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With two-photon photopolymerization (2PP), it is possible to design and produce compos-
ite materials with three dimensional control and sub-micron precision, thanks to highly localized
nonlinear process of polymerization [24]. In this work, the feasibility of fabricating mesostructured
composite particles with pre-defined shape and topology is examined. We explored polymerizable
materials from both commercial sources and laboratory products as well as variable laser param-
eters, including pulse width and intensity along with dwell time, to find optimum conditions for
2PP. Later 2PP was performed on polymerizable materials containing quantum dots dispersion and
the optical response of the resultant composite was characterized with spectroscopy. In addition
to regular isotropic photopolymers, elastomers with liquid crystal phase were also studied, paving

the way for engineering composite materials with anisotropic thermomechanical responses.
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Chapter 1

Introduction

Composite materials, as common as concrete, have been widely used and extensively engi-
neered due to their capability of combining constituent materials with significantly different physical
or chemical properties, generating new materials with novel and more desirable properties. Recent
interest in composite materials includes specialized alloy to meet the demand of aerospace applica-
tions [25], integration of sensing and communicating modules into composites [21], and fabrication
of core-shell nanostructures [16]. With two-photon photopolymerization (2PP), it is possible to
design and produce composite materials with three dimensional control and sub-micron precision,
thanks to highly localized nonlinear process of polymerization. In this work, we explored polymer-
izable materials from both commercial sources and laboratory products as well as variable laser
parameters to find optimum conditions for 2PP. Later 2PP was performed on polymerizable mate-
rials containing quantum dots dispersion and the optical response of the resultant composite was
characterized with spectroscopy. In addition to regular isotropic photopolymers, elastomers with
liquid crystal phase were also studied, paving the way for engineering composite materials with

anisotropic thermomechanical responses.



Chapter 2

Background

2.1 Liquid Crystals

Liquid crystals (LCs) are a form a matter that is in between isotropic liquid and anisotropic
crystalline. Their constituent molecules often take the shape of rods and possess orientational but
not all the spatial ordering, while macroscopically they can flow, drip and take the shape of their
container like a fluid. A typical LC molecule, 4-cyano-4-pentylbiphenyl (5CB), is about 1.8 nm
long with a diameter of 0.5 nm [27]. The simplest phase of LC is nematic, where all molecules
points roughly towards the same direction but are positioned randomly (Fig. 2.1). Other phases
such as smectic or cholesteric may exhibit more complex orientation ordering or partial spatial
ordering. LC phases exist in a relatively narrow temperature range. As temperature increases,
LCs become less ordered and when the temperature exceeds a certain limit, known as the clearing
temperature T;, .Cs become completely isotropic. An example is 5CB exhibiting nematic phase in

room temperature with a clearing point of T, ~ 35°C..



Figure 2.1: Nematic liquid crystal orientational order. The director of LCs field is pointed by 7.

Due to non-polar ordering of LCs, 7 = —7 [27].
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The orientation ordering of LC molecules can be described by so-called director field 7i(r)
defined as the local average of molecular orientation. Different from a vector field such as electric or
magnetic field, director is non-polar 77 = —1, given the non-polar nature of LC molecular interaction.
The symmetry-breaking due to orientation ordering of LC results in anisotropic properties. For
example, the refractive index experienced by light polarized parallel to the director is different from
that of light polarized perpendicular to the director. The former index is known as extraordinary
refractive index and the latter is the ordinary refractive index. Therefore, under polarizing optical
microscopes, LCs often show colored patterns corresponding to different molecular orientation (Fig.

2.2).



Figure 2.2: Liquid crystal defect (Schlieren texture).

2.2 Quantum Dots

Quantum dots (QDs) are semiconductor nanocrystals that are only a few nanometers in size.
When excited by electricity or light, QDs can emit light of specific frequencies that can be tuned
by changing their size. Similar to atoms, this fluorescence comes from discrete energy levels due to
confinement of electrons imposed by the size of QDs. As the size of the QDs increases, the bandgap
decreases, and the emitted color is redshifted. This is to say that small QDs tend to emit blue
light while large ones emit red [34]. The quantum dots used in this work are Cadmium telluride
(CdTe) QDs. They are obtained by chemical synthesis [19]. Figure 2.3 shows synthesized QDs with

different sizes.



