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The rotational spectrum of iodine dioxide, OIO

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 30 September 2002; accepted 3 December) 2002

The rotational spectrum of the OIO radical has been observed for the first time. Spectra of both the
ground and first two excited bending vibrational states have been analyzed. Rotational, centrifugal
distortion, fine, and hyperfine constants have been derived. These constants have been used to
determine the molecular structure, harmonic force field, and electron distribution. The OIO
molecular parameters are compared with those of OCIO and OBrC20@3 American Institute of
Physics. [DOI: 10.1063/1.1540107

INTRODUCTION been well studieti=?° and we have recently reported an
analysis of the OBrO spectruffi.The OIO spectrum was
lodine oxides have been known for more than 100 yearsdiscovered while searching for rotational transitions of
yet their chemical and physical properties remain poorlyhighly excited vibrational levels of the I, ?I15, state®?
characterized. For more than 70 years only IO, the prototypiSubsequently, six-line hyperfine splitting patterns were ob-
cal iodine oxide, had been identified in the gas pHase.served which had strong Zeeman effect. These were clear
Studier and Hustdn first reported the detection of gas indications of an iodine containing radical. It was assumed
phase IQ which they observed in the thermal decom-that the radical was OlO and extensive searches were con-
position of LOs. Gilles, Polak and Linebergérobtained  ducted for more transitions. Eventually we assigned a suffi-
negative ion photoelectron spectra of,I€hat they assigned cient number of transitions to provide an extensive analysis
to OlO(®B;)«— OIO™ (*A,) transitions based on the vibra- of the ground and,=1 states. After the experiments were
tional frequency arguments. However, it was not until thecompleted, a smaller number of previously unassigned tran-
work of Himmelmanret al* on the IO self-reaction that the sitions were assigned for the,=2 state and some param-
existence of gas phase OIO was widely acknowledged. Himeters were determined for that state as well. The following
melmannet al* observed a strong, structured vibronic spec-sections describe the experimental procedures for generating
trum spanning the 400—700 nm range and deduced that th®IO, the assignment and analysis of the spectrum, and the
carrier was OlO based on similarities between the new spednterpretation of the spectral parameters in terms of molecu-
trum and the electronic spectra of OCl@and OBrO® Sub-  lar properties. These results are compared to those of the
sequent studies have shown that OIO is the principal produgtlated molecules OCIO and OBrO.
of the IO+BrO reactior, that OlO is remarkably stable with
respect to photodissociation in the visiBl@nd that OI0  ExpERIMENT
may serve as the starting point for the formation of iodine
aerosols in the marine boundary lagef. The experimental procedures were initially identical to

Little additional spectroscopic or structural information those recently described by Miller and Coffefor the gen-
exists for OI0. Athertoret al** observed electron paramag- eration of 10. OIO was discovered during the measurement
netic resonanc¢éEPR spectra of OIO in KIQF, crystals, of highly excited vibrational states of 10 using an external
determining theg factor as well as the hyperfine ar@ microwave discharge through,@nd passing the products
quadrupole coupling constants. Byb&r{f observed OIO in  OVer solid }, held in a 18<3.5X2 cm deep boat within the
KClO, crystals for normal and®0I*’0 and derived elec- sample cell. The first feature observed which suggested the
tronic charge and spin distributions that were very similar toPresence of secondary products is shown in Fig. 1. It is
those found for OCIO and OBr&.Maier and Bothu® ob-  the strongNy g ,J,F=26; 5,26.5,29-25; 5,25.5,28 transi-
served infraredIR) and electronic spectra of OIO isolated in tion at the left of the scan. Two smaller features later identi-
Ar and O, matrices. Most recently, Misra and Marsh&ll fied as thev,=1,8g 4, 8.5,1%7,,7.5,10, and §;,8.5,10
calculated an OIO structure at the MPEC/6-31HG(3df)  «77,07.5,9 transitions lie within the 1@ =11 hyperfine
level of theory. pattern. Possibly because of changing conditions due to de-

This paper reports the rotational spectrum and structurgbosits of iodine and its oxides on the cell walls, production
determination of OlO. The rotational spectrum of OCIO hasof OIO using an external oxygen discharge deteriorated se-

verely. OlO production was considerably enhanced by pass-
dElectronic mail: cmiller@haverford.edu; h'[tp://www.haverford.edu/chem/Ing a DC_d|scharge through Glowing 9ver a container ol
miller/miller. htm! as described in Ref. 22, Was placed in a long necked glass
DElectronic mail: edward.a.cohen@jpl.nasa.gov; http://spec.jpl.nasa.gov bulb at the bottom foa 1 m by 7.3 cmi.d. double pass ab-

0021-9606/2003/118(10)/1/9/$20.00 1 © 2003 American Institute of Physics
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the difficulty in maintaining constant experimental condi-
tions, extensive signal averaging was not done and many
measurements were taken directly from survey scans. Some
features which were measured in the discharge showed de-
viations from calculated positions of 200—300 kHz which
could be attributed to their very strong Stark effect. Such
transitions were not fitted. However, smaller Stark shifts may
have gone unnoticed. As a result, the uncertainties assigned
to even the best features were 70 kHz and mg #atures
were assigned uncertainties of better than 100 kHz. A few
weak features, some of which are from paramagnetic species,
remain unassigned. However, large deviations from thermal

H H ’ H | population were not observed as they were for 1O in the
. : ‘ . || : ." same experiment, and highly excited OIO states were not
0 2 4 6 8 10 12 sufficiently populated to be assignable.

MHz from 285940

FIG. 1. The first featuréleft) thought to indicate the presence of secondary RESULTS
products in the synthesis of 10. The calculated #& 11 positions are
shown by the stick spectrum. OIO features are indicated by circles. Th
baseline has been removed. See text for details.

