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Abstract

The Raman spectra of ferrocene crystals were measured at pressures up to

20 GPa, and an abnormally large bandwidth of intermolecular phonons at

ambient pressure was found. With an increase in the pressure, the bandwidth

increased to a maximum at �2 GPa and then decreased to a minimum at

�4 GPa, which was equal to the pressure-independent bandwidth of intramo-

lecular phonons. The unusual behavior of the bandwidth was related to the

instability of a ferrocene molecule caused by jumps between its D5d and D5h

conformations. A decrease in the time of jumps between the conformations to

the period of crystal lattice vibrations led to a loss of coherence and broadening

of intermolecular phonon bands. The energy barrier between the conforma-

tions was determined to be �17.6 meV/molecule under ambient conditions

and 80 meV/molecule at 4.9 GPa. An increase in the barrier with pressure was

due to the enhancement of the crystal field, which resulted in the inhibition of

the jumps and the stabilization of the molecule in the D5d conformation.
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1 | INTRODUCTION

Ferrocene FeC10H10 is the best-known member of the
class of metallocenes, which are organometallic mole-
cules consisting of two stacked cyclopentadienyl rings
with a metal atom between them.1 Cyclopentadienyl
rings С5Н5 can change their orientation relative to the
fifth-order axis of the molecule, forming two stable con-
formations. These are an eclipsed conformation with a
D5h symmetry, when the upper ring is located directly
above the lower one, and a staggered conformation with
a D5d symmetry, when it is rotated 36� relative to the
lower one.2,3 The D5h conformation has lower energy and
is preferable for a free ferrocene molecule, while both
conformations of the molecule are present in crystals
under ambient conditions.

Five crystal modifications of ferrocene are known:
disordered monoclinic phase under ambient conditions,
high-pressure/room temperature ordered monoclinic
phase, low-temperature triclinic phase LT1, low-
temperature orthorhombic phase LT2, and low tempera-
ture phase with the incommensurate modulation. Under
ambient conditions, fast jumps between the D5h and D5d

conformations occur in the monoclinic phase, and com-
plete conformational disorder is observed. The transition
of the ambient-pressure monoclinic phase to the ambient
pressure triclinic phase LT1 occurs at 163.9 K. This tran-
sition was discovered by calorimetry and the structure of
the phase was studied later.4,5 The ordering of С5Н5 rings
in the high-pressure monoclinic phase occurs at room
temperature and a pressure of 3.4–4.0 GPa when all mol-
ecules take the D5d conformation.6,7 Between 172.8 and
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163.5 K, the conformational disorder of ferrocene mole-
cules transforms into the incommensurate modulation.8

According to numerical calculations, the energy of
the D5h conformation decreases with an increase in the
pressure due to the increasing contribution of a crystal
field during compression of the crystal.6 The energy bar-
rier between the D5h and D5d conformations decreases
and passes through zero at about 2 GPa, then changes its
sign, and increases as the energy of the D5d conformation
decreases. At �4 GPa, the barrier increases appreciably,
the molecules are ordered predominately in the D5d

conformation, and a transition to the high-pressure
monoclinic phase occurs.6,7,9

The energy difference ΔE between the D5h and D5d

conformations in the monoclinic crystal phase under
ambient conditions was first determined in early nuclear
magnetic resonance (NMR) experiments to be ΔE = (7.5
± 0.8) kJ/mol or ΔE = (78.1 ± 8.7) meV/molecule.10 For
a free molecule, the barrier between two conformations
was determined by electron diffraction in the gas phase,2

and the obtained value ΔE = (39 ± 13) meV/molecule
turned out to be half of that in the monoclinic phase.10