Figure 2.3: Synthesized CdTe QDs with different sizes.

Quantum dots (CdTe, 2-6 nm): size-tunable bandgap

The tunability of the optical response of QDs allows for a variety of applications ranging
from tunable gain medium for random lasers, to bio-imaging and qubit candidacy in quantum
computations [14]. Lasers that use QDs as a gain medium have the advantage of easily tuning
the gain wavelength by simply tuning the size of QDs. This tunable medium could in turn lead
to low lasing threshold. Furthermore, QDs have promising applications in biophysical and tissue
sciences. This promise is captured in deep penetrative bio-imaging and disease diagnostics. The

QDs imaging approach complement fluorescence microscopy [31].

2.3 Polymerization Materials

Polymerization of three different photo-polymerizing materials are discussed in this work:
Norland Optical Adhesive 63 (NOA63), Formlabs FLGPCL02 Clear resin, and liquid crystal elas-
tomers.

Norland Optical Adhesive 63 (NOA 63) is a commercially available UV-curable glue with
an absorption peak at 350-380 nm. It looks colorless and transparent due to its high transmission
in the visible region. The recommended energy for full cure is 4.5 Joules/sq. cm and the refracted
index of cured polymer is 1.56 [23]. NOA 63 works exceptionally as an UV-curable glue. However,
it does not polymerize well in our 2PP system at 780 nm. Nonetheless, 2PP results of NOA 63 are
shown and compared to that of other materials in this work.

Formlabs FLGPCLO02 Clear resin is also commercially available transparent resin, designed

to be used with Formlabs 3D printer. It can be polymerized by illumination of at 405 nm. Formlabs



resin is not a good 2PP material as it is at 780 nm. We mixed Formlabs with a photo-initiator,
Irgacure 369, in order to make it two-photon polymerizable at 780nm, which is the excitation
wavelength used in our 2PP setup.

Liquid crystal elastomers (LCEs) are a type of elastomers that have anisotropic properties.
Elastomers are made of polymeric chains that have elastic properties. These chains give rise to
macroscopic properties. Elastomers can be stretched by applying a force, and they return to the
original configuration in the absence of this force.

Elastomer chains consist of linked segments known as monomers. Elastomers are created
when different monomer chains connect using crosslinkers (see Figure 2.5a). The elasticity of
elastomers come from those crosslinkers since they act like springs in the sense that they represent
a restoring force.

The polymerization process is summarized in Figure 2.4. The process starts when photo-
initiators absorb photons and break to form radicals. These radicals combine with monomers to
form radical chains. The radical chains grow by combining with more monomers. This process

terminates when two radical chains come together.

Figure 2.4: Summery of the polymerization precess.
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In LCEs, each chain consists of mesogens connected to it, as depicted in 2.5b. Mesogens are
aligned in a similar fashion as liquid crystals, giving LCEs anisotropic properties. What makes LCEs

especially interesting is their thermomechanical response. When LCEs are heated, orientational



order inside LCEs chains disappears. Elastomers then compress in the direction parallel to the
director of the liquid crystal field, and they stretch in the perpendicular direction. Other non-LC
elastomers, on the other hand, compress and stretch isotropically [18].

In contrast with the first two polymerizable materials, the used LCEs are prepared in the lab
and have been optimized for alignment with polyimide SE 1211, a polymer used to coat the surface

of substrates and cover glass. The chemical structure of LCEs is shown on Figure 2.5a.

2.4 Structure of Polymerization Microparticles

A hopf link consists of two tori linked together only once. This structure is chosen for this
study. What makes it special is that it is a nontrivial topology, and yet, it is relatively simple.
These facts make hopf link good candidate to investigate polymerization regions. The diameter of

the torus used in the hopf link structure is 10 pum, and the inner diameter is about 1 um (Fig. 2.6).

