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Abstract
Title: Metastable-state photoacids and the related photo-responsive polymers
Author: Zhuozhi Wang
Advisor: Yi Liao, Ph. D.

Metastable-state photoacid is a type of photo-sensitive compounds that can
release large amount of protons reversibly upon visible-light irradiation. Since being
developed by our group in 2011, metastable-state photoacid has been utilized to develop
many applications that involve controlling proton transfer processes. Since proton
transfer process is one of the most common processes in nature, metastable-state
photoacid is a powerful tool to control various processes with light. A introduction of
metastable state photoacid is described in Chapter 1.

In Chapter 2, metastable-state photoacids with different substituents were
designed to study the relationship between their structures and physicochemical
properties.
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In Chapter 3, a novel fragrant releasing material was developed. Fragrant
molecules were linked onto a polymer by acid-sensitive covalent bonds. In the presence
of a metastable-state photoacid, release of the fragrant molecules could be activated by
visible light and stopped by turning off the light. This fast switching of release was
achieved by a new metastable-state photoacid with fast reverse reaction.

In Chapter 4, a polymer nanoparticle which can be dissolved in the solution upon
visible light irradiation was developed. The nanomaterial was constructed by ionic bond
crosslinking between an acrylic acid polymer and polyvinylpyridine. Reversible
dissolution and reformation of the polymer nanoparticle was achieved by protonation
and deprotonation of the crosslinker with a metastable-state photoacid under light and in
the dark respectively.

In Chapter 5, a polymer film whose mechanical strength changed under visible
light was developed. The visible light irradiation could either weaken or strengthen the
mechanical strength of the polymer film depending on whether an external force was
applied to the material when it was irradiated.

In Chapter 6, novel photobases were designed by similar strategies as
metastable-state photoacids. Photobase PB7 showed promising photobasicity,
which will guide us to develop photobase with better performance.
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Chapter 1
Introduction
1.1 Metastable-state photoacid
Photoacid is a type of photo-sensitive compound which can release a proton upon
photo-irradiation. It has been studied for decades and attracted much attention due
to its applications in biological, chemical and material areas. Since the proton of a
photoacid can be released by light, it provides a convenient approach to control the
proton transfer process by light spatially and temporally in many pH-sensitive
systems.
There are three types of photoacids, which are photoacid generator, excited-state
photoacid and metastable-state photoacid.
The photoacid generators (PAGs) can turn into very strong acids with photoirradiation. For example, triphenylsulfonium triflate, which is a typical example of
PAGs, undergoes decomposition irreversibly under 233 nm UV irradiation and
releases triflic acid. (Scheme 1) PAGs have been extensively studied for
polymerization catalysis and photolithography1,2. However, most PAGs generate
1

strong acid irreversibly which is not desirable for the precise control over many
processes.

Scheme 1. Photoacid generator triphenylsulfonium triflate

The excited-state photoacid is a type of molecules that has high-acidity excited
state, for example, derivatives of naphthol. It is reversible since the excited state
can change back to low-acidity ground state. The excited-state photoacids have
been studied since the 1970s.3–6 They have been used to control some proton
transfer events.7–10 For example, the pKa* of the excited-state of a photoacid could
reach -13, and the photoacid was stated as a “super” photoacid.11 (Scheme 2)
However, the life time of the excited-state form is too short to induce a large
increase in the proton concentration. It is difficult to use excited-state photoacid to
control a process that requires a large proton concentration change.
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Scheme 2. Excited-state photoacid 9-Phenylfluorene

The recently discovered metastable-state photoacid can not only produce a large
proton concentration with high efficiency under visible light irradiation, but also
possess good reversibility.12 (Figure 1) Previous studies have shown that the photoinduced pH change is large enough to catalyze chemical reactions12, trigger the
breakdown of acid-sensitive bonds13 and change material properties14. Using a
metastable-state photoacid to control the acid-catalyzed esterification reaction and
to change the volume of a pH-sensitive hydrogel has been demonstrated.

Figure 1. The photoreaction of a metastable-state photoacid and the cycles of pH change upon
irradiation and in the dark.
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1.2 Applications of metastable-state photoacid
Proton transfer is an ubiquitous process in nature. Many materials, reactions and
biological processes are sensitive to the proton concentration, such as enzyme
activity and acid-catalyzed reactions. Thus, proton could be utilized as a medium to
control many proton-involved processes. Metastable-state photoacid is a type of
compounds that can reversibly generate high proton concentration under photoirradiation with high efficiency. Therefore, metastable-state photoacid is a
promising tool for developing photo-controllable systems. Additionally moderate
intensity visible light, such as LEDs or sunlight, is enough to activate the
metastable-state photoacid and release protons. Compared to previously-reported
photo-responsive systems, which are mostly involve UV irradiation, metastablestate photoacid controlled systems are more advantagous, due to high induced
proton concentration, fast and efficient photoreactions, good reversibility and
visible-light activatability.
Many applications of metastable-state photoacid have been published in recent
years. The photoacids are utilized to catalyze the bond formation and breaking,
protonate the material to alter their properties, control ion-exchange processes and
enhance photo energy conversion efficiency15.

4

Our group have shown that the esterification reaction between acetic acid and
ethanol could be controlled by metastable-state photoacid.12 The reaction proceeded
well in the presence of photoacid 1 under irradiation, as the protons were released
and acted as an esterification catalyst. In the dark, 1 returned back to low-acidity
state and the reaction stopped. Recently, Xu and Boyer first reported that a ring
opening polymerization (ROP) could be regulated by visible light in the presence
of a metastable-state photoacid.16 The photo-generated protons can catalyze ROP of
cyclic esters to form well-defined polyesters with low polydispersities. (Scheme 3)
More interestingly, by conbining a photo-regulated radical polymerization (photoinduced electron/energy transfer-reversible addition-fragmentation chain transfer
polymerization), a dual-wavelength light regulated orthogonal polymerization
method capable of alternating two polymerizations was developed. This method
facilitates the design and synthesis of complex polymer in one pot.

Scheme 3. Ring opening polymerization mediated by photoacid under blue light.
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Since the proton transfer can affect the ionic and hydrogen bonding between
molecules and alter the properties, metastable-state photoacids have also been used
to photocontrol properties of materials. Carboxylate anion is a commonly used
proton accepter. Since carboxylic acids have pKa values between 4 and 5, the
protonation of carboxylate anion could be easily controlled by photoacid 1 which
can change pH from 5.5 to 3.5.
Klajn’s

group reported that self-assembly of

non-photoresponsive gold

nanoparticles (Au NPs) could be controlled by light.17,18 In their work, the Au NPs
were functionalized with monolayers of carboxylic acid. These NPs were insoluble
in many common solvents due to strong interparticle interactions that involve
multiple hydrogen bonds between the COOH groups. With the addition of a
protonated merocyanine, the photo-released protons protonated the carbonyls of
COOH groups, broke the interparticle hydrogen-bonded bridges and stabilized
individual particles. In addition, the excess H+ on the surface induced a high
positive surface charge which caused repulsion between NPs. In the dark, the
surface charge gradually decreased and NPs reassembled again. Interestingly, they
used this property to develop self-erasing images which have potential applications
in reversible, time-sensitive information storage. In the demonstration, a thin film
of polymer gel containing Au NPs was irradiated through masks to create patterns
that disappeared spontaneously when the light source was removed. Subsequently,
6

the group developed a similar system but reverse control of the assembly and
disassembly of gold NPs.18 They prepared the NPs solution in a dilute pH 6
phosphate buffer with metastable-state photoacid 1. In pH 6 buffer, COOH groups
on NPs’ surface were partially dissociated and the negative charges induced the
repulsion between NPs. Under irradiation, the carboxylate anions were neutralized
by the protons released by 1 and the reduced repulsion caused aggregation of NPs.
This process was reversible, where rapid disassembly occurred in the dark.
Pyridinyl group is another commonly used proton accepter. Aprahamian’s group
has used photoacid 1 to photocontrol molecular switches of a hydrazone containing
a pyridinyl group. As is shown in Scheme 4, in the hydrazone, the more basic
pyridinyl group formed hydrogen bond with NH on hydrazone group, which locked
the molecular configuration. With irradiation, the more basic pyridinyl group was
protonated by 1 and broke the previous hydrogen bond. After an efficient multistep
switching process, the hydrazone group formed hydrogen bonding with carbonyl
group. It is worth mentioning that the molecular switches could be repeatedly
accomplished without addition of acid and base.

7

Scheme 4. Photo-controlled switch of the hydrazone using photoacid 1.

Protonation of a material can alter the optical properties. For example, our group
reported several photochromic materials based on the proton transfer between
metastable-state photoacids and acidochromic dyes.19,20 Under irradiation, protons
transfered from photoacids to acidochromic dyes and induced a color change. In the
dark, the color changed back to original color. This process can be accelerated by
heating. Many acidochromic dyes and commercial indicators with proper pKas can
be applied to develop varios photochromic systems for desired color change using
this method. Another potential application of these photochromic systems is
erasable image patterning. By using different metastable-state photoacids, the
duration of the pattern can be controlled, because the reverse reaction rate varies for
different photoacids.
Metastable-state photoacid has also been used to enhance the solar energy
conversion efficiency. Li group reported that ATP production in chloroplasts was
8

positively correlated with the introduction of photoacid 1.15 They showed that the
photoacid-entrapping chloroplasts could produce approximately 3.9 times more
ATP than the natural chloroplasts, due to the light-induced proton concentration
that drove ATPase to produce more ATP. Higher concentrations of ATP could
accelerate the phosphorylation of several enzymes and proteins and enhance
photosynthesis. In addition, the light-irradiated photoacid did not have a significant
influence on the intrinsic photoreaction of the chloroplasts. This work is a good
demonstration of improving the solar energy conversion of green plants using
metastable-state photoacid.

1.3 Photo-responsive polymers
Stimuli-responsive polymers, also called smart polymers, are polymers whose
properties can be altered under stimuli such as pH, temperature, ionic strength,
magnetic field or light. They have attracted enormous attention due to their
biological, medical and material applications. In recent years, photo-responsive
polymers have been studied as an emerging material since light is a spartial and
temporal stimulus that can be used with great convenience. Currently, many photoresponsive polymers, such as polymers containing azo-benzene, are activated by
ultra-violet irradiation which is hazardous especially in biological application.
Since the proton transfer can affect the ionic and hydrogen bonding between
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molecules, metastable-state photoacids with visible-light control can be used for
developing photo-responsive polymer materials.
Our group showed that in an aquous solution of 1, a hydrogel of poly(acrylamideco-acrylic acid) significantly reduced its volume under photo-irradiation. Before
irradiation, most carboxylic acids dissociated to form carboxylate anions. The
anions increased the hydrophilicity of the hydrogel and the content of water in
hydrogel. Upon irradiation, the pH changed to ~3.5 and most carboxylate anions
were protonated to form carboxylic acids. The decreased hydrophilicity caused the
extrusion of water from the hydrogel, and thus reduced its volume. (Scheme 5)

Scheme 5. Photo-controlled volume change of a hydrogel

Protonation of polyaniline can increase the electron conductivity. Our group
reported the conductivity of polyaniline can be tuned by light using metastablestate photoacid. The conductivity of polyaniline is determined by the degree of
protonation of polyaniline. The conductivity of the unprotonated polyaniline is
lower than 10-9 S/cm, while the conductivity of the protonated polyaniline can
reach 102 S/cm. However, when polyaniline was mixed with 1, the photo-induced
10

protons can only change the conductivity for ~10 fold. The reason is that 1 had
transferred most of the protons to the basic polyaniline before irradiation. Therefore,
design and development of noval metastable-state photoacids which resist to basic
conditions is necessary.
As mentioned above, pyridinyl group is a commonly used proton accepter. Li
group developed a noval method to photocontrol ON/OFF of a microbial fuel cell
consists of a electrode whose surface was modified by poly(4-vinylpyridine). The
metastable-state photoacid 1 was added in the elecrolyte. Poly(4-vinylpyridine) is a
hydrophobic polymer in near-neutral electrolyte and thus hinders the ions from
accessing the electrode, which resulted in very low current. When irradiated with
blue light, the photoacid protonated the pyridinyl groups and increased the
hydrophilicity of the polymer. Then the polymer on the electrode absorbed water,
swelled and increased the ion permeability. In this case, the fuel cell was ON and
had a high current.
Chumbimuni-Torres’s group developed a photo-controlled ion-selective polymer
membrane sensor consisting of a metastable-state photoacid and a calcium
ionophore. It was capable of detecting calcium cations in solution with photoirradiation. The cations were difficult to penetrate the polymer membrane without
irradiation due to the hydrophobicity. Under irradiation, the protons released by the
11

photoacid diffused from the membrane to the solution and other cations permeated
into the membrane to balance the charge. Thus the calcium cations could be
selectively detected by the calcium ionophore in the membrane. It is
worthmentionging that the sensor could be repeatedly used since the photoacid was
reversible.

1.4 Overview of this work
As mentioned above, metastable-state photoacids have great potentials in
developing photo-responsive materials. However, in order to convert the potentials
to various real applications, fundamental research is necessary to provide a
comprehensive guide for developing photoacids with desired properties. For
example, photoreaction efficiency and reverse reaction rate greatly influence the
performance of the photoacid in applications. When the photoreaction efficiency is
relatively low compared to the reverse reaction rate, the protons can not be
accumulated since most of photoacid is in low-acidity open-ring form. Therefore,
the photoinduced acidity change will be small. Media are also important since
photoacid has different reverse reaction rates in different media. In addition,
compatibility (solubility) with different media is essential for the applications of the
photoacids. Therefore, metastable-state photoacids with different subsituents will
be designed, synthesized and studied to investigate the structure-properties
relationship.
12

Polymers that can reversibly alter their properties using photo-irradiation have
great potentials in industrial, biomedical and defense applications, such as artificial
muscles and drug delivery materials. Since current materials cannot fulfill the
requirements for many applications, novel approaches need to be developed. Proton
transfer in polymers can alter the polymer properties, such as conductivity,
hydrophilicity/hydrophobicity

and

mechanical

strength.

Metastable-state

photoacids can reversibly generate large amount of protons upon irradiation.
Therefore, the photo-control of polymers can be realized using metastable-state
photoacid. In this work, metastable-state photoacids have been used for photocontrolled release of functional molecules, photo-controlled formation and
dissolution of polymer nanoparticles, photo-controlled mechanical strength change
of polymers.
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Chapter 2
Synthesis, Characterization and Physicochemical
Study of Metastable-State Photoacids
2.1 Introduction
Metastable-state photoacids have many advantages, such as good reversibility,
visible-light sensitivity, fast and efficient photoreaction and high photoacidity.
They can be applied as a powerful tool in many pH-dependent systems to control
the proton transfer process by simply photo-irradiation. Our group have developed
the first metastable-state photoacid 1 (MEH in Scheme 6, R1 and R2 are H), which
can reversibly change the proton concentration of its solution over 100 times.12 As
described above, it has been used in many applications to control the properties or
capabilities of the materials. This type of photoacid is generally designed by linking
an electron-accepting moiety and a weak acidic nucleophilic moiety with a double
bond. In the case of 1, the electron-accepting moiety is a zwitterionic indolinium
and the nucleophilic moiety is a phenol. This conjugated push-pull structure helps
the photoacid to absorb and be activated by visible light. The photoreaction of
photoacid is also presented in Scheme 6. Initially, the ground-state photoacid
14

(MEH) absorbs photons and the double bond undergoes a trans-cis-transition. Then
the nucleophilic –OH attacks the electron-accepting carbon near the positively
charged nitrogen and forms the metastable spiropyran (SP) structure, which is the
high-acidity form. This process is reversible thermally. In the dark, the metastable
SP spontaneously transforms into MEH which is a weak acid. Since all of these
processes can be achieved at room temperature, the proton transfer processes can
be conveniently controlled by switching a light on and off and does not need of two
light sources with different wavelengths. More importantly, it does not involve
irradiation with UV light which is undesirable for many applications.

