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Introduction

This honors project is based on the experimental research | have conducted since the
beginning of my sophomore year. The original idea for this research was formulated by
Christian Chamberlayne '15 and built on his previous work on the functionalization of
conjugated polymers. We believed that by using the exciting field of nanotechnology, we could
design a tool to reversibly perturb the pH of a solution using only light, and then utilize the
fluorescent properties of that system to track that pH change. Precise control of pH is incredibly
important in any type of scientific system, and methods to sensitively and efficiently

manipulate and track it, using non-invasive methods, are highly sought after by researchers.

The basis of this research is the conjugated polymer O O

nanoparticle (CPN). Polymers are molecules composed of

repeating organic units, strung together in long chains. When a

n
Figure 1 PVK is composed of a
saturated backbone with the

of alternating double and single bonds, called a pi system. This FOE{“gated substituent circled
In ue

polymer is conjugated, that means that the chains contain a series

conjugation grants the polymer a variety of unique properties
which will be discussed further. An example of a conjugated polymer, PVK (Poly(9-

vinylcarbazole)) is shown in Figure 1.

The nanoparticles are prepared through a process known as reprecipitation (refer to
Appendix 1 for more detailed procedural information). The desired conjugated polymer is
dissolved in the solvent THF to create a dilute solution. A fraction of this precursor solution is
then injected into a sample of ultrapure water undergoing sonication, distributing the polymer

chains throughout the mixture. The THF is then removed via vacuum drying or argon bubbling.



The individual polymer chains, which are not soluble in water, curl onto themselves to create

spherical nanoparticles. As a result of the negative surface charge (zeta potential) of the

nanoparticles, they repel each other, preventing aggregation. (Figure 2)
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Figure 2 Visualization of reprecipitation procedure

These nanoparticles, like most materials, absorb specific wavelengths of light. This

process is defined by the electronic energy levels of the substance. For example, if a particular

molecule has an energy gap of 5eV between its ground state and one of its excited states, then

only incoming light with an energy of 5eV will be absorbed, temporarily pushing the molecule

into an excited state and the electron into a higher energy orbital. This process, absorption, is

modeled as the purple arrow in the Jablonski diagram shown in Figure 3a. Within each energy

level, there also exist a series of vibrational energy levels that correspond to slightly different

energies than the base electronic state, and it is possible for an electron to be excited to any of

those sub-levels. As a result, in a graph that plots the absorbance by a substance at any given

wavelength, the absorbance values would be represented as a broad peak, rather than a single

line at one wavelength. This is shown as the blue line in Figure 3b.
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Figure 3 The left image is a Jablonski diagram, a representation of electronic energy levels. On the right are the absorbance and
fluorescence spectra of a substance

In dilute solutions, the amount of light absorbed by the dissolved molecule is
proportional to the concentration of that molecule. This intuitively makes sense. If | imagine
that we are gradually adding dirt to a glass of clear water, the more dirt | add, the more opaque
the liquid will become. This same principle can be applied to calculate the concentration of
molecules within a solution, assuming | know the molecule’s inherent absorptivity, or its

“opaqueness.” This is known as Beer’s Law and is expressed by the equation

A = ebc
where A is absorbance, € is the molar absorptivity of the substance (an intrinsic property of all
substances), b is the cell length, and c is the concentration of the molecule. Additionally,
changes in the UV-vis absorption spectra can provide insight into the invisible processes at play
on the nano level. For example, successive absorption tests can be used to track the progress of

a reaction, as peaks from starting materials decrease relative to peaks attributed to products.

In many cases, once an electron has been excited to a higher energy state, it will

eventually return to the ground state via a non-radiative transition, releasing energy as heat or



kinetic energy. However, another option exists, fluorescence. In this process, after the electron
is excited to a high vibrational level within an energy level, it releases some of that energy to
drop to the lowest energy vibrational state (represented by the green arrow in Figure 3a),
before dropping once again to the ground state and releasing energy in the form of light. This
process is represented in Figure 3a by the red arrow. As a result of that relaxation stage, the
energy of the emitted light is lower, and therefore its wavelength is longer than that of the
excitation light, shown in Figure 3b. This phenomenon is known as the Stokes Shift and is

observed in all fluorescent materials.

It must be noted, however, that fluorescence does not occur in all substances. The non-
radiative transition is normally significantly faster than the emission transition, meaning that
there is simply no time for the fluorescence to occur before the electron returns to the ground
state. As such, certain conditions must be fulfilled to make the fluorescence process more

favorable.

One property that the polymers used in this research derive partly from their
conjugation and planarity is the ability to fluoresce. Long conjugated backbones can act as
fluorophores, capable of absorbing and emitting light. The CPNs have a relatively good
guantum yield, meaning that the fluorescence pathway is favored, due to the large number of

fluorophores in a small space, resulting in a very intense fluorescence.!