Later, in experiments on quasi-elastic neutron scattering,
the barrier in the monoclinic and triclinic crystal phases
was determined to be (45.6 ± 5.2) and (86.5 ± 6)
meV/molecule, respectively.11 In other NMR experi-
ments, the barrier ΔE in the monoclinic and triclinic
phases was determined to be (55.9 ± 5.2) and (106.7
± 5.2) meV/molecule, respectively.12 Relatively recent
experiments on quasi-elastic neutron scattering in the
monoclinic and triclinic phases showed that ΔE was 47.7
and 131.6 meV/molecule, respectively.13 Finally, theoreti-
cal studies of the electronic structure of ferrocene using
the DFT method in various approximations gave the
values of ΔE from 30.4 to 49 meV/molecule.3 Therefore,
the results of numerous experiments and numerical
calculations are rather controversial since the obtained
values of ΔE are in a range of 30.4–78.1 meV/molecule
for the monoclinic phase and in a range of 85.6–
131.6 meV/molecule for the low-temperature triclinic
phase LT1. Despite a significant difference in the results
obtained, note that the lowest value of ΔE was obtained
for the gas phase, and the results for the triclinic phase
are always greater than for the monoclinic phase.

The measurements of the Raman spectra of ferrocene
crystals under ambient conditions showed that jumps
between the conformations resulted in a significant
broadening of intermolecular phonon bands compared to
narrow intramolecular phonon bands.9 Jumps reduce the
lifetime of the molecule in a specific conformation up to
the period of lattice vibrations, leading to a loss of
coherence of intermolecular phonons and broadening of
bands. At the same time, the parameters of intramolecular

vibrations depending on interatomic distances inside the
molecule do not depend on the conformation of the mole-
cule. A change in the conformation does not affect the
lifetime and bandwidth of intramolecular phonons except
for C H stretching vibrations. Similar to intermolecular
phonons, the width of these bands depends on pressure:
the bands broaden to a maximum at �2 GPa and then
narrow to a minimum at �4.0 GPa.6,9

This paper presents the results of measurements of
the Raman spectra of ferrocene single crystals at pres-
sures up to 20 GPa and room temperature. With an
increase in the pressure, the phonon frequency increases,
and the pressure shift coefficients range from 0.6 to
1.35 cm�1/GPa for various intermolecular and intramo-
lecular phonon bands. Under ambient conditions, a very
broad band is observed in the spectrum of intermolecular
phonons, which is five times broader than intramolecular
phonon bands. With an increase in the pressure, this
band shifts and broadens to a maximum at �2.0 GPa and
then narrows to the bandwidth of intramolecular
phonons at �4.0 GPa, splitting into individual bands.
The width of the latter bands is equal to bandwidth of
intramolecular breathing and bending modes of a cyclo-
pentadienyl ring and C C stretching vibrations inside
the ring. The bandwidth of intramolecular modes is
almost independent of pressure except for intramolecular
C H stretching vibrations. The width of these bands
increases with increasing pressure to a maximum at
2.0 GPa and then decreases to a minimum at 4.0 GPa
similar to intermolecular phonons.

The Raman spectra of the ferrocene crystals were
obtained in four series of measurements in a temperature
range of 98–370 K at ambient pressure and higher
pressures of 2.5, 3.5, and 4.9 GPa. The temperature
dependence of the bandwidth of an intermolecular
phonon has a thermal activation character and is well
described by the Arrhenius equation at all pressure
values. The activation energy ЕА of jumps between the
D5h and D5d conformations at ambient pressure is (17.6
± 6.5) meV for the monoclinic phase and (23.8 ± 1.8)
meV for the triclinic phase LT1. With an increase in the
pressure, it increases in the monoclinic phase and
reaches (23.6 ± 2.3) meV at 2.5 GPa, (63.8 ± 5.6) meV at
3.5 GPa, and (80 ± 15.4) meV at 4.9 GPa. The barrier ΔE
between the D5h and D5d conformations increases with a
decrease in the specific molecular volume at high pres-
sure, causing crystal field enhancement.

