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Abstract

This port describes progress on the developmeot of engineered photocatalysis for the
detoxification of water polleted with toxic organic compouinds and heavy merals. 'We examined
2 range of different oxide supports (titarda, alumina, magnesia and manganese dioxide) for tin
uropotphyrin and investigated the efficacy of a few different porphyrins. A water-soluble
octaacetic-acid-tetraphenylporphyrin and its derivatives have been synihesized and characterized
in an atternpt to design a porphyrin catalyst with a larger binding pocket. We have also
investigated photocatalytic processes on both single crystal and powder forms of semsiconducting
SiC with an ultimate goal of developing a dual-semiconductor systera combining TiO and SiC.

Mathematical modeling was also performed to identify parameters that can improve the
cfficiency of SiC-based photocatalytic systems. Although the conceptual TiOy/8iC photodiode
shiows some promises for photoreduction processes, 5iC itself was found to be an inefficient
photocatalyst when combined with Ti0O;. Alternative semiconductors with bandgap and band
potentials similar to SiC should be tested in the futore for further developmeni and a practical
utilization of the dual photodiode concept.
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Summary

Solar detoxification provides ap attractive mew approach for the teatment of polluted
water. The best available photodetoxification technology uses a titania (TiQ:) photocatalyst
becasse it is active, robust, and non-toxic. Photogeneratad electrons and holes lsad to
simultaneous oxidadon and reduction, respectively, of the slecaroactive species. Unfortunately,
titania absorbs only UV light. In order to utilize visible light, tin porphyrins (SaP) adsorbed onto
setmicanducting ttania and non-conducting alumina {Al;Os) were investigated spectroscopically.
SnP-mwdified ritama shows enhancad ability to photocatalytically destrey two test compounds
salicylre acid (SA) and aniline {AN). The presence of oxygen IS a reqerement in detoxification
reactions indeperdent of the natore of the supporting pastkiks. The photodesouction of SA and
AN was optimized vgsing visible light, and with an optimal fractional coverage of tin aroporphyrin
{SnUroP) on alumina of §.3. The photolabile porphyring in aqueons solution weare found to be
photostable on alumina 1n contrast to thewr rapid breakdown on titania. We alsc examined a range
of other oxide supports like megresia and manganese dioxide for testing photoactivity from

SnllroP.

On the basis of our observations from the photocatalytic behaviors of SnUroP, we
atternpted to design biomametic catalysts for isolation and detoxification of dilute toxic waste
COmpOnenis; a water-soluble octaacetic-acid-tetraphenytporphyrin (OAATPP) and its derivatives,
which absorb wvisible light and have & larger binding pocket, heve been synthesized and
characterized. Red shifts of 19-36 nm in the absorption bands of the newiy synthesized nonplanar
Ni-gerivatives of QAATPP are noted when compared to planar NiTPP. Ramap smdies also

indicate nonplanar conformations for NiOAATPP-series. At low pH (<3) or in 4.5-M NaCl,




conditions under which planar octaacidporphyrins (NiUroP) form n-% aggrepgates resulting in
spectroscopic changes, NiQAATPP shows no such changes. The absance of 7-K aggregation for
NiOAATPP is attributed to the steric crowding from the peripheral sebstitvents. For this
OAATPP-series, axial hgand affinity is decreased by their nonplanarity and increased by electron-
withdrawmp substituents. The tin-derivative of OAATPP is yet to be synthesized for its patential
application in solar deroxification of aquecus poilotants. However, they should be effective since
tin borphyrms show reasonable excited state lifetimes which enables efficient electren transfer to
the target molecules as opposed to short lifetimes of nickel denvatives.

In an attempt t¢ enginesr a photocatalyst that is more effective for the removal of heavy
rmetals, we buit and tested 2 dual-sermiconductor system based on single-crysial electrodes
compased of o- Ti: (anode) and p-5iC (cathode). We have alse investigated photocatalytic
processes on both crystelline and powder forms of semicorducting 5iC with an ultimate goal of
developing a dual-semiconductor system comnbining T10; and SiC.  Although both of these
malerials possess similar bandgaps, the band positions are different and an effective combination is
expected to provide & larger range of redox potentizls for oxidative and reductive photoprocesses
when compared to the redox potentals provided by either of these individual materials.
Removing the passive oxide overkayer was particularty important for exploiting photocataiytic
processes on SiC. FPhotoreductions of methyl orange and chromium metal wsing aqueous
suspensions of SiC powder showed a puliﬂntial for developing a new geperation of photocataiysts.
A composite of TiO»/SiC was prepared by thennechemcal deposition of TiO; onto SiC powder.

Photoelectrochermeal properties of both single crystal SiC and metal-coated SiC were

investigated using cyciic voltarmmetry, the metal thin lawvers being gold, platmum, sibver and




titaniwm.  This was done to investigate, in a controlled manner, the effect of oxide formation on

SiC and possible methods of passivation.

We have performed kinetic photo-experiments on agueous suspensions of SiC and TiO;
powders using the reduction of methyl orangs as a probe. An effective combination of these
materials is expected {0 provide a larger range of redox potentials for oxidarive and reductive
photoprocesses when comparsd to the redox potentials provided by either of these individual
materials. First, we have found that esching 5iC witk 50% HF solution for a period of two hours
is necessary before aty photoreduction oceurs. Farthermore, mvestigation of SiC powders with
ransmission elecwon microscopy has corfirned that the HF-trzatment removes an amorphous
SiOs laver fromn the surface. We have found that the initial rate of photoreduction of methyl
orange (to hydrazine) decreases with increasing pH (for the range 4.4 - 9.0), because of a relative
unavailability of a specific form of methyl orange at pH higher thae 6.5. However, when
compared with TiO;, the photoreduction of methy] orange by SiC is siower by an order of
magmitude even at low pH. MNevertheless, we found that SiC can be used to remove Or*® from
aguecus solution in the presence of Na;EDTA, a hole scavenger. These expermmental evidences

. Indicate that the redox processes on 5iC most likely accur via processes similar to those known

for TiO,.

Mathematical modeling was also performed to identify parameters that can improve the
efficiency of SiC-based photocatalytic systems. A theoretical model has been developed to maich
semiconducting photocathode and photoanode materials for efficient reduction of metal ions and
oxidation of toxic organics present in pollnted water. In this model, the physical properties such

as bandgaps, band position, doping density, ete. of both p- and n-type semaconductors and also
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the properties of donor and acceptor species i solution were incorporated.  Computsr
experiments were carried out to estabiish which p-type serniconductor (e.g., p-SiC, p-SiC(P1)), in
conjunction with the 5- TiQ:; semiconductor, woukl be the most efficient partner. Examination of
these factors provides a guideline 10 select the best p-type semiconductor 10 use I conjunction
with the n- TiOs semiconductor for efficient detoxification of polluted water. Some of the resulis

from theoretical model are found to be in direct contrast with our experirsental resalis,

Much has been learned by Sandia throngh this LDRD project. We have tested some of
our mitial ideas and now have a better understanding of the phenomena of porphyrin- and Ti0;-
based photoactivities. We submitted one patent application based on this project on enhanced
phetodetoxification of water using visible-light-abserbing metalloporphyrins on semiconducting
TiO, and nonconducting ALO; suspensions. Although the conceptual TH0./SiC photodiode
shows some promises for photoreduction processes, SiC itself was found to be an fnefficient
photocatalyst when combimed with TiO;.  Alternative semiconductors with bandgap and band

potentials similar t0 SiC shoukl be tested in the foture for further development and a practical

utilization of the ual photodiede concept.
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Figure 1.1.

Figure 1.2,

Figure 1.3,

Figure 1.4,

Figure 1.5.

LIST OF FIGURES

Direct normal solar spectrum {(air mass 1.5). Only the ultraviolet (light shaded
repion, A < 400 nm) is used by the bare TiQ4 for the charge separation through
bandgap excitation. Shaded region {dark, A > 400 nm) shows portion of solar
spectrum used by different metalioporphyring.,

The bandgap of TiO? (anatase) relative to the redox potentizal of & verety of
imporant reactions. (a) HyH*Y: (b) OH/OH® (¢} H20/072: (d) 02 *02; (&)

Cd/Cd2+; (f) N¥Ni2+; (g) CwCult: () Ag/agh; () HeHe™: () PuPi2%; (0
Crd+Cr3+,

Photo-induced redox processes on the surface of a semiconducting TiO? particle
when suspended It an agueous mediom.  Chermical processes of adscrption,
photooxidation, photoreduction, and radical formation from water and H20?2 on
the water-titania interface are shown schematically. The Gnal step of the photo-
imtiated oxidative degradation of organic compounds to simpler molkcules CO2
and H2O is also shown.

The basic metalioporphyrin skeleton with the atom types shown. There are twenty
carbons (8 Cp, 8 Cg and 4 Crpy) and four nitrogens.

Three types of nonplanar distortions exhibited by mmetalloporphyrins:  (a) mffting,
{b) saddie-shaped and (¢} an asynunetric distortion in which a single pyrrole ring is
tilted with respect to the mean porphynin plane.

Figure 1.6 (a). Metzlloporphyrin  structures:  perphine  (P), octasthylporphyrin  (OEP),
tetraphenylporphyrins  (TPP), tetra(p-carboxyphenyl) porphyrin  (TCPP),
protoporphyrinn IX (PP), PP-dimethylester (PP-DME}, mesoporphyrin IX (MP),
and urgporphyrin I (UroP).
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Figure 1.6 (b). Metalloporphyrin  structures:  dodeca-substituted  porphyrins:  octaethyl-

Figure 1.7.

Figure 1.8.

Figure2],

Figire 2.2,

Figure 2.3.

Figure 2.4,

Figure 2.5,

tetrzphenylporphyrin (OETPP), octaacetic-acid-tetraphenylporphyrin
{OAATPP), octamethylester of OAATPP (OAATPP-OME), octahydroxyethyl-
tetraphenyiporphyrin (OHETFP), end tstra{p-nitrophenyl) of OAATPP-OME
(OAATNP-OME).

Scherratic of a solar tough to collect 2 broader solar spectrum when dye
molecules, immobilized on a support material, are used for photodegradation

Process.

Schematic diagram of coupled p-8iC and n-Ti0: semiconductor,

Energy levels of Sn porphyrin (SnF) states in relation ¢ Ti(O7 bands.

Structures of tin porphyring (SnPs) used for the current studies of photocatelytic
degradaton of crganic molecules.

Schematic diagram of the laboratory batch (pot) photoreactor.

Absorption spectra of (a) SnUroP, (b) photosensitized by adsorption of SnUroP,
and (¢} salicylic acid only at pH £.

Photocatalytic activity of SnUroP (without any support) under a visible light (A >
390 nm} tHumination. Absorption spectra of solutions of uroporphyrin (SalitoP)
containimyg either (2) aniline (AN) or (b) salicylic acid (SA), in absence of any
support, showing the photocataivtx: conversion of salicylic acd. pH of both
suspensions were 6.0 and {llumination periods are shown for each samples.




Figure 2.6.

Figure 2,7.

Figure 2.8.

Figure 2.9.

Figwre 2.10.

Figure 2.11.

v

pH dependence of the dispersion of small TiO7 particles for bare TiO7 (broken line)
and for TiOy coated with SnUroP (bold solid line, measured by the conduction
band absorbance at 296 nm), and the adsorption of SnUroP onto TiDy (thin solid
line, measured by the Soret band absorbance at 402 nm of the SalUroP remaining in

solution).

Change in the UV-visible absorption spectrumn upon irradiation of aqueous mixturas
of (a) colloidal TiO9 and salicylic acid at pH 5 (SA/TiO9) and (b) SaUroP-modified
colloidal TiO; and salicylic acid at pH 5 (SA/TiCy/SnUroP). Spectra are taken at
0, 5, 20, 40, and 50 minutes,

Enhancement of salicylic acid detoxification vsing SnUroP as a photosensitizer.
Salicylic acid absorbance at 296 and 260 nm (l-cm cell) is plotted agsinst

irradiation time. The curve through the data points for bare TiOg at 296 nm is an

exponential fit

pH dependence of the adsorption of SuUreP (solid ime) and SnTCPP (broken Ine)
onto Al203 (measured by the Soret band abscrbance, 402 nm and 422 nm for

SnlUroP and SnUreP respectively, rematung in solutior). The point of zero charge
(PZC) of Ai20n is aiso shown by the vertical kine at pH 7.8.

a} Photo-induced removal of aniline and b) photodegradation of salicylic acid by
SnUroP adsorbed onto AlRO3 vnder UY and visible light illomination. The pH of

both suspensions were 6.0 and illumination periods are shown for each samples.

Photodegradation of salicylic acid (SA) using SotlroP as a photocatalyst on Al303.
Normalized values of SA absorbance at 296 nm (1-cm cell) are plotted aganst
irradiation time. No UV filter was wsed for the two bottom curves. The bottom
curve with bare TiO7 under UV and visible light imadiation iz shown for

COmMparison.




Figure 2,12,

Figure 2.13.

Figure 2.14.

Figure 2.15.

Figure 3.1

Figure 3.2,

Figure 3.3.

Xy

Photodegradadon of aniline (AN) using SnUroP as a photocatalyst on Al2O3,
Nermalized vabues of AN azbsorbance at 230 nn {I-cm cell} are plotted against
frradiation time. The bottom curve with bare T¥)?2 under UV and visible irradiation
is shown for comparison. The broken lines are refertad 1o TW(2 data under

different condidons as indicated.

Photodegradation of salicylic acid (SA) and photo-induced removal of aniline (AN}
by bare T2 and SnUroP/AI203 photocatalysts using visible lLight only.
Normalized vaives of absorbance from 5A and AN are plotted agzinst imadiation
tne as described in Figuves 2.11 and 2.12.

Schematic diagram for probable electron transfer berweap the sxcited states of

SuUroP and other reaciive species.

Probable mechanism of metalloparphyrin (MP}-initiated oxadative photodegradation
or photo-indoced remncval of aniline (AN) on Al2(3.

Structures of pyrrole-3,4-diacetic acid dimethylester (1) and vatious planar and
nonplanar nickel porphyrins: OETPP (2), OAATPP-OME, (3), DAATPP (4,
OHETPP, (5), and OAATNP-OME (6)-

UV-visible absorption spectra of four-coordinate (A) NiTPF, (B) NiOHETFFP
(Ni5), (C) NiOAATPY (Ni4), (D) NiIOAATPP-OME (Ni3), amd (E) NIOAATNPP-
OME (Nib). Spectra were obtained in either neat methylene chloride or acetons.

UV-visible absorption spectra of (A) NiTPP, (B) NiCHETPP (Ni5), (C)
NiOAATPP (Nid), (D) NiQAATPP-OME (Ni3}, and (E} NiOAATNFPP-OME
{Ni6) in a coordinating solvent. All spacira were obtained in 1-methylimidazole.




Figure 3.4,

Figure J.5.

Figure 3.6.

Figure 3.7.

Figure 4.1.

Figure d.2.

vi

Resonance Raman spectta of (A) NiOAATPP, (B) NiQOAATFP-OME, (C)
NiQAATNFP-OME and (D) NiOHETPP. Soivent for porplyrin solution was
gither methylene chloride or acetone and 2 413.1-nm laser excitation was used for

obtaining Raman specira

Linear relationships between the frequencies of the Raman lines vy, v3 and v9 for
the nickel porphyrins Ested in Table 3.2 and the elkeciron-withdrawing properties of
the peripheral substituents zs measured by Zop, given in Table 3.3. Nickel
octaacid-tetraphenylporphyrins (solid symbols); N¥OETPP and NiOHETPP (open
symbols) Slopes of the lines and standard deviations are given in parenthesis. The
slopes are, witkin error, the same as for the FeDPPFy series, except for v4 which
has a significantiy smakter skope for the nicke] octaacid-tswraphenylpcrphyrins,

UV-visible absorption spectra of (A) NilUroP, (B) NiUroP plus 4.5 M NaCl, (C)
NiOAATPP, and (D) NiOAATPP plus 4.5 M Na(l at pH 13

Resonance Raman spectra of aqueous solutions of NIOAATPP at (A) pH 3, (B) pH
13, and (C) pH 13 with added NaCL A 413.1-nm laser line was used for obtaining
Raman spectra.

Unit cells for (a) rutile and (b} anatase. The small circles are the Ti cations and the
large circles are the O anions.

Model of the two simplest SiC lattices built from CSis-tetrahedons. o: first Si-layer,
»: first C-layer, E: second Si-layer, B: second C-layer, A: third Si-layer. {a) CSis-
tetrahedrons perpendicular 1o the c-axis. (b) Monolayer of (Sis-tetrabedrons
perpendicular to the c-axis. (¢} Two layers of CSis-tetrahedrons at 2H-5iC
(hexagonal wurtzite structure), {d) Two layers of CSi-tetrahedrons at 3C-SiC
(cubic zing blend structure).

Figure 4.3{a}. X-ray diffraction (XRD) analysis of a black MIT SiC powder as received.
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Figure 4.3(b). X-ray diffraction (XRD) analysis of a gray MIT SiC powder after heat reatments:
first in air for 2 hours at 1000 °C and then for 2 hours at 2000 *C.

Fipure 4.4(aj. A high resolution picture of a HF-treated Carbolon 5iC powder taken by
transtnission electon microscopy (TEM) with a magnification of 250,000 times.

Figure 4.4(b). A high resolution picture of 2 TiDy/SiC composite powder taken by transmission
electon microscopy (TEM} with a magnification of 250,000 tmes.

Figure 4.5(a). An impurity analysis of an MIT SiC sample nging semiquantitative ion ricroprobe
mass spectroscopy {(SIMMS).

Figure 4.5(b). An mpurity analysis of a boron-doped MIT SiC sanple using semiguantitative
ion microprobe mass spectroscopy (SIMMS).

Figure 4,5(c), An impurity analysis of a Norfon SiC sample using semiquantitative icn
microprobe mass spectroscopy (SIMMS).

Figure 4.5(d). An impurity analysis of a Carbolon SiC sample using semiquantitative ion
microprobe mass spectroscopy (SIMMS).

Figure 4.6. X-ray diffraction {(XRD) analysis of a hot-pressed boron-doped SiC pellete in
compare to that of a SiC powder.

Figore 4,7, A schematic diagran of a photoelecrochermical cell using 5iC and TiO; as
photoelectrodes. A standard calomel electrode (SCE) was used as the reference
electrode. The photoelectrodes were illominated from the bottorn of the cell.

Figure 4.8. A schematic diagram of the setup for measuring photodiode efficiency for TiQp/SiC

diode couple. A variable resistor is connected to an ammeter in senes with the

electrodes, adjusting the resistance to obtain a series of data.




Figure 4.9.

Figure 4.10.

Fipure 4.11.

Figure 4.12.

Figure 4,13.

Figure 4.14.
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Photoreduction of methyl orange (MO} using SiC powder (0.2 w%) as
photocatalyst under different conditions. Initial concentration of Na:EDTA (10
mM) and pH (4.4) were maintained constant. A pot reactor and an UV-mercury-
vapor spot lamp were used for obtaining kKinetic data.

Photoreduction of methyi orange (MO} using HF-rreated SiC powder (0.2 w%]) as
photocatalyst at different solution pH (4.4-9.0) and under argon-purging condition.
Initial concentration of Na;EDTA was maintained constant at 10 mM. A pot
reactor and an UV-mercury-vapor spot lamp were used for oheaining kinetic dsta.
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Chapter 1

General Introduction




1.¢. Background

The catalytic and photocatalytic activities observed in nature can be utilized to develop
processes that are industrially, economically, and environmentally important. For exampl,
treatinent of dilute aqueous toxic waste represents a problem of international importance. There
is a present need to develop processes that can be used to detaxify various classes of chemical

WEsIES.

During the last two decades, extensive resgarch programs have been pursusd in the area of
heterogencous photocatalysis with semiconducting particulate systems for the photooxidation of
waste and polivted water, splitting-of water, oxidation of hydropen sulfide, and applications in
paints and pigments. Most of the work found in the literature regarding heterogensous

photocatalytic processes deals with powder suspensions. Semiconductors used as photocatalysts

include TEO.,"** Zn0O,” CdS,"™* and Fe;0,.**% The stability of semiconducting particulates in

the chemical envirenments of interest is a primary requirement for their use as photncatalysis.
This condition is only met by a few n-type semicondectors, particularly by TiD=. Strontium
titenate has similar structure and stabiity to TiO.. However, large bandgaps of these oxide
semiconductors requirss UV iradiation for photocatalytic processes to oocur.  Low-bandgap
semmiconductors such as CdS and Fe;O; have been employed but have suffered limited

photoactivities and lack of reproducibility. In the case of CAS, irreversible corrosion occurs.

