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Phthalocyanine Derivatives Specifically Designed
for Fabrication of Organic Semiconductor Ges Sensors

¥.R, Barger, H. Wobltjen, A. Snmow, J. Lint, and N.L. Jarvis
Chemistry Division, Surface Chemistry Branch
Naval Research Lzboratory
Yashington, DC 20375

Vhen sulfur dioxide, benzene, air, ethanol, water,

dimethyl methylphosphonate, and ammonia vapors were
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introduced into a stream of helium flowing over thin
leyers of phthalocyenines that were sublimed onto the
surface of interdigital electrodes, the conductivities
of the coatings increased or decreased depending on the

type of phthalocyanine and on the vapor. A series of

tetracumylphenoxy- and tetraoctadecyl ether i
phthalocyanines were synthesized specifically for use
as monomolecular films to be deposited by the Langmuir-
Blodgett technique as vapor—sensing coatings on

electrode surfaces. These materials appeared to form

for a microelectrode coated with a2 mixed multilayer
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A progrem of reseerch directed at the eventual development of
se2ll, low cost gas sensors that take advantage of modern
microfebrication techzology and advences in microcozputing
capasbilities is presextly underway &t our laboratory. Specifi-
cally, we sre placing tkin, chemically—selective coating films on
the svrfaces of micro interdigifal electrodes eand surface
acoustic wave (SA¥) devices (1). Figure 1 illustrates the size
and typical design of such devices. A significent pert of the
effort is directed at fundementel studies of the materials to be
used as coating files for the microsemsors and et techmiques to
deposit these films on sensor suvrfaces. There ere numerous
costing techmiques thet might be used, such as deposition from a
volatile solvent, polymerization after contact with the surface,
spin coating, sublimation, dipping, or deposition of one momo-

molecular layer at & time by the Langmuir-Blodgett technique.

This paper describes studies in which metal-free and metal
substituted phthalocyznine films were sublimed cnto the surfaces
of interdigital electrodes in order to measure the change in the
conductivity when the costed electrodes were exposed to a series
of test gases. Also reported are data on tetractmylphenoxy end
tetraoctadecyl ether derivatives of the metal-free and metal-
substituted phthelocyanines which were syanthesized specifically
for use 2s coating peterials to be zpplied one monolayer at a

time by the Langmoir-Blodgett (LB) method (2).  Only the
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physical data describing the behavior of monomolecular films of
these substances on weter surfaces is tebuleated here along with a
preliminary example of the electrical characteristics of a multi-
leyer film, i.e,, a current vs, voltage diagran, Future work
will include exposures of test gases to electrodes coated with

ordered multilayer films deposited by the LB technique.

Phthalocyanines were chosen for these experiments because
they exhibit the desired electrical behavior and because they are
quite stable materials—an important consideration in fabricating
eny practicel gas-detecting device. A considerable body of
literature exists describing the physical end chemical properties
of the phthalocyznines, A review of the work prior to 1965 is
contained in the chapter by A.B.P, Lever in volume 7 of Advances
in Inorganic Chemistry and Radiochermistry (3)., Electrical
properties of phthalocyanines have been receiving increased
attention in recent years, The photoconductivity of metal-free
phthalocyanine has been studied in detail (4,5). Electrical
properties of lead phthalocyenine have been studied extemsively,
especially by Yapanese workers (6,7,8,9). They have also
studied the alteration of the conductivity of this material upon
exposure to oxygen (10,11). The effects of a series of adsorbed
geses (02. Hz, CO, and NO) on the conductivity of iron phthalo-
cyanine have been recently reported (12). A study of generel

electrical properties of meteal phthalocyanines‘of the first
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trensition period with some assessments of the effects of oxygen

bes been prepared by Beales et al. (13). The use of thin Cu,
Ni, end metal-free phthalocyanine films as the sensing material
in a ges sensor has been described by Sadosks et al. (14).

These workers studied the effect of NO NO, SOZ, 0 N

2’ 2

on the electrical conductivity of the phthalocyanine films. A

2° and CO
quantitative study of the effects of & series of geses adsorbed
on the surface of sipgle crystals of Mn, Co, Ni, Cu, Zn, Pb, and
metal-free phthalocyanines and of otker semiconducting materials
has been done by van Ewyk et 21, (15). Gases studied included

NO2 + NO, 02. BF3 NHS‘ ethylene, CO, a2nd otker orgamic vapors.

Baker et al. (16) have recently reported the successful
preparation of Langmuir-Blodgett films from metal-free phthalo-

cyanine and from tetre-tert-butyl phthelocyanine.

