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ABSTRACT: By means of elastic incoherent neutron scattering,
we investigated how the addition of stabilizing cosolvents (glycerol
and glucose) affects the dynamics of hydrated PNIPAM chains at
the pico- and nanosecond time scale, where a low-temperature
dynamical transition is observed. From the elastic intensities, the
atomic mean square displacements of the PNIPAM samples were
extracted using a global fitting procedure. Both the dynamical
transition temperature T, and the amplitude of the displacements
are found to be strongly dependent on solvent composition. The
close analogies between the dynamical transition of PNIPAM and
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that of biomolecules reveal PNIPAM as an excellent system for reproducing complex solvent—biopolymer interactions.

1. INTRODUCTION

Smart responsive polymers are a subject of strong interest
within the scientific community due to their ability to undergo
drastic changes in response to variations of external
parameters, such as temperature, pH, or solvent composition.1
A paradigmatic example of smart polymers is poly-N-
isopropylacrylamide (PNIPAM), whose repeating unit in-
cludes both hydrophilic amide and hydrophobic isopropyl
groups (Scheme 1). The resulting amphiphilic nature produces
inverse solubility in water upon heating and triggers a coil-to-
globule transition of the polymer at a lower critical solution
temperature (LCST) of about 305 K.*> The LCST located
between room and body temperature makes PNIPAM versatile
for biological and biomedical applications, ranging from tissue
engineering to drug delivery.” ™

In a similar context of biophysical interest, PNIPAM has
raised further attention as a simple but predictive protein
model, since the coil-to-globule transition in many aspects
resembles the cold renaturation of small globular proteins.”~"*
From a fundamental point of view, the availability of such a
model system would provide unique opportunities to
reproduce, better understand, and fine tune the essential
elements at the basis of complex biological mechanisms. From
a technological point of view, the perspective of functionalizing
PNIPAM to replicate specific biological processes may have a
huge impact, for instance, on large-scale applications and
analysis. Indeed, the extensive use of natural enzymes is often
limited by high costs, demanding storage conditions, and poor
availability due to the usually low yield of protein expression.
These shortcomings could be overcome by exploiting the
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Scheme 1. Chemical Formula of the NIPAM Repeating
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“The C atoms of the amide (hydrophilic) and isopropyl (hydro-
phobic) groups in the side chain are highlighted in blue and green,
respectively. The exchangeable H atom in the amide group is
highlighted in red.
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Table 1. List of Samples Together with Specific Details of Sample Preparation and Other Experimental Information

7 [KY
sample h* [m:‘;’%] :—; [%]b t° [mm] T [%]? %] [%]¢ IN13 7 = 150 ps SPHERES 73 = 2000 ps
PNIPAM Oh 0.0S 0.2 90.7 92 153-313 20, 153—-298
PNIPAM 1h 1.00 0.3 91.6 84 153—-298 20, 153—298
PNIPAM:d-glyc Oh 0.05 1 0.3 92.7 84 153-318 20, 153-318
PNIPAM:d-glyc 0.15h 0.15 1 0.3 92.2 83 153-318 20, 153298
PNIPAM:d-glyc 0.35h 0.35 1 0.4 90.7 82 153-318 20, 153-298
PNIPAM:d-glyc 1h 1.00 1 0.4 92.1 78 153-318 20, 153—-298
PNIPAM:d-glu Oh 0.05 1 0.3 90.6 85 153—403 20, 153—418
PNIPAM:d-glu 0.15h 0.15 1 0.3 90.5 84 153-393 20, 153—-398
PNIPAM:d-glu 0.35h 0.35 1 0.3 92.0 82 153-318 20, 153298
PNIPAM:d-glu 1h 1.00 1 0.4 90.6 78 153-318 20, 153—298

“Measured value of hydration degree. The estimated relative error is of about 5%. bCosolvent/PNIPAM weight ratio. “Cell inner thickness.
“Theoretical neutron transmission. “Ratio between incoherent and total scattering cross section. fMeasured temperature ranges.

higher chemical stability and malleability, abundance, and
cheapness of PNIPAM-based systems.">~""

Although interest in the coil-to-globule transition has
produced vast literature on the behavior of PNIPAM solutions
in diluted regime and around room temperature,'® other
regions of the phase diagram are largely unexplored. Only
recently, neutron scattering experiments and molecular
dynamics simulations disclosed the existence of a dynamical
transition in weakly hydrated PNIPAM samples at a critical
temperature Ty ~ 220 K.'”7*' Originally observed in
proteins’>*® and later in DNA***® and t-RNA,***" the
dynamical transition is a well-known phenomenon in the
physics of hydrated biomolecules, whose origin is still widely
debated.”®™" It appears as a slope change at Ty in the
temperature dependence of the atomic mean square displace-
ments (MSDs) of the macromolecule. Above T}, activation of
conformational degrees of freedom takes place, resulting in a
faster increase with temperature of the MSDs on the
picosecond and nanosecond time scales and a correspondingly
enhanced molecular flexibility. Common features of the
transition, manifested by both biopolymers and PNIPAM,
are (i) the intimate coupling between solvent and solute
dynamics, attested by the occurrence of an analogous
dynamical transition in the hydration water of the macro-
molecule®”®" and by the progressive disappearance of the
transition upon dehydration, and (ii) the connection with the
inherent complexity of the polymer repeating unit rather than
with the mesoscopic architecture of the whole macromolecule.
Indeed, the PNIPAM dynamical transition occurs in both
linear chains'® and microgel networks.”' Likewise, the
transition is observed not only in proteins and nucleic acids
but also in amyloid fibrils and even in unbound amino
acids.*>*?

For biological molecules, the possibility of regulating the
conformational flexibility across the dynamical transition is of
great importance. On one hand, the degree of flexibility
achieved thanks to fast picosecond to nanosecond motions is
essential for biological agents to reach functionality and the
necessary reaction rates at physiological temperatures.ﬂ_38 On
the other hand, controlled flexibility and limited biological
activity are desirable in the context of protein storage,
transport, and delivery because they allow better preservation
from denaturation in the case of hostile external conditions,
such as high temperatures or low pH. In medicine and
pharmaceutics, for instance, careful regulation of the enzyme
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activity is crucial to improve the shelf life of protein-based
drugs.””™*!