Titaniem dioxide photocatalysis has received widespread attention as a means for
hamessing solar energy to treat pollnted water.™ Much of the emphasis is being placed on
destroying volatile organic compounds that are found m contaminated groundwater.”” Besides

treating water contaminated with organic chemicals, it is also well known that TiO4




3

photocatalysis can be effective for removing heavy metals from water,”™*" 1In this process, a
dissolved metal in a positive valence state is reduced, usually to the metallic form, and is caused to
deposit on the photocatalyst. The photoreduction of metals requires oxidation that usually occurs
through oxidative degradation of organics in order 0 maintain electronentrality. Consequently,
both oxzidative destruction of orgamics and reductive removal of metals can be accomplished

sirnultaneously.*®

The energy available for use by TiO+ (A < 400 am) orly comprises about 4% of the solar
spectrum (see Figare 1.1).°*" Much higher solar utilization efficiencies could be achieved
through the development of photocatabysis capable of using visible ght (45% of the sunlight) to
drive photocatalytic waste detoxification chemistry, This might be accomplished by adserption of
appropriate dye molecules onto suitable surfaces.® Metaloporphyrins are a class of chemical
compounds {dyes} which work as photocatalysts ist nature, Thess tetrapymroles have strong light
absorption ability throughout the vigible region.” It has been demonstrated by various
laboratories that a mumber of metalloporphyring are capable of driving a wide variety of
photochemical reactions in aqueous solutions™ It has also been dermonstrated that the
photocatalytic activity of these dyes can be enhanced by immobilizing ithem on appropriate

surfaces. ™

A second major Imitation of TiO, is that it does not provide the reduction poiential
necessaty for many metals of environmental interest. However, other semiconductors with a
considerable reducing capacity lack oxidizing power. The desired reduction potentia could be

achieved by developing a binary system combining n-THO: (TiO: is naturally n-type) and a suitable

p-type semiconductor whose band potentials are more negative than those for Ti.. This




proposed binary photodiode will retain the photooxidative power of TiO; valence band while
exhibiting 8 conduction band characteristic of the p-type material. We have used p-SiC. in
conjunction with n-TiQx, to investigate the possible effectivensss of the TiO/SiC photodiode. An
gffective combination of these materials is expected to provide a larger range of redox potential
for oxidative and reductive photoprocesses when compared to the redox potentials provided by
either of these individual catalysts. Both of these semicomiuctors have large bandgaps (>3.0 eV)
but the band edges of SiC are positioned at more negative potential than those of TiCh. Thus, the
effective bandgap of the proposed photodiode i increased to ~4.5 eV which is expected to be

photoactive under the illuminatior: conditions of the individual sarniconductors.
1.1. TiQ;-Structure and Energetics

There are three naturally ocowrming crystal phases of titanium diexide: mueile, anatase, and
brockhite. Most of the electrochemical and photocatalytic work to date have besn performed on
Tutile or anatase, or a mixtare of the two. Both rutile and anatase have tetragonal unit cells, and
both structures contain slightly distorted TiOg octahedra. Rutile is thermodynamically more stable

than anatase at room terrperature; the free energy change for anatase to rudle is -5.4 kIfmol.>

The absorption and reflection properties of ruile have been studied extensively, At--*-l K,
the short wavelength absorption edge for rutile is 410 nm (bandgap energy = 3.05 eV).** The
lowest energy electronic absorption at 3.05 eV is an indirect transition. On the other hand, the
bandgap of anatase is reported as 3.2 eV.® The absorption coefficisnts for both crystal phasss

are reported as ~107 em™ at 340 nm.¥

Ultraviolet radiation below ~390 nm stimulaies valence-band electrons in TiOs particles

that are suspended in contaminated water. These electrons are promoted to the conduction band




{€"ch)» cTeating holes in the valence band (h*yp). These electron/hole pairs can either recombine,
praducing thermal energy, or interact with the external envirorment to perform oxidation and
reduction reactions. Figure 1.2 shows that the position of the TiO» bands shift toward more
reducing potentials as pH increases. However, the bandgap itself stays constant at about 3.2 eV
(for the anatase form). This means that it always requires photons of below 390 nm. while the
ability of the resultant elecrons and holes to perform redox chernistry can be manipnlated via ph,

an external variable.
1.1.0. TiQ: During Photocaialysis

The holes ai the TiO; valence band can migraie 1o the catalyst surface and either can
oxidize an adsorbed species directly or can react with water and adsorbed OH- to produce
hydroxyl radicais thae are powerful oxidizers capable of attacking dissolved organics. For both
cases of oxidative pathways, the final products are reported to be water, carbon dioxide and other
simple and non-toxic inorgaric products. The electrons, in turn, react with dissolved oxygen to
form superoxide amions (Og-) that also form hydroxyl radicals afier further reactions.>®
Aliematively, the electrons can react with dissolved metal cations of the proper teduction
potentials. Along with the TiO+ bandgap, Figure 1.2 also shows the standard redox potentials of
various metals, O, and OH~. In theory, any species falling between TiO2's conduction and
valence bands can interact with the electrons and holes. The photoredox chemistry on the TiO;-

water intesface is depicted schematically in Figure 1.3.

A major factor affecting the efficiency of photocatalytic reactions is electron/hole

recombination. The recombination rate increases linearly with the production of the elecron and

hole concentrations. Therefore, if reduction reactions are able to rapidly deplete the




conceniration of conduction-band elactrons, then the electron/bole recombination rate falls off and
overall oxidation efficiency increzses. Similarly, if valence-band holes are rapidly filled by
oxidetion reactions, then reduction efficiency increases. The net effect is that the reduction of
metals enhances the oxidation of erganics. Enhancerment of the reduction process is more

commplicated, however, becanse oxidation notmatly occurs via hydroxyi radicals.
1.2, Metalloporphyrins

Thess conjugated large organometallic compounds comprise a diverse class of complex
molecules that possess 2 wide spectrum of photochemical and catalytic behaviors @244
Metalloporphyrins are attractive candidates for many photochemical processes because of their
strong absorption cross-sections throughout the visible region and their high chemical stability.*#
The potential o use metalloporphyrins as photocatalysts and photosensitizers for many chemical
processes is enhanced becauge of the ability to control their functional properties by changing

their central metal ion and tailoring the peripheral groups of the macrocycles.

Porphyrins are capable of complexing with virtually any metal in the periodic table. The
properties of the metal affect the catalytic activity of the metalloperphyrin.  Additionally, the
metal may be axially ligated (five- of six-coordinate) which also affects metalloporphyrin catalytic
activity. Figure 1.4 shows the porphyrin skeleton which has four meso positions (Cr, carbons)
and eight pyrrole positions (Cg carbons) available for substitution. The variability of the metai,
axial ligands, and peripheral substituenis, allows the synthesis and characterization of numercus
new porphyrin structures not encountered in nature. These variable pararmeiers make the

porphyrins attractive potential catalysts,™




The gverall efficiency of the photocatalysts and photosensitizers is critically dependent
upcen both their eguilibrium structures and their structural dynamics. Catalyst development is
enhanced by using a multi-facetad appreach that refies upon beth the spectroscopic determination
of structure-function relationships and computer aided molecular design (CAMD) of potentially
nseful metalloporphyrins. These methodologiss are uosed in an iterative fashion.  First,
tetrapymrole-containing natural enzyines are investigated to determine the struciural characteristics
that are jmportamt for catalytic aceivity. In the pext step, synthetic metalloporphyrin analogs
which exhibit the desired structure ars designed and moedeled. The most feasible metalloporphyrin
prototypes are them synthesized and characterized. Finally, the poteniial metalloporphytin
cacalysts are tested for activity and stability. Farther improvements in design are realized as
additional information becomes available about catalytic efficiency.

Structaral distortions of metalloporphyrins are vital in controlling the interactions and
binding between the macrocycle end its subsirates in the vicinity. Most of the designed

metalloporphyrin catalysts are highly substituted and therefore sterically crowded at the periphery.

Three types of distortions that are observed in the metalloporphyrins are shown in Figure 1.5,
1.3. Specific Systems Investigated

1.3.0. Metalloporphyrins

The different metalloporphyring that were investigated in this project are shown in Figure
L.6. They fall into two general classes: () octa-substitnted porphyrins and (b) dodeca-substituted
porphyrins. The basic porphyrin skeletons are porphine (P}, octacthyiporphyrin (OEP),

tetraphenylporphngin (TPP) and wroporphyrin 1 (UroP). Only the tn{IV)- and nickel(IT)-

derivatives, for example, Ni(IDUroP, Sa@V)ClhyUroP and So(IVICly tetrakisip-
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carboxyphenyhporphyrin (SATCPP) were vsed for the photocatalytic detoxification studies. Both
UroP and TCPP classes of porphyrins conizin carboxylate groups attached to the porphyrin ring
and, thus, can interact eckctrostatically with an oxide surface. The metal centers for the
porphyrins were chosen based on their excited state life time. Metalloporphyring with longer life
time (for our case, SnUroP) interacts more efficientdly with thejr immediste environment and
reactants therein when compared to those metalloporphyrins with shorter life time (for our case,
NilUroP). The dodeca-substituted porphyrins investigated under this LDRD project are the newly
synthesized nickel-derivatives of octascetic-acki-tetraphenylporphyrin (OAATPE), its
octamethylester (OAATPP-OME), octahydroxyethyl-tetraphenylporphyrin  (OHETPP), and
octaacetic acid-tetra(p-nitrophenylporphyrin-octamethylester (OQAATNPP-OME).  The tin-
analogs of this series were also tried to synthesize but with limited success. The photophysical

properties of the nickel-anatogs were characterized using spectroscopic methods,
13.1. Metalloporphyrins Immobilized on Surfaces

Porphyring with carboxylic ackd peripheral substitwents are kmown (o adsorb readily onto
Ti(y; surfaces.’™* The photocatalytic activity of these molecular dyes can be enhanced by
immobilizing them on appropriate surfaces. We have gsed TiO- as well as AlhO3, MgO, Mn(O:,
ZrQ, eic. for immobilizing metatloporphiyring and tested their abilities as photocatalysts for
degrading modei toxdns. A general protocol for this photodegradation process is shown in Figure
1.7. The alemina sueface is photochemicaily different than the traditional photocatalyst TiCo
since aturina has no useful sermconducting properties in relation to the solar spectrum, whereas

TiD has a bandgap that is able to utilize UV photons to initiate photochemistry. In this report,




resalts obtained using TiO, and ALO; surfaces are presented because other surfaces were either

not active as support inatenial or were not suitable for their expected catalytic activities.

1.3.2. Newly Synthesized Nickel Porphyrins

From experiments of solar photocatalytic destruction of model organic compounds it was
found that SnUroP, with cight alternating acetate and propionate groups attached to f-pyrrole
positions, works as an efficient photocatalyst. Since the pKy values are different for the proton
dissociations from acetic acid and propionic acid groups for any electrostatic interaction with the
supperting surface, it was decided to synthesize uroporphyrin analogs with all eight carboxyiate
groups being same.  Accordingly, Ni(TE) complexes of octzacetic acid-tetraphenylporphyrin
(OAATPP) and their derivatives were synthesized.® The four phenyl or nitrophenyl groups were
attached to the bridging methine carbons of the NIOAATPP-series ta determine the electronic
effects asserted by the peripheral substituents on the porphyrin macrocyclic stracture.  Varions
spectroscopic methods, namely, proton NMR, *C NMR, mass spectroscopy, EXAFS, UV-visible
absorption, and Raman spectroscopy, have been used to characterize thess newly synthesized

purphyrins.

The free acid forms of the above mentioned tatzaphenylporphyring possassing ight acetic
acid groups are highly soluble in water. These porphyring are found to be highly nonplanar as a
result of the steric crowding of the twelve peripheral substituenis.  Prior to their synthesis,
molecular mechanics calkculations of QAATPP series indicated nonplanar saddle conformations.
The effects of nonplanarity on the physical properiies of Ni{ll) derivatives of octaacetic acid-

teraphenylporphyrin | (OAATFPFP), its octamethylaster (OAATPP-OME), octahydroxverhyl-

teraphenylporphyrin - {OHETPP), and  octaacetic  acid-tetralp-nitrophenyl)porphyrin-
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octamethylester (OAATNFPP-OME) were investigated, The structures of these new parphyring
are shown in Figure 1.6(b). Since acetic acid and ester moicties are more electron-withdrawing
than alkyl, hydroxyethyl and acetate substituents, and the nitrophenyl meso substituent is more
electron withdrawing than the unsubstituted phenyl group, distinct chemicat properties are akso
expecied for these nickel porphvring because of the differing electronic properties. Thus, both
electronic effects and nonplanarity effects must be considered when comelating speciral

differences and chemical propertics.
1.3.3. Silicon Carbide

As discussed earlier, the large bandgap n-TiD2 can be used as 2 stable solar energy
materigd for photodstoxification of toxic materials present in pollnted water,"™ However, the
efficiency of & sysiem baving a single semiconducting material is not high enough for a practical
application. Additionally, TiO: alone does not have the potential to reduce 2 large set of metals of
environmental interest ™ Hence, development of a binary system which involves both n- and p-

type semiconducting materials is desirable.

Stable p-type semiconducting materigls may be nseful for coupling with n-TiO? to develop
a photodiode system for simultaneous photooxidation of organics and photoreduction of toxic
thaterials present in polluted water. A high band gap p-SiC (Eg ~3 V) semiconductor has been
identified**’ which coult be coupled with the high band gap n-TiO? (Eg = 3 eV) 1o develop an
efficient binary photocatalytic system. The binary system is expected to provide a larger bandgap
{with two, rather than one UV photon) as well as a wider range of redox potential when

compared to those of the individuat semiconducting. The proposed binary photoslectrochemical

systein is depicted in Figure 1.8. A successful development of a novel 3iC/TiQyy photocataiytic
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diode would extend the effective bandgap from 3.0 eV (for each of the components) to ~4.5 eV

by using two ultraviolet photons (for more detail, se¢ the Introduction section in Chapter 4),
1.4. Report Outline

Photocatabytic activities of metalloporphyrins immmobilized on different swiaces are
presented in chapter 2. The active tin porphyting are found to be photolabile on sericanducting
titaniz but photostable on pon-conducting alumina. Adsorption of porphyring onte the support
materizis at pHs below the points of zero charge (pzc) of the respective swfaces (pzc’s for TiO:
and ALO» surfaces ave 6.0 and 7.8, respectively) and the presence of oxygen during tie phote-

experimenits are crucial for photocatalytic degradation with these developed catalysts,

Characterization of a newly synthesized class of water-soluble dodeca-substituted
porphyrins is presented in chapter 3. Nickel-derivatives show interesting nonplanar structures,
aggregzation behaviors and ligand binding properties. The inforrmateon gathered from these new
potphyring is expected to lead to the design and synthesis of suitable porphyrins for their
applications in water detoxification.

Chapter 4 describes our efforts in engineering a binary photocatalyst based on single
crystal electrodes composed of n-TiD; (anode} and p-SiC (cathode). Kimetic results of the
photoreduction of methyl orange using TiO: and SiC powders sfe also presented where the
unpassivated SiC shows a photoreduction efficiency of one order of magnitude lower than TiOy.

Finally, a theoretical model was developed to kientify parameters that can inprove the efficiency

of SiC-based photocatlytc systems.
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1.5. Figures
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Figure 1.2. The bandgap of TiO2 (anatase) relative to the redox potential of a variety of
importam reactions. (2) Hy/H*; (b) OH/OH®; (c) H20/02; {d) 02~ */02: (e)
Cd/CA%+; (N NUNiZ*, () CwCu2¥; ) Agfagh; () Hg/Hg2t: (j) Pr/Pi2*: (1)
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Figure 1.3,

Photo-induced redox processes on the surface of a sermeondocting TiO2 particle

when suspended in an aqueous medimen. Chemical processes of adsorption,
photooxidation, phatoreduction, and radicel formation from water and H202 on
the water-titaniz interface are shown schematically. The final step of the photo-
initiated oxidative degradation of organic compounds to simpler molecules CO2
and H70 is also shown.




Figure 1.4. The basic metalioporphyrin skeleton with the atom types shown. There are twenty
carbons {8 Cp. 8 Cgy and 4 Cpyy) and four nitrogens.




(b)

Figure 1.5. Three types of nonplenar distortions exhibited by metalloporphyrins: (a) nuffling,
(b} saddie-shaped and {c) an asymmetic distortion m which a single pymrole ring is

tilted with respect w the mean porphyrin plane.
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Ri-Rg = H R=H £
Ri-Rg = CHo(H, RE=H (OEF)
RjRg=H ) R = CgHs (TPF)
RiRg=H R = CgHsCOOH {TCPP}
Rj=Ri=Rg=Rg = CHj R=H {PF)

Ry=Ry = CH=CHj
Rg=Ry = CoH,CO0H

Ry=R3=R¢=Rg = CHy R=H {MP)
Rz=Rg = CHy(H;3

Rg=Ry7 = CoH,CO0H

R)=R3=R3=Rg = CH R=H (PP-DME)
Rz=Ry = CH=CH3

Rg =Ry = CH000CH;

Ry=R3=R5=Ry = CH;COOH R=H (UroP}
Ry=Rq=Rg=Rg = C3H,CO0H

Figure 1.6 (a). Mealioporphyrin - structares:  porphine (P), octasthylporphyrin  (OEP),
tetraphenyiporphyrins  (TPF), tewra(pcarboxyphenyl} porphyrin  (TCPP),
protoporphyrin IX (PF), PP-dimethylester (PP-DME), mesoporphyrin IX (MP),
and wroporphyrin 1 (UroP).




b

R =Ry = CHy(H, R = CgHs {QETPF)
Ry=Rg = CHC00H R = CgHs (QAATPP)

Ry =Ry = CHyCO0CH;, R = CgHs {QAATPP-OME)
Ry =Rg = CH,CH,0H R = CgH; (OMETPP)

Ry =Rg = CH4COOCHy R = CgHaNOo (DAATFP-OME)

Figure 1.6 (b). Metalloporphyrin stoctures:  dodeca-substituted  porphyrins: octaethyl-
tetraphenylporphyrin (OETPP), octaacetic-acid-tetraphenylporphyrin
(QAATPP), octamethylester of QAATPP (OAATPP-OME}, octahydroxyethyl-
tetraphenyiporphyrin (OHETFF), and iefmalp-nimophenyly of OAATPP-OME
(OAATNP-OME).
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Chapter 2

Visible Light-Initiated Photocatalytic Detoxification of
Salicylic Acid and Aniline by Adsorption of Porphyrins
onto Titania (19072} and Alumina (Al20O3) Substrates




18

2.0. Introduction

The photocatalytic activity of porphyrin dyes can be enhanced by immobitizing them on
appropriate surfaces.'” Photosensitization of TiO, by porphyrins and other dyes has been
observed using flash photolysis technigues™™* and photoelectrochemical techniques.®”  The dye
abgorbs visible light, not wutilized by bare TiO., mitiating photochemical redox reactions by
elecron transfer between the TiO; surface and the dys mulcclulas. thereby improving the

utilization of the available solar encrgy to drive the detoxification process.

An energy diagram of this sunlight-driven process through dye-coated TiO: Is shown in
Figure 1.1, Relevant redox potentials of tin porphyrin (SnP) are indicated based on thoge of
Sn{OH)octaethylporphyrin reported by Felton et.al™ The absorption of visibie light by a SoP
motecule can kead to a redox cycle that gensrates reactive porphyrin species (e.g.. the anion
andfor cation) that can directly atfack a target organic compound. Altematively, the removal of
Ti: conduction bami electrons by reduction of porphyrin wipket excited state (SnP*/SnF") at 1.1
V vs. NHE would prevent rapid electron-hole recombination, Thus, TiO, valence band holes can
react more effickently with the target organic compound. Either one or combination of the above
described encrgy transfer pathways between excited Ti); and SnP molecules would iead to an

enhancement of photodetoxification of contarninants in water.

Mesalloporphyring with carboxylic acid peripheral sebstituents are knowr to adsorb
readily oato the Ti0» surface.™™* Consequenty, the abilities of NiliroP, SnUrcP and SnTCPP
were investigated o enhance destruction of organic compounds. Salicylic acid (SA) was used as
a model organic compound and aniline (AN) was ugsd as a real toxin to investigate the

photocatalytic effects on different substrates. The stuctures of these meralloporphyrins are
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shown in Figure 2.2. NillroP was osed to investigate the adsorption of porphyrin, becawse it has
ro redox active excited state. In contrast, both of the SnPs have & long-lived triplet excited state

that can itself initrate redox chemrastry.

The main objective of this work is 10 utilize the electron transfer between the dyes and
TiO: throngh the adsorption ¢f suitable perphyring 1o the TiO: semiconductor surface and,
thereby, to enhance solér photocatalytic detoxification on the surface. A second objective I§ o
develop an understanding of the mechanism of porphyrin-cahanced solar detoxafication. A third
goal of this work is to stabilize the photodegradable photocatalysts on the surface to obtain the
optimai photocatalytic effect over a long period of time. Fnally, immobilizing metalloporphyrins
on noe-conducting substrates like alumina, may allow for the determination of therr inherent

photocatalytic properties under conditions where they do not degrade.
2.1. Materials and Methods

AkOs and TiO; powders were obtained from Degussa and Tioxide. The uroporphyrins
were obtained from Porphyrin Products (Logan, UT) and SoTLPP was obtained from Mid
Century Chemical {(Posen, IL). Al porphyrins were nsed without further purification. Reagent
grade chetnicais from Fisher Scientific and Aidrich Chemical were used as purchased. The water

vsed for preparing sampies was carbor filtered and deionized 1o a conductivity of = 3.0 pmhbo-cm.

Dye-coated Al0; and Ti0: samples were prepared by adding solid substrate and salicyiic
acid (SA) to a tin-porphyrin (SnP) solution (300 mb) for 2 final composition of 15 mM SoP,
0.1w% T¥O; or 0.2w% ALQ;, and 217 mM SA (pH 5.0 and 6.0). The mixture gives a cioudy

white dispersion in the absence of porphyrin, but in the presence of porphyrin gives either a

cloudy pink (high pH) or a cloudy green (low pH) mixture for the case of Ti0;. The change of
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colot from pink (which is the color of the unadsorbed SnP in solution) to green is due to the
adsorption of SnP onto T¥O, and its subsequent reduction on the surface. No such color changes
are seen with ABRO; substrates, The bulk of the TiO» or ALO; preparations settkes out without
stirring. Componsnts were added in different orders and in varving compositions to determine the
effect of competitive adsorption onto the TiO; surface.”™* The amount of porphyrin adsorbed
onito the TiDx surface was measured by following the decrease in the Soret band of the porphyrin
while the pH of the solution was adjusted to various values in the range 3-11 with constant
siirring. Similar adsorption experiments were performed with AlL(Os. Substrate samples, both in
presence and absence of SnPs, wers ardjusted o the operating pH {4.5, 5.0, of 6.0} depending on

tie porphytin used for that sample,

A large mouth 1500 mi jacketed pot reactor (Cal-Glass, Costa Mesa, CA) and 2 100 W
UV mercury vapor lamp {Spectroline Model MB-100 with a Sylvania Par 38 mercury buash; 70
mW/cm? UV at 365 nm at a distance of 40 cm) were used for laboratory-scale photecatalytic
detoxification experiments (see Figure 2.3)."® The outer jacket allowed constant temperature
{~259C) experiments. A quartz lid and & UV filter were sealed in place with an O-ring between
the UV tamp and the sample mi.xrure.lm select only the visible portion of the lamp's spectrum (A >
390 nm). The 390-nm UV cut off fiter with A35-g = 3.0, Azog = 1.1, and Agqpp = 0.2 O.D. was
considered as the best possible cornbination to allow sufficient absorption of light by SnP, but also

to block UV-excitation in the TiO: photocatalyst.