Scheme 6. Mechanism of a metastable-state photoacid.
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2.2 Results and Discussion
For different applications, different metastable-state photoacids with desirable
properties are required. The properties of photoacids include photoinduced acidity,
reversibility, reverse reation rate, dark acidity and stability. Therefore,
understanding the relationship between structure and physicochemical properties is
essential for developing desired photoacids for different applications.
As described above, we have obtained promising results on the merocyanine type
photoacid. Therefore, my research mainly focused on the merocyanine type
photoacid similar to photoacid 1. Modification of this type of photoacid leads to
property change and different performance. With regard to this structure, the two
aromatic rings can be modified. Normally, the substituent effect should be
considered at the first place. Since the para- substituent often has the most
pronounced electronic effect, we modified the para-position of the hydroxyl group
and double bond, where could have significant effects on the properties of
photoacid. It has been reported that the introduction of –NO2 group on the paraposition of the hydroxyl group increased the acidity in the dark due to the electronwithdrawing effect of –NO2 group. Thus the photo-induced pH change was smaller
than photoacid 1. Besides, the introduction of electron-withdrawing group on the
phenol part will influence push-pull structure and blue-shift the absorption
wavelength. Therefore, electron-withdrawing groups was not introduced to the
16

photoacid. In this project, we are aiming at modifying the phenolic part of the
photoacid, and studying the substituent effect.
We introduced electron-donating substituents, such as –CH3 and –OCH3, to the
para-position of the double bond and hydroxyl group. The electron-donating group
at the para-positon of the double bond can enhance the push-pull structure, which
increases the rate of cis-trans isomerization and thus increase the reverse reaction
rate. The electron-donating group at the para-position of the hydroxyl group can
stabilize –OH and decrease the dark acidity. However, it destabilizes the phenoxy
anion which is necessary for the forward reaction. Thus, it may hinder the
photoreaction. The electron-donating substituents can also strengthen the push-pull
structure and red-shift the absorption wavelength. Therefore, metastable-state
photoacids 2-7 were designed. Besides, extending the conjugated structure of
photoacid is expected to red-shift the absorption wavelength, which is important for
many biological applications. In addition, red-shift of the absorption is often
accompanied by an increase in molar absorptivity, which could lead to a faster
photoreaction rate. Therefore, photoacids 8 and 9 with extended conjugated
structures was also designed and studied. The designed metastable-state photoacids
structures are listed in Figure 2.
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Figure 2. Metastable-state photoacids with different substituents.

From the UV-Vis spectroscopy, all designed photoacids had wavelengths of
maximum absorbance (λmax) in visible light range. (Figure 3) The introduction of
electron-donating groups on phenolic part increased the λmax due to the
enhancement of the push-pull electron structure. Photoacids with –OCH3 had larger
λmax than those with –CH3. Photoacid 3 with two strong electron-donating –OCH3
groups largely red-shifted the absorption to 511 nm, while 7 with three –CH3
groups had similar λmax with 1. Besides, photoacids 8 and 9 with extended
conjugation also increased the λmax. For 9, the phenothiazine not only extended the
conjugation, but also provided excellent electron-donating effect. Therefore, it had
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the longest λmax (584 nm) and the absorption band even contained 700 nm which
made it to be a good candidate for near-infra-red controlled systems.

Figure 3. UV-Vis spectra of photoacids 1-9 in methanol.

Photoreaction and reverse reaction were also studied by UV-Vis spectroscopy.
Metastable-state photoacid 1 has good reversibility in water and organic solvents.
The relaxation kinetics of 1 in water, ethanol and DMSO have been studied and can
be fitted to sencond-order rate equation, indicating the involvement of protonation
in the rate-limiting step.21 The reverse reaction in water was about 50 times faster
than that in ethanol and 2000 times faster than that in DMSO, because water has
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highest concentration of proton while ethanol is a protic organic solvent and
DMSO is an aprotic solvent. Since the reverse reaction was very slow in DMSO,
the photoreaction and reverse reaction were not studied in DMSO. In water, UVVis spectra showed that the reverse reactions of some photoacids, such as 3 and 5,
were too fast to evaluate the photoreaction and reverse reaction. (Figure 4) There
was no obvious difference for the spectra before and after irradiation. Meanwhile,
the solubilities of 8 and 9 in water were too low to study the properties. Methanol is
a good solvent for all photoacids and it is also a protic solvent. Therefore, methanol
was used as the solvent to study the photoreaction and reverse reaction by UV-Vis
spectroscopy.
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Figure 4. UV-Vis absorptions of water solutions of 3 (left) and 5 (right)

In methanol, 1 had one main MEH peak with λmax at 438 nm. After irradiation with
470 nm LED light for 2 min, the MEH peak vanished and the SP peak at 297 nm
increased. Since the molar absorptivity of SP was smaller than that of MEH, the
peak of SP was much smaller than the MEH peak. When kept in the dark for 3 min,
the MEH peak recovered 6% which means 6% of the SP changed back to MEH.
The photoreaction was fast and efficient, but reverse reaction was slow in this
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protic solvent. For applications that need precise control of the acidity, 1 is not a
good candidate since acidity remains high after the removal of light source. But for
applications that only need high acidity to perform, 1 is a good option since we can
remove the light source to save energy after the sample was irradiated. The acidity
will remain in the system for a long time until the application finishes its
performance.

Figure 5. UV-Vis absorption of a methanol solution of 1.

Photoacid 2 was designed with an electron-donating methyl group on the paraposition of the double bond. The enhanced push-pull electron structure showed a
longer λmax at 450 nm. The photoreaction was still efficient since all MEH changed
to SP within 2 min of photoirraidation. When kept in the dark for 3 min after
irradiation, about 14% of MEH recovered from SP, which was more than 2 times
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faster than 1. As expected, the electron-donating group on the para-position of the
double bond enhanced the push-pull structure and thus increased the cis-trans
isomerization rate and the reverse reaction rate. However, the reverse reaction was
still very slow in methanol because the reverse reaction followed a second order
rate equation, which meant the reverse reaction rate would be getting slower as
time went on.

Figure 6. UV-Vis absorption of a methanol solution of 2

Photoacid 3 has a much stronger electron-donating –OCH3 group to the parapostion of the double bond and it showed an even longer λmax at 469 nm. Before
irradiation, there was a small shoulder at λ = 560 nm beside the main MEH peak,
which was the deprotonated ME- peak. The deprotonation of MEH in the dark is
the origin of the dark acidity which decreases the photo-induced pH change. The
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reason is that, although the –OCH3 group donates electrons to para- and orthopositions by resonance, oxygen is an electronegative atom and stabilizes the
phenoxy anion on meta-position. However, the phenoxy anion favors the forward
reaction. The –OCH3 group was introduced to enhance the push-pull structure and
increase the reverse reaction rate. When the solution was irradiated with 470 nm
LED light for 2 min, MEH peak in the UV-Vis spectrum dereased 94% rather than
vanishing. There were two possible reasons. One was that the photoreaction was
not efficient so that 2 min irradiation was not long enough to turn all MEH into SP.
The other one was that the reverse reaction was very fast so that the reverse
reaction rate is the same as the photoreaction rate at the moment. The reaction
reached the photo-stationary state. Then the sample was irradiated for longer time
but there was no change of the MEH peak which meant the reaction already
reached the photo-stationary state within 2 min. When kept in dark for 3 min, 86%
of MEH changed back to open-ring form. The fast reverse reaction could also prove
that the small peak of MEH after 2 min of irradiation was due to the photostationary state, rather than slow photoreaction. Therefore, 3 is a good candidate for
the control of pH-dependent systems.
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Figure 7. UV-Vis absorption of a methanol solution of 3

Photoacid 4 had similar structure as 3 but the –OCH3 group was on the paraposition of the phenol hydroxyl group and meta-position of the double bond. The –
OCH3 group was supposed to decrease the dark acidity of the photoacid. The UVVis spectrum indeed showed that there was no deprotonated ME- before irradiation.
However, decreased ME- resulted in slower forward reaction. The UV-Vis
spectrum showed that most photoacid remained open-ring MEH form after 2 min
of photoirradiation. In order to prove that it was not the photo-stationary state due
to fast reverse reaction, the solution was irradiated with LED light for another 2
min. The MEH peak kept dropping, indicating that the photoreaction was much
slower than aforementioned photoacids. Another effect of –OCH3 group was the
electron-withdrawing effect to the double bond. This effect weakened the push-pull
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structure and thus decreased the reverse reaction. The UV-Vis spectrum showed
that the reverse reaction was much slower than 3. Since the photoreaction and
reverse reaction are both slower than 3, the application of 4 is not promising. But it
could find applications in more basic conditions because the phenol hydroxyl group
is more resistant to basic condition than aforementioned photoacids.

Figure 8. UV-Vis absorption of a methanol solution of 4

Photoacid 5 has two –OCH3 groups at the para-positions of the phenol hydroxyl
group and the double bond. Since two strong electron-donating groups was
introduced, the λmax was longer than 3 and 4 which is 511 nm. Therefore, this
photoacid could be activated with 525 nm green LED light. The two –OCH3 groups
not only stabilized the phenol hydroxyl group but also enhanced the push-pull
structure. Therefore, photoacid 5 not only exhibited low dark acidity, but also
26

exhibited fast reverse reaction. In methanol, it was irradiated with 525 nm and 470
nm LED light. But the MEH peak dropped only a little, even with longer time of
irradiation, which meant the photo-stationary state was reached. When kept in the
dark for 30 s, all photoacid recovered to MEH form. Another reason that the photostationary state was so easy to reach was that the photoreaction may not be very
efficient since the –OH was stabilized by –OCH3. In DMSO, the reverse reaction
should be much slower than that in methanol while the photoreaction should
remain the same. The spectrum showed that after irradiation with 525 nm light, the
MEH dropped more than that in methanol as expected. Further irradiation did not
increase the SP formation. In the dark for 30 s, about half formed SP changed back
to MEH. It is worthmentioning that the proton concentration was very low in this
stage that could lead to very low reverse reaction. In this case, the reverse reaction
of photoacid 5 was very fast even in DMSO. However, it is not always true that the
faster the reverse reaction is, the better the photoacid is. When the reverse reaction
is too fast, the reaction is easy to reach the photo-stationary state and the proton can
not be accumulated to generate high acidity. But it may find applications in some
systems such as polymer systems since proton transfer in polymer is much slower.
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Figure 9. UV-Vis absorption of 5 in methanol (left) and DMSO (right).

Photoacid 6 and 7 were also designed using the same strategy of designing 5.
However, the –CH3 groups were not as strong electron-donating groups as –OCH3
group. The λmax were even shorter than mono-substituted 3 and 4. The
photoreactions were efficient and fast for both photoacids. The reverse reaction
were faster than photoacid 1 but slower than 2. The synthetic route of 6 and 7 were
more complicated. Therefore, 6 and 7 were not preferred in applications.
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Figure 10. UV-Vis absorptions of methanol solutions of 6 (left) and 7 (right).

Photoacid 8 was designed with a larger conjugated structure to increase the λmax.
The λmax was increased to 485 nm which was much longer than that of 1. The peak
of MEH included the wavelength 525 nm and thus could be activated with 525 nm
green light. However, it was shorter than that of 5, indicating that extention of
conjugation is less effective than enhancement of push-pull electron structure to
increase the λmax. From the spectrum, the photoreaction could be activated with 470
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nm and 525 nm LED light and the photoreaction and reverse reaction were both
fast. When kept in the dark for 30s after irradiation, almost all photoacid reversed
back to open-ring form which is faster than 3 and 5. One feature of this photoacid is
that it can only be used in some organic system due to low solubility and relatively
high dark acidity in water.

Figure 11. UV-Vis absorptions of a methanol solution of 8

Photoacid 9 was fused with phenothaizine, which is a very strong electron donor
due to its electron-rich sulfur and nitrogen heteroatoms. From the UV-Vis spectrum,
the λmax was increased to 584 nm and the absorption band covered the wavelength
over 700 nm. Thus it had potentials in Near-Infrared (NIR) applications. However,
9 was not responsive to any wavelength in any solvent including DMSO according
to UV-Vis spectroscopy. A strong laser light with intensity up to 21 W/cm2 was
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also used to irradiated the solution, while the intensity of LED light was just 18.85
mW/cm2. However, the curve remained the same on UV-Vis spectrum. The reason
could be that either 9 was not photo-responsive or the reverse reaction was very fast
compared to the photoreaction. In order to find out the reason, 9 was doped in a
thin film of poly(2-hydroxyethyl methacrylate). The proton transfer in polymer film
was much slower than in solution. So if the nonresponse in solution was due to
faster reverse reaction, we should be able to see some change in polymer film since
the reverse reaction should be much slower. Interestingly, with irradiation of 525
nm LED light, small drop of the MEH peak and increase of SP peak were observed,
which proved that the reverse reaction of 9 was much faster than the photoreaction
in solvent. When the polymer film was kept in the dark for 5 min, increase of MEH
peak could be observed, indicating that the reverse reaction was still very fast even
in polymer film. As discussed above, strong electron-donating group on the paraposition of the double bond strongly enhances the push-pull structure and thus
increases the reverse reaction rate, while the strong electron-donating group on the
para-position of the hydroxyl group stabilizes the hydroxyl group and thus
decreases the photoreaction. Therefore, photoacid 9 was difficult to induce a large
pH-change due to the slow photoreaction and fast reverse reaction.
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Figure 12. UV-Vis absorption of a DMSO solution of 9 (left) and a polymer film doped with 9
(right)

Another important property of metastable-state photoacid is photo-induced pH
change. It has been reported that photoacid 1 could change pH over 2 units under
irradiation.12 However, the pH need to be measured in water in order to get more
reliable data. For some photoacids, the solubilities in water is very low. The photoinduced pH change in water is related to the solubility in water. When the solubility
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is higher, the photo-induced pH change should be larger. As mentioned before, the
dark acidity also has impact on photo-induced pH change. Low dark acidity is
preferred because the acidity of SPH is determined by the basicity of the SP, which
should be similar for most of the photoacids mentioned above. However, there is
another aspect that can influence the photo-induced pH change, which is reverse
reaction rate. For example, in water, photoacid 3 has very fast reverse reaction, and
thus the photo-stationary state is close to the low-acidity open-ring form under a
moderate irradiation. Therefore, photo-induced pH change is not measured in water
and it can not be a standard in real applications.
In real application, to choose the most appropriate photoacid, all aspects need to be
considered, such as dark acidity, photoreaction efficiency, reverse reaction rate,
compatibility, etc. Low dark acidity,high photoacidity and high photoreaction
efficiency are always preferred. For the reverse reaction rate, a photoacid has
different reverse reaction rates in different mediums. So it needs to be selected
depending on the medium and the application. Compatibility is also an important
aspect. Low compatibility results in aggregation or precipitation of photoacid in the
material and leads to low photoinduced acidity. There is no so-called perfect
photoacid since different applications require different properties. Therefore,
understanding the relationship between properties and structures is helpful to make
selections when applying metastable-state photoacids to real applications.
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2.3 Conclusions
In this part, 9 metastable-state photoacids including the first reported metastablestate photoacid 1 were synthesized and studied. The physicochemical properties
were studied using UV-Vis spectroscopy. The introduction of electron-donating
groups on the phenol part (2-7, 9) could increase the λmax of the absorption. The
electron donating group on the para-postion of the double bond could stabilize the
open-ring structure and increase the reverse reaction. The electron-donating group
on the para-position of the phenol hydroxyl group could stabilize the –OH and
reduce the dark acidity of the photoacid, but it may also reduced the forward
photoreaction rate. The stronger electron-donating –OCH3 had more influence on
the physicochemical properties

than –CH3. The extension of the conjugated

structure on phenol part (8, 9) not only increased the λmax of the absorption but also
greatly increased the reverse reaction rate. With different physicochemical
properties, these metastable-state photoacids can be applied in various applications.
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Chapter 3
Controlled release of fragrant molecules by visible
light using metastable-state photoacid
“Reprinted from Chemistry - A European Journal, Zhuozhi Wang, Valentine K.
Johns, Yi Liao, Controlled Release of Fragrant Molecules with Visible Light, DOI:
10.1002/chem.201404203, Copyright (2014), with permission from John Wiley &
Sons Ltd.”

