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We use?H NMR to study the rotational motion of supercooled water ilica pores of various diameters, specifically, in
the MCM-41 materials C10, C12, and C14. Combination of daitice relaxation, line-shape, and stimulated-echoyesesl
allows us to determine correlation times in very broad time &mperature ranges. For the studied pore diameter2.9.4m,
we find two crossovers in the temperature-dependent ctioelimes of liquid water upon cooling. At 220-230K, a first
kink in the temperature dependence is accompanied by afsmitbn of a fraction of the confined water, implying thaeth
observed crossover is due to a change from bulk-like tofaxterdominated water dynamics, rather than to a liquididigphase
transition. Moreover, the results provide evidence tingirocess-like dynamics is probed above the crossover teryer
whereas3 process-like dynamics is observed below. At 180-190K, we dirsecond change of the temperature dependencc,
which resembles that reported for {B@rocess of supercooled liquids during the glass transisioggesting a value d~185K
for interface-affected liquid water. In the high-temperatrangeT > 225K, the temperature dependence of water reorientatio:,
is weaker in the smaller C10 pores than in the larger C12 addo@fes, where it is more bulk-like, indicating a significaffect
of the silica confinement on thee process of water in the former 2.1 nm confinement. By conttasttemperature dependence
of water reorientation is largely independent of the comfiaat size and described by an Arrhenius law with an actinatitergy
of Ea~0.5eV in the low-temperature range < 180K, revealing that the confinement size plays a minor raietfe 3 process
of water.

1 Introduction ing the size of nanoscopic confinemeft$>Such suppression

of crystallization allows one to keep confined water in tie i
Water exhibits many intriguing properties as a bulk and & conuid state in the no-man’s land and, hence, to explore théposs
fined liquid, which are of enormous relevance in nature andple existence of a LL phase transition. Yet, it remains aiatuc
technology!? Bulk water shows several well-known anoma- question to what extent the nature of water in severe confine-
lies, including the important density maximum. It was pro- ments reflects that of water in the bulk liquid. When tackling
posed that these anomalies originate from the existence of s issue, it is important to consider that the propertfena-
second critical point in the deeply supercooled regimecivhi  fined waters can vary across the confining geomt#y:1In
terminates a liquid-liquid (LL) phase transition betweewd  particular, one may expect that confinement has stronger c.
density and high-density water phasesExperimental vali-  fects on the behavior of interfacial water near the matrix su

dation of the conjectured scenario is, however, not sttbigh  face than on that of internal water in the confinement center.

ward because bulk water crystallizes in the relevant temper MCM-41 q ideal matrices t fi ¢
ture range, the no-man’s land: 150-235K. The existence of -+l compounds are ([deal matrices to contineé water or

the LL phase transition thus still remains a subject of amntr nanoscales because these silica materials exhibit naempor
versial scientific discussiors® with defined and tunable diametef& Suppression of water

The properties of confined water can depend on the fea(;rystallization was reported for MCM-41 with pore diamster

10-12 ; ; i ; ;
tures of the confining matrix and, hence, deviate from thi bul ?p §h2.1 nrtn. _ tErewous Stt_Ud'efS’l_Wh_'gh e>t(plo_|tet(; this e;f]ect
behavior. It is well known that the melting temperature is re 0 characterize the properties ot fiquid water In the no-man

duced until regular crystallization is suppressed wheneies land, arrived at d!f_ferent conclusions about the emstemfcel
a LL phase transition. On the one hand, neutron scatterin.

a |Institut fur Festkorperphysik, Technische Universit®armstadt, (NS)_ worl_<s found a sharp kink _'n temperature-_depende_nt CC.-
HochschulstraRe 6, 64289 Darmstadt, Germany. Fax: 49 6B2Ba3; Tel:  relation times of water dynamics at225K, which was in-
49 6151 162933; E-mail: michael.vogel@physik.tu-darmistie terpreted in terms of a fragile-to-strong transition, redeto a

Eduard-Zintl-Institut fur Anorganische und PhysikaliscChemie, Technis- LL phase transitiot®17 On the other hand. dielectric spec-
che Universitat Darmstadt, Petersenstr. 20, 64287 DaaditstGermany. P ) ’ P
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troscopy (DS) studies did not observe such transitions, buthe fluctuations of the quadrupolar frequenay provide ac-

rather a gentle crossover in the range of 180-190K, whicltess to the rotational correlation function

was attributed to a subtle interplay of structueabnd local

B relaxations during a glass transitiéf?° Our recent’H Fo(t) = (P2 [cosB(0)] P [cosB(t)])

NMR approach rationalized the observation of two crossover (P2[cos8(0)] P2 [cos6(0)])

in temperature-dependent correlation times at 220-230K an

180-190K, respectively, based on a two-step solidificatio
- 1 .

scenario for yvate?. It was proposed that a fraction of Watef 2H SLR analysis yields information about the spectral den-

becomes solid at the higher of the two temperatures, Ieadmgi

- . . .Sty Jo(w), which is related to the correlation functida(t)
to a change from_bulk-llk_e to mterf_ace_-dom_ln_ated dynammsvia Fourier transformation. For isotropic reorientatitire re-
for the other fraction, which stays liquid until it undergoe

) - laxation timeT; and the spectral densifg are linked accord-
confinement-affected glass transition at the lower of the tw ing t0? ! P O
temperatures, causing another variation of the dynamigal b 1

havior. = = 28 () + 4 (200) @
Here, we investigate the role of the cavity size on wa- !

ter behaviors, in particular, on the proposed relation betw With a Larmor frequencyw of 27- 46.1MHz in our case.
crossovers in temperature-dependent correlation timgsan When the correlation function of the observed molecular dy-
lidification events. For this purpose, tRE NMR studies on  namics is a single exponenti&h(t) = exp(—t/1), the spec-
D,0 in MCM-41 C102! featuring 2.1 nm confinements, are tral density takes the Debye form

extended to PO in MCM-41 materials C12 and C14 with T

pore diameters up to 2.9nm. A combination of spin-lattice Jp(w)
relaxation (SLR), line-shape, and stimulated-echo (ST&)-a

yses enables insights into both rates and mechanisms for Wgsading to ar; minimum for a correlation time~1/w~1ns.
ter reorientation in broad dynamic and temperature rar&ges, Thys, upon cooling, the value 3f decreases whespT < 1

was a|SO eXpIOited ”%H NMR WOI‘k on water in Zeoliteg? at h|gh temperatures' Wh||e |t increases WW > 1 at |0W
In addition, we performtH SLR measurements for @ in temperatures.

(@)

of the water molecules. Throughout this contribution, pedn
"brackets denote the ensemble average.

