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Kinetic-freezing dynamics of the supercooled liquid state in 2-cyclooctylamino-5-nitropyridine
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The nature of the supercooled liquid state, namely, either a kinetic freezing phenomenon or an equilibrium
glass phase transition, has been studied in the organic material@2-N-~cyclooctylamino!-5-nitropyridine#
~COANP! and the results were compared to a deuteron glass phase of Rb0.56~ND4!0.44D2PO4 ~DRADP-44!. In
partially deuterated COANP the1H line-shape analysis shows a continuous broadening of the spectrum on
cooling that is typical for a slowing-down molecular dynamics where the thermal motions gradually freeze out.
The motions are characterized by a nonexponential decay of the autocorrelation function. Two types of motion
are involved in the freezing scenario. On cooling the isotropic molecular reorientations with the Vogel-Fulcher-
type dynamics freeze first. This is followed by the freezing of the Arrhenius-type intramolecular motions. The
kinetic-slowing down dynamics is observed also in the gradual broadening of the deuteron spectrum. In the
low-temperature part of the supercooled phase the frozen-in molecular orientations result in a strongly disor-
dered amorphous structure where all molecular orientations are equally probable. The corresponding deuteron
static NMR spectral shape in the supercooled phase equals that of a crystalline powder. The degrees of static
and dynamic disorder have been observed spectroscopically separated by the two-dimensional~2D! NMR
separation of static and dynamic line-shapes technique. It is found that the glass disorder in the high-
temperature part of the supercooled state is purely dynamic, exhibiting no static component. This is different
from the deuteron glass phase in DRADP-44 where a similar 2D separation experiment has shown that the
static component of the disorder is present in both the fast and the slow motion regimes. The asymmetric static
87Rb line shape demonstrates that the glass disorder in DRADP-44 is weak and represents small deviations
from the crystalline order. The supercooled state in COANP appears as a pure kinetic-freezing phenomenon
when observed on the frequency scale of the NMR line shape.@S0163-1829~98!05702-6#
e
n
e

dy

tri
em
ra

cr
as
h

s
e
t

ts
a
le
ic

om
ta
t.

o

oled
than
om-

ons
in
ua-
rger
n

a
n-
d.
ell
led
l,

-

uid
inear

on
re

r

I. INTRODUCTION

Strongly disordered materials like glasses and sup
cooled melts are characterized by the lack of orientatio
and translational long-range order. The theories of magn
spin glasses,1 electric dipolar ~pseudospin! glasses,2 and
quadrupolar3 glasses predict the existence of a thermo
namic glass phase below the glass transition temperatureTg ,
determined experimentally from the cusp in the dielec
susceptibility. At still lower temperatures the glassy syst
undergoes a new kind of an ergodic-nonergodic phase t
sition at a freezing temperatureTf . Below Tf molecular re-
orientational and translational time constants become ma
scopically long and the system cannot visit the whole ph
space in a finite time so that the ergodicity is broken. T
observation of the ergodic-nonergodic phase transition
however difficult as experimentally one monitors the gla
phase with a finite frequency observation window of a giv
experimental technique and observes at least a part of
physical observables~such as random atomic displacemen!
static on the experimental time scale. In the presence of m
roscopic molecular reorientation times it is thus in princip
difficult to discriminate between the real thermodynam
glass phase transition and a kinetic slowing-down phen
enon, where the molecular glassy structure is observed s
only because of the finite time scale of the measuremen

The same problem arises in the context of dynamics
570163-1829/98/57~5!/2812~9!/$15.00
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another type of glassy structures, namely, the superco
liquids and melts. These structures are less understood
the spin and pseudospin glasses due to a much higher c
plexity of the glass disorder. In a two-state spin glass~e.g., a
magnetic spin glass or a H-bonded proton glass! the spin
variables orient randomly between two possible orientati
only, which simplifies the problem considerably. In sp
glasses with a higher value of the spin number and in q
drupolar glasses the number of possible orientations is la
than two but still relatively small. In supercooled liquids, o
the other hand, the possible molecular orientations form
quasicontinuum~e.g., all orientations on a sphere are in pri
ciple possible! and the theoretical approach is more involve
It has been known for a long time that some organic as w
as inorganic compounds form extremely stable supercoo
liquid states~e.g., ordinary window glasses, melts of salo
and Glauber salt solutions!, which could be kept in the su
percooled liquid state for a practically infinite time.4 Interest-
ing organic compounds forming stable supercooled liq
states have been discovered recently. These are the nonl
optical materials COANP~Ref. 5! @2-N-~cyclooctylamino!-
5-nitropyridine# and MBANP ~Ref. 6! @~S!-2-N-a-
~methylbenzylamino!-5-nitropyridine#. Chemically pure
melts of these compounds do not show crystallization up
cooling below the melting point at cooling rates that a
typical for differential scanning calorimetry~DSC! experi-
ments ~1–20 K/min!. Even further cooling to much lowe
2812 © 1998 The American Physical Society



e
ti

et
lts
ta
p

n
c-
ed
p

s

te
nd

a
di
ive
o

he

gh
si
ue
he
er
on
b-

re
ul
-in
is
ti

th
n

th
ac
t

a
op
na
f,
o

es
ll
ta

by
ete
h
the
tal-
s

text
lass
the
mic

MR
ru-

ow
ki-
ne

the
s in
er.
ns
ex-
is
ss

ates
ex-
t is

D-
r in

eas
sor-

ssy
rder
ular

y of
We
fre-
i-
is-
ally
ri-
the
ies
ole
oth

the
t of
the
rder

the
pic

calar

57 2813KINETIC-FREEZING DYNAMICS OF THE . . .
temperatures does not lead to crystallization. A crucial qu
tion is whether this disordered state results from a kine
slowing-down molecular dynamics so that the state is m
stable but with a macroscopically long lifetime or it resu
from a phase transition to a nonergodic thermodynamic s
corresponding to a structural glass as in the case of s
dipolar, and quadrupolar glasses.

