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Abstract

Among the three basic states of matter, solid,
liquid, and gas, the liquid state has always
eluded general theoretical approaches for de-
scribing liquid energy and heat capacity. In
this Viewpoint, we derive the phonon theory
of liquids and biological fluids stemming from
Frenkel’s microscopic picture of the liquid state.
Specifically, the theory predicts the existence
of phonon gaps in vibrational spectra of lig-
uids and a thermodynamic boundary in the
supercritical state. Direct experimental evi-
dence reaffirming these theoretical predictions
was achieved through a combination of tech-
niques using static compression X-ray diffrac-
tion and inelastic X-ray scattering on deeply
supercritical argon in a diamond anvil cell. Fur-
thermore, these findings have inspired and then
led to the discovery of phonon gaps in liquid
crystals (mesogens), block copolymers, and bi-
ological membranes. Importantly, phonon gaps
define viscoelastic crossovers in cellular mem-
branes responsible for lipid self-diffusion, lateral
molecular-level stress propagation, and passive
transmembrane transport of small molecules
and solutes. Finally, molecular interactions me-
diated by external stimuli result in synaptic ac-
tivity controlling biological membranes’ plastic-
ity resulting in learning and memory. There-
fore,we also discuss learning and memory effects
— equally important for neuroscience as well as

for developments of neuromorphic devices — fa-
cilitated in biological membranes by external
stimuli.
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Phonons are quantized vibrations of atoms
and molecules in crystalline solids, also known
as quantized normal modes.T These quantum
mechanical quasiparticles are massless and be-
have like particles in momentum space (i.e.,k-
space). Importantly, phonons play the cen-
tral role in the Debye theory of solids, where
the solid is treated as N non-interacting har-
monic oscillators.2 The theory was originally
introduced in 1912 and adequately covers low
temperature (Debye T?-law) and high temper-
ature behavior (Dulong-Petit law) of the spe-
cific heat of solids.2 The heat capacity of ma-
terials, both classical and quantum, is one of
the most important thermodynamic properties
and the phonon theory has enjoyed a century of
success in describing this property in the solid
state. Despite this rapid and sustained success
of the atomistic description of solids in early
20th century,2# a similarly powerful, molecular
theory of liquids — accounts for the mathemat-
ically general expression for liquid energy and
heat capacity — remained elusive for the follow-
ing century.?

The historical gap between the theories of
heat capacity for liquid and solid states has a
few explanations. First, intermolecular interac-
tions in liquids are system specific and strong,
while molecular displacements are large. In
this regard, the formulation of a mathemat-
ically rigorous, general theory of liquids has
never been considered as practically feasible.
Second, this sentiment was predominantly ad-
vocated by Landau’s school,® which was very
influential at the time. Specifically, Landau’s
argument was rooted in the fact that vibra-
tional energies of liquids cannot be calculated
in general form due to the lack of a small pa-
rameter, implying that it is not physically jus-
tified to expand the internal energy of a liquid
in terms of squared atomic displacements, as it
was done in the phonon theory of solids.2 At
the same time, Frenkel did not follow the pop-
ular trend of the time. Notably, Frenkel’s pro-
found physical intuition helped him to keenly
elaborate on a microscopic picture of the lig-
uid state.? As a result, Frenkel’s genuine idea —
not mathematically rigorous though — inspired
further theoretical activity, eventually leading

to the development of a theory for the specific
heat capacity of liquids using frameworks based
on the solid state approach, bridging the half-
century historical gap.89
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Figure 1: A microscopic picture of a relaxation
process in a liquid with a characteristic relax-
ation time 7 proposed by Frenkel.®? It repre-
sents atomic jumps of a reference atom (orange)
with respect to its neighboring atoms (blue)
as a result of their two consecutive rearrange-
ments. At times shorter than the relaxation
time 7, the atomistic neighborhood of the ref-
erence atom is practically a disordered solid,
implying that both compression and shear elas-
tic waves can pass through. However, at longer
times, when a local atomic neighborhood is
structurally rearranged and relaxed, it is prac-
tically a liquid, where shear elastic waves are
not supported anymore.

