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Abstract: The vibrational signature in the far-infrared region of two different phospholipids, phos-
phatidylcholine (PC) and phosphatidylethanolamine (PE), was investigated as a function of relative
humidity from 0 to 75% in order to evaluate the effect of headgroup composition on the formation
of intermolecular interactions. The substructures of the frequency region between 50 and 300 cm−1

were identified, and changes in the frequency and intensity of the related vibrations with hydration
were analyzed. Interestingly, in PE, two additional vibrational bands with respect to PC were found
at 162 and 236 cm−1 and assigned to intermolecular hydrogen bonds between the hydrogen-bond-
donating groups, −NH+

3 , and hydrogen-bond-accepting groups, —P—O− and —COO, of adjacent
molecules. The presence of these interactions also affected the penetration of water, severely reducing
the hydration capability of PE lipids.

Keywords: far-IR spectroscopy; terahertz gap; phospholipid membranes; phosphatidylcholine;
phosphatidylethanolamine; hydrogen-bonding continuum; hydration water

1. Introduction

In recent years, with new sources accessing the so-called “terahertz gap”—i.e., the
region of the electromagnetic spectrum from 0.3 to 20 THz (from ~10 to 600 cm−1 ' 1
to 80 meV, with 1 THz = 33.33 cm−1 = 4.14 meV) between the dielectric and the infrared
regimes—there has been a major effort to characterize the sub-picoseconds dynamics in
biological molecules in order to reveal the possible link to their biological significance.
In the case of phospholipid membranes, phonon-like acoustic modes (~5–10 meV) have
been related to the mechanism of passive transport across the phospholipid bilayer [1–3],
while higher energy optical modes (<35 meV) have been proposed to be involved in
the vibrational energy transfer and hydrogen bonding at the bilayer–water interface [4].
Additionally, the hydrogen bond network of water exhibits vibrational resonances in the
THz frequency range, and, consequently, the dynamical coupling between biomolecules
and their hydration water is particularly effective in this range [5]. In particular, attention
has been focused both on the identification of the intrinsic low-frequency vibrations of the
biosystems—e.g., by means of studies on dry systems—and on the effect of hydration on
these vibrations. In this regard, studies as a function of hydration, ranging from the dry
state to full hydration, have allowed us to investigate both issues. Within phospholipid
membranes, intermolecular hydrogen-bonding interactions between water–water, water–
lipid, and lipid–lipid molecules, together with torsional modes of the hydrocarbon chains
and skeleton vibrations, are found to contribute to the THz region [6]. Thus, studies in this
spectral range can provide insights into the intermolecular hydrogen bonding signatures
of self-assembled phospholipids [7].

In a previous study using far-infrared spectroscopy, our group probed intermolecular
interactions in a phospholipid membrane model—namely, DMPC (1,2-dimyristoyl-sn-
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glycero-3-phosphocholine, C36H72NO8P) stack bilayers—and showed that this system
sustains several low-frequency optical modes, most of which attributable to van der Waals
intermolecular lipid–lipid vibrations [6], thus confirming the complex scenario proposed by
molecular dynamics simulations [1]. With the aim of identifying the intrinsic vibrations of
the membrane and evaluating the effect of the hydration water on the vibrations, we carried
out measurements as a function of hydration, including the dry state. The measurements
were carried out at different dehydration times, corresponding to different hydration
degrees. Our findings showed that the intrinsic THz dynamics of the membrane were
only slightly affected by hydration, with the same vibrational modes characterizing both
the dry and the wet samples and with the hydration mainly influencing the vibrational
width of the modes. Additionally, the results revealed a strong similarity between the THz
dynamics of the lipids and those of water, thus, pointing to an effective biosystem-solvent
dynamical coupling due to resonance mechanisms.

Here, we aim to investigate the THz dynamics of a phospholipid membrane with a
phosphatidylethanolamine (PE) headgroup and compare them with those of a membrane
with a phosphatidylcholine (PC) headgroup. As detailed below, these two headgroups
mainly differ with respect to their intermolecular interaction principles [8]. We thus point
to understand if and how the differences in the intermolecular interactions of these two
model membranes may reflect their THz spectral signatures.

