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ABSTRACT: The cross-linker nature and water content may impact the microscopic
dynamics of hydrogels components and thus their properties in applications such as drug
delivery and water confinement. To investigate these aspects, we used quasi-elastic neutron
scattering with contrast variation to distinctly study the polymer and water dynamics in
polyhydroxyethyl methacrylate (pHEMA) chemical (cg) and physical (pg) hydrogels with
various water contents. For the polymer network, a distribution of relaxation processes was
observed, mainly related to the side chains. Water dynamics was found to occur as a H-bond
governed process with a jump-diffusion mechanism. The interaction with the polymer matrix
considerably slows the water dynamics with respect to bulk water and other confined systems
and leads to a fraction of water molecules appearing as immobile. With a higher hydration
level, the mobility of both the water and the polymer network increases. For the same water
content, pg presents slower relaxation processes and a smaller explored space than their cg
equivalents as a result of side chains involvement in the formation of the three-dimensional
network typical of hydrogels. In the less hydrated gels, water mobility is sensibly reduced in
the cg compared with pg, whereas at higher hydration the mobilities are similar but with shorter residence times in cg.

B INTRODUCTION trated with linear polyvinylpyrrolidone (PVP) have also been

Hydrogels are mainly cross-linked polymeric three-dimensional used in _exotic app 11cat10f1's such as 1cilillt8ural heritage
(3D) networks where a continuous water phase is “confined”.’ conservation of water sensitive artifacts, - due to the
They can be classified as physical or chemical depending on possibility to load water-based nanofluids (i.e., micellar systems
the nature of the cross-linker. In the first case, the polymeric and microemulsions) and tune the transport properties of the

continuous aqueous phase by simply changing the HEMA/

chains are held together by physical interactions such as loaa - . )
hydrophobic forces, hydrogen bonds, electrostatic interactions, PVP ratio. Intimate knowledge of the transport properties
in these materials is of fundamental importance when the final

and entanglements, whereas if the chains are connected by real by
application needs to be optimized,” and a better under-

chemical bonds the hydrogel is a continuous polymeric
network falling in the second class by definition. 2- standing of the dynamics at the molecular scale has often been
proven beneficial.*' =

Hydroxyethyl methacrylate (HEMA) based chemical hydro- enel _ . '
gels are one of the very first examples of synthetic hydrogels. To this aim, quasi-elastic neutron scattering (QENS)

They were developed in the 1960s by O. Wichterle and D.
Lim.>® Since their synthesis, they have been extensively
employed in many biomedical fields (orthopedics, surgery,
burned skin treatments, artificial tissues, contact lenses,
etc.),’™ due to their excellent biocompatibility, permeability,
and tunable mechanical properties. At equilibrium, they reach a
water content (EWC) of about 40% w/w. The attention to
these systems, even in the presence of comonomers, has been
particularly focused onto soft contact lenses and drug delivery
applications, mainly for transdermal and ophthalmic deliv-
ery.'’™'* Very recently, various hydrogels and, in particular,
polyhydroxyethyl methacrylate (pHEMA) semi-interpene-
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represents a very powerful technique to study the dynamics
of hydrogenated systems thanks to the peculiarities of neutrons
as a probe such as the high incoherent cross section for
hydrogen and the time window associated with the exchanged
energy.”® QENS was successfully exploited for the investigation
of the dynamic behavior of hydrogel components at the
molecular level and in the nano-/picosecond time scale in
similar s.)rstems.27_3'0 Very interestingly, in the case of a
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thermoresponsive hydrogel (i.e., poly(vinyl alcohol)/poly-
(methacrylate-co-N-isopropylacrylamide) network), a distinc-
tive change in the values of the diffusion coefficient of bound
water was observed at the transition temperature as a
consequence of the structural collapse induced by temper-
ature,”’ as well as at a lower temperature, around 250 K, in
connection with a dynamical transition of the polymer.*

In this paper, we present a systematic study on pHEMA
hydrogels, both chemical and physical, with different weight
fractions of water (hereafter indicated as w/w). The proposed
systems, even if rather simple, allow us to investigate the effect
of the water content and the nature of the cross-linker on the
final transport properties of the hydrogel. QENS and thermal
analysis were used to depict the confining effect of the polymer
network on the water molecules in fully hydrogenated systems,
while gels loaded with deuterated water were used to study the
dynamics of the 3D polymeric network.

B MATERIALS AND METHODS

Preparation of the Hydrogels. Water was purified by
using a MilliRO-6 Milli-Q gradient system (Milli-pore,
resistance >18 MQ c¢m). Deuterium oxide (D,0, 99.90% D)
was purchased from Eurisotop, France, and all the other
reagents were purchased from Sigma-Aldrich, Milan, Italy, and
used as received.

Physical gels (pg) with 10% to 41% w/w hydration levels
were prepared by adding the corresponding amount of H,O
(or D,O) to poly(2-hydroxyethyl methacrylate) with an
average molecular weight of 20000 Da (CAS: 529265). The
so-obtained dispersions were centrifuged at 500 r.p.m. until a
homogeneous transparent gel was obtained.