Figure 2.6: Hopf link structure[1].
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(a) LCE material composition: Mixture of monomers, crosslinker and photo-initiator.
The plot shows excitation wavelength for different concentration of photo-intisiators.
For the prepared LCEs, the concentration of photo-initiator used is about 0.7%, so
excitation peak lies in the UV range, somewhere between the red and blue curves. [7].
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(b) Thermomechanical response of LCEs: During heating, a tran-
sition from LCE phase to isotropic phase takes place. This change
stretches LCEs in the perpendicular direction to the director and
compresses LCEs in the parallel direction. During cooling, the
opposite process occurs.

Figure 2.5: Liquid crystal elastomers



Chapter 3

Methods

3.1 Sample Preparation

A 2PP sample is composed of a substrate, a cover glass, and a droplet of polymerizable
material in between. The dimensions of used substrates and coverslips are 25.4 mmx34 mm and
18 mmx 18 mm respectively. The thickness of the coverslip is about 150 um. Using a thin cover
glass is essential in the 2PP process since the objective used to focus the laser beam requires a
short working distance. A barrier is needed to separate immersion oil from the polymer droplet.
Both substrates coverslips are available commercially. Those used in this report are bought from
Fisher Scientific.

The preparation process of a sample consists of three major steps: Washing substrate and
cover glass, setting boundary conditions, and cell construction. A detailed description of each of
those steps is provided below.

Glass treatment starts with washing. The tray containing the glass is put in a sonicator water
bath. To clean the glass, detergent is added. The tray should be sonicated in the bath for at least
30 minutes at a temperature of 50°C. The tray should not leave the bath until the temperature
drops to below 35°C'. Right after removing the tray from the bath, the glass must be rinsed well
with 1L of deionized (DI) water, and 500 mL of each of the following organic solvents: acetone,
methanol, and isopropanol. DI water and solvents must be prepared in advance. The glass should
not dry out before the end of the rinsing process. When the process is finished, the tray can then

be left in a controlled environment to dry. The result of this process is clean glass as shown in
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Figure 3.1a.

Figure 3.1: Preparing substrates and cover glass: (a) Substrates and cover glass after washing. (b)

A substrate coated with a polymer. The edges of the polymer are shown. (c) Cell construction.

The second step of the sample preparation process is to set boundary conditions (BCs). This
step only applies for samples that use anisotropic materials like LCEs. Surface of one side of glass
is coated with a polymer. The polymer used in this study is Polyimide SE 1211. This is done by
placing about 50uL of the polymer on the center of glass. Then, the polymer is distributed all
over the glass by spin coating. The spin coating speed is 3000 rpm for 30 seconds. Right after
the spin coating is performed, substrates and cover glass are placed on a hot plate at 110°C' for
approximately three minutes, and then they are put in an oven at a temperature of 185°C for one
hour. This process creates a thin film on glass. The boundary conditions set in this study are
homeotropic. For LCEs, this means that they are aligned perpendicular to the substrate. There
are a wide range of thickness depth that can be set. The used thickness is 100um. This is the
separation between substrate and cover glass. It is set by a Scotch tape as shown in Figure 3.1c.
Once the thickness is determined, a droplet of polymer is sandwiched between a substrate and a

cover glass. The final step is to bind the glasses by scotch tape.
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3.2 Mixture Preparation

There are three preparation procedures discussed in this section: mixing Formlabs polymeriz-
able material with photo-initiators, PEG surface treatment of QDs, and mixing QDs with Formlabs
polymerizable material. NOA 63 does not require special handling, and the preparation of LCEs
is discussed in the results chapter since it is not a well established method.

As mentioned in chapter 2, Formlabs polymerizable material requires addition of photoini-
tiators. The photoinitiator used is Irgacure 369. Mixture is achieved by stirring and sonication in
boiling water.

Before using CdTe QDs, a Polyethylene glycol (PEG) surface treatment is done to ensure
that QDs mix well with polymerizable material. PEG is bought from JenKem Technology. The first
step of this process is to separate QDs from their original solvent, water in this case, by centrifuging
around 5 krpm, and mix them with a solvent. Then, about 10 mg of PEG is dissolved in 2 mL of
the solution. After 24 hours, QDs are separated again from the mixture and placed in methanol.

