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Number of hydration water?	
(THz spectroscopy)

M. Hishida and K. Tanaka, Phys. Rev. Lett., 106 (2011) 158102



Deuterated samples were used

d67DMPC-37H2O

Coherent scatt. Incoherent scatt.

d67DMPC 631.4 barn (8.5%) 631.4 barn (7.3%)

37H2O 286.6 barn (3.9%) 5939.2 barn (80.3%)

DMPC-35D2O

Coherent scatt. Incoherent scatt.

DMPC 374.5 barn (5.5%) 5779.3 barn (84.5%)

35D2O 535.6 barn (7.9%) 143.5 barn (2.1%)

Sample can：14mm-φ / 40mm-h / 0.5mm-t (double cylinder)

T. Yamada, et al., J. Phys. Chem., 2017



QENS data of d67DMPC-37H2O
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Quasi-Elastic Neutron Scattering was observed and its width increased with increasing temperature.

dynamics of water molecules



QENS profiles

Horizontal axis: energy transfer (ΔE = Ei-Ef)

large ΔE (wide Half Width at Half Maximum: fast motion 
small ΔE (narrow Half Width at Half Maximum: slow motion



散乱プロファイルの解析

I(Q,t) ~ exp(-t/τ)

ローレンツ関数
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半値半幅（HWHM）

並進

回転振動

分子の運動

特徴付けるパラメーター 
緩和時間、拡散距離、回転半径

フーリエ変換

HWHM = DQ2 

D: 拡散係数

拡散運動

半値半幅のQ依存性

局所運動



分子運動と半値半幅の関係

拡散運動

HWHM = DQ2 

D: 拡散係数

局所運動

中性子準弾性散乱プロファイルを解析すると分子のダイナミクスが分かる
2R

円周上の2箇所の
ジャンプ



Model Analysis
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3 modes are assumed to analyze the observed QENS data

free water

loosely bound water

tightly bound water

fast　
 dynam

ics    　
slow



Liquid Crystalline Phase 	
(T = 316, 305, 295)
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S(Q, E ) = [ATightLTight(E ) + ALooseLLoose(ΓLoose, E ) + AFreeLFree(ΓFree, E )] ⊗ R(Q, E ) + BG



Ripple Gel Phase & Gel Phase	
(T = 285, 275 K)
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Tightly bound water is too 
fast to observe (the width is 
less than the resolution 
function).

S(Q, E ) = [ATightδTight(E ) + ALooseLLoose(ΓLoose, E ) + AFreeLFree(ΓFree, E )] ⊗ R(Q, E ) + BG



Q2 dependence of HWHM
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Tightly bound water 
Simple diffusion model (Fick’s law) 
ΓTight = DQ2

< l >

Loosely bound water 
Free water 

Jump diffusion model 

Γ = DQ2

1+DQ2 τ0
τ0 : mean residence time 
D: diffusion coefficient (D = <l>2/6τ0) 
<l>: jump distance



QENS data of DMPC-35D2O
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Dynamics of lipid molecules

A model assuming lateral diffusion of lipid molecules within bilayer and internal mode of a lipid※

※ V. Sharma, et. al, J. Chem. Phys. B, 119 (2015), 4460.

S(Q, E ) = [ATrsLTrs(ΓTrs, E ) + AIntLInt(ΓLat + ΓInt, E )] ⊗ R(Q, E ) + BG



Diffusion Coefficient
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Free water: diffusion constant is the same order as that of bulk water 
Loosely bound water: 1 order less diffusion constant than that of free water 
Tightly bound water: the same diffusion constant as that of DMPC

Activation energy	
[  kJmol-1 ]

Free water 10.5 ± 1.2

Bulk water 18.6 ± 0.3

Activation energy of “Free water” is less than that of 
bulk water



Mean Residence Time
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Free water: mean residence time is the same as that of bulk water  
Loosely bound water: 1 order of magnitude more than that of bulk water

Activation Energy	
[  kJmol-1 ]

Free water 19.0 ± 2.5

Bulk water 28.9 ± 1.0

Loosely bound 
water 27.5 ± 3.2



Jump Distance
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𝐷 =
⟨𝑙⟩2

6𝜏0

Jump distance of the loosely bound water is longer than that of bulk water 
　→hydrogen bonding distorts from the normal water structure



Coefficients of 3 components
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𝐴 = 𝐴0exp(−
⟨𝑢⟩2𝑄2

3 )
A0’s are proportional to the number of atoms. 



Number of water molecules
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R = 37 (water molecules/lipid molecule) 
fDMPC = 0.083 
（Incoherent scatt. fraction of DMPC)

Free water: almost constant 
Loosely bound water: increase with increasing temperature 
Tightly bound water: decrease with increasing temperature



R. J. Alsop, et al. Soft Matter, 2016

The swelling of phospholipid membranes by adding divalent metal 
ions have been known.

Effect of Salt on hydration water?

N. L .Yamada, et al. J. Phys. Soc. Jpn., 2005



QENS profile of 
d67DMPC-37H2O-0.25CaCl2

QENS profiles were well analyzed as d67DMPC-37H2O.

Q2 dependence of Γ

QENS spectra and analysis



Diffusion coefficients

Effect of Ca2+ on dynamics of hydration water is small.

Results
Number of hydration water

FeCl2 
MgCl2

Number of tightly bound water increases in the Fe2+ and Mg2+ cases?

FeCl2 
MgCl2



Effect of adding salts: CaCl2, MgCl2 and FeCl2

H. Seto and T. Yamada, Appl. Phys. Lett., 2020

Ca2+  Mg2+ or Fe2+

Tightly Bound Water
Loosely Bound Water

Free Water



Effect of charged lipids

E L E C T R O S T A T I C  S P E C T R I N - M E M B R A N E  C O U P L I N G  V O L .  2 6 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN O .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 1 ,  1 9 8 7  2985 

(L, phase). Moreover, the spectrin causes aggregation of the 
bilayers. This transition caused by the adsorption of spectrin 
is irreversible at least up to 50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOC (the highest possible tem- 
perature). 

02  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.6 08 1.0 
DMPS 

FIGURE 1: Phase diagram of a mixture of DMPC and DMPS. The 
circles give the positions of the phase boundaries as determined from 
the molar volume vs. temperature plots following Schmidt and Knoll 
(1986). The drawn curves were calculated on the basis of the regular 
solution theory by the computer-fitting procedure described under 
Discussion. The following values of the transition temperatures and 
the heats of transition were assumed: DMPC, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT, = 23 OC; AH, 
= 28 kJ M-I. DMPS, T,, = 35 OC; AH2 = 29.2 kJ M-I. 

I I I 

Temperature ["C I 
20 25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 

FIGURE 2: Effect of spectrin on the phase transition of bilayer vesicles 
of pure DMPC (a) and DMPS (b), respectively, in buffer given under 
Materials and Methods. The drawn solid curves correspond to the 
absence of spectrin, and the dashed curves correspond to the presence 
of spectrin. The lipid concentration was 15 mg mL-I, and the molar 
ratio of spectrin to lipid was rp. = 6 X The change in the molar 
volume zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV i s  plotted as function of temperature. The curves are 
corrected for the temperature change of the molar volume of spectrin. 

follows from the reduction in the volume jump that the phase 
transition of 60% of the lipid is suppressed or shifted to tem- 
peratures above 50 O C  (the upper limit of our measurement). 
Since the spectrin is added to the vesicle suspension just prior 
to the measurement, the lipid still exhibiting the transition is 
attributed to the inner monolayer whereas the transition of 
the lipid of the outer monolayer is no longer observed. The 
slight shift of AT = 2 OC can be explained in terms of the 
coupling of the two opposing monolayers. 

The strong binding of spectrin to DMPS vesicles is directly 
demonstrated in Figure 3 which shows phase-contrast mi- 
crographs of giant vesicles of fluid DMPS before and after 
perforation with spectrin solution (0.7 mg of spectrin/mL). 
Spectrin causes a transition from a spherical to a polygonal 
shape. The latter is typical for bilayers in a crystalline state 

Figure 4 shows examples of the effect of spectrin on the 
densitometric curves of mixtures of DMPC and DMPS. It 
can be clearly seen that the liquidus line is shifted to higher 
temperatures after addition of spectrin to the vesicle suspen- 
sion. The shift increases with increasing DMPS concentra- 
tions: thus, it is AT = +4 O C  for 30 mol zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7% and AT = +6 "C 
for 50 mol % DMPS. The increase of the high-temperature 
shift with increasing concentrations of the charged lipid and 
the absence of any effect of spectrin on the DMPC transition 
provide strong evidence that the adsorption of spectrin to 
membranes is dominated by electrostatic forces. 

The break of the V-T plots a t  low temperature (corre- 
sponding to the solidus line) is apparently not shifted by 
spectrin. This is, however, due to the fact that the protein was 
added to the prepared vesicle dispersion so that the inner 
monolayers are not affected. Thus, the I/-T curves are su- 
perpositions of the undisturbed lipid of the inner and the 
disturbed lipid of the outer monolayers of the bilayer vesicles. 
For the same reason, the slope of the V-T plots is smaller on 
the right side than on the left side of the fluid-solid coexistence 
regime. The position of the solidus line could thus not be 
determined reliably. On the other side, a decomposition of 
the lipid into two fractions such as vesicles of pure DMPC and 
spectrin/DMPS aggregates is avoided by the present tech- 
nique. 

Interaction of Spectrin with Monolayers. The interaction 
of spectrin with monolayers of dimyristoylphosphatidyl- 
ethanolamine (DMPE) and DMPS and mixtures of the two 
compounds was studied by film balance and microfluorescence 
experiments. In Figure 5, the isotherms of DMPE on pure 
buffer and on a 2 X M spectrin solution (0.2 mg per 240 
mL) are compared. Moreover, the isotherm of the pure 
spectrin solution is given. The latter exhibits a break at a 
pressure rq = 6 "am-' above which the protein is squeezed 
into the bulk solution. The nearly horizontal slope at P > rq 
shows that an equilibrium exists between the protein in the 
bulk and at the surface. The DMPE monolayer on both the 
pure buffer and the spectrin solution exhibits the well-known 
fluid to crystal (or chain melting) transition at the pressure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r, (Albrecht et al., 1978). The two isotherms at increasing 
and decreasing areas exhibit a remarkable difference at low 
densities: for pure buffer as subphase, the pressure goes to 
zero at A i= 90 A2/molecule which corresponds to the tran- 
sition from the fluid to a two-dimensional foam state (Losche 
et al., 1983). In the presence of spectrin, however, the isotherm 
goes over into a nearly horizontal line at a pressure of about 
6 m N d  which is about equal to the equilibrium pressure 
(req) of spectrin (cf. Figure 5). Such behavior is indeed ex- 
pected if spectrin does not bind to DMPE since a monolayer 
of the protein coexistent with the lipid monolayer will form 
if the pressure decreases below req (Figure 5 insert). The 
observation that the lipid phase transition exhibits the same 
sharpness in the presence and absence of spectrin provides 
further evidence that there exists no specific DMPE/spectrin 
binding. The small shift in A, (to A,*) can be attributed to 
the change of the surface tension of the water surface due to 
spectrin or to a different contact angle at the platelet of the 
Wilhelmi balance. 