2 | EXPERIMENTAL METHODS

The Raman spectra were measured on single crystals
grown from a hexane solution of ferrocene by
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evaporation for several weeks at room temperature. Sam-
ples with a size of �50 to �500 μm with a well-developed
surface were selected for the measurements. The Raman
spectra were measured in the back-scattering geometry
using a set-up that consisted of an Acton SpectraPro-
2500i spectrograph equipped with a Pixis2K CCD cooled
down to �70�C and an Olympus BX51 microscope. A
single-mode diode-pumped laser with λ = 532 nm was
used for Raman excitation. The laser beam was focused
on the sample using an Olympus 50 � objective in
a � 1.3 μm spot. The laser radiation line in a scattered
beam was suppressed using an edge filter with
λ = 532 nm, the optical density OD = 6, and a transmis-
sion band from 60 cm�1, and the beam intensity before
the diamond anvils was �2.1 mW. The measurements of
the Raman spectra at high pressures and room tempera-
ture were carried out using a Mao–Bell-type diamond
anvil cell. For measurements at high pressure in a tem-
perature range of 98–370 K, a compact Merrill–Bassett-
type high-pressure cell was used, which was compatible
with a homemade nitrogen cryostat. The cryostat with a
temperature controller and a resistive heater maintained
the temperature in a range of 95–370 K with an accuracy
of ±0.4 K similar to how it was described earlier.14 The
homemade diamond anvil cell with an operating pressure
up to �15 GPa had the form of a cylinder with both
diameter and height of �39 mm and fitted tightly into a
cylindrical cavity inside the heat exchanger. The design
ensured reliable thermal contact with the heat exchanger;
the pressure was preset at room temperature and then
controlled when the required measurement temperature

was reached. A methanol�ethanol 4:1 mixture was used
as a pressure-transmitting medium, and pressure was
calibrated according to the spectral position of the R1

luminescence line of ruby microcrystals.15

3 | RESULTS AND DISCUSSION

Figure 1 shows the Raman spectra of the ferrocene single
crystals in a wavenumber range of 75–550 cm�1 at room
temperature and pressure up to 20.0 GPa. The low-
wavenumber region up to �270 cm�1 corresponds to
intermolecular phonons; their intensity is magnified
fivefold in the figure. In a wavenumber range of
300–550 cm�1, there are bands of intramolecular breath-
ing (309 and 314 cm�1) and bending (389 and 393 cm�1)
vibration modes of the cyclopentadienyl rings relative to
the molecule axis. In a region of 1100 and 3100 cm�1,
there are intramolecular phonon bands that correspond to
the C C and C H stretching vibrations of the cyclopenta-
dienyl ring, respectively (not shown in the figure). With an
increase in the pressure, the frequency of all phonons
increases and the bands shift towards higher energies. The
shift of intermolecular phonon bands is greater than that
of intramolecular phonon bands, which is typical for
molecular crystals with a van der Waals bond. The excep-
tion is C H stretching vibrations; their shift is similar to
that of intermolecular phonons, which was also observed
in the molecular naphthalene crystal.16

The lower left part of Figure 1 depicts the Raman
spectrum of intermolecular phonons at an initial pressure

FIGURE 1 Raman spectra of ferrocene

crystals in a wavenumber range of 75–530 cm�1

at room temperature and pressure up to 20 GPa.
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of 0.9 GPa. They are represented by one broad band with
a wavenumber of �98 cm�1 and a width of �19 cm�1,
which significantly exceeds the width of the breathing
and bending vibration modes. The bandwidth of intramo-
lecular phonons is �5 cm�1 at a spectral width of the
spectrograph slit of �4 cm�1. With an increase in
the pressure to �2.0 GPa, the width of the intermolecular
phonon band increases to �24 cm�1, while it decreases
with a further increase in the pressure. At �4.0 GPa, its
bandwidth decreases to �10 cm�1 at a wavenumber
�135 cm�1, and two weak intermolecular phonons with a
wavenumber of 105 and �156 cm�1 emerge in the spec-
trum. This is associated probably with an increase in the
peak intensity of the bands with a simultaneous decrease
in the bandwidth, which facilitates their separation from
the background signal. With an increase in the phonon
energy at �4.5 GPa, another narrow intense band with a
wavenumber of �70 cm�1 crosses the edge filter cutoff.
The wavenumber of the initial broad band of intermolecu-
lar phonons reaches �140 cm�1 at �4.6 GPa; it narrows
and splits into two bands, and the total number of inter-
molecular phonon bands reaches five. All bands in the
Raman spectrum remain narrow until mechanical stresses
arise during the solidification of the pressure-transmitting
medium at 10 GPa. With a further increase in the pressure
under nonhydrostatic compression, the stresses increase
and lead to inhomogeneous broadening of the bands.17