Once the QDs are uniformly distributed in methanol, the next task is to mix the QDs uni-
formly with a polymerizable material. Several methods have been tried, and the most effective
one so far is done by adding QDs solvent mixture to polymerizable material, and stirring this final

mixture overnight at high speed. Centrifuging may be needed to spin down large clusters of QDs.

3.3 Microscopy

There are three microscopy methods used in this study. Before embarking on outlining those
methods, it is essential to explain numerical aperture (NA). This is a dimensionless parameter that
describes the angles over which an objective ”sees” light. To optimize image resolution, NA of the
objective should be equal to that of the condenser. Optimizing image contrast, on the other hand,
requires NA of the objective to be higher.

Bright field microscopy is the simplest and most common microscopy. As shown in Figure

3.2a, unpolarized light is focused in the sample by a condenser lens. The image is constructed by
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the interaction between incident light and the sample. This interaction could include absorption,
refraction, scattering, and reflection. One drawback of using this imaging method is poor contrast
when samples have weak spatial variation of the refractive index [30].

Polarizing microscopy, also known as crossed polarizers microscopy, is used to measure bire-
fringence. As shown in Figure 3.2b, incident white light is polarized along the direction of a
polarizer. This polarized light is then used as the illumination source for the sample. If the sample
has no birefringence, then the polarization of the light would not change, and the analyzer would
block all of the light. However, if there is a birefringence, then the incident light polarization would
change. This suggests that the component that is along the analyzer direction would pass to the

eyepiece.
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(d) CdTe QDs emission measurement setup

Figure 3.2: Microscopy setup

The last microscopy setup used in this paper is the setup to measure CdTe QDs optical

response. To construct this setup, it is essential to mention that the QDs emission wavelength is
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Figure 3.3: Comparison between one and two photon polymerization.

around 700 nm, the absorption wavelength is in the UV range and it is expected to be around 400
nm, and the excitation source used is a mercury lamp (see spectrum 3.2c). A band-pass excitation
filter, as shown in figure 3.2d, is used to select an excitation wavelength of 417 nm with a width of
60 nm. This means that photons in the range of 387 nm to 447 nm from the mercury lamp would
pass through the excitation filter and excite the QDs. The excitation beam is then reflected toward
the sample by a 633 nm dichroic mirror. It is focused using a 100x objective into the sample. The
emission response is then collected from the sample by this objective. Since the emission is around
700 nm, it would pass through the dichoroic mirror and a long pass filter of 633 nm, making its

way to the eyepiece.

3.4 Two-Photon Polymerization

3.4.1 Principles

Two-photon polymerization (2PP) is a common technique used to implement micro-scale
topologies. It applies a focused femtosecond laser pulse to a light sensitive material, which causes
it to polymerize. This method uses a two-photon approach, and hence the name.

2PP offers the spatial resolution needed to ”print” specific shapes. 1PP would polymer-

ize a cone, while 3PP would be more accurate, but it requires higher powers to polymerize (Fig.
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3.3b). 1PP can be used to print 2D pattern like chip manufacturing. An approach realizing three-
dimensional microfabrication based on two-photon polymerization with ultrafast laser pulses has
been widely studied and implemented. When ultrafast laser pulses with high peak intensity are
focused into a volume of polymerizable material, two-photon polymerization is initiated through
two-photon absorption and subsequent polymerization. After illumination of the pre-designed struc-
ture inside the volume of polymerizable material, non-illuminated, and non-polymerized, material
is washed away, and the polymerized material remains in the prescribed 3D structure. With a suit-
able ultrafast laser source and some control system, micro-fabrication of any computer generated
3D structure is possible by direct laser writing.

2PP fabrication makes use of the nonlinear multi-photon nature of two-photon absorption to
achieve localized excitation the ensuing resolution in 3D. When two-photon absorption happens,
two photons arrive simultaneously and combine their energies to excite the molecule to an excited
state (Fig. 3.3a). Nonlinear processes require much higher intensities of excitation than linear

processes.

