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The freezing behavior and the cluster formation in the liquid and supercooled-liquid state of mono-

deuterated 2-cyclooctylamino-5-nitropyridine have been studied by deuteron magnetic resonance and re-
laxation. The results show that the molecular dynamics is both polydispersive and non-Arrhenius-like.
The data can be described by a correlation function of the stretched-exponential type and a Vogel-
Fulcher-type temperature dependence of the mean correlation times. The existence of polydispersivity
already in the liquid state may be interpreted in terms of molecular clusters of different sizes. The mean
size of these clusters and their temperature dependence have been estimated by a combination of deute-
ron NMR and proton self-diffusion data. Nonlinear-optical data further suggest that molecular chains
in the clusters are arranged in an antiparallel manner.

I. INTRODUCTION

In recent years the interest in using purely organic
crystals of donor- and acceptor-substituted delocalized
m-electron systems for laser optics has increased consider-
ably because of their strong nonlinear-optical (NLO) sus-
ceptibilities. In view of the increasing interest in the for-
mation of molecular glasses (i.e., locally ordered states
that have to be classified between a crystalline solid and a
randomly "frozen-out" supercooled liquid) and in the
corresponding cluster formation and molecular dynam-
ics, the question about the melting and solidification be-
havior of organic systems with NLO properties also be-
comes of great importance. Especially the possible for-
mation of polar glasses with similar NLO properties, as
reported for some polymers, will be a goal of future in-
vestigations. It has been known for a long time that some
organic compounds form extremely stable supercooled
liquid states ' (e.g., De Coppet has shown that melts of
salol, as well as Glauber salt solutions, could be kept for
more than 35 years in the supercooled-liquid state).

One of these compounds exhibiting interesting
NLO properties is 2-cyclooctylamino-5-nitropyridine
(COANP). It has recently been investigated in its crystal-
line state by a series of NLO experiments. These investi-
gations became possible because of a recent breakthrough
in the crystal growth of this material. The most success-
ful method, which yielded large crystals of optical quality
was growth from the supercooled melt. While elaborat-
ing the proper growth conditions we became aware of a
solidification behavior that can be characterized as fol-
lows: Chemically pure, (almost) dust free, superheated
COANP melts do not show crystallization upon cooling
below the melting point at cooling rates that are typical
for differential scanning calorimetry (DSC) experiments
(l —20 K/min). Even further cooling to much lower tem-

peratures will not lead to crystallization. Upon consecu-
tive heating, the material remains in a quasiwaxlike
glassy state up to about 40-20 K below the melting tem-
perature T where it crystallizes completely within a
short time. Upon further increasing the temperature,
the system melts at the nominal fusion temperature of
T =72.8+0.1'C. This scenario seems to be fairly com-
mon in molecular glass formers. Early work on the nu-
cleation of classical organic systems' revealed the ex-
istence of two distinct and only weakly overlapping tem-
perature regions where the nucleation rate or the crystal-
growth rate (which is strongly related to the translational
diffusion), respectively, are maximum. In contrast to the
DSC scans, experiments connected with the bulk growth
of COANP revealed that sufficiently slow cooling of su-
perheated melts to a temperature, which is not lower
than 5-10 K below T, exhibits spontaneous nucleation
after some time (hours to days). This can be explained by
the fact that the temperature region, where the diffusion
is high enough for crystallization, lies above the region
for maximum nucleation rate, so that for the DSC-
cooling scans from the superheated melt we first have a
lack of nucleation centers followed by an insufficient
diffusion for crystallization. " A crucial question is,
whether the system remains in this completely disordered
state or whether it undergoes a phase transition to a
nonergodic thermodynamic state, which corresponds to a
structural glass. DSC scans showed a small anomaly in
the specific heat of COANP at 263 K. At this tempera-
ture, which is referred to as glass temperature T, the re-
orientational part of the dielectric relaxation becomes
infinitely long. This has been observed recently in
second-harmonic-generation experiments on poled, su-
percooled COANP.

