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Abstract. The dynamics of organic com
(COANP), (S)-2-N

pounds 2-cyclo-octylamino-5-nitropyridine
-a-(methylbenzylamino)-5-nitropyridine (MBANP),

2-(N-prolinol)-5~nitropyridine (PNP), and N-(4-nitrophenyl)-(L)-prolinol (NPP) were studied
by dielectric relaxation spectroscopy in the frequency range of 10 Hz—2 MHz and differential
scanning calorimetry (DSC). The dielectric and DSC studies showed that COANP, MBANP
and PNP underwent glass transition. However, NPP crystallized so rapidly upon cooling that
the glass state could not be observed. It was found that the crystalline process of COANP did
not slow the structure relaxation of COANP glass. The relaxation times fitted well to the
empirical Vogel-Fulcher equation 7 = 7., exp[E,/ks(T — Tyr)]. The activation energies E,
and the Vogel-Fulcher temperature Ty » were 54.5 meV and 239 K for COANP, 86.2 meV
and 249 K for MBANP and 84.9 meV and 245 K for PNP, respectively. The crystalline
temperatures of COANP and MBANP were given as 300 K and 330 K, respectively. An
anomalous behaviour of the dielectric permittivity of PNP glass was observed.

1. Introduction

The investigation of the relaxation dynamics of organic
compounds 2-cyclo-octylamino-5-nitropyridine (COANP),
(S)-2-N-a-(methylbenzylamino)-5-nitropyridine (MBANP),
2-(N-prolinol)-5-nitropyridine(PNP), and N-(4-nitrophenyl)-
(L)-prolinol (NPP) is an interesting area because of the po-
tential nonlinear applications of these compounds both in the
glass and crystal states. The glass transition temperatures of
these compounds are very low, thus to fabricate an electro-
optic device with these organic glasses, it is necessary to cur-
tail their crystallization rates. However, poled glass films of
organic compounds such as COANP and MBANP exhibit ad-
equate nonlinear susceptibilities [1]. On the other hand, thin
single-crystal organic films grown from the melt can directly
lead to waveguide applications [2, 3]. Althoughrecrystalliza-
tion of some undercooled melts are extremely slow, sudden
recrystallizations may occur rapidly if the melts are cooled
to glasses first and then heated again [4].

A dielectric study of the dynamics of these organic
compounds is not only important to help monitor. crystal
growth, but also to correlate results with other dielectric
investigations. Recently, real-time dielectric spectroscopy
studies of the molecular dynamics of relaxation during
crystallization of low-molecular-weight compounds [5] and
polymers [6-9] have been reported. COANP, MBANR
PNP and NPP are low-molecular-weight compounds with
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anomalous solidification behaviours, which are good
candidates in which to study the mechanism of the transition
from glass to crystal. Eich et al [1] carried out dielectric
relaxation measurements of COANP and MBANP and
found that the loss maximum, which corresponds to the
relaxation time 7, when plotted in an activation diagram
shows a nonlinear Arrhenius-type dependence. Lahajnar
et al [4], Kind et al [10] and Dolinsek et al [11] studied
the dynamics of the super-cooled liquid state of COANP
[4,10,11], MBANP, PNP and NPP [4] and found that the
temperature dependence of the self-diffusion coefficients of
COANP, MBANP and PNP could be well described in terms
of Vogel-Fulcher (VF) behaviour, while the crystallization
of NPP was too fast to measure. In this paper, the dielectric
permittivity and dielectric loss of COANP, MBANP, PNP
and NPP compounds were measured in the frequency range
of 10 Hz to 2 MHz with a LCR meter in the temperature
range from the melting point to a temperature which is
much lower than the glass transition point. It was found
that COANP, MBANP and PNP glasses formed at the
glass transition temperatures 7, as determined by the
differential scanning calorimetry (DSC) measurements, @d
the relaxation times satisfied the empirical VF equation.
However, NPP crystallized so rapidly upon COOlif]g that
the glass state could not be observed. The experimental
results are consistent with those reported in [4].  An
anomalous behaviour of dielectric permittivity of PNP glass
was observed.
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2. Experimental details

COANP, MBANP, PNP and NPP

were synthesized i )
procedures similar to those published [12-15]. The di lect
Mmeasurements were performed in the frequency rﬁn’gg
10 Hz-2 MHz with a QuadTech LCR meter (model 7600
It takes around 5 min to complete a 200 point scan fro
10 Hz-2 i i

Measurement, the temperature Step was taken at 1-2°
T > T, and 5-10° below T,. The refrigerator cools asam)
from ambient to about 80 K. in 20 min.

The measurement cell, as shown in figure 1
consists of two parallel quartz plates on which gol.
were deposited. One of the plates has a depressionglt
with the diameter of about 10 mm. Plates with ¢
depth of 50 ym, 100 um and 200 “m were u
second plate serves as a lid. The Tecess is surrou
agroove. A cell filled with the powder of the comp‘é; In,
put onto a hot plate and heated to its melting po
cell was introduced into the MMR refrigerator,
cell was cooled with high-pressure nitrogen pas
tiny metal tubes surrounding the sample holder.