Jhe spectrum and assignment

OIO is a prolate asymmetric rotok & — 0.695 86) with
C,, symmetry about thé axis and &B; electronic ground

sorption cell. Q was passed through the cell a25 Is at state. The oxygen spin statistics allow only rotational levels

pressures of 10 Pa. A DC discharge-a85 ma at 1.3 kV was With K.a+ Kc odd in the grou.nd and other tota_lly symmetric
passed through the mixture. The cathode was a thin strip O\flpratlonal states. The rotational, elgctron spin, .and nuclear
7.6 cm wide stainless steel shim stock which conformed t¢P™" angular momenta are coupled in the following way:

the inside diameter of the sample cell at one end while a N+ S=J,

grounded metal bellows valve in the sidearm to the pump

served as the anode at the other end. A schematic view of the J1=F-

inlet region of the cell is shown in Fig. 2. A suitably strong Therefore, each rotational level has fine structure doubling
feature for tuning the chemistry was chosen as the flow ratdue to the electron spin and further splitting into sextets by
was throttled back while keeping the total pressure nearlyhe spin 5/2 iodine nucleus. In the frequency regions
constant until a maximum signal was attained. The exactearched, only thaF=AJ=AN transitions were expected
flow rate was then not known, but it was estimated-d-6  to be observable giving rise to doublets of sextets. Spectra
I/'s. The cell was maintained near room temperature by cirwere predicted using fine and hyperfine constants from the
culating methanol through an outer jacket. The conditionEESR work of Byberd?* The rotational constants were ini-
were difficult to maintain and reproduce due to copious solidially calculated using structural parameters estimated from
deposits on the walls, electrodes and windows. Neverthelesgose of related molecules. These calculations indicated that
the strongest features were observable in survey scans withe C rotational constant was about 5.2 GHi#+ 1< N tran-

SIN of ~40 for dwell times of 200 ms/point ane 100 kHz  sitions with a constant value di—K. have characteristic
steps. All spectra were recorded using tone burst frequencspacings of~2C for high N and K.~N. These transitions
modulatiori* which produces a second derivative line shapewere also predicted to have fine structure doubling of less
In order to confirm that the initially observed features werethat 200 MHz and hyperfine splittings of the order of several
due to radical species, a constant magnetic field was appliedHz to several tens of MHz which were not strong functions
with a Zeeman coil wound around the sample cell. Laterof N. Thus, it was expected that a survey=e11 GHz would
assignments relied primarily on comparisons of observed paeveal at least one recurring pattern. Fortuitously, the transi-
sitions and hyperfine patterns with predictions. Because ofions withK .=N=J+ 1/2 have all six strong hyperfine com-
ponents within 2 MHz. These are only partially resolved
from each other and give the appearance of a strong asym-

0, inlet 1, bulb metric doublet with the stronger component at high fre-
<—— quency. Because of the blended lines, these are by far the
\ strongest features in the spectrum. The first of these discov-
Cathode ) ered were the 40,,39.5F«— 39 39, 38.5,F—1 transitions
near 420.527 GHz. The recurring pattern was quickly con-

firmed by skipping to the frequency region of next lowiér
Topump —> and conducting a short search. Further confirmation was then

FIG. 2. A schematic top view of the cathode region of the discharge ceII.Obtalm_:‘d from the positions of prewously unaSSIQned fea-

The gases are pumped out at the opposite end of the cell through a sideaﬁ’?’\re_S contained in survey scans at other freqL_JenCieS taken
and metal bellows valve which serves as the grounded anode. The drawirduring the recently reported 10 stuffA small region of the

is approximately to scale with the bulb neck being 22.9 cm long. The cool-Q|O spectrum near 420.5 GHz is shown in Fig. 3 under
ing jacket and Zeeman coil surrounding the cell are not shown.
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TABLE II. OIO fine structure parameters/MHz.
Parametér Xo00 Xo10~ Xooo Xo201 X000~ 2Xo10
€12 —2545.47271) 64.71%171) 8.52243
€pb —620.0597291) 6.5071116 —0.320300
€cc 197.8051135 1.7414221) 0.10168)
Dyx10° —1.857570)
DX 10° 9.365123 0.972264)
DX 10° 0.02391)
DEx10° —49.1242) —13.65698)
d$x 106° —1.242136)
d5x10° —0.24584144)
Hig X 10° —0.821(215)
HEx10° 4.8977)
&The numbers in parentheses ar&o uncertainties in units of the last digit.
0 30 100 150 200 250 300 350 _ _ . .
MHz from 420525 whereH, is a WatsonS reduction of the rotational Hamil-

FIG. 3. A portion of the OIO . 420525 Mitep) and tonian in thel" representatic?t which contains up to octic

. 3. A portion of the spectrum near op) and a . . - . . .
simulation using calculated line positiofisottom). The relative strengths Cen_trlfUQal d.IS_tOI‘tlon termsHys IS_ a fine .Struc.ture Hamil- .
are not reproduced due to power fluctuations of the millimeter wave sourcéOnian describing the electron spin—rotation with up to sextic
and the presence of an electric discharge in the sample. The spectrum westortion terms; andH, is a hyperfine structure Hamil-

recorded using second harmonic detection. The baseline has been removgshian which includes spin—spin coupling with quartic dis-
from the observed spectrum by taking the second difference usidg

MHz between points. tortiqn terms,. and nuclear. quadrypolg and nuclear spin—
rotation coupling. The centrifugal distortion terms féy; are
based on the work of Brown and Se&*dAll terms in the
Hamiltonian are defined in Ref. 21. Although the Hamil-
9t10nian is similar to the one used for OBf®the smaller
tions and 72v,=2 features containing 83 transitions. Sev-

2 g reported for OBrO. Nevertheless, the parameters for the OIO

eral additional features were well described by predictions )
N . were w ! y predict ground andv,=1 states that are to be used to derive the

based on the analysis, but contained blends of different vi® . .
brational states and were not included in the fit. structure and other mqlecular propertles are well determined.
The parameters required to fit the spectrum Ky, Hys,
andH, are listed in Tables I-Ill, respectively. An output
Analysis file containing correlation coefficients as well as a complete
list of fitted lines, estimated experimental uncertainties, and
calculated positions is available from the Electronic Physics
H=H o+ Hi+Hps, Auxiliary Publication ServicdEPAPS of the American In-
stitute of Physicg® Also available are input files which can

be used with the prograspri™’ to generate the calculation

nearly optimum conditions. Eventually it was possible to in-
clude in the fit a total of 621 ground-state features containin