=T (w2 @

MCM-41 C12. For confined water, the dynamical behavior is more com-
plex and the correlation function is not a single exponéntia
2 Theoretical Background but distributions of correlation time3(log 1) exist. The Cole-

Cole (CC) and Cole-Davidson (CD) spectral densities proved
While our'H NMR studies are sensitive to the dipolar inter- useful to describe such complex molecular dynamifes:
action between the nuclear magnetic moments of the protons,

our?H NMR approaches probe the quadrupolar interaction be- w sin( 2 fec) (wicc)Pee

tween the nuclear quadrupole moment of the deuterons and Joc(w) = 1+(chc)2B°°+ZCOS(’—TBcc) (chc)BCC ()
an electric field gradient at the nuclear site, as resultiomf 2

anisotropic charge distributions within chemical bondie T w~tsin[Bep arctarfwicp)]
associated quadrupolar frequency is given by Jep(w) = (6)

1+ (w-[CD)Z]BCD/Z

wo = ig 3 cog 0 —1—nsir? 6cog2¢)] (1)  They are characterized by the time constaptsand1cp and
by the width parameteicc and3cp. The CC and CD spec-

Here, the anisotropy paramei@mand the asymmetry param- tral densities correspond to symmetric and asymmetricidist
etern describe the shape of the electric field gradient tensobutions of correlation time§(logT), respectively?’
and the angle$® and ¢ specify the orientation of this tensor ~ When observing théH NMR line shape of confined lig-
and, hence, of the water molecule, with respect to the extemids, a crossover from a broad Pake spect8gfw) to a nar-
nal magnetic fieldBy. The + signs correspond to the two row Lorentzian spectrur§_(w) occurs when isotropic molec-
allowed transitions between the three Zeeman levels of thelar reorientation becomes faster than the time scale ahthe
deuteron?® For D,O, the anisotropy parameter amounts to periment,T ~1/3~ 1us, upon increasing the temperatdfe.
0=2m-161kHz, corresponding to a quadrupole coupling con-In the solid-echo experiments of the present approach, tha
stant of 21- 215kHz. Moreover, the asymmetry parameter istransit between the broad and narrow spectra is accompan’aa
small,n =0.10,21?4s0 thatwy is approximately proportional by a reductiorR(logt) of the signal intensity. Such reduced
to the second order Legendre polynontalcosf), wheref echo intensity for the intermediate motional regime;1 us,
is the angle between O-D bond aBd field. Consequently, results because molecular dynamics during the dephasihg ar

2| Journal Name, 2010, [vol] 1-13 This journal is © The Royal Society of Chemistry [year]
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rephasing periods of the echo experiment interferes wilmec Thus, we use a stretched exponential to describe the sign~!
formation 242829 decay due to water dynamics and introdgeto consider a

For broad or bimodal distributions of correlation timestfa residual correlation resulting, e.g, in the case of anigotr
(T« 1/9) and slow ¢ > 1/0) molecules coexist in a certain reorientation. Moreover, we empla(tm) to take into ac-
temperature range. Then, the observed sp&(tg are ap-  count SLR damping. While the SLR dampingff©(tm,) can
proximately described by weighted superpositions of Pakie a be determined in independent SLR measurements, allowinZ

Lorentzian component¥’ us to fix®d(tm) in the STE analysis, such independent determi-
g1/ nation of SLR effects is not possible when fittifgS(tm).
Sw) O S_(w)/ ? G(logT)[1— R(logT)]dlogT Therefore, most of our studies involve the former correfati
—oo0 function.

r S /m G(logT)[1 - R(logT)|dlogT (7) Owing to broadly div_ersifi_ed dynam_ics (_)f confined liquids;
log1/3 we use the mean logarithmic correlation timeto character-

Here. we take into account that the outcome of the experi'—ze the time scale of water reorientation. In the SLR analysi

ment is determined by an effective distribution of corrielat Im=Tcc for the symmetric CC distribution, while this average
: : value is obtained from
times,G(logT)[1—R(logT)] due to attenuated echo signals of
molecules withr ~1/d~1us. Moreover, we use normalized (Int)=InTm=Intcp+ Y(Bcp) + Eu (11)
line-shape componen® (w) andSp(w).

°H STE measurements provide access to slow water reor
entation, 10°s< 1 <1(s. In the STE approach, three pulses
divide the experimental time into two short evolution times
tp < 1, which are separated by a mixing timyg~ 1. Using
appropriate pulse lengths and pulse phases, it is possible t
measure the rotational correlation functidhs'-33

F3%(tm,tp) O (cos{wo(O)tp] cos|ax(tm)tp])  (8)
F%tm,tp) O (sin[aq(O)tp]sin[aq(tm)tp])  (9)

As the angular resolution of STE experiments increases wit
an extension of the evolution times, measurements6tm)  The synthesis of the MCM-41 materials was performed ac
andF;%(tm) for various values dff, provides access to the mo- cording to the standard protocol of Griin et Hl.which
tional mechanisn?!3234The angles of elementary rotational was adapted by Griinberg and cowork&tsTetraethoxy
jumps can be determined when the time constant of STE desilane, G,TAB (dodecyl-trimethyl-ammonium-bromide) or
cays is analyzed as a functiontgf While the decay time is  Cy4TAB (tetradecyl-trimethyl-ammonium-bromide), distille
virtually independent of the value &f for large-angle jumps, water, and 25% Nglaq. were used in a ratio of 1 : 0.1349
e.g., tetrahedral jumps, it strongly decreases with irginea : 138.8 : 2.8. The template was removed by calcination ot
evolution time for small-angle jumps, e.g., rotationaff@if  the as-synthesized materials at 680for 16 hours result-
sion. The overall geometry of the reorientation is avadabl ing in pure mesoporous silica materials. Tetraethoxy silan
from the evolution-time dependence of the residual catijtla  was acquired from Acros Organics, TABs were purchased
at long mixing times* e.g., fromFSC(tp) = F§%(tm > T,tp).  from ABCR. All chemicals were used as received without fur-
In particular, strongly anisotropic reorientation doescause  ther purification. Following the nomenclature in the litera
a complete loss of correlation, but leaves substantialivesi  ture, we denote the prepared mesoporous silica as C12 ard
correlation. The correlation functidf(tm) is obtained from  C14, specifying the CTAB chain length. In addition, we use
F3%(tm) when the evolution time is short and the anisotropymesoporous silica C10, which was synthesized by Kittaka anci
parameter, as in our case, is negligible so thatcaity) ~ coworkers®:10.18,39,40
wotp U Px(cosb), see Eq. (2). The synthesized MCM-41 samples were characterized em.-

For the analysis of experimental data, it is important to-con ploying N, gas adsorption together with multi-point BET to
sider that, in addition to molecular reorientation, spifaxe  determine the sample surface afaand the BJH method to
ation damps the STE signal. Therefore, we fit the normalize@btain the specific pore volumé and the pore diamete,.
decays of;*(tm) andF;¥tm) to the function The properties of the used MCM-41 C12 and C14 materia's

o are shown together with that of MCM-41 C3:&18:39-41j
l(l— Feo) €XP [— (t—m)
Tk

Tab. 1. Prior to use, all MCM-41 matrices were dried by heat
O(tm).  (10) y
This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-13 |3

f_or the asymmetric CD distributiof® Here, Eu=0.58 is Eu-
ler's constant angy(x) denotes the Digamma function. In the
STE analysis, the mean logarithmic correlation time can be
calculated according té¢

(Inr)zlnrmzlnnd—(l—i)Eu (12)
B

3 Experimental Section

ﬁ.l Sample Preparation

+Fan

ing to 180°C for at least 24 hours.
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Table 1 Properties of the used MCM-41 materials, as obtained from4  Results and Discussion
N2 gas adsorption employing multi-point BET and BJH methods.

