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ABSTRACT

PHOTOELECTROCHEMISTRY WITH POLYMER SEMICONDUCTORS :
POLY(CHROME AZUROL S-ACETYLENE)

Alan J. Oleksa
Master of Science

Youngstown State University, 1982

The present work is concerned with producing a
polymer semiconductor which could photocatalyze the decom-
position of water. The method chosen to couple an acetylene,
(conductive polymer), to an organic dye, (light absorber),
was the Williamson ether synthesis. If polymerized, the
intention was that the polymer would be conductive,while
the organic dye would branch off the polymer-as‘a "pendent"”
group and:.be a necessary ingredient for an electrical gra-
dient, separating a charge and producing a chemical poten-
tial, when light illuminated the polymer.

The structure of the "dye derivatized" acetylene
was confirmed with the use of nmr, ir, and TLC data. Cyclic
voltammetry was employed as a tool in determining any’ elec-
troactive species in the dye. The cyclic voltammograms con-
firmed the presence of a conductive layer on the surface
of the electrode, consistent with that of electropolymeri-
zations, but was unstable upon exposure to air, and wouldn't

conduct when reimmersed in electrolyte solution.
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CHAPTER I
INTRODUCTION
General

Coﬁducting polymers have opened a new field in pho-
toelectrochemistry whose potential has yet to be exploited.
One use of conducting polymers is to employ.solar energy to
split water into oxygen and hydrogen, where hydrogen could
be a useful source of energy on earth. One conductive poly-
mer of interest in this thesis is polyacetylene, (CH)X, whose
properties may aid in photoelectrochemistry. As Mettee1

states, polymers may play a central role in light absorp-
tion, charge separation, and particle flow dynamics that
make up part of the photoelectrochemical (PEC) process.
"The solar energy coming down onto the earth's sur-
AT R R A S e T e
Why not harness some of the sun's radiant energy?
For systems converting solar energy into electrical, Watan-
a.be3 has elaborated on two criteria. First, there has to
~ be absorption by a "chemical substance" of solar energy
which would be able to cause the separation of electron (e”)-
‘hole (h") pairs. The second factor to consider is to separate

th3§§ e'/h* pairs with minimum loss due to recombination.



In order that this charge separation proceeds effectively,
there should be a potential gradient established where this
excitation takes.place, .It.was pointed out that a way to
create a potential gradient is by“band bending?in a semi-
conductor material at the interface of a liquid junction.
When a semiconductor is used as an electrode, and it is
connected fo a counter electrode, photoexcitation of the semi-
conductor can generate a chemical potential to cause a redox
reaction on the surface of the electrode. Another example
of such an interface is the lipid membrane of the chloro-
plast of green plants, which is a very economic and dur-

able form of solar converter.

Band Theory of Semiconductors

Energy bands originate in semiconductors when atoms
are brought into a collection to form a solid. The Pauli
Exclusion Principle has to be obeyed, and so discrete atomic
levels are formed into bands of levels in the solid, (Fig-
ure 1). At absolute zero temperature, lower ‘energy:levels are
filled first before higher levels so that the upper levels
are empty. The highest filled level is known as the valence
band (Vb). ~The Fermi energy (Ef) is characteristic of the
chemical potential of electrons in a semiconductor. Holes
also have a Fermi level.

Insulators, metals, and semiconcuctors can be com-
Pared by the width of band gap between valence and conduc-

tion bands (Cb)’ corresponding to the Homo and Lumo levels
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in'molecules as shown in Figure 2,. An insulator usually results
whéﬁ the ﬁand gap is several eV or more. The energy which

is required to excite an electron to the next band is the
band gap energy. At room temperature, there isn't enough
thermal energy for excitation to occur and the solid is an
insulator. Conversely, a metal contains no band gap, since
its upper ievels in the band are only partially filled.
Electrons can move between these partially filled levels

in the same band easily. . An intrinsic semiconductor shows
that the valence band is full while the conduction band is
empty at absolute zero. At 0 K semiconductors are insulators,
but as temperature rises, and thermal energy increases,
electrons are excited from the valence band into the conduc-
tion band leaving holes in the valence band. (Figure 3)

When an”eléhant# such as silicon, an intrinsic semi-
conductor with a valence of four, is doped with an im-
purity with a valence of five, one electron will be in ex-
cess after all the bonds are formed. Unbound electrons are
easily excited, and are donated thermally to the conduction
band. Note that the doping material has an atomic energy
level above that of the semiconductor valence band but be-
low the conduction band. This is called the donor level,

within the band gap, and becomes the Fermi level in doped

semiconductors. Donor levels are usually .01 eV below the Cb'
If silicon is doped with an impurity atom with a
Valence of three, there will be an absence of a bonding

electron after all the bonds are formed between the atoms.



In this case, the atomic level of the dopant has a Fermi
level within the band gab close to the valence band, where
electrons can jump easily. This becomes the acceptor state
of the semiconductor, & .01 eV from the valence band (Fig. 4).

