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HOLE DRIFT MOBILITIES I N  THE GLASSY STATE OF ARYLALDEHYDE 
AND ARYLKETONE HYDRAZONES 

KANAE NISHIMURA, H I R O S H I  INADA, TOMOKAZU KOBATA, 

Department o f  App l ied  Chemistry, F a c u l t y  of  Engineer ing,  
Osaka U n i v e r s i t y ,  Yamadaoka, Sui ta ,  Osaka 565, Japan 

YOSUKE MATSUI, AND YASUHIKO SHIROTA" 

A b s t r a c t  
a ry la ldehyde and a r y l  ketone hydrazones, 4-diphenyl-  
ami nobenzaldehyde d ipheny l  hydrazone (DPH) and 4- 
diphenylaminoacetophenone diphenylhydrazone (M-DPH), 
has been stud ied.  The va lues o f  t h e  h o l e  d r i f t  
m o b i l i t y  i n  t h e  g l a s s y  s t a t e  o f  DPH and M-DPH are  over  
one o r d e r  o f  magnitude g r e a t e r  than those o f  50 w t %  
m o l e c u l a r l y  d ispersed systems i n  po lycarbonate.  The 
h o l e  d r i f t  m o b i l i t y  o f  DPH i s  ca. t w i c e  as h i g h  as 
t h a t  o f  M-DPH. Temperature and e l e c t r i c - f i e l d  
dependencies o f  t h e  h o l e  d r i f t  m o b i l i t i e s  i n  t h e  
g l a s s y  s t a t e  a r e  discussed. 

Hole t r a n s p o r t  i n  t h e  g l a s s y  s t a t e  o f  

INTRODUCTION 

Charge t r a n s p o r t  p r o p e r t i e s  o f  m o l e c u l a r l y  doped polymers have been 

a s u b j e c t  o f  r e c e n t  e x t e n s i v e  s t u d i e s  f o r  b o t h  academic i n t e r e s t  

and p r a c t i c a l  a p p l i c a t i o n s  as photoreceptor  m a t e r i a l s  i n  e l e c t r o -  

However, few s t u d i e s  have been made o f  charge 

t r a n s p o r t  i n  t h e  amorphous g l a s s y  s t a t e  o f  low-molecular-weight 

o rgan ic  m a t e r i a l s ,  

g e n e r a l l y  tend t o  form c r y s t a l s .  I t  i s  expected t h a t  amorphous 

molecu la r  m a t e r i a l s  t h a t  form s t a b l e  g lasses w i l l  form f i l m s  

w i t h o u t  polymer b i n d e r s  and p r o v i d e  i n f o r m a t i o n  on t h e i r  i n t r i n s i c  

p r o p e r t i e s  i n  t h e  amorphous g lassy  s t a t e .  

because low-molecular-weight o rgan ic  compounds 

We have found t h a t  a s e r i e s  o f  a ry la ldehyde and a r y l k e t o n e  

hydrazones c o n s t i t u t e  a new c l a s s  o f  amorphous molecu la r  m a t e r i a l s  

t h a t  form s t a b l e  g l a s s y  s t a t e s  above room temperature on c o o l i n g  

f rom t h e  mel t .5  We r e p o r t  here h o l e  t r a n s p o r t  p r o p e r t i e s  o f  

a ry la ldehyde and a r y l k e t o n e  hydrazones i n  t h e i r  amorphous g l a s s y  

s t a t e s .  The compounds s t u d i e d  i n  t h e  present  s tudy  are  4-diphenyl  

150311235 
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K. NISHIMURA ET AL. 236/ [ 5041 

ami nobenzal dehyde d i  phenyl  hydrazone (DPH) and 4-di phenyl  amino- 

acetophenone d iphenyl  hydrazone (M-DPH). 

