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The tumbling dynamics of the NO anions in Cg4Kqs(NOs); 4 liquid have been studied close to its
glass transition(T, = 333 K) by **N wide line NMR spectroscopy. The time scale of this tumbling
dynamics closely corresponds to that associated with the shearretaxation in this material over
5 orders of magnitude. Clear evidence of bimodal spatial heterogeneity in this dynamics was observed
close toT, within a small temperature range (340 to 365 K) with the coexistence of a slow- and a fast-
tumbling population of N@~ anions. The relevance of the existing models of cooperative dynamics
near glass transition in explaining these observations are discussed. [S0031-9007(97)03057-3]

PACS numbers: 64.70.Pf, 61.43.Fs, 76.60.—k

The dynamics of various relaxation processes and themround this axis. A number of studies using Raman
relation to the nature of glass transition have been studiescattering, the optical Kerr effect, and molecular dynamics
extensively in recent years, both from theoretical andsimulation have proposed that the NOion undergoes
experimental standpoints [1-8]. It has been proposed thaapid rotation on the picosecond time scale around the
the nature of the relaxation processes can be fundamental§, axes, even below, [14-16]. In the case of such
different between ionic and molecular glass formers as wellapid rotation the CSA of the NO ion would decrease
as between strong and fragile liquids [8]. Formation ofby 50% and change its sign, although it will still remain
spatiotemporal dynamical heterogeneities in supercooledniaxial. However, the CSA for CKN glags-235 ppm) is
glass-forming liquids has been implicitly or explicitly very similar to those reported for various crystalline alkali
hypothesized to play a major role in viscous slowdownand alkaline earth nitrates (205 to 231 ppm) for which
and glass transition [2,9—12]. Experimental observatiorsingle crystal measurements show that the orientation of
of these heterogeneities and the determination of theihe principal axis of the CSA tensor is coincident with the
physico-chemical nature would thus play a central roleC; axis of the NQ™ ion [17,18]. Thus, the fast rotational
in our current theoretical understanding of the problem oflynamics of the nitrate ions in the CKN glass, as observed
glass transition [12]. by Raman scattering and optical Kerr effect, has to be of a

In this article we report the first observation of the
tumbling dynamics of N@ planar triangular ions in
an extremely fragile liquid, GaKog(NOs);4 (CKN) by
variable temperaturé®N static nuclear magnetic reso-
nance (NMR) spectroscopy close to its glass transition
(T, = 333 K[13]). The CKN glass was made from 99%
5N-enriched KNQ and Ca(NQ), by the usual procedures
[13]. The glass samples were crushed and remelted in
vacuum at 533 K and sealed in pyrex tubes, followed by
quenching in air in order to ensure dryness. Stathd
spectra were obtained from 233 to 432 K with a modified
Varian horizontal solenoid probe and a modified Varian
VXR-400S spectrometer operating at a NMR frequency
of 40.544 MHz for'>N. The temperature gradient across
the sample was found to be withinl K. The >N magic
angle spinning (MAS) spectrum was acquired at room
temperature with a Varian MAS probe.

The static’®N spectrum of the CKN glass @&t = 233 K
[Fig. 1(a)] is typical of a uniaxial powder pattern. With
increasing temperature this line shape remains unchanged | ! s . e 1
up to7 = 340 K, a few degrees abovE, (Fig. 2). The 8 4 0 -4 -8 -12
D3, symmetry of the N@™ ion gives rise to such a uniaxial kHz
chemical shift anisptropy (CSA) tensor with the uniqueg g 1 (a) The!N static powder spectrum of CKN glass at
axis along theC; axis of the molecule. The CSA tensor 7 = 233 K. (b) MAS powder spectrum of CKN glass at room
would remain unchanged if the ion is jumping or rotatingtemperature; spinning speed equals 5.5 kHz.

