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ABSTRACT
We used inelastic x-ray scattering methods to measure the terahertz spectrum of density fluctuations of ethanol in both liquid and solid
phases. The results of a Bayesian inference-based lineshape analysis with a multiple excitation model and the comparison with a previous
similar analysis on water indicate that the different structures induced by hydrogen bonds in ethanol and water have a profound influence
on the respective dynamic responses, the latter being characterized by longer living and better resolved high-frequency acoustic excitations.
In addition, we compare these findings with those obtained with an alternative approach based on the exponential expansion theory and
ensuring sum rules fulfillment, demonstrating that the model’s choice directly impacts the number of spectral modes detected.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0180961

I. INTRODUCTION

Although studies of acoustic propagation in liquid and crys-
talline media are well documented in the literature, our knowledge of
this subject remains qualitative in many aspects. For instance, albeit
well-known that, with decreasing wavelengths, disorder and local
anisotropy gradually dominate over structural relaxation and diffu-
sion,1 the link between this crossover and the nature of molecular
bonding mostly remains an interpretative challenge. To gain insight
into this topic, comparing terahertz propagation in systems with
bonding networks of different connectivity and topologies seems
especially meaningful. Due to their dissimilar hydrogen bond (HB)

properties, water and alcohols appear ideally suited for a compar-
ative study. Indeed, water is often considered an ideal HB system
in which two hydrogen atoms and two lone pairs can enable a sin-
gle molecule to form as many as four hydrogen bonds. In other
words, water possesses just the required numbers of hydrogen atoms
and lone pairs to have all of them engaged in hydrogen bonding,
forming a strongly interconnected tetrahedral arrangement. On the
other hand, hydrogen bonding in ethanol is limited by the abil-
ity of the molecule to donate only one HB while accepting two,
which prevents the formation of a three-dimensional bond network.
Furthermore, alcohol molecules are, by definition, amphiphilic, as
they contain both non-polar alkyl hydrophobic and polar hydroxyl
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hydrophilic parts. The circumstance that hydroxyl groups can expe-
rience hydrophobic solvation further increases the complexity of the
HB dynamics in alcohols.

Since the mid-1970s, the influence of hydrogen bonding on the
dynamics of water has been the focus of intensive experimental2,3

and computational4–7 work. This investigative effort supports the
conclusion that viscoelastic behavior over picosecond timescales
and nanometer distances occurs and primarily arises from fast
HB readjustments.8 A likely manifestation of this high-frequency
viscoelasticity is the emergence of an additional low-frequency peak
arising from acoustic shear wave propagation.

Similar experimental studies on alcohols are instead more spo-
radic; among the few examples is a combined inelastic neutron
scattering and ab initio molecular dynamics study on methanol,
evidencing a viscoelastic behavior qualitatively similar to that
of water.9,10 However, previous measurements of another alco-
hol (ethanol) outlined, not without some controversy,11–14 a less
complex dynamic behavior with no clear evidence of transverse
dynamics.15 Given the importance of establishing direct connections
between the collective dynamics and the nature of the HB-induced
structures in these and other liquid systems, we used Inelastic
X-Ray Scattering (IXS) to jointly investigate the dynamics of ethanol
in both liquid and solid phases and compare these measurements
with previous ones we obtained in water.16

The scarcity of IXS studies on ethanol is, to some extent, sur-
prising, as this sample presents various intriguing aspects, including
the presence of polymorphic phases upon quenching, namely a
fully disordered, canonical glass, an orientationally disordered crys-
tal, and a fully ordered (monoclinic) one. Concerning the terahertz
collective dynamics, a difference between water and ethanol emerg-
ing from available investigations is the ability to support shear or
transverse terahertz acoustic propagation. Several works on water
documented the presence of both a transverse and a longitudinal
sound mode in the spectrum of density fluctuations S(Q, E),7,17–19

where Q and E are the energy transfer, respectively. Conversely, the
only available IXS study on ethanol15 indicated, despite the contro-
versy mentioned,11 that no fingerprint of shear dynamics exists in
the spectrum in either ordered or disordered phases. Furthermore,
the same work highlighted close resemblances in the dynamics of
the two solid species (glassy and crystalline) of ethanol, somehow
at odds with the well-known differences in the thermal properties
of the two phases. The likely reason for this apparent inconsis-
tency is that heat transport anomalies of glassy ethanol are primarily
associated with transverse acoustic modes only, whose observa-
tion, in Ref. 15, was hampered by the relatively wide resolution
profile.

