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Table of Definitions
TiO2 – Titanium (IV) dioxide
TIP – Titanium (IV) tetraisopropoxide
TFA – Trifluoroacetic Acid
OA – Oleic Acid
UV-Vis – Ultraviolet-visible spectroscopy
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FTIR – Fourier Transform Infrared Spectrosopy
MS – ESI – Mass Spectrometry – Electrospray Ionization
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Introduction
Why TiO2 and Why Our TiO2
The goal of the TiO2 project is to develop reproducibly synthesized TiO2 nanoparticles
with approximately 15% efficiency in the photo-oxidation of organic contaminants in water.
TiO2 is a potent photocatalyst in air, but in water its efficiency is reduced to below 1%.1 TiO2 is
an n-type semiconductor with a bandgap of 3.2 eV. Various groups around the world have
studied TiO2 as a photocatalyst in oxidations and reductions since the 1970s when Fujishima et
al. discovered that TiO2 could reduce water.2 TiO2 is harmless to the human body, making it a
perfect catalyst in a process that involves human consumption. As a whitener, it is a component
of many toothpastes, salad dressings, and even skim milk. TiO2 also has a relatively large
bandgap for a semiconductor, allowing for excitation in the UV range. For example, the
bandgap of Si is only 1.1 eV.
Various approaches exist to improve the efficiency of TiO2, including manipulation of
particle size3, particle ligands and protecting groups, doping and decoration with metals4, and
doping with elements such as carbon to allow increased absorption in the visible range.5 The
Shultz group utilizes a combination of some of these approaches, including size manipulation
and metal doping and decoration. Particles produced are ultra-nano in size, ranging from 2 – 4
nm in diameter. The small particle size allows for increased surface area of TiO2 in solution,
thereby increasing the amount of accessible active faces. Currently little is known about the
synthetic steps – the mechanism; it is a black box. This thesis reports on efforts to visualize the
steps – to map the mechanism.
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Two basic approaches have been used in syntheses in this laboratory: an inorganic
synthetic approach and an organic synthetic approach. The inorganic approach utilizes TiCl4 as
a precursor and has been carried out successfully many times with Fe metal doping. However,
major limitations of the inorganic synthesis include the extreme acidity of TiCl4 and the presence
of Cl- in solution. Cl- commonly interferes with several metal ions in solution, including gold, as
many metal-chloride complexes are insoluble. Thus, the presence of Cl- causes Au to precipitate
out of solution. Au decoration is a current approach being attempted in the Shultz lab, and
therefore the inorganic synthesis presents a dilemma. Gold decoration has become a widely used
technique throughout TiO2 research, as it allows for significant increases in TiO2 photocatalytic
efficiency and can be done in conjunction with other metal doping.6, 7 Interestingly, gold can
behave more like a nonmetal more than like a metal, as its electronegativity of 2.4 makes it
unique in the metallic world. The other major limitation is that metals that one would like to
dope with, such as W, are not very soluble in water. Therefore, an aqueous, inorganic synthesis
is not adaptable to a range of metal doping. An organic synthesis gets around the issue of
solubility, but has challenges of its own, beginning with synthesis of the TiO2 particles
themselves. Over the past three years, organic synthetic techniques have been introduced in
order to avoid the restrictions posed by the inorganic synthesis. Additionally, these organic
synthesis techniques provide platforms for more variability in synthetic approaches and metal
doping overall. The organic syntheses are still being mapped out and developed, with many
versions of unsuccessful syntheses attempted so far.

In-situ Raman Spectroscopy in Visualizing TiO2 Synthesis Techniques
In developing syntheses, it is essential to understand how components of solutions
interact, what species are formed, and how different quantities of various species affect the
2

products. An excellent visualization technique for peering into the solution chemistry is Raman
spectroscopy. To support this goal, a Raman benchtop spectrometer has been developed by Dr.
Patrick Bisson, and it was used for all Raman measurements throughout these experiments.8 The
benchtop Raman adapter was extremely useful because of the ability to examine syntheses as
they progressed as well as the ability to manipulate the adapter as necessary for different
experimental conditions. The adjustable Raman adapter allowed for use of different
spectrometers, including an Ocean Optics USB4000 and an Avantes Avaspec-2048.
Additionally, it allowed for the use of an analyzer when necessary, which was utilized both in
further characterization of bond nature as well as in reducing fluorescence signals.
Raman spectroscopy was utilized for two reasons. Firstly, TiO2 is easily visualized in
Micro Raman spectroscopy with a key peak around 190 cm-1.9 Micro Raman is a form of Raman
spectroscopy that uses high magnification microscope lenses and detects Raman signals via fiber
optics placed directly adjacent to a solid sample. Second, in the elucidation of bonding structure
and bond characteristics, infrared (IR) spectroscopy and Raman spectroscopy are the two
complementary techniques. Raman spectroscopy is preferred for the examination of aqueous
solutions, since water strongly absorbs IR radiation. Due to the eventual use of TiO2 particles in
water purification and the goal of visualizing a final product, Raman spectroscopy was selected
as the key spectroscopic technique in these experiments. However, due to the use of inexpensive
blue diodes, which tended to vary between 404 and 406 nm, as well as the 10 nm notch filter, the
wavenumber region in which key TiO2 peaks are found was simply too close to the edge of the
notch to visualize. Thus, other methods, such as ligand replacement, were utilized to track
syntheses.
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Organic Synthesis with Trifluoroacetic Acid (TFA)
Along the path to discovering optimal synthesis components for an organic synthesis of
TiO2, TFA was utilized as a stabilizing ligand and acidifying component for the titanium
tetraisopropoxide (TIP) precursor. To study the effect of TFA on TIP, Raman spectroscopy was
employed. The synthesis carried out by Rui Liang was generally performed with an excess of a
4:1 molar ratio of TFA:TIP. However, to truly elucidate how TFA interacted with TIP, a
spectroscopic titration was performed with a range of molar ratios of TFA:TIP. The goal of the
spectroscopic titration was to see if TFA replaced isopropoxide ligands, to find the ratio of
TFA:TIP necessary to replace all isopropoxide ligands, and to investigate the formation of new
compounds in solution. Additionally, the TFA spectroscopic experiments were utilized to
determine whether the benchtop Raman was a good technique for detecting ligand exchange in
solution. This is an essential aspect of the utility of the benchtop Raman spectrometer, as the
ability to track ligand exchange will allow TiO2 syntheses to be tracked step-by-step. In the
process of using Raman spectroscopy to analyze the mixtures, a mysterious gel formed from
irradiation in the 1:1 TFA:TIP solution. This gel was further analyzed and the results are still
being studied.