4.1 Spin-Lattice Relaxation

Sample | dp [nm] Vp [em®/g] Sp[m?]
Cl4 2.93 0.86 1170
C12 2.76 0.82 974
Cc10%® 2.14 - 1096

M(b) (a.u.)

M(b) (a.u.)
o
a

Filling with H,O or D,O employed different routes. The
C12 and C14 samples were filled by carefully dripping water
onto the dried mesoporous silica materials. The used araoun W |l
of water were calculated to obtain fillings of (:800)% of th_e_ _ 100 102 1 16 10° 162 1 10
pore volumes. For C10, we prepared two samples exhibiting t(s) t(s)
different amounts of excess water outside the pores. Sgakin
the mesoporous silica in water and subsequent dabbing witFig. 1 Recovery oPH magnetization after saturation fopD in (a)
filter paper resulted in a sample with a substantial amount 0C10 and (b) C12. For the C10 matrix, we distinguish sampléis wi
excess water. Afterwards, the material was air-dried,lresu Substantial (diamonds) and negligible (triangles) amwofiexcess
ing in a sample with a negligible amount of excess water, gewvater, see Sec. 3.1. The solid lines are interpolations Egth(13).

below. All samples were sealed in a NMR tube.

First, we analyze the buildup 8H magnetizationM(t),
to investigate water dynamics in mesoporous silica. Fidure
3.2 NMR Experiments shows results for C10 and C12 samples at several characteris

1 _ ) tic temperatures. For the studied samples, the buildup gf ma
H SLR measurements were carried out on a home-built speyetization is monoexponential at ambient temperatureiewh

trometer working at a Larmor frequenay, of 21-360MHz. it can involve several steps at lower temperatures. To-ratio
The 90 pulse length was 5fs. The temperature was con- pjjize the relaxation scenario in the latter range, it iSulse
trolled by pumping gaseous nitrogen, heated from 77K to theq recall the freezing behavior of water in the studied MCM-
set temperature, through a custom continuous-flow cryostas1 materials. While crystallization of excess water ouwsid
yielding temperature stability of abot0.5 K. the pores occurs near 273K, freezing of confined water insit'=
’H NMR experiments were performed using two home-the pores depends on the pore iz¥ In C12, the freezing
built spectrometers operating at respective Larmor frague temperature of water amounts to about 220 K, whereas regulza
ciesay of 2rr-46.1 MHz and 2t-46.7 MHz. The spectrome-  crystallization of water was found to be largely suppressed
ters are nearly identical in construction. Both setupszatih  C10. Nevertheless, calorimetric signals were observeddn t
TIC304 MA CryoVac temperature controller together with a |atter confinement at cryogenic temperatures and attiibiote
Konti CryoVac cryostat, resulting in temperature stapiiet- 3 formation of glassy water or distorted i&¢3:42:43
ter thant-0.5K. In all experiments, the duration of a96ulse Exploiting this knowledge about the freezing behavior,
was in the range 2.1-218. No dependence of the experimen- comparison of buildup curved (t) for various water contents
tal results on the uset NMR setup was found. In particular, and confinement sizes enables an assignment of the obser ed
the difference of the Larmor frequencieg in both setups is  rejaxation steps to specific water species. First, we irspes
too small to result in resolvable differences of the relat  resuits for C10 samples with substantial and negligible-fra
timesT;. tions of excess water, see Sec. 3.1, in Fig. 1(a). When excess
'H and?H SLR were studied by observing the recovery water exists at 236 K, a relaxation step at short times, whicr
of the magnetizationM (t), after saturation?H NMR spec-  continues the high-temperature relaxation, is accompidsye
tra were recorded with the solid-echo sequencg-98—-90)  a relaxation step at long times, which sets in slightly belov
where the delay was set to 2s. In?H STE experiments, 273K, but is absent in samples without excess water, as ok -
we used the pulse sequenceg 90, — 90°, —tm — 90y —tp,  tained from more detailed analysis, see below. Therefoee, w
and 9q —tp — 45 —tm — 45, — tp to obtainF;(tm,tp) and  attribute the short-time and long-time steps to confinedwat
F>3(tm,tp), respectively. When studying the evolution-time and excess water, respectively. As was reported in our-prev.
dependence, a fourth 9@ulse was added after a delay of ous work?2! a further change of the relaxation behavior occur:
15us to overcome the dead time of the receiver for small val-near 225 K, where yet another relaxation starts to splitroffif
ues oft,. Appropriate phase cycles were used to cancel outhe short-time process. To demonstrate the effect, we campc
unwanted single-quantum and double-quantum coheretices.buildup curves for the C10 samples with substantial and neg-
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ligible fractions of excess water at 167 K. We observe a third  10°F' ;) ':x SN '(b) "o ci0 | T
relaxation step at times intermediate between the shod-ti 10E  *x vy P .
and long-time relaxations. While this medium-time stele i & " 5¢0%8<>° v 7 Aty o qondd 3

the short-time step, does not depend on the amount of exce:},” 10°
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water, the amplitude of the long-time step is again smatler f IVH 10w, & eTy 2
smaller amounts of excess water. In Fig. 1(b), we see that th oY% v ,*“ P 03
relaxation behavior is qualitatively similar for the C12vsa 10 W > 3
. . . .. . * 1, 7
ple, in particular, three relaxation steps are distinglidé at 1035 o é s 1161 e 1_:11_1_1'!5'1_1 1 él 1
sufficiently low temperatures. We conclude that water iasid 1000 K /T 1000 K/ T

the pores causes not only the short-time relaxation, bot als

the medium-time relaxation, while ice outside the pores conFig. 2 Mean?H spin-lattice relaxation times of the short-time

tributes the long-time relaxation. ((T1,), solid symbols), medium-timgTy 5 ), open symbols), and
Quantitative analysis of theH SLR behavior enables fur- long-time (Ty,)) steps observed for dynamically distinguishable

ther insights into the nature of the different water speciesP20 species in C10, C12, and C14. (a) Results for C10 samples

Therefore, we fit the buildup curves of tREl magnetization with substantial (diamonds) and negligible (trianglespants of
excess water are shown, see Sec. 8[1s,) is accessible only for a

to M(t) t \ P high fraction of excess water and at sufficiently high terapees.
N1 z anexp|— <_) (13)  (Ta) values for bulk ice ()** are included. (b) Comparison of the
Me n Tin mean relaxation timegly ) and(Ty 5 ) for DO in C10, C12, and

Here, M, denotes the equilibrium magnetization and the in-C14. The dashed line marks the height of reT; minimum for a
dexn refers to the different relaxation steps. For reasons to b€bye process. In addition, thél spin-lattice relaxation time't
specified, we use=1 (liquid) for the short-time stem=g 1) for Hz0 inside C12 pores is included.