DPH 

EXPERIMENTAL 

Mater i  a1 s 

The ary la ldehyde and a r y  

prepared by t h e  r e a c t i o n  

benzaldehyde o r  4-diphen 

M-DPH 

ketone hydrazones, DPH and M-DPH, were 

o f  d ipheny lhydraz ine  w i t h  4-diphenylamino- 

laminoacetophenone i n  ethanol ,  which were 

d e r i v e d  f rom V i l s m e i e r  r e a c t i o n  o r  F r i e d e l - C r a f t s  a c y l a t i o n  o f  

t r iphenylamine,  and p u r i f i e d  by s i l i c a - g e l  column chromatography, 

f o l l o w e d  by r e c r y s t a l l i z a t i o n  f rom benzene-ethanol. The p u r i t y  o f  

DPH and M-DPH was checked by l i q u i d  chromatography. They were 

i d e n t i f i e d  by I R ,  UV, and NMR spect roscopies,  mass spect rometry  and 

elemental  a n a l y s i s .  

Both DPH and M-DPH form spontaneously amorphous g lasses  v i a  

supercooled l i q u i d  s t a t e s  when t h e  m e l t  samples are  cooled down on 

s tanding i n  a i r ,  as c h a r a c t e r i z e d  by d i f f e r e n t i a l  scanning 

c a l o r i m e t r y  (DSC) and X-ray d i f f r a ~ t i o n . ~  The g l a s s - t r a n s i t i o n  

temperatures o f  DPH and M-DPH a r e  ca. 50 and 35 "C, r e s p e c t i v e l y .  

The t ransparent ,  amorphous g lasses o f  these m a t e r i a l s  a r e  very  

s tab le ,  and no c r y s t a l l i z a t i o n  has been n o t i c e d  f o r  over  a year  a t  

room temperature f o r  DPH. 

b inders  by c o a t i n g  f rom a s o l u t i o n  as w e l l  as on c o o l i n g  f rom t h e  

mel t .  The f i l m s  formed by c o a t i n g  f rom a s o l u t i o n  a r e  a l s o  found t o  

be amorphous g lasses as c h a r a c t e r i z e d  by DSC and X-ray d i f f r a c t i o n .  

I n  t h e  present  study, t h e  h o l e  d r i f t  m o b i l i t y  was measured f o r  t h e  

amorphous g l a s s y  f i l m s  prepared by c o a t i n g  f rom a s o l u t i o n  us ing  a 

g 1 ass bar.  

Measurements 

Hole d r i f t  m o b i l i t i e s  were measured by a t i m e - o f - f l i g h t  method f o r  

Both DPH and M-DPH form t r a n s p a r e n t  f i l m s  w i t h o u t  polymer 
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HOLE DRIFT MOBILITIES IN THE GLASSY STATE [505]/237 

a layered dev ice  c o n s i s t i n g  o f  a charge c a r r i e r  genera t ion  l a y e r  

(CGL) and a charge c a r r i e r  t r a n s p o r t  l a y e r  (CTL). A t h i n  f i l m  ( l e s s  

than 1 pm) o f  X-type meta l - f ree  ph tha locyan ine  d ispersed i n  

p o l y v i n y l  b u t y r a l  i s  coated on an aluminum s u b s t r a t e  t o  make CGL. A 
t h i c k e r  f i l m  (10 - 20 p m )  o f  an amorphous g l a s s  o f  DPH o r  M-DPH as 

CTL i s  coated f rom a methylene c h l o r i d e  s o l u t i o n  o n t o  CGL. The 

s o l v e n t  was removed a t  room temperature under vacuum f o r  severa l  

hours.  Then, a semi t ransparent  g o l d  e l e c t r o d e  was vapor depos i ted  

on t h e  t o p  o f  CTL. Hole c a r r i e r s ,  photogenerated i n  CGL upon 

i r r a d i a t i o n  o f  a pu lsed w h i t e  l i g h t  f rom a xenon s t roboscop ic  lamp 

( p u l s e  d u r a t i o n  t ime: 1 - 4 us), a r e  i n j e c t e d  i n t o  t h e  CTL sample 

a t  t i m e  zero  and t r a n s p o r t e d  across CTL under an e x t e r n a l  e l e c t r i c  

f i e l d .  The photocur ren t  was moni tored u s i n g  a d i g i t a l  s t o r a g e  

scope, KDS-102 (KAWASAKI ELECTRONICA). 