Examination of TIP and Oleic Acid (OA)
The most recent direction in the Raman analysis of TiO2 synthesis is based on the
concept of a reverse micelle. The knowledge that TIP is nonpolar and that a molecule with a
hydrophilic and hydrophobic portion was necessary led to the investigation of long-chain fatty
acids. During a discussion with Professor Shultz on organic syntheses, the idea of using OA to
form these reverse micelles was presented. The core idea is that OA forms a micelle
encapsulating a limited number of TIP molecules, thus limiting the TiO2 particle size. While the
4

exact components and specifications of the synthesis have yet to be determined, it is hoped that
ultra-nano particles can be developed by introducing alcohols like glycol into OA and TIP
solutions to initiate condensation reactions, releasing water on a molecular level and allowing for
very slow hydrolysis of TIP10 (Figure 1). Oleic acid is an unsaturated fatty acid with 18 carbons
and it is naturally found in human cell membranes. It is also present in many food items,
including olive oil. Therefore, OA can function as a stabilizing ligand, restrict TiO2 particle size,
form micelles, and be benign to the human body. Thus, it was decided that OA could be used to
form micelles in a reverse micelle synthesis of TiO2.

Figure 1. Oleic Acid reverse micelle synthesis of TiO2

Interactions between TIP and OA are investigated, since this is the first step of the
proposed synthesis. Intriguing redox properties of the TIP/OA complex were discovered
accidentally by Raman spectroscopy, leading to further investigation (upon irradiation, the
OA/TIP complex solution turned blue). Characterization of TIP/OA solutions has been
performed using various techniques, including Raman spectroscopy, FTIR spectroscopy, mass
spectrometry (MS), and Electron Paramagnetic Resonance Spectroscopy (EPR).

5

Theory
Raman Spectroscopy
The basic theory of Raman Spectroscopy is well-outlined by Long and is covered briefly
in the next paragraphs.11 Raman spectroscopy is a vibrational scattering technique that
specifically examines inelastic scattering of light by molecules. Upon excitation with a light
source, a molecule is excited to a virtual state. While the majority of scattered light is given off
as Raleigh scattering (at the same wavelength as the incident radiation), a fraction of the
scattered light has a different wavelength from the incident radiation. If the sample is not
originally in an excited thermal state, the scattered wavelengths are longer than the source. After
excitation to a virtual state, the molecule relaxes to a higher vibrational level within the ground
electronic state, emitting Stokes scattering. The magnitude of Raman scattering is directly
related to the polarizability of a molecule, with increasingly polarizable molecules leading to
increased Raman scattering. Raman peaks give information about bond identities and can also
give information about concentrations in controlled studies.

Limitations and Manipulations of Raman Spectroscopy
Raman spectroscopy often utilizes long wavelength diodes, such as the 785 nm diode in
the Micro Raman instrument. The use of red diodes minimizes fluorescence and other unwanted
electronic transition effects, as red diodes give off the lowest energy out of all visible diodes.
However, the benchtop Raman instrument utilized in the Shultz lab has a 405 nm diode. While a
405 nm excitation may allow for unwanted effects like fluorescence, it is largely advantageous in
an inexpensive Raman instrument such as the one used here. The Raman scattering effect is
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inversely proportional to λ4.11 Thus, using a blue diode gives a stronger Raman signal than using
a red diode.
A limitation of the benchtop Raman instrument is the inability to view spectra below
about 210 cm-1. This restriction is due to both diode quality as well as the notch filter edge. The
blue diodes used for the benchtop Raman are inexpensive, meaning that in purchasing a batch,
their wavelengths tend to vary around a central point of 405 nm. Additionally, the inexpensive
diodes tend to have multiple peaks, meaning that the laser line is significantly broader than that
of a more expensive diode. Due to the broadness of the diode excitation and the extending laser
foot, the experimenter is confronted with the limitation of the laser foot pushing past the edge of
the notch and flooding the detector. This limits the ability to match the diode edge to the edge of
the notch filter, and thus the notch must span several standard deviations of the central 405 nm
wavelength.

