Journal of Magnetic Resonandd6,375-378 (2000) ®
doi:10.1006/jmre.2000.2175, available online at http://www.idealibrary.co"l)!%I.

Multifrequency EPR Spectra of Molecular Oxygen in Solid Air

Luca A. Pardi,* J. Krzystek,T Joshua Telser,t and Louis-Claude Brunelt

*|stituto di Fisica Atomica e Molecolare, National Research Council, S. Cataldo, 56100 Pisa, fi&gional High Magnetic Field Laboratory,
Florida State University, Tallahassee, Florida 32310; ai@hemistry Program, Roosevelt University, Chicago, lllinois 60605-1394

Received May 25, 2000; revised July 24, 2000

Multifrequency EPR spectra in the 94 to 550 GHz range were by presenting a multifrequency, low-temperature study of the
performed on solid air samples condensed at 5 K in the waveguide HF*-EPR spectra that are due to, @ condensed air. We
of a single pass probe. The spectra of molecular oxygen were pelieve that this study will therefore be of utility to the ex-
r‘::’sg;‘l’i zn'il 'gterqrit)esct'rr; thihf;aﬂioogefzes SF{?_nHarzig‘;r:;? panding HE-EPR community, for whom molecular oxygen is

XI = Wi z 1 It : : : .
D = 3.572(3) cm ™. The result of this study is rg)levan? irr)l the field mainly gn undesired |mpur|ty“. N . .
of high field—high frequency EPR application in which solid air O, . The SImpl.eSt _way one can “prepare” the samplg Investigate
is a common paramagnetic impurity. o 2000 Acadenic Press in this Work_ is either to deprease the tem.pergtur.e in th_e sampl

Key Words: EPR; high-field: molecular oxygen; triplet; zero field ~Cchamber without evacuating and/or flushing it with helium gas
splitting. or by freezing a sample solution contaminated with atmo-
spheric oxygen. Another reported case in which ajrsignals
occur is when there is a cold leak in the variable temperatur

Molecular oxygen (Q) is a paramagnetic molecule with aapparatus. The amount of molecular oxygen that can be cor
°3,, ground state. Gas phase EPR studies on the ground stfgssed is quite significant, as shown by a simple calculatior
of O,, as well as on other paramagnetic molecules in the gsl&iny EPR spectrometers in use at millimeter and submillime:
phase, date back to the 19505-%). The gas phase EPRter wavelengths are implemented with probeheads using me
spectrum of Q is fairly complicated due to the coupling oftallic circular oversized waveguides. If one takes a 1-m sectiol
orbital angular momenturh, spin angular momenturg, and of a typical waveguide with an inner diameter of 10 mm and
the rigid body angular momentum of the moleciNe The assumes that the air contained in it at room temperature cor
spectrum shows a fine structure in which the dipolar spin—sgienses at 4.2 K, then this volume of oxygen amounts 10 7
and spin—orbit components play the major rdi ( 10~* mol; that is to say 4x 107 spins. Even condensing a

In condensed phases, however, the molecular rotations wodume of air six orders of magnitude smaller and taking into
efficiently quenched and the EPR properties of éhange account the distribution of the EPR intensity over the fine
accordingly. EPR spectra of ,Chave been observed at lowstructure of the spectrum, one would still have a number o
temperature in nitrogen and in G@natrices at both X- and spins per gauss that is observable even in low sensitivity
Q-band microwave frequencieg)( The signals arising from experiments. It is thus clear how molecular oxygen can becom
O, that are observed using X-band EPR at low temperature cawvery common impurity in HFEPR whenever the radiation
indeed be attributed to @ = 1 species with large zero fieldused has a radiation quantum that is comparable to or large
splitting (zfs), but these triplet spectra are obviously inconthan the observed zfs of the system. We report here the HF
plete as they show only one component (see below). MoreovERR spectra of the air mixture that condenses at temperatur
at higher concentration the X-band spectrum broadens beydoer than 75 K in the transmission probe in use at the
observability. EPR spectra were also observed at 4 and 8 MHAMFL. The spectrometer itself has been described previ
(75 and 37.5 GHz, respectively) in low-temperature expemusly (1L6). For comparison, the spectra reported in reference
ments on Q@ trapped inB-quinol. The spectra of oxygen in (7) were obtained at low temperature in a nitrogen matrix at ar
these clathrate crystals were interpreted in the frame ofCa concentration ranging from 30 ppm te1% by volume. In
hindered rotation modeBj. the condensed air samples we are concerned with, the C