The apparatus allowed experiments to be done under amnbient-oxygen and constant
nitrogen-purging conditions. Oxygen free experiments were carmied out by purging nitrogen (300

cmsfnﬁn. 20 °C, 1 atm) through a stainless st=el it into the reaction solation for 15 min prior to
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and continued throoghont the experiment. The contents of the reactor were magnetically stirred
throughout each experiment. Samples (2 ml) were collected at varions time intervals up to 500
minutes for imnwediate analysis using a HP8452A UV-.visibke spectrophotometer.  All batch
experiments were performed using 300 ml solution or suspension. The samples were filtered
through 0.2 m Teflon syringe filters o remove the catalyst before spectral analysis. For some

samples, total organic carbon (TOC) analysis was performed using a Shimadzu TOC 5000,

2.2. Results and Discassion

As mentioned in the tntroduction, photocatalysis is a complicated interfacial process on
the surface of the semiconducting TiO, particles. The photoactivity of metalloporphyrin adds
additional compiexity ¢o this process. The present discussion of the photochemical and
photophysical processes with the photodstoxification of organic compounds involves the
folowing: photoactive Ti¥0. snd metalloporphyrin and  aqueons medinm, photoinactive
ponconducting ALOs, poini of zero charges of the supporting surfaces for metalloporphyrins,
competitive adsorption of metalloporphyrins and farget molecules onto the surfaces of alumina
and titania, metalloporphyrin-mediated dispersion of Ti0:, pH-dependent activities of the

photocatalysts, presence of oxygen and wavelengeh of the incoming photons.
2.2.0. Photocaralytic Activity of TintI'V) Porphyrins

The spectra of solutions of SnUroP alone and of SA alene are shown in Figure 2.4,
SnUiroP shows a strong absorption band at 402 nm, but only weak UV absorbance. S5A has 2
strong UV absorption band at 296 nm and other far UV bands, but doss not absorb in the visible

region. A broad and flat absorption bamnd in the 200-340 nm range was (Figure 2.4(b)} observed

when the suspension of SnUroP adsorbed onto T30, particles is tradiated. This continuous UV
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absorption band is from TiO: fine particles solubilized in suspeasion (see below) since in the
absence of porphyrin no such absorption band was observed from the fitered solution of
irradiated TiO- suspension. A part of this band may also be due to scauesing of larger particks in
the filtered solution nsing 0.2 p-biter subsequent to the centrifugation. Additionally, the solution

was transparent and no precipitation was observed upon further centrifegation of the sclution

under investigation.

The unsupported Sn porphyrins in solution show photoactivity for the conversion, but not
destruction of salicviic acid, using visible light only. As shown in Figure 2.5, photocatalytic
conversion of SA is indicated by the increase in absorbance near 260 nm between the SA
absorption peaks at 23C and 296 nm, the increase in absorbance in the wing (near 325 nm) on the
red side of the 296-nm absorption band, and other changes in the SA absorption spectrum after
irradiation by visible light for 90 ménutes. It is important to Rote hene that no new absorpticn
bands are observed near 260 nm when a SuUroP solution is iluminated under similar conditions
but a chlorin band at 420 nm appeared due to the phote-induced ring reduction of porphyrin.™®
The conversion preducts of SA are thought to be‘sl.ighr]y modified aromatic ring compounds that
are yet o be identified. During 90 minutes of irradiation with visible light, considerable ring
reduction of SnUroP was observed in presence of SA, as indicated by a grachial decrease in the
402-nma band and appearance of the chiorin 2t 420 nm (Figure 2.5). The rate of ring reduction of
SaUroP was observed to be faster in the presswce of SA which indicates a light-affectsd
interaction between SallroP and SA since these spectral changes were not observed in the roem
light over 2 long pericd of time. The initiat pink color of SoUroP solution changes to green; from

the absorption spectrum of the green pigment, the reduction product is mostly the Sn urochlorin’®

in which the B-carbons of ene pymole ring of the porphytin are reduced. Sn urophlorins® may
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also be formed duoring oradiation. In conrast to the observed photo-induced ring reduction of
SnUrcP, SoTCPP does net photodecompose in the absence of the support although similar

conversion of SA was observed under visible light illomination (data not shows).

Experiments with solutions of SnUroP and AN aiso exhibit photoactivity as shown in
Figure 2.5. However, specizal changes for the SoUroP/AN system are more dramatic than for
the SnUroP/SA system in the absence of any support  The 280-nm absorpticn band of AN is
buried wnder the increased broad absorption in the 250-380 nm region daring & visible hight
irradiation. Consequently, the 230-nm band was used for the subsequest analysis of the data

obtained in presence of aniline {AN).
22.1. Photosensitization af TiOa

Combination of ejther of the iwo porphyrins, SnUroP or SnTCPP, with TiO; yields a
colored TiO: powder due to the absorption of vigible light by the Sn porphyrin adsorbed onto the
suspended TiO; particles. Figure 2.4{a} shows strong absorption bands of SnUroP in solution at
402, 536 and 574 nm  The disappearance of these absorption baids upon filoation of the
suspension of Tiy/SalUroP system ndicates a complete adsorption of SnUroP eme the TiO,
surface (see Figures 2.4 and 2.6), This phenomenon of adsorption is pH-dependent since binding
to TiOs occurs at lower pH for SnTCFPP (pH 4.5) than for $SnUroP (pH 6.0). The pH-dependent

adsorption of SoUroP molecules and dispersion of T30, particles are shown in Figure 2.6,

Asg a first step in developing a more stable photosensitizer, the stability of the twe Sn
porphyring {SnPs) on the TiOk: surface and in solution were compared. The degree of degradation

for the porphyrin/TiOD; system was determined by removal of the porphytin from the surface by

rajsing the pH. and subsequently obmaining the absorption spectrutn  In ambient roorn light,
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adsorbed SnUroP is subsiantially degraded to the chlorin in 3-4 hours. 1n contrast, Sn'TCPP
adsorbed onto TiO: at pH 4.5 is unchanged under ambient Light, but vitimately photodegrades
urxler more intense irradiation. This observation suggests that the more oxidatively stable
porphytins like SnTCPP, are more stable on T30, than are electron-rich porphyring like SnUroP.
Under intense illumination with visible light, a similar result was noted for solutions of free

SnliroP and SnTCPP.

The attachment of SnUroP to the semiconductor surface enhanced the destruction rate of
SA as described below (see Figures 2.7 and 2.8). However, the SolroP alone is photoactive
and the determination of the degree of enhancement of TiO; photoactivity is complicated by the
porphyrin-intuced generation of a SA intermediate products (sce Figures 2.5, 2.7) as described
above. Control expetiments in which SalUroP-sensitized TX); was iradiated, in absence of SA,
showed no additionzl peaks in the UV region. We conciude that there is no interference from the
SnUroP degradation products. A second complication is caused by the dispersion of small TiO:
particizs in the pH range above 5. This increased UV absorption that is caused by fine TiOD:
dispersion is shown in Figure 2.4(b). Examination of the porphyrin-induced dispersion

plenomena i described below,

2.22. Porphyrin-Mediated Dispersion of Ti0);

An increase of UV absorbance (200-340 nin) resulting from dispersion of fine TiO:
partickes is demonstrated by UV-visible spectra of the porpiyrin-treated TiO: samplkes showr in
Figure 2.4(b). The broagd absorption band from 200 nm to 340 nm is attributed to the bandgap

absorption of the porphyrin-seabilized dispersion of fine TiO, particles that cannot be removed
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from solutiost by centrifugation. The dispersed fine particles represent only a small fraction of

TiQ+ in the sample, bui nevertheless exhibit the characteristic absorption band edge of Ti0,.

In the absence of porphyrin, dispersion of fine particles for P-25 grade TiO:; oceurs at high
(>@ and low (<3) pH, but not in the pH range from £ to 8. This is ilustrated in Figure 2.6,
where the absorbance due to the bandgap of the fime particles at 296 nm is ploited versus pH.
The bandgap absorption is relatively flat at wavelengths Jess than 300 rm. so the abscrption at
296 nm was used to quantify the concentration of dispersed TiO; (see Figures 2.4(b) and 2.G).
High paositive (low pH) or negative (high pH) charge on the surface apparently breaks up
aggrepates of small TiOs particles resulting i the observed colloidal dispersion in the pH regions

far from 6, the point of zero (pzc) charge for TiO. ¥

The presence of SnliroP shifis the pH range in which dispersion occurs as tustrated
Figure 2.6. The disparsion is observed above pH 3, but not below. As the pH is towered, the
first of the eight acid substitvents of uroporphyrin is protonated at about pH 6.6." This is also
the pH range in which SnlUroP starts to be adsorbed omto the surface (see Figure 2.6). Although
the aggregation of uroporphyting typkaally is observed below pH 7 for four- amd five-coordmate
metal complexes, aggregetion does not pecur for six-coordinate metals hike Sn'* This suggests
that either (i) Sa uroporphyrin interacts dynamically with the surface in the pH range from 5 to 8
ard the interaction resukts in the dispersion of TiO: or (i) adsorption of SeUroP onto the surface
in this range acts to maintain a high negative charge on the porphyrin modified surface. In the
[atter case for example, a SnUToP~* molecule (with O<x«<8 acki groups deprotonated) might bind

to a -OHpt group on the sarface changing the charge at that location from +1 10 1-x, ie., the

chargs of the -OH2-SnUroP-**+! surface group. Thus, for more than one deprotonated group on
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the porphyrin, binding results in replacing the positively charged functional group with a

negatively charged one.

Below pH 35, negatively charged carboxylate groups of the porplyrin molecule are
attracted to regions of positive charge on the TiO, surface. However, binding of the porphyrin to
the substrate now meuiralizes the charged regions, preventing the electrostatic repulsion that
might break vp aggregstes of small TiOs particles. This is because the porphyTin substituents are
nearty all protonated (and 1-x is close to Q). The large aromatic ring of the porphyrin also acts to
modify the surface propesties of the TiO: particles in a way that may promote aggregation of these
particles. For example, when fully coated with neutral porphyrins, the surface is mors

hydrophobic.

In the absence of SA, the porphyrin-mediated TiO- dispersion process at pH 6.0 as a
function of irradiation time was followed. The absorption due to the dispersed TiO: rapidly
disappears over the first 30 minutes of irradiation. This decrease in the amount of dispersed TIO:
is most hikely a result of the rapid destruction of the porphyrin, since TiO: dispersion does not
occur at pH 6 unless porphyrin is present. Destruction of the porphyrin is also confimed visually

by the bleaching of the porphyrin adsorption bands in the photosensitized TiOs.

SnTCPP does not appear to influence dispersion as strangly as SnUroP (data not shown).
However, enhanced dispersion is found to occur in the region betwean pH 5 and pH 9, a region
where bare P-25 grade Ti0: dispersion is not observed. Finally, the presence of SA does not
induce the dispersion of fine TiO; particles, nor does its presence effect the pH depeadence of the

porphyrin-induced dispersion process. Its presence however may influence the degree of

dispersion.
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2.2.3. Enhanced Photocatalyiic Detoxification on TiO:

Our primary goal is the enhancement of TiO: redeox reactions to desiroy oxins, by using
the visible light ebsorbed by & photosensitizer. At wavelengths longer than 400 nm, weak
absorption by the band edge in TiO; still produces electron-hole pairs in the sermiconductor.
These holes (and electrons} normally initiate the destructive redox chemisoy. For the
ph_ntnscnﬁtized TiO,, absorption of visible light by the porphyrin resudts in the formation of the
excited triplet state by anakogy with horgencous chemistty. The redox potentials of the
porpiiyrin are altered in the excited state and these new potentially excited states are then
available either (1) to imeract with electrons and/or holes of Tilk, (2) 1o add species like
superoxide, hydroxyl radicais, etc. with differem redox propeities that can modify rates of
destructive reaction pathways, or (3) to participate directly in detoxification redox reactions with

SA.

Vistble-tight assisted reactions occurring in a solution containing 5A and the porphyrin-
sensitized Ti(», were monitored as a function of fmadiation time to determine if the destruction of
SA was enhenced by the presence of the metalloporphyrin dye.  UV-visible spectra of samples
taken at varipus iradiation times for un-gensitized (bare Ti(k) and dye-sensitized gystems are
shown in Figures 2.7(a} and 2.7(b), respectively. Both the SA/TIO; and SA/TIOY/SRUTOP
mixtures were initiaily at pH 5; T#; from Tioxide was used. It can be mentioned here that for
both of the above mentioned experiments, a UV-filier (390 om cut-off) was used to ensure the

passage of photons where A 2 390nm.

For the SA/TH0: mixture, enough absorption into the edge of the conduction band oocurs

to generate electron-hole pairs so the destruction of SA occurs, but at a slower rate compared
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with UV irradiation of the solution. Also, the rise in absarm to the red of the 296-nm SA
peak and in the valley (at about 260 nm) between the 296- and 23G-nm peaks shows evidence of
the formation of a SA degradation product. Note that clear jsosbestic points are Yocated on both
sides of the 296 mm band, indicating the formation of 2 single SA degradation prodoct that

absorbs in the UV,

The destruction of SA by TiO«SnUroP systems results in a mors complicated spectral
profile as shown in Figure 2.7(b). A rwch larger rise in the UV absorhance below 340 am is
obsarved., This likely resulis from the formation of a much greater concentration of the
intermediate SA product. It is speculated that the intermediate is simlae, if pot the same, as the
intermediate formed at a much lower concentration in the absence of the porphyrin. For instance,
notice the 1apid filling-in of the valley at 260 nm and the increase in the absorbance just to the red
of the 296-nm SA band. The dispersion phenomenon described eariier may ziso play a rok in
increasing the UY absorbance, but should not be significant in the data obtained at pH 5 (Figures
2.7{a) and 2.7(b}) since only visible light is used for these cases. As discussed earlier and shown
in Figure 2.6, the porphyrin-medisted dispersion of Ti0, particles is at a minimam at pH 5.
Additionally, the use of UV cut-off filter in these experiments has further minimized the eleciron-

hole separation due to the bandgap excitation of Ti(); particles.

Using the spectra illustrated in Figures 2.7(a) and 2.7(b), the rates of destruction of SA
were egtimated and compared. The absorbance peak at 296 nm (without any background
correction), 2 measure of the conversion and destruction of SA, is plotted as 2 functipn of

irradiation tirme in Figure 2.8 for photosensitized (Ti02/SellroP) and bare TiO:. The rate of SA

destruction is enhanced by SaUroP adsorption onto the TiO: when only visible light is used.
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Difficulty in measuring the destraction rate is that the absorbance of the ijtial SA peak (at
296 nru) for the bere TiOy system is only 69% of the SA absorbance m the TiQ=/SntfroP systermn,
mdicating a competitive adsorption between SnUroP and SA onto the TiO; surface. In other
words, in spite of the fact that the same concentration of SA (30 ppm} was added for both cases
of bare and SoUroP-coated 0.1% TiOa suspension, 135 and 22-ppm SA were detected from the
superfiate aqueous mixture of THOSA and TifSnUroP/SA systems, respectively, at the
beginning of the experiments. A larger fraction of the A (50%) has adsorbed onto the bare TiO;
surface because of the lack of competition with the other adsorbent SnUro¥. Upon flumination,
SA is destroved on the surface, allowing more SA to adsorb from solution and, thus, conwibutes
to the decrease in absorbance at 296 nm. The decrease in absorbance at 296 nm fits with a first-

order rate of destroction of SA.

As mentioned above, despite the complication described above, it is clear that the rate of
SA destruction is enhanced by SnUroP adsorption onto the TiO: whea only visible light is used
for the excitation sowrce. The enhancement in the detoxification rate is apparent in the slope of
the curve for the photosensitized TiO; within 30 mimutes of Hluranation. The pseudo first order
raie in the first 20 minutes is about 2.5 1imes faster than the destruction rate for bare TiD;. The
SA peak at 230 nm evolves in a similat way with illomination time. It should be pointed out here
that in the case of an uniiliered bight source of UV and visible photons the rate of destruction of
SA on the bare TiO; was much higher than TiOy/SaUroP system. This is because uppon an
exposure to UV light, unsupported metalloporphyrin decomposes rapidly and at even faster rate

when adsorbed onte TiOk surface since the separated electrons apd holes dee to bandgap

absorpfion attack porphyrin oxidatively directly.
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The absorbance at 260 nm (A260) is predominantly a result of formation of the initial SA
degradation product {Figure 2.8). In the abssnce of SaUreP, the absorbance shows a steady,
slow increase over the first 60 minutes. In contrasi, when SnUroP is present, A260 increases very
rapidly to a maximum in the first 30 minutes ardd then decreases. Thus, the behavier of A260
indicates 4 strong increase in the initial rate of formation of the initial SA product followed by its

further dastraction at a rate consigtent with that exhibited by bare TiOs,.
224. Photocaralyric Degradarion by A1,0 -supported S Porphyring

Alurnina itself is nonconducting material and, thus, compleiely inert for any photoredox
cherical processes. However, aluring is known to provide a catalytic surfece for many chemnical
resctions.™* Moreover, SniiroP and SRTCPP themselves possess the photoactivity in aqueoks
solutions as discussed earlier in this chapter. Ring reduced photoproducts of SnlUroF like chlorin
and florin were observed under visible light #lumination and this process was ephanced when UV
photons were combined with visible photons. Photoproducts of SA and AN were also observed
when these target molecubes were added to the porphyrin soludons in absence of any suppornt
rnaterials (see Figure 2.5). SnUroP in solution converted the target molecules into some
intermediate products, as determined from absorbance changes at 260 sun and 252 nmdor SA and
AN, respectively. It very likely that the photo-interactions between target mokicules and SnijroP
in golution sre stoicheometric rather than catalytic. However, negligible photodegradation of SA
or AN is -nbserum:l with either the porphyrin or alumina alone. The digsappearance (due 1w
degradation) of characteristic absorption bands at 296 nm and 230 om for SA and AN,

respectively, occurs only when porphyrin is imumobilized on the alumina surface.
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Both SnUroP and SnTCPP, adsorbed onto aquecus suspensions of powdered AlO4 at pH
6, were photocatalvtically active toward oxidative degradation of SA and AN, When SA was
added to the suspension of 0.2% ALO,, an adsorption process took place similar to that observed
in the case of TiO: (see abeve). Combining either of the two porphyrins, SnUroP or SnTCPF,
with Al O, yields a colored Al Os powder which was indicative of the absorpgion of visible ﬁght by
the adsorbed Sn porphyrin. Binding of porphytins to the aluming surface occurred below the pzc
of the surface (7.8 for alumina)® as shown in Figure 2.9 and colored porphyrin-coated alumina

powder was obtained when filered and dried.

Aniline, the other tarpet rookecule, did not tind to the alunina surface presusnably due ta
the same reason it did aot bind to the titania surface. Figure 2.18 shows the photodegradation of
SA and AN when SnUroP/ALO- catalyst was used under UV and visible hight irradiation. Use of
either fitered (A > 390 nm) or unfiltered UV light in these experiments with porphyrin-coated
alumina dit not make a consilerable difference in the rate of photodegradation, although 2
madest increase in the initial rate was observed when a combination of LTV and visible light was
used instead of visible light only. This is because alumina is a passive material that provides a

surface for the porphyrin which remains photostable even under UV irradiation.

The time-dependent plots of the disappearence of SA and AN under various Slumination
conditions are shown in Figures 2,31 and 2.12, respectively, when ARO./SnUrcP catalyst was
used. The rapid disappearance of the SA absorption band &t 296 mn is observed. To test whether
the disappearance is due to photo-inluced adsorption of SA onto the alumina surface, similar

photo-experiments were performed after replacing the target SA with AN which does not adsorb

onta the surface under the experimemal conditions. Thus, the disappearance of the AN
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absorption baid must result from SnUroP-tmediated photocataiysis {see Figure 2.12). However,
a brownish yellow and oily layer on the susface of the suspension was observed which was
removed during filtration process for subsequent spectral analysis. This apparently photo-induced
polymerization of aniline was not observed unless SnUroF was immoblized onto ALOs. The
mineralization of SA and removal of AN were also analyzed with totel organic carbon (TOC)

analyzer (data not shown) which supported the sbove results,

The degradation of the target molecule AN is limited by the formation of an intermediate
(absorption band at 252 nm), which is evidently less susceptibie o photodegradation. This
intermedizte is presumably similar to the photochemical polymerization product of aniliee (AN}
identified in previous slectrochemical studies.**  When UV and visible photons are used
tagether, however, the initia! rate of disappearance of the AN peak at 230 nm on the
ALOy/SnUroP surface is faster than that on bare THO; under similar experitnental conditions. No

ineermediae formation is observed on the TiC: surface,

The comrnonly used photocatalyst for solar detoxification, TiO;, shows very little activity
for the destruction of AN under visible light irradiation. Photo-induced removal rates of AN
nsing both UV and visible lighi are similar for bare TiO: and SnUroP/ALO; systems (Figure
2.12). Addition of UV light only marginally increases the activity of the porphyring supported on
alymina. However, the formation of a yellowish brown oily semisolid compound from the target
AN on the surface of the reaction admixture during the course of photo-experiment can not be

considered as photodegradation, but rather photocatalytic polymerization. ™

A comparison between the activities of photodestruction of SA and AN by porphyrin

adsorbed photocatalysts onto TiC, and A1 0, surfaces are shown in Figure 2.13 for similar
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experimental conditions. 1t is clear from this figure that SnP/A1.0, system offers a more efficient
and stable photocatalytic system than SnP/Ti0,. Ahhough enhanced photoactivity was observed

with SnP/Ti0, compared ta that of bare Ti0,, the porphyrin was unstable under Hlumination.
225, Effect of Molecular Oxyeen

When the experiments which provided Figares 2.11, 2.12 and 2.13 were repeated in the
absence of Do under a nitrogen atmosphere, no degradation of SA and AN were observed. This
sugpests that O7 is required for both destruction of SA and formation of the SA intermediate
species on both SnUroF/Ti0; and SnUroP/ALO;  SolroP is known to photosensitize the
forrnation of singlet Oy with quantur yield of 0.6.*% Twus, singlet oxygen could be involved in
formation of the SA intermediate. The bare T, surface also requires oxygen for the destruction
of 5A and other target organic molecules. This requirement is raincained in the presence of dyes

as well,
226, Mechanisms of Sn Porphyrin-Based Photocatalysis

A nurber of possible mechanisims could lead to enhancement of photocatalytic activity.
First, the absorption of visible light by the porphyrin could itad to a redox cycle that generates
reactive porphyrin species {e.g., the anion and/for cation) that directly attack SA. Evidence for
such a process is found in the rapid conversion of SA 1o some species regardless of whether TiO;
is present or not. The enhancement would then be explained if the SA product is more labile than

SA,

A second mechanism of photosensitization involves the removal of conduction bard

electrons by reduction of the porphytin triplet state at +1.1 ¥V vs. NHE. Remeval of electrons

from T#O, would prevent rapid electron-hole recombination, leaving the strongly oxidizing hols
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for reaction with either adsorbed SA or with hydroxyl ion. Both of these pathways lead 1o the
gesmruction of SA."" This is equivalent to the enhancerrent observed when metal ions and other
additives are used to extract conduction band ekctrons from Ti0:."® This mechanism would be
consistent with the production of reduced porphyrin products. Reduction of Sn porphyrins is
known to result in a long lived radical anion (at -0.66 V for SnUroP) that eventually decomposes
unless it is re-oxidized soon ro the nentral porphyrin. Indeed, inclusion of imethyl viologen, an
electron acceptor (-0.45 V) does seem to protect the porphyrin from degradation beyomd e Sn
chlorin.