3.1 Introduction
Photo-controlled release of functional molecules, such as medicine,22 amino
acids,23 cell-signalling molecules,24 has attracted more and more interest in recent
years. It has been extensively studied in biochemistry and material science, because
it allows spartial and temporal control of release. For example, several new drug
delivery methods focused on releasing drugs with desired dose at the desired time
and the desired location have been reported.25,26 Most of the photo-controlled
release systems are based on photo-labile groups which undergo photolysis under
irradiation. Many photo-labile linkers have been developed and studied.27–30
However, most photo-labile linkers are only sensitive to the UV irradiation, which
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is not suitable for biomedical applications. Some researchers developed two-photon
systems that requires high intensity NIR lasers which may harm the tissue.
Acid-labile groups are very common in synthetic chemistry. For example, many
protecting groups are covalently linked to the target molecule via acid-labile
linkages, and they can be selectively removed under acidic condition. Metastablestate photoacid can reversibly change the pH of an aqueous solution by more than
two units under visible light with moderate intensity. Therefore, it provides us a
new approach based on photocontrolled hydrolysis catalyzed by photoinduced
acidity. We hypothesize that the photo-acidity should be enough to induce
hydrolysis of some acid-labile groups. If a functional molecule is linked to a
polymer with an acid-labile linkage in the presence of a metastable-state photoacid,
release of the functional molecule can be controlled by switching light on and off.
This apporach is fundamentally different form that of previously reported
photoreleasing materials, including photoinduced drug-releasing materials.
Aldehydes are a major class of fragrant molecules. In this work, the photorelease of
anisaldehyde is demonstrated. Anisaldehyde with a strong aroma is a commonly
used ingredient in the fragrances. It is also used as an acid-sensitive protecting
group in organic chemistry.31 The acetal derivatives of anisaldehyde can be
hydrolyzed to form the aldehyde at a pH below 5, which can be easily achieved by
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a metastable-state photoacid. The method described here can be applied to other
fragrant aldehydes and ketones, for example, citral, cinnamaldehyde, vanillin,
ionone, etc.

3.2 Results and Discussion
Design of the carrier polymer is important for photo-releasing due to the
requirement of both acid-sensitive linkage and easy loading of fragrant molecules.
Before selecting the carrier polymer P1, several carrier polymers were investigated.
Poly(vinyl alcohol) (PVA) is a nontoxic and biocompatible polymer which is
extensively used in chemistry and industry. It contains plenty of hydroxyl groups,
or plenty of 1,3-diol moieties on the polymer chain. 1,3-diol can form acetal with
aldehyde molecule which is sensitive to the acid. (Scheme 7) However, loading
fragrant aldehyde onto PVA is difficult due to its poor solubility in most organic
solvents and very low reactivity.

Scheme 7. Linking fragrant aldehyde onto PVA
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In order to increase the solubility of the carrier polymer in most organic solvents,
polyacrylate was used as a carrier polymer. Scheme 8 showed the synthetic strategy
to load fragrant aldehyde onto the carrier polymer. 1,2-Isopropylideneglycerol
reacted with acryloyl chloride to give the monosubstituted acrylate. Then the
protecting acetal was hydrolyzed to give the 1,3-diol. With initiator
Azobisisobutyronitrile (AIBN), the acrylate polymerized to give the carrier
polymer. However, the obtained polymer was not soluble in any solvent which
meant the polymer was crosslinked. This reaction was repeated by adding more
solvent to reduce the chance of crosslinking. But crosslinking occurred everytime.
The possible reason is that the commercial 1,2-isopropylideneglycerol contains tiny
amount of glycerol which can react with two or three acryloyl chloride. The
resulting diacrylate and triacrylate are crosslinkers in polymerization. In real
applications, gel (crosslinked polymer) is a perfect carrier for the fragrant
molecules. After releasing most of the fragrant molecules, recycling and reloading
of the gel is also easy to operate. However, due to the lack of proper measurement
method, it is difficult to study the kinetics of the photo-controlled release of
fragrant molecules using a gel carrier. By using a soluble polymer, we can easily
dissolve the polymer in the deuterated solvent and study the kinetics by NMR.
Therefore, 1,2-isopropylideneglycerol is not a good option to synthesize the carrier
polymer.
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Scheme 8. Synthetic route of loading fragrant molecules onto a carrier polymer

In order to reduce the possibility of crosslinking, a commercially available
uncrosslinked polymer is prefered as the starting material. Herein, we chose a
common polymer poly(4-vinylphenol) (PVPh) as starting material. The carrier
polymer P1 was synthesized by a one-step modification of PVPh (Scheme 9). A
1,2-diol moiety was grafted onto PVPh via an ether linkage using 3-chloro-1,2propanediol. The loading percentage can be controlled by addition of different
amounts of 3-chloro-1,2-propanediol. In this case, 20 mol% of PVPh units were
grafted with the diol. Anisaldehyde was loaded onto P1 to form an acetal polymer
P2 by heating with the polymer in the presence of trifluoroacetic acid and
molecular sieves. All the diol units of the polymer reacted with the aldehyde and
formed acetal bonds, which was confirmed by NMR spectroscopy.
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Scheme 9. Synthesis of the acid-sensitive polymer and the photo-induced release of
anisaldehyde in the presence of a metastable state photoacid.

Photoacid 1 is a well-studied metastable-state photoacid.12,21 Upon irradiation, it
changes from a low-acidity MEH form to a high-acidity SP form, which changes
back to the MEH form in the dark (Scheme 9). In aqueous solution, it can lower the
pH over two units to approximately 4, which is sufficient to hydrolyze many acidsensitive groups. It also has a high quantum yield of 0.37 under 470 nm irradiation.
It is known that merocyanines (MEs) from 6-nitro-spiropyran decompose in
buffers.32 However, a recent work showed that protonated merocyanines (MEHs),
similar to the photoacids mentioned here, are stable in aqueous solution.33
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Therefore, polymer P2 and photoacid 1 were dissolved in a 4:1 mixture of
deuterated acetone and water. This solvent mixture can dissolve both the polymer
and the photoacid very well. The use of deuterated solvents allowed us to study the
release of anisaldehyde using NMR spectroscopy. Solution NMR study is highly
reliable and suitable for quantitative analysis of anisaldehyde, as well as the
structure change of the polymer. For real applications, the reaction mixture may be
loaded into hydrogel beads or protic polymers, and the formulation would need to
be optimized.
A solution of P2 and 1 in the deuterated solvent was irradiated with a 470 nm LED
light for 5 min. The concentration of P2 was 6.6 mg mL-1, which was 8.3 mM in
terms of the acetal unit. The concentration of 1 was 1.0 mM. The photon flux of
irradiation was about 1 mmol m-2 s-1. Before irradiation, the NMR spectrum
showed no free anisaldehyde. After irradiation, peaks corresponding to the
aldehyde clearly appeared, which indicated that 1 indeed worked as an acid catalyst
under irradiation (Figure 13). To study whether the hydrolysis reaction stopped
after the irradiation another spectrum was taken 5 min after the first. Intensity of
the aldehyde peak increased indicating that the hydrolysis reaction did not stop
after irradiation (Figure 13). In addition, peaks of the MEH form of 1 were much
lower than that of the spectrum before irradiation indicating that most of the
photoacid stayed in the high-acidity state 5 min after irradiation. These results show
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that the reverse reaction rate of 1 is slow in this solvent system. After the light was
turned off, the remaining high-acidity form continued catalyzing the hydrolysis
reaction.

Figure 13. NMR of solution of P2 and photoacid 1 in 4:1 aceton/water before irradiation
(bottom), after irradiation (middle), and 5 min after irradiation (top).

To further confirm this, the reverse reaction kinetics of 1 in 4:1 acetone/water was
studied by monitoring the re-formation of the low-acidity MEH with UV-Vis
spectroscopy after irradiation. The molar absorptivity of the MEH at λmax (434 nm)
in 4:1 acetone/water is (3.1±0.3)×104 M-1 cm-1. Previous work showed that the
kinetics of 1 follows a second-order rate equation, and the rate constants are 73 and
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1.6 M-1 s-1 in water and ethanol, respectively.12 Therefore, the data were fitted to a
second-order Equation (1):
1/([C0]-[C1]) = kt + 1/C0

(1)

where [C0] is the total concentration and [C1] is the concentration of MEH (Figure
14). A small rate constant of 3.5 M-1s-1 was obtained, which explains the
observation of the NMR study.
To increase the reverse reaction rate, photoacid 3 with a methoxy group on the
phenolic moiety was studied. Thus, a solution of 3 in 4:1 acetone/water was
irradiated, and the kinetics of the reverse reaction was studied using UV-Vis
spectroscopy (Figure 14). The molar absorptivity of the MEH of 3 at λmax (462 nm)
in 4:1 acetone/water is (4.0±0.3)×104 M-1 cm-1. Spectra were collected every six
seconds after irradiation. The first 20 data were fitted to Equation (1) to obtain a
rate constant of 1.9×102 M-1 s-1, which is 53-times larger than that of 1. The reason
for the large rate constant of 3 compared to that of 1 is not fully understood. It has
been reported that a strong push–pull electron structure can significantly increase
the rate of cis–trans isomerization.34 In the structure of 3, the electron donating
methoxy group is para to the double bond that links to the electron-withdrawing
indolinium moiety. The push–pull configuration of 3 is stronger than that of 1.
Given that the cis–trans isomerization is part of the reverse reaction, the large rate
43

constant of 3 may be due to a fast cis–trans isomerization caused by its strong
push–pull structure.

Figure 14. Reverse reaction kinetic data of 1 in 4:1 acetone/water and 3 in 4:1 acetone water
fitted in a 2nd order equation.

The rate of the reverse reaction is also related to the effect of the media. A previous
study showed that solvents with large hydrogen-bond donor (HBD) acidity (Taft–
Kamlet α scale)35 increase the reaction rate. Water has a large α of 1.1, while
acetone has a small α of 0.11.36 Therefore, the ratio of acetone to water was
reduced to 2:1. A solution of 3 in this solvent was studied using the method
described above. The molar absorptivity of the MEH of 4 at λmax (462 nm) in 2:1
acetone/water is (4.6±0.4)×104 M-1 cm-1. The kinetic study showed that the rate
constant further increased to 1.0×103 M-1 s-1 (Figure 15). As described below this
rate is fast enough to stop the acid-catalyzed hydrolysis after irradiation. Ideally, an
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aqueous solution should maximize the reverse reaction rate. However, the amount
of water in the solvent is limited by the solubility of the PVPh polymer. In addition,
a very fast reverse reaction has the disadvantage that a high intensity of irradiation
may be necessary for a significant pH change.

Figure 15. Reverse reaction kinetic data of 3 in 2:1 acetone/water fitted in a 2nd order
equation.

Thus, the release of anisaldehyde catalyzed by 3 was studied by NMR spectroscopy.
A solution of P2 and 3 in 2:1 deuterated acetone/water was irradiated with a 470
nm LED light. The concentration of P2 was 6.8 mg mL-1, which was 8.6 mM in
terms of the acetal unit. The concentration of 3 was 1.0 mM. After 5 min irradiation,
2.9% of anisaldehyde was released. The percentage of anisaldehyde released was
determined using a peak of two protons of the grafted anisaldehyde as the internal
standard. No significant change of the photoacid peaks was observed before and
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after irradiation, indicating that the photoacid had returned to its low-acidity state.
Another spectrum was collected 5 min after the first one. No increase of
anisaldehyde was observed comparing to the first spectrum, which confirmed that
the reaction stopped after irradiation.
It is worth mentioning that the orthonasal odor threshold of anisaldehyde is 27 μg
kg-1 (0.2 μM).37 The anisaldehyde concentration of the sample reached 0.25 mM
(8.6 mM×2.9%) after 5 min irradiation, which is more than 1000-times higher than
the orthonasal odor threshold, and thus can be smelled. No gas-phase measurement
was performed. The sample was irradiated ten times (5 min each time). The
percentage of the aldehyde released with irradiation time is shown in Figure 16.
After the last irradiation, the sample was kept in the dark, overnight. The NMR
spectrum showed that no detectable anisaldehyde was released during this time. A
prolonged irradiation of a total of 5 h released all the anisaldehyde and no acetal
was detected by NMR spectroscopy.
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Figure 16. NMR spectrum of a solution of P2 and photoacid 3 in 2:1 acetone/water before and
after irradiation (left) and percentage of anisaldehyde released with time of irradiation (right).