With the development of high frequency-high field EPRoncentration is thus up to several orders of magnitude highe
spectroscopy (HFEPR,>95 GHz) @-16, informal reports At temperatures lower tharn54 K the air sample is solid.
of the observation of signals from molecular oxygen arisinghe pure solid @antiferromagnetically ordered phases é&nd
from condensed air in low-temperature experiments have gO,) (17), if present, could be observed by multifrequency
come common, but no systematic study of these signals famiferromagnetic resonance experimed).(But in our sam-
been attempted. This contribution is intended to fill this voighles the oxygen molecules are dispersed in the solid nitroge
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observed in the H=EPR spectra of Qin solid air in the 94-550 GHz
FIG. 1. 94.00 GHz EPR spectrum of ,On solid air at 5 K. Top, frequency range. The squares are experimental points: empty squares indic:
experimental; bottom, simulation. Experimental conditions: field sweep rat@e high precision data used in the fitting procedure (see text). The lines ar
0.1 T/min; field modulation frequency, 8 kHz; modulation amplitude, 1.5 mTgalculated for a triplet state with = 3.572(3) cm® andg = 2.000. The
lock-in time constant, 0.3 s. Simulation paramet&s; 1 with D = 3.572  arrow represents the feature observed in R&f. (
cm ' andg = 2.000;single-crystal linewidths used in the powder spectrum
calculation, 20 mT (perpendicular peaks) and 10 mT (parallel peaks).

higher multiplet) spin state of interedtq, 20, or simply due to

matrix and behave as ide@l= 1 paramagnets. These give risé> contaminant. _ _ _
to the typical triplet powder-pattern spectra as shown in Figs. Th€ interpretation of the multifrequency spectra is straight-
1 and 2 for 94 and 328 GHz, respectively. The 2HEPR forward using a spin Hamiltonian of the form
spectrum of the same sample over the entire 94 to 550 GHz
frequency range is reported in Fig. 3 in the form of a frequency H = gueBS, + D( s S(S+ 1))
versus resonant transition field plot. The specific locations of 9ke z 3 '
the transitions in Fig. 3 will be of assistance to workers in the
HF*-EPR area when confronted with cases where thereTiae transitions fields reported in Fig. 3 were fitted using
ambiguity about whether a given signal is due to a triplet (Wasserman’s equation®1), with our own program which
performs a nonlinear regression based on the Levenberg—Ma
quardt methodZ0). The result of the fitting procedure for each
particular transition among the triplet sublevels is shown as
] %10 wa 10 continuous line in Fig. 3. The fitting procedure converged with
R =2 x 10 " for aD value of 3.572(3) cm, while fixing the
Exp. g value isotropic and equal to 2.000. Attempts to fit the data by
allowing theg values to vary did not improve the fit. The error
B B, B, B, in D is mainly determined by the experimental uncertainty in
the observed transition fields, which in turn depends on the
ﬂ X 10 sweep rate and linearity of the magnetic field and on the
+ linewidth. Only those data that were taken at low sweep rat
Sim. (0.1 T/min), and thus with high accuracy, were used in the
fitting procedure. These data amount to 14 of the 36 transitiol
fields reported in Fig. 3 and are indicated in this figure as opel!
A squares. Simulation2®) of the spectra at 94 and 328 GHz at
5 K with the calculated spin Hamiltonian parameters as abov
are shown in Figs. 1 and 2, respectively. In these figures th
FIG. 2. 328.00 GHz EPR spectrum of ,0n solid air at 5 K. Top, transitions are labeled according to Wasserng); (B,, cor-
experimental; bottom, simulation. Experimental conditions as in legend to Fi%sponds to the paraIIeI transitid)ﬁ =1,M, = 0> N |1, +1>

1. Simulation parameters as in legend to Fig. 1 except for the single-crystal _ . . . .
linewidths which were fixed at 20 mT (perpendicular peaks) and 5 mT (|oaraI@PdI322 to |1’ 0— |1’ 1), Bmin is the off-axis turning point of