Figure 6 shows the effect of spectrin on the DMPS mono- 
layer. Pure DMPS exhibits the chain melting transition at 
18 mN-m-'. In this case, the isotherms are drastically changed 

0.9d67DMPC+0.1d54DMPS+37H2O

0.8d67DMPC+0.2d54DMPS+37H2O

QENS experiments at T = 323, 316, 309, 305 K

MD simulation at T = 305 K

0.9DMPC+0.1DMPS+37H2O
DMPC+37H2O



QENS results

8 

 

 Figure 2 shows the QENS profile of the 9PC1PS obtained by the high-resolution (EReso = 3.6 

!eV) and the high-intensity (EReso = 13 !eV) modes at 316 K. QENS broadening was observed 

in both spectra. Because the number of hydrogen atoms in the DMPS headgroups was relatively 

small—the fractions of the incoherent scattering cross section of DMPS in 9PC1PS and 

8PC2PS relative to the total incoherent scattering cross section were 1.3% and 2.7%, 

respectively—the QENS signals could be regarded as incoherent scattering from hydration 

water. As previously reported, the QENS profiles were fitted using the sum of three (n = 3) 

Lorentz functions for the high-resolution mode and four (n = 4) Lorentz functions for the high-

intensity mode, as follows: 

$(&, () = {∑ -!.(/!, ()"#$	&'	(
)#* }⨂2(&, () + 45    

Figure 2. QENS profile of 9PC1PS for Q = 10.7 nm−1 at 316 K. Left and right 

panels , (a) and (b), represent results of the high-resolution (EReso = 3.6 !eV) and the 

high-intensity (EReso = 13 !eV) modes, respectively. The green circles represent the 

experimental data, and the solid black line is the curve fit result using eq (1). The 

solid red, blue, violet, and dashed orange lines represent the Lorentz functions L1, L2, 

L3, and L4 of eq (1), respectively. 

9 

 

where L, A and / represent the Lorentz function, coefficients of the Lorentz function and the 

half width at half maximum (HWHM) of the Lorentz function, respectively.31 The ⨂	, 2(&, () 

and 45 are convolution operator, instrumental resolution function, and a constant background, 

respectively. The Lorentz functions were numbered from narrower (slower) to broader (faster). 

First, the QENS profiles in the high-resolution mode were analyzed. The QENS profiles of the 

Figure 3. HWHM (Γ) values of the slowest mode (i = 1) (a), 2nd mode (i = 2) (b), 3rd mode (i 

= 3) (c), and the fastest mode (i = 4) (d) of the hydration water versus Q2 for 9PC1PS, 

obtained by the profile fittings to Eq. (1) at 316 K. The solid lines in (a), (b), and (c) represent 

the fitted results by Eq. (2). The solid line in (d) represents the average value of Γ4. 



Compared with DMPC results
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Figure 4 shows Arrhenius plots of the diffusion coefficients (D) of the three translational 

modes of 9PC1PS and 8PC2PS at T = 316 and 305 K, together with those of 10PC (Figure 9 

in Reference 11) for comparison. The diffusion coefficients of the tightly and loosely bound 

water in 9PC1PS and 8PC2PS were higher than those in 10PC. The diffusion coefficients of 

free water in the mixtures of DMPC and DMPS were also larger than those of 10PC, but the 

difference was smaller. It should be noted that the composition dependence of D for loosely 

bound water was more significant than that for the others. In contrast, the temperature 

dependence of D for loosely bound water was not remarkable. These results suggest that 

loosely bound water may adjust the hydrogen-bonding network between tightly bound water 

and free water. Thus, the hydrogen-bonded network of loosely bound water may be distorted.  

Figure 4. Arrhenius plots of the diffusion coefficients of three translational modes in 

8PC2CS and 9PC1CS. The filled triangles, squares, and circles represent the diffusion 

coefficients of the tightly bound, loosely bound and the free water, respectively. The 

colors of red, blue, and gray correspond to 8PC2CS, 9PC1CS, and 10PC11, respectively. 
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The number (N) of each type of hydration water was estimated from the coefficients, Ai in 

eq (1) as a function of &+ , as shown in the Supporting Information (see Figure S3). The 

estimated numbers of the three types of hydration water molecules per phospholipid molecule 

and their temperature dependence are shown in Figure 5. With increasing temperature, the 

number of loosely bound water molecules did not change significantly, whereas the number 

of tightly bound water molecules decreased. The temperature dependence of tightly bound 

water is similar to that of 10PC, whereas that of loosely bound water is different. It has been 

Figure 5. Plot of numbers of three types of hydration water molecules per 

phospholipid molecule for 8PC2PS (red), 9PC1PS (blue), and 10PC11 (grey) 

obtained by eq (S2-S4) as a function of temperature. Circles, squares, and triangles 

correspond to the tightly bound water, the loosely bound water and the free water, 

respectively. 

 



Changes of rotational motions

13 

 

shown that the addition of divalent cations affects only the number of tightly bound water 

molecules depending on the location of the binding in the lipid headgroup.12 The present results 

indicate that the effect of charged lipids on hydration water is different from that of adding 

Mg2+ and Fe2+, although the molar fraction of DMPS with DMPC in 8PC2PS was set to match 

the cation concentration in the previous study.12 The charged lipids affect not only the number 

of tightly bound water molecules but also the number of loosely bound water molecules, unlike 

in the case of adding divalent cations. 

As shown in Figure 3(d), Γ4 was independent of Q and the value is comparable to that of 

rotational mode in neat water.32 Therefore, this mode (i = 4) could be considered as the 

rotational mode, which was also identified in the d54DMPE-10H2O mixture.13 The reason why 

this mode was not observed in previous studies for d67DMPC-37H2O (10PC) with and without 

cations11,12 was that the measured energy transfer ranges were limited. The relaxation time (τ) 

Figure 6. Temperature dependence of the relaxation time (7) of rotational mode of the 

hydration water in 9PC1PS and 8PC2PS. The relaxation time was calculated using eq 

(3). The pink shadow box indicates the rotational relaxation time obtained by MD. The 

dashed sky-blue line is the rotational relaxation time of water in d54DMPE-10H2O.13 



HBs are disrupted around PS
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7(b) shows the rotational relaxation times of the water molecules around the N atom of DMPC, 

N atom of DMPS, and O atom of DMPS. The rotational relaxation time near the oxygen atom 

in the serine group of DMPS was slightly shorter than that around the other atoms. This is 

consistent with the composition dependence of the rotational relaxation time shown in Figure 

6 and the translational diffusion coefficients of loosely bound water shown in Figure 4. These 

results indicate that the hydrogen-bonding network of water molecules is modified by 

interactions with the lipid headgroups, as suggested by the QENS experiments.  

Figure 7. (a) The normalized value of NHB/NNN and (b) the rotational relaxation time of 

water molecules τ, around the N atom of DMPC, N atom of DMPS, and O atom of 

DMPS in 10PC and 9PC1PS. The r is the distance between atoms in lipid molecules 

and the O atom of water molecules. 

(a)

(b)



PC lipid and PE lipid
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membrane21) that arises universally in a cell during
endocytosis, exocytosis, and cell division. From a soft matter
physics view point, the membrane fusion is considered to
proceed as a result of lamellar to inverted-hexagonal phase
transition,22,23) although the molecular mechanism of the
membrane fusion is not fully understood. Since negative
curvature of the lipid monolayer is favorable to achieve this
transition,5,24) a lipid molecule with a small head group easily
undergoes this transition. Actually, it is known that decreas-
ing water content between membranes leads to form non-
lamellar phases,25) and lipid molecules with a phosphatidyl-
ethanolamine (PE) head group are known to easily undergo
the transition from lamellar to inverted-hexagonal phases,
compared to the lipids with phosphatidylcholine (PC) head
groups (the molecular structure is shown in Fig. 1), even
though PC lipid exhibits the transition under particular
circumstances when the hydrophobic acyl chains have large
volume and the membrane has negative curvature.26,27)

Actually in a living system, PE lipid is known to be
necessary for the membrane fusion.28) However, for the phase
transition from lamellar to inverted-hexagonal phases to
be successful, the two membranes have to be partially
dehydrated and close each other. It is then plausible that
water works cooperatively with the membrane structural
changes, as predicted by MD simulations.29)

In the present study, we investigated this cooperativity
between the long-range hydration state and the phase
transition between lamellar and inverted-hexagonal phases
of the lipid membranes through a combination of THz
spectroscopy and X-ray scattering techniques. The mem-
branes considered here consisted of synthesized PE and PC
lipids (see Sect. 2); the head groups only differ by the
presence of choline (Fig. 1), and three methyl groups at the

quaternary ammonium group of the PC lipid are replaced by
hydrogen atoms to yield the PE lipid (primary ammonium
group). Lamellar structures of the lipid membranes are
observed using small-angle X-ray scattering (SAXS), and the
long-range hydration states of each lipid membrane are
observed by attenuated total reflection (ATR) THz time-
domain spectroscopy (THz-TDS).30) The structural change of
the membranes from the lamellar to inverted hexagonal phase
was investigated using grazing-incidence small-angle X-ray
scattering (GISAXS)22) by controlling the hydration states
of the lipid membranes through changes in the atmospheric
humidity. This multifaceted approach was essential in
revealing the hydration dependence of the self-assembly in
detail.

2. Materials and Methods

2.1 Sample preparation
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPC and POPE, respectively) were obtained from Avanti
Polar Lipids, in powder form and used without further
purification. Both these lipids are neutral phospholipids
without counter ions, which is crucial for THz-TDS measure-
ments, since the hydration state of the counter ions is also
detected in addition to that of the lipid membranes. For SAXS
and THz-TDS measurements, the powder samples were
dissolved in pure water (MilliQ) to produce solutions with
different molar ratios of R ¼ ½H2O#=½lipid# ¼ 95, 125, and
155. The lipids formed multilamellar vesicles. For GISAXS
measurements, the POPC and POPE powders were dissolved
in a mixture of chloroform and methanol (2 : 1 v/v) to yield a
solution of 10mM, and 3µL of the lipid–organic solvent
solution was deposited on a silicon wafer surface (10$ 10
mm2). After the organic solvents had evaporated, a dried
phospholipid film remained on the wafer. All the SAXS,
THz-TDS, and GISAXS measurements were performed at a
constant temperature of 50 °C; both POPC and POPE are
known to be in the liquid crystalline (L!) phase at this
temperature. To measure the THz spectrum of partially dried
lipid films, the dried films 2–3mm in thickness were also
made on a sample cell by evaporating the organic solvent as
performed for GISAXS; these films were much thicker than
the penetration depth of the evanescent field of the THz
wave in our attenuated total reflection (ATR) cell. The THz-
TDS measurements on the partially dried lipid films were
performed at relative humidity (RH) of 65% 5%. Ammonium
chloride and tetramethylammonium chloride were obtained
from Nacalai Tesque, in powder form and used without further
purification. The powders were dissolved in pure water
(MilliQ) to yield 2M solution. The THz-TDS measurements
were performed at 25 °C.

