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ABSTRACT
Light-responsive polymers systems, in both the dry state and hydrogel state were
prepared to investigate nano-scale light-induced transitions. Pendant spiropyran (meth)acrylated
block copolymers were fabricated via atom transfer radical polymerization (ATRP) and the
nano-scale phase separation of thin films of spin coated films were investigated with tappingmode atomic force microscopy (TM-AFM). Nano-scale phase separated films of spiropyran
methacrylate copolymers were observed to exhibit changes in the phase separation profile when
exposed to UV-light. The molecular weights, volume fraction, and phase separation were
determined by NMR spectroscopy, GC and GPC, and AFM. Hansen solubility parameters were
determined for mixed block copolymer poly(meth)acrylates by the group contribution method.
Hydrogel systems that responded to UV-light stimulus were also prepared as switchable
adhesives. The polyacrylamide hydrogel contains a biomimetic 3,4-dihydroxyphenethylamide
(DOPA) linkage group sensitive to pH. When the hydrogel is doped with a photoacid generator,
diphenyliodonium chloride, and exposed to UV-light, the acidification induces an in situ titration
of the DOPA groups, degrading the gel network. The mechanism of network degradation was
investigated by UV-vis spectroscopy, rheometry, and lap-shear adhesion studies. Irradiation of

these hydrogels with UV light affords a viscous liquid solution, demonstrating a gel-sol
transition with a subsequent decrease in the adhesive strength of the material. These gels may be
prepared in high throughput and require few synthetic steps with commercially available
precursors. These advantages of high throughput and biomimicry are important for preliminary
investigations into biocompatibility of the gel, showing an antimicrobial zone of inhibition to
Staphylococcus aureus when loaded with 5.1 mg·mL–1 neomycin sulfate.
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CHAPTER 1
INTRODUCTION TO STIMULI-RESPONSIVE MATERIALS IN OUR WORLD TODAY
AND LITERATURE REVIEW OF RECENT WORKS

Introduction
Soft materials are ubiquitous in the thin biosphere of earth we call home. These materials,
often called plastics in the vernacular, are traditionally described in the context of big
commodity players like polystyrene, polyesters, polyethers, polyethylene, and polyacrylates to
name a few. Clearly, synthetic polymers have enveloped and molded the modern world due to
their utility, abundance, and diversity. Today, researchers aim to impart stimuli-responsive
character into these materials in order to better understand the relationship between nano-scale
and macro-scale properties, and to explore phenomena on very small scales. Remarkably, almost
all of the world’s organic polymers are found in life systems, and these materials are responsive
to a variety of stimuli at the nano-scale.
Recent work from the Max Planck Institute shows how flowering plants like Arabidopsis
thaliana among others produce and regulate SWEET9, a nectar-specific sugar transporter, to
recruit selective reward pollinators according to environmental stimuli.1 Similarly, the Petunia
flower contains proteins capable of producing volatile compounds in complex floral blends that
function as defense-response against insect florivores by secreting terpenes like linalool, which
attracts predators to feed on the attacking insect.2 Phytochrome proteins have been shown to alter
plant color, shape, and growth via phototropism,3 where a chromophore bonded to proteins like
Cph1 are capable of a light-induced isomerization of a tetrapyrrole, inducing macro-scale
1

movement of the organism.4,
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Finds involved with plant movement by growth towards light

suggesting protein macromolecules and chromophores have been center stage in stimuliresponsive polymers for some time in nature. Work from the De Moraes group showed how the
dodder vine, Cuscuta pentagona, senses the surrounding environment by volatile chemical cues
to guide the parasitic plant to proper host tomato plants by a locomotive response.6 Broadly
reorganized by proteins, the polymers that constitute the structures of biology are perhaps the
world’s most specific smart materials. The polymeric architecture and order of these structures is
paramount for their function to the environmental stimulus, be it photonic, chemical, electrical,
thermal, or some other influence. Alas, biological locomotion is an orchestrated cooperation of a
stupendous number of stimulus and response events of such polymers, and applying the
principles biomimicry, a better understanding of the limits and opportunities of synthetic or
semi-synthetic analogues may guide design challenges of future materials.

Figure 1.1. Representation of diverse types of natural stimuli and responses. Polymers are
responsible for both mechanical responses and enzymatic chemical signaling.

2

Life has built an impressive library of dynamic materials, yet most commodity polymers
are rather static in their nature, aside from examples like biodegradable poly(lactic acid) and
other pH and enzyme responsive polymers, which are growing in niche markets.7, 8 Incorporating
stimuli-responsive chemistry into synthetic polymers can provide insight into the potential and
limitations of polymer architecture reorganization on the nano-scale. The purpose of the work
outlined in this thesis is to incorporate light-responsive probes that may influence nano-scale
architecture reorganization upon light exposure. I posit here a few inquiries about these
materials. How do stimuli-responsive probes behave in media such as elastic polymers or
viscous polymer solutions? Can light-triggered restructuring of the polymer at the molecular
scale induce changes in the macroscopic properties such as modulus, surface energy, adhesion or
tack? Could physical property changes like these influence nano-scale movement? Some
conclusions to these queries are addressed herein, and two design types are considered, polymer
thin films and hydrogels.

Spiropyran Copolymers
A divers group of UV-active and reversible photochromic probes have been well
characterized including azobenzenes, fulgides, diarylethenes, spirolactones, spirobenzopyrans,
spiropyrans,9 o-naphthoquinone methides,10 cinnamates, coumarins, and photoacid generators to
name a handful. Clearly a large variety of systems are available in the literature, and these
systems may operate on UV-induced unimolecular ring scission and closure equilibria,
bimolecular combinations reactions, and decomposition reactions.
Notably, photoswitchable spiro- and azo-derivatives have previously shown applications
in surface patterning,11

optical transduction,12 surface wetting,13 chemical sensors,14-16 and

3

movement associated isomerization via mechanophores.17-19 In the context of thin films, previous
work on the spiropyrans is among the most informative and well-studied experimentally and
computationally.20-23

Work by Bell and coworkers demonstrated UV-induced nano-particle

aggregation and precipitation from a stable colloid based on the spiropyran isomerization.24 Later
work by the Locklin group demonstrated how polymer thin films containing spiropyrans are
capable of large changes in wettability when irradiated with UV light.25,

26

The large dipole

moment shift from 10 to 23.8 Debye in H2O is responsible for the dramatic changes in solubility
and surface free energy.27 Could these probes also induce changes in the nano-structure of thin
films in the dry state? To address this, copolymers containing UV-switchable probes,
spiropyrans, were constructed as block copolymer thin films. The use of photoacid generators in
hydrogels will be addressed later in Chapter 4.
Like other photosensitive isomerizations, spiropyran chromophores exist in equilibrium
between a thermally stable ring-closed and UV-induced ring-open form. Fulgides, diarylethenes,
and spiropyrans alike absorb in the range of 300 – 400 nm, and the chromophore undergoes a
ring cleavage upon irradiation.21 This cleavage generates ring-open isomers with absorption
maxima in the visible spectrum, which may be reverted to the ring closed form by exposure to
visible light or heat. However, spiropyrans (SP) differ from fulgides and diarylethene in that their
ring-open merocyanine (MC) isomer is resonance stabilized between a neutrally charged
quinodal form and a highly polarized zwitterionic form (Figure 1.2).

4

Figure 1.2. UV-induced p(SPA) isomerization. The zwitterionic merocyanine p(MCA) and
neutral quinone p(QA) equilibrium is shown between B and C.

The MC-zwitterion has a high dipole moment in comparison to the ring closed SP form.27
This change in polarity and the collective intermolecular forces between the isomers influences
the solubility parameter, δ, a characteristic descriptor of small molecules and polymers alike. In
short, the solubility parameter describes the compatibility of solvents by considering the
cohesive forces that bind the liquid state.

This principle can be applied to polymers by

considering the repeat unit, and the values of δ for solvent and polymer influences solutions of
polymers24,

28

and solvent swollen thin films.14 Can changes in δ drive molecular mobility of

semi-solid polymers? Hereafter is a brief review on the theory of polymer mixing from the early
work of Flory to Hildebrand and Hansen and later additions to the solubility parameter models.

The Solubility Parameter, δ
The solubility of polymers is chiefly dictated by the repeat unit chemistry, size, and
connectivity of the polymer. Much work by Flory and Huggins determined that dissolution of
polymers in ideal solvents is largely dictated by the entropy of mixing, which is given by the
number of possible configurations of a solvated polymer.29,

30

For favorable mixing, the basic

principle of “like dissolves like” is often observed. As molecular weight of polymers increase,
entropy of mixing in an ideal solvent is reduced because the polymer chain has fewer degrees of

5

freedom due to the connectivity of the backbone. Similarly, when dissimilar polymers are
dissolved into one another in the absence of solvent, mixing is often highly unfavorable, as
depicted in Figure 1.3.

Figure 1.3. Comparison of entropy of mixing between small and large molecules. A. System of
two miscible solvents. B. A polymer-solvent system. C. A polymer-polymer system.

The

entropy of mixing is reduced because the units of the chains are restricted to the architectures
defined by covalent bonds of monomers.28

In polymer-polymer mixing, the statistically possible number of arrangements is
considerably smaller than it is for a polymer-solvent system. Additionally, the molar volume also
plays an important role in mixing of macromolecules. Through statistical mechanics, Flory and
Huggins have shown that the entropy gain in large molecule mixing, ΔSM, is relatively small
when compared to liquids.29 This entropic barrier to mixing is responsible for the challenges
associated with the solubility of a number of macromolecules, especially biological polymers
like polysaccharides and their derivatives. A similar trend of immiscibility is observed when two
only slightly dissimilar polymers are mixed from the melt or from solution.
For instance, a blend of polyethylene poly(methyl methacrylate) (pMMA) and
polypropylene (PP), will phase segregate on the micro-scale over a large enough time scales and
has been well studied since the 1980s.31 The micro phase separation is still a subject of study
6

today as shown by TEM imaging of a spin coated film of pMMA and PP polymer blend from
solution.32

Figure 1.4. Micro-scale phase separation of pMMA and PP. Imaged by TEM, the dark portions
are the PP domains while the lighter sections represent pMMA.32 Reprinted with permission
from Macromolecules 2011, 44, 6103-6112. Copyright 2011 American Chemical Society.

The spontaneous phase separation may be explained by the thermodynamics for mixing,
which requires that the free energy of mixing must be zero or negative for solution formation to
occur spontaneously given by the relationship:
(Equation 1.1)
where ΔGM is the free energy of mixing, ΔHM is the measureable enthalpy of mixing, ΔSM is
entropy change of the mixing process, and T is the temperature. It can be seen from this equation
that entropy change is beneficial to mixing, and an increase in temperature promotes mixing as
ΔGM becomes more negative. However, examples of insolubility of polymers above some lower
critical solution temperature (LCST) are common in the literature where an increase in
temperature promotes insolubility. For instance, pNIPAM exhibits an LCST around 32 °C in

7

water. To account for both positive and negative heats of mixing, Patterson and Delmas modified
ΔGM to the noncombinatorial free energy of solution, ΔGMnoncomb, which includes all free energy
effects other than the combinatorial entropy of solution, ΔSMcomb, due to simply mixing polymer
in solution.28 The maximum difference in solubility parameters between polymer and solvent to
allow a solution is found by setting these terms equal to one another as in Equation 1.2. The
solubility parameter for the solvent and polymer, δ1 and δ2 respectively, play an important role in
determining the noncombinatorial free energy of solution by the relationship
(Equation 1.2)
In this case, the values of φ represent the volume fractions of solvent and polymer and
VM corresponds to the total volume of the mixture. The solubility of a polymer in a given solvent
typically increases as the value of δ1 approaches that of δ2. Notably, polymer solubility
parameters do not change much with temperature, but those of a liquid often decrease with
temperature.28 And of particular importance, the entropy changes associated with polymer
solutions will be smaller than those of liquid-liquid miscibility.
To address such solvent-polymer and polymer-polymer interactions, Hildebrand and
Scott first described a quantitative term to predict mixing of polymer blends and solutions with
the total Hansen solubility parameter, δt.33, 34 This parameter is defined as the square root of the
cohesive energy density, in other words, the sum of all molecular interactions responsible for
evaporating from liquid to gas:
(Equation 1.3)
Here, Vmol is the molar volume of a pure liquid and E is the energy of vaporization. The
cohesive energy is given by:

8

(Equation 1.4)
where ΔHv is the standard enthalpy of vaporization at 298K, R is the universal gas constant, and
T is the absolute temperature.
The total solubility parameter describes well the mixing of rather nonpolar compounds,
but is not sufficient in describing solubility behaviors of polar compounds. This occurs due to
three distinguishable kinds of intermolecular forces that influence E: dispersion, polar, and
hydrogen-bonding forces. The dispersion forces are universal to all molecules and are
responsible for the colligative properties of species like short-chain alkanes. Asymmetry in the
molecule gives rise to dipole moments which interact with polar forces of varying strength, and
hydrogen-bonding forces arise from classic examples of proton donor-acceptor groups present in
the molecule.35
Later work by Hansen improved on the predictive capacity of solubility parameters by
the introduction of partial solubility parameters, δd, δp, and δh.36
(Equation 1.5)
Where δd is the dispersion Hansen solubility parameter, δp is the polar Hansen solubility
parameter, and δh is the hydrogen-bonding Hansen solubility parameter. Notably, the unit of the
Hansen solubility parameter, expressed as MPa1/2 is 2.0455 times larger than that of the
Hildebrand solubility parameter, expressed in cal/cm3. The Hildebrand and Hansen solubility
parameters describe the same phenomenon of mixing of two species, but direct comparison of
the terms presents discrepancies and gives more qualitative relationships.
The Hansen solubility parameter may be estimated by the group-contribution method. A
number of methods have been used to calculate group contribution effects including Hoy,37
Hoftyzer and van Krevelen,38 and later work by Stefanis and Panayiotou.35 The later work by

9

Stefanis and Panayiotou is the most informative in describing the functional groups of relatively
complex molecules like spiropyran and will be described later in Chapter 2. It is important to
note that the work presented in this thesis is not a comprehensive review of the calculations to
describe δd, δp, and δh. The computational treatment of these parameters can be found in the
literature.38 In practical use, the partial solubility parameters of a polymer may be considered as
the sum of the group contributions by Equations 1.6 – 1.8.