Experimental.

Cihemiceals. The phthalocyanine corpounds used to prepare
sublimed films were prepared, purified, aznd characterized in our
lzboratory. A series of new phthalocyanine derivatives, soluble
in organic solvents, vere synthesized especielly for use as
coating films to be applied to sensors by the LB technique., The

tetracumylphenoxy derivatives of the phthalocyznines were

prepared by a nitro-displacement reaction of cumylphenol and 4-
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nitrophthalonitrile followed by hesting the cumylphenoxy

phthalonitrile in the presence of finely dispersed metals or

chloride salts:

ou + ozu©c:u — o@wcﬂ
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Metal-free tetracumylphenoxy phthalocyanine was prepared
from the phthalonitrile heated in the presence of a nucleophilic
reducing agent such as hydroguinone. The tetra-~octadecyl ether

derivatives were prepared in an anslogous series of reactioms,

Measurement Svstem. For the studies involving the exposure of
coating films to various gases, the phthzlocyesnines were sublimed
onto the surface of the electrodes which were microfabricated on
a SAW device (Fig. 1). The coated interdigitel electrodes on the
ends of the SAW device were used as chemi-resistors, not for the
generetion end measurement of surface ecoustic weve signals., A

direct current was passed from one half of the interdigital

electrode through the coating film to the other half of the
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interdigital electrode. The coated quartz substrate with an
interdigital electrode at each end was housed in & rectenguler,
2]1] stainless steel chember with an entrance and an exit for a
flowing gas streexm. Only ome of the coated interdigital
electrodes was used for the measurement of conductivity changes
in the presence of a test gas. The detector block for the SA¥W

device has been previously described (1).

In the case of the microelectrode (Fig. 1) used for the I-V
curve of a multileyer film deposited by the LB technique, a
special low volume cell was fabricated and is shown in Figure 2.
The cylindrical plug thet surrounds the electrode on ell sides
but the top is made of teflon., The remazinder of the block is
fabricsted from polyvinyl chloride except for the stainless steel

tubing and the gold-plated electrodes.

Electrical measurements with both iypes of cells were made
by using the coated and the reference electrodes as the resistors
in en inverting operational amplifier circuit. The ratio of the
resistance of the reference electrode (RZ) to the resistance of
the meesuring electrode controlled the measured voltage E out:

E out = - (R2/R1) E in (1)
The E out voltage was passed to an A/D converter and recorded by
a microcomputer, The apparatus was arranged as shown in Figure

3. A belium carrier gas flowing &t 100 cc/min passed over the
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reference electrode, into a 500 cc dilution flask, and tkem over
the seople-coated electrode. The ges stream them passed through
8 six-port valve to waste, By periodically switching the valve
with an suvtometic acttvator, 5 cc samples of the gas mixture that
had just passed over the measuring electrode could be injected
ioto & ges chromatograph in ord;r to monitor the change in
concentration with time due to dilution, From this data the
equation describing the dilution could be determined, and the
cencerntretion 2s & function of time could be extrapolated to
values below the detection limit of the thermal conductivity
detector, The percent of initiel concentration vs, time in this
arrangement of erperinmentel epparatus is shown in Figure 4. A
sufficient 2mount of test materisl was injected imto the dilution
flask to produce an initial concentration of either 100 or 1000
ppm by volume in the vapor phese., The more reactive vapors were

introduced into the epparatus at the lower concentration,

Monomolecular Film Cherscterization Svstem. Monolayer films of

the derivatives of the phthalocyenines were characterized in the
classical manner using a Langmuir trough. Our present version of
this apparatus has been slightly modified from a system described
in an earlier publication (17). 1..° trough in the present
system consists c¢f a solid glass block etched on the top surface
to a depth of 2 = to create a shallow basin for Lolding water

that is 73 cn by 12 cm, To allow dipping of .devices to be coated
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with film a 3 cn disceter kole was bored to a depth of 3 cm near

one end of the block.

For a run, triply distilled water was added to the trough
end allowed to stand for ebout 5 minutes. The surface was then
further cleaned by sweeping with a series of peraffin-coated bers
to remove any last traces of surface—active meterial. A
perzaffin-coated bar for the compression of the film was placed
ageinst the screw-driven guides, and them the solution of the
film—forming material in a voletile orgenic solvent wes added
slowly to the surface with a precision microsyringe. For all
data reported here the solvent was benzene, concentrations were
as close as possible to 1 mg/ml, 2nd the volune of the solution
added to the surface was 0.150 ml, After 2 S-minnte period to
ellow the solvent to eveporete thoroughly from the monolayer,
surface tension was recorded while the film was slowly compressed

with the moving bar.