Hence, the Stokes spectral portion from 0 to 210 cm-1 is concealed by the notch

filter, not allowing for the detection of anatase TiO2 at 190 cm-1.
As mentioned previously, the 405 nm excitation can lead to undesired effects, such as
fluorescence. A benefit of utilizing a fully accessible benchtop Raman adapter is the ability to
manipulate the setup to favor experimental conditions. In the case of fluorescence, an analyzer
can be utilized to reduce the fluorescence signal.12 Raman scattering can be collected in multiple
ways. With vertically polarized input, there are several options on the detection side: total
scattering, vertically or horizontally polarized. During fluorescence, electronic states undergo
thermal relaxation before emitting radiation. Thus, while the incident radiation may be vertically
polarized, this polarization is lost with the thermal relaxation. Fluorescing molecules, therefore,
emit nonpolarized light. If an analyzer is utilized, vertically or horizontally polarized light can
be selected to reach the detector. Since the incident light is vertically polarized, the majority of
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the signal obtained from Raman scattering is vertically polarized as well, and by using a vv
setup, much of the fluorescence signal is eliminated (spectral examples in the Experimental
section).12

Experimental
Raman Spectroscopy Basics
Hardware

All Raman spectral analyses were performed on a benchtop Raman adapter constructed
by Dr. Patrick Bisson. The Raman adapter is built on an 8 inch x 8 inch optical breadboard. The
adapter has a typical 90 degree setup with a laser arm and a collection arm. The laser arm
includes a laser diode module containing a 404.96 nm diode, a Glan-Thompson polarizer, a 4x
microscope objective, and a cuvette holder followed by a beam stopper. The collection arm
includes a parabolic mirror that directs additional scattered light into the collecting 4x
microscope lens, which is followed by an optional arm for an analyzer, then a 10 nm notch filter
centered at 405 nm, and finally a fiber optic connection (see Figure 2). Initially, the benchtop
Raman adapter was attached to an Ocean Optics USB4000 spectrometer. However, the low
resolution of 6 nm did not allow for the collection of well-defined spectra. An Avantes Avaspec2048 was purchased and replaced the Ocean Optics USB4000. The Avaspec-2048 has a
resolution of approximately 0.1 nm.
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Figure 2. Benchtop Raman Adapter

Software

The Avasoft software was utilized. The Avaspec-2048 had a significantly lower
sensitivity than the Ocean Optics USB4000 due to its higher resolution. Thus, longer integration
times and more averaging had to be utilized to obtain clean and clear spectra. The most
commonly used settings were an integration time of 10 seconds with 30 cycles.

Taking a spectrum

All spectra were taken in a dark environment. Room lights were turned off and the
adapter was covered with a box that had cutouts for cables extending from the laser diode
module as well as for the fiber optic. Electrical background noise was first reduced by setting
9

the Avasoft software to continuously collect at the desired integration time (usually 10 s) with no
averaging. Once these spectra became consistent, the averaging could be increased to 30 and a
background spectrum could be taken. During a background spectrum, the diode was switched on
inside the covering box and nothing was placed in the cuvette holder. The dark spectrum could
be automatically saved and the Sample minus Dark mode could be selected on Avasoft, allowing
a sample to be measured under the same experimental conditions. Special optical glass cuvettes
were utilized for analysis of all samples and were cleaned with concentrated H2SO4, followed by
nanopure water and then baking in an oven to dry.

Trifluoroacetic Acid Ligand Replacement Tracking
Raman titration experiment

At the time of this experiment, trifluoroacetic acid (TFA) was being utilized as a
stabilizing agent in the organic synthesis of TiO2. A spectral series of titanium isopropoxide
(TIP) and TFA was performed with different molar ratios of TFA:TIP including 1:10, 1:5, 3:10,
2:5, 1:2, 1:1, 2:1, 3:1, and 4:1. By adjusting the analyzer, both a vv and vh spectrum were taken
of pure isopropanol and pure titanium isopropoxide to determine overlapping peaks. No internal
standard was utilized, as the only source of the C-H stretches was isopropoxide/isopropanol in
solution, and thus the spectra could be scaled to TIP concentration. The volumes of TIP and
TFA utilized in the spectra are available in

Table 1.
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Table 1. TFA titration series volume measurements

TFA:TIP Molar Ratio
1:10
1:5
3:10
2:5
1:2
1:1
2:1
3:1
4:1

Volume TIP (mL)
3.84
3.84
2.56
2.56
2.56
2.56
1.707
1.707
1.138

Volume TFA (mL)
0.10
0.20
0.20
0.267
0.333
0.667
0.887
1.33
1.187

Solid formation

Unexpectedly, when studying the 1:1 TFA:TIP solution, a gel formed upon excitation
with the benchtop Raman diode. This solid gel formed during Raman spectroscopy was
centrifuged. The supernatant was analyzed again by the Raman while the gel-like solid was
analyzed utilizing both FTIR and Micro Raman.

Fluorescence issue

In the examination of TFA/TIP solutions, fluorescence proved to be a major source of
interference. This was an expected eventuality of the benchtop Raman instrument, given the 405
nm wavelength of the excitation laser-diode. Thus, throughout the collection of spectra for this
spectral titration, an analyzer was inserted into the setup of the Raman adapter. The analyzer
was rotated from 0 to 90 degrees to view both vv and vh spectra. Due to peak intensities being

11

larger, vv was utilized for collection of most spectra. The effect of the analyzer was substantial,
as seen in Figure 3 and Figure 4 below.