0031-900797/78(18)/3495(4)$10.00  © 1997 The American Physical Society 3495



VOLUME 78, NUMBER 18 PHYSICAL REVIEW LETTERS 5 My 1997

(a) (b) whereT; is the measured spin-spin relaxation time at each
JL JL temperature and, is its value in the absence of exchange.
372 K P; and §; denote the intensities and chemical shifts,

AN 369 K \ respectively, of a series of equally spaced lines under
W_/k,,‘ ;§ the 1N spectral line shape in the absence of exchange.
365 K / . —1
T, and T» have been approximated dsAv.)”' and
N A (mAv,)" !, respectively, wherédv, is the experimental
~w/\\’w ;i linewidth at the corresponding temperature akd, is
357 K . . " . . _ .
its limiting value determined as the limiting instrumental
AT N linewidth of 24 Hz.
W,J\‘\,M —_M A comparison of the simulated line shapes with the
WX experimental spectra is shown in Fig. 2. o> 365 K
M H.k the spectra can be well simulated with a single temperature
R R B N R AT 17 s « o 4 s ue  dependent tumbling frequendynwr) . However, for
temperature$40 < T = 365 K, the N spectra (Fig. 2)

FIG. 2. (a) The experimentafN static NMR spectra of CKN %early indicate that, in the case of isotropic tumbling of

glass and liquid at temperatures indicated, showing effects g . - . f
motional narrowing on the line shape. (b) Simulated spectra a 1€ NG~ ions, the line shapes cannot be simulated with a

the same temperatures. For details of the simulation see textSingle Tnvr Value. Simulations on the basis of restricted
rotational jumps of the N© ion about its different sym-
metry axes [19] also failed to reproduce such line shapes.
different nature than that postulated. The MAS spectrum3N spectra were obtained in this temperature range as
[Fig. 1(b)] indicates the presence of only one type ofy function of increasing waiting time after saturation of
nitrogen site in the glass within experimental resolutionthe magnetization, an example of whichZat= 361 K is
with an isotropic chemical shift of-4.6 = 0.5 ppm with  shown in Fig. 3. These results unambiguously show the
respect to crystalline KN§ presence of at least two dynamically distinct population
With an increase in temperatu(€ > 340 K), the line  of NO;~ ions with different NMR spin-lattice relaxation
shape starts changing rapidly until it finally collapses to &imes (7;'s). The slow tumbling population was found
single narrow Lorentzian peak at the isotropic chemicato have a longefT; than the fast tumbling population.
shift at 7 = 367 K, indicating rapid tumbling motion The spectral line shapes in this temperature range can
of the NG~ ions (Fig. 2). The linewidth continues to ndeed be reasonably well simulated with a slow- and a
decrease and reaches a limiting value of 24 Hz withirfast-reorienting population (Fig. 2). The fraction of the
instrumental resolution & = 395 K. The spectral line  sjow population is found to decrease with increasing tem-

shapes have been simulated up7to= 372 K, using a  perature, and its tumbling frequency is about an order of
model of a reorientational exchange of NOions among

N different sites or orientations by isotropic tumbling. The

analytic expression for the resulting line shape is given by fast
the real part ofg(w) [19], where i
(w) _ l L slow
8 N 1 — (L/mnmr) l

andL = ijl’N[i(w — a)j) + l/sz + N/TNMR]_I, o
is the frequency and; is the reciprocal of the intrinsic
linewidth corresponding to the orientatigrof the ion, and
1/7nMr is the frequency of the orientational exchange or
the tumbling frequency of the NO ions. In this analysis,
the frequencies; corresponding to 400 orientatiold’)
were generated by taking that many angular steps through
the expression for the uniaxial powder pattern [19]. The
value of T,; has been kept constant as 0.7 ms for all
orientations in all of the simulations.

The rnvr Values atT = 372 K (up to T = 380 K)
have been obtained from the linewidths under the fas
exchange approximation [20], according to which