In our previous work7 on the NMR spin-lattice (T1) and
spin-spin (T2) relaxation in COANP, the autocorrelatio
function gv(t) of the fluctuations of the deuteron electri
field gradient~EFG! tensor elements has been determin
gv(t) was found to be polydispersive and could be well a
proximated by the Kohlrausch-Williams-Watts~KWW!
function8

gv~ t !5exp$2~ t/tc!
a%, ~1!

wherea is the ‘‘stretched’’ exponent (0,a,1). The aver-
age autocorrelation timetc was found to be non-Arrheniu
and the empirical Vogel-Fulcher modification

tc5t0 exp@E0 /kB~T2T0!# ~2!

described well the temperature dependencies ofT1 and T2
using the Vogel-Fulcher temperatureT05239 K and a
50.55. The polydispersity and the non-Arrhenius charac
of the relaxation is in agreement with the dielectric a
second-harmonic measurements9 where similar values ofT0
and a were found. The polydispersive nature appeared
ready in the liquid phase of COANP, in contrast to the or
nary liquids where the relaxation is strictly monodispers
(a51). This demonstrates that correlations between m
ecules may play a significant role in the formation of t
supercooled liquid state.

The NMR relaxation measurements provide an insi
into the dynamics of the supercooled state but a conclu
microscopic picture cannot be made on that basis. The q
tion remains which types of molecular motions play t
dominant role in the formation and dynamics of the sup
cooled state. The motions considered are the translati
and rotational diffusion of COANP molecules as rigid o
jects and the intramolecular motions of CH2 groups of the
octyl ring. It is not clear whether the diffusional motions a
isotropic in space so that the slowing-down dynamics co
result in an amorphouslike structure with all the frozen
molecular orientations equally probable or the diffusion
anisotropic, so that a part of the crystalline order could s
exist in the frozen-in supercooled state. To elucidate
question we performed a study of proton and deuteron o
dimensional ~1D! and two-dimensional~2D! NMR line
shapes in the selectively deuterated COANP~D-COANP!.
The proton line shape is determined predominantly by
secular part of the nuclear magnetic dipole-dipole inter
tion, whereas the deuteron line shape is determined by
electric quadrupole interaction. These two interactions
both traceless and are averaged to zero by a fast isotr
molecular motion in space, producing a complete motio
narrowing of the NMR spectrum in the fast motion limit. I
on the other hand, the motion is anisotropic, only a part
the rigid lattice spectrum is motionally averaged. The qu
tion whether all frozen-in molecular orientations are equa
probable or some of them are preferred, so that a cer
s-
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degree of order still exists in the static limit is addressed
studying the shape of the static NMR spectrum. A compl
lack of order~strong disorder! results in a static shape whic
equals that of a crystalline powder, whereas in case that
disorder represents small random deviations from a crys
line order ~weak disorder! an asymmetric inhomogeneou
line shape results. Another important question in the con
of dynamics of the supercooled phase is whether the g
disorder is static or dynamic or both of them coexist on
experimental time scale. The degrees of static and dyna
orientational disorder have been determined by the 2D N
separation of static and dynamic parts of the electric quad
polar interaction of deuterons.

The 1D and 2D NMR results presented in this paper sh
that the supercooled liquid state in D-COANP is a pure
netic slowing-down phenomenon. The resulting NMR li
shape shows no static inhomogeneous broadening in
high-temperature part of the supercooled phase wherea
the low-T part the shape equals that of a crystalline powd
This demonstrates that all frozen-in molecular orientatio
are equally probable and the disorder is strong. The 2D
periment in the supercooled liquid phase of D-COANP
contrasted to the similar experiment in a proton gla
Rb0.56~ND4!0.44D2PO4 ~DRADP-44!. There the asymmetric
shape of the inhomogeneous NMR spectrum demonstr
that the disorder is weak. Random atomic displacements
hibit static components already at room temperature tha
far above the nominal glass temperatureTg'90 K, and the
static disorder increases on cooling. By comparing the
COANP and DRADP-44 results we show that the disorde
the proton glass phase is weak so that on a small scale~few
unit cells! the structure looks ordered as in a crystal wher
the supercooled state exhibits a strong amorphouslike di
der with a complete lack of a crystalline order.