The OIO Hamiltonian can be written as

TABLE I. OIO rotational parameters/MHz. reported here.
Parametér Xooo Xo10=Xooo  Xo20T Xooo™ 2Xo10
TABLE Ill. OIO hyperfine parameters/MHz.
A 18 485.940 &33) 274.876 125 9.42498)
B 7256.678 8TL70  —2.494 §72) —0.13033 Parametér Xo0 Xo10— X000
C 5196.524 42131) —10.0032898)  —0.016 27286
D,x10° 6.508 17123  —0.037 G32) ar —90.06859) 0.321(141)
D;yX10°  —53.328 258) —1.3573227  —0.13976) Taa —487.117209 —0.5734)
DyX 10° 307.322 2266) 23.99493) —2.226251) Tob —564.153128) 0.3539)
d;x10° —2.748 8179 —0.008 95232 Tec 1051.270140 0.2237)
d,x 10 —0.112 748132 —0.027 0960) TK X 10° 2.0348)
HyXx 10° 0.022 5238) 0.000 5%42) Ti.x10° —0.734147)
Huk X 10° —0.308 4390) —0.022 §88) TKx10%® —45.244)
Hyn X 10° —2.132 4244 —0.04642) Xaa —940.0a47) —2.68164
Hygx 10° 16.747129 2.9940) Xbb —109.8445) —0.51(158)
h,x10° 9.9943 0.215225 Xec 1049.8448) 3.19175
h,x 10° 0.13963) —0.03169) X< x10%® —82.4173
hyx 10° 1.079 §68) 0.19763) CoaX10° 138.47314)
LyknX 10° 0.54743) CppX 10° 56.70273
L X 10° —2.179219 C. X 10 34.41204)
I, x 102 0.11Q71)

aThe numbers in parentheses aréo uncertainties in units of the last digit.
The numbers in parentheses ar&o uncertainties in units of the last digit.  *TK =T, — T, x* =xko—x%-

cc
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TABLE IV. Halogen dioxide structures.

o*clo O*Bro (e][e)
Parametér o le Ofe o le e o e O e
r/pm 147.5 147.0 9.9 164.9 164.4 7.3 180.5 (180.0 6.8
aldeg 117.5 117.4 114.4 114.3 109.9 (109.89

#Thery's are calculated from the planar moments. TFigs are experimental for OCIQRef. 20, calculated
from ther, and the KuchitsyRef. 28 relationship for OBrQRef. 21), and estimated for OlO. Thér.'s are
the decreases in bond lengths from eIl 4, states of the corresponding monoxides.

DISCUSSION

Structural parameters

lar constants are shown in Table V. For comparison, the re-
sults of a calculation done for OBrO utilizing only data and
weighting corresponding to those used for OIO are also
The OIO ground-state effective structurg,can be cal-  shown. The value calculated for the bending frequency of
culated from any two of the three moments of inertia or theoBrO as well as the values for the diagonal force constants
a andb planar moments. The latter is given in Table IV. The gre not significantly different from those derived from the
uncertainties of the rotational constants are very small, howmore extensive data used in Ref. 21. The calculated values of
ever, the accuracy of the, structural parameters is limited f_ andf,, for OBrO change from-5.0 and—6.1 Nm ?
by vibrational effects which lead to different values depend-Ref. 21 to 0.4 and- 6.8 Nni ! for the more limited data set
ing on the choice of moments. Thus, the uncertainty of eaclysed here. Thus even with the smaller data set it is apparent
of the ro, parameters is approximately two units in the lastthat changes in the constaritsandf,, on replacing Br with
figure quoted. Table IV also compares thestructure with | are much less than those when Cl is replaced by Br. This is
those of OCIO and OBrO. For the latter two molecules, theconsistent with the observation that the O—X bond length
equilibrium structures give bond lengths of 0.5 pm shorteichanges are relatively less for both the Br and | on going
and bond angles 0.1° smaller than thestructures when the  from the monoxide to the dioxide and that double bond for-
planar moments are use for the calculaib@imilar differ-  mation is less effective in both heavier dioxides.
ences may be expected for OIO. Since considerably less data The harmonic force field calculation predicts thefre-
exist for the determination of the harmonic force field thanquency to be 263 cat, which is only 13 cm? higher than
were available for OBrO, the more rigorous determination ofthe estimate of Himmelmanet al* The corresponding cal-
r, andre structures that was done for OBrO has not beencylation of for OBrO gives a result that is4 cm * lower
done for OIO. The trend toward smaller bond angle is apparthan the observed frequency. This is not necessarily predic-
entin going from Cl to | as is shown in Table IV. Also shown tive of the difference between the OIO calculated and actual
for comparison are the decreases of the equilibrium bong,. However, the present result certainly favors the estimate
lengths from those of th¥, %1, states of the correspond- of ~250 cnil from the study of the ultraviole(UV)
ing monoxides. It can be seen that the shortening of the bonghectrurfi over the much lower value obtained from photo-
is only slightly smaller for OIO and than for OBrO and that electron detachment. Moreover, Hullah and Bréfnecently
both are significantly less than is found for OCIO. This is to
be expected if ther bonding is less effective between atoms
of disparate sizeAb initio calculations of the structural pa- TABLE V. Comparison of harmonic force field calculations for OIO and
rameters for OlO and 10 by Misra and MarsHatjive 181.1  OBrO using similar data sets and weighting.
pm and 111.4° for the equilibrium bond length and angle in

