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Fast rotational reorientation of NO;™ ions and its relation to the glass transition
in Cag 4K s(NO3); 4 liquid: A N NMR spin-lattice-relaxation study
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The fast reorientational dynamics of the NQons in the supercooled &, ¢(NOs3); 4 (CKN) liquid have
been investigated in the temperature range 3Z0TK 440 K by >N NMR spin-lattice-relaxation spectros-
copy. The spin-lattice relaxation of théN nuclides is shown to be controlled by the spin rotation process. The
correlation timer. of the rapid reorientational dynamics of the NOions associated with spin rotation is
found to be strongly decoupled from the shear/structural relaxation time scale in this temperature range,
varying from 101185 at 370 K to 10125 s at 440 K. An anomalous bifurcation i into a slow and a fast
branch is observed dt<365 K and is found to be intimately related to the appearance of a bimodal spatial
heterogeneity in the overall reorientation or tumbling dynamics of thg NiGns in the supercooled CKN
liquid near glass transition. In spite of the large decoupling in the time scale, the fast rotational reorientation is
shown to be intimately related to the slow tumbling dynamics, resulting in a two-step decay of the orientational
correlation of the N@™ ions. The results are found to be compatible with the predictions of the mode coupling
theory and offer significant physical insight into the hierarchical nature of the dynamics associated with glass
transition.[S0163-1828)05637-9

[. INTRODUCTION though they were tentatively assigned to the appearance of
“solid-like” and “liquid-like” regions respectively, in the
The experimental observation of the wide ranging lengtrsupercooled liquid in this temperature rarigEhe tempera-
scales as well as time scales associated with various dynamiégre of the first appearance of this dynamical heterogeneity
processes in a glass-forming liquid plays a key role in outon cooling (T=365 K) corresponds well with the mode cou-
current theoretical understanding of the problem of glas®ling transition temperature of CKNI¢=368+5 K) as ob-
transition. In this respect the fragile glass formers have beef@ined from recent neutron scattering studigsknowledge
the most informative as various dynamic relaxation pro-Of the exact physical nature of these “solid-like” and
cesses in these liquids are often clearly identifiable and show/iuid-like” regions is thus, critical in order to correlate
widely different degrees of coupling between one anothey\{elI-charactenzed Qynamma_l processes in a supercooleq lig-
with changing temperatureThe ionic dynamics in such a uid with the physma! .pred|ct|0ns Of. the mode coupling
model fragile system GaKoqNOy),4 (CKN) have been theory of glass transition. The coexisting slow- and fast-

studied in detail with a number of spectroscopic and scattert-umbllng NG; " fons in these regions were found to be char-

ina techniqued. However. onlv recently. our™N static acterized by slow and fasfN spin-lattice relaxation rates
9 ques. ' y re Y, . respectively’ Therefore, an understanding of theN spin-
nuclear magnetic resonan@dMR) line shape studies have

h lusivelv that th I entati S OtrODi lattice relaxation mechanism in CKN aboVg and its rela-
shown conclusively that the overall reorientation Or ISOWOpIC;,, 14 the observed tumbling dynamics of tH&O,~ ions
tumbling dynamics of the N@ planar triangular ions in

’ may be of central importance in deciphering the nature of
CKN are closely related to the shear@rrelaxation process ihese “solid-like” and “liquid-like” regions.

near its calorimetric glass transitiofi {= 333 K) 2 The time In this article we report the observation of the fast rota-
scale of this tumbling process was found to correspond weliona| dynamics of thé®NO; ™~ ions in the supercooled CKN
with the bulk shear relaxation timgnea, over five orders of |igyid by 15N NMR spin-lattice relaxation spectroscopy
magnitude’ More intriguingly, the NG~ tumbling dynamics  ithin the temperature range of 376:Kr<440 K and estab-
were found to become bimodally heterogeneous Tat |ish jts relationship with the slow N§ tumbling dynamics.
=365 K with the coexistence of a slow- and a fast-tumblingTne physical significance of these results is discussed in the