RESULTS AND DISCUSSION 

As F ig .  1 shows, t h e  t r a n s i t  t i m e  (T,) was observable i n  t h e  t r a c e  

o f  p h o t o c u r r e n t  (i 

agreement w i t h  t h e  v a l u e  determined from t h e  p l o t  o f  l o g  i 

l o g  t based on Scher-Montrol l  theory.6 The h o l e  d r i f t  m o b i l i t y  was 

c a l c u l a t e d  f rom t h e  t r a n s i t  t i m e  determined f rom t h e  p l o t  o f  
2 l o g  i 

i s  t h e  sample t h i c k n e s s  and V t h e  a p p l i e d  vo l tage.  Table 1 l i s t s  
5 h o l e  d r i f t  m o b i l i t i e s  (ph) a t  an e l e c t r i c  f i e l d  o f  2.0 x 10 V cm-l 

) as a f u n c t i o n  o f  t i m e  (t), which was i n  
Ph 

vs 
Ph 

vs l o g  t, accord ing t o  t h e  express ion u = L /T V, where L Ph t 

0 40 80 120 160 
t / ps 

FIGURE 1 T y p i c a l  t r a n s i e n t  p h o t o c u r r e n t  o f  DPH g l a s s  (100%) 
5 a t  1 x 10 V cm-' and a t  20 "C.  
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238/[506] K. NISHIMURA ET AL. 

a t  20 “C and t h e  d is tances  (p) between molecules determined f o r  

100 % amorphous g lasses  o f  DPH and M-DPH, and 50 w t %  loaded DPH and 

M-DPH i n  po lycarbonate.  The i n t e r s i t e  d i s t a n c e  was c a l c u l a t e d  from 

t h e  formula p = (M/Ad)1/3, where M i s  mo lecu la r  weight ,  A 

Avogadro’s number, and d t h e  d e n s i t y .  The va lues  o f  ph i n  t h e  

amorphous g lassy  s t a t e  o f  100 X DPH and M-DPH a r e  found t o  be more 

than one order  o f  magnitude g r e a t e r  than those o f  50 w t %  loaded DPH 

and M-DPH i n  po lycarbonate under t h e  same c o n d i t i o n s .  

TABLE I Hole d r i f t  m o b i l i t i e s  and i n t e r s i t e  d is tances .  

2 -1 -1 uha/ cm v s 

DPH 100 % 2.2 8.6 
DPH 50 w t %  i n  PC 8 . 7  x 10.7 

M-DPH 100 % 7.0 8 .7  
M-DPH 50 w t %  i n  PC 2.6 x 11 .o 

5 a) Measured a t  an e l e c t r i c  f i e l d  o f  2.0 x10 V cm-’, a t  20 “C. 
PC : polycarbonate.  

It has been understood t h a t  t h e  d r i f t  m o b i l i t y  ( u )  i n  

amorphous organ ic  systems i s  f u n c t i o n s  o f  t h e  spacing between 

molecules (p), temperature (T)  and e l e c t r i c  f i e l d  ( E ) ,  and 
2 g e n e r a l l y  expressed by Eq. 1. 

n 

Several models have been proposed t o  e x p l a i n  temperature and 

e l e c t r i c - f i e l d  dependencies o f  d r i f t  m o b i l i t i e s  i n  d i s o r d e r e d  

systems such as doped polymers. 2 *  7-9 Temperature and e l e c t r i  c - f  i e l  d 

dependencies o f  t h e  h o l e  d r i f t  m o b i l i t i e s  o f  DPH and M-DPH i n  t h e i r  

g lassy  s t a t e s  were f i t  t o  an e m p i r i c a l  equat ion  proposed by G i l l  

(Eq. 2 h 7  
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HOLE DRIFT MOBILITIES' IN THE GLASSY STATE [507]/239 