There are additional reasons for the delay in
the development of the phonon theory of lig-
uids. First, the liquid state was historically ap-
proached from the gas phase, where specific in-
termolecular interactions were treated as small
perturbations, including but not limited to the
virial expansions, cluster expansions, Meyer ex-
pansions, Percus-Yevick based approaches, and
hard-spheres models, " to name a few. Sec-
ond, and perhaps a more significant reason
for the time lag, was the relatively slow de-
velopment of cutting-edge experimental tech-
niques to probe molecular interactions in lig-
uids such as energy transfer-resolved and mo-
mentum transfer-resolved inelastic X-ray and
neutron scattering (IXS/INS). 12113

Fig. schematically illustrates a micro-
scopic picture of a relaxation process in a liquid



proposed by Frenkel.? Specifically, Frenkel in-
troduced a relaxation time 7, which can be de-
fined as the average time between two consecu-
tive, local rearrangements of neighboring atoms
(blue) surrounding a reference atom (orange).
Such consecutive atomic jumps result in the
process of liquid flow from a microscopic point
of view. Importantly, this microscopic picture
of liquids implies that at short times (¢t < 7) the
molecular neighborhood of a reference atom, see
Fig. , is practically a disordered solid, and as
such it is able to support both the propagation
of compression and shear waves. However, at
longer times (¢ > 7) the reference atom is able
to diffuse away from its atomic neighborhood,
due to its local structural rearrangements, los-
ing the ability to be responsive to elastic shear
waves. Furthermore, this microscopic picture
of the liquid state was taken into account as
the molecular basis for the development of the
phonon theory of liquids.” As a result, the ex-
istence of a new thermodynamic boundary in
the supercritical state was proposed,®4? and
dubbed the Frenkel line.1°

In general, the vibrational density of states
g(w) defines the number of phonon states in the
reciprocal k-space of a angular frequency w in a
given frequency interval between w and w + dw.
The density of states reads as:
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where L and T stand for longitudinal and
transverse phonon modes, respectively.® In con-
trast to the Einstein approximation, where the
phonon density of states is represented by the
Dirac §-function,”* we have g(w) ~ w? in the
Debye approximation.” Therefore, the number
of phonon states g(w)dw having angular fre-
quencies between w and w + dw is given by:

o) = 5oz |3 + 5| = o @ <an) ()
o) =0 (> wp) 3)

where ¢; and ¢; are the longitudinal and trans-
verse sounds velocities, and wp is the highest
frequency supported in a system, namely the

Debye frequency. As a result, the Debye fre-
quency is determined by:

/0 ¥ g(w)dw = 3N, )

where N is the number of atoms.? The sound
velocity in a system depends on the direction
of the sound propagation, which means that,
generally, ¢; # ¢;. Here, we will use the Debye
approximation in which

ag=c¢=c sothat wy=ck (5)
This is important in the phonon theory of lig-
uids as we expect liquids to remain isotropic,?®
without any high-symmetry directions as in
crystalline solids.*

A general expression for liquid energy can
be derived on the basis of a standard statisti-
cal mechanics procedure by defining a partition
function of a liquid.® The partition function
Z for a liquid system of identical harmonic os-
cillators can be written as:

z=11%: (6)

where oscillators numbered by j, and more ex-
plicitly as:

X~ b, . hwj -1
1:[Zj —;e BT = [QSlnh leBTH ,
(7)

where wj is the angular frequency, 7" is the tem-
perature, kg is the Boltzmann constant. Once
the system’s partition function has been calcu-
lated, the free energy, F' = —kgT'In Z, is given
by:

F=Ey+ksT) In (1 —e‘k&), (8)

J

where Ej is the zero-point energy. Taking into

account the effect of thermal expansion (%—“’ #+

T
0) the internal energy,” E = —T? [3% (%) VN’

is given by:
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Furthermore, we use quasi-harmonic Griineisen
approximation,” which results in g—;ﬂ = —%,
where « is the coefficient of thermal expan-
sion.” Incorporating the expression for the
thermal expansion into Eq. @ gives:

oT hw;
E:EO+(1+7>ZEW—] (10)
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Finally, a general expression for liquid energy
in the framework of the phonon theory of liquids
— no low-frequency shear phonon contributions:
w; < wp — with incorporated anharmonic effects
reads as:”

