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VIBRONIC SPECTRA OF THE OZONIDE ION IN THE,MATRIX—ISOLATED.M 03 SPECIES

Lester Andrews*®

Inorganic Materials Research Division, Lawrence Berkeley Laboratory
ahd_Chemistry Department, University of ‘California
Berkeley, Califormia 94720

ABSTRACT
Matrix reactions of alkali metal atoms and ozéne molecules ét high
dilution in inert gases produced a clear yellow‘film‘during condensafiéh at
10-22 X on a sapphire plate which yieldéd vibrénic spectra of the M+b3_
1

species.  Best resolution of up to 14 vibronic bands spaced 800-900 cm

apart was obtained for the lithium and sodium compounds. These bands

formed a stfong progression in V;' and the first six bands exhibited the

presence of a weaker prbgression in vz'.- The band origin was located at

17,730 cm-'l for Li+1603- and Li+1803- in solid kryptbn. Harmonic and
anharmonic vibrational constants were determined graphically for the excited

electronic state.

*The Author is a Sesquicentennial Associate on sabbatical leave from the
University of Virginia, and an Alfred P. Sloan Fellow.
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Introduction

The visiblé absorption spectrum of O3F has bgen observed vefy recently
in'studies.of the matrix-isolated Na+b3ﬁ species produced by photolysisl
and of K&b3- dissolved in liquid ammonia2 and of fhe radiolysis products
of solid KC103.3 These investigations lacked sufficient intensity and/or
~resolution to identify the band origin although Bates and Pigg3 uéed an
empirical relationship to assign vibronic quantum numbers and predict the
band origin.

The direct matrix reaction of alkaii atoms and ozone has proven to
be an excellent method of stabilizing the ozonide ion as the M+b3- species
for infrared4,and resonance Raman5 investigations. Similar optical studies
have been done ﬁith the aim of resolving an extensive vibronic progression

and locating the band origin.
Experimental

The cryogehic apparatus and vacuum vessel used fo: optical matrix'
isolation stu&ies was similar to that described for previous infrared work6
except that a Model 21 Cryodyne Cryocooler (Cryogenic Technology, Inc.)
with an aluminum radiation shield was used for refrigeration of a sapphire
cold window clémped.to an oxygen~-free ha;d copper block using indium gaskets.
The window temperature was maintained at the lowest refrigerator temperature
10 K) br higher (up to 22'K) by a digital temperathreicontroller using a
chromel 'vs, gold, 0.07 atomic percent iron, thermocouple and resistance
heat. Optical quality quartz windows were affixed with Apiezon W wax to
ﬁhe stainless steel vééﬁﬁm vessel, A Cary 14 recording spectrophotometer

with a modified sample compartment was used to obtain visible spectra.
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Ozone and ozone-18 were synthesized by tesla’cqil discharge of 1602
(Linde, reseafch grade) and 1802(Isomet Corp., 99.85%)‘in a pyrex finger
v :
immersed in liquid nitfogen and affixed to a stainless steel vacuum system.
Oxygen was removed by repeated evacuation of the condensed'ozone.' Matrix
samples of ozone (Matrix/ozone = 100/1) were‘prepared using stand#rd
manometric techniques and_were deposited.at the rate of 2 sM/hr. Matrix
gases, argon ZLiquid Carbonic, 99.997%, induétrial grade), krypton (Air
Reduction Co., research grade), xenon and nitrogen (Métheson; research
grade) were used without purification.

Lithium metal (Fisher Scientific Co.), sodium metal (J. T. Baker
Chemical Co.), potassium metal (Baker and Adamson, Allled Chemical Co.),
and a lithium metal-cesium chloride (Orion Chemical Co.) mixture were loaded into
a stainless steel Knudsen. cell as:deseribed” previously4 and heated to operating
temperaturé b&la resistance heater6 in the apparatus under vacuum behind a
sliding door. Operating temperatures were, respectively, 425, 230, 160,
and 295°C fqr the Li, Na, K, and Cs atom sources.' 