- 4.0 
I 

I 
cn 

N 

c 

- 
> 
E u 
\ 

- 5.0 
i 
v m 
0 
2 - 6.0 

where Eo i s  t he  a c t i v a t i o n  energy a t  the  zero e l e c t r i c  f i e l d ,  BpF 
t h e  Pool-Frenkel c o e f f i c i e n t ,  kB Boltzmann's constant, F e l e c t r i c  

f i e l d ,  To the  temperature a t  which the  ex t rapo la ted  data o f  

Arrhenius p l o t s  a t  var ious  e l e c t r i c  f i e l d s  i n t e r s e c t  w i t h  one 

another, and uo t he  m o b i l i t y  a t  To. 

m o b i l i t i e s  o f  DPH and M-DPH i n  t h e i r  g lassy f i lms .  I n  t h e  f i gu re ,  

t h e  data f o r  50 w t %  DPH and M-DPH dispersed i n  polycarbonate are 

a l so  inc luded f o r  comparison. The r e s u l t s  show t h a t  t he  ho le  d r i f t  

m o b i l i t i e s  o f  DPH and M-DPH are p ropor t i ona l  t o  exp(BF'/*). 

F igure 3 shows Arrhenius p l o t s  o f  t h e  ho le  d r i f t  m o b i l i t i e s  o f  DPH 

i n  i t s  g lassy s t a t e  a t  d i f f e r e n t  e l e c t r i c  f i e l d s .  

F igure  2 shows e l e c t r i c - f i e l d  dependence o f  t he  ho le  d r i f t  

- 1 a) 

- + + +,+-+--$- c) 

- A/---+- b, 

, +-+v 
R---=-- d, 
/ - 

I I I 1 I 

FIGURE 2 E l e c t r i c - f i e l d  dependence o f  ho le  d r i f t  m o b i l i t i e s  

a t  20 "C i n  the  g lassy s t a t e  o f  a) DPH and b)  M-DPH, 
and c )  DPH 50 w t %  i n  polycarbonate (PC) and 

d)  M-DPH 50 w t %  i n  PC. 

The a c t i v a t i o n  energy a t  the  zero e l e c t r i c  f i e l d  (Eo)  i n  

Eq. 2 was determined by ex t rapo la t i on  o f  t he  p l o t  o f  t h e  a c t i v a t i o n  

energy (Eact )  vs F1/2 t o  the  zero e l e c t r i c  f i e l d ,  as shown i n  

Fig. 4. 

The ho le  t ranspor t  parameters, uo, Eo and To, i n  Eq. 2, as 

evaluated from Figs. 3 and 4 ,  are summarized i n  TABLE 11. 
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240/[508] K. NISHIMURA ET AL. 

1000T-’ / K-’ 

FIGURE 3 Arrhenius plots o f  the hole drift mobilities 
o f  DPH in its glassy state at different 
electric fields: a) 2.0 x 10 , b) 1.5 x 10 , 
c) 1.0 x 10 , d) 5.0 x 10 

5 5 

5 4 V cm-l. 

0.5 

0.4 

0.3 

0.2 
0 200 400 600 

Fv2 / (Vcrn-’)”‘ 
1/2. FIGURE 4 Plots of activation energies vs F , 

a) M-DPH 50 wt% in polycarbonate (PC), 
b )  M-DPH 100 %, c) DPH 50 wt% in PC, d )  DPH 100 %. 

TABLE I1 Hole transport parameters based on Eq. 2. 

Eo I eV To I K 2 -1 -1 u0 / cm V s 

DPH 100 % 4.2 0.39 420 

DPH 50 wt% 3.2 0.44 41 6 
M-DPH 100 % 2.7 0.48 408 

M-DPH 50 wt% 1.0 0.50 387 
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HOLE DRIFT MOBILITIES IN THE GLASSY STATE [509]/241 

B’dssler et al. have proposed a model based on disorder, which 
considers Gaussian distribution o f  localized sites due to both 
energy disorder and disorder of the intersite ~verlap.~” According 
to them, temperature and electric-field dependencies of the drift 
mobility in disordered systems are given by Eq. 3, 9 

where To is proportional to the Gaussian width 0 (To/o = 

7400 K eV-’) o f  the site energy distribution and u0 the mobility o f  

a hypothetical energy disorder-free system extrapolated to 
T -+ *. 3,8,9 

The present results were also found t o  be fit to Eq. 3 as 
shown from the linear plots of log p(E=O) vs T-‘ in Fig. 5. Hole 
transport parameters in Eq. 3, uo, To and a, are summarized in 
TABLE 111. 