E=NT {1 + %} {31) (Bhwp) — :j—fp (Bhwr) | ,

D

(1)
where D(0) = % 00 ffi“’i is the Debye function,
wr is the Frenkel frequency, 3 = (T)7! is the
reciprocal of temperature 7', where kg = 1. Im-
portantly, wr defines the lower frequency bound
for transverse phonon excitations.” Eq.
spans both quantum and classical limits. It is
noteworthy that this framework for the phonon
theory of liquids has successfully predicted 21
different liquid energies and heat capacities of
monatomic noble liquids and molecular lig-
uids such as hydrogen sulphide, methane, and
hydrogen-bonded network liquids.” Specifically,
the theory was able to reproduce a drop in heat

capacity (cy = (%%)N: 3kp KN 2kg) within
wide temperature ranges, in a good agree-
ment with experimental data.” The Frenkel fre-

quency wr is calculated via

2 271G oo
CUF(T) = = s (12
1)~ D) )
where G, is the infinite-frequency shear mod-
ulus, 7 is the viscosity, and 7 = Z- is

the Maxwell relationship for the relaxation
time 7 originally introduced in 1867.“" Ex-
perimentally measured viscosities of liquids
are available at the National Institute of
Standards and Technology (NIST) database
(https://webbook.nist.gov /chemistry /fluid /).
In the early 1800s, Dulong and Petit proposed
a thermodynamic law for specific heat capacity
cy of different chemical elements in the solid

phase stating that it is constant — ¢y = 3k —
at temperatures far beyond the absolute zero.
Here, we can immediately derive this empiri-
cally observed result from Eq. . First, we
recall an important limit of the Debye func-
tion: D(o) = 1, when ¢ — 0. Therefore,

hwp
D kpT

T — oo limit. As a result, liquid energy and
specific heat capacity in the classical limit reads
as:

— 1 at elevated temperatures in the

T
E = 3NksT <1 4 O‘—)

2
v =
where wp = 0 in the solid phase. Finally, the

Dulong-Petit law derived in the harmonic ap-
proximation (a = 0) from Eq. reads as:

(13)
= 3kg(1 4 aT),

cy = kBi-T(l—i—O)(S-l—O-l) = 3kp (14)
oT

Mind the phonon gaps. Importantly, the

phonon theory of liquids can be derived on a

more general basis by introducing a Hamilto-

nian:?%22 g = H, + H;,,. H, describes the

dynamics of the phonon field in a harmonic ap-
proximation:

1
Hy = 3 Z [T, 4+ pwpQRQ7, ] (15)

wi <wpD

and H;,; represents higher order phonon inter-
actions:

A
= 3 |-har ] oo

Wi <wp

Here, k is the multi-index {ki, ko, k3} for the
wavevector values corresponding to three spa-
tial directions, p is a parameter that takes a
value 1 or 0, and v = (l,¢,t) is another set
of indices with [ and ¢ standing for the longi-
tudinal and transverse phonon modes, respec-
tively. The parameters g, A € RT are real non-
negative coupling parameters. II] and @] are
collective canonical coordinates, where |Q)| =
(QIQ7 )2 When w, < wy, the potential
terms in the Hamiltonian [second term in Eq.

([15) combined with both terms in Eq. ([L6)]



have minima which break the rotational sym-
metry of the phonon excitations from SO(3)
to SO(2).%%22 Phonon excitations around the
ground state ()] can be written as: Q) =
QL+ ¢}, where ¢} and gogt are longitudinal and
transverse phonon scalar fields. For a chosen
vacuum state,i. e., the lowest energy state in
a field which breaks the rotational symmetry
when wy, < wy, we have Q] = 63|Q)| and the
effective Hamiltonian for the excitations around
this state reads

1
Hlge =5 > [T+
0<wg<wp

1
5 O lwiadd+ Y Wil

0<wg<wp wr <wi<wp

(17)

The effective Hamiltonian is the operator cor-
responding to the total energy E of a sys-
tem in the liquid state, Hy = FE¢, includ-
ing both kinetic energy and potential energy
in Eq. (11). It has a subtle spectral feature
regarding low-frequency transverse phonon ex-
citations [see last term in Eq. ] Specifi-
cally, low-frequency transverse phonon excita-
tions are heavily overdamped due to non-linear
phonon interactions. The absence of these ex-
citations was dubbed phonon gaps (0 < w};’t <
wr).“*2 Furthermore, the existence of phonon
gaps — energy transfer E-gap and momentum
transfer (-gap — in spectra of liquid argon was
observed via inelastic X-ray scattering (IXS) in
a diamond anvil cell.??

