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Velocity of Sound and Equations of State for
Methanol and Ethanol in a Diamond-Anvil Cell

J. M. BrRown, L. J. SLutsky, K. A. NeLson, L.-T. CHENG

The adaptability of laser-induced phonon spectroscopy to the determination of
acoustic velocity and the equation of state in the diamond-anvil high-pressure cell is
demonstrated. The technique provides a robust method for measurements at high
pressure in both solids and liquids so that important problems in high-pressure
elasticity and the earth sciences are now tractable. The velocity of sound and the
density of methanol at 25°C have been measured up to a pressure of 6.8 gigapascals.
These results imply a higher density (by approximately 5 percent) for liquid methanol
above 2.5 gigapascals than that given in existing compilations. The adiabatic bulk
modulus increases by a factor of 50 at a maximum compression of 1.8. The
thermodynamic Griineisen parameters of methanol and ethanol both increase with
increasing pressure, in contrast to the behavior of most solids.

HE COMPRESSION OF MATERIALS AT

high pressure allows the study of

interatomic interactions in a regime
of distances not otherwise easily accessible.
Acoustic velocities are directly related to
interatomic force constants and these veloci-
ties of sound per se are a matter of central
importance in the earth sciences. Knowl-
edge of these properties is essential in any
chain of reasoning that proceeds from a
seismological image of the earth’s interior to
a geophysical model in terms of density,
temperature, and chemical composition. For
solids, compression can be determined by x-
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ray diffraction although determination of
acoustic velocity at very high pressure re-
mains difficult. In the case of liquids and
glasses the extended range of pressure and
temperature available in the diamond-anvil
high-pressure cell has not been extensively
exploited for equation of state studies. La-
ser-induced phonon spectroscopy (1-3) of-
fers an approach to the determination of the
dynamical mechanical properties and the
equation of state of a crystal or fluid well
adapted to the requirements of the dia-
mond-anvil cell. We report a determination
of the velocity of sound and the equation of
state of liquid methanol from ambient pres-
sure to 6.8 GPa. The pressure dependence
of the adiabatic compressibility and the ther-
modynamic Griineisen parameter of ethanol
have also been determined. We believe that

the method described here will, with some
generality, permit investigation of proper-
ties of both crystals and fluids, previously
accessible with great difficulty, at very high
compressions.

The geometry of the experiment is illus-
trated schematically in Fig. 1. A single
1064-nm pulse, 70 ps in duration, is select-
ed from the output train of a continuously
pumped Q-switched and mode-locked Nd-
YAG laser and split to create two excitation
pulses. These pulses are recombined in the
sample. The interference of the intersecting
excitation pulses in a nonabsorbing sample
results in a spatially periodic stress exerted
through electrostriction (impulsive stimulat-
ed Brillouin scattering) on the sample. The
material response to this spatially periodic,
temporally impulsive stress is an acoustic
standing wave. If there is an appreciable
optical absorption coefficient and rapid radi-
ationless decay of the excited state, sudden
spatially periodic heating and thermal ex-
pansion (impulsive stimulated thermal scat-
tering) can launch counter-propagating
acoustic waves that also contribute to the
acoustic amplitude. In methanol and ethanol
the thermal pressure generated by the weak
absorption associated with the third over-
tone of the CH stretching mode is the

Table 1. Velocity of sound, density, adiabatic
compressibility, and thermodynamic Griineisen
parameters of methanol and ethanol as a function
of pressure at 25°C.

Veloc-
ity P S ¥
(GPa) (kens) (gm/cm’)  (GPa)
Methanol
0.0001 1.10 0.787 0.96 0.56
0.014 1.18 0.797 1.12 0.60
0.028 1.25 0.808 127  0.64
0.041 1.31 0.819 141 0.66
0.056 1.37 0.829 1.55 0.68
0.069 1.42 0.836 1.68 0.69
0.083 1.47 0.844 1.82 0.70
0.096 1.51 0.851 194 0.71
1.20 2.72 1.074 7.92 0.96
2.07 3.50 1.153 1420 1.25
2.58 3.76 1.196 1691 1.35
2.59 3.76 1.196 1690 1.35
2.92 3.84 1.221 18.03 143
4.06 4.53 1.290 26.48
4.30 4.77 1.303 29.64
4.89 5.10 1.329 34.69
6.32 5.53 1.383 42.23
6.52 5.87 1.390 47.93
6.82 5.77 1.400 46.57
Ethanol

0.0001 1.15 0.785 1.03  0.59
0.58 2.09 0.983 429 0.75
1.32 2.86 1.085 8.88 0.99
1.35 3.08 1.087 10.3 1.14
1.90 3.39 1.138 13.0 1.16
2.12 3.40 1.158 13.7 1.12
2.20 3.57 1.165 14.8 1.17
3.19 3.97 1.241 19.6 1.17
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Fig. 1. The geometry of la-
ser-induced phonon spec-
troscopy in a diamond-anvil
cell. The angle between exci-
tation pulses is 2. The vari-
ably delayed probe pulse is
Bragg-diffracted by the ul-
trasonic standing wave to
generate the signal.

excitation pulse |
\

delayed
probe

- reXcitation pulse
N

\ 5 3
\ .

principal contributor to the excitation of
ultrasonic waves.