slow
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{FIG. 3. The experimental®N static NMR spectra of CKN
obtained atl” = 361 K as a function of variable waiting times
after complete saturation of the magnetization. The top and
1 1 n bottom spectra correspond to waiting times of 500 and 10 s,
— = — 4+ MR Z Pi5i2’ respectively. The slow- and fast-relaxing components are as
T, 2 = shown.
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magnitude smaller than that for the fast populationdomains of the slow and fast reorienting NOions. Al-
(Table I). The simulated™®N spectral line shapes have though a distribution of correlation times resulting from
been found to be relatively insensitive to the changeslensity or structural fluctuations in liquids may give rise
in (nmr) ! in the range of a few Hz to a few hundred to spatial heterogeneities within theor 8 processes, no
Hz. This is a plausible explanation for the lack of adefinitive evidence of bimodality in these distributions in
clear two-component structure in the spectrum of CKN aifonic liquids has been reported so far, to our knowledge.
T = 349 K. Itis also consistent with the fact thatth®N  The fast and slow tumbling domains in CKN can be iden-
spectra do not show any sign of reorientational exchanggfied with the “liquidlike” and “solidlike” regions, respec-
at temperatures very close @, (333 < T < 340 K). tively, as postulated in the free volume model coexisting
We were only able to simulate the spectrunTat 349 K nearT, [9]. The rapid decrease in the fraction of the fast
with an averaggrymr) ™! of =700 Hz (Fig. 2). Two- tumbling ions on cooling below 365 K is indicative of the
dimensional NMR experiments are more sensitive tdancreasing length scale of the slow domains or solidlike re-
slow dynamics and will be able to resolve these issuegions. Moreover, the similar time scales®f.., and the
in the future. The time scale of the tumbling processfast componentyyr indicate that motion in the liquid-
7~mr Of individual NO; ™~ ions as measured in this paper like regions is responsible for the viscous flow in the su-
(Table 1) ranges between0 2% and 1077°'s. The percooled liquid, as hypothesized also in the free volume
strong correspondence afyvr (0Or its fast component, model [9]. But our results do not show any evidence of a
where the dynamics is heterogeneous) with the averagglass transition at the percolation threshold of the solidlike
shear relaxation time scaley,.., [13], over the entire regions, as predicted in the free volume model.
temperature range, strongly suggests that the tumbling of As the average tumbling time scale in the slow domains
the NG~ ions is closely related to the process and, is an order of magnitude longer thaig,..., the system
hence, to the glass transition in CKN (Fig. 4). Theur is nonergodic af’ < 365 K, in the time scale ofrgpey,.
of the slow NQ™ ion population is approximately an On the other hand, ergodicity is restored7at> 365 K
order of magnitude longer thame.; . as the domains of dynamical heterogeneity in CKN
Temporal and/or spatial heterogeneities within the dydisappear at this temperature. It is tempting to identify
namics of thea and 8 processes have previously beenthis temperature(T = 365 K) with the mode-coupling
observed in the case of polymeric and molecular liquiddransition temperature [1] of.. In fact, this value
close to the glass transition [5,7]. In all these cases, spaf T. corresponds quite well with that obtainé€d. =
tial heterogeneities were found to persist in the liquids with368 += 5 K) from recent neutron scattering experiments
lifetimes much longer than the average relaxation time 0f2121]. Such an identification of mode-couplifig with
the correspondingr or 8 processes. Direct observation the domain disappearance temperature was also suggested
of spatial heterogeneity in the NO tumbling dynamics by Stillinger [2] in his domain tectonics model of glass
is not possible with the present technique. However, théransition. However, in this model, the two time scales
strong bimodal nature of the dynamics and the relative prodifferentiating the dynamics within the “domains” and the
portions of the slow and fast tumbling components within“domain walls” correspond to a slow process and a fast
the temperature range 840 < T = 365 K strongly sug-
gest the presence of a bicontinuous spatial distribution of

4 T T 1)
TABLE I. N line shape simulation parameters for CKN at ; ]
different temperatures. ; ]
109,0 TNMR Fraction of the - ]
Temperature (K) (s) slow population - ; ]
1. 349 ~2.84 ? E E }
2. 353 —2.84 (slow) 0.75 ;
—3.98 (fast) ; 3
3. 357 —3.00 (slow) 0.58 | ]
—4.18 (fast) '
4. 361 —223 E?'OV\)/) 0.45 152 2.4 2.6 2.8 3 3.2
—4. ast -1
5. 365 —4.00 (slow) 0.40 1000/T ()
—5.00 (fast) FIG. 4. Comparison of the correlation timeyxyr (open
6. 369 —6.48 squares), Wwithrg., (solid line, [13]) for CKN glass and
7. 372 —7.00 liquid at different temperatures. For details see text. The
8. 376 —7.51 slow component ofryur is shown (crossed squares) in
9. 380 —~7.90 the temperature range where the dynamics is heterogeneous.

The dashed vertical line marks,.
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