Figure 3. 1:1 TFA:TIP Total Scattering with 5 s integration time

Figure 4. 1:1 TFA:TIP vv with 10 s integration time

12

Oleic Acid Reverse Micelle Tracking
Raman examination

Raman spectral analysis was performed in the same manner as for the TFA/TIP
spectroscopic titrations. The same parameters were used for the collection of spectra and the
same experimental conditions were utilized.

Irradiation and oxidation procedures

The TIP/OA samples were irradiated utilizing a xenon broad range lamp. Cuvettes filled
with the solution were placed directly in front of the lamp. All cuvettes containing samples were
capped with screw-on plastic caps containing septa. For the oxidation of the TIP/OA solutions, a
needle attached to an O2 gas line was inserted through the cuvette septum cap and O2 was
bubbled through solution.

EPR analysis

Approximately 20 μM (TIP in OA) samples of non-irradiated and irradiated TIP and OA
solutions were placed in EPR tubes. The tubes were then frozen in liquid N2 and measured in the
EPR instrument. The frequency was 9.314490 GHz, attenuation was 20 dB, power was 2.021
mV, receiver gain was set to 2.00E4, the modulation frequency was 100.00 kHz, modulation
amplitude was 8.00 G, temperature was 120.0 K, and the sweep width and the range were 3300
G and 2600 – 4000 G. Three scans were taken for each sample.
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FTIR analysis

Due to the strong absorbance of the TIP/OA samples, thin film samples were utilized.
The solution was dropped onto a CaF2 plate with a syringe and needle and a second CaF2 plate
was placed directly on top of the solution, creating a thin film. These plates were then placed in
a holder and inserted in to the sample cavity of the FTIR instrument.

ESI-MS analysis

Using ESI Mass Spectrometry, analytes of interest were detected in various solutions.
For the detection of oleic acid, a 100μM solution of oleic acid in anhydrous isopropanol was
utilized. Negative ion detection mode was used for oleic acid. For both non-irradiated 4:1
OA/TIP and irradiated 4:1 OA/TIP, 10 μM solutions in anhydrous ethanol solvents were
prepared. A non-irradiated pure 4:1 OA/TIP precursor was used for the non-irradiated 10μM
sample and an irradiated pure 4:1 OA/TIP precursor was used for the irradiated 10μM sample.
The irradiated precursor was put through multiple rounds of irradiation and centrifugation until a
saturation point was reached where no more color change was observed. Positive ion detection
mode was used to detect the Ti/OA complexes and negative ion detection mode was used to
detect excess OA.

Results and Discussion
TFA and TIP Spectroscopic Titration
Spectra were obtained for various molar ratios of TFA:TIP, including 1:10, 1:5, 3:10, 2:5,
1:2, 1:1, 2:1, 3:1, and 4:1. Before spectra of the mixed solutions were taken, spectra of TIP,
isopropanol, and TFA were taken to determine the peak signals associated with each component
14

of the solution. As mentioned previously, TFA produced a fluorescence baseline issue, and
therefore vv collection was utilized for all the spectra in the spectroscopic titration.

Figure 5. Raman TFA signal alongside TFA fluorescence signal

The plot of both the Raman and fluorescence spectrum of TFA, both with a 405 nm
excitation (Figure 5) indicated that the strange TFA Raman signal was in fact due to
fluorescence. Since TFA itself is not expected to fluoresce, this fluorescence may have been due
to some type of preservative that is used in the bottling of TFA.13
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Figure 6. Isopropanol vv spectrum

Figure 7. Titanium isopropoxide vv spectrum

The goal of the spectroscopic titration was to be able to see an increase in free
isopropanol as more TFA was added to the TIP. Thus, a characteristic peak of isopropanol that
was not strongly present in TIP had to be utilized. As seen in Figure 6 and Figure 7, this peak
16

was at around 800 cm-1 and was used throughout the titration to indicate the presence of
isopropanol.
TFA produced a strong fluorescence which completely drowned out any spectrum that
could be obtained from pure TFA (Figure 5). Additionally, there was no evidence of new peaks
from TFA in mixed solutions. However, it was known that TFA has no C-H groups, and thus
TFA could not contribute to the C-H region of the spectrum. Hence, the symmetric and
antisymmetric C-H stretch peaks could be used as reference peaks for the analysis of the
isopropanol peak. A Lorentzian Function following the form y = P0 + P1 +…. Pn was utilized for
𝐴𝛤2
2
2)
𝑛 ) +𝛤

fitting the peaks, where 𝑃𝑛 = 𝑦𝑛 + ((𝑥−𝑥

in Figure 8 through Figure 15.
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Figure 8. 1:10 TFA:TIP with fitting
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Figure 9. 2:10 TFA:TIP with fitting
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Figure 10. 3:10 TFA:TIP with fitting
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Figure 11. 4:10 TFA:TIP with fitting
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Figure 12. 5:10 TFA:TIP with fitting
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Figure 13. 1:1 TFA:TIP with fitting
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Figure 14. 2:1 TFA:TIP with fitting
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Figure 15. 3:1 TFA:TIP with fitting
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Figure 16. 4:1 TFA:TIP

