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The temperature dependence (10 — 290 K) of the low-
frequency (20 — 150 cm~!) 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)’.
Supercritical fluids are recognized as possessing unique sol-
vation properties that make them important technological ma-
terials!. 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 processes >-.

Poole et al.* 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-
tion>. The Widom line Tiy (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

water?.

Molecular dynamics simulations of the TIP4P/2005 model
of water performed by Kumar et al.® indicated that the onset
of the boson peak in supercooled bulk water coincides with the
crossover to a predominantly LDL-like below Ty,. Gallo, Cor-
radini and Roveri’ 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 Ty (P) by both
ionic solution and bulk water. The FSC phenomena was theo-
retically predicted to occur in water at ~ 228 K3,

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 test”.

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 studied !>, Faraone et al. '° confined
water in synthesized nanoporous silica matrices MCM-41-S
(pore diameters of 18 and 14 A) and interpreted the abrupt
change of the relaxation time behavior observed by quasielas-
tic neutron scattering at 7 ~ 225 K as the predicted fragile-to-
strong liquid-liquid transition. Similar findings were reported
by others (see, e.g.,'"?). Liu er al.'3 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.'3 were published '®!7. Cerveny et al. ' 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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time (Arrhenius behavior) as the temperature decreases. Thus,
the crossover could not be associated to a FSC. In the second
comment, Swenson et al. ! suggested the observed apparent
transition at ~ 225 K is due to a confinement-induced vanish-
ing of the o relaxation, thus the relaxation times obtained by
Liu et al. 13 at T < 225 K correspond to local relaxation pro-
cess of supercooled confined water as proposed in a previous
letter 18,

A hydrophobically modified MCM-41-SA matrix was stud-
ied in the 200 — 300 K interval by Faraone*. No evidence of
FSC was found corroborating others findings (see, e.g., ref. %)
reporting that the dynamic crossover takes place at a much
lower temperature in water confined in hydrophobic confining
media. For water in double-wall carbon nanotubes the transi-
tion occurred at T ~ 190 K. The water’s tetrahedral hydrogen-
bond network rule in the low temperature dynamical proper-
ties of confined water has also been revealed. The hydration-
level dependence of the single-particle dynamics of water con-
fined in the ordered mesoporous silica MCM-41 measured
by Bertrand et al. 1 indicated that the dynamic crossover ob-
served at full hydration was absent at monolayer hydration.
The monolayer dynamics were significantly slower than those
of water in a fully hydrated pore at ambient temperatures.

Two special dynamical transitions, apparently of univer-
sal character, were observed in biomolecules (see, e.g.,
refs.20-23) The first transition occurred at Tp ~ 180 — 220
K and was observed in macromolecules with a hydration level
h > 0.18. Pieces of evidence for dynamical crossover for hy-
dration water in proteins and other biomolecules have also
been shown (see, e.g., the review of Mallamace et al. 24).
Mallamace et al.>* concluded that the FSC is a general phe-
nomenon that does not take place only in confined water. Their
statement was based on experimental and computer simulation
results on FSC observed in water in different physical con-
ditions (bulk water, water in solutions and confined water).
Based on the quasi-elastic neutron scattering measurements
for lysozyme, Chen et al. > interpreted the transition at Tp as
a FSC, where structured water makes a transition from a HDL
to a LDL based on possible existence of LLCP*. However,
Doster et al.>> showed no evidence of such a FSC charac-
teristic at Tp for in fully deuterated C-phycocyanin protein.
Recently, Wang et al.>® observed the dynamic crossover for
lysozyme with hydration level greater than the correspondent
monolayer hydration level (i.e., & = 0.30 and & = 0.45). The
authors observed the activation energies present weak hydra-
tion level and environmental dependencies, indicating local-
like motion.

Thus, there are a lack of consensus about the occurrence
of second critical point, the Widon line, and FSC of water.
To obtain evidence regarding the existence of the liquid-liquid
phase transition in deeply supercooled water, we present re-
sults concerning the water confined in micro/nanotubes of L-
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Fig. 1 (color online) Top: Core motif of FF-MNTs formed by six
molecules of diphenylalanine (FF) arranged in a hexagonal pack, as
seen from the a and b axes of the crystallographic unity cell.
Bottom: Raman spectra for fresh and dry FF-MNTs samples. The
inset shows the vibrational mode of benzene rings deconvoluted to
two peaks at 1,031 and 1,038 cm™ 1. This doublet structure is due to
FF:water interaction.

diphenylalanine (FF-MNTs).