Chemical gels (cg) with an equilibrium water content of
40% w/w were prepared through radical copolymerization of
HEMA monomer, 2-hydroxyethyl methacrylate (CAS: 128635,
assay >97%), and EGDMA cross-linker, ethylene glycol
dimethacrylate (CAS: 335681, assay >98%), which was
added as 2% w/w with respect to the monomer. The obtained
product, water (or D,0), and the radical initiator ammonium
persulfate (APS), (purity >98%) added as 2.5 mg per each
gram of HEMA, were mixed under a flux of N, for about 10
min to remove O,. To promote the homolysis of APS, 80 uL of
TEMED, N,N,N’,N’-tetramethylethylene-diamine (purity
>99%), were added as a catalyst. The polymerization was
thermally initiated at 40 °C in a 0.25—0.5 mm thin flat
demountable and gastight container, to obtain gels already
shaped for the neutron scattering experiment. The matrix was
polymerized for at least 4 h. So-obtained gels were washed five
times with water (or D,O) to remove unreacted reagents (and
totally exchange the labile H with D). Finally, 10%, 20%, and
30% w/w hydration levels were reached by dehydrating the
40% w/w gel in a controlled humidity chamber with a relative
humidity of about 50% (i.e,, MgNOj saturated solution).

The pHEMA/H,O samples are hereafter indicated as pg for
physical gels and cg for chemical gels, followed by the
hydration percentage (e.g., pg20 for physical gel with 20% w/w
hydration level). Samples hydrated with heavy water, pHEMA/
D,O systems, are marked by adding the suffix D (eg,
pg20_D for a physical gel hydrated at 20% w/w with D,0).

Thermal Analysis Experiments. Differential scanning
calorimetry (DSC) measurements were carried out with a
Q2000 calorimeter (TA Instruments) at a constant nitrogen
flow rate of 50 mL/min on about 10—20 mg of hydrogel.
Samples were loaded in a closed aluminum pan, and an empty

pan was used as a reference. The thermograms were recorded
with the following cycle: equilibrate at 278 K, ramp 0.50 K/
min to 193 K, ramp 0.50 K/min to 350 K.

Thermogravimetric analysis (TGA) measurements were
performed by SDT Q600 (TA Instruments) in a N,
atmosphere with a purge flow rate of 100 mL/min. The
balance sensitivity is 0.1 ug with respect to the weight change
in the sample. The samples (10—15 mg) were placed in open
aluminum pans and dehydrated by heating 10 K/min from
room temperature up to 523 K.

Quasi-Elastic Neutron Scattering Experiments. QENS
spectra were acquired for ¢g20, cg30, pg20, and pg30, and for
cg20 D, ¢g30 D, pg20 D, and pg30 D with the high-
resolution near-backscattering crystal-analyzer spectrometer
BASIS at the Spallation Neutron Source (SNS) of the Oak
Ridge National Laboratory (ORNL) in Tennessee, USA. The
energy of the neutrons scattered by a sample, Bragg-selected by
Si(111) crystal analyzers at 88° scattering angle, is 2.082 meV,
givin% an accessible scattering vector Q range of about 0.25—2
A7'?’ The maximum accessible neutron energy transfer
window was +0.1 meV.

The samples were arranged as to take an annular shape with
a thickness of ~0.25 mm, to obtain a transmission of about
90%. Data were collected at 10 K (or 20 K), 270 K, 280 K, 290
K, and 300 K. The temperature was controlled within +0.5 K
by a closed cycle refrigerator. Because of the available beam-
time constraint, ¢g20 and ¢g20 D were measured only at 270
and 300 K. The low-temperature measurements (10 or 20 K)
were used to determine the instrumental resolution function.
This approach is well justified as the recorded signal is
dominated by incoherent scattering from hydrogen atoms, and
nonvibrational dynamics measurable at BASIS are frozen out at
such low temperatures. An average full width at half-maximum
(FWHM) of (4.0 £ 0.5) ueV was derived, in agreement with
the specifications of the BASIS™ spectrometer for the used
experimental setup. Raw data were reduced to a dynamic
structure factor S(Q, E) using software available at SNS. For
each sample, 16 spectra in a Q range from 0.35 A" to 1.85 A™*
(step = 0.1 A™') were obtained and analyzed.

The difference in the hydrogen and deuterium incoherent
cross sections’® allows us to isolate the dynamics of the
polymer network in the hydrogel by replacing the hydration
water with D,0. The incoherent contribution of the heavy
water is negligible, being about 1.2% (20% w/w hydrated
samples) and 1.8% (30% w/w hydrated samples) with respect
to the total signal. Furthermore, the signal from the hydration
water, S,,(Q, E), was obtained by subtracting the spectra of the
pHEMA/D,O hydrogel out of the correspondent pHEMA/
H,O spectra, using standard routines provided at SNS as part
of the raw data reduction package. The so-obtained data are
labeled with the suffix _w (e.g., pg20_w for the signal obtained
by subtracting the spectra obtained for pg20 D from those
obtained for pg20). The fitting procedures were carried out
with routines and y* minimization algorithms of the software
DAVE,* Matlab, and IgorPro.

B POLYMER NETWORK

QENS Data Analysis. To derive a model for the
description of the S(Q, E), considerations on the composition
and structure of the polymer were taken into account. Figure 1
shows the HEMA monomer chemical formula. For the
pHEMA/D,O systems, only nine H atoms have to be
considered after the H—D exchange: three from the methyl
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Figure 1. Structure of the main repetition unit present in both
physical and chemical pHEMA hydrogels. (A) Stick/space-filling
mixed model with standard color-codes for elements (C = gray, O =
red and H = white). (B) Structural formula. The different colors for H
indicate the different parts in which the monomer unit has been
ideally divided: orange for the methyl group, red for the backbone,
green for the side chain and light blue for the hydroxyl group.

moiety (in orange), two from the ethylene groups present in
the backbone (in red), and four from the ethylene group
constituting the side chain (in green) attached to the
backbone; the hydrogen on the hydroxyl group (in light
blue) is totally exchanged with deuterium and washed away
during sample preparation. Moreover, in the case of the
chemical gels, the cross-linker contribution has been neglected
since it accounts only for 2% w/w with respect to the HEMA
monomer constituting a small contribution to the backbone
dynamics.