Many ongoing studies aim at elucidating how the atomic
motions and conformational flexibility of proteins can be
controlled by properly tuning the characteristics of their
solvent environment. Water, the main physiological milieu of
biomolecules, is well known as the archetype of plasticizers, i.e.,
the class of solvents that impart the flexibility needed to
undergo the dynamical transition and eventually perform
biological functions. On the contrary, protein solvation by
stabilizing additives, such as sugars and polyols, results in a
stiffening of the molecular motions and leads to either a shift of
T4 toward higher temperatures or complete suppression of the
transition.”” ™" Stabilizers are routinely exploited for long-term
protein storage,50 thus reinforcing the connection between
molecular flexibility at the picosecond to nanosecond time
scale and stability at the macroscopic level.”"** Detailed
knowledge of how different classes of solvents affect the fast
dynamics of macromolecules is therefore of paramount
importance. Although the relevant existing literature is wide
and keeps growing, the details of the underlying mechanisms
are still much debated.

From the perspective of exploiting PNIPAM-based systems
as protein analogues, the study of the dynamical transition of
PNIPAM in the presence of plasticizing or stabilizing solvents
acquires a relevant and 2-fold value. On one hand, it can
provide new insights onto the solute—solvent interactions at
the basis of the dynamical transition observed in complex
macromolecules. On the other hand, this study will help to
push further the PNIPAM—protein analogy and possibly open
new routes to artificially replicate biological functions by
means of tailored smart materials.

In this work, we study how the addition of stabilizing agents,
like sugars (glucose) and polyols (glycerol), impacts the
dynamical transition of hydrated PNIPAM chains. For this
purpose, we performed an extensive campaign of elastic
incoherent neutron scattering (EINS) measurements that
allowed us to derive the MSDs of PNIPAM in a time interval
ranging from 150 to 2000 ps. From the analysis of both EINS
intensities and MSDs, a coherent picture emerged about the
impact that the solvent characteristics have on both the onset
temperature of the dynamical transition and the amplitude of
the relevant atomic motions. We found that when the polymer
is embedded in glycerol or glucose, the dynamical transition
occurs even in the absence of water, although an upshift of the

https://doi.org/10.1021/acs.macromol.2c00177
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transition temperature T} is observed. In the presence of binary
solvent mixtures, the competition between water and cosolvent
in interaction with PNIPAM results in a strong dependence of
T4 on the water content. Water—PNIPAM interactions appear
favored down to rather low hydration levels, suggesting a
preferential affinity of the polymer for water molecules.
Remarkably, the comparison with proteins reveals the existence
of strong analogies between PNIPAM and protein behavior,
not only in purely hydrated conditions but even in the
presence of more complex solvent environments.

2. MATERIALS AND METHODS

2.1. Samples. PNIPAM linear chains (number-averaged molec-
ular weight M, = 40 kDa), glucose-1,2,3,4,5,6,6-d, (97 atom % D),
and glycerol-dg (>98 atom % D) were purchased from Sigma-Aldrich.
Deuterium oxide (D,0, 99.96 atom % D) was purchased from
Cambridge Isotopes Laboratories, Inc. Samples of PNIPAM,
PNIPAM in deuterated glycerol (PNIPAM:d-glyc), and PNIPAM in
deuterated glucose (PNIPAM:d-glu) were prepared at different values
of hydration degree h, defined as the ratio ™= between the mass of

mp
heavy water m,, and the mass of PNIPAM m,. From here onward, the
hydration degree h = 0.35, for instance, will be referred to as 0.35h.
The list of prepared samples together with the corresponding
hydration degree and other relevant experimental details is reported
in Table 1. Each sample was prepared starting with the same amount
of PNIPAM my = 250 mg. An equal amount of cosolvent m_ &~ 250
mg was added where required in order to have a fixed 1:1 weight ratio
with PNIPAM, in analogy with the procedure typically used for the
preparation of protein—glycerol and protein—glucose mixtures.****
The powder samples were then dissolved in =5 g of D,0 and cool
stored at about 277 K for 2 days to ensure that all exchangeable
hydrogen atoms were properly substituted with deuterium. The
samples were subsequently freeze dried and then further dehydrated
under vacuum in the presence of P,Oj until a stable dry weight was
achieved. The dry samples were put in the presence of D,O vapor
until the desired value of & was reached. Samples were finally sealed
with indium wire in standard aluminum flat cells. For PNIPAM:d-glu
0Oh and 0.15h, a lead wire was used instead to allow these two samples
to be measured up to higher temperatures (see Table 1). The inner
thickness t of each cell was individually chosen to obtain a theoretical
neutron transmission 7~ of about 90% for every sample (see Table 1).

2.2, Elastic Incoherent Neutron Scattering Concepts. In
neutron scattering experiments, the observable quantity is the
dynamic structure factor S(Q, E), which provides the probability for
a neutron impinging on the sample to be scattered with a wavevector
transfer Q and an exchanged energy E. For isotropic (amorphous)
samples, like those considered in this study, the dynamic structure
factor only depends on the magnitude Q of the wavevector transfer.
The interaction of (thermal) neutrons with matter is such that S(Q,
E) contains both coherent scattering contributions, arising from
spatial correlations between different atoms as a function of time, and
incoherent scattering contributions, due to spatial correlations of a
single atom with itself as a function of time and averaged over all
atoms. As such, the two contributions provide information about
collective and individual atomic movements, respectively.