To shed some light on the topics discussed earlier, we inves-
tigate the Q dependence of S(Q, E) of ethanol, measured in the
liquid phase just above the melting temperature T = 158.9 K and
in the fully ordered (monoclinic) crystal phase at the beamline Sec-
tor 3 of the Advanced Photon Source (APS) at Argonne National
Laboratory.20,21 Preparing the crystal phase of ethanol requires
quenching at 97 K (at a rate of no less than 6 K/min) and subse-
quent annealing at about 130 K for at least a half hour.22 Analyzing
measured lineshapes with alternative models enables us to elucidate
distinctive and shared aspects of the two samples. A detailed analysis
of the IXS spectrum of disordered systems suffers from significant
uncertainties, mainly arising from the loosely discernible spectral

features under scrutiny. These limitations make the interpretation
of the scattering signal heavily dependent on statistical accuracy and
energy resolution. To make the situation even more puzzling, the
physical insight sought from experimental data is becoming increas-
ingly sophisticated and often at the limit of current spectrometer
capabilities. Properly addressing these difficulties requires evidence-
based lineshape analyses beyond the capability of traditional
χ2 fitting approaches.

Fortunately, Bayesian inference meets these requirements, and
it has recently proved to be an effective modeling tool.23–27 Along
this line, the Bayesian method employed here enables an unbiased
analysis of the lineshape from water and ethanol and the recog-
nition of the spectral modes that contribute to the spectra. These
assets permitted us to interpret the spectrum of density fluctu-
ations more reliably and to unveil the different roles played by
HB interactions in water and ethanol. Bayesian inference has the
undoubted merit of addressing limitations in the prior knowledge
of the problem under study, providing immunity against the risk of
data over-interpretation and unnecessary model complexity. How-
ever, the widely adopted lineshape models, inclusive of one or
more Damped Harmonic Oscillator (DHO) profiles, while often
adequate to approximate the overall spectral shape, have diverging
low-order spectral moments. To assess any model dependence of
the achieved results, we compared the results of the Bayesian anal-
ysis with those of Exponential Expansion Theory (EET) modeling,
which incorporates the fulfillment of a typically higher number of
sum rules.

II. THE LINESHAPE MODELING
A realistic model of the measured lineshape should also account

for the various experimental factors affecting the spectral measure-
ment, including the environmental background and the instrumen-
tal resolution broadening. In practice, the model ultimately fitting
each scattering profile has the following form:

I(Q, E) = R(E)⊗ S(Q, E) + B(E), (1)

where ⊗ represents the convolution operator, R(E) is the exper-
imental energy resolution function of the instrument, and B(E)
= b0 + b1E is a linear term accounting both for the spectral
background and the electronic noise of the detectors.

A. The Bayesian analysis
We performed a Bayesian inference-based analysis of the mea-

sured spectra, whose details were discussed in previous works23,25,28

and which exploits a Markov Chain Monte Carlo (MCMC)29,30

algorithm integrated by a Reversible Jump31 (RJ) routine.23 Mea-
sured lineshapes were approximated with a model including several
DHO excitation profiles,32 whose numbers, instead of being guessed
a priori, were estimated from the data. When dealing with a
solid sample, the inelastic excitations were complemented by a
δ(E) profile—with δ(E) being the Dirac delta function of the
energy—accounting for the elastic signal. For the liquid phase, a
Lorentzian function,

L(E) = 1
π

A0(Q)z0(Q)
E2 + z2

0(Q)
,
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was used instead. This term contains the two Q-dependent para-
meters A0 and z0, representing its amplitude and half-width,
respectively.