We define S5(Q, E) as the dynamic structure factor of the
backbone hydrogen atoms. The dynamic structure factors of
the methyl group and the side chain, with respect to the
backbone, are indicated as Sy (Q, E) and Ss(Q, E),
respectively. The methyl group and the side chain move
together with the backbone; hence, to describe the dynamics of
their H atoms, Sp(Q, E) and S¢c(Q, E) have to be convoluted
with Sg(Q, E). Within these approximations, the following
expression can be used to analyze the data:

S(Q, E) = A’(Q){SB@, ) ® [§5<E> + §SM<Q, E)

+ 5@ E>]} ® Res(Q, E) + bkg(Q, E)
(1)

where A’(Q) is a normalization constant, ® indicates the
convolution product, Res(Q, E) is the experimental resolution
function, and bkg(Q, E) is a linear background which takes
into account dynamical processes too fast to fall within the
instrumental window and instrumental noise.

A segmental backbone dynamics characterized by a
relaxation distribution and a Q dependence from Q* and Q*
was identified in previous studies, for example, on poly(vinyl
methyl ether) solutions.”® The presence of a delta function in
all our fits, in agreement with many studies on the Z})olymer
network dynamics in various hyd1‘ogels,27’?“9’31’36_3 points
toward the assumption that the long-range backbone dynamics

is too slow to be resolved with our experimental setup.
However, some localized dynamics might be still appreciable in
the probed length and time window. For this reason, assuming
localized motions, the backbone dynamics can be modeled as

$p(Q, E) = EISFy(Q)S(E) + (1 — EISFy(Q))Ys(Q, E)
)
EISF5(Q) and Y(Q, E) provide information on the explored
volume of the dynamics and its time scale, respectively.
Assuming that the backbone explores uniformly a region of

space with dimension Ry, its elastic incoherent structure factor
EISF5(Q) can be modeled as

L 202

EISF;(Q) exp( 3 Q RB] 3)
where Ry is assumed to be small on the order of 1 A. The
functional form of Y3(Q, E) will be discussed in the following.

Under the assumption that the methyl carbon atom is rigidly
attached to the backbone (i.e., no dynamics), the motion of the
hydrogen atoms of the methyl can be modeled simply as a 3-
fold rotation:

Sw(Q, E) = EISE,(Q)S(E) + [1 — EISFy(Q)ILy(E)
(4)
with the elastic incoherent structure factor proper of the
methyl group rotation, EISFy(Q), taking the form:

EISE,(Q) = %[1 + 2, (V3QRy)] ©
where jj is the first-order spherical Bessel function and Ry is
the radius of the methyl group (i.e., about 1 A).>** At the
measurement temperatures we used, the half-width at half-
maximum (HWHM) of the Lorentzian function Ly, is expected
to be around 1 meV,*** which is much broader than our
experimental energy window, suggesting no contributions to
the observed QENS signal. Even considering a distribution of
jumping rates for the methyl rotation in polymers,* the
contribution to the observed signal in the current dynamical
window at the measured temperatures is expected to be
marginal.

The motions of the side chain with respect to the backbone
can be considered as localized, with no long-range diffusion.
An acceptable approximation is therefore

Ssc(Q, E) = EISF;c(Q)S(E) + [1 — EISFs(Q)]Ysc
(Q, E) (6)

The elastic incoherent structure factor EISFs-(Q) can also
be modeled as

L 252
EISFsc(Q) eXP( 3 Q Rsc) )
where Ry is expected to be about 5 A, from a rough estimation
of the bond distances. Therefore, its contribution is mostly
limited at low Q. The quality of the data does not warrant the
use of a more detailed approach.

The functional form of Y3(Q, E) and Y¢-(Q, E) needs to be
determined. For a simple, i.e., exponential, relaxational process
it would be a Lorentzian; for more complex processes and, as
often is the case with polymers, when there is a distribution of
relaxation times, the Fourier transform of a stretched
exponential is a suitable model.
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With the above-mentioned considerations, the expression
for the observed S(Q, E) is

S(Q E) = A(Q){[ 2BISE(Q) + SEISR(QFISR(Q)
+ gEISFB(Q)EISFSC(@]é(E) + [1 - EISE,(Q)]
2 1 4
[3 + LhisR,(Q) + 5EISFSC<Q>]YB(Q, E)

+ éu — EISE,(Q)I[EISEy(Q)Ly(Q, E)

+ [1 — EISE,(Q)1%(Q, E) ® Lyy(Q, E)]
+ g[l — EISFy(Q)I[EISEy(Q)Y%(Q, E)

11 - ESE(Q)I5(Q, B) ® %e(Q, E)J}

® ReS(Q; E) + bkg(Q; E) (8)

The dynamics of the methyl group is much faster than the
backbone motion, and therefore we can approximate Y5(Q, E)
® Ly(Q, E) = Ly(Q, E). Under the above introduced
assumption that the methyl group dynamics is much faster
than the investigated time scale, the above equation can be
simplified:

S(Q E) = A(Q){[ 2BISE(Q) + LEISR(QFISE,(Q)
+ gEISFB(Q)EISFSC(Q)](S(E) + [1 - EISE(Q)]

[% + éEISFM(Q) + gEISFSC(Q)]YB(Q) E)

\ol-lk

[1 — EISFsc(Q)IIEISE;(Q)Ysc(Q, E)

+[1 - EISE(Q)1Y5(Q, E) @ Ysc(Q, E)]}

® Res(Q, E) + bkg'(Q, E) ©)

The backbone and side chain dynamics are expected to have
similar time scales so that the experimental separation of Y5(Q,
E), Y5c(Q, E), and Y3(Q, E) ® Ysc(Q, E) is beyond current
experimental capabilities, especially because each of these
functions is already likely representing a distribution of
relaxation times, and the instrumental resolution function
further smears the signal. Therefore, the data have been
analyzed in terms of the simplified scattering law:

$(Q, B) = [4g(Q)I(E) + Aqp(Q)Yoyme(Q, E)]
® RES(Q, E) + bkg(Q,) E) (10)
The analysis of Y,yme.(Q E) yields insights into the time

scale of the polymer motions, whereas the a posteriori analysis
of the EISF(Q):

A (Q)
A (Q) + Aqp(Q) (11)

will provide information on the dynamics of the different

hydrogen groups in the polymer.