II. NMR LINE SHAPE IN THE GLASSY STATE

A. Static line shape

A general disordered state—here referred to as the gla
state—is characterized by the absence of a long-range o
so that the surroundings of the molecules and the molec
geometry~i.e., bond angles and bond distances! vary from
place to place. As a result, the NMR resonance frequenc
a given type of nuclei also becomes space-dependent.
thus have in disordered systems an inhomogeneous
quency distributionf (v) of resonance lines for each phys
cally nonequivalent site in the sample instead of a few d
crete homogeneous resonance lines of the physic
inequivalent sites in the unit cell as in translationally inva
ant single crystals. For quadrupolar nuclei the disorder of
lattice is manifested in the fact that the EFG tensor var
randomly over the lattice sites so that the electric quadrup
interaction is smeared. The EFG tensor variation comes b
from the differences in eigenvalues and orientations of
principal axes. In most cases however the dominant effec
the disorder is the rotation of the EFG tensor, whereas
eigenvalue changes are only minor so that the glass diso
is predominantly of the orientational character.

The static NMR spectrum exhibits different shapes in
cases of weak and strong disorder. Assuming an isotro
glass where the disorder can be described by a single s
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2814 57J. DOLINŠEK, M. KOREN, AND R. KIND
quantity u(r ) distributed by a distribution functiong(u)
symmetric aroundu50, one obtains in the weak disorde
case an asymmetric static line shape.10 In the strong disorder
case, on the other hand,u(r ) can assume all possible value
with equal probability so that the static line shape equals
of a crystalline powder.

B. Dynamic effects on the NMR line shape in the supercooled
liquid state

In the supercooled liquid the NMR line shape is genera
expected to be motionally averaged because of fast stoch
rotational and translational molecular motions. Fast isotro
motion averages to zero any traceless tensorial interac
like the secular part of the magnetic dipole-dipole interact
or the electric quadrupole interaction and produces a c
plete narrowing of the rigid lattice spectrum. An anisotrop
motion produces on the other hand only partial narrowing
the rigid spectrum, reflecting the fact that not all of the ten
elements are averaged to zero. A study of the motion
narrowed spectrum provides a way to distinguish betw
the isotropic liquidlike motion and the motion in restricte
geometries.

The line shapeI (v) is given by the Fourier transform o
the free induction decay functionG̃(t)

I ~v!5E G̃~ t !e2 ivtdt. ~3!

Here

G̃~ t !5eiv0tG~ t !5eiv0tK expF i E
0

t

v~ t8!dt8G L , ~4!

with the bracketŝ & representing an average over the dis
bution of frequencies between which the resonance
quency randomly jumps. Following Abragam,11 G(t) can be
expressed as

G~ t !5exp$2vp
2Z~ t !%, ~5!

with

Z~ t !5E
0

t

~ t2t!gv~t!dt. ~6!

Here vp
2 is the second moment of the resonance line fo

rigid lattice andgv(t) is the reduced autocorrelation fun
tion for the frequencyv(t) of the fluctuating random fields

gv~t!5
^v~ t !v~ t2t!&

vp
2 . ~7!

Sincevp
25^v2&, we havegv(t50)51.

In organic melts and polymer glasses12 it has been many
times observed that the loss of correlation expressed
gv(t) is strongly nonmonoexponential. The autocorrelat
function can be in many cases approximated by the KW
stretched-exponential function of Eq.~1!. In that case it is
possible to obtain an analytic solution forZ(t) ~see Appen-
dix!
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Z~ t !5
tct

a
gF 1

a
,S t

tc
D aG2

tc
2

a
gF 2

a
,S t

tc
D aG . ~8!

Hereg represents the incompleteg function that depends on
the value of the stretched exponenta.

In the slow motion limit @(t/tc)
a!1# we get Z(t)

't2/2, yielding a Gaussian line shape with thea-
independent standard deviationvp ,

G~ t !'exp$2 1
2 vp

2t2%. ~9!

In the fast motion limit@(t/tc)
a@1# we get, on the other

hand,Z(t)'tctG(1/a11), whereG is the completeg func-
tion. This yields a Lorentzian line shape

G~ t !'expH 2vp
2tcGS 1

a
11D tJ , ~10!

the width of which depends on the value of the stretch
exponent a. Since in the fast motion limittc→0, the
asymptotic Lorentzian line shape is infinitely narrow. Equ
tion ~5! can be adapted to yield a nonzero residual linewi
in this limit by splitting the second moment into two part
vp

25vp8
21vp9

2. Here only thevp8
2 term is destroyed by the

motion, whereas thevp9
2 term represents the residual line

width, originating from the interactions which are not ave
aged to zero by the motion. Experimentally this residu
width is often determined by the external magnet inhomo
neity. Equation~5! can be now rewritten as

G~ t !5exp$2 1
2 vp9

2t2%exp$2vp8
2Z~ t !%. ~11!

III. SEPARATION OF STATIC AND DYNAMIC
DISORDER IN GLASSES BY 2D NMR

The question whether the glass disorder is static or
namic on the time scale of the experiment can be resolve
an elegant way by the 2D NMR separation of inhomog
neous and homogeneous line-shapes technique.13 The basic
idea of separation of static and dynamic disorders lies in
fact that the nuclear spin precession in static local rand
electric and magnetic fields can be refocussed in a spin-e
experiment whereas the refocussing is not possible in
namic randomly fluctuating fields. A general consequence
the glass disorder is a smearing of the tensorial interact
like the nuclear electric quadrupole interaction. Such an
homogeneous interaction broadens the NMR absorp
spectrum. In case that the glass disorder is static on the
quency scale of the experiment, the broadening is static
homogeneous and directly reflects the static frequency di
bution function f (v). The free precession of spins in th
static fields can be refocused into a spin echo by an ap
priate rf pulse sequence. At the echo maximum the accu
lated free precession angle over a well-defined time inte
in the pulse sequence~the time between the first rf pulse i
the two-pulse sequence and the echo top! is zero for all pre-
cessing spins. This time interval is labeled ast1 and corre-
sponds to the evolution period of the 2D experiment. T
pulse sequence that refocuses the inhomogeneous ele
quadrupole interaction for spinI 51 is the solid echo se
quence 90x2t1/2290y2t1/22t2 whereas second-orde
quadrupole effects~e.g., central transition12↔21

