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• Essentially	important	for	
biomedical	devices

– blood-contacting	medical	devices	

such	as	artificial	organs	and	drug	
delivery	carriers


• Prevent	thrombus	formation

– development	of	biocompatible	

polymers:	inhibit	the	protein	
adhesion	/	denaturation	behavior	at	
the	surface	of	the	polymer	materials
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The	most	popular	biocompatible	polymer
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PMEA

poly(2-methoxyethyl	acrylate)

The	largest	market	share	in	the	world	(artificial	lung)

Excellent	blood	compatibility	(compliment,	coagulation,	etc.)	

Water	insoluble

Low	protein	adhesion	and	denaturation

Low	blood	cells	adhesion	and	activation

Low	toxicity,	approved	by	FDA

M. Tanaka et al., Biomaterials, 2000.

M. Tanaka et al., JP Patent 4746987.

DSC	thermogram	of	hydrated	PMEA

PMEA-water
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Artificial	lung	&	heart Artificial	blood	vessel	&	Catheter



Classification	of	water

Water

		Hydrated	water

(water	in	polymer	)

Bulk	water

(liquid	water)

Freezing	water	

(crystallizable)

Intermediate		
water

(crystallizes	in	heating	
process	below	0	°C,	and	will	
be	intermediately	affected	
by	polymer	and/	or	non-
freezing	water)

Free	water	

(melting	at	ca.	0	°C,	and	is	
slightly	affected	by	polymer	
or	non-freezing	water	)

Non-freezing	
water

(non-crystallizable

	even	at	–100	°C	due	to	
strong	interaction	with	
polymer

*from	DSC,	IR,	and	NMR

Essential	for	biocompatibility

What	is	the	origin?

How	to	control?



Polyethylene	Oxide(PEO)/water
PEO (polyethylene oxide)

✓ water: good solvent

✓ typical biocompatible polymer

✓ deuterated PEO is commercially available

✓ “Cold Crystallization” depends on water content

T. Tominaga, HS et al., 2022



J. Chem. SOC, Faraday Trans.1, 
1981, 77, 2053-2077

O-O	distance	in	PEO	vs	hydrogen	bonding	of	
water	network

The number ratio of EO and 
H2O (nwater/ nEO) is important for 
the formation of water network.



Dynamic behavior of water molecules: dPEO/H2O

	 Molecular weight of dPEO: 17,000 g/mol

	 Molecular weight distribution: 1.07 (Polymer Source Inc.)

Dynamic behavior of polymer chains: hPEO/D2O

	 Molecular weight of hPEO: 16,000 g/mol

	 Molecular weight distribution: 1.05 (Polymer Source Inc.)

Sample	preparation



DSC	measurements

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



S(Q)	of	hPEO/D2O

Elastic scattering intensity S(Q) for the hPEO-D2O samples at each nwater/nEO ratios. The profiles are shifted 
appropriately for better visualization. These profiles were obtained by the integration of S(Q, E) at 20 < E < 100 
(µeV) under 0.125 < Q < 1.875 Å−1 

6

10-1

2

3
4
5
6

100

2

3

S(
Q)

 a
.u

. 

2 3 4 5 6 7 8 9 1
Q [ -1]

 nwater/nEO = 0
 nwater/nEO = 0.3
 nwater/nEO = 0.4
 nwater/nEO = 0.9
 nwater/nEO = 1.8
 nwater/nEO = 3.2



QENS	of	hPEO/D2O
• 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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QENS	of	dPEO/H2O



Jump	Diffusion	Model



Diffusion	coefficient

Diffusion	coefficients	of	middle	speed	water,	fast	water,	and	PEO	chains.
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Fraction	of	water	estimated	by	QENS



THz-TDR	measurements

 Imaginary part of the dielectric constant of PEO/H2O solutions measured by THz-TDS. (a) Concentration 
dependences of hPEO/H2O systems. (b) Comparison of hPEO/H2O (nwater/nEO = 6.4) and dPEO/H2O (nwater/
nEO = 6.2). Solid lines indicate the fitting results. 