In order to gain more information on the nature of the
supercooled state of COANP and of a possibly glassy

45 7697 1992 The American Physical Society



7698 R. KIND et al. 45

FIG. 1. Basic structure of the COANP molecule after Ref. 7.
The proton positions are not shown. The molecule was deu-
terated at the secondary amine N2.

state of this system, we have performed a series of proton
NMR line-shape, T, -dispersion, and diffusion measure-
ments. The analysis of the data has failed in so far that it
was not possible to explain all data with the same relaxa-
tion mechanism and also the introduction of a
Kohlrausch-Williams-Watts (KWW) function
(exp[ —(t /ro) ] ) for the single-particle autocorrelation
function yielded contradictory results on the distribution
function of autocorrelation times.

At this point we decided to simplify the analysis by
partial deuteration of the rnolecules. In fact there is only
one out of the 19 protons that exchanges easily in the
solution: The proton that forms a bond with the secon-
dary amine N(2), Fig. l. In the crystalline phase this
proton forms a N—H . 0 hydrogen bridge to the O(2)
of the nitro group of an adjacent molecule. The advan-
tage of NMR on the deuteron in this position is that all
intra- and intermolecular interactions messing up the
proton NMR can be neglected. We have to deal only
with the behavior of the corresponding quadrupole per-
turbed Zeeman Hamiltonian of the deuterons under the
infiuence of motion.

spectrometer in an external magnetic field of 7 T
(vI =46.05 MHz). The line shape was obtained by a
Fourier transform of the spin echo of a 90 —~—90
pulse sequence. On lowering the temperature T from the
liquid phase, the narrow Lorentzian signal (HWHH=90
Hz, which is typical for motional averaging) broadens out
and finally ends below room temperature in a broad
powder pattern indicating a static quadrupolar coupling
of e qQ/h =200 kHz with an asymmetry parameter
q=0. 15, Fig. 2. The narrow line in the center of the
powder pattern is an artifact originating from the ringing
of the resonance circuit.

The transverse relaxation time T2 was determined
from the fit of a Lorentzian I/[1+(5coT2) ] to the
motionally narrowed homogeneous signal shape g(co, T).
The inhomogeneity of the static magnetic field was deter-
mined in a separate experiment with deutron magnetic
resonance (DMR) of D20 in an identical sample tube to
be of almost Gaussian shape with a standard deviation
o. =2m X62 Hz. The homogeneous signal shape was ob-
tained from a deconvolution of the measured signal.

The longitudinal relaxation time Tj was determined
from the magnetization recovery M(r) of the free-
induction decay in a 90 —~—90 pulse sequence. It was
measured at two different Larmor frequencies 41.44 and
13.3 MHz, respectively, in a temperature range from 37
to 120'C. M(r) Mo show—ed a precise exponential decay
for the whole temperature range. In Fig. 3 ln(T, ) and
ln( T2) are displayed as a function of the inverse tempera-
ture 1/T.

The EFG tensor in the crystalline phase was deter-
mined from a single-crystal DMR rotation pattern where
the crystal was rotated about an axis close to the c axis.
According to the space group Pca2& with Z =4, the rota-
tion pattern revealed four pairs of lines that are related

II. SAMPLE PREPARATION

COANP powder material for crystal growth and melt
studies was synthesized as outlined in Ref. 7. The substi-
tution of the proton at the secondary amine N—H bond
(see Fig. 1) by a deuteron was then achieved by repeated
precipitation of the COANP deuterochloride in a mixture
of DC1, D20, and CH3—CH2—OD. The resulting
deutero-COANP was recrystallized from a toluene-
isooctane solution. The sample for the NMR rneasure-
ments was sealed in a glass tube, which was always heat-
ed above T before any measurement took place, in or-
der to remove the crystalline phase completely. For com-
parison we wanted to determine also the deuteron EFG
tensor in the crystalline phase. For this purpose a single
crystal was grown from supercooled melt at
T —T=0.3—0.5 K. This method yielded similar tri-
angular crystal plates as reported already for ordinary
COANP. The sample used for the NMR experiments
had the dimensions of 3X3X8 mrn.
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III. EXPERIMENTAL

The deuteron NMR signal of the supercooled deutero-
COANP was measured on a home built pulsed NMR

FIG. 2. DMR spectrum of deutero-COANP at 274.7 K for
vL =46. 1 MHz, (solid line). The dashed line is calculated from
a fit with the parameters e qQ/h =200 kHz and r)=0. 15. The
peak in the center of the spectrum is an artifact originating
from the ringing of the resonance coil.
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by the point symmetry of the crystal. The nonlinear fit
procedure revealed also a quadrupole coupling constant
of e qQ/h =200 kHz with rt=0. 16, in good agreement
with the values obtained from the supercooled liquid
cooling experiment.