/9

OIO and 188.8 pm for the bond length in 10. The calculated o0 oBro
difference in bond length between 10 and OIO is very close Parameter Obs. Calc. Obs. Calc.
to that observed, but both the bond length and OIO angle are , /cm! 768.0° 768.1 811.6 812.0
larger than the experimentally determined values by 1.1 pm w,/cm ™ 250.0 263.0 320.0 315.9
and~1.5°, respectively. wglem™? 800.% 800.3 865.6 865.3

The centrifugal distortion constants are consistent with DJ/k/TdZ-u 752'228 75???967 770763935 “70 ;'0169
those of OCIO and OBrO. These can be used along with the )y, g 206 7144 694.7
measured vibrational frequenc’tés‘or v, and v3 and the d,/kHz —2.749 —2.799 —2.638 —2.647
inertial defects for the ground and excited bending state to dp/kHz -0.1127  -0.1051  -0.1568  —0.1395
roughly determlne the harmonic force field. In the fit with the Aoodamu®’ 0.2717 0.2736 0.2278 0.2297
programnca,?® the vibrational frequencies are weighted ten 0/1,3";@‘11}& 0.8359 5 110‘;3340 0.7032 5 4809'7025
times greater relative to their magnitude than are the cen—f /Nm-1 03.3 102.4
trifugal distortion constants and inertial defects. Because the f,, /Nm? 45 0.4
bending mode frequency;,, is not well determined, with fm/Nm’1 -15.6 —-6.8
values of 19235) and 250 cm* having been reporte"tzl‘1 it is From Ref. 15,

not included in the determination of the harmonic force field.onot included in the fit for either molecule.

The force constants and the observed and calculated molectrom Ref. 4.
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TABLE VI. Normalized electron spin—rotation coupling constants, electrgmi@lues, and ratios oA} for

OXO.
0lo O"°BrO o*clo I-Br Br—Cl
i —Aj2? gii® —Aj2 gii —Aj2 gii Af Af
a 0.0688 0.0881 0.0420 0.0512 0.0133 0.0133  1.6404 3.1486
b 0.0427 0.0279 0.0344 0.0302 0.0109 0.0109  1.2438 3.1513
c -0.0190 -0.0324 —0.0041 —0.0620 —0.0003 —0.0003 4.6032 15.17

8Gas phaseAf = ¢;; /B; . Matrix ESR; g/, =0;i — Je -

studied the Te® electronic spectrum and found,=282  ditional factor of 2 increase compared to OBrO as is seen in
cm . The value ofy, in OBrO is 45 cm?! less than in the spin—orbit coupling of Ié.However,AfIa increases by
SeQ, and this may be taken as an upper limit for the differ-an additional factor of only 1.64 antly,, by a factor of only
ence between the, values of OIO and TeQ Thus, the 1.24. Since the excitation energies are smaller for OIO than
features attributed te, hot bands in the OIO UV spectrum for the lighter dioxides, this is an indication that the matrix
reported by Himmelmanet al* are probably correctly as- elements connecting the ground state with the perturbing

signed. states are smaller than would be estimated by considering
only p orbital spin—orbit couplings. The increase in magni-
Electron spin—rotation coupling constants tude of A¢, is very large and may indicate increased partici-

Table Il shows the electron spin—rotation constants theiPation ofd orbitals in the excited states that contribute to the

centrifugal distortion constants, and their dependence on th@J€ctron spin—rotation constants or contributions from states
v, excitation. In Table VI the normalized spin—rotation con-requiring excitation of more than one electron. Ctitias
stants,Af =, /B;, are compared with those of OBrO and discussed this topic for the case of OCIO.
OCIO as well as they values,gj;=g;;—d. determined by A complete set of quartic and some sextic spin—rotation
ESR spectroscopy of matrix isolated molecules. The relationdistortion terms are required to fit the ground rotational state
ship proposed by Cult between the normalized electron spectrum. The trends observed for OBrO and OCIO are con-
spin—rotation constants and the electrogicalues obtained tinued for OIO in the sense that trends to more positive or
from ESR experiments more negative values are maintained for the quartic con-
—A812=0;i — Ge, stants. The values are actually quite different among the
) ) three molecules and are compared in Table VII. Less data are
where g is the free electrong factor predicts the trends yqijaple for the excited bending states than for the lighter

- o 32
gbser;:ad ftor ttheglvalu;esblnt.matr!x Liolatedt §amplé%.t g dioxides and only two independent quartic distortion terms
ossible structural perturbations in the matrix prevent dezo 't determined for the, state.

o X i C
tailed interpretation of the differences between observed and . . . : .
. o The changes in spin—rotation constant with bending
calculated values for the heavier halogen dioxides. ode excitation follow the trend shown in OCIO and OBrO
The normalized spin—rotation constants increase fronmh, i Xhl or b‘?’ h hW Ih ith e
OCIO to OIO, but the increase from OBrO to OIO is neitherT Is is shown in Table Vil where the changes with excita-

as large nor as uniform as would be estimated from the inion of Afi, Bi, ande;; divided by their ground state values

crease from OCIO to OBrO. In the latter case, bath, and ~ aré given. The values 0€,,| decrease by a relatively greater
¢ increase by an amount which is very close to the spin-2mount for the heavier halogens whereas the chanyg,in
density weighted average of the atomic spin—orbit couplingtarts as positive for OCIO, becomes negative for OBrO and
constants and by a slightly larger factor than for the ratio ofnore strongly negative for OIO. Althoudle.| is more than
spin—orhit coupling constants in the monoxides. For OIO thea factor of 10 larger for OBrO than it is for OCIO and in-
corresponding estimated change would be more than an adreases by almost another factor of 4 for OIO the relative

TABLE VII. Comparison of the OXO electron spin—rotation constants and quartic distortion terms/MHz.