Hence, in the Raman spectrum of ferrocene crystals
under ambient conditions, the intermolecular phonon
band has an abnormally large width. The width of this
band increases with an increase in the pressure and
reaches a maximum of �24 cm�1 at �2.0 GPa, while it
decreases to a minimum at �4.0 GPa with a further
increase in the pressure (Figure 2, right part, stars). At
the same time, the width of the intramolecular breathing
vibration bands ν1 and ν2 changes only slightly in this

pressure range (squares and hexagons). The inset on the
right side of the figure illustrates the structure of the
ferrocene molecule and a change in the molecule confor-
mation from eclipsed D5h to staggered D5d when the
upper cyclopentadienyl ring is rotated 36� relative to the
lower one. The left side of Figure 2 shows the pressure
dependence of the frequency of intermolecular phonons
(circles and stars) and split bands ν1 and ν2 of the intra-
molecular breathing vibration of the molecule (squares
and hexagons). Open and solid symbols denote the
increasing and decreasing pressure runs, respectively. All
data were obtained in two independent series of measure-
ments, the results of which are repeatable and reversible
in pressure. At Р > 4 GPa, the initially broad intermole-
cular phonon band splits into five narrow bands Ω1–Ω5.

Note that in the Raman spectrum of molecular crystals
with a monoclinic lattice and two molecules in the lattice
cell, six intermolecular phonon modes are active: three
modes with an Ag symmetry and three modes with a Bg

symmetry. However, not all of these modes are mani-
fested in the spectrum, as, for example, in molecular
naphthalene and anthracene crystals with similar struc-
tural characteristics.16,18,19

The bandwidth of all intramolecular phonons
changes quite a bit in the range of hydrostatic pressures
up to 10 GPa except for C H stretching vibrations, which
behave similarly to intermolecular phonons.6,9 The bands
of the С Н vibrations in the initial pressure range are
greatly broadened and overlap, and at a pressure above
�4 GPa they narrow and split into five components.6 At
higher pressure five narrow bands are clearly manifested
in the spectrum, possibly indicating a slight difference in
the bond lengths of five С-Н vibrations of the
cyclopentadienyl ring.

In the Raman spectrum of ferrocene crystals, the
abnormally large bandwidth of intermolecular phonons

FIGURE 2 Pressure dependence of the

frequency of the intermolecular modes Ω1–Ω5

and intramolecular modes ν1 and ν2 (left panel).
Pressure dependence of the width of the phonon

modes Ω1–Ω5 and ν1 and ν2 (right panel). Open
and solid symbols mean increase and decrease

of pressure, respectively. The region of

conformational instability of the molecule at

room temperature is shaded.
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under ambient conditions and its unusual dependence on
pressure are of the greatest interest. This anomaly is
related to rapid jumps between the D5d and D5h confor-
mations of the molecule.6,9 If the frequency of jumps is
comparable to that of intermolecular phonons, the coher-
ence of lattice vibrations is disrupted, and the lifetime of
phonons decreases, while the bands broaden. Jumps
between the conformations have a thermal activation
character: in the isobaric regime, they accelerate with
increasing temperature and give rise to additional broad-
ening of intramolecular phonon bands.20 The change in
the bandwidth with pressure in the isothermal regime is
related most likely to a change in the energy barrier
between the conformations. This is due to the enhance-
ment of the crystal field during crystal compression; its
effect on the energy of two conformations of the ferro-
cene molecule was studied in numerical calculations.6

According to these calculations, the barrier between the
D5d and D5h conformations decreases to zero at �2 GPa,
then changes its sign, and increases in absolute value
with a further increase in the pressure. Under ambient
conditions, the energy of the D5h conformation is lower
than that of the D5d conformation; at Р ≥ 2 GPa, their
ratio changes, and the D5d conformation has lower
energy.