2.2 Small-angle X-ray scattering
SAXS measurements were performed at the BL-15A and

BL-6A beamlines of the Photon Factory, High Energy
Accelerator Research Organization, Japan. X-rays with a
1.5Å wavelength were used, and the rays were detected
using a charge-coupled device (CCD; Hamamatsu Photonics
C7300) with an image intensifier. The sample-to-detector
distance was about 1m, calibrated using standard samples
(lead stearate and silver behenate). The temperature of the
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Fig. 1. Lipid structures and water layer thickness. (a) Molecular structures
of (a-1) POPC (PC lipid) and (a-2) POPE (PE lipid). (b) The thickness of the
water layer between the lipid membranes at each concentration measured
with SAXS. Closed circles are the results of the PC lipid, and open circles are
those of the PE lipid.
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concentration. A comparison of the spectra [Fig. 2(c)] at
the same concentration (R ¼ 125) more clearly shows the
difference. This different behavior of decrease indicates that
the overall long-range hydration states including the second
hydration layer of the PC and PE lipids largely differ, since
the volume fractions of lipids are not so different each other,
i.e., the effects of volume fractions on the spectral change are
similar.38)

To reduce the effect of volume fraction from the resultant
spectrum, the normalized value of the imaginary part of the
dielectric constant at 0.5 THz [Fig. 2(d)] was found to offer
a good indication of the hydration state.19) Deviation of the
normalized value from that of pure water results from the
effect of hydration. Since amount of hydration water is
proportional to the amount of lipids in the solution, the
normalized value changes more largely from the result of
pure water at the higher concentration of lipids. The results
for the PC lipid show that the normalized value decreases,
i.e., the water dynamics are retarded, which is consistent
with previous work.17,19,33,36) However, the increase in the
normalized value of the PE lipid dispersion indicates

acceleration of water dynamics when the dynamics is
averaged for the first and second hydration layers of the PE
lipid membrane.

In Fig. 2(e), the THz spectra of partially dried lipid films
are shown. The samples were exposed in air with 65% of
relative humidity. In this case, water evaporated almost and
the spectra come from the dynamics of a small number of
remaining water. In contrast to the results of R ¼ 125, the
intensity of the spectrum of PE lipid film is smaller than that
of PC lipid film, and it is almost zero. Considering above
mentioned characteristics of the hydration water on each lipid
membrane, it is suggested that most of water evaporated from
the PE lipid film whereas some amount of bulklike water
remain in the PC lipid film at this humidity. The inversion of
the intensities of the spectra of PC and PE lipids between the
results of R ¼ 125 and the lipid films suggests that the
evaporation efficiencies of water from the lamellae of each
lipid differ, presumably due to the different behavior of water
between these lipid membranes.

Since the PC and PE lipids differ only by the ammonium
group in the head group, the differences in the hydration
states are considered to originate from the ammonium
groups. The THz-TDS spectra for ammonium chloride and
tetramethylammonium chloride (Fig. 3) shows that the
dielectric constant of the ammonium chloride solution is
larger than that of pure water, while that of tetramethyl-
ammonium chloride is smaller. The water dynamics are thus
accelerated around the ammonium ions and slowed around
the tetramethylammonium ions. Since an increase in the THz
spectral signal was reported for NaCl solution,39) it would
appear that the acceleration is not specific to ammonium
chloride. The hydration state of the ammonium group at the
lipid head groups that directly face the water layer thus have a
dominant effect on the water reorientation dynamics on the
lipid membrane surfaces.

IR spectroscopy reveals the hydration state in the first
hydration shell, since only OH band is observed. Previous IR
spectroscopy results showed that the OH band !13ðH2OÞ at
around 3400 and 3250 cm¹1 shifts to a higher frequency
(3600 cm¹1) due to the hydration effect for both hydration
shells of PC and PE lipids.40) Since this shift to higher
frequency is due to the restriction of water dynamics,41) the
water dynamics in the first hydration shells of the PC and PE
lipids are both restricted. Our results, however, indicate that
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ABSTRACT: Hydration states are a crucial factor that affect the self-assembly
and properties of soft materials and biomolecules. Although previous experiments
have revealed that the hydration state strongly depends on the chemical structure
of lipid molecules, the mechanisms at the molecular level remain unknown.
Classical and density-functional tight-binding (DFTB) molecular dynamics (MD)
simulations are employed to determine the mechanisms underlying dissimilar
water dynamics between lipid membranes with phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) head groups. The classical MD simulation shows
that rotational relaxations of water are faster on the PE lipid than on the PC lipid, which is consistent with a previous experimental
study using terahertz spectroscopy. Furthermore, DFTB-MD simulation of N(CH3)4+ and NH4

+ ions, which correspond to the
different head groups in PC and PE, respectively, shows qualitative agreement with the classical MD simulation. Remarkably, the PE
lipids and the NH4

+ ions break hydrogen bonds between water molecules in the secondary hydration shell. In contrast, the PC lipids
and the N(CH3)4+ ions bind water molecules weakly in both the primary and secondary hydration shells and increase hydrogen
bonds between water. Our atomistic simulations show that these changes in the hydrogen-bond network of water molecules cause
the different rotational relaxation of water molecules between the two lipids.

■ INTRODUCTION
Water is one of the most important substances on earth and
plays an important role not only in life but also in various
industrial products. In particular, the self-assembly of
biomolecules and soft matter in water is relevant to biological
phenomena and the functionalization of industrial products. It
is therefore essential to understand how water is involved in
the formation mechanism of aggregation structures. Although
the self-assembly of soft matter in water is driven mainly by
hydrophobic interactions, it is more complex than this and also
involves various intermolecular interactions. Although there
have been many studies of the interactions between soft matter
molecules, water is often treated in terms of a mean-field with a
constant dielectric constant, and the role of the state of water
(i.e., the “hydration state”) in the self-assembly of soft matter is
not fully understood.
We have measured the hydration state of soft matter using

terahertz (THz) spectroscopy and studied the correlation with
aggregation structures.1−3 As a result, we have shown that the
hydration layer on the surface of aggregated structures of lipids
and surfactants extends over a longer distance1 than previously
thought4 if we measure weakly affected water (the so-called
secondary hydration shell5). It was found that the hydration
state varies greatly depending on the aggregation structures2 as
well as the molecular structures.3 The long-range hydration
state has also been confirmed by other methodologies.6 This
indicates that the long-range hydration state, which involves

the primary and secondary hydration shells, plays an active role
in the formation of the aggregation structures of soft matter.
However, the physical origin of the correlation and other
details are still unknown.
In this study, we focus on the difference in the hydration

state of phospholipid membranes with different hydrophilic
structures. THz spectroscopy has shown that the hydration
state of a phospholipid with a phosphatidylcholine head group
(PC lipid) is completely different from that of a phospholipid
with a phosphatidylethanolamine head group (PE lipid).3 The
different head groups in PC and PE lipids are shown in Figure
1. In the case of PC lipids, there is a large amount of hydrated
water where the motion is bound, whereas in PE lipids, water is
likely not bound but rather accelerated. Furthermore, the
difference in hydration state is closely related to the phase
transition from the membrane to the inverted hexagonal
structure, as found experimentally.3 In other words, the
nonbound characteristics of hydration make PE lipids much
easier to dehydrate than PC lipids, leading to a structural phase
transition. The involvement of the hydration state in the
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N−H correlations at 4.5 Å in the N(CH3)4+ solution. This
distribution is similar to that of DOPC in Figure 6b. The
N(CH3)4+ ions are more weakly hydrated than the NH4

+ ions.
In order to reveal the HB networks in the solutions, the
number of HBs among water molecules, NHB, and the number
of nearest-neighbor water molecules, NNN, are estimated
around the cations, as shown in Figure 9b,c, respectively. In
the NH4

+ solution, NHB increases with distance, and a peak is
observed at 2.9 Å. After NHB decreases, it gradually converges
to 3.0. The decline in NHB corresponds to a decrease in the
number of O atoms (see Figure 9a). Remarkably, NNN sharply
increases to a peak of 4.2 at 2.9 Å, decreases, and then rises to
5.1. These results mean that HBs are formed with some of the
surrounding water. In the N(CH3)4+ solution, NHB increases
gradually to 3.0 and does not have a peak, and NNN rises to 4.8
with a similar trend. In Figure 9a, the first peaks of the RDFs of
O and H atoms in water molecules are almost the same.
Interestingly, the converged NNN in the NH4

+ solution is larger
than that in the N(CH3)4

+ solution, whereas the converged
NHB are almost the same. Based on the results in Figure 9, the
average number of HBs decreases around the NH4

+ ions even
though there are enough water molecules around it owing to
the prioritized interaction with the ions. In contrast, although
there are fewer water molecules around the N(CH3)4+, they
have many HBs with other water likely because of the weak
interaction with the ions. We evaluate these HB networks
around the ions. Table 2 shows the average NHB and NNN per
water molecule in the pure water, the N(CH3)4+ solution, and
the NH4

+ solution. The average NHB is highest in the pure
water system, and the average NHB in the N(CH3)4+ solution
and the NH4

+ solutions are almost the same. As shown in
Figure 9c, the average NNN is the lowest in the N(CH3)4+

solution. In contrast to pure water, which has sufficient
nearest-neighbor water, the average NNN is less in the NH4

+

solution and the lowest in the N(CH3)4
+ solution. To

normalize the number of HBs by the opportunity of
connection, we divide the average NHB by the average NNN,
which is summarized in Table 2. NHB/NNN represents the HB
probability when other water molecules are neighbors. NHB/
NNN is the highest in the N(CH3)4+ solution and the lowest in
the NH4

+ solution. Therefore, in the N(CH3)4+ solution, the
connection of the HBs increases, resulting in slow rotational
relaxation. In contrast, in the NH4

+ solution, the HB
connection decreases, resulting in fast rotational relaxation.
The number of HB networks reflects a degree of order in water
molecules. The normalized number in Table 2 would represent
the local order. Therefore, the local order of water is higher
around N(CH3)4+ than that around NH4

+. Figure 10 shows the

normalized number around N(CH3)4+ and NH4
+. The graph

clearly shows that water is in an ordering around N(CH3)4+,
whereas the ordering is broken around NH4

+. It is noted that
the values jump at the nearest distance for both ions because
the number of the nearest-neighbor molecules between water
is small. The rotational dynamics in the first and second
hydration shells are analyzed (Figure 11). Since the total
number of water molecules is small, the rotational relaxation is
calculated every 1 ps. Based on Figure 9a, we estimate that the
first hydration shell ranges 2−3 and 3−6 Å from the N atom of

Figure 9. (a) RDF (g(r)) of water molecules around N atoms of
N(CH3)4

+ and NH4
+ ions, where r is the distance between the atoms.

