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Solid ( 1 1 )  
It. Carrier Transport Phenomena in 1,3-Diphenyl-5-(p- 
chlorophenyl)-2-pyrozoline 

HlROYUKl KITAYAMA, MASAAKI YOKOYAMA and HlROSHl MIKAWA 
Department of Applied Chemistry, Faculty of Engineering, Osaka University, 
Yamadakami, Suita, Osaka, 565 Japan 

(Received December 3, 1980) 

The hole drift mobilities in the different orientations of the single crystal of the title compound 
were measured by using the time-of-flight method. It was found that the mobility of 2 X lo-* 
cm2/V. sec in the c-axis direction is slightly larger than other a* and b-axis directions at  room 
temperature, and a significant change in activation energy was observed at  12OC only in the c-axis 
direction. The anisotropy in drift mobility and the change in activation energy were discussed in 
terms of the small polaron model. It has been shown that the drift mobilities in the glassy state 
previously reported can be also explained in terms of the modified small polaron model in the 
"classical" limit by introducing the ideas of the "effective temperature" and the Poole-Frenkel 
effect. 

INTRODUCTION 

Transport phenomena of charge carriers have been of great interest in differ- 
ent aggregations of crystalline, supercooled liquid, or glassy states in van der 
Waals solids. Excitation energy migration in 1,3-diphenyl-5-(p-chlorophenyl)- 
2-pyrazoline, compound [I], was investigated in such different aggregations. ' 
Compound [I] provides one of the suitable materials to be examined, since 
it gives the aggregations of single crystalline and stable glassy states over a 
relatively wide temperature range. 

In a previous paper,2 the drift mobilities of holes were measured in the same 
compound [I] by using the time-of-flight method, and it was found that the 
hole mobility of approximately cm2/V. sec in the single crystalline state 
was much greater than that measured cm2/V. sec) in the glassy state at 
the room temperature range. 

In the present work, the drift mobilities in the different orientations of the 
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20 H. KITAYAMA, M. YOKOYAMA and H. MIKAWA 

crystal of the compound [I] were measured and significant change in activa- 
tion energy of the hole drift mobility was observed only in crystallographic 
c-axis. The mobility anisotropy in the single crystal is discussed in detail on 
the basis of the small polaron theory developed by Holstein3 and Emin.4 In 
addition, it has been shown that the small polaron theory can be applicable to 
the carrier transport phenomena in the glassy state of compound [I]. The 
idea of using effective temperature T& (= 1/T - VTO) instead of real 
temperature Tin the small polaron theory explained Gill’s empirical relation’ 
which was observed in various amorphous  material^."^ 

MEASUREMENTS 

Details of the sample preparation, purification and crystal growing proce- 
dures of compound [I] have already been reported.?,’ Although the crystal 
of [I] has two crystallographic modifications a and p,* the melt-grown sin- 
gle crystal used in the present work was the monoclinic a-form. Properly 
sized single crystal specimens were cut by a diamond cutter into thin disk-like 
shape (0.05 - 0.1 cm thick) having the specimen surface perpendicular to the 
crystal axes, a*, b, c, respectively. The sandwich cell assembly for the drift 
mobility measurements consists of a transparent conducting Nesa-coated 
quartz electrode, the well-polished disk-like specimen of [I], and a copper 
electrode. 

Drift mobility was measured by a conventional time-of-flight method. 
Experimental techniques used in the present measurements were as described 
in the preceding paper.? Only the hole drift mobility was observable in the 
material. 
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CARRIER TRANSPORT IN VAN DER WAALS SOLID 21 

RESULTS AND DISCUSSION 

The temperature dependence of the hole mobility was measured for three 
kinds of orientations of the crystal, two of them corresponding to the principal 
crystallographic axes, b, c, and the other one a* direction, respectively. Typi- 
cal data of the hole mobilities as a function of temperature are given in Figure 
1, where the logarithms of the mobilities are plotted against the reciprocal of 
temperature. The mobility was almost independent of the applied electric field 
( lo4 - 2.5 X lo4 V/cm) with regard to all crystal orientations. Measurements 
below -2OOC were difficult due to small signals and poorly defined transit 
times. 