EISF(Q) =

Results and Discussion. As anticipated, the functional
form of Y,oyme Was determined during the fitting procedure as
the Fourier transform (FT) of a stretched exponential (or

Kohlrausch—Williams—Watts, KWW, function):

¢ p
exp(— —,) :|
t (12)

where 7’ is the relaxation time and f is the stretching exponent,
which can take values between 0 and 1. In polymer dynamics,
the exponent is usually on the order of 0.5.”® This functional
form can be the result of a distribution of relaxation processes
in the system. It is well established that polymer networks in
general can be characterized by heterogeneous environments at
the molecular scale, which give rise to nonexponential
relaxation functions.”' In this respect, # indicates the extent
of the heterogeneity. For all the samples,  was found to be
almost Q independent. Figure 2a shows the Q dependence of

FT_KWW = FT

1.0
0.8 a) pg30_D
0. T=280K
b) s T IIEIY YRy v T Ty
0.8! 0.2
0.0 . . .
05 19, 15 [20
é? 06 Q[AT]
\ g B A =4
= v v
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02\ 0¢cg20D =cg30 D
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0.0 . . . .
260 270 280 290 300 310
TIK]

Figure 2. (a) Example of the stretching exponent as a function of Q.
The dashed blue line represents the average value. In (b), the
stretching exponent averaged in the whole Q range for the different
samples and temperatures is reported.

in pg30_D at 280 K, taken as an example. To reduce the
number of free parameters in the fitting routines, final fits were
thus carried out fixing # on the calculated average for each
sample and temperatures. The averaged stretching exponents
<> Figure 2b, are in the range from 0.45 to 0.56 and do not
vary significantly among different temperatures and samples. In
Figure 3, we report the dynamic structure factors of the
hydrogels loaded with D,O at 300 K and Q = 0.95 A™' and
their fits. The good agreement between fits and experimental
data supports the apprommatlon of the use of <f>.
The average relaxation time,** 7', can be derived as

i)
s \p (13)

where I' is the Gamma function. The obtained values
(comprised between 0.073 and 0.312 ns) do not show a
significant trend with Q, validating the assumption that the
dynamics of the side chain is localized. In the following, their
Q-averaged values <7'>, are discussed. Increasing the
temperature, <7'>; generally decreases, showing that the
relaxation dynamics is activated by thermal fluctuations.
Moreover, pg samples present slower relaxation processes
than their cg equivalents, of about 40% (pg20) or 10% (pg30)

DOI: 10.1021/acs.jpcc.9b04212
J. Phys. Chem. C 2019, 123, 19183—-19194


http://dx.doi.org/10.1021/acs.jpcc.9b04212

The Journal of Physical Chemistry C

E 0920_D The Journal ofPhysicQI Chemistry cg30_D
S0 i T = 300K i

_Q. 1 3

5, !

m10°

N

g

w10t

—102 17

g% pg20 D o exp. data pg30_D.
5 #i total fit i
o10° — elastic

8, — quasielastic

m104 - - background

<

g

[%)

-
=
&

-80 40 0 40 80 -80 -40 _ 0 40
AE [peV] AE [peV]
Figure 3. Dynamic structure factor for the pHEMA/D,O samples at
300 K and Q = 0.95 A™" and relative fit. The different components of
the fit, i, elastic (delta function convoluted for the experimental
resolution), quasi-elastic (FT_KWW convoluted with instrumental
resolution), and background, are shown for completeness. Through-
out the paper, error bars represent one standard deviation.

on average, depending on T. This reduced mobility of the side
chain for the physical hydrogels of pHEMA is a clear evidence
of the hydroxyl group involvement in the network formation.
Figure 4 shows the Arrhenius plots of the relaxation times.

0.24 :
0.22/ @) o ¢g20 D 3 b)
— 0.20 + = ¢g30 D ? 1
2 0.18 fit cg20_D T i
TC’ o.16, ¢ - .
i 0.14 ; b ¢
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0.08 b fit pg20_D
TTT270 280 200 300 270 280 290 300
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Figure 4. Arrhenius plots for pHEMA (a) cg and (b) pg. Dashed lines
show the fits for the low hydrated samples. With only two
temperatures, the Arrhenius behavior for ¢g20_D is assumed and
expected in analogy with pg20_D.

Although the probed temperature range is quite limited, it
seems that hydrogels with 20% w/w of water content follow an
Arrhenius law much better than 30% w/w samples. Such a
difference with hydration could be due to the plasticizer role of
the solvent, which allows a higher mobility and thus several
local minima in the energy landscape.””** In the scheme
proposed by Angell,* this would correspond to a more fragile
behavior. As a matter of fact, considering the composition of
the samples, we expect to have about one water molecule per
—OH group (side chain) in the 10% w/w sample, two in the
case of the 20% w/w, four in the 30% w/w hydrogels, and six
when the water content is 40% w/w. Going from two water
molecules per hydroxyl group to four changes the response to
the temperature from Arrhenius to super-Arrhenius and the
hydrogel from strong to fragile-like. For pg20_D, an activation
energy of —0.10(2) eV (or —10(2) kJ/mol) was found.
Assuming an Arrhenius behavior for ¢g20 D, a similar, slightly
higher, value is obtained (—0.14 eV).