IV. THEORY

The relaxation rates 1/T& and 1/T2 for a static
nuclear-quadrupole (NQ) Hamiltonian of a spin I= 1, in
a high magnetic field, for the case of isotropic rotational
diffusion are common knowledge in the field of NMR. '

3 eqQ
80

1+ [J(coL )+4J(2coL )] (1)

and

1 3 e qQ
1
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J J

X [3J(0)+5J(e)t )+2J(2a)L )], (2)

J(~)=
1+co

(4)

whereas for a polydispersive relaxation, numerical in-
tegration has to be used in most cases. A typical example
for a polydispersive relation is the KWW function
G(t ) = exp[ (t/ro) —], where a is the so-called stretched
exponent (0&a & 1). It is polydispersive because it can
be expressed by a distribution p(r, ) of exponential de-
cays. ' For this autocorrelation function one can calcu-
late the spectral densities analytically for the extreme
fast-motion regime ((or, «1) and in the extreme slow-
motion regime (d'or, » 1):

J(co)= I —+ 1
1

a 0

and

I (a+1)sin(~a/2)
a+1 a

70
(5)

respectively. Here I stands for the complete I function.
Expression (5) yields for a= 1 the same values as Eq. (4)
for the two extreme cases. As mentioned above, the spec-
tral densities for the range

0.2 exp( —1/a) & coro & 5 exp(1/a)

where J(0},J(coL ), and J(2coL ) are the fluctuation spec-
tral densities at the frequencies zero, coL, and 2coL, re-
spectively. The spectral densities are the Fourier trans-
form of the normalized autocorrelation function G(t ) of
the fluctuations of the EFG tensor elements in the labora-
tory frame,

J(a))=f dt c so(a)t)G(t) . (3)
0

In the case of a monodispersive relaxation, where
G(t ) = exp( t /r, ) this int—egral can be solved analytical-
ly and yields the well-known relation

where co&= ,'(e qQ—/A) The .second moment of g(co)
amounts to co~ /5, so that the Lorentzian linewidth
(HWHH) is given by

3
160

3J(0) . (8)

This corresponds exactly to the secular part of 1/T2 for
q=0, so that the relation T2=1/5 holds as long we are
in the extreme narrowing regime, i.e., for 5(&co . It
should be noted that Eq. (6) was derived for a Gaussian
g(co} but it seems to hold in the extreme narrowing re-
gime also for other frequency distributions. In the neigh-
borhood of the T& minimum and in the fast-motion re-
gime, 5 is affected by T, effects in the same way as 1/Tz,
i.e., when the nonsecular parts become of importance in
Eq. (2).

A crucial problem is the relation between the tempera-
ture T and the average autocorrelation time ~0. While
the autocorrelation time of uncorrelated thermally ac-
tivated motions is well described by the Arrhenius law,
r, =r„exp(E, /ke T), where E, is the barrier height and

the inverse attempt frequency, this is rarely the
case when the motions become correlated due to the
formation of clusters. In such cases the Vogel-
Fulcher modification of the Arrhenius law
r r exp[E, /kz( T To ) ]—which is —of entirely
empirical nature —seems to describe the temperature
dependence of ~, quite well, at least within a certain tem-

can be obtained from numerical integration only.
It should be noted that J(0), as well as J(co) in the ex-

treme fast motion regime, are given just by the area un-
der G(t ). This means that from a Tz measurement in the
extreme narrowing regime, as well as from a T, measure-
ment in the fast-motion regime, no information about the
decay of G(t ), or p(r, ), respectively, can be obtained. In
contrast to the fast-inotion regime, the shape of G(t ) is of
a certain importance in the slow-motion regime, since it
affects the slope, as well as the dispersion of T, . This is
demonstrated for the case of the KWW function in Eqs.
(5). It needs, however, very precise measurements over
several orders of magnitude of ~, to allow for an unam-
biguous determination of the distribution function p(r, ).
Because of this we have used only the KWW function for
the data analysis though other models have been pro-
posed for the autocorrelation function G(t). '4

According to Ref. 12, the Lorentzian linewidth 5
(HWHH) in the extreme narrowing case is given by