Figure 1 indicates that only in the c-axis mobility a small but significant 
change of activation energy appears at ca. 12°C. This behavior was reproduc- 
ible with different specimens and could not be observed in other orientations. 
As described in the previous paper,* the differential scanning calorimetric 
measurements of the single crystal specimen showed a change of the baseline 
at almost the same temperature. Hence, some intramolecular freedom, prob- 
ably rotational motion of p-chlorophenyl side groups, might be released at 
this temperature, although the details are unknown. The release of intramo- 
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FIGURE 1 Log hole mobility against reciprocal temperature for u*, b and c directions. 
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22 H. KITAYAMA, M. YOKOYAMA and H. MIKAWA 

lecular rotational freedom of a particular group are reported even in crystals 
from the detailed calorimetric  measurement^.^ Figure 2 shows the crystal 
structure of the compound [I], a projection of the lattice onto the (a*, b) plane 
corresponding to a view along the c-axis. It can be seen that p-chlorophenyl 
groups of the nearest neighboring molecules have good overlap only in this 
c-axis direction. This would be the reason why the change of the activation 
energy occurs only in c-axis orientation. 

Figure 1 shows also that the drift mobility along thec-axis is slightly greater 
than that of the b or (I* direction. In order to obtain some information about 

c - direction 

0 
~ = 1 2 . 0 2 6 - A  

FIGURE 2 
circles represent the chlorine atoms. Also shown is lattice constant. 

Projection of the crystal structure for pyrazoline onto the (a*, b)  plane. The full 
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CARRIER TRANSPORT IN VAN DER WAALS SOLID 

T A B L E  I 
The hopping distances and the angles of the orientation between the nearest 

neighboring molecules of each crystal axis. 

23 

direction hopping distances and anglest 

C ( i i i ) y ( i i ) - ( i i i )  7.91 A 7.91 A + . z T ( i i )  7.91 A + z- 7.91 A 
580 

9.37 A 4.82 A 9.37 A 4.82 A . a* ( i ~ ~ ( i i i ) ~ ( i v ) ~ ( i i ) ~ ( i )  + xw 
b 

t The distances are calculated from the coordinate of nitrogen atom at the 2-position and the 
angles are given as the angle between the neighboring pyrazoline ring planes. The symbols 
(i) -(iv) are four molecules in a unit cell in the monoclinic a-form pyrazoline,' and x, y, z, repre- 
sent the unit translation to the direction of  each crystal axis, a, b. c, respectively. 

the paths for carriers to proceed through the molecules, intermolecular dis- 
tances and orientations between the nearest neighboring molecules are exam- 
ined from the crystal structural data? and are summarized in Table I. Theequi- 
distant alignments were found only in the c-axis direction. In other directions, 
a* orb, much shorter intermolecular distance can be found, but poor orienta- 
tion of a-electron overlap appears in the short path. Thus, the greater drift 
mobility in the c-axis direction may be understood qualitatively. 

Generally, two kinds of well-established models, the band model and the 
hopping transport model, have been developed as the mechanism of charge 
carrier transport in semiconductors above and below a value - 1 cm2/V. sec 
of the drift mobility, respectively." The value of the order of cm2/V. sec in 
the present compound [I] indicates that a description of the carrier transport 
phenomena in terms of Bloch functions is no longer applicable as reported in 
most of the organic molecular crystals." In such low drift mobility materials, 
sometimes a semiempirical expression developed by Boer" and Davis ef a1.I3 
is used to explain the charge carrier hopping transport based on the phonon- 
assisted site jumps involving thermally activated tunneling process in the fol- 
lowing form: 

p = (e/kT)R2vp exp(-2aR) exp(- W/kt) ,  

where v, is a phonon frequency, Wa measure of the activation energy required 
for hopping, R, a mean separation of hopping sites and a-' is a characteristic 
tunneling length, which is a measure of the extent of the wave functions on 
isolated sites. Since this hopping model represented by Eq. (1) is, however, 
essentially the same to the small polaron theory developed by Holstein' and 
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24 H. KITAYAMA. M. YOKOYAMA and H. MIKAWA 