Due to an excessive fluorescence signal, the 4:1 TFA:TIP spectrum (Figure 16) could not
be evaluated, as the majority of the peaks were hidden in the fluorescence. For the remaining
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spectra (Figure 8 through Figure 15), the individual isopropanol peak fit and the symmetric and
asymmetric C-H stretch peak fits were integrated to find the areas under the Lorentzian curves.
Due to the elevated baseline of the peaks because of the fluorescence, an area subtraction had to
be performed. This was performed with a rectangle in the case of the isopropanol peak and with
a trapezoid in the case of the C-H stretch peaks (due to the fact that the fluorescent signal became
significantly steeper in the region of the C-H stretches). The resulting areas of the isopropanol
and C-H stretch peaks are shown in Table 2 and Table 3 below.
-1

Table 2. Isopropanol peak (820 cm ) area

TFA:TIP
1:10
2:10
3:10
4:10
5:10
1:1
2:1
3:1

Area without
Subtraction
1802649
2043001
1562295
1802649
1622383
1922835
4386445
4206180

Rectangle to
Subtract
10338.44
11716.88
8960
10338.44
9304.54
11027.66
25156.6
24122

Corrected Peak
Area
1792310.56
2031284.12
1553335
1792310.56
1613078.46
1911807.34
4361288.4
4182058

Table 3. Symmetric and antisymmetric C-H stretch peaks area

TFA:TIP
1:10
2:10
3:10
4:10
5:10
1:1
2:1
3:1

Area without
Subtraction
13151459
10426732
10774406
10501761
10287526
8734475
8879386
14244109

Trapezoid to
Subtract
175061.25
215163
224376.75
223213.25
283790
247403
352995.5
699660

Corrected Peak
Area
12976397.75
10211569
10550029.25
10278547.75
10003736
8487072
8526390.5
13544449

One point of note was the corrected peak area for the C-H stretches in the 3:1 TFA:TIP
solution. The 3:1 spectrum had a considerable fluorescence baseline, which made it extremely
difficult to discern where the true bases of the C-H stretch peaks were. Since the concentration
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signal of C-H stretches should decrease with an increase in TFA proportional to TIP, this peak
area was clearly an outlier.
With the peak areas for isopropanol and the C-H stretch reference peaks, the amount of
free isopropanol relative to the total amount of isopropoxide and isopropanol in each solution
could be determined by the relative peak area Aisopropanol/AC-H stretches (Table 4). This value for
each solution could then be plotted against the ratio of TFA:TIP in the nature: TFA:TIP 1:10 =
1/10 = 0.1, etc.
Table 4. Relative isopropanol and C-H stretch peak areas compared to moles of TFA per moles TIP

TFA:TIP
1:10
2:10
3:10
4:10
5:10
1:1
2:1
3:1

Relative Peak Areas (Isopropanol/C-H
stretches)
0.14
0.20
0.15
0.17
0.16
0.23
0.51
0.31

Moles TFA/Moles
TIP
0.1
0.2
0.3
0.4
0.5
1
2
3

If the outlier point from the 3:1 TFA:TIP solution is included, the plot appears as follows
in Figure 17.
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Figure 17. Relative peak areas of isopropanol and C-H stretches versus molar ratio of TFA to TIP with 3:1 outlier
point

When the 3:1 outlier point is removed, a clearer linear relationship can be visualized and
is indicated by the stronger linear regression value in Figure 18.

Figure 18. Relative peak areas of isopropanol and C-H stretches versus molar ratio of TFA to TIP with outlier
point removed

Figure 18 clearly indicated a linear relationship between the moles of TFA relative to TIP
and the amount of free isopropanol. Thus, this study showed that the benchtop Raman
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instrument could be successfully used in spectroscopic titrations for the analysis of ligand
replacement in the synthesis of TiO2. It also showed that isopropoxide ligands are steadily
replaced by TFA ligands at least until a 2:1 molar ratio of TFA:TIP.
In the process of the TFA/TIP spectroscopic titration experiments, an interesting
occurrence was observed with the 1:1 TFA:TIP solution. The 1:1 cuvette was removed from the
Raman instrument after its spectrum was collected, and upon moving the cuvette, a gel-like
substance began to spontaneously form in the solution. This gel expanded until nearly the entire
solution was gel-like. This process did not occur with mixtures in any other molar ratios (at least
not for observable periods of time). The solid gel was further investigated using both FTIR
(Figure 19) and Micro Raman (Figure 20).
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Figure 19. Mystery Solid FTIR Spectrum
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Titanium Isopropoxide/ TFA Solid Microraman
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Figure 20. Mystery Solid MicroRaman Spectrum

Interpretation of the FTIR and MicroRaman spectra requires further analysis and will be
performed in the future.