2 of noninte-
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57 2815KINETIC-FREEZING DYNAMICS OF THE . . .
ger spinsI .1! can be best refocused by the sequencex
2t1/22180x,y2t1/22t2 . Since the precession under th
static part of the quadrupole interaction is refocused int1 ,
the effect of static disorder is not observed in the evolut
period. The precession in randomly time-fluctuating fie
can however not be refocused and is thus not eliminate
t1 . In the detection period (t2) one acquires one half of th
echo and the echo decay shape is determined by the
inhomogeneous interaction including static and dynam
parts of the quadrupole Hamiltonian.

The 2D NMR line shape shows in thev1 domain~conju-
gated to thet1 time domain! the homogeneous line shap
L(v1), determined by the dynamic part of the quadrup
interaction ~here we neglect the effect of a much weak
magnetic dipolar interaction!. The line shape inv2 domain is
determined by the full~static plus dynamic! nuclear spin
Hamiltonian. It represents the inhomogeneous spect
F(v2) that is a convolution of the static frequency distrib
tion function f (v) and the dynamic~homogeneous! line
shapeL(v)

F~v2!5E f ~v8!L~v22v8!dv8. ~12!

In a 2D separation experiment the line shapesL(v1) and
F(v2) appear in two orthogonal frequency domains a
their deconvolution yields the pure static frequency distrib
tion function f (v). The static and dynamic disorder can
thus separated in a clear way. A high degree of static di
der manifests in the fact that theF(v2) line is much broader
than L(v1) whereas the lack of static disorder results
equal shapes and widths of these two lines. Further m
ematical details on this 2D NMR separation technique can
found in Ref. 13.

IV. EXPERIMENTAL OBSERVATION OF THE GLASS
DISORDER IN SUPERCOOLED LIQUIDS

AND STRUCTURAL GLASSES

The nature of the glass disorder has been studied ex
mentally in the supercooled liquid phase of D-COANP
proton and deuteron 1D line shape NMR and deuteron
separation of inhomogeneous and homogeneous line sh
NMR. The results are contrasted to the87Rb NMR in a pro-
ton glass Rb0.56~ND4!0.44D2PO4 ~DRADP-44! where identical
2D separation experiment has been performed.

A. 1H NMR line shape in the supercooled phase of D-COANP

D-COANP with the formula C13H18DN3O2 has been se
lectively deuterated in one of the nineteen hydrogen sites
the molecule, particularly at the site that makes a hydro
bond N~2!-H-O~2! between two neighboring molecules whe
in the crystalline state.5 Both NMR measurements of proton
and deuterons have been performed on the same sampl
avoid the effects of crystallization during the experime
when the supercooled melt was left at room temperature
a long time, we heated the sample above the melting t
peratureTm'72 °C prior to any measurement. The cryst
lization did not occur during the measurements as could
verified visually—the supercooled melt is yellow transp
ent, whereas the crystallized substance is nontransparen
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1H line shapes were measured at the Larmor freque
nL(1H)586.1 MHz from the paraphase throughTm down to
2170 °C. The line shape was Gaussianlike in the wh
temperature region with a stronglyT-dependent width~Fig.
1!. In the paraphase the line is narrow with the half width
half height ~HWHH! of Dv1/252p327 Hz. We verified
that this residual width was determined by the inhomoge
ity of our magnet. BelowTm the line starts to broaden con
tinuously and reaches a plateau below220 °C with the
HWHH of 2p326 kHz so that the total change in width is
factor of 103. The static line shows a broad featurele
Gaussian shape resulting from a dipolar interaction
eighteen coupled protons on a given molecule as well
from the intermolecular1H dipolar interactions. No anomaly
is observed at the DSC-reported small anomaly in the s
cific heat at210 °C. At this temperature, which is referre
to as the glass temperatureTg , the reorientational part of the
dielectric relaxation becomes infinitely long.9 The behavior
of the linewidth displayed in Fig. 1 is typical for a slowing
down dynamics of molecular motions. Two temperature
gions can be identified. The rapid increase of the linewidth
the first region betweenTm and about 15 °C is followed by a
much slower increase in the second region between 15
and about2120 °C. Below that temperature the width r
mains constant and the spectrum is considered to be stat
the NMR line shape scale. In the high-T region the narrow
width aboveTm changes rapidly on cooling and reaches t
HWHH value of 2p39 kHz at 15 °C. This value is abou
one third of the low-T saturated value. The change for tw
orders of magnitude occurs on a temperature interval
DT'40 °C. Such temperature dependence of the linewi
can be induced by a motion which, when fast enough, av
ages the interproton dipolar interaction to zero. This inter
tion depends on the angular factor 123 cos2 u with u being
the angle between the internuclear vector and the exte
magnetic field. Only spatially isotropic motions can avera
the angular factor to zero. This linewidth transition indicat
that the dynamics of the supercooled phase in the higT
interval is determined by the isotropic rotational diffusion
D-COANP molecules as rigid bodies. In the low-T region

