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GAS SENSING DEVICE BASED ON PHTHALOCYANINE LB FILMS 

ANTON1 CHYLA, JULIUSZ SWORAKOWSKI, 
I n s t i t u t e  o f  Organic and Physical  Chemistry, 
Technical  U n i v e r s i t y  o f  Wroclaw, 50-370 Wroclaw, Poland, 

ANDRZEJ SZCZUREK, 
I n s t i t u t e  o f  Environmental P r o t e c t i o n  Engineering, 
Technical  U n i v e r s i t y  o f  Wroclaw, 50-370 Wroclaw, Poland, 

EDUARD BRYNDA AND STANISLAV N E ~ P U R E K ,  
I n s t i t u t e  o f  Macromolecular Chemistry, 
Czecho-Slovak Academy o f  Sciences, 16206 Prague, Czecho-Slovakia. 

-~ Abst rac t .  An i n v e s t i g a t i o n  o f  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  f i l m s  
c o n s i s t i n g  o f  m u l t i l a y e r s  o f  t e t r a - t -bu ty l - subs t i t u t ed  copper 
phthalocyanine (TTBCuPc) f i l m s  exposed t o  var ious  l e v e l s  o f  
n i t r o g e n  oxides i n  a i r  ( w i t h i n  t h e  ppm range) was c a r r i e d  ou t .  The 
TTBCuPc f i l m s  were deposi ted,  us ing  t h e  Langmui r -B lodget t  (LB) 
technique, on to  g lass  substrates.  Gold i n t e r d i g i t a l  e lec t rodes  (ca. 
2vm t h i c k ,  100 vm wide and 100 pm spaced) were evaporated on t h e  
t o p  o f  t h e  f i l m s .  High r e p r o d u c i b i l i t y  and reasonable s e n s i t i v i t y  
o f  t h e  sensors t o  t h e  n i t rogen  ox ide  a t  a r e l a t i v e l y  low 
temperature (313 K )  suggest t h a t  TTBCuPc may be a v i a b l e  ma te r ia l  
f o r  gas sensing devices. 

INTRODUCTION 

I t  has been known f o r  several  years t h a t  adsorbed gases - e i t h e r  

o x i d i z i n g  o r  reducing - can s u b s t a n t i a l l y  a f f e c t  e l e c t r i c a l  and/or 

o p t i c a l  p r o p e r t i e s  o f  phthalocyanines (see, e.g., Refs. 1-3 and 

references quoted t h e r e i n ) .  The changes i n  e l e c t r i c a l  c o n d u c t i v i t y  o f  

phthalocyanines can, i n  favourab le  cases, amount t o  several  o rders  o f  

magnitude. Such dramat ic changes i n  e l e c t r i c a l  p r o p e r t i e s  can be 

e x p l o i t e d  f o r  a number o f  chemical o r  gas sensor app l i ca t i ons .  

When a gas molecule i s  chemisorbed on t h e  sur face  of a 

semiconductor, a charge t r a n s f e r  may occur between them, i t s  d i r e c t i o n  

depending upon t h e  e l e c t r o n e g a t i v i t y  o f  t h e  gas and t h e  work f u n c t i o n  o f  

t h e  s o l i d .  The charge t r a n s f e r  can e i t h e r  i n f l uence  on ly  t h e  sur face  

c o n d u c t i v i t y  o f  t h e  semiconductor o r ,  f o l l o w i n g  a reac t i on  a t  t h e  

sur face ,  c a r r i e r s  can be i n j e c t e d  i n t o  t h e  bu lk  causing changes i n  bo th  

t h e  sur face  and bu lk  c o n d u c t i v i t i e s .  F i n a l l y ,  t h e  adsorbed species o r  
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2/[494] A. CHYLA ET AL. 

produc ts  o f  t he  s ide  r e a c t i o n  may d i f f u s e  i n t o  t h e  sample’s b u l k ,  

i n f l u e n c i n g  i t s  e l e c t r i c a l  p roper t i es .  

As was demonstrated by van Ewyck e t  a l , 4  changes i n  e l e c t r i c a l  

c o n d u c t i v i t i e s  o f  phthalocyanines caused by gases a re  conf ined t o  t h e  

su r face  o f  t h e  c r y s t a l s  r a t h e r  than t o  t h e i r  bu l k .  It i s  t h e r e f o r e  w e l l  

founded t h a t  severa l  phthalocyanine gas de tec to rs  descr ibed so f a r  have 

been based on t h i n  f i l m s .  Un fo r tuna te l y ,  because o f  t he  polymorphism 

o f  c r y s t a l s  o f  many phthalocyanines, t h e  morphology o f  phthalocyanine 

f i l m s  can be q u i t e  compl icated, making i n t e r p r e t a t i o n  o f  r e s u l t s  

d i f f i c u l t .  Moreover, t h e  response and recovery t imes on such t h i n - f i l m  

devices can a l s o  be very  long, at tempts t o  make them s h o r t e r  r e s u l t i n g  

u s u a l l y  i n  ope ra t i ons  a t  e leva ted  temperatures ( c f . ,  e.g. ,  Ref. 10) .  