Oleic Acid and TIP
The mixture of OA and TIP was studied due to its potential significance in a reverse
micelle synthesis of TiO2. Sample solutions were formed by using a syringe to add TIP to a
sealed cuvette through a septum cap. OA was then added to the TIP with a syringe. Without
shaking or mixing, two layers were initially observed, potentially due to the high viscosity of the
OA. Both the TIP and OA solutions were clear in their pure forms, but upon mixing, the
solution became bright yellow and homogenous and gave off significant amounts of heat (Figure
21).
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Figure 21. Non-irradiated OA/TIP Solution

As a qualitative trial, a molar ratio of OA:TIP of about 4:1 was made and the solution
was placed in the Raman spectrometer for observation. After a measurement was taken, no
proper spectrum could be seen, possibly due to the viscosity of the solution. As the cuvette was
removed from the holder in the Raman adapter, a blue line was observed in the yellow solution,
following the path where the laser light had been. Upon shaking, the blue disappeared into the
yellow solution. This experiment was repeated multiple times with the same result.
In order to fully irradiate samples of OA and TIP, a xenon lamp was utilized. Upon
placing the 4:1 molar sample in front of the broad band W lamp for several minutes, the entire
solution turned a deep blue color (Figure 22).
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Figure 22. Fully irradiated 4:1 OA/TIP Solution

Although the solution appeared blue, UV-vis spectroscopy was utilized to show that the
particles were actually more of a gray color with some blue tinge. The compound absorbed
across the visible region and absorbed very strongly in the UV region (Figure 23). Thus, this
hinted that this complex could potentially lead to the formation of gray/black TiO2 that would
absorb throughout the visible spectrum.

Figure 23. Blue OA/TIP UV/vis spectrum
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The irradiation procedure was repeated with several other OA and TIP solutions.
However, it was noticed that the blue color was not observed with a 1:1 ratio of OA to TIP or
less, as only a few black colored wisps appeared in solution. This may have been the result of an
insufficient amount of OA to fully replace the isopropoxide ligands in TIP. This concept is
further explained in the discussion of the FTIR results.
To test the reversibility of the yellow-blue transition, O2 was bubbled through the blue
solution, and within a minute the yellow color returned. It was determined that some sort of
reversible redox reaction was occurring, possibly at the titanium centers. While using O2 as an
oxidant likely followed a different mechanism than the initial photoreduction, it still indicated
that the transition from the yellow solution to the blue solution was reversible.
Electron paramagnetic resonance (EPR) spectroscopy was utilized to evaluate the species
being generated after irradiation. Spectra were taken for both the non-irradiated yellow solution
(Figure 24) and for the irradiated blue solution (Figure 25).

Figure 24. EPR Spectrum of Non-Irradiated TIP in Excess OA
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Figure 25. EPR Spectrum of Irradiated TIP in Excess OA

Analysis of the EPR results revealed a non-paramagnetic Ti(IV) species in the oxidized
yellow solution seen in Figure 24, as expected, given that the TIP precursor contained Ti(IV)
centers. However, the irradiated solution was found to contain a signal for an unpaired electron
(Figure 25). The g value was calculated using the formula g=hν/μBB1. The frequency of the
EPR was 9.314490 E9 s-1 and the magnetic frequency of the EPR signal was 3396 E-4 T,
yielding a g value of 1.960. This indicated the presence of Ti(III) in the irradiated blue solution
(literature g values for Ti3+ are anywhere from the 1.9 range to just over 2 due to the different
attached ligands and surrounding environment).14, 15 Thus, it was clear that the TIP and OA
solution was capable of undergoing a reversible redox reaction initiated by irradiation with UV
and/or visible light.
An important question posed by this redox reaction was what was the source of the
electron reducing the titanium? While EPR made it clear that titanium was the reduced species,
there was no clear second signal for an oxidized species with an unpaired electron. The
development of a bridged species with OA acting as a bidentate chelating agent or as a bidentate
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bridge between Ti centers could explain the lone electron reduction. The inability to see a
second EPR signal may also have been due to the fact that if a lone electron was taken from an
OA ligand, the organic radical may not have been stable enough to survive in solution.
To further analyze the oxidized and reduced species, thin plate FTIR spectra were taken.
At first, spectra were taken of a qualitative 1:1 ratio of TIP:OA (Figure 28 - Figure 30).
However, after discovery that additional OA was required to develop the blue color, spectra were
taken of 4:1 OA:TIP mixtures (Figure 31 – Figure 33). The goal of FTIR analysis was to be able
to deduce the type of bonding of OA to TIP. Figure 26 shows that OA has a single peak at 1710
cm-1 indicating the stretch for the carboxylic acid carbonyl group. Watching a shift in this peak
allowed for analysis of the formation of different Ti-O bonding structures.
When taking the spectra of the 1:1 TIP:OA solutions, a background with the CaCl2
windows inserted was not taken. Thus, a steep edge around 1000 cm-1 existed in all these
spectra.
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Figure 26. 90% Oleic Acid FTIR spectrum

Oleic acid had a characteristic single peak at 1710 cm-1. This peak represented the
carbonyl stretch frequency of the carboxylic acid group of an oleic acid dimer.16 Thus, this
spectrum indicated that oleic acid tends to exist as a dimer in neat oleic acid.