(b) Number of HBs among water molecules and (c) number of
nearest-neighbor water molecules around the N(CH3)4+ and NH4

+

ions.

Table 2. Average Numbers of Hydrogen Bonds, NHB, and
Nearest-Neighbor Molecules, NNN, per Water Molecule in
Pure Water, the N(CH3)4+ Solution, and the NH4

+

Solutiona

pure water N(CH3)4+ NH4
+

NHB 3.35 ± 0.00 3.12 ± 0.06 3.14 ± 0.03
NNN 5.37 ± 0.01 4.87 ± 0.05 5.30 ± 0.01
NHB/NNN 0.62 ± 0.00 0.64 ± 0.02 0.59 ± 0.01

aThe normalized value of NHB/NNN is also summarized.

Figure 10. Normalized value of NHB/NNN around N(CH3)4
+ and

NH4
+, where NHB is the average number of HBs, and NNN is the

nearest-neighbor molecule.

Figure 11. Rotational correlation of water molecules in the first and
second shell ⟨cos θ(t) of the N(CH3)4+ solution and NH4

+ solution.
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QENS on DMPE+10H2O
Rahman et al., Struct. Dyn. 2023

DMPC bilayers were 19.06 2.5 and 27.56 3.2 kJmol!1, respec-
tively.13 The activation energy of slow HW between DMPE bilayers
was similar to that of loosely bound water between DMPC bilayers. In
contrast, the activation energy of medium-speed HW between DMPE
bilayers was significantly lower than that between DMPC bilayers. In
our previous study, water dynamics between 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC, a typical PC lipid) and 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine (DOPE, a typical PE lipid) bilayers
was investigated using MD simulations.21 The MD simulation results
showed different hydrogen-bonded networks between the PC and PE
lipids. The number of hydrogen bonds among water molecules around
the PE lipid was less than that around the PC lipid. That MD simula-
tion revealed that strong hydration between –NH3

þ groups and water
molecules breaks the hydrogen-bonded networks of water molecules
in the case of the PE lipid. The results of QENS and our previous MD
simulation study21 suggest the possibility that the hydrogen bonds
among medium-speed HW molecules between DMPE bilayers are
more distorted. Therefore, it can be concluded that the molecular
arrangement of medium-speed HW molecules in DMPE could differ
from that in DMPC.

Figure 16 shows the Q-dependence of HWHM of the fast mode
of water, obtained from fitting these data to Eq. (4a) at T¼ 358K.

Since Cfast water is independent of Q, the fast mode represents a
localized motion. K€onig et al. indicated, using QENS and NMR, that
fast water molecules showed only rotational motion in the case of a
low hydration level at four water molecules per DPPC molecule.14

Swenson et al. investigated water dynamics in the vicinity of DMPC
bilayers using QENS.17 Their findings showed that the observed water
dynamics was primarily rotational, especially at low temperatures and
hydration levels. In this study, the number of water molecules was 10
per lipid molecule, and this number can be reasonably interpreted the
fast mode as a rotational motion.

From the average value of Cfast water (average energy dissipation,
E), the relaxation time (s) can be calculated as

E ¼ "hx ¼ "h
1
s

;

s ¼ "h
E
;

(6)

where x is the angular frequency. C vs Q2 plots of fast water in
d54DMPE-10H2O, obtained upon profile fitting using Eq. (4a) of data
measured at other temperatures, are shown in the supplementary
material (Fig. S9).46 Those results also indicate that Cfastwater is inde-
pendent of Q. The relaxation time of the rotational motions was
calculated from the average values of Cfastwater. The temperature

FIG. 14. Arrhenius plots of the diffusion coefficients of HW in d54DMPE-10H2O
obtained from Eq. (5). The filled red triangles and violet circles represent the diffu-
sion coefficients of the slow- and medium-speed modes of HW between the DMPE
membranes, respectively. The open squares and hexagons are the diffusion coeffi-
cients of the free and loosely bound HW between the DMPC membranes, respec-
tively.13 (TDMPE

m )!1 and (TDMPC
m )!1 represent the inverse values of the phase

transition temperatures for d54DMPE-10H2O and d67DMPC-37H2O,
13 respectively.

FIG. 15. Arrhenius plots of the mean residence times of the diffusive translational
modes of slow- and medium-speed HW in d54DMPE-10H2O, obtained from Eq. (5)
for the six different measured temperatures.

FIG. 16. Cfast water vs Q
2 for d54DMPE-10H2O, obtained by profile fitting to Eq. (4a)

at 358 K.
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DMPC bilayers were 19.06 2.5 and 27.56 3.2 kJmol!1, respec-
tively.13 The activation energy of slow HW between DMPE bilayers
was similar to that of loosely bound water between DMPC bilayers. In
contrast, the activation energy of medium-speed HW between DMPE
bilayers was significantly lower than that between DMPC bilayers. In
our previous study, water dynamics between 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC, a typical PC lipid) and 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine (DOPE, a typical PE lipid) bilayers
was investigated using MD simulations.21 The MD simulation results
showed different hydrogen-bonded networks between the PC and PE
lipids. The number of hydrogen bonds among water molecules around
the PE lipid was less than that around the PC lipid. That MD simula-
tion revealed that strong hydration between –NH3

þ groups and water
molecules breaks the hydrogen-bonded networks of water molecules
in the case of the PE lipid. The results of QENS and our previous MD
simulation study21 suggest the possibility that the hydrogen bonds
among medium-speed HW molecules between DMPE bilayers are
more distorted. Therefore, it can be concluded that the molecular
arrangement of medium-speed HW molecules in DMPE could differ
from that in DMPC.

Figure 16 shows the Q-dependence of HWHM of the fast mode
of water, obtained from fitting these data to Eq. (4a) at T¼ 358K.

Since Cfast water is independent of Q, the fast mode represents a
localized motion. K€onig et al. indicated, using QENS and NMR, that
fast water molecules showed only rotational motion in the case of a
low hydration level at four water molecules per DPPC molecule.14

Swenson et al. investigated water dynamics in the vicinity of DMPC
bilayers using QENS.17 Their findings showed that the observed water
dynamics was primarily rotational, especially at low temperatures and
hydration levels. In this study, the number of water molecules was 10
per lipid molecule, and this number can be reasonably interpreted the
fast mode as a rotational motion.

From the average value of Cfast water (average energy dissipation,
E), the relaxation time (s) can be calculated as

E ¼ "hx ¼ "h
1
s

;

s ¼ "h
E
;

(6)

where x is the angular frequency. C vs Q2 plots of fast water in
d54DMPE-10H2O, obtained upon profile fitting using Eq. (4a) of data
measured at other temperatures, are shown in the supplementary
material (Fig. S9).46 Those results also indicate that Cfastwater is inde-
pendent of Q. The relaxation time of the rotational motions was
calculated from the average values of Cfastwater. The temperature

FIG. 14. Arrhenius plots of the diffusion coefficients of HW in d54DMPE-10H2O
obtained from Eq. (5). The filled red triangles and violet circles represent the diffu-
sion coefficients of the slow- and medium-speed modes of HW between the DMPE
membranes, respectively. The open squares and hexagons are the diffusion coeffi-
cients of the free and loosely bound HW between the DMPC membranes, respec-
tively.13 (TDMPE

m )!1 and (TDMPC
m )!1 represent the inverse values of the phase

transition temperatures for d54DMPE-10H2O and d67DMPC-37H2O,
13 respectively.

FIG. 15. Arrhenius plots of the mean residence times of the diffusive translational
modes of slow- and medium-speed HW in d54DMPE-10H2O, obtained from Eq. (5)
for the six different measured temperatures.

FIG. 16. Cfast water vs Q
2 for d54DMPE-10H2O, obtained by profile fitting to Eq. (4a)

at 358 K.
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dependence of the relaxation times on the rotational motion is shown
in Table S3 in the supplementary material46 and depicted in Fig. 17.
The relaxation time was calculated using Eq. (6).

The relaxation time is less than or approximately equal to 2.5 ps
within the 300–368K temperature range. The reason for the high
value at T¼ 343K is unknown, and it could have been due to an arti-
fact; therefore, these data points were neglected in the discussion later.
Although the relaxation time decreased with increasing temperature,
the activation energy was very low. The phase transition from the gel
phase to the liquid crystalline phase had no significant effect on the
rotational dynamics of the water molecules, which was consistent with
the observed rotational water dynamics in DPPC.14 The observed
relaxation time of rotational water between DMPE bilayers was
approximately six times faster than in DMPC44 and more than three
times faster than in POPC,10 investigated using THz-TDS. Thus, water
molecules behave differently at the phospholipid membrane surfaces
depending on the charge of the phospholipids. This result was consis-
tent with the MD simulation study, where the rotational water dynam-
ics between DOPE (PE lipid) bilayers was faster than those between
DOPC (PC lipid) bilayers.21

In our previous experiment on d67DMPC-37H2O,
13 it was

assumed that the dynamics of the DMPC molecule was related to the
HW dynamics between DMPC bilayers. However, the headgroup
dynamics of DMPC could not be separated because fully protiated
DMPC was used, and measurements were made at only one tempera-
ture, namely, 306K. Herein, the headgroup dynamics of DMPE from
d54DMPE-10D2O was successfully characterized using QENS in the
temperature range 300–368K. We also clarified HW dynamics, where
the C values of water were similar to those of the headgroup. Since
water molecules and the phospholipid headgroup interact with each
other, there is a possibility that the water and headgroup dynamics are
influenced by each other. Wood et al. investigated the coupling
dynamics of the purple membrane, HW, and protein dynamics using
elastic incoherent neutron scattering, specific deuteration, and MD
simulations. They concluded that HW dynamics is not directly cou-
pled to membrane motions on the same timescale at temperatures
<260K.45 However, experimental studies should be conducted on a
large temperature range to establish it. It can be concluded from the

present study and previous studies13,44 that water dynamics near the
lipid headgroup depend on the charge of the lipid headgroup.

IV. CONCLUSIONS
The phospholipid headgroup dynamics of DMPE and the HW

dynamics between DMPE bilayers using QENS, with a wide energy
transfer range that covered three orders of magnitude of timescale,
were investigated. Slow, medium-speed, and fast modes of headgroup
motion were observed using tail-deuterated lipids (d54DMPE-10D2O).
Based on the results of all-atomic MD simulations, it was decided that
the origins of the slow, medium-speed, and fast modes were fluctua-
tions in the DMPE membrane, fluctuations in the entire DMPE mole-
cule, and the rotation of hydrogen atoms around N and C atoms in
the headgroup of DMPE, respectively. Using selectively deuterated
samples (d54DMPE-10H2O), water dynamics between DMPE bilayers
was categorized into slow, medium-speed, and fast modes. Our com-
parison of the results with previous QENS results of HW dynamics
between DMPC bilayers is summarized as follows:

(1) Diffusion of slow HW between DMPE bilayers was similar to
that of loosely bound HW between DMPC bilayers and an
order of magnitude less than that in bulk water.