(solid inside) for the medium-time step, anek s, (solid out-
side) for the long-time step. To allow for the possibility of
nonexponentiagdH SLR, we utilize stretched exponentials for
the interpolation of the individual contributions. Empiog
the Gamma functiofi (x), the mean SLR time§T; ) are ob-
tained from the fit parameters according to

step again appears near 225K. Thereby, the valu@of)
is independent of the amount of excess water, supporting our
conjecture that this water species, like the liquid specaies
sides inside the pores. In panel (b), we see that, quattgfiv
both confined water species exhibit comparable SLR behz.
(Ton) = Tin r (i) (14) lorsinall studied mesoporous silica. Quantitatively, {fig)
’ Bn Bn minimum is shifted to a higher temperature in C12 and C14

Figure 2 shows results of the SLR analysis fof@Din C10, @S compared to C10 and, on the high-temperature side of thz
C12, and C14. In panel (a), we see for C10 that, when a sugninimum,(Ty ) is slightly longerin C12 and C14 than in C10,
stantial amount of excess water exists and freezes slightly implying that water dynamics is faster in the larger confine-
low 273K, monomodal SLR turns into bimodal SLR. Upon Ments, at least in the weakly supercooled regime.
further cooling (T ) decreases, as anticipated for fast dynam- Additional knowledge can be obtained from the shape of
ics (wpT < 1) in liquid water inside the pores, whil@ g,) the relaxation steps, as described by the stretching paeasne
rises, as expected for slow dynamicgt>>1) in anice phase Bn. We find that, if existent, the medium and slow relaxations
outside the pores. A comparison wiffy) values for bulk ice ~ are nonexponential. They are characterized by stretchang p
(In)** supports the latter assignment. Near 225K, ) be-  rametersfs ~ 0.6 and 35, ~ 0.6, essentially independent of
comes too long for a reliable determination in a reasonabléemperature and sample. By contrast, for all pore sizes, the
amount of time, wheread ) passes a minimum, indicating fast relaxation is exponential above 85 K and nonexponen-
that confined water exhibits correlation times 1/wp~1ns. tial below this temperature. In the latter range, the valug o
In the same temperature range, the medium-time process agentinuously decreases when the temperature is decreased,
pears as a new phenomenon and, hence, a third water specisting inf ~0.6—0.7 at 150-160K. In Fig. 2(b), we use dark
with a distinguishable dynamical behavior emerges. The findand light symbols fofTy ;) to indicate this crossover from ex-
ings that(Ty 5 ) ranges well between the other relaxation timesponential to nonexponentidH SLR near 185K.
and increases when reducing the temperature mean that theThe observations fof, can be rationalized when we con-
dynamics of this water species is intermediate between thsider that water dynamics strongly varies across the pdre vo
slow dynamics of the regular ice and the fast dynamics of theime, as found in previous studies on confined w&tép4°
confined liquid. For the C10 sample with a negligible amountincluding our work on RO in C102% In general, ifH NMR,
of excess water, a splitting into bimodal SLR in the vicin- such distribution of correlation times results in a distribu-
ity of 273 K does not occur, but the medium-time relaxationtion of relaxation timed; and, hence, in nonexponential SLR.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-13 |5
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However, it is crucial for this argument that the correlatio from and may not be mistaken with the frozen water outside
time of a molecule does not change during the buildup othe poresg,) since the latter gives rise to yet another SLR sten
the magnetization, which usually occurs on a much longeat even longer times.
time scale than the dynamics of the molecule itself. Thus, A straightforward relation between relaxation tintlgsand
our finding that the fast relaxation step is exponential @bov correlation timesr exists for exponential SLR, see Eq. (3).
~185K indicates that the correlation times of the associated herefore, we restrict the analysis to the short-time riax
water fraction are time dependent, implying that these watestep aff > 185 K where =1 and, consequentlyT;|) = Ty).
molecules sample a substantial part of the pore volume on thie Fig. 2, we see for all studied samples that the minimum
milliseconds time scale of the buildup process so that the revalue ofTy is larger than expected for a Debye process, indi-
sulting exchange of values averages over any distribution cating that the correlation functidf(t) of water reorientation
of Ty times, reconstituting exponential relaxation, as expkcte is not a single exponentidlf This result is not surprising as
for a liquid. Vice versa, the continuous development of mene dynamical heterogeneities are a characteristic featuresef
ponentiality found for the fast relaxation step belevt85K  cous liquids, in particular of confined liquids showing dse
implies that the molecular diffusion becomes too slow to eom molecular mobilities in various pore regions. To consider t
plete the exploration of a relevant part of the pore volume orexistence of distributions of correlation tim@glog ), we uti-
the time scale ofTy)), i.e., the system becomes nonergodic.lize the CC and CD spectral densities. Then, the width pa
Likewise, the nonexponentiality of the medium-time andjon rameters of these spectral densitifsg and cp, can be de-
time steps s, Bs, < 1) shows that the associated fractions of termined from the minimum values i | .32 The results are
water molecules do not scout different local environments o compiled in Tab. 2. Assuming temperature-independentwidt
the time scale of the SLR process and, thus, they are soligharameter§cc andfBcp and inserting the corresponding spec-
With the same arguments, the existence of several relaxatiaral densitieslcc(w) andJep into Eq. (3), we determine mean
steps at sufficiently low temperatures provides strongende  logarithmic correlation timeg,.
that there are dynamically distinguishable water fractitivat In Fig. 3, we present the results for liquid confined water in
do not exchange molecules until the buildup of magnetinatio C10, C12, and C14. In the inserted graph, mean logarithmic
is complete. An absence of this exchange is unlikely betweenorrelations times obtained from the CC and CD spectral den-
two liquid phases. Therefore, our SLR results indicate thasities are compared with each other for the example of C10
liquid and solid water species coexist inside C10 poresvbelo For temperatures in the vicinity of th& | minimum, both
~225K, at least down te-185K, where the fast relaxation spectral densities yield consistent results. Differemezome
step becomes nonexponential, too. significant above 240K and below 210K. Thus, in the tem-
As for the liquid water fraction, the observed crossoverperature range of the proposed LL transition of water,’the
from exponential to nonexponential SLR resembles the situaSLR results hardly depend on the choice of the spectral den-
tion for supercooled liquids undergoing a glass transifidtf ~ sity. Since application of DS to #0 dynamics in MCM-41
At the glass transition temperattg the structural relaxation pores revealed a CC shafiéwe focus on the mean logarith-
ceases to ensure ergodicity, resulting in this change of SLRnIC correlation timesm, resulting from this spectral density in
behavior. It is important to notice that, at such tempeestpr  the following. In the main graphs, we see a crossover in the
structural arrangements of supercooled liquids are tas&lo  temperature dependence of these time constarfts=e220—
be effective for SLR so that th& values are determined by 230K, whichis prominent for C12 and C14, but exists also for
faster relaxations rather than by this relaxation5! How- ~ C10.2! At higher temperatures, there are deviations from ai
ever, changes g8 dynamics in response to the freezingoof ~ Arrhenius (ARR) law, which are strong for the former large.
dynamics usually lead to a kink in the temperature-dependerpores and weak for the latter smaller pores. In this range, a
SLR times(Ty(T)) at Ty. 3250 For the liquid water fraction in  Vogel-Fulcher-Tammann (VFT) behavior,
all studied mesoporous silica, such kink @ (T)) is ob-