Surface tension was measured by the Wilhelmy Plete technique
vsing a 1 cm2 platipum plate suspended from 2 strazin gauge
configured as a micrcbalence. Output from the strain gaunge
passed to a strip chart recorder to produce the film pressure
vs. area isotherm. For dipping electrodes through the film a

cotorized rack a2nd pirion was used, The reversible motor was

controlled by a2 Carle Valve minder, and an electronic device with




a varizble-speed rotary switch ectvetor which e2lloved precise
control of the stoppirg times and direction switching times of
the rack end pinion, Beceuse the electrodes to be coated were
attached to the rack end pinion by & long, thin, highly flexible
wire thread with a relatively heavy clip at the electrode end,

vibrations trensmitted from the motor were avoided.

Results and Discussion

Svblimed Films Exvosed to Vapors. The six different types of

phthalocyenine films thet were sublimed onto the interdigital
electrodes at the ends of SAW devices were exposed to each of a
series of seven vepors., Two SAW devices, one for reference aand
one for measurement, were coated by sublimation simnltaneously.
Metal-free, Co, Cu, Fe, Pb, end Ni phthelocyanines were applied
to the interdigitsl electrodes of the SAW devices in this macner,
Vepors studied were acnmonia, dimethyl methylphosphonate, water,
eir, benzene, and sulfur dioxide, The reletive chenge in
conductivity waz computed from the measured voltage by the
microcomputer—-controlled apparatus:

(°_°o)/°o = (V - VO)IV(> (2)
where the subscript zero variables ere the initizlly measured
values prior to vapor exposure, and tke veariables without
subscripts ere measured valoes during the exposure to a test

vepor. Figure 4 presents the conductivity chenge data for tkhe
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first 25 mirutes of exposure to the test vapors wkich were

decreasing exponentijally in concentration with time.

The maximum percent change inm relative conductivity of each

phthalocyanine is listed for each vepor in Teble I,

Table I, Mazimum Percent Change in Relative Condnctivity for

Sublimed Phthalocyenine Films Exposed to Vapors

‘ Vapor Conc. Phthalocvanine Twvpe

B (ppm) Co Cu Fe Pb Ni Hz

%

;' Sulfar 100 -9 +3 +28 -8 +11  +10

f Dioxide
Benzene 1000 - -2 -2 -2 +4 + 6 (+11)
Air 1000 -5 0 - 4 ~8 + 2 (+25)
Ethanol 1000 -5 ~-15 -11 -4 -1 (+18)
Yater 1000 -5 ~15 -11 ) -5 (+21)
DMMP 100 -7 ~21 ~10 -51 -5 +23
Ar—onia 100 -72 ~81 -36 -24 -51 -41

The teble is roughly srranged to place the more positive
responses to the upper right. The values enclosed in pareniheses
in Table I are to be regarded with much less confidence than the

others, since in these cases the magnitude of the signal was

PR

extremely variable—up to approximately 75% of the maximum. For

this reason the dats for the metal-free phthalocyenine was

Ay g —

ocitted from Figure 4 in the runs with water, ethanol, air and
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berzene, Note the scale charges in Figure 4. Eack tick merk on

the vertical axes represents & 5 percert change in relative

conductivity.

A deteiled examination of the mechenisms of reaction of
these vapors with the verious tfpes of phthelocyanines is beyond
the scope of this work, The reader is directed to the papers by
ven Ewyk, Chedwick and Wright (15) or Lengton &nd Day (12)
for further information in this area, Experiments described here
vere condncted primarily to survey & series of materials under
identical conditions .a order to get a relstive renking of
candidate materials for practical ges sensors, and to aid
decisions about which monolayer-forning derivatives to

synthesize,

A generel cheracteristic of 211 the data shown in Figure 4
is the relatively slow initial response time &znd even slower
return to0 baseline as the concentration of the test vapor was
reduced. Because of the expomential dilution of vapor flowing to
the sensor, the concentration dropped to 8.5% of its initial
valuve 2fter 25 minutes and to 0.3% of the initial value by the
end of an hour. The sublired films obviously do not equilibrate
rapidly with the test vapors. This is a cajor reason for the

interest in beirg eble to deposit uvltre~tkin, ordered films by

the Langmuir-Blodgett technique,




In spite of the slow response times, the sublimed films
might be used in an alerm that respomds to specific vapors.
Since the electrodes being coated with these materials are so
small, an array of many electrodes could be incorporated into a
small sensor. Assuming an array of electrodes coated with the
six materiels shown in Table I, it is epparent that a distinct,
recognizeble pattern of maximum responses is produced by each of
the test vapors. This is illustrated in Figure 5 by presenting
the data of Table I es a bar grzph. It would be a2 simple task to

program a microcomputer to recognize these patterms.

