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Tailor Made Mie Scattering Color Filters Made by Size-Tunable Titanium Dioxide Particles
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Particles with sizes ranging from nanoscale to microscale were synthesized by the reaction of titanium
isopropoxide (TTIP) with acetic, butyric, valeric, or octanoic acids. When acetic acid was used, anatase
nanoparticles with diameters of approximately 15 nm were obtained while the other carboxylic acids yielded
amorphous submicron-sized spheres. Moreover it is possible to adjust the particle size of the powders since
it is proportional to the length of the alkyl group on the carboxylic acids used. When submicron-sized particles
were coated on a transparent substrate (quartz or glass), different wavelengths of light were scattered. Thus
color filters with specific wavelengths could easily be made by coating powders synthesized from specific
carboxylic acids on the transparent substrate.

1. Introduction crudely controlled using different types of acid, while fine-tuning
can be done by changing the volume of acid used. Moreover,
the particles can easily be coated onto a transparent substrate
to act as a simple color filter. Unlike structure color filters, which
take advantage of the Bragg diffraction of periodic structures,
these easily made filters work by light scattering off particles
in the coating. Since scattering can occur on randomly spread
particles, precise periodic structures are not required, making
the coating process very easy. In addition, the precursor used
in this study, titanium isopropoxide (TTIP), is also widely used
in the sot-gel process and is therefore much cheaper than PS
solutions.

In the past few decades, titanium-containing materials such
as HTiO3,! titanium carboxylaté, and especially Ti@ have
attracted a lot of interest due to numerous applications in
photocatalystd Li ion batterys? solar cells; and biomaterial$.
Furthermore, researchers also paid much attention to optical
applications due to unique properties of Fi@hich include
high refractive indices (2.57, 2.95, and 2:02.4 for anatase,
rutile, and amorphous phases respectivef/and wide band
gaps (3.2 and 3.0 for anatase and rutile respectivelhis
makes TiQ film suitable for many applications, such as planar
waveguide$,antireflection coating$? and electrochromic dis-
playsi! Unlike usual thin film devices, 1-D multilayer stacks

) . Experimental Section
of porous films, known as Bragg stacks, have also been reported2 P

to provide a novel color-adjustable devi€elThe porous films In our work, particles of various sizes were synthesized using
stack together and change color by immersing into different titanium isopropoxide (TTIP, 97%, Aldrich) and various car-
solvents or changing their thickness. boxylic acids in anhydride alcohol. Four carboxylic acids

Among recent researches, most periodic structures were—glacial acetic, butyric (99%), valeric (99%), and octanoic
prepared by using template methods. The synthesis of micron(99.5%) acids, were all purchased from the Aldrich Company
spheres polystyrene (PS) is very well-established, which makesand used directly without any pretreatment.
it the most popular material for the template. However the usage A typical synthesis procedure of smallest Figarticles (-15
of PS spheres still has some issues regarding the cost andim) is as follows. Acetic acid (3.75 mL, 65 mmol) was injected
stringent process conditions. In order to avoid defects, such asinto the 25 mL anhydride ethanol, followed by the addition of
vacancies and boundaries in the layers, a highly uniform-sized 0.3 mL (1 mmol) TTIP. The solution was then heated af85
mono-dispersed PS solution is required, which is very expensive.for 6 h under reflux in air. After that, hydrolysis and condensa-
PS monolayer or multilayer coatings need to be applied tion were initiated by addima 7 mLsolution consisting of 2
meticulously by dip coating or spin coatifghence, it is time- mL DI water and 5 mL ethanol causing the particles to gradually
consuming. precipitate over 4 h, turning the solution turbid. The precipitate

Here, we report a novel and straightforward method to was recovered by centrifuging and decanting of the liquid. It
synthesize uniform particles ranging from nanoscale to micros- was then washed several times with ethanol and DI water, with
cale with carboxylic acids as additives. Particle size can be the centrifuging and decanting process repeated after every wash.