(2) The diffusion of medium-speed HW between DMPE bilayers
was faster than that of free HW between DMPC bilayers. Their
activation energies were also different, suggesting the presence
of different hydrogen-bonded networks of HW molecules
around the phospholipids.

(3) The relaxation time of rotational water between DMPE bilayers
was approximately six times faster than that in DMPC.

We revealed that fast (rotational) water dynamics depends on
phospholipid headgroup structures. The D of slow HW dynamics in
DMPE is similar to loosely bound HW dynamics in DMPC, while the
Ds of medium-speed HW dynamics are faster compared with free
HW dynamics in DMPC. The variation in the activation energy of
medium-speed HW in DMPE compared with free HW in DMPC sug-
gested the presence of various kinds of water networks around the
headgroup.
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Summary

30

free water

loosely bound water

tightly bound water

24 molecules: no T dependence

8-12 molecules: increase with T

7-2 molecules: decrease with T, move 
with lipid molecules, and depends on 
cation binding

nearly bulk water, but confinement effect

slow dynamics: 1/10 of free water

Thick “loosely bound water” layer may relate with biocompatibility 
and be decided by the nature of lipid headgroups.



• Biocompatibility	
– properties to prevent blood-clotting / 

thrombus formation / inhibit the 
protein adhesion and denaturation	

• Utilized as coating materials of 
biomedical devices	
– blood-contacting medical devices 

such as artificial organs and blood 
vessels

Biocompatible polymers

          

        
　　　Adsorbed proteins

　living  
   cell

Blood flow

Protein 
desorption

Water molecules 
organized at the  
protein-polymer 
interface  

Protein  
adsorption

Polymer chains 
on medical  
devices



Biocompatibility and cold crystallization

n
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O

PMEA: poly(2-methoxyethyl acrylate)	
‣ excellent biocompatibility: the largest market share in the world	

‣ low protein adhesion and denaturation	
‣ low blood cells adhesion and activation	
‣ low toxicity	

‣ water insoluble

PMEADSC curve of PMEA+water (9wt%)
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] cold crystallization

Temp. [°C]

melting of ice

A large cold crystallization peak is 
considered as a signature of the 

biocompatibility



Categorization of hydration water

Hydration water

Freezing water  
(crystallizable)

Intermediate water	
(cold crystallization:weakly interact 
with polymer chains)

Free water  
(melting at ca. 0 °C: slightly 
affected by polymer chains)

Non-freezing water	
(not crystallize even at -100 °C: 
strongly interact with polymer chains)

by DSC, IR, and NMR experiments

Essential for biocompatibility

What is the origin?	
How to control?

QENS will clarify the relation between 
polymer chains and water molecules.



PEO(polyethylene oxide)
‣ typical biocompatible polymer 
‣ “cold crystallization” is already confirmed 
‣ similarity of chemical structure with PMEA 
‣ deuterated PEO is commercially available 
‣ water soluble

n
O O

O

PMEA

DSC curves of (a) dPEO/H2O and (b) hPEO/D2O. 

T = 37 oC



QENS of hPEO/D2O: polymer motion

• Fourier transform from S(Q,E) to I(Q,t). 
• Fitting with KWW function with β=0.5. 
• Diffusion coefficients were calculated 

in terms of Fick’s law of diffusion.

The diffusion coefficients are the order of 
1010 Å2/s, and increase with increasing 
water content.
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Table 3: Incoherent cross section of typical samples.

dEO 10 wt% H2O 60 wt% H2O hEO 10 wt% D2O 60 wt% D2O
σinc(bahn) 8.20 47.51 642.08 321.04 1.00 13.53

The intermediate correlation function I(Q, t) was calculated via Fourier transform us-

ing the software DAVE provided by the National Institute of Standards and Technology

(NIST):43

S(Q,E) = R(Q,E)⊗
[
1

2π

∫ ∞

−∞
I(Q, t) exp(−iωt)dt

]
+ Bg (4)

where R(Q,E) and Bg are the instrumental resolution and constant background, respectively.

The Kohlraush-Williams-Watts (KWW) function is a standard for analyzing the self-

correlation functions of polymer chains in those cases where there is cooperative coupling

between the polymer chains:44

I(Q, t) = A0 exp
[
−(t/τKWW )β

]
+ (1− A0) (5)

where A0, β, and τKWW are the fraction of the mobile component, exponent between 0 and

1, and relaxation time, respectively. The averaged relaxation time, < τ >, can be calculated

using the gamma function:45

< τ >= (τKWW/β)Γ(1/β) (6)

The curves in Figure 5(b) represent the Fourier-transformed intermediate correlation func-

tions and the appropriate KWW fits (Eq. (5)), where β ∼ 0.5 and τKWW is a fixed pa-

rameter.45 The measurements at an instrumental resolution of 3.6 µeV do not capture those
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QENS of dPEO/H2O: water motion
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Figure 7: (Color online) (a) S(Q,E) for the dPEO+H2O samples at Q ∼ 1 Å−1 and
T = 37◦C. (b) S(Q,E) profile corresponding to nwater/nEO = 1.1, and the result of the
fitting using Eq. (7). The solid lines indicate the profiles of the 3 terms in Eq. (7).

as follows:

S(Q,E) = R(Q,E)⊗ [Aimmobileδ(Q,E) + AslowLslow(Γslow, E) + AfastLfast(Γfast, E)] + Bg (7)

where L,A,Γ, R and Bg are the Lorentz function, a coefficient of the Lorentz function,

HWHM of the Lorentz function, the instrumental resolution function and a constant back-

ground, respectively. The delta function represents the immobile component with respect to

the time scale of the spectrometer (longer than sub-nanosecond order in Fourier time). All

the S(Q,E) curves were fitted using Eq. (7), as exemplified in Figure 7(b).

The Q2-dependence of Γslow and Γfast (see Figure 8) was explained by the jump diffusion

model:46

Γ =
DQ2

1 +DQ2τ0
(8)

where D and τ0 are the diffusion coefficient and mean residence time, respectively. From the

fitting, D and τ0 were estimated for the slow and the fast modes of the water molecules, as

17



The existence of slow hydration water
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Dynamics of PEO chains and hydration water 
at physiological temperature

T. Tominaga, et al., J. Phys. Chem. B, 2022

• The existence of intermediate water is 
confirmed.	

• Three types of water exist even at low 
water contents.

Q1: A detailed picture of the 
intermediate water?	

Q2: Relation with the cold 
crystallization?



Data analysis of QENS profiles
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Figure 7: (Color online) (a) S(Q,E) for the dPEO+H2O samples at Q ∼ 1 Å−1 and
T = 37◦C. (b) S(Q,E) profile corresponding to nwater/nEO = 1.1, and the result of the
fitting using Eq. (7). The solid lines indicate the profiles of the 3 terms in Eq. (7).

as follows:

S(Q,E) = R(Q,E)⊗ [Aimmobileδ(Q,E) + AslowLslow(Γslow, E) + AfastLfast(Γfast, E)] + Bg (7)

where L,A,Γ, R and Bg are the Lorentz function, a coefficient of the Lorentz function,

HWHM of the Lorentz function, the instrumental resolution function and a constant back-

ground, respectively. The delta function represents the immobile component with respect to

the time scale of the spectrometer (longer than sub-nanosecond order in Fourier time). All

the S(Q,E) curves were fitted using Eq. (7), as exemplified in Figure 7(b).

The Q2-dependence of Γslow and Γfast (see Figure 8) was explained by the jump diffusion

model:46

Γ =
DQ2

1 +DQ2τ0
(8)

where D and τ0 are the diffusion coefficient and mean residence time, respectively. From the

fitting, D and τ0 were estimated for the slow and the fast modes of the water molecules, as
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Previous analysis: 3 modes (delta+2 Lorentz) were assumed.

vestigated by a time-of-flight backscattering spectrometer EMU at OPAL reactor in ANSTO.

...

Mode Distribution Analysis

In our previous paper,18 the QENS profiles of the mixtures of dPEO and H2O were analyzed

assuming the function described as follows:

S(Q,E) = R(Q,E)⊗ [Aimmobile(Q)δ(Q,E) + Aslow(Q)Lslow(Γslow, E) + Afast(Q)Lfast(Γfast, E)] + Bg(1)

Lα(Γα, E) =
Γα

Γ2
α + E2

(2)

where L,A(Q),Γ, R and Bg are the Lorentz function, a coefficient of the Lorentz function,

Half Width at Half Maximum (HWHM) of the Lorentz function, the instrumental resolution

function and a constant background, respectively. The delta function represents the immobile

component with respect to the energy resolution of the spectrometer. From this data analysis,

we identified three types of motions of hydration water as the immobile water, the slow mode

water, and the fast mode water. These results could be useful to catch the simplified picture

of hydration water in the vicinity of PEO chains at physiological temperature, however,

the possibility of an existence of another mode was ignored. In order to know the detailed

picture of the hydration water dynamics, the assumption that the sum of three terms should

be reconsidered.

The MDA is a method to analyze QENS profiles without assuming the number of Lorentz

functions. In this method, the relaxation modes are described based on the exponential law,

and the dynamic structure factor S(Q,E) is written as

S(Q,E) = R(Q,E)⊗
[
A(Q)δ(Q,E) +

∫ ∞

0

B(Q,Γ)
1

π

(
Γ

Γ2 + E2

)
dΓ

]
+ Bg (3)

6

Present analysis: the distribution of Lorentz functions will be calculated as an inverse 
problem.

Mode Distribution Analysis (MDA)
T. Kikuchi et al., Phys. Rev. E, 2013 
T. Kikuchi et al., J. Mol. Liq., 2023



Mode distribution obtained by MDA
dPEO+30wt% H2O (nw/nEO = 1.1), T = 310K

slowest mode centered at h̄Γ ∼ 0 meV is the elastic component (EC). Figure 3 shows (a) Q

dependence of the intensities of 5 modes and (b) Q dependence of the energy transfer h̄Γ.