Parameter (o]le} éBro o%*clo
€an —2545.47271) —2352.2197157) —1388.2798126)
€pp —620.0597291) —565.664456) —216.929858)
€cc 197.8051135 52.574160) 4.602254)
Df,x 10° —1.857570) —0.372 46269 —0.122858)

DEKX 10° 0.02391) —0.6245275) —1.529115)

DKg,x 10° 9.365123) —0.30534) —3.454140)
D$X 103 —49.1242) —17.205191) —0.68315))
dfx 10° —1.242136) —0.343 27204 —0.093 6667)
dSx 10° —0.245 84144 —0.115 08108) —0.022 8837)
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TABLE VIII. Changes of the normalized electron spin—rotation constants, rotational constants, and electron
spin—rotation constants for OXO with excitation of. The tabulated quantities are 10Q¢;— X009/ Xo00-

(o][e] 0*Bro o*clo
i AS Bi €ij Af B; €ii A B; €ii
a -3.97 1.49 —2.54 —-3.63 1.76 —-1.94 —-2.79 1.92 -0.92
b -1.01 -0.03 —-1.05 -0.18 —0.06 -0.24 0.27 -0.09 0.18
c 1.07 -0.19 0.88 1.19 -0.25 0.94 1.31 -0.29 1.02

changes with excitation actually decrease slightly for theatom. In the halogen dioxides the unpaired electron is in an

heavier molecules. antibonding orbital with about half the spin density on the
central atom. This slight axial asymmetry of the dipolar cou-
Spin—spin coupling constants pling tensor may be thought of as a contribution from a small

The spin—spin coupling constants for both the groun mount of in-plane electron spin density due to mixing of the

2 . . . _
andv, states have been determined as have some centrifugal B, state with excited electronic states/f andB, sym

distortion constants common to both states. The availabl@etry’ primarily by off-diagonal elements of the spin—orbit

. . . oupling. Petersdfi has recently performedb initio calcu-
2v, data have been adequately fit by assuming linea . .
changes with excitation of the bending mode for all of therat'onS for OCIO and OBrO. Using the same level of theory

hyperfine constants shown in Table lll. The anisotropic Ordescrlbed in Ref. 40, he has calculated snif) in-plane

dipolar coupling tensofT, and scalar or Fermi contact term spin densities for both OCIO and OBrO oriented oppositely
¥ ' to that in thep, orbital with most of the in-plane spin density

ag, are well determined and consistent with the trends ob-I th i & Whil h Il calculated val
served for OCIO and OBrO. The signs and magnitudes of th&0NY the symmetry axis.Vhile such small calculated val-

centrifugal and vibrational terms are also consistent with'es are to be treated cautiously, they are the magnitude and

those of OBrO and OCIO, but are less precisely determineaign indicated by the observed asymmeiry of the dipolar cou-

. . . ling tensor.
than the OBrO constants. Of interest is the negadivealue P . . . . . .
of —90.07(6) MHz which can be compared to the As mentioned in the discussion of the spin—rotation con-

~95.8(3.8) MHz Fermi contact term of I8, Byberg?13 stants, thee;;’s of OIO do not closely follow the trend ex-

obtained a similar result in his study of the OIO ESR SpeC_pected for similar halogen spin densities for the three diox-

trum and pointed out that a negative value of about thi des. However, thee;’s are described primarily by the

magnitude is predicted from the calculated relativistic atomidnteractlon of the ground state with various excited electronic

value for an iodine p electrori* and the spin density on the states Whergas the spin—spi_n interactions as well as thg quad-
iodine. For a spin density 6£0.5 on the | atom, one predicts rupole coupling constants discussed below are primarily de-

agp~ — 115 MHz. The contact term for a single Blectron in scribed by the ground-state_ wave funct!on. .

atomic iodine is 46.6 GHZ Therefore, as was also found . For_ the halogen monoxides, the spin density can be de-
for OCIO and OBrO, there must be almost no halogen rived directly from the Frosch—Foléjconstants

character in the orbital containing the unpaired electron. d+c/3=pg(XO)geOnmemn(r ~3)g(atom,

The dipolar coupling tensor is very nearly axially sym- . )
metric about an axis parallel to theprincipal axis of the where theS subscript refers to the appropriate expecta-
molecule. The components of the tensor are given by tion value for the radial distribution of the electron spin. For

5 the dioxides the angular dependence cannot be removed. If
Tyx=eOnmesn((3 co$ 6,—1)/r%s, one ignores the small amount of in-plane spin density, the

where x is one of the principal axes of the molecule and@pproximate spin density for pr orbital may be derived
cosé, is the direction cosine of the vector from the nuclearfrom a similar expression with&./4 replacingd+c/3 on
spin to the electron spin. It is usually assumed that the spif€ left-hand-side of the above equation. Thus, one obtains
density at the hglogen in _the OXO mqlecules is primarily due p<(OXO)/ pa(XO)~ (5T J4)/(d+c/3).
to ap electron in an orbital perpendicular to the molecular
plane with the atomic angular distribution given by This ratio equals 1.42, 1.38, and 1.33 for the’tf Br,214
(3 co¢ §,—1)=0.8-0.4,—-0.4 for x=c,a,b, respectively. and P2 compounds, respectively. This shows that the shift in
For the present casg&, is slightly less negative thaf,, so  spin density to the more electropositive element is less pro-
that (cos 6,)>(cog 6,). For OCIO, OBrO, and OIO the nounced in the dioxides than in the monoxides.
asymmetry parameter A single electron in the valenge, orbital would result
in T, values of 2068.3, 1569.3, and 295.4 MHz fof Br,