The residual ethanol and DI water were then pumped out in a

*To whom correspondence should be addressed. E-mail: cylee@ Yacuum system.
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N mgggﬂg: Eﬂggg”'ﬁjﬂg”&"n‘?\'/igity micron spheres X1 um) is almost the same procedure as

' described above except the kind of acid and the volume of water
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Figure 1. SEM images of the particles obtained from different Figure 2. (A) TEM image of a nanoparticles synthesized using acetic
conditions. (A) 15 nm nanoparticles obtained with acetic acid. (B) acid. The lattices distance, 0.35 nm, indicates that the structure of the
Submicron spheres smaller thamth obtained with butyric acid. (C)  nanoparticle is anatase phase. (B) The TEM image of solid submicron
Micron spheres larger than Am synthesized with valeric acid. (D)  spheres synthesized using butyric acid. (C and D) The HRTEM and
Micron spheres larger thanggm synthesized with octanoic acid. ED images of the spheres in Figure 2B.

(0.5~2 mL) and octanoic (0:52 mL) acids were injected into
the solvent and 1 mL water was added instead of 2 mL. Large
amount of powders precipitated in 10 mm 2 h and the total
reaction time was 2.5 h.

For UV—vis measurements and the color tests, a small
amount TiQ powders were put into a quartz cuvette or a glass
bottle then rolled mildly to coat Ti@powder on the interior
wall of the bottle. Furthermore, the Ti(powders can also be

from 400 nm to lum can be synthesized, as shown in Figure
1B. Figure 1, panels ¢ and d, shows very large round smooth
surface particles with usually overidn in diameter that were
synthesized with valeric acid or octanoic acid. In the sample
with valeric acid, the sizes of the micron particles often range
from 1 to 2um, whereas those of octanoic acid usually exceed
2 um. Furthermore, the solid conglobation different from the
hollow spheres and mesoporous materials obtained from tem-

coated on a flexible plastic sheet by spread_lng and sh_akmg theplate and surfactant methods was characterized by TEM (Figure
powder on the sheet. The easy-made flexible color filter was 2, panels B and CIf

shown in Figure S 1. Besides, in coverage test, we adopted the According to above observations, we found a positive

mﬁtgﬁhrggﬁggg altréstri)e I(;tierailrlfl sstt?bgt? ;at“enir:?(??ﬁeliﬁlrjt;g?with relationship between the length of the carboxylic acid’s carbon
floating spheres on theysurr)fgcg The solution was brepared b chain and the size of the particles obtained. Here, we proposed
. g sp o L prep Ya possible mechanism in Scheme 1. When we added carboxylic
dispersing 0.011 g spheres with 623 nm in diameter in 2 mL _ * = . L e
. acid into the solution containing the TTIP, titanium carboxylate
ethanol. Then, 250, 175, and 1%Q of the solution were | d b duced which firmed by th
dropped in DI water carefully, and the different degree of compiex wou e produced which was ciogn Irmed by the
floating spheres solution were c;btained A plastic or glass Sheetobservatlon of a well-documented color chanas acetic acid
was dig Sd into the solution with floating s [k)leres on 'ECI]1e surface '¢acted with TTIP, 104(OACKs-a(O'Pr}, was obtained and
pp gsp characterized in detalf. Moreover, oligomers of TTIP and

to I(:)g:ilr?a?arcr:]tgrr]igla?t}i/(fr:s“glczi/la’iﬁdaSg:?/\t/reart:.taken with a JEOL- butyric or valeric acids are proposed, although the exact
’ 9 oligomeric structures were not outright elucidatéé®°Thus,

6500 scanning electron microscope. TEM images were obtalnedWe also propose some small oligomers produced by the partial