B
served at~185K, supporting our conclusion that the struc- Im= roexp(ﬁ> (15)
tural reorganization of interface-affected water vansshear 0
185K in a way resembling a glass transition. may describe the data, as proposed in NS wdrkt lower

So far, the?H SLR results imply that, in the studied silica temperatures, the temperature dependence,af weaker
matrices, a fraction of confined water solidifies at 220-230K and, at least for C10, consistent with DS d&tayhich were
while another fraction of confined water remains liquid be-described by an ARR law. Interestingly, the crossover betwe
low these temperatures. The liquid confined water diffuse&/FT-like and ARR-like behaviors for liquid confined water
in a subvolume of the pores restricted by the silica walls andind the emergence of solid confined water occur in the sanic
the solid confined water, at least down to ca. 185 K. The solidemperature range 220-230K. Therefore, the kinkg(T)
water forming at 220-230K inside the porey (s different  does not necessarily provide evidence for the existence of a

6| Journal Name, 2010, [vol]1-13 This journal is © The Royal Society of Chemistry [year]
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Fig. 3Mean logarithmic correlation timers, of (a) D,O in C12 and
C14 and (b) DO in C10. Data fronfH NMR spin-lattice relaxation
(SLR), line-shape analysis (LSA), and stimulated-echcegrpents
(STE) are displayed. For C10, the high-temperature and
low-temperature data are fitted to VFT (curved line) and ARR
(straight line) laws, respectively. In addition, we showavalue
obtained inftH NMR on H,O in C12 from theT; minimum. Results
from broadband dielectric spectroscopy (BB%and neutron
scattering (NS32 studies on HO in C10 are included for
comparison. The inserted graph compares mean logarithmic
correlation timeg, resulting for O in C10 when the Cole-Cole
(CC) and Cole-Davidson (CD) spectral densities are used for
spin-lattice relaxation analysis, respectively. The ferspectral
density was employed to obtain the data in the main graphs.

LL transition, as will be discussed in more detail below.
In the following?H NMR studies, we will exploit the differ-

ent?H SLR times of the various water species to single out the

contribution from the liquid fraction and to suppress thatr
the solid fractions. In detail, we destroy the magnetizaind
start the acquisition after delay3;|) <tq < (Tis), (Tos):
ensuring that the magnetizations form deuterons in thédiqu
and solid fractions have recovered to major and minor egtent
respectively, when the data are recorded. Hence, suclibarti

relaxed (PR) experiments allow us to ascertain the dynamics

of liquid water, essentially unperturbed by contributidmsn
solid water inside or outside the pores. In all experimeahts,

delayty was chosen to maximize the ratio of the signal contri-

butions of the liquid and solid water species.

Before continuing oufH NMR approach, we analyzeH
SLR to ascertain kD dynamics in C12. We find that, when

Table 2 Results of théH SLR analysis: Minimum SLR time
(T1,1)m, Minimum positionTm,, width parameteficc of the CC
spectral density, and width paramefep of the CD spectral

density.

(To1)m[ms] Tm[K] Bcc Bco
Cl4 4.34 233 0.41 0.19
C12 4.04 234 0.44 0.20
C10 2.83 223 0.61 0.32

excess water is absent, the buildup of magnetization is-exg<
nential at all studied temperatures'id NMR, different from

the situation ifH NMR. This difference is a consequence of
the fact that spin diffusion, i.e., a transfer of magnetoat
due to flip-flop processes of spins, is fasterfdrthan for?H
mainly due to large differences of the gyromagnetic ratios o
these nuclei. Specifically, when solid and liquid fractiame
intimately mixed in the pore volumes, spin diffusion is suffi
ciently fast to exchange magnetization between both specie
and, hence, to establish a commbnin H NMR, while a
common®H SLR behavior is not necessarily established, as
is observed in our measurements. In Fig. 2, we see'tHat
Ty exhibits a clear minimum at240K, indicating a correla-
tion time of T~ 1/wy=0.44 ns at this temperature. Inspection
of Fig. 3 reveals that this correlation time frofd SLR well
agrees with that fronfH SLR. Hence, differences between
H,0 and O dynamics in C12 are small.

|

4.2 Line-Shape Analysis
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Fig. 4 Solid-echo spectra obtained from partially relaxed
experiments at the indicated temperatures: () h C10 and (b)
D,0in C12.