The analysis of the EISF(Q), Figure S, can provide insights
into the geometry of the motion of the different hydrogen

1.0 <
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Figure S. Elastic incoherent structure factor EISF(Q). Lines are fit
according to eq 14 (dashed lines) and eq 15 (dotted lines), with the
color code referring to the different temperatures, as in the legend.

groups in the polymer. It can be noted that the profile is fairly
similar for all the samples and temperatures, suggesting that
the same dynamical processes are observed. The decay is
slightly more pronounced at increasing the temperature and
hydration, evidencing an increased mobility. In deriving an
expression for the EISF, it is assumed that the methyl group
dynamics is fast, so that it contributes to the background only,
therefore being counted out of the total spectral area. Support
for this idea comes from the analysis of the normalized total
integrated intensities, calculated as the ratio between the sum
of the integrated intensity of the delta function and the
FT_KWW function (Ag, + Aqg = Ay) and the integrated
intensity of the measurements below S0 K (A,,). Its Q-
dependence shows that the mean squared displacements
obtained by considering simply a Debye—Waller factor, in
the range from 0.16 A? to 0.4 A% are much higher than those
expected for pure atomic vibrations™® (about 0.01 A2),
suggesting that the background indeed comprises also other
kinds of fast motions. The EISF fits were carried out in
accordance with two different hypotheses: (i) the backbone
dynamics is too slow and constrained to be appreciated, S(Q,
E) ~ 5(E), Ry ~ 0; (ii) the backbone explores a region of space
of radius Rg. The dashed lines in Figure 5 are fits using an
expression derived from eq 9 under the first scenario:

EISE(Q)
_ A+ B(1 — A)EISE,(Q) + (1 — A)(1 — B)EISFy.(Q)
B A + B(1 — A)EISF,(Q) + (1 — A)(1 — B)

(14)
where EISFy(Q) and EISF¢c(Q) are the contributions of
methyl groups and side chains to the total EISF(Q), as defined
in eq S and eq 7, respectively.

Conversely, the fits represented by the dotted lines are in
accordance with the second scenario and thus to the equation:

EISF(Q) = [A EISE;(Q) + B(1 — A)EISE;(Q)EISE,(Q)
+ (1 = A)(1 — B)EISF;(Q)EISFc(Q)]
/[A + B(1 - A)EISE,(Q)EISE,(Q)
+ (1 -A)(1 - B)] (15)
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For both eq 14 and eq 15 and according to stoichiometry of
the polymer (see Figure 1), A and B are supposed to take the
values of 2/9 and 3/7, respectively. However, in the fitting
according to eq 14 A, B, Rgc were all free fitting parameters,
whereas in the fitting according to eq 15 B(1 — A) was fixed to
1/3, the fraction of hydrogen atoms in the methyl groups, to
maintain the number of fitting parameters as three, i.e., A, Ry,
and Rgc, manageable considering the experimental uncertain-
ties.

Both models give similar results and well approximate the
data. In this context, we note that a small contribution from the
methyl rotation to the observed signal would be compatible
with the EISF data in the accessible Q range. Fit parameters are
reported in Figure S1 in the Supporting Information, SI. Ry
values range from 0.36(2) A to 0.72(2) A, increasing with both
water content and temperature. For the ¢g20_D sample, Ry =
0.4 A, for pg20 D Ry ~ 0.5 A, and for both ¢g30 D and
pg30 D Ry ~ 0.6 A. These values are consistent with a
strongly constrained dynamic. The radius of the region
explored by the side chains, Ry, takes physically reasonable
values in the range of 4.4—5.8 A (4.5-6.5 A for eq 15), with
uncertainties on the order of 2—10%. The values moderately
increase with increasing temperature and are higher in c¢g with
respect to pg. Similar to the results obtained for the relaxation
time, the involvement of the side chain in the network
formation might be the reason for the reduced mobility in the
physical gels compared with the cross-linked equivalents. The
obtained weights of the different parts of the polymer are
slightly different from the expected values. In the fits using eq
14, A is smaller than 2/9 and B(1 — A) is larger than 1/3,
which is indicative of some mobility of the backbone. On the
other hand, the fact that A takes values larger than 2/9 for eq
1S indicates that some of the side chain hydrogens explore a
region smaller than 1 A. In summary, the data indicate that the
hydrogens in the system explore the surrounding space with a
distribution of accessible volumes. The model underlying eq 15
simplifies this picture considering only two possible sizes.
However, the limited number of data points do not warrant the
analysis in terms of a distribution of Ry and Rg¢c. Moreover, the
analysis employed provides us with the relevant information on
the size of the space explored by the backbone and side chain,
at least as an average.

B HYDRATION WATER

The analysis of the dynamic structure factor of the hydration
water S,(Q, E), obtained as described in the Materials and
Methods, was carried out for Q < 1.4 A7, i, in the region
where the contribution from the center of mass dynamics is the
major component of the scattering, thus allowing the rotational
motions to be ignored.*” Referring to the Sears expansion,*®
the translational dynamics of water dominates the spectra up to
~1 A™!. However, simulation results*’ indicate that, because of
translational-rotational coupling,™ the translational intermedi-
ate scattering function (ISF) approximates the ISF of the
hydrogen atoms. Furthermore, within this Q range and in the
probed time scale, the short-time vibrational motion of the
water molecules can be considered as equal to 1.*** Tt is
therefore justified to consider the scattering function as
approximated by its translational part only.