3.3 Conclusions
A novel fragrance-release system was demonstrated. The release of functional
molecules can be activated by visible light and quickly stopped by turning off the
light. Metastable-state photoacid 3 has much faster reverse reaction than 1 in
aceton/water. Therefore, 3 is more advantageous in precisely controlling the
fragrance-release. It is worth mentioning that carrier polymer P1 are re-obtained
after release of all the anisaldehyde, and the metastable photoacids are reversible.
They may be recycled to reduce the cost of the material. Although the method
described here can only be applied to aldehydes and ketones, other types of
fragrance or odorous molecules, for example, alcohols may also be released by
acid-catalyzed cleavage reactions using similar systems. For real applications, not
only does each component of the material need to be optimized in terms of
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structure and quantity, but also the device using such materials should be designed
to further control the release.
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Chapter 4
Photo-controlled reversible dissolution/formation of
polymer nanoparticles
“Reprinted

from
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Wang,
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permission
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Royal

Society
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http://pubs.rsc.org/en/content/articlelanding/2016/nr/c6nr02163h/ ”

4.1 Introduction
Polymer nanoparticles have attracted considerable interest due to their applications
in drug delivery and functional assemblies.38–44 Stimulus responsive polymer
nanoparticles, also called smart polymer nanoparticles, are polymer nanoparticles
that respond to external stimuli such as light, pH, temperature, ionic strength and
electric field.45–47 Under a specific stimulus, the polymer nanoparticle undergoes
structural changes, which lead to the changes of shape, solubility, surface
characteristics, or sol–gel transitions.48–51 Among the common stimulating methods,
photo-irradiation is a convenient method to alter the properties of polymers with
remote, temporal and spatial control.17,52–58
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Polymer nanoparticles are often prepared by polymerization, precipitation, or
crosslinking of preformed polymers in a nanoconfined environment.59–62
Preparing nanoparticles from preformed polymers can be accomplished by different
methods such as solvent evaporation, nanoprecipitation, emulsification, etc.63 In
addition,

crosslinking

is

commonly

used

to

prepare

stable

polymer

nanoparticles.64,65 Polymer nanoparticles prepared by noncovalent crosslinking
are promising as stimulus responsive materials because noncovalent bonding could
be more prone to be affected by a stimulus than covalent bonding. In this project,
we demonstrated that formation and dissolution of a polymer nanoparticle can be
reversibly controlled by visible light due to photo-induced protonation, which
affects the noncovalent crosslinking among the polymers.
Photo-controlled protonation can be achieved using the molecules that transform
into strong protic acids upon irradiation, for example, photoacid generators,2,66,67
excited-state

photoacids,3,6,11,68,69

metastable-state

photoacids,12,70,71

and

hydroxyazobenzenes.72,73 In fact, these photoacids have been utilized to control
different properties of polymers using light.13,17,20,74–76 In this work, a metastablestate photoacid (1 in Figure 2 ) is used due to its visible-light sensitivity, high
photoacidity, good reversibility, and the long lifetime of the photo-induced acidic
state.77

50

Herein, I synthesized poly(methyl acrylate-co-acrylic acid) which can form
hydrogen bonding crosslinking with poly(4-vinyl pyridine). In specific condition,
they can form nanoparticles in a solvent. With addition of a metastable-state
photoacid, the crosslinking can be controlled by photo-irradiation. Therefore, the
dissolution and formation of the nanoparticles is fully controllable with visible light.

4.2 Results and Discussion
The polymer nanoparticle used in this study was prepared by noncovalent
crosslinking of poly(methyl acrylate-co-acrylic acid) (PMA-co-PAA, MA:AA =
4:1) with poly(4-vinyl pyridine) (PVPy) in methanol (Scheme 10). Cho and
coworkers have reported that a layer-by-layer assembly of polystyrene-bpoly(acrylic acid) and PVPy can be constructed by utilizing the hydrogen bonding
between the carboxylic acids and pyridinyl groups of the polymers.77 Due to the
acidity and basicity of the carboxylic acid and pyridine respectively, their
interaction also has a nature of an ionic bond. In our experiment, PVPy was used to
crosslink PMA-co-PAA and form nanoparticles. In fact, addition of a methanol
solution of PVPy to a methanol solution of PMA-co-PAA resulted in a cloudy
suspension of polymer nanoparticles. The suspension was stable at room
temperature over days. Since PVPy functions as a cross-linker, only a small amount
of PVPy is necessary. The molar ratio of the pyridinyl units on PVPy to the
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carboxylic acid units on PMA-co-PAA is 0.15:1. Addition of a higher ratio of
PVPy caused quick precipitation of the crosslinked polymer.

Scheme 10. Structures of photoacid 1, PMA-co-PAA and PVPy, and decrosslinking of the
polymers due to photo-protonation.

The FTIR of a sample prepared by drying the nanoparticle suspension showed that
the peak of PVPy at 1594 cm−1 shifted to 1604 cm−1 when mixed with PMA-coPAA (Figure 17), which is due to hydrogen bonding between the pyridinyl group
on PVPy and the carboxylic group on PMA-co-PAA.
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Figure 17. FTIR of the PAA-co-PMA/PVPy mixture in comparison with that of PVPy and
PAA-co-PMA obtained using ATR method. (All the samples are solids. The intensity
difference is due to different amount of the samples and doesn’t have any quantitative
meaning.)

To control the polymer nanoparticle with light, the photoacid 1 was added to the
polymer suspension described above. Photoacid 1 is a merocyanine type
metastable-state photoacid. Under irradiation, it undergoes an intramolecular
cyclization and transforms into a strong acid, which releases a proton to a proton
acceptor12 (Scheme 10). In this case, the proton acceptor could be either a
carboxylic anion or a pyridinyl group. The protonation results in carboxylic acids
and pyridinium cations, which cannot form hydrogen or ionic bonds with each
other. The polymers were no longer crosslinked and became soluble. When the
light was turned off, Photoacid 1 returned to its low-acidity state and took back the
proton. Consequently, the polymers were crosslinked again and the solution
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changed back to a milky suspension of the nanoparticles. This cycle can be
repeated many times.
The size and distribution of the polymer nanoparticle were studied using a dynamic
light scattering (DLS) particle size analyzer (Figure 18). Before irradiation, the Zaverage size, also known as the cumulants’ mean size, of the nanoparticle was 320
nm and the polydispersity index (PDI) was 0.358. After being irradiated with a 470
nm LED light for 3 minutes, the solution became transparent. The average size of
the particle decreased to 20 nm and the PDI was 0.381. After the sample was kept
in the dark for 3 hours, the polymer nanoparticles formed again and the average
size was 244 nm with a PDI of 0.329. Comparing to the sample before irradiation,
the nanoparticle size became smaller but the distribution was more uniform. When
the polymer nanoparticle was prepared, the PVPy solution was added dropwise to
the solution of PMAco- PAA from the top of the reaction container, and the
nanoparticle started to form from the upper part of the solution. Although the
solution was stirred vigorously, crosslinking could not occur uniformly in the entire
solution, which resulted in a relatively high PDI. After irradiation, all the
components were dissolved and thus evenly distributed in the solution before they
started to form the nanoparticle again. Therefore, the nanoparticles formed more
uniformly than they were prepared from mixing the solutions of the components.

54

Figure 18. Size and distribution of the polymer nanoparticle before irradiation, immediately
after irradiation, and 3 hours in the dark after irradiation measured by DLS.

The photoinduced dissolution of the nanoparticle was further confirmed by an
AFM study. A drop of the suspension was placed on a glass substrate and dried
rapidly by blowing nitrogen over it. An AFM image was then obtained using
contact mode. As shown in Figure 19, nanoparticles with sizes around 300 nm were
observed, which is consistent with the DLS study. This result indicates that the
nanoparticles are quite stable even though they are formed by noncovalent
crosslinking. The stability is attributed to the negative charges from the
deprotonated carboxylic groups on the surface. Samples prepared from the
irradiated solutions only showed irregular aggregations of the polymer but no
nanoparticle, which confirmed that the nanoparticles dissolved upon irradiation.
TEM was also used to study the nanoparticles. The nanoparticle suspension
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prepared as described above was diluted 200 times with methanol and dried before
TEM was performed. As shown in Figure 19, nanoparticles with sizes of ∼200–500
nm, nanoparticle aggregations and some polymers were observed in the TEM
image. It is worth mentioning that it was difficult to dry the TEM sample quickly
due to dilution. Given that nanoparticles were formed by noncovalent interaction,
solvent evaporation during the sample preparation might make the nanoparticles
observable by TEM different from that in the suspension.

Figure 19. Top left: AFM image of the nanoparticles before irradiation. Top right and bottom
left: TEM images of the nanoparticles before irradiation. Bottom right: TEM image of the
nanoparticles after irradiation.
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As described above, irradiation induced dissolution of the polymer nanoparticles
and increased the transparency of the mixture. Therefore, the nanoparticle
suspension was also studied by measuring the transmittance of the mixture using
UV-Vis spectroscopy. The transmittance at 580 nm was collected for a sample that
was repeatedly irradiated for 3 minutes and kept in the dark for 2 hours (Figure 20).
This wavelength was chosen because it is out of the absorption band of photoacid 1.
As shown in Figure 19, the transmittance of the mixture after irradiation was about
80%. The sample was transparent and the pattern behind the sample cell can be
observed. After the irradiated sample was kept in the dark for 2 hours, the
transmittance was reduced to ∼22% due to the formation of the nanoparticles and
the pattern behind the sample cell cannot be observed. The transmittance cycle can
be repeated many times.

Figure 20. Suspension of the polymer nanoparticle before and after irradiation and the
transmittance cycles measured by UV-Vis spectroscopy.
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The system described here could be used as a novel optical material for different
applications. One potential application is an interlayer material that is transparent
during daytime and translucent during night for isolation or temperature control. In
fact, we find that sunlight is strong enough to induce the photoreaction effectively
(Figure 21). Another application could be reversible patterning. To demonstrate
this, a 2 mm layer of the nanoparticle suspension was irradiated through masks. To
slow down the diffusion of the nanoparticle, the suspension was added to a high
molecular weight (5 million) polyethylene oxide to increase viscosity. Upon
irradiation, the irradiated part changed from translucent to completely nontransparent for a short time, and then became transparent. The non-transparent
intermediate is attributed to aggregation of the nanoparticle due to neutralization
(protonation) of the surface carboxylate anion. As described above, further
protonation caused dissolution of the nanoparticle and the irradiated area became
transparent (Figure 22).
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Just prepared

5 min in sunshine

indoor 30 min

Figure 21. Sunlight induced change of the nanoparticle suspension.

Figure 22. Reversible patterning of a layer of the nanoparticle suspension
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4.3 Conclusions
In summary, reversible formation and dissolution of a polymer nanoparticle
controlled by visible light has been demonstrated. The polymer nanoparticle was
prepared by crosslinking preformed polymers with hydrogen and ionic bonds. In
the presence of photoacid 1, noncovalent crosslinking can be broken by a photoinduced protonation, which leads to dissolution of polymer nanoparticles. In the
dark, protons are taken back by the photoacid and the nanoparticles form again.
This work shows that photo-induced protonation is an efficient method to control
hydrogen bonding and ionic bonding, which are two strong noncovalent
interactions between polymers. The material reported here may find applications in
optical devices and drug delivery.
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Chapter 5
Design, Synthesis and Characterization of
Photomechanical Polymers
5.1 Introduction
Polymer materials that reversibly alter their mechanical properties upon irradiation
have many potential applications including actuator, artificial muscle and energy
conversion. At present, most of the photomechanical polmers are based on the
isomerization or photocyclization of photosensitive molecules, among which
azobenzene is the most extensively explored.78–80 Azobenzene containing-liquid
crystal polymers have shown large photomechanical response as well as reversible
shape change.81–85 Other photochromic compounds such as spiropyran86–89 have
also been used for different photomechanical materials.
In this project, we studied a new approach to control mechanical properties of
polymers, which is photo-controlled protonation. Protonation can not only alter the
electron structure of a polymer but also affect the hydrogen bonding and ionic
bonding between polymers. Since mechanical property is greatly dependent on the
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interactions between polymers, photo-controlled protonation is a reasonable
approach for developing photomechanical polymers.
Photo-controlled protonation can be achieved using the metastable-state photoacid.
Because most polymers are not strong Lewis bases and proton tranfer in polymers
is slow, strong photoacidity and long lifetime of the high-acidity state are necessary
for the photoacid to protonate the polymer and change the mechanical property.
Metastable-state photoacids meet all these requirements and thus are suitable for
developing photomechanical polymers.

5.2 Results and Discussion
In this project, the metastable-state photoacid 3 was used as a photo-controlled
proton donor. As discussed in Chapter 2, photoacid 3 has several good features
such as better stability, faster reverse reaction and longer absorption wavelength.
Proton transfer in most polymers is much slower than in solution. Therefore, a
photoacid with fast reverse reaction, such as photoacid 3, is prefered in developing
photomechanical polymers.
It is well kown that hydrogels of carboxylic acid polymers change their volume at
different pH. However, the volume change is caused by uptake/extrusion of water
due to protonation/deprotonation of the carboxylic groups. This mechanism cannot
be used for solid photomechanical polymers. In solid state, a carboxylic acid can
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form hydrogen bond with another carboxylic acid as well as an alcohol or an ether.
Protons provided by the photoacid can affect the strength of the hydrogen bonds
and consequently affect the mechanical strength of the polymer. Therefore,
photoacid 3 was doped in a copolymer of acrylic acid and 2-hydroxyethyl
mechacrylate. (Scheme 11) Hydroxyethyl methacrylate is a protic monomer that
can help proton transfer. It can also form hydrogen bonds between each other or
with the carboxylic acid.
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Scheme 11. Components of the photomechanical material and examples of the hydrogen bonds
weakened or strenthened (formed) by photoprotonation.

Polymer PAA-co-PHEMA was synthesized by a radical polymerization in
methanol using AIBN as the initiator. The ratio between the weight of acrylic acid
and 2-hydroxyethyl methacrylate was 1:4. Polymer films of PAA-co-PHEMA,
photoacid 3 and poly(ethylene oxide) (weight ratio 20:1:1) were prepared by
casting a methanol solution of the three components on a Teflon mold, and the
solvent was allowed to evaporate at room temperature for 24h. The resulting
polymer films were cut into strips and dried in a vacuum chamber. After all the
methanol was removed, the samples were kept in the dark under ambient conditions.
The thicknessof the film was about 100 μm. We found that addition of a high
molecular-weight poly(ethylene oxide) (MW = 5 million) was necessary to obtain
uniformed films without observable photoacid aggregations. Poly(ethylene oxide)
is also a proton transfer polymer, and can form hydrogen bonds with the protic
components.
The reverse reaction of photoacid 3 in the polymer film has been studied with UVVis spectroscopy. The sample was prepared on a glass slide by spin-coating of the
above-mentioned polymer solution. The polymer film on the glass slide was very
thin so that the photoacid peak on UV-Vis spectrum was not too high to be
unreliable. Before irradiation, the MEH peak at λ = 468 nm was high and there was
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no ME and SP peak, which means 3 was all protonated open-ring form. Under
irradiation for 5 minutes, the MEH peak almost vanished and SP peak increased.
Then the sample was scanned for every 4 minutes. After 80 minutes, 83% of MEH
recovered from SP.

Figure 23. Reverse reaction kinetics of 3 in polymer film. After irradiation, the sample was
scanned for every 4 minutes and 20 cycles was scanned.

The tensile strength of the material was studied before and after irradiation. (Figure
24) The stress-strain curve is typical for a plastic, and the yield point is about 5Mpa.
A different sample cut from the same film was irradiated with a 470 nm LED for 5
min. The intensity of light was about 18.85 mW/cm2. No apparent shape change
was observed during the irradiation. After irradiation, the color of the film changed
from a redish orange ot yellow indicating that 3 changed to the high acidity state.
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The Stress-strain curve of the irradiated sample showed both a lower modulus in
the elastic range and a lower strength in the plastic range. (Figure 24) The
maximum strength near the yield point also reduced. The result was reproducible.
We have tested multiple samples from different films prepared at different times.
All the irradiated samples showed lower tensile strength than the non-irradiated
ones from the same film. The photomechanical change is reversible. A sample was
irradiated and then kept in the dark for three hours, which is long enough for almost
all photoacid to return back to MEH, according to UV-Vis result. The result of the
tensile test was close to that of another sample cut from the same film without
irradiation. It is worth noting that the consistant humidity of the environment is
important since the tensile strength of the polymer film is highly related to
humidity.