&=(a)~ )r'= f co"g(co)de f "G(r)dr, (6)

i.e., it corresponds to the second moment of the rigid lat-
tice line shape, times the spectral density J(0). The rigid
lattice line shape g(co) of randomly oriented EFG tensors
in the high-field case (I= 1, rt =0) is given by a Pake pat-
tern of the form

g(~)= 1

2 1/2
1

2[3(2cocoq +coq ) ] 2[3( 2co~q+ co@ ) ]

(7)
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perature range well above To. In order to prove or
disprove the Arrhenius behavior, the experimental data
of a T, or T2, measurements are usually plotted in a loga-
rithmic scale versus 1/T, i.e., versus 1n(r, ) for the case
the Arrhenius law holds. It can easily be seen from Eqs.
(4) and (5) that one has to expect, for this case, a straight
line with a negative slope, which is proportional to E in
the fast-motion regime, whereas in the slow-motion re-
gime one should observe a straight line with a positive
slope proportional to aE, . This holds, however, only far
enough from the T& minimum.

In the T, minimum the relaxation does not depend on
the temperature and thus not on the average autocorrela-
tion time 70. It depends only on the mean-square ampli-
tudes of the fluctuations, on the Larmor frequency coL,
and on the stretched exponent a, i.e., on the distribution
function of the autocorrelation times. This allows for an
unambiguous determination of ro (which lies somewhere
between I/coL and I/2coi depending on the distribution
function of 7, at the temperature), as well as the relation
between the mean fluctuation amplitude and a. If the
mean fluctuation amplitude is known, as in our case
where the local static EFG tensor at the deuteron site is
known, - the value of T& in the minimum allows for a
determination of a.

Another question that might be of importance is the
influence of the anisotropy in the rotational diffusion.
This is so as the COANP molecule does not have a spher-
ical shape but has a more rodlike structure with a short
and two long axes in the ellipsoid of inertia. The problem
of NMR relaxation due to anisotropic rotational diffusion
is treated in great detail in Ref. 15. Evaluations of the
corresponding equations showed that the value of the T,
minimum is almost not affected, even in the case of rather
strong anisotropy in the rotational diffusion. However,
the single-particle autocorrelation time depends on the
relative orientation between the interaction tensor (here
the EFG tensor at the deuteron site) and the rotational
diffusion tensor of the molecule, but the effect is limited
to a factor of about 0.5 —2.

V. DISCUSSION

The solid lines in Fig. 3 are the result of a simultaneous
BPP fit (monodispersive, Arrhenius valid) to the T, data
at vL =41.1 MHz and vL =13.3 MHz. The resulting fit

parameters are e qg /h = 156 kHz, E, =0.571 eV,
~„=1.16X 10 ' s. The asymmetry parameter was kept
constant at g=0. 15. One can see that the fitted quadru-
pole coupling constant is well below the static value of
e~qg/h =200 kHz obtained from the Pake pattern, Fig.
2. Furthermore, the T2 values calculated for these pa-
rameters for UI =46. 1 MHz (dashed line in Fig. 3) differ

by a factor up to 24 from the measured values. This
clearly shows, according to Eqs. (5), that either ro(T) is
not of Arrhenius type, or the system is not monodisper-
sive (a (1),or both.

The first of these possibilities (non-Arrhenius, but
monodispersive) can be ruled out rather easily. If the
ro(T) scale is changed in such a way that the calculated
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FIG. 3. DMR spin-lattice relaxation T& at 41.1 MHz (open
squares) and at 13.3 MHz (closed squares), and transverse DMR
relaxation T2 at 46.1 MHz (open circles) vs inverse temperature
1000/T. The solid lines are calculated from a simultaneous BPP
fit of both T& data sets. The dashed line represents the calculat-
ed T2 using the parameters of the T

&
fit.

T2 values match the measured ones, the error is just
transferred to the calculated T, values of the slow-
motion regime, since T2 is proportional to 1/~„whereas
T, is proportional to ~, in the slow-motion regime.
Furthermore, in order to match the T, values in the
minima with the measured static e qg/h =200 kHz, the
value of the stretched exponent a must be reduced from
1.0 to 0.55.