FIG. 1. Temperature dependence of the proton NMR linewi
@n0(1H)586.1 MHz# in the interval 2170 °C,T,82 °C in D-
COANP showing a motional transition from the fast to the slo
motion limit. The fit~solid line! represents the Fourier transform o
Eq. ~11!. The rigid lattice spectrum width is destroyed by two typ
of motion—the reorientational motion of molecules as rigid obje
~dashed line! and the intramolecular motion~dash-dotted line!.
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2816 57J. DOLINŠEK, M. KOREN, AND R. KIND
below 15 °C the linewidth change is much slower and
temperature dependence indicates that the associated m
is not capable of averaging the width to zero. This motion
thus anisotropic in space. On the other hand, this mo
persists to considerably lower temperatures and can be a
ciated with particles of smaller mass than in the high-T re-
gion. The dynamics in the low-T region is determined by the
intramolecular motion of protons on octyl and phenyl rin
of individual molecules. Due to confined geometry these m
tions are spatially anisotropic and can only reduce the li
width but not destroy it to zero. The isotropic liquidlike tum
bling of molecules as rigid bodies is however frozen-out
the low-T region.

The temperature dependence of the proton linewidth
Fig. 1 has been reproduced by Eq.~11!. The fit of the
HWHH has been made by assuming two types of mot
with different temperature dependencies of their respec
autocorrelation times. The isotropic liquidlike motion h
been described by the Vogel-Fulcher form@Eq. ~2!# of tc
whereas the intramolecular motions were assumed to b
the Arrhenius type. The total autocorrelation time was tak
in the form

1

tc
5

1

tVF
1

1

tAr
5

1

t0 exp@E0 /kB~T2T0!#

1
1

t` exp@Ea /kBT#
. ~13!

This formula is a rather crude approximation as it treats
two types of motion as independent. Unfortunately, a sa
fying theory that would describe the NMR relaxation of d
ferent but not independent motions still does not exist. T
Vogel-Fulcher ratetVF

21 is nonzero for temperatures abov
the Vogel-Fulcher temperatureT0 whereas forT,T0 this
rate is taken to be zero, reflecting the fact that the associ
motion is completely frozen out. Following the NMR rela
ation results,7 the autocorrelation functiongv(t) was taken
in the KWW stretched exponential form of Eq.~1!. The line-
width at half height has been computed from the Fou
transform of the free-induction decayG(t). The solid line in
Fig. 1 represents the fit with both the reorientational and
intramolecular motions taken into account. The contribut
of the isotropic reorientational diffusion to the total width
shown as a dashed line whereas the intramolecular cont
tion is represented by the dash-dot line. The following p
rameter values were obtained from the fit. The low- a
high-T saturated values are determined byvp852p
323.0 kHz andvp952p327.2 Hz. Herevp8 is the second
moment that is destroyed by the motion andvp9 is deter-
mined by the magnet inhomogeneity. The Vogel-Fulcher
rameters describing the reorientational diffusion were
tained as E0573.4 meV, t054.41310213 s, and T0
5239 K. The Arrhenius parameters of the intramolecu
motion were determined asEa5195.8 meV andt`51.42
31029 s and the stretched exponent valuea50.55 was
used. Here theT0 and a values were taken from the relax
ation data7 and since the fit was excellent with these valu
they were not varied further in the fit procedure.

The above results allow to make the following conc
sions about the dynamics of the supercooled phase
e
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COANP. Two different types of motion are involved in th
freezing scenario. On cooling belowTm the dynamics of the
supercooled phase is first determined by the liquidlike tu
bling of molecules as rigid bodies. As the temperature
decreased, the thermal energy needed to induce reorie
tions becomes insufficient and that motion gradually free
out. After this motion is frozen-out the dynamics of the s
percooled state is governed by the intramolecular motio
On further cooling these motions however also gradua
freeze out so that the supercooled state is observed as
pletely frozen static on the NMR experimental scale bel
2100 °C. The polydispersive nature of the autocorrelat
function (a,1) demonstrates that the correlations betwe
molecules may play an important role in the formation of t
supercooled liquid state. The1H NMR line shape study ob-
serves the dynamics of the supercooled state in COANP
kinetic slowing-down process where the thermally induc
motions gradually freeze out and form a frozen-in glas
state at low temperatures. No trace of a kind of a structu
phase transition at either the melting temperatureTm or the
glassy temperatureTg has been observed on cooling. Here
should be mentioned that the DSC-determinedTg coincides
rather accurately with the temperature at which the1H line
shape starts to be observed as static.

B. 1D deuteron NMR line shape in the supercooled phase
of D-COANP

In the proton NMR all the intramolecular and interm
lecular 1H interactions result in a broad featureless spectr
that is narrowed by the motion. A microscopic picture of t
dynamics of the supercooled phase is thus not very s
specific. This deficiency is removed in the deuteron NMR.
D-COANP only one of the protons, namely, the one th
forms a bond with the secondary amine N~2!, is replaced by
a deuteron. In the crystalline phase this deuteron forms
N-D...O bridge to the O~2! of the nitro group of an adjacen
molecule. These bridges establish a connected networ
COANP molecules and are thus located at the most sens
sites with regard to the orientational disorder of the structu
Unlike the multiparticle1H magnetic dipole interaction, the
deuteron electric quadrupole interaction is a single-part
interaction and the nuclear electric quadrupole moment in
acts with the EFG of the surrounding ions and electrons. T
EFG depends on the arrangement of the nearby ions so
the information obtained from the deuterons is much m
site-specific than that from the protons. The glassy disor
results primarily in a distribution of the EFG tensor orient
tions. Since EFG is a traceless tensor, it is averaged to
by a fast isotropic rotation whereas the averaging is inco
plete in the case of an anisotropic motion. A study of t
temperature-dependent deuteron spectrum thus provides
other insight into the dynamics of the supercooled state.