Approximately 2 mM of matrix sample was deposited on the cold sapphire
plate, the ébéorption spectrum was recorded, and alkali metal vapdr was
codeposited with‘the gas mixture for 2-4 hr. Absorbtion spectra were
recorded during and after sample depOSition.. -Thevsample;were clear
yellow in appearance indicating that all of the aikali metal was consumed
by ozone. The bestvsamplés looked like a Corning #3385 yellow—gléss filter.

The non-dispersed, tungsten lémp-source of the Cary 14 was used to photolyse
the ozonide samples and additional‘spectra were ;ecorded.
| Wayelength measurement of the Cary 14 was calibrated with,mercufy and

deuterium lines, Band positions were measured to the nearest 0.1 nm.in
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several scans which were averaged and reported in wavenumbers. The Li
data are accurate to 10-20 cmﬁl, depending upon band intensity and
1

resolution, the Na data are accurate to 20-30 cm— » and the Cs data are

accurate to 30-40 cm_l.
Results

Tﬁe most.extensivé and best resolved vibronic dafa were obtained for
the lithium—ozpné reaction which ére contrasted in Fig, 1 for Nj, Af, Kr,
and Xe matrices. Note the gradual shift of the band otigin to:longer
wavelength wifh increasing_matfix atomic weight. Also shown invFig. 1
are the spectfa recorded following exposure of the sample to the tungsten
lamp IR source. The wavenumbers of the peaks in.the vibronic progressions
are listed in Table T.

Lithium atoms were reacted with 1803 in'a krypton matrix experiment.

The 16

03 and 1803 isotopic spectra are contrasted in Fig. 2. Note the
coincidence of ﬁhe band origins and the increasing separation between the
0>5 and 0+10 vibronic bands for each isotopic species.

Sodium atoms were reacted with 1603 and 1803 in argon matrix experi-
ments. Owing to the presence of strong visible‘absorptions due to Naj
and Nay in matfices, thése samples were exposed to the tungsten lamp.to
bleach out any absorption due to sodium species. The Na + 1603 spectfum
was 1.5 0,D. before a 20 min exposure to W light through Corning #5562
glass (tranémits 340-520 nm) which reduced the band to 0.50 0.D.; this
is illustrated.in Fié. 3 along with the other alkali ozonide spectra.

The Na + 1803 spectrum was 0.72 0.D. as deposited énd a 7 min exposure to

the tungsten lamp reduced the band to 0.42 0.D. ° The sodium ozonide

isotopic spectra are contrasted in Fig. 4 on an expanded scale to



illustrate the changing band contours in the vib;onic progressiouns.
Table II givés the vibronic data for the sodium ozohide species.

The poqreSt vibronic resolution.was found for the K + 03 reaction
in both argoﬂ and kryp;on matrices;vthe formeg is shown in Fig. 3. The
band peaks ét'436.5i0.2 ﬁm and has an origin near 5355 nm.

Cesium aioms were reacted with ozome in argon and krypton matrix
experiments. " The argon.matrix spectrum 1is illustrated in Fig. 3 and the
partiallyfresolved vibronic peaks are listed in Téble 1I. The analogous
krypton spectrum exhibited a similar amount of vibronic resolution and the

peaks were red-shifted 2.0 nm.
Discussion

Thevelettronic spectrum of chlorine dioxide, which is isoelecfrdnic
with the ozonidé ion, has been studied extensively and it provides a goo&
model for discussion of the present vibronic spectra of 03 . The Cl0p
absorption betwéen 500 and 400 nm has been attributed to the 2B1 > 2A2
transition between symmetrical states in Cyp, symmetry,8 Ozonide ion is
a symm‘etrica.llspecies4 with a 0-0-0 bond angle near 111°; chlor{ne dioxidé
has a bond angle of 118° in the ground electronic sf;ate.8 It is
reasonable to assign the ozonide spectrum in thelsamé :egion to the s;me
transition. N | |