Hence, the basic contribution to the decrease in the
lifetime of intermolecular phonons and the broadening of
bands in the Raman spectrum is made by jumps between
the conformations of the molecule, which have a thermal
activation character. The magnitude of the barrier
between the conformations can be determined from the
isobaric temperature dependence of the bandwidth of
intermolecular phonons. The bandwidth of phonon
modes in Raman spectra consists of a homogeneous
width resulting from the anharmonic decay of phonons
and an inhomogeneous width associated with the scatter-
ing of phonons on crystal lattice defects or impurities.21

Note that the homogeneous width of the bands is small
at low temperatures and is significantly less than the
spectral width of the spectrograph slit. The inhomoge-
neous width in perfect crystals is also small; however, it
increases with increasing imperfection. In the case of fer-
rocene crystals, the overwhelming contribution to the
bandwidth of intermolecular phonon modes is made by a
decrease in the lifetime of crystal lattice vibrations due to
the loss of vibration coherence resulting from the confor-
mational instability of the molecule. The temperature
dependence of the bandwidth of intermolecular phonons
related to jumps between the conformations can be repre-
sented as

Γreorient ¼B� exp �EA=KBTð Þ ð1Þ

where Γreorient is the bandwidth related to jumps between
the conformations, B is the pre-exponential coefficient
with energy dimensionality, EA is the barrier between the
conformations, KB is the Boltzmann constant, and T is
the temperature. This approach was previously used to
describe the broadening of phonon bands in the Raman
spectra of NH4ClO4 crystals resulting from the libration
of NH4

+ ions in the crystal lattice.20 The total bandwidth
of intermolecular phonons in the Raman spectra consists
of Γreorient and combined contribution of homogeneous
and inhomogeneous broadening of the bands. The last
contribution is almost the same for intermolecular and
intramolecular phonons, varies slightly with tempera-
ture, and does not depend on pressure during hydrostatic
compression. Therefore, the bandwidth Γreorient can be
determined with sufficient accuracy from the difference
between an experimental bandwidth of the intermolecu-
lar phonons and an average bandwidth of the intramolec-
ular phonons. The lifetime of intermolecular phonons
can be estimated from the bandwidth Γreorient using the
uncertainty relation in quantum mechanics
ΔE � Δt = ћ.22 Previously, this method was used to esti-
mate the lifetime of phonons in aluminum, indium, and
gallium nitride crystals.21,23,24 Based on this, the lifetime
of phonons can be determined by the formula:

τ¼ ћ=Γreorient ð2Þ

where τ is the lifetime of phonons, Γreorient is the band-
width of phonons, and ћ is the Planck constant.22 The
lifetime of intermolecular phonons at a pressure of
�2.2 GPa and the bandwidth Γreorient = 19 cm�1 is
�0.3 ps. This time is obviously due to the time of switch-
ing of molecule conformation: it is an order of magnitude
less than the lifetime of phonons in InN and GaN crys-
tals, which ranges from units to tens of picoseconds for
different modes.23,24

Since the lifetime of phonons is τ = ћ/Γreorient, for-
mula (1) can be written as

τ¼A� exp EA=KBTð Þ ð3Þ

where τ is the lifetime of phonons, A = ћ/B is the pre-
exponential coefficient with time dimensionality, EA is the
barrier between the conformations, KB is the Boltzmann
constant, and T is the temperature. Figure 3 shows the
Raman spectra of a ferrocene crystal at ambient pressure
and four temperature values of 213, 193, 158, and 113 K in
a wavenumber range of 50–340 cm�1. The left side of the
figure illustrates the intermolecular phonon band Ω3/Ω4,
while the right side depicts the split bands of the intramo-
lecular breathing vibration ν1 and ν2. The upper right inset
shows the temperature dependence of the bandwidth of

MELETOV 5
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the intermolecular phonons Γreorient. In the inset, circles
and squares, respectively mark data for the monoclinic
phase at temperatures above 163.9 K and the triclinic
phase LT1 below 163.9 K. The upper left inset shows the
dependence of τ on the temperature 1/KBT in a logarith-
mic scale; here, circles and squares also mark data for the
monoclinic and triclinic phases. The experimental data for
both phases are well described by the Arrhenius depen-
dence τ = A�exp (EA/KBT), which is marked with a
dashed line in the figure. The approximation was carried
out separately for two crystal phases, and the energy bar-
rier between the D5h and D5d conformations is (17.6 ± 6.5)
meV for the monoclinic phase and (23.8 ± 1.7) meV for

the triclinic phase LT1. Note that these values of the
energy barrier for both phases are less than all previously
obtained experimental and calculated values.2,3,10–13