In dielectric measurements, the results
expressed in terms of either complex permittivi
conductivity [16], which are mutually con (
experiment, the real and imaginary parts o
dielectric permittivity £* were obtained with t
that the cell is equivalent to a circuit consisting
capacitance C), in parallel with a pure resistanc
dielectric permittivity &', dielectric lo
dielectric loss, tand(s”/e’), of a com
ol — Cp/CO’ g’ = l/(RpCoaJ) and tan A
respectively, where o is the angular v;LEE-_T /
capacitance of a empty cell. The abs

i type, th
: Jm, at which
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Figure 2. (a) The dielect
various temperatures.

_160°C and on heating, it melted at 72 °C. A step transition
upon heating from the glass to the liquid-like state on the
heating cycle was clearly seen at _16.83 °C, recrystallization
occurred upon heating at 37.78 °C and the crystal melted at
69.9 °C. However, the DSC experiments show that pristine,
ted COANP melts do not crystallize upon cooling.
P glass crystallized on heating is
important to organic crystal growth from a melt, because it
took a few days to crystallize a COANP from melt confined
in the Pockels cell at room temperature [2]. T, T, and T, of
COANP, MBANP, PNP and NPP are given in table 1, where
NPP crystallized upon cooling at 350 K from the melt, and
no crystallization peaks were found for MBANP and PNP.
The melts of COANP, MBANP, PNP and NPP just
below their melting points can be cooled to as low as 80 K.
However, below the glass transition temperatures T, as
determined by DSC measurements, of COANP, MBANP and
PNP, the dielectric permittivity of the glasses are roughly
constant irrespective of the temperature and frequency, and
the tangential dielectric losses are extremely small. As
the temperatures increase to those above 7Ty, the glasses
exhibit structural relaxation. Figures 2(a) and 2(b) give the

super-hea
The fact that the COAN

ric permittivity and (b) the tangent dielectric loss of a 100 zm COANP cell as function of frequency mea

4 5 6 7

Log f (Hz)

sured at

Table 1. MDSC measurements of the glass transition temperature
T,, melting temperature T,, and crystalline temperature 7; of
COANP, MBANP, PNP and NPP with cooling and heating rates of

5K min~".

T, T T
Compound (K) (K) (K)

COANP 258 345 314
MBANP 273 361
PNP 273 365
NPP 392 350

typical frequency dependence of the dielectric permittivity
and the tangential dielectric loss, respectively, of a COANP
glass embeded within a 100 pm cell measured at various
temperatures. It can be seen from figure 2(a) that the
curve of 270 K in the low-frequency region starts (o bend
at high values; a step forms in the curve of 280 K; and a
plateau appears at the curve of 285 K, the plateau extends
to the high-frequency region, but its height decreases as
the temperature increases. The curves are well fitted with
the real part of the Cole-Davidson formula. The structural
relaxation of the COANP glass at 270 K can be deduced
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Figure 3. The dielectric loss of a 200 .zm COANP cel fu
and 50 min intervals. The inset gives the corresponding tai

from figure 2(b), in which the dielectric loss of the
glass at this temperature is significantly larger i
frequency region. At 280 K, a well-developed

and then shifts from low frequency to high freque;
temperature increases. It is interesting to note th:

295 K, the heights of peaks are almost the same because

crystallization rates are small; and the height of the f
300 K is much lower than those of 280 K, 285 K
and 295 K due to an increased state of crystall;
the COANP glass. Figure 3 shows curves of th
dependence of the dielectric loss of a 200 u
glass measured at 296 K, each one at 10 min
from top to bottom. It is well known that the

However, the effect of crystallization on structure
of low-molecular-weight compounds, such as CC
not significant. 1t

the peak decreases with time, however

is not shifted. In other words, the crys

did not slow down the relaxation proces

glass at 296 K, at least within 1 h, and t

times extracted are reliable. The res

that in [5] in which the shift of the
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igure 4. The temperature dependence of the relaxation time of a
"OANP glass.