3.4.2 Apparatus and Setup

The laser source used in 2PP is a mode-locked tunable Ti-sapphire femtosecond laser (Chameleon
Ultra II, Coherent), emitting 140 fs pulses at a repetition rate of 80 MHz. Since the polymerizable
materials can be excited at 390 nm in a single photon process, the wavelength of used laser is
780 nm. The laser beam path is illustrated by Figure 3.4. Laser is focused by an Olympus 100
oil-immersion objective with NA of 1.4. The 2PP system is placed on a smart optical table to

prevent undesired vibrations that may affect the quality of the polymerized structure.
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Figure 3.4: Two-photon photopolymerization of chiral microparticles. (a), A schematic of the
home-built two-photon photopolymerization setup showing its key components. A LabVIEW-
based computer software controls timing between the fast shutter and the nano-positioning stage
in order to draw desired structures of the photopolymerized solid microparticles. The inset shows
a schematic representation of the photopolymerization cell with monomer and photoinitiator in
the form of a droplet sandwiched between a glass slide and a microscope coverslip of 170 pm
in thickness; translation of the focal point of the focused laser beam within the cell yield chiral
microparticles with different handedness. GLP is the Glann laser polarizer, HWP is the half-wave
plate, and DM is a dichroic mirror. Adopted from [33]. (b),(c) show the capabilities of the 2PP
system. 3D micro-printing with direct laser writing [20].
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Monomer
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Figure 3.5: 2PP setup

Table 3.1 compares between the pixel dwell time parameter inserted in the LabVIEW program
used in 2PP control and the actual measured dwell time plus a response and inter-pixel travel time.
This explains why the measured time is larger than that of program settings time. The effect of
response/travel time is most significant when dwell time is short. It is imperative to state that the

dwell time used in the results chapter is program settings dwell time.
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Table 3.1: Relation between pixel dwell time in program settings and measured dwell time plus

response time (inter-pixel travel)

Dwell Time in Program Settings* | Measured Dwell and Response Time (inter — pizel travel)

(sec) (sec)

0.00075 0.0077
0.01 0.016
0.02 0.035
0.03 0.071
0.05 0.108
0.1 0.210

*Program settings dwell time is a parameter inserted in the LabVIEW program. It controls pixel

dwell time used in the 2PP stage.

fMeasured time includes dwell time and response and travel between pixels time.




Chapter 4

Results and Discussions

Three main studies are performed: dependence of two-photon photopolymerization (2PP)
on laser pulse width, polymerization of composite material with QDs, and LCE alignment and
polymerization.

Before discussing the results, it is essential to list the criteria used for the characterization
of polymerization areas. For NOA 63 and Formlabs resin, there are four polymerizable areas, as
seen in Figure 4.1. In the first region represented in yellow color! , no polymerization is observed,
indicating that in this region the laser power is too low to initiate the polymerization process. The
next cyan region is where laser power is increased and polymerization can be observed. However,
the polymerized structures are not strong enough. They may be dissolved in the process of removing
unpolymerized material with organic solvents (isopropanol). The third region is where structures
with well-defined shapes can be obtained, corresponding to the optimized laser power and pixel
dwell time. If power is increased further, then structures may be burnt due to a tightly focused
laser beam. For practical concerns, it is better to use lower laser power and shorter dwell time.
High laser power and long dwell time may result in burnt structures, while too low power or too
short dwell time cannot initiate the polymerization process.

For LCEs, two other polymerization regions are observed. In the first region represented
in blue color, the polymerized structure dissolves and fades away as time passes. In Figure 4.2,

picture (a) shows a reasonably good polymerized structure. Ten seconds later, the structure looks

1 Colors are used in characterization figures latter in the chapter.
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distorted, as shown in b. About two minutes after polymerization, the structure is dissolved. If the
power is higher than the fading region, then the polymerized structure does not fade, but rather

stays distorted. This is shown in Figure 4.2 ¢ and d.