with Ia JI_EOL-2|010 tranSItl?nzoe(I)eﬁtri)/n Tmhlcroscgp?e W'th an  -ondensation with the water formed during esterification. Then,
:i;;iegzgng Vt(r)utaathe\i\;?zse? Nano ZeS 'MalseFr)r?rrt:Ign? 2? V'\I{ﬁz further hydrolysis and condensation took place after addition
spectra andyphotographs of scattered, light were acqﬂire)cli. usin of_water. The cIu_sters bonded by carboxylate groups with c_arbon
a Hitachi U-3010 spectrophotometer and a common di italgtalls toward oults_lde aggregate Fo form Iar.ge particles, owing to
-0 SP P gtal ihe hydrophobicity of carbon tails. The evidence of carboxylate
camera respectively. group bonded onto the surface of the micron spheres with carbon
tails toward outside can be demonstrated by the IR spectrum
of the micron spheres (Figure 3). The peaks at 1530 and 1444
In this work, we synthesized uniform particles with sizes cm™ cohere with main characteristic of a carboxylate group
range from nanoscale to microscale by hydrolysis of titanium bonded to titanium metal, whereas thesO and C-O stretch
isopropoxide (TTIP) and carboxylic acids as additives. of free carboxylic acid appear near 1730 and 12307%crihe
Figure 1 shows the SEM images of the particles with different three peaks at 2962, 2874, and 2931 ¢man be assigned to
sizes, synthesized by utilizing different acids as additives. With alkyl group stretching from the carbon tails.
the case of acetic acid (Figure 1A) was used, only the aggregates Qin and co-workers also observed the aggregation and
of very small particles can be seen. Moreover, the high- examined the solvophobic effect by thermodynamics simula-
resolution transition electron microscopy (HRTEM; Figure 2A) tion.2%21In a colloidal solution, three kinds of interactions exist
shows a lumpy particle that is about 15 nm in diameter with between nanoparticles: van der Waals forces, solvation, and
small pores in. The particles were crystalline in anatase phaseelectrostatic forcest In our system, the solvation force between
according to the distance of the lattice plane (101). If we replace nanoclusters is attraction due to the solvophobic effect between
acetic acid with butyric acid, submicron sized patrticles that range the hydrophobic carbon tails and ethanol. Since the nanoclusters

3. Results and Discussion
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SCHEME 1: Supposed Mechanism in This Repo#f

HOAc _Ti(OPr),- __ H:0 ;f OAc: OOCCH;
Ethanol  (QAC€)16..04 M OBc: O0OC(CH:):CH;

00c: 00C(CH.)CH;

HOBc  Tix(OPri),- H.0 %1 aggregation

TILE— Ethanol (OBC)3x+4.uO4

HOOc Tix(OPri),- H:0 [,-aggregation
Ethanol  (0Q0¢)2x440y

a Alkoxycarboxylate of titanium was first formed by adding the acids into the TTIP solution and va&ie in the alkoxycarboxylate formula
depended on the mol ratio of the acids and the TTIP. At the next stage, small clusters were produced by hydrolysis and condensation of the
alkoxycarboxylate after water was added. Finally, the small clusters merge to submicron and micron spheres by interparticle condensation due to
hydrophobility of carbon tails to reduce total energy.

= Acetic acid
Butyric acid

Transmittance

il stretch

. CHz2 stretch
H

madmsdmzfsozs'uoza'mzduoﬁsum’mﬁsumnl B 20 25 30 35 40 45 5 55 6
Wavenumbers (cm’) 20 ﬂ1
Figure 3. IR spectrum of the micron spheres. The absorbents appear Figure 4. XRD patterns of the particles. Top line presents the

at 1530 and 1444 cm were assigned to the carboxylate groups bonded nanoparticles obtained from acetic acid have anatase phase according
to titanium metal. This is the strong evidence that the spheres were to the peaks at 25, 37.5, and 47.5 degrees, which can be assign to the

surrounded by the carboxylate group. (101), (004), and (200) of anatase phase, respectively. Bottom line
shows the submicron spheres are amorphous phase and the micron
TABLE 1: Diameter and Zeta Potential of Spheres spheres obtain from valeric and octanoic acids also show the same
Synthesized by Using Different Acid3 results.
butyric acid valeric acid octanoic acid

long chain carboxylic acid were all in amorphous phase. The

\% D ZP \% D ZP \% D ZP .
amorphous structures are also conformed by the blur ring pattern

8?5 ggg :g'gg cl)-g 12% :f'gg cl)-g %gg :1‘(‘)-37 of electron diffraction (Figure 2D). Zhang and co-work&rs
11 674 —918 15 1290 239 15 2213 —1.97 reported_ that_cry_stalllne anatase can b_e sy_ntheS|zed by_ the
125 772 —7.87 2.0 1580 —3.07 2.0 3010 -3.98 hydrolysis of titanium ethoxide using acetic acid as an additive

at 400°C. In our experiments, purely anatase phase products
were observed at 8%C.