Enhancement mechanistns involving porphyrin oxidation chemistry viz the oxidation of
either the triplet state at -0.13 'V or the neutral porphyTin at >1.64 V by valence band holes akso
cannot be Tuled ont. Maost likely, either oxidative or reductive reactions of the porphyrin initiate
the destruction of the porphyrin. Determination of a complete mechanism of porphyrin

degradation on TiO; will allow us to degign more stable photosensitizers.

Irradiation under anaerobic conditions shows that oxygen i& necessary for the
photodegradation reaction to occur for both SA and AN with 5aP/ALO;. This indicates that both
SA and AN are depraded by an oxidative pathway possibly similar to that involved in
detoxification with bare TiO:. In TiO:-based photocatalysis, molecular oxygen consumes
conduction band e- to form superoxide ion which interacts with hydroxyl anion to form the
hydroxy] radicals necessary for oxidative destruction. Sirrdlarly, tin porphyrin anion on ALOs can
rclzase an electron to O- for simulianeous reoxidation of the porphyrin molecule and fortmation of

superoxide. The inttiat reduction of porphyrin is likely through the donation of electron from SA
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or AN, the target molecules. A schematic diagram of electron transfer between the excired

SnlUroP and other reactive species are shown in Figure 2.14.

The total photodegradation of organic compounds by porphyrin photocatalysts on aloimina
is limited by competition between 1he oxygen molecule and the organic molecuale for the
photoexcited triplet state of the photocatalyst® A schematic diagram for this competition is
shown in Figure 2.15. Upon photoexcitation of a metalloporphyrin melecide, an excited
porphyrin triplet stzte is formed that can either react with an oxygen molecuie 1o form 2 singlet
OXygen or react with an organic target like AN to form a negatively charped porphyrin through
the oxidation of AN. The reduced porphyrin molecule can further react with molecular oxygen to
produce superoxide which attacks target organic molecules resuliing in cxidative degradation or
polvmetization. This process returns the porphyrin modecule o its ground state, Consequently,
the porphyrin follows a photocatabytic cycle with an oxidative gitack on the target organic
molecute. The rate constant & for the formation of singlet oxygen® is 109 M -1 s-1 and if the rate
constant &* for the formation of reduced porphyrin is assumed to be same as k, the second
pathway of the formation of the superoxide is dominant only when the AN concentration is higher
than the molkecular oxygen concentration. Otherwise, the triplet potphyiin excited state forms a
oxidized porphyrin cation which is susceptible towards depradation. However, the lack of oxygen
forbids the formation of superoxide necessary for the expecied oxidized species from the target
molecule. Since the ambient oxygen concentration is (.2 mM, the concentration of AN needs be
maintained greater than 0.2 mM. According to this scherne, the depletion of target mokcuks toa
level lower than 0.2 mM would greatly slow down the oxidative degradation of the target

moleculs. This suppests that total degradation of all targst molecules is not practically achievabie

at ambient oxygen pressure; this is consistent with our resuits. In contrast, the absence of oxygen
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will terminate the process completely which is aiso consistent with our results, This mechanism
matches the general consensus that the formation of the superoxide ion is the driving force for the

oltimate photodegradation of organic cormpounds.

The above mechanism is vet to be proven with further evidences. The complex nature of
photophysical and photochemical processss at the interface and photo-induced changes in target
molsceles mnake it difficult 1o derfve 2 generic mechanisym from our results. More gystematic
experiments are required for the verification of the above mentioned explanations. One way 10
approach is to perform the studies in a gas-phase reactor with an on-line GG/MS system as well
as Raman spectroscopy. GO/MS system can be useful in probing and identifying the reaction
intermediates while Raman can be useful in probing the transient species in a homogeneous

reaction solution.
2.3. Conclusions

Two tin porphyrins wers investigated with Tegard to their ability to enhance the
destruction rate of salicylic acid (SA) and aniline (AN) when they are adsorbed onto
semiconducting Ti(: and non-conducting Al:Os.  Adsorption occurs below the peint of zero
charge of the respective oxides. Interaction of porphyrins with TiD. mwdifies the coloidal
properties of TiO:. particlkes.  Porphyrin-modified TiOo shows enhanced  ability 1o
photocatadyticaliy destroy SA and AN. The complete mechanism of enhancement remains to be
determined, atthough this study confinms previous likerature reports that the presence of Op is 2

requirement in detoxification reactions independent of the nature Of the supporting particles.

Tin porphyrins are destroyed during the detoxification reactions when supported on TiO..

SnTCPP shows greater stahility than SnUroF on TiO.. The photodesouction of adsorbed
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porphyting was minimized when a nonconducting alumina support is used. In this case, Spo
porphyrins still function as photocatalysts for the destruction of SA and AN, but the proposed
photochemical mechanisms clearly differs firoimn those operative in aqueous solutions of SnPs. In
addition, the initiat rates of photodegradation of SA and AN on SnP-coated ALO, are much
higher than that on the bare TiO: when both UV and visible photons are used. However, the
differences are more dramatic when only visible ight (A = 390 nm) is used. The photocatalytic

activity of SnUroF/ALQ, was retained even after recycling with fresh $A or AN,

Formation of intermediate photoproducts is mote pronounced in SnUroF/ALO, than in the
case of bare TiO;. This observation indicates a potentiat for the development of a mixed support
of TiD2 and AlyO; for dye molecules. The behaviors of metalloporphyrins on a mixed support of

TiO~and Al:Os will be the determining factor for a suocesstul ntilization ¢f visible photons.

The mechanisims of photocatelytic destructon on oxide surfaces, especially when dye
molecules are involved, are not quite undersiood yet. Further experiments in aqueous phase are
necessary to evahate the proposed mechanisms. Also, detofification experiments in gas phase
would provide answers to some of the developed questions from the agqueous phase experiments.

Immpbilization of porphyrins in new supports like zeolites can also be pursued for their stability

and activity.
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2.4. Figures
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degradation of organic molecules,
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Figure 2.4. Absorption spectra of (a) SnUreP, {b) photosenskized by adsorption of SnUroP,
and {c) salicylic acid only at pH 6.




Figure 2.5.
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suspensions were 5.0 and llumination periods are shown for each samples.
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(PZC) of Al203 is aiso shown by the vertical line at pH 7.8.




a) AnilineipH .0

0.D,

ABSCRBAMGE,

Figure 2.10. 2) Phote-induced removal of aniline and b) photodegradation of salicylic acid by
SnUroP adsorbed onto Al2Q3 under UV and visible light illumination. The pH of
both suspensions were 6.0 and illumination periods are shown for each samples.
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Chapter 3

Synthesis and Spectroscopic Characterization of

Octaacetic Acid-Tetraphenylporphyrins




3.0. Introduction

Metatloporphyrins with larger binding pockets and more dissociable peripheral groups are
of great interest because they can provide more efficient elactron transfer from the dye to the
target molecules. The porphyrin core is increagingly diseorted with the increase of the number of
peripheral substitution. There is alse cusrent interest in the chemical and physical properties of
ncnplanar porphyrins and hydroporphyrins. In particular, nonplanar distortions of the macrocyck
which regult from steric interactions among the peripheral substituents have been investigated in
order to understand the electron-transfer 1o their immediate environments.™ These nonplanar
structural distortions include the ruffled and/or saddle stroctures of the porphyrin macrocycls
defined by Scheidt and Lee! These nonplanar distortions are predicted to influence chemical
pracesses such as the binding and seiease of axial ligands, redox propertiss of the porphyrin and
the central metal ion, and electron-transport pruperﬁesﬁ" The inherent nonplanar structures of
nickel porphyrins are particulariy interesting and these nickel cortaining macrocycles have been
investigated intensively in last decade since they provide relatively simple models for testing the
effects of environmental and peripheral perturbations on the peometry of the porphyrin

tnacrocycis.

This chapter describes the syntheses and physical properties of tetraphenylporphyring
possessing eight acetic acid groups ar the fi-pyrrole positions and the methylesters. The
deprotonated free acid forms of these porphyrins are soluble in water. These porphyring are

highly nonplanar as a rasult of the steric crowding of the twelve peripheral substituents. The only

other rcpurl:s”“ on the synthesis of water-soluble porphyting that are significantly distorted from

planarity include octabromo- and octachioro-meso-tetrakis-(sulfonatopbenyfiporphyring and their
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manganese and fron derivatives.  However, these octahalogenated tztraphenyiporphyrin
derivatives are somewhat less sterically hindered and thus predicted to be less than the OAATPP
derivatives described here {unpublished molecular mechanics resules). In particular, the effects of
nonplanarity on the physical propertics of Ni(II) derivatives of ocCtaaceticacid-
tetraphenyiporphytin (4: QAATFF), its octamethylester {3: QOAATPP-OME), octahydroxyethyl-
tetraphenylporpiyrin - (5: OHETPP), and  octaaceticecid-tetra(p-nitrophenyf)porphyrin-
octarmethylester (6:  OAATNPP-OME) were ipvestipated. The structeres of these new

porphyrins are shown in Figure 3.1.

Resonance Raman and UV-visible absorption spectroscopies were used to investigate the
n-n aggregation behavior of nonplanar NIQAATPF in agueous solntion. The spectroscopic
resulis for NIDAATPP are compared 1o the results for metallomoparphyring (MUroPs) whose n—

1% and n=1 complex formation'*"” have been investigated in detail. The

T self-aggregation
MUroPs are conveaient for such studies because they can exist in both aggregated and un-
agpregated forins. The lack of sppreciable aggregpation of meta!l aroperphyrins at high pH (pH >
$) or at low concentrations (< 0.01 M) is attributed to electrostatic repulsion of the eight ionized
acetic and propionic acid substitvents at the B-carbon positions of the pyrvole rings. However,
the uroporphyrins dimerize at low pH or apon addition of salt (> 1 M) because of shielding of the
charges on the carboxylate groups. The Soret absorpiion band of the aggregates exhibits marked
broadening and a blue shift of 10-15 nm (depending on the metal derivative) with respect to the
Soret of the monomers. The o and B bands are also broadened but shift by 2 lssser extent o the

red. In particular, the ¥—x aggrepation of NillroP (for both planar and nonplanar conformers),

gives 1.5 crd shifis to higher frequency in the swuctute-sensitive Raman lnes™™  Like
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urcporphyrin, OAATPP contains eight ionizable acetic acki groups at the [-positions of the
pyrrole rings, and might be expected to show similar aggregation behavior. However, as a result
of the nonplanar distortion and resulting steric consiraints on interolecuiar interactions, A—x

aggregates were not formed etther 2t low pH or 2t high ionic smength.

Electronic effects may also play a role in determining the functionality of OAATPP and
telated nonplanar properties. For instance, acefic acid and acetic acid ester groups are more
ekecmon-withdrawing than alkyl hydroxysthy] and acetate substituents and the nitrophenyl meso
substituent is more electron-withdrawing than the unsubstituted phenyl groop. Thus, distinet
chemical properties are also expected for these nickel porphyrins and both elecwonic and
conformational effects must be conskiered when comrelating differences i spectral and chemical

properties.

3.1. Materials and Methods

Preparation of Ni3: Pyrrok-3,4-diacetic acid dimethylester 1 was synthesized according
to Chiusoli e af.™ and then treated with benzakdehyde under Lindsey's cyclization conditions®
uwsing BFy-Etp0 as catalyst and dichiorodicyanobenzoquinone as oxidant to vield the porphysin
dication H4OAATPP-OME, H43 (Figare 3.1). (UV-visible (CHyCly) Appx BT 473, 701).
Without further purification the evaporated resiiue was reated with Ni(QAc)/CHCl3 at room
temperatare and ibe resultant NiOAATPP-OME, Ni3, was purifed by preparative TLC
{Analtech, Inc.) on silica with 5% acetone/CHoCly. Recrystallization in CH2Cly/petroleum ether
afforded Ni3 in 12.5% vield rom 1. 1H-NMR {CDCly): dppm 7.92-7.95 (m, 8H, o-AtH); 7.59-
7.68 (m, 12H, m-, p-ArH); 3.33 (s, 24H, OCH3); 3.25 (s, 16H, CH3). 13c.NMR {CD30D):

{1724, 145.7, 139.8, 138.9, 129.9, 129.0, 118.9, 52.0, 33.2). IR (CHCl3}: 1738 emr} (C=0),
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UV-visible (CH2Cly) Amay nm (€ x [0-3): 436 (231), 555 (16.2), 586 (8.1). Anal Calkd. for

CegHgoN4O16NiFHZ0: C, 63.81; B, 5.04; N, 4.38, Found C. 63.81: H, 5.09; N, 4.30.

Preparation of Nid: The octacarboxylate NiOAATPP was synthesized by saponification
of the ester groups in Ni3 using KOH/MeOH at reflux overnight. The eveporated residue was
purified by jon exchange chromatography (Dowex S0X8-100 gesin, H formy 1:1 MeOH:H»0
etuent) 1H-NMR (d9-acetone): 7.91-7.94 (m, 8H, o-ArH); 7.72-7.75 {m, 4H, p-ArH); 7.63-7.68

(m. 8H, m-ArH); 3.30 (s, 165, CHy), UV-visible (. )M KOH) Aay nm: 432, 548, 582.

Preparation of Ni5: Porphyrin Ni} wes teated with LiAlHg in THF?® to yield
NIOHETPP sfter purification with preparative TLC (5% MeOH/CH7Cly). 1H-NMR (CD-OD):;
7.98-8.01 (m, 8H, o-ArH), 7.70-7.73 (m, 12H, mp-ArH); 3.03, 2.74-2.88, 2.12-2.27 (32H,
CH7CHp). 13C.NMR (CD30D): (147.4, 142.9, 139.7, 135.4, 130.2, 1200, 119.0, 64.2). UV-
visible (CHCI3) Ay nm (€ x 1072): 436 (113}, 555 (8.8), 590 (6.4). FAB MS ¢(m/e): 1023

(M* + H).

Preparation of Ni6: The p-nitropheny! analog was synthesized as was Ni3 except that p-
nitrobenzaldehyde was used for the cyclization. 1H-NMR (CDCl3): 8.52, 8.17 (AB quartet,
16H, ATH, J= 8.8 Hz); 3.39 (5, 24H, OCH4); 3.22 (8, 16H, CH4); UV-visible (CHoCly) A,y nm
(& x 10°3): 450 (143), 560 (14.4), 600 (8.8). Anal Caled. for CazHsgNgO24Ni: C, 57.20; H,

3.95; N, 7.85. Found C, 57.29, H, 4.1%, N, 7.46.

All of the above mentionsd metalloporphyring were synthesized at the Brookhaven

National Laboratory, Upton, NY. Chemicals and seivents (packaged in Sure/Seal botiles for

moisture-sengitive reactions) were putchased from Aldrnch Chemical and used without further




47

purification.  Ligand-binding and aggregation studies were carried out according to pubiished

procedures.'™

Spectroscopic Methods: H and 13C NMR were run on a Bruker AM-300 spectrometer
{Brookhaven National Laboratory, Upton, NY). Mass spectra were recordsd on a Kratos MS
890 instrument equipped with a Sattiefisld FAB gun using a nitrobenzyl alcohol rmatrix
(Brookhkaven Natignat Laboratory, Upton, NY). Elemental analyses were camied out by
Galbraith Laboratories, Inc. (Knoxville, TN). EXAFS studies are also perfonmed at Brookhaven
Nationzl Laboratory, NY. UV-visible spectra were obtained with a Hewlett Packard HP 8452A

diode array spectrophotorneter.

Resonance Raman spectra were obtained at room temperature osing a duval-channel
Raman spectrometer described earlier.” Peak positions for the Raman lines were determined
from the fast-Fourker-transform smoothed spectra and corrected relative to the Raman lines of
nickel octaethylporphyrin in methylene chloride.* Approximately 60 mW of either the 406.7-nm
of the 413.1-nm lager excitation fTom a krypton ion laser (Coherent) was used to firadiate the
sampies contained in a dual-compartment rotating cell. The scattered light from the two samples
was collected at 90° to the direction of propagation and polarization of the exciting laser light.
The scattered light was analyzed (SPEX 1401 double monochromator), detected by & cooled (-20
CC) Hamamatsu R928F photormultiplier tube, and the signal from the two samples separated
slecirgnically. Rotation of the sampie cell at 50 Hz enabled the samples 1o be probed aliernately
and also prevented local heating of the samples. Each of the Raman spectra is the sum of 5.16
scans. Speciral resolution was 4 corl. Sample integrity was checked peripdically during the

Raman expermment by examining individual scans. Also, UV-vigible absorption spectra were
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obtained before and after the Raman experiments. The individual Raman bamis were
subsequently decomposed using Lorentzian line shapes and 2 least-squares fitting procedure with

a sioped, linear baseline to extract the positions, heights, and line widths of those bands.
3.2, Results and Discussion

The nickel derivatives of porphyrins 3. 4, §, and 6 have been characterized by NMR, UV-
visible absorption, and resonance Raman spectroscopy and other methods. As the potphyrin
macrocycle deviates from planarity as a result of increasing the steric crowding of the peripheral
groups, the aromatic character decrezses and reselts in NMR wopfield shifis in the proton
resonances from dicninished ring current effects.” For Ni3, Ni4, NiS, and Ni6, upfizld shifts are
noted for the pheny! and the J-methylene proions relative to more planar Ni porphyrins like
uroporphytin (UroP), tetraphenylporphyrin (TPE), and OEE. For example, the B-methylene
protons of the acetic acid groups exhibit the largest upficid shift of 1.9 ppm; 5.0 ppm in NilroP
and 3.1 ppm in Ni4 (each in 0.1 M NaOH/D50). A similar shift of 1.8 ppm is observed for the
methylene protons in NiOEP and NiOETPP, which are 4.1 and 2.3 ppm (2f coalescence)

respectively.’®

Recent NMR results for OETPPs hive shown that the highly nonplanar mactocycle in
solution undergoes 2 dynamic process of macrocycle mversion (the interconversion between
nonpianar conformations). This mterconversion was monitored by following the temperatnre
dependence of the §-methylens proton resonances. The methylene protons of Ni3 show a slightly
broad singlee at 253 K, indicating fast interconversion.  This singlet broadens further and finaliy

appears as an AB doublst upon cooling, indicating ineguivalency of the protons. The coupling

constant (Jap= 17 Hz), is typical for geminal protons and indicates siow inversion of the saddle
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conforrmation on the NMR time scale. The coalescence temperature for the methylene protons of
Nil is 293 K, whereas for Ni3 and Nié, it is 243 and 265 K, respectively. The corresponding fres
energy of activation, AG* for Ni2 and N3 is 13.2 and 12.0 keal mo¥l, respectively. The high
barrier for NIOETPP could be explained if NiOETPP is more nonplanar than NiOAATPP-OME

and NiQAATNPP-OME.

The conformation of the macrocyle can also be monitored by its optical absorption
spectrunt. The Soret and the Q absorption bands are red-shifted in nonplanar porphyrins when
compared with planar porphyrins.® The UV-visible absorption spectra of NiTPP, NiOHETFP
(Ni5), NIOAATPP (Ni4), NiOAATPP-OME (Ni3) and NiDAATNPP-OME (Ni6)} in non-
coordinating solvents are shown in Figure 3.2. 19-36-nm red shifts were observed for porphyrins
Ni3-Ni6 with respect to NiTPP, a planar porphyrin. Wavelengths of the absorption bands (Apyayx)
for this series of nickel porphyrins are listed in Table 3.1. The red shifts observed for the
NOAATPPs are comparable to those observed for porphyrins like N#OETPP that are known
from the X-ray cryssal structure to be highly nonplanar.” For the six-coordinate complexes (Ni3
and Ni6) that are formed, a red shift with respect to six-coordinate NiTPP is also observed
(Figure 3.3). The absorpiion spectrum of the 1-Melm complex of Ni6 looks like the spectrum of
the dication (Hg6). However, demetallation has not occorred because evaporation of the
coordinating solvent foflow by disseiution In noncoordinating solvents gives the normal four-
coordinste absorption specttum.  (Apparently, the nitro groups of NIOAATNPP-OME are
electromacally coupled to the macrocycle 7—m transitions since the Soret band in methylene

chioride is observed to be red-shifted by an additional 12 nm compared to that of OAATFP-
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OME. Aiso for the six-coordinate Ni6, a very large red shift reiative to other six-coordinate Ni

porphyrins is observed.}

EXAFS studies directly confirm that Nid has a highly nonplanar conformation. In
particular, solation EXAFS resalts™ for Ni3 reveal short Ni-N distances of 1.92 {0.02) A, which
are comparable to those found in Ni2 (1.906 {2) A) for which the crystal structure shows a

saddle-shaped conformation.” No pianar nicke] porphyrins have such short Ni-N distances.

Resonance Raman spectra for the nickel compiexes of CAATPP, QAATPP-OME,
OAATNPP-OME axd OHETPP are shown in Figure 3.4, and the frequencies of some structure-
sensitive porphyrin mades and a phenyl tode are listed in Table 3.2.  An additional spectral
feature is observed for the nitropheny} derivative; the Raman line at 1345 e} in spectnmm C of
Figure 3.4 is probably the symmetric stretch of the nitro groups at the para positions of the meso-
substituted phenyl groups.*** The 1345-cm-! Raman line of OAATNFPP-OME is more enhanced
with respect to vy for laser excitation at 458 nm mear the Soret than at 413 nm, possibly

suggesting that porphyrin-NO»> charge-transfer ransitions are coupled to the 1" transitions.