The second slow mode at h̄Γ ∼ 10−3 meV depends on Q and the intensity at low-Q regime

was stronger than the others. This tendency of the second slow mode could be interpreted as

a global diffusion (GD). The third mode at h̄Γ ∼ 10−2 meV, the fourth mode at h̄Γ ∼ 10−1

meV, and fifth mode at h̄Γ ∼ 3× 10−1 meV were almost independent of Q. This means that

these modes should be localized motions. Comparing with the modes identified in bulk water,

the third mode and the fourth mode could be interpreted as a middle speed local diffusion

(MSLD), a fast local diffusion (FLD), and the fifth mode corresponds to the reorientation

of water molecules (RO). From the mean values of h̄Γ’s of MSLD and FLD, the relaxation

times of these mode could be estimated as 41 ps and 10 ps, respectively. When we analyzed

the sum of 3 diffusive modes (GD, MSLD and FLD), the energy transfer h̄Γ followed the

jump diffusion model. (See Supporting Information.) The estimated diffusion coefficient at

T = 310 K was almost the same as that of the slow mode of the previous paper,18 and

increased with increasing the amount of water. Therefore, the present interpretation of the

three diffusive modes is reasonable.

Figure 4: (Color online) Q dependence of the fractions of the three diffusive modes identified
as GD (I2), MSLD (I3), and FLD (I4).

Figure 4 indicates the Q dependence of the fraction of intensities of 3 diffusive modes, I2
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Elastic Incoherent Structure Factor

modes were analyzed. In general, EISF represents the intensity ratio of the elastic component

to the total intensity. In a case that a system contains several components and the faster

mode is focused, the remaining slower modes could be regarded as an elastic component.

Therefore, the MSLD could be analyzed by,

EISFMSLD =
I2

I2 + I3
(8)

where I2 and I3 are the intensities of GD and MSLD. Similarly, FLD could be analyzed by,

EISFFLD =
I2 + I3

I2 + I3 + I4
(9)

where I4 is the intensity of the FLD. Here, we consider the diffusive motion inside and

between concentric spheres with radius R. In this case, EISF could be interpreted by

I(Q) = (1− y0)

[
3j21(QR)

QR

]2
+ y0 (10)

where j1 is the spherical Bessel function of the 1st kind. The parameter y0 has a positive

value when the distribution of spheres is discrete.

Figure 6 shows (a) EISFMSLD and (b) EISFFLD of the mixtures of dPEO+30 wt%

H2O (nwater/nEO = 1.1) at T = 310K and the variation with water contents. From the

data analysis, the diameters of larger cages and smaller cages were estimated as R = 6.6

Å and 3.1 Å, respectively, and the sizes slightly increased with increasing water content.

(See Supporting Information.)

The temperature dependence of the cage sizes estimated from the EISFMSLD and from

the EISFFLD of the sample with dPEO+30 wt% H2O (nwater/nEO = 1.1) is shown in Fig.

12
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FIG. 2. Intensity map of the distribution of the Lorentz function B(Q, ω) ana-
lyzed by MDA of the sample with dPEO+30 wt. % H2O (nwater⌜nEO = 1.1) at
T = 310 K. The vertical axis indicates momentum transfer Q, and the horizon-
tal axes are energy transfer hω (lower) and corresponding relaxation time ω
(upper).

different at T = 220, 190, and 160 K (see Fig. 6). The elastic com-
ponent was identified as an even slower mode, with hω being much
less than the instrumental resolution. The fastest mode at hω ∼ 101

corresponds to a background, including fast motions beyond the
observable range of the DNA spectrometer. Comparing with the
intensity map of neat water (see Fig. 10 in Ref. 34), it can be real-
ized that the present fourth mode corresponds to the “intermediate
mode” of neat water. The “fast mode” observed in neat water can-
not be identified in the present data because of the energy range
of the DNA spectrometer. The other three modes may emerge
from the “slow mode” of neat water through an interaction with
PEO chains.

In order to discuss the MDA result on dPEO+30 wt. % H2O
at T = 310 K, the Q dependence of the intensities of the elastic
component and modes identified by MDA are shown in Fig. 3(a).
Assuming log-normal distributions for these modes, their peak posi-
tions were further calculated by the geometrical means and are
shown in Fig. 3(b). The average peak position of the slowest mode
at hω ∼ 10⌐3 meV depends on Q, and its intensity at low Q is
stronger than that of the others. This tendency of the slowest mode
could be interpreted as corresponding to global diffusion (GD). The
average peak positions of the second mode at hω ∼ 10⌐2 meV, the
third mode at hω ∼ 10⌐1 meV, and the fourth mode at hω ∼ 3 ⌐ 10⌐1

meV were almost independent of Q. This means that these modes
should correspond to localized motions. Comparing with the modes
identified in bulk water,34 the second mode and the third mode
could be interpreted as corresponding to a slow local diffusion
(SLD) and a fast local diffusion (FLD), respectively, and the fourth
mode could be interpreted to the reorientation of water molecules
(RO). From the mean values of hωs of SLD and FLD, the relax-
ation times of these modes could be estimated as 41 and 10 ps,
respectively.

In order to estimate a diffusion coefficient for the hydra-
tion water, the geometrical mean of hωs of the three diffusive
modes, i.e., GD, SLD, and FLD, was calculated. The calculated
hωs at T = 310, 280, and 250 K are shown in Fig. 4(a) against

Q2. They could be fitted well by the following jump diffusion
model:

ω(Q) = DQ2

1 +DQ2ω0
, (8)

where D is the diffusion coefficient and ω0 is the mean residence
time. The estimated D at T = 310 K was comparable to that of the
slow mode of the previous paper.33 Figure 4(b) shows the Arrhenius
plot of the diffusion coefficient. The estimated activation energy,
Ea = 30.89(36) kJ/mol, is 1.77 times larger than that of bulk water.
We also analyzed the GD hωs for the three temperatures through a
direct fit to the jump diffusion model. (Data are not shown.) The
statistics were relatively worse due to the lack of the high resolution
data, but the diffusion coefficients were almost the same as shown in
Fig. 4(b). The estimated ω0s from this procedure are about one order
of magnitude larger than those of the slow diffusion in Ref. 33, and
the jump distances are about two times larger than R2 introduced in
the present work.

Figure 5 indicates the Q dependence of the fractions of inten-
sities for the three diffusive modes, I1 for GD, I2 for SLD, and I3
for FLD, at 310 K. The GD fraction is larger than the others in the
low Q region and vanishes above Q ∼ 1.6 Å⌐1. The SLD fraction
increases in the middle Q region, and the FLD fraction increases at
relatively higher Qs. This further supports that the SLD and FLD
modes arise from motions over spatially restricted regions. Similar
trends were observed in bulk water and in liquid benzene.34,35 These
results could be interpreted as implying that each water molecule
experiences all types of motions over time. However, they could also
be interpreted as signifying that there are three types of water, simi-
lar to the interpretation in our previous paper.33 QENS data analysis
can reveal the existence of several modes of water molecules but
cannot give any information about whether each water molecule
experiences all the modes or is assigned to one specific mode. Fur-
ther experimental or simulation works are necessary to address
this question.

The temperature variation in the intensities of the elastic com-
ponent, and GD, SLD, FLD, and RO modes of hydration water is
shown in Fig. 6. It is clear that the three diffusive modes disappear
below T = 250 K. As observed in DSC [see Fig. 1(a) in Ref. 33], the
cold crystallization peak was found around T = 250 K. Additionally,
the intensity of the GD mode increased with decreasing tempera-
tures at T ≥ 250 K, while the intensities of the local diffusive modes
(SLD and FLD) decreased. These results indicated that the motion of
hydration water drastically changes around the cold crystallization
temperature.

Finally, we turn to estimating the size of the spatially restricted
regions for SLD and FLD. To this end, the Elastic Incoherent Struc-
ture Factors (EISFs) of these modes were analyzed. Normally, an
EISF represents the intensity ratio of the elastic component to
the total intensity. This definition could be generalized to cases
where a system contains several dynamical components, and a fast
mode may be characterized by treating the remaining slower modes
as elastic components.35 Therefore, the SLD can be analyzed by
considering

EISFSLD = I1

I1 + I2
, (9)
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FIG. 3. (a) Q dependence of the MDA mode intensities the elastic component and (b) Q dependence of the average peak positions of the MDA modes for dPEO+30 wt. %
H2O at T = 310 K.

FIG. 4. (a) Q2 dependence of the HWHMs at T = 310, 280, and 250 K and their fits to the jump diffusion model for dPEO+30 wt. % H2O. (b) Arrhenius plot of the fitted
diffusion coefficients in (a).

FIG. 5. Q dependence of the fractions of the three diffusive modes identified as
GD (I1), SLD (I2), and FLD (I3) for dPEO+30 wt. % H2O at 310 K.

where I1 and I2 are the intensities of GD and SLD. Similarly, FLD
can be analyzed by considering

EISFFLD = I1 + I2

I1 + I2 + I3
, (10)

where I3 is the intensity of the FLD. Here, we consider diffusive
motion inside and among the spheres of radius R. In this scenario,
the EISF can be interpreted by

I(Q) = (1 ⌐ y0)⌜3 j2
1(QR)
QR

⌜2 + y0, (11)

where j1 is the spherical Bessel function of the first kind. The para-
meter y0 has a positive value when the distribution of spheres is
discrete.

Figure 7 shows (a) EISFSLD and (b) EISFFLD for the mixture of
dPEO+30 wt. % H2O (nwater⌝nEO = 1.1) at T = 310, 250, and 220 K.
From the fits, the radii of larger cages (R2) and smaller cages (R3)
were estimated as 2.94 and 1.32 Å at T = 310 K.

The previously obtained QENS profiles of dPEO+10, 15, 45,
and 60 wt. % H2O (nwater⌝nEO = 0.3, 0.5, 2.2, 4.0) at T = 310 K were
also analyzed by MDA, and the corresponding cage sizes were esti-
mated as shown in Fig. 8. It is clear that both cage sizes slightly
increase with increasing water content. Figure 9(a) of Ref. 33 shows
the diffusion coefficients of the PEO chains and that the slow mode
water monotonically increases with increasing water content. This
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Detailed picture of the hydration water
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Temperature dependence of R2, R3
The cage sizes monotonically decreased with decreasing temperature.

Hydration water molecules stop moving at 220-250K.

The cold crystallization occurs on heating around T=250 K.

2

3
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QENS experiments on PMEA and water
PMEA: poly(2-methoxyethyl acrylate)	

‣ excellent biocompatibility: the largest market share in the world	
‣ low protein adhesion and denaturation	
‣ low blood cells adhesion and activation	
‣ low toxicity	

‣ water insoluble
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dPMEA/H2O: water motion

(a) (b)

Figure 8: (Color online) A typical QENS profiles and the result of the fitting of dPMEA/H2O
at (a) High-Flux mode and (b) High-Resolution mode. Both the data were obtained from
dPMEA/6wt%H2O and Q = 1Å−1.

(a) (b)

Figure 9: (Color online) A typical QENS profiles and the result of the fitting of hPMEA/D2O
at (a) High-Flux mode and (b) High-Resolution mode. Both the data were obtained from
hPMEA/7wt%D2O and Q = 1Å−1.
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Figure 8: (Color online) A typical QENS profiles and the result of the fitting of dPMEA/H2O
at (a) High-Flux mode and (b) High-Resolution mode. Both the data were obtained from
dPMEA/6wt%H2O and Q = 1Å−1.