Since the incoherent scattering cross section of hydrogen (o, ~
80 barn) is much larger than both the coherent and the incoherent
cross sections of any other element (a few barns), the incoherent
contribution of the hydrogen atoms is largely dominant in our
samples (see Table 1). In particular, we exploited the large difference
between the hydrogen and the deuterium cross section (6, =~ 8
barn) by using deuterated solvents and cosolvents, to highlight the
dynamics of PNIPAM nonexchangeable H atoms with respect to the
dynamics of the solvent constituents. As H atoms are uniformly
distributed over the polymer repeating unit (see Scheme 1),
eventually they bear information about the dynamics of the PNIPAM
chains as a whole.
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In a real experiment, the measured dynamic structure factor is
convoluted with the resolution function of the employed
spectrometer. In the energy domain, the resolution function in the
proximity of the elastic peak can often be approximated by a Gaussian
shape, characterized by a full width at half-maximum (fwhm) AE,
whose value depends on the chosen spectrometer and setup and

. . I 2h
which also defines the instrumental resolution time scale 7 & g n

the case of elastic incoherent neutron scattering (EINS), the
convolution with the resolution function implies that the dynamic
structure factor is measured and integrated within a narrow energy
window |El < AE around the elastic condition E = 0. The resulting
EINS intensity STR(Q) is named “elastic” in the sense that only sample

atomic motions with characteristic time scales slower than 7z—and
thus closer in energy to the elastic line—contribute to the measured
signal, whereas faster motions fall outside the measured energy
window. Any physical or chemical process inducing an increase of
atomic mobility, such that the time scales of the involved motions
change from larger to smaller values than 7y, results in a decrease of
8, (Q).

2.3. Elastic Incoherent Neutron Scattering Experiments.
EINS intensities were collected on two neutron backscattering
spectrometers with different energy resolutions AE, namely,
SPHERES,***> operated by JCNS at the Heinz Maier—Leibnitz
Zentrum (MLZ) in Garching (Germany), and IN13,° at the Institut
Laue—Langevin (ILL) in Grenoble (France). SPHERES is charac-
terized by an incident energy E; = 2.08 meV and a resolution time
scale 7 of about 2000 ps (AE =~ 0.6 ueV fwhm). Data were collected
in the available range of exchanged momentum Q between 0.22 and
1.84 A 7', Compared to SPHERES, IN13 is characterized by a higher
incident energy E; = 16.45 meV, which allows one to explore a wider
Q range between 0.19 and 4.99 A 7. The resolution time scale of
IN13 is 7g & 150 ps (AE =~ 8 ueV fwhm).

The temperature ranges in which the samples were measured are
reported in Table 1. On IN13, EINS intensities were collected in
constant temperature acquisitions with AT steps ranging between S
and 30 K depending on the expected temperature evolution of each
sample. On SPHERES, thanks to its higher flux, EINS intensities were
collected along temperature ramps with a 0.23 K/min heating rate,
resulting in acquisition steps of about 2 K. EINS intensities on
SPHERES were also collected at T = 20 K in order to have a low-
temperature value for data normalization.

Transmission measurements confirmed the values calculated for
the chosen sample thicknesses (as reported in Table 1). Data were
corrected for cell scattering, self-shielding, and detector efficiency by
vanadium (IN13) or low-temperature (SPHERES) normalization,
whereas multiple-scattering events were neglected. Noisy detectors,
mostly located at the highest and lowest angles, were removed. The
fully corrected data finally span the Q ranges 1.27—3.93 A™! for IN13
and 0.60—1.76 A™! for SPHERES.

2.4. Fitting Model. From the EINS intensities, the atomic MSDs
can be derived by assuming specific functional forms for STR(Q)

depending on the type of active motions. At sufficiently low
temperatures, large-amplitude macromolecular motions are essentially
frozen and only small-amplitude harmonic vibrations can take place,
which are properly described by a set of quantized harmonic
oscillators.”” In this case, S,R(Q) takes a Gaussian Q dependence58

QZ
S, (Q) = S~ 6 M (1)
where S is an intensity prefactor accounting for instrumental details.
The term A(T) is proportional to the harmonic MSD, which can be
assumed to increase roughly linearly with temperature,™ according to
the well-known Debye model® The Gaussian approximation is
strictly valid only at low Q values." Moreover, it becomes more and
more inadequate on increasing temperature because a variety of
nonharmonic motions, such as diffusions, relaxations, side-chain
fluctuations, and structural and conformational transitions, become
progressively active. The larger number of degrees of freedom allows

https://doi.org/10.1021/acs.macromol.2c00177
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the macromolecule to assume many equivalent local configurations
(or conformational substates®) while maintaining the same coarse
structure. The wider exploration of conformational space can be
described in a simplified way as jumps between two potential wells
separated by an effective distance d. Such a double-well model has
been successfully used to describe the dynamical transition of
biomolecules including proteins,******%* homomeric polypeptides,®
and DNA** as well as that of PNIPAM microgels’' and linear
chains."® In this model, STR(Q) takes the form®

sin(Qd) )]
Qd (2)

where p, and p, are the probabilities of finding the atom in the ground
and excited wells, respectively.

Using a Gaussian approximation, the 3-dimensional, isotropic
MSDs (Au?),,, can be written as'”**

din S, (Q)
d(Q)

@
$,(Q) = Spe 6 A(T)[l - Zplpz[l -

(AU, = —6[ ] =A(T) + 2p1p2d2
Q=0

()

Well below the dynamical transition, (Au?),, increases approximately
linearly with T since the MSDs are dominated by the harmonic term
A(T). When the system is heated up, the probability p, of exploring
the excited state increases until the second term in eq 3 becomes
dominant, resulting in a steep increase in the slope of (Au®),, at Tg.

All of the parameters in eq 2 may in principle depend on the
temperature, sample composition, or instrumental time scale.
Preliminary fitting of the data showed a substantial independence of
the distance parameter d from the temperature and solvent
composition over the whole set of samples, whereas it significantly
depended on the instrumental time scale. At 7z = 150 ps, a nearly
constant value of d ~ 1.3 A was found for all samples, close to the
values of d reported for lysozyme and DNA at the same time
scale.”>*#4763 At 7, = 2000 ps, a larger value of d ~ 2.4 A was found.
This is consistent with the basic idea that PNIPAM atoms can span a
wider portion of the conformational space over longer time scales. It
should be also considered that the intensities collected at 7z = 150
and 2000 ps cover a higher and lower Q region, respectively.
Correspondingly, the two data sets mainly provide information on
shorter and larger length scales, consistent with the obtained values of
d (~1.3 A at 7y = 150 ps, 2.4 A at 7z = 2000 ps).

On the basis of these preliminary evaluations, we developed an
analysis method to simultaneously fit the whole collection of data,
thus significantly improving the final error bars of the resulting MSDs.
In setting up such a global fitting procedure, we introduced the
following constraints.

(i) The parameter d was assumed to be independent of
temperature and solvent composition. The dependence of d
on the resolution time scale 7z was instead expressed through a
diffusion-like form d = ¢7:*.°"% In this formula, ¢ is related to
a diffusion coefficient and & takes into account a possible
subdiffusive character.