Emin: an attempt has been made to apply the original small polaron model to 
the present material instead of a conventional expression of Eq. (1). Theappli- 
cation of the small polaron model was found in various molecular ~rystals.’~~’’ 

Drift mobility in crystalline state 
The behavior of a small polaron changes from a narrow band type at low 
temperature to thermally activated hopping due to potential fluctuations in- 
duced by lattice vibrations at higher temperatures. The mobility and activa- 
tion energies increase with increasing temperat~re.~ In calculating the transi- 
tion probablity of a carrier to a neighboring molecular site using time-dependent 
perturbation theory to a polaron model, Holstein obtained a jumping proba- 
bility in high-temperature limit;3 

P = (27rJZ/hzu) [27r/2y cosech (h~/2kT)]’/~ 

X expI-2~ tanh (hd4kT)) (2) 

where Jis the intermolecular overlap integral. The dimensionless parameter y 
is defined by 

y = E d h u  (3) 
where E b  denotes the polaron binding energy and the localized electron (hole) 
is assumed to interact with a molecular vibrational mode of frequency u. The 
corresponding expression for the mobility is obtained by the use of the Ein- 
stein relation, p = eu2P/kT, wherea is the lattice spacing. Eq. (2) can then be 
written as 

p = (2~eu~J~ /kh) f lu ,y ,  7‘) (4) 
Here, flu, y, T )  is defined by 

flu, y, T)  = ( 1/Th u) { (n/2 y)[ exp( h u/2kT) - exp(-h u/2kT)] } ”’ 
X exp{-2y[exp(hu/2kT) -l]/[exp(hu/2kT) +1]} ( 5 )  

Furthermore, this expression of Eq. (4) can be simplified3 in the “classical” 
limit of hu/kT 4 1; 

(6)  p = (2aea2JZ/kTh) (~/4kTEa)’/’ exp(-Ea/kT) 

where Ea = Eb/2 plays a role of activation energy. Thus, in the “classical” 
limit, we can obtain an expression corresponding to Eq. (1). The condition of 
“classical” limit is not satisified for transport phenomena in the crystalline 
state as will be discussed later. The application of Eq. (6 )  for carrier transport 
in the glassy state will be discussed later. 

The analyses of the charge carrier transport phenomena in .the crystalline 
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CARRIER TRANSPORT IN VAN DER WAALS SOLID 25 

state of [I] were made by fitting the experimental data to the theoretical Eq. (4) 
and determining the parameters v, y and J. The values off(v,y, T)  given by 
Eq. ( 5 )  were calculated for various u values and constant values of y. In Figure 
3 are plottedf(v,y, T )  (as a function of the reciprocal of temperature) for the 
case of y = 5 .  As can be seen in the figure, there exists a restricted range of v 
values to give a straight line showing temperature dependence which corres- 
ponds to the experimental activation energy. For a given value of y, therefore, 
v is chosen so as to reproduce theexperimental activation energy AEobtained 
for each orientation in Figure 1 .  Once u andf(v,y, T )  are obtained, E b  can be 
calculated from Eq. (3) and Jis estimated from Eq. (4) using the experimental 
values of drift mobilities p,: 

J = [khpu/2rreazf(u,y,T)1"* (7) 

Here, the values of the lattice spacing a or a*, b and care assumed as 4.82,4.82 
and 7.91 A, respectively, from Table I. 