717= (Taa= Ton)/ Tec, and®>Cl, respectively. Th@..s are determined by using the
has values of 0.033 82, 0.044 65, 0.073 28, respectively. Aelativistic values calculated by Pyykland Wiesenfeltf to
similar trend toward increasing asymmetry is seen in the sesbtain the(r ~3)g's for the atoms. The hyperfine integrals
ries NH,, PH,, and Asb¢~3%although in the case of the from Table A2 of Ref. 35 are related to the , , r._, and
group V dihydrides the unpaired electron is ip& bonding r__ terms from Ref. 34V(1)=2r__, V(1,-2)=r,_/2
orbital with the spin density almost entirely on the centraland V(—2)=—r ., . The atomic iodine radial expectation
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values are then determined from the relationships®), of the in-planep electron population if the out of plane popu-
=(4r, +4r__+r . _)/9 and (r 3)g=(—8r, +40r__ lation is fixed to that derived from the spin—spin coupling
—5r,_)/27. Where thel. and S subscripts refer to orbital tensor. Because theé and #* orbitals are orthogonal, the
and spin distributions. The numerical results require a factototal pm electron density at the | atom is given by-22

of ag *a~* to convert them into S| units. These valuesTgf ~ wherep$ is the spin density determined frof.. One then
lead to halogen spin densities of 0.508, 0.498, and 0.544 fasbtains the total in-plan@ electron density at the | atom
OIlO, OBrO, and OCIO respectively. The experirﬂ_)ental mag-from

netic constants fot°Cl atom reported by Uslet al*> would

give aT.. of 330.7 MHz and result in a Cl spin density of Pat Pb=2(2=p¢— xec/€QE).

0.486 for OCIO. The p!, are the total electron densities in thg andp, orbit-

Note that the effect of the positive charge on the halogemls. The individual densities may be determined from
has not been considered when using the atomic value of

t t__ ff
(r~3)4 for either the monoxides or the dioxides. In fact, the Pa~ Pb=2(Xaa™ xon)/(3€ Q19

halogens are positively charged in both compounds and Hne effective atomic quadrupole coupling constants are cor-
may be more appropriate to apply a correction factor to aCrected for the positive charge on the halogen which requires
count for the nucleus being less shielded from the valencg,formation on the participation o and d orbitals in the
electrons. For all the halogen nuclei a factor 6fA.151¢ i ponds. Petersdhhas found little contribution frond orbit-
used for quadrupole couplif§wheren, is the charge onthe s in both OCIO and OBrO and the same will be assumed

atom. If we assume that this is primarily due to a change ifrye for OIO. If one describes the in-plane orbitals in terms
(r=3 for all the electrons, then a similar factor may be of the usualsp” hybridization, then

applicable to(r ~3)s. In that case the spin density on the - "
halogens would be less than that given above, or about 0.4 #1=(1—2a5) s+ 2"Asthpp,
for all three dioxides. The details of the calculation which B _ TN 1
takes charge into consideration are discussed in the section o= ass= (12=a5) " hpp+ 2" hpa,
on quadrupole coupling. s =aghs— (1/2—a2) Y2y — 2~ 12y,

Recent studies of the halogen monoxides have shown : 25 ° s PP ba o
that the angular distribution of the electron about the haloge#here as=cosa/(cosa—1) and a=/0X0."" Since the
atom in those molecules changes from slightly elongated tglectron density in each of the two orbitals in the oxygen
slightly compressed with respect to the atorpiorbital as ~ directions must equal,, one has
the atom|c_number increas&skor the dIQXIdES it is apparent p1=(pp—pal1— 2a§))/2a§,
from the slight asymmetry of the coupling tensor aboutdhe
axis that there is at least some difference in the angular dis- ps=(1—2a§)p|+2a§pa,
tribution of the spin density about the halogen from that of a
pure p.-orbital and that the difference increases with atomic ~ Ne=7—(patpptpctps),

number. The uncertainty regarding the angular distribution Oflvherep, is the population of the lone pair orbital described

the spin density as well as the uncertainty of the theoretic y ¢/ andps is the totals orbital population. These equations
radial functions limit the accuracy of the spin density derivedmay be solved fop, , p., andn, with a fixed by the bond
1 S e S

from the spin—spin coupling tensor. Should the angular disé\ngle or fora, and the remaining parameters with fixed.

tribution of the electron change in a manner similar to thatSincep pu, andp, depend om, due to the multiplicative
. . - a? ’ Cc e
observed for the monoxides, then the spin density of | WOUIq‘actor of 1+0.15n, applied to the atomic quadrupole and

be greater, and that of Cl less than that given by the calCusagnetic coupling constants, the equations must be solved
lation described in the preceding paragraph. However, Byl’teratively.

berg's ESR study of 'O enriched OIO and OCIO showed If one usesa’s fixed to the values obtained from ting

little ¢ hange .i':] 19‘” depsity atd.the Olf(yggg' That resmcjjlé "V""%tructures,eQcﬁf{0 corrected for relativistic effects as dis-
consistent with his earlier studies of t compoun cussed by Pyykkand SetH® and p$ determined fromT.,

V\;h'rclh jho‘_"c’jed sz!Iar Spin deniltleshat the ralcégen,i n eaC[Pen one obtains thp orbital electron populations given in
of the dioxides. This suggests that the angular distribution of_,\ .o |x_ For I, 7%Br, and 3°Cl, the respective relativistic

the electron spin about the halogen is quite well described by, .. tion factors and resultant valuese@ ], for the neu-

that of an atomicp-electron and is about the same for all o 4ioms are 1.0912, 1.0356, and 1.0075 giving 2501.83,
three OXO dioxides. The fact that the effect of the double_797_18, and 110.568 MHz. Eor OCIO the calculation was

g?(n)d ﬁn bpn_d I_engtglgnd strengtg IS mu_ch less in OBr% afone with both atomid .. values mentioned in the preceding
than itis in may not be an Important consider-gqqion This calculation gives similar in-plameelectron

ation, since the electron distribution closest to the coupling.sities for all of the halogens and does not show the ex-

nucleus is most significant in the determination of the dlpolarpected trend to lower electron density on the more electro-

positive element. If the amount sfcharacter in the halogen

o bonding orbitals were determined solely by the OXO

angle, then it would be necessary to remove about 0.5 elec-
The quadrupole coupling constants are consistent witliron from the “lone pair” orbital for all of the halogens in

those of OBrO and OCIO. These may be interpreted in termsrder to reproduce the observed quadrupole couplings. With

coupling tensor.

Nuclear quadrupole coupling constants
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TABLE IX. Orbital populations and related parameters derived from the hyperfine constants.