During a first, model-free analysis, we tried to assess the best
functional form for the fit of the S,(Q, E). Very good

agreement with the data was reached already using a simple
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combination of a delta function, §,(E), a Lorentzian function,
L,(Q, E), and a linear background, bkg,,(Q, E):

$.,(Q, E) = C(Q){5,(E)EISE,(Q) + L,(Q, E)
(1 — EISE,(Q))} ® Res,(Q, E)

+ bkg (Q, E) (16)
where Res, (Q, E) is the experimental resolution function,
C(Q) is a normalization constant, and EISF, (Q) is the elastic
incoherent structure factor of the water. Such a model has been
previously used, for example, for water confined in Vycor.”'

This approach is also justified by DSC measurements (see
Figures S2 and S3 in the Supporting Information, SI), which
clearly evidence two fractions of water in pHEMA hydrogels
with up to 40% w/w of water content according to their
diverse response to freezing/melting cycles: one fraction is
bound (i.e., interacting with the polar groups of the polymer),
and thus it does not freeze and melt, and one is free (i.e., in a
bulk-like state). In particular, DSC detects the amount of water
that is still freezable in the sample, and, if combined with TGA
determining the total amount of water in the hydrogel, the free
water index, FWI, can be calculated as*>

AH,

exp

WAH,, (17)
where AH,,, is the enthalpy associated with the water melting
determined by the peak integral in the DSC heating scan, W is
the water weight fraction in the sample, and AHj, is the
theoretical value of the melting enthalpy for pure water
(333.55 J/g).”> Results, summarized in Table 1, show a
consistent fraction of water, BWI (i.e., bound water index), still
not frozen at —80 °C in all samples.

From the DSC thermograms reported in Figures S2 and S3
in the Supporting Information, it is possible to observe that the
freezing temperature of the water is higher for the most
hydrated samples, in accordance with previous results by Lee
et al.>* For cg20, transition peaks were observed neither in the

Table 1. Free Water and Bound Water Index Derived from
Thermal Analysis for pg and cg Hydrogels with Water
Content up to about 40% w/w*

hydration, FWI BWI free water, bound water,

% (£0.1)  (£0.01) (+0.01) % (+0.1) % (+0.1)
pgll 11.5 0 1 0 11.5
pgl8 18.4 0.03 0.97 0.6 17.8
pg20 204 0.06 0.94 1.2 19.2
pg2s 24.9 0.37 0.63 9.2 15.7
pg27 26.6 0.41 0.59 10.9 15.7
pg28 28.0 0.42 0.58 11.8 16.2
pgdl 41.3 0.48 0.52 19.8 21.5
cg6 5.7 0 1 0 5.7
cgll 11.1 0 1 0 11.1
cgl9 18.8 0.01 0.99 0.2 18.6
cg25 24.9 0.07 0.93 1.79 23.1
cg27 27.4 0.05 0.95 1.4 26.0
cg33 33 0.34 0.66 11.2 21.8
cg40 40.2 0.40 0.60 16.2 24.0
cg43 42.8 0.40 0.60 17.1 25.7

“Bound and water content % are reported as well to show the
distribution of the total water content in the two states.
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Figure 6. (3, b) Bound and free water in pg and c¢g pHEMA hydrogels. Dashed lines are only a guide for the eye.

cooling nor in the heating thermograms, in agreement with
previous works on pHEMA hydrogels” and commercial
contact lenses.”" In the case of pg20, a small amount of free
water (<0.05) is still detectable.

Figure 6 shows the fractions of bound and free water with
respect to the total water content for both pg and cg, to better
emphasize how the water is distributed in the two different
states. Bound water fraction increases with the water content
and gets to a plateau after 20% w/w (see Figure 6a) as a
consequence of the limited binding capacity of the hydroxyl
group that can strongly coordinate about two water molecules.
The plateau value results are lower in the pg case, thus
confirming that the hydroxyl groups are not completely
available but also involved in the hydrogel network formation.
When the two water molecules threshold is reached, additional
water behaves like bulk water maintaining its ability to freeze;
see Figure 6b.

Such findings are consistent with the presence of diverse
fractions of water with different mobilities, either more similar
to the bulk water or more associated with the polymer matrix,
thus justifying the use of a delta plus a Lorentzian function in
the fitting of the QENS data relative to the total hydration
water signal. The addition of a second Lorentzian, following
the approach of several studies on analogous sys-
tems,>”> 36738535 ¢quld not be justified in our experimental
window, as the broader component was mainly a background,
as similarly reported for PVA hydrogels.”” The use of a
FT_KWW function was also considered, according to the
study of Zanotti et al.”>" for water confined in Vycor glass. The
agreement with the data slightly improved, but being yet
comparable to the single Lorentzian model, the use of a higher
degree of complexity was beyond the aims of the present
paper. Indeed, the FT KWW can easily superimpose with the
elastic fraction and/or with the background, making it more
difficult to distinguish among different populations with
different dynamical behavior and to determine possible trends
as a function of T, hydration, and type of gel.