The difference between these doped semiconductors
lies in the majority carriers. The donor impurity results in
the conduction of electrons in the conduction band, and con-
versely, when acceptor levels accept electrons from the valence
band, there is conduction by holes (h+) in the ¢onduction.
band. These are known as n-type and p-type semiconductors,
respectively.

A plot of resistivity versus temperature (Figure 5)
of an n-type semiconductor,as it is brought from 0. K, shows
that region A, about 10 K, ,has enough energy to empty the
donor state electrons into the conduction band. This is
seenas a decrease in resistivity (). In region B, all
the donor electrons have been excited to the conduction
band, Conduction can't increase, so A increases linearly
with temperature. The carriers remain the same in region B,
but lattice vibrations and electron scattering increase .
Region C is a temperature above room temperature where e~
movement from the valence to the conduction band results.
There is now a decrease in P due to an increase of carriers

from both electrons and holes.



bt
77777777 YT TR

Fig. 3. Left: band gap between valence
and conduction bands. Right: electrons move
from the valence band to the conduction band
in an intrinsic semiconductor.
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Fig. 4., Left: conduction band populated
with electrons from the valence band and the
donor state (Ef) of the n-type semiconductor.
Right: holes in the conduction band of.a p-
type semiconductor as a result of electron
migration to the conduction band and the ac-
ceptor state (Er).



Semiconductor Theory of
Photoelectrochemistry

It is known that metal electrodes can produce pho-
tocurrents when illuminated, and semiconductor electrodes
may do likewise, while at the same time generating photovol-

tages.4

In an electrolyte solution, the conduction and
valence bands of the semiconductor are bent near the sur-
face in a "depletion layer,” which will help separate e"/h+
pairs and thus make the carriers available for conduction
and for redox reactions.

According to Janzen,5 photoelectrolysis is the re-
sult of a photoelectric effect combined with "chemical react-
ivity." Semiconductor electrodes perform redox chemistry in
electrolytes, . .as metal electrodes, but semiconductors don't
have high density band states as metals do. They have a
"band gap" between the valence and conduction bands. The
conduction bands shift electrons into or out of the solu-
tion, while the hole ‘transfer is mediated by the valence
band,

Electrolysis with solution redox reactions may be

represented as follows:

Ox, + 3: = Red, (1)
Red, = h' = ox, - - (2)
where 0x,y, 0x,, Redl, and Redz.are-oxidized.and:reduced

Species of the redox couple; e is the electron from the

WILLIAM F. MAAG LIBRARY

VN IRCCTMNAIM CTATE TINIVERQITY



~
<
N
=)
P
2«
ol A
2 &
1]
o
)]
Q
A :
B ’
l\/&
0 v TEmperature —

Fig. 5. Resistivity of a doped semicon-
ductor as a function of temperture.

N

Cg CD#SN reducing_
potential

-

v Eg, redox 1

Eo

£ redox 2

v Oxidizing
Ppotential
Y 1777777 ® L

Y
Fig. 6. Energy relations within a semicon-

ductor placed in a solution iontaining two » elec-
trolytes., From: Gerischerl




conduction band; h' is the hole of the valence band. When
a semiconductor is placed in a solutionjthecthemical-poten-
tial of e~ in the semiconductor given by E., will differ
from that of the redox couple in éolution Eg (Figure 6).
What occurs is that the Fermi levels will equilibi;te by
transferring majority carriers, usually into the electrolyte.
As equilibéium is attained, there is an accumulation of ions
at the electrode surface, (H+, OH™ ), known as the Helmholtz
layer, and- there is usually a charge depletion within the
surface of the semiconductor. In an n-type material, Ef

for the semiconductor is usually above Eg, the redox couple
in solution, and electrons move from the semiconductor.
which becomes positive, to the solution. as shown in Fig-- .
ure 7.

Excess charge isn't on the surface as for a metal,
but in a “"space:charge" region. This resulting field, is
represented as band bending, indicated in Figure 7. These
bands are bent upward with respect to the bulk of the semi-
conductor, in which_the space charge is positive with respect
to the solﬁtion.' This causes electrons in the space charge
region to move toward the bulk of the semiconductor, and the
holes to rise to the surface.

A potential may be imposed upon the semiconductor/
electrolyte interface such that there is no space charge,
and under these circumstances, the bands aren't bent. This
Potential is known as the "flat band potential,"” (Efb)‘

It is a unique property of semiconductors, where
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Fig. 7. Left: Fermi level in an n-type semi-
conductor before immersion in a redox solution.