Figure 4 showgH NMR spectra of RO in C10 and C12
from PR experiments. While a narrow Lorentzian line is ob-

This journal is © The Royal Society of Chemistry [year]
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served at sufficiently high temperatures, indicating thet t

—~
Q
=)

. . . . : 03 1-R 1-R 1-R
rotational motion of water is fastr(<<_1_us) and isotropic, a 1'95“f< 0.16 0.26 0.22
broad Pake spectrum is found at sufficiently low temperature
revealing that the reorientation dynamics of water is slow 1819;2 . 0.04 l 0.19 l 0.15

(> 1us). In the intermediate temperature range, the spec
tra can be described as a weighted superposition of Losentzi
and Pake components, suggesting that fast { us) and slow

3us
184 K 0.0

FET

(> 1us) molecules coexist. Comparing the spectra for the %%SK 0.0 0.30 0.25
different pore sizes, we observe that the crossover bettheen 3041
Lorentzian and Pake shapes occurs at lower temperaturesf 174 0.4 0.45 0.40
C10 than for C12, indicating that water dynamics is faster in 100ps
the smaller than in the larger confinement in the vicinity of 169 K 0.77 0.64 0.59
200K. 300us

On first glance, it may be tempting to assign the Lorentziar 164 K Jilo-gl 0.78 0.75

and Pake lines to the liquid and solid water species, respet

-200-100 0 100 206200-100 O 100 206200-100 O 100 200

v in kHz

v in kHz v in kHz

tively. However, one has to bear in mind that PR experi-
ments are designed to suppress the latter contribution. IFig. 5Solid-echo spectra obtained from random-walk simulations
previous work?! it was confirmed that a Pake contribution for (a) tetrahedral jumps with a single correlation timeb)
resulting from solid water is eliminated in the PR spectrumtetrahedral jumps with a distributic®(log 1), and (c) isotropic

of D,O in C10. Therefore, the assignment of the Lorentziarrandom jumps with a distributioG(log 7). For the simulations,

and Pake components to the liquid and solid fractions of cond =27 161kHz andy =0 were assumed and the solid-echo delay
fined water was ruled out. Rather, it was argued that th(‘é"_ats _iett_to thg(lexpe)nm_fhntal Y::ﬁ&ZO“S'tLog;r'tgq'c Gaussna:jn

: . : . . i IstrioutionsG(10g T) with a wi parameter =/Z.1 were usedq,
gilél?grv(\)lgzjelrinbeysftsse;fea?;gzlIg,sz ::(:):xﬁsl:sggzo()s;t&r;e(:t;i:rhr (; which closely resemble the CC distribution for C10 from thesent

Pak ibuti It f v bimodal d 2H SLR analysis. Specifically, both distributions have thesa
ake contributions can result from not only bimoda YNaM-gecond moment. The characteristic time constants of the

ics, butalso a broad distributig®(log ), see Eq. (7), as found  gqrientation processes and the corresponding tempesaas

for the liquid water species in our SLR analysis. Then, fasloptained for C10, see Fig. 3, are indicated on the left hagel si
(< 1ps) and slow {>>1pus) molecules from the distribu- More precisely, the jump correlation timegcharacterizing the
tion are at the origin of the narrow and broad lines, respecexponential distribution of waiting times between consieeu
tively, while molecules with correlation times~ 1us can reorientation events are indicated. For isotropic randamps, the
be neglected because their signals are poorly refocused du#mp correlation time; can be identified with the rotational

ing the used solid-echo pulse sequence, as described by therrelation timer, of F, while 7j = 315 for tetrahedral jumps, see
reduction factorR(logt), see Eq. (7). In this scenario, the Fig. 9 Fo.r the distributions, the in(.ji.cated values are mean
weighting factor of the Lorentzian lin&V(T), i.e., the con- !ogant.h.mlc time constarllt.s. In addltlon,. the reduceq setitio .
tribution of this line-shape component to the total spédtra intensities 1R are specified for the various dynamical scenarios.
tensity, is expected to continuously decrease upon coakng

the distributionG(logt) shifts to longer times and, hence, the

fraction of fast molecules decreases. Such scenario was al${owever, such spectral pattern is found in a narrower dyoam’
proposed for benzen®, isobutyric acid>* bipyridine,”> and  range and, hence, a narrower temperature range for siragle tt:
naphtalen&® confined in mesoporous silica. By contrast, in for distributed time constants. When using the above fingling
2H NMR on D0 in zeolites?? the observation of a compara- o map correlation times onto experimental temperatures, w
ble coexistence of narrow and broad line-shape features washserve that the coexistence range from the simulationa for
not attributed to a broad distributi€(log 1), but to a specific  single correlation time does not agree with that found in the
motional mechanism, which involves tetrahedral jumps&and measurements, while the expected and observed Lorentzia:
flips with a single correlation time. Pake superposition regimes between about 175 and 200K a.e
To ascertain the role of dynamical heterogeneities for then reasonable agreement for a Gaussian distribuBing 1)

line shape, we calculate solid-echo spectra from randotk-wa with o = 2.1, which resembles the CC distribution from the
simulations. The methodology of these calculations was deabove SLR data. Thus, line-shape analysis provides evidenc
scribed in previous works’®8 In Fig. 5(a) and (b), we show that confined water exhibits pronounced dynamical heterr,-
simulated spectra for tetrahedral jumps with single and disgeneities. On the other hand, this approach does not allow
tributed correlation times. In both cases, narrow and broadis to distinguish between tetrahedral jumps and isotragic r
spectral patterns can coexist during the line-shape tiansi  orientation since both mechanisms lead to comparablerspect

8| Journal Name, 2010, [vol] 1-13 This journal is © The Royal Society of Chemistry [year]
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when the same distributidB(log ) is used in the simulations, W(T) :_f:fG(Iogr)[l—R(logr))]dlogr, see Eq. (7). The

see Fig. 5(b) and (c). exact shape dR(logt) depends on the mechanism for molec-
ular dynamics, see Fig. 5(b) and (c). For isotropic randon:
jumps, the full width at half maximum was found to amount

! to about two orders of magnitudé Therefore, we use a loga-

0.8 rithmic Gaussian distribution with a width parameter0.85,
06 which is centered at Iqg/s) = —6. In Fig. 6, we see that
s this approach reasonably well describes the experimeatal d

e Cl4 Hence, we can conclude that the liquid fraction of confined

m Cl12

r>1 M T P T

0.2 ¢ CI10 water exhibits pronounced dynamical heterogeneitiedjiea
o L to a superposition of Lorentzian and Pake lines in the NMI:
180 200 220 2 spectra at intermediate temperatures.
T(K)

Fig. 6 Weighting factoW(T) describing the contribution of the 4.3 Stimulated-Echo Experiments

Lorentzian line to the total intensity of partially relaxegectra for
D,0in C10, C12, and C14. The solid lines are guides to the eye.
The other lines are predictions for C10 calculated fronritlistions

of correlation times reported in a dielectric spectroscsipyly on

H,0 in C1018 The dashed and dotted results were obtained when
neglecting and considering the reduction fad®fiog 1) inherent to
solid-echo experiments, respectively. See text for detail