Generally, the structure-semsitive Raman marker kines show large downshifts when
compared to & planar nickel porphytin, and the downshifts are a resnlt of the nonplanar distertion
of the macrocycles.™ The relative sizes of the downshifts within a series of porphyrins can
generally be used as a measure of the degree of rmacrocyclic distortion.*™  In particular, va, v3,

and v all downshift by 15 to 43 cm! for the distoried octacthyl- and octapropyl-

tetraphenylporphyrins relative to planar NiQEP.® For the series of NiOAATPP derivatives
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Table 3.1. Wavelength of absorption maxim2 (in nm} of nickeKII) porphyrins in various
coordinating and non-coordinating sokvents,

waler CHy (I3 I-methylimidazole  piperidine

Pophyrins ¥ § o y $ e« v B o v B «

NillroP
{4-coord.) 394 518 532
+ NaC138K 518 554

NiQEP

(4-coord.)  not soluble 321 517 551 392 514 550 396 552
{6-caord.) 418 419 542 574
NiTPP

{4-coord.) not solublz 414 527 418 414 519
{6-coord.} 436 565 609 433 561 &00
NIOETPP (Ni2)

{4-coord.)  not sokuble 433 552 586 434 552 588 435 553 590
NiOHETPP (Ni$)

(4-coord.)  not soluble 434* 555% 588% 436 553 586 438 554 592
NiQAATPE (Nid)

(4-cooml.) 431 549 587  435% 552%580% 439 553 588 440 536 589
+NaCl431 550 587

NiDAATPP-OME (Ni3)

(4-conrd.) not soluble 438 554 534 438 554 3534 440
{&-coord.) 458 464 693
NiQAATNFP-OME {Ni6)

{4-coord. ) not sokuble 450 561 597

(6-coo7d.) 476 704 489 717

*Spectra obtained in acetons. In CH»Cly and acetene, most Ni{ll) porphyrins listed here give
similar absorption specirz.
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Table 3.2. Resonance Raman frequencies (cm'lj of structure sensitive marker ines for NiI)
porphyrins in non-coordinating solvents and under various aqueous conditions.

Nicikel Porphytin/ ¥ vy V7 Vi
Solvent

OEP /CH,Cly 1383 1519 1600 —

TPP /CH2Cly 1374 14740 1572 1600

OETPP (Ni2) /CHsCls 1360 1504 1562 1597

OHETPP (Ni5) facetone 1359 1504 1565 1598

OAATPP-OME (Ni3) 1368 1509 1574 1596
/CH>Cl»

OAATNPP-OME (Ni6) E370 1508 1576 1592
fCHCl

OAATPP (Nid) facetone? 1369 1509 1573 1597

HOrpH 3P 1370 1511 1577 1596

HyO/pH 70 1368 1510 1569 1599

H»O/pH 13 1367 1509 1568 1598

Ho0/pH [3/NaCib 1367 1509 1567 1598

AThe potential energy distribution of this mode is radically altered for TPP as compared io OEP
and QETPP. bZo, vaiues are estimated to be between 6.00 and -0.32 depending on the degree
of ionization of the eight acid substituents.
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investigated here, these lines downshift by 8§ to 35 el relative to NiQEP, and, therefore, must
be nearly as highly distorted as NiGETPP. However, the NIiOAATPP derivatives vary
considerably in the electron-withdrawing propeities of the substitaents, and thus an electronic

effect on the Raman frequencies is also possible.

To accurately interpret the frequency differences within this group of NIOAATPPs, it is
important first to compars ¢nly porphyrins with similar electronic properties to determine the
effect of structurzl differences. The acetate and the hydsoxyethyl moietes of Nid and Ni5 have
electronic properties that are the same as the ethyls of Ni2, but are stericelly larger than the ethyls.
These more bulky substituents woukl be expected to sterically induce krger distortions from
planarty than observed for Ni2. However, neither Nid por NiS show significantly jower
frequencies than Ni2; in fact, Nid shows significantly higher marker line frequencies than Ni2 and
Ni$. indicating decreased nonplanarity for Nid. For NIOETPP and NiOHETPP, the nearly
identical Raman frequencies can be atiributed to similarities in the both the steric and electronic

propertizs of these substituents.

The interpretation of the frequency differences in the structore-sensitive Raman lines for
the entire series of NIOAATPPs solely in terms of differences in the degree of nonplanarity is not
possible becanse of the conflicting dependence on the electromic effects of the peripheral
substituents. A dependence of the position of the absorption bands on electron-withkrawing

properties of the sebstituents is already known.” Table 3.3 lists the sum of the Hammett

constants™ (ZSyyy for the substituents on each porphyrin of the series and these values can be

wsed 1o estimate this electronic effect. In some cases, almost identical conformations are expected

on the basis of the peripheral crowding, so that the electromic effect is clearly evident. For
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T.ah!e 3.3. Sum nf I-Eammtt sigma values, Zo,. of different nickel porphyrins and their reiative
binding to 1-methylimidazole at room temperature.

Nickel Porphyrin L0m % bound
OEP - 0.56 5
OETPP Ni2 -0.32 0
OHETPP Ni5 -0.32 0
OAATPP {deprotonated)”™  Ni4 -0.32 0
QAATPP-OME Nil 0.00 25

TPP 0.24 70
OAATNPP-OME Nié 0.68 100

*I0y, values are estimated to be betwsen 0.00 and -0.32 depending on the degree of ionization of
the eight acid substituents.
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example, NIQAATPP-OME and NIDAATNPP-OME should exhibit afmost identicad
conformations because the p-NOg groeps on the phenyls do not sigrificantly increase the steric
crowding. Thus, the 2-cm-! differences in frequency noted for v4 and v5 are most likely a result
of the larger electron-withdrawing effect of the nitrophenyl groups compared to the phenyls. In
fact, the frequencies of v4 and vo for the entire serics of NiOAATPP derivatives show fair
correlations with £y, as illustrated in Figure 3.5. NiOETPP and NiCHETPP clkearly exhibit
unu;suaﬂ}r low frequencies relative to this linear relationship because of structural effects and for
this reason were not included in the linear regressions. The frequency dependence of the
remaining points & mostly electronic since the Inear relationship with Z0;, accounts for most of
their frequency variation.

Similar dependence of v and v on the electron-withdrawing capacity of substituents has
been observed for other confermationally homologous series of porphyrins, including a seres of
fluorinated dodecaphenyiporphyring (DPPEy, x = 0, 20, 28, and 36).” 1n both the Fe(lI)- and
Ni(IYDPPE, series, v4 and vo (but not V) increase in proportion to the number of flucrines and
to L0 Further, molecolar mechanics calcalations indicate no structural differences among the
NiDPPFy series., indicating that the changes are entiely a result of the electron-withdrawing
effect of the fluorines. The increzses in Raman freqguency with unit increase in Xom for the
NIQAATPP series reported here (slopes given in Figure 3.5} are about the same as for the

DPPF, series, supporting the assertion that the elecironic effect is the largest contributor for the

NiCGAATPP series.

In sunymary, while the stifis observed for the octaacidporphyring are, in part, due to the

glectron-withdrawing/donating effect of the substituents, variaiions resulting ffom struciural
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changes are also evident. Structural differences are evident in the differences in frequency thai
occer for porphyring with similar electronic propertics as described above. From Figure 3.5, the
data further suggests that the higher frequencies of vgq, v3, and v for most of the porphyrims
{Ni4, Ni3 and probably Ni6) relative to Ni2 and Ni§ result in part from the more nonplanar
conformation of the latter porphyrins. In addition, & more planar conformation for both Ni3 and
Nié also accounts for their lower barriers to inversion {compared t¢ Ni2) given by the NMR

EMCASULSITIRIILS.

Ons can ask whether the electron-withdrawing effect of the substituents actuaily causes a
conformational change and whether it is this non-steric structural change that is measured by the
shifts in the Raman lines. One possible answer to these questions is that the pyrrole rings become
poorer O-charge donors with decreasing electron-donating abilities of the substituents, and, as a
restlt, the pymrole nitrogen-rickel bend length increases, causing the macrocycle to becormne more
planar. The increased planarity raises the marker line frequencies. Additional structural studies

will be required to tast this hypothesis.

The affinity for axial cocrdination of nitrogencus lipands is also thought 10 be effected by
both electron-witlkdrawing substitwents and nonplanarity of the macrocycle.™* Planar porphyrins
such as NYOEP and NiTPP bind readily to nitrogenous ligands, whereas aonplanar NIOETEP does
not and remains four-coordinate even though electronicatly NiOETPP (X6, = -0.32) ties between
NiQEP (-0.56} and NiTPP {0.24). In additior, the NiOAATPP-seres of nonplanar porphyrins
shows increased ligand affimity with an increase in edectron-withdrawing capacity of the peripheral

groups. Tablke 3,3 shows a direct comelation between the overall electron-withdrawing capacity

for different porphyrins and their relative binding of !-methylimidazole (1-Melm) in the nsat
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solvent. Similar trends in Bgand affinity are also observed for pyridine and piperidine. The reason
for this trend is that porphyrin dianion ligand does not fully nestralize the +2 charge on the Ni(II)
jon, leaving Ni partiaily positively charged. The eleciron deficiency is primarily in its o orbitals.
Conseguentiy, exogenous O-donating ligands will generally bind axially via the empty d,2 orbital.
Electron-withdrawing peripheral substituents enhance the slectron deficiency of the metal, leaving
the nickel ion less coordinatively saturated and increasing the axial ligand affinity. The failure of
NiOAATPP to bind 1-Melin may be due to deprotonation of the acid groups in this solvent,
which makes the acid groups more electron donating (the pK, values for imidazole and the acetic

acid groups are 7.0* and 6.5, respectively).

The aggregation behavior of NiOAATPP in aqueous environments were also exarined
and comparad i€ with that of pianar NillroP (see Table 3.2 and Figures 3.6 and 3.7). NiUroP
shows no evidence of aggregation in basic solutions, but upon addition of salt (»1 M} or acid
(pH<6), - aggrepates are formed." Appregation is caused by shiekling of the -8 charge of the
deprotonated acid groups and results in a large blue shifi in the Soret absorption band (see
Figures 3.6A and 3.6B). In addition, 1-5 cml upshifis in the frequencies of the structure-
sengitive Raman lings are observed upon salt-induced n—x dimerization of NillroP.'™™ 1In
contrast with NiUroP, the UV-visible spectsa of NIOAATPP show no evidence of aggregation
under similar solution conditions (see Figures 3.6C and 3.6D). Further, the resonance Raman
Spectra fm-* NiDAATPP (Figure X.7) at different pH values and afier adding NaCl at high pH

show no evidence for aggregation. Similarly, no appreciable changes are observed upon addition

of salt {Figure 3.7C). With an increase im pH (Figure 3.7B), structure-sensitive Raman lines shift
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to lower frequencies due to the decreased electron-withdrawing capacity of the deprotonated

acenic acid groups, but show no indication of aggregation.
3.3. Conclusions

The evidence from the NMR, EXAFS, optical and resonance Reman spectroscopies
indicate that OAATPP and its derivatives have highly nonplanar conformations. While the Ni-N
distance and the diminished ring current effects both indicate that the NiOAATPP-OME is
nonplanar, the free energy of activation for macrocycle inversion amd the resomance Raman
frequencies suggest thate NiQAATPP derivatives are probably more planar than NiDETPP. The
structure-sensitive Raman lines and the optical absorption spectra are found to vary depending on

the degree of porphytin nonplanarity and also the electronic effects of the substituents.

The ligand binding affinity is dependent on both the macrocycle conformation and the
electronic effects. Among the dodeca-substitated nonplanar porphyrins, ligand binding affinity
appears to be directly comrelated to ¢lectron-withdrawing ability as estimated from the Hamnett

O constants of the peripheral substituents.

The nonplanar conformation of OAATPP prevents the known 7i—w aggregation of planar
octaacidporphyring like UroP. The spectrz of NiDAATPP show no evidence of aggregation wpon
addition of salt (>1M) or acid {pH <«8), unlike the more planar NiUroP which forms n—x
aggrepates under similar solution conditions. In an effort to exploit the anique aggregation
properties of the QAATPP denvatives, 2 lipoporphyrin has been symthesized recently with a
NIOAATPP-OME polar head group 2nd long alkane tails. Using this new lipoporphyrin mixed

Langmmir-Blodgett films of the Bpoporphyrin were consiructed with stearic acid. These fiims

show no evidence of aggregation of the porphyrin macrocycies or of phase separation from the
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stearic acid component that is typical of planar lipoporphyrins.™ However, the water soluble tin

analeg of OAATPP is yet to be synthesized for its use as photocatalytic testing in solar

dewoxificadon.




3.4. Figures




2 ¥=H, A = CHpCHg OETPP

3, ¥=H, A=CHaCOCHs  OAATPP-OME
4 Y=H, = CHzCOH QAATPP

5. Y=H. R = GHoGHoOH OHETPP

6. Y = N0z A= CHaCOaCHy CAATNPP-OME

Figure 3-1. Structures of pyrole-3,4-diacetic acid dimethylesser (1) and various planar and
nonplanar mickel porphyrins: QETPP (2), OAATPP-OME, (3). QAATPP (4),
OHETPP, (5}, and CAATNP-OME (6).
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Figure 3-2. UV-visible absorption spectra of four-coordinate {A) NiTPP, (B) NiOHETPP {i5),
(C) NiQAATPP (Nid), (D) NiOAATPP-OME (Ni3), and (E) NiOAATNFP-OME
(Ni6). Spectra were obtained in either neat methylene chloride or acetone,




4176
-
; -
S (E)
L1k ]
2 (D)
o
o
I
Lo
m
=
[
()
> (B)
-
1 E g
To® {4)
E 1 1 z
300 400 500 600 700

Wavelenigth (nm)

Figure 3-3. UV-visible absorption spectz of (A} NiTPP, (B) NiOHETPP (NiS), ()
NiQAATEP {Nid), (D) NiDAATPP-OME (Ni3), and (E) NiDAATNPP-OME (Ni6}
in a coordinating solvent. All spectra wert obtained in 1-methylimidazole.
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Figure 3.-4. Resonance Raman specitra of (A} NiOAATPP, {B) NiQAATPP-OME, (C)
NIOAATNPP-OME and (D) NMiQHETPP. Solvent for porphyrin solution was either
methylene chioride or acerone and a 413.1-nm laser excitation was used for

pbtaining Raman spectra
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Figure 3-5. Lincar relagonships between the frequencics of the Reman lines vy, v3 and vo for
the nickel porphyrins listed in Fable 3-2 and the clectron-withdrawing properties of
the peripheral substitients as measured by Xo., given in Table 3-3. Nickel
octaacid-tetraphenylporphyrins (solid symbols); NiOETPP and NiOHETPP (open
symbolsy Slopes of che lines and standard deviations are given in parenthesis. The

slopes are, within error, the same as for the FeDPPF, series, except for v4 which has

a significantly smaiier slope for the nickel octaacid-tecraphenylporphyrins.
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Chapter 4

Development and Testing of TiO,/SiC Photodiode System
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4.0. Introdection

TiO: has a bandgzap of 3.0 volt and is used as an efficient photocatalyst for some redox
systems in aqueous environment.  Different metals like Cr{V1), Hg(II}, Ag(I), Auwlll), PtIV} and
Pd(Il) are easily reduced and removed from soltion by T¥0; particles used as phntﬂcata}ysts.”
However, Ni(l[) and Cd(Il) cannot be treated with titania. Cu(Il) can be treased, bt its treatment
is very semsitive to the particular redox environment that is used.’ Prairie et. al'? demonstrated
that reduction of metal ions on titania surface follows a Tafelian behavior® where the reduction
rate depends expenentially on the difference between the condoction-band potential and the
reaction potential as long as the later falls within the bandgap. It was argued that for the hard-to-
reduce metal ions, I spite of the reaction potentials falling within the bandgap of TiDx, slow
photoreduction is observed because the difference between the conduction-band-electron
poiential and the reaction potential does not exceed the overpotential (cal. 0.3 V) that is required

for the reaction to take place.

In the third year of this LDRID project, our approasch was to modify the conduction band
potential as well as the effective bandgap of a binary photocatalytic system to extend the set of
metals to which photocatalysis can be applisd. This involved combining Ti0; and SiC to produce
a photodiode with a conducticn band at about -1.4 ¥V (vs. NHE) whi]:lretaining the srong
pxidizing potentizl of the valence band of Ti0:. According to this hypothesis, organic oxidation
reactions wili occur at the TiO: valence bamd and metal reductions st the SiC conduction band,
with electrons flowing from the TiOz conduction band to the SiC valence band to close the circuit

(see Figure 1.8). Thus, with two UV (=3.0 £V) photons, we achieve 3 photocatalyst with an
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apparent bandgap of ~4.5 eV, Our ultimate goal was to form small binary particles that could be

suspended in contaminated samples for water treatments.

Mills and coworkers have published a series of kinetic studies using CdS to reduce methyl
nrangl:.“ in their investigations, the two-electron photoreduction of methyl orange (MO} to its
colorless doubly-reduced form was monitored as a function of the concentration of the dve and
the sacrificial eleciron donor Na;EDTA. The electron donor reacts with photopensratad hole and
goes through an irreversible oxidation process and, thus, termed as sacrificial agent. [t was found
that the kinetics of dye Tedoction fit a proposed reaction scheme assuming the formation of
steady-state concentrations of photogenerated holss and electrons upon irradiation of the system.
In this report, we extend the Kinetics of MO photoreduction, sensitized by SIC, using the same
sacrificial reductant. We have performed systematic kKinetic photo-sxpermments On aqueous
suspensions of 3iC and TiO» powders wsing the reduction of methyl orange as a probe. The goal
was to develop a simple method for evalvating the effectiveness of Ti0:, SiC and ather

photocatalytic systems.

. Methy] orange i 2 typical 2zo dye, and jts color and structyre strongly depend on pH.**
Only a few interconvertible souctures of this dye make it a good spectroscopic probe for
monitoring a rather simple photoredox process invoived in a complex heterogeneows system
Two well characterized absorption peaks for oxidized ang reduced peaks at 464 nm and 272 nm,

respectively, with a single isosbestic point are reported in the literature.**

Since it is well known that titanium dioxide alone is capable of oxidizing many different

organic compounds, but is limited in its ability 1o reduce metals, the silicon carbide counter

electrode was added to the photoelectrochemical experiments to help in reducing some of the less
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easily reducible metals {see sbove}). As a first sigp, an electrochemical sysiem was built using
single-crystal elecirodes. The electrodes were placed into a cell that could be illuminated or kept
dark. Subseguently, measurements to find the illumination current, dark current, and the
photocurrent (by difference) of the system in question were undertaken along with open circuit

potential readings.

Some of the promising semiconducting properties of $iC are variable banigaps, high
thermal conductivity, high saturation drift velocity for electrons (~2 x 107 cmys} and high
breakdown ficid strength.™* Although SiC has been exarrined extensively during the past decads
with respect to its use for high temperature devices, only very few investiganions of the
photoclectrochemical properties have been published to date. One probable reason is the inferior

quality of the SiC crystals that have been available.
Bandgaps of silicon carbide fall in the range from 2.2 to 3.2 ¢V depending on the crystal
phases and modifications. The crystal packing of CSi, units can either form cubic (B-

medification) zinc blend or hexagonal {o-modification) wurzite iattices. The bandgap of 5iC is

associated with the ‘hexagonality’ of the materisl' The cubic fattice has the smallest bandgap,

phases with more hexagonal structure exhibic higher bandgaps. It can be made in both p- and n-
doped forms. SiC is alimost as hard as diamond bot nuch easier to synthesize. The raw materials
carbon and silicon dioxide for the production of silicon ¢arbide are available in virtually unlimited
quantities. Furthermore, SiC is absolutely non-toxic due to its chemnical inertness. Bockris ot
al."? calcutated the flat band potentials of SiC from linear Mott-Schottky curves: 1.4 V (pH 14)
and 1.7 V (pH 0); the photocarrent density was very low (<9 pAjoor). A later report by

Morisaki et. al.™ showed strong frreversible changes in the flatband potential after llurnination.
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Conflicting theries about anodic corrosion™'® and current doubling'” at SiC-electrodes are also

present in the literature.

The results obtamed with single crystal SiC in this work revealed limitations. The material
was expensive and gave rise to poor photoelectrochemical efficiency. Such behavior may be due
to the high doping level (5x1018 19 1020 ¢ 3) emmployed to lower the internal resistance of the
crystal. The high doping levei generates a very narrow space charge region where a fiedd exists
thet can sweep electrons to the surface. Consequently, much of the photogenerated carriers may
recombine prior ta their reaction with species in solution although the narrow field strength may
still be strong enough to pull the carriers apart. Hence, we chose to examine the theoretical effect
of various properties of p-SiC on the basis of an earlier theory to vnderstand the infleence of
various faciors in each semiconductoer.’™™ s SiC the best choice for being the parmer of Ti):?
Theoretical modeling on electrode matching, kinetics and ther photoefficiencics was used to

addeess this question,

The model, developed under this LDRD project, accounts for the properties of the p-type
and p-type semiconductors and the exiernal parameters incleding hght intensity and metal ion
interaction with the semiconductors. Model calcslations were carried oot to establish energy
requirements and to optimize relevamt parameters for & birary photocatalytic system which
consists of a combination of n-Ti0; and either bare p-SiC or its platinized formn Model
calculations were carried out for the reduction of few metal ions (e.g., Hg?t, Cudt, Apt, Cd2+,

NiZ+, and Ph®+). Comparisons of cell current densities and cell efficiencies between calculated

and experimental values were made for the TiOz/SiC binary system.




4.1, Experimentsl

The photoresponses of powder and pellet forms of $iC were characterized in this project
with an ultiniate goal of combining the material with corresponding forms of Ti0: for developing
the proposed binary photocatalytic system. In the following sections, we will discuss the findings

an} limitations of the SiC photocatalyst.
4.14. Materials
4. J.0.0, Crystal Structures of TiO:

As mentionsd in section 1.1, thers are three ctystal phases of TiD.: rutile, anatase, and
brookhite. Electrochemical work, using TiQ):, single crysials, reported are exclusively with rutile.
Single crystals of anatase are not larpe enough for performing the repﬁrted electrochemical
experiments. However, polycrystalline TiO: electrodes can be anatase, rutike, or a2 mixture of
both. Octahedral (THOs) structures of TiO; tetragonal unit cells are showm in Figure 4,1, Detail
information on crystallographic parameters for both anatase” and rutile™ are availabie in the

literatore.,

The bond lengths for rutile and anatase are similar, but anatase exhibits a greater distortion
in bend angles and, thus, coptains a structure with lower density than that for rutlle. Small jons
can migrate through channels in beth of these lattices and rapid migration of cations and anions
affects the uniformity of doping and the density of recombination centers. The channels in Tutiie
and anatase lie paralle] and perpendicular, respectively, to the ¢ axes of the crystal structures. The
energetics of TiO: crystal structures end therr bandgaps are deseribed it section 1.1,

Nevertheless, anatase can be converted to rutile at temperature higher than 500 °C.2*
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4.1.0.1, Crysial Structures of SiC

More then 180 modifications of SiC ere known. As mentioned in the introductory section
4.1, there are two widely used polyorystalline structures of SiC: cubic zine blend (B-form) and
hexagonzl wurtzite {&-form). In al crystal forms, every Si-atom amd every C-atom are
surrounded by four covalently linked next neighbors, thus, SiC crystals are built out of either

SiC4- or CSie-terahedrons (see Figure 4.2).