Thermally triggered, overdamped low-
frequency shear elastic waves (transverse
phonon gaps) result in a disappearance of the
long-range order pair correlations.*® Further-
more, the temperature increase leads to the pro-
gressive disappearance of both medium-range
order pair correlations and high-frequency

N tt T
transverse phonon excitations (wF <w, — wp,

therefore, cy: 3kgp KN 2kg). A complete dis-
appearance of both high-frequency transverse
phonon excitations in the harmonic approxi-
mation (o =0, wgp = wp, cy = 2kp, see Eq.
(11)), and medium-range order pair correla-
tions is the manifestation of the new ther-
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Figure 2: Argon pressure-temperature, P — T,
phase diagram with a newly discovered ther-
modynamic boundary, adapted from Bolmatov
et al.”¥ Compelling experimental evidence of
the boundary was provided through static com-
pression X-ray diffraction®* and inelastic X-ray
scattering on deeply supercritical argon in a di-
amond anvil cell.”” The inset shows the experi-
mental P — T path over X-ray diffraction mea-
surements.“*



modynamic boundary (see Fig. on the
pressure-temperature phase diagram, dubbed
the Frenkel line.'% Direct, compelling experi-
mental evidence for the new thermodynamic
boundary demarcating liquid-like and gas-like
subdomains of the supercritical state — a sin-
gle state,*## rather than the previously er-
roneously assumed two states of mattert®-
was achieved through static compression X-ray
diffraction and IXS in a diamond anvil cell on
deeply supercritical argon.?#2%' As a result, this
experimental evidence has stimulated much in-
terest in studying a myriad of thermodynamic,
structural, and dynamic properties of super-
critical state in the vicinity of the Frenkel line
and beyond. #0748

The phonon theory of liquids has also been
widely utilized as a theoretical framework in ap-
plied and fundamental research such as nanoflu-
idics, supercritical fluids technologies, confined
liquids, heat transfer and thermal conductiv-
ity, solid/liquid interfaces, and planetary sci-
ence,® to name a few. For instance, it
was demonstrated that in gas giants such as
Jupiter and Saturn, supercritical hydrogen has
a crossover in all its major thermodynamic
properties at approximately 10 GPa and 3000
K. As a result, determination of the Frenkel line
in supercritical Hy enabled a demarcation of the
boundary between interior and atmosphere in
gas giants.®% Moreover, a precise location of the
Frenkel line’s thermodynamic boundary in su-
percritical CO5 revived the long-standing ques-
tion whether Venus may have had carbon diox-
ide oceans, which presumably influenced the
formation of the present terrestrial landscape of
the planet.®” The theory was also used in study-
ing exotic properties of liquid helium at elevated
pressures and supercritical temperatures. Un-
expectedly, it was discovered that liquid *He in
the very wide pressure range (5 MPa-500 MPa)
is both solid-like and quantum.®®

En route from simple liquids to biological
fluids. The existence of phonon gaps (0 <
W' < Wyap, Where wy,, is the lower frequency
bound for transverse phonon excitations) in vi-
brational spectra of liquids inspired a further
search for such spectral gaps in complex, soft
(non-crystalline) and biological materials. In-

deed, the field theoretic approach — the ef-
fective Hamiltonian, Eq. — was derived
on a general basis, implying that any disor-
dered materials may have spectral, transverse
phonon gaps as a result of the overdamped na-
ture of shear elastic waves beyond their short-
range propagation. However, there is a lim-
ited number of experimental techniques capa-
ble of probing collective motions at the molec-
ular level. IXS/INS are unique examples of
non-invasive, 144 energy transfer-, and momen-
tum transfer-resolved spectroscopy techniques,
enabling measurements of collective, short-
lived (picoseond), and short-range (nanome-
ter) phonon gaps and phonon excitations of
disordered materials. These measured excita-
tions and their vibrational patterns can be de-
scribed by the theoretical framework, see Eq.
(L7). Furthermore, phonon gaps in soft (dis-
ordered, non-crystalline) materials have been
experimentally observed , for the first time, us-
ing IXS in liquid crystals (mesogens),**" block
copolymers,®® and most importantly in biolog-
ical membranes.?192