2 Materials and Methods

The FF-MNTs system is suitable for confining water in a con-
trolled way. It can self-assemble into stiff, as well as chemi-
cally and thermally stable assembles in aqueous solutions. X-
ray analysis have show that FF-MNTs monomers crystallize
with hydrogen-bonded head-to-tail chains in the form of he-
lices with six dipeptide molecules per turn (top side of Fig. 1)
and a channel core with a diameter of ~ 10 A, that is filled with
water molecules?’. Spectroscopic methods are powerful tools
for exploring structural and dynamical properties of water 2.
Raman spectroscopy is of special interest due to its high sensi-
tivity and molecular specificity. This technique was employed
to probe the microscopic dynamics of water inside FF-MNTs
in the temperature interval of 10 < T < 290 K. Each spectrum
was deconvoluted to Pseudo-Voigt lineshape using the Fityk
software?8. The full width half maximum (I') and maximum
frequencies (wg) were computed for the vibrational modes of
interest at each temperature. More details concerning sample
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preparation (liquid phase strategy, described by Reches and
Gazit>®) and Raman spectroscopy measurements were given
in the Supplementary Information section.

Raman scattering can be used to probe the amount of water
molecules in FF-MNTs via the linear dependence of the Ra-
man mode position at the low-frequency side of the double-
peak mode at ~ 1,034 cm! (vibrational mode of benzene
rings) on water molecule number bonded to each diphenylala-
nine (FF) molecule®. As could be observed in the inset of the
bottom side of Fig. 1 the frequency of this mode was 1,031
cm! in FF-MNTs sample confirming the pentamer water ar-
rangements near FF in the structure (see Fig. 7 of ref.?%). The
bottom side of Fig.1 shows the Raman spectra of fresh (imme-
diately after the liquid phase reaction of preparation) and high-
vacuum dried FF-MNTs sample. The OH-stretching vibration
region between 3,200 and 3,500 cm™! is an useful spectral
window to probe bulk water presence. This broad vibrational
region disappeared under drying process indicating that only
confined water inside FF-MNTs is present in the sample.

The vibrational assignment was based on first-principle vi-
brational calculations 313, More details were described in the
Supplementary Information section. The employed approach
enabled us to obtain directly the contributions of each iso-
lated water cluster to the Raman spectra. Due to the strong
anharmonicity of the studied system, many vibrational modes
corresponded to the calculated superposition of two or three
eigenmodes.

3 Results and discussion

The temperature dependence (10 — 290 K) of the low
wavenumber (20 — 150 cm~ ') Raman spectra of FF-MNTs is
shown on Fig.2. The spectral variation above T ~ 200 K in the
spectral window below 136 cm™! is noteworthy. Almost all
phonons in this regions broaden and soften on heating. Also,
modes at 36; 45; 50; 60; 82; and 113 experienced a noticeable
intensity increasing. The detailed temperature dependence of
the 82 cm ™! and 113 cm™! bands will be discussed on follow-
ing. Our vibrational assignment (see Supplementary Informa-
tion section) indicated that the 82 cm™! mode corresponds to
an acceptor bend of water dimer>” which links the pentamer
and hexamer water clusters. The 113 cm™! is a water pen-
tamer torsion mode. Both modes are exclusive water vibra-
tions.

The left scale of Fig.3a) and b) shows o (7') for 82 and
113 em™! modes, respectively. Both presented a smooth soft-
ening on heating as result of crystal lattice thermal expansion
without signature of structural phase transition>>. Notwith-
standing I'(T') displayed a clear anomaly close to T ~ 200 K
for both modes (right scale of Fig.3a and 3b). Increasing tem-
perature T'(T') increases indicating shorter phonon relaxation

20 40 60 80 100 120 140
Raman Shift (cm™

Fig. 2 (color online) Temperature dependence of the Raman spectra
in the low frequency region.

time at high temperatures. The typical I' = 10 cm ™! observed
in FF-MNTs corresponds to relaxation time of ~ 0.5 ps.