(Equation 1.6)

(Equation 1.7)

(Equation 1.8)

Ci is the contribution of the first-order group of type i that appears Ni times in the
compound, and Dj is the contribution of the second-order group of type j that appears Mj times in
the compound. The constants of 17.3231, 7.3548 and 7.9793 are in MPa1/2 and were determined
by Stefanis and Panayiotou.35 The solubility parameters help describe the nano-scale phase
separation of copolymers and are required to predict the dimensionless Flory interactions
parameter for polymer-polymer mixing, χ12.

Manipulating δ and χ12
An approximation of the solubility parameter, δ, and the dimensionless Flory interaction
parameter,χ12, can help us gain insight about polymer solvency and predict changes that may
occur in these systems when mixed. On these two fundamental principles, work from Bell and

10

coworkers manipulated a colloidal system’s solubility remotely by photochemical changes in
spiropyran-containing poly(methyl methacrylate), p(MMA), brushes grown from silica
particles.24 The Locklin group demonstrated changes in the surface free energy via contact angle
spiropyran-containing p(MMA) spin coated films and polymer brushes.14,

25

Later work by

Szilágyi and coworkers demonstrated how spiropyran-containing hydrogels may be manipulated
for lithographic relief formation in dilute polymer solutions.19 However, no group had
investigated nano- or micro-scale mobility in semi-solid polymeric media, such as dry-state thin
films. The work of the spiropyran copolymers presented hereafter manipulates δ and χ12 with
spiropyran probes to influence phase changes in thin films of nano-phase separated mixed block
copolymers under similar principles of light-induced changes in solubility. There is, however, an
entropic penalty for polymer-polymer mixing, given that the degree of polymerization, N, is
sufficiently large. When molecular weight grows, a boundary condition exists where mixed
polymers spontaneously phase separate into immiscible ordered domains (Figure 1.5).
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Figure 1.5. The idealized nano-phase separation plot. Governed by χ12 and ΦA, four distinct
orders of architectures exist above sufficient values of χ12N, and when ~0.05 < ΦA < ~0.95. Very
low molecular weight polymers and oligomers are often miscible and fall in the disordered
domain when mixed. Reprinted with permission from Chemical Communications 2005, 41434148. 2014 Copyright Clearance Center, Inc.

The geometric order of these domains also depends on the polymer volume fraction, ΦA,
and the Flory interaction parameter, χ12, between each polymer. This term can be approximated
from the HSP of each domain, and helps govern the conditions of nano-phase separation
according to the relationship

(Equation 1.9)
Where Vmol represents the weighted molar volume of the repeat unit, and δD1, δP1, δH1, δD2, δP2,
and δH2 represent the dispersive, polar, and hydrogen-bonding Hansen partial solubility
12

parameters for the major and minor phases, respectively. The term T represents the temperature
in Kelvin and R is the universal gas constant in cm3·MPa·K−1·mol−1.

(Equation 1.10)
The volume fractions of the major and minor block, VA and VB, are determined by the molecular
weight of each block, MWA and MWB, the density, ρA and ρB, and the molar ratio of monomers in
the blocks, nA and nB, of each polymer. Volume fraction calculations are described in more detail
in Chapter 2.

Block Copolymer Nano-Phase Separation
Spherical, cylindrical and lamellae domains among others may form depending on the
volume fraction, ΦA, degree of polymerization, N, and the Flory interaction parameter between
the two blocks, χ12, as shown in Figure 1.5. The volume fraction domain boundaries of particular
interest are between the disordered domain and spherical domain, and the boundary between
spherical and hexagonal domain. By approximation of the HSP for two dissimilar blocks of a
block copolymer, polymers of target domain phase separation may be built by manipulation of
Equations 1.9 and 1.10.
Manipulation of the Flory interaction parameter with UV-active probes, and therefore the
polymer-polymer solubility of each block, may give rise to changes in nano-scale morphology.
If the solubility parameters of the first block, δD1, δP1, and δH1, are kept constant and values of δ
for the second block, δD2, δP2, and δH2, are varied in situ, can changes in χ12 of this system
reorganize to some other nano-phase separation domain? I hypothesized that by using the
spiropyran-merocyanine probe as discussed earlier, changes in δ could influence transitions
about these domain barriers using UV light as the stimulus. If the magnitude of the interaction
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parameter change is large and the volume fraction of the block copolymers is tuned about the
boundary of these domains, such changes may arise as depicted in Figure 1.6.

Figure 1.6. Representation of UV-induced nano-phase separation domain reorganization.
Depicted here is a near-spherical domain minor phase in red, A, and subsequent treatment with
UV-light to a near cylinder domain shown in purple, B. The dashed gray lines represent the low
Tg, major domain.

The approach, synthesis and characterization of these UV-active block copolymers are
outlined in Chapter 2. In order to build polymeric architectures of appropriate volume fraction
and polymer-polymer solubility, a few criterion must be satisfied:
1. Polymers must be linear in type in order to use Equations 1.9 and 1.10 for estimating
nano-phase separation
2. Polymers should be low in molecular weight and dispersity to maximize ΔS comb, yet
sufficiently high in molecular weight to allow domain formation.
3. At least one block of the polymer must be below the glass transition temperature, Tg
Certainly the molecular weight is an important parameter to address. A number of examples of
polymerization techniques exist in the literature for making polymers of controlled, low
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molecular weight, each with their benefits and pitfalls. Ring opening metathesis polymerization
(ROMP) and reversible addition-fragmentation chain transfer (RAFT) allows control of
predictably small molecular weight but with limitations in backbone flexibility and initiator
choice, respectively. Anionic and cationic polymerization can also afford narrow molecular
weight distributions, but offers limited functional group tolerance. As shown in previous work by
Fries26 and Lee,39 spiropyran pendant molecules may be attached to acrylic backbones using
atom transfer radical polymerization (ATRP). The advantage of ATRP comes with functional
group tolerance, controlled polymerization rates, and thoroughly studied acrylic, styrenic, and
vinylic monomer choices.
ATRP operates on a one-electron redox equilibrium between an oxidized and reduced
form of a ligated transition metal, Mtn/L, as shown in Figure 1.7.

Figure 1.7. ATRP reaction equilibrium. The activation rate, kact, and deactivation rate, kdeact.
determine the overall rate of the reaction KATRP. Monomer may add at the rate, kp, or the growing
polymer chain, Pn* may terminate at some rate, kt.40

Briefly, the initiator and polymer, Pn, are alkyl halides which may undergo homolytic cleavage
of the carbon halide bond to form Pn* and the oxidized metal complex X-Mtn+1/L. This
equilibrium process lies heavily to the left as kdeact >> kact in controlled polymerizations, and the
equilibrium rate can be manipulated by ligand choice, L. Once Pn* is formed, the newly formed
metal-halide can be reduced back to the Mtn/L complex by reforming the carbon halide bond.
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Monomer can add to form polymer at rate kp, or termination events nascent to radical
polymerizations may terminate growing chains at rate kt.
As with other techniques, there are a couple pitfalls of ATRP with spiropyrans. Chiefly,
this chromophore has been shown to chelate strongly to transition metals,26 especially cuprous
ions, which is the most common redox catalyst for ATRP via the Cu1+ to Cu2+ redox reaction.
Some kinetic studies on spiropyran catalyst competition will be described in Chapter 2.

Atomic Force Microscopy of Thin Films
When building block copolymers for the purpose of investigating this nano-phase
architecture, TM-AFM phase imaging offers a robust method for characterizing topological
phenomenon on these scales. The principle of the technique and setup are outlined in Figure 1.8.

Figure 1.8. Experimental set up for TM-AFM phase imaging. A, and depiction of phase imaging
of a heterogeneous surface, B. The change in the phase response in the tapping cantilever
generates then phase image in TM-AFM.

As the stylus of a record player scans concentrically a record’s micro-scale morphology,
the tip of an AFM probe in tapping mode sinusoidally oscillates while tapping the nano-scale
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surface features with low force. The AFM tip raster scans about the fast axis, the x-axis, and
shifts along the slow axis, y-axis, for the next line of imaging. This produces voltage-response
differences detected by the 4-quadrant photodiode mounted in the AFM head. The distance
between the substrate and AFM tip are precisely modulated by the z-axis piezoelectric
positioning which corresponds to z-data. Moreover, when the sinusoidal oscillation is disturbed
by tip contact with the surface, a phase change is observed that is proportional to the substrates
resistance to deformation, or modulus. Phase channel imaging in tapping mode AFM (TM-AFM)
is often most informative of nano-scale architectures of these small polymers.
This thesis is notably broken into two major classes of polymeric architecture, as stimuliresponsive synthetic materials. Much of the inspiration for the design and synthetic approach
comes from previous work and examples of stimuli-responsive polymers found in biology. It is
important to realize that the calculations for solubility parameters are used as guides to the
experimental design, and predictions of polymer-polymer volume fractions and approximations
of the Flory interaction parameters between solvents and polymers. These fundamental principles
of solubility also play an important role in hydrogels, which will be discussed in Chapters 3 and
4. The physics of hydrogel swelling and solubility and work in the field will be introduced in
Chapter 3.
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CHAPTER 2
UV-SENSITIZED BLOCK COPOLYMER THIN FILMS

____________________
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Abstract
A series of photochromic block copolymers of containing spiropyran as a UV probe
whereby A-B type and A-B-A type block copolymers were fabricated by sequential monomer
addition and from macroinitiators to compare nano-phase separation profiles by tapping mode
atomic force microscopy (TM-AFM). The observed MC-SP ring-closing isomerization
demonstrated near first-order rates in tri-block copolymers fabricated from acrylic and
methacrylic comonomers. A polymer fabricated with a high mole percent of spiropyran
monomer in the methacrylate block demonstrated reproducible UV-induced phase transitions
observed by TM-AFM.

The polymer data was treated with Hansen solubility parameter

calculations using the group contribution method to determine the solubility parameter of the
UV-active block, δt, and the Flory interaction parameter, χ12, for nano-phase separation domain
predictions.

Introduction
Poly acrylates and methacrylates are used in a broad spectrum of applications, and span a
large number of industries. Tunable material properties, vast monomer selection, low cost, ease
of synthesis through radical polymerization, and a history of considerable effort to characterize
these materials makes them a desirable polymer choice for experimentation. Material science
has developed many methods to quantify intrinsic properties of polymers like the
poly(meth)acrylates. Built from the work of Hildebrand and Scott, Hansen, and Stefanis and
Panayiotou, this chapter uses some of the earlier discussed principles of heterogeneous mixing to
build UV-active copolymers.
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Polymer phase separation is a phenomenon that has been studied heavily since the
9180s.1, 2 The intent of the work presented in this chapter is to investigate chain mobility of such
phase separated, dry-state polymer films by tapping mode atomic force microscopy (TM-AFM)
using the UV-induced spiropyran-merocyanine (SP-MC) isomerization as a stimuli-responsive
probe. As discussed in Chapter 1, the nano-phase separation of block copolymers is governed by
the polymer-polymer compatibility described by χ12, molecular weight, and the volume fraction
of each polymer block. Since the domain segregation of block copolymers is influenced by the
partial Hansen solubility parameters, δD, δP, and δH, the nano-phase separation domain could, in
theory, shift to another ordered domain with changes in χ12. Such transitions of δ may influence
the nano-scale architecture and could perhaps induce larger macroscopic property changes. Some
examples of block copolymers are outlined in Figure 2.1 to illustrate the diverse properties of
poly(meth)acrylates.

Figure 2.1. Depiction of the various tack and elastic properties of copolymers.
Poly(meth)acrylates are used as adhesives used to back high-temperature tapes, acrylic shoe
soles, and low weight windows such as the glassy homopolymer p(MMA).

A spectrum of material properties for poly(meth)acrylates exists, from the adhesives
found on tapes, to acrylic shoe soles, and glassy pMMA. The synthesis and thin film
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characterization of some UV-sensitive spiropyran (meth)acrylate mixed block copolymers are
described. UV-treatment of these films show varyations in the polymer-air interface, as
suggested by TM-AFM imaging, and a theoretical calculation of the nano-phase separated
domain for UV-sensitive polymers is discussed. The synthetic approach to investigate UVinduced changes in block copolymer nanophase separation followed a few criteria:
1. One phase of the block copolymer must have a low glass transition temperature, Tg
2. The spiropyran chromophore must be contained in only one block
3. Sufficiently high molecular weight is required to resist homogeneous mixing, yet
sufficiently low molecular weight and polydispersity are required to promote domain
mobility
The ideal target molecular weights and domain boundaries can be illustrated by revisiting the
idealized phase separation diagram in Figure 2.2. It is important to note that the nano-phase
separation observed in the (meth)acrylic block copolymers deviates slightly from the
generallized case.

Figure 2.2. Target values of χ12N and ΦA. Adopted from Huck et. al., the plot shows target
values of χ12N and ΦA outlined in blue.3 Reprinted with permission from Chemical
Communications 2005, 4143-4148. 2014 Copyright Clearance Center, Inc.
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When spiropyran isomerizes, it is assumed that the volume change in the block copolymer is
negligible, and the volume fraction, ΦA, will not change with changes in χ12, as discussed in
Chapter 1. However, changes in χ12N may be able to influence the domain order. A block
copolymer with both blocks above the respective Tg may be able to undergo a transition from the
disordered domain to the spherical and cylindrical domain by increasing χ12N.
It should be recognized that such a transition was the initial aim of the approach, but a
domain change was not conclusively observed. Rather, a block copolymer film demonstrated a
spherical/cylindrical phase separation domain that could be recruited to the surface by UV light.
The synthesis of block copolymers containing SP monomers covalently attached to the polymer
backbone is described. The reaction rates of MC to SP in the bulk of these copolymers in the dry
state were investigated by UV-vis spectroscopy. Images from TM-AFM of spin coated films
have shown UV-induced transitions in both the phase and height channels, suggesting some
degree of domain mobility at the air-polymer interface.