Biological membranes are two-dimensional
(2D) fundamental building blocks of cells, defin-
ing the boundaries between their extracel-
lular and intracellular biological fluids. In
fact, biomembranes are semi-permeable 2D flu-
ids, and are also found in eukaryotic cellu-
lar organelles such as the nucleus, autophago-
somes, chloroplasts, and mitochondria, contain-
ing the molecular machinery to facilitate their
different functions.”® Dipalmitoylphosphatidyl-
choline (DPPC) bilayer is a phospholipid —
the major phospholipid constituent of the pul-
monary (lung) surfactant — consisting of two
hydrophobic tails (palmitic acids) attached to
hydrophilic headgroup (phosphatidylcholine).*
DPPC lipids can be used to create phospholipid
membranes that contain two leaflets. Figure
(a) shows the IXS scattering geometry of the
DPPC bilayer. In IXS experiments,”* an in-
cident X-ray beam of energy FE; and momen-
tum k; — A =1 — scatters away with energy F;
and momentum k; mainly due to interactions
with electrons, see Figure [3a). Importantly,
phonon excitations originate from thermally-
triggered density-density fluctuations. As a re-
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Figure 3: Phonori ey)ccitations, phonon gaps, and(viécoelastic crossovers in biological membranes.
(a) Schematic of the IXS scattering geometry of phospholipid bilayers. The scattering plane is
orthogonal to the figure plane. IXS selected spectra at @ =3.89 nm™! of a DPPC membrane,
measured within -20 meV — 20 meV energy range, at 20 °C in the gel phase (b) and at 45 °C
in the fluid phase (c), respectively. (d) Schematic illustration of a elastic-to-viscous crossover
experienced by a transient lipid raft that is surrounded by transient nanopores/membrane voids. As
a result, this relaxation process of transient lipid rafts enables the lateral molecular level mechanical
stress propagation in biomembranes.?? (e) Longitudinal and transverse phonon modes of the DPPC
membrane providing first compelling experimental evidence for a thermally triggered @Q-gap (phonon
w(Q)

gap) in biological materials. (f) Damping ratios R = o) of longitudinal and transverse phonon

modes are presented as a function of Q in the gel phase, and in the fluid phase (see inset).”! (g h)
IXS vibrational spectra at a physiologically relevant temperature of 37 °C of fluid phase DMPC-
Cholesterol and DMPC-Cholesterol-Melatonin membranes. The presence of 27 mol% melatonin
leads to the acoustic phonon gap closing.?2

sult, the scattered beam carries information on
phonons corresponding to the scanned energy
transfer ¥ = Ey — E; and momentum trans-
fer Q = ky — k;. ¥ Furthermore, IXS phonon
spectra and their spectral lineshapes, see Fig-
ure (b,c), can be fitted utilizing the Damped
Harmonic Oscillator (DHO) model given by:

N
A Q)T (Q)E?(Q)E?
pio = Y BT
2 B~ Q) + [,QF)

(18)

where FE; is the average excitation energy,

A;(Q) is the amplitude of a single inelastic

(E; # 0) phonon excitation, and I';(Q) is

the half-width at half-maximum of a vibra-
tional peak.™ Each selected IXS spectrum has
a specific number of vibrational peaks within
a scanned energy range. In Figure |3| b and ¢
are IXS spectra at @ =3.89 nm~! of the DPPC
bilayer in the gel phase at 20 °C and in the
fluid phase at 45 °C, respectively. The exper-
imental data (black squares) with error bars
are displayed along with the best least squares
fits (red solid curves) utilizing the DHO model
with two phonon excitations. Low- and high-
energy DHOs are depicted as green and ma-
genta solid lines, respectively. Importantly, the
temperature increase from 20 °C to 45 °C tran-



