron
=0 transitions. The largestQq, contributions to splittings  distribution is the same in th¥,; 2I1,, andX, Il,, states.
observed in this work are approximately 5 MHz. The signNevertheless, the derived unpaired electron densities are con-
convention for the nonaxial terreQq, is that of Endo sistent with what one should expect for 10, provided the
et al®® relativistically corrected atomic iodine radial integrals are
The change ireQq, with electronic state may be attrib- used in the derivation. Finally, the derived angular distribu-
utable to several causes. As the spin-orbit coupling become#on is consistent with a predominantby ) electron on the
larger, the) = 1/2 and() = 3/2 states mix with other states of iodine atom.

(15
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