(a) (b)

Figure 9: (Color online) A typical QENS profiles and the result of the fitting of hPMEA/D2O
at (a) High-Flux mode and (b) High-Resolution mode. Both the data were obtained from
hPMEA/7wt%D2O and Q = 1Å−1.
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Figure 3: (Color online) Water content dependence of the domain size estimated by the
SAXS measurements is shown together with the cage sizes of the SLD and the FLD estimated
by the QENS experiments.

??.) According to the results obtained for dPEO and H2O mixtures as described in the In-

troduction section, we assumed the sum of four terms, one delta function and three Lorentz

functions, to fit the QENS profiles as follows:

S(Q,E) = R(Q,E)⊗ [AHF0(Q)δ(Q,E) + AHF1(Q)L(ΓHF1(Q), E)

+ AHF2(Q)L(ΓHF2(Q), E) + AHF3(Q)L(ΓHF3(Q), E)] + Bg(Q) (1)

S(Q,E) = R(Q,E)⊗ [AHF0(Q)δ(Q,E) + AHF1(Q)L(ΓHF1(Q), E)

+ AHF2(Q)L(ΓHF2(Q), E)] + Bg(Q) (2)

where L,A(Q),Γ, R and Bg are the Lorentz function, a coefficient of the Lorentz function,

9

HWHM of the Lorentz function, the instrumental resolution function and a constant back-

ground, respectively. The delta function represents the immobile component with respect

to the time scale of the spectrometer. All the S(Q,E) curves were fitted using Eq. (2), as

exemplified in Figure S1(b). Here we define ΓHF1 < ΓHF2 < ΓHF3.

Figure S2 indicates a QENS profile for a dPEO+H2O sample at nwater/nEO = n measured

by High-Resolution mode. This profile was analyzed by the sum of three terms:

S(Q,E) = R(Q,E)⊗ [AHR0(Q)δ(Q,E) + AHR1(Q)L(ΓHR1(Q), E)

+ AHR2(Q)L(ΓHR2(Q), E)] + Bg(Q) (3)

where ΓHR1 < ΓHR2. Considering the energy ranges covered by the High-Flux mode and the

High-Resolution mode, ΓHF1 and ΓHR2 should be the same. Thus ΓHR2 was fixed at ΓHF1

when the data obtained by the High-Resolution mode were fit with eq.(3).

(a) (b)

Figure 4: (Color online) (a) Q dependence of the Lorentz function intensities of dPMEA/6
wt%H2O. (b) Q2 dependence of HWHM of the Lorentz functions.

The Q dependence of the intensities of the elastic component from the data at High-

Resolution mode, AHR0, and the coefficients of modes obtained by the fitting, AHR1, AHF1, AHF2, AHF3,

are shown in Fig. 4. The values and the tendencies are quite similar to those obtained for

10

High-Flux mode
Ereso = 12 μeV
-40 < ΔE < 1000 μeV

High-Resolution mode
Ereso = 3.6 μeV
-20 < ΔE < 50 μeV



4 modes in water motion

Almost the same as the case of PEO hydration water.
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slowest mode centered at h̄Γ ∼ 0 meV is the elastic component (EC). Figure 3 shows (a) Q

dependence of the intensities of 5 modes and (b) Q dependence of the energy transfer h̄Γ.

The second slow mode at h̄Γ ∼ 10−3 meV depends on Q and the intensity at low-Q regime

was stronger than the others. This tendency of the second slow mode could be interpreted as

a global diffusion (GD). The third mode at h̄Γ ∼ 10−2 meV, the fourth mode at h̄Γ ∼ 10−1

meV, and fifth mode at h̄Γ ∼ 3× 10−1 meV were almost independent of Q. This means that

these modes should be localized motions. Comparing with the modes identified in bulk water,

the third mode and the fourth mode could be interpreted as a middle speed local diffusion

(MSLD), a fast local diffusion (FLD), and the fifth mode corresponds to the reorientation

of water molecules (RO). From the mean values of h̄Γ’s of MSLD and FLD, the relaxation

times of these mode could be estimated as 41 ps and 10 ps, respectively. When we analyzed

the sum of 3 diffusive modes (GD, MSLD and FLD), the energy transfer h̄Γ followed the

jump diffusion model. (See Supporting Information.) The estimated diffusion coefficient at

T = 310 K was almost the same as that of the slow mode of the previous paper,18 and

increased with increasing the amount of water. Therefore, the present interpretation of the

three diffusive modes is reasonable.

Figure 4: (Color online) Q dependence of the fractions of the three diffusive modes identified
as GD (I2), MSLD (I3), and FLD (I4).

Figure 4 indicates the Q dependence of the fraction of intensities of 3 diffusive modes, I2
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Global Diffusion (GD)
Slow Local Diffusion (SLD)
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jump diffusion model. (See Supporting Information.) The estimated diffusion coefficient at

T = 310 K was almost the same as that of the slow mode of the previous paper,18 and

increased with increasing the amount of water. Therefore, the present interpretation of the
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Fast Local Diffusion (FLD)

slowest mode centered at h̄Γ ∼ 0 meV is the elastic component (EC). Figure 3 shows (a) Q

dependence of the intensities of 5 modes and (b) Q dependence of the energy transfer h̄Γ.

The second slow mode at h̄Γ ∼ 10−3 meV depends on Q and the intensity at low-Q regime

was stronger than the others. This tendency of the second slow mode could be interpreted as

a global diffusion (GD). The third mode at h̄Γ ∼ 10−2 meV, the fourth mode at h̄Γ ∼ 10−1

meV, and fifth mode at h̄Γ ∼ 3× 10−1 meV were almost independent of Q. This means that

these modes should be localized motions. Comparing with the modes identified in bulk water,

the third mode and the fourth mode could be interpreted as a middle speed local diffusion

(MSLD), a fast local diffusion (FLD), and the fifth mode corresponds to the reorientation

of water molecules (RO). From the mean values of h̄Γ’s of MSLD and FLD, the relaxation

times of these mode could be estimated as 41 ps and 10 ps, respectively. When we analyzed

the sum of 3 diffusive modes (GD, MSLD and FLD), the energy transfer h̄Γ followed the

jump diffusion model. (See Supporting Information.) The estimated diffusion coefficient at

T = 310 K was almost the same as that of the slow mode of the previous paper,18 and

increased with increasing the amount of water. Therefore, the present interpretation of the

three diffusive modes is reasonable.

Figure 4: (Color online) Q dependence of the fractions of the three diffusive modes identified
as GD (I2), MSLD (I3), and FLD (I4).

Figure 4 indicates the Q dependence of the fraction of intensities of 3 diffusive modes, I2
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Figure 3: (Color online) Water content dependence of the domain size estimated by the
SAXS measurements is shown together with the cage sizes of the SLD and the FLD estimated
by the QENS experiments.

??.) According to the results obtained for dPEO and H2O mixtures as described in the In-

troduction section, we assumed the sum of four terms, one delta function and three Lorentz

functions, to fit the QENS profiles as follows:

S(Q,E) = R(Q,E)⊗ [AHF0(Q)δ(Q,E) + AHF1(Q)L(ΓHF1(Q), E)

+ AHF2(Q)L(ΓHF2(Q), E) + AHF3(Q)L(ΓHF3(Q), E)] + Bg(Q) (1)

S(Q,E) = R(Q,E)⊗ [AHF0(Q)δ(Q,E) + AHF1(Q)L(ΓHF1(Q), E)

+ AHF2(Q)L(ΓHF2(Q), E)] + Bg(Q) (2)

where L,A(Q),Γ, R and Bg are the Lorentz function, a coefficient of the Lorentz function,

9

hPMEA/D2O: polymer motion

HWHM of the Lorentz function, the instrumental resolution function and a constant back-

ground, respectively. The delta function represents the immobile component with respect

to the time scale of the spectrometer. All the S(Q,E) curves were fitted using Eq. (2), as

exemplified in Figure S1(b). Here we define ΓHF1 < ΓHF2 < ΓHF3.

Figure S2 indicates a QENS profile for a dPEO+H2O sample at nwater/nEO = n measured

by High-Resolution mode. This profile was analyzed by the sum of three terms:

S(Q,E) = R(Q,E)⊗ [AHR0(Q)δ(Q,E) + AHR1(Q)L(ΓHR1(Q), E)

+ AHR2(Q)L(ΓHR2(Q), E)] + Bg(Q) (3)

where ΓHR1 < ΓHR2. Considering the energy ranges covered by the High-Flux mode and the

High-Resolution mode, ΓHF1 and ΓHR2 should be the same. Thus ΓHR2 was fixed at ΓHF1

when the data obtained by the High-Resolution mode were fit with eq.(3).

(a) (b)

Figure 4: (Color online) (a) Q dependence of the Lorentz function intensities of dPMEA/6
wt%H2O. (b) Q2 dependence of HWHM of the Lorentz functions.

The Q dependence of the intensities of the elastic component from the data at High-

Resolution mode, AHR0, and the coefficients of modes obtained by the fitting, AHR1, AHF1, AHF2, AHF3,

are shown in Fig. 4. The values and the tendencies are quite similar to those obtained for
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High-Flux mode
Ereso = 12 μeV
-40 < ΔE < 1000 μeV

High-Resolution mode
Ereso = 3.6 μeV
-20 < ΔE < 50 μeV

(a) (b)

Figure 8: (Color online) A typical QENS profiles and the result of the fitting of dPMEA/H2O
at (a) High-Flux mode and (b) High-Resolution mode. Both the data were obtained from
dPMEA/6wt%H2O and Q = 1Å−1.

(a) (b)

Figure 9: (Color online) A typical QENS profiles and the result of the fitting of hPMEA/D2O
at (a) High-Flux mode and (b) High-Resolution mode. Both the data were obtained from
hPMEA/7wt%D2O and Q = 1Å−1.
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Figure 8: (Color online) A typical QENS profiles and the result of the fitting of dPMEA/H2O
at (a) High-Flux mode and (b) High-Resolution mode. Both the data were obtained from
dPMEA/6wt%H2O and Q = 1Å−1.
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Figure 9: (Color online) A typical QENS profiles and the result of the fitting of hPMEA/D2O
at (a) High-Flux mode and (b) High-Resolution mode. Both the data were obtained from
hPMEA/7wt%D2O and Q = 1Å−1.
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3 modes in polymer motion

Similar behavior to the water dynamics.

slowest mode centered at h̄Γ ∼ 0 meV is the elastic component (EC). Figure 3 shows (a) Q

dependence of the intensities of 5 modes and (b) Q dependence of the energy transfer h̄Γ.