Monolever Films of Phthelocvanipe Derivatives. We have been
successful at prepering a series of derivatives of phthalo—
cyenirves that meet two irportant criteria of materiels to be
deposited by the Langcuir-Bleodgett technique: (1) They must be
soluble in a volatile organic solvent and (2) they must form
rconomoleculer films on the surfece of water, Characteristics of

these monolsyer films 2re reported here,

Monomolecular layers at the air/water interface are
generally modeled es two—dimensional fluids, The classicsl film
pressure vs, area curve is the two-dimensional enslog of a
pressure vs, volume isotherm for a gas. Real geases devizte from

the ideal gas law, but it is still the primary equation used for
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routize calculations, The lower the pressure the more closely a
ree]l ges reserbles the ideal gas. Often PV/ET is plotted versus
P to displey devietions from ideality et higher pressures. Since
in the idezl case PV = RT (where V is the volune per mole), the
rlot irtercepts the verticel axis at a velue of 1, If instead of
FV/RT, only PV is plotted again#t P, the vertical intercept is
equal to RT 2t P = 0. For a gaseors monolayer film, ideally nA =
kT, where = is the film pressure, A is the area per molecule, end
k is the Boltzrmaon's constent. For a review of eguations of
state for insolcble conolsyers see Gaines (18). A graph of zA
vs. = for en idezl geseous monolayer would be a horizontal linpe

ttat intercepted the vertical axis at kT.

For reel momolayer films we find that a very good fit to the
values of =A vs. % cen be mede with a least squares best fit
parsbola tkrough the data:

zh = CO + Cl n + C2 =2 (3)
This equation essentially essumes thet spherical molecules are
interecting and therefore does not fit the data perfectly in
regions of the nm vs. A curve where changes in molecular orienta-
tion are telking place. However, it is sufficiently good that the
constants may be used to tabulate the n vs, A data for & large

pucber of meteriels for comparison of general features.,
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This equation possesses anmotker useful feature. It may be

rewritten in & form somewhat resembling & van der VWaals equetion:
m (A-Cl) =CO+ C2 n, (4)
In this form of the equation tke constent Cl may be interpreted
es a correction to the measured ares due to the finite area
occupied by the molecules on thé surface, This interpretation is
enalogous to the interpretation of onme constant in the van der
Faals equation for gases as the correction for the finite volume
of gas molecules. Even though monolayers such es stearic acid
are believed to form films that ere two-dimensional solids, the
Cl valves of srea per molecule derived from the least squares
best fit to Equation 3 agree with the accepted literature values

determined by other methods.

A series of typical film pressure vs. area curves determined
using our apparatus is shown in Figure 6, The dots indicate a
series of points that were picked from the measured curves. The
curves were determined by the least squares best fit to Equationm
3, Curves for octadecanol (stearyl alcohol), platinum tetra-
cumylphenoxy phthalocyanine (PtPcCp), and a mixture containming

five molecules of octadecanol per molecule of PtPcCp are shown.

Table II summarizes the film pressure vs, aresa data for the

verious phthalocyanine derxivatives that were studied. Of parti-

cular interest are values of Cl, A broad generslization based on

aag=
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the Cl1 values would clessify the phtbalocyenire derivatives into
two classes: Zn and Pt with areas per molecule near 75 square
Angstroms and all the rest with areas per molecule near 50 square

Angstrons.

Table II. Equetion Constants fér Surface Films of Phthalocyenine

Derivatives

Metal N~tetractnylphenoxy M-tetreoctedecyl ether
(¥) phtbalocyanines phthelocyanines

co C1 c2 co c1 c2
Za 15.8 77.9 -1.204 - - -
Pt 14.6 74.3 -1.,058 - - -
Ni 21.4 - 66.1 ~0.819 19.3 50.5 ~0.665
Cu 20.1 55.1 -0.660 23.2 60.9 -0.821
Po 21.4 52.4 -0.613 13.8 49.0 -0.404
Hz 19.5 51.0 -0.535 17.1 50.6 -0.813
Co 20.1 49.8 -0.838 —_ - —_