The harmonic contribution in eq 3 was assumed to increase
linearly with T in the temperature window of interest;
therefore, it was expressed as A(T) = aT + C. Moreover, we
assumed the harmonic dynamics to be equally resolved by the
two instruments, since we expect its characteristic time scale to
be much faster than the employed 7y, and thus, the parameters
a and C were imposed to be independent of ;.

Considering the above assumptions, &, ¢, a, and C were
constrained to be global fitting parameters, taking the same
value for the whole data set. The probability product p,p, and
the prefactor S, were instead unconstrained and left free to
vary as a function of T, 7y, and solvent composition.

(i)

(i)

After several tests, all of the collected intensities were
simultaneously fitted over a fixed Q range, namely, between 1.27
and 3.93 A7 at 7z = 150 ps and between 0.60 and 1.42 A™" at 75 =
2000 ps. Examples of the resulting fitting functions are reported in
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Figure 1 for PNIPAM:d-glyc 1h, together with the corresponding
experimental EINS intensities. For the sake of comparison, also the
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Figure 1. Logarithm of the EINS intensities STR(Q) of PNIPAM:d-

glyc 1h as a function of Q* at selected temperatures. Experimental data
are reported together with the double-well fitting functions (solid red
lines). For comparison, corresponding Gaussian fitting functions
(dashed green lines) are also reported.

purely Gaussian fit is reported. The comparison shows how the
double-well model of eq 2 captures much better the behavior of the
EINS intensities over the wide explored range of Q, T, and h,
especially at high temperatures.

The resulting fitting parameters were used to determine the final
MSDs by means of eq 3. The MDSs reproduced the behavior
qualitatively obtained from the preliminary fit but with clearer and
more robust trends. Further details on the data fitting procedure are
reported in the Supporting Information.

3. RESULTS

3.1. Elastic Incoherent Neutron Scattering Intensities.
Preliminary information on the dynamics of PNIPAM is
already provided by the inspection of the Q-integrated EINS
intensities as a function of temperature, I,R(T), reported in
Figure 2 for the whole set of samples. For a better comparison
between data collected at different 7y values, the intensities
were obtained by integrating the corresponding STR(Q) over

https://doi.org/10.1021/acs.macromol.2c00177
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Figure 2. Logarithm of the integrated EINS intensities ITR(T) versus T for (a) PNIPAM, (b) PNIPAM:d-glyc, and (c) PNIPAM:d-glu. Data are

rescaled by their value at T = 153 K. Gray bars and black straight lines are guides for the eye, helping to visualize the slope changes at T; occurring
in the 1k sample of each series. Inset in (a): comparison between the I1R(T) of PNIPAM 1h collected on two different spectrometers.

the restricted Q range 1.27—1.76 A™", which is common to the
two instruments.

~
~

Inspection of ITR(T) allows a first identification of Ty by

detection of the slope changes witnessing the activation of the
sample dynamics. Although providing only a first qualitative
indication, this evaluation has the advantage of being model
independent. On comparing the behavior of PNIPAM,
PNIPAM:d-glyc, and PNIPAM:d-glu at the highest hydration
degree (1h), a slope change can be observed at T, in the
temperature range between 220 and 240 K for all three
systems, independently from the presence of cosolvents.
Conversely, in the anhydrous samples (0h), the dynamical
transition is strongly affected by the solvent composition: it is
substantially suppressed in pure PNIPAM, whereas it occurs at
~270 K in PNIPAM:d-glyc and at 370 K in PNIPAM:d-glu.
In the other samples with cosolvents, at the intermediate
hydration degrees between Oh and 1h, increasing the water
content Ty progressively decreases from its value in the
anhydrous sample to ~230 K.

Further inspection of ITR(T) reveals also the presence of

additional slope changes besides Ty In pure PNIPAM at 1h
(panel a), a drastic intensity decrease is observed at 2270 K.
The sharpness of the drop suggests the occurrence of a
structural phase transition such as melting of D,O rather than a
dynamical effect. Indeed, calorimetric studies on hydrated
PNIPAM®”%® and, in particular, recent investigations on D,0-
hydrated PNIPAM chains with the same molecular weight of
those considered herein® showed that, in samples with h =1, a
fraction of water molecules undergoes cold crystallization on
heating and subsequently melts at ~270 K. A smaller fraction
of molecules undergoes crystallization upon cooling and melts
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at 7277 K on heating with the total amount of crystalline water
however being quite low.”” In the context of hydrated
polymers, cold crystallization is associated with “weakly-
bound” water, ie., a population of water molecules forming
with polymer chains an interaction of intermediate strength
between that of free bulk molecules, which crystallize upon
cooling, and bound hydration molecules, which never
crystallize.”*~"* Upon further heating such cold-crystallized
molecules eventually melt, but the melting temperature is
lower than that in the bulk because of the confining effect due
to the interaction with polymer chains.”>”* The intensity drop
around 270 K in our PNIPAM 1/ sample can therefore be
ascribed to the coupling of the polymer dynamics with melting
of weakly bound water molecules. Above ~275 K, when the
phase transition is completed, the intensity slope goes back to a
nearly constant linear trend. A similar effect is also observed in
PNIPAM:d-glyc 1k (Figure 2b) and PNIPAM:d-glu 14 (Figure
2¢), respectively, around 260 and 270 K, suggesting the
occurrence of a structural phase transition also in these two
samples.

Moving back to the low-temperature region, the data of pure
PNIPAM (Figure 2a) show that ITR(Q) for the dry sample is

slightly but systematically lower than that for the hydrated one,
indicating a higher rigidity of the hydrated polymer. Similar
evidence is also found in proteins,38’61’75 DNA,’® and small
peptides,”” for which it has been suggested that at low
temperatures frozen water reduces the MSDs of the macro-
molecule by constraining its fast fluctuations.