In Fig. 2 the 1D deuteron spectra obtained atnL(2H)
541.44 MHz are displayed as a function of temperature.
the liquid phase aboveTm the line shape is a narrow Loren
zian with the FWHH of about 1 kHz. This is a motionall
averaged quadrupole-perturbed Zeeman spectrum, wher
EFG is averaged to zero by the fast isotropic reorientati
of the COANP molecules. CrossingTm the motionally nar-
rowed line starts to broaden and diminishes in intensity. T
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line completely disappears atT'38 °C. There is no trace o
a static quadrupole spectrum in this part of the supercoo
phase, showing that there is no static EFG tensor compo
present and the glass disorder is purely dynamic. Just be
38 °C the deuteron spectrum cannot be recorded but it r
pears again below the room temperature, where a typicI
51 powder pattern for the asymmetry parameterh'0.15 is
observed with the width of more than 200 kHz. The grad
disappearance of the narrow line and the reappearance
broad powder spectrum is typical for a motional slowin
down process and is in complete agreement with the1H
line-shape data. Like protons, the deuterons also see the
namics of the supercooled phase as a pure kinetic-free
process. The fact that the line shape in the slow motion li
equals that of a powder specimen shows that all the E
orientations are equally probable as in a crystalline pow

FIG. 2. Temperature dependence of the deuteron NMR s
trum of D-COANP in the supercooled state@n0(2H)
541.44 MHz#. The line starts to broaden at the melting tempe
tureTm572 °C and gradually disappears. Below room temperat
a static deuteron spectrum is observed. The peak in the cent
this spectrum is an artifact originating from the ringing of the re
nance coil. The dashed line is a fit with an isotropic distribution
the EFG orientations~powder line shape!. The fit parameters are
e2qQ/h5200 kHz andh50.15.
d
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sample. COANP was however still in the supercooled ph
as verified optically. The powder line shape demonstra
that the glass disorder in the low-temperature part of
supercooled liquid phase is strong and static on the deut
NMR line-shape frequency scale and the supercooled ph
cannot be discriminated from a crystalline powder by NM

The slowing-down dynamics of the supercooled phas
also evident from the deuteron spin-lattice relaxation m
surements~Fig. 3!. T1 has been measured at two Larm
frequenciesnL541.44 and 13.3 MHz. A BPP-like minimum
is observed in both cases. At 41.44 MHz the minimum o
curs in the paraphase atT579 °C, whereas at 13.3 MHz it is
shifted down into the supercooled phase where it occur
T560 °C. At the minimum (vLtc51) the internal motional
frequencies equal the nuclear Larmor frequen
(;107 s21). The appearance of a minimum thus demo
strates the slowing-down molecular dynamics.

C. 2D deuteron NMR separation of static and dynamic
disorder in D-COANP

The most direct observation of the static and dynam
parts of the glass disorder in the supercooled phase ca
made by the 2D separation NMR technique. The separa
of inhomogeneous and homogeneous deuteron spectra i
COANP has been made in the temperature range 43 °C<T
<72 °C, corresponding to the fast motion regime of the
percooled phase. The pulse sequence used was the solid
sequence 90x2t1/2290y2t1/22t2 . The 2D spectra are
shown in Fig. 4. Thev2 domain shows the inhomogeneou
line shapeF(v2) @Eq. ~12!#, including the static and dy-
namic parts of the interaction. Thev1 domain shows the
homogeneous line shapeL(v1) showing the dynamic part o
the disorder only. In both frequency domains the magne
dipole interaction also contributes to the line broadening,
this effect is negligible as compared to that of the elec
quadrupole interaction. In Fig. 4 it is seen that the 2D sp
trum at 72 °C~still in the liquid phase! is narrow and shows

c-

-
e
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-
f

FIG. 3. Temperature dependence of the deuteron NMR s
lattice relaxation timeT1 in D-COANP at two Larmor frequencies
41.4 and 13.3 MHz. Solid lines are guides for the eye.
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2818 57J. DOLINŠEK, M. KOREN, AND R. KIND
slightly broader line in the inhomogeneous domain. In
supercooled phase the spectra start to broaden and
equal widths in both frequency domains so that the 2D c
tour plots show a squarelike shape. The fact that the in
mogeneous and homogeneous line shapes have equal w
demonstrates that there is no static disorder present in
investigated part of the supercooled phase. In the presen
the static disorder the inhomogeneous line would be m
broader than the homogeneous one. Both line shapes ar
mogeneously broadened only by the fluctuating EFG ten
elements originating from molecular motions that are f
enough to average the traceless static EFG tensor to z
The glass disorder in this temperature interval of the sup
cooled phase is thus purely dynamic. In the following th
result will be contrasted to an equivalent experiment in
proton glass DRADP-44.