For building & three dimensional smucture of SiC tetrabedrons, one can either put the
second layer parallelly or antiparallelly witk respect to the first one. Both of these arrangements
are shown in Figure 4.2: cubic zinc blend (B-form) and hexagonal wunzite (o-form).** In the
case of cubic modification all tetrahiedron layers are paraliel, but In the hexagonal modification all

combinations are possible.

The above mentioned two lattice eypes are realized in the two simplest SiC-modifications
The first modification is 3C-5iC {B-form); it has cobic symenetry and corresponds 1o zine blend
structure. In this case, the second tetrabedron layer is oriented paraliel {0 the first one in a way
that the center atoms are placed on the top of the voids of the first layer. In 3C-SiC structure, the
sequence of atomic planes is ABC, that is, the fourth layer is klentical to the first one. The second
modification is 2H-3iC (u-form), it has hexagonal syinmetry and comesponds to wurtzite
structurs. In o-modification, the third layer can either be identical to the first laver {keading 1o the
most hexagonal 2H-modification) or it can follow to the second layer, thus, forming an
antiparalle]l layer. The same is true for subsequent layers. The simplest 2H-SiC has the sequence

AB, but in spme of the more complicated modifications 50 or more different layers can be stacked

on top of each other before one comesponds the first layer.!




!

The hexagonality of a SiC Jattice is inversely related to the SYC ratio® and the increase in
hexagonality corresponds to the ixcrease in the bandpap of the material The bandgep of cubic
3C-5iC is reported to be 2.2 &V, in the case of hexagonal 6H-SiC it is 2.9 eV, and hexagonal 4H-
SiC has & bandgap of 3.3 eV.” The bandgap of the ‘most hexagonal’ 2H-SiC forin does not fit

into this pattern beczuse of applying a different method in bandgap estimation.”

Thermodynamically, the cubic modification of 3iC is the most stabie one, it is also known
as the low temmperature modification becanse it is formed at 1400 °C. At higher ternperatures
starting at 2200 °C, it is mitially ransformed into the 2H- and then into 6H-modification.
Although the 6H-SiC appears to be the most stable modification at high temperatures, but
because of the small energy differances between the modifications the formation of mixed crystals

during 2 fabrication is common."
4.1.0.2. Silicon Carbide Fowders

Several silicon cariide powders were obtained for use in photocatalysis experiments. The
first powder was Norton FCP-15-NLC @-5iC (batch 34/92) which is a (.7 tm average particle
size powder designed for sinterability. The second powder was a p-doped o-SiC powder from
Carbalon.  Finally, because of concerns about the purity and dopant contents of these two
powders, we obtained two 5iC powders from Dr. Joha Haggerty's lab at MIT. These powders
were made by a vapor phase, laser-induced reaction of methane and silane and were composed of
sub-micron B-phase partickes. Because of the special synthesis process, we hoped that these

powders would have high purity. Omne of the two pawders was doped with boron by using a

silane tank that had a diborane (B:Hs) content of 0.08% which shouid give a boron comntent in the
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powder of about 3x10'° B atoms/cm’ ans also provide p-type SiC. The other powder was not

doped with boron. Both powders were synthesized at a silane to imethane ratio of one.

The Norion and Carbalon powders were gray while the MIT powder was black. The MIT
pewder was coated with graphite (s=e Figure 4.3(a)) as analyzed by X-ray Diffraction (XRD).
After heating in air for 2 hour at 1000 °C the MIT powder turned gray, indicating that the surface
graphita had been removed by oxidation, however, it was still in the B crystaf phase. The MIT
powder was then converted to the o-phase by heating them in gettered argon to 2000 °C for 2

Rour. The conversion was verified by powder XRD (see Figure d4.3(h)).

Before wsing any of the SiC powders in a photoexperiment, it was treaied with 50% HF
solution for two hours under an anaerobic atmosphere in a Teffon beaker. Argon gas was used
with a constant flow to remove ambient oxygen from the HF-ireatment bath., After decanting the
supernate HF solution from the Teflon bash, the remaining SiC rnaterial was rinsed copiously with
deareated deionized water. This pretreatment procedure was necessary to remove the passive
silica overlayer and bring out the photoactive SiC surface. Fresh SiC sample, after similar HF-
treatment, was used for each of the pot reactions. Investipation of SiC powders with transmission
electron microscopy (TEM), performed at the University of New Mexico, has also confirmed that
the HF-treatment removed an amorphous S¥0s layer from the surface. A TEM picture of HF-

treated SiC is shown in Figure 4.4(a) which is not obtainabie in presence of a silica overlayer.

A composite of Ti()/SiC was prepared at the laboratory of Prof. Abhaya K. Datye of the
University of New Mexico by thermochemical deposition of TiQs» onto SiC powder.” An
amorphous titania layer was formed from a thermal decomposition of ethanolic solution of

titarhum n-butoxide when refluxed and then beated ovemnight at 110 °C. In the composite
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mixture, the material ratio between TiQ: and SiC was calcolated to be 0.25 uging an X-ray
fluorescence technique. A high resolution TEM picture of the composite is shown in Figure
4.4(b). We also tesied the photoactivity of this composite using a method described in Section

4.1.1.0.

An impurity atialysis was peiformed on all four powders using semiquantitative ion
microprobe mass spectroscopy (SIMMS) as shown in Figure 4.5, This type of analysis is
complicated by the fact that different elements have secondary jon yiekls that vary by over 4
orders of magnitude and that depend on the matrix that they are in. The anabysis indicated that in
terms of p-type dopants, the Carbalon powder had only Al the Norton powder had trace amounts
of both B and Al, the undoped MIT powder had & small amount of Al and the B-doped MIT
powger had small amounts of both B and Al In terrns of irpurities, the Carbalon powder had
significant amount of Na and K present, whereas the MIT powders hait 10 10 20 times less of
these elements. The Norton powder had small amounts of Ti and possibly ¥V, whereas the MIT
powders had these two impurities plus a wace amount of Cr. The Carbalon powder also had Ti,
V and Cr, and i addition had Zr and possibly Ba, La, and Ce and several unidentified peaks,

Overall, the Carpolon form of $iC powder exhibited the highest purity.

4.103. Silicon Carbide Pellets

Single crystal $iC sheets with an area of 1 cm’ were procured from CREE Research Inc.,
Durham, Narth Carolina, After initial photocatalysis experiments with p-doped o-SiC singk
crystals indicated some photocatalytic activity, similar experiments with polycrystatbne SiC pellets
were attempied for several reasons. First, photocatalysis experiments can be performed more

readily on bulk samples than on powders. Second, chenic contact can be made to bulk samples
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tnore easily than 1o powders. Finally, since the bulk samples would be made from powders that
we eveitually hoped to use in powdered forrn, these experiments might indicate whether SiC of
the purity available as commercial powders would be photocataivtically active. Therefore, we
hoped to be able to fabricate bulk «-5iC pellets that had the proper p-dopant concentration, had
no open poresity, ad no second phases, especially ones that were interconnected that wonld

isolate the SiC grains.

Unfortunately, we could not produce samples that met ali of the above reguirernents
simuttaneously. This was due to the difficulty of densifying SiC; in order to obtain a high density
after sintering of even after hot pressing, a p-dopant concentration of several tenths of a weight %
is necessary. This is more than ten times that desired for photocatalytic activity. Also, excess
catbon i required for densification which may result in 2 carbon-rich grain boundary phase afisr
beat treatment.  Recognizing these potential problems, we decided to fabricare some pellets and

determine their photocatalyiic behavior,

Two different commercial silicon carbide powders were ased: Norton FCP-13-NLC and
Carbaton. Prior 1o use, the powders were chemically treated o remove any oxide surface layer
either by boiling for 3 hours in an § wt® NaOH solution or by washing for 3 hours in a
concentrated HF solution at 80°C. In either case, the powder was thoroughly rinsed with

deionized water and then dried. Several sources of carbon were used including {polylisobutylene

(which most likely decomposed without leaving any carbon behind) to graphite powder to




Table 4.1,

Conpositions and conditdons used for kot-pressing SiC peilets.

Carbon

Boron

Aluminpm

Pressure (psi)

2.5 wit% from
(poty)isobutlyene

0.3 wt% Eagle
Picher Namral
Xtalline Boron

0.3 wit% Fisher
Finest Powder

4000

3.0 wt%h Aquablack
Graphite

0.5 wt% Callery
Sub-Micron Boron

5.0 wi% Ulracarbon
Graphite

(1.5 wi% Fisher
Finest Powder

5.0 wit%% from
Phenalic Resin

0.5 wt% Fisher
Finest Powder

5.0 wt% from
Phanolic Resin

0.01 wit% Callery
Sub-Micron Boron
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phenolic regin (which Jeaves a known amount of carbon behind after decomposition). As
mentioned above, the use of carbon source was necessary for obtainirg a dense material {0 be able
to manpfacture SiC pellets. The 5iC, carbon source and dopants were weighed in various ratios
as shown in Table 4.1 and then mixed wgether prior to hot pressing. All hot pressing was done
with soak temperature of 2050°C in gettered argon. Typical pressures and times are also given in
the table. Afier hot pressing. samples that contained several tenths of 2 percent of B and/or Al
reached nearly theoretical density while sample E with only (.61 wt % B reached only 78% of
theoretical density. Analysis of the samples by x.ray diffraction indicated that they were 6H o-
SiCC (see Figure 4.5). Ohmic contacts were applizd to one surface of the pellets by evaporating
on & thin coating of Si-Al euiectic alloy using a vacuum evaporation coater, The pellets were
hezted to 950°C for 10 minutes in gettered argon to form the ohmic contact between the SiC and
the coating. This procedure was also demonstrated to be effactive for producing an ohmic

contact on sinple-crystal test spacimens.
4.1.1. Methods
4.1.1.0. Pot Reactions with 5iC and Ti0: Powders

We have used the same pot reactor as described in Section 2.1 (see also Figure 2.3) for
monitoring kinetic phato-experiments on aqueous suspensions of SiC angd TiO» powders using the
reduction of methyl orange as a probe. Different grades of commercial and laboratory samples of
SIC and P25 grade of TiO: were used for these photo-experimems. All SiC powders were
pretreated for 2 hours in 30% HF at roor temperature and then nnsed with deareated deionized

water t0 remove any surface oxide layers prior {o their use in photocatalysis experimnents.
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Kinetic information for the reduction of methyl orange (MO) was obtained from
concentration versus time data for various initial concentrations of MO and Na,EDTA, a hole
scavenger. To obtain these data, we used an argon-purged, I not mentioned otherwise, batch
reactor to perform the photoreduction of MO in the presence of Na;EDTA and either SiC or TiD:
powder. For each experiment, a 300-ml agueous suspension of SiC or TiD: with reactanis at

appropriate concentyations and with prior pH adjustment was placed into tha reactor.

During each reaction, reaction temperaturs was held constant at 20.0 £ 0.1 °C and the
Teactor contents were stimed constantly under a continuoos flow of argon. The reactor is covered
externalty with aluminum foil to reduce hght losses.

During each experiment, 2-mL sampiles were collected at specified times with an air-tight
valve and syringe. Samples are fltered through 0.2-p1 Teflon syringe {Hters to remove the catalyst
before spectral analysis with a UV-visible diode-amay specmophotometer calibrated for different

MO conceniTations,

All chemicals were reagent grade. Cr(VI} was analyzed colorimetrically using
diphanjrlcarhazidﬁ.“ The Light source wsed was a 100-W UV spot lamp (Sylvania Par 38 mercary

buib) having an integral sutput (12 cm away) of 39 mWicm< between 300 nm and 390 nm.

In addition to a series of kinetic photocatalysis experiments, we also performed a stixiy of
the adsorption of MO onto SiC. This was done to quantify the magnitude of adsorption and to
provide data that might be useful in understanding the Kinstics on SiC. The amount of MO
adsorbed is calcufated from the analyses of MO contents in the samples before and after the

addition of SiC using UV-Vis absorption. For these tests, the chemical components were added
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to 200 mil- of carbon filtered and deionized water (~1 wmho - cm) in the order of MO and SiC.

Adsorption usually reaches steady state within 15 minutes of 8iC addition,
4.1.1.1. Photoelectrochemical Cells with SiC and TiO; Electrodes

The experimental set-np consisted of a small electrochemical cedl, which could be filled
with solution and nitrogen-pusged to eliminate the presence of oxygen ¥ necessary, The bottom
of the cell was a quanz crystal lens, covered by a shﬁtter which would either permit or prevent the
uitraviolet light's iliurmination of the electrode sorfaces. The cell had 2 water-cooled jacket that
was kept at 2 constant temperature of 20 OC for all experiments. This cooling eliminated possible
differences or erors which might have been camsed by thermal effects. The actual electrodes
were inserted through a rubber stopper and suspendad i the solution alongside one another. The
design of the photoelectrochemical cell insured an approximately equal light intensity on both

semiconductor electrode surfaces (see Figure 4.7).

The electrodes were cleaned between each run with aqua regia (HNO3 and HC) mixed in a
solution in a 3:1 ratio) for both of the elecirodes and the SiC electrode was etched with 30% HF
for 2-4 minutes hefore and after each run to insure she removal of any silica overlayer formed on
the electrode surface. After the acid-treatment, the electrode surfaces were cleaned with
isopropyl alcohol if they had been exposed 10 organics (salicylic acid), and then each electrode

was rinsed in deionized water and put into storage for subsequent usage.
Open Circuit Voltages and Shomt Circujt Curents: The first experiment involved
connecting the TiOo/SiC cell 1o a multimeter and measuring the open circuit voltage and short

gircnited current for both illuminated and non-illurninated electrode systems, using a platinum

wire as a reference electrode. The valwes were taken by connecting the rmultimeter to the
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electrodes, 2lways having the negative lead hooked to the silicon carbide electrode and the

positive lead connectad to the titanium dioxide electrode.

For measurement, the system was allowed to reach a pseudo-steady state (no change i
curTent of potential) and readings wetre then taken of short circuit current and open circuit
voltage. This was done for all of the metals in the series of gold, platinern, palladium, chrome,

nickel, cadrnium, copper, mercury, and silver in 0.5 mM solutions with salicylic acid.

Current/Potential Curves Using Potentiostat: This set of experiments were tun in 2 similar
fashion to the multimeter experiments. The working electrode wag chosen by using the following
order of preference: silicon carbide, titanium dioxide, then platinom. Therefoze, if silicon carbide
were in a system, it was always the working electrode. Platdnum was always used as the reference
electrode, Standard calomei electrode (SCE) was also used as a reference electrode. An SCE
was fabricated and tested for use in conjunction with the TiO9/SIC diode system. This was done

in an attemnpt to nepate any possibility of reaction taking place at the reference electrode.

From this setup, cuarrent vs. potential curves were obtained, using & chart recorder, for
both luminated and dark slectrode systems, This allowad not only the measureinent of the open
circuit voltage and short circuit potential, but also the measurement of cwrrent 45 a function of
changing the applied voltage o the systeme  This provided further mformation about how the

system was responding o illumination.

Piotodiode Eficiency: In order to measure the potential/current curves for the TiO-/SiC
diode couple, a varigble resistor was connected to an armmeter in series with the electrodes,
adpusting the resistance to obtain & series of data. This datz consisted of cusrem through the

resistor, which was eneasuredd by the ammeter, The values of the resistance and ceirent wers then
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used to determine the voltage output (or drop across the resistor) for the cell. A schemmatic

representation of this setup is shown in Figure 4.8.

SiC Pellets: A series of monolithic SIC wafers were obtained and used as elecrodes to
determine their photoactivitizs. Thess SiC wafers inclbded electrodes doped with boron, carbon,
and a polymeric organic compound. The festing involved stching the surfaces with HE, and then
exposing thern to 2 solution of dejonized water with CuSO4 present and measuring the current

and potential of the sysiem with a potentiostat connected to a chart recorder.

4.2, Results and Discussions

4.2.0. Kinetic Studies on Photoreduction of Methyl Orange

A series of kinetic experiments for the photoreduction of MO under variety of conditions
are shown in Figures 4.9 - 4,13, Tt is clear from Figure 4.9 that etching SiC powder with 50%
HF sclution for a period of two hoors is necessary before significant photoreduction can occur.
Photoreduction expermments i Figure 4.9 were performed at pH 4.4, in presence of (.2%
Carbolon SiC and an excess of EDTA (10 mM). Initiad MO concentration for all of the pot
reactions was 60 uM. EDTA i5 known to be zn efficient hole scavenger and, thus, forces the
photoreduction to occur at its maximum rate (see below). The pretreatment with HF enhanced
the initia! rate of photoreduction of methyl orange (to its hydrazine derivative) on S5iC by an order
of magnitude when compared to that of untreated S¥C.  As noted in the previoms section,
investigation of SiC powders with transmission electron microscopy has confirmed that the HF-

treatment removed an amorphous Si0-: layer from the surface.

The dependence of initial photoreduction rate of MO on pH {0.2-wt% Carbolon SiC) is

shown in Figure 4.10. The initial rate of MO photoreduction is shown to decrease with
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increasing pH (for ihe range 4.4 -~ 90). This abservation can be related to the decreass in
concentration of a specific form of methyl orange as well s its decreased adsorption on SiC at
higher pH (see Figere 4.11). The dependence of initial photoreduction rate of MO on EDTA
(0.2-wt% Carbolon SiC) is shown in Figure 4.12. The initial MO photoreduction rate is
enhanced by an order of magnitude when EDTA concentration is incteased from zero to 10 mM.
However, it should be noted bere that initial photoreduction rates are practically similar and

insignificant for untreated and HF-treated powders if no EDTA is added o the reaction mixtures.

Photoreduction of MO on different grades of SiC {Carbolon and Nerton), TiO; (P25 and
Tioxide), and Ti,-coated SiC are sivown in Figure 4.13. Several observations are made from
this figure. First, Carboion grade is a berter photocatalyst than Norton grade 5iC. Secomd, the
MO photoreduction by SiCC is slower by over an order of magnitude than that by any of the TiOs
grades. Finally, TiO;-coated SiC shows comparable photoresponse to those of TiO; which is
probably becanse of the predominant photoactivity by the TiOs overlayer. However, the presence
of 5iC made the TiQ: photoactivity slower than its nmormal photoactivity and this lower
photoactivity may be attributed 1o an overatl lower loading of TiD: (dispersed on SiC) when

compared to that of bare TiOa:.

In spite of 2 poor photoreductive capacity of all of the SiC powders in compared to that of
TiO:, we have found that Carbolon SiC can be used to remove Or** fiom agneous solution in the
presence of NaEDTA (see Figure 4.14), However, P-25 prade Ti0: outperforms SiC for

photoreduction of Cr'™, Fot both cases of $iC and TiOs, higher Ct™ photoreduction rate is

Table 4.2. Initial taie for the photorsduction of methy] orange in presence of 10 mM Na:EDTA
at pH 4.4.
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Photocatalyst Initia} Rate Fhotoefliciency
{Umiles/mie) (%)
None 0,006 0.002
Untreated SiC:
0.2% Carbolon 4.006 0.002
0.2% Carbolon® 0.027 0.01
{.2% Carbalon 0.027 0.01
50% HF-regted SiC:
0.2% Carbolon 0.138 0.04
0.15 Carbolon 0.105 0.03
0.2% Norton 0.036 0.01
0.1% P25 6.84 1.95
0.1% Tioxide 8.25 2.35
iC)-coaied 5)C F TN
0.1% Ti0. (SiC) 1.05 0.30

*Room light; "ambient oxygen, all others were Ar-purged.
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Tabled.3, Initial rate for the photoreduction of Cr*° in the presence of 1 mM NaEDTA at pH
4.4 and 2.0. All experiments were performed under Ar-purged conditions.

Photocatalyst

pH

Initiat Rate
{Uenoles/min)

Photoefficiency
%

S0% HF-treated SIC:
0.2% Carbolon
0.2% Carbolon

0.38
3.64

L0y
0.1% P25
0.1% P25
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observed with the increase of pH. Our observations indicate that the redox processes on SiC

mast likely oocur via processes similar to those known for TiOh.

Based on the resubts shown in Figures 4.9 - 4.14, calculated % photoefficiency on 5iC
and TiO; powders are shown in Tables 4.2 and 4.3 for MO photoreduction and Cr™
photoreduction, respectively. The best case of MO photareduction rate on SiC (0.1% Carbolon
with 10-mM EDTA at pH 4.4) shows 0.03 % photoefficiency whereas Tioxide TiO; shows 2.35
% photoefficiency under similar experimental conditions; a difference of about two order of
rmagnitude in their photoactivities. A similar conclusion can pe mede from their activities for the
photoreduction of Cr*®, If we consider the relative positions of the conduction bands (at pH 4.4)
for TiQ; (- 0.22 V vs. NHE} and SiC (- .72 V vs. NHE)” in refation to the reduction potentials
of MO (- 0.06 ¥ vs. NHE)” and Cr* (1.33 ¥V vs. NHE).” a higher photoreduction tate is expected
for the case of S5iC when compared to those for Tz In contrast, owr results show an opposite
trend. To be able to understand these counterintutitive observations, simifar experiments with

other metal ions like Cd*, Ni%, Ag", Hg*?, ete. need to performed.
4.2 1. Photoelectrochemical Experiments With TiGSiC System
4.2.1.0. Multimeter and Potentiostar Measurements with Pt Reference Electrode

Both the multimeter testing and the potentiorneter results showed that the electrode
system seemed 10 be working to a margmal degree on most of the metals. The only exceptions 10
this were the resuits obiained for the noble megals (Ae, Pr, Pd) and chromium (Cr). For these
metals, very littde current was seen in the potentiostat readings, especially where the silicon

carbide electrode was involved. The observed smaill current responses are believed to be partially

due T¥O,'s ability to reduce these metals. It may have been the case that the metals guickly
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deposited on the surface of the electrodes (SiC or TiO;) and then blocked any additional Light
from the surface, thereby reducing the current that was obsetved. However, for the most part,
the results of the two sets of experiments seemed to reinforce éach other (see Figures 4.15
through 4.22). From the data, it is reaspnably obvious that the system was reducing the meatals in
guestion. Also visual inspection verified the deposition of some of the metals, Cu and Ni, on the

SIC surface.