Water	fraction	estimated	by	THz-TDS

(a) nwater/nEO dependence of each fraction of water estimated from THz-TDS in hPEO/H2O 
solutions. Red: Bound water, Blue: Solute-induced isolated water, Gray: Free water (Light gray 
is isolated water that exists originally). Red and blue crosses indicate the results of dPEO/H2O 
solution. (b) The number of bound water per monomer (EO) estimated from THz-TDS for 
(circles) hPEO/H2O solutions, and (cross) dPEO/H2O solution.
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QENS	experiments	on	PMMA/water

Y. Fujii, HS et al., Front. Chem., 2021
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poly(methyl methacrylate) (PMMA): ポリメタクリル酸メチル（含水量2-3 vol%)
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dPMMA: Mn=15.5k, Mw/Mn = 1.02hPMMA: Mn=15k, Mw/Mn = 1.12



Effect	of	water	on	PMMA	motion
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DSC measurements were carried out using an EXSTAR X-DSC7000 (Hitachi High-131 
TechCorp.) instrument. During scanning, the samples were cooled from 30 to −100 °C at a rate of 132 
5 °C/min, held at −100 °C for 5 min, and heated to 30 °C at a rate of 5 °C/min under a flow of 133 
nitrogen. 134 

 135 

3 Results and Discussion 136 

To investigate the molecular dynamics of PMMA in the dry and hydrated states, dry 137 
hPMMA and hPMMA/D2O were prepared. During the QENS measurements of the dry hPMMA 138 
and hPMMA/D2O samples, protons were only included in PMMA , so that the QENS signals 139 
mainly originated from the dynamics of the PMMA chains. Figure 2 shows the QENS profiles of 140 
these two samples at Q ∼1 Å−1, which were recorded at −30, 5, and 37 °C.  141 

Figure 2. QENS profiles of hPMMA/D2O (red closed circles) and dry hPMMA (blue open 142 
circles) at Q ∼1 Å−1 of in the high-flux mode at −30, 5, and 37 °C. 143 

Upon examination of Figure 2, it is clear that the QENS profiles from the hydrated 144 
hPMMA sample (red closed circles) were broader than those from the dry hPMMA sample (blue 145 
open circles) at all temperatures measured. This indicates that the molecular mobility of PMMA 146 
was activated in the presence of water under these conditions, even when the temperature was 147 
lower than that required for the beta-relaxation process related to the side chain (i.e., -COOCH3) 148 
of PMMA 24. We then examined the assignment of the observed molecular motion by evaluating 149 
the temperature dependence of peak broadening (G ). More specifically, we employed the sum of 150 
two terms, namely the delta function and the Lorentz function, to interpret the QENS profiles as 151 
follows: 152 

!(", #) = $(", #)⨂(n1&(", #) + n2' (Γ, #)) + (!,    (1) 153 

where R(Q, E), δ(Q, E), L(G, E), and Bg represent the resolution function, the delta function, the 154 
Lorentz function, and the constant background, respectively. In addition, the nn (n = 1,2) is related 155 
to the number of hydrogen atoms in each motion. Here, G is the half-width at half-maximum 156 
(HWHM) of the Lorentz function. It is reasonable to interpret that δ(E) and L(G, E) represent the 157 
immobile (frozen) chains and the mobile functional groups, respectively, which can be obtained by 158 
the resolution and the Q-E window of the DNA spectrometer in the high-flux mode. Fitting was 159 
performed using the least-squares method on Igor Pro (WaveMetrics). This interpretation is 160 
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Q-	and	T	dependence	of	HWHM
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supported by the weak Q-dependence of Γ (shown in Figure 3), which could be evidence that the 161 
Lorentz function originates from a local motion of PMMA chains. 162 

Figure 3. Typical Q-dependence of the Lorentz function half width at half maximum (G) for the 163 
dry hPMMA and the hydrated hPMMA at 37 °C. 164 

Figure 4 shows semilogarithmic plot for the dry and hydrated hPMMA samples. The 165 
horizontal axis represents the reciprocal of the measurement temperature (1/T), while the ordinate 166 
is the logarithm of the G of the Lorentz function. As can be seen from this figure, the HWHMs of 167 
the Lorentz function for both the dry and hydrated hPMMA samples increased with increasing 168 
temperature. Within the temperature range employed, the relationship between ln G  and T−1 169 
seems to be linear, thereby indicating that the plots can be represented using an Arrhenius type 170 
equation. This is a characteristic feature for relaxation processes in confined systems, such as in 171 
the case of side-chain rotation. Subsequently, using eq. (2), the apparent activation energy (DH*) 172 
was obtained for the local molecular motion:   173 