Figure 27. Titanium isopropoxide FTIR spectrum
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Figure 28. Non-irradiated and irradiated 1:1 OA:TIP mixtures FTIR spectra

Figure 29. Non-irradiated and irradiated 1:1 OA:TIP mixtures FTIR spectra carbonyl stretch region
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Figure 30. Non-irradiated and irradiated 1:1 OA:TIP mixtures FTIR spectra OH stretch region

Upon mixture with TIP, a major shift occurred with the OA dimer carbonyl stretch peak.
In the non-irradiated 1:1 mixture, the carbonyl peak shifted from 1710 cm-1 to 1570 cm-1.
However, after irradiation, the 1710 cm-1 peak began to slightly reappear and a 1530 cm-1, 1550
cm-1, and 1610 cm-1 triad of peaks appeared instead of the 1570 cm-1 peak (Figure 29). This may
have indicated that due to the lack of sufficient OA to fully bind the titanium centers in the
oxidized Ti form, various types of OA-titanium bonding were occurring in intermediate
structures between TIP and titanium oleate. The remaining peaks had the same wavenumbers as
their OA and TIP parent peaks. The peaks at 1000, 1120, 1150, 1320, and 1360 cm-1 all
represented parent peaks in TIP (Figure 27). Meanwhile, the peak at 1440 cm-1 seemed to be
some sort of C-H bend signal. Peaks at 2850, 2920, and 2940 represent the C-H stretch region,
which is present in both OA and TIP (Figure 26 and Figure 27). Finally, the broad peak around
3330 cm-1 in the non-irradiated solution is indicative of hydrogen-bonded –OH stretches. In the
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irradiated solution spectra, the 1710 cm-1 peak indicates the presence of free OA dimers. Thus,
the 3330 cm-1 region in the irradiated spectrum is indicative of hydrogen-bonded –OH stretches
from both the isopropanol and the OA. Thus, this peak was an indication of the concentration of
isopropanol in solution that had been displaced by OA only when no free OA dimers were
present. Since not enough OA was used in the 1:1 mixture to fully replace all isopropoxide
ligands, there was no free OA in solution in the non-irradiated mixture and only a minimal
amount in the irradiated mixture. Thus, the 3300 cm-1 peak could be used to track the extent of
ligand replacement when OA is not in excess.
In order to examine the 4:1 OA:TIP mixtures that turned fully blue upon irradiation, an
additional series of FTIR measurements were taken. In these measurements, the CaCl2 plates
were subtracted as the background, eliminating the slope around 1000 cm-1.

Figure 31. Non-irradiated 4:1 OA:TIP FTIR spectrum
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The FTIR spectrum of non-irradiated 4:1 OA:TIP seen in Figure 31 had peaks at 950,
1012, 1130, 1164, 1320, 1375, 1415/1446, 1530/1560/1590, 1710, 1730, 2630, 2860, 2920,
2960, 3000, and 3330 cm-1. Unlike the spectra of the 1:1 mixtures, this spectrum contained no
peaks from isopropoxide ligands of TIP. Instead, the 950, 1012, 1130, 1164, 1320, 1375, and
2630 cm-1 peaks all represent FTIR peaks of free isopropanol, which are all blue-shifted from
TIP isopropoxide ligand peaks.18 This likely indicated that unlike in the 1:1 solutions, all the
isopropoxide ligands were displaced by OA in the 4:1 OA:TIP solution. The 1414/1446 cm-1
peaks are again indicative of C-H bends and deformations, but they may also indicate the
presence of COO- symmetric stretching vibrations.10 The 2860, 2920, 2960, and 3000 cm-1
peaks represent various C-H stretches. The broad 3330 cm-1 peak once again showed hydrogenbonded –OH in solution resulting from both isopropanol and OA.
Most important for the analysis of the TIP:OA coordination structure were the triad of
peaks at 1530, 1560, and 1590 cm-1 as well as the peak at 1710 cm-1 with a 1730 cm-1 shoulder.
The 1530, 1560, and 1590 cm-1 peaks represented various red-shifted (shifted to a lower
wavenumber) forms of the OA carboxylic acid carbonyl asymmetric stretch.10 These red shifts
could come about as a result of a decrease in bond order due to bidentate chelation of Ti centers
or via bridging of multiple Ti centers.19 The presence of multiple peaks at different intensities
could indicate the presence of different Ti-OA bonding types all occurring in the same complex
(including bidentate chelating and bridging). Meanwhile, the peak at 1710 cm-1 clearly indicated
OA dimers in the solution. However, the shoulder at 1730 cm-1 was not present in the spectrum
of free OA (Figure 26). According to Thistlethwaite, et al., monomeric OA in the vapor phase
gives a carbonyl stretch peak at 1775 cm-1.16 Since molecules in solution are generally redshifted from molecules in the vapor phase, the 1730 cm-1 peak may possibly indicate that some
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of the OA in the non-irradiated 4:1 OA:TIP solution was present as monomers. It was also
important to note that the 1710 cm-1 and 1730 cm-1 peaks were not as intense as the 1530, 1560,
and 1590 cm-1 peaks in the non-irradiated solution.
To further analyze the effects of the Ti reduction process after irradiation, an FTIR
spectrum was taken of a 4:1 OA:TIP solution that had been irradiated and centrifuged in multiple
cycles until the solution reached its maximum potential of Ti(III) (Figure 32).

Figure 32. Irradiated 4:1 OA:TIP FTIR spectrum

The spectrum of the irradiated 4:1 mixture had peaks at the exact same wavenumbers as
the non-irradiated mixture. However, significant changes occurred to the ratios of these peaks.
The peaks at 1710 and 1730 cm-1 reached approximately the same intensity as the triad of peaks
at 1530, 1560, and 1590 cm-1. In the non-irradiated 4:1 OA:TIP mixture (Figure 31), the
1710/1730 cm-1 peaks had a significantly lower intensity than the peaks in the 1500s. Thus,
since both the 1730 cm-1 and the 1710 cm-1 peaks increased in intensity for the irradiated sample,
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OA must have been displaced from the Ti centers by irradiation. The 1710 and 1730 cm-1 peaks
can be quantified via fitting with Lorentzian curves. This would reveal how much OA was
released from the titanium centers after irradiation of the sample.