NO;™ ion population within the temperature range of 340famework of the mode coupling theory.
<T<365K. The time scales of the fast- and the slow-

tumbling dynamics were found to differ by about an order of

magnitude with the former being similar to thg,,of the Il. EXPERIMENTAL DETAILS
liquid.® Such a dynamical heterogeneity was suggested to be
indicative of a spatial distribution of domains of slow- and
fast-tumbling NQ™ ions in the CKN liquid. The physical The CKN glass was prepared from Isotec reagent grade
nature of these slow and fast domains were not clear al99% *N-enriched KNQ and C&NO;),-4H,0 which were

A. Sample preparation
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Previous studies of°’N spin-lattice relaxation of N ions

» L in various ®N-enriched aqueous inorganic nitrate solutions
30 | | . have shown that the spin-rotation process is the dominant
! ? ] relaxation mechanism for thé®NO;™ ions at T=273 K
- B 1 whereas the CSA and the dipolar fluctuation processes be-
e » b 1 come important only at lower temperatufelloreover, the
§ i , dipole-dipole interaction was found to be significant fox
< 15F § . only in the presence otH nuclides in these aqueous sys-
= i ] tems. In the case of 99%N-enriched CKN liquid the low
10 b ] natural abundances and gyromagnetic ratios of all other nu-
st ¢ ] clides ensure that the only significant dipole-dipole interac-
L ¢ e e € tion is expected to be between thN nuclides themselves.
s T, measurements were therefore carried out on natural iso-
22 23 24 25 26 27 28 topic abundance CKN liquid where the low abundance

1000/T (K™) (0.38% of N nuclides precluded the possibility of any sig-
S nificant *>N-'°N dipolar coupling. The similaf; values for
FIG. 1. Temperature dependence of tHeN spin-lattice-  the two liquids(Fig. 1) conclusively show that the dipolar
relaxation timeT; (filled circles in the isotopically enriched super- coupling fluctuation is not important in causir@\l spin-
cooled CKN liquid. T, data from experiments on a sample with lattice relaxation in CKN
natural isotopic abundance are shown as open squares. Previous studies have shown that the, symmetry of
the NO; ™ ion results in a uniaxial shielding tensor f&iN
o . . . nuclides with CSAA 0~9.5 kHz in CKN? In the case when
dehydrated at 150 °C in a drying oven until no further Welghtthe spin-lattice relaxation is controlled by the CSA fluctua-

loss occurred. A stoichiomefric mixture of the salts Wastion due to the reorientation of the NOions, the correlation
melted in a pyrex beaker on a hot plate. The liquid was '

guenched in air after melting for one hour, by pouring it in atlxmeerfi(r)r:ei?grrll E:japtftliis:cstﬁec?glagin(;??lic ulated from the

pyrex tube at room temperature. The pyrex tube containin& P 1 9 P

the CKN glass was then connected to a high vacuum line and
: . . 1 2

the glass was remelted in vacuum at 533 K in a vertical tube —=—[w (Ac)?]Tcsa, 2

furnace. The pyrex tube was sealed under vacuum followed T, 15

by guenching of the CKN liquid in air in order to ensure

. 15 .
dryness of the sample. where w, is the N Larmor frequency. Such calculations

yield 7cgp Values that are 1 to 2 orders of magnitude slower
. ) . than 74,04in the temperature range ©f measurement. This
B. NMR spin-lattice-relaxation spectroscopy observation indicates that thHeN spin-lattice relaxation in

The spin-lattice relaxation timeTg) measurements were CKN in this temperature range is not likely to be governed
carried out under static conditions using the standardy the CSA fluctuation process. Therefore it can be safely
saturation-recovery method with a modified Varian horizon-concluded that the spin-rotation interaction is the dominant
tal solenoid probe and a modified Varian VXR-&8pec- mechanism of relaxation dfN nuclides in this temperature
trometer operating at a resonance frequency of 40.54 MHyange and I;~1/T (gg)-
for N.° Following saturation the recovered magnetizations
were measured as a function of waiting time from the areas B. Determination of correlation times
under the fully averaged LorentzidiN peaks. Spin-lattice for rotational reorientation of the NO 3~ ions
relaxation data could not be obtained Bt 370 K as the
15N T,’s were found to be too long to avoid crystallization of
the liquid within the time scale of the measurements.