In summary, when modeling the spectrum of density fluctua-
tions in the solid sample, we used the following form:

S(Q, E) = Ae(E)δ(E) + [n(E) + 1] E
kBT

⎧⎪⎪⎨⎪⎪⎩

k

∑
j=1

AjDHOj(Q, E)
⎫⎪⎪⎬⎪⎪⎭

, (2)

where Ae represents the area of the elastic peak. For liquid ethanol,
we used instead

S(Q, E) = [n(E) + 1] E
kBT

⎧⎪⎪⎨⎪⎪⎩
L(E) +

k

∑
j=1

AjDHOj(Q, E)
⎫⎪⎪⎬⎪⎪⎭

. (3)

In both cases, each term in the sum accounts for an inelastic
excitation in the spectrum, with

DHOj(Q, E) = 2
π

Ω2
j(Q)Γj(Q)

(E2 −Ω2
j(Q))2 + 4[EΓj(Q)]2

, (4)

where Ωj, Γj, and Aj are the undamped frequency, the damping
coefficient, and the area, respectively.

The energy-dependent term [n(E) + 1]E/kBT guarantees the
compliance of the spectrum with the detailed balance principle,
with kB being the Boltzmann constant, T the sample temperature,
and n(E) = (exp (E/kBT) − 1)−1 the Bose statistics factor. In the
following, we drop the explicit mention of the Q dependence of
all spectral parameters. Noticeably, as remarked, the number, k,
of DHO profiles included in the model is here a free parameter
whose optimal value is to be determined by the Bayesian infer-
ence algorithm conditional on the measurement outcome. As for
all other model parameters, the background parameters b0 and
b1 have been estimated by the MCMC-RJ algorithm conditional on
the experimental data for each single spectrum. As an output, this
approach provides the posterior distributions for each single model
parameter and the posterior distribution P(k∣y) of the number of
inelastic modes given the measured data y. The Bayesian algorithm
selects the value k = 2 for the most reliable model, with an associ-
ated probability between 0.78 and 0.99. However, despite these large
values, the posterior distributions for the high-frequency mode para-
meters Ω2 and Γ2 appear to have a broad shape at specific Q values,
which reflects the problematic identification of this excitation in the
spectra.

B. The exponential expansion theory lineshape model
The exponential expansion theory33–35 predicts that any auto-

correlation function can be expressed as a series of exponen-
tial terms (called modes). Therefore, at each Q value, the van
Hove intermediate scattering function F(Q, t)36 can be represented,
at t ≥ 0, by

F(Q, t) = F(Q, 0)
∞

∑
j=1

Ij exp (zjt). (5)

In Eq. (5), relaxation processes are accounted for by exponen-
tially decaying terms with real Ij and zj (with zj < 0), while expo-
nentially damped oscillatory components of the correlation are

represented in the series by “complex pairs,” i.e., by I j exp (z jt)
+ I∗j exp (z∗j t), with complex Ij and zj and Rezj < 0. Note that com-
plex modes appear in conjugate pairs because the correlation func-
tion corresponding to a symmetric (i.e., not asymmetrized according
to detailed balance) spectrum is real-valued. In Eq. (5), Ij and
zj are functions of Q, although we omitted this dependence in the
above-mentioned notation.

As a consequence of the exponential functional form of the
time autocorrelation function, the (normalized) frequency spectrum
reads

S(Q, E)
S(Q) =

∞

∑
j=1

Lj(E) =
∞

∑
j=1

Ij

π
[ (−zj)

E2 + z2
j
], (6)

where Lj(E) is a “generalized” Lorentzian line. If Ij and zj are real,
then Lj(E) is a genuine Lorentzian centered at E = 0 and character-
ized by a half width at half maximum equal to −zj. If Ij and zj are
complex, then the corresponding mode and its complex conjugate
add up to give a pair of distorted Lorentzians centered at the nonzero
energies ±Imzj [see Eq. (4) of Ref. 37 for details].

