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Orientational dynamics of molecular liquid oxygen
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The orientational behavior of liquid oxygen is studied by probing its molecular dynamics with a
picosecond birefringence technique. Temperature-dependent measurements provide a means to dis-
tinguish orientational relaxation processes from intermolecular collisional effects. The results are
compared with a hydrodynamic model which reveals the importance of bimolecular forces on the
rotational dynamics.

Before the advent of ultrafast optical pulses, indirect
techniques such as light scattering or nuclear magnetic
resonance were employed to observe dynamical liquid
phenomena at the molecular level. Recently, it has been
demonstrated that short optical pulses can be used to
study liquid behavior in real time with subpicosecond
resolution. ' Transient birefringence measurements in
particular have been shown to be a powerful probe of
molecular orientational dynamics and intermolecular in-
teraction times. However, there is often some ambi-
guity regarding the interpretation of such data, since in
general there are several mechanisms through which
birefringence may be optically induced.

We have studied the transient birefringence of liquid
oxygen, and have been able to distinguish between orienta-
tional and collision-related responses by observing the
evolution of the response with changing temperature and
liquid viscosity. Since the liquid phase of oxygen exists
over a large temperature range, the liquid dynamics may
be studied over a wide variation in viscosity. Liquid oxy-
gen is particularly interesting because of the peculiar bi-
molecular interactions associated with the optical transi-
tions which give oxygen its blue color and which are re-
sponsible for a number of interesting magnetic proper-
ties. These transitions are unusual in the sense that one
photon simultaneously excites electronic transitions in two
molecules, and vibrational excitations in one or both.

Research-grade oxygen was condensed into a copper
and brass optical cell, mounted inside a variable tempera-
ture optical cryostat. Over the full 35-K range of the
liquid phase, the temperature stability of the experimental
cell could be maintained to within 5 mK of a set tempera-
ture. A transient birefringence of the liquid was induced
and probed by optical pulses of 500 fs duration. These
pulses were obtained at a 76-MHz repetition rate from a
dual-jet dye laser, synchronously pumped by a mode-
locked argon-ion laser. The dye-laser wavelength was
tuned to 584 nm, far enough from the oxygen bimolecular
absorption line at 577 nm to avoid any significant absorp-
tion of energy by the liquid, but close enough to obtain a
significant enhancement in the magnitude of the induced
birefringence. An acousto-optic shutter was used in order
to keep the average power below 3 mW while maintaining

a high peak intensity. In this fashion any thermal distur-
bances were avoided. The train of linearly polarized
pulses from the dye laser was split into pump and probe
beams with an intensity ratio of 10:1. A variable delay
was added along the path of the probe beam and its polar-
ization rotated by 45' relative to that of the pump before
the two beams were recombined and focused in the liquid
to a common spot of about 50 microns in diameter. The
pump-induced birefringence and its subsequent decay
were monitored by measuring the induced component of
circular polarization in the probe pulses as a function of
their time delay relative to the pump pulses. A complete
description of the technique and optical system will be
presented elsewhere.

The transient birefringent response of liquid oxygen
was studied over the temperature range from T=90 K to
just above its freezing point, at T=54.4 K. A sample of
the data is displayed in Fig. 1, at a temperature of 65 K.
The time-resolved birefringence is plotted along with an
inset showing the data after smoothing and deconvolving
with the measured pulse shape. Over more than a decade,
the response is exponential with a time constant, in this
case, of 1.42 psec. The size of the induced birefringence is
large enough to allow an accurate measurement of its de-
cay time, so that temperature-dependent effects can be ob-
served in detail. Figure 2 shows a summary of the data,
where the error bars include systematic as well as statisti-
cal errors. The results are consistent with the various ex-
isting data in the literature. A time of 1.1+.5 psec has
been measured at T=77 K through Rayleigh light scatter-
ing and ) 1 psec at T=90 K through optical
birefringence techniques. Finally, the long relaxation
times disappear when the system is cooled into the solid
phase below the freezing point of the liquid.

The optical absorption in oxygen is the result of bi-
molecular processes, where one photon simultaneously ex-
cites electronic transitions in a pair of molecules. Three
such transitions dominate the visible spectrum of oxygen
since no allowed single-molecule transitions lie in this
range. In addition, each electronic transition is accom-
panied by vibrational subbands associated with the
creation of additional vibrational quanta. The optical ab-
sorption of a pair of molecules will depend on the orienta-
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additional creation of one vibrational quantum.
Optically induced birefringence in liquids is generally

the result of a superposition of different physical process-
es, each with a characteristic relaxation time. In our case,
the most relevant times are the molecular interaction time
~; and the molecular reorientation time ~, . The interac-
tion time ~; is historically associated with the collision-
induced part of the depolarized light scattering spectrum,
where electronic contributions are important. Since ~; is
not expected to be very temperature or viscosity depen-
dent, the temperature-dependent effects in the
birefringence relaxation can be associated with changes in
the reorientation time ~, . Ambiguities which arise' when
trying to separate ~, and ~; can thus be avoided. The gen-
eral viscosity and temperature dependence of r, is well
described by the equation" '

r„=C 2m

T 9
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k~T

tions of the molecules involved, so that one might expect
reorientational birefringence effects to be strongest near
the absorption bands. This effect was in fact observed as
the laser wavelength was tuned toward the low-energy
side of band at 577 nm. This particular wavelength corre-
sponds to the ('b, 'h~ X X) electronic transition with the
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FICi. 2. Birefringence relaxation time as a function of tern-
perature. The solid curve is a fit as described in the text.
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FIG. 1. Time-resolved optically induced birefringence in

liquid oxygen at a temperature of 65 K. The inset shows a
semilog plot of the deconvolved data, and the solid line is a sin-

gle exponential fit.