The spin-rotation interaction is controlled by the coupling
between the nuclear spin of a nuclide in a molecule and the
angular momentum of the molecule associated with its rapid
rotation. In the case of a symmetric rotor such as thegNO

lll. RESULTS AND DISCUSSION ion, the relationship between its rotational angular momen-
A. 15N spin-lattice-relaxation mechanism in CKN tum correlation timer; and the spin-lattice relaxation time

15 ] ] T, due to spin-rotation interaction can be expresséd as
The N T, is found to decrease monotonically with in-

creasing temperature from 31.4 s at 370 K to 3.0 s at 440 K 1 2 OkgTc?r,
(Fig. 1). The spin-lattice relaxation mechanism of th .53 57
nuclides in CKN liquid may contain contributions from three 1
processes(i) chemical shift anisotropfCSA) fluctuation,
(i) dipolar coupling (dd) fluctuation, and(iii) the spin-
rotation (SR) process. Therefore, the experimentally mea-
suredT; can be expressed®s

)

where® is the moment of inertia of th&NO;™ ion, ¢ is the
effective spin-rotation coupling constaitdenotes the abso-
lute temperature, arkl and# are Boltzmann’s and Planck’s
constants, respectively. The valueodfor the 1°NO;™ ions in
CKN has been approximated to be the same as (ta7
iz 1 1 1 _ (1) kHz) determined experimentally for these ions in concen-
Ti Tiesy Tudo Tusm trated aqueous CBO5), solution® The value of® has been
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NO3™ ion, both the Debye model and the extended diffusion
model yield similar results for the relationship between
and; in the temperature range wherg/ 7-<1.8 Therefore,
we have used the extended diffusion model over the entire

) temperature range df; measurement in order to calculate
£ from 7;. The one-dimensional symmetric rotor approxima-
$ tion for this model yield%
e
2 /Tc 7o=1iKI(1-K), 4)

12 | P uni where

"1 seGohgnITT

I Ot Y] = exp— w?/2w*?)
B — T K=(2/Tr)1/2(1/a)*)f —————do.
23 24 25 26 27 0 1+4w?r
1000/T (K)

In this expressiong is the magnitude of the angular velocity
FIG. 2. Temperature dependence of the correlation timesd  vector andw* = (kT/©)2.

7. for the NO;~ ions as obtained from th&®N T, data using Egs. The values ofr; calculated from Eq(4) are found to
(3) and (4), respectively(see text for details The dashed lines decrease from 10*%s at 370 K to 10%?° s at 440 K(Fig.
through the data points are guides to the eye only. Note the increa), The nearly Arrhenius temperature dependence, ¢Fig.
ing decoupling ofrc from 7gpeq,0n cooling. 2) yields an activation energy of #31 kJmol?* for the

NO;~ reorientational dynamics within this temperature

) ) _range. This value is in good agreement with the previous
taken to be the same as the theoretical moment of inertia @5 man scattering results on CKN which yielded a value of
15NOL — 46 6 ;

the *NO; "~ ion, 9x 10 “® kg n?.° However, it should be 15 5+0.5kJmol? for the NO,~ reorientational dynamics
kept in mind that such an approximation may not be entirely,yer 4 wide temperature rangeThe numerical values of,
yahd in the case gf cooperative rotation of a féWNO, . obtained in this study are within 1 to 1.5 log units of the
ions as a cluster in the liquid in which case the effectiveNyo,~ reorientational correlation times measured directly us-
v_alue of® will increase. The angular_momentum correlation ing the OKE and Raman scattering techniques, over the same
time 7, for the ions can then be readily calculated as a fU”CTemperature rang:!2 Such an agreement is remarkable
tion of temperature from Eq(3) and is found to show & considering the possible discrepancies that may arise from
monotonic increase with increasing temperature fromye approximations regarding the choicecaind® values in