Fixed hybridizatiofi Full lone paiP
(e][e] OBrO OCIO OCIO (e][e] OBrO OCIO OCIO
Pa 1.161 1.112 1.086 1.117 1.120 1.067 1.041 1.077
Pb 1.339 1.335 1.348 1.383 1.307 1.302 1.316 1.355
Pe 1.589 1.602 1.569 1.609 1.569 1.582 1.548 1.591
pe 0.411 0.398 0.431 0.391 0.431 0.418 0.452 0.409
Ps 1.333 1.271 1.238 1.272 1.812 1.766 1.725 1.721
P 1.513 1.494 1.500 1.538 2.000 2.000 2.000 2.000
a§ 0.254 0.292 0.316 0.316 0.106 0.126 0.143 0.151
a 109.9 114.4 117.5 117.5 96.8 98.3 99.6 100.2
Ne 1.577 1.681 1.759 1.619 1.192 1.283 1.256 1.369

The s character given by? is determined by the, bond anglex shown here in degrees.

PThe lone pair orbital population, , is fixed at 2. Thes character and resultant angle are calculated.
Calculated using . for a single electron derived from the atomic constants determined byet sl (Ref.
45).

the lone pair orbital on the halogen fully occupied, Table IX  AN=c;; /(B;g.(r %)),
shows that the required values af and the corresponding

bond angles are considerably less than those determin o - |
from the positions of the nuclei. The calculated angles deY@/ues OfAjj is as expected for molecules with lower lying

crease as do the experimental angles, but all are mucfCited electronic states. Unlik&®, A" is nearly isotropic
smaller. The orbital populations given in Table IX show thatfor all three.halogen dioxides. It is interesting thaF the ha!o—
the main difference in the two calculations is that the latterd€" monoxides all have normalized nuclear spin—rotation
keeps the lone pair in an orbital that is largalgharacter, COUPling constants very close_gg tf;ose of the OXO dioxides.
The seemingly anomalous result that the | atom is less posil€S€ are 5.5, 4.3, and 3510 *"m” for 10, BrO, and CIO,
tive than Br or Cl is common to both calculations and may"€SPectively.

indicate a more important role fat orbitals in | or that the

simple model used here is not capable of showing subtl€ONCLUSION

trends. It is clear, however, that there is little change in the This i N fth ional £0I0 h
valence electron distribution closest to the central atom in Is Investigation of the rotational spectrum o as

spite of significant changes in bond angle. Although the ex_completed the series of studies of the known OXO halogen

perimentally determined and theoretically calculated valueg'ox'de_s' An exf[enswe set Of_ molecular paramgte_rs has been
of T, for Cl atom produce somewhat different derived elec-determined which can provide accurate predictions of the

tron distributions, these differences do not affect the abovéOtatlonal SPeC”a of the_ground and _f'rSt excited t?e”d'”g
conclusions. state and will be helpful in the analysis of any rotationally

It is interesting that theab initio calculations of resolved OIO spectra. It has been possible to elucidate trends

Petersof*!at the B3LYP/aug-cc-pVDZ level of theory give in structure and harmonic force field for the CI, Br, | series.
about 13%s character for the halogem bonding orbitals on The force field calculation has provided confirmation for the

OCIO and OBrO with littled character. This may be com- determination of the bending frequency from the optical
pared with the 14.3% or 15.1% OCIO and 12.6% OBsO spectrum and has shown that there is relatively less differ-

character shown in Table IX. Thus, both theory and the quadgnce in b?]nd strengc';h llaet\t/)veedn theh 10 elmd Bro bg”ﬂs than
rupole coupling constants indicate considerably keshar- etween t iBrO ar;l Cr? onds. T g‘éa ue§\§; aﬂ Abb, q
acter than the bond angle would indicate. Peterson’s calcul&'€ Somewhat smaller than expected based on the estimate
tions also show that for OCIO and OBrO the eIectronSp'n_orb't coupling for the molecule and the corresponding

distributions at the halogens are almost the same. Experime}filues for OCIO and OBrO. The therf'”e_ parameters are in
supports this and extends the similarity to OIO. In addition to900d agreement with ESR restft$® indicating only minor
the Peterson calculations there have recently ta®mitio matrix effects in the earlier study. Both the magnetic and
calculations for OCIO which have yielded hyperfine

c_onstant@g in gOOd agre_eme_nt with experiment. The h_yper'TABLE X. Nuclear spin—rotation coupling constants, for OlO, OBrO, and
fine constants reported in this study should be useful in tesiycio.

ing the quality of such calculations for OIO.

Where g, is the nuclearg factor. The trend toward larger

e][e) OBro OcCIO

Nuclear spin—rotation constants CilkHz  AF*  CykHz  Af*  Cy/kHz  Af®

The nuclear spin—rotation coupling constants have been a 138.831) 541) 160.427) 4.71) 45533 3.53)

well determined for OlIO and are compared with those of b 56727 574  4L8l7) 422 8810 354
OBrO and OCIO in Table X along with the normalized con- ¢ 40 499 SIA 4l O SAe
stants given by AN =C;; /(Bign(r %)) X 103 md.
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guadrupole coupling constants indicate little change in elec®H. s. . Miler, G. O. Sgrensen, M. Birk, and R. R. Friedl, J. Mol. Spec-
tron distribution at the halogen for the entire series. The hy—ZItFOSC-18G“177(1997J- _
perfine constants also indicate that there is little difference in H- S P- Mler, C. E. Miller, and E. A. Cohen, J. Chem. Phy417, 8292

the amount of orbital character in the bonds and that the Zz(cl.glg?iwiner and E. A. Cohen, J. Chem. Phy<5 6459 (2001.

s character is less than is indicated by the bond angles. It I8y m. pickett, Appl. Opt.19, 2745(1980.

hoped that the accurate parameters provided by this workJ. K. G. Watson, invibrational Spectra and Structureedited by J. R.

will be of use in judging the quality of futurab initio cal- Durig (Elsevier, Amsterdam, 197,7Vol. 6, p. 189.

culations. 253. M. Brown and T. J. Sears, J. Mol. Spectrogs, 111 (1979.
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tion frequencies of OIO used in the fit, assignments and residuals as well
as input parameter and line files for the progrseniT. A direct link to this

This paper presents research carried out at the Jet I:,ro_document may be found in the online article’s HTML reference section.