The mechanisms by which phonon in solid can be scat-
tered are anharmonic Umklapp process including boundary,
phonon-impurity, electron-phonon, or phonon-phonon scatter-
ings3®. Each of these mechanism is associated with relaxation
time which is inversely proportional to their relaxation rate.
The total relaxation rate of phonon is given by Matthiessens
rule 17! = it 1. Usually the temperature dependence of
optical phonons is dominated by phonon-phonon anharmonic
decay®. The two-phonon decay process behavior for I'(T)
expected for 82 and 113 cm~! phonons (following eq. 3.4 of
ref.?°) is shown on Fig. 3. One could conclude that these
phonons were only weakly damped by anharmonic interac-
tions since T'(T) << Tyypo_ ph- Thus the two-phonon processes
contributed only to a constant linewidth at 7 — O limit. One
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Fig. 3 (color online) Temperature dependency of oy (left scale) and
I (right scale, blue) for vibration modes at 82 cm™! (a) and 113
em ™! (b). The dash-dotred (red), solid (black), short-dashed (black),
and dashed (green) lines are fit to two-phonon decay, non-Arrhenius
(eq. 1),Arrhenius (eq. 2), and MCT (eq.4) expressions, respectively.
The fitting parameters are indicated in the text.
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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 (0-kind) and one or several secondary relaxation pro-
cesses (B-kind). For o processes T, usually displays some de-
gree of non-Arrhenius (or fragile) temperature dependence*’
being well-described by the Vogel-Fulcher-Tamman (VTF)
law. The phonon relaxation rate in this case will be:

BTy

l—‘fragile = r‘twofph(l + eifTO) (D

where Iy, pj, is a constant related to the residual two-phonon
anharmonic decay, B is a constant that provides a measure of
fragility and Ty is the ideal glass transition temperature. The
strong (or Arrhenius) temperature dependence will be

_Ep
Fstr{)ng = r‘twofph(l +e kT )

@

where Ej4 is the activation energy for the relaxation process
and kg 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 I'(T') experimental data were fitted
to egs. 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
E4 = 0.214 kcal/mol, B = 0.0478, T, = 187 K. I'j was fixed
to 'y = limy_,9 F(T)

The crossover temperature Ty was obtained from the ex-
pression*!

1 1 Bkp

Tw To Ea
and found to be Tyy = 204K.

The dynamic anomaly of viscosity and the structural re-
laxation time in water have often been explained with mode-
coupling theory (MCT)***. MCT predicts that relaxation
proceeds in essentially two steps in glass forming liquids at
high temperatures (T > T,) a fast (B) relaxation step and a
slow (o) relaxation step. The latter is thet primary relaxation
and correlates to the temperature variation of shear viscosity.
According to MCT the P process is temperature independent
for T > T,. The a relaxation characteristic time T, follows
the critical temperature behavior® T4 o (T /7. — 1)~ where
v is the critical exponent. Thus, the linewidth have a critical
behavior:

3

Tyer(T) =Tg+A(T /T, — 1)Y 4

T
100~ o 1,031 cm™ ANVANEES
e 1,038 cm! AAA AT
80— A 8.037em’ A YA -

I (cm™)

100

150
T(K)

200 250 300

Fig. 4 I(T) for 1,031 (open circles)/ 1,038 (closed circles) cm ™!

benzene rings vibrational mode doublet and 3,037 (open diamond)
cm ™! N-H stretching. The solid and dashed lines are the Arrhenius
fit to the experimental data. The vertical line indicates Tyy = 204 K.

with 7, 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 hopping*®. It corresponds
to the glassy transition temperature within this theory frame-
work. We will test the previsions of MCT theory associating
T, to Tyy. The dashed (green) lines in Figs. 3a) and b) show
[(T > Ty) for 82 cm™! and 113 cm~! bands data fitted to
eq. 4for 82 cm~! and 113 cm~! bands. The agreement was
perfect above 1.05Ty for both data and furnished y = 0.054
for the critical exponent.This value is exactly that predicted
by the self-consistent approximation of MCT*7*8, 1t is im-
portant to notice that Y= 0.070 whether one considers vertex
corrections*®. 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 Stanley>" 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.>' 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 H,0/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

4| Journal Name, 2010, [vol]1-6
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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~! band. This band is com-
posed of two subpeaks (at 1,031 and 1,038 cm™! in our case)
with the separation determined by the interaction between wa-
ter and FF molecules via HB3. Water weakly bonded to FF
molecules in the nanochannel cores gives rise to the observed
splitting. The 3,037 cm™! 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™! doublet
counterpart presented Arrhenius behavior in the 10 —290 K
temperature interval. The high wavenumber 1,038 cm™! 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 Ty which supports the the-
ory of Poole et al.* in which there is a liquid-liquid transition
to supercooled water and that it ends at a critical point. The
divergence behavior of I'(T') at Ty furnished a critical expo-
nent of Y= 0.54 in perfect agreement with that predicted by
MCT without vertex corrections. Our analysis indicated that
the non-local o.—relaxation process dominate above 1.05Tyy .
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
Ty =204 K.
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