5 - 9  

One can hope t h a t  t h e  LB technique, making poss ib le  t o  f a b r i c a t e  

t h i n  o rgan ic  f . i lms w i t h  s p e c i f i c  p r o p e r t i e s  and t o  mod i fy  t h e i r  sur faces  

i n  an organised and sys temat ic  way, w i 1 7  enable one t o  overcome a t  

l e a s t  some o f  t h e  problems mentioned above. 

1 1  

The present  work r e p o r t s  on r e s u l t s  o f  measurements o f  t h e  e f f e c t  

o f  n i t r o g e n  oxides on phthalocyanine LB f i l m  gas sensor. We have 

monitored changes o f  t h e  sur face  dark  c o n d u c t i v i t y  o f  sensors made o f  

TTBCuPc f i l m s  due t o  adsorp t ion  o f  n i t r o g e n  oxides. 

-____ EXPERIMENTAL 

Sample p repara t i on  

T e t r a - t - b u t y l  Cu phthalocyanine was syn thes i zed  from o-xylene, and 

p u r i f i e d  on alumina chromatographic column. The p u r i t y  o f  t he  product 

was checked by t h e  t h i n - l a y e r  chromatography, and i t s  molecular 

s t r u c t u r e  was conf i rmed by I R  and UV-VIS spectroscopy as w e l l  as t h e  

elemental  ana lys i s .  

1 2 

Monomolecular f i l m s  o f  TTBCuPc were spread from xy lene s o l u t i o n s  

( c  = 4 . 5  g/dm on q u a r t z - b i d i s t i l l e d  water a t  290 K. The f i l m s  were 

compressed a t  t h e  r a t e  o f  0.025 mm/s and t h e  l i m i t i n g  area o f  about 0.6 

nm per  molecule was conf i rmed. The t r a n s f e r  o f  f i l m s  on to  g lass  

subs t ra tes  (Corning 2948, un t rea ted  o r  hydro fob ized w i t h  d i ch lo ro -  

d ime thy l s i l ane )  was c a r r i e d  ou t  a t  a sur face  pressure of 20 mN/m. The 

depos i ted  LB f i l m s  were o f  t h e  Y-type, t h e  t r a n s f e r  r a t i o  be ing  o n l y  

s l i g h t l y  lower than 100%. F i lms 3, 6 and 16 monomolecular l aye rs  t h i c k  

were prepared and s to red  i n  a vaccum dess i ca to r  f o r  12 t o  2 4  hours 

3 
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[4951/3 PHTHALOCYANlNE LB FILMS AS GAS SENSORS 

u n t i l  3 2  i n t e r d i g i t a l  Au e lec t rodes ,  6 mm long, 100 p m  wide and 100 pm 

spaced were vacuum-deposited on to  t h e i r  t o p  s ide .  Samples prepared i n  

such d way were s to red  i n  a i r  under a s l i g h t l y  reduced pressure.  

- . _ _ - _ ~ -  Sensor s tud ies .  

NO-, was ob ta ined i n  t h e  r e a c t i o n  o f  sodium n i t r i t e  w i t h  the  n i t r i c  ac id ,  
and t h e  NO,- a i r  m ix tu res  used i n  t h i s  work and cove r ing  t h e  

concent ra t ion  range from 0.1 t o  15 mg/m , were prepared us ing  a 

permeation tube loca ted  i n  g lass  enc losure  kept a t  a constant 

temperature. A constant a i r  f l o w  over t h e  permeation tube t h a t  cou ld  be 

v a r i e d  between 1 . 5  and 4 cm”/s p rov ided a known concent ra t ion  o f  NOz i n  

the  a i r .  A f t e r  each measurement session, t h e  NOZ concen t ra t i on  was 

checked accord ing  t o  the  P o l i s h  Na t iona l  Hea l th  and Secur i t y  standards,  

employing t h e  Saltzman c o l o r i m e t r i c  method. 