ACKNOWLEDGMENTS

pulsion Laboratory, California Institute of Technology,

The document may also be reached via the EPAPS homefteigye//
www.aip.org/pubservs/epaps.himbr from ftp.aip.org in the directory

under contract with the National Aeronautics and Space /epaps/. See the EPAPS homepage for more information.

Administration.

IM. W. Chase, J. Phys. Chem. Ref. D&% 1297(1996.

2M. H. Studier and J. L. Huston, J. Phys. Cheri, 457 (1967).

3M. K. Gilles, M. L. Polak, and W. C. Lineberger, J. Chem. P86,.8012
(1992.

4S. Himmelmann, J. Orphal, H. Bovensmann, A. Richter, A. Latista
Weissenmayer, and J. P. Burrows, Chem. Phys. Rétt, 330(1996.

5R. P. Wayne, G. Poulet, P. Biggs al., Atmos. Environ29, 2677(1995;
see Sec. Il C 9 and references cited.

0. V. Rattigan, R. L. Jones, and R. A. Cox, Chem. Phys. (286 121
(1994).

2TH. M. Pickett, J. Mol. Spectrosd.48 371 (1997).

28K, Kutchitsu, J. Chem. Phyd9, 4456(1968; K. Kutchitsu, T. Fukuyama,
and Y. Morino, J. Mol. Structl, 463(1968; 4, 41 (1969.

29D, Christen, J. Mol. Struct8, 101 (1978.

30D, F. Hullah and J. M. Brown, J. Mol. Spectro€00, 261 (2000.

31R. F. Curl, Mol. Phys9, 585 (1965.

S2F. J. Adrian, J. Bohandy, and B. F. Kim, J. Chem. PI8f.2692(1986.

33R. F. Curl, J. Chem. Phy&7, 779(1962.

34]. Lindgren and A. Rose, Case Stud. At. Phyg, 197 (1974.

35p, Pyykkoand L. Wiesenfeld, Mol. Physi3, 557 (1981).

364, S. P. Miler, H. Klein, S. P. Belov, G. Winnewisser, I. Morino, K. M. T.
Yamada, and S. Saito, J. Mol. Spectro85 177 (1999.

’D. M. Rowley, W. J. Bloss, R. A. Cox, and R. L. Jones, J. Phys. Chem. A3’M. Kajita, Y. Endo, and E. Hirota, J. Mol. Spectrog®4, 66 (1987.

105 7855(2001.
8T. Ingham, M. Cameron, and J. N. Crowley, J. Phys. CheriOA 8001
(2000.

9B. J. Allan, J. M. C. Plane, and G. McFiggans, Geophys. Res. P8it.

1945(2007).

38H. Fujiwara, K. Kaori, O. Hiroyuki, and S. Saito, J. Chem. Ph{89,
5351(1998.

3°R. A. Hughes, J. M. Brown, and K. M. Evenson, J. Mol. Spectr@gg,
210(2000.

40K, A. Peterson, J. Chem. Phys09, 8864 (1998.

10 f .
T. Hoffmann, T. C. D. O’'Dowd, and J. H. Seinfeld, Geophys. Res. Lett. 41 A Peterson(private communication

28, 1949(2001).

1IN. M. Atherton, J. R. Morton, K. F. Preston, and S. J. Strach, J. Chem

Phys.74, 5521(1981).

123, R. Byberg, J. Chem. Phy®5, 4790(1986.

13, R. Byberg, J. Chem. Phy88, 2129(1988.

143, R. Byberg and J. Lindberg, Chem. Phys. L88, 612 (1975.
15G. Maier and A. Bothur, Chem. Ber.-Redl30, 179 (1997).
6A. Misra and P. Marshall, J. Phys. Chem182, 9056(1998.

42R. A. Frosch and H. M. Foley, Phys. Re8, 1337(1952.

43B. J. Drouin, C. E. Miller, E. A. Cohen, G. Wagner, and M. Birk, J. Mol.
Spectrosc207, 4 (2001).

44B. J. Drouin, C. E. Miller, H. S. P. Mier, and E. A. Cohen, J. Mol.
Spectrosc205 128 (2003).

“K. A. Uslu, R. F. Code, and J. S. M. Harvey, Can. J. Pt§&. 2135
(1974.

R, F. Curl, Jr., J. L. Kinsey, J. G. Baker, J. C. Baird, G. R. Bird, R. F. ""C: H. Townes and A. L. Schawlowicrowave SpectroscopfMcGraw-
Heidelberg, T. M. Sugden, D. R. Jenkins, and C. N. Kenney, Phys. Rev, Hill, New York, 1955.

121, 1119(1961).

18M. Tanoura, K. Chiba, K. Tanaka, and T. Tanaka, J. Mol. Specti@sic.

157(1982.

19K. Miyazaki, M. Tanoura, K. Tanaka, and T. Tanaka, J. Mol. Spectrosc.“gB. Fernadez, O. Christiansen, P. Jgrgensen, J. Byberg, J. Gauss, and K.

116, 435(1986.

"W. Gordy and R. L. CookMicrowave Molecular Spectra, 3rd ed., Tech-
niques of Chemistry, Vol. XVIIWiley-Interscience, New York, 1984
48p, pyykkoand M. Seth, Theor. Chem. Ac86, 92 (1997).

Ruud, J. Chem. Phy406, 1847(1997.

Downloaded 22 Mar 2013 to 165.82.168.47. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



	The rotational spectrum of iodine dioxide, OIO
	Repository Citation

	tmp.1374532861.pdf.MW39K