are practically uncharged (zeta potential of micron spheres is Itis generally known, acidity (or pH values) of the acids and
nearly zero as shown in Table 1), the electrostatic force is affinity to titanium atom are two important factors that affect
insignificant. Thus, the overall interaction between the nano- the microstructure of the titanium oxide formed. It has been
clusters is attractive, making the nanoclusters self-assemble toextensively reported that rutile formation can be facilitated in
the submicron and micron-sized spheres. Increasing the lengthstrong acids with larg&,, like HCl and HNQ.2® However, it
of the carbon tail would lead to an increase in hydrophobicity, is stable for anatase to form in strong field ligands, e.g42SO
which is less favorable in the ethanol solution. Hence, the and CHCOO .2425The acids we used in our experiments all
clusters tended to agglomerate together to reduce free energyhave similark, values?® but the microstructures of the powders
resulting in larger particles. obtained are quite different. Thus, we proposed that the affinity
The carboxylic acids in our experiments not only dominate of acid to titanium atom has a critical effect on crystallinity
particle size but also crystalline phase. In Figure 4, the X-ray instead of acidity in our experiments. It is well-known that acetic
diffraction pattern (XRD) shows the nanoparticles synthesized acid can retard the hydrolysis rate because of its strong affinity
with acetic acid in anatase phase. Although, the submicronto a titanium aton?* According to the estimation of partial
spheres and micron spheres (not shown here) synthesized wittthargesy a butyrate group has positive partial chargé0Hs-

aV: volume (mL) D: diameter (nm); ZP: zeta potential (mV).
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g Figure 6. Top: The original spheres coated on glass bottles synthesized
with valeric acid. All spheres synthesized with different conditions
(0.36~0.47 mL) have white color like usual Tipowders. Bottom:
When turn on a back light, multicolored light could be observed through
the bottles by Mie scattering (from left to right, purple, blue, green,
yellow-green, yellow, and red, respectively).
Furthermore, we found those powders have a very interesting
00 350 400 40 S0 50 o0 6w 700 optical property. When white light passes through cuvettes with

Wavelenatt their interior walls coated with the spheres synthesized with
_ . {w . valeric acid or different volume of butyric acid different colors

Flgurg 5. (A) UV —vis spectra'of th(_e submicron spheres acquired from \yare observed, as shown in Figure 5A. Coating cuvettes with
the different volume of butyric acid. Cyan, green and yellow-green powders obtained from 0.75, 1.10, and 1.25 mL butyric acid

lines denote the scattering property of the powders obtained by using". .
0.75, 1.10, and 1.25 mL butyric acid, respectively. Colorful photographs Yi€lded cyan, green and yellow-green respectively. The whole

show that the light transited through the cuvettes which are coated with SPectra could be also obtained by using different amount of
the powders presented different colors. (B) the theoretical Mie scattering valeric acid (as shown in Figure 6).
spectra. Simulated UVVvis spectra for powders of diameters 0.61, 0.68, The UV-vis spectra of those powders are shown in Figure
and 0.76um were created using MiePlot and the values corresponded 57 The |ocal minimum in the spectra marked by the dashed
to the spectra of powders obtained from the reactions with 0.75, 1.10, |, o4 represents the wavelength of light transmitted through the
and 1.25 mL butyric acid respectively. . .
powders. The phenomena can be well interpreted by the Mie
scattering theory originated from destructive and constructive
CH,CH,COO)= 0.10) and an acetate group has negative partial interference of transmission and refraction of light through the
charge §(CH3;COO) = —0.18). Species with negative partial particle and diffraction and reflection of light from the particle
charges have stronger affinity to a titanium atom (partial charge surface?” Interestingly, we did not clearly observe an important
is about 0.7) than those with positive partial charges in the partial feature of Mie scattering, which should result in sharp jagged
charge model (PCM). Thus the acetate group strongly bondedpeaks in scattering intensity in our spectra, often called Mie
to titanium metal retarding the hydrolysis rate, resulting in a resonances or morphology dependent resonances (MDR).
crystalline anatase TiOpowder. On the other hand, butyrate MDR are usually used to monitor the growth or evaporation of

groups with positive partial charge weakly bonded to titanium

metal, so TiQ precipitated much faster than that with acetic

acid to form amorphous powders (see experimental).
According to the IR analysis, the micron spheres were

the size of particle®® All UV —vis spectra obtained were smooth
in our cases and it is the result of the wide particle size
distribution of our samples.