PC and PE headgroups are two of four primary headgroups for the phospholipids
found in eukaryotic cell membranes. PE lipids largely contribute to the total quantity of
lipids in the inner membrane of E. coli (75–80%), in eukaryotic membranes (15–25%), and in
mammalian brains (up to 45%) [9]. While the PC headgroup consists of a fully methylated
ammonium group (CH3)3N+, the PE headgroup is characterized by the presence of an
ammonium group (−NH+

3 ) (Figure 1).

Figure 1. Chemical structures of DPPE and DMPC lipids are reported together with a schematic
illustration of a fully hydrated bilayer structure. Functional groups that are H-bond donors (acceptors)
are colored in yellow (violet).

One substantial difference between PC and PE headgroups concerns the capability
of forming intermolecular (lipid–lipid) hydrogen bonds. In PE, intermolecular hydrogen
bonds between adjacent lipids are formed between ammonium nitrogen and phosphate
oxygen. This linkage results in a very compact, rigid headgroup lattice at the bilayer
surface that shows a reduced capability of hydration and is largely unaffected by both
hydration and temperature [8]. Though in aggregated lipids with aligned headgroups the
−NH+

3 group interacts with the−PO−4 in particular, other combinations are possible—e.g.,
combinations involving the ester carbonyl groups [9]. In contrast, in PC the methylated
ammonium group does not allow the formation of such close PO···N contact and thus
PC does not form intermolecular, lipid–lipid hydrogen bonds. In PC, water molecules of
hydration replace the ammonium links of PE and are thus incorporated into the headgroup
lattice to form hydrogen bonds with the phosphate oxygens linking phosphate groups
into ribbons and shielding groups of an equal charge. In other words, water molecules
form water bridges, with each molecule being simultaneously bonded to the phosphate
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oxygen atom of two lipid molecules. Thus, PC bilayers have been described as an extended
network of inter-lipid links via water bridges and charge pairs [10]; in contrast with the
rigid PE lattice, the PC lattice exhibits considerable flexibility [8].

A second main difference between PC and PE lipids involves hydration interactions. In
PE, water can be strongly hydrogen bound to the−NH+

3 group, as well as to the phosphate
group and ester oxygens. On the other hand, in PC water molecules associate with the
choline group via polar interactions, which are weaker than the direct hydrogen-bonding
interactions that occur with the phosphate oxygens and the ester oxygens [4]. Additionally,
it has been found that the solvent structure around PC headgroups is significantly different
from that around PE headgroups. In the former case, the formation of clathrates in the water
hydrating the PC headgroup is observed, while in the latter the structure is determined by
hydrogen-bonding interactions in the environment of the PE headgroup [11].

Other fundamental differences between the PC-based and PE-based lipid bilayers
concern (i) the space requirements—e.g., the area per lipid and the interlamellar solvent
distance, which are both larger in PC membranes; (ii) the degree of hydration of the
headgroup, which is lower for smaller PE headgroups; and (iii) the gel to liquid crystalline
temperature, which is higher for PE headgroups [11].

Here, we report the results of an experimental study of the far-infrared region
on DMPC and DPPE stack bilayers (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine,
C37H74NO8P) at various hydrations, with the aim of highlighting the spectral differences in
the THz frequency range of lipid membranes that differ with respect to their intermolecular
interaction modalities. Measurements carried out at different hydration degrees were
aimed at revealing if and how the intrinsic THz dynamics of the two investigated phos-
pholipid membranes, deducible from the dry sample, may be differently affected by, and
coupled to, the vibration excitations of their hydration water.