Right:s Fermi level after immersion. An electron de- .

pletion layer formed within the electrode causing
band bending.
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Fig. 8. The effects of illumination in the
depletion layer. Left: the effects at the inter-
face of an n-type semiconductor. Right: the elec-
tric field separates the charge at the interface
of a p-type semiconductro. Source: Gerischerll
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the space charge region promotes the separation of electrons
and holes. If this same semiconductor is illuminated with
band gap illumination, e'/h+ pairs are formed as an electron
is promoted from a valence to conduction band. For an n-type
semiconductor in the dark, no current flows because there

are so few holes available to accept electrons from the re-
duced form-of the redox couple in the electrolyte (Figure 8).
However, under irradiation, as holes are created and electrons
move into the bulk of the semiconductor, a;photoanodic cur-
rent flows. There is also an electric field at the inter-
face, causing a shift of the conduction and valence bands
upward, diminishing the band bending. The photovoltage is
the change in Fermi levels from dark to illuminated condi-
tions, and if a counter electrode were introduced to the cir-
cuit, this photovoltage could be the driving force for elec-
trolysis (Figure 9).

Figure 10 shows a diagram of an n-type semiconductor
under irradiation (photoanodic). A current will flow as long
as the potential of the electrode is more positive than Epps
so that band bending, and thus, e"/h+ separation can occur.

P-type semiconductors operate precisely in a com-
Plémentary manner to that of n-type semiconductors. Field
effects in the space charge region move electrons toward the
Surface and holes toward the bulk (Figure 8 ), so that p-

type materials catalyze photoreductions of redox couples

in solution,
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Fig. 9. Illumination produces a counter field
which shifts the valence and conduction band up-
ward in the n-type semiconductor. . Photovoltage,

EP ), 1s the change in Fermi level. Source:
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Fig. 10. Current-voltage plot for an n-type
semiconductor in the darg (=) and in the light
(---). Source: Janzenl
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Water Decomposition

Fujishima and Honda6

used a semiconductor (n-TiOz)
to electrolyze water. Oxygén was evolved at the anode while
an "assisting voltage," or similar "pH differential," Helped
to evolve Hydrogen at the cathode., The efficiency wasn't
large because only a portion of light radiation (ultraviolet)
could be used to excite an electron across the band gap, but
it was proven that a photocatalytic cell could be used to

split water.

The reactions could be summarized as follows:

anode  2h' + Hy0 — 30, + 24" (3)
cathode 2e” + 2H — H, (4)
sum H,0 + 2h 20, + H, (5)

The energy required to spit water requires Fermi
levels for holes and electrons to differ by the decomposition
voltage of water (1.23V). From this it follows that Fermi.
levels of electrons should be above, or more negative, than
t@e 2H+/H2 couple, Conversely, the Fermi levels of the
holes should be below, or more positive, than the H20/02
Couple (Figure 11). Therefore, illumination has to be

| Sufficiently energetic to split Fermi levels of the holes

and electrons by more than the decomposition voltage, which

Would be the minimum energy requirement.
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Fig. 11. Diagram of the minimum conditions
for the decomposition of water.
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Fig. 12. An n-p photoassisted system.
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Most semlconductors have too large a band gap to
absorb visible light or are unable to decompose water be-
cause Fermi levels can't split enough to cause evolution of
hydrogen and oxygen. To overcome this deficiency, Nozik7 sug-
gested placing two semiconductor photoelectrodes in series--
an n-type for 0, evolution, and the p-type for hydrogen pro-
duction. The electrodes could produce additive photovoltages
to increase the "power conversion efficiency" as shown in Fig-
ure 12, This arrangement of two photoelectrodes in series
mimics the natural arrangement of Photosystems I and II

in chloroplasts (Figure 13).

Statement of the Problem

Since polymer photoelectrodes would offer more ver-
satility, by addition of light absorbers or 6ther conduct-
ing polymers, to harness more useful energy from.sunlight.
they could conceivably overcome the problems inherent in
semiconductors. It was desired to construct a monomer of
acetylene attached to a dye molecule, (Chrome Azurol S,
Figure 14), which when polymerized, would mimic a p-type semi-
conductor. The photoelectrode would be used to catalyze the
decomposition of water when immersed in an electrolyte.

The desired ﬁonomer will consist of a propargyl
group, (CHfC-CHZ-), and the dje moiety (Chrome Azurol S).
The route of organic synthesis employed the Williamson ether
S¥nthesis (Figure 15). It entailed a substition reaction
¥hereby a halogen is substituted by a phenoxide of the
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dye to form the monomer, by a stable ether linkage.8

The synthesized polymer, polyacetylene, poly(CH),
is to be conductive while the organic dye would branch off
the polymer as a "pendent" group,and be . necessary..to cre-
ate an electrical gradient for separating sharge and pro-
ducing a chemical potential when irradiated.

Whén_a p-type semiconductor is immersed in an elec-
trolyte, the majority current carriers (holes) leave the
surface of the semiconductor and enter the solution to
balance the Fermi levels. A depletion layer is created at
the surface of the semiconductor where light is absorbed.
The depletion layer will act as a barrier against the fur-
ther loss of holes, which is reflected by bending of the
valence and conduction bands near the surface. This forms
the charge gradient in which e'/h+ pairs by band gap illu-
mination are separated, leading to photoelectrochemistry.