Absorption and fluorescence information is very useful for a variety of purposes, and
when used in conjunction, the utility of these processes further increases. Forster Resonance
Energy Transfer (FRET) is a phenomenon that can occur when the fluorescence spectrum of one

molecule (the donor) overlaps with the absorbance spectrum of another molecule (the



acceptor). When this condition is met, and the two molecules are in close proximity, excitation
of the donor can result in the nonradiative excitation of the acceptor molecule. This occurs
because the process of energy transfer is faster than that of fluorescence. To better understand
the results of this process, let us envision a two-molecule system where one molecule absorbs
blue light and fluoresces green, while the other molecule absorbs green light and fluoresces red
light (Figure 4a). If FRET occurs between this pair, then irradiation with blue light will result in
the emission of red light. The FRET efficiency is dependent on distance, as demonstrated in the

following equation

where E is the FRET efficiency, r is the distance between the donor and acceptor molecules, and
Ro is the Forster radius, the distance at which FRET efficiency is 50%. As such, FRET can be used

as nanoscale ruler, measuring the distance between molecules by measuring the light emission.

v J)
\

e

Relative AbsorptionVEmission

Wavelength

donor acceptor

Figure 4 Visualization of FRET phenomenon?. A represents energy transfer between molecules, B shows the overlap of their
spectra.
However, FRET can manifest itself in a variety of ways. For example, if the acceptor in
the above FRET pair does not fluoresce, then it will have a quenching effect on the donor

molecule, decreasing the expected green fluorescence. Additionally, an interesting effect can

arise in a system where there are multiple donor molecules per acceptor molecule. In this
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situation, the donor molecules act like a magnifying glass or antenna, focusing the energy onto
the acceptor, increasing the efficiency of the energy transfer between the molecules. In this
case, the FRET process is actually more efficient than if the acceptor molecule were to be

directly irradiated from an outside source.

Another essential concept to this research is pH, which is the measure of
hydrogen/proton concentration within a cell. The proton is a fundamental and ubiquitous
catalyst, and the role of proton concentration in analytical solutions has far-reaching effects. It
is expressed in a negative logarithmic scale, from 0-14, in which a low number denotes a high
proton concentration. A visualization of the pH scale is given below, with some example of
common materials and their pH. Slight changes in pH can dramatically alter reaction kinetics,
formation of byproducts, and other chemical traits. As such, the control of proton

concentration and transfer is among the most important processes in science.

-4+—— Acidic ——— Neutral ——  Basic ——»

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Battery Lemon Wine MNormal Distilled Baking Soft Ammonia Lye
Acid  Juice Rain Water Soda Soap

Figure 5 pH scale

Photoacids are molecules that convert into a more acidic form upon irradiation with
specific wavelengths of light. This can happen either reversibly or irreversibly, depending on the
exact reaction to light stimulus. For example, the irradiation of nitrobenzaldehyde results in an

irreversible rearrangement that results in the ejection of an acidic proton. Merocyanine-

11



derivatives, on the other hand, undergoes a reaction that releases a proton under irradiation
with visible light, which undergoes complete reversal when the light source is removed3.

Importantly, most useful photoacids are insoluble in water.

NO; 4’/ N
light light 0
Lt — = + HY N H —_— N _|_ .
H o f dark ; H
OH

Figure 6 Photo-induced activity of reversible and irreversible photoacids

By themselves, photoacids have already demonstrated a wide range of applications. For
example, they have been shown as a potential tool in the fight against multi-drug resistant
bacteria?, as well as an important catalyst in supramolecular self-assembly®. They have even
shown utility in the optimization of microbial fuel cells® and efficient building of nanomachines’.
Manipulation of proton concentration within a system via light is a powerful function. However,

| believe that researchers are only just beginning to tap the full potential for these molecules.

For this honors research, | have sought to create a tool that can reversibly change the
pH of an aqueous solution in response to light. My goal was to use a FRET pair of a conjugated
polymer nanoparticle (donor) and a photoacid (acceptor) to create a water-compatible system
that efficiently releases acid upon irradiation with UV light via the antenna effect, and
reabsorbs that acid when the light source is turned off. Furthermore, | used photoacids that are
guenching in their ground state, but are non-quenching in their excited, acid-releasing state. As
such, the pH change could be tracked by monitoring the change in fluorescence and correlating

that to the amount of acid release.
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Chapter One: Project Goals and Basis

This experiment began during my time with Christian Chamberlayne. The aim was to use

a PPE-derived polymer, poly(2,5-di(2’-ethylhexyl)-1,4-ethynylene) doped with 2-

hydroxyazobenzene photoacidic dyes, THOMeClz and THSMeCls, to make a nanoparticle tool

that would accomplish our goals of reversible acid release and simultaneous fluorescence

modulation (visualized in Figure 7). With those two criteria achieved, it would be possible to

create a model to track acid release via the fluorescence (refer to Figure 8 for ideal data).
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Figure 7 Combination of polymer plus photoacid yields nanoparticle
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Shown here, this PPE derivative contains a planar
conjugated backbone and two saturated sidechains that
result in a very high intensity fluorescence (¢ = 0.12) 8 with
Amax at approximately 420nm, creating a bright royal blue
color (Figure 10). This is ideal, as a large natural fluorescence
is a critical foundation for our nanoparticle to have in order

to detect fluorescence modulation later. However, PPE is
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Figure 9 Structure of poly(2,5-di(2’-
ethylhexyl)-1,4-ethynylene)

also highly susceptible to photobleaching, photo-induced damage, which manifests as an

irreversible increase in the fluorescence of the nanoparticle and a permanent decrease in the

absorption, as seen in Figure 11. Too much photobleaching would greatly diminish our ability to

calculate the amount of acid released into solution via fluorescence alone.
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Figure 10 Fluorescence of PPE nanoparticles
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Figure 11 Photobleaching of fluorescence and absorbance of undoped PPE nanoparticles
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The two different photoacid dyes used in this experiment were synthesized in our lab
(See Appendix 4) and characterized previously®. Upon excitation, they undergo a trans-to-cis
isomerization via a rotation around the nitrogen-nitrogen double bond. This breaks the
hydrogen bond that the phenolic hydrogen had with the nitrogen, increasing the acidity of the
molecule and the ability for the proton to be released into solution. When the excitation source
is removed, the molecule reabsorbs any released protons and returns to its more
thermodynamically stable trans configuration, reestablishing the hydrogen bond and causing
the pH of the solution to revert to pre-excitation levels. Both of these dyes have previously
been used to reversibly manipulate pH before, but only in mixtures of water and acetonitrile, as
they are not soluble in water alone. As such, they are unsuitable for use in biological

environments and most real-world situations.