42.1.1. Potemtiostat Measurements with SCE Reference Electrode

For these tests, onfy copper, nickel, and mercury jons were chosen to be evaluated for
their reduction currents on the electrode systems. [t was observed that for the silicon carbide
electrode, the amount of current for a given applisd vohltage decrsased when salicylic acid was
introduced into the system, and depended only slightly upon which meta)l was present in the
electrolyte solution (see Figure 4.23). An opposite effect was dominant in the TiOw/Pt electrode
couple(see Figure 4.24), The presence of salicylic ackd in the TiO: system was found 1o be
sigaificant in determining the amoynt of photocurzent seen and also depended on the metal in
sclution. The photocurtent-potential results are presented in Figures 4.23 and 4.24 for TiO, and

SIC photoelecmochemical syseems, respectively.

in general, the results which were obtained using the SCE as a standard reference
glectrode showed larger cyuarent densities than in the Pt reference case. This difference was on the

order of several hundred microamps. It is believed chat this was due to the “floating” nature of

the platinumn electrode and its susceptibility to reaction on its surface.
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4.2.1.2. Photodiode Efficiency of SiCITiO; by Measuring CurrentiP otenrial

The final test was to use a variable resistor to measure the cell efficiency by piotting
potential versos current. The variable resistor worked well in the determénation of a potsntial
versus current diagram which showed the efficiency of the cell as well as the open circuit potential
for the iluminated cell (see Figure 4.25 - a serulogarithmic plot). Owercurrent voltages for the
respective electrochemical systems are listed at the top of the figure in a chronological order as
shown by the ligends at the right side of the figure. From these resvits, one can conclude that the
SiCY TiO: diede cell efficiency was mostly independent of the type of metal ions used, but the pH}
of the solution {systems with deionized water only} had a significant effect on the cell efficiency as
well as on rmaximum cell volizge and caerent density. The increase of the solution pH shified
maxinmuma current density, open circuit volage, and overall celt efficiency to higher valoes. The

efficiency of t cell can be viewed from the squareness of the curves.,

Additionaily, considering the observations from TiO.fSiC diods system in conjunction
with thase from SiC/Pt and T¥Ow/Pt, it is clear that the reaction occurring on the SiC electrode is
the rate limiting for the diode. The corrent density for TiO»/P't is in the thousands of microamps.
whereas that for $iC/Pt is on the order of 50-100 mictoamps (see Figures 4.23 and 4.24 for
comparison). From Figure 425, although the photo-responses seem to be dependent on the
" solution pH, no clear correlation between cell efficiency and meta! jon type is evident especially

since the curves of each of these metals follow nearly identical paths.

The primary problem with the 5iC/ Ti(O, photodicde system lies in keeping an active 5iC

surface where reaction can take place, SiC has a tendency to form $X);, and the electrode had to

be etched with 50% HF after every mun to insure that the surface remained active. Additionally,
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tests done with monolithic SiC electrodes show that the activities in single crystal SiC electrodes
do not transfer well to their multicrystalline (sintered) analogs. Additionally, the system sesmed
to be limited by the current thecagh the S5iC elecrode. Furthermore, if one examines at the plots
of standard redox potential vs. photocutrent density of all three TiOw/Pt, SIC/Pt, and TiOw/SiC
systems, TiOz shows a relatively clear pattern to its response to metal types, whereas SiC shows a
relationship which is less easily discemed (results not shown). It can be seen, moreover, that the

TiOy/SiC couple resembles the SiC/Pt far more than the TiOo/Pt couple.
4.3. Theoretical Modeling for a-p Photodiodes

4.3.0. Theory

A schematic diagram for the propased doal photoelectrods system involving p-type and n-
type semiconductoers is given in Figure 1,8, For the model calculations in this part of the project,

the reactions at the photocathode and the photoanode are described below.
At Photocathode (e.g., p-SiC):
M2* + 2¢ o MPds (0

At Photoanode {g.g., n-TiQ2):

OH + ht 5 OH-= {2)

Organic + OH= -  Products (3
or

Organic + kY = Organict (4)

of in the absence of oxidaton of oeganics,
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O + AT Oy o+ ZH20. {3)
43.0.0. Celf Photocurrenr Density Involving Dual Semiconducting Electrodes

Using the procedure of Kainthla et. aL™ one can write an equation for the cel
photocurrent density (including various important properties of both n-type and p-type
sermiconductors) for a dual semiconductor photoelectrode system as

loell = 21dF 1 (1P + 197 + (4P - lgM2 + 4 1gF Ig.

exp[-(Ea’ + EaD)/KT] £ expleo Veel2 kT2 ()
where, photocurment density at p-type semiconductor electrode (IgF) is expressed as

P = e MaNp [, 10RO

[1- & ¥+ avlp)(l + G/LD) - (G e ®WWHILD + Giijdv  (T)
and Ig™M is given by an expression similar to Equation (7) with rel=vant parameters for an n-type
semiconductor.

In Equation (7), N is the number of acceptor metal ions in the unit arez of the reaction
plane, Nt is the total number of sites in the area of the reaction plane, Ry is the reflection
coefficient of the photon at the semiconductor surface, Iy is the intensity of incident photon, Oy 1S
the photon abgorption coefficient, v, (=Ep/h where b 15 Planck's constant) is the lower frequency
lirmit of light corresponding to the bandgap esergy (Eg ) of the semiconductor, v, is the upper
frequency timit of the UY light source, LT3 is the diffusion length of an elecron, and W is the

width of the deptetion region that can be expressed as™

W = (2epts VhbFreo Np)i2 (8)

and the constant G for a specific semiconductar type
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G = (kT £g £5/2 £ 2 Np) 1/2 (%

where £q is the permitivity of a vacuum, &g is the dielectric constant of semiconductoer, Vbbp is

the band bending potential in the p-type semiconductor electrode,

In Equation {6}, the effective activation energy, Ez® of acceptor ions in solation can be

expressad as
Ead = [Ea®+ (Eagsm/2 - eoEred®/2)] (16

where

1l

Ea® (Er;i+Er,ol4 1)

where Ea® is the activation efiergy contribution from the reorganization snergy of inner and outer
solvent spheres, Tespectively. ™ Er j and Ey o are the inner and the outer sphere reorganization
energies, respectively, of the metal acceptor ions (in the absence of adscrption on the electrode
surface), Eads, m is the adsorption enctgy of metal jons on semiconducting surface and Eped® is

the reduction potential of the metal ion.
The term Eads m in Equation (10) can be expressed as™
Eadsn = 172 (DM-M + DH-H) + 23.06 (M - XH)2 (12)

where Dv.M and DH.H are the bond energies of M-M and H-H, respectively, and Xaq and Xy

are the electronegativities of M and H ions, respectively."

The term EaD in Equation (6) is the activation encrgy of the donor species in the solution

and can be expressed as

Esl = [Ea®+Eads, O 12 - £o Eox2)) (13)
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where Eade OH is the adsorption enesgy of OH- on n-type semiconductor surface and Egx? is
the standard oxidation potential ¢f the donor ioa. According to the report by Ruetschi and

Delahay* the adsorption energy of OH" can be expressed as

Eads,OH- = (I/2)EDiss,OH + EDiss,M=0 - EDiss,H-OH + Esolvy M=0Q} {14

where EDigs, OH . EDisg,M=0. and EDiss H-OH are the energies of dissociation of O-H, M=0,
and H-OH bonds respectively. Egolv M=0 is the heat of hydration of the M=0 bond. For
compound semiconductors like TiO2, it has been assumed that OH- adsorption is dommated by

boading with the metal fons present in it
The term £ in Eqaation (6) can be expressed as™

E = (Sth%/Se Sh) PT (Ec) PT (Bv) ark’ Ny 05sP Byl N Bge
exp (Ve - VP + 0 - ¥P)2kT] (15)
where Sty i3 the thermal welocity of outcoming photogensrated ¢lectrons in the surface region of
the sericonductor. 3¢ and Shp are the velocities of photogenerated electrons and holes
respectively. PT (Eg) and PT {Ev) are the tunneling probability across the interfacial barrier and
the energy of the hole at the top of the vakence band at the interface respectively. dgp Nygg Oger
¥y and ¥ are capture cross section for surface recombination, surface density of surface states,
coverage of surface states, intrinsic band bending amd electron affinity, respectively, for the
specific type of the semiconductor as denoted by either of the superscripts P’ or ‘n” with the

1enms.

in Equation {6), g is the electronic citarge, and Vee]] is the cell voltage.




91

4.3.0.1. Cell Efficiency

The percentage cell efficiency (% Eeff ) can be expressed as™

vt
% Eeff = (eett Veetv24,, T hvdvl x 200 (16)

43.1. Computations

This involved computation of cell current densities and efficiencies of the binary systern p-
SiC/M-TiO: with varicus parameters of p-type and n-type semiconductors in aguecus solution on
the basis of the theoretical modet given above. These computations were made with a goal to
identify the best system parameters of a p-type semiconducting photoelectrodes which match
energetically well with n-TiO; photoelectrode for an enhamwed photodetoxification of agoeous
samples containing 2 wide range of metal ions and orgacics. These computations wers carried
cut using Microsoft FORTRAN 5.1. A list of parameters that were used for thess
semiconductors and their platinized compositions are given in Table 4.4. These values were
supplied by the commmercial producers of SiC and Ti0, materials, Values for activation energy
{Ea™") and free encrgy of adsorption (on the surfaces of bare and platinized SiC) are chosen from
the literature, and values for redox potential®® for selected metal ions and those for OH- ion in

refation to the Ti0s surface are listed in Table 4.5.
4.3.2. Resnits and Discussion
432.0. Effect of Doping Density

The resulis of the effect of doping density of p-SiC and platinized p-SiC (SiC(P1) on the

maximum ¢zl current density (which is a measure of the rate of detoxification of polluted warter




Tabled.d: Properties of samicendactors used.

Properties of p-SiC n-Ti02

Semiconductors (and p-SiC(P1D)

Bandgap (e¥) 3.0 3.0

Carrier Density (con3) 2.0 x 1018 2.0x 1017

Carrier Mobility &0 1.1
tem2 v-1s 1}

Electron Affinity (eV) 4,21 4.1

Diffusion Length (cm) 3.12x 165 10x 104

Dietectric Constant 10,03 170

Average Absorption

Coefficient of Light (em 1) 5.0 x 104 1.0 x 104
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Table 4.5;  Propetties of reactants in solution vsed in model caleulations.
Free Energy of Adsorption
Reactants | Activation (@¥) Redox
Energy, Eg® (eV) | p-SiC p-SiC(Pt) Potential (Volt)
Hg+ 1.2 -1,42 -1.76 0.85
CuZt 1.2 -1.83 22.24 0.34
Agt 1.2 -1.80 2.22 0.80
Ca2t 1.2 -1.58 202 -0.40
Nj2+ 1.2 -2.15 -2.44 -0.23
PRt 1.2 -2.33 263 -0.126
I.'I-Tiﬂ':

OH- 1.5 .2.10 0.60
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under lumination) are given in Figures 4.26(a) and 4.26(b), respectively. Thess calcuiations are
based on the assumption that the origin of current is solely from the desired oxidation reaction
(see Equations (7) and (8)). Results from these figures indicate that with the increase in doping
density the rate of reduction and, thus, deposition of metal ions decreases considerably for both
$iC and SiC{Pr) systemns. Similar patterns on the dependence of cell current density on the metal
type are also followed, Nit2 being the most active and Ag* being the least active metal. These
pattatns are in direct contrast with previously observed experitnental results especially for the case
of TiD.. Additionally, the doping density has minimal affect on cell current density in the
presence of Agt ion and this may be due to a combination effect from a high adsorption free
energy and a high redox potential for this specific metal jon. A doping density above 1016 cm-3
is shown to greatly lower the cell current density in unplatinized SiC, while at platinized 5iC this
lowering of cell current density is weak except at higher doping densitiss (by 2-3 order of
magnitudes). These results suggest that a doping density closer to 1014 emr2 would be more

favorable for higher cell curment density in presence of metal tons.
£.3.2.1. Effect of Diffusion Length

Curves a and b in Figure 4.27 show the % efficiency (see Equation {7))of SiC photocells
as 3 function of selected values of elecwron diffusion length (which depends on diffusion
coefiicient and lifeiime of photoexcited electrons) in the space charge region of SiC for two
doping densities of 1014 cm-3 and 1018 cmr3, respectively. These calculations of % efficiency
are performed for the case when lead (Pb™) ion is present in the ambient solution for SiC

photoelectrode, It is observed that the effect of diffusion length on cell efficiency is negligible for

bath cases of doping densities. A negligible decrease in cell efficiency is observed only when the
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diffusion length for the conduction band electren is in the range of hundredth of a millimeter.
However, the choice of doping density obviousty made a significant effect on the values of %

efficiency.
4322, Effect of Free Energy af Adsorption

The effects of free energy of adsorption of photodeposited metals on p-SiC and platinized
p-SiC from agueous solution on calculated meximum cell current density (see Eguations {(6) and
{10)} are shown in curves a and b, respectively, in Figure 4.28. For these calculations, doping
density was 10 e for both cases. It is observed from curve a that the influence of adsorption
energy on maxirmum cell current density is considerable for bare SiC even though no trend for
dependence could be identified. This can be attributed to the fact that Eg® in Equation (10)
containg other terms such as Ep? and Ered® and these have contributed to the net maximam cell
curzent density. However, for the piatinized $iC (curve b}, the variation of maximum cell curment
density with iree energy of adsorption is neglgible. In other words, the assumed pre-deposition
of platinum islets on SiC {platinized SiC) sviface provides the higher limit of the maxirum cell
current deasity probably because of its hipher energy of adsorption than any other metals tested

within the scope of this project.
4.3.23. Effect of Redox Potential

Figure 4.29 iliustrates the effect of the redox potential on maximum cell current density
for SiC when theoretical doping densities are 10" and 10" em”® (see Equations {7) and (B)).
For comparison, the experimentally obtained points are aiso shown where doping density is 10"

cm”.  Although therz is an agreement in changes of paitern of these curves, the experimental

values are lower than those of theoretical ones especially for the cases of copper and silver ions.




96

In general, the theoretical values of maxirmurn cell current density are calculated to be higher than

the experimenta! ones, except for Ni2+ apd Cd2+,
4324, Effect of Electrodeposited Pt Metal

The dependence of cell cutrent density (see Equations {7) and (18} on cell voltage for
differsnt metal ions in the absence and presence of Pt metal islets on p-SiC surface 15 given in
Figures 4.30(a) anct 4.30¢h), raspectively. It is important to note that the presence of Pt islets
improves the cell current density constderably at a cerizin cell voltage with in the range of teseed
patentials perhaps due to its bigher free energy of adsorption. This suggests that platinzed p-5i1C
shoukd be used for betwer photoresponse for the reduction of metal ions present in polinted water.
Ajternatively, Pt metal islets on the surface may sarve as catalytic centers om its own. This

ambignity cannot be addresses vnless additional calcuiations and experiments are perforred.
4.3.2.5. Effect of Light Intensity

The dependence of cell efficiencies with UV light intensity for the photoredaction of Pb*
on $iC and SiC/Pt are shown in Figures 431 for doping densities of 1014 and 1018 crr3. Over
the range of UV light intensity, platinization of p-SiC sample at doping density 1018 cr3 gives a
ten fold increase in cell efficiency when compared to bare SiC. It is observed that at this low
doping density (1014 cm3), there is no notable difference in cell efficiencies between bare and

platinized 5iC samples.
4.3.2.6. Effect of Activarion Energy Contribuiion, Eaﬂ Jrom Sofvenr Reorpanization

The infleence of a variable term that was not computed is the activation energy

contribution from reorganization of the solvent, E50 (see Equations (10) and (11)). This t=rm

wis taken 2§ a parameter in pur computation keeping it at a constant value of 1.2 eV for al! meial
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ions. However, because this value appears in the exponential term in Equation (6), it will have
lartge contribution on cell current density.  Activation energy normally has a range of 0.5 &V io
1.5 eV, If the value of activation energy increases towards 1.5 eV, there will be a drop in cell
current dengity; bowever, if the activation energy value approaches 0.5 ¢V, thers will be a
considerable increase in cell current density. This suggest that it is irnportant to ascertain the

actuz] values of activation energy for the isdivideal metal ions in solation. However, at this time,

there is_ no simple theoretica! expression for estimating the activation energy of metal ions that are

depositeed on an elecoode.

4.4. Conclusions

4.44. Powders

We performed kinetic photo-experiments on aqueons suspensions of SiC and TiO,
powders using the reduction of methyi oranpe as a probe. An effective combmnation of these
materials is expected to provide a larger range of redox potentials for oxidative and reductive
photoprocesses when compared to the redox potentials provided by either of these individoal

materials.

We found that etching S¥C with 50% HF solution for a period of two hours is necessary
before significant photoreduction occurs.  Investigaiion of SIC powders with mansmission
electron microscopy has confirmed that the HF-treatiment removes an amosphoas Si0: layer from
the surface. The initial rate of photoreduction of methyl orange (to its hydrazine derivative) is
found to decrease with increasing pH (for the range 4.4 - 9.0). This can be related to the relative

unavailability of a specific form of methyl orange as well as its decreased adsorption at higher pH.
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The photoreduction of methy] orange by SiC is slower by over an order of magnitude than
that by TiQs. Nevertheless, it can be used 10 remove Cr* from agueous sofution in the presence
of Na,EDTA. Our observations indicate that the redax processes on SiC most likely occur via
processes similar to those known for TiOa. Separate clectrocherncal mvestigations on single

crystal TiO, and SiC proved the concept of the binary photodiode system.
4.4.1. Pellets/ Single Crystals

The study of titanjum dioxide coupled with silicon carbide as a photodiode system for the
reduction of metals and simultansous oxidation of organics was undertaken during the summer of
1993. This was done to deterrning the photodiode’s possible feasibility for water purification
sysiems involving sunlight. The project progressed through several seages during the course of

the surmmer.

First, measurements were taken with a multimeter of the open circuit voltage and short-
circuit current against a platinumn reference eiectrode. This was done for solutions of various
metals mixed with salicylic acid in deionized water solutions of approximately 0.5 mM
concentrations. These tests showed initially positive results for the metals studied, but did not
provide a large amount of information about the diode system. Therefore, a second series of tests

was run, this ime using a potentiostat

The potentiostat was used with the varions types of metals. apain with a platinum
reference electrode and salicylic acid. From this series of tests, potential vs. current curves were

obtained for both dark and iluminated systems of electrodes. This series of tests revealed that a

standard reference electrode, such as an SCE {Standard Calomel Electrode} was neaded to insure
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that there was ho reaction occurring at the reference (Pt) electrode. This, in turn, ked to the third

portion of the study -- the potentiostat with an SCE Electrode.

The standard calomel elecirode (SCE) was usad to measurs the titanivm dioxide and
sificon carbide potentialfcurrent curves against a platinum auxiliary electrode. For the T1OL/SiC
couple, a variable resistor was used to plot a voltage versus cwrent graph which yielded

infarmation about the diode system,

This information showed that the amount of curreni generated by the titaninm dioxide

portion of the electrode {I000's of uA/cm?) was far greater than that of the silicon carbide

electrode (50-100 nA/cm?). Additionally, it was found that the current/potential plots for this

diodz sysiem were nearly independent of metal type, but wers found te be pH dependent. Thas
led to the conclusion that the silicon carbide electrode was limiting the rate of reaction of the
system, as the SiC/Pt photocurent density curve was seen to be very similar (o the SiC/TiO»

curve,
4,42, Modeling

The efficiency of p-SiC/n-TiO; dual system improves considerably if one uses an optimum
doping density in p-$iC. This value shoukt be close to 1.0x1014 cow3 or 1.0x1015 cnr3. Among
the other factors which strongly influence the efficiency of the p-8iC/n-TiO: binary system are the
adsorption energy of metal jons on the semiconductor surface, the reorganization energy
contribution te activation of metal ions in solution, and the redox potential of metal ions.
However, the last two factors are the intringic properties of species in solution which cannot be
controlied. It is possibie to improve the adsorption energy species if a better electrocatalyst such

as Pt in the form of istets s predeposited on the p-type semiconductor surface. Hence, one shouid
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use platinized p-3iC in combination with n-Ti0; for betier photoresponse for the reduction of

metal ions present in polluted water.

A remarkable improvement of cell efficiency of p-8iC/-TiO: system occurs only when the
intensity of the UV light source can be improved. This suggests that ooe shouid use a low
baixigap platinized sermiconductor that will absorb a higher ineznsicy of light including the UV and
visible spectrums. It should be noied that a bare, low bandgap p-type semiconduecior without
platinization may not be effective due to poor adserption energy of metal on itand also due to

COTTOasion.

4.5. Recommendations

Overall, the TiO¥/SIC photodiode syséem is capable of reducing metats that have been
tiested and also to oxidize salicylic acid, a todel organic compound. This project helped
understanding of what obviously is an extremely complicated photo-electrochemical system., 1t is
row known that the 5iC is the rate-lomiting electrode and in the presence of organics, such as
salicylic acikt, it slows down the reduction process at the SiC electrode.  Additionally, it is found
that cell efficiency appears 10 be independent of metal ion type, but does have a pH dependence.
However, ionic strength nught have played a significant role at ¢wo extreme phs of 3 and 14,
Additionally, mutticrystalline SiC electrodes show that there are still significant problems 1o be
overcome in developing the process as a potentizlly cost-efiective application for use in wetals

reduction.

Some suggestions for future work in this area include, but are not limited to:
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Test overall solution ioric strength to determing jts effect, if any, upon cell efficiency,

Look for a method of simuhaneously cleaning and experimenting with silicon carbide,

thereby, eliminating the need for etching with HF between runs.
Extend the project to use powder siurries of SiC and TiO-.
Swrface modification of SiC to stabilize it against oxidation whiie retaining catalytic ability.