Figure 4.1: Polymerization regions. (a) No polymerization. (b) Partial Polymerization. (c) Poly-

merization. (d) Burn.

C)
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Figure 4.2: Polymerization regions for LCEs: (a) Fading region (right after polymerization). (b)
Fading region (10 seconds after polymerization). (c) Fading region (two minutes after polymer-

ization). (d) Distorted region (right after polymerization). (e) Distorted region (10 seconds after

polymerization).

4.1 Polymerization with Stretched Pulse

Pulse is stretched by introducing optical fiber. It is changed from a femtosecond to a picosec-
ond pulse. When a pulse stretches, it changes in the temporal scale from a narrow high intensity

pulse to a wide low intensity pulse. This is expected to affect polymerization significantly.
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Figure 4.3: Stretched pulse [13].
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Polymerizable material used for this characterization is Formlabs resin. Two concentrations
of photo-initiators are considered: 2% and 4%. Hopf links are 3D printed with speeds defined by
Table 3.1. The considered power range is from 2 mW to 140 mW. The power is measured right
before the beam hits the dichroic mirror shown in Figure 3.4a. The pixel dwell time is 0.00075-0.1
second.?

The 2% Formlabs resin shows that there are four polymerization regions stacked on top of
each other (see Fig. 4.4a). Generally, it is found out that good polymerization happens when
a laser power between 30-120 mW is used. Each one of the four regions decreases as exposure
time increases. For pixel dwell times that are above 0.03 s, there is not too much change in the
behavior of the polymerization regions, and it seems that powers have saturated. There is no
fundamental change for 4% Formlabs resin compared to the 2% resin. There is, however, a slight
detected decrease in polymerization threshold for 4% Formlabs. This is expected since increasing

photo-initiator percentage would increase polymerization.

2 Please note that the smallest pixel dwell time in all of the figures is 0.000075 s, not to be confused with zero.



140 - - - -
- |:|Burn ’
120 + :lPulyrnerizatiun
. :l partial Polymerization |
100 | |:|Nu Polymerization
?E" 80 * ® -
pu
QD
= 60 . '
O - ~
a = =
40 . ] [ » ® -
- L ] [ ] L ] L ] [ ]
20 | \\. . . o
B e -:E. ~ ;_
D [L 1 1 ! 1 1
0 0.02 0.04 0.06 0.08 0.1
Pixel Dwell Time (s)
a) Formlabs polymerization with 2% photo-initiator (stretched pulse
%
120 T
¢ ¢ ¢ |:|Burn
’ | . * ® :lPulyrnerizatiun b
00 |:| Partial Polymerization
|:| No Polymerization
— 807
=
£
B 60
2
o
S 40
20 F
D by

0 0.02 0.04 0.06 0.08 0.1
Pixel Dwell Time (s)

(b) Formlabs with 4% photo-initiator (stretched pulse)
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4.2 Polymerization with an Ultrafast Pulse

The optical fiber is removed for this part. The excitation beam used is the original 140
femtosecond beam coming from the Ti-sapphire laser source. One observed significant change is
the reduction of power threshold required to polymerize. The regions for no polymerization are
almost non-existent. Adding QDs does not significantly affect the polymerization regions of the
Formlabs polymerizable material. It shows, however, a decrease in polymerization threshold. The
general behavior is similar to that found in polymerization with a stretched pulse. Regions saturates
when pixel dwell time is longer than 0.03 second. The range for each region is shorter than in the
stretched pulse, and so a small power alteration could affect the quality of the resultant hopf link
significantly.