The EET has enabled very accurate descriptions of various cor-
relation functions and spectra of interest in studies of the self37,38 and
the collective dynamics39,40 of fluids. Details on its application can be
found in Refs. 37–39. Essentially, the analysis consists of performing
a fitting procedure to determine the parameters zj and Ij of a small
number p of modes, which the sum in Eq. (5) in practice reduces to.
Here, we note that p − 1 constraints are imposed on the amplitudes
Ij to enforce the vanishing of the first few odd-time derivatives of
F(Q, t) at t = 0, or, equivalently, the finiteness of the first few even
frequency moments of the spectra.39

For liquid ethanol spectra at 160 K, a single-excitation model
with one additional decay (real) mode accurately describes the low-
Q spectral shape (see Fig. 3). The imposed physical constraints at
small Q ensure the convergence of the second spectral moment.
At Q = 13.91 nm−1 and at Q ≥ 23.77 nm−1, the ethanol spectra are
best fitted with an EET profile containing three excitations (see dis-
cussion), at variance with the Bayesian analysis results, supporting
the presence of two inelastic doublets only. The best-fit procedure
with the EET model could be performed by enforcing the conver-
gence of the even spectral moments up to the tenth order. In the
supplementary material (Fig. S3), we compare the optimal model
lineshapes of the Q = 13.91 nm−1 spectrum obtained with the three-
excitation EET model and with the MCMC algorithm in the case
where RJ is disabled, k is no longer a free parameter, and the k = 3
value is imposed. Not surprisingly, the two lineshapes look very sim-
ilar, apart from the slightly different relative intensity of the inelastic
doublets and the DHO profiles having slightly lower undamped fre-
quencies. The reason for this discrepancy is subtle and ultimately
relates to the convergence of the spectral moments incorporated in
the EET description.

A comment is worth making concerning the EET fits in the
Q range (around the wavevector Qp ≃ 17 nm−1, corresponding to
the main peak of the static structure factor in liquid ethanol), where
the well-known propagation gap of longitudinal waves takes place,
causing the vanishing of their frequency Imzj. In such a Q region,
appropriate EET modeling requires substituting the longitudinal
complex pair found at other Q values (i.e., outside the gap) with two
real modes. However, in such conditions, the fits become unstable
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and do not properly determine the three central lines (one relaxation
mode plus the two real modes related to the overdamped longitudi-
nal spectral component). Therefore, at Q = 17.24 and 20.50 nm−1,
we assumed a simplified model consisting of one central Lorentzian
and two complex pairs, the latter accounting only for the lowest and
highest frequency modes detected by the EET approach outside the
gap. Notice that, for a meaningful comparison with the parameters
Ωj of the DHO lineshapes, in displaying the EET frequencies, we plot

the corresponding quantities Ω j =
√
(Rez j)2 + (Imz j)2.

III. DISCUSSION OF RESULTS
A. The liquid phase

Figure 1 compares the IXS spectra of liquid water and ethanol
with corresponding fitted model lineshapes and individual low-
frequency (green line) and high-frequency (blue line) components,

here assigned to transverse and longitudinal acoustic modes, respec-
tively. All these model lineshapes include the detailed balance factor
and are resolution-convoluted. The semi-logarithmic plot empha-
sizes the agreement between raw spectra and fitted lineshapes across
the various decades spanned by the intensity profiles. While the
water spectra in Fig. 1 have been shown in our previous work,16

ethanol measurements are discussed here.
Both samples display a spectral shape fairly typical for liquid

systems, mainly featuring wide and loosely resolved inelastic shoul-
ders on the side of a dominant central peak. As it appears from the
central panel of the left column, the side shoulders make the spec-
tral shape of the sample neatly distinguishable from the resolution
profile, also reported after appropriate re-scaling. In the same plot,
the algorithm-estimated background is also included for reference;
its comparison with the sample spectrum emphasizes that an excel-
lent signal-to-noise ratio was achieved in the measurement, even in
the region of spectral tails.