Figure 5B shows theoretical Mie scattering spectra calculated

surrounded by a layer of organic fragments. This organic layer by MiePlot 3.5.1(° The simulated curves match our experi-
makes the micron spheres adhere easily to many kinds ofmental spectra well, although there is a small inconsistency at
substrates such as glass, quartz, plastics and even papershort wavelengths area due to deviations in analysis preparation.
resulting in the formation of a monolayer coating on the Simulated UV-vis spectra for powders of diameters 0.61, 0.68,
substrate. The coverage of the monolayer ;Tfims were and 0.76 um were created using MiePlot and the values
prepared by the method reported by Rybczyri$kkigure corresponded to the spectra of powders obtained from the
S2 shows the SEM images of the substrate with different reactions with 0.75, 1.10, and 1.25 mL butyric acid respectively.
TiO, coverage. We found that the spheres were arrangedThe sizes of the powders obtained from 0.75, 1.10, and 1.25
randomly on plastic sheets along with some aggregates. ThemL butyric acid were shown in Table 1. The average diameters
coverage estimated from the SEM images by an analytical of the particles agreed with the estimated particle diameters.
software, Image-Pro Plus 6.0, were 30.3%, 57.4%, and The UV—vis spectra of TiQ films with different coverage
67.5% for the sample obtained from 150, 175, and 280 are shown in Figure 7A. It can be seen that the increase in
respectively. coverage does not lead to a linear increase in absorbance over
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I@ in the Figure 7B, the absorbance curves of the large particle,
wnuni 67.5% green and blue, are flat and filer property cannot be seen by
- 25";3}' the naked eye.

4. Conclusions

= . In conclusion, a novel synthesis of particles with sizes ranging
§ . ol from nanoscale to micron-scale with carboxylic acids as
) i ' additives was reported. The length of the alkyl group and the
. . quantity of carboxylic acids affected the microstructures and
. T awi® particle size of the products. When acetic acid was used as an
additive, stronger affinity between the acetate group and the

_/_V/ central titanium atom retarded the reaction to form fine anatase

powder. On the other hand, when carboxylic acids with long

350 400 450 500 550 600 650 700 750 800| alkyl groups were used as additives, weak interactions between
Waviength (nm) the carboxylate groups and central titanium atom increased the
I reaction rate to form large amounts of amorphous powders.
— 1,23 pm Moreover, the particle size could be adjusted by choosing
w—1.70 UM carboxylic acids with alkyl groups of different length. Due to
— 2.21 um - . . .
— 291 im their hydrophobicities, the longer the carbon tails on the acids

used, the larger the particles that were obtained.
The differently sized particles perform different scattering
g effects to make them being a color filter. We successfully
adjusted the colors passing through the filter by coating the
powders obtained from the synthesis with various quantities of
=S i butyric acid on the glass. The relationship between observed

\_/ \’/ color passing through the coating and the particle size could be
well interpreted by the Mie scattering theory. The transmission

spectra of variously sized particles simulated by MiePlot agree

350 400 450 500 550 600 650 700 750 800l with the experimental spectra very well. Thus, color filters for
specific wavelengths could easily be made by coating powders
Wavelength (nm) synthesized with different carboxylic acids on the transparent

Figure 7. (A) UV —vis spectra of monolayers with different coverage. suybstrate.
The dot, dash, and solid lines represent the spectra of 67.5%, 57.4%,

and 30.3% coverage on plastic sheets, respectively. (B) thews/ .
spectra of different spheres ranged form 1 tar. The black, red, Acknowledgment. The authors would like to thank the

green and blue denote the spectra acquired from 1.23, 1.70, 2.21, and\‘atipn?‘l Science Council, R.O.C. TaiW?” ar?d Synchrotr_on
2.91um, respectively. Radiation Research Center, Taiwan for financially supporting

this research under Contract No. NSC 94-2113-M-007-028.

the whole spectrum but an obvious peak at some specific

wavelengths. This is because the absorbance is expressed by a Supporting Information Available: Figure S1. The pictures

log scale. If the log scale was converted to a percentage scaleshow that we prepared a flexible scattering color filter with large
the absorbance variation of the whole spectrum becomesarea quickly by coating three different size spheres on a flexible
constant in the range between 350 and 800 nm. Besides, theplastic sheet with adhesive property of spheres. Figure S2. The
high-coverage sheet appears to be a deeper color than the lowSEM images show three monolayers having different coverage,

coverage one when observed with the naked eye. 30.3%, 57.4%, and 67.5% from top to bottom, respectively.
In Mie scattering, the amplitude e (extinction efficiency Table S1. The sizes and standard deviations of spheres calculated
factor) decreases gradually agsize parameterx = 2wa/l) from SEM images. This material is available free of charge via

increases and approaches a constant value. This means that tHée Internet at http://pubs.acs.org.
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