The vibrational strﬁqture of the C105 band consists of a 1Qng, strong
progression invvl' and a short progression in vy'. It is clear from the
spacihgs between the major ozonide vibronic peaks, which run from approxi-
mately 900 to 800 cm-'1 with increasing quantum number, that the major

absorption produces a strong progression in Vvi'. Raman spectra of these
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species exhibited a strong V;" fundamental at 1010 cmﬂl.5 However, the

fourth band spaéing is irregular, which indicates interference with another
vibrational mode in the excited electronic state; as suggested by Giguere
and Herman.z. .This interference can be clearly séen in the vibroﬁic spectra
of Fig. 4. - Notice that.the second band in each isotopic progressioﬁ gives
the appearance of a partially resolved doublet and.thg third and fourth
bands are broadened, probably containing unreéolved features; Notice
how the blué Shoﬁlder on the fifth, sixth, and seventh bands decreases in
intensity. These shoulders fall approximately 30(_)’(:1'11_'1 to the blue of the
- major peaks;-it is suggested that vy’ = 300 cm‘-v'l for 03_ and that the
shoulders are due to combination or overlapping progressions in vj' and vj'.
The irregularity in band spacing is probably due to overlapéing of the short
progression ih vé' with the long progressicn in vl'.of O3~.

Comparison of the lithium experiments with 1603 and 1803 in krypton

matrices clearly shows the 00 tramnsition to be 17,730+10 cm—l as this band

is isotopically invariant whereas the other 1803 product bands are red-shifted

from their 160.3.counterparts. | The .difference between 0*5 isotopic bands is
230 cm T and the‘0+iD difference 15.441 em T,

Itbis likewise apparent that the band origin in the Nal603 and Na1803
species is near 550 nm although the band is not as well-defined as its
1ithium counterpart. Also, the differences between isotopic.bands for
the sodium species extrapolate back to a band origin at 551 nm, The
yibrational numbering given in Tables I and II is based on the isotopic

location of the band origin.

The vibronic data in Tables I and II were treated graphically by plotting

!

the vibrational energy per quantum (G(v1') =~ G(O)/(Vl');xg. the quéntum



number (V1'5° ' Figure 5 illustrates three of these plots; it is seen that
the data fitVVery well for higher quantum numbers where interference with

vg' is not’preseht and error in the vibrational en:rgy per quantum is divided
by the quantum number. The slope of these straight lines ié ~w1x1' and
the intercept is w1'~wyx3'. These excited-state vibrational éonstants are
listed in Table.III for several M+b3— specles and matriées.

The harmonic and anharmonic vibrational constants for M+1603—_and
M+1803— can'be checked against the theoretical ratio. The harmonic ratio
(18w1'/16w1’) is 0.9497 for Na+b3— and 0.9166 for Li+b3f which compare
favorably with the calculated ratio 0.9428 and the ground state ratio from

> of 0.9441, The anharmonic ratios are more sensitive

resonance Raman data
to error, but the observed ratios 0.890 and 0.902 are near the calculated
value of,0.889 and the ground state ratio 0.893. -

Note the smooth trend in @W)' and Wx3' for Li+b3- in Ar, Kr, and Xe
matrices and the red shift of the band origin frem NZ’ Ar, Kr to Xe. The
vibrational constants for Li+b3- iﬁ N, fall between ﬁhe Ar ahd’Kr values.
Nitrogen appeafs to be a good matrix for lithium atom fgactioné with a
reactive molecule like ozone, gzgg though lithium atoms will react with the
nitrogen matrix if given mno alternative.9 The excited state vibrational
constants for Na+b3- in argbn are slightly less than the ground state constants
determined from the resonahceARaman'spectrum,5 which, along with the
observation of a strong progression in Vj' in absorption, indicates a longer

0-0 bond in the excited electronic state, as compared to the ground state,

owing to the pramotion of an electron into an antibonding orbital.
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The excited-state vibrationai constants for the matrix isolated.
Li+b3’"and Na+03ﬁ species reported here are near fﬁe average values computed
for 03_ in soiid‘K.C103.3 The present constants are more accurate since
they were detérmined from a complete vibronic spectrum rather than a§efage
band spacings.