The ultrasonic wavelength, d, and wave
vector, k, in terms of N (the wavelength of
the laser light) and 6 (defined in Fig. 1) are
given by

d= k"=

2sinf 1)
Since N and sin® are both inversely propor-
tional to the index of refraction of the
sample, their values in air can be used in Eq.
1 to calculate the acoustic wavelength. That
the determination of the velocity is indepen-
dent of the index of refraction of the medi-
um is a significant amenity of this technique.
A subsequent pulse in the output train is
frequency-doubled and delayed by variation
of the optical path to serve as a probe.
Observation of the intensity of the Bragg
scattering of the delayed probe from the
acoustic grating as a function of the delay
permits the determination of the frequency
(or frequencies), v, and hence the velocity,
u, of the acoustic wave, since u = dv. In
these experiments a beam diameter of =200
um in the scattering plane and scattering
angles of about 10° are employed. Pressure
is measured by ruby fluorescence excited by
a continuous-wave HeCd laser (4).
Time-domain data for the intensity of the
Bragg-scattered probe pulse are shown in
Fig. 2. The increase in sound velocity associ-
ated with the increase in pressure is apparent
in the decreasing period of the acoustic
standing wave. The signal envelope is pri-
marily caused by acoustic wave propagation
beyond the probed area. Sound velocities
for methanol and ethanol, determined from
the frequencies and wavelengths of the
acoustic standing waves, are listed in Table
1. Under ideal conditions, uncertainties in
velocities are typically of order 0.3% (5). In
the present work the limited number of
observed wave cycles and room temperature
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Bragg-scanéred probe

fluctuations generate uncertainties in acous-
tic frequencies of order 1%.

The equation of state can be deduced
from the experimentally determined velocity
of sound, u, and the known density, p, at
ambient pressure by integration of

ap ap aT
(-—— =\{—7=) toapl—
P/, aP ) P/
=u’+a T
P\ap ),

where p is the density, « is the coefficient of
thermal expansion, P is pressure, T is tem-
perature, and S is entropy. The adiabatic
bulk modulus is calculated from the density
and velocity of sound

P
K = puz = 6_
dlnp /

2)

A3)

The room temperature isotherm for
methanol up to 6.82 GPa, which is based
on integration of the diamond-anvil acoustic
velocity measurements starting from the
density measured by Bridgman (6) at 1.96
GPa, is given in Fig. 3 (7). This isotherm is
compared with Bridgman’s results between
1.96 and 4.9 GPa. Bridgman construed the
lack of agreement between two sets of mea-
surements above 2.45 GPa as evidence for
supercooling and plausibly selected the low-
er density series of observations as repre-
sentative of the properties of the metastable
liquid. It is now established that, although
methanol metastably compresses to a glass
transition at 8.6 GPa, the equilibrium freez-
ing point at 25°C is approximately 3.58 GPa
(8). An alternative explanation for Bridg-
man’s results (6) must then be sought.

The diamond-anvil isotherm is, by direct
observation, that of the metastable liquid.
This isotherm is in good agreement with
Bridgman’s results (6) at the pressures at
which the piston-cylinder experiments have

proven reproducible. The present liquid iso-
therm agrees well with the higher density
series of measurements (construed by Bridg-
man as representing the solid phase of meth-
anol) in the range of pressure accessible to
both techniques, and extends isothermal
compression data to significantly higher
pressures.

The densities given in Fig. 3, together
with the velocities measured here and those
determined by Wilson and Bradley (9) be-
low 0.1 GPa permit the calculation of the
adiabatic bulk modulus (Table 1). The varia-
tion in Ky is considerable, the value at 6.82
GPa being almost 50 times that at 1 atm.
The compressions and moduli of ethanol
and methanol are almost identical. Boehler
and Kennedy (10) have measured (AT/AP)g
for both methanol and ethanol from 1 atm
to 2.4 GPa. The thermodynamic Griineisen
parameter, defined by y = aKs/Cpp, is cal-
culated from y = KsT~'(AT/AP)s. Ther-
modynamically, vy is the inverse of the deriv-
ative of the energy density with respect to
pressure at constant volume. In the case of
solids y may be interpreted as the mean

1 atm.

\/\/Wm 2.5 GPa

T T

20
TIME (ns)

SIGNAL (arbitrary units)

0 60

Fig. 2. Time-domain diffraction data for metha-
nol in a diamond-anvil high-pressure cell. At
room pressure data were obtained with 8 equal to
4.5°% at 2.9 GPa, 6 was 3°.

density (gcm3)

P (GPa)

Fig. 3. Density of liquid methanol at 298 K as a
function of the pressure. The solid curve is the
result of the integration of Eq. 2, presuming
Bridgman’s value at 1.96 GPa. The open and
filled squares represent Bridgman’s results.
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logarithmic derivative of phonon frequency
with respect to uniform strain, that is,
v = (dlnv/dln V).