3,4,6-trichloro-2-(4-methylsulfanyl-phenylazo)-phenol (THOMeCls)

BT Ty

pKa=935 pKa=7.0

3,4, 6-trichloro-2-(4-methylsulfanyl- phenylazo)-phenol {THSMeCIg]

G

C
pKa=9.6 pEa=6.7

Figure 12 Molecular structure of photoacid dyes

The FRET overlap between the PPE and both of the photoacids is exceptionally large,
signifying that energy transfer is likely and should hypothetically be a high-efficiency process

(Figure 13). Furthermore, the photoacids utilized undergo a reversible acid release process and

15



are resistant to photo-induced damage, meaning that they can be used over numerous cycles
without decay. As a result of the FRET process, the photobleaching of the polymer itself would

also be greatly reduced, but not necessarily eliminated.

1.0
—— PPE Fluorescence
- —— THSMeCI3 Abs — ?ﬁgl\:;uc"flraeszme
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S 04— S 04
7 7 —————— N
Ao = = — -
0.0 : 0.0 T T T T =
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Figure 13 The left image shows the FRET overlap of PPE with THOMeCls, while the right shows the overlap of PPE and THSMeCl;

Chapter Two: Dye Doping of PPE Nanoparticles

To incorporate the photoacid into the PPE CPNs, a solution of the dye dissolved in THF
was injected into the nanoparticle solution during the reprecipitation procedure. The exact
circumstances of the doping, as well as the exact method used for drying, have proven to be
the most important independent variables in this experiment, though this project contains a
plethora of other factors worthy of investigation. | tested three different methods of doping,

which resulted in three distinct types of nanoparticles: a, B, y CPNs.

Dye added to original polymer

Prenano
Solution

o] . 1. Sonicate
solution (precursor) B | 2 inectaye(y) |
B Dye added fo sample of - 3. Dry

already-made CPNs Inject dye (a) & 4. Inject dye (B)

Dye added between the /fpf* \ T ey — Filter
¥y sonication and drying steps of \  fFilter I 0\
/ \ i
CPN preparation oo\
| Anhydrous THF | =, ~ ol Ulirapure Water
_—_——— -
Precursor Solution Prenano Solution Nano Solution

Figure 14 Definitions of CPNs and reprecipitation visualization with doping information

16



From the project’s inception, | have created our doped nanoparticles by injecting the
photoacid dye into the precursor solution (the first solution of conjugated polymer dissolved in
THF), before any filtration or sonication, hereafter referred to as a nanoparticles. | predicted
that this was the best way to incorporate the highest possible amount of dye molecules into the
particle and to foster the maximum proximity of the dye to the polymer, creating the most
conducive environment for FRET, and therefore, acid release. | found the opposite to be true.
Nanoparticles doped with this method exhibited extremely good fluorescence modulation,
some photobleaching, and no detectable acid release (Figure 15). At first, | believed these
problems stemmed from the negatively-charged polymer absorbing the positively-charged acid
upon release. However, measurements of zeta potential of the nanoparticles revealed minimal

change after irradiation, indicating that very little acid was actually released.
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Figure 15 Fluorescence modulation, zeta potential change, and pH
change of doped a nanoparticles. Yellow rectangles indicate ~7-20x
irradiation.

The azobenzene dye molecules appear to exhibit a photomechanical effect, meaning
that they physically change shape upon excitation. When nanoparticles were doped during the
precursor stage, the dye molecules were dispersed throughout the entire particle, with the

majority of them on the inside. However, because of this photomechanical effect, steric

17



hindrance from the bulky polymer chains have the potential to prevent the dye molecule from
undergoing the bond rotation that would result in a conformation more favorable for acid
release. As such, the dye molecules within the nanoparticles exercised a quenching effect on
the fluorescence, but did not have the ability to isomerize and thereby release acid and
modulate fluorescence. Furthermore, they still underwent FRET, essentially stealing that energy
from the photoacids on the surface of the particle and quenching the fluorescence of the

nanoparticle.

To solve this problem, | experimented with different ways to maximize the number of
azobenzene molecules on the surface of the molecule, while minimizing the number on the
inside. This primarily involved adjusting our procedure by changing when | injected the dye
solution. | found that while adding the dye immediately either before or after removing the THF
both resulted in highly successful fluorescence modulation and only a small amount of
bleaching, injecting the dye between the sonication and drying steps resulted in nanoparticles
that released a significant amount of acid. (Figure 16). Zeta potential measurements of these
nanoparticles also showed a significant increase in charge, signifying that acid had been
released, and that some of it had been absorbed by the polymer. From this stage, our goal
became to minimize the amount of acid absorbed by the nanoparticles and to achieve

reversibility.
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The first step was to measure how much

of the dye was isomerizing from the trans to cis

form using UV-Vis absorption. Based on that
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observation, | could calculate the expected pH change in order to better gauge exactly how

much acid was being absorbed by the polymer. Initially, | measured absorption spectra of

samples of doped and undoped nanoparticles. | then subtracted the blank, normalized

spectrum from the dyed spectrum, leaving me with a difference spectrum that reflects only the

photoacid molecules, from which the concentration of the dye can be extracted.
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Figure 17 Comparison of blank and dyed nanoparticles absorbance spectra