A preliminary fit was also used to investigate a possible effect
of the confinement imposed by the gel on the probed
dynamics. For a mesh size of ca. 7 A, or below, characteristic of
these gels,lg a signature of confined diffusion would be a Q-
independent value of the HWHM of the Lorentzian function,
I/2(Q), up to ca. 1 A71°%%° Conversely, we observed an
increasing ['/2(Q), following roughly a Q* dependence up to
0.6—0.8 A" and then plateauing at higher Q-values. We thus

concluded that the elastic part of the spectra does not originate
from a confinement effect, as for example in refs 51 and 57, but
it is rather primarily related to the existence of a hydrogen
atoms population whose dynamics is too slow to be
appreciated within the experimental resolution. This pop-
ulation is related to the bound water fraction evidenced by
DSC. The slight Q-dependence observed in EISF,(Q) is likely
reminiscent of the water molecule rotation.’* In order to
reduce the number of free parameters during the fit, we thus
fixed EISF,,(Q) to its averaged value in Q for each sample and
temperature, <EISF, > . Figure 7 shows the fits of the S,,(Q, E)
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Figure 7. Dynamic structure factor of hydration water in pHEMA gels
and relative fit according to eq 16. The different components of the
fit, ie, elastic (delta function convoluted for the experimental
resolution), quasi-elastic (Lorentzian function convoluted with
instrumental resolution), and background, are shown for complete-
ness.

for the different hydrogels at 300 K and Q = 0.95 A™" taken as
examples. It can be noted that the good agreement with the
experimental data is maintained when introducing such an
approximation.

The relative weight of the elastic part <EISF, >, can be
therefore regarded as the fraction of water that strongly
interacts with the polymer network, motionless in our time
scale, and (1 — <EISFW>Q) as the fraction of water that is free
to diffuse. The observation of several populations with distinct
dynamic behavior is quite common in liquids under confine-
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ment, as evidenced by neutron scattering studies on other
hydrogels®”*"*”* and studies conducted with "H NMR and
DSC on pHEMA hydrogels.”>*® Figure 8 shows <EISF,>gasa
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Figure 8. <EISF, >, as a function of T for the different investigated
pHEMA hydrogels.

function of temperature. In all the samples, part of the
immobile water fraction converts into mobile water as the
temperature increases. Moreover, the relative amount of
immobile water is higher in the less hydrated gels, in
agreement to results obtained with other techniques as
reported in literature’>*® and to the DSC analysis of the
present study (see Figure 6).

The results of Figure 8 indicate that in the 20% w/w
chemical gel, the vast majority of the water molecules are
tightly bound to the polymer chains at the investigated
temperatures. At the same hydration, the physical gel is less
effective in binding the water in agreement with DSC results.
At higher water contents, i.e., 33% w/w, the c¢g and pg present
almost the same distribution of immobile/mobile water.

The Q-dependence of I'/2 are shown in Figure 9. A clear
slowing down of the dynamics with respect to bulk water at the
same temperature, induced by the confinement, can be
identified, for example, by comparison with the work of
Teixeira et al. on translational diffusion of bulk water.’”®
Indeed, it was proposed that dynamics of the interfacial water,
confined within nanocavities or on the surface of biological
materials, resembles the dynamic behavior of bulk water at
temperatures lower by 20 K.'

The typical shape of the jump-diffusion can be observed: a
Q? profile at low Q-values and a leveling off toward a plateau at
high Q’s. In this respect, it should be also noted that the

spectrum at the lowest Q-value in the pg20 w is extremely
noisy, and the derived fit parameters are not reliable. In
cg20_w, a large part of the water is immobile at the time scale
of the experiment. As a consequence, the visibility of the quasi-
elastic broadening with respect to the elastic line is very
reduced. Furthermore, QENS widths are found to be extremely
narrow, at the edge or below the resolution limit of the
instrument. At 270 K, almost exclusively elastic scattering is
observed. Although with a prominent contribution from the
elastic line, for the same sample at 300 K the mobile water
fraction is increased and the dynamics is faster, and it is
possible to recognize the jump-diffusion behavior.

Some general differences among the investigated systems
can be noted. The less hydrated hydrogels show a narrower
Lorentzian component, i.e., slower dynamics, for both c¢g and
pg- In the 30% w/w hydrated samples, the widths are overall
slightly larger for ¢g30_w. However, while at low temperatures
the differences among the samples are quite constant in the
entire Q range, at high temperatures the values are almost
identical at low Q and become larger for increasing Q, as
highlighted in Figure 10. Considering a jump-diffusion
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Figure 10. Difference of quasi-elastic widths between chemical and
physical gels at 30% w/w of hydration. AI'/2 =T"/2 -T2

cg30_w pg30_w*

mechanism, this suggests shorter residence times, 7, for the
chemical gel and different T-dependence of the residence time
and jump length, ], within the two systems. As opposed to the
higher hydrated samples, the widths of pg20 w are much
larger than those of ¢g20 w, both at low and high
temperatures.

In Figure 9, the lines are fits according to the well-
established jump-diffusion models of Singwi and Sjolander®
(SSM), Hall and Ross®> (HRM), and Chudley and Elliot**
(CEM), which are all parametrized in terms of 7 and L
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Figure 9. Q-dependence of ['/2. Lines refer to jump-diffusion models (see text): CEM (sold line), SSM (dashed line), HRM (dotted line); color
code for temperature follows that of symbols.
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However, whereas the CEM refers to a jump process with a
well-defined jump length, the SSM and HRM take a jump
length uncertainty into consideration, following exponential
and Gaussian distributions, respectively. More details on the
models are given in the Supporting Information. For both
¢g30_w and pg30_w, the use of a distribution of jump lengths
seems to be needed, as SSM and HRM better approximate the
experimental data compared with the CEM. Conversely, the
CEM seems to be the most consistent to approximate the
experimental points for the 20% w/w hydrated systems. In the
following, we will therefore refer to values from the HRM and
SSM for the 30% w/w samples and CEM for the 20% w/w
samples. For completeness, the fit parameters obtained for the
different models and samples are reported in Tables S1 and S2
of the Supporting Information. A distribution of jump lengths
is usually employed to describe the diffusion of bulk water.””*’
In this respect, it is perhaps not surprising to observe an
analogous behavior in the higher hydrated materials. The
better agreement with a model based on a well-defined jump
length for the less hydrated materials conversely points toward
a higher degree of order when the number of water molecules
per hydroxyl group is about 2, likely due to the strong
interactions with the polymer. Such observations are in
agreement with the different fragility behavior for the different
hydrations, as previously discussed in the case of the polymer
mobility. The values of the (averaged) jump length [ are overall
similar, around 3—4 A (see Supporting Information for exact
values and uncertainties), with a slight increase at higher
temperature. In the ¢g30 w the T-dependence is less
pronounced than in the physical gels, possibly because a real
mesh, created by the cross-linker, is present only in the former
systems, whereas the structure of the physical gel likely evolves
more drastically with the temperature changes.