In the "p-type" 'dye doped polymer, the Chrome Az-
urol S moiety has three Na' counter ions. When immersed in
an aqueous solution, the loss of Na+ creates the charge gra-
dient which will separate e"/h+ pairs created by absorption
of light corresponding to the band separation of the char-
acteristic dye.

10

I wish to acknowledge Dixon.9 Janzen, and Ger-

1scher11 for the sections on theory. The "p-type" dye

doped polymer is due to Mettee, 11D
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. CHAPTER II
REVIEW OF THE LITERATURE

Polyacetylene as a Backbone

Wh& has the acetylene moiety been chosen as the back-
bone for the proposed polymer? Meier}zzstateS-that.mostvOr-
ganic solids don't have the correct structure for electron
transport, unlike that of conductive inorganic solids, .where-
by electronic conductivity is influenced by close packing
and overlap of atomic orbitals for electron exchange. In
some polymers, however, the interaction of molecular orbi-
tals of unsaturated atoms can result. Thus polyacetylene,
(CH)x. suggests itself as a possible organic conductor.

(CH)x is a polyene structure of conjugated double bonds.
The 7{ electrons become delocalized over the whole structure,

thereby setting up a large number of "unit electronic con-

ductors."13

Conductivity of Polyacetylene

Depending on how pristine (CH)x is prepared, it can
give rise to conductivities (&) in the range of 10~12 ¢4
107 onplep-1,14 Why can its conductivity be varied so
greatly? Rembaurt’ attributes changes in the interruptions

}n the conjugated chain or some cyclization in the (CH),

?@#in. Hatano!© and associates state that conductivity will
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increase in the transition from amorphous (tZS=1O'9-1O'12 ohm™1

cm”l) to crystalline samples ((S'=10'5 ohm'lcm'l).
TABLE 1

COMPARISONS OF CONDUCTIVITY

Structure O (ohm lem~1)

Type

Cu 6 x 105 conductor
Fused quartz 10-"16 insulator
Cu0 10'5 semiconductor

What is interesting about (CH), are the effects do-
ping has on the conductivity of the polymer. Polymer films
of (CH)x can be doped simply by exposure to Br2 or I2 for
example. About seven orders of magnitude of O have been ob-
served by Street17when using electron acceptors such as BF3
and electron donors as NH3. Chiang, Heeger, MacDiarmid,
Shirakawa, and coworkers!8have shown that (CH)xcan be doped
with donors and acceptors to yield n-type and p-type mater-
ials ranging over 12 orders of magnitude of G, This repre-
sents a full range of insulator to metal qualities.

However, if polyacetylene is subjected to air, irre-
Versible damage may result. While short term exposure has
& positive effect on conductivity, long term exposure to
OXygen reduces conductivity irreversibly through peroxide

formation and hydroxylation of double bonds.19
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" Theory of Conductivity in (CH)

The mechanism of conductivity in (CH)x has been in-

20 intro-

completely known for many.yeans,,and'recentiy Chi;
duced a unifying concépt taken from solid state physics
called the "soliton" theory. Chien uses the soliton, a free
radical, to interpret the effects of isomerization, doping,
and electrical conductivity and uses EPR data as evidence
of unpaired spins. Polyacetylene, depending how it is pre-
pared, exists in three isomeric structures. (Figure 16)
When (CH)x is prepared at -70°C it shows no EPR
signal. - The predominant structure at this temperature
is the cis-transoid configuration. It is inferred that
the valence band of the { orbital is filled while the con-
duction band isn't occupied. As thermal energy is intro-
duced, there is an EPR signal resulting from an isomer-
ization effect between cis and trans portions of (CH)x as
the long and short bonds of the polymer interchange cre-

ating the unpaired state.

Chien defines the soliton domain, as where an unpaired

8pin,or free radical, exists (Figure17). The domain is formed
becaugse there is a change in the phase of the “/[wave function.
The soliton, (S*),:exists in the center of the domain. This
- Symbol is that of a neutral seoliton (charged solitons, s=,
180 exist), It must be noted that the neutral soliton
len't o fixed entity,.but can traverse the (CH)x molecule,
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Fig. 17. Defects caused by the soliton domain.

18, Migration of solitons and their annihil-
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These migrations set up what is known as annihilation, where
thefe is interaction between the unpaired spins. (Figure 18)
Summarizing what Chien's hypothesis says regarding
isomerization:
1. The annihilation of S° is the cause of isomer-
ization,

2. EPR data suggests a concentration of about
one S* per CH)x.

3. The S'is mobile at room temperature, with its

mobility decreaging with temperature., The S'
. in (CH)x;at =70"C, (eis formgg i

A AN

Regarding the method of conduction in polyacetylene,
it is sure the soliton itself isn't the current carrier. Pol-
yacetylene is a p-type semiconductor at room temperature, in
that the carrier is positively charged. Therefore, the role
of the soliton is to cause the formation of n* carriers.21
Experimental data shows trans-(CH)x has a band gap of 1.5 eV,
and it postulated by Chien that solitons are nonbonding elec-
trons and exist somewhere within this band gap. Therefore,
it is possible to create holes when electrons leave the lower
lying valence band to populate the higher soliton level.