Next, | performed an absorption kinetics test on the blank sample, nanoparticles

without any photoacid attached, detecting the absorbance at a single wavelength (420nm, the

19



Amax Of the dye) as a function of time. Upon irradiation, the absorbance decreased, a result of
photobleaching. | know this because when the light source was removed, the absorbance did

not return to pre-irradiation levels (Figure 18).

| compared this to the same experiment conducted on a doped sample of nanoparticles.
| irradiated the sample and observed that under irradiation the absorbance decreased, and
then increased once the light source was removed, though never fully returning to the original
absorbance. This was observed over numerous cycles (Figure 18). The cis (photogenerated)
form of the photoacids has a lower extinction coefficient than the trans (stable) state, meaning
that as the dye switches, | should see its absorbance decrease®. The dye also undergoes some
photobleaching, though it is far more resistant to it than the polymer. Therefore, based on that
information and the results of the kinetics experiment on the blank sample, | believe that the
decrease in absorbance observed during irradiation is a combination of photobleaching of both
the polymer and the dye, and, more importantly, the switching of the dye. However, because
photobleaching is an irreversible process and the photoswitching is reversible, | assumed that
the recovery observed once the light was removed only reflected the switching of the dye.
Using Beer’s Law, | calculated that about 8% of the dye was switching. Using that information, |
further calculated that in a 3mL sample, like those | use for the pH tests, | should see a pH
change of about 1-2 units, depending on the starting pH. Instead, the highest change we ever
observed was .2 units. As such, the next goal for this project was two-fold: to prevent the

absorption of acid by the polymer and increase the amount of dye switching.
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Figure 18 Kinetics test at 420nm. Left is blank nanoparticles, right is doped

Chapter Three: Nanoparticle Coating

In order to maximize the amount of released acid | turned to incorporating positively-
charged coating polymers. By coating our nanoparticles with these substances, | hoped to flip
the zeta potential of our nanoparticles from negative to positive, thereby decreasing the
likelihood that the positively-charged protons released by the photoacids would be absorbed by
the polymer. The polymers that | used were polyethyleneimine, or PEI, and poly(allylamine
hydrochloride), or PAH. Both of these molecules have been used previously to coat other types

of nanoparticles.'9!

« HCI

NH,
n n

N
H

Figure 19 Molecular structures of polyethyleneimine on left and poly(allylamine hydrochloride) on right
| first attempted to use PEI. Little information exists on the exact amounts and

proportions of this polymer utilized to coat nanoparticles in previous applications, so |
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attempted a variety of procedures. | began by injecting a sample of diluted PEl in H,0 into a
sample of previously-made nanoparticles. | then sonicated the sample to attempt to prevent
aggregation and distribute the coating polymer evenly among the nanoparticles, and then
filtered to remove aggregates. However, all of the nanoparticles aggregated and filtered out of
the solution, as demonstrated by absorption scans which showed no or little presence of

nanoparticles.

1.0

0.8 4

0.6+ —— Uncoated nanoparticles
—— After coating

04—+

Absorbance

0.2+

005 T T T T T T i

200 250 300 350 400 450 500 550
Wavelength (nm)

Figure 20 Absorption results from coating pre-made nanoparticles with PEI

Next, | attempted to inject PEl into our prenano solution of our reprecipitation
procedure. This also proved completely unsuccessful, as any amount of PEl | added resulted in
the complete or near-complete aggregation of the nanoparticles. Even when some
nanoparticles remained suspended in the solution after coating, they did not demonstrate any
pH change upon radiation and | determined that this was likely due to the very low

concentration of the nanoparticles.
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Figure 21 Absorption results from coating prenano solution with PEI

My work with PAH proved much more promising. Our procedure consisted of injecting a
dilute water solution of PAH and NaCl into a y nanoparticle sample and waiting 20 minutes. The
nanoparticles did not aggregate, and based on zeta potential data (Figure 22), we achieved our

goal of flipping the charge of the nanoparticles from negative to positive.

Zeta—uncoated Zeta—coated

-31.99mV 22.82mV

Figure 22 Zeta potential change of doped y CPNs upon coating

Upon coating, | noticed that the fluorescence spectrum changed significantly:
decreasing in intensity, and several new peaks appeared. Kinetics experiments also showed that
fluorescence modulation had decreased significantly. Finally, a pH test showed that while acid
release appeared to occur, it was irreversible and of a lower magnitude than the acid release
observed from uncoated nanoparticles. | assume that the coating interfered with the ability for
the photoacid molecules on the surface of the nanoparticle to isomerize, resulting in these
effects. | have not yet formulated a way to test this hypothesis, or solve the problem, but

coating the nanoparticles with PAH proved promising enough that it merits further research.
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Figure 23 Summary of coated CPN data

Chapter Four: Effect of Starting pH
In order to further maximize the acid release observed during the procedure, |
experimented with the effect of changing the starting pH before irradiation. | theorized that,
based on Le Chatelier’s Principle, the photoacid would be more prone to release its hydrogen in

140 —

a high pH solution. Additionally, because

120 —

— 'Initial'

—— 'After full titration cycle pH is based on a negative logarithmic scale,
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u.)

100 —

®
o
L

Intensity (a

the same amount of proton added to a

basic solution will have a greater effect on

T T T T 1
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Wavelength (nm) H HAH
Figure 24 Effects of extreme pH on fluorescence spectrum of the pH than if added to a more acidic

doped nanoparticles
solution.