For NOA 63, the regions formation are different than that of Formlabs. For NOA 63, the
regions do not saturate after 0.03 seconds. Also, there is no polymerizable region. At 780 nm, NOA

63 is not a good polymerizable material for hopf links.
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Figure 4.6: NOA 63 polymerization
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To obtain a better understanding of polymerization threshold, required polymerization energy
is taken into account. Energy is calculated as £ = P x t where P is power and t is measured dwell
time as described in Table 3.1, not program settings dwell time. The reason for this choice is that
this is the actual time a laser is focused in the sample. Figure 4.7 shows how energy threshold
evolves as a function of pixel dwell time. The points taken to generate this figure are the lower blue
points on the corresponding plots. Saturated points are ignored because if a structure is already
polymerized, addition of energy would not change the energy threshold. This calculation is a rough
estimate for the energy threshold since the points that construct this plot are taken from a finite
measured values. There is roughly a factor of ten between energy threshold for stretched pulse and

regular pulse.
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Figure 4.7: Energy threshold
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4.3 Composite Polymerization with Cadmium Telluride Quantum Dots

Before investigating cadmium telluride (CdTe) QDs optical response, a characterization of
Formlabs resin fluorescence is carried out to investigate whether or not the optical response is
coming mainly from QDs. Figure 4.8 shows that Formlabs resin fluorescence is significantly less
than that of Formlabs resin with QDs dispersion. The setup used here is described by Figure 3.2d.
Nonetheless, the fluorescence of the resin is greater than that of background noise. This result
suggests that Formlabs resin indeed has a fluorescence response, but it is trivial compared to the
QDs fluorescence.

Figure 4.9 shows Hopf links with QDs composites under bright field and emission measure-
ment setup described by Figure 3.2d. These pictures are taken after washing the unpolymerized

material with isopropanol. This suggests that QDs can be fixed inside hopf links polymerized struc-



28

tures, and it establishes that the optical properties of QDs are well maintained after dispersing them
in polymerized structure.

To quantify the optical response of CdTe inside hopf links, emission spectrum is measured
(see fig. 4.10). Before polymerization, the spectrum of QDs and QDs in resin are almost the
same. This suggests that the mere introduction of resin does not change the spectrum by a large
amount. The spectrum is centered around 700 nm and full width at half maximum (FWHM) of
83.04 nm. The spectrum of QDs in hopf link after polymerization and washing unpolymerized
parts is centered around 675 nm, and has a FWHM of 71.91 nm. The spectrum is blueshifted
and compressed compared to that of only CdTe QDs. The slight change of the refractive index
due to polymerization may be responsible for the shift in the emission spectrum for polymerized
hopf links. The size of the QDs could have been altered as well during the polymerization process,

resulting in a shift in the spectrum.
Figure 4.8: Resin fluorescence
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Figure 4.9: QDs fluorescence. (a),(b), and (c) are bright field pictures of the hopf links in (d),(e),

and (f) respectively.
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Figure 4.10: Emission spectra
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4.4 Elastomer Polymerization

4.4.1 Preparation

A mixture of monomers, cross-linker and photo-initiator is used to obtain LCE structures.
This mixture is confined in a cell. The cell is first heated to 85°C then cooled naturally to a lower
temperature, during which the mixture undergoes transition from isotropic phase to LC phase.
The orientation of LC molecules is defined by the homeotropic BCs imposed on both the glass
substrate and cover glass. Relaxation of the molecules can be checked under polarizing microscopy.
Use of red filter is required to prevent polymerization. To quantify how much LCEs are aligned,
the alignment percentage is calculated by counting the number of black pixels in an image, and
then dividing by the total number of pixels. It is done in Matlab. To test the threshold condition
chosen for black pixel, images of black and yellow backgrounds are passed to the program, and it
returned 92.53% and 6.32% respectively. This result validates the program.

Right after the phase change, the LCEs look as in Figure 4.11a. The relaxation of LCEs right
after they have gone through the phase change and the heating stage is turned off is shown in Figure
4.11. The pictures span a 20 hour period. Black regions represent areas where LCEs are aligned,
and yellow regions represent areas where the orientation of LCEs is not homeotropically aligned.
Alignment is plotted for this relaxation (fig. REFres lc Label). Alignment seems to increase as
time advances. However, the alignment rate does not increase by a lot for the most time.