P-type and n-type dopants have also been handled
With the soliton theory. In the first case, p-type dopants,
the dopant oxidizes S°® and converts. it to a delocalized
€arbenium ion. The paramagnetic S* is converted to a spin-
less soliton, (S+). Also, it was postulated that the poly-
,°hain could be oxidized, giving rise to a cation radical.

B89, 7Y kink 15 still maintained in this structure as Fig-
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ure*19 shows. Both of these processes occur simultaneously,
and depend on the types of acceptors used. The changes

are viewgd with EPR as increase, decrease, or no.net. change
in the EPR.

Conversely, if n-type doping is employed, reduction
of the S* occurs. leaving a negatively charged soliton, (S7).
ir reducti;n,takes placé on.the polymer chain a radical anion
is formed-(Pigure 20).

Chien's last statement pertains to conduction. He
notes that conduction of doped (CH)x is the result of carrier
rather than charge transfer. These results were concluded
from work done with conductivity and thermopower, ('), in

doped (CH)XO
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Fig. 19. (Top), The dopant oxidizes S! directly
forming a carbenium ion. (Bottom), The dopant oxi-
dizes the polymer chain directly forming a cation
radical. %where w= C=C and - = C-C)

W oWl e Wals SOy o W ey aVa
* N&

™\ "\ " Na —> Mg/w—
i @e
Na

Fig. 20. (Top), Reduction occurs at the S*°
forming a delocallzed carbanion. (Bottom), Reduc-
tion elsewhere in the polymer forming a radical
anion. (wherewm= C=C and~-= C-C)
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CHAPTER III
EXPERIMENTAL

Materials snd Apparatus

Thé Chrome Azurol S (cat. no. 19,953-2) and pro-
pargyl bromide (80% by wt. in::'solution with toluene for
stabilization; cat. no. P5,100-1) was purchased from the
Aldrich Chemical Company, Milwaukee, Wisconsin. Deuterium
oxide (99.8% atom D) came from Aldrich also. Potassium
bromide and sodium sulfate were analytical grade Baker
Analyzed Reagents. Chloroform and acetic acid were from
Fisher Scientific. Ethanol and n-butanol came from Mallin-
ckrodt. All water was either distilled or deionized.

The thin layer chromatography Chromagram Sheets were
spotted with a Ziptrol 0-5 microliter capillary pipette and
were developed in an Eastman Chromagram Apparatus.

The infrared spectra were from a Perkin Elmer Infra-
red Spectraphotometer 700A,while nmr spectra were recorded

on a Varian Anaspect EM-360 (60 MHz).

Cyclic voltammetry reqﬁired an EG&G Princeton
APPlied Research (Model 364) Polaragraphic Analyzer, a Val-
t’e (Model 1024) x-y Recorder, and a Sabtronics (Model
%SIOA) Multimeter to follow the potential., The Wavetek
‘,_??del 142) HP VCG Generator was employed for the sawtooth

Ye needed in cyclic voltammetry.



28

The illumination source was a 1000W mercury-xenon
arc lamp, by Hanovia Lamp Division, filtered by 10 cm of
water to remove the infrared. The radiation consisted of

visible and ultraviolet.

Chemistry of Chrome Azurol S

- an 2 Chfome Azurol S, (CAS), is a triphenylmethane type
dye derivative théf is quite soluble in water. Its ionic
character is contributed by three acidic functions, in addi-
tion to the phenolic hydrogen. Two of the acidic functions
are carboxylate while the third is a sulfonate group (Figure 14).

One important property of this dye was its pH/color

dependence. In acidic and neutral aqueous solutions, the dye
has a deep red color. In basic solutions, CAS takes on a
deep blue color. The color transformation is due to the
ionization of the ﬁhenolic hydrogen in basic solution, as

shown in Figure 21.

Williamson Ether Synthesis

BN CAS (2g) was added to an aqueous solution (50 ml) of
| 8odium hydroxide (0.3g) in a three necked round bottom flask.
Pr°Pargyl bromide (1 ml) was added to the agueous solution

and refluxed for 2 hours (Figure 22)., The reaction mixture
"as kept below 80°C so the propargyl bromide wouldn't poly-
merjge, Intially, the solution was a deep blue color, in-
%_°&tive of the phenoxide ion present., During the reflux-

*®» the pH was monitored periodically so that conditions
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Basic . @ @
CAS ;L_.OH CAS _O N&

' Mcidic : 1

RED BLUE

Fig. 21. The color transformation of CAS is

~ due to the phenolic hydrogen. In basic conditions,
the hydrogen is lost and the phenoxide is formed.
Acidity provides attachment of the hydrogen back

onto CAS.
stirring
motor
reflux
condensor
thermometer
100 ml1
round
bottom neating mantle

Fig. 22, The apnaratus for the Williamson
Ether Synthesis.
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were kept basic. If the conditions became neutral or acidic,
:01 N NaOH was added through the reflux condenser. After
refluxing, the final color of the solution was a reddish-
orange color, even under basic conditions.