sitioning from the gel to fluid phase leads to
the emergence of low-(F, ()) phonon gap in
the vibrational spectrum of the DPPC phos-
pholipid membrane, see the green line is ab-
sent in Figure [3| (¢).*! This was the first ex-
perimental evidence for the existence of phonon
gaps in biological fluids reaffirming the predic-
tions from the field theoretical approach, see
Eq. (17). The existence of phonon gaps in
DPPC phospholipid bilayers was then success-
fully validated through Brillouin neutron scat-
tering measurements.”? As a result, a molecu-
lar level mechanism was proposed for transient
lipid rafts (domains) surrounded by transient
nanopores (voids) responsible for the in-plane
self-diffusion of lipids, molecular-level mechan-
ical stress propagation, and passive transmem-
brane transport of small molecules (HyO, O,
CO,) and solutes,™ see Figure3|(d). It is worth
noting that boundaries of lipid rafts (domains)
have fractal dimensions.”"

Furthermore, each set of (E,()) points corre-
sponds to a single phonon mode, either longi-
tudinal or transverse branch, see Figure (3] (e).
Therefore, a precise determination of low-(F,
@) phonon gaps from the vibrational spectra
enables the determination of the size and life-
time of lipid rafts (domains), also known as
lateral membrane heterogeneities. Addition-
ally, closing of the phonon gap can be achieved
upon cooling a biomembrane as a result of
its viscosity drop, see Eq. (12). Intrigu-
ingly, inclusion of exogenous molecules such as
27 mol% melatonin — a hormone also indige-
nously produced by the brain’s pineal gland®® —
that strongly interacts with phospholipid head-
groups of cholesterol-enriched dimyristoylphos-
phatidylcholine (DMPC) bilayers results in the
(E, @) phonon gap closing as well,”* see
Figure (h).  This finding highlights the
protective properties of melatonin, where it
acts as a surfactant to preserve the struc-
tural integrity of biomembranes.”? A stabiliza-
tion property of melatonin was also observed
in both nanometer- and micrometer-sized lipo-
somes utilizing small angle neutron scattering
(SANS) combined with confocal fluorescence
microscopy and differential scanning calorime-

try (DSC). 1

Importantly, vibrational landscapes of biolog-
ical membranes can also be studied through
calculation of the longitudinal C7(Q, E) and
transverse Cr(Q, E') current correlation spectra
employing molecular dynamics simulations.”®
Specifically, phonon modes can be calculated
via the projection of lipid correlation functions
in directions along and perpendicular to the
wavevector @ parallel to the surface of the
membrane. 1 Furthermore, current correla-
tion spectra C’v(@, E) can be represented as:

= too . Sk o N
C.(Q, E) = /_ dt F TG, t) - 7,6, 1)),

o
(19)
where v = (L - longitudinal; T - transverse),
and the corresponding time-dependent current-
current correlation functions given by:

~

Jn(@t) = %ﬁ S° QG - (1)) OT(80)
Jr(Q,t) = \/LN Z@ X T (£)e 1@ Tn(D(21)

where @ is the unit vector along @, N is the
total number of molecules, and 7, (t) and U, ()
are coordinates and velocities of molecule m,
respectively. Thereafter, both longitudinal and
transverse phonon modes of biomembranes in-
cluding their phonon gaps can readily be ob-
tained by fitting CL(Q, E) and C7(Q, E) using
the DHO model.”®

Furthermore, the self-diffusion coefficient D
can be written as:

Dl = _67ﬁ7 (22)

where kg is the Boltzmann constant, T is the

temperature, f is the translational drag friction
2 . .

parameter,109 4 = T is the area of a transient

1
lipid raft (domain), d = 2% is the diameter

of the void ring, Qgap is ?ﬁ(g reciprocal space
phonon gap, see Figure 3fefg), A, = ndL
is the area of the void ring around the lipid
raft. Finally, the temperature dependent self-

diffusion coefficient can be represented as:#4
kgl _1i__=8(1)
Dl(T) = B—e 2 Qgap(T)Ry | (23)

S
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Figure 4: Lateral self-diffusion coefficient
D (T) of DPPC phospholipid bilayers calcu-
lated from Eq. and compared with the ex-
perimentally obtained values® % across three
major lipid phases: gel, ripple, and fluid. Black
dashed and dotted curves correspond to diffu-
sion coefficients calculated using fixed values of
B =2.86 and 8 =3.23, respectively.”