- 3.0 - - 
c 

I 

I 
cn 

N 

- 
> 
5 - 5.0 
\ 

8 
u 
3- -7.0- 
Y In 
0 
A 

1 I 1 1 1 I I 

10 1 2  14 16 

( 1000T-’ )* / K-‘ 

Plots of the logarithm of hole drift mobilities at 
the zero electric field vs T-’ a) DPH 100 %, 

FIGURE 5 

b) DPH 50 wt%, C) M-DPH 100 %, d) M-DPH 50wtZ. 

TABLE 111 Hole transport parameters based on Eq. 3. 

To 1 K 0 I eV 2 -1 -1 uo / cm V s 

DPH 100 X 2.1 x lo-’ 849 0.11 
DPH 50 wt% 4.5 x a78 0.12 

M-DPH 100 % 1.1 x lo-’ 937 0.13 
M-DPH 50 wt% 1.8 x lo-’ 9 50 0.13 
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242/[510] K. NISHIMURA ET AL. 

It has been g e n e r a l l y  accepted t h a t  t h e  t r a n s p o r t  i n  

d i so rde red  systems t a k e s  p l a c e  by a hopping process and t h a t  charge 

t r a n s p o r t  i s  an e l e c t r i c - f i e l d  d r i v e n  c h a i n  o f  redox processes 

i n v o l v i n g  n e u t r a l  molecules and charged molecules.  
1 

Approx imate ly  one-order o f  magnitude h i g h e r  uh and uo t o g e t h e r  

w i t h  l ower  a c t i v a t i o n  energ ies  and s m a l l e r  d i s t r i b u t i o n  w i d t h  f o r  

t h e  amorphous g lasses  o f  100 % DPH and M-DPH than  f o r  50 w t %  loaded 

DPH and M-DPH i n  po l yca rbona te  may be p a r t l y  due t o  s h o r t e r  spac ing 

o f  t h e  molecules and l e s s  f l u c t u a t i o n  o f  l o c a l i z e d  hopping s i t e s  

f o r  t h e  g lasses  o f  100 % DPH and M-DPH t h a n  f o r  m o l e c u l a r l y  doped 

polymers. Charge t r a n s p o r t  may be more f a v o r a b l e  f o r  t h e  g l a s s  o f  

100 % t r a n s p o r t i n g  m a t e r i a l s ,  where i n t e r a c t i o n s  e x i s t  between t h e  

r a d i c a l  c a t i o n  and t h e  su r round ing  n e u t r a l  t r a n s p o r t i n g  m a t e r i a l s ,  

t h a n  f o r  m o l e c u l a r l y  doped systems, where t h e  charged mo lecu le  

i n t e r a c t s  w i t h  t h e  polymer b inde r ,  upon which u i s  s t r o n g l y  

dependent. 3.10 

It i s  o f  i n t e r e s t  t o  no te  t h a t  uh o f  t h e  a ry la ldehyde  

hydrazone DPH i s  ca. t w i c e  as h i g h  as t h a t  o f  t h e  co r respond ing  

a r y l k e t o n e  hydrazone M-DPH under t h e  same c o n d i t i o n s ,  i n  s p i t e  o f  

t h e  f a c t  t h a t  t h e r e  i s  no change i n  t h e  7 i -e lect ron ske le ton .  The 

s t e r i c  e f f e c t  by t h e  m e t h y l - s u b s t i t u e n t  i n  M-DPH m i g h t  a f f e c t  t h e  

i n t e r s i t e  d i s t a n c e  and t h e  i n t e r m o l e c u l a r  o v e r l a p  o f  IT-electrons. 
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