The temperature dependence of the bandwidth of
intermolecular phonons was measured in the isobaric
regime at 2.5, 3.5, and 4.9 GPa. Figure 4 shows the
Raman spectra of ferrocene crystals at a pressure of
3.5 GPa and temperatures of 293, 314, 334, and 356 K in
a wavenumber range of 90–370 cm�1. The left side of the
figure illustrates the intermolecular phonon band Ω3/Ω4,
while the right side depicts the split bands of the breath-
ing mode ν1 and ν2. The initial width of the intermolecu-
lar phonon band at room temperature is �12 cm�1, and

FIGURE 3 Raman spectra of a ferrocene

crystal at ambient pressure and Т = 213,

193, 158, and 113 K in a wavenumber range of

50–340 cm�1. Left: intermolecular modes Ω3/

Ω4; right: intramolecular breathing vibration ν1
and ν2. Right inset: temperature dependence of

the bandwidth of the intermolecular phonons

Γreorient. Left inset: dependence of the lifetime of

phonons τ on the temperature 1/KBT in a

logarithmic scale. Circles: monoclinic phase;

squares: triclinic phase LT1; dashed line: the

Arrhenius dependence.

FIGURE 4 Raman spectra of a ferrocene

crystal at 3.5 GPa and Т = 293, 314, 334, and

356 K in a wavenumber of 90–370 cm�1. Left:

intermolecular modes Ω3/Ω4; right:

intramolecular breathing vibration ν1 and ν2.
Right inset: temperature dependence of the

bandwidth of the intermolecular phonons

Γreorient. Left inset: dependence of the lifetime of

phonons τ on the temperature 1/KBT in a

logarithmic scale; dashed line: the Arrhenius

dependence.

6 MELETOV

 10974555, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jrs.6713 by Institute of Solid State Physics R

A
S, W

iley O
nline L

ibrary on [26/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



its wavenumber is 125 cm�1. With an increase in the
temperature to 356 K, the band broadens to �17.5 cm�1,
and phonon frequency slightly decreases due to the ther-
mal expansion of the crystal lattice. In the right upper
inset circles indicate the temperature dependence of the
width of this band Γreorient. In the left inset, the same
symbols depict the values of τ = ћ/Γreorient depending on
the temperature 1/KBT in a logarithmic scale, and a
dashed line shows the approximation of these data by the
Arrhenius equation τ = A�exp (EA/KBT). The lifetime of
intermolecular phonons at room temperature is 0.8 ps
and decreases to 0.6 ps at 373 K; the experimental data
are well described by the Arrhenius equation with the
activation energy of jumps between two conformations
EA = (63.8 ± 5.6) meV.

Figure 5 shows summarized experimental data for the
isobaric temperature dependence of phonon lifetime and
their approximation by the Arrhenius dependence
τ = A�exp (EA/KBT) in four series of measurements at
different pressures in the monoclinic and triclinic phases.
Rhombi correspond to ambient pressure, pentagons,
circles, and squares correspond to pressures of 2.5, 3.5, and
4.9 GPa, respectively, and dashed lines are an approxima-
tion of the experimental results by the Arrhenius depen-
dence. On the right side of the figure, hexagons indicate
the same dependence at ambient pressure for the low-
temperature triclinic phase LT1. The activation energy EA

for jumps of the molecule between the D5h and D5d confor-
mations in the monoclinic phase increases with an
increase in the pressure from (17.6 ± 6.5) meV at ambient
pressure to (23.6 ± 2.3) meV at 2.5 GPa, (63.8 ± 5.6) meV
at 3.5 GPa, and (80 ± 15.4) meV at 4.9 GPa. In the triclinic
phase, the magnitude of the barrier EA at ambient pressure
is slightly greater than that in the monoclinic phase and is