where 3 is the dimensionless displacement pa-
rameter of a lipid within the void ring, R; is
the van der Waals radius of a lipid, and L is
the width of the void ring %, see Figure (a).
Finally, Figure[d(b) shows a good agreement be-
tween the lateral self-diffusion coefficients cal-
culated from Eq. , using temperature-
dependant phonon gaps parameters,”® and ex-
perimentally obtained values™210% across all
major lipid phases, i.e., gel, ripple, and fluid.?®

Discusston. The Frenkel’s microscopic pic-
ture of simple liquids™ was key for the develop-
ment of the phonon theory of liquids® and dis-
ordered (non-crystalline) materials such as bi-
ological fluids at fundamental picosecond time
and nanometer length scales.*!' However, shear
frequency bands at much lower than sub-THz
frequencies were experimentally measured in
polymer-based meltsY1408 and analytically ex-
plained in the case of complex confined liquids
(0.01 - 0.1 Hz),*™ potentially relevant for tech-
nological advancements capable of heat/energy
management and sound manipulation.™" More-

over, a recently developed analytical model
of the vibrational density of states of liquids
(9(w) ~ w) provides new physical insights into
universality and low energy behavior of lig-
uids beyond the Debye approximation (g(w) ~
w?).

On a biologically inspired note, cells have
evolved a variety of active and passive mech-
anisms to regulate the molecular machinery
of lipid membranes.”® Among them, the force
from lipids (FFLs) is thought to play a cru-
cial role in enabling the cells’ different modes
of mechanical sensing, including molecular vi-
brations, sound waves, and changes in cellular
volume and shape, %3 to name a few. Re-
garding the molecular pillars of synaptic activ-
ity, the membrane-associated molecular mecha-
nisms based on the FFL have historically been
underappreciated, but clearly may play a sig-
nificant role. For example, free fatty acids
such as arachidonic acid, released by phospholi-
pase activity on membrane phospholipids, have
long been considered beneficial for learning and
memory, and are known mediators of neuro-
transmission and synaptic plasticity. 4 Addi-
tionally, membrane-associated processes may
also be interconnected with sensing and sig-
nal transduction. Specifically, synaptic plas-
ticity describes biological processes that enable
learning and memory due to the physicochem-
ical and electromechanical activities between
synapses.™ 22 The resultant patterns from these
brain activities can then lead to changes in
the connections between individual neurons, a
process taking place at the cellular-membrane
level, implying that biological membranes with
integral ion channels play a key role.? By
controlling the activity of the nanoscopic pore-
forming ion channels embedded in membranes,
one can manipulate the membrane’s resting po-
tential, and other membrane associated sig-
naling, simply by controlling the flow of ions
across the cellular membrane M%7 In doing
so, molecular interactions mediated by external
stimuli, e.g., periodic AC voltage waveforms,*®
result in synaptic activity controlling biologi-
cal membranes’ plasticity including their mem-
ory resistance (memristance) and memory ca-
pacitance (memcapacitance). = Therefore,



understanding the molecular scale mechanisms
underlying synaptic plasticity of membranes is
of fundamental importance in gaining insights
into the molecular basis of learning and mem-
ory. 19

In conclusion, synaptic plasticity of lipid
membranes involves intermolecular forces be-
tween lipids and ion channels. However, the
understanding of these forces at the molecu-
lar level is precluded due to a limited number
of non-invasive experimental techniques able
to access them.™ Moreover, relatively little
is known about how voltage-gated ion chan-
nels sense ultrafast (picoseconds/nanoseconds)
molecular level FFLs. It is partially due to the
fact that most of studies have predominantly
focused on the membrane’s structural proper-
ties. Therefore, the multiscale dynamic pro-
cesses governed by ultrafast FFLs is terra incog-
nita.”* Consequently, it is still unclear how mul-
tiscale FFLs influence the membrane’s relax-
ation processes as a result of cascade-like dy-
namics, potentially existing as precursor events
relevant for energy and memory storage in the
form of vibrational patterns such as optical
phonons (standing waves).##9421124 Fipaly,
with the recent development of cutting-edge,
non-invasive techniques, enabling the access of
vibrational patterns originating from the multi-
scale FFLs, present great potential for making
connections between fundamental, electrome-
chanically mediated molecular mechanisms and
biologically-relevant functions.
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