For a variety of liquids, the pressure-
dependence of (AT/AP); at high pressure is
small. The calculation of y in Table 1 is
therefore extended by extrapolation to 2.9
GPa of results up to 2.4 GPa. As for the
other liquids where the isothermal pressure-
dependence of vy is known [Hg, water,
pentane, and isopentane (10)], in contrast to
solids (11) and Earth’s mantle and core (12),
the Griineisen parameters of ethanol and
methanol increase with decreasing volume.

It is the evaluation of the second term on
the right side of Eq. 2, the “correction” of
the experimentally determined adiabatic
compressibility to the isothermal compli-
ance [Ks™!'= Ky ! — a(dT/8P)s], that
constitutes the principal source of uncertain-
ty in this preliminary study. The direct
measurement of (AT/AP)s by Boehler and
Kennedy (10) and the classical study of the
P-V-T relations of methanol by Bridgman
(6) do, however, serve to determine this
correction over the range of pressure where-
in it is large (Fig. 4) and provide a basis for
the deduction of the pressure-volume rela-
tions at higher pressures. The experimental
pressure-dependence of the correction and
the smooth curve used in the integration of
Eq. 2 are given in Fig. 4.

The correction term in Eq. 2 can also be
expressed as o>T/Cp. The pressure depen-
dence of this quantity is implicit in the P--
T relations and so may be approximated
recursively from sound velocity data at a
series of temperatures (13). Thus, laser-in-
duced phonon spectroscopy in the dia-
mond-anvil cell offers an approach to the
determination of acoustic velocities and the
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Fig. 4. The second term in Eq. 2 (that is, the
density times the difference between the isother-
mal and adiabatic compressibilities) calculated
from (AT/AP)s (10) and the coefficient of thermal
expansion (6), plotted with open squares, and
extrapolated (solid curve) to higher pressures.
The estimated uncertainty in the correction is
comparable with the scatter of the experimental

points.
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equation of state at high compression. In
these preliminary studies we have sought to
compare the results obtained at the lower
end of the range conveniently investigated
in the diamond-anvil cell with those ob-
tained by other techniques and to extend the
equation of state of methanol to higher
compressions than have been investigated
by the conventional piston-cylinder tech-
niques. The technique reported here should
be quite generally applicable. We have, for
example, observed strong scattering from
thermally excited quasilongitudinal and qua-
sitransverse waves in olivine at high pressure
(5). As another example, less than 0.5%
water produces a useful signal from N, in
the diamond-anvil cell.
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Brownian Dynamics of Cytochrome ¢ and
Cytochrome ¢ Peroxidase Association

ScorTt H. NORTHRUP,* JEFFREY O. BOLES, JOHN C. L. REYNOLDS

Brownian dynamics computer simulations of the diffusional association of electron
transport proteins cytochrome ¢ (cyt ¢) and cytochrome ¢ peroxidase (cyt ¢ per) were
performed. A highly detailed and realistic model of the protein structures and their
electrostatic interactions was used that was based on an atomic-level spatial descrip-
tion. Several structural features played a role in enhancing and optimizing the electron
transfer efficiency of this reaction. Favorable electrostatic interactions facilitated long-
lived nonspecific encounters between the proteins that allowed the severe orientational
criteria for reaction to be overcome by rotational diffusion during encounters. Thus a
“reduction-in-dimensionality” effect operated. The proteins achieved plausible elec-
tron transfer orientations in a multitude of electrostatically stable encounter complex-
es, rather than in a single dominant complex.

IOLOGICAL PROCESSES ON A MO-
B lecular level require the transport of

reactants through space by a diffu-
sional mechanism leading to a reactive event
(1). In many cases the diffusional encounter
of species limits the overall rate, and thus a
knowledge of the dynamics of such encoun-
ters is of fundamental importance in the
understanding of the biological event. Usu-
ally, one or more of the species is a macro-
molecule having a small reactive region rela-
tive to its overall size, which can lead to very
severe orientational criteria for reaction.
Adam and Delbruck (2) proposed that in
order to overcome the formidable obstacle
posed by the required translational and rota-
tional search process, the efficiency of bio-
chemical systems may be optimized by ex-
ploiting the so-called reduction-in-dimen-
sionality principle, in which the molecular

species diffuse in a three-dimensional space
and initially associate in unreactive configu-
rations by ubiquitous nonspecific forces of
attraction, either of a Coulombic or van der
Waals type. This association is followed by a
diffusional search on a lower dimensional
configurational surface of associated parti-
cles that increases the probability of ultimate
production of a properly oriented pair. The
magnitude of forces promoting the initial
nonspecific association must be finely tuned
to a range allowing particles to remain in
juxtaposition for time scales required for the
lower dimensional diffusive search, but not
so strong that encountered particles are
locked into unproductive orientations. This
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