The results ofthe above-mentioned curve fitting for each orientation of the 
crystal are summarized in Table 11. The values ofJthus obtained are reasona- 
ble as compared with the value of0.05 eV in ~ u l p h u r ' ~  andO.OO1 - 0.002eV in 
anthracene or naphthalene in the c* direction.16 The condition for polaron to 
be stable, that is, Eb >> 2J, is fulfilled for all crystal axes as can be seen in Table 
11. Table I1 also shows that the condition, hv/kT 4 1 ,  is not satisfied for all 
crystal orientations investigated, indicating that Eq. (l), which is the "classi- 
cal" limit of Eq. (6), is not applicable to the charge carrier transport in the 
crystalline state of the present compound [I]. In order to evaluate the reasona- 
ble y and v values, the y values in Table I1 are plotted in Figure 4 as a function 
of the reciprocal of the phonon frequency. This figure indicates that y is pro- 
portional to l/u for all crystal axes. Since they values are reported between 5 
and 50,3*'4 then we can estimate the range of the phonon frequencies to be the 
order of the molecular vibration. It is reasonable to note in Figure 5 that the 
prominent fundamental peaks of the molecular vibrational spectrum lie be- 
tween 200 and 300 cm-' corresponding to the values of y in a range between 5 
and 15. 

As discussed earlier, in the c-axis direction a small change in activation 
energy appears at ca. 12"C, and this phenomenon has been tentatively as- 
signed to be due to the release of the frozen rotation of ap-chlorophenyl side 
group in the crystal at this temperature. From Figure 4 it can be found that the 
value of y at T < 12°C is larger than that at T > 12"C, if the same coupling 
phonon mode is assumed. From the definition of y in Eq. (3), the larger y 
value gives the larger Eb, and hence at T < 12°C the disorder of thep-chloro- 
phenyl groups seems to form the more stable polaron site, and such stable po- 
laron sites would disappear at 12°C due to the release of the frozen rotational 
freedom. 
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26 H. KITAYAMA, M. YOKOYAMA and H. MIKAWA 

Temperature ("C ) 
100 80 60 40 20 0 - 2c 

I I I I I I I 

r = 5  

- A E = 0.035 eV ~ = 8  x 10" 
12 

Y=9X10 \ 

2.5 3.0 3.5 4.0 
I o3 T ( K-' 

FIGURE 3 Plot ofequation ( 5 ) , f ( v ,  y, 
constant value of y = 5. 

for different values ofthe frequency parameter vand 
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CARRIER TRANSPORT IN VAN DER WAALS SOLID 27 

Wave number ( cm-l ) 

0 

k 

0 
In 

0 0.5 1.0 1.5 

1 I 1/ ( x lo-’* s e c )  
FIGURE 4 Replot of y of Table I 1  against l / v .  

Moblllty In the glassy state 
In noncrystalline solids, the localization of charge carriers may occur due to 
the lack of long rangeorder. The hopping transport through the localized sites 
requires a predominantly thermal activation process. There are many exam- 
ples in which the small polaron model was applied to the glassy state, for in- 
stance, some chalcogenide glasses containing As and Te” and amorphous 
As2Se3,’’ and so on. 

Experimentally, the drift mobilities in such noncrystalline glassy states 
show strong field and temperature dependence, which can be explained by 
Gill’s empirical relation:’ 

p = po exp [- ( E O  - p ~ ” ~ ) / k T , d  (8) 
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28 H. KITAYAMA, M. YOKOYAMA and H. MIKAWA 

0 1 - 1  300 2 00 too - 

Wave number ( cm-l 
FIGURE 5 Far infrared spectrum for pyrazoline single crystal at 30OC. 

TABLE I I  

Data obtained from the f i t  of the Holstein theory to the experimental results in the 
crystalline state. 

0 

V V Eb J - 
Axis y (X 1012sec-') (cm-I) (eV) (eV) Ed21 hv/kT 

C 5 8.0 267 0.167 0.0074 11.3 1.29 
(T> 12T) 15 2.5 83 0.156 0.0070 11.1 0.40 

25 1.4 47 0.146 0.0063 11.6 0.23 
45 0.8 27 0.150 0.0066 11.4 0.13 

C 15 5.0 166 0.313 0.040 3.9 0.97 
(T< 12°C) 25 2.8 93 0.292 0.033 4.4 0.54 

35 2.0 67 0.292 0.033 4.4 0.39 
50 I .4 47 0.292 0.033 4.4 0.27 

b 5 15.0 500 0.313 0.0024 65.2 2.42 
15 3.4 113 0.213 0.0012 88.8 0.55 
25 2.0 67 0.208 0.0012 66.7 0.32 
50 1 .o 33 0.208 0.0012 86.7 0.16 

a+ 10 5.9 197 0.246 0.0016 76.9 0.95 
25 2.2 73 0.229 0.0014 81.1 0.35 
50 1.1 37 0.229 0.0014 80.7 0.18 
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CARRIER TRANSPORT IN VAN DER WAALS SOLID 29 

where F is electric field and 

l/Teff = l / T  - 1/To (9 )  