—13.6 12.6 H
10 ™"s at 5’570 Kto 107°"s at 440 K(Fig. 2. our calculation ofr; as well as the specific model depen-
Previous™N NMR line shape and quasielastic neutron yence of the relationship betweeg and 7, .

scattering studies indicate that the fast rotation of‘finO;~
ions in CKN is likely to be around the {axis®® The reori-
entational correlation time, of a vector in the plane perpen-
dicular to the axis of rotation, i.e., the N@lane, can be
calculated fromr; using various diffusion models®° The Previous studies have shown that the coexisting fast- and
time taken by a freé®NO;™ rotor to reorient by 1 radian, slow-tumbling NQ~ ions in CKN within the temperature
e=(0/kgT)?is ~107 124 s within our temperature range range 340 KsT<365 K are characterized by short and long
of T, measurement. A comparison betweenthealuesand T,’s, respectively’ It is clear from Eq.(3) that in order for

7 shows that at the lowest temperatureSgofmeasurement the NO;” ions with differentT,’s to coexist at the same
73/ =<1 and a Debye model of diffusion would be appro- temperature, the; and/or® of these ions would have to be
priate for calculatingr, from 7;. However, at the highest different. If the slow tumbling N@ ions are rotating as
temperatures;~ - and Gordon’s extended diffusion model small clusters in a cooperative fashion in the liquid then the
must be employeti Previous optical Kerr effedfOKE) and  effective ® would be larger than that for a single ion. How-
Raman scattering studies of the reorientational correlatioever, everything remaining the same, an increade would
time scale of the N@ ions in CKN have shown that itis 1 result in a shorter; for the slow tumbling ions which is in

to 5 orders of magnitude shorter with respectrig., within ~ contrary to our observation. Therefore, the slow-tumbling
the present temperature randeé? The loss in reorientational ions with longT;’s are bound to have a shortey or, equiva-
correlation is caused by molecular collisions. Thysis  lently a longerr., with respect to that for the fast-tumbling
closely related to the average time between the successivens. Such a difference im; may arise from microscopic
collisions experienced by the molecules. As the overallspatial heterogeneity in viscosity in the CKN liquid, as
reorientation/tumbling time scale of the NOions closely would be predicted by the Stokes-Einstein relationship,
corresponds tape,, it can be safely assumed that within the = ®/87r3» where r is the hydrodynamic radius for the
temperature range df, measurements the orientation of the NO;~ ion.!° This relationship should be regarded as only
axes of rapid rotation of N© ions remains fixed in space approximate in the framework of the extended diffusion
for a time that is long compared to the time between theimodel; nevertheless it provides an idea of the physical con-
successive collisions. In the case of this “one-dimensionatrolling factors of r; in a liquid. Hence, the coexistence of
rotor” approximation for a symmetric rotor such as the slow tumbling nitrate ions with longéeF; and fast tumbling

C. Physical nature of the spatial dynamical heterogeneities
in CKN liquid at T<365K



8382 S. SEN AND J. F. STEBBINS PRB 58

nitrate ions with shortef; in CKN could be associated with B]  —
the presence of “solid-like” regions with high viscosity and i
“liquid-like” regions with low viscosity. The close corre-

spondence of the fast-tumbling time scale withe,, indi- 115
cates that the bulk viscosity of the supercooled CKN liquid is

being controlled by flow in the low-viscosity regions within '%’ o

the temperature range 34GKT<365 K2 The appearance 2 L © ]
of a solid-like behavior in the density correlation function in o

a supercooled liquid at the transition temperatiigds also ‘én o ©

gualitatively predicted by the mode coupling theory of glass =
transition'® The physical signature of such a behavior is
however, not well known. The close correspondence be-
tween the temperature of the first appearance of high- and
low-viscosity regions in CKN(365 K) and the mode cou- 13
pling T, (3685 K) strongly indicates an association be-
tween the predicted solid-like behavior of the density corre-
lation function and the slow dynamics in the high-viscosity