3 

D e t a i l e d  i n v e s t i g a t i o n s  of t h e  temperature dependence o f  e l e c t r i c a l  

c o n d u c t i v i t y  o f  TTBCuPc LB f i l m s  exposed t o  var ious  NOL Concentrat ions 

were c a r r i e d  ou t  i n  o rder  t o  op t im ise  t h e  opera t i on  c o n d i t i o n s  of 

ph tha locyan ine  gas sensors. For r e l a t i v e l y  low concent ra t ions  o f  NO, 
(around 1 ppm), t h e  c o n d u c t i v i t y  was found t o  increase w i t h  temperature, 

passing through a maximum a t  ca. 320 K .  A f u r t h e r  hea t ing  r e s u l t e d  i n  an 

enhanced deso rp t i on  and a decrease of  t h e  c u r r e n t  u n t i l  a va lue  c l o s e  t o  

the  i n i t i a l  one was reached again a t  ca. 370-380 K.  The procedure of 

p repara t i on  o f  t h e  sensors, adopted on t h e  bas i s  o f  these experiments, 

was as f o l l o w s ,  Each sample was heated f o r  two hours a t  393 K i n  the  

stream of d r y  a i r ,  cooled down t o  313 K and then exposed t o  NO,- a i r  

m i x t u r e  o f  a concen t ra t i on  a t  which t h e  sensor was expected t o  work 

(between 0.25 and 30 ppm). The sample was subsequently cooled aga in  t o  

room temperature and s to red  i n  t h e  a i r .  The d.c. cu r ren t - vo l tage  

c h a r a c t e r i s t i c s ,  measured bo th  p r i o r  t o  t h e  admission o f  t h e  n i t r o g e n  

ox ide  and f o r  a l l  pressures o f  NO, were found l i n e a r  over t h e  e n t i r e  

vo l tage  range covered by our  experimens ( u p  t o  10 V).The temperature of 

t h e  subs t ra te  was maintained cons tan t  d u r i n g  t h e  c a l i b r a t i o n  experiments 

(313 K i n  t h e  experiments descr ibed i n  t h i s  paper) .  

RESULTS AND DISCUSSION 

We measured t h e  dependence o f  t h e  su r face  c o n d u c t i v i t i e s  o f  TTBCuPc 

sensors exposed t o  t h e  a i r  con ta in ing  NO,, i t s  nominal concen t ra t i on  
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4/[496] A.  CHYLA ET AL. 

rang ing  between 9.129 mg/m‘{ (0 .28  ppm) and 14.7  mg/m” (31.3 ppin). 

The dependences were found s l i g h t l y  sub- l inear  w i t h  respect t o  t he  

concen t ra t i on  o f  N O ,  , w i t h  some tendency toward a s a t u r a t i o n  a t  h igher  

N O ,  concent ra t ions .  

I f  one assumes t h a t  t h e  c o n d u c t i v i t y  i s  d i r e c t l y  r e l a t e d  t o  the  

number of molecules o f  t h e  a c t i v e  gas adsorbed on the  sample sur face ,  

then, under a constant vo l tage ,  t h e  shape of t h e  I ( p )  dependences can be 

descr ibed by t h e  Freundl i c h  isothermL’ 

( 1 )  Y 

where I ( 0 )  and I ( p )  are  the  i n i t i a l  c u r r e n t  measured p r i o r  t o  t h e  

admission o f  t h e  a c t i v e  gas, and the  c u r r e n t  under t h e  p a r t i a l  pressure 

o f  t h e  a c t i v e  gas amounting t o  p ,  r e s p e c t i v e l y ,  S i s  t h e  f r a c t i o n  o f  t he  

sur face  covered by t h e  gas, and k and y are  constants.  

AI = I ( p )  - I ( 0 )  = k S(p) k p , 

Under a s t a t i o n a r y  f l o w  of t h e  n i t r o g e n  ox ide  - a i r  m ix tu re  over 

the  sensor, t h e  p r o p o r t i o n a l i t y  o f  p t o  the  t o t a l  concen t ra t i on  o f  t h e  

a c t i v e  gas i n  t h e  m ix tu re  should be f u l f i l l e d .  I t  should be s t ressed 

here t h a t  a s imp le  c a l c u l a t i o n  shows t h a t  i n  the  c o n d i t i o n s  o f  our  

experiments, t h e  e q u i l i b r i u m  i s  s t r o n g l y  s h i f t e d  toward t h e  fo rmat ion  o f  

NO,, t h e  conten ts  o f  o the r  n i t r o g e n  ox ides  no t  exceeding lo-:’% o f  

t h e  t o t a l  amount. Thus one should expect t he  ( J o g  A I  vs. 70g c )  

1.4 

1 . 2  

1.0 

0.8 

0.6 

0 .4  

0.2 

FIGURE 1 V a r i a t i o n s  o f  
t h e  r e l a t i v e  sur face  
c o n d u c t i v i t y  o f  a TTBCuPc 
sensor measured 6 minutes 
a f t e r  t h e  exposure t o  
va r ious  concent ra t ions  o f  
NO2 a t  313 K. 
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D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
08

