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The temperature dependence (10 − 290 K) of the low-

frequency (20−150 cm−1) Raman-active phonon modes of

deeply supercooled confined water in L,L-diphenylalanine

micro/nanotubes was analyzed. The isolated dynamics of

a specific geometry of water cluster (pentamer) in super-

cooled confined regime was studied in detail. A fragile-

to-strong transition at 204 K was observed and related to

the crossing of the Widom line. Analysis of peptide vibra-

tional modes coupled to water hydrogen bonds indicated

that hydrogen bond fluctuations play an irrelevant role in

this system. Our results are in agreement with the second

critical point of water existence hypothesis.

1 Introduction

The distinction between gas and liquid disappears above its

critical point. At pressure and temperature above this point,

the system is said to be in a fluid state (supercritical fluid)1.

Supercritical fluids are recognized as possessing unique sol-

vation properties that make them important technological ma-

terials1. Of particular interest is the behavior of water in con-

fined spaces. It plays a key role in protein hydration since

nanoscale fluctuations associated with the so-called Widom

line can influence biological processes2,3.

Poole et al.4 presented a thermodynamically consistent

molecular dynamical simulation study regarding the global

phase behavior of supercooled water. According to these au-

thors, in the supercooled region just below the line of homo-

geneous ice nucleation, a critical point of liquid-liquid coexis-

tence (LLCP) could exist that would eliminate the first-order

transition line between low-density liquid (LDL) and high-

density liquid (HDL) aqueous phases. Thus, liquid-liquid

phase separation and the existence of the LLCP in water re-

mains as a plausible hypothesis and requires further verifica-

tion5. The Widom line TW (P) corresponds to the loci of max-
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ima of thermodynamic response function in the one-phase re-

gion beyond the LLCP proposed to exist in supercooled liquid

water4.

Molecular dynamics simulations of the TIP4P/2005 model

of water performed by Kumar et al.6 indicated that the onset

of the boson peak in supercooled bulk water coincides with the

crossover to a predominantly LDL-like below TW . Gallo, Cor-

radini and Roveri7 studied the dynamical properties of aque-

ous solution of NaCl upon supercooling by molecular simu-

lations. They found a fragile (super-Arrhenius) to a strong

(Arrhenius) crossover (FSC) upon crossing the TW (P) by both

ionic solution and bulk water. The FSC phenomena was theo-

retically predicted to occur in water at ∼ 228 K8.

Experiments in the supercooling region are difficult to per-

form due to crystal nucleation processes. Thus experimental

pieces of evidence concerning the different hypotheses sup-

porting the existence of LLCP are hard to test9.

In confinement, water can be more easily supercooled and

studied in region of phase space where crystallization of bulk

water cannot be avoided. Confined water in nanoporous silica

have been extensively studied10–15. Faraone et al.10 confined

water in synthesized nanoporous silica matrices MCM-41-S

(pore diameters of 18 and 14 Å) and interpreted the abrupt

change of the relaxation time behavior observed by quasielas-

tic neutron scattering at T ∼ 225 K as the predicted fragile-to-

strong liquid-liquid transition. Similar findings were reported

by others (see, e.g.,11,12). Liu et al.13 studied water con-

finement in MCM-41-S as function of pressure. They found

that the transition temperature decreases steadily with an in-

creasing pressure, until it intersects the homogenous nucle-

ation temperature line of bulk water at a pressure of 1.6 kbar.

Above this pressure, it was no longer possible to discern the

characteristic feature of the fragile-to-strong transition and it

was elaborated that this point could be the possible second

critical point of water. Later, comments on letter of Liu et

al.13 were published16,17. Cerveny et al.16 argued that when

confinement takes place, it occurs a change in the relaxation

process that leads to a dynamic crossover from non-Arrhenius

to Arrhenius behavior. This change is due to the onset of fi-

nite size effects that gives rise to an increase of the relaxation
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possible reason is the absence of acoustic or optical phonons

in the dispersion relation to match the conservation energy re-

quirement. Thus, others possible decay channels could be ex-

plored.

The relaxation behavior of a deeply supercooled liquid is

generally described by the viscosity-related main relaxation

process (α-kind) and one or several secondary relaxation pro-

cesses (β-kind). For α processes τα usually displays some de-

gree of non-Arrhenius (or fragile) temperature dependence40

being well-described by the Vogel-Fulcher-Tamman (VTF)

law. The phonon relaxation rate in this case will be:

Γ f ragile = Γtwo−ph(1+ e
−

BT0
T−T0 ) (1)

where Γtwo−ph is a constant related to the residual two-phonon

anharmonic decay, B is a constant that provides a measure of

fragility and T0 is the ideal glass transition temperature. The

strong (or Arrhenius) temperature dependence will be

Γstrong = Γtwo−ph(1+ e
−

EA
kBT ) (2)

where EA is the activation energy for the relaxation process

and kB is the Boltzmann constant.

The FSC is considered as a signature of the fluid cross-

ing the Widom line. To investigate the structural relaxation

mechanisms in FF-MNTs Γ(T ) experimental data were fitted

to eqs. 1 and 2 as shown in left scale of Fig.3. Below T ∼ 200

K the data for both modes were well-described by the strong

behavior becoming fragile above this crossover temperature.