(23.8 ± 1.8) meV. In the inset of Figure 5, circles show the
experimental values of the activation energy EA as a func-
tion of volume per molecule. The specific molecular
volume at different pressures was calculated using struc-
tural data and parameters of the Murnaghan equation of
state obtained earlier.9 With an increase in the pressure,
the parameters of the lattice cell and the specific molecular
volume decrease, while the crystal field increases. The
specific molecular volume also decreases under the
transition from the monoclinic to the triclinic phase LT1
since the number of molecules in the unit cell doubles
while its volume increases disproportionally.9 A dashed
line in the inset shows an approximation of the experi-
mental data by a parabola that passes through zero at a
minimum at a molecular volume of 185 Å3 corresponding
to a pressure of �1.1 GPa. The data obtained generally
confirm the numerical calculations,6 although the zero
value of the barrier ΔE corresponds to a slightly lower
pressure. The stars in the inset show the experimental
dependence of the lifetime of intermolecular phonons on
the specific molecular volume at room temperature. In
fact, the lifetime of phonons under these conditions coin-
cides with the time of switching between the D5h and D5d

conformations. This dependence also has the form of a
parabola with a minimum value of 0.3 ps at a molecular
volume of 177 Å3 corresponding to a pressure of
�1.8 GPa. Despite some differences in the minima of these
curves, a correlation between the two dependencies
reflects the relationship between the conformations
switching time and the magnitude of the barrier between
them. Note that some differences between the experimen-
tal and calculated data are most likely associated with
the accuracy of the experimental and calculation
methods used.

FIGURE 5 Dependence of the lifetime of

phonons τ on the temperature 1/KBT in a

logarithmic scale in the monoclinic and triclinic

phases. Rhombi and hexagons: ambient

pressure, pentagons, circles, and squares at 2.5,

3.5, and 4.9 GPa, respectively; dashed lines: the

Arrhenius dependence. Inset:

circles – dependence of the activation energy EA

on specific molecular volume;

asterisks – dependence of the switching time of

the D5h/D5d conformations on specific

molecular volume; dashed line – approximation

by a parabola.
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4 | CONCLUSIONS

In the Raman spectra of ferrocene crystals under ambient
conditions, the bandwidth of the intermolecular phonons
significantly exceeds that of intramolecular phonon
bands. With an increase in the pressure, the bandwidth
increases further to a maximum at �2 GPa and then
decreases to the bandwidth of intramolecular phonons at
�4 GPa. The broadening of the intermolecular phonon
band is due to the conformational instability of the mole-
cule and results from thermally activated jumps between
the D5d and D5h conformations. The residence time of the
molecule in each conformation decreases to the period of
intermolecular phonons, which leads to a loss of coher-
ence of the vibrations and broadening of the bands. Intra-
molecular vibrations retain coherence since they do not
depend on changes in the molecule conformation, and
the corresponding bands do not broaden.

The isobaric temperature dependence of the band-
width of intermolecular phonons in a range of 98 ―
370 K at ambient and high pressures of 2.5, 3.5, and
4.9 GPa is well described by the Arrhenius equation. The
activation energy ЕА for jumps between the D5h and D5d

conformations at ambient pressure is (17.6 ± 6.5) and
(23.8 ± 1.8) meV for the monoclinic and triclinic phases,
respectively. This is less than any data previously
obtained in experiments on inelastic neutron scattering
and NMR, which, in addition, differ significantly from
each other.2,3,10–13 The magnitude of the barrier in the
monoclinic phase increases with pressure and reaches
(23.6 ± 2.3) meV at 2.5 GPa, (63.8 ± 5.6) meV at 3.5 GPa,
and (80 ± 15.4) meV at 4.9 GPa. An increase in the
barrier between the D5h and D5d conformations is caused
by a decrease in the specific molecular volume followed
by an enhancement of the crystal field during compres-
sion of the crystal. The dependence of the barrier magni-
tude on the specific molecular volume is described by a
parabola with zero at 185 Å3 corresponding to a pressure
of �1.1 GPa. The residence time of the molecule in each
conformation is also described by a parabolic function of
molecular volume with a minimum value of 0.3 ps at
177 Å3 corresponding to a pressure of �1.8 GPa. The
correlation between these dependencies reflects the rela-
tionship between the barrier magnitude and the resi-
dence time of the molecule in each conformation. The
data obtained are in rather good agreement with the
results of numerical calculations of the contribution of
the crystal field to the barrier.6
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