Figure 33. Oxygenated post-irradiation 4:1 OA:TIP FTIR spectrum

Interestingly, no FTIR spectral changes were observed between the irradiated 4:1 OA:TIP
and the post-irradiation oxygenation 4:1 OA:TIP, seen in Figure 33. This may indicate that
while the initial redox reaction changes the structure of the OA/TIP complex, reversal of the Ti
reduction via direct oxidation did not alter the structure.
While FTIR definitively revealed a red shift in the carboxylic acid carbonyl stretch in the
non-irradiated, irradiated, and post-irradiation oxidation samples, potentially indicating some
type of bidentate bonding or bridging, not enough data could be collected from FTIR to discern
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the exact coordination of OA to TIP. Thus, ESI Mass Spectrometry was utilized to find the
molecular mass of the complexes.
Mass spectra were taken of both non-irradiated (Figure 35 - Figure 37) and of irradiated
4:1 OA/TIP (Figure 38 - Figure 40). Just as had been done for the FTIR spectra, the irradiated
complex was developed by multiple repetitions of irradiation by the xenon lamp followed by
centrifugation. This process was repeated until saturation with the black/blue complex appeared
to be reached.

Figure 34. ESI-MS of OA in negative detection mode
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Figure 35. ESI-MS of non-irradiated 4:1 OA/TIP positive detection mode

Figure 36. Magnified ESI-MS of non-irradiated 4:1 OA/TIP positive detection mode
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Figure 37. ESI-MS of non-irradiated 4:1 OA/TIP negative detection mode

Figure 38. ESI-MS of irradiated 4:1 OA/TIP positive detection mode
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Figure 39. Magnified ESI-MS of irradiated 4:1 OA/TIP positive detection mode

Figure 40. ESI-MS of irradiated 4:1 OA/TIP negative detection mode
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Free OA in solution was only detectable in the negative ion mode of the ESI-MS (Figure
34). This was likely because a proton was removed from the OA during the electrospray
ionization process, leaving a negatively charged compound. Thus, for analysis of both the nonirradiated and the irradiated compounds, both the positive and the negative detection modes were
used. It was clear that free OA existed in both the non-irradiated and in the irradiated samples,
thus indicating that the 4:1 molar ratio sample contained an excess of OA, as was previously
determined from FTIR analysis. Thus, ESI-MS would be another useful tool in determining the
exact ratio of OA:TIP required to allow the light-induced reduction of Ti to occur while leaving
no excess OA in solution.
Positive detection mode was used to examine the complex or complexes formed between
the Ti centers and the oleate ligands. The spectra of both non-irradiated and irradiated complex
revealed very similar m/z peaks (Figure 36 and Figure 39), but the irradiated complex had a
greater abundance of smaller fragments. Additionally, the irradiated complex showed an m/z
group centered at an m/z of 1274.74. This group did not exist in the non-irradiated complex and
may suggest the formation of a small portion of a new complex.

Conclusion
Over the course of various experiments with TiO2, including the TFA/TIP spectroscopic
titrations and the OA/TIP mixture analyses, benchtop Raman spectroscopy has proven to be a
useful tool. However, these experiments also proved that Raman spectroscopy must often be
utilized as a tool in combination with other forms of analytical chemistry.
The TFA/TIP spectroscopic titration using the benchtop Raman instrument clearly
showed that this instrument could effectively be used to track ligand replacement in solution. By
tracking the increase in a characteristic isopropanol peak relative to the C-H stretch region as an
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internal standard, the replacement of isopropoxide on Ti centers by TFA could be tracked. A
major problem in this experimental series that lead to some error in analysis and did not allow
for accurate analysis of 3:1 and 4:1 spectra was the fluorescence signal from TFA. Multiple
options exist to deal with this issue in the future and improve the results. One method would be
to use a longer wavelength diode in the benchtop Raman instrument, as a longer wavelength,
such as one in the red region, would be less likely to cause fluorescence. However, this option
would require the re-machining of the adapter power source. Throughout the literature on TFA,
there does not seem to be any evidence for it being a fluorescent molecule.13 Therefore, it
appeared that the fluorescence may have been due to some kind of preservative used in bottling
the TFA. Another option to deal with the fluorescence then would be to somehow purify the
TFA to remove the impurity. The TFA/TIP experiments will be continued in the Shultz lab by
testing the mixture at intermediate molar ratios between 5:10 and 1:1, between 1:1 and 2:1, and
between 2:1 and 3:1. If the fluorescence issue is solved, then even higher molar ratios can be
tested as well with the ability to extract results.
The series of experiments involving the mixing of OA and TIP involved Raman
spectroscopy to a more minimal extent. However, the Raman instrument did lead to the
accidental discovery of the Ti(IV)  Ti(III) transition. The characterization of the OA/TIP
compound is an important step to utilizing OA in a reverse micelle synthesis of TiO2. The
reduction of the Ti center and the gray-blue color of the compound may create an increase in the
efficiency of the TiO2 particles, as they absorb strongly in the visible, as well as the UV.
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