The best parameters found fitting data to eqs. 1 and 2 were

EA = 0.214 kcal/mol, B = 0.0478, T0 = 187 K. Γ0 was fixed

to Γ0 = limT→0 Γ(T ).

The crossover temperature TW was obtained from the ex-

pression41

1

TW

=
1

T0
−

BkB

EA

(3)

and found to be TW = 204K.

The dynamic anomaly of viscosity and the structural re-

laxation time in water have often been explained with mode-

coupling theory (MCT)42–44. MCT predicts that relaxation

proceeds in essentially two steps in glass forming liquids at

high temperatures (T ≫ Tc) a fast (β) relaxation step and a

slow (α) relaxation step. The latter is thet primary relaxation

and correlates to the temperature variation of shear viscosity.

According to MCT the β process is temperature independent

for T > Tc. The α relaxation characteristic time τα follows

the critical temperature behavior45 τα ∝ (T/Tc − 1)−γ where

γ is the critical exponent. Thus, the linewidth have a critical

behavior:

ΓMCT (T ) = Γβ +A(T/Tc −1)γ (4)
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Fig. 4 Γ(T ) for 1,031 (open circles)/ 1,038 (closed circles) cm−1

benzene rings vibrational mode doublet and 3,037 (open diamond)

cm−1 N-H stretching. The solid and dashed lines are the Arrhenius

fit to the experimental data. The vertical line indicates TW = 204 K.

with Tc the critical temperature that marks the changes from a

regime where relaxation process are mastered by breaking and

reforming the cages to a regime where the cages are frozen

and diffusion is attained through hopping46. It corresponds

to the glassy transition temperature within this theory frame-

work. We will test the previsions of MCT theory associating

Tc to TW . The dashed (green) lines in Figs. 3a) and b) show

Γ(T > TW ) for 82 cm−1 and 113 cm−1 bands data fitted to

eq. 4for 82 cm−1 and 113 cm−1 bands. The agreement was

perfect above 1.05TW for both data and furnished γ = 0.054

for the critical exponent.This value is exactly that predicted

by the self-consistent approximation of MCT47,48. It is im-

portant to notice that γ = 0.070 whether one considers vertex

corrections49. However, we notice that the fragile VTF model

(eq. 1) presented a better accordance to the data close to the

transition point.

Kumar, Franzese and Stanley50 predicted that the dynami-

cal crossover observed in cell model of water is independent

of the presence of a LLCP being also present in a singularity-

free scenario (SFS). In the SFS the dynamic crossover is inter-

preted as a consequence of a local breaking and reorientation

of the bonds for the formation of new and more tetrahedrally

oriented bonds. The work of Mazza et al.51 concerning the

dynamics of hydration bond network of a percolating layer of

water molecules in the first hydration shell of lysozyme at 0.3
g H20/g protein interpreted the two dynamical crossovers ob-

served at 252 K and 181 K for this sample as originated from

fluctuations in the hydrogen bond (HB) formation and HB

reordering network, respectively. These findings give strong

support to the predictions presented by Kumar, Franzese and

Stanley.

A timely comparison between these findings and our re-

sults need to be presented. The first question that need be

addressed concern how the peptide backbone participates in
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the crossover observed at 204 K. There are HB fluctuations

propagating to FF structure? The possibility of HB fluctua-

tions in FF-MNTs could be checked studying the temperature

dependence of the ∼ 1,034 cm−1 band. This band is com-

posed of two subpeaks (at 1,031 and 1,038 cm−1 in our case)

with the separation determined by the interaction between wa-

ter and FF molecules via HB30. Water weakly bonded to FF

molecules in the nanochannel cores gives rise to the observed

splitting. The 3,037 cm−1 N-H stretching mode is another

example of FF structural mode weakly coupled to HB which

could be probed with the above-cited purpose. The data are

presented on Fig.4. We notice that the 1,031 cm−1 doublet

counterpart presented Arrhenius behavior in the 10− 290 K

temperature interval. The high wavenumber 1,038 cm−1 dou-

blet counterpart presented an almost constant behavior. The

N-H stretching mode appeared to relax slowly than Arrhenius

law. Thus, no evidence of crossover was detected for these

modes.

These results indicates that the dynamics of water confined

in the nanochannel of FF-MNTs is almost isolated from the

peptide backbone. Thus, HB fluctuations will be irrelevant in

this case and surface or contact effects as well. We argue that

the effects reported in FF-MNTs are directly correlated to the

emergence of the LLCP probed in the isolated confined water

clusters. The SFS does not applies in our case.

4 Conclusions

To the best of our knowledge, this is the first study of isolated

dynamics of a specific geometry of water cluster (pentamer)

in supercooled confined regime. We showed that the super-

cooled confined water in FF-MNTs exhibit a FSC at 204 K.

From our analysis we concluded that this temperature corre-

sponds to the Widom temperature TW which supports the the-

ory of Poole et al.4 in which there is a liquid-liquid transition

to supercooled water and that it ends at a critical point. The

divergence behavior of Γ(T ) at TW furnished a critical expo-

nent of γ = 0.54 in perfect agreement with that predicted by

MCT without vertex corrections. Our analysis indicated that

the non-local α−relaxation process dominate above 1.05TW .

It was presented evidence concerning the irrelevant role of HB

fluctuations for this system. Our results are consistent with the

emergence of a second critical point of water in this system at

TW = 204 K.
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