This theory has not yet yielded any improvements in our acid release. In my tests, |

executed the irradiation procedure on fresh nanoparticle samples with incrementally increased
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starting pHs. Unexpectedly, | found that our pH change did not improve, and at a certain point,
the observed pH change decreased instead. Fluorescence tests revealed that addition of base
caused the fluorescence of doped nanoparticles to increase significantly, whereas that of
undoped nanoparticles remained nearly unchanged, increasing very slightly (Figure 25). This
indicates to us that the added base is reacting directly with photoacid, deprotonating it so that
when | do irradiate, there are fewer dye molecules that can release acid. Additionally, after
reaching a pH threshold of approximately 10.5, the fluorescence and absorption spectra of the
doped nanoparticles changed significantly upon return to the starting pH state (Figure 24). |
interpret that to mean the nanoparticles are susceptible to decomposition at extreme pH
levels, and that there is a limit to how basic | can make the solution before the nanoparticles

become unviable for use.
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Figure 25 Titration of doped (left) and blank (right) nanoparticles

Chapter Five: Residual THF

| often observed that the presence of THF in the final solution could lead to noticeable
changes in the absorption and fluorescence spectra. This normally preceded poor pH results

(Figure 26). Since | began working on this project, | have used vacuum drying as the primary
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method of removing THF from our prenano solutions, but that comes with some inherent

problems. First, evaporative cooling that occurs as a direct result of the procedure can cause

the solution to become very cold, even to the point of freezing. This decrease in temperature

decreases the kinetic energy of the nanoparticles and increases the possibility of aggregation,

resulting in the amassed products filtering out of solution. Additionally, day-to-day changes in

the strength of the vacuum have made it difficult to create a consistent system to judge when

the solution is actually THF-free, and extended time on the vacuum will also result in some

aggregation, leaving us with a smaller concentration of particles in the final solution.

0.5+

0.4+
—— Residual THF Present

—— No THF Detected
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Figure 26 Effect of residual THF on absorption and fluorescence
spectra of nanoparticles, as well as acid release

As a way to resolve these problems, | have

— Resideual THF Present
—— No THF Detected

400 450 500 550 600
‘Wavelength (nm)

~.02

recently turned to a new method of THF removal—argon gas bubbling. Rather than rely on a

harsh vacuum to remove the unwanted THF, inert argon is pumped into a round bottom flask

containing the post-sonication solution of polymer and dye, which pushes the more volatile THF

out of solution. This is a much gentler procedure than the vacuum drying, and does not exercise

a potentially destructive cooling effect on the solution. Additionally, because the exact amount

of gas pumped into the flask can be sensitively controlled by a flow meter, it is a much more
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consistent process which occurs on about the same time scale as vacuum drying, even faster if

low-to-medium heat is applied.

This method has proven more consistent than vacuum drying, but has not yet improved
positive pH results. We continue to see some irreversible pH change (~.1) which is significant,
but no better than what was observed from nanoparticles that were created via vacuum drying.
Fluorescence data has been promising, but we have noted that when medium heat is applied
(50°C) the nanoparticles become significantly less bright and more susceptible to
photobleaching (Figure 27). No pH change was observed in such nanoparticle samples, so

recent experiments have been conducted using low heat or none at all.
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Figure 27 Comparison of fluorescence modulation of nanoparticles created with heat and without heat

Drying Dye Acid Reversible? | Fl mod Photobleaching | Zeta potential
Method addition Release? factor change

Negative 5-20x Negative
p No Negative éX Moderate =
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Y Yes Partial 7-17x Moderate Positive

Y (coated) Yes Negative 4x Low —

Yy (Heat) No Negative 4x High —

Argon

bubbling i .

vy (No heat) Yes Negative 7X Low Positive

Figure 28 Summary of different types of nanoparticles and results
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Future Direction

This project has succeeded in demonstrating that doped nanoparticles have the
potential to be effective tools for pH manipulation and monitoring. Some acid release has been
detected, and the fluorescence modulation that | have observed is incredibly promising.
However, further optimization and improvements to consistency are critical for the eventual

practical application of these systems.

While | have shown that moderate pH change using azobenzene-doped PPE
nanoparticles is possible, there are several more paths of investigation that this project can
take. First, | recommend the exploration of new dye-polymer FRET pairs. In particular, | believe
that the PPE | use has been the source of many of our problems, and its affinity for acid is
difficult to overcome. Finding a different polymer that is just as fluorescent and absorbs in a

similar wavelength range as PPE, but is less negative may allow for more effective acid release.

Second, more work should be done with coating the nanoparticles. This could serve the
dual purpose of optimizing the amount of acid reaching solution and protect the nanoparticle
from photobleaching. Wrapping the nanoparticles, as opposed to directly coating them, is
another option that merits further exploration. This would adjust the zeta potential of the

nanoparticles without creating another barrier to prevent effective acid release.

Next, | believe that photobase-generating nanoparticles, as opposed to our photoacid
generators, (refer to Appendix 2), created using our new procedure, may succeed where those
created using the old procedure did not. By new procedure, | am specifically referring to the

addition of dye immediately before drying occurs, as opposed to injection into the prenano
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solution. Even a small amount of base release would be a significant step in the
functionalization of these nanoparticles, and would further prove that the exact point at which

dye is added to the solution is critical to the success of the nanoparticles.

Finally, more sensitive methods should be investigated to monitor pH. The conventional
pH probes | have used are simply not designed to measure pH on this scale and are not
acceptably reliable for the purposes of this experiment. Due to the physical design of the
probes, they are susceptible to inaccurate readings during irradiation by UV light, affecting my
ability to trust the output results. Specifically, irradiation of the probe in ultra-purified water
showed a modulation of pH consistent with small-scale acid release. While the effect was small,

it was not consistent between samples and proved difficult to factor in to our conclusions.