A last interesting observation arises from the comparison
between values of I, (T) at different 7z As reported in the

inset of Figure 2a, in PNIPAM 1h the overall intensity decrease
as a function of T is more pronounced for longer 7y values,
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Table 2. Values of d, ¢, € a, and C Obtained from the Fit on the Whole Data Set with the Corresponding Reduced

7 [ps] ¢ ¢ [A/ps’] d [A] a [A> x 107/K] C[A7] Ve
150 0.251 + 0.003 0.361 + 0.008 1.27 £ 0.03 1.95 + 0.04 0.006 + 0.002 32
2000 2.43 + 0.06
consistent with the fact that a larger fraction of moving atoms : T '
gets out of a smaller elastic window. PRl .“-' =150 ps f#
The qualitative picture emerging so far suggests a tight 04l | 5 ]
coupling between the dynamics of PNIPAM and that of the . “{\“06— " T
surrounding solvent. More quantitative information can be vg ' ___-—""- d |

obtained from the analysis of the Q dependence of the EINS
intensities, as detailed in the following.

3.2. Mean Square Displacements. The MSDs of each
sample, (Au®),,,, were obtained by fitting the Q dependence of
the corresponding set of EINS intensities using the procedure
reported in the Materials and Methods. As described in this
section, the double-well distance d was constrained to follow
the behavior d = ¢h7°. The analysis provides the parameter
values & = 0.251 + 0.003 and ¢ = (0.361 + 0.008) A/ps* (see
Table 2), with & < 0.5 indicating a subdiffusive motion.”**®
The corresponding values of d are 1.27 + 0.03 A at 7 = 150 ps
and 2.43 + 0.06 A at 7; = 2000 ps. For comparison, several
studies showed that the dynamical transition in proteins
involves the activation of localized motions between 1.5 and
~3 A,7>7% associated with large-amplitude backbone and side-
chain fluctuations.””*" The role of backbone and side-chain
dynamics in the dynamlcal transition has been highlighted also
in PNIPAM microgels.”’

The dynamical transition temperature T, of each sample was
defined as the intersection between two straight lines obtained
by fitting (Au®),, in two temperature ranges, respectively,
below and above the corresponding slope change. The
resulting values of T are reported in Table 3. In the following,
we will separately analyze the MSDs of PNIPAM in each of the
three investigated environments.

Table 3. Dynamical Transition Temperatures Ty As
Obtained from the Linear Fit of the MSDs

T, [K]
sample 7R = 150 ps g = 2000 ps

PNIPAM 0h

PNIPAM 1h 220 £ 2 220+ 1
PNIPAM:d-glyc Oh 270 £ S 270 £ 1
PNIPAM:d-glyc 0.15h 248 + 6 248 + 1
PNIPAM:d-glyc 0.35h 225 £ S 230 £2
PNIPAM:d-glyc 1h 218 + 4 219 £2
PNIPAM:d-glu 0h 357 £ 2 380 £ S
PNIPAM:d-glu 0.15h 298 + 6 301 +2
PNIPAM:d-glu 0.35h 255+ 5

PNIPAM:d-glu 1h 225 + 11 234+ 1

3.2.1. Pure PNIPAM. The MSDs of pure PNIPAM are
reported in Figure 3. In agreement with the larger value
assumed by d at longer 7y, the resulting (Au®),,, are greater at
T = 2000 ps than at 7z = 150 ps.

The MSDs of PNIPAM 0k do not show abrupt changes in
the slope, consistent with the fact that the dynamical transition
is essentially suppressed when the system approaches dry
conditions, as widely reported for various blomoleculesgo’81
and, more recently, for PNIPAM microgels”" and linear
chains.” At low temperatures, a slight deviation of the MSDs
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Figure 3. (Au?),, of pure PNIPAM. For easier comparison of their
slope, data were corrected for their value at 153 K (unsubtracted data
are shown in the insets). Red lines result from the linear fit of (Au?),,
for the 1h sample. Arrows indicate the slope change at Tj.

from a straight linear trend can be observed especially at 7 =
2000 ps, as they smoothly inflect over a broad temperature
range between ~153 and ~200 K. The behavior of the MSDs
might be reminiscent of the activation of the rotational
dynamlcs of methyl groups, typical of PNIPAM-based
systems’’ as well as of other polymers and biological
molecules.””*”*~** Methyl dynamics becomes active between
100 and 150 K on the time scales accessible to neutron
scattering, independent from the presence and composition of
the solvent. Indeed, methyl rotations are characterized by a
rather wide distribution of activation energies, yielding a
distribution of activation temperatures which eventually results
in a smeared MSDs response.gl‘82 Considering this, we can
infer that although the start of the methyl rotation processes
occurs at temperatures lower than those investigated in this
paper, the ending tail of methyl dynamics activation can still be
observed in our temperature range.

In PNIPAM 14, a dynamical transition clearly takes place at
Ty ~ 220 K (see Table 3), similarly to hydrated
biomolecules.””*****' A close value of about 225 K has
been previously reported for PNIPAM chains at 0.67h,"
suggesting that Ty remains substantially unaffected when the
hydration level increases from 0.67h to 1h. This allows one to
separate the dynamical transition from the glass transition of
hydrated PNIPAM, reported by calorimetric investiga-
tions.”% Contrary to Ty, the glass transition temperature T,
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of PNIPAM shows a strong dependence on h, and in
particular, it shifts from 243 K at 0.67h to 230 K at 1h. A
distinction between glass and dynamical transitions has also
been pointed out for hydrated proteins, where the former is
reflected in a mild slope change in the MSDs at T, ~ 200 K
followed by a more marked change at T4 due to the dynamical
transition.”® However, the observation of the slope change at
T, has proven elusive since in most cases it is hidden by the
occurrence of the sharper dynamical transition.

At low temperatures, the MSDs of PNIPAM 1h are smaller
than those in the dry sample. As discussed for the
corresponding EINS intensities, the decreased mobility of
hydrated PNIPAM is probably caused by the constraining
action exerted on the polymer by frozen water: since the layer
of frozen water surrounding the polymer is stiffer than the
polymer itself, also the water—PNIPAM mixture is on average
stiffer and thus “more harmonic” than the polymer alone. In
the same sample, the drastic jump of the MSDs at ~270 K (see
insets of Figure 3) is related to the fact that, on heating, some
hydration water molecules cold crystallize and subsequently
melt within a narrow temperature range around 270 K with
consequent release of PNIPAM degrees of freedom.