Results
General Chain Extension Polymerization (detailed extension polymerizations in Appendix A)
Two similar classes of block copolymers were built to investigate nano-phase separation,
A-B type and A-B-A type block copolymers. Preservation of end groups was determined by the
reaction kinetics monitored by GC and GPC and the molecular weight was determined from
GPC and NMR analysis. Initiator group analysis by 1H NMR helps in determining the molecular
weight when macroinitiators below about 10,000 g·mol–1 are formed. An example GPC kinetic
plot and chain extension from a relatively monodisperse poly(n-butylacrylate-Br), p(nBA-Br),
macroinitiator is shown in Figure 2.3
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Figure 2.3. GPC reaction kinetic profile of p(nBA-Br). The formation of the polymer can be
followed by the formation of the peak at 14.7 minutes which shifts to 13.5 minutes through the
reaction. The monomer and internal standard, anisole, elute at 19.2 and 20.4 minutes,
respectively. Right: Plot of conversion versus time, black, and first order kinetic plot, blue, to
determine the rate order of the polymerization.

The formation of polymer can be monitored from aliquots taken throughout
polymerization. Typically, several samples taken in the first few hours of polymerization provide
sufficient data points to determine the reaction rate and to predict polymerization quenching
time. The first order reaction kinetics may be determined by integration of the Refractive Index
(RI) signal of the monomer versus the internal standard. The monomer conversion, C, may be
related to the rate of polymerization by monitoring monomer consumption by GC or GPC using
the relationship
(Equation 2.1)
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where Mx and Sx represent the monomer and internal standard integrated signals, respectively, at
a given time, x, of the reaction. M0 and S0 represent the respective initial signals from the
monomer and standard. Control of the polymerization was determined by linear analysis of the
first order conversion plot for macroinitiators; conversion data, volume fraction, and molecular
weight are presented in Table 2.1.

Table 2.1 SPA influence on polymerization conversion. The SPA mol percent represents molar
concentration relative to p(nBA) block. ΦB represents the volume fraction of the second p(nBA)
block of the copolymer. The dispersity, Ɖ, of the polymer and conversion, C, were determined
from GPC and GC data, respectively.

Polymer

Sample

SPA
mol %

ΦA
(acrylate)

Mn
theor.

Mn
GPC

Mn
NMR

Ɖ

C

1

p(MMA77-Br/Cl)

N/A

0.00

5,186

7,877

6,644

1.046

51%

2

P(MMA77-b-nBA142)

0%

0.89

26,220

40,377

30,612

1.072

35%

3

P(MMA77-b-nBA38co-SPA4) dNbpy
P(MMA77-b-nBA52co-SPA6) PMDETA

10%

0.34

14,871

18,240

14,396

1.222

11%

10%

0.48

17,062

19,600

17,600

1.175

15%

4

As can be seen from GC conversion data, the conversion of polymerizations
incorporating 10 mol % spiropyran in the second block was reduced. This is the case of all
polymerizations using spiropyran (meth)acrylate monomers, which suggests the ATRP catalyst
is interacting with the chromophore. The increased dispersity can be seen in Figure 2.4.
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Figure 2.4.

Chain extension of pMMA-Br/Cl with p(nBA). Reaction conditions and

polymerization times are equivalent for chain extension polymerizations, red, green and blue
traces, varying ligand choice between dNbpy and PMDETA.a

The author speculates that the MC isomer act as a competing ligand to dNbpy or
PMDETA ligands, affording loss of polymerization control when compared to a control reaction,
Polymer 2 in Table 2.1. Furthermore, binding of the MC isomer to copper has been demonstrated
spectroscopically in the literature.4-6 The lower conversion and increase in dispersity, Ɖ, also
support the argument of catalyst poisoning early in the polymerization; however, the
polymerization continues to sufficient conversion to form low molecular weight blocks. It is
important to note that all polymers built via ATRP which contain spiropyran chromophores were
not able to reinitiate in a subsequent polymerization.
From the molecular weight acquired by the three techniques, an average value for MW
may be predicted to determine the phase separation architecture of these block copolymers. The
degree of polymerization, N, is the sum of all repeat units in a given polymer and the volume
fraction, ΦA, may be determined by manipulation of physical parameters. This relationship is
governed by Equation 2.2
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(Equation 2.2)
where ρA and ρB represent the polymer the density of each block, nA and nB represent the molar
ratio of each block’s monomer repeat unit, and MWA and MWB are the molecular weight of each
block.
For block copolymers where the second block is a copolymer, i.e. a mixture of SPA and
nBA as in Polymer 3, the solubility parameter for that block must also be determined by the
weighted volume fraction average of the dispersion partial solubility parameter, δaverage, D,
described by Equation 2.3
(Equation 2.3)
where φa and φb represent the volume fractions of the comonomers SPA and nBA contained
within the same block, respectively (φa + φb = 1.0). δD,a and δD,b correspond to the calculated HSP
for comonomers SPA and nBA, respectively. The calculation for φa is treated the same as
Equation 2.2, except the density, molar ratio, and molecular weight values correspond to
comonomers in the block same block. The weighted volume fraction average of the polar and
hydrogen bonding parameters δaverage,

P

and δaverage, H, are treated in the same manner. The

calculated Hansen partial solubility parameters are tabulated in the appendix in this chapter.
By the group contribution method introduced by van Krevelen and modified by Stefanis,
the solubility parameter of each may be determined the dimensionless Flory interaction
parameter, χ12, described in Chapter 1, which may be determined by group contribution of
Hansen partial solubility parameters by the relationship:
(Equation 2.4)
The subscripts for δD1, δP1, and δH1 correspond to block A while the subscripts for δD2, δP2, and
δH2 correspond to block B. The temperature, T, is considered in Kelvin, and R is the universal gas
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constant (8.3144621 cm3·MPa·K−1·mol−1). The molar volume in cm3·mol−1, Vmol, is determined
by the fraction average of each block’s repeat unit composition as described by Equations 2.5
and 2.6.
(Equation 2.5)
(Equation 2.6)
Where ρa and ρb are the densities of each copolymer in the block, respectively (1.185 g·cm3 and
1.089 g·cm3 for p(MMA) and p(nBA)). If the block is homogeneous, i.e. φa = 1.0 and φb = 0.0,
and the second term drops from the equation. The value for Vmol in Equation 2.4 is the average of
Vmol,A and Vmol,B. The terms mwa and mwb are the molecular weight of each copolymer in the
block. The parameters outlined in Table 2.2 were calculated by this approach to predict phase
separation of A-B type spiropyran containing block copolymers.

Table 2.2. Calculations for χ12N for SPA-containing polymers. Spiropyran-containing block
copolymers repeat units were determined from 1H NMR, GPC, and GC conversion data.
Polymer

Sample

Mn average

ΦA (nBA)

ΦB (MMA)

χ12

N

χ12N

1

p(MMA77-Br/Cl)

6,569

0.00

1.00

N/A

77

0

2

p(MMA77-b-nBA142)

32,403

0.89

0.11

0.20

221

44.2

3

p(MMA77-b-nBA38-coSPA4) dNbpy
p(MMA77-b-nBA52-coSPA6) PMDETA

15,836

0.34

0.66

0.28

119

33.2

18,087

0.48

0.52

0.29

135

39.1

4

By inspection of the idealized phase separation plot in Figure 2.2, we can predict which
phase separation domain is likely to occur in a spin coated film. The phenomenon of nano-phase
separation of these polymers as thin films can be investigated with TM-AFM.
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TM-AFM of Spin Coated block copolymer films
Spin coated films cast from dilute polymer solutions were prepared on silicon in all cases.
When the solvent evaporates to dryness in air, a dry-state block copolymer film resolves; these
architectures can be measured by the phase and height channels to confirm the domain of nanophase separation as predicted by ΦA and χ12N. Imaged in Figure 2.5 is a 59 nm spin coated film
of p(nBA-b-MMA) prepared by sequential monomer addition.

Figure 2.5. Spin coated film on silicon of p(nBA-b-MMA-co-nBA), Polymer 7. ΦA = 0.88 by
sequential monomer addition. These block copolymers anneal at room temperature due to the
low Tg of the nBA block. Note the change in the phase Z-scale after room temperature annealing.

An advantage of sequential monomer addition is a one-pot synthetic approach to achieve
high conversions of the second block, and to investigate the properties of block copolymers of a
homopolymer-block-mixed copolymer type architecture. The domain organization show here is
the cylindrical domain, and this polymer demonstrates elastic properties. When the column
fraction of the MMA block is lowered slightly in a tri-block copolymer, a cylindrical/spherical
order is observed. Below is height and phase TM-AFM data from annealing a p(nBA-b-MMAco-nBA) films above Tg with ΦA = 0.86 for p(nBA) block.
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Figure 2.6. TM-AFM annealing study, Polymer 8. P(MMA50-co-nBA4-b-nBA310-b- MMA50-conBA4) samples were annealed at 100°C in ambient conditions for 60 minutes. The p(MMA)
domains can be seen migrating below the surface and exposing nearly homogeneous p(nBA)
domains.

As can be seen from the AFM data, a somewhat heterogeneous packing of near-spherical
domain orientation is observed. The thermal annealing accelerates the phase separation to a
steady-state orientation and did not change after 1 hour annealing. The major domain correlates
to the lower phase change signal (darker regions in phase image) and represents the low Tg
p(nBA) block. The lighter spherical domains represent the p(nBA4-co-MMA50) domains of the
second block. The parameters for this polymer are outlined in Polymer 8 in Table 2.3. However,
when the film is annealed at 110 °C at 20 minute intervals in ambient atmosphere, the p(nBA)
block appears to rise to the air-polymer interface by the homogenization in the phase and height
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image. As described in more detail in Chapter 1, the Hansen solubility parameter for each block
may be determined by Equation 2.7.
(Equation 2.7)
The calculated Hansen partial solubility parameters for p(nBA) and p(MMA) are outlined
in the supporting information. The other calculated solubility parameters for other block
copolymers in this work are outlined in the appendix.
As predicted by the group contribution method, the Hansen solubility parameter, δt is
calculated to the 20.21 Mpa1/2 for p(nBA) and 20.55 Mpa1/2 for p(MMA), respectively. Polar
solvents such as the water layer inherently present during ambient TM-AFM imaging have a
high solubility parameter, 47.807 Mpa1/2.7 The migration of p(nBA) to the surface during
annealing supports the values calculated by this method. By comparison, the Hildebrand
solubility parameters of 18.41 and 19.43 Mpa1/2 for p(nBA) and p(MMA), respectively.
True block copolymers were also prepared from macroinitiators to generate a relatively
more homogeneous domain segregation pattern. The A-B-A type block copolymers of Polymer 8
and 9 in Table 2.3 are both dominantly p(nBA) with comparable ΦA values, 0.954 and 0.908 for
Polymer 8 and 9, respectively. Similarly, the dimensionless χ12N values are comparable at 83.92
and 62.33 for Polymer 8 and 9, respectively.
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Table 2.3. Calculations for χ12N for mixed block copolymers. Values for the volume fractions,
ΦA and ΦB, were determined from Equation 2.2.
Polymer

Sample

Mn average

ΦA (acrylic)

ΦB (methacrylic)

χ12

N

χ12N

5
6
7

p(Br-MMA75-Br)
p(Br-nBA261-Br)
p(nBA380-b-MMA137co-nBA14)
p(MMA50-co-nBA4b-nBA310-b-MMA50co-nBA4)
p(MMA22-b-nBA261b-MMA22)

7,837
33,871
64,410

0
1
0.886

1
0
0.114

0
0
0.1995

75
261
531

0
0
105.6

51,100

0.954

0.0459

0.2008

418

83.92

43,246

0.908

0.0916

0.2044

305

62.33

8

9

The phase images of p(MMA50-co-nBA4-b-nBA310-b-MMA50-co-nBA4) and p(MMA22-bnBA261-b-MMA22) true block copolymer are shown in Figure 2.7. The un-annealed film of the
true block copolymer shows more uniform phase separation in the spherical domain, and was
built from the macroinitiator p(Br-nBA-Br)261, Polymer 6. More distinct spherically phase
separated and chain extended polymers may be built from macroinitiators when compared to the
sequential addition method as seen by AFM phase imaging.

Figure 2.7. TM-AFM images of A-B-A type block copolymers. The polymers were prepared by
sequential monomer addition (left) and from a macroinitiator substrate (right).
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The volume fraction of the heterogeneous block may be calculated by applying Equation
2.2 for the mixed block, giving φa and φb of 0.9901 and 0.0098 for the MMA and nBA content,
respectively. The 1% volume fraction content of nBA in the p(MMA) block is sufficient to
disorder the film organization at the air interface. Due to the small influence of nBA affecting the
domain ordering, chromophore containing block copolymers are prepared from macroinitiators.
Two polymers are compared to investigate the chromophore isomerization kinetics in the p(nBA)
and p(MMA) matrixes as dry films. A polymer with the chromophore in a low T g acrylate block
and a polymer with the chromophore in the high Tg methacrylate blocks are compared. The
corresponding calculated parameters for the polymers are shown in Table 2.4.

UV-vis Kinetic Study of Spiropyran-Merocyanine Isomerization
Spin coated films were all cast from acetonitrile for the block copolymers, affording
uniform films devoid of pit or holes. The films were irradiated with 365 nm UV light to observe
the chromophores UV-induced isomerization from spiropyran to merocyanine. Irradiation for 10
minutes at 0.125 mW·cm2 is not sufficient time to convert all species to the ring open isomers as
can be seen in kinetic plot A of Figure 2.8 by following the formation of the merocyanine peak at
575 nm as shown in the spectral waterfall plot C. In order to avoid prolonged exposure time,
which leads to photobleaching of the sample, the ring-opening isomerization was stopped at 10
minutes irradiation and the thermally induced ambient isomerization back to the ring-closed
spiropyran was monitored at 575 nm by the disappearance of the peak, plot B in Figure 2.8. This
process is reversible dozens to hundreds of times before a photobleached films are generated.
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Figure 2.8. Kinetic plots of SP to MC isomerization. A, MC to SP isomerization, B, and
waterfall plot C of SP to MC. The black trace represents t = 0 min UV irradiation of a 56 nm
spin coated film on a quartz slide.

It is important to note that the films do vary in thickness, with an average thickness of
approximately 56 nm by ellipsometry. This affords significant varying spiropyran content
between samples, and despite the uses of a stable and constant irradiation source, non-linear
kinetics are observed for four spiropyran-containing polymers as expected for irradiation of
dissimilar film composition and thickness, as shown in Figure 2.9.
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Figure 2.9. Normalized isomerization reaction profiles. Left: normalized overlay of SP to MC
for four spiropyran-containing copolymers. Right: the corresponding ring-closing isomerization
of MC to SP in ambient conditions.