125 o o0o00®

2.2 23 24 25 2.6 2.7 2.8 29
1000/T (K*)

FIG. 3. The variation ofr, with temperature in the supercooled

regions. CKN liquid showing the presence of a cuspTat 365 K (dashed
line). The value ofr; at the lowest temperatutélled circle) should
D. Identification of the rotational reorientation of NO 3~ be considered as an upper limit only.

ions with the mode coupling B8 process

The mode coupling theory predicts the presence of a fast

B-process which governs the initial part of a two-step deca)f‘mq 200 s following the complet_e saturation of the magneti-
of the density correlation functiol. Our >N NMR line zation shows that the fast-tumbling component has a shorter

shape and spin-lattice relaxation results, when combined-l,_l with respect to the slow-tumbling one and is fully relaxed

also indicate a two-component decay of the orientational corl! € spectrum collected with 10 s defayherefore, thel
relation of NQ~ ions in CKN. The fast € 10712 s) compo- of the fast-tumbling component has to be less than 10 s

nent corresponds with the rapid rotation of the NQons  Which imposes an upper limit on the correspondmgalue
of ~10 1245, This limiting value of r, obtained atT

about the G axis; the corresponding reorientational correla-~" h ) th th | leul ;
tion decays due to molecular collisions. The second compo= 361 K, when combined with the; values calculated from

nent represents the considerably slower overall reorientatiory’€ T1 data af=370 K, shows the predicted cusp as a func-
tumbling of these ions which randomizes the orientation of!On Of temperature near the mode couplifg(Fig. 3). This

the G, axis and corresponds with they., of CKN. It is observation Ier_lds strong support in f_avor_qf th_e existence of
therefore tempting to identify the rapid rotation of the No & mode couplings-process and its identification with the
ions with the mode couplingg-process and the tumbling of rapid rotational reorientation dynamics of the NGons in
these ions with the mode couplingprocess. This is sup-

ported by the fact that reorientational correlation timgss

measured in this study correspond, within 1 to 1.5 log units, IV. SUMMARY
with the time scale of thgg-process ¢;) in CKN as mea- 5 ) i .
sured in previous light scattering studiés. In summary, the'>N spin-lattice relaxation in the super-

The spin-rotation mechanism dfN spin-lattice relax- €00led CKN is shown to result from the rapid picosecond

ation predicts a close relationship betwélenand , as dis- tlme_ scalg rotational re.orlentatlon o_f the.g_lCions'. This fast
cussed above. The appearance of a bimodal heterogeneity fRCrientational dynamics can be identified with the mode
the NT, in CKN at T<T, is thus, indicative of a corre- coupling B process in contrast with the_ process of slow
sponding anomalous bifurcation of at the same tempera- overgll reorlentatlon/tu.mblmg of thgse ions.. These two dy-
ture. An anomaly in thegg-process aT =T, is also predicted namical processes with widely dlffgreqt time scales are
by the mode coupling theory although it uniquely predicts arIOund to be cIo_ser mterrela?ed result_lng In a two-step decay
increase inr; on approachingT, from both above and of the one_nta_tlo_nal correlation function Qf the NOions.
below3 Unfortunately, as mentioned before, we could not '"® CKN liquid is shown to become spatially heterogeneous
measureT; (and thereforer;) below T, in this study due to on cooling belc_)w th_e mode_ coupling; with coexisting
crystallization problems in order to verify such a prediction, "9h- and low-viscosity domains.
However, an upper limit on th€; of the fast-tumbling com-
ponent in CKN can be obtained from'aN differential re-
laxation experiment carried out in a previous studyTat
=361 K where the coexisting slow- and fast-tumbling NO The authors acknowledge funding from the Center for
components are best resolved in th#l line shape. Two  Materials Research at Stanford University, supported by the
15N spectra collected at this temperature with delays of 10 §ational Science Foundation.
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