2. Materials and Methods
2.1. Preparation of the Samples

DMPC and DPPE were obtained from Avanti Polar Lipids. Aligned stacks bilayers
were obtained by means of a standard procedure [12] that consisted of (i) dissolving the
lipids in an excess of (2:1) CHCl3/CH3OH (chloroform/methanol) solution; (ii) drying the
solution; (iii) for each milligram of lipid, redissolving it in 15 µL with a (1:1) molar ratio
of naphthalene to lipid; (iv) removing the naphthalene and any residual organic solvent;
(v) vacuum-drying the samples overnight; (vi) after placing the lipid multilayers on the
ATR crystal, regulating the hydration degree of the samples by adsorption via the gas phase
corresponding to relative humidities between 11% and 75% by changing the RH of the
ambient gas phase at a fixed temperature using saturated salt solutions. The saturated salt
solution, consisting of a mixture of distilled water and chemically pure salt, was enclosed
in a chamber that was placed in close proximity to the sample, then the working space
was sealed by a cup. We selected a series of salts (LiCl, K2CO3, Mg(NO3)2, NH4NO3,
NaCl) in order to obtain a specific relative humidity. In Table 1, the saturated salt solutions,
together with the corresponding values of equilibrium relative humidity, are listed for the
temperature of 25 ◦C. Additionally, we investigated a fully dehydrated sample (named dry
sample in the following) and checked the complete dehydration based on the observation
of the disappearance of the water vibrational bands in the spectrum in the OH stretching
region (data not shown), as detailed in [6].

In order to estimate the molar water–to–lipid ratio, nw, directly from the spectra, we
quantitatively analyzed the shape of infrared bands (data not shown [13]). We evaluated
the area under the CH2 stretching bands (the methylene band) at different water contents.
Indeed, such an area is proportional to the concentration of the lipid molecules within
the multilayer and, consequently, to the fraction of the volume occupied by phospholipid
molecules. Therefore, by evaluating the ratio of the total area of the methylene band
in hydrated samples, ACH2,wet, normalized to the refractive index of the sample at each
hydration to the total area of this band in the dry sample, ACH2,dry, we calculated the
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fraction of volumes available to water molecules in the hydrated samples, and, therefore,
estimated their number by nw = (1 − (ACH2,wet/ACH2,dry)VL/VW).

Table 1. Saturated salt solutions and corresponding relative humidity at 25 ◦C exploited for the
sample preparation, along with the respective number of water molecules per lipid.

Salt RH (%) nw DMPC nw DPPE

LiCl 11 1.25 0.28
K2CO3 43 2.40 -

Mg(NO3)2 53 - 0.78
NH4NO3 64 3.33 -

NaCl 75 4.00 1.03

2.2. FTIR–ATR Measurements

Fourier-transform infrared (FT-IR) spectra were recorded at 25 ◦C in attenuated total
reflectance (ATR) mode by using a single reflection horizontal ATR accessory with a
diamond crystal fixed at an incidence angle of 45◦ (Platinum ATR, Bruker). The crystal
was mounted on a Vertex 80V FT-IR spectrometer (Bruker). The investigated spectral
range was 30–300 cm−1. A background scan was recorded prior to the measurement and
was subtracted from the sample spectra. Each spectrum was averaged over 216 scans
with a resolution of 2 cm−1 and corrected ATR. Measurements were carried out in an
evacuated optics bench configuration in order to eliminate atmospheric moisture effects.
The acquired far-IR spectra was decomposed into Gaussian components by means of
standard algorithms with free parameters (95% confidence interval). The optimal number
of components was determined through a careful statistical study following the procedure
described in [6].