To further explore the conjecture that a broad distribution
G(logt) governs the line shape of liquid confined water, we 3
determine the weighting factd¥(T) from Lorentzian fits of 10" 10° 10° 10" 10” 10" 10° 10% 10" 10
the central region of PR spectra. In Fig. 6, a continuous tem- tn (8) ty (8)
perature evolution diV(T) is obvious for O in C10, C12,
and C14. A similar increase of the weighting factor with in-
c_reasing temperature is observed for C12 and .C14’ while thgxperiments for an evolution time gf=9us. The lines are
rise of W(T) occurs at lower temperatures a_nd in & NarrowWer o rmolations with Eq. (10). In these fits, we exploit thae t
range for C10. These observations are consistent with the 0Ugpin-jattice relaxation damping(tm) is known from independent
come of our SLR analysis. More precisely, when we use thenalysis in Sec. 4.1. We obtain stretching parameters irefige
criterionW(T) = 0.5 to extract a correlation timen=1ps, B =0.25-0.39 for the studied samples and temperatures.
we find good agreement with the time constants from SLR
analyses, see Fig. 3. Moreover, higher values of the width pa  Finally, we uséH STE experiments to study slow water dy-
rametergBcc andfcp for C10 than for C12 and C14, see Tab. namics at low temperatures. Again, we perform PR measure-
2, imply a narrower distributio®(logt) for the former con-  ments to focus on the behavior of liquid confined water. Fégur
finement, in harmony with a narrower temperature range of showsF$¢(tm) for D20 in C10 and C12 at various temper-
Lorentzian-Pake coexistence. atures. For both samples, the decays are not exponential a2

For a final check of the hypothesis that dynamical het-shift to longer times when the temperature is decrease@rin h
erogeneities associated with the liquid fraction are respo mony with water dynamics that is governed by strong hetero-
sible for the line shape, we calculate expectations for theyeneity and slows down upon cooling. At given temperaturec
Lorentzian contribution using the distributioc@(logr) re- T <185K, the loss of correlation is comparable for the C10
ported in a DS study on 30 in C102 First, we neglect the and C12 samples, while relaxation-time and line-shapeyana:
reduction factorR(logt) associated with solid-echo experi- ses indicated that water dynamics is faster in smaller patres
ments and obtain the Lorentzian contribution directly fromhigher temperatures. Furthermore, the STE decays exhibit a
W(T):jffG(log 7)dlogrt, see Eq. (7). In Fig. 6, itis evident weak two-step character with a short-time decay due to molec
that the calculated and measured weighting factors roughlular dynamics and a long-time decay due to spin relaxation
agree, but the transition range is wider for the former tharSpecifically, good interpolations of the experimental data
for the latter. Therefore, it is necessary to consider theice  sult when fittingF5¢(tm) to Eq. (10) and fixing the parameters
tion factor of the experiment and to employ an effective dis-of the SLR dampingp(ty) at the values obtained from the
tribution of correlation times for the calculations, exjly, SLR analysis in Sec. 4.1.

Fig. 7 Rotational correlation functior8{(ty) of (a) D;O in C10
and (b) DO in C12. The data were obtained from partially relaxed

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-13 |9
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For a characterization of the decay owing to water reori- _ f@) ' ' ~ ]
entation, we calculate mean logarithmic correlation timgs CT’ 100:( ) _ i
using the fit results for andpx together with Eq. (12). The = _= E\ne'ﬁ ®eo 7 1
results are included in Fig. 3. Itis evident that the time-con =~ | \ 1 -
stants hardly depend on the pore size. FpBDn both C10 = 10'F ‘-~ [ cioss .
and C12, an ARR law with an activation energyiaf=0.5eV =~ x [ R AT I X .
describes the STE data. Furthermore, we see that the ter ] N R PRI
perature dependence resulting from the STE analysis at lowe 0 10 20 30 40 30 40
temperature$ <185K is somewhat weaker than that obtained tp (1S)

from the SLR data at higher temperatures. In both temperatur o )
ranges, the present NMR data are fully consistent with priof'9: 9 Parameters characstienzmg the dependence of the coorelati
DS results for HO in C1028-20which reported a mild change functionsF;(tm, tp) andF5%(tm,tp) on the length of the evolution

time: (a) time constantg®(tp) and1g%(tp) and (b) residual
of the temperature dependence at 180-190K. correlationFS¢(tp). The results were obtained by fitting

stimulated-echo decays oD in C10 and C12 af =160K. In

10 o g“s R I 1= 2“5 panel (a), the experimental datg>%(tp)/ 1%3(tp — 0) are compared
T O ous =3 g)%z © 12 Ez with simulation results for tetrahedral jumps (solid lirzed
0.8 ) isotropic 10 jumps (dashed line). In panel (b), the measured data
o

are contrasted with calculated expectations for isotropic
reorientation (solid line), 18Qumps about the molecular symmetry
axis (dotted line), and tetrahedral jumps. In the latteecae
distinguish between exact tetrahedral jumps (dasheddine)

b distorted tetrahedral jumps (dash-dotted line), whereamdomly

0.0 OOt . choose orientations on the edges of cones with semi-opamigigs
10° 10* 10° 102 10" 1¢° 10° 10% 102 102 10* 10 of 3° around the tetrahedral positions.

tn (8) tn (8)

L L L L I

P IR T B B =

Fig. 8Rotational correlation functior&®(tm) (solid symbols) and weak evolution-time dependence of the results indicate tha
F5S(tm) (open symbols) for various values of the evolution tipat  the choice of the experimental parameters is not criticawh
160K: (a) DO in C10 and (b) BO in C12. All data were obtained  we use STE experiments to determine the temperature deper-
from partially relaxed experiments. The lines are inteafiohs with dence of water dynamics, as was tacitly assumed in the abc:/»
Eq. (10). analysis.
As for the residual correlation, determination of reliable

To obtain insights into the mechanism for water reorienta-values is possible fdrS¢, but not forFSS since the long-time
tion at low temperatureb < 185K, we exploit that the angular plateau of the correlation functions is affected by relmrat
resolution of STE experiments is enhanced when the evolueffects, which are known from independent experimentsén th
tion time is extended. In Fig. 8, we show correlation funtsio  case ofF§¢, but not in the case d#55.3° In Fig. 9(b), residual
F5°(tm) andF5%(tym) at 160K for various lengths of the evolu- correlations=S%(tp) ~ 0.2+ 0.1 can be observed for the stud-
tion timetp. It can be seen for D in C10 and C12 that the ied evolution times with a mild tendency to decrease wher
dependence of the correlation functions on the evolutimeti this time interval is extended. Thus, the fit results confine t
is weak. For a quantitative analysis, the STE decays ar@agaabove conclusion from visual inspection that the probed low
interpolated with Eq. (10). temperature dynamics of liquid water does not cause complet