The ring closure isomerization demonstrates near first-order kinetics in all polymers;
however, the linear analysis provided in Table 2.4 shows still a slight deviation from first-order
kinetics, ki, which may be determined by the linear fit R-squared values.

Table 2.4. Comparison of MC-SP ring-closure isomerization rates. Low R2 values indicate firstorder reaction kinetics deviate from linearity due to matrix effects.
ki × 104 (s–1)

R2

1.05

0.919

5.19

0.935

12

Sample
p(MMA30-co-SPMA15-bnBA261-b-MMA30-co-SPMA15)
p(nBA68-co-SPA3-b-MMA75-bnBA68-co-SPA3)
p(nBA-co-SPA)

5.74

0.973

13

p(MMA-co-SPMA)

0.682

0.942

Polymer
10
11
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Matrix dependant reaction rates were also observed by Albrecht and coworkers in a p(MMA)
polymer bulk material doped with methyl spiropyrans, and the mathematical treatment of this
dynamic rate was applied to temperature dependant decoloration rates.8
Similar to the UV-vis data experiments, equivalent UV exposure doses for in situ TMAFM imaging were performed on photochromic spiropyran-containing A-B-A type tri-block
copolymers where the outside groups contain the chromophore monomer. The experimental set
up is depicted in Figure 2.10.

Figure 2.10. Experimental in situ UV AFM set-up. The UV filter upper cut-off is about 390 nm.
This is to prevent photonic contamination from the UV source during the experiment by
eliminating the visible purple light.

The two polymers of interest, 10 and 11, are a presented in Table 2.5. The calculated
Flory interaction parameter, χ12N, for Polymer 10 is calculated from the solubility parameters of
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the spiropyran form, the zwitterionic merocyanine form, and the neutral quinodal isomer labeled
10a, 10b, and 10c, respectively. The same isomer labeling is applied to Polymer 11 as well. In the
calculations, the volume fractions, ΦA and ΦB, are assumed to remain constant.

Table 2.5. Physical parameters for the spiropyran block copolymers. The values for χ12N were
determined for polymers before irradiation (SPMA and SPA), for the UV-induced zwertterionic
merocyanine (MCMA and MCA), and the UV-induced quinodal form (QMA and QA).

Polymer
10a

10b

10c

11a

11b

11c

Sample
p(MMA30-co-SPMA15-bnBA261-b-MMA30-coSPMA15)
p(MMA30-co-MCMA15b-nBA261-b-MMA30-coMCMA15)
p(MMA30-co-QMA15-bnBA261-b-MMA30-coQMA15)
p(nBA68-co-SPA3-bMMA75-b-nBA68-coSPA3)
p(nBA68-co-MCA3-bMMA75-b-nBA68-coMCA3)
p(nBA68-co-QA3-bMMA75-b-nBA68-co-QA3)

ΦB
(methacrylic)
0.0812

χ12

N

χ12N

52,798

ΦA
(acrylic)
0.9188

0.8012

352

282.1

52,798

0.9188

0.0812

0.3659

352

57.12

52,798

0.9188

0.0812

0.3461

352

121.8

27,589

0.5762

0.4238

0.3996

217

86.71

27,589

0.5762

0.4238

0.3393

217

73.62

27,589

0.5762

0.4238

0.2343

217

50.85

Mn average

With ΦA held constant, UV treatment may only influence the domain location along the
y-axis of the phase separation diagram shown in Figure 2.2. In the case of low spiropyran content
in the acrylate block of a cylinder-domain block copolymer, UV irradiation for 12 minutes
affords no significant change in the height or phase image as shown in Figure 2.11.
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Figure 2.11. TM-AFM height and phase images of photochromic block copolymer 11. A 61 nm
A-B-A type photochromic block copolymer film is shown with spiropyran in the low Tg acrylate
block. The dashed blue represents the same structure as the film drifted slightly over 12 minutes.
This film was prepared from Polymer 11a.

No molecular movement is observed when UV-induced χ12N changes are small and the
volume fraction ΦA is low (0.5762) giving cylindrical domain phase separation. The calculated
changes in χ12N for Polymer 11 is 86.71 for the spiropyran form before irradiation and 73.62 and
50.85 for the merocyanine and quinodal form of the polymer, Polymer 11b and Polymer 11c,
respectively. In order to further encourage a domain change, a polymer with a higher ΦA value
for and larger swings in χ12N must be required. Polymer 10 has a larger content p(nBA) with ΦA
= 0.9188, and calculated changes in χ12N of 282.16 for the pre-UV spiropyran polymer and 57.12
and 121.84 for the post-UV merocyanine and quinodal isomeric forms of the polymer. Upon
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UV-irradiation of this film as shown in Figure 2.12, a distinct change in the phase image was
observed within similar time frame experiments for UV-vis studies.

Figure 2.12. TM-AFM height and phase images of photochromic block copolymer 10. A 50 nm
A-B-A type photochromic block copolymer is shown with spiropyran in the high Tg
methacrylate block. This film was prepared from Polymer 10a. UV irradiation was conducted in
situ, using a visible light filter.

This phenomenon was reproducible several times with this polymer, and with two
separate spin coated films. The UV filter in Figure 2.10 was built in efforts to prevent UV-source
light influence of the diode photodetector in the AFM head, so the author suggests that this is not
an artifact of light contamination from the technique. In four independently prepared films, a
similar change in the phase image was observed. Interestingly, in one sample a significant
change in the topology image was also observed as shown in Figure 2.13; the arrows in the
image represent scan direction. The changes in the phase image are suggested to be small
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distance reorganization of the domain with no overall domain change. The z-distance reorganization of the glassy pMMA-co-SPMC blocks is suspected to be correlated to the zpiezoelectric changes in distance, proportional to the height image. However, the overall
representation of polymers just below the surface in the bulk of the film is hard to assess by a
surface technique like TM-AFM.

Figure 2.13. In situ observation of discrete phase changes of Polymer 10. p(MMA30-coSPMA15-b-nBA261-b-MMA30-co-SPMA15).

At approximately 4 minutes UV-irradiation, the

polymer film interface demonstrated a phase transition. It’s important to note that scanning
parameters were kept constant throughout the experiment.
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When the computed values of χ12N and ΦA of the polymers considered in this work are
plotted on a nano-phase separation diagram, a better picture for this p(nBA) and p(MMA) system
can be seen by Figure 2.14.

Figure 2.14. Nano-phase separation plot of block copolymers. The homopolymers are not
included in this diagram. The gray symbols corresponds to spiropyran polymers, the purple
symbols correspond to merocyanine polymers, and the pink symbols correspond to the quinodal
isomer.

The values presented in this plot are calculated predictions; however, some assumptions
on the group contributions must be considered. The group contribution method presented by
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Stefanis clearly demonstrates good agreement other methods for polymers with simple side
groups and fewer atoms, such as p(nBA) and p(MMA). There is no present first- or secondorder group contribution assignment in the literature to date for treatment of zwitterionic,
conjugated heterocyclic, or some other second-order conformations know to be present in the
merocyanine form.5 These values seem to predict well phase separation of the mixed block
samples with no spiropyran content like spherically phase separated Polymers 7 and 8, as
confirmed by AFM imaging. The solubility parameter, δt, for the zwitterionic form of both
p(MCMA) and p(MCA) polymers, 22.65 MPa1/2for 10b and 26.90 MPa1/2 for 11b, is lower than
that of the quinodal form of p(QMA) and p(QA), 24.41 MPa1/2for 10b and 26.30 MPa1/2for 11b,
respectively. However, the predicted δt for the spiropyran blocks seem to be overstated, with
29.15 MPa1/2 for p(SPA) and 27.32 MPa1/2 for p(SPMA), respectively.

Conclusions
This work presents the synthesis of photochromic block copolymers of containing
spiropyran as a UV probe. A-B type and A-B-A type block copolymers were fabricated by
sequential monomer addition and from macroinitiators to compare nano-phase separation
profiles by TM-AFM. The observed MC-SP ring-closing isomerization demonstrated near firstorder rates in tri-block copolymers fabricated from acrylic and methacrylic comonomers. A
polymer fabricated with a high mole percent of spiropyran monomer in the methacrylate block
demonstrated reproducible UV-induced phase transitions observed by TM-AFM.
The phase transition observed in photochromic polymer films is ascribed to small domain
re-organization at the polymer-air interface. The inherent water layer present in ambient AFM
conditions and the associated changes in the solubility parameter of the UV-active block, δt,
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influences the value of χ12N. This change in polymer-polymer miscibility may provide sufficient
entropic changes in the dissimilar polymer matrix to encourage these changes. In order to
confirm this theory, computational closer assessment of group contributions should be
considered for the chromophore and all possible isomers, and 2nd order contributions may need
to be added to the model to treat the isomers.

Experimental Details
Materials
Ethyl 2-bromo-2-methylpropanoate (Et2Br) was sued as received. Methyl ethyl ketone
(MEK), methanol (MeOH), diphenyl ether (DPE), 4,4′-Dinonyl-2,2′-dipyridyl (dNbpy), Nmethyl-N,N,N-trioctyloctan-1-ammonium chloride (aliquot 336), p-toluenesulfonyl chloride
(TsCl), anhydrous copper(I) chloride (CuCl), and copper(I) bromide (CuBr), were used as
received. The monomers n-butyl acrylate (nBA) and methyl methacrylate (MMA) were passed
through a plug of neutral alumina and distilled under reduced pressure.
Synthesis of spiropyran(meth)acrylate
The general synthetic scheme for the synthesis of the spiropyran monomer is shown in
Figure 2.15. The synthesis for precursor 1′-(2-hydroxyethyl)-3′-dimethyl-6-nitrospiro(2Hbenzopyran-2,2′-indole) as product (5) may be found in the literature.9 The coupling reaction
between either acrylic or methacrylic acid (6) was performed following the procedure by Prodi
and coworkers.10
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Figure 2.15. Schematic synthesis of spiropyran(meth)acrylate chromophore monomer.
Initiator Synthesis
The synthesis of the A-B-A type ATRP initiator ethane-1,2-diyl bis(2-bromo-2methylpropanoate) (BBiBE) can be found in the literature.11 The synthesis of the A-B-A type
ATRP initiator dimethyl 2,6-dibromoheptanedioate (DMDBH) is also found in the literature.12
The polymer constructed from Ethyl 2-bromo-2-methylpropanoate (Et2Br) as an initiator
(Polymer 7) is depicted in Figure 2.16.

Figure 2.16. General approach for synthesis of block copolymers by ATRP. The UV-induced
isomerization of a mixed block A-B-A type copolymer is depicted.
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Formation of block copolymers by sequential addition is a notable way to form block
copolymers in one-pot by taking advantage of halogen exchange between the terminal alkyl
bromide of the growing chain and the addition of chloride to the catalyst. The formation of the
second block may be monitored by the GC and GPC conversion of the introduced monomer and
the residual monomer from the A block. All chromophore-containing polymers were prepared
from macroinitiators. An advantage to preparing block copolymers this way is that the second,
chain extended block will not contain any repeat units from the formation of the macroinitiator
as shown in Figure 2.16, bottom.
Synthesis of p(MMA77-Br/Cl) macroinitiator, Polymer 1
To a 35 mL Schlenk flask, 10.003 g of MMA (99.9 mmol), 500 μL of anisole, 10.0 mL of
DPE, and a stir bar were added and degassed for 1 hour with argon. To a 12 mL Schlenk flask,
2.0 mL DPE and 0.1888 g (TsCl) were added and degassed for 1 hour in a room temperature
bath. After degassing 1 hour, 0.4046 g dNbpy (0.989 mmol) and 0.0718 g CuBr (0.989 mmol)
were added to the MMA solution under positive pressure and degassing continued an additional
10 minutes, resolving a deep brown-red homogeneous solution. The MMA solution was
equilibrated at 90°C, and an aliquot was taken for GC. The TsCl solution was injected via
degassed syringe, displaying a color change from deep brown-red to a homogeneous dark green.
At 16 hours, 30 minutes elapsed polymerization time (conversion 51.3 %), an aliquot was
taken, and the reaction was quenched by exposing to air, cooling to 0°C, and diluting with an
equal volume of THF. This mixture was passed through a plug of basic alumina and precipitated
into 0°C MeOH. The polymer was collected on by vacuum filtration, re-dissolved and reprecipitated in the same manner. The collected polymer was dried by rotary evaporation and high
vacuum to resolve a fine white powder.
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Synthesis of p(MMA77-b-nBA142), Polymer 2
To a 35 mL Schlenk flask, 1.0038 g of Polymer 1 (0.1528 mmol), 7.7650 g nBA (60.62
mmol), 1.0 mL of anisole, 0.1228 g dNbpy (0.303 mmol), 8.5 mL of DPE, and a stir bar were
charged and degassed with argon at room temperature for 2.5 hours, resolving a homogeneous
solution. CuBr (0.0227 g, 0.151 mmol) was added under positive pressure, and the solution was
degassed an additional 20 minutes, resolving a red-brown homogeneous solution. An aliquot was
taken for GC and the mixture was submerged in a 90°C bath to initiate polymerization.
At 18 hours, 12 minutes elapsed polymerization time, an aliquot was taken for
conversion, and the reaction was quenched by opening to air, cooling to 0°C, and diluting with
20 mL acetone. This solution passed through basic alumina to remove the catalyst and was
precipitated into 0°C 9:1 MeOH:H2O mixture to give an elastic and sticky white polymer. The
polymer was collected by decanting, re-dissolved, and re-precipitated again in the same manner.
The polymer was collected and dried overnight under vacuum at 80°C to remove residual
monomer.
Synthesis of p(MMA77-b-nBA38-co-SPA4) using dNbpy, Polymer 3
To a 12 mL Schlenk flask, 0.0302 g Polymer 1 (0.0457 mmol), 20981 g nBA (16.37
mmol), 250 μL anisole, 4.0 mL DPE, 0.0377 g dNbpy (0.0909 mmol), 0.7403 g SPA (1.818
mmol), and a stir bar were charged and degassed with stirring for 1.5 hours with argon at room
temperature. An aliquot was taken for GC and the polymerization was initiated by submerging in
a 90°C bath.
After 18 hours, 10 min elapsed polymerization time, the reaction was quenched by
exposing the reaction to air and cooling to 0°C. The polymer solution was dissolved with an
equal volume of acetone and precipitated in excess 9:1 MeOH:H2O mixture. The solvent was
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decanted to waste and polymer was collected, dissolved again in acetone and precipitated in
excess hexane. The polymer was collected and dried by rotary evaporation and high vacuum
overnight, resolving a pink, tough elastomeric polymer.
Synthesis of p(MMA77-b-nBA52-co-SPA6) using PMDETA, Polymer 4
To a 12 mL Schlenk flask, 0.2988 g Polymer 1, 2.122 g nBA, 250 μL anisole, 4.0 mL
DPE, 0.7436 g SPA, and a stir bar were charged and degassed with argon for 1.5 hours at room
temperature. An aliquot was taken for GC conversion and the flask was immersed in a 90°C
bath.
After 18 hours, 10 minutes elapsed polymerization time, the reaction was quenched by
exposing the mixture to air, cooling to 0°C, and precipitating in 9:1 MeOH: H2O, giving a purple
polymer. The polymer was dried under vacuum briefly to remove solvent, was redissolved in
acetone and precipitated once more in hexanes. The polymer was dried at 50°C overnight under
high vacuum.
Synthesis of p(Br-MMA75-Br) nb3_p56 macroinitiator, Polymer 5
To a 35 mL Schlenk flask, 10.00 g of MMA (99.88 mmol), 0.342 g DMDBH (0.988
mmol), and 5.0 mL DPE and 1.0 mL of anisole were added with a stir bar and degassed 1.5
hours at 0°C. To a 12 mL Schlenk flask, 5.0 mL DPE and 0.606 g of dNbpy (1.48 mmol) were
added and degassed for 1.5 hours in a room temperature bath. After degassing, CuBr (0.1418 g,
0.988 mmol) and CuBr2 (0.0665 g, 0.297 mmol) were added to the dNbpy solution and degassed
for an additional 15 minutes.
An aliquot was taken for GC, and the complexed dNbpy solution was injected into the
MMA solution and submerged in a bath at 70°C to initiate polymerization. At 19 hours
polymerization (74.1 % conversion), the reaction was quenched by exposing to air, cooling to
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0°C, and dissolving in equal volume of 50:50 acetone:THF mixture with warming to
approximately 50°C. The warm solution was passed through a plug of neutral alumina and
precipitated into 0°C MeOH. The polymer was collected by vacuum filtration, dried under
vacuum, redissolved in 50:50 acetone:THF mixture, and re-precipitated in the same manner. The
polymer was collected to dry under high vacuum overnight, resolving a fine white powder.
Synthesis of p(Br-nBA261-Br) macroinitiator, Polymer 6
To a 35 mL Schlenk flask, 17.88 g of nBA (139.5 mmol), 37.6 μL of PMDETA (0.179
mmol), and a stir bar were added and degassed via 4 freeze-pump-thaw cycles. On the last
freeze, 0.0258 g of CuBr (0.179 mmol) was added to the flask. The headspace was evacuated
and replaced with nitrogen several times, and the flask was equilibrated at 70°C. An aliquot was
taken for GC and 0.0648 (0.179 mmol) BBiBE was added under positive N2 pressure to initiate
the polymerization, and the headspace of the flask was purged for several minutes.
The polymerization was quenched at 15.5 hours (29.1 % conversion) by cooling to 0°C
and exposing to the mixture to air. The mixture was diluted with 50 mL THF and passed
through 2 plugs of basic alumina.