2.3. Data Analysis

The experimental data were quantitatively analyzed by the curve fitting of the far-
IR spectrum as a linear combination of individual Gaussian component bands with an
iterative adjustment of their width, position, and relative weights (value of peak area), as
described in our previous investigations [6]. The process was iterated until an agreement
between the fit and experimental data was obtained. The minimum number of component
bands was used to obtain the best acceptable fit. To do so, at first, the initial peak positions
were determined by a visual inspection of the spectrum in the dry samples. Six components
for the DMPC samples and seven components for the DPPE samples were used to initialize
the fit. After the convergence of the fit with the minimum number of band components,
additional components were added in the frequency regions with the larger residuals
with respect to the fitting curve. The evaluation of the number of components that could
minimize the residual sum of squares (RSS) allowed us to determine the minimum number
of Gaussian functions necessary for the best data analysis. In agreement with our previous
work, we found that eight components were needed to accurately fit the DMPC samples
independently of their hydration degree [6], while ten components were necessary for all
of the DPPE samples. Notably, for all of the samples, a full study of the RSS that involved
varying the number of component bands was performed. Additional considerations
regarding the data analysis can be found in the results section.

3. Results

The analysis of the far-infrared (THz) absorption spectra of phospholipid membranes
allows us to gain insight into both their intermolecular interactions and the torsional modes
of the acyl chains and skeleton vibrations. By comparing the two investigated systems,
DMPC and DPPE phospholipid membranes, we can expect that differences in their spectral
signatures will mainly reflect different intermolecular interaction principles.
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3.1. DMPC

In Figure 2, the far-IR spectra of DMPC/H2O samples at five distinct hydration
degrees (dry, RH = 11%, 43%, 64%, 75%) are shown with the corresponding fitting curve
and the Gaussian components for the dry and mostly hydrated samples.

Figure 2. Far-infrared spectra of the DMPC/H2O samples. (a) Spectra of pure water (dashed black
line) and of the samples at five distinct hydration degrees: dry (black full line), RH = 11% (red),
RH = 43% (green), RH = 64% (magenta), and RH = 75% (blue); (b) The spectra of the dry sample and
of a wet sample (RH = 75%) are shown separately with the corresponding fitting curve (solid black
line) obtained as the sum of the individual Gaussian peaks (dashed black lines).

We clearly observed that absorbance increases as the hydration level increases, as
hypothesized (Figure 2a). We performed the curve fitting of the spectra as a linear combina-
tion of individual Gaussian component bands following the procedure described in detail
in Section 2.3. We found that eight components are needed to reproduce each spectrum
independently of the hydration level and the phase state of the lipid multilayers. The
frequencies of the vibrations in the DMPC sample with the highest hydration (75%) are: 50,
70, 90, 119, 154, 186, 219, and 259 cm−1 (named in the following A, B, C, D, E, F, G, and
H). The frequencies in the dry DMPC sample are reported in Table 1. They coincide with
those of the wet sample, except for bands D and E, which are shifted to lower frequencies
in the wet sample (110 and 145 cm−1). Thus, the frequencies of the vibrational modes were
almost unaffected by the hydration, while significant changes amongst the DMPC samples
at different hydration degrees were observed in the width and the area of all of the bands,
as will be detailed in the following.

The experimental data and the data analysis reproduced our previous findings [6],
with slight differences attributable to the different solvent (H2O was used in this work;
D2O was used in the previous one). Additionally, while in the current work we carried
out measurements under controlled hydration and in an equilibrated condition, in our
previous work data were acquired in an out of equilibrium phase—i.e., as a function of
the dehydration time by dehydrating under vacuum. Thus, it was not possible to obtain
precise information on the hydration status of the samples. Differences between the two
sets of measurements were also attributable to the different experimental modalities used.
In Table 1, the number of water molecules per lipid, nW, are reported (see Section 2.1 for
details concerning the determination of nW). Therefore, we fully confirm the results of [6]
and the assignment previously proposed for the revealed bands. The A, B, C, and E bands
were assigned to vibrations of different lipids interacting through their intermolecular van
der Waals forces. The D band was assigned to an unspecified motion of the terminal methyl
carbons of the phospholipid chains C−CH3 [14]. The F and H bands were attributed to
the torsion modes of the hydrocarbon chains and the terminal methyl groups, respectively.
The assignments of the observed excitations are reported in Table 2.



Appl. Sci. 2021, 11, 10038 6 of 10

Table 2. Frequencies and tentative assignments of the bands identified in this work for both DPPE
and DMPC samples.