peaks). The amplitude of the features labdedandB,, in the observed and T _e AM, = i2 tranSi_tion: \_Nh”eBxl a.nd B,. are the perpen
the calculated spectra were multiplied by a factor 10. dicular transitions. Minor discrepancies between the calculate
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and observed relative amplitudes in Figs. 1 and 2 can be dian (5), we can consider the agreement quite satisfactory ir
either to slight temperature fluctuations of the sample duririgis case. A comparison should be also made with the EPI
the sweep or to incomplete characterization of the linewid#pectra of @molecules trapped i-quinol clathrate ). In the
anisotropy in the simulations. The weak signal at very low fielctystal -quinol contains nearly spherical cages which can
present only in the experimental spectrum at 94 GHz is uproperly accommodate a variety of gas molecules. The low
identified. Resonance field variations on the order of 50 m&mperature EPR spectra of trapped molecular oxygen, re
were observed in these EPR spectra upon an increase from &daded at 75 and 38 GHz, can be interpreted in the frame of
10 K and the signal intensity decreases as well. These spedtiaered rotation model in which the hindrance to rotation is
variations can be due to a temperature dependence of the zfdescribed by an appropriate potential functi@. (When the
observed in different specieg3). For this reason it must be potential is infinite, that is when the molecular axis is fixed, the
stressed that the above fit parameters are those of the systerisaparameterD equals 3.93 cni. The effect of partially
5 K. A complete investigation of the temperature dependenbidered rotation is the reduction of the zfs parameter from thi
of the spectrum is beyond the scope of this Communicatiorvalue to the observed value of 3.03 cmAccording to this

These results from dilute, solid phase&n be compared to model it is apparent that for Qn solid air and in other solid
those from gas phase spectra and to those in solid maties fhatrices, the hindrance to rotation is more effective than in the
The fine structure parametBr is in all cases the sum of two case of thed-quinol clathrate. The close resemblance betweer
contributions: the spin—spin dipolar contribution and the spirthe fixed axis value of the zfs parameter for the trappec
orbit contribution. These two contributions cannot be disentamolecule (3.93 cm') and that reported for the gas phase
gled within the spin Hamiltonian model where the differenmolecule (3.96 cm') must be fortuitous. It may be of some
interactions are treated parametrically. As far as the gas phagerest in molecular physics to repeat the experiments o
spectrum is concerned, the zfs can be represented as an effeferences X, 7, 8§ at the high frequencies and fields now
tive spin Hamiltonian for the free molecule that, consideringvailable in a number of laboratories.
the molecular rotations negligible, is given ) (
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where the fine structure paramekRis expressed as an expan-

sion in the variablet, which is defined in terms of the equi-

librium and instantaneous internuclear distances, respectively,

R, andR, asé = (R — Ry)/R.. TheA; terms in Eq. [2] are 1. M. Tinkham and M. W. P. Strandberg, Interaction of molecular

treated simply as fit parameters; to give them a physical mean- oxygen with a magnetic field, Phys. Rev. 97, 951-966 (1955).

ing it is necessary to address more sophisticated theoretical M. Tinkhnam and M. W. P. Strandberg, Theory of the fine structure of

tools than those provided by the spin Hamiltonian modglif the molecular oxygen ground state, Phys. Rev. 97, 937-950 (1955).

the solid,¢ is expected to be small; thus from Egs. [1] and [2],3. H. Levy, Gas phase magnetic resonance of electronically excited

the zfs splitting parameté arises only from\,. From the gas ~ molecules, Adv. Magn. Reson. 6, 1-71 (1973).

phase spectrd(2), D = 2\, = 3.96 cm?, as opposed to the 4. W. V\_/eltper, Jr., “Magnetic Atoms and Molecules,” Chap. lll, Dover

value of 3.572 cm* found here. It must be noted, however, that  FuPlications, New York (1983). _

the gas phase spectra were recorded at room and to liguid®: R: Smith and W. Weitner, Jr., ESR of the triplet molecules CCO
. and CNN in rare-gas matrices; isotope and matrix effects, J. Chem.

nitrogen temperatures on a pure low-pressure oxygen gas SaMppys 62, 4592-4604 (1975).

ple. Therefore itis difficult to compare these two cases. A morg s g. Langhoff, Ab initio evaluation of the fine structure of the

meaningful comparison can be made with the experiment per- oxygen molecule, J. Chem. Phys. 61, 1708-1716 (1974).

formed on a 30 ppm mixture of On nitrogen at 8.928 GHz 7. kon, Paramagnetic resonance of molecular oxygen in condensed

and 6.8 K, although the spectra were incomplete due to field phases, J. Am. Chem. Soc. 95, 1045-1049 (1973).

limitations and show a single feature, centered at 1.1465 B, S.Foner, H. Meyer, and W. H. Kleiner, Low temperature paramagnetic

arising from a turning point in the powder patter?")'('rhe resonance of trapped O,, J. Phys. Chem. Solids 18, 273-285 (1961).

calculated resonance field for a perpendicular transition of & G. R. Eaton and S. S. Eaton, High-field and high-frequency EPR,
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where the .pOS.Itlon of this feature ha_s been indicated bY AN £rom zero field splitting to quantum tunneling of the magnetization,

arrow. Taking into account the experimental error, the slight acc. chem. Res. 31, 460-466 (1998).
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