THF and residual monomer were removed by rotary

evaporation and high-vacuum, resolving a viscous, green polymer.
Synthesis of p(nBA380-b-MMA137-co-nBA14) nb2_p41, Polymer 7
To a 35 mL Schlenk flask, 10.0 mL nBA (70.1 mmol), 58.5 μL of PMDETA (0.280
mmol) and 3.5 mL of anisole were added. To a 10 mL Schlenk flask, 1.0 mL nBA (7.01 mmol),
2.0 mL anisole and 20.5 μL of Et2Br (0.140 mmol) were added, and both flasks were degassed
with argon for 1 hour at 0°C. At 45 minutes degassing, CuBr was added into the larger flask and
the mixture degassed an additional 15 minutes, developing a light green solution. The large flask
was equilibrated at 70°C and the Et2Br solution was injected via degassed needle to initiate
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polymerization. An aliquot was taken immediately after the injection. Aliquots were taken
periodically throughout the reaction to monitor conversion.
Separately, a solution of 3.0 mL MEK, 7.46 mL MMA, and 58.5 μL of PMDETA was
degassed at 0°C, 40 minutes. CuCl was thereafter added to the MMA solution as a solid and
degassing continued for 20 minutes at room temperature, affording copper dissolution with mild
sonication, and stored under inert atmosphere.
At 23 hours, 45 minutes polymerization time, an aliquot was taken to determine
conversion of the p(nBA) block, 76.8%, and the degassed MMA solution was injected via
syringe and stirred vigorously. The polymerization was quenched by opening to air and cooling
to 0°C after 1 hour of chain extension (27.3% conversion) of the MMA monomer. The residual
16.7 mmol of unreacted nBA further polymerized in the second block (12.0% conversion). This
mixture was diluted with equal volume of 50:50 acetone:chloroform solution and passed through
a basic alumina column to remove the catalyst. The eluent was precipitated into 19:1 MeOH:H2O
solution to resolve a white, gooey precipitate. The polymer was recollected, dissolved, and
precipitated once more in the same manner. The polymer was dried overnight under vacuum
prior to 1H NMR, GPC, and AFM analysis.
Synthesis of p(MMA50-co-nBA4-b-nBA310-b- MMA50-co-nBA4) , Polymer 8
To a 15 mL Schlenk flask, 10.0 mL of nBA (70.0 mmol), 73 μL of PMDETA (0.35
mmol) and 2.0 mL of anisole and a stir bar were added and degassed at 0°C for 1.5 hours with
argon. The flask was transferred to a nitrogen Schlenk line and CuBr, 0.050 g (0.35 mmol) was
added to the solution and degassing continued for 15 minutes. The flask was equilibrated at
60°C, an aliquot was taken for GC, and 0.080 g of BBiBE was added under positive N 2 pressure
to initiate polymerization. A separate solution of 2.355 mL MMA (21.9 mmol), 73μL PMDETA
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(0.35 mmol), and 0.034 g CuCl (0.35 mmol) were degassed in the same manner and stored under
inert atmosphere.
After 9 hours polymerization, the MMA solution was injected via syringe and stirred
vigorously. At 12 hours, 15 minutes elapsed polymerization time, the reaction was quenched by
exposing to air and cooling to 0°C, resolving a highly viscous dark green mixture. An aliquot
was taken for GC and the mixture was dissolved in an equal volume of chloroform and passed
through a plug of basic alumina to remove the catalyst. The eluent was precipitated in 0°C 19:1
MeOH:H2O. The polymer was redissolved and precipitated once more and dried under vacuum
for two days to resolve a foamy-white polymer.
Synthesis of p(MMA22-b-nBA261-b-MMA22) nb2_p86, Polymer 9
To a 12 mL Schlenk flask, 1.9908 g of Polymer 6 (0.0690 mmol), 6.0 mL of anisole, 108
μL of PMDETA (0.517 mmol), 0.0852 g of aliquot 336, 0.99 mL of MMA (9.187 mmol), and a
stir bar were added. This solution was vortexed and stirred for 30 minutes until homogeneous
and degassed with argon at 0°C for 30 minutes. CuCl (0.027 g, 0.2596 mmol) was added under
positive pressure and the solution degassed for an additional 5 minutes. The mixture was stirred
vigorously at room temperature for 10 minutes to resolve a light blue, homogeneous solution.
The flask was placed in at 60°C bath to initiated chain extension.
At 19 hours, 20 minutes elapsed polymerization time, the reaction was quenched by
exposing to air, cooling to 0°C, and diluting with 50:50 chloroform:acetone mixture. This
mixture passed through a plug of basic alumina to remove the catalyst and precipitated into 19:1
MeOH:H2O to resolve a sticky, very light green polymer.
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Synthesis p(MMA30-co-SPMA15-b-nBA261-b-MMA30-co-SPMA15), nb2_p88, Polymer 10
To a 12 mL Schlenk flask, 2.0130 g Polymer 6 (0.05905 mmol), 8.0 mL anisole, 108 μL
PMDETA (0.517 mmol), 0.0833 g aliquot 336, 494 μL MMA (4.64 mmol), and 0.9835 g SPMA
(2.339 mmol), and a stir bar were charged, dissolved with stirring, and degassed for 1.5 hours
with argon at 0°C. An aliquot was taken for GC, and 26.0 g CuCl (0.263 mmol) was added under
positive pressure. Degassing continued an additional 3 minutes to purge the headspace. The
flask was stirred vigorously for 5 minutes on a stir plate to dissolve the catalyst, resolving a dark
green solution. The flask was placed in a 60°C bath to initiate the polymerization. The solution
turned a deep blue shortly after immersing at 60°C.
At 18 hours, 20 minutes elapsed polymerization time, the reaction was quenched by
exposing the mixture to air, cooling to 0°C, and addition of 15 mL of 50:50 acetone:chloroform
mixture. This solution was precipitated into 0°C MeOH, resolving a deep blue-brown, sticky
polymer. The polymer was redissolved twice in 50:50 acetone:chloroform and reprecipitated
twice into MeOH, collected by decanting and drying under vacuum at 50°C overnight.
Synthesis p(nBA68-co-SPA3-b-MMA75-b-nBA68-co-SPA3), nb3_p73, Polymer 11
To a 12 mL Schlenk flask, 0.4992 g Polymer 5 (0.06380 mmol), 2.5761 g nBA (20.10
mmol), 0.3390 g SPA (0.8294 mmol), 5.0 mL DPE and a stir bar were charged, stirred
vigorously, and degassed via 4 freeze-pump-thaw cycles. On the fourth freeze, 0.0038 g CuBr
(0.0265 mmol) was added under positive pressure. The headspace was evacuated and refilled
with N2 several times, and an aliquot was taken for GC once thawed. In an 8 mL Schlenk flask,
2.5 mL DPE and 49.5 μL PMDETA were added and degassed in a room temperature bath for 1
hour. The nBA/SPA solution was equilibrated at 110°C and the PMDETA solution was injected
via degassed syringe to initiate polymerization.
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At 63 hours, 30 minutes elapsed polymerization time (63.0% conversion), the reaction
was quenched by exposing the mixture to air, cooling to 0°C, and diluting with an equal volume
of THF. The polymer solution was precipitated into 0°C ethanol, resolving a pink semi-solid
polymer. The polymer was redissolved in THF and precipitated once more in cold ethanol,
collected by decanting solvent to waste, and drying under high vacuum for a few days.
Synthesis p(nBA-co-SPA), Polymer 12
To a 12 mL Schlenk flask, 3.46 mL nBA, 0.400 g SP, 70 μL Et2Br, 65 μL PMDETA,
346 μL DMF, and a stir bar were added and the solution degassed 1 hour. The flask was
submerged in a 90°C bath for 18 hours. The reaction was quenched by exposing to air and
cooling to 0°C. 6 mL THF was added to the mixture and passed through a plug of alumina to
remove the catalyst. The residue was condensed down to a red sticky solid under high vacuum,
redissolved in DCM and loaded onto a column with 8:2 heaxane:EtOAc as eluent. The SPA
monomer was eluted first (Rf = 0.2), and once monomer removed the column was flushed with
acetone to collect the polymer.
Synthesis p(MMA-co-SPMA), Polymer 13
To a 12-mL Schlenk flask, 0.8202 g MMA, 0.380 g SPMA, 4.0 mL THF, 93.5 μL
Me6TREN, 100 μL toluene, and a stir bar were added. To a small vial, 1.0 mL THF and 0.0053
mL Et2Br was added. Both solutions degassed at 0°C for 1 hour, after which 0.0052g CuBr was
added to the MMA solution. Degassing continued 5 minutes, and the bath was placed in a 65°C
bath. An aliquot was taken immediately for GC, and the Et2Br solution was injected via
degassed syringe.
At 24 hours 11 minutes polymerization, the reaction was quenched by exposing to air,
cooling to 0°C, and an aliquot was taken for GC conversion. The polymer was precipitated twice
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into 90:10 MeOH:H2O from THF to give a light pink polymer. The polymer was collected with
vacuum filtration and dried under high vacuum.
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CHAPTER 3
ADVANCES IN SMART MATERIALS: STIMULI-RESPONSIVE HYDROGEL THIN
FILMS

____________________
1

White, E. M.; Yatvin, J.; Grubbs, J. B.; Bilbrey, J. A.; Locklin, J, Reprinted with permission

from Journal of Polymer Science Part B: Polymer Physics 2013, 51, 1084-1099. Copyright 2013
Wiley Periodicals, Inc..
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Abstract
This review highlights recent developments in the field of stimuli-responsive spiropyran
and other light responsive hydrogels, focusing primarily on thin films, with a thickness range
between 100 nm to 10 m. The theory and dynamics of hydrogel swelling is reviewed, followed
by specific applications. Gels are classified based on the active stimulus and fabrication methods,
design constraints, and novel stimuli-responses are discussed. Often, these materials display
large physiochemical reactions to a relatively small stimulus. Noteworthy materials larger than
10 m, but with response times on the order of seconds to minutes are also discussed. Hydrogels
have the potential to advance the fields of medicine and polymer science as useful substrates for
“smart” devices and the Flory and Rehner theory to hydrogel behavior is addressed.