The values of wy' for.Li+b3$ for four differgnt.matrices_range from
908.5 c:m"‘l in‘a;gon to 877.3 cm?l in xenon with-nitrogen at 897.2 cmgl. _This
is a larger intramatrix shift than is normally observed for intraionic modes
or modes within a covalent molecule for a ground electronic state. For

example, V3 of 03 in Li+b3- was observed at 814‘cnr1 in N and 811 ot

in Ar4 and v3 of 05 ranged from 1040 cm'-1 in Ar to 1030 cm’l in Xe.7’lO

It appears that the more polarizable excited electronic state of the ozonide-
lon is interacting more strongly with the matrix than the:ground electronic |
state which is responsible for the larger effect on w;' as the matrix size
and polarizability are changed,

The matrix also played a role in the relative yields of the lithium—.
ozone reaction, The least. stable Li+b3— species was produced in smaller
yields in the argon matrix as compared to larger yields ip N9, Kr, and Xe
matrices which are known to interact more strongly with ionic molecﬁlés,

i.e, they produce greater matrix shifts for molecules like Lid.12

It is of interest to note that the best vibronic'resolutioh.was
achieved with the Li+039’species where the cation is clogest to the aniqn.
Perhaps the close cation inhibhits the anion bending mode which allows the obser-

vation of a more pure Vi' progression, In infrared studies of be3"

species, ) was observyed only for K+b3’, Rb*b3—, and Cs+'03?.4 ~ In studies
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of Ca+b3n where the cation lies even closer to Q3$;_re301ut10n of tﬁe Vl'
p:ogressidﬁ was observed as for.Li+b3,.11 |

Finally, this work reflects on ozonide chemiétry. For comparable
argon matrix e#periments, the least stable:Li+b3”épecies was produced in
lowest yieldé'of the four alkali reactions studied and Li+b3v was photo-
decomposed more-completély by a fixed exposure to the.Cary 14 tungsten
iamp, ~ In cOnfrast, the more stable K+03B and Cs+b3— species were produced
in larger spectroscopic ylelds and these cOmpounds:wére more resistant to
photolytic decomposition. Since the output of this lamp is primarily in
the visible and near infrared, more evidence is presented for an underlying
continuous absorpt:ion.l’4 Owing to this continuous absorption, photolytic:

methods of producing M+b3F, like the technigue of Jacox an.d.Milligan,1

ére limited in the amonnt of ozonide that can be stabilized.
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TABLE 1

Vibronic Band Positions (cmfl) Observed for Li+b3p in Different Matrices

w

w s

10

11

12

13

‘ NZ‘

17,947
18,840
19,716
20, 602
21,468
22,302
23,127
23,918
24,746
25,575
26,337
27,115
27,917

Ar
17,825

18,734
19,616

20,500

21,336

22,183
23,010
23,821

24,643

25,445

26,219
26,998
27,747

28,506

17,73
95
18,6257

Ngg3
19,508”
863
20,371
806

021,177

849
22,026
815
22,841
811
23,652
' 828
24480
798
25,278
791
26,069
| 726
26,795
814
27,609

22,584

24,120

24,876

kr (Boy)

17,730\\864

18,594
Ng3s
. /o
19,432

807
20,239

774
21,013

783
21,796
788

780
23, 364
756

756

25,628
750
26,378
700
27,078

152

Xe
17,603
18,488
19,369
20,218
21,022
21,872
22,666
23,496
24,313
25,094

25,927

26,695

27,488

- 28,201
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TABLE II

'Vibronic_Band Positions (cm“l) Observed for
Na+03— and Cs+03— in Solid Argon

0> vy Na™10," Na?18," cst160;™"
V=0 18, 182+50 18,182:50  18,090:50

"1 19,001 18,976 19,059

2 19;901 19,837 o 19,905

3 20,783 20,678 20,747

4 21,552 21,409 - 51,547

5'_ 22,412 22,212 | 22,366

6 23,272 23,0é6 23,159

7 24,085 23,798 23,952

8 24,888 24,576 . 24,759

9 | 25;654 25,329 - 25,555

10 f 26,490 26,103 26,364

11 é7,285v 26,860 ) 27,027

12 — 27,59 -
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TABLE II1

. Band Origins (cm—l) and Harmonic and Anharmonic

Vibrational Constants (cm-l) for M+03H Species in Matrices

(ar)-

(k)