FIG. 1. A few representative IXS spectra (dots), measured on liquid ethanol in this work and on water in our previous work in Ref. 16 at the Q values and temperatures
indicated, are compared with their optimal model lineshapes (red line) and their transverse acoustic (green line) and longitudinal acoustic components (blue line). In the
middle left panel, the dash–dotted black line indicates the experimental resolution profile, and the wine–dotted line is the estimated linear background. Model lineshapes were
obtained with the Bayesian inference method described in the text.
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FIG. 2. IXS measured spectra of ethanol at 160 K and at two high Q values are
reported on a linear and expanded scale. The lines and symbols are as in Fig. 1.

One can readily notice that, at Q larger than 9 nm−1, water
spectra bear no evidence for a longitudinal mode at all, unlike their
ethanol counterparts. Partly, the disappearance of the longitudinal
acoustic mode owes to the limited energy transfer range spanned by
the measurement in water. However, it also stems from the steep
Q-increase of the longitudinal damping in liquid water. Conversely,
in ethanol spectra, the longitudinal mode always contributes to a
sizeable portion of the inelastic signal. In the ethanol spectrum at
Q = 20.5 nm−1, the longitudinal mode appears as a single featureless
quasielastic peak, as is to be expected when Q is in the proxim-
ity of Qp. The longitudinal mode might be visible at Q as large as
30.4 nm−1, as shown in Fig. 2. There, one can find more convinc-
ing evidence of the persistence of a double shoulder feature in the
spectral profile of ethanol by looking at the spectral shape on a lin-
ear scale and in an expanded view. Although the lower frequency
mode largely dominates the high Q scattering profile of ethanol, the
longitudinal one remains visible well beyond Qp.

There are sound reasons to ascribe the lower frequency mode
to a transverse acoustic excitation. One may object that, although in
water, the transverse acoustic nature of the lower frequency inelas-
tic mode is supported by abundant evidence,7,17,18,41 no comparable
evidence supports the onset of transverse acoustic propagation in
the terahertz spectrum of the density fluctuations. However, the
density of states42 and coherent neutron scattering11 measurements
did indicate the existence of such a transverse acoustic mode in
the dynamic response of ethanol. Furthermore, a similar trans-
verse acoustic excitation was later found in methanol.9,10 Finally,
the dispersion behavior and energy of the low-frequency mode
observed here resemble those of the transverse acoustic mode
already observed in a broad class of disparate liquids.43

The onset and high Q persistence of a double excitation pro-
file have been observed using both approaches discussed in the
previous section. As mentioned, when the reduced χ2 is properly
minimized, the EET-based curve fitting exploiting the EET indicates
the presence of a third high-frequency mode. It is reasonable to infer
that the sum rules compliance, owing to the more rapid decay it
induces on spectral wings, enables the EET modeling to spot barely

emerging high-frequency spectral features. On the other hand, the
limited energy transfer range explored makes the evidence of this
third excitation hardly robust enough to draw any conclusion on
its phenomenology and dispersive behavior. We only remark a per-
haps significant resemblance of this mode with the one we previously
observed in methanol,9,10 which indeed appeared as a weakly dis-
persing excitation with an energy between 26 and 30 meV, which
ascribes to a typical vibration mode in hydrogen bonded liquids. In
Fig. 3, a comparison at selected Q values is shown between the fits of
the spectral lineshapes obtained using the Bayesian approach and the
EET. Although the Bayesian analysis did not find sufficient experi-
mental evidence for a third inelastic mode, the overall agreement
between the two analysis methods is quite evident, especially in the
characterization of the two acoustic modes.

Until now, we have gained a coherent understanding of the
qualitative differences between the spectral responses of ethanol
and water, two samples characterized by a hydrogen bond net-
work of different rigidity and topology. To complement the out-
lined scenario, we add a few general considerations on the IXS
spectral density of ethanol measured at temperatures higher than
160 K. At these temperatures, the spectra measured in ethanol can
be consistently described by using a single highly damped DHO
profile, as briefly discussed in the supplementary material. This find-
ing indicates that, at variance with liquid water, the spectrum of
ethanol at moderately low or ambient temperatures does not dis-
play direct evidence for a transverse excitation. This trend is likely
a consequence of the highly damped nature of collective modes
and the consequent difficulty in mutually resolving them in the
lineshape.