D. 87Rb 2D NMR separation of static and dynamic disorder
in DRADP-44

A similar 2D separation NMR experiment has been p
formed also in the glass phase of the deuteron glass c

FIG. 4. 2D deuteron spectra of D-COANP with the separa
inhomogeneous and homogeneous lines in two orthogonal
quency domains@n0(2H)541.44 MHz#. The inhomogeneous line
showing both static and dynamic parts of the electric quadrup
interaction, appears in thev2 domain. The homogeneous line
determined by the dynamic randomly fluctuating part of this int
action and appears in thev1 domain. In the supercooled phase bo
lines have equal widths and form squarelike contours~note that
both frequency axes have equal magnitudes!. This demonstrates
that no static disorder is present in the investigated tempera
range.
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pound DRADP-44 on87Rb nuclei. The pulse sequence use
to refocus the second-order quadrupole shifts of the cen

transition (12↔2 1
2 ) in the evolution period was 90x2t1/2

2180y2t1/22t2 . A monocrystal sample was placed in th
external magnetic field at an orientationciH0 . In Fig. 5
contour plots of the 2D spectra in the interval between roo
temperature and 33 K are shown. In Fig. 6~a! the 1D inho-
mogeneous lines~the crossections of the 2D spectra alon
v2 at the positionv150! are displayed, whereas in Fig. 6~b!
the homogeneous lines~the crossections alongv1 through
the center of the line! are shown. It is observed that th
inhomogeneous lines are much broader than the homo
neous ones in the whole investigated range~note the differ-
ence in the magnitude ofv1 andv2 scales in the 2D spec-

d
e-

le

-

re

FIG. 5. 87Rb 2D NMR spectra~central transition! of a proton
glass DRADP-44 between 293 and 33 K with the separated in
mogeneous (v2) and homogeneous (v1) lines @orientation
ciH0 ,n0(87Rb!588.34 MHz#. The large difference in linewidths
~note the difference in the magnitudes ofv1 and v2 scales! dem-
onstrates that a static component of disorder exists.

FIG. 6. Temperature dependence of the~a! inhomogeneous line
and ~b! the homogeneous line obtained from the spectra of Fig.
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57 2819KINETIC-FREEZING DYNAMICS OF THE . . .
tra!. The inhomogeneous lineF(v2) shows a strongly
asymmetric shape with a FWHH of 10 kHz atT5293 K,
whereas the homogeneous lineL(v1) is a Lorentzian with a
much smaller FWHH of 600 Hz. By lowering the temper
ture the inhomogeneous line continuously broadens
reaches the FWHH of 25 kHz atT533 K. The homogeneou
line, however, exhibits a different behavior. Its width i
creases slowly from the room temperature value of 600
down to the temperature of the minimum in the spin-latt
relaxation timeT1 at T585 K ~Fig. 7! where a maximum
FWHH of 1900 Hz is reached. Below that temperature
homogeneous line narrows again, reaching the value of 1
Hz at 33 K. The maximum in the homogeneous line wid
has been confirmed also by the observed minimum in
temperature dependence of the spin-spin relaxation timeT2

@FWHH5(pT2)21 for a Lorentzian line# using the Hahn-
echo experiment~Fig. 7!. Since the minima inT1 and T2
occur at the same temperature it seems a reasonable e
nation that the homogeneous linewidth maximum is a con
quence of a lifetime broadening.

Similar to the situation in the supercooled D-COANP,
broad BPP-like minimum in the87Rb spin-lattice relaxation
time T1 is observed also in DRADP-44, reflecting th
gradual slowing-down dynamics of the internal molecu
motions. The 87Rb 2D line shape however shows a pr
nounced difference. There exists a large difference in wid
of the inhomogeneous and homogeneous line shapes in
whole temperature range. The inhomogeneous
homogeneous linewidth ratio is found to be a factor of
already at room temperature, which is far above the g
temperatureTg'90 K in this system. This ratio increases
25 at 33 K. The inhomogeneous line shape is strongly as
metric, which shows that the glass disorder is weak, rep
senting only small deviations from the perfect crystalline
der. The large difference in the inhomogeneous a
homogeneous widths demonstrates that a large compone
the glass disorder is static on the NMR line-shape sc
Since this effect is observed already in the fast motion li
~high above theT1 minimum!, this static component is
present at all temperatures.

FIG. 7. Temperature dependence of the87Rb spin-lattice relax-
ation time T1 and spin-spin relaxation timeT2 in DRADP-44 at
ciH0 between room temperature and 20 K.
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A comparison between the glass phases in the su
cooled D-COANP and the proton glass DRADP-44 yiel
the following conclusions. In D-COANP the glass disord
in the fast motion limit is purely dynamic, whereas in th
slow motion limit the degree of disorder is strong with a
frozen-in molecular orientations being equally probable.
contrast, in the deuteron glass DRADP-44 a componen
the static glass disorder exists at all temperatures and
degree of static disorder increases on going from the fas
the slow motion regime. The disorder is weak and can
described as a small deviation from the perfect crystall
order.