The second possibility [Arrhenius for 10(T), but po-
lydispersive] is not so easy to rule out with the present
data, since quite reasonable fits can be obtained for both
temperature-dependent and temperature-independent a,
though in the latter case rather unrealistic fit parameters
were obtained (E, = 1 eV, r„=5 X 10 s). We know,
however, from our proton T, and T2 measurements that
this possibility does not lead to satisfactory results.
Moreover, Eich et al. -' have observed a strong departure
from the Arrhenius behavior of the characteristic time
for the reorientation of the electric dipoles in COANP by
means of dielectric and second-harmonic measurements.
We are thus left with the last possibility: Both non-
Arrhenius and polydispersive. A similar behavior has re-

cently been observed in poly(vinyl acetate) above the
glass transition temperature by means of multidimension-
al NMR '

There are two ways to account for the non-Arrhenius
behavior of ro( T ): (a) to use a temperature-dependent en-
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tropy of activation hS, ( T ) or (b) a temperature-
dependent activation energy E, ( T ). This last approach
leads in the case of glasses usually to a Vogel-Fulcher
modification of the Arrhenius law. Since the r(T) data
extracted from Ref. 2 can be fitted with a Vogel-Fulcher
ansatz with E, =83.2 meV, ~ = 1.03 X 10 ' s and
TO=239 K over ten orders of magnitude in the time
scale, we have used this information for our calculations.
It should be noted that the fitted Vogel-Fulcher tempera-
ture To is about 24 K below the glass temperature
Tg =263 K mentioned in the introduction. Together
with our known data (e qg/h =200 kHz, r/=0. 15, and
a=0.55), but with an inverse attempt frequency
~„=1.8 X 10 ' s, which is by a factor of 6, shorter than
obtained from the dielectric measurements, we obtained
an almost perfect agreement with our measured data,
Fig. 4. This factor of 6 can be explained in the following
way: From the theory for rotational diffusion, ' ' it fol-
lows that the autocorrelation time is proportional to
1/l(1+ 1) in connection with the expansion of the proba-
bility function %(Q, t ) into spherical harmonics. In
dielectric measurements one observes an l=1 effect,
whereas in the NMR relaxation we have l=2. This ac-
counts already for a factor of 3 between the two correla-
tion times. The remaining factor of 2 is probably due to
the anisotropic rotational diffusion. In the COANP mol-
ecule the electric dipole moment points along the long
axis of the molecule, whereas the principal z axis of the
deuteron EFG tensor is almost perpendicular to it. It is
therefore plausible that the anisotropy of the rotational

10.00

diffusion affects the corresponding correlation times in a
different way. However, the accuracy of both the ex-
tracted data of Ref. 2 and of our measurements are not
suScient to allow for a quantitative analysis of this effect.

The fact that the rotational diffusion of the COANP
system is of polydispersive nature already in the liquid
state may be interpreted in terms of molecular clusters of
difFerent sizes in both the liquid and the supercooled-
liquid state. If this is the case, the critical question is,
whether we can derive information concerning the size
and the nature (order of the molecules in the body and on
the surface} of these clusters from our data. The ex-
istence of molecular clusters would imply that a great
part of the N—H 0 bonds are not broken on going
from the crystalline to the liquid phase as in the case of
percolation. This means that we would observe the reori-
entation of whole clusters rather than of single molecules.
In the following, we shall assume the existence of such
molecular clusters, though we are well aware that there
are other possible interpretations for the polydispersity of
the motion.

For the liquid phase we assume that the diffusion equa-
tion, as well as the Stokes-Einstein formulas for the
translational and rotational difFusion constants D and D„
respectively, are valid:

k~T k~T 4D= D, = D= —D, ,
6mag

' ' 8~ay '
3

where a is the radius of a rigid macroscopic or micro-
scopic sphere moving in a medium of viscosity g. The
solution of the equation for rotational diffusion yields for
the autocorrelation time ~2, which is relevant for NMR
relaxation,

' 1/2
a 2a 9

6D, 9D '
2

(10)
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FIG. 4. Same measured data as in Fig. 3. The solid lines are
calculated with a set of parameters that describe a polydisper-
sive non-Arrhenius type of reorientational motion.