Finally, we remark that a meaningful indicator of damping
effects is the ratio of the damping to the excitation frequency. At
Q = 13.9 nm−1, the values of this ratio are 0.40 and 0.25 for the trans-
verse and longitudinal excitations, respectively. The corresponding
values at Q = 30.4 nm−1 are 0.58 and 0.45. In general, the relative
damping of the transverse mode in ethanol is consistently slightly
larger than in its longitudinal counterpart.

B. Exploring the solid phase
So far, we have discussed qualitative aspects of ethanol and

water spectra in the liquid phase. A question arises about how the
observed behavior changes when the two samples are in the solid
phase, where differences in the HB rigidity are arguably more pro-
nounced. Figure 4 addresses this question directly by comparing
a selection of IXS spectra measured with the same spectrometer
either on polycrystalline ice Ih or in monoclinic crystal ethanol at
the respective temperatures of 225 and 50 K and at similar Q values.
Again, measurements on ice are those already discussed in our previ-
ous work,16 while their ethanol counterparts were performed in this
work. Notice that spectral measurements on ethanol cover a broader
Q range due to the need to fully capture the tails of the broad inelastic
shoulders. From a qualitative inspection of the plots, a few general
trends readily emerge: (1) Despite the much higher temperature,
ice spectra display sharper inelastic peaks, as expected for a highly
ordered and “rigid” system whose sound velocity is significantly
higher than in ethanol. (2) The longitudinal phonon of ice, albeit
dominant at low Q, rapidly loses visibility as Q increases, disappear-
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FIG. 3. IXS spectra measured at representative Q’s and T = 160 K discussed in this work (open circles) compared with corresponding fitted lineshapes (red lines through
data) along with their inelastic model components (see text): the low-frequency transverse mode (green line) and the longitudinal acoustic mode (blue line). Left column:
best fit as determined by the Bayesian analysis exploiting an MCMC-RJ23 algorithm. Right column: best fit as obtained by the EET theory. The pink line corresponds to the
high-frequency mode revealed by the EET. Error bars are estimated as the square root of the scattering intensity counts.

ing entirely at Q = 21 nm−1. This trend can be readily appreciated by
following the dashed arrow marking the Stokes peak position. (3) At
even higher Q, no measurement is available for ice, while the ethanol
spectra exhibit a longitudinal peak of sizable intensity, as suggested
by the two optimal DHO model profiles, also included in the plot for
reference.

C. The dispersion curves
Our last considerations focus on a more quantitative aspect,

such as the dispersion curve of the two acoustic branches of ethanol

and water as derived in the liquid and solid phases and how these
relate to existing literature data. Figure 5 compares these dispersion
curves with literature results42,44 for the density of states (DoS) mea-
sured in the crystalline phases of ethanol and water. The same plot
also includes the IXS measurement on the crystal monoclinic phase
by Matic and collaborators,15 who did not observe distinct trans-
verse modes, as mentioned in the introductory section. For liquid
ethanol, the EET results are also shown in Fig. 5. A good agreement
between the EET and Bayesian determinations of the transverse and
longitudinal branches can be readily appreciated. However, as dis-
cussed in Sec. II B, EET fails to identify the longitudinal undamped
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FIG. 4. IXS spectra measured at representative Q’s for crystalline ethanol and
pure ice. Spectral shapes are normalized to their maximum intensity, attained at
the elastic scattering position E = 0, and ethanol spectra are vertically offset for
clarity. At the largest Q values, only the spectra for ethanol are available and com-
pared with corresponding fitted lineshapes (red lines through data). In addition, the
inelastic DHO model components are included for reference: the low-frequency
transverse mode (green line) and the longitudinal acoustic mode (blue line). The
dashed arrow on the left plot marks the position of the Stokes peak corresponding
to the longitudinal acoustic mode in pure ice.