As such, | propose that future researchers should explore the possibility of using
fluorescent probes in our nanoparticle solution to monitor pH change more sensitively and with
a lower potential for interference. In order for that to be successful, a molecule should be used
that undergoes a change in fluorescence in response to changes in pH. This is moderately
problematic in our system, however, because the nanoparticles are already fluorescent and
finding a probe that will work in the designed wavelength range, while not interfering with the

absorbance and fluorescence of the nanoparticles, is difficult.
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Conclusion

As the project stands, we have observed the most success with y nanoparticles dried via
vacuum. Much work still needs to be done in order to optimize the system to a point where it is
useful in real-world applications, but the foundations have been laid for significant progress in

the near future.

It is important to note that while much has been accomplished with this project, there
have been times that inconsistencies and unexplained phenomena prevented progress.
Contamination of anhydrous THF often resulted in repeated experiments where nanoparticles
exhibited undesirable properties (such as altered absorbance or fluorescence spectra) or simply
filtered out entirely. Additionally, I still have not come to fully understand how the presence of
microscopic amounts of THF in our final solution impact the nanoparticles in terms of their size,
charge, fluorescence, susceptibility to photobleaching, and acid-releasing properties. In fact,
the nanoparticles themselves are affected by such a wide range of factors that consistently
creating nanoparticles with similar properties has been a struggle for the entire duration of this
project. However, a significant portion of my time working on this project has been spent
troubleshooting problems of this nature, and now that many of them have been solved, the

project is poised for a leap forward.
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Appendix 1 Reprecipitation

This appendix contains the detailed reprecipitation procedure conducted to prepare our

CPNs.

First, prepare the precursor solution. This entails stirring a 1 mg/mL solution of polymer
in anhydrous THF under argon atmosphere in the dark for at least 2 hours. This is to ensure that
the polymer is fully dissolved. Prepare a 40 ppm prenano solution of conjugated polymer in

anhydrous THF by injecting precursor solution into 4.8 mL of THF. Keep stoppered or under Arg

Next, Prepare 1 mg/1mL solution of dye solution in amber vial. (a only) Add dye molecule to

the solution. (Optional) Add a coating polymer.

Filter the solution with .7 um filtration paper using the microfiltration set up to remove

potential aggregates.

Place 8mL of ultrapure water in a 25 mL round bottom flask. Rinse the graduated cylinder
and round bottom with ultrapure water first. Clamp the 25 mL round bottom flask of ultrapure
water into the sonicator. To have adequate sonication of the sample during sonication, ensure
that the sonicator is at the proper operating level, and the round bottom is centered in the

sonicator and at least halfway submerged in the sonicator bath.
Turn on the high vacuum now (there will not be enough time later)
Sonicate the round bottom for 30 sec.

Using a micropipette, transfer 1 mL of prenano solution into the round bottom with the
sonicator still on. Do this quickly. Sonicate the sample for 2 min. (y only) After sonicator is

turned off, add dye molecule to the solution. Remove the sample and transfer to the high
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vacuum or Arg) bubbling apparatus to remove the THF, as quickly as possible. The polymer will

begin to aggregate immediately once the sonicator is turned off.

Next, THF is removed by either vacuum removal or argon bubbling.

For vacuum removal, place a room temperature bath of water on round bottom containing
the nanoparticles while they are on the high vacuum. This prevents the solution from freezing
from evaporative cooling. There will initially be a large amount of bubbling from the solution.
Adjust valves to keep the bubbling consistent, but not intense enough to bump the solution
into the upper parts of the vacuum line. Check for THF after 25 min via smell. If THF smell is
present, put back on vacuum until no smell is detected. The solution should be clear. Cloudiness
is caused by aggregates, but the solution may yield some usable product after next filtration

step.

For argon bubbling, place prenano solution into an amber vial. Insert metal needle on gas
line into the vial, with the needle clamped above, and the tip of the needle slightly above the
bottom. Adjust bubbling rate so that bubbling is constant, but none of the solution bubbles out
of the vial. Check for THF after 30 min via smell. If THF smell is present, put back on bubbling
apparatus, until no smell is detected. (B only) Add dye molecule to the solution. Proper amount
varies by experiment. Filter the nanoparticles with a .7 and .22 um filtration paper using the
microfiltration set up. The solution should be clear after filtration. You can use the 365 nm
wavelength on the light source to check for fluorescence of the nanoparticles. (Optional) Add a

coating polymer.
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Appendix 2 Base Release

In the course of this project, | took a summer-long detour to explore the option of using
a photobase dye, in place of the photoacid dye. This was motivated by our theory that the
negatively-charged polymer was absorbing the positively-charged protons released by the
photoacid dye as a result of electrostatic attraction. Christian Chamberlayne hypothesized that
by using a photobase, we could avoid this problem entirely because the negatively-charged

base would be repelled by the polymer.

| synthesized the photobase, (E)-N-

0 /O o
cyclohexyl-3-(2-hydroxy-5- OH ‘ 0 0 Q
nitrophenyl)acrylamide (full procedure in h—)-— N
Appendix 4).1? This particular dye has a |
; NO2

Figure 29 Molecular structure and photoreaction of photobase

minute FRET overlap with PPE (Figure 30)

and is irreversible, making it a less-than-ideal candidate for this system, but photobase

molecules appear to be remarkably rare in ‘

r 14

400
12

comparison to photoacids. Like the photoacid

10
300 —

08

dyes, this molecule is not soluble in water, so

200 — L oe

Fluorescence (A.U)
(ssapiun) asueqosqy

the nanoparticle is a necessary vehicle for it to — PPE Fuorescence

—— PGB Absorbance 04
100 +

02

be utilized in agueous environments.