With this relation we can evaluate the average cluster
size in the rigid sphere approximation, as well as the
average number of molecules belonging to a cluster. The
translational difFusion constant D is known from proton
NMR diffusion measurements for the temperature range
58-110'C,' whereas ~2 corresponds to our v.o. The re-
sulting cluster size is shown in Fig. 5. One can see that
the average number of molecules per cluster is increasing
from 2 to 6 on lowering the temperature from 120 to
80'C. However, below this temperature the Stokes-
Einstein equation seems to break down, since it is not
reasonable that the cluster size would become smaller
again at lower temperatures. The dashed line shows an
extrapolation to lower temperatures that is certainly
more reasonable than the drop of the solid line. The
breakdown of the Stoke's equation is due to the diver-
gence of the inverse translational diffusion constant D at
58'C. ' A similar breakdown of the Stokes-Einstein rela-
tions (below a temperature T, but well above TG) has
been reported recently for several supercooled glass form-
ing liquids. ' It would be very useful to know more about
the cluster size below 60 C, and an extrapolation (with
the same second-order polynomial as used for the calcula-
tion of the dashed line) down to TG= —10'C yields 38
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FIG. 5. Average number of COANP molecules forming a
cluster vs temperature as derived from Eq. (10).

molecules per cluster, which might give an idea but is
certainly a rather doubtful value.

Another interesting question concerns the local order
within the clusters (always under the assumption that
they exist). The fact that Eich et al. z could pole COANP
in the supercooled state by applying an electric field, and
observe second-harmonic-generation (SHG), shows that
the clusters must be polar, i.e., the molecular dipoles
must be arranged in such a way that the clusters carry a
resulting dipole moment. Since the hyperpolarizability
tensor P,jt, (

—2', co, to) of the COANP molecule has virtu-

ally only the element P, difFerent from zero, the non-
linear optical coefficient d 33 is proportional to
(cos(0t) ), where 81 is the angle between the donor-
acceptor direction of the 1th molecule and the electric-
field direction of the incident wave of frequency co. '

This fact allows for an estimation of the molecular order
in poled supercooled COANP from the d33 values of the
crystalline and the supercooled states. While the non-
linear optical coefficient for a perfect COANP single
crystal was found to be d33 =19 pm/V, the saturation
value in the supercooled state around O'C is found to be
about 2.5 times smaller, d33 7.5 pm/V.

In the crystalline phase (space group Pca 2& ) the
COANP molecules form infinite hydrogen bonded zig-
zag chains (zig-zag angle between the electric dipoles
equals 133'), which are aligned in layers perpendicular to
the a axis. The direction of the chains alters from layer
to layer and is either parallel to the (b+c/2) direction or
to the ( —b+c/2) direction, respectively [and not as er-
roneously stated in Ref. 7 ( +b+c) ]. The chains are thus
tilted by an angle of 60.0' with respect to the polar crys-
tal axis. Furthermore, the donor-acceptor axes of all
COANP molecules are tilted by an angle of 61' with
respect to the polar crystal axis. This results in a non-
linear optical coefficient d33, which is by a factor of 8.9
smaller than for the hypothetical case where all COANP
dipoles were aligned in the polarization direction of the
incident optical beam of frequency co. A possible ex-

planation (but certainly not the only one) of the fact that
the measured saturation value of d33 in the supercooled
state is even by a factor of 22 smaller than this hypotheti-
cal value, is the absence of free reorientable COANP
molecules in this phase. If all the chains could be aligned
along the c axis then the tilt angle of the dipoles would be
23.8 and the resulting d33 still by a factor of 6.8 larger
than the single-crystal value, which was not observed.
Thus there are very likely no free reorientable COANP
chains either. The most probable reason for the small
value of d33 is an antiparallel arrangement of COANP
chains of different lengths. The antiparalle1 arrangement
cannot be removed by means of the external electric field.
In order to gain more information on this ordering prob-
lem electric field induced second-harmonic saturation ex-
periments should be performed as a function of tempera-
ture from the liquid phase down to T, since higher SHG
efficiencies are to be expected in the liquid phase above
130'C, provided that our cluster model is true.