Figure 24. The stress-strain curve of the material without and after irradiation (left), and that
of the material without irradiation and 3 hours after irradiation.
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Photo-protonation of the polymers could strengthen, weaken or lead to the
formation of the hydrogen bonds in the material, and thus increase or decrease the
strength. Two examples are shown in Scheme 11. Other types of hydrogen bonds
could also form in the material and could be weakened or strengthened by photoprotonation. The result suggests that the weakening effect is stronger than the
strengthening effect. A possible reason is that the hydrogen bond between two
carboxylic acids is the strongest among all the possible hydrogen bonds in the
material. According to the principle of PA/pKa equalization90, this hydrogen bond is
weakened by the protonation of the carbonyl group. It has been reported that
aggregation of nanoparticles due to hydrogen bonding between the surface
carboxylic groups deaggregated upon protonation under an acidic condition.17
Therefore, the photo-decreased strength is attributed to the weakened hydrogen
bond between the carboxylic acids. The photoinduced structure change of the
photoacid can also affect the mechanical strength of the polymer although the
photoacid was doped rather than covalently linked to the polymer. It has been
reported that the stiffness of an acrylate polymer film doped with a spiropyran
increased about 7% after being irradiated by UV light.91 The effect was attributed
to the interactions between the polymer and the merocyanine, which is the photoproduct of the spiropyran. In this work, photoacid 3 is a protonated merocyanine
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and the photogenerated product is a spiropyran. Therefore, the effect is expected to
be opposite to that of the reported work, which was observed in the test.
In the experiments described above, different samples from the same film were
compared. It is desirable to observe the reversible mechanical change on one
sample. Therefore, we applied pulsed irradiation on a sample during the tensile test.
(Figure 25) Upon irradiation, a quick drop of stress was observed. However, the
curve turned up and continuously rose when the sample was under irradiation. The
tensile strength under irradiation can surpass the yield point of the sample before
irradiation. After the light was turned off, a quick jump of the stress with a sharper
slope than that of the rising curve under irradiation was observed. The curve then
turned down and kept dropping with a slope close to that of the curve before
irradiation, indicating that the photomechanical effect is reversible. Several cycles
can be done before the fracture point.

68

Figure 25. The stress-strain curve of the polymer film with photoacid 3 under pulsed
irradiation.

The result shows that a quick weakening process occurred when the irradiation was
applied, which was followed by a slower but stronger strengthening process. The
overall effect was that the material was strengthened by irradiation during the
mechanical test. The quick process can be explained by the structure change of the
photoacid 3. As described above, photoinduced structure change from merocyanine
to spiropyran decreases the mechanical strength, while the reverse process
increases the strength. Therefore, the quick drop and jump of the stress-strain curve
when the light was turned on and off can be explained by the photoisomerization of
3. The slow process can be attributed to the photoinduced protonation since proton
transfer in polymer is slow. However, it is intriguing that the photo-strengthening
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effect was only observed when the material was under a mechanical stretch. As
described above, when the irradiation was applied without a mechanical loading,
the material was weakened. The dual photomechanical property may be explained
by Le Châtelier's principle, which states that a equilibrium will shift to counteract
the effect of an applied change. Different functional groups of the polymer can bind
to the protons from the photoacid, which results in a equilibrium. The protonation
can either weaken or strengthen the hydrogen bonding depending on which group
is protonated. The overall effect depends on the equilibrium between the weakening
protonation and the strengthening protonation. Without a stretching, the irradiated
material has a lower strength than that of the non-irradiated one because the
equilibrium favors the weakening pronation. When the material is stretched, the
equilibrium shifts to counteract the elongation caused by stretching according to Le
Châtelier's principle. The strengthening protonation surpasses the weakening
protonation, and the tensile strength increases under irradiation.
In order to confirm that the photo-strengthening effect under a mechanical stretch is
attributed to the photoinduced protonation of polymers. A modified merocyanine
10 was doped in the polymer film and tested the mechanical property. 10 has
similar structure as photoacid 1, but the hydroxyl group was methylated to prevent
the ring-closing reaction. (Figure 26) Under irradiation, 10 undergoes a trans-cis
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isomerization without subsequent nucleophilic reaction. Therefore, there is no
protons being released under irradiation.

Figure 26. Merocyanine 10

The tensile strength was studied when pulsed irradiation was applied on the
polymer film. Surprisingly, the result was similar to the aforementioned result of
the polymer film with photoacid 3. The irradiation was applied after the sample
surpassed the yield point and the curve started to decrease. A quick drop when the
light was turned on was reasonable because the twisted cis-form of merocyanine
had similar configuration with spiropyran which decreased the tensile strength.
However, when kept irradiation, the curve started to rise which was supposed to be
the result of the protonation of polymer. Then the light was turned off and a quick
jump of stress was observed due to the relaxation of cis-merocyanine. The curve
then turned down and kept dropping with a slope close to that of the curve before
irradiation. When the light was turned on again, same change was observed while
the final tensile strength surpassed the yield point of the sample before irradiation.
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Figure 27. The stress-strain curve of the polymer film with merocyanine 10 under pulsed
irradiation.

5.3 Conclusions
In summary, a novel approach based on photo-protonation of hydrogen bonding
groups is investigated to develop photomechanical materials. Applying irradiation
on the polymer film containing a metastable-state photoacid and a copolymer of
acrylic acid weakened the tensile strength. If the irradiation was applied during a
mechanical stretching, the tensile strength increased. But the polymer film
containing a photo-switchable compound that couldn’t release proton under
irradiation also increased the tensile strength during a mechanical stretching. The
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photoresponses couldn’t be simply attributed to the protonation of the polymer.
More detailed experiments need to be done to investigate the hidden reasons.
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Chapter 6
Design, Synthesis and Characterization of PhotoBase
6.1 Introduction
Photobase is a type of molecules that can generate basicity or release bases, such as
organic amines, under irradiation. Photobase generators are irreversible photobases
that can release bases, mostly amines, under irradiation. They have been
extensively studied in decades and many classes of photobase generators have been
developed and studied. In Suyama’s review,92 at least 11 classes of photobase
generators, which release primary, secondary or tertiary amines, have been studied.
Many of them have been used in various applications, such as base-catalyzed
reactions, polymer synthesis and degradation, and polymer solubility control.
Another type of photobase can generate a OH- when it is irradiated, for example,
Acridinols93. It is reversible since the resulted cation captures the OH- thermally.
Therefore, the development of noval reversible long-lived photobases is desired in
the development of photo-controlled systems.
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6.2 Result and discussion

Figure 28. Structures of designed photobases.

Chalcones constitute an important class of compounds with applications in
biology,94–98 medical science99,100 and photo-chemistry, because of their
photochromism based on a trans-cis isomerization process.101–104 In this family of
compounds, 2-hydroxychalcone derivatives are intriging since they prone to form
the flavylium cation under strong acidic conditions.105 (Scheme 12) In this process,
2-hydroxychalcone undergoes a trans-cis isomerization and a nucleophilic
cyclization and forms a hemiketal. This process also occurs under photo-irradiation.
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Then a proton combines with the –OH on hemiketal and releases a H2O to form the
flavylium cation. As a result, a proton is neutralized by a OH - released by
hemiketal. However, the OH- can not be released in near neutral conditions due to
the instability of flavylium cation. Therefore, stabilization of flavylium cation may
facilitate the dissociation of OH-

on hemiketal in neutral condition. Since

hemiketal can be achieved through photoreaction of 2-hydroxychalcone derivative,
the spontaneous dissociation of OH- makes it to be a photobase. Furthermore,
flavylium cation has same molecular structure as the natural anthocyanins.106
Therefore, the application of the photobase is expected to have small impact to the
environment.

Scheme 12. Photo- and pH-induced formation of flavynium cation from 2-hydroxychalcone.

In order to stabilize the flavylium cation, introduction of electron-donating groups
is a reasonable solution. In this project, methoxyl groups and dialkylamino groups,
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which are strong electron-donating groups, are introduced on the benzene ring.
Methoxyl group and dialkylamino group donate electrons by resonance. Therefore,
on phenolic part, they should be on meta-positions of the phenol hydroxyl group.
On the other aromatic ring, they should be on para-position of the linkage bond.
Scheme 13 shows resonance structures of the flavylium cation form of PB1, where
cation is stabilized by three methoxyl groups. In this project, PB1, PB2, PB3 are
well-designed with multiple methoxyl groups and dialkylamino groups on optimal
position. (Figure 28)

Scheme 13. Resonance structures of the flavylium cation form of PB1.

Phenothiazine is a well-known electron donor due to its electron-rich sulfur and
nitrogen heteroatoms. It has been used as a electron donor in many applications,
such as organic photosensitizer in solar cells107–109 and redox active
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materials47,110,111. In chapter 2, we also introduced phenothiazine moiety into a
metastable-state photoacid. The strong push-pull structure led to a long wavelength
absorption, where λmax is at 584 nm. Carbazole has a similar structure as
phenothiazine and it is also commonly used as a strong electron donor. It was also
used in a metastable-state photoacid, which has λmax at 536 nm. In this project,
phenothiazine and carbazole are introduced as strong electron donors to stabilize
the potentially formed flavylium cation. (Figure 28)
UV-Vis spectroscopy was used to study photo-chemical properties of the five
chalcone-type photobases PB1-PB5. Figure 29 showed the UV-Vis spectrum of
PB1 in acetonitrile/water(1:1) solution. Before irradiation, PB1 had a peak where
λmax is at 369 nm. The solution was irradiated with 365 nm UV light for 5 minutes,
the peak at 369 nm decreased and a new peak at 283 nm emerged, indicating the
photoreaction occurred. This reaction was reversible in the dark. As discussed
above, the photoreaction of 2-hydroxychalcone derivative could lead to a hemiketal
which has less conjugated structure than 2-hydroxychalcone derivative. The new
peak at 283 nm indicated that the photoproduct of PB1 is a hemiketal rather than a
flavylium cation. To confirm this conclusion, a drop of concentrated HCl was
added into the solution and kept for 2 min until equilibrium reached. The spectrum
showed that a new peak at 471 nm emerged while the peak at 283 nm disappeared
because the hemiketal losted OH- to form a more conjugated flavylium cation in
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acidic condition. Then the acidic solution was irradiated with 365 nm light for 3
minutes. The peak at 369 nm disappeared and the peak at 471 nm increased,
indicating that PB1 underwent a photoreaction to hemiketal and hemiketal lost the
OH- to form flavylium cation in acidic condition. Thus, there is no photobasicity
upon irradiation of PB1.

Figure 29. UV-Vis absorption of PB1 in acetonitrile/water (1:1)

PB2 in ethanol/water (1:1) mixed solvent was studied by UV-Vis spectroscopy.
(Figure 30) After irradiation with 470 nm LED light, small drop of the main peak at
450 nm was observed. However, there was no new peak at higher wavelength
emerged which meant there was no flavylium cation formed and no OH- was
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released. So a drop of acetic acid was added to the solution and the flavylium
cation peak at λmax = 530 nm emerged. However, the flavylium cation peak had
absorption at λ = 470 nm, indicating that the irradiation with 470 nm LED light
could suppress the formation of flavylium cation. Therefore, PB2 in the same
mixed solvent was irradiated with 410 nm LED light. A small peak between 500
nm and 600 nm emerged, indicating the formation of flavylium cation and the
release of OH-. However, further irradiation did not obviously change the curve.
When kept in the dark for 90 minutes, the flavylium cation partially reversed back
to PB2. Although the flavylium cation formed and OH- was released under
irradiation, the efficiency and photo-induced basicity were too low which impeded
the application of PB2.
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Figure 30. UV-Vis absorptions of PB2 in ethanol/water (1:1)

In methanol, PB3 showed photoreactivity but no flavylium cation formed under
irradiation of 410 nm LED light. With the addition of a drop of concentrated HCl,
the flavylium cation peak at λ = 547 nm emerged. (Figure 31) The possible reason
that no flavylium cation formed under irradiation was that the flavylium cation and
OH- was not very stable in methanol. Water is the best solvent to stabilize the
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cation and inion. Therefore, ethanol/water (1:1) mixture was used as the solvent to
study PB3, because PB3 was not soluble in sole water. After irradiation with 410
nm for 15 minutes, a small drop of PB3 peak and emergence of flavylium peak
were observed, indicating that OH- could be released under photoirradiation in
aqueous solvent. However, it was very similar to the PB2 that the photoreaction
efficiency and photoinduced basicity were very low.

Figure 31. UV-Vis absorptions of PB3 in methanol (left) and ethanol/water (1:1) (right)
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UV-Vis spectra of PB5 showed photoreactivities but no photobasicity. Flavylium
cations only formed after additional acid was added. For PB4, 365 nm, 410 nm and
470 nm LED lights were used to irradiate the sample but no photoresponses were
observed, possibly due to fast cis-trans isomerization. When the solution was added
a drop of HCl, the peaks at 434 nm and 313 nm slowly decreased and the peak at
~600 nm slowly increased after 10 min, which meant the formation of flavylium
cation was slower than other PBs in acidic condition. Therefore, these designs were
not very successful for a reversible photobase. However, the formations of
flavylium cations of PB2 and PB3 indicated that this approach was reasonable and
could be achived with better design. More investigations will be done in the future.
Another approach was applied to design a reversible photobase which is inspired
by the reversible metastable-state photoacid. We have already known that
metastable-state photoacid is designed based on photochromic reactions involving
intramolecular nucleophilic reaction, which forms an aromatic amine. There is
some but very weak basicity of this aromatic amine, otherwise the dissociated
proton will be captured by the amine. This is the mechanism of how a proton is
released by photoacid upon irradiation. If there is no proton linked to the
nucleophilic atom, no proton will be released upon irradiation. Meanwhile, if there
is no positive charge on the electron accepting moiety, a negative charge will
appear on the moiety after photoreaction, which could take protons from other
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molecules depending on its basicity. Therefore, a new approach to reversible
photobase based on photochromic reaction is designed.
In this new approach, the photobase molecule contains a nucleophilic part without
proton and the other part that can stabilize the anion. For nucleophilic part,
quinoline is used since there is no active proton associated with quinoline part.
Electron-withdrawing groups are able to stabilize the anion. If the the electronwithdrawing groups are too weak, anion cannot be stabilized and the photoreaction
will be impeded. But if the electron-withdrawing groups are too strong, the
negative charge will be well-stabilized and the basicity of the anion will be weak.
In this case, appropriate electron-withdrawing groups need to be used to achieve
the best result.
PB6 was designed with two electron-withdrawing groups, which are cyanogroup
and carbonyl group. Upon irraidation, the molecule underwent a trans-cis
isomerization and the nucleophilic nitrogen on the quinoline attacked the α-carbon
of the linkage double bond. A six-member ring formed and the electrons shifted
from N to the C between cyanogroup and carbonyl group. Thus a zwitterionic
molecule formed while the negative charge could be stabilized by the cyanogroup
and the carbonyl group through resonance. The pKa of protonated quinoline is
about 4.9 while that of cyanoacetate is about 9. Therefore, the basicity of the anion
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after ring-closing reaction is expected to be stronger than that of quinoline before
irradiation.