frequency at the two Q values close to Qp, which explains why two
green points are missing in the figure. Moreover, the position of
the highest frequency mode of the EET spectrum is also plotted
for reference. Although we currently do not have a clear under-
standing of the physical origin of this additional dispersion branch,
we already noticed its resemblance to a similar high-frequency
mode previously found in methanol and ascribed to hydrogen
bonding.10

Concerning ice, one can readily appreciate the excellent agree-
ment between the energy position of the DoS peaks and the maxima
of the dispersion curves, where, due to the vanishing Q-derivative
of Ω, there is indeed a pile-up of phonon states, commonly referred
to as Van Hove singularity.45 The dashed horizontal arrows in the
plot show a correspondence between dispersion curve maxima and
poles in the DoS. Data include both the longitudinal acoustic (higher
energy) and transverse acoustic (lower frequency) dispersion curves,
as measured in water in previous IXS works.16,17

Although a similar correspondence also exists in ethanol data,
the two samples appear to drastically differ in at least two related
aspects, as follows:

(1) In ethanol, the distance between the DoS maxima corre-
sponding to the longitudinal acoustic and the transverse
acoustic dispersion branches is much smaller than in ice.

(2) The corresponding DoS features of ethanol are visibly
broader, thus preventing a proper resolution of the longitudi-
nal acoustic and transverse acoustic contributions, the latter
mostly appearing as a side shoulder. Both features seem to
be manifestations of the higher rigidity of the HB network
in ice compared to the HB-induced structures in ethanol.
More specifically, they appear to reflect this rigidity in the
lifetime of density fluctuation, which in ice is longer and
sharper.

Finally, in Fig. 6, for completeness, we report the dispersion
curves of the acoustic longitudinal and transverse modes measured
in this work for the crystalline phase compared with the disper-
sion of the longitudinal acoustic mode previously observed by Matic
et al.15 The comparison highlights the consistency between inde-
pendent measurements taken almost two decades apart. Moreover,
the excellent agreement between the longitudinal dispersion mea-
sured in liquid and solid ethanol can be readily appreciated. The
absence of a transverse branch in the measurement by Matic and
collaborators in the solid phase may appear more baffling, given the
expected higher ability of a solid to support shear acoustic propaga-
tion. The most likely explanation is the inherent limitation in both
count statistics and resolution combined with the tendency of the
line shape to preserve its liquid-like nature, i.e., its significant damp-
ing and low propagation speed, well below the melting, as extensively
discussed in this work.

FIG. 5. Left panel. The following dispersion curves are shown: the longitudinal
acoustic mode (black triangles) in monoclinic crystal ethanol as measured by Matic
et al.15 with the x-ray synchrotron beamline ID 16 at ESRF (Grenoble, France); the
transverse acoustic (TA) (empty black dots) and longitudinal acoustic (LA) modes
(full black dots) of liquid ethanol measured in the present work by the Sector 3
beamline at APS (Argonne, USA) in a higher Q momentum transfer interval; the
TA (empty red dots) and LA (full red dots) modes in liquid water as in Ref. 16;
the LA (dashed red line) determined by Pontecorvo et al.17 Finally with full cyan,
green and yellow dots the three excitation frequencies as determined by the EET
are shown. Right panel. Density of states in monoclinic crystal ethanol42 (black)
and in Ic ice44 (red).
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FIG. 6. Dispersion curves of the longitudinal acoustic mode in monoclinic crystal
ethanol as measured by Matic et al.15 with the x-ray synchrotron beamline ID 16 at
ESRF (Grenoble, France) (black dots) and of the transverse acoustic (TA) (red tri-
angles) and longitudinal acoustic (LA) modes (red dots) of crystalline (monoclinic)
ethanol measured in the present work by the Sector 3 beamline at APS (Argonne,
USA) in a higher Q momentum transfer interval and at T = 50 K. The red dot line
is a guide for the eye.