0 T T T T 0.0

300 400 500 600 700
Wavelength (nm)

Figure 30 FRET overlap of photobase absorption and PPE
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Figure 31 Effect of irradiation on photobase-doped CPNs
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Ultimately, this experiment had to be abandoned. | never observed base release with
these nanoparticles. Instead, either the pH did not change at all upon irradiation, or actually
became slightly more acidic. This, in addition to unexplained increases in absorbance upon
irradiation such as is seen in Figure 31, made it clear that some undesirable phenomena were
occurring that we could neither predict nor prevent. | do believe that after recent advances

with the acid release project, this base release branch deserves to be revisited.
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Appendix 3 PVK Nanoparticles

Soon after | joined the lab, Christian decided to try a different acid-releasing FRET pair.
Together, we tested nanoparticles made from conjugated polymer PVK (refer back to Figure 1
for structure) and the irreversible photoacid 2-nitrobenzaldehyde (Figure 32). The goal was to

overwhelm the polymer’s ability to absorb acidic protons by using an irreversible dye.

z—o0
p=e]

Q e}
Figure 32 Nitrobenzaldehyde Structure

This experiment proved successful. We observed an average pH drop of .20 units in

multiple trials and fluorescence increased, 350

as would be consistent with the occurrence
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Figure 33 Fluorescence of PVK CPNs
applications. Additionally, the lack of reversibility meant that these nanoparticles would not be

useful to finetune the pH of a system, as was the project’s original goal. It is possible, however,

that novel research can still be achieved with this system, or one like it.
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Appendix 4 Synthesis

All chemicals but the photoacid and photobase dyes were purchased from Acros or

Sigma Aldrich and used as received unless otherwise specified.

THOMeCl; was prepared following a literature procedure!3. 0.6647 g p-anisidine + 2 mL
concentrated HCl in 2 mL of DI water cool in ice bath. Solution turned purple and precipitate
formed upon addition of the acid. Sonicated 1min to fully dissolve. Separate solution of .4152 g
of Sodium Nitrite +5 mL DI water was cooled in ice bath. | added the sodium nitrite solution
dropwise over 15 min to the p-anisidine solution, while keeping the temperature below 5°C.
End solution was a brown color with a yellow tinge. Separate solution of 1.067 g of 2,4,5
trichlorophenol + 1.064 g NaOH + 10 mL DI water was cooled in ice bath. Sonicated to dissolve
everything. Solution was a cloudy white. The p-anisidine solution was added dropwise to the
2,4,5 trichlorophenol solution over 55min. Solution temperature was kept below 5°C. End
solution was a cloudy dark red. Stirred 1 hour in ice bath. Vacuum filtered to get a brown paste.
High vacuum to remove any water in the sample. Recrystallized in EtOH to get a tan/brown

powder. NMR spectrum found below.

THSMeCls was prepared following a very similar literature procedure®3. 0.7604g 4-
(methylthio)aniline + 2ml concentrated HCl in 2mL of DI water was cooled in ice bath. Solution
precipitated purple solid upon addition of the acid. Sonicated for 3min to partially dissolve.
Cooled in ice bath. Separate solution of .4180g of Sodium Nitrite +5ml DI water sonicated for

1min to dissolved, then cooled in ice bath. Added the sodium nitrite solution to the 4-
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(methylthio)aniline solution dropwise over 35min. Solution became black with a yellow tinge.
Separate solution of 1.061g of 2,4,5 trichlorophenol + .4602g NaOH + 4.5mL DI water cooled in
ice bath. Sonicated to dissolve everything. Solution was a cloudy white. The aniline solution was
added dropwise to the 2,4,5 trichlorophenol solution over 90min. Solution temperature was
kept below 5°C via ice bath and direct addition of 2g of ice. Solution became a cloudy dark
orange. Stirred 40min in ice bath. Filtered to get a brown powder. High vacuum used to remove
any water in the sample. Recrystallized in EtOH to get a red/orange powder. NMR spectrum

below.

The photobase dye, (E)-N-cyclohexyl-3-(2-hydroxy-5-nitrophenyl)acrylamide, was
prepared following a literature procedure'®. 1.5009g 6-nitrocoumarin + 7.5mL cyclohexylamine.
Reflux overnight under argon atmosphere. Poured the solution into a beaker containing 20ml of
3.5MHCI and 20ml of CHCls. The water turned cloudy white and the solution started smoking.
Stirred the solution, the water turned clear and the CHClz turned a cloudy gray color. Filtered
the solution to get a solid white/yellow impure product. CHCIs filtrate is a clear amber color
(this is the unreacted cyclohexylamine). The product was washed with THF followed by a

recrystallization in acetone (100ml). Used high vacuum to remove any remaining acetone.