As reported in the previous paper,’ the experimental values of drift mobili- 
ties for the glassy state of our material [I] are well reproduced with this equa- 
tion with the following values of parameters. 

110 = 3.6 X 10” cm’/V. sec 

EO = 0.63 eV (10) 
To = 315 K (42OC) 

Pex = 1.78 X eV. (V/cm)-”’ 

In order to reproduce the field and temperature dependence ofdrift mobili- 
ties, the Gill empirical equation involves the Poole-Frenkel’s effect in activa- 
tion energy and the idea of the “effective temperature” in place of the real 
temperature. However, the Gill empirical equation, Eq. (8), is reasonably re- 
placed by Eq. (6) which is derived in the “classical” limit of the small polaron 
theory except for the above-mentioned points. Thus, it is tempting to interpret 
Gill’s empirical equation with the small polaron model. 

First, we attempted to apply the small polaron theory by using the real 
temperature, but unless an absurd value is chosen as the phonon frequency it 
is difficult to find the condition, hu/kT 4 1 ,  of the “classical” limit in the 
small polaron theory. Once the “effective temperature Tei’  is chosen, how- 
ever, in place of the real temperature, the condition hv/kTeN 4 l is satisfied 
for the glassy state over a wide range of temperature. Although we will discuss 
the nature of Teff and TO later, the introduction of the “effective temperature 
T,i’  allowed the application of Eq. (6) to the charge transport phenomena in 
the glassy state. 

The other important experimental fact in amorphous solids is that the drift 
mobilities show the Poole-Frenkel type of field-dependence as involved in 
Gill’s relation. To explain such a field-dependence, the following relation is 
also introduced into Eq. (6): 

E, = Eo - /3F‘12 (1 1) 

Here, EO = Eb/2 (field-independent) in the “classical” limit, and E, should be 
regarded as an apparent activation energy. 

Under these assumptions, Eq. (6) could be rewritten as 

pslur = (2nea2J’/kTenh) [n/4kTedEd2 - /3F1/2)]’/’ 
X exp [- ( E d 2  - /3F1’*)/kTsar] ( 1 2 )  

Here, this equation is not applicable to the temperature range near To, since 
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30 H. KITAYAMA, M. YOKOYAMA and H. MlKAWA 

the value of p approaches zero through a maximum as the increasing tempera- 
ture approaches TO. 

For the analysis of the data in the glassy state of the present compound [I], 
Eb = 1.48 eV was decided by fitting the experimental data which satisfy Gill’s 
empirical relation’ to the theoretical Eq. (12) as shown in Figure 6. If the sim- 
ilar molecular vibration of about 6 X 10” sec-’ ( i  = 200 cm-I) and a mean 
jumping distance a = 8 A are reasonably assumed, we obtain J = 0.000403 
eV and the value of - 60 for y, respectively. These results obtained for the 
case of the glassy state are summarized in Table I11 comparing with those for 
the crystalline state. It should be noted here that theJvalue in the glassy state 
is about 20 times smaller than that of the crystalline state, and that the value of 

Temperature ( C ) 

n 

v) 
8 
> 

5040 3020 I0 0 -10 -20 -30 -40 - 1  
1 . 1  1 I 

d = 2 1 y  

A= E,- 0 F 
1 /2 i 

I l l  

a= 0.24eV 

0 

FIGURE 6 Typical experimental data of the hole mobility in the glassy state of compound [I] 
(-) and the calculated theoretical curve with polaron binding energy E b  = 1.48 eV (----). 
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CARRIER TRANSPORT IN VAN DER WAALS SOLID 

TABLE 111 

Data obtained from the small polaron theory to the experimental results 
in the crystalline and glassy state. 