Xe)
1118057 (kr)
Na'03”  (Ar)
N85 (ar) |
cs’0;3”  (ar)

0-~>0
17,94710
17,825
1?,730

17,603

17,730£10
18,182%50
18;182i50

18, 090£50

a
wl’

897.2%1.0 -

908.5
888.7

877.3
841.2
878.0
833.8

90244

wyxy'
5.2010.20
6.15

5.19

4.30
4,68
4.29
3.82

81

a Uncertainty in wi' is #1.0 cm-1 unless otherwise noted.

b Uncertainty in wjxy' is +0.20 cm.-1 unless otherwise noted.
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Fig. 2.

Fig. 3.

Fig. 4.

Fig. 3.
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Figure Captions

Vibronic spectra of matri#eisolated Li-_’-03- :Ln the visible regidn.
(a) ?i atoms codeposited with .05 in Nj (Né/OS = 100/1) at 10 K
for 243 min; second spectrum follows 7 min exposure to W‘lamp.
'(b).Li atoms codeposited with 03 in Ar ét 10 K for 213 min;
second spectrum follows 5 min exposure to W lémp.

(c) Li atoms codeposited with 03 in Kr at 17 K for 245 min; 5 min
W lamp.

(d) Li atoms codeposited with 03 in Xe at 22'K for 210 min; -

5 min W lamp.

Vibronic spectra of Li+1603- and Li+1803-'in solid krypton at

17 K.

(a) Li atoms godeposited with 1603 in Kr (Kr/03 = 100/1) for 245 min.
. 18 _

(b) Li atoms codeposited with ~ 03 in Kr (Kr/1803 = 100/1) for 284 min.

Visible spectra of matrix-isolated M+b3- species prbducéd by
codepositing alkali atoms with ozone in argoh'(Ar/O3 = 100/1).
(a) Li; 3.5 hr. (b) Na, 2 hr followed by 20'min of W lamp photo-
lysis_through‘Corning # 5562 gléss which.tfénsmits 340-520 nm.
() K, 1.5 hr. (4) Cs, 3 hr. | |

18

Expanded scale vibronic spectra of Na+1603- and Na+ 03- in solid

argon.

Plot of vibronic data for Li''®

+180

03 4in argon and krypton matrices
and L1 3’ in solid krypton. The ordinate repreéents the
vibrational energy per quantum and the abscissa is the vibrational

quantum number.




ABSORBANCE —=

1@ xe

l ]

1 l A, | | ] |

1 |
500 600 400 500 600
- WAVELENGTH (nanometers)

1
400
XBL756-6479

Fig. 1.



ABSORBANCE —

-16-

| — T
Li + Oz in Kr

1 L L

340

440 540 . _ 640

WAVELENGTH (nm)
XBL 756-6482

Fig. 2.




o
1

0.50 0.D.

L
L,

ABSORBANCE

M+ O3 in Ar

1 | 1 | 1 i

400 500 600
WAVELENGTH (nm)
: XBL 756 -6480

- Fig. 3,



/

0.50 0O.D.

ABSORBANCE —

- -18-

M T ‘ | L . 1
| 'N0+O§ in Ar
| ] | | V |
350 400 450 500 550
'- | WAVELENGTH (nm) |

~ XBL756-648|

Fig. 4.




G(v;) - G(O)

920

900

780

760

-19-

o LiT!603 inAr
A LiT 1603 in Kr
o Li* 803 in Kr

Fig. 5.

XBL756-6483



LEGAL NOTICE

-1 ,’;thezr employ e6s; |

,{‘the1r emp y es'_nor any, of thelr contractors subcontractors or' '
makes _ny Warranty,‘ express or. 1mp11ed or assumes

" ‘any legal 11ab111,ty o' respons1b1]1ty for the accuracy, comp]eteness
*;.or usefu]ness“of;fany mformatlon apparatus product or" process -

i OWn é d i

e esents f‘that its use Would not mfrmge pr1vatelyA |




a

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