50
2 3—2171)'/7{"
| . 200Hz |
|—&— 1K \
0 —*—10k& |
1-x—1oomz‘\
W o1 |
2
10|
0!
210 20 20 2n 20 310

TH

Figure 5. The dielectric permittivity of a 100 p£m FOAN}"‘ c‘ell
measured as a function of temperature at various frequencies.

energy in the equation is different frorp thgt in the Arrhemc;]s
equation. The VF parameters are not identical, and depend a
little on the fitting temperature. : | e
The temperature dependence of the c!lelectrlc perm.lt iv-
ity of the 100 pm COANP glass at various frequgnmes is
given in figure 5. It is found that our results agree with utl}(:se
reported by Eich et al [1] when the temperature 15 less than
290 K. As the temperature increases, because the crysta}hza—
tion of the COANP liquid-like state accelerates, the dielec-
tric permittivity for all frequencies decreases rapidly. One
can find three different regions in figure 5 (¢ the two verti-
cal arrows): the pure glass state that exists for temperatures
lower than 265 K, below which the dielectric permittivity
are independent of temperature and frequency: the crystal
State exists at temperatures higher than 300 K; and the tran-
sition (structure relaxation process) state of glass to crystal
that exists between 265 K and 300 K. The VF equaﬁon can
be used to determine the glass transition temperature T, by
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Figure 6. The temperature dependence of the relaxation time of a
MBANP glass.
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Figure 7. The dielectric permittivity of a 100 zem MBANP cell
measured as a function of temperature at various frequencies.

setting 7(T,) = 100 s [21]. For COANP, T, is calculated as
263 K.

For a MBANP glass, the frequency dependences of
the dielectric permittivity and tangential dielectric loss are
similar to those of the COANP glass. The dielectric loss
peak appears at 290 K, and shifts to higher frequency as the
temperature increases and reaches the high-frequency edge
at 320 K. The height of the peak increases slightly with
increasing temperature. The plot of the relaxation time of
a 100 pm MBANP glass against temperature is given in
figure 6. One can see that the relaxation time follows VE

behaviour. The temperature dependence of the dielectric
permittivity of the MBANP glass for various frequencies is
given in figure 7. A series of lambda-like peaks divide the
plot into three areas (see the two vertical arrows): crystal
state, glass state and mixed transitional state. The critical
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Figure 8. The temperature
the melt to a glass

crystalline temperature of MBANP is given as 330 K by
analogy with that of COANP glass. P Nl
For PNP glass, although the frequency

tangential dielectric loss is similar to those f
MBANP glass, the frequency dependence of the
permittivity is different. Figure 8(a) gi es
dependence of the dielectric permittivity of a 10
glass for various frequencies. Below 310

( =

310 K is very low, it changes abruptly
increases above this temperature. We stopped
let the sample cool down and stabilize a

for 12 h and then cooled the sample
and repeated the dielectric measuremen

temperature dependence of the dielec A
the sample is given in figure 8(b). -

3220 AT
o Scanned by CamScanner




Ln - (Hz)

1.4 1.7 2 23

100 / (T-Ty) (K)

Figure 9. The temperature dependence of the relaxation time of a
PNP glass.

their critical temperatures are in crystalline states, which
cannot be converted into glass unless the compounds are
remelted. However, PNP above 310 K is not a crystal. The
dielectric permittivity of PNP glass around this temperature
changes significantly, but there are no significant changes in
the tangential dielectric loss.

The glassy states of COANP, MBANP and PNP were
casily obtained with cooling rates as low as 0.1 K min~",
but NPP glass could not be observed from melt even with a
cooling rate as high as 20 K min~"'. The crystalline structure
of PNP is nearly identical to the structure of its benzene-ring
analogue NPP, and NPP shows the same molecular structure
as PNP, but with a nitrogen replaced by a carbon atom [14].
However, their super-cooled states are quite different. They
are good compounds to test the prediction of the theory on
glass transition. We did not provide a dynamical relaxation
time for NPP samples because there were no peaks in the
plots of dielectric loss.

The frequency range in the experiment is limited,
the data does not transform to complex conductivity
which can give interesting information, such as scaling
behaviour. To get more information about the organic
olasses, broadband dielectric spectroscopy and dynamic
I ght scattering experiments need to be conducted. Further

investigations are in progress.

4. Conclusion

In summary, the dynamics of COANP, MBANP, PNP e?nd
NPP compounds have been studied by dielectric re]axatfon
spectroscopy. The temperature dependence of the relaxation
times of COANP, MBANP and PNP glasses were founq to
satisfy the empirical VF equation. The dynamical relaxau.on
of NPP glass could not be measured due to the quick
crystallization of the NPP glass and the narrow frequency
range of the RLC meter. Table 2 gives the VF parameters
extracted from dielectric measurements of COANP, MBANP
and PNP. E, and Ty » from NMR studies in [4] are listed for
comparison. Except for the absolute values of the activation
energy of COANP and MBANP, it is interesting to find that
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Table 2. The VF parameters from dielectric measurements of
COANP, MBANP and PNP. The parameters from the NMR

studies of [4] are listed for comparison, in the two right-hand side
columns.

E, Tvr T EYMESERTYHE
Compound (meV) (K) (s) (meV) (K)
COANP 54.5 239 3.8x10710 832 239
MBANP 86.2 249 49x10°B 66 249
PNP 84.9 245 1.9x107'2 85 245

the dielectric results are consistent with the those of the
NMR studies. The crystalline temperatures of COANP and
MBANP glasses were givenas 300 K and 330 K, respectively.
An anomalous behaviour of PNP was observed.
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