V. CONCLUSIONS

The nature of the supercooled liquid state has been s
ied in the organic material D-COANP and the results we
compared to the deuteron glass state in DRADP-44.
NMR line-shape analysis allows for a discrimination b
tween the cases of weak and strong glass disorder. 2D N
separation technique allows for an independent spectrosc
observation of the static and dynamic components of
glass disorder on the frequency scale of the NMR line-sh
experiment.1H line-shape analysis in the supercooled pha
of D-COANP has shown on cooling a continuous transiti
from a narrow to a broad single line spectrum, typical for t
slowing-down molecular dynamics where the thermal m
tions gradually freeze out on cooling. These motions
characterized by a distribution of correlation times and
corresponding autocorrelation function can be well descri
by a stretched exponential form. Two types of motion a
involved in the freezing scenario. The dynamics of the
percooled liquid phase is first dominated by the isotro
reorientational diffusion of molecules as rigid bodies th
follows the Vogel-Fulcher law. After this motion freezes ou
the dynamics is determined by the Arrhenius-type intram
lecular motions that slow down on further cooling and free
out on the experimental time scale at still lower tempe
tures. The kinetic slowing-down molecular dynamics is o
served also in the deuteron 1D spectrum, which on coo
shows a gradual transformation from a narrow Lorentz
shape to a broad spectrum, the shape of which equals th
a crystalline powder. This powder spectrum is characteri
for solid structures where all frozen-in molecular orientatio
are equally probable. Such a situation is realized in both
frozen supercooled state and in the crystalline powder so
these two cases cannot be discriminated on the basis o
static NMR line shape. The degree of glass disorder in
supercooled phase is thus strong and the frozen-in molec
orientations in the static limit result in an amorphous stru
ture. The degrees of static and dynamic disorder have b
observed spectroscopically separated in the high-T part of
the supercooled phase by the 2D deuteron NMR separa
of static ~inhomogeneous! and dynamic~homogeneous! line
shapes. It is observed that the static part of the electric qu
rupole interaction is averaged out completely by the isotro
molecular motions in that temperature region so that
glass disorder has there no static component on the
quency scale of the deuteron line shape. This is differ
from the situation in the deuteron glass phase in DRADP
where a similar 2D separation experiment on87Rb nuclei has
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2820 57J. DOLINŠEK, M. KOREN, AND R. KIND
shown that the static component of the glass disorde
present in both the fast and the slow motion regimes. T
static inhomogeneous87Rb 1D spectrum shows an asymme
ric shape typical for the case of weak disorder where
glass deviations from the crystalline order are small.

The above results demonstrate that the frozen-in su
cooled state in D-COANP is a pure kinetic phenomenon.
anomalies in any of the NMR observable physical para
eters have been observed in the whole investigated temp
ture range. This indicates the absence of an equilibr
phase transition when the system is observed on the
quency scale of the NMR line shape. Since this scale lie
the kHz range, the measurements are in principle insens
to dynamic processes with slower time constants. Order
magnitude slower processes are evidently present in the
percooled phase of D-COANP as demonstrated by the s
taneous crystallization which starts after several hours
days when the supercooled melt is left at, e.g., room te
perature. Such slow dynamical processes are however d
cult to observe in a coherent way by the spectroscopic te
niques.
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APPENDIX

We derive here an analytical expression for the fr
induction decay envelopeG(t) given by Eqs.~5! and~6! for
the case that the autocorrelation functiongv(t) has a
stretched-exponential form of Eq.~1!. The integralZ(t) is
written as

Z~ t !5E
0

t

~ t2t!exp$2~t/tc!
a%dt. ~A1!

Using a new variabley5(t/tc)
a, this equation transforms

into

Z~ t !5
tct

a E
0

~ t/tc!a

e2yy1/a21dy2
tc

2

a E
0

~ t/tc!a

e2yy2/a21dy.

~A2!

The integrals in the above equation represent the incomp
g functions defined as
n
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g~a,x!5E
0

x

e2tta21dt, ~A3!

so thatZ(t) can be rewritten as

Z~ t !5
tct

a
gF 1

a
,S t

tc
D aG2

tc
2

a
gF 2

a
,S t

tc
D aG . ~A4!

Z(t) is thus an analytical function of the parameterstc and
a.

It is instructive to calculate the free-induction decay e
velopeG(t) for the limiting cases of fast and slow molecul
motions on the NMR line-shape frequency scale. In the s
motion limit @(t/tc)

a!1# the exponential factor in Eq.~A2!
can be expanded intoe2y'12y. The integrals are then eas
to perform yielding

Z~ t !5
t2

2 F12
2

~21a!~11a! S t

tc
D aG . ~A5!

The second term in the bracket can be neglected with res
to 1 so thatG(t) becomes

G~ t !'exp$2 1
2 vp

2t2%. ~A6!

The resulting line shape is Gaussian with thea-independent
standard deviationvp .

In the fast motion limit@(t/tc)
a@1# we can extend the

upper integration limit in Eq.~A2! to infinity. The integrals
now become the completeg functions

G~a!5E
0

`

e2tta21dt ~A7!

yielding

Z~ t !5
tc

2

a F t

tc
GS 1

a D2GS 2

a D G'tctGS 1

a
11D . ~A8!

The free-induction decay is obtained in the form

G~ t !5expH 2vp
2tcGS 1

a
11D tJ , ~A9!

which results in a Lorentzian line shape with the half wid
at half height Dv1/25vp

2tcG(1/a11), depending on the
value of the stretched exponenta. The case of a monoexpo
nential relaxation (a51) is recovered by using the equalit
G(2)51.
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