 1
8 

Fe
br

ua
ry

 2
01

3 



PHTHALOCYANINE LB FILMS AS GAS SENSORS [497]/5 

dependence t o  be l i n e a r ,  i t s  s lope amounting t o  1, as i n  the  case o f  a 

non-d issoc ia t i ve  adsorp t ion .  On t h e  o the r  hand, one cannot exclude a 

compet i t ion  of adsorbed ub iqu i tous  oxygen. Such a compet i t ion  would 

e x p l a i n  t h e  s lopes s l i g h t l y  lower than u n i t y ,  found i n  our experiments 

( c f .  F ig .  1 ). The measurements c a r r i e d  ou t  on vacuum-deposited 

p o l y c r y s t a l l i n e  phthalocyanines demonstrated t h a t  t h e  'oxygen e f f e c t '  

becomes apparent above 320 K ,  s a t u r a t i n g  above 370 K.  

The t r a n s i e n t  response c h a r a c t e r i s t i c s  f o r  var ious  concent ra t ions  

o f  NO2 are shown i n  F ig .  2. The c h a r a c t e r i s t i c s  have been p l o t t e d  i n  t h e  

( A I / I ( O )  vs. l o g  t )  coordinates,  r e s u l t i n g  from t h e  E lov i ch  equat ion 

8 

dS/dt = a exp(-Pt) , ( 2 )  

of ten  employed t o  descr ibe  t h e  k i n e t i c s  o f  chemisorpt ion (see, e.g., 

Ref. 14). As one cou ld  expect, a f t e r  an i n i t i a l  pe r iod  t h e  cu r ren t  

becomes a l i n e a r  f u n c t i o n  o f  l o g  t .  

0.8 

0.6 

0.4  

0.2 

1 

FIGURE 2 The E lov i ch  
p l o t  measured on a 
TTBCuPc sensor a t  313 K .  
The concent ra t ions  o f  NO, 
amounted t o  0.28 ppm ( 0 )  
and 1 .22  ppm (0) 

Although t h e  r e s u l t s  presented i n  t h i s  paper reasonably w e l l  

f u l f i l  p r e d i c t i o n s  o f  t h e  model, t h e  adsorp t ion /desorp t ion  cyc les ,  and 

i n  p a r t i c u l a r  t h e  f i r s t  one, a re  no t  f u l l y  r e v e r s i b l e ,  most probably due 

t o  an i r r e v e r s i b l e  s i d e  reac t ion .  However, a f t e r  a p roper  ageing, t he  

c h a r a c t e r i s t i c s  become reasonably r e v e r s i b l e ,  t h e  r e s u l t i n g  h igh  

r e p r o d u c i b i l i t y  and s t a b i l i t y  o f  p re- t rea ted  sensors encouraging a 

f u r t h e r  research on t h e  use o f  phthalocyanine LB f i l m s  as NO, sensors. 
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6114981 A. CHYLA ET AL 

Both t h e  s e n s i t i v i t y  o f  t h e  samples and t h e  k i n e t i c s  o f  t h e i r  

response t o  t h e  presence o f  NO;! were found t o  depend on t h e i r  th ickness  

and t h e  e lec t rode  geometry. I n  our op in ion ,  t h i s  behaviour i s  an 

evidence o f  a non-negl ig ib7e r o l e  o f  bu l k  processes, assoc ia ted  probably 

w i t h  t h e  d i f f u s i c n  o f  gases, and r e q u i r i n g  f u r t h e r  s tud ies .  

_ _ _ _ ~  CONCLUSIONS 

A gas sensor made o f  s u b s t i t u t e d  phthalocyanine L B  f i l m s  was descr ibed, 

having a h igh  s e n s i t i v i t y  and a r e l a t i v e l y  sho r t  response t ime.  I n  our 

op in ion  L B  sensors, being s i g n i f i c a n t l y  t h i n n e r  and more ordered, may 

prove super io r  t o  those based on vacuum-deposited phthalocyanine f i l m s .  

Moreover, r e s u l t s  presented i n  t h i s  paper demonstrate t h a t  t he  sensors 

based on phthalocyanine LB f i l m s  are a c t i v e  a t  t h e  temperature as low as 

313 K ,  whereas most vacuum deposi ted f i l m s  had t o  be used a t  much h igher  

temperatures. We be l i eve  t h a t  t h e  phthalocyanine LB f i l m s  can be used, 

e.g. ,  i n  mon i to r i ng  low concent ra t ions  o f  NO, i n  p ro tec ted  areas, as 

cheap smog sensors, e t c .  
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