Bands
DMPC

Dry DMPC
Frequency (cm−1)

Bands
DPPE

DPPE
Frequency (cm−1) Assignment

A 50 A 46 van der Waals

B 70 B 61 van der Waals

C 90 C 89 van der Waals

D 110 D 118 C–CH3 motion

E 145 E 144 van der Waals

α 162

F 186 F 189 τ(C–CH2)

G 219 G 218

β 236

H 259 H 263 τ(C–CH3)

Returning to the observed frequency shift to lower values observed for the D and E
bands in the wet DMPC sample, this signifies that the corresponding vibrational motions
of the lipid molecular groups are influenced, even indirectly, by the presence of the solvent.
We interpret the blue shift in the dry sample as a strengthening of the interactions within
the compact structure in the absence of a solvent.

For all of the components, we observed a decrease in the full-width half-maximum
(fwhm) as the hydration level decreased (data not shown). This can be interpreted as being
due to both decreased motional rates and a smaller number of explored conformations
going towards the more ordered solid gel phase at extreme or complete dehydration.

Concerning the contribution of each band to the spectrum (Figure 3), the area of
all the bands increased with the hydration level, thus reflecting the high absorbance of
the hydration water, which could be due to both water–water and water–lipid coupled
vibrations.

Figure 3. DMPC/H2O samples. (a) Dependence of the areas of the eight Gaussian band compo-
nents on the relative humidity. Each panel corresponds to a different band, as named in Table 2.
(b) Fractional variation of the area of each band evaluated as (I75% − Idry)/Idry.

By calculating the fractional variation of the area of each band in the wet state (75%)
with respect to the dry state (Figure 3b), we found that the highest frequency bands (D, E,
F, G, H) showed very high variation (3 ÷ 8%), and the H band (259 cm−1), attributed to the



Appl. Sci. 2021, 11, 10038 7 of 10

torsional modes of the CH3 groups, was the one that shows the most significant percentage
variation.

Notably, the frequency range of the bands between 110 and 260 cm−1, i.e., from D
to H, almost matches that of the so-called “connectivity band” of bulk liquid water [15].
The connectivity band, a pronounced and broad peak centered at 200 cm−1 as seen in the
absorption spectrum of pure water, is described in terms of the collective intermolecular
stretching of the hydrogen bond network [5,15]. This shows a composite structure based
on four components (88, 130, 195, 251 cm−1) corresponding to different states of connectiv-
ity [15], with the component at the highest frequency reflecting water molecules having
established a maximum number of hydrogen bonds [15]. Concerning the minimal variation
in the lowest energy bands (A, B, C) as a function of increasing relative humidity and thus
of the number of water molecules per lipid, it is worth mentioning that in pure water, the
hydrogen bond bending vibrations and the umbrella-like motion of two hydrogen bonded
tetrahedra along the connecting hydrogen bond axis that both contribute to the 50–70 cm−1

region are clearly visible in the Raman and optical Kerr effect spectra but are not very
pronounced in the far-IR absorption spectra [5].

The main features of the vibrational excitations of the DMPC/H2O samples at THz fre-
quencies can be summarized in the following statements: (i) eight vibrational modes have
been detected independently from the hydration level; (ii) all models show a sensitivity to
water, as seen in the area and in the fwhm; (iii) in particular, the highest frequency bands
(from D to H, and to a greater extent the H band) that match the connectivity band of water
are the ones that show the largest percentage variation upon hydration; (iv) two vibrations,
namely D and E, undergo a shift to higher frequencies upon dehydration. This can be
attributed to a strengthening in the corresponding intermolecular lipid–lipid interactions.

3.2. DPPE

In Figure 4, the far-IR spectra of DPPE/H2O samples at four distinct hydration
degrees (dry, RH = 11%, 53%, 75%) with the corresponding fitting curve and the Gaussian
components for the dry and mostly hydrated samples are reported.