When the apparatus cooled, 3 successive 10 ml chlor-
oform washings were done in a 100 ml separétory funnel to
remove the‘unreacted propargyl bromide. The aqueous layer
was transferred to a Buchner funnel and suction filtered to
remove any residue. The product, in aqueous solution, was
flash evaporated with a cold trap/ vacuum pump system at
5-10 torr. The final product was an orange powder. It

was quite different in color from the red crystals of CAS.

Thin Layer Chromatography

TLC.was performed to show that the CAS starting
material could be separated from the propargyl-coupled mon-
omer, since they have such closely related structures. A
TLC Eastman Chromagram sheet, of silica gel G, was: spotted
with a 5 microliter sample of the CAS and the monomer. The
samples were developed for 2 hours, during which time the
samples travelled 4,5 to 5.5 cm... The solvent system employed
a 60320:10:10 of n-butanol, acetic acid, ethanol,: and water,

as described by Venkataraman.22

Infrared Data

The ir bdackgrouwnd of pure KBr is limited to a few

€asily identified bands, which was the reason for choice.,
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The method of obtaining a KBr pellet came from Stine.23 It
re@uifed a 30 ton press and a die to cast the pellet. Be-
fore the pellet was cast the KBr had to be dried in a
vacuum oven overnight at 110°¢c, to keep water from intro-

ducing interfering bands.

Nuclear Magnetic Resonance

Since CAS and the monomer were soluble, deuterium
oxide was chosen as the solvent., TMS was used as an ex- -

ternal standard because of its insolubility in water.

Cyclic Vol tammetry

Cyclic voltammetry (CV) was employed as a method
to electropolymerize the monomer. Generally, CV can be used
to detect any chemical species that is electroactive, i.e.,
that can undefgo redox chemistry. In this technique, the
potential of the working electrode is the controlled para-
meter, which causes a chemical species near the electrode
to be oxidized or reduced.

The potential can be interpreted as an "electron
Pressure” which forces a species into solution to gain
e (reduction) or lose e~ (oxidation). As the potential
of the electrode becomes more negative, it becomes more
8trongly reducing, Likewise, the more positive the elec-
trode becomes, the more oxidizing it is.

The current (i) is a measure of the amount of elec-

~ tron flow, When a reaction occurs at the electrode,. this
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current is proportional to the concentration of the electro-
active species near the electrode, A ecathodic current is
usually assigned a positive sign, and that due to oxidation
a negative value. If the electrode potential is swept

from negative to positive, and a negative current is noted,
the current is referred to as an "anodic wave,™ (Figure 23).

The CV cell was a triple compartment, Pyrex H-type
cell whose sections were separated by glass frits. Quartz
windows were placed on two of the compartments for photo-
chemical work. The platinum electrode was the working
electrode, while the counter electrode was silver. The
third, a reference electrode, (SCE), was used to refer the
working electrode voltage to.

Aqueous .1 N Nazsou was employed as the electrolyte,
whose usable window was measured between -,.58V to +1.14V.
OQutside these limits, water will either be oxidized or
reduced.

Electrolyte solutions of CAS, propargyl bromide,
and the monomer were measured first to determine if any
differences in their voltammograms ekisted. Different scan
rates were used for the voltammograms of the monomer solution
to determine if currents were a surface attached or a dis-
80lved species. A fixed voltage experiment was run at 1.15V
for 2 hours, to form a film, and then subjected to CV. Finally,
the 1000w power supply was employed to measure any photo-

electrochemical effects.
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Fig. 23. A cyclic voltammggram;illnstrating
the positions of the cathodic wave(swept left

Io r%ght), and the anodic wave(swept right to
eft).
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CHAPTER IV

RESULTS AND DISCUSSION

Monomer Evidence

Williamson Ether Synthesis

The color changes of the solution' in the William-
son syntesis were helpful. The initial deep biue solution
indicated the phenoxide needed for the coupling reaction
was present. Subsequently, the solution became a reddish-
orange, like that of protonated CAS, indicating the coupling
of a nonconjugated group to phenoxide.