The second slow mode at h̄Γ ∼ 10−3 meV depends on Q and the intensity at low-Q regime

was stronger than the others. This tendency of the second slow mode could be interpreted as

a global diffusion (GD). The third mode at h̄Γ ∼ 10−2 meV, the fourth mode at h̄Γ ∼ 10−1

meV, and fifth mode at h̄Γ ∼ 3× 10−1 meV were almost independent of Q. This means that

these modes should be localized motions. Comparing with the modes identified in bulk water,

the third mode and the fourth mode could be interpreted as a middle speed local diffusion

(MSLD), a fast local diffusion (FLD), and the fifth mode corresponds to the reorientation

of water molecules (RO). From the mean values of h̄Γ’s of MSLD and FLD, the relaxation

times of these mode could be estimated as 41 ps and 10 ps, respectively. When we analyzed

the sum of 3 diffusive modes (GD, MSLD and FLD), the energy transfer h̄Γ followed the

jump diffusion model. (See Supporting Information.) The estimated diffusion coefficient at

T = 310 K was almost the same as that of the slow mode of the previous paper,18 and

increased with increasing the amount of water. Therefore, the present interpretation of the

three diffusive modes is reasonable.

Figure 4: (Color online) Q dependence of the fractions of the three diffusive modes identified
as GD (I2), MSLD (I3), and FLD (I4).

Figure 4 indicates the Q dependence of the fraction of intensities of 3 diffusive modes, I2
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Global Diffusion (GD)

Slow Local Diffusion (SLD)

slowest mode centered at h̄Γ ∼ 0 meV is the elastic component (EC). Figure 3 shows (a) Q

dependence of the intensities of 5 modes and (b) Q dependence of the energy transfer h̄Γ.

The second slow mode at h̄Γ ∼ 10−3 meV depends on Q and the intensity at low-Q regime

was stronger than the others. This tendency of the second slow mode could be interpreted as

a global diffusion (GD). The third mode at h̄Γ ∼ 10−2 meV, the fourth mode at h̄Γ ∼ 10−1

meV, and fifth mode at h̄Γ ∼ 3× 10−1 meV were almost independent of Q. This means that

these modes should be localized motions. Comparing with the modes identified in bulk water,

the third mode and the fourth mode could be interpreted as a middle speed local diffusion

(MSLD), a fast local diffusion (FLD), and the fifth mode corresponds to the reorientation

of water molecules (RO). From the mean values of h̄Γ’s of MSLD and FLD, the relaxation

times of these mode could be estimated as 41 ps and 10 ps, respectively. When we analyzed

the sum of 3 diffusive modes (GD, MSLD and FLD), the energy transfer h̄Γ followed the

jump diffusion model. (See Supporting Information.) The estimated diffusion coefficient at

T = 310 K was almost the same as that of the slow mode of the previous paper,18 and

increased with increasing the amount of water. Therefore, the present interpretation of the

three diffusive modes is reasonable.

Figure 4: (Color online) Q dependence of the fractions of the three diffusive modes identified
as GD (I2), MSLD (I3), and FLD (I4).

Figure 4 indicates the Q dependence of the fraction of intensities of 3 diffusive modes, I2
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Fast Local Diffusion (FLD)

slowest mode centered at h̄Γ ∼ 0 meV is the elastic component (EC). Figure 3 shows (a) Q

dependence of the intensities of 5 modes and (b) Q dependence of the energy transfer h̄Γ.

The second slow mode at h̄Γ ∼ 10−3 meV depends on Q and the intensity at low-Q regime

was stronger than the others. This tendency of the second slow mode could be interpreted as

a global diffusion (GD). The third mode at h̄Γ ∼ 10−2 meV, the fourth mode at h̄Γ ∼ 10−1

meV, and fifth mode at h̄Γ ∼ 3× 10−1 meV were almost independent of Q. This means that

these modes should be localized motions. Comparing with the modes identified in bulk water,

the third mode and the fourth mode could be interpreted as a middle speed local diffusion

(MSLD), a fast local diffusion (FLD), and the fifth mode corresponds to the reorientation

of water molecules (RO). From the mean values of h̄Γ’s of MSLD and FLD, the relaxation

times of these mode could be estimated as 41 ps and 10 ps, respectively. When we analyzed

the sum of 3 diffusive modes (GD, MSLD and FLD), the energy transfer h̄Γ followed the

jump diffusion model. (See Supporting Information.) The estimated diffusion coefficient at

T = 310 K was almost the same as that of the slow mode of the previous paper,18 and

increased with increasing the amount of water. Therefore, the present interpretation of the

three diffusive modes is reasonable.

Figure 4: (Color online) Q dependence of the fractions of the three diffusive modes identified
as GD (I2), MSLD (I3), and FLD (I4).

Figure 4 indicates the Q dependence of the fraction of intensities of 3 diffusive modes, I2
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times of these mode could be estimated as 41 ps and 10 ps, respectively. When we analyzed

the sum of 3 diffusive modes (GD, MSLD and FLD), the energy transfer h̄Γ followed the

jump diffusion model. (See Supporting Information.) The estimated diffusion coefficient at

T = 310 K was almost the same as that of the slow mode of the previous paper,18 and

increased with increasing the amount of water. Therefore, the present interpretation of the
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Relation between water and polymer motions

Figure 5: (Color online) Water content dependence of HWHM’s of local motions analyzed
from QENS profiles of dPMEA/H2O and hPMEA/D2O.

High-Flux mode were successfully analyzed with the sum of delta function and two Lorentz

functions. In Fig. 5, HWHM’s estimated for dPMEA and H2O mixtures are plotted with

those for hPMEA and D2O mixtures as a function of water content. The results show that

the energies of the slow local diffusion of hydration water is the same as those of polymers,

and those of the fast local diffusion of water is different from those of polymers.

In order to discuss a property of the hydration water diffusion, the geometrical mean of

HWHM’s of three diffusive motions, GD, SLD, and FLD, was calculated. The results for

dPMEA+4wt%H2O and dPMEA+6wt%H2O are shown in Fig. 6. Comparing with the PEO

case (see Fig. 4(a) in ??), the water molecules hydrated at PMEA are more localized.

Following the case of the dPEO and H2O mixtures,6 the size of the spatially restricted

regions for SLD and FLD were estimated. To this end, the Elastic Incoherent Structure

Factors (EISF’s) of these modes were analyzed. The SLD can be analyzed by:
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Slow Local Diffusion (SLD)

slowest mode centered at h̄Γ ∼ 0 meV is the elastic component (EC). Figure 3 shows (a) Q

dependence of the intensities of 5 modes and (b) Q dependence of the energy transfer h̄Γ.

The second slow mode at h̄Γ ∼ 10−3 meV depends on Q and the intensity at low-Q regime

was stronger than the others. This tendency of the second slow mode could be interpreted as
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Domain structure may be important

Figure 6: (Color online) Q2 dependence of the geometrical mean of HWHS’s of the three
diffusive modes, GD, SLD, and FLD for dPMEA/64wt%H2O (full squares) and dPMEA/6
wt%H2O (open circles).

(a) (b)

Figure 7: (Color online) Q dependence of EISFs in dPMEA/H2O, calculated from the
intensity ratios of (a) GD to the sum of GD and SLD and (b) the sum of GD and SLD to
the sum of the three diffusive modes.
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ABSTRACT: Interactions involving intermediate water are crucial for the
design of novel blood-compatible materials. Herein, we use a combination
of atomic force microscopy, quartz crystal microbalance measurements,
and soft X-ray emission spectroscopy to investigate the local hydrogen-
bonded configuration of water on blood-compatible poly(2-methoxyethyl
acrylate) and non-blood-compatible poly(n-butyl acrylate) grafted on a
gold substrate. We find that the initially incorporated water induces
polymer-dependent phase separation, facilitating further water uptake. For
the blood-compatible polymer, tetrahedrally coordinated water coexists
with water adsorbed on CO groups in low-density regions of the grafted
polymer surface, providing a scaffold for the formation of intermediate
water. The amount of intermediate water is determined by the type of
functional groups, local polymer configuration, and polymer morphology.
Thus, blood compatibility is governed by the complex water/polymer interactions.

■ INTRODUCTION
Various types of biocompatible materials are used to inhibit
undesirable foreign-body reactions such as immunity and
inflammatory reactions or blood coagulation, on device
surfaces in contemporary medical treatments.1 For example,
the formation of thrombi on medical devices such as artificial
lungs, catheters, and stents is life-threatening.2 Generally,
heparin-based medications are used to prevent thrombo-
genesis, although their use carries a risk of heavy hemorrhage.3

Therefore, the development of alternative blood-compatible
materials is essential.4 To date, many polymeric blood-
compatible materials based on poly(2-methacryloyloxyethyl
phosphorylcholine),5,6 poly(ethylene glycol),7−9 poly(N-vinyl-
2-pyrrolidone),10,11 and poly(2-oxazoline)s12,13 have been
investigated. Because these materials are generally water-
soluble, they must be immobilized on material surfaces to
achieve sufficient blood compatibility without the polymers
eluting into the blood.
Recently, poly(2-methoxyethyl acrylate) (PMEA) has

attracted considerable research attention as a water-insoluble
homopolymer with excellent blood compatibility. Indeed,
based on these properties, PMEA, which has been approved
by the Food and Drug Administration, has been utilized in
extracorporeal membrane oxygenation (ECMO) devices.14

However, the blood compatibility of the PMEA used in
ECMO devices lacks long-term stability, currently lasting
approximately a week; this must be prolonged to weeks for
such ECMO devices to provide effective support for patients

suffering from COVID-19.15,16 To improve the long-term
blood compatibility of PMEA, it is vital to understand the role
that the state of the surrounding water plays in determining
polymer blood compatibility.17 Classification of water has been
reported in various systems.18−21 The state of water around
blood-compatible polymers is classified into three types:
nonfreezing, intermediate, and free water from differential
scanning calorimetry.22,23 In the typical measurement con-
dition (the sample was cooled from 25 °C to −100 °C at the
rate of 5 °C min−1, held for 5 min, and then heated to 50 °C at
the same rate under nitrogen purge flow), free water
crystallizes near 0 °C like bulk water, while nonfreezing
water does not crystallize at temperatures higher than −100
°C. Intermediate water exhibits cold crystallization at
approximately −40 °C.24 Among these states, intermediate
water is characteristic of blood-compatible polymers.25,26

Nevertheless, the factors underlying the formation of
intermediate water at interfaces have yet to be fully
understood.27 Our current understanding is restricted by the
difficulty of analyzing water within narrow interfacial regions in
the bulk water matrix precisely; such water is only accessible
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Summary

• We have investigated the dynamics of hydration water of lipid 
bilayers and biocompatible polymers by QENS. These results 
indicated that the dynamics of hydration water is slowed 
down by the interaction with biocompatible materials, which 
suggested that the existence of the intermediate water.	

• By MDA, a detailed picture of the hydration water is given.	
• The origin of the cold crystallization is proposed.	
• Hydration water dynamics at PMEA is similar to that at PEO, 

however, the difference was observed.
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