  G = G∞exp(−DH*/kB∙T)       (2) 174 

In this equation, DH* is the activation energy barrier for rotation, kB is the Boltzmann constant, 175 
and G∞ is a temperature-independent pre-exponential factor. Based on previous literature 25, a 176 
value of 4.8 meV was adopted as G∞ in the case of PMMA.   177 

Figure 4. Semilogarithmic plot between the half width at half maximum (G) of the Lorentz 178 
function, versus the reciprocal of the absolute temperature for the dry hPMMA and hydrated 179 
hPMMA samples. 180 

dry hPMMA: ΔH* = 5.1 kJ/mol
hydrated hPMMA: ΔH* = 5.1 kJ/molQ-independent: local motion
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Hydration	water	dynamics
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Subsequently, we evaluated the dynamical behavior of water in the vicinity of the polymer 218 
chains in the hydrated PMMA. To evaluate the motion of the hydration water molecules present 219 
within the PMMA matrix, QENS experiments were carried out on the mixtures of dPMMA/H2O 220 
and dPMMA/D2O at 37 °C, and the data corresponding to dPMMA/D2O were subtracted from 221 
those of dPMMA/H2O to estimate the contribution from H2O. The QENS profiles were then 222 
obtained from the result of subtraction at Q ∼1 Å−1, as shown in Figure 5. For this purpose, we 223 
used the sum of three terms, namely one delta function and two Lorentz functions, to interpret the 224 
QENS profiles as follows: 225 

!(", #) = $(", #)⨂(n1&(", #) + n2'mid (Γmid, #) + n3'fast (Γfast, #)) +(!             (3) 226 

In this equation, the delta function represents the slow mode (i.e., narrower than the 227 
instrumental resolution) component, whereas the subscripts “mid” and “fast” indicate the middle-228 
speed water and fast water components, respectively. 229 

Figure 6 shows the Q-dependence of Gmid (black closed circles) and Gfast (red closed 230 
circles), and based on the observed trend, only Gfast could be explained by the jump diffusion 231 
model shown as the fitting line (blue). The fitting assuming the jump diffusion model 31 was 232 
performed based on the following equation: 233 

G = Dq2/(1+Dq2t)      (4) 234 

where τ and D are the mean residence time and the diffusion coefficient, respectively. Thus, from 235 
the fitting of the Q-dependence of Gfast, the τ and D values for the water molecules could be 236 
estimated. The diffusion coefficient of the fast mode was determined to be 1.3 × 10−9 m2/s, which 237 
is approximately half of the value for bulk water, i.e., 2 × 10−9 m2/s. Moreover, the mean 238 
residence time was 2.9 × 10−11 s for the fast mode water molecules, which is more than three 239 
times smaller than corresponding value for the bulk water molecules (i.e., 8 × 10−12 s). It should 240 
be noted that the motion of the hydration water molecules within the PMMA matrix is slower 241 
compared to that of the bulk water, despite PMMA being a hydrophobic polymer.  242 

Figure 6. Q2-dependence of HWHM (G ). 243 

 244 

The relaxation time of the fast mode water ranges from approximately 10−12 s to 10−11 s, 245 
which is one or two orders of magnitude faster than the NMR correlation time for intermediate 246 
water. It should be noted that the motion of water molecules observed by QENS was 247 
characterized by jump diffusion while NMR measurements mainly observe molecular rotations. 248 
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Q2-dependence	of	HWHM
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 244 

The relaxation time of the fast mode water ranges from approximately 10−12 s to 10−11 s, 245 
which is one or two orders of magnitude faster than the NMR correlation time for intermediate 246 
water. It should be noted that the motion of water molecules observed by QENS was 247 
characterized by jump diffusion while NMR measurements mainly observe molecular rotations. 248 

Dfast = 1.3 x 10-9 m2/s : about a half of the value for bulk water
τfast = 2 x 10-11 s: more than 3 times smaller than that of bulk water



Partial	deuteration	of	PMMA
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Effect	of	water
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Summary

• QENS	is	a	powerful	method	to	investigate	dynamic	behaviors	
of	biocompatible	material	and	hydration	water.


• We	have	investigated	the	dynamics	of	hydration	water	in	the	
vicinity	of	lipid	membranes,	PEO	and	PMMA.	These	results	
indicate	that	the	dynamics	of	hydration	water	is	affected	by	
the	interaction	with	biocompatible	materials.


• Further	experiments	on	other	biocompatible	polymers	will	be	
(have	been)	performed	and	the	origin	of	the	biocompatibility	
will	be	clarified.