Except for the ether linked acetylenic dye, the only
‘other modeg of attachment would have been an ester linkage
between the propag%yl group and one of the acidic functions.
Morrison and Boyd note that acidic conditions are re-
quired for this esterification, and furthermore, hydrolysis
of an ester often occurs under warm acidic or basic con-

ditions,
Thin Layer Chromatography

The only alteration between CAS and the derivatized
dye is that an ether linkage would have replaced the phe-

Molic hydrogen in CAS. Qualitative TLC plates showed that
3 & compound in addition to CAS was present. A new yellow pig-

‘nntripresumed to be the derivatized monomer, was spotted above
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the CAS red pigment on the silica layer.,
Infrared Data

The KBr pellet Pproved to be essential in ident-
ifying the groups of the CAS, but evidence of the acetylenic
triple bond could not be established. The use of Silver-

25

stein™ was employed .in identifying the spéctra. Figure

24 shows the blank KBr pellet. Band A results from a trace

of moisture in the KBr, and band B, at 1420 cm'l, is from
an impurity of NHu+ in the KBr salt.
TABLE 2
BANDS IN INFRARED ANALYSIS
Region cm-1 Type
A 3500 “Phenolic (0-H) &
B 3000 Aromatic (C-H) §
¢ 1650 Carboxylate (C=0)%
J D 1175 Sulfonate (S=0)§
‘ E 1095 Chlorobenzene

where 9 1is a stretch

The ir spectrum of CAS helped confirm the presence
of substituent groups of the carboxylate, sulfenate, .and
Chlorobenzene as shown in Figure 25. The ir of the deriva-
tizeq CAS didn't reveal the presence of an acetylenic group,
! wever, (21#0-2;90 cm'l). The weakness of all the bands

the monomer spectrum may have precluded seeing the (HCZC-)
up,
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Nuclear Magnetic Resonance

Table 3 lists characteristic nmr peaks as shown in

Figure 26, of CAS.
TABLE 3

NMR PEAKS OF CAS

Region S ppm Type
A 7.0=7.0
B u 55 30 (mpurlty)
c 1.8 L

It should be noted that the phenolic hydrogen of
CAS is seen downfield of 10 ppm, and thus, isn't within

26 Table 4 shows the nmr of the

the range of this spectrum.
derivatized dye while Figure 27 shows the inclusion of at
least two new absorptions. A propargyl bromide impurity
Wwould not account for these new bands, as can be seen in

Figure 28 of propargyl bromide.
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Fig. 28, nmr gpectrum of propargyl bromide. (structure is
in above left corner)
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TABLE 4

NMR PEAKS OF DERIVATIZED CAS

Region & ppm Type
A L.5 Ho0
B 3.3 -éHz-
D 2.0 -CH3
E 1.8 -CH3

The formation of the derivatized dye should have
resulted in two new peaks. There should have been a methy-
l.ne and methine hydrogens present as part of the deriva
tized dye. A methylene group, ('CHZ')’ between an ether
linkage and a triple bond, is consistent with literature
guinrles of Pouchert et al.27 The methine group, (=CH),

28 The

ig also in agreement with literature assignments.
irntcgration of area under the gCHz- and =CH peaks did not
prive conclusive since the methyl protons contributed to

the areas as well. Finally, methyl peaks now are two sep-

arats peaks, contrary to the broadened single peak of the

CAS.

The TLC data show definitely that another compound
eXisted, and nmr data showed a consistency with the dye
derivatized-acetylénie compound, “.Direct chemical evidence

of a triple bond in the derivatized CAS was obtained using
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a test from Moprisgn and Boyd.29 Acetylenic H atoms are
known to giﬁé insélubié silver.acetylide . under. acidic .con-
ditions. This test with the monomer was positive, whereas

it was not for CAS.

Cyclic Vol tammetry

Geﬁerally, CV scans of solutions of the monomer
show a significant growth of the anodic wave and a decreasing
cathodic wave. Solutions of CAS and propargyl bromide show
no evidence of either of these waves (Figure 29). The re-
sults of Figure 30 indicate a steadily increasing conduct-
ivity in the oxidation region, which is consistent with a
progressive deposition of layers on the Pt surface, which
in turn become less conducive to reduction.

The work of Subramanian3° showed that phenylacetylene
could be electrochemically polymerized in DMF, so that a
layer of polyacetylene may have also formed on the electrode
in this thesis work. On the other hand, the layer could be
a series of monomers attached through the scetylenic link-
ages individually to the Pt surface. Steric considerations,
and the lability of the (-CSCH) groups to free rédical poly-
merization, suggest that the former is more likely.

The monomer solution was cycled in the CV apparatus
for one hour and the coated Pt electrode removed, and immersed

I in the +1N Na,SO, electrolyte to see if any layer (polymer)

Was retained on the surface. Figure 31 shows that the

Anodic wave didn't reappear, but it seems that the cathodic
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V vs. SCE

Fig. 31. Cyclic voltammogram of the coated Pt electrode that sat
overnight, and was reimmersed in a ,1N Na, S0,, the following day. There
is no enhancement of the anodic wave, but thg cathodic wave shows an initial -
increase in the cathodic current (A) and then it reverts back: te the eléc-

trolyte window (B). Conductivity remains in the layer here, however,

ot
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wave increased its conductivity. Thus, 8ir exposure had a
reverse effect-on the layer, in-keeping with the fact that
poly(CH) materials are known to be reactive with air,