Introduction
Hydrogels are used regularly in daily life and are found in consumer products such as
shampoos and toothpaste, cleaners, cell cultures substrates, wound dressings, and drug delivery
devices. However, advances in stimuli-responsive hydrogel materials may offer methods to make
these materials more intelligent in design or purpose. Hydrogels are prevalent in nature as an
excellent support scaffold for an immense diversity of life on Earth, with cells as the chief
example.2-8 Following nature’s successful model, a wide array of research, from tissue cultures to
nano-size actuators,9 has demonstrated the diverse assortment of physical properties attributed to
these materials.
Hydrogels have become a popular platform for the fabrication of smart devices because
of their overall biocompatibility, high storage capacity for cells and small molecules, and low
interfacial tension at the gel-aqueous solution interface.10 Hydrogels respond to a large range of
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stimuli and offer a medium where spatially-immobilized chemical functionalities may be
manipulated under aqueous conditions. Several review articles have been dedicated to the
application of stimuli-responsive hydrogels.11-14 For example, previous work by Tokarev and
Minko outlined burgeoning technologies, addressing a wide range of interesting applications of
responsive hydrogel thin films,10 while Buengera et al. summarized the use of hydrogels as
stimuli-responsive sensors.15
This review includes a survey of noteworthy advances in thin film hydrogels, ranging
from approximately 100 nm to 10 μm, developed in the past five years, and is not meant to be an
exhaustive review of hydrogel technology. Thin films find commercial use today in familiar
products such as paints, stains, surface cleaners, mirrors, electroplated metals, to name a few.
Recent advancements in organic thin films may help improve performance and reduce future
production costs and the amount of materials used for a variety of existing technologies
including photovoltaics, sensors, membrane technology, and drug delivery systems. Herein, we
have classified the gels based on the stimulus response (i.e. light-responsive hydrogels);
therefore, this review outlines the general theory of hydrogels, followed by a discussion of how
these materials respond to the various stimuli: mechanical, chemical, pH, heat, and light.

Theory of Swelling
Typically, hydrogels are three-dimensional networks of either chemically or physically
cross-linked polymers that swell upon the addition of water. The ratio of the swollen volume to
the dry volume of the polymer matrix is often referred to as the degree of swelling, and is a
common parameter for describing many hydrogels.10 The degree of swelling of poly[acrylamidestat-(acrylic acid)] hydrogels, for example, may be as high as 20,000, which indicates a
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volumetric expansion greater than four orders of magnitude.16 The degree of swelling is
dependent on polymer composition and architecture, as well as inherent properties of the
aqueous solution such as temperature or ionic strength.

Equilibrium Swelling Theory
The equilibrium swelling theory of neutral, isotropic polymer networks in the presence of
small molecules was first described by Flory and Rehner.17 The Flory-Rehner model was
proposed for the structure of a cross-linked polymer network immersed in a good solvent where
the free energy of mixing from osmotic pressure induces solvent migration into the network. The
model assumes both a Gaussian distribution of polymer chain lengths and average cross-links to
be tetrafunctional. The theory considers forces arising from three sources:
1) the entropy change associated with mixing of polymer and solvent
2) the entropy change arising from reduced polymer conformations upon swelling
3) the enthalpy of mixing the polymer and solvent16
The entropy change from polymer-solvent mixing is positive and favors swelling, while
the entropy change from chain stretching (reduction of the number of possible conformations) is
negative and opposes swelling.

The enthalpy of mixing, which is dependent on the gel

composition, can be either positive (opposing mixing), negative (favoring mixing), or zero.
Swelling of the gel is a function of elastic retractive forces of the polymer chains and the
expansive thermodynamic contribution of mixing of polymer and solvent. From this, the free
energy of a neutral hydrogel in the absence of charged species can be expressed as:
(Equation 3.1)

59

where ΔGel is the free energy of elastic retractive forces and ΔGmix is the free energy of polymer
and solvent mixing. The term ΔGmix is a measure of the compatibility of the polymer with the
surrounding solvent molecules.18 At equilibrium conditions, the net chemical potential (μ) must
equal zero:
(Equation 3.2)
Therefore, any changes in the chemical potential due to mixing (μmix) are balanced by elastic
retractive forces (μel) of the network. The change in chemical potential due to such forces can be
expressed by the theory of rubber elasticity proposed by Edwards.19

Polymer Volume Fraction
Among the many parameters used to characterize hydrogels, the polymer volume fraction
in the swollen state (ν2,s), the molecular weight of the polymer chain between cross-links (

),

and the mesh size of the gel (ξ) are among the most informative, especially for drug delivery
applications (Figure 3.1).18 These three parameters can be determined using the equilibrium
swelling theory of rubber elasticity modified by Flory.20

Figure 3.1. Schematic representation of a polymeric hydrogel. The molecular weight of the
polymer chain between cross-links (

), and the mesh size of the gel (ξ) are represented.

The swollen state polymer volume fraction ν2,s (analogous to the degree of swelling) is the ratio
of the polymer volume (Vp) to the swollen gel volume (Vg). These terms are related to the
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volumetric swollen ratio (Q), which is dependent on the densities of the solvent (ρ1) and polymer
(ρ2), and the mass swollen ratio (Qm) as in the following equation:21
(Equation 3.3)
The architecture of a swollen hydrogel can be quantified by the molecular weight between crosslinks in the absence of solvent and is expressed by:22
(Equation 3.4)

where

is the number average molecular weight of the polymer chains prepared in the absence

of cross-linkers.

and V1 are the specific and molar volume of polymer and solvent,

respectively. ν2,s is the volume fraction of polymer in the swollen mass, and χ1 is the FloryHuggins polymer-solvent dimensionless interaction term.
Equation 3.4 describes gels that are swollen from the dry state; however, many gels are
prepared in the presence of water. A new term was introduced by Peppas and Merrill to account
for the presence of water and subsequent changes in chemical potential, which describes the
volume fraction density of the chains during cross-linking.22 The original Flory-Rehner model
was revised to incorporate a term describing the polymer in the relaxed, unstretched state (ν2,r):
(Equation 3.5)

When ionic groups are present in the network, the swelling equilibrium becomes more
complicated. In addition to the entropic contributions described in Equation 3.1, a contribution
from ions to the total change in Gibbs free energy is:
(Equation 3.6)
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At equilibrium, the net chemical potential still equals zero, and expressions for the ionic
contribution to this potential are added to Equation 5. Terms for the ionic strength, I, and the
dissociation constants Ka and Kb have been added to account for the strong dependency on the
ionic strength of the surrounding medium and the nature of these ions.23-25

(Equation 3.7)

(Equation 3.8)
For polyelectrolyte gels, Equations 3.7 and 3.8 are equivalent expressions for anionic and
cationic hydrogels prepared in the presence of a solvent. Artificially engineered protein-based
hydrogels present a challenge in polymer physics; however, work by Kim et al. reviews some of
the progress on the physics of the dynamic intermolecular interactions of protein hydrogels.26

Dynamic Swelling of Hydrogels
The theories described above address the equilibrium swelling state of hydrogels; however, an
understanding of the swelling dynamics through volume phase transitions may be useful for
predicting the hydrogel behavior with time. There are many various models that simulate volume
transition reviewed in earlier work by Wu et al.27 and Saunders et al.28 Recently, work by Li et
al.29 and Lai et al.30 investigated the swelling dynamics of hydrogels by the multi-effect-coupling
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ionic-strength-stimulus model (MECis), which integrates the Nernst−Planck equation for mobile
ion concentrations, the Poisson equation for the electric potential associated with the fixed
charges, and equations to describe the mechanical displacement of a deformable network and the
phase field variable. The MECis model is designed to study hydrogels stimulated by changes in
ionic strength in two dimensions.
Both linear and nonlinear theories have been developed to describe the swelling kinetics
and the processes of mass transport and mechanical deformation. Tanaka et al. derived a linear
diffusion equation for polyacrylamide gels treated as a mixture of solid and liquid.31, 32 A second
linear theory by Scherer treats the gel as a continuum phase with pore pressure as a state
variable.33, 34 Recent work by Yoon et al. examines experimental swelling kinetics of thin layers
of poly(N-isopropylacrylamide) with the model of linear poroelasticity.35 Through fluorescent
particle tracking with a microscope, these experiments were able to accurately monitor thickness
changes on the order of 100 μm in good agreement with a linear model of poroelasticity. The
linear theory works well for small deformations; however, Hong et al. formulated a nonlinear
theory for coupled mass transport and large deformations on the macroscopic scale.36 Recent
work by Bouklas et al. presents a good comparison between the linear theory and the more recent
nonlinear theory of poroelasticity for polymer gels.37 In this work, the dynamics of swelling of a
gel affixed to a substrate as well as free swelling are both addressed.

Calculation of the Mesh Size
Many of the target applications for the stimuli-responsive gels outlined in this review are for
drug delivery, where mesh size, sometimes referred to as the ‘pore’ size, becomes important. The
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mesh size is described by the correlation length (ξ) which is defined as the linear distance
between two adjacent cross-links (Figure 1) and is calculated by:
(Equation 3.9)
where α is the elongation ratio of the polymer chains in any direction and

is the root-

mean-squared, unperturbed end-to-end distance of the polymer chain between cross-links.18,38
For gels swollen to isotropic equilibrium, the elongation ratio can be related to the swollen
polymer volume fraction, ν2,s, by:
(Equation 3.10)
The end-to-end distance of network chains between two adjacent cross-links in the unperturbed
state may be determined from the Flory characteristic ratio, CN, the length of the bond along the
backbone,

(1.54 Å for vinylic polymers), and the number of links per chain, N, calculated by

Equations 3.11 and 3.12.
(Equation 3.11)
(Equation 3.12)
where

is the molecular weight of the polymer repeat unit. By combination of Equations 3.9 –

12, the end-to-end distance and pore size of an isotropically swollen hydrogel can be calculated
by:
(Equation 3.13)
Swelling, and therefore mesh size, is affected by numerous physiochemical conditions and
structural factors.39-43 Many ionic hydrogels exhibit a first-order volume-phase transition where
the degree of swelling can change dramatically with only a small change in conditions or
application of a stimulus (Figure 3.2).16
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Figure 3.2. The first-order volumetric swelling response of hydrogels with respect to time.

The swelling transition has a first-order response that involves the coexistence of two gel
phases, the swollen and unswollen volume components. Polyelectrolyte gels often swell to a
significantly greater extent when compared to neutral gels because of the additional osmotic
pressure arising from mobile counter-ions, as well as the electrostatic repulsion of anchored
ionizable groups.10 Charged particles inside the gel fail to distribute evenly between the inside of
the gel and the outside medium. This difference in mobile ion concentrations between the gel
and the surrounding solution causes the gel to swell to a greater extent and is governed by the
Donnan equilibrium.44 For highly ionized polyelectrolyte gels, Donnan theory was modified by
Rička and Tanaka to include an osmotic pressure ion contribution term to better approximate
volume transitions due to the additional equilibrium swelling pressure.25 As a result,
modifications of these theories have emerged to describe hydrogel swelling behaviors.23,

45-47

Long-range repulsive electrostatic interactions between the polyelectrolyte segments favor
swelling, while attractive electrostatic interactions between counter-ions and charged polymer
segments favor shrinking. Counter-ion condensation leads to anisotropic charge distribution and
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the formation of ion pairs. The non-Gaussian conformation of charged polymer segments, Debye
screening contributions, and other gel responses are also described.20-22
In the interest of practicality, fast response action is required for most stimuli-responsive
thin-film devices. The volume phase transition response is the most common mechanism among
hydrogel-based “smart” devices.

This transition is driven by a diffusion limited process;

therefore, at least one dimension of the hydrogel must be sufficiently small so that the response
behavior occurs on the order of seconds to minutes. Early work by Tanaka and Fillmore shows
the volumetric response time of a gel is proportional both to the square of the smallest linear
dimension of a gel and to the diffusion coefficient of the gel network, D,31 which governs
response time by:
(Equation 3.14)
where E is the longitudinal bulk modulus of the network, and f is the coefficient of friction
between the network and the solvent.31 Stimuli-responsive materials that respond on the order of
seconds are typically 10 μm or less in their smallest linear dimension, reducing the physical
restrictions to response time. This is not a strict geometric limitation; however, noteworthy
examples of gels with a larger dimension, but second to minute response times, are also
highlighted. Furthermore, not all of the stimuli-responsive devices outlined in this review are
governed by diffusion limited processes.

Light Stimulus
Spatial, wavelength, and intensity parameters of light can be varied quickly, easily, and
remotely, enabling light to be one of the most controllable stimuli. Research has taken advantage
of this unique control to synthesize gels that use the fine spatial and time resolution afforded by
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photo-irradiation. In the context of hydrogels, light is most often used to induce cross-linking,
which can be used to produce novel results, such as in the aforementioned work by Hayward.48
In terms of responses, light can stimulate a variety of useful responses, such as cleavage of crosslinks, diffraction shifts in the presence of analytes, biomolecule and nanoparticle uptake and
release, and ion detection.49-54

Figure 3.3. Spiropyran hydrogel micro-relief patterning. (a, b) Images of the pSPNIPAAm
hydrogel layer just after the micro patterned light irradiation. Duration of irradiation was (●, red)
0 seconds, (◊) 1 second, and (○, green) 3 seconds. (c) Height change of the hydrogel layer in (b)
non-irradiated and (O) irradiated region as a function of time after 3 seconds blue light
irradiation. Reprinted with permission from Chem. Mater. 2007, 19, 2730-2732. Copyright 2007
American Chemical Society.