To stimulate alignment, the heating stage was turned on and set at about 43°C. Figure 4.12
shows alignment relaxation overnight. There is a significant jump that occurred when the heating
stage was turned on again. The overall increase in alignment that is achieved is about a factor of

two.
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Figure 4.11: LCEs heated over night. (a) Heating stage turned off from 85°C. (b) Just before
turning heating stage back on to 43°C. (c) Just after turning on heating stage to 43°C. (d) Three

hours after turning the heating stage on. (e) Four hours after turning the heating stage on. (f) 17

hours after turning the heating stage on.
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Figure 4.12: LCE overnight alignment. First jump is due to turning the heating stage back on to
43°C. The second jump is due to a sudden change in orientation that happened in the sample.

Specifically, it is what happened between Fig.4.11 (c), (d), and then (e).
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4.4.2 Experiment

Although the samples prepared are not perfect, there are sufficient aligned areas to do 2PP.
The polymerization regions for LCEs are the most complex among those considered. There are five
regions. There is the usual burn and partial polymerization regions. There is a region of fading
polymerization. Another new area is distortion region. The no polymerization region is placed
differently than usual. It occurs for low energy and high speeds. By the time the structure is printed,
the hopf link has already faded, marking a no polymerization region. A ”good” polymerization
region does not exist here. This is due to the fact that this material is too soft. When a structure

is polymerized, it distorts and dissolves.
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Figure 4.13: LCE polymerization regions. Distortion and fading regions are explained in Fig.4.2.
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In comparison to Formlabs polymerizable material, LCEs require higher polymerization pow-
ers. The polymerized structure is also more fragile and could easily distort or dissolve. The range

for polymerization is about the same for both materials at 7.5 ms. LCE polymerized hopf links are

anisotropic, while those of Formlabs are isotropic.



Chapter 5

Conclusions

In order to study two-photon polymerization of composites in soft matter systems, we have
studied polymierization of polymerizable resin, polymerizable resin doped with quantum dots, and
liquid crystal elastomers.

To understand fundamentally how the pulsewidth of laser pulses has an effect on the non-
linear nature of 2PP. We studied 2PP with pulses stretched by a five-meter-long single mode fiber
from pulsewidth of 150 femtoseconds to a couple picoseconds. Higher power is required for 2PP
with stretched pulses.

We characterize the polymerizable parameter region based on laser power and pixel dwell time
(Fig. 5.1). Comparing these regions between polymerizable resin and resin doped with quantum
dots, we do not find significant differences. However, the polymerization region for resin doped
with quantum dots extends slightly, indicating slight lowering of the energy fluence threshold for
polymerization. The physics behind this lowering of threshold needs to be further investigated. It
would certainly be a direction for future work to explore how the inclusion of nanoparticles affect
polymerization threshold of the composites.

The optical response of polymerized microparticles with quantum dot inclusions clearly evi-
dences successful fabrication of composite particles with engineered optical properties. These parti-
cles show strong fluorescence under UV illumination which resembles that of the included quantum
dots, but with a blueshifted emission peak and a narrower bandwidth. One potential future work

could be improving the quantum dot and monomer mixture by direct grafting of monomers to
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quantum dots [32]. Fabrication of microparticles in LCEs by 2PP is also achieved, though the en-
ergy threshold for polymerization is higher than other material (Fig. 5.1). By heating the sample
overnight, the orientational alignment is improved and writing of particles can be done by 2PP in
the aligned region.

In short, we have achieved composite microparticles with nanoparticle inclusions exhibit-
ing properties closely resemble those of the included nanoparticles. Microparticles with mechan-
ical properties depending on temperatures are also studied with liquid crystal elastomers. These
properties can be engineered by selecting different species of nanoparticles. Optical, plasmonic,
or even upconverting properties can be pre-engineered and tuned. It is foreseeable that interac-
tions could happen in the same microparticle between different nanoparticles, such as quantum
dots/upconversion particles and plasmonic nanoparticles, rendering strong enhancement of opti-
cal or upconversion response. Furthermore, It is possible these microparticles with pre-engineered
mechanical and optical properties, self-assemble into colloidal crystalline structures and display
interesting collective properties. The aforementioned directions, though exciting and of great sig-

nificance, is beyond the scope of this thesis. We expect to further explore them in future work.
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Figure 5.1: Polymerization region for a pixel dwell time of 0.00075 s.
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