The size of the basic phthalocyanine ring structure is well
known (3). If it were lying horizontal on the water surface
the molecule would occupy epproximately 100 square Angstroms. To
achieve areas less then this in a monolayer film, the molecules
would have to be either inclined to the surface or stacked in
some way., One possible interpretation is that the surface films

of the phthalocyanine derivatives are composed of dimers as

illustrated in Figure 7, Other orientations might elso account
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for the observed areas, but the propcsed dimers have the
characteristic that all oxygens zre near the water surface and
can interact with the water by hydrogen bonding in the seame

manner as classical sorface films snch as stearyl slcohol,

The postuleted dimers would not necessarily bhave the metals
aligned directly over each other., There is sufficient room in
tkis model for veriability im the exact eslignment of the central
metal stoms to account for the varistions in the measured areas
per molecule indicated by the Cl constents in Teble II. Further
study of deposited films of these phthalocyenine derivatives will
be necessary in order to determine the exact orientations on the
surface, but regardless of their orientations, they offer
interesting possibilities for construction of ordered arrays of

molecules on the surface of gas semsors.

¥e have just begun studies of the gas—sensing abilities of
these films, To conduct such studies it is first necessary to
trensfer the material to a sensor surface. The cozmpounds from
this grovp of surface-active phthalocyenine derivetives that have
been trensferred to a solid surface (glass) so fer, heve produced
rether non—vniform films compared to classical materials such as
stearic acid., Since the phthalocyenipe derivetives are highly
colored, the irregularities in a meny-monolayer Langmuir~Blodgett

film may be observed visually., However, a mixed film of stearyl

-
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zlcohol and PtPcCp produced 2 tniferm multilaver film wkhen
transferred to glass, so this mirtvre wes also trezsferred to a
cicroelectrode for electrical testing. The I-V ctzve for this
film is shown in Figure 8, From this curve the scrface
resistivity of the mixed film at 1 volt was determined to be

14

2.8x10 ohms/squere, Similar tests for mixtures contezining

patrix films and other phthalocyenine derivatives are planmmed,

Stmmary _2nd Conclusions

A survey of interactions of 2 series of vepors with coatings
of metel-free and metzl-substitoted phthalocyenines sublimed onto
tke surface of microelectrodes indicated, as others have
observed, that the conductivity of these naterials was altered
significantly in the presence of certain vapors. The central
metal atom in the phthalocyanine molecule strongly influences the
response of the compound to the challénging vepor. It has been
possible to create 2 series of crganic derivatives of the
phthalocyanines that ere soluble in volatile ozgenic solvents and
that form monolayer films on water surfaces, These meterials can
be transferred to solid surfaces, such as cmicroelectrodes, by tte
Lengmuir-Blodgett technique of passing the microelectrode
repeatedly through the monolayer film, The ebility to deposit
pultiple monolsayer films of phthalocyanine derivatives offers the

possibility of constructing precisely controlled t:ickzesses of




ordered arreys of molecules of these compounds on the surfaces of

ricrosensors to make improved vazpor-semsitive devices. Such
films pay heve faster response and greater selectivity than the

less well controlled, sublimed coatings.
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Figure 1. Scheratic dizgrems of e microelectrode and a

surfece acoustic wave (SAW) device.

Figure 2. Low dead-volume flow—through cell for a coated

microelectrode vepor sensor.

Figure 3. Arrangement of experimental epparatus for

electrical measurements on sublired phthalocyanine films,

Figure 4. Changes in relative condoctivity 2s a function
of time for sublimed phthalocyenine films exposed to a
series of test vapors. The chemical symbols for metals
identify the type of phthalocyanine, Hz indicates
metal-free phthalocyanine. Concentration as a percent of

initial concentration is shown vs. time for the

challenging vapors.

Figure 5. Data from Table I plotted as a bar graph to
illustrate the distinct, recognizable patterns that would
be observed by an erray of 6 microelectrodes., Symbols at
tke top indicate the type of sublimed phthalocyanine

exposed to the listed vapors.,

Figure 6. Typical film pressure vs. area isotherms.
Stearyl alcohol = octedecanol., PtPcCp = platinum tetra-

curzylphenoxy phthalocyanine.
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Figure 7. Illustration of the postulated geometrical
arrangerent of molecules in the suvrface films of
phthalocyanine derivatives spreed on water surfeces. The
dimer structures at the bottom of the figure corid account

for the observed areas per molecule.

Figure 8. I-V curve for & microelectrode coated with 71
layers of a mixed momolayer film of 5 molecules of stearyl
alcohol per molecule of platinum tetracumylphenoxy
phthalocyenine, The electrode had 300 finger peirs with

geps of 0.7 vwn x 1700 um,
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