The Kanamori group has used the high spatial-resolution of light to form microscopic
surface motifs on poly(N-isopropylacrylamide-co-acrylospiropyran) films with N,N-methylenebis(acrylamide) included as a cross-linker.55 Acidifying the gel in the dark can induce ring
opening into the protonated merocyanine isomer. After exciting the acidified gel with 436 nm
light, micromotifs could be created from the decrease in swelling caused by the switching of
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merocyanine in irradiated domains to the ring-closed hydrophobic spiropyran isomer (Figure
3.3). Depending on irradiation time (1 – 3 sec), motifs were formed which varied in height up to
130 µm. The pattern completely faded after 3 hours in the dark, and a new one could be installed
on the same gel.
Photodegradable cross-links are critical tools for designing responsive gels. Pioneering
work by the Anseth group,49 using acrylates connected by a nitrobenzyl ether photodegradable
moiety to PEG cross-links, has opened new avenues of research. Degrading the cross-links
uniformly can alter the overall material properties; however, local photoirradiation with either a
single photo 405 nm laser or a two photon 740 nm laser can form 3D structures in the material.
Anseth’s work focused on creating a unique and tunable cell culture environment, but broader
work in this area promises powerful new applications.
The cis-trans isomerization photoresponse of azobenzene is commonly used in
photoresponsive materials.56-58 Liu et al. examined the release kinetics, poration, and swelling
kinetics of a gel containing azobenzene.59 It was shown that the cis conformation allows
widening of the pores to release of trapped water from a hydrogel.
Another adaption of this azobenzene chemistry was shown by the Tieke group with
copolymerization of pNIPAM and (11-(acryloyloxy)undecyl)trimethylammonium bromide gel
using gamma radiation.60 The gel was swelled with an aqueous disodium 4,4′-di(6sulfatohexyloxy)azobenzene solution, which is electrostatically adsorbed onto the polymer
matrix. Below the LCST the azo group freely isomerizes in response to light, but above the
LCST the azo group cannot interconvert between isomers, likely due to the steric hindrance of a
shrunken gel and the loss of optical clarity after the LCST transition. Using temperature to trap
gel properties allows the building of smarter and more complex systems.
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Future Outlook for Hydrogels
This review outlines recent progress in the field of stimuli-responsive hydrogels. As these
films improve through creative new designs, their influence is likely to expand to new areas of
science, industry, and health. The rapid expansion of this field has created novel devices that
stretch across disciplines including polymer science, biochemistry, tissue engineering, and
medicine.2, 61-71 Although developing hydrogel systems that respond quickly to external stimuli is
a challenge, films that have a fast, easily observable response to minimal stimuli have undergone
tremendous improvement. Furthermore, developing a single system that can respond to multiple
stimuli is often challenging and requires precise molecular engineering,56,
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although some

examples of multiple-response materials promise unforeseen applications.56, 76-82
In living systems, nature exploits the principle of partitioning: compartmentalized cells
are separated by biochemically selective membranes which interact dynamically with their
surrounding environment.83 Imitating this type of hierarchal organization of complex stimuliresponses will help aide in the development of increasingly more utilitarian stimuli-response
materials.
Future advances in porous membrane fabricated from hydrogels may one day provide
angstrom-precise selectivity to molecule passivity. Photonic hydrogels may offer a scaffold for
the development of flexible, liquid-like, color displays.

The controlled stimulus, sol-gel

transitions of hydrogel materials may lead to advanced biodegradable products to be used
commercially. Future electricity-free biomolecule sensors constructed from hydrogels may come
packaged as dry state devices, activated with the addition of water. Hydrogels present a useful
substrate for functional, stimuli-responsive devices, and many more applications for these
devices will develop as the technology for intelligent, stimuli-responsive materials improves.
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CHAPTER 4
SWITCHING THE ADHESIVE STATE OF POLYMERIC HYDROGELS USING
PHOTOTITRATION

____________________
1

E. M. White, Jonathan E. Seppala, P. M. Rushworth, B. W. Ritchie, S. Sharma, and J. Locklin.

Reprinted with permission from Macromolecules, 2013, 46 (22), 8882–8887. Copyright 2013
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Abstract
A polyacrylamide hydrogel system that can be liquefied by remote activation using UV
irradiation is investigated as a degradable adhesive. The linear polyacrylamide copolymer,
formed by conventional free-radical polymerization, contains biomimetic catechol–ironmediated cross-linkers that are sensitive to pH changes. Hydrogel films and bulk gels are
prepared by basic titration of a polymer solution doped with a photoacid generator,
diphenyliodonium chloride, generating an ionic cross-linked network via the catechol pendant
groups. Irradiation of these hydrogels with UV light affords a viscous liquid solution,
demonstrating a gel–sol transition with a subsequent decrease in the adhesive strength of the
material. These gels may be prepared in high throughput and require few synthetic steps with
commercially available precursors.

Introduction
Inspired by cascading biological systems, a proof-of-concept hydrogel which may be
converted from an adhesive gel state to a non-adhesive liquid solution state upon UV light
irradiation is reported. The facile synthesis and gel-sol transition demonstrates how small
influences in network architecture may influence larger macroscopic changes.

Figure 4.1. Switching the adhesive state of catecholic hydrogels using phototitration. The DOPA
residues found in the proteins of coastal muscles is mimicked by and acrylamide anologue.2
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The strong, aqueous adhesion of these particular proteins is attributed to the 3,4dihydroxyphenylalanine (DOPA) residues that coordinatively bond to transition metal oxides on
the surface of rocks. Much work has been accomplished to understand the adhesive properties of
DOPA, which is found in high concentration in the mussel’s adhesive plaques, and similar
synthetic analogues.2-13 Recent polymeric hydrogels containing DOPA analogues have produced
a variety of novel devices that respond macroscopically to external stimuli, such as changes in
pH13-15 or light.6, 16 Some other smart hydrogels can respond to changes in ionic strength,17, 18
temperature,19 mechanical stress,15, 20 enzymatic degradation,21, 22 and light, which is of particular
interest because of remote activation.6, 16, 23-31
Among the many stimuli-responsive functions, developing a material that undergoes a
sol-to-gel transition has been an attractive response behavior, which often operates on the
dissolution or cross-linking of the polymeric network.16, 32-38 Such hydrogels are typically 90% or
more by weight solvent, and form gels from a prepolymer solution upon the application of a
stimulus. The use of gels with switchable architectures, such as cross-linkers, has the potential to
contribute added function to biodegradable adhesives, medical devices, and other smart
materials. Furthermore, polymeric hydrogel system constructed from acrylic monomers are
commonly used commercially due to their ease of fabrication, biocompatibility, and low cost.
Combining the use of biomimetic chemistry with acrylic polymers will advance adhesion science
with dynamic bonding-debonding architectures.
This paper describes the development of a pH-dependant biomimetic hydrogel that can be
switched to a liquid solution state upon irradiation with UV light (254 nm). These hydrogels are
prepared post polymerization by cross-linking linear acrylic polymers with the addition of
NaHCO3 in the presence of pendant catechol groups and aqueous Fe3+ above pH 5.6 through
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coordinative complexation. The iron-catechol complex is switchable, and may be uncross-linked
in acidic conditions (Figure 4.2).14

Figure 4.2. Formation of switchable hydrogels and photodegradation. The iron-mediated biscatechol complex (shown middle) may be dismantled by protonation of the ferric-phenoxide
coordinative bond by photo-induced titration with the photoacid generator diphenyliodonium
chloride.

This hydrogel system contains two stimuli-responsive components that operate
concertedly under UV irradiation, resulting in a decrease in the overall cohesive strength of the
material. The pH sensitive DOPA analogue is complexed to aqueous iron through the biscatechol cross-links by basic titration to pH 5.6 – 7.0.13, 15 The network accommodates a lightresponsive photoacid generator, which functions as the remote trigger for acid production. As pH
decreases within the gel upon UV irradiation, pH sensitive cross-link points are dismantled and
the hydrogel reverts to an aqueous solution. Herein we investigated the photo-induced
transformation of these systems, as bulk gels and solution cast films, from a gel to the resulting
liquid polymer solution.
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Experimental Details
Synthesis of N-(3,4-dihydroxyphenethyl)methacrylamide monomer modified from Langmuir,
2009, 25, 6607-6612.
Synthesis and characterization of N-(3,4-dihydroxyphenethyl) methacrylamide (DMA)
was synthesized in a similar fashion as previously reported.11 10.0 g of Na2B4O7 (26.22 mmol)
and 4.0 g of NaHCO3 (47.61 mmol) were first dissolved in 100 mL of 18 MΩ water, displaying
some insolubility. This solution was degassed for 45 minutes with nitrogen, after which 5.0 g
(32.64 mmol) of dopamine HCl was added to the mixture and allowed to stir under nitrogen
atmosphere. A separate a solution of 4.7 mL (31.71 mmol) of methacrylic anhydride in 25 mL of
degassed THF was prepared and added dropwise. The pH of the reaction mixture was monitored
periodically with pH paper and maintained slightly basic (pH 8 – 9) by addition of degassed 1.0
M NaOH. Once all the methacrylic anhydride solution was added, the solution was allowed to
stir for 17 hours at room temperature, resulting in a light brown solution. This solution was
washed with two 50 mL portions of ethyl acetate and the resulting aqueous layer was filtered.
The filtrate was acidified to pH 2 with 6M HCl. This mixture was extracted three times with 50
mL of ethyl acetate, dried with MgSO4 and condensed down to approximately 20 mL under
reduced pressure, and precipitated into 0°C hexane. The white precipitate was collected and
recrystallized from boiling ethyl acetate to afford white crystals collected by vacuum filtration
and dried under vacuum in 82% isolatable yield. 1H NMR (300 MHz, DMSO-d6, δ): 8.740 (s,
1H, ArOH), 8.625 (s,1H, ArOH), 7.927 (t, J = 5.4, 1H, NH), 6.630 (d, J = 7.9, 1H, ArH), 6.578
(d, J = 2.0, 1H,ArH), 6.439 (dd, J1 = 7.9, J2 = 2.0, 1H), 5.616 (t, J = 1.5, 1H, CH2), 5.304 (t, J
= 1.5, 1H, ), 3.230 (q, J = 6.0, 2H, CH2), 2.554 (t, J = 7.5, 2H, CH2), 1.840 (s, 3H, CH3).
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Synthesis of poly(dopamine methacrylamide-co-N-isopropylacrylamide-co-acrylamide).
Acrylamide (1.479 g, 20.81 mmol), N-isopropylacrylamide (2.355 g, 20.81 mmol), N-(3,4dihydroxyphenethyl) methacrylamide (0.252 g, 1.138 mmol), and azobisisobutyronitrile (0.043
g, 0.263 mmol) were dissolved in a Schlenk flask with 10 mL DMSO and degassed for 2 hours
with argon sparging at room temperature. The solution was then placed in an oil bath
thermostated to 60°C for 25 minutes, at which point the solution reaches the gel point. The
solution was then quenched by cooling to 0 °C and addition of 40 mL air-free H2O. This mixture
was sonicated and stirred vigorously under nitrogen to redissolve the gel. In a nitrogen glove
box, this solution was then washed thrice with 50 mL of degassed dichloromethane and washed
once with 50 mL of chloroform. The resulting aqueous layer was precipitated into 50:50 2propanol:hexane mixture with vigorous stirring resulting in a white, tough, and sticky solid. The
polymer was collected by decanting and dried under reduced pressure overnight with an
isolatable yield of 82%. The weight average molecular weight (Mw) was determined to be 904
kg/mol by dynamic light scattering (DLS) as shown in Figure S2. The percent catechol retention,
χ, of the polymer is determined by the NMR molar ratio, σ, and the molar feed ratio, N, of
DMA/NIPAM monomers by equation (1):
(Equation 4.1)
Whereby σ is determined by integrals of the NIPAM proton and two phenolic protons of DMA,
ΣNIPAM and ΣDMA respectively, by the equation (2):
(Equation 4.2)

All polymer batches prepared at 2.66 mol % DMA retained greater than 97% catechol
functionality.
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Preparation of hydrogels at 1.6% (w/v)
Dry, native prepolymer p(DMA-co-NIPAM-co-AcAm) is first dissolved at 20 mg·mL-1
with previously degassed water, 5.58 mM DMA content (3 EQ). Once the polymer dissolved, 21
mg·mL-1 of diphenyliodonium chloride (35.7 EQ) was dissolved in the solution with sonication.
1.00 mL of this solution was then mixed with 65 μL of 28.42 mM FeCl3 (1 EQ), in a cylindrical
mold 0.45 cm high and 2.25 cm in diameter. 200 μL of 28.42 mM NaHCO3 (3 EQ) was then
mixed aggressively into this solution using a spatula, generating a purple gel which was allowed
to cure for 10 minutes covered with a quartz cover slide to prevent evaporation. Thin film gels
were prepared in the same fashion except in 75 μL polymer solution volumes, spread over 645
mm2 area on a quartz slide. Subsequently, 15 mg of 28.42 mM NaHCO3 was then added to the
polymer solution by spraying through an aluminum shadow mask to form the gel, at which point
the quartz slides are affixed to cure for 10 minutes. The gels were then irradiated with 254 nm
light from a hand held UV lamp at a distance of 2 cm for 30 minutes for bulk gels and 60
seconds for thin films.

Results
Synthesis of p(DMA-co-NIPAM-co-AcAm) hydrogel prepolymer was prepared by
conventional free radical polymerization of the corresponding acrylamide monomers in DMSO
using 2,2’-azobisisobutyronitrile (AIBN) as an initiator (see supplemental information for
experimental details). Catechol groups are often protected with alkyl silanes,14 nitrobenzyl,16 or
boronic esters,39 which prevents oxidation; however, by limiting the polymerization reaction
time, increasing monomer concentration, and employing oxygen-free work up protocols, the
hydrogel prepolymer was prepared in modest isolatable yields (82%), with a high retention of the
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catechol group, (97% by NMR, Figure S1) without the use of protection chemistry. In lieu of
aqueous GPC, the polymer’s weight average molecular weight, Mw, was determined to be
approximately 904 kDa by dynamic light scattering (Figure C.2). The native hydrogel
prepolymer solutions were prepared and stored in degassed water prior to use.

Preparation and characterization of hydrogels at 1.6% (w/v)
Previous work by Messersmith and Deming have shown that the catechol groups will
irreversible oxidize to the quinone under basic conditions in the absence of iron.3, 40 Addition of
aqueous iron to the optimal ratio of 1:3 = Fe3+:catechol (Figure S8) was used for these gels as
described in earlier work by the del Campo and Takahara groups.6, 14 As the polymer solution is
titrated from acidic to more basic pH, there is a distinct increase in viscosity due to the formation
of catechol-coordinated ferric ions acting as cross-linkers, along with a discrete colorimetric
response (Figure 4.3).

Figure 4.3. Photograph of bulk hydrogels prepared at 1.6 % (w/v) in water. Top: from left to
right showing the native polymer solution, mono-complex, titrated gel, and photoproduct.
Bottom: demonstrating gel performance and transition about sol-gel point with 1 EQ of NaHCO3
(pH 4.7) to 6 EQ (pH 7.0).
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For bulk gel preparation, 1 mL of 20 mg·mL-1 aqueous, air-free solution of p(DMA-coNIPAM-co-AcAm) with 5.58 mM DMA content (3 EQ) doped with 21 mg·mL-1
diphenyliodonium chloride (35.7 equivalents, 66 mM) was combined with 65 μL of 28.42 mM
FeCl3 (pH 3.9), generating the green solution of mono-complexed iron-catechol coordinative
pendant groups. Titrating the solution to pH 5.6 – 5.7 (3 EQ of NaHCO3) resulted in a purple gel.
Although a strong base like NaOH can be used to induce gelation, the use of the weaker base
slowed the rate of gel formation and allowed for a more consistent and uniform gel. Titrating the
solution to a ratio of 3:1:3 = DMA:Fe3+:NaHCO3 brings the pH over 5.6 and populates the
mixture with the bis-complex cross-linkers and gels the solution. Once gelled, the solution may
be irradiated with 254 nm light to generate HCl in situ and subsequently uncross-link the gel to
form a viscous polymer solution.