Scheme 14. Electron transfer and formation of anion in the photoreaction of PB6

UV-Vis spectroscopy (Figure 32, left) showed that PB6 had a peak at λmax = 370
nm and the absorption band covered 410 nm. Under the irradiation with 410 nm
LED light, the peak at 370 nm decreased while the peak at 267 nm increased,
indicating the PB6 changed into closed-ring form upon irradiation. The peak at 267
nm was the peak of the closed-ring form because the conjugated structure was
broken. When kept in dark for 15 min, the curve did not change, which meant the
reaction was not reversible thermally. Whereafter, the solution was irradiated with
254 nm UV light for 5 min. The drop of the peak at 267 nm and the rise of the peak
at 370 nm indicated that the reaction could be reversed by 254 nm irradiation.
However, further irradiation made no obvious change of the curve. The reason was
that both open-ring form and closed-ring form of PB6 had absorptions at the
wavelength at 254 nm. The irradiation with 254 nm UV light could not only
transform open-ring form to closed-ring form but also do the opposite. Therefore,
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when the forward reaction rate was equal to that of the reverse reaction, the overall
reaction reached a photo-stationary state and the ratio between two forms remained
the same. In another test, two drops of the base NaOH(aq) was added into the
irradiated solution of PB6. The UV-Vis spectrum showed that the recovery of PB6
occurred after the NaOH(aq) was added and almost all PB6 was recovered after 2
hours. (Figure 32, right)

Figure 32. UV-Vis absorptions of PB6 in methanol/water (1:3). Left: reverse reaction was
promoted by irradiation of 254 nm UV light; Right: reverse reaction was promoted by adding
two drops of NaOH (aq) solution.

The closed-ring zwitterionic structure was thermally stable in methanol. The
possible reason could be that the carbon anion was stabilized by the proton
provided by the methanol or the water in methanol and increased the energy barrier
from closed-ring form to open-ring form. The energy barrier could be overcome by
UV irraidation and thus it was reversible under 254 nm irradiation. When the
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NaOH(aq) was added into the irradiated PB6 solution, the protons will be
neutralized and the carbon anion was no longer stabilized by the proton and
changed back to more stable open-ring form.
To evaluate the photoinduced basicity of PB6, several pH indicators were used.
Thymolphthalein (pKa = 9.9) and bromothymol blue (pKa = 7.1) were used to test
the photoinduced basicity and they showed no obvious difference before and after
irradiation. When bromocresol green (pKa = 4.7) was added to the PB6 solution,
the solution was yellow-green color. After irradiation with 410 nm LED light, the
solution turned into light blue color. Therefore, PB6 have photobasicity with the
irradiation of 410 nm LED light. (Figure 33) However, the photobasicity is too low
to make a significant change of the pH of an aqueous solution.

Figure 33. PB6 solution with bromocresol green before and after irradiation with 410 nm LED
light.

PB7 was designed with weaker electron-withdrawing amide group and imine group
and the λmax was 354 nm. (Figure 34) It also showed photoresponse under the
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irradiation of 410 nm LED light. In addition, it was thermal reversible in the dark
although the reverse reaction rate was very low. It was revealed that about 85% of
PB7 recovered in 10 days in the dark after 410 nm irradiation. However, the
reverse reaction could be accelerated by increasing temperature. About 77% of PB7
recovered in 24 hours at 50˚C, while about 88% of PB7 recovered in 8 hours at
80˚C. They are much faster than that at room temperature. Irradiation with 254 nm
UV light could also accelerate the reverse reaction.

Figure 34. UV-Vis absorption of PB7 in methanol

The photobasicity of PB7 was also evaluated by pH indicators. PB7 had higher
solubility in water than PB6 and thus a mixture solvent of water and methanol was
used to do the pH indicator test. The thymolphthalein (pKa = 9.9) was used but no
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color change was observed after irradiation. But bromothymol blue (pKa = 7.1),
neutral red (pKa = 6.8) and thymol blue (pKa = 8.9) showed obvious color change
after 410 nm LED light irradiation, indicating that the photoinduced basicity was
strong enough to change colors of these three indicators. (Figure 35)

Figure 35. PB7 solution with thymol blue, (left) neutral red (middle) and bromothymol blue
(right) before and after irradiation with 410 nm LED light.

In order to quantitate the photobasicity of PB7, a standard pH indicator with known
pKa was used. The UV-Vis spectroscopy was used to quantitate the concentration
of each component in the solution because the absorbance is linear proportional to
the concentration of each component according to Beer-Lambert Law. In this case,
the basic and acidic forms of selected pH indicator should have absorptions that do
not overlap with the PB7 absorption at 354 nm. Neutral red was a good option
since the λmax of the basic and acidic forms were at 535 nm and 454 nm,
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respectively. Therefore, neutral red was selected as the standard to calculate the pKa
of the protonated PB7.
The molar absorptivity (ε) of the acidic form of neutral red was measured to be
12345 M-1cm-1 at 568 nm. Then neutral red and PB7 were dissolved in
water/methanol with centain concentration. The concentrations of the acidic form
of neutral red before and after irradiation could be calculated according to the BeerLambert Law. Then the concentrations of the basic form could be calculated by
subtracting the concentrations of the acidic form from the total concentration. Since
the pKa of the neutral red was known as 6.8, the concentration of H+ could be easily
calculated and thus the concentration of OH-. The formation of OH- could be
attributed to the dissociation of H2O in neutral condition and the deprotonation of
H2O due to basicity of PB7. Besides, the formation of the basic form of neutral red
was attributed to the basicity of PB7. Therefore, the concentration of the protonated
PB7 could be calculated by adding up the concentration of the basic form of neutral
red and the concentration of OH- formed by basicity of PB7. Since the total
concentration of PB7 was known, the concentration of unprotonated PB7 could be
calculated. The Ka and pKa of protonated PB7 could be calculated with the
concentrations of the proton, unprotonated PB7 and protonated PB7. Before and
after irradiation, the pKas of the protonated PB7 were approximately 5.79 and 6.86,
while pKb of PB7 were 8.21 and 7.14, respectively. Although pKb change of 1 unit
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was smaller than the reported more than 4 units of pKb change of photobase
generator, PB7 was reversible.
PB8 was designed with an electron-donating thiophene group to increase the
electron density of the anion of the closed-ring form. Normally, higher electron
density means stronger attraction to the proton and leads to higher basicity. From
the UV-Vis spectrum, PB8 underwent photoreaction under the irradiation of 410
nm LED light, but was not reversible in the dark. The closed-ring form had
absorption at 254 nm and 365 nm as well as open-ring form. With irradiation of
254 nm and 365 nm UV light, there were photo-stationary states where open-ring
form and closed-ring form coexisted. The pH indicator test showed that the
photoinduced basicity of PB8 was not strong enough to change the solution colors
of thymol blue, thymolphthalein, bromothymol blue and neutral red. Similar to
PB6, PB8 could only change the solution color of bromocresol green after
irradiation with 410 nm light. (Figure 36) Therefore, PB8 has similar photobasicity
with PB6 which is very weak.
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Figure 36. PB8 solution with bromocresol green before and after irradiation with 410 nm LED
light.

PB9 was designed with a benzoxazole moiety linked to quinoline by double bond.
According to UV-Vis spectrum, it was photoresponsive and could be partially
recovered with the irradiation of 254 nm UV light. However, the indicator test
showed that even the solution color of bromocresol green couldn’t be changed.
Therefore, PB9 has no photobasicity.

6.3 Conclusions
In summary, 9 photobases were designed, synthesized and charaterized. The
photoreaction and reverse reaction was studied with UV-Vis spectroscopy. All
photobases except PB4 showed photoactivities. PB1, PB5 and PB9 underwent
photocyclization but induced no photoinduced basicity, while PB2 and PB3
underwent photocyclization and released OH- to form flavylium cation. However,
the photoreaction efficiency and photoinduced basicity of PB2 and PB3 were very
low. PB6 and PB8 had weak photoinduced basicity while PB7 had stronger
photobasicity that pKbs before and after irradiation were 8.21 and 7.14 respectively.
Photoinduced basicity could change the solution colors of pH indicators such as
bromothymol blue, neutral red and thymol blue. Although the photoinduced pKb
change was small, the design strategies provided us new approaches to noval
reversible photobases. More effort will be put to high performance photobases.
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Chapter 7 Experimental
Unless otherwise noted, all commercially available chemicals were used as
received without furthur purification. UV-Vis spectra were obtained from a Varian
Cary 60 Scan UV-Vis spectrophotometer. Transmittance was measured using a
Varian Cary 60 Scan UV-Vis spectrophotometer. 1H and

13

C NMR spectra were

determined in deuterated solvents on a Bruker AV400 NMR spectrometer.
Chemical shifts were reported in delta (δ) units, parts per million (ppm) downfield
from TMS. Dynamic light scattering (DLS) measurements were carried out on a
SZ-100 Nanopartica Series Instrument manufactured by HORIBA. AFM was
conducted using Nanosurf EasyScan 2 AFM. The light sources for irradiation were
410, 470, 525 nm LED arrays with 120 LEDs purchased from www.theledman.com.
Synthesis
General procedure of synthesis of photoacids
Starting
synthesized

material
following

2,3,3-trimethyl-1-(3-sulfonatepropyl)-3H-indolium
a

literature

method.112

Then

was

2,3,3-trimethyl-1-(3-

sulfonatepropyl)-3H-indolium and substituted salicaldehyde (1 equiv.) were added
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into anhydrous ethanol. The mixture was refluxed for 6 hours to give orange
precipitate. The precipitate was collected by filtration and washed with cold ethanol.
Then the product was dried under vacuum.12

Scheme 15. General procedure of synthesis of photoacid.

Photoacid 1 was synthesized and published as the first metastable-state photoacid
by Liao’s group in 2011.12 In order ot study the structure-property relationship, a
sery of metastable-state photoacids with different substituents were synthesized.
Photoacids 1, 2, 3, 4 and 8 were synthesized by the above-mentioned general
procedure using commercial available substituted-salicyaldehyde.
Photoacid 1
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1

H NMR spectrum: (d-DMSO, δ ppm): δ = 11.09 (s, 1H), 8.65 (d, J = 16.4 Hz, 1H),

8.34 (d, J = 7.8 Hz, 1H), 8.08 (d, J = 7.6 Hz, 1H), 7.94 (d, J = 15.9 Hz, 1H), 7.92 (d,
J = 4.4 Hz, 1H), 7.67 (m, 2H), 7.53 (t, J = 7.9 Hz, 1H), 7.10-7.02 (m, 2H), 4.86 (t, J
= 7.8 Hz, 2H), 2.70 (t, J = 6.2 Hz, 2H), 2.23 (m, 2H), 1.83 (s, 6H).
Photoacid 2
1

H NMR spectrum: (d-DMSO, δ ppm): δ = 11.00 (s, 1H), 8.57 (d, J = 16.4 Hz, 1H),

8.18 (d, J = 8.3 Hz, 1H), 7.99 (d, J = 7.7 Hz, 1H), 7.84 (d, J = 8.3 Hz, 1H), 7.81 (d,
J = 16.4 Hz, 1H), 7.61 (m, 2H), 6.84 (d, 2H), 4.77 (t, J = 7.7 Hz, 2H), 2.64 (t, J =
6.4 Hz, 2H), 2.34 (s, 3H), 2.17 (m, 2H), 1.76 (s, 6H).
Photoacid 3
1

H NMR spectrum: (d-DMSO, δ ppm): δ = 11.30 (s, 1H), 8.54 (d, J = 15.7 Hz, 1H),

8.29 (d, J = 8.6 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.82 (d, J = 5.8 Hz, 1H), 7.71 (d,
J = 16.4 Hz, 1H), 7.57 (m, 2H), 6.63 (d, J = 9.0 Hz, 1H), 6.55 (s, 1H), 4.72 (t, J =
8.6 Hz, 2H), 3.85 (s, 3H), 2.64 (t, J = 6.7 Hz, 2H), 2.15 (m, 2H), 1.74 (s, 6H).
Photoacid 4
1

H NMR spectrum: (d-DMSO, δ ppm): δ = 10.61 (s, 1H), 8.59 (d, J = 16.5 Hz, 1H),

8.00-7.93 (m, 2H), 7.87-7.82 (m, 2H), 7.64-7.59 (m, 2H), 7.09 (d, J = 8.5 Hz, 1H),
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6.96 (d, J = 8.3 Hz, 1H), 4.85 (s, 2H), 3.87 (s, 3H), 2.64 (s, 2H), 2.22 (s, 2H), 1.77
(s, 6H).
Photoacid 8
1

H NMR spectrum: (d-DMSO, δ ppm): δ = 8.62 (d, J = 16.3 Hz, 1H), 8.17 (d, J =

16.3 Hz, 1H), 8.09 (d, J = 8.4 Hz, 1H), 7.92-7.86 (m, 2H), 7.67-7.64 (m, 2H), 7.127.06 (m, 2H), 7.78-7.68 (m, 2H), 6.34 (s, 1H), 4.70 (t, J = 6.4 Hz, 2H), 2.65 (t, J =
6.2 Hz, 2H), 2.23 (m, 2H), 1.83 (s, 6H).
Synthesis of photoacid 5

Scheme 16. Synthesis of 4,5-dimethoxysalicylaldehyde

To a solution of 2,4,5-trimethoxybenzaldehyde (1.0 g, 5.1 mmol) in dry CH2Cl2 (25
ml) was added BBr3 (5.0 ml, 1.0 M in CH2Cl2) dropwise at 0 °C. The reaction
mixture was allowed to warm up to room temperature, stirred for 16 h, then cooled
to 0 °C, and poured on ice. The organic solvent was removed under reduced
pressure and the aqueous suspension was extracted with EtOAc. The combined
organic phase was washed with brine and dried over anhydrous MgSO4. The crude
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product was purified by gel chromotography (CH2Cl2:ethyl acetate=9:1). Yield:
0.568g, 61%. 1H NMR spectrum: (CDCl3, δ ppm): δ = 11.40 (s, 1H), 9.71 (s, 1H),
6.91 (s, 1H), 6.48 (s, 1H), 3.94 (s, 3H), 3.88 (s, 3H).
Photoacids 5 was synthesized by the above-mentioned general procedure using 4,5dimethoxysalicylaldehyde and 2,3,3-trimethyl-1-(3-sulfonatepropyl)-3H-indolium.
1

H NMR spectrum: (d-DMSO, δ ppm): δ = 10.99 (s, 1H), 8.58 (d, J = 15.9 Hz, 1H),

7.87 (d, J = 8.0 Hz, 1H), 7.81-7.76 (m, 3H), 7.58-7.53 (m, 2H), 6.59 (s, 1H), 4.77 (t,
J = 7.7 Hz, 2H), 3.90 (s, 3H), 3.86 (s, 3H), 2.63 (m, 2H), 2.17 (m, 2H), 1.74 (s, 6H).
Synthesis of photoacid 6