31 

Crystal 0.15 - 0.31 0.001 - 0.007 10 - 90 0.95 - 2.42 
Glass 1.48 0.000403 I840 0.07 - 0.32 

Eb/2J in the glassy state, which is a measure of polaron stability, is much 
larger than that of the crystalline state. 

In addition, by applying Eq. (12)  to the glassy state, the physical meaning of 
po in Gill’s empirical equation can be understood as follows. The pre-expo- 
nential factor in Eq., (12)  is supposed to correspond to po in Gill’s equation by 
using TO instead of T.irand taking F = 0. Under these conditions, po could be 
rewritten as 

From the experimental values of a, j ,  TO and Eb, the values of PO were calcu- 
lated for the compound [I] and other amorphous materials as shown in Table 
IV. This table shows that for various amorphous materials the values of 
( p ~ ) t t , ~  calculated by Eq. (13) are in fair agreement with those of ( ~ ( 0 ) ~ ~  ob- 
tained by experimental data. 

Thus, it has been shown that the small polaron theory can explain the 
charge carrier transport phenomena in the amorphous glassy state by intro- 
ducing the ideas of the “effective temperature Ten“ and the Poole-Frenkel ef- 
fect. We believe that the modified small polaron theory represented by Eq. 
(12)  will be applicable to a wide range of amorphous glassy materials. 

Comparison of the carrier transport In the cryrtalllne and glassy states 
The results shown in Table I11 give us some information about the charge car- 
rier transport phenomena in the crystalline and amorphous glassy states. 
First, the polaron binding energy Eb and the stability of the polaron in the 
glassy state are much greater than those in the crystalline state. This fact, of 
course, indicates that in the glassy state more stable polaron sites can be 
formed, but it is difficult to consider that at every place in the glass such very 
stable polarons can be formed because of the lack of even short-range order of 
molecular alignments. Experimentally, we can detect only the most stable po- 
laron site because such a site will offer the rate determining step in the carrier 
transport process. In such a stable site, the release from this site should be a 
field-assisted thermal activation process. Hence, this is the reason why the 
drift mobilities in the glassy state show field-dependence, and why the Poole- 
Frenkel effect must be introduced into Eq. (6) of the small polaron model. 
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Secondly, we introduced the idea of the “effective temperature” into the 
small polaron theory in the“classica1” limit in light of Gill’s empirical relation 
to describe the carrier transport phenomena in the glassy state. The meaning 
of the “effective temperature” should be discussed, but in the present stage, we 
have only the following concepts about Tetr. In practice, the temperature TO in 
Eq. (9) seems to correspond approximately to the glass transition temperature 
or melting points in many amorphous materials, for example, in PVK-TNF 
photoconducting systems,’ and also in the present case.* Thus, TO seems to be 
related to the freezing-in temperature of molecular motion in low molecular 
weight compounds or of the segmental motion in amorphous polymer mate- 
rials. As is well-known, the glassy state is thermodynamically a nonequili- 
brium state, and in such nonequilibrium states the real temperature Tmight be 
meaningless. Thus, to describe the thermodynamic phenomena within such 
nonequilibrium states the “effective temperature T,,ff,” would be required. 
The accumulation of data in the glassy state will provide more detailed con- 
cepts about TO and Tstr. 

Near To of the amorphous material, the glassy state seems to convert into 
different aggregations, such as the supercooled liquid state, where another 
carrier transport mechanism plays a predominant role. 

In  conclusion, the drift mobilities in three orientations of the single crystal 
of 1,3-diphenyl-5-(p-chlorophenyl)-2-pyrazoline were measured and a change 
in activation energy was found to occur only in the direction of the c-axis. The 
anisotropy in the drift mobility and the change in activation energy were dis- 
cussed in terms of the small polaron model. It has been shown that the hole 
drift mobilities in the glassy states can be explained also in terms of the small 
polaron model in the “classical” limit by introducing the ideas of the “effec- 
tive temperature Ten’’ and the Poole-Frenkel effect. 
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