1H NMR: 1.71-2.09 (10H, m, cyclohexyl), 3.80 (1H, m, -N-CH<), 6.71 (1H, d, J = 16 Hz,
ArCH=CH-), 6.82—7.20 (4H, m, aromatic), 7.46 (1H, dd, J = 1.5, 7.7 Hz, -NH-), 7.85 (1H, d, J = 16

Hz, ArCH=CH-), 8.96 (1H, s, —OH),
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'H NMR of THOMeCls (full):

STANDARD PROTON PARAMETERS CNDEX 3 P! IGHT
Column #1 1 .q....u,m. .g_o?__ae.ﬂ.ﬁg
sanA #a 2 3173.8  7.938 13.0
3 3170.8  7.930 94.2
4 3163.7  7.913 36.5
Sample Mame: 5 3161.5  7.907 92.9
THOMeC13_Recrystallization_Test-insoluble 6 3158.5  7.899 13.0
pata Collected on: 7 3006.3  7.519  128.7
Agilent -NMR-vnmrs400 8 2904.2 7.263 386.1
Arefilve @l rastiry 9 2825.2  7.066 13.9
Siome ) ymmed fynms 10 2822.2  7.058  104.7
/DM yomed/ yomcays/aate 11 2815.2  7.041 36.3
Sample directory: 12 2813.0  7.035 93.1
oneNMR_MY1344A049_calib_20140408_08 13 2809.9  7.028 12.6
Fidrile: PROTON . 14 1569.0  3.924  471.2
Pulse Sequence: PROTON (s2pul)
Solvent: cdcl3
pata collected on: Jun 15 2016
. \ J
g |>|’l|
-TT T T ~ T T T T — T T T T — T T T T — T T T T — T T T T — T T T T 1— T T T T % T T T T — T T T T # T T T T ~ T T T T — T T T T _ T T T T 1—1
14 13 12 11 4 ppm
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'H NMR of THOMeCls (aromatic):

STANDARD PROTON PARAMETERS INDEX Iu% uuﬁn ™ o e
So a1 : L .G.a o q.auo_::“ﬂwn._ﬂu
2 3170. .8 :
Band #2 3 3163.7 7.913 36.5
4 3161.5  7.907 92.9
Sample Name: 5 3158.5 7.899 13.0
THOMeC13_Recrystallization_Test-insoluble 6 3006.3 7.519 128.7
Data Collected on: N wwwmw NMMM wuww
Nhant--v—siod 9 2822.2 7.058 104.7
Archive directory: 10 2815.2  7.041 36.3
/home /vomrl/vamrsys/data 11 2813.0 7.035 93.1
Sample directory: 12 2809.9 7.028 12.6

oneNMR_MY1344A049_calib_20140408_08
Fidrile: PROTON

Pulse Sequence: PROTON (s2pul)

Solvent: cdcl3
Data collected on: Jun 15 2016

\

ﬁ’ -, [
__41__.1q________\_._«_J_Ad____ql__-_HﬁJﬁ__l_._.____ﬂ~4_J__ﬂ_<__<q..ﬂ.4.|7

8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 ppm
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'H NMR of THOMeCl; (aliphatic):

PROTON
Column #1
Band #2

Sample Name:

THOMeC13_Recx FIH’HHPII«PO’:&.Inl insoluble

Data Collected

on:

Agilent -NMR-ynmrsd 00

Archive directd
/home /vnmrl /Y
Sample directox

Pulse Sequence:
Solvent: cdcl3
Data collected ¢

byt
mmreys/data
v :
OoneNMR_MY1344
FidFile: PROTON

A049_calib_20140408_08

(s2pul)
: Jun 15 2016

woR reReeRgilens Teahnologies
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'H NMR of THSMeCls (full):

STANDARD PROTON PARAMETERS

*b06216p 1

...Ws%_c?:aoﬁow_ﬂpw

Post Column 4 1
Band 1 2 3144.9 7.865 28.4
3 31361 7.843 30.5
4 3014(2 7.539 38.4
Semple Names 5 2945,4  7.366 33.8
THSMeCl3_Synth_ Recrysl_insoluble 6 2936}6 7.344 30.0
Data Collected on: 7 £ 2902,0 7.258 226.4
Agilent-NMR-vnmrs400 8 102749 2.571 150.3
Arxchive directory: 9 61341 1.533 61.6
10 -047 -0.002 173.4
Sample directory:
PidFile: PROTON
Pulse Seguence: PROTON (s2pul)
Solvent: cdcl3
Data collected om: Jun 29 2016
.-.——--n--_—-.-‘__]~ ~ J _1—1,-\ T 1———1]1_‘—- jj-...—..—Jj —11—-___——4\
14 12 10 8 6 2 0 Ppm
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'H NMR of THSMeCls (aromatic):

e

PROTON INDEX - IGHT

Post Column 4 1 .u.ocnﬂu..bac—cﬂ-g-ﬁ agias
Band 1 2 3143.1 7.861 1s5.4
3 3138.3 7.849 16.4

4 3136.1 7.843 51.2

Bawple; Memat s 3014.2  7.539 64.5
THSMeC13_Synth_Recrysl_insoluble 6 2945.4 7.366 56.9
Data Collected on: 7 2943.2 7.361 14.6
Agilent-NMR-vnmrs400 8 2938.4 7.349 14.6

9 2936.6 7.344 50.5

Archive directory: 10 2902.0 7.258 380.8

Sample directory:
Fidrile: PROTON
Pulse Sequence: PROTON (s2pul)

Solvent: cdcl3
Data collected on: Jun 29 2016

T T
8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5
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'H NMR of THSMeCls (aliphatic):

Post Column 4
Band 1

Sample Name:
THSMeCl3_Synth Recrysl_ insoluble

Data Collected on:
Agilent-NMR-vomrs400

Archive directory:

Sample directory:
Fidrile: PROTON
Pulse Sequence: PROTON (s2pul)

Solvent: cdcl3
Data collected om: Jun 29 2016

1
2
3

3 IGHT
TR AGilend teehnolog es
T fe13.1 1.533 21.8
-0.7 -0.002 61.3
T =
-0.5 Ppm
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