VI. CONCLUSIONS

From the above results the following conclusions can
be reached: (i) The molecular dynamics of COANP in the
liquid and supercooled-liquid states is both polydispersive
and non-Arrhenius far above the glass transition TG.
This is in sharp contrast to what is normally found in
non-glass-forming liquids. (ii) The deuteron NMR data
can be described by a correlation function of the
stretched exponential type G(t)= exp[ (t/rp) ] a—nd a
Vogel-Fulcher type temperature dependence of the
molecular reorientational correlation times
'rp 7 exp [E /ks ( T Tp ) ]. The Vogel-Fulcher tem-
perature TO=239 K is about 24 K below the glass transi-
tion temperature TG as determined from thermal data.
The activation energy is E, =83.2 meV and
7 = 1.8 X 10 ' s, which are very reasonable values for
such a molecular liquid. (iii) The existence of polydisper-
sity already in the liquid state may be interpreted in
terms of molecular clusters. The mean size of these clus-
ters can be estimated by a combination of deuteron NMR
and proton self-diffusion data. According to this estima-
tion the average cluster size would increase from 2 to 6
on lowering the temperature from 120 to 80'C. (iv) The
comparison of the above data with the optical second-
harmonic-generation data further suggest that chains of
COANP molecules are probably arranged in an antipar-
allel way in the clusters, so that the total electric dipole
moments are considerably reduced, as well as the SHG
efficiency.

ACKNOWLEDGMENTS

The authors would like to thank M. Ehrensperger for
the synthesis and the preparation of the deuterated
COANP. This work was supported in part by the Swiss
National Science Foundation and the Research Com-
munity of Slovenia.



45 DEUTERON-MAGNETIC-RESONANCE STUDY OF THE CLUSTER. . . 7703

~See, e g., .Nonlinear Optical Properties of Organic Molecules and
Crystals, edited by D. S. Chemla and J. Zyss (Academic, New
York, 1987), Vols. 1 and 2.

M. Eich, H. Looser, D. Y. Yoon, R. J. Twieg, G. Bjorklund,
and J. C. Baumert, J. Opt. Soc. Am. B 6, 1590 (1989).

3See, e g ,. Nonlinear Optical sects in Organic Polymers, Vol.
162 of NATO Advanced Studies Institutes, Series E: Applied
Sciences, J. Messier, F. Kajzar, P. Prasad, and D.Ulrich
(Kiuwer Academic, London, 1989).

4N. B. Sing, M. E. Glicksman, and R. Mazelsky, Prog. Crystal
Growth Charact. 17, 265 (1988).

R. S. Tipson, in Techniques of Organic Chemistry, edited by A.
Weissberger, (Interscience, New York, 1966), Vol. III, Pt. I,
p. 395.

L. C. de Coppet, Ann. Chim. Phys. 10, 457 (1907).
7P. Giinter, Ch. Bosshard, H. Arend, G. Chapuis, R. J. Twieg,

and D. Dobrowolski, Appl. Phys Lett. 50, 486 (1987); Ch.
Bosshard, K. Sutter, P. Gunter, and G. Chapuis, J. Opt. Soc.
Am. B 6, 721 (1989).

J. Hulliger, B. Brezina, and M. Ehrensperger, J. Cryst. Growth
106, 605 (1990).

M. Ehrensperger, R. Kind, R. Blinc, and G. Lahajnar (unpub-

lished).
K. Th. Wilke and J. Bohm, Kristallzuchtung (Deutsch, Frank-
furt, 1988), and references therein.
A. Neuhaus, Chem. Ing. Tech. 28, 155 (1956).

~~See, e g ,. A. . Abragam, The Principles of Nuclear Magnetism
(Claredon, Oxford, 1961).
E. Helfand, J. Chem. Phys. 78, 1931 (1983).
W. Gotze and L. Sjorgen, J. Phys. C 21, 3407 (1988).

15See, e.g., H. W. Spiess, in NMR 15 Basic Principles and Pro-
gress, edited by P. Diehl, E. Fluck, and R. Kosfreld
(Springer-Verlag, Berlin, 1978), p. 128 ff. and references cited
therein.

16K. Schmidt-Rohr and H. W. Spiess, Phys. Rev. Let. 66, 3020
(1991).
R. Blinc, G. Lahajnar, I. Zupancic, R. Kind, J. Hulliger, and
P. Gunter, Europhys. Lett. (to be published).
E. Rossler, Phys. Rev. Lett. 65, 1595 (1990).
D. Pugh and J. O. Morley, in Nonlinear Optical Properties of
Organic Molecules and Crystals, edited by D. S. Chemla and
J.Zyss (Academic, New York, 1987), Vol. 1, p. 193 ff.
Ch. Bosshard, Ph.D. thesis, Eidgenossische Technische
Hochschule, 1991.