3.2.2. PNIPAM with Glycerol. The MSDs of PNIPAM:d-
glyc at 7z = 150 and 2000 ps are shown in Figure 4a and 4b,
respectively. Contrary to the case of pure PNIPAM, a
dynamical transition occurs even in the absence of water
(Oh) at Ty =~ 270 K (see Table 3). On adding water, T
progressively shifts toward lower values, passing from ~250 K
at 0.15h to ~230 K at 0.35h and ~220 K at 1h.

Below Ty, for 7z = 150 ps, a further and slight change in
slope is observed in the Oh and 0.15h samples at T, = 206 + 7
and 196 + 10 K, respectively (see inset of Figure 4a).
Identification of this slope change with the dynamical
transition is unlikely because the presence of glycerol is
expected to slow down the dynamics of PNIPAM, and
therefore, T4 should not occur below the value of %220 K
found in pure water. Considering that the glass transition of
the corresponding water/glycerol mixtures falls around 190
and 180 K, respectively,” the observed change may be related
instead to a coupling with the solvent glass transition. This
interpretation has been proposed to explain a similar slight
change at 2200 K in the MSDs of lysozyme in pure glycerol.*®

Above Ty, closer inspection of the MSDs of PNIPAM:d-glyc
1h reveals an additional slope increase at T, =~ 230 K followed
by a slope decrease at T,, & 250 K. To assess whether this
behavior is related to a solvent phase transition as in the case of
PNIPAM 1h, we performed calorimetric measurements on this
sample (see Figure SS of the Supporting Information). The
thermogram shows a broad endothermic peak in the same
temperature range, which is compatible with a progressive
solvent melting process, starting at about T}, and ending at Ty,
The observation of a large peak is consistent with the fact that
water/glycerol mixtures alone are rather polymorphic systems,
where multiple and partially overlapping solid-state phase
changes are observed.®* Moreover, the interaction with
PNIPAM can induce local fluctuations of the nominal solvent
composition with a consequent distribution of melting
temperatures, which can further explain the observed broad-
ening of the melting peak. The MSDs behavior between T},
and T, is well consistent with the calorimetric data and the
progressive melting of such distributions of solid phases and/or
solvent compositions.
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Figure 4. (Au?),,, of PNIPAM:d-glyc at 7 = 150 (a) and 2000 ps (b).
MSDs are corrected for their value at T = 153 K. Solid lines and
colored bars help to visualize for each sample the slope changes at T.
Further slope changes at T;, are indicated by arrows. In the inset,
slope changes at T, are highlighted.

3.2.3. PNIPAM with Glucose. The MSDs of PNIPAM:d-glu
are shown in Figure S. Compared to PNIPAM and
PNIPAM:d-glyc, the slightly nonlinear trend at low temper-
atures that we attributed to methyl dynamics is now more
pronounced, as especially evident at 7z = 2000 ps (Figure Sb).

A dynamical transition is observed at all of the investigated h
values, and the corresponding T4 values are reported in Table
3. In the anhydrous sample (0Oh), the transition occurs at very
high temperatures for both time resolutions, namely, ~360 K
for 7 = 150 ps and ~380 K for 7z = 2000 ps. In the latter case,
a further and sudden increase of the MSDs appears above 400
K, close to the melting temperature of pure glucose. This
suggests the formation of crystalline domains within an
otherwise amorphous sample. Indeed, cold crystallization of
amorphous glucose is observed roughly between 360 and 380
K in the presence of trace amounts of water followed by
melting.** In this sample, cold crystallization of glucose might
also explain the upshift of T4 with respect to PNIPAM:d-glu Oh
measured at 7z = 150 ps since the increased rigidity due to cold
crystallization would compete with the increased mobility due
to the dynamical transition, thus retarding to 380 K the
observation of Tj.
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Figure 5. (Au®),,, of PNIPAM:d-glu at 7z = 150 (a) and 2000 ps (b).
MSDs are corrected for their value at T = 153 K. Solid lines and
colored bars help to visualize for each sample the slope changes at T.
Further slope changes at T, are indicated by arrows. In the insets, the
slope changes at T, are hlghhghted

On increasing h, Ty shifts to 2300 K at 0.15h, ~260 K at
0.35h, and ~230 K at 1h. The PNIPAM:d-glu 0.35h sample
measured at 7z = 2000 ps constitutes a peculiar case because
the MSDs do not show any marked change in slope that can be
associated with the dynamical transition. In fact, at this
hydration level, Ty gets close to the concomitant low-
temperature inflection associated with methyl groups dynam-
ics, which can thus prevent clear observation of the dynamical
transition. In PNIPAM:d-glu 1k, the onset of the transition
becomes visible again as a slope change despite the methyl
contribution since the higher water content enhances the
MSDs increase due to the activation of conformational
dynamics.

Below T4, a mild slope change is observed at 7z = 150 ps in
the Oh, 0.15h, and 0.35h samples, respectively, at T, = 309 + 7,
261 + 6, and 202 + 11 K (see the inset of Figure Sa) A slope
change at T, = 260 + 7 K is observed in PNIPAM:d-glu 0.15h
also at 7y = 2000 ps (inset of Figure Sb). In analogy with the
case of PNIPAM:d-glyc, this might be due to a coupling of the
fast dynamics of PNIPAM with the glass transition of the
solvent. By comparison, the glass transition temperature of the
corresponding solvent mixture falls at about 300, 240, and 200
K, respectively.”® A similar slope change at T, ~ 300 K is
observed also in the MSDs of lysozyme in pure glucose
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In the MSDs of the 1/ sample, a further slope increase above
T4 is observed at Tj, = 250 K followed by an abrupt slope
decrease at T, = 260 K. Similarly to the case of PNIPAM:d-
glyc 1h, we interpret T}, and T, respectively, as the starting
and ending points of a solvent melting process, as confirmed by
calorimetric data (see Figure S6 of the Supporting
Information).