IV. CONCLUSION
In conclusion, we have measured the IXS lineshapes of ethanol

in both its crystalline (monoclinic) and liquid phases. The IXS spec-
tra were analyzed with two parallel approaches, either based on a
Bayesian inference method on a model having an adjustable number
of simple damped harmonic oscillator profiles or with an expo-
nential expansion theory model on which a few sum rules were
imposed. In either case, we found solid evidence for a double-mode
structure arising from longitudinal and transverse acoustic propaga-
tion. The comparison with recent measurements on water suggests
that due to the weaker hydrogen bonding, longitudinal and trans-
verse acoustic modes in ethanol are significantly broader and sit
at closer energy than in water, with these differences becoming
especially pronounced in the crystal phase. This substantial acous-
tic damping, combined with energy resolution limitations, makes
the proper resolution of the two acoustic modes challenging and,
in the past, has likely prevented the appropriate observation of a
transverse excitation in the ethanol spectrum. Finally, measured
scattering profiles show evidence for an additional high-energy spec-
tral mode already observed in methanol, whose physical origin
remains obscure, although it has been associated in the past with
the presence of H-bonding. Properly characterizing this higher fre-
quency feature prompts further measurements or simulation efforts

covering a broader energy range, possibly including other systems
having hydrogen bond networks of different topologies and site
connectivity.

In summary, the main result of the present work is the observed
similarity of the dynamics response of ethanol in the liquid and crys-
talline phases. As surprising as it is, this observation is consistent
with previous literature, which is here complemented by the com-
parison with a more interconnected system, such as water. We are
urged to associate the observed differences to the quite distinctive
hydrogen bond properties of ethanol and water.

It is finally important to point out the inherent challenges
associated with a clear-cut distinction between the diffusive or
propagating nature of collective modes in complex systems. This
difficulty also arises from the low energy and large damping of
these modes, which can lead to their partial overlap. Further chal-
lenges stem from the resolution broadening, the limited count
statistics, and the narrow energy range covered. To cope with all
these issues, it becomes essential to resort to modeling approaches
that are physically grounded and inherently unbiased. In this spirit,
the present work discusses the first attempt to combine the rigor
and generality of EET with the rooting into evidence of the Bayesian
method. A natural extension of the presented analysis can be accom-
plished by integrating these two approaches into a single modeling
framework.

SUPPLEMENTARY MATERIAL

We included a few additional figures and related comments in
the supplementary material. The first figure shows a comparison of
inelastic x-ray scattering spectra collected at three different temper-
atures: just above the melting point and at two higher temperatures.
The second figure shows that ethanol spectra collected at temper-
atures higher than those probed in this work have an essentially
featureless shape, simply appearing as a visibly broadened single
peak. Finally, in the third figure, we show that EET and the Bayesian
analyses provide identical results once the reversible jump option is
switched off and a three-mode model is imposed on the data.
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“Density of phonon states in cubic ice Ic,” J. Phys. Chem. C 125, 23533–23538
(2021).
45L. Van Hove, “The occurrence of singularities in the elastic frequency
distribution of a crystal,” Phys. Rev. 89, 1189–1193 (1953).

J. Chem. Phys. 159, 244501 (2023); doi: 10.1063/5.0180961 159, 244501-10

Published under an exclusive license by AIP Publishing

 22 D
ecem

ber 2023 13:07:38

https://pubs.aip.org/aip/jcp
https://doi.org/10.1103/physreve.73.061203
https://doi.org/10.1103/physreve.85.022102
https://doi.org/10.1103/physreve.87.062133
https://doi.org/10.1103/physreve.90.032106
https://doi.org/10.1103/physreve.95.012141
https://doi.org/10.1103/physreve.95.012108
https://doi.org/10.1103/physrevb.102.054210
https://doi.org/10.1103/physrevb.104.174204
https://doi.org/10.1155/2015/137435
https://doi.org/10.1103/physrevlett.82.1193
https://doi.org/10.1080/14786435.2015.1096975
https://doi.org/10.1021/acs.jpcc.1c07647
https://doi.org/10.1103/physrev.89.1189