Since it wasn't known how the monomer solution it-
self affected the CV of the electrode, a study was done on
the deposited system. Anson et al.31 have shown that if
an electroéctive species is adsorbed on the surface of an-
electrode, the CV behavior shows that current is directly
proportional to the scan rate, (v). On the other hand, for
a diffusion controlled process, expected for dissolved elec-
troactive species, the current is directly proportional to
the square root of the scan rate, (v%). Table 5 lists scan
rate, data shown in Figure 32 for the anodic wave in mon-
omer solution. These data show that a linearity exists
between the peak current and the scan rate, indicating a

surface-adsorbed species expected for a polymer layer,
TABLE 5

ANODIC CURRENT -VS SCAN RATE
FOR THE MONOMER SOLUTION (4 HR..FILM GROWTH)

Current( A) v(mV/sec) VE(mv/sec)s
~270 13 Tl
290 , 15 3.9
310 20 : 4,5
330 24 4.9
360 30 5.5
375 33 &
400 39 6.2
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V vs, SCE
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Fig. 32. Above: results of varying the scan
rates, where A=33 mV/s, B=33 mV/s, and C=39 mV/s.,
Below: results of plotting iz vs. v and ig vs. V=2,
There is linearity on the left indicating adsorption of
the ‘electroactive Species bn:the surface of the electrode.
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A 1000W lamp, (UV and visible), was used to measure
the photoactivity of the (presumed). pad}ymer layer. Either
a photovoltage and/or photocurrent were expected, which
would show up in the CV waves. If light enhanced the chem-
ical potential of either e or h+. the corresponding waves
would occur at smaller potentials.

Redox waves for the material on the Pt electrode
showed no evidence of a photovoltage, however. Illumina-
tion of the electrode in monomer solution did have an
effect on the current (Figure 33). There appeared to be
either an acceleration of the deposition of the conductive
layer, or an increased conductivity in the layer itself.

Lastly, the potential of the coated electrode was
poised at +1.15V, where the anodic wave occurred, for two
hours in the monomer solution. When the electrode was re-
moved, ,rinsed, and reimmersed in .1M Nazsou, there was an
anodic wave in the cyclic voltammogram (Figure 34). This
wave disappeared either in the dark or under illumination in
subsequent scans, however, indicating that whatever conduc-
tive layer was deposited, it was attacked by the electro-
chemical oxidation. Furthermore, exposure of the freshly
deposited film to light produced no photovoltage or current,
Thus, the current enhancement during illuminated deposition
must have been due to the accelerated deposition, and not
the creation of e"/h+ pairs in the layer itself.

The results of CV suggest there is adsorption onto

the electrode surface of some partially conductive layer,
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But it is not known if this layer is a poly(CH), though the
observations are consistent with this pecssibility. More-
over, the positions of the redox waves observed when the la- .
yer is deposited are consistent with water oxidation and ;;-
duction being mediated by the layer. The ultimate origin
of the e~ and h+ for the CV currents is the supporting
electrolyté,}since the electrode does not accumulate trapped

charge.
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CHAPTER V.

‘CONCLUSIONS

The major finding of this work is that an electro-
active layer of acetylene-derivatized CAS can be electrochem-
ically deposited on a Pt surface. - Since the redox waves en-
hanced by the deposition of this layer diminish with repeated
CV scan, it is inferred that the conductive structure of this
film is attacked by the redox intermediates. This, and
other reasoning, suggest that the film could well be the
polyacetylene, doped by CAS, that was originally sought as
a synthetic goal,

The redox waves noted when the film was present,
occur where one might expect the water oxidation and reduc-
tion reactions. These occur at lower voltages than for the
naked Pt electrode, so that the (problably) polymeric layer
seems to exhibit electrocatalysis (lower overvoltage).

Finally, the anodic currents under illumination
indicates that the charge carrying structure of the film is
lost when exposure to redox intermediates occur. The absence
of a photovoltage indicates either very sharp, or very lit-
tle, band bending in the (semiconducting polymer) layer.

Work should be done on obtaining more of a layer
on the Pt electrode so that evaluation of this layer can

Progress. It seems that growing the conductive layer with
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repeated cycling produces different kinds of films than
a fixed electropolymerization.

If band bending isn't observed through photovol-
tages, the separation of the e'/h+ isn't attained. From

the following equation:

w = (th'yb/qN)% (6)

where Vb is the amount of band bending in the depletion
layer, N is the charge carrier density in the semicon-
ductor, q is the electronic charge, & is the dielectric
-canstant of the semiconductor, §, is the permittivity
of free space, and w is the width of the depletion layer.
The width of the depletion layer can be changed by varying
the charge carriers, N, which is presumed to be the dye
carrier density. This can be achieved by copolymerizing
propargyl alcohol with the CAS monomer already synthesized.
In semiconductors, w varies from 100°A to a few microns,
and in metals, the space charge region is infinitesimally
small, which is why charges induced at the electrode are

maintained at the surface., 32
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