Characterization of iron (III) complexation by UV-vis spectroscopy
The sol-gel transition is observed upon the addition of 3 equivalents of NaHCO3 relative
to the catechol groups with gels prepared at 1.6% w/v (Figure 4.3). The colorless native hydrogel
prepolymer solution is acidified by the addition of ferric chloride, and catechol complexation
was observed by UV-vis spectroscopy through the evolution of a green-yellow solution (Figure
S3), with a shoulder peak near 400 nm and a broad peak centered at 710 nm (Figure 4.2). As the
mono-complex solution is titrated with NaHCO3 above pH 5.6, the onset of bis-complex
formation is observed by the broad peak centered at 750 nm (Figure 4.4). The decrease in the
absorbance at 750 nm and the decrease of the shoulder peak at 400 nm suggest the loss of monocomplexed polymer upon the addition of 6 equivalents of NaHCO3 (pH = 7.0), and mostly the
presence of the bis-complex, λmax = 585 nm.
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Figure 4.4. UV-vis in situ titration and formation of bis-complexed pDMA. The solid black line
represents the native catechol polymer in solution at 2 mg·mL-1. Green lines represent the
addition of 2.0 equivalents of NaHCO3 relative to Fe3+ at 0.4 equivalent increments (from pH 4.1
to 5.2). The two solid blue lines represent the addition of 4 and 6 equivalents of NaHCO 3 at pH
6.4 and 7.0 respectively. Red lines represent the gel point pH 5.5 – 5.6.

As pH increases from 4.1 to 5.2 (green lines), the iron-catechol mono-complex peak
displays a hypsochromic shift and, the bis-complex dominates over the mono-complex. Further
titrating the gel with sodium bicarbonate to pH 5.5 – 5.6 (red lines) will create a sufficient
concentration of cross-link points to form a 1.6 wt% gel. Increasing the pH from 5.6 – 7.0 (blue
lines) further cross-links the gel; however, in this system, we aimed to generate a gel just over
the sol-gel transition, such that subtle variations in pH would influence a macroscopic transition.
In order to evaluate the phototitration efficacy, a 1.6% (w/v) solution of pDMA-coNIPAM-co-AcAm was prepared with 3 equivalents of NaHCO3 relative to ferric ions and was
irradiated with 254 nm UV light at 0.22 mW·cm-2 (Figure 4). The peak at 585 nm representing
the bis-complex disappears after approximately 25 minutes of UV exposure. The molar
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extinction coefficients for diphenyliodonium chloride and the bis-complex at 253.9 nm was
measured to be 5160 M-1·cm-1 and 2110 M-1·cm-1 respectively (Figure S4).
The polymer was prepared at 1 mg·mL-1 (0.28 mM DMA content) concentrations with
3.32 mM, 0.332 mM, and 0.033 mM (35.7EQ, 3.57 EQ and 0.36 EQ respectively)
diphenyliodonium chloride concentrations for UV-vis studies in order to investigate the time
dependence of the system on photoacid concentration and the minimum photoacid required to
reduce the catechol cross-links. Figures S11 and S12 show the corresponding NaHCO3 titration
data with in situ UV-vis data and subsequent phototitration for 300 seconds (20 second exposure
intervals) at these concentrations. Phototitration of the bis-complex down to pH 4.6 was
observed to occur in 300 and 180 seconds in the case of the 0.332 mM and 3.32 mM
diphenyliodonium chloride experiments respectively, but the bis-complex remained at pH 5.4 at
0.033 mM photoacid generator after 300 seconds exposure. At pH 4.6, an equivalence point was
observed (Figure S5), suggesting that not all ferric ions are dissociated, rather there is a
distribution of mono-complexed and protonated catechol groups below pH 4.6.
The concentration of the photoacid generator is twelve times larger than the DMA
complex; therefore, the majority of the UV light is absorbed by the diphenyliodonium chloride
rather than the DMA pendant groups. Production of HCl from photoacid action under UV light
titrates the gel to approximately pH 4.6, reducing the bis-complex cross-linker to a mixture of the
mono-complex and protonated catechol moiety, effectively liquefying the gel to a solution
(Figure S5). Irradiation of the control experiment with no photoacid generator present shows no
significant change in bis-complex concentration or in pH (Figure S10).
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Figure 4.5. UV-vis in situ phototitration and dismantling of the bis-complex. A 2 mg·mL-1
pDMA solution was first titrated to pH 6.02 with NaHCO3 and subsequent irradiation for 30
minutes at 0.22 mW·cm-2. The inset is the corresponding titration curve. The overall increase in
spectral absorbance is due to light scattering of immiscible photoproducts. Solid lines correspond
to 6 minute intervals of UV exposure.

Since only the bis-complex is associated with cross-linking, changes in the concentration
of the mono-complex do not change molecular weight between cross-links. It is important to
note that the spectra in Figure 4 show an increase in scattering with time at longer wavelengths,
which presumably occurs through irreversible cross-linking of the polymer backbone (Figure S6
and S12). This photoproduct is confined as a film on the UV-solution interface, and was easily
discarded for reproducible mechanical analysis. Furthermore, the use of a photoacid generator
that absorbs at lower energy wavelengths would reduce the formation of the insoluble
photoproducts.
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Mechanical analysis of hydrogels
Hydrogels were prepared as both bulk gels and films, depending on the analysis
technique. The response time for liquefaction of 0.45 cm thick bulk hydrogels is on the order of
minutes (Figure S7) to complete the phototitration, while thin films are liquefied in 60 seconds.
The bulk hydrogels were prepared at 1.6 wt. % for analysis via small amplitude oscillatory shear
(SAOS) to investigate the gel and sol material properties (Figure 5).

Figure 4.6. Isothermal strain sweeps of 1.6 wt. % hydrogels. Strain sweeps, a, and isothermal
frequency sweeps, b, of 1.6 wt. % hydrogels prepared at 3:1:3 = DMA:Fe3+:NaHCO3 (pH 5.6)
before and after UV irradiation with 254 nm light. Error bars indicate first standard deviation
from 5 independent samples.

The pre-UV hydrogel exhibits a typical cross-linked material response where the storage
modulus (G’) is greater than the loss modulus (G’’), and the material exhibits shear thickening at
high strain amplitude. After UV irradiation, the loss modulus dominates (G’’ > G’) and the
material exhibits slight shear thinning, typical of polymer solutions, demonstrating the material
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has transitions from gel to sol. Evidence of this transition by rheological data helps support that
the mechanism for liquefaction is acidic titration of the iron-catechol bis-complex.
For thin film preparation, the hydrogel is prepared in the same manner as for bulk gels
except in 75 μL volumes spread over one square inch area (645 mm2) on two quartz slides. To
evenly distribute base, the mono-complex prepolymer solution was titrated gravimetrically by
adding approximately 15 mg of 28.42 mM NaHCO3 (3 equivalents) by spraying through an
aluminum shadow mask. Immediately after introducing the base, the gel film turned purple in
color, and a second quartz slide was affixed to the gel to cure for 10 minutes (Figure S6).
The gels are prepared as films to expedite the reaction time because UV exposure is
limited to the gel interface; therefore, acid titration of the cross-link points is assumed to be a
diffusion limited process from that interface. The adhesive properties of the gel were analyzed by
lap-shear adhesion testing on an Instron tensile tester using a 1.27 mm/min displacement rate.
Upon exposure to 60 seconds of 254 nm UV light at a distance of approximately 2 cm (1.20
mW·cm-2), the adhesive film’s maximum tensile shear strength dropped from 1.68 kPa before
irradiation to 0.35 kPa after irradiation (Figure 6). In both experiments, before and after UV
exposure, the gel fails cohesively, implying a network failure, rather than adhesive debonding. A
time-lapse video of the debonding event in which the substrate supports a 20 g load is shown in
the supplemental information.
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Figure 4.7. Lap shear adhesive strength testing of a 1.6 wt. % hydrogels. The gels were tested
before and after UV irradiation at 1.2 mW·cm-2. Error bars represent the first standard deviation
from 8 independent samples.

Similar to the SAOS measurements a large decrease in adhesion strength is observed between the
gels before and after UV irradiation, suggesting that the network of catechol cross-links is
dismantled as the pH decreases. Earlier work by the Messersmith group showed that the breaking
force of a metal-catechol bond is a modest 0.8 nN of force compared to a covalent bond which
requires 2-3 nN of force to rupture,3 and more recent work by Zhiping attests to the high bond
strength (approximately 6 nN) required to rupture the ferric-catechol bis-complex by DFT
calculations.41 We speculate that the onset of bis-complex formation at pH 5.6 observed by UVvis develops a minimum population of bis-complex cross-linkers with sufficient mechanical
strength to gel the solution. Titrating the hydrogel about this ratio gives the most dramatic
changes in cohesive mechanical strength at small changes in pH.

Conclusion
Acrylic copolymer hydrogels offer an attractive approach for the development of smart
hydrogels due to their ease of fabrication and commercially available starting materials. We have
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designed a biomimetic catechol-based hydrogel that may be remotely activated to photo-degrade
back into a sol, displaying a decrease in the modulus and lap shear adhesion strength of the
material. Hydrogels prepared in this fashion at pH 5.6 – 6.0 supplies the hydrogel with biscomplex cross-links, demonstrating a sol-gel transition which may be titrated back to a solution
with a decrease in pH. This hydrogel incorporates two cooperative systems, a photoacid
generator and a pH-responsive cross-linker. Currently we are exploring the use of photobase
generators in efforts to develop a material capable of undergoing sol-gel transitions without the
constraints of added mass.
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CHAPTER 5
HYDROGELS IN MEDICINE AND CONCLUDING REMARKS

Introduction and Problem
Accidents are a part of human nature, and injury or surgery to correct the damaged tissues
of the body is also a familiar scene to most. The medical industry has made many great steps in
the evolution of wound management. Improved morbidity rates, lowered post-surgical
complications, and expedited recovery times with less scarring are all important attributes in the
advances of wound care. From damp cloth bandages to today’s more exotic options, there has
been a continual turnover of wound care technology, all built on previous efforts and
advancements. Of the many types of wound care options, hydrogels are a common selection for
many serious or chronic wounds, burns, sever abrasions, and surgical sites that are common
locations for infection.
Wound care hydrogels are sterile and often doped with broad-spectrum antimicrobial
agent, pH balancing buffers, and other nutrients vital to the wound’s endogenous eukaryotic cell
growth. Hydrogels offer the advantages of maintaining wound moisture content by preventing
wound desiccation and absorbing exudates to prevent wound maceration at oozing wound sites.
For severe burn and abrasion victims, a niche compendium of hydrogels is in use in hospital
settings. Still today, however, it is common practice to use sterile cotton-based packing media to
fill wound voids and to absorb exudate. Presented here are the design concept, some preliminary
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results, proposed methodologies, and theories on the mechanisms for use of antimicrobial
catecholic hydrogels to maintain the health of eukaryotic cell growth during wound healing.
Hydrogels are often used on relatively new wound sites, where bleeding and bodily fluid
leakage is substantial. The hydrogels are typically partially hydrated gels or dry-state polymers
capable of swelling to many times their own mass by absorbing exudate. These gels are often
backed with a liner of polyethylene, cellophane, or a semi-permeable membrane to act as a
moisture and foreign body barrier, akin to the epidermis in function. Wounds that are managed
with antimicrobial hydrogels or petroleum jelly both aim to impart moisture retention at the
wound site. Oil-based jellies prevent desiccation by forming a moisture barrier for wounds that
have stopped or have minimal leaking of bodily fluids and are useful for maintaining closed
wound sites with newly developed skin tissue.
A number of broad spectrum antimicrobial topical treatments are available on the market,
and the antimicrobial mechanisms of silver-based preparations have been recently confirmed.1
Silver antibacterial preparations have already shown to inhibit bacterial growth in catechol
containing hydrogels.2 Recent work has focused on understanding the role of reactive oxygen
species in antimicrobial systems using Ag+ and Ag nano particles alike.3 In pDMA hydrogels at
pH 7.4, silver precipitation is rapid in the presence of oxygen and absence of iron, leading to a
cross-linked network. Similarly, using DOPA cross-links, a poly(ethylene glycol) (PEG) based
poly dopamine was investigated by a year-long in vivo biocompatibility study of an islet
transplantation, whereby pancreas cells are transplanted from a host to a donor by gluing them
with this gel.4 Indeed, the formation of poly dopamine and quinone-linked hydrogels showed
good biocompatibility for the PEG analogue. However these gels are irreversible, and if the
reversible ferric-phenoxide chemistry is to be preserved, special attention to the cross-linking
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complex must be addressed. Thus, our objective is to imbed within a reversible hydrogel
antimicrobial compounds that maintain their antibacterial activity while facilitating wound
healing.
A local company, Molecular Therapeutics®, has developed advanced potentiated®
antimicrobial preparations, including preparations that contain silver in solution that is stable in
physiologic conditions. This company manufacturers Silvion® and SilaKlenz®, both of which
are FDA cleared for acute and chronic wounds including post-surgical applications. The current
Silvion-SilvaKlenz technology is applied regularly as a spray to topical wound sites and has
shown in vitro antimicrobial activity against drug resistant microbes such as Methicillin resistant
Staphylococcus aureus (MRSA), Vancomycin resistant Enterococcus faecalis (VRE), multi-drug
resistant Pseudomonas aeruginosa, and multi-drug resistant Acinetobacter baumannii.5 Given
the successes of this antimicrobial among others like it, silver-based antimicrobials will remain
an active area of research and product development for some time. And like all medical
developments, continuing innovation is important to advance the technology and to stay
competitive in health care. Our goal is to incorporate potentiated silver, as well as other
potentiated antimicrobials will into a stimuli-responsive, biomimetic hydrogel akin to the one
presented in Chapter 4.

Design Constraints and Considerations
The aim of the project is to develop a self-healing, moldable hydrogel with liquefaction
as a response to low concentrations of EDTA