Scheme 17. Synthesis of 4,5-dimethylsalicylaldehyde

In a general procedure, to a stirred mixture of the 3,4-dimethylphenol (0.61g,
5mmol), tri-n-butylamine (0.37g, 2mmol) and tin tetrachloride (0.06mL, 0.5mmol)
in toluene (5mL), at ambient temperature, paraformaldehyde (0.33g, 11mol) was
added and after 30 minutes the yellow solution was heated at 100 °C for 5-8h with
TLC monitoring. Then, after cooling, the mixture was poured into water acidified
with 2M HCl. The product was extracted with diethyl ether for 3 times and the
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combined ether was washed with brine for 3 times. Then the organic phase was
dried with MgSO4 and concentrated to give the crude product. The crude product
was purified by gel chromotography (CH2Cl2:ethyl acetate=10:1). Yield: 0.22g,
30%. 1H NMR spectrum: (CDCl3, δ ppm): δ = 10.84 (s, 1H), 9.80 (s, 1H), 7.25 (s,
1H), 6.79 (s, 1H), 2.29 (s, 3H), 2.24 (s, 3H).
Synthesis of photoacid 7

Scheme 18. Synthesis of 4,5,6-trimethylsalicylaldehyde

To a solution of 3,4,5-trimethylphenol (0.5g, 3.68mmol) and MgCl2 (0.53g,
5.58mmol) in dry acetonitrile (18.5mL), triethylamine (1.95mL) was added
dropwise under stirring. The mixture was stirred at room temperature for 15 min.
Then paraformaldehyde (0.773g) was added in one portion. After reluxed for
overnight, the reaction was quenched with diluted HCl (3N, 9mL). The product was
extracted with ethyl acetate and dried with anhydrous MgSO4. The pure product
was obtained after the solvent was removed under vacuum. 1H NMR spectrum: (dDMSO, δ ppm): δ = 12.60 (s, 1H), 10.37 (s, 1H), 4.21 (s, 1H), 2.52 (s, 3H), 2.17 (s,
3H), 2.14 (s, 3H).
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Photoacids 7 was synthesized by the above-mentioned general procedure using
4,5,6-trimethylsalicylaldehyde

and

2,3,3-trimethyl-1-(3-sulfonatepropyl)-3H-

indolium. 1H NMR spectrum: (d-DMSO, δ ppm): δ = 10.32 (s, 1H), 8.09 (d, J =
15.4 Hz, 1H), 7.64 (s, 1H), 7.53 (d, J = 4 Hz, 1H), 7.39-7.32 (m, 2H), 7.18-7.12 (m,
2H), 6.37 (s, 1H), 4.32 (t, J = 8 Hz, 2H), 2.20 (m, 2H), 1.79 (s, 3H), 1.77 (s, 3H),
1.71 (m, 2H), 1.30 (s, 6H).
Synthesis of photoacid 9

Scheme 19. Synthetic route of photoacid 9.

Synthesis of 9a
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In a sealed tube, 2-methoxyphenothiazine (3.00g, 13.1mmol) and 1-bromo-2-(2methoxyethoxy)ethane (2.41g, 13.1mmol) were dissolved in 22mL of DMSO under
stirring. Then NaOH (3.0g, 75mmol) was added into the solution and the sealed
tube was heated to 85℃. The reaction was monitored by TLC. After 20h, the
starting material was almost consumed. The solution was cooled to room
temperature and added 100mL of CH2Cl2. Then the solution was washed with
water for 4-6 times. The solvent was removed under vacuum. The product was
purified by gel chromotography (CH2Cl2:Hexane=1:2). Purple-red oil was obtained.
Yield: 3.51g, 81%. 1H NMR spectrum: (CDCl3, δ ppm): δ = 7.13 (t, J = 7.2 Hz, 1H),
7.12 (d, J = 7.5 Hz, 1H), 7.01 (d, J = 8.4 Hz, 1H), 6.91 (t, J = 7.0 Hz, 1H), 6.90 (d,
J = 7.4 Hz, 1H), 6.53 (s, 1H), 6.48 (d, J = 8.4 Hz, 1H), 4.10 (t, J = 6.4 Hz, 2H),
3.86 (t, J = 6.4 Hz, 2H), 3.77 (s, 3H), 3.65 (t, J = 4.1 Hz, 2H), 3.54 (t, J = 4.9 Hz,
2H), 3.38 (s, 3H).
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C NMR spectrum: (CDCl3, δ ppm): δ = 159.9, 146.4, 144.8,

127.7, 127.4, 127.2, 125.2, 122.6, 115.4, 107.2, 103.0, 71.9, 70.7, 68.4, 59.1, 55.5,
53.4, 47.5.
Synthesis of 9b
Into a test tube, 0.93mL of dimethylformamide (DMF) was added. Under ice bath,
1.12mL of phosphoryl chloride was added dropwise. Then the resulting Vilsmeier
reagent was added dropwise to a solution of 9a (3.43g, 10.4mmol) in DMF (2mL)
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under stirring. After stirring for 1h, 100mL of CH2Cl2 was added and the solution
was washed with saturated NaHCO3 for 3 times and water for 3 times. Then the
organic phase was dried by anhydrous magnisium sulfate. The solvent was
removed under vacuum. After which, the crude product was purified by gel
chromotography (CH2Cl2: EtOAc = 10:1). Yield: 1.886g, 51%. 1H NMR spectrum:
(CDCl3, δ ppm): δ = 10.21 (s, 1H), 7.53 (s, 1H), 7.14 (t, J = 7.4 Hz, 1H), 7.11 (d, J
= 7.9 Hz, 1H), 6.96 (t, J = 7.4 Hz, 1H), 6.84 (d, J = 8.0 Hz, 1H), 6.60 (s, 1H), 4.17
(t, J = 6.0 Hz, 2H), 3.92 (s, 3H), 3.90 (t, J = 6.0 Hz, 2H), 3.67 (t, J = 4.2 Hz, 2H),
3.55 (t, J = 4.7 Hz, 2H), 3.38 (s, 3H).
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C NMR spectrum: (CDCl3, δ ppm): δ =

187.3, 162.8, 152.0, 142.7, 127.5, 127.4, 126.7, 124.2, 123.8, 119.8, 115.6, 115.2,
99.0, 71.9, 70.8, 68.9, 59.1, 55.8, 48.6.
Synthesis of 9c
9b (493mg, 1.4mmol) and lithium chloride (370mg, 8.8mmol) was added 10mL of
DMF in a 50mL sealed tube. The solution was heated to reflux under stirring. After
24h, the solution was cooled in ice-water bath. Then 80mL of HCl solution
(0.1mol/L) was poured into the solution. The resulting suspension was extracted
with ethyl acetate for several times. Then the ethyl acetate was dried by anhydrous
MgSO4 and removed under vacuum. The crude product was purified by gel
chromotography (CH2Cl2: EtOAc = 15:1). Yield: 251mg, 53%. 1H NMR spectrum:
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(CDCl3, δ ppm): δ = 11.34 (s, 1H), 9.62 (s, 1H), 7.18 (s, 1H), 7.16 (t, J = 7.7 Hz,
1H), 7.11 (d, J = 8.0 Hz, 1H), 6.98 (t, J = 5.8 Hz, 1H), 6.97 (d, J = 5.8 Hz, 1H),
6.47 (s, 1H), 4.13 (t, J = 6.2 Hz, 2H), 3.88 (t, J = 6.2 Hz, 2H), 3.66 (t, J = 4.4 Hz,
2H), 3.56 (t, J = 4.7 Hz, 2H), 3.39 (s, 3H).
Synthesis of 9
In a sealed vial, 9c (61mg, 0.177mmol) and 2,3,3-trimethyl-1-(3-sulfonatepropyl)3H-indolium (62mg, 0.220mmol) was dissolved in 1mL of ethanol. The solution
was heated to reflux under N2. After 24h, the solution turned into dark blue. Then
the solution was cooled in refrigerator. Precipitate formed in the solution and was
collected by filtration. After washing with cold ethanol, the blue solid product 9
was dried under vacuum. Yield: 50mg, 46%. 1H NMR spectrum: (CDCl3, δ ppm): δ
= 11.4 (s, 1H), 8.31 (d, J = 15.4 Hz, 1H), 7.50-7.34 (m, 6H), 7.04 (d, J = 8.4 Hz,
1H), 6.84 (t, J = 7.5 Hz, 1H), 6.80 (s, 1H), 6.68 (d, J = 7.4 Hz, 1H), 6.62 (t, J = 7.1
Hz, 1H), 4,64 (m, 2H), 4.18 (m, 2H), 4.12 (m, 2H), 3.85 (m, 2H), 3.64 (m, 2H),
3.41 (s, 3H), 3.05 (m, 2H), 2.46 (m, 2H), 1.65 (s, 6H).
Synthesis of carrier polymer P1
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Scheme 20. Synthesis of polymer P1 and P2

Poly(4-vinylphenol) (1.0 g) was added to NaOH aqueous solution (60 mL, 12 N)
dropwise with stirring. The mixture was heated to 80 ℃ and then 3-chloro-1,2propanol (0.35 mL, 6.25 mmol) was added. After 3 h, the reaction was cooled to
room temperature. Then, HCl aq. (70 mL, 1.2 N) were added dropwise to the
reaction cooled in an ice bath. The precipitate formed was collected by filtration
and washed with water several times. The product was dried under vacuum to give
1.15 g of a solid. 1H NMR (400 M Hz, [D6]DMSO): d=8.98 (br, 4H), 6.49 (br,
20H), 3.78 (br, 5H) (this peak is the H of the methylene on the diol and thus is
integrated as 5 H), 1.70 (br, 5 H), 1.31 ppm (br, 10H).
Synthesis of polymer P2
Polymer 1 (0.5 g), anisaldehyde (1.5 g, 11 mmol) and three drops of trifluoroacetic
acid were mixed in a vial, and then molecular sieve (2 g, 4 Å) was added. The vial
was sealed under nitrogen and heated at approximately 70 ℃ for 24 h. After being
cooled to room temperature, a small amount of THF was added and the resultant
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solution was added dropwise to 3:1 hexane/diethyl ether. The crude product
precipitated out and was collected by filtration. In order to remove the unreacted
aldehyde, the crude product was dissolved in THF and dropped into 3:1
hexane/diethyl ether again. This step was repeated until no anisaldehyde could be
observed by NMR spectroscopy. The polymer was dried under vacuum to give 0.38
g of final product. 1H NMR (400 M Hz, acetone): d=8.02 (br, 4 H), 7.47 (br, 2 H)
(two of the aromatic protons of the anisacetal moiety and is integrated as 2H), 6.93
(br, 2 H), 6.64 (br, 20 H), 5.81 (br, 1 H), 4.56 (br, 1H), 4.34–3.93 (br, 4 H), 3.79 (br,
3 H), 1.91 (br, 5H), 1.51 ppm (br, 10H).
Synthesis of PAA-co-PHEMA
In a test tube, 0.8g of 2-hydroxyetheyl methacrylate and 0.2g of acrylic acid was
dissolved in 5mL of methanol. Then 5mg (5% wt of monomers) of AIBN was
added. After purged with nitrogen for 20 min, the solution was heated to 65 ℃ for
2 hours until the solution became viscous. Then the viscous solution was dropped
into ether dropwise to wash out unreacted monomers. The precipitate was collected,
redissolved and dropped into ether for three times to make sure all monomers were
washed out. Then the solid was dried in vacuum for overnight. Yield: 780mg.
Synthesis of copolymer PAA-co-PMA
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Scheme 21. Synthesis of PAA-co-PMA

Poly(acrylic acid-co-methyl acrylate) (PAA–co–PMA) was prepared by radical
polymerization using AIBN as the initiator. In a test tube, 0.2g of acrylic acid and
0.96g of methyl acrylate were dissolved in 1mL of ethanol. Then 3mg of AIBN
was added and the solution purged with nitrogen for 30 minutes to remove oxygen.
The reaction mixture was heated to 65˚C and kept for 3 hours. After the reaction,
the solution was added to diethyl ether dropwise to precipitate out the polymer
product and remove unreacted monomers. After the product was dried under
vacuum, 0.91g of the polymer was obtained.
Synthesis of PB1, PB3, PB4
In a mixed solution of 2mL of ethanol and 2mL of NaOH (40%wt in water),
0.5mmol of corresponding salicylaldehyde and 0.5mmol of corresponding
acetophenone were added. The solution was refluxed for overnight and a redishorange solution formed. After cooling down, the solution was neutralized with 2N
HCl. Then 15mL of CH2Cl2 was added to extract product and the organic layer was
washed with water for 3 times. The organic phase was dried with anhydrous
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MgSO4 and the solvent was removed under vacuum. The crude product was
purified by gel chromotography.
PB1: 1H NMR spectrum: (CDCl3, δ ppm): δ = 8.33 (d, J = 15.9 Hz, 1H), 8.04 (d, J
= 7.7 Hz, 2H), 7.92 (d, J = 15.7 Hz, 1H), 6.97 (d, J = 7.6 Hz, 2H), 6.21 (s, 1H), 6.05
(s, 1H), 3.89 (s, 6H), 3.81 (s, 3H).
PB3: 1H NMR spectrum: (CDCl3, δ ppm): δ = 8.42 (d, J = 15.4 Hz, 1H), 8.00 (d, J
= 8.4 Hz, 2H), 7.47 (d, J = 15.2 Hz, 1H), 6.72 (d, J = 8.8 Hz, 2H), 5.97 (s, 1H), 5.74
(s, 1H), 3.88 (s, 3H), 3.78 (s, 3H), 3.09 (s, 6H).
PB4: 1H NMR spectrum: (CDCl3, δ ppm): δ = 8.04 (d, J = 8.9 Hz, 2H), 8.01 (d, J =
15.8 Hz, 1H), 7.57 (d, J = 15.6 Hz, 1H), 7.29 (s, 1H), 7.14-7.19 (m, 2H), 6.99-6.90
(m, 4H), 6.66 (d, J = 8 Hz, 1H), 4.05 (m, 2H), 3.88 (m, 3H), 3.84 (m, 2H), 3.67 (m,
4H), 3.48 (s, 3H).
Synthesis of PB2
In a two-neck round-bottom flask, 1.287g of 4-diethylaminosalicylaldehyde and 1g
of 4’-methoxyacetophenone was dissolved in 10mL of formic acid. Through a
rubber-sealed neck, dry HCl (g) was purged into the solution for 6h at room
temperature. The other neck was connected to NaOH solution to neutralized HCl
residue. After reaction, remaining HCl in the solution was removed by purging N2
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into the solution for 20 min. Then Na2CO3 saturated solution was added into the
formic acid until all formic acid was neutralized. Precipite formed after
neutralization, was collected by filtration and washed with DI water. The solid was
dried under vacuum for overnight. 1H NMR spectrum: (CDCl3, δ ppm): δ = 8.16 (d,
J = 15.3 Hz, 1H), 8.05 (s, 1H), 8.03 (s, 1H), 7.49 (d, J = 15.7 Hz, 1H), 7.45 (d, J =
9.1 Hz, 1H), 6.96 (d, J = 9.0 Hz, 2H), 6.27 (d, J = 8.8 Hz, 1H), 6.15 (s, 1H), 3.87 (s,
3H), 3.36 (q, J = 7.1 Hz, 4H), 1.17 (t, J = 6.6 Hz, 6H).
Synthesis of PB5

Scheme 22. Synthesis of Phosphonium ylides of 2-Bromo-4’-methoxyacetophenone

In a vial, a solution of 2-Bromo-4’-methoxyacetophenone (3.33mmol, 0.76g) in
toluene

(2.5mL)

was

added

dropwise

over

10min

to

a

solution

of

triphenylphosphine (3.33mmol, 0.88g) in toluene (2.5mL). The reaction mixture
was stirred at room temperature for 18 h. The resulting phosphonium ylide was
filtered and dried in vacuum for overnight.
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Scheme 23. Synthesis of PB5

To a THF solution of phosphonium ylide (0.61mmol, 0.3g), KOBu/THF (1M)
solution was added dropwise. After stirring for 30 min, a high concentration of 2hydroxy-9-methyl-9H-carbazole-carbaldehyde in THF was added in one portion.
After stirring for overnight at room temperature, the solvent was removed under
vacuum and the product was redissolved in CH2Cl2. The solution was washed with
water for 3 times and then dried with anhydrous MgSO4. The solution was
concentrated and the product was purified by gel chromatography. 1H NMR
spectrum: (CDCl3, δ ppm): δ = 8.35 (d, J = 15.6 Hz, 1H), 8.31 (s, 1H), 8.12 (d, J =
8.8 Hz, 2H), 8.03 (d, J = 8.2 Hz, 1H), 7.76 (d, J = 15.5 Hz, 1H), 7.44-7.24 (m, 3H),
7.01 (d, J = 8.8 Hz, 2H), 6.83 (s, 1H), 3.91 (s, 3H), 3.78 (s, 3H).
Synthesis of PB6

Scheme 24. Synthesis of 4,5,5-trimethyl-2-oxo-2,5-dihydrofuran-3-carbonitrile
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The starting material 4,5,5-trimethyl-2-oxo-2,5-dihydrofuran-3-carbonitrile was
synthesized following a literature procedure.113 1H NMR spectrum: (CDCl3, δ ppm):
δ = 2.31 (s, 3H), 1.54 (s, 3H).