where C is a constant, T the temperature, q the liquid
viscosity, I the molecule s moment of inertia, and kz is
the Boltzmann constant. The first term represents the
resistance to rotation from the surrounding liquid, and the
second term is a free rotor orientation time. A fit of the
data to this form yields the solid curve shown in Fig. 2,
where the constant C and moment of inertia are obtained
from the fit, using the measured viscosity of liquid oxy-
gen. ' We find that C=50 psec KcP '. The nonzero
value of C implies that the orientational dynamics are
linked with the hydrodynamical properties of the liquid.
This experiment result may be compared to the predic-
tions of classical calculations of rotational diffusion for a
particle in a viscous fluid. The simplest such calculation
leads to the Stokes-Einstein equation, ' from which we
find that C= V/k, where Vis the molecular volume. Es-
timating the volume from the 2.95-A Leonard- Jones
length for oxygen' gives C —970 psec K cP '. The
discrepancy between this result and the experimental
value is not too surprising since the Stokes-Einstein equa-
tion was derived for a large particle and assumes that the
fluid near the surface of the particle is dragged along as
the particle rotates. Other hydrodynamic models which
allow the molecule to slip through the fluid as it rotates
predict much smaller values for C, depending on the exact
shape of the molecule. " Thus the experimentally deter-
mined value of C is not inconsistent with a hydrodynamic
model of molecular reorientation.

It is also interesting to extrapolate the reorientational
time ~, to zero viscosity. The usual interpretation of this
limit is in terms of a free rotor orientation time. Proceed-
ing along this line, the effective moment of inertia is ob-
tained through fitting the data to Eq. (1) as described ear-
lier. We find that I=130 amuA . This is far from the
expected value of about 12 amuA estimated for a single
molecule by calculating the moment of a rigid rotor con-
sisting of two point masses (16 amu each) separated by the
1.24-A internuclear distance in an oxygen molecule. '

However, the experimental value of I is quite close to the
140-amuA moment for a two molecule rotor, assuming
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point masses of 32 amu each separated by a distance equal
to the Leonard-Jones length. ' Comparison of this value
to the experimental result indicates that I is not a simple
free rotor moment of inertia and suggests that the rela-
tively long reorientational time can be interpreted as the
response from coupled pairs of rotors. The orientational
relaxation is then a consequence of the strong pairwise in-
termolecular interaction between molecules in this system
rather than simply that of one noninteracting molecule.
The fact that the amplitude of the relaxation signal in-
creases near the absorption energy supports this interpre-
tation, as oriented molecules are more likely to electroni-
cally couple and respond in a bimolecular fashion. This
situation can be contrasted with that of liquid nitrogen,
where the molecular size, shape, and mass are similar, but
the strong bimolecular interaction is absent. Experimen-
tally, it is found that ~-0.35 psec, close to the free rotor
time for an isolated nitrogen molecule.

In conclusion, we have studied the viscosity and tem-
perature dependence of the picosecond molecular reorien-
tational dynamics in liquid oxygen, thereby probing the
liquid on a microscopic scale. A viscosity dependence of
the reorientation time was observed, implying that the
reorientation is linked to the hydrodynamic properties of
the liquid. However, the viscosity dependence was found
to be poorly described by the Stokes-Einstein equation as
a result of the simple hydrodynamic assumptions implicit
in that equation. In addition, we have also presented evi-
dence that the observed transient birefringence is bimolec-
ular in nature, and is associated with the reorientation of
molecular pairs. Thus the bimolecular properties which
are seen through static optical and magnetic measure-
ments must be considered when interpreting the dynami-
cal behavior of the fluid. Studies of diluted oxygen solu-
tions could serve to provide a more complete description
of the dynamics of these pairs.

~J. M. Halbout and C. L. Tang, Appl. Phys. Lett. 40, 765 (1982).
2B. I. Greene and R. C. Farrow, Chem. Phys. Lett. 98, 273

(1983).
B. I. Greene, P. A. Fleury, H. L. Carter, Jr. , and R. C. Farrow,

Phys. Rev. A 29, 271 (1984).
4J. Warnock, D. D. Awschalom, and M. W. Shafer, Phys. Rev.

B 34, 475 (1986).
~See, for example, S. Cheng Tsai and G. W. Robinson, J. Chem.

Phys. 51, 3559 (1969).
G. C. Defotis, Phys. Rev. B 23, 4714 (1981).

7J. Warnock and D. D. Awschalom (unpublished).
~J. Bruining and J. H. R. Clarke, Mol. Phys. 31, 1425 (1976).

P. A. Fleury, J. M. Worlock, and H. L. Carter, Phys. Rev. Lett.
30, 591 (1973).
D. Frenkel and J. P. McTague, J. Chem. Phys. 72, 2801
(1980).

"D.R. Bauer, J. I. Braurnan, and R. Pecora, J. Am. Chem. Soc.
96, 6840 (1974).
C. H. Wang, R. J. Ma, G. Fytas, and Th. Dorfrnuller, J.
Chem. Phys. 78, 5863 (1983).
N. S. Rudenko and L. W. Schubnikov, Phys. Z. Sowjetunion
6, 470 (1934).

'4A. Einstein, Investigations on the Theory of Brownian hfove
ment (Dover, New York, 1956), pp. 19—34.