Figure 4. Far-infrared spectra of the DPPE/H2O samples. (a) Spectra of pure water (dashed line) and
of the samples at four distinct hydration degrees: dry (black full line), RH = 11% (red), RH = 53%
(green), and RH = 75% (blue); (b) The spectra of the dry sample and of the wet samples are shown
separately with the corresponding fitting curve (solid black line) obtained as the sum of the individual
Gaussian peaks (dashed black lines).

The acquired spectra at the different hydrations (Figure 4a) showed complex profiles,
with the absorbance increasing as the hydration increased. Analogously to the procedure
followed for the DMPC samples and described above, we performed the curve fitting
of the spectra as a linear combination of individual Gaussian component bands. While
in the DMPC samples eight components were needed to properly analyze the data, in
the case of the DPPE samples we found that ten components must be considered for
an appropriate description of the absorbance profiles. However, similarly to the DMPC



Appl. Sci. 2021, 11, 10038 8 of 10

samples, the same number of band components (ten) were needed for the data analysis
of the samples, independent of the relative humidity. Most interestingly, eight out of ten
frequencies were almost coincident with those of the DMPC samples. We thus labelled the
corresponding eight bands with the same letters used for the DMPC samples, and we used
the Greek letters, α and β, for the bands that are characteristic only of the DPPE samples.
Furthermore, no drift in frequency was observed, independent of the relative humidity
of the samples. Thus, the frequencies of all the DPPE samples are: 46, 61, 89, 118, 144,
162, 189, 218, 236, and 263 cm−1 (named in the following as A, B, C, D, E, α, F, G, β, and
H (see Table 2)). The α and β bands have a frequency of 162 and 236 cm−1, respectively.
Although the frequency of the vibrational modes was not influenced by the hydration
degrees, notable differences among the DPPE samples emerged when comparing the areas
and widths of the excitations. In other words, the same vibrational modes characterized the
DPPE samples at different hydration degrees, including the dry state, by their vibrational
areas, and widths are affected by the level of hydration.

The almost total coincidence of the frequencies of the DMPC bands with those of the
DPPE, together with the very similar molecular structures of the two phospholipids (apart
from the polar head structure), leads us to assign the vibrations observed in the DPPE as
previously conducted for the DMPC.

On the other hand, the α and β bands, observed exclusively in the spectra of the DPPE,
require additional considerations for their assignment. The DPPE membrane exhibits an
enhanced lipid–lipid hydrogen-bonding capability of the PE group with respect to the
PC group, which can differently form hydrogen bonds exclusively with water. When PE
phospholipids aggregate, the headgroups align so that the ammonium group interacts
directly with the phosphate group of the adjacent lipid via an intermolecular hydrogen
bond, though other combinations are possible—e.g., interactions involving the carbonyl
oxygen of ester groups [8,9]. Additionally, though DPPE lipids mainly interact via direct
intermolecular −NH+

3 . . .− PO−4 or −NH+
3 . . .−CO2 contacts, water molecules may act

as bridges in mediating these interactions. It is well known that in DPPE, the ensemble
of the hydrogen bond linkages between adjacent phospholipids produces a very compact
and rigid structure at the bilayer surface that is largely unaffected by hydration, contrary
to the considerably flexible network of DMPC [8]. We thus tentatively assigned the α and
β bands to vibrations of the network of DPPE phospholipids linked by intermolecular
hydrogen bonds. In particular, the frequency of the α band (162 cm−1) was found to be very
close to the frequency (166 cm−1) measured in a protic ionic liquid for the hydrogen bond
stretching (N−H···O) occurring between the N−H group from the N-methylpyrrolidinium
cation and the oxygen on the acetate anion [16]. Based on that, we tentatively ascribed
the α mode to the hydrogen bond stretching N−H···O where the N−H group from the
ammonium group acted as a hydrogen bond donor, while the oxygen on the carbonyl
esterified group acted as a hydrogen bond acceptor. Furthermore, we tentatively assigned
the higher frequency β band to the N−H···O−P hydrogen bond stretching between the
ammonium group and the oxygen of the phosphate moiety. This assignment was based on
the following considerations: the N−H···O−P hydrogen bond is usually stronger than the
N−H···O−C bond [17], so a higher frequency is expected for the corresponding stretching
band; it is more favorable for DPPE to form intermolecular hydrogen bonds between amine
groups and phosphate groups than between amine groups and carbonyl groups [8,9]; this
finding corresponds with the higher intensity of the β band with respect to the α band
(Figure 4).