Figure 9 shows the resulting time constants and residuadecays of the correlation functions. Further informatien i
correlations. In Fig. 9(a), we see that the time constgsts,) available when we contrast the experimental data with exper
and 1g%(tp) are basically independent from the value of thetations for isotropic reorientation, tetrahedral jumpsj 480
evolution time and the type of the correlation function. 'hi jumps around the molecular symmetry axis. The observec
independence indicates that overall water reorientatisnlts  residual correlation is significantly higher and lower ttiha
from large-angle rather than small-angle elementary jumps expectations for isotropic reorientation and 1§0mps, re-
is confirmed by comparison with curves calculated for differ spectively. Hence, water reorientation does exhibit icgmt
ent motional model$? Specifically, the experimental findings anisotropy at the studied temperatures, but it is not given h
are in reasonable agreement with expectations for jumpgtaboa simple two-site jump related to the molecular symmetn .
the tetrahedral angle, while they are in contrast to sifardat ~ Rather, the observations fB£°(t,) are consistent with a tetra-
for isotropic jumps about an angle of °10 In passing, we hedral jump, in particular, when we allow for some distarso
note that the similarity of the;“(tn) andF;%ty) data and the  (+£3°) of the molecular orientations, as expected in disordere(!
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hydrogen-bond networks. However, a unique determinatiomprocess contributes to changes in temperature-depenatent c
of the motional geometry is not possible since similar behavrelation times in this range. Notwithstanding the foregpin
iors F5¢(tp) are produced by other anisotropic motidhand  the present results do not allow us to rule out a LL phase tran
uncertainties in the determination of the plateau valusslte sition for bulk water.

from imperfections in the suppression of the water species Inthe temperature range frov225K to~185K, the NMR
with the longer relaxation timéy 5 in the partially relaxed results related to liquid water start to be governed byghe
measurements. process, but these water molecules still explore a sulistant
part of the pore volume on a longer time scale, restoring er
godicity and, thereby, exponentiality of SLR. Thus, stauat
relaxation still occurs. While the strong confinement pdex

We employed a combination 8H and?H NMR methods to by the pore walls and water nanosolids may alter the natu.c
investigate HO and O in MCM-41 C10, C12, and C14. of the a process, the scenario, in a sense, resembles that i~
For the studied matrices, we found that all confined water i?ulk supercooled liquids exhibiting-f3 splitting upon cool-

in the liquid state above 220-230K, whereas fractions of liq ig- Compared to other liquid;*°the 8 process of water is,

uid water and solid water coexist inside the pores below thidlowever, related to molecular reorientation with muchéarg
temperature range, as indicated by an observation of separ2MPplitude and, hence, it dominates the loss of orientattiona
SLR steps. Most probably, the liquid and solid fractions carcorrelation, rendering an observation of tigrocess of wa-

be identified with interfacial and internal waters, respety. ~ ter difficult. Because of this difficulty, there is still somzom

For liquid confined water, the temperature-dependent rotafor discussions about the existence of theprocess of con-
tional correlation times show two crossovers. A crossover afined and bulk waters below 220-230R.
220-230K accompanies the appearance of solid confined wa- The observations for liquid water at 180-190K resemble
ter. While a VFT behavior roughly describes water reorien-changes reported for the process of supercooled liquids in
tation in the confined liquid above the crossover, clear-deviresponse to a glass transition. In particular, the SLR ofidiq
ations exist below. A crossover at 180-190K is indicated bywater changes from exponential to honexponential, imglyin
a mild weakening of the temperature dependence, which ihat thea process ceases to restore ergodicity in this temper-
better seen in prior DS resul&2°than in the present NMR  ature range, as observed for bulk liquidsTgt*?>° Also, the
data. The latter effect comes along with a change of the SLRemperature dependence of the SLR times of the liquid frac-
behavior. While an exponentiality of SLR together with an tion, (T|), becomes weaker. For bulk liquids, such effect re-
observation of Lorentzian line shapes revealed that ligiid ~ sults from changes of th@ process owing to the freezing of
ter molecules show an isotropic reorientation associaiéid w the a process during vitrificatiod” Therefore, we propose
an exploration of a substantial part of the pore volume abovéhat interfacial water exhibits a glass transition at 18B-H.
the latter crossover, a nonexponentiality of SLR and an-exisThis conjecture is supported by the observation of calarime
tence of finite residual correlation provided evidencethese  fic signals for confined water at such temperatdfg€.Due to
molecules exhibit an anisotropic and localized reoriémtat the strong geometrical restrictions, it is, however, joestole
below. These observations imply that the reorganization ofvhether the presentand previous results for confined weter a
the water network ceases at 180—190K. of any relevance for the glass transition of bulk water.

Based on these results, we propose the following scenario. Below 180-190K, th8 process of water is associated with
Above 220-230K, our NMR studies probe theprocess of  anisotropic and localized motion, yet it continues to ineol
water molecules in all pore regions. In this temperaturgean reorientations about large angles, in agreement with faslin
the temperature dependence becomes stronger and, hance, fr water dynamics at other interfacés®1-63At these lower
bulk behavior is approached when increasing the pore radiu¢gemperatures, the correlation times of water reorientetd
as expected. Two findings show that an observation of a kinkow an ARR law with an activation energy Bi~0.5 eV. They
in temperature-dependent correlation times of confine@éwat hardly depend on the pore size, at variance with our observe--
at ~225K is not sufficient to conclude on the existence of ations at higher temperatures, providing further eviderne t
LL phase transition at this temperature. First, an appearan distinct relaxation processes are probed in different tap
of solid water, most likely, freezing or vitrificatidfl of water ~ ture regimes.
in the inner area of the pore, accompanies the alteratidmeoft  There is a certain similarity between the present findings fo
temperature dependence found for liquid water at 220-230 Kwater dynamics below225 K and previous results for small
implying that the space available to the liquid fractionmipes ~ mobile molecules close to large immobile molecules in hinar
from 3D-like to 2D-like, i.e., to the outer area of the porecS  mixtures, which were interpreted in terms of a type A glass
ond, liquid water exhibits a prominefitprocess below 220— transition®* as predicted within mode-coupling thedi§/For
230K, implying that a splitting of thg8 process from ther such type A glass transition, a nonergodicity level continu

5 Conclusion
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ously develops upon cooling, in contrast to a discontinuougo
jump of the nonergodicity parameter at the critical tempera
ture T, for a type B glass transition. Thus, in future studies,?
the temperature evolution of the long-time plateau of the co 2
relation function should be ascertained in more detail $ di ,3
tinguish between possible descriptions of water dynanmics i
the low-temperature regime. 24
Altogether, the preserfH NMR studies provide evidence 2°
that, upon cooling, the dynamical behavior of liquid water i
silica pores with diameters of 2-3nm changes at 220-230K;,
and 180-190K. These changes are closely related to a formag
tion of crystalline or glassy water species in combinatigthw 29
an onset of a pronouncgtrelaxation, which exhibits a num-
ber of common features for water in various confinements and®
mixtures.
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NMR studies of water in nanoscopic confinements of various sizes reveal two dynamical crossovers related to a partial
solidification of internal molecules and a glass transition of interfacial molecules, respectively.