4. DISCUSSION

Overall, the above findings reveal a complex behavior of the
PNIPAM atomic dynamics as a function of solvent
composition, reflecting the complex interplay of microscopic
interactions between PNIPAM and water, PNIPAM and
cosolvent, and water and cosolvent. The most striking result
is that in the presence of a cosolvent Ty strongly depends on
the hydration level h: as shown in Figure 6, on increasing water
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& @)
-4 PNIPAM:d-glyc
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Figure 6. Dynamical transition temperatures Ty of (a) PNIPAM:d-
glyc and (b) PNIPAM:d-glu as a function of h. Dashed red lines
indicate the value of Ty in PNIPAM 1h (without cosolvents).

content, T tends to its value without cosolvents and reaches it
already at 1h. In light of this, it is convenient to discuss our
results by separating those obtained in the high-hydration
regime (h ~ 1) from those in the low-hydration regime (h <
0.4). In the high-hydration regime, water-mediated interactions
are predominant, as suggested by the fact that T, behaves as if
the cosolvent were not present. In the low-hydration regime
instead, where T, strongly depends on the solvent
composition, we expect PNIPAM—cosolvent interactions to
be more effective.

4.1. High-Hydration Regime. In PNIPAM—water—
cosolvent samples at 1k, the value of Ty is close to that
found in the PNIPAM-—water sample without cosolvent
(Figure 6). This suggests that in ternary samples when the
hydration level is sufficiently high, cosolvent molecules tend to
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be preferentially excluded from the PNIPAM solvation shell
with the polymer being therefore preferentially hydrated. Such
a mechanism of preferential hydration has already been
proposed for the interaction between sugars and PNIPAM in
diluted solutions.'”®” Recent investigations, in particular,
showed how the addition of a sugar (trehalose) to aqueous
PNIPAM results in a preferential exclusion of the cosolvent
from the polymer surface, with the sugar developing strong
interactions with water molecules while the polymer hydration
state is preserved.'” Our results extend the preferential
exclusion mechanism to much more concentrated PNIPAM
dispersions as well as to the case of a polyol cosolvent like
glycerol.

Preferential exclusion of stabilizing compounds is observed
also in aqueous solutions of proteins.gg_90 In particular, an h
dependence of Ty similar to that shown in Figure 6 has been
observed for lysozyme embedded in water/glycerol and water/
glucose matrices, where T4 reaches its limiting value for h >
047" On comparing the two systems, it seems that
preferential exclusion starts to take place at similar values of h
in both PNIPAM and lysozyme, which suggests that PNIPAM
linear chains have a capability to coordinate and confine water
molecules comparable to proteins. This is likely an essential
requisite for the “biomimic” character of PNIPAM, especially
considering that it is precisely this kind of confined, proximal
water that Elays a major role in determining protein functional
dynamics.”

From the MSDs, an estimate of the polymer rigidity can be
obtained by means of the pseudoforce constant’’

k= 0.00276/(M

o ), where k is expressed in N/m if

(At?),, is given in A’ and T in K. In general, we expect k to
depend on both the solvent composition and the temperature
since it will be influenced by the activation of anharmonic
processes and by phase transitions. By looking at the MSDs
reported in Figure 7, three different temperature regions to
calculate k can be identified in each sample: (1) a low-
temperature region, below the dynamical transition temper-
ature Ty (2) an intermediate-temperature region, above Ty
and below the start of solvent melting at T;,; (3) a high-
temperature region above T, where the melting transition is
completed.

In the low-temperature region, where only harmonic and
methyl dynamics are active, the MSDs are small, indicating low
flexibility, and the associated pseudoforce constants are rather
large, as shown in Figure 8. A larger k is observed in the
presence of cosolvents, especially in the case of glucose and for
Tp = 2000 ps, where the data have better statistics and a finer
temperature sampling.

In the intermediate-temperature region, the occurrence of
the dynamical transition leads to an increase of the MSDs
slope in all samples, and a corresponding decrease of k is
observed for both of the investigated 7z values. As in the
previous case, higher values of k are found in the presence of
cosolvents and the effect is larger for glucose. The stronger
constraining action of glucose on the dynamics of PNIPAM is
also witnessed by the fact that it shifts T4 to a value about 10 K
higher than in the other two hydrated samples.

In the high-temperature region, the presence of cosolvents is
particularly influential in determining the value of k. On one
hand, in the purely hydrated sample, the pseudoforce constant
decreases from the values assumed in the low- and
intermediate-temperature regions at both 7 values. On the
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Figure 7. MSDs of PNIPAM, PNIPAM:d-glyc, and PNIPAM:d-glu in
the high-hydration regime (1h). MSDs are corrected for the
corresponding value at T 153 K. For each sample, the
corresponding values of Ty T, and T, are indicated by arrows.
Solid lines are obtained from the linear fit of the data in the

temperature region below Ty (1), above Ty and below Tj, (2), and
above T, (3).
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other hand, in the presence of cosolvents, k increases,
indicating that the polymer becomes more rigid than in the
intermediate-temperature regime, as especially evident at 7y =
2000 ps. Such a reduced mobility of PNIPAM at high
temperature might be explained by a temperature effect on the
preferential hydration mechanism. Indeed, preferential hydra-
tion in these samples should lead to the presence of a water-
rich environment around the polymer, which, below melting,
might allow PNIPAM to be relatively flexible. Above melting,
solvent molecules diffuse more freely; therefore, preferential
hydration might become less effective and PNIPAM might
sense a more homogeneous and viscous environment. A
further contribution to the increased polymer rigidity at high
temperature can derive from the transition of PNIPAM to the
more compact globular conformation above the LCST, as
mentioned in the Supporting Information. It is worth noting
that recent computational investigations on the PNIPAM-—
water—trehalose system at T = 283 and 318 K showed how
preferential exclusion of trehalose from the PNIPAM solvation
shell is less effective at the highest investigated temperature
(when the polymer is in the globule conformation)."

4.2. Low-Hydration Regime. We will now examine the
behavior of the MSDs of PNIPAM samples in the anhydrous
state (Oh) reported in Figure 9. At low temperatures, the
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Figure 8. Pseudoforce constant k at 7z = (a) 150 and (b) 2000 ps
calculated for PNIPAM samples at 1h. Values of k are obtained from
the MSDs slope in the temperature region (1) below Ty (red), (2)
between Ty and T, (blue), and (3) above T,, (yellow).