Alternative semiconductors with similar bandgap end band potentials should be tested in

place of SiC since it is not a competitive photocataiyst when compared with TiO,.
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4.6. Figures




Figure d.i. Unit cells for (a) rutile and (b) anatase. The small circles are the Ti cations and the

large circles are the O anions.




Figure 4.2. Model of the two stmplest 5iC lattices built from CSis-tetrahedons. o: first Si-layer,
«; first C-layer, {J: second Si-layer, 8: second C-layer, A: third Si-layer. (a) CSis-
tetrahedrons perpendicular to the c-axis. (bj Monolayer of CSi-tetrahedrons
perpendicular to the c-axis. {¢} Two layers of CSic-tetrahedrons at 2H-SIC
{hexagonal wurtzite structure). {(d} Two layers of CSi-fetyahedrons at 3C-SiC
{cubic zinc blend structure).
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Figure 4.7, A schemadc diagram of a photoslectrochemical cell osing 5iC and Ti0: as
photoelectrodes. A standard calomel electrode (SCE) was used as the reference
electrode. The photoelecrodes were illurmnated from the bottom of the cell.
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Etching of SiC with 50% HF for 2 hours
Increases its Photoreduction Ability
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Figure 4.9




Lowering the pH (<6.5) Increases the Photoreduction
Abiiity of SiC (HF-treated for 2 hours) Significantly

(0.2% SiC/ 10-mM EDTA/ Ar-purged)

&

-~ pH 44
—&— pH 5.0
—8— pH 6.0
—i-— pH &.5
—h— pH 7.0
—%— pH 8.0

0
-
[

Methyl Orange Photoreduced (uM)
o

0 25 50 75 100
Time of Irradiation (min)

Figure 4.10




Photoreduction of Methyl Orange (MQ) Seems to be
Correlated with Adsorption of MO at Different pH

(0.2% SIiC/ 10-mM EDTA/ Ar-purged)
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Photoreduction Rate Exhibits 1st Order Kinetics
Dependence on Concentration of Hole Scavenger
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TiO4 is a much better Photocatalyst than SiC
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TiO5 Outperforms SiC for Photoreduction of Cr
Lower pH Enhances the Photoreduction Rate
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—8— 0.2% Carbolon SiC, pH 4.4
—i— 0.2% Carboion SiC, pH 2.0
—d- 0.1% P-25 TiQ,, pH 4.4

‘ —w— 0.1% P-25 TiO,, pH 2.0

B
n
|

)
=
E
b i
o304y
= r =
.E i’ 4-—-"""* ..-ﬂ-""r
g i AT =
|2 ]: s /,r"’"'
:- 15-f ‘,/‘ -
i Y S
& f‘ | g
|f o
e
0 I T ]
0 25 50 75 100

Time of Irradiation (min)

Figure 4.14




Cuttent Density far SICMO2 Couple, Mullimeter Readings
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Fipure 4.15. Observed current density under both dark and illumination conditions for SiC/Ti0;
photodiodes using a muliimeter. The meta! (or deionized water ¢nly) that is used
for a specific reaction system is indicated.
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Figure 4.16. Observed current density under both dark and illumination conditions for SiC/Ti0,

photediodes using a potsntiostat.  The mwetal that is used for a specific reaction
systemn is imdicated.




Current Dansity for SIC/Pt Couple, Multimeter Readings
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Figure 4.17. Observed current density under both dark and illumination conditions for SiC/Pt

couples using & muhimeter. The metat (or deionized water oaly) that is used for 2
specific reaction system is indicated.
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Figure 4,18, Observed corent density under both dark and iurmination conditions for SiC/Pt
couples using 2 potentiostat. The metal that is used for a specific reaction system is
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Figure 4.19. Observed cumrent density under both dark and illumination conditions for TPt
couples using a multimeter. The metat {or dejonized water only) thar is used for 2
specific reaction system is indicased.,
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Observed current density under both dark and illumination conditions for TiO/Py

couples using a potentiostat. The metal that is used for a specific reaction system is




Photocurrent Densities for Various Couples, MulGiieler
Readings
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Figure 4.21. Observed photocurrent density for various couples using a  omulbtimeter.
Photocurrent responses are shown in black, white, and gray for the couples
TESIC (TV8), TiOPt (T/P), and SiC/Pt (S/P). respectively. The mesal {or
deionized water only) that is used for a specific reaction system is indicated.
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Figure 4.22, Observed photocurrent density for various couples using a  posentiostat.
Photocurrent responses are shown in black, white, and gray for the couples
SiC/TIO,, SKC/PL, and TiGk/Pt, respectively. The metal that is used for a specific
Teaction system is indicated.
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Figure 4.23
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Ti02/8iC Electrode System
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Appendix A - Accomplishments

1. First Year - 1992

We made substantial progress in FY92 developing engineered photocatalysts for enhanced
solar detoxdfication of polluted water. We tested two porphyrins for their ability to capture visible
light and carry out detoxification reactions and demonsirated that tin urgporphyrin (SnUroP) on
alumina powder effectively destroys aniline and saficylic ackl. We also used molecular modeling
1o design porphyrins with specific binding sites and then synthesized one specific to methylens
chlpride {octaethyl-tetraphenyl-porphyrin).  X-ray crystatlography and NMR spectroscopy
showed the expected binding properties and thus corfirmed the molecular graphics approach to
enginsering photocatalysts. This work has already resulted in several conference papers and &
patent disclosure on the alumina-supported uraporphyrin cataiyst. Also, the project has generated

interest by DuPont and Degussa for possibie cooperative R&D vnder CRADA,

L Sﬂlﬂﬂﬂ YEHI‘ - 1”3

Solar photocatalytic detoxification provides an atiractive new apptoach for the treatrnent
of poliuted water. The best available technology uses a TiO» photocatalyst becanse it is active,
robust, and pon-texic. Unfortunately, TXO9 only absorbs UV light. This limits the efficiency of
solar applications o ihe fraction of the solar specirurn which is UV, about 5%. Also, the choice
of TeD; limits the appiication of photocatalysis to only 2 few toxic metals. This project includes
development of a new generation of photocatalysts designed to enhance solar detoxification by
using (1) adsorbed porphyrin dyes to effectively capture a larger portion of the solar spectrum, (2)

melecular modeling techniques o design biomimesic catalysts for isojation and detoxification of

dilute toxic waste components, and {3) a aovel SiC/TiO- photocatalytic diode for extending the
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applicability of photocatalysis to a moch wider range of toxic metals. Some of cur more

important results are described below.

We have optirnized the photodestruction of saficylic acid and aniline using visible light and
found the best fractional coverage of tin uroporphyrin (SnUroP) on AlhO5 to be 0.3, The
photolabile porphyrins in aqueovs solution were found o be photostable on alumina for up o 360
min in contrast to their rapid breakdown on titania. Also, the photocatalytic activity of the
SnUroP/Al203 was found to remain active upon muliiple rease cycles. We alse found that
SnUroP adsorbed onto alumina ¢xhibits a quantum efficiency of 3.8% for the degradation of
aniline.

We tested 2 variety of different supports for SnlroP &nd found that (1} zivconia is not a
goud support, {2) magnesia is effective, in particutar for the degradation of chlorophenol, and (3}
zinc oxide 15 about as good as titania. However, like titania, ZrQ is a semiconductor and has the
problem of degrading the porphyrin. Furthermore, we bave made progress in our attempt to
design porphyrins with large binding sites and have arrived at a structure chat binds Paraguat, &
herbicide.

In attempt to enhance our ability to remove toxic metals phﬁmcatalyticalljr, we carried ont
fundamental experiments with imerconnected single crystals of TiO9 and SiC. This systern serves
a8 a vehicle for proving the concept of utilizing small particies of TiOs and SiC together in one
compleie electrochemical system.  We explored the desired chemistry under very controlled

conditions using a potentiostat. These experiments verified the concept and proved that light is

necessary for metai reduction to occur on the SiC cathode,
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A mathematical model was developed for the duval-semiconductor system.  When
cornpared with expenimental resuolts, the model was shown to describe the qualitative behavior of
the system. However, refinements are fequired to capture its quantitative performance. Once
complete, the model will be extremely useful for system optimization without the need to perform

tnany costly experiments.

Work on wtiizing TiO and SiC powders was carried out concusrently with the
development and testing of the single-crystal system. Sintered electrodes comparable to our
single-crystals were prepared from TiO» and 3iC powders. While the sintered TiO9 elecirodes
funciion &s hoped, the siniered SiC electrodes do not work. The causes of failure may relate to
efectrical contacts, iﬁwma] resistance, and grain-boyndary recombination. We are continaing,
with the aid of the mathematical model, to investigate these possibilities. Currently, we are
leaning towards the fabrication of thin-film electrodes as a scepping stene from the single-crystal
model sysiem §o a practical application of the echaology.

3. Third Year - 1994

Solar photocataiytic detoxification provides an attractive pew zpproach for the treatment
of poiluted water. The best aveitable technology uses a TiO9 photocatalyst because it is active,
robust, and non-toxic. Unfortunaiely, TiO9 only absorbs UV light. This limits the efficiency of
sofar applications to a fraction of the solar spectrum, approximately 5%. Also, the choice of TiO,
limits the application of photocatalysis to only a few toxic metals. This project ncludes
developmen: of 2 rew generation of photocatalysis designed 10 enkance solar deroxification by
using (1) adsorbed porphyrin dyes to effectively capiure a larger portion of the solar spectrum, (2}

molecular modeling techmiques to design biormimetic catalysts for isolation and detoxification of

dilute toxic waste cormponents, and (3) a novel SiCTiO photocatalytic diode for extending the
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appiicability of photocatalysic to a wider range of toxic tnetals. Some of our important regults

are described below.

In addition to using titania and alumina 2 supports for enhanced photoactivity of SnUroP,
we have alsq used magnesia and mangapese dioxide to stabilize and immobilize this dye which
showed photocatalytic properties in homogeneous solutions. Although manganese dioxide
shawed no activity as 2 support, magnesia was quite effective spectfically for the photoassisted
remcval 0f chlorophenol and salicylic acid, Unfortunately, it was discovered that the removal of
these target molecules was mostly due to photoassisied sdsorption onto magnesia. Porphyrins
were degraded on titania becaust of its inherent sermconducting nature, whereas alumina was
found to be the most suitablke support for phetolabile porphyring. On alumina, photocatalytic
properties were enhanced for photodegradation of sakicylic acid and photopolymerization, hence
efficient removal, of aniline, Furthermore, we have mmde progress in our attempt to design
porphyrins with large binding sites. Accordingly, & water-spluble octaacetic-acid-
tetraphenylporphyrin and its derivatives have been synthesized and characterized using
Specroscopic technigues.

In an attempt to understand and thus enhance our ability to remove toxic metals
photocatalytically, we carried out fundamentz] kinetic experiments using SiC agqueocus suspensions
and methyl orange as a probe. We found that exching SiC with 50% HF solution for 2 period of
two hours was necessary before any photoreduction was possible on SiC surface. Investigation of
SiC powders with transmission electron mucroscopy confirmed that the HF eatment removed an
amorphous Si0, layer from the surface. Among three commercially available and three specially

made SiC powders materials, Carbolon-manufactured SiC was found to be the most active. The

initial rate of photoreduction of methyl orangs (1o hydrazine) was found to decreasse with
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mcreasing pH (for the range 4.4 - 9.0) of aqueous suspcnsiaﬁ. This observation could be relaied
to the relative unavailability of 2 specific form of methyl orange at higher pH. The photoreduction
of methyl arange by SiC was slower by an order of magnitude than that by TiQG,. However, we
have seccessfully used SiC powder to remove chromium metal from aqueous solution when
Na:EDTA was used as a hole scaverger. These observations indicate that the redox processes on
SiC probably follow similar staps as observed previously on TiO,.

Electrochemical experiments were carried out on both the unpassivated 53 and C-faces of
p-type SIiC crystals, and C-faces were passivated against oxide formation, Thase experiments
demenstrated that the vunpassivated SiC electrodes have greater stability than was previously
recognized. This observation was encouraging because the passivating layers were found to
reduce the open circuit voltage of SiC electrodes and thos turned them inactive and unstable.
Experisents with cyciic voltammetry between -1V and +1V identified photeoxidation and
photoreduction peaks when redox species wefe present in the electrolyte solution. Howewver, the
results could tot be used for quantitative analyses because of the problen encountered with
reproducibility of data, Al of the metal-sputtered {Au, Pt, Ag and Ti) $iC electrodes seemed to
loge their coatings after repeated uses. It may have been the degradation of thase coatings which
appeared &8 oxidation curfents in the plots rather than the oxidation of metals plated from
sofution. Photoelectrochemical experiments using cyclic voltammetry with gokd-sputtered 3iC
confirmed a direct dependence of reduction current on photon intensity.

A mathermatical model was developed for a dual-semiconductor photoelectrochencal
system using p-SiC and n-TiOz:. When compared with experimental resulis, the model was shown

to describe the gualitative behavior of the system  For the refinements of this matbematical

model, the semiconducting parameters of p-SiC photocathode (thin film) were optimized for a
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photoelectrochemical cell (PEC) in conjunction with unaliersd conditions of n-TiO: photoanode
(thin fitm). This model was developed to optimize the efficisncy of phetoreduction of metal ions
present in poliuted water, The model indicates that dopant density of SiC plays a crucial role in
dictating the maximum czll current of the PEC. Also, the model predicts that platinized SiC may
be very efficient for removing metal icns from polluted water. A cell efficiency of ~0% was
calculated for removing lead from an aqueous solution when the UV tight fiux was 10'* photons
em’' 57

A composite THO/SiC material was prepared by thermal deposition of T, from an
ethanolic solution of titanium isopropoxide onto SiC powider (as received). The photoreduction
rate of methy! orange by this composite was slower by an order of magnitude when compared to
those by TiD: powders, P-25 and Tioxide grades. This photoactivity by TiO»/SiC may be
atributed solely to TiO» particies on the surface and the observed low photoreduction rate is due
to low surface coverape of TiQ: (less than 90.3) on SiC. A synthesis of a similar composite is
currently underway but using HF-etched SiC,

In summary, we have completed a wide array of both theoretical and experimental studies
to design and use large bandgap (2 3 eV) semiconductor-based photocatalytic systems. We have
also tested dyes like mesalloporphyrins to utilize the visible photons which are the most abundant
in cthe sun light. We have successfully demonstrated the photocatalytic ability of unpassivated SiC
to reduce a simple model cormpound methyl orange and aiso to remove chromium metal from
agueoys solution. A composite of TIOWSIC was synthesized which will Isad to a new generation
of photocatalysts, On ihe basis of the Computer Akled Molecular Design, a water-soluble
octaacete-acid-temaphenylporphyrin and its derivatives with large binding sites have been

synthesized and these porphyrins were characterized using spectroscopic techmigues. The
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fundamental information gathered from this project is expected to lead to significent advances

important areas of photocatalysis.
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Appendix B - Impacts

1. List of Publications and Presentations Resuiting from the Project

. M Miura, 5.A. Majumder, 1.D. Hobbs, M. W, Rerner, L.R. Furznlid, and JA. Shelnutt,
Synthesis and Spectroscopic characterization of octaacetic acid tetyaphenylposphyrins,

Inorganic Chemistry 33, 6078, 1994,

2. S.A. Majumder, Environmental Effects on Soucture-Funciion Relationships in
Metaiioporphyrin-Based Catalviic Systems, Ph.D. disserfation, University of New Mexico,

Februaty 1994,

3. §S.A Majumder, M.R. Prairie, M.R. Ondrias, and JA. Shelnutt. Enhancement of Solar
Photocatalviic Detoxification by Adsorpnon af Forphyrins onto TiC. In Solar Engineering,
W. Stine, J. Kreider, and K. Watanabe, Eds. Book No. GU0656A-1992, American Society

of Mechanical Engineers (1992),

4, M.R. Prairie, 5.A. Majumder, L.R. Evans, 5.L. Martinez, and J.A, Shelnutt, Recent
Developments i Solar Photocatalysis for Waier Detoxification, Proceeding of the Annual
Mecting of the American Institute of Chemical Engineers, Miami Beach, Floridz, Nowv. 1-6,

1992,

3. S.U.M. Khan, B. Craig, M.R. Prairie, arxl JL.E. Miller, A Model of a Dual-Sericonductor

Photocatalytic System for Detoxification of Polluted Water, presemted at Elecrrochemical

Sociery National Meeiing, San Francisco, CA, May 22-27, 1994
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5.A. Majumgder, MR, Prairie, G.N. Ryba, M.R. Ondrias, and J.A. Shelnntt, Photocatalytic
Degradation of Aromatic Compounds by Porphyrins Adsorbed onto Al20)3 using Visible

Light, manescript in preparation.

S.A. Mapjmnder, X. Song, M. Miura, J.D. Hobbs, and JA. Shelnutt, Resonance Raman
Studies of Nickel Octaacetic- ACkl-Tetraphenylporphyring and its Derjvatives, (0 be prasented
at the J4th International Conference on Raman Specrroscopy, Hong Kong, August 22-26,

1994,

5.A. Majurmnder, M. Miura, J.D. Hobbs, and J.A. Shelnutt, Aggregation and Corplexation
Froperties of Nonpianar Water-Soluble Octaacetic Acid-Tetraphenylporphyrin, presented at

the 38th Biophysical Society Annual Meeting, New QOrleans, LA, March 6-10, 1994,
Annual Summer Meeting of the AIChE, Seattle, WA, August 16-19, 1993,

S.A. Majumder, G.N. Ryba, M.R. Prairie, M.R. Ondras, and J.A. Shelnutt, Visible lipht-
initiated photocatalytic detoxification of sadicylic acid and aniline by adserption of porphyrins
onto AbOh, presented at the faternational Waste Management Conference, San Juan, P.R.,

May 1-2, 1993,

M. Miura, S.A. Mzjumder, J.D. Hobbs, M.W. Renner, and J.A. Shelnutt, Resonance Raman
Studies of Octaacetic Acid-Tetrapkenylporphyrins, presented ar the American Chemical

Society National Meering, Chicago, IL, August 22-26, 1993,

5.A. Majumder, M.R. Prarie, M.E. Ondrias, and J.A. Shelnutt, Photocataiviic Degradation
of Aromatic Compounds by Porphyrins Adsorbed onto Al203 using Visible Light, presented

ar the 1992 Wasre Management and Environmental Restoration Conference, 3an Juan,

Puerio Rico, April 9-11, 1992,
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13. 5.A. Majumder, M.R. Prairie, M.R. Ondrias, and J.A. Shelnutt, Photocatalytic Degradation
of Sacylic Acid by Porphyting Adsorbed onte Al203 using Visible Light, presented at the

American Chemical Society National Meeting, San Francisco, California, April 7-10, 1992.
2. List of Invention Disclosures Resulting from the Project

1. S.A. Majmder, LA, Shelnutt, M.R. Prairie, and M.R. Ondrias, Photocatalytic degradation of
aromatic compungs by metalleporphyrins adsorbed onto ALQ; using visible light, SD-113; S-

75,556, March 1992,

2. J.A. Shelnutt, S.A Majumder, and M.R. Prairie, Enhancement of solar photocatalytic
detoxification by adsorption of porphyrins onto TiO; substrates, SD-4989, 5-74,101, May
1991,

3. List of Patents Resulting fromy the Project

i. 5.A Majumder, J.A. Sheinuty, M.R. Prarrie, and M.R.Ondrias, Photocatalytic conversion of
substances using organo-metallic dyes and light, U.S. Patent Application Serial No.

08/042,275, Aprit 1993,

4. List of Copyrights (for Software) Resulting from the Project

NfA
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5. Information Regarding Employee Recruitment as a Result of the Project
Number af Postdocs:
One half time (Gail Ryba, 6211}, 1993,
One part time (Steve Showalter, 6211}, 1994,
Ome ful time {Sabir A. Majumder, 6216}, 1954 and 19935,
Number of Professors:

One faculty member on a fellowship at Sandia (Shahed U.M. Khan, Duguesne
University, fonded by AWLD for the Surmmer, 1993, Professor Khan wag

supported aiso for the Surnmer, 1994 for his work at Duquesne University.
Number af permanent staff kired:
None.
6. Information Regarding Involvement of Students in the Project
One graduate student at Univ. of New Mexico, NM {Sabir A. Majumder), 1992-94.

Two undergradvates on summer appointments at Sandia {Bradley Craig and Ivelisse
Caolon Perez), 1993,

One graduate student for the Summer at Duguesne Unjversity, PA (William B. Ingler).
1994,

Two undergraduates on surmmer 2ppointiments at Sandia (Ivelisse Colon Perez and Donna

Waters), 1994,
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7. Information Regarding Foliow-On Work (New Activities, Projects, Sponsors)

A CRADA is being developed with DuPont on the kinstic modeling that was originated

during this project. This work is furded by DOE (EE-222).




118
Distribution

Dr. Abhaya X. Datye

Department of Chernical Engineering
University of New Mexico
Albuquergue, NM 87131

Dr. Shahed U.M. Khan

Department of Chemistry and Biochemistry
Duqguesne University

Pittsburgh, PA 15282

U.S. Depantment of Energy
Atm: Frank Wilkins, EE-11

1000 Independence Avenue SW
Washington, DC 20383

National Renewable Energy Laboratory
Atm: Dan Blake

1617 Cole Boulevard

Golden, CO  80401-3393

National Renewable Energy Laboratory
Attn: Tom A. Williams

1617 Cole Boulevard

Golden, CO  80401-3393

MS 0183 Chuck E. Meyers, 4523 (2)

MS 0188 Donna L. Chavez, 4523 (2)

MS 0702 Dan E. Arvizu, 6200

MS 0703 Craig E. Tyner, 6216

MS 0703 Michael B. Prairie, 6216 (2)
MS 0703 Sabir A. Maimmnder, 6216 (3)
MS 0709 Tina Nenoff, 6212

MS 071D Gail N. Ryba, 6211

MS 0710 Gary A. Carlson, 6211

MS 0710 James E. Miller, 6211

MS 0710 John A. Shelnuit, 6211

MS 0749 Alan P. Sylwester, 6203

MS 1127 James E. Chavez, 6215

MS 1349 Terry J. Garino, 1846

MS 0899 Technical Library, 4414 (5}

MS 9018 Central Technical Files, £523-2
MS 0619 Review & Approval Desk, 12630 (2) .

For DOEQSTI