Figure 11 shows the values for the residence time, 7, (a) and

2
the diffusion coefficient, D, (b), calculated as D = 6L . The
T

lines represent fits according to an Arrhenius law:

=1, exp(KE]f) in (a), and D =D, exp(%) in (b),
where E, and Ep are activation energies for residence time
and diffusion coefficient, respectively, kg is the Boltzmann
constant, and 7, and D, are the high temperature limits for
residence time and diffusion coefficient. In general, diffusion
coefficients become larger as the temperature increases,
whereas residence times become smaller, as expected and in
agreement with previous studies on bulk’”*® and confined
water.””*®3195% ‘We note here that diffusion in bulk water is
not an Arrhenius process,” but in the limited temperature
range investigated here, the Arrhenius fit provides for water
hydrating pHEMA gels a reasonable approximation useful for
comparison with other systems. As already pointed out, at 30%
w/w of hydration the chemical gels show shorter residence
times than the physical gels. The difference between the 7
values obtained using the SSM or HRM model provides an
estimate of the experimental uncertainty. However, E, is the
same, within error bars, for both models, indicating the
robustness of this insight. The temperature dependence is
steeper (larger absolute values of E,) in ¢g30 w than in
pg30_w and 7, is much smaller (see Table S3 in Supporting
Information); i.e., the attempt frequency for the jump, 7,7/, is
higher for the chemical gels. Within the same type of gel, a
higher water concentration corresponds to shorter residence
times, closer to those of bulk water. The values of Ep, ranging
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Figure 11. Residence times (a) and diffusion coefficients (b). Lines
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different models used to derived z[D] for the different samples, as in
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from 0.11(1) eV [11(1) kJ/mol] to 0.18(1) eV [17(1) kJ/
mol], are similar to those obtained in other confined media
such as Vycor glass (0.12 eV [12 k_]/mol])66 or PVA hydrogels
(0.16(2) eV [15(2) kJ/mol]),”” and anyway comparable to
those of bulk water (~0.2—0.26 eV [19—25 kJ/mol]),*”%’
showing that water diffusion in pHEMA hydrogels remains an
H-bonding governed mechanism. Nevertheless, considering for
example the values at 300 K, where the signal is clearer
(because of a higher quasi-elastic to elastic ratio), the diffusion
coefficients are smaller and residence times are larger than the
values for water in confinement in both hard and soft media,
such as Vycor and PVA hydrogels,"”*” underlining a severely
reduced water mobility and strong interactions with the
pHEMA matrix.

B CONCLUSIONS

Hydrogels with optimal release and confining properties, such
as HEMA based systems, are highly relevant for medical and
cultural heritage applications. The intimate comprehension of
transport phenomena in these systems constitutes a basis in the
fine-tuning of their delivery properties from a molecular point
of view. Quasi-elastic neutron scattering with contrast variation
was used to selectively investigate the dynamics of the polymer
network and the transport properties of the water confined
into the hydrogel matrix, and how such dynamics are affected
by temperature, cross-linker nature, and water content.

A distribution of relaxation processes was observed for the
polymer network, mainly associated with the side chain
dynamics. The dynamics is faster with increasing temperature
and hydration, the latter underlining the plasticizer role of the
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solvent, which also leads to a more fragile behavior. In physical
gels, the relaxation is slower with a smaller portion of the space
explored than in the chemical equivalents, likely because of the
involvement of the side chains in the network formation. In
order to better discriminate the motions of the different part of
the polymer chain, further investigation could be extended to
selectively deuterated polymer segments, also combining
different dynamical ranges.

Regarding the hydration water, a very strong confining effect
imposed by the gel matrix was observed. The presence of a
fraction of water strongly associated with the polymer matrix
and immobile in the experimental time scale (up to few
nanoseconds), and a mobile fraction, was detected. The ratio
of the two fractions depends on T, hydration, and cross-linker
nature. The dynamics of the mobile fraction well agrees with
an H-bond governed process with activation energies on the
order of 0.11-0.18 eV and jump-diffusion mechanism. The
jumps lengths are on the order of 3—4 A, and well-defined for
the less hydrated gels. For the 30% w/w hydrated gels a
distribution of jump lengths needs to be considered,
consistently with the plasticizer effect observed in the polymer
network dynamics. The diffusion coefficients increase and
residence times decrease with increasing temperature and
hydration. At 20% w/w hydration, the water mobility is
considerably higher in the physical gels, whereas at 30% w/w
the water mobilities are more similar between the physical and
chemical gels, although with slightly shorter residence times in
the second case.

Our approach represents a useful starting point for the
investigation of more sophisticated hydrogel systems.
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