It is worth noting that such a rigid network of lipid–lipid intermolecular contacts
dramatically reduces the capability of hydration in DPPE. This is evident when analyzing
the number of water molecules per lipid that only achieves the value nW = 1.03 at the
highest relative humidity (RH = 75%). On the other hand, the DMPC lipids have a
higher number of water molecules per lipid, nW = 4.0, that may act as bridges between
lipids, contributing to establish an extended and more flexible network in the bilayer [10].
Thus, in DPPE, differently from DMPC, we observed a reduced capability of hydration
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together with a lower sensitivity to the water content of the spectral fingerprints at THz
frequencies. This situation was reflected in the minor changes observed for the fwhm
of all 10 identified far-infrared components (data not shown) when the hydration was
changed. The impenetrability to water maintained the bilayer rigidity and kept the acyl
chains well-ordered.

However, the influence of the hydration degree on the low-frequency vibrations can
be investigated through the inspection of the area of the Gaussian bands as a function of the
relative humidity, as shown in Figure 5. This trend can be more easily examined by looking
at Figure 5b, which shows the relative variation in the areas in the wet state (RH = 75%)
compared to the dry state. It is immediately noticeable how this trend differs considerably
from that observed in the DMPC samples. Firstly, the range of the fractional variation
for the different components was much smaller in the case of DPPE, and this confirmed
the lower sensitivity of these samples to hydration compared to DMPC. Secondly, while
for the DMPC samples all of the higher frequency bands (from D to H) were significantly
affected by the water content, for DPPE, only two bands, i.e., F and H, that correspond to
189 and 263 cm−1, showed an important variation with respect to the dry sample, albeit
very limited when compared to DMPC. The frequencies of these two bands were very close
to the two bands at higher frequencies that characterized the connectivity band of pure
water (195, 251 cm−1), as detailed above in Section 3.1.

Figure 5. DMPC/H2O samples. (a) Dependence of the areas of the eight Gaussian band components on the relative
humidity. Each panel corresponds to a different band, as named in Table 2. (b) Percentage variation of the area of each band
in the dry state with respect to the wet state (RH = 75%).

Interestingly, the intensities of the α and β bands showed a negative increase with
increasing hydration. This can be interpreted as the result of competition between the
water molecules and the −PO−4 or carbonyl groups in forming hydrogen bonding with
−NH+

3 moieties. However, this variation does not appear to be relevant, indicating that a
strong intermolecular interaction between internal groups in DPPE was also maintained
when lipids were hydrated. This may be a main limiting factor for the hydration of the
phosphate groups with respect to what is observed in DMPC.

4. Conclusions

This work shows that the detailed analysis of the substructures of the far-infrared
bands generated by self-assembled phospholipids as a function of a controlled humidity
level allows us to appreciate the signatures of the specific intramolecular and intermolecular
interactions occurring in lipid membranes and assess their sensitivity to water. In detail,
our results revealed that the two phospholipid membranes investigated, DMPC and DPPE,
differ with respect to their intermolecular interaction modalities and give rise to different
spectral features in the THz range. It was found that both the phospholipid membranes
and the hydrogen bond network of water showed vibrational excitations in the explored
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THz frequency range. It is now being discussed more often, both for membranes [2,6]
and for other biosystems, such as proteins [5,18], that the energy match in the THz region
between a biosystem and its hydration water is responsible for a very efficient dynamical
coupling that is known to ultimately play a role in biological activity.
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