Scheme 25. Synthesis of PB6

In a vial, 4,5,5-trimethyl-2-oxo-2,5-dihydrofuran-3-carbonitrile (80mg, 0.53mmol)
and quinoline-8-carbaldehyde (90mg, 0.53mmol) were dissolved in 1.5mL of
ethanol. Catalytic amount of ammonium acetate was added. The vial was purged
with nitrogen to remove oxygen and sealed. Then the solution was heated to reflux
for overnight. After cooling down, precipitate formed in the solution. The
precipitate was collected by filtration and washed with small amount of cold
ethanol for two times. Yield: 80mg, 52%. 1H NMR spectrum: (CDCl3, δ ppm): δ =
9.01 (d, J = 4.7 Hz, 1H), 8.99 (d, J = 16.6 Hz, 1H), 8.23 (d, J = 8.3 Hz, 1H), 8.18 (d,
J = 7.3 Hz, 1H), 7.97 (d, J = 8.1 Hz, 1H), 7.67 (t, J = 7.7 Hz, 1H), 7.53 (dd, J = 8.3
Hz, 4.2 Hz, 1H), 7.47 (d, J = 16.8 Hz, 1H), 1.84 (s, 1H).
Synthesis of PB7
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Scheme 26. Synthesis of 2-imino-4,5,5-trimethyl-2,5-dihydrofuran-3-carboxamide

2-imino-4,5,5-trimethyl-2,5-dihydrofuran-3-carboxamide

was

synthesized

following a literature procedure.114 1H NMR spectrum: (d-DMSO, δ ppm): δ = 8.92
(s, 1H), 7.95 (s, 1H), 7.53 (s, 1H), 2.31 (s, 3H), 1.37 (s, 6H).

Scheme 27. Synthesis of PB7

In

a

vial,

2-imino-4,5,5-trimethyl-2,5-dihydrofuran-3-carboxamide

(100mg,

0.60mmol) and quinoline-8-carbaldehyde (100mg, 0.64mmol) were dissolved in
2mL of ethanol. Then catalytic amount of NaOH (powdered) was added to catalyze
the reaction. The solution was refluxed for 6h and cooled down to room
temperature. Precipitate formed, was collected by filtration and washed with small
amount of cold ethanol for two times. Yield: 90mg, 49%. 1H NMR spectrum: (dDMSO, δ ppm): δ = 9.26 (s, 1H), 9.03 (d, J = 4 Hz, 1H), 8.69 (d, J = 17.6 Hz, 1H),
8.56 (d, J = 17.7 Hz, 1H), 8.45 (d, J = 8.3 Hz, 1H), 8.23 (s, 1H), 8.15 (d, J = 7.3 Hz,
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1H), 8.08 (d, J = 8.1 Hz, 1H), 7.76-7.72 (m, 2H), 7.64 (dd, J = 8.4 Hz, 4.2 Hz, 1H),
1.74 (s, 6H).
Synthsis of PB8

Scheme 28. Syenthsis of 4,5,5-trimethyl-3-(thiophen-2-yl)furan-2(5H)-one

In a vial, 2-thiopheneacetonitrile (100mg, 0.81mmol) and 3-hydroxy-3-methyl-2butanone (83mg, 0.81mmol) were dissolved in 2mL of ethanol. Catalytic amount
(0.1equiv. to one of the starting material) of sodium ethoxide was added into the
solution. After sealed, the solution was refluxed for 6h. After which, 4N HCl was
added until the pH was 4-5. The solution was heated for another 3h. After reaction,
the product was extracted by ethyl acetate and washed with water. The organic
layer was dried with anhydrous MgSO4 and the solvent was removed under
vacuum. The crude product was purified by gel chromatography. Oil-like product
was obtained. 1H NMR spectrum: (CDCl3, δ ppm): δ = 7.73 (d, J = 3.9 Hz, 1H),
7.45 (d, J = 5.0 Hz, 1H), 7.16 (t, J = 4.9 Hz, 1H), 2.28 (s, 3H), 1.54 (s, 6H).
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Scheme 29. Synthesis of PB8

In a vial, 4,5,5-trimethyl-3-(2-thienyl)-2(5H)-furanone (132mg, 0.64mmol) and
quinoline-8-carbaldehyde (100mg, 0.64mmol) were dissolved in 2mL of ethanol.
Then catalytic amount of NaOH (powdered) was added into the solution. The
solution was refluxed for 6h and cooled down to room temperature. Precipitate was
collected by filtration and washed with small amount of cold ethanol for two times.
Yield: 103mg, 47%. 1H NMR spectrum: (CDCl3, δ ppm): δ = 8.99 (d, J = 4.5 Hz,
1H), 8.58 (d, J = 17.0 Hz, 1H), 8.20 (d, J = 8.2 Hz, 1H), 8.08 (d, J = 7.3 Hz, 1H),
7.86 (d, J = 6.8 Hz, 1H), 7.84 (d, J = 17.0 Hz, 1H), 7.79 (d, J = 3.8 Hz, 1H), 7.62 (t,
J = 7.7 Hz, 1H), 7.52 (d, J = 5.0 Hz, 1H), 7.49 (dd, J = 8.7 Hz, 4.1 Hz, 1H), 7.20 (t,
J = 4.8 Hz, 1H), 1.89 (s, 6H).
Synthesis of PB9

Scheme 30. Synthesis of PB9
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In a vial, 2-methylbenzoxazole (170mg, 1.28mmol) and quinoline-8-carbaldehyde
(200mg, 1.28mmol) were dissolved in 2mL of THF. Under ice bath, 1.28mL of
potassium tert-butoxide solution (1.0 M in THF) was added and the vial was sealed.
The solution was stirred at 0℃ for 6h. After reaction, the solvent was removed
under vacuum. 20mL of CH2Cl2 was added and washed with H2O for 2 times. The
organic layer was dried with anhydrous MgSO4 and the solvent was removed
under vacuum. The crude product was purified by gel chromatography. Yield:
108mg, 31%. 1H NMR spectrum: (CDCl3, δ ppm): δ = 9.10 (d, J = 16.3 Hz, 1H),
9.07 (s, 1H), 8.25 (d, J = 8.1 Hz, 1H), 8.13 (d, J = 7.3 Hz, 1H), 7.89 (d, J = 8.1 Hz,
1H), 7.74 (d, J = 7.9 Hz, 1H), 7.65 (t, J = 7.6 Hz, 1H), 7.59 (d, J = 6.8 Hz, 1H),
7.53 (t, J = 5.5 Hz, 1H), 7.50 (d, J =14.5 Hz, 1H), 7.35 (m, 2H).
UV-Vis spectroscopy study of photo-responsive compounds (All chapters)
All UV-Vis spectroscopy study of photoacids and photobases was conducted by
dissolving tiny amount of the compound. The absorbance at λmax should be lower
than 2 in order to get more reliable results.
1H

NMR study of the releasing of fragrant molecules without and upon

irradiation (Chapter 3)
Polymer P2 (33mg) and photoacid 3 (2mg) were dissolved in duterated acetone
(4mL) and water (1mL). The concentration of polymer P2 is 6.6 mg/mL, which is
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8.3 mM in terms of acetal unit. The concentration of photoacid 3 is 1 mM. Before
irradiation, 1H NMR was taken. After which, the sample was irradiated with 470
nm LED light for 5 minutes and 1H NMR was taken to check whether anisaldehyde
molecules was released. Then the sample was kept in dark for 5 minutes and
another 1H NMR was taken to study whether the hydrolysis reaction stopped after
the irradiation.
Kinetic study of the reverse reaction of photoacid 3 in acetone/water using
UV-Vis spectroscopy (Chapter 3)
Photoacid 3 (2.1mg) with a methoxy group on the phenolic moiety was dissolved in
18mL of acetone/water (4:1 and 2:1). The concentration of the solution is too high
for UV-Vis spectroscopy. Then 0.5mL of the solution was diluted to 3mL with
acetone/water. The solution was irradiated with 470 nm LED light for 3 minutes.
UV-Vis spectra were collected every 6 seconds after irradiation. The first 20 data
were fitted into equation to obtain the rate constant for the reverse reaction.
Kinetic study of the release of fragrant molecules using NMR (Chapter 3)
Polymer P2 (33mg) and photoacid 3 (2mg) were dissolved in duterated acetone
(3.2mL) and water (1.6mL). The concentration of polymer P2 is 6.8 mg/mL, which
is 8.6 mM in terms of acetal unit. The concentration of photoacid 3 is 1 mM. 1H
NMR was taken before irradiation. Then the sample was irradiated for 5 minutes
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with 470 nm LED light and 1H NMR was taken. After being kept in dark for 5
minutes, another 1H NMR was taken to check whether the hydrolysis reaction
stopped after the irradiation. After which, the sample was irradiated ten times (5
minutes each time followed by 1H NMR measurement).
Preparation and characterization of the polymer suspension containing
photoacid 1 (Chapter 4)
The polymer suspension was prepared by noncovalent crosslinking of PAA-coPMA with PVPy. In a test tube, 12mg of PAA–co–PMA was dissolved in 3mL of
methanol. While the solution was stirred vigorously, 0.15mL of PVPy solution in
methanol (containing 0.45mg PVPy) was added slowly. An opalescent suspension
formed during the addition. After all the PVPy solution was added, 3mg of
photoacid 1 was added to the suspension.
Determination of hydrogen bonding between two polymers by FTIR (Chapter
4)
PAA-co-PMA and PVPy were dissolved in methanol separately. The FTIR
samples of these two polymers were prepared by quickly concentration of the
corresponding solutions. The polymer suspension was prepared by above method.
FTIR sample of the crosslinked polymers was prepared by quickly evaporation of
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the suspension on a glass slide. After which, FTIR of three samples were taken to
determine the hydrogen bonding between two polymers.
Determenation of the size and distribution of polymer nanoparticles by
Dynamic Light Scattering (Chapter 4)
The suspension was irradiated with 470 nm LED light with intensity of
approximately 20 mW/cm2. The distance between the solution and the LED light
was approximately 5cm. Irradiation time was 3 minutes which is long enough to
generate strong acidity in the solution. Then the size and distribution of the
polymer nanoparticle before and after irradiation were measured by dynamic light
scattering method.
Transmittance test before and after irradiation (Chapter 4)
For transmittance test, a freshly prepared sample in a quartz cell was first irradiated
with 470 nm LED light for 3 minutes to convert the milky suspension to a
transparent solution. After which, the first scan of transmittance was carried out. As
described above, the freshly prepared polymer nanoparticle does not have good size
distribution. The transmittance also varied for different samples. Therefore the first
measurement started from the transparent solution after the first irradiation. Then
the solution was kept in the dark for 2 hours and a transmittance measurement was
taken for the resulting suspension. The cycle was repeated for 9 times.
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AFM and TEM measurement of nanoparticle size before and after irradiation
(Chapter 4)
AFM was conducted with a Nanosurf EasyScan 2 AFM using contact mode. Before
irradiation, the supension of nanoparticles was quickly dried on a glass slide. The
AFM were taken. After irradiation, the suspension was quickly dried on a glass
slide. Then AFM were taken again.
TEM was conducted with FEI Tecnai F30 TEM and the samples were prepared by
similar method. Before irradiation, the supension of nanoparticles was diluted 200
times and quickly dried on a sample holder before TEM. The TEM images were
taken. After irradiation, the diluted suspension was quickly dried on a sample
holder. Then TEM images were taken again.
Before irradiation, nanoparticles with expected sizes (~0.2-0.5 nm) were observed
together with aggreations and polymers. After irradiation, some aggregations of
nanoparticles with smaller sizes was observed. It is worth mentioning that it was
difficult to dry the TEM sample quickly due to dilution. Given that nanoparticles
were formed by noncovalent interaction, the sample preparation might make the
nanoparticles observed by TEM different to that in the suspension.
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Preparation of the polymer film in mechanical strength test (Chapter 5)
In a vial, 500mg of PAA-co-PHEMA and 25mg of poly(ethylene oxide)
(MW=5,000,000) were dissolved in 10mL of methanol solution in warm water bath.
In the dark, 18mg of photoacid 3 was added and dissolved under stirring. Then the
solution was poured into two Teflon molds with 3 rectangular grooves. The mold
was kept in dark and allow the solvent to evaporate for 24h. After which, each
resulting polymer films were cut into 3 even strips and dried in a vacuum chamber
for 3h.
Mechanical strength test (Chapter 5)
The thickness of the polymer film was measured by iGaging digital electronic
micrometer. The mechanic strength of the polymer film was measured by
SHIMADZU Compact Tabletop Testing Machine EZTest. The measurements of
specimens are carried out with a loading speed of 1mm/min. At least five samples
were tested for every experiment and reproducibility between samples was good.
Test of photobase solutions with pH indicators (Chapter 6)
The photobase was dissolved in methanol/H2O (ratio was dependent on the
solubility of the photobase) to make a 0.1mM solution. Then 0.5mg of the indicator
was dissolved in 0.5mL of methanol. Two drops of indicator solution was added
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into the photobase solution. The solution containing both photobase and pH
indicator was irradiated with 410 nm LED light. The light source was about 3cm to
the solution.
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