MSDs of pure PNIPAM are larger than those of PNIPAM
embedded in glycerol and glucose. Correspondingly, the
pseudoforce constants k are smaller in pure PNIPAM than
those in glycerol or glucose (Figure 10). As a whole, both the
MSDs and the k values indicate a higher mobility of the pure
polymer with respect to PNIPAM embedded in glycerol or
glucose. We already observed an analogous behavior for
PNIPAM in water alone at 1k, where the MSDs below T} are
smaller than those in the dry sample (see Figure 3), and we
ascribed this effect to the constraining action exerted by frozen
water. We can now conclude that below Ty the addition of any
of the three investigated solvents results in a stiffening of the
polymer, irrespective of the specific nature of the solvent.
However, the constraining action of the two cosolvents, and
especially of glycerol, in particular, appears more effective than
that of water, since the pseudoforce constant k is smaller in
PNIPAM 1h than in PNIPAM:d-glyc Ok and PNIPAM:d-glu
0h (see Figure 10). A similar low-temperature antiplasticizing
effect of glycerol is observed in proteins, where the increase of
rigidity is ascribed to a greater ability of this cosolvent to
stabilize the surface moieties compared to water.”> Antiplasti-
cization of fast motions at low temperatures is especially
relevant in the protein context, since it is thou§ht to inhibit
protein degradation and thus favor stabilization.”

A crossover from an antiplasticizing to a plasticizing effect of
glycerol is observed on increasing the temperature well above
Ty = 270 K with the MSDs of pure PNIPAM becoming
progressively smaller than those of PNIPAM:d-glyc. Such a
crossover has also been observed in the MSDs of lysozyme
embedded in glycerol.*®”* An extrapolation of the data
reported in Figure 9 suggests that a similar crossover might
also occur in PNIPAM:d-glu above the corresponding Ty ~
370 K, although data for pure PNIPAM at such high
temperatures were not collected.
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Figure 9. MSDs of PNIPAM, PNIPAM:d-glyc, and PNIPAM:d-glu at
the same hydration degree (0h). For each binary sample, the
corresponding values of T4 and T, are indicated by arrows. Solid lines
are obtained from the linear fit of the MSDs in the temperature range
between 153 and 313 K, 153 and 203 K, 153 and 303 K, respectively,
for PNIPAM, PNIPAM:d-glyc, and PNIPAM:d-glu at 7z = 150 ps. All
MSDs were fitted in the same temperature range between 153 and
209 K at 7z = 2000 ps.
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Figure 10. Low-temperature pseudoforce constant k at 7z = 150
(empty circles) and 2000 ps (solid squares) calculated for dry
PNIPAM (0h) compared with values calculated for PNIPAM
embedded in pure water (PNIPAM 1h), pure glycerol (PNIPAM:d-
glyc Oh), and pure glucose (PNIPAM:d-glu Oh).

In PNIPAM:d-glyc and PNIPAM:d-glu, the absence of water
and the consequent shift of T4 toward higher values allow the
observation of an additional small change of slope at T, < Ty.
As mentioned above, such a low-temperature change in
proteins is ascribed to a coupling of the biomolecule dynamics
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with the slow a relaxation and hence the glass transition of the
surrounding solvent.”® A similar slope change should be
observed also in hydrated samples. In the latter case, however,
the proximity of T, to T, often does not allow one to clearly
separate the two processes.

The dynamical transition instead, which occurs at higher
temperatures, is not expected to be coupled with the slow a
relaxation of the solvent. On the other hand, for a given
solvent, the dynamical transition occurs around the same
temperature for PNIPAM, proteins, and DNA:*>****%5 for
all of these macromolecules, T falls around 220 K in water,
270 K in glycerol, and 370 K in glucose. This observation
strongly supports the idea that also the dynamical transition is
a solvent-driven process. Indeed, the most recent interpreta-
tions ascribe the dynamical transition to the fast § relaxation of
the solvent, whose characteristic time 7; matches the typical
instrumental resolutions of neutron backscattering spectrom-
eters.”®”” In this regard, it should be noted that since 74
decreases with increasing temperature, an upshift of Ty should
be expected on decreasing 7p.”° However, no appreciable
dependence of Ty on 7 can be unambiguously detected in our
set of data. The observation of such an effect might actually be
prevented by specific experimental issues, such as the sparse
temperature sampling at 7 150 ps, as well as the
superposition of several dynamical processes over the same
temperature window. Future investigations are therefore
needed to deepen this interesting aspect by means of a wider
and more systematic sampling of the dynamical transition in
PNIPAM as a function of the instrumental resolution.

5. CONCLUSIONS

Similarly to what was observed in biological polymers, the
dynamical transition occurring in PNIPAM is critically affected
by the solvent environment. The stabilizing character of
glycerol and glucose is reflected by the fact that their addition
to nonhydrated PNIPAM causes a shift of T4 to higher values
compared to the purely hydrated sample. This implies that the
low-temperature constraining (antiplasticizing) action exerted
by these compounds extends over a wider temperature range
with respect to water.

When water is added, on increasing hydration level, the
behavior of the system progressively shifts toward that of
hydrated PNIPAM without cosolvents. This might indicate
that a preferential exclusion of the cosolvent takes place when
the system reaches a proper hydration level. This evidence
confirms the hypothesis that the mechanism of interaction
between PNIPAM and stabilizers in an aqueous environment is
mainly water mediated.

Most of the distinctive features of the dynamical transition
of biomolecules, including the transition temperature values,
are replicated in PNIPAM. Overall, the existence of such
strong analogies leads to two remarkable considerations. On
one hand, they underline the prominent role of the solvent in
the dynamical transition, which exhibits some universal
features irrespective of the specific characteristics of the
solvated macromolecule. On the other hand, they bear witness
to the existence of fundamental mechanisms of solvent—solute
interaction that are common to PNIPAM and biomacromo-
lecules. From an essential point of view, the rich phenomen-
ology of proteins in solution can be traced back to the subtle
balance between the interactions of the protein polar and
nonpolar groups, both among themselves and with solvent
molecules, which ultimately leads to the complex biological
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behavior and functionality of proteins. Therefore, it may be
argued that the ability of PNIPAM to replicate protein
behavior is intimately connected to the intrinsic complexity of
the polymer repeating unit, enabling it to reproduce the rich
energy landscape of proteins with a multitude of different
conformational substates. Future works may benefit from such
unique properties of PNIPAM-based systems with the aim to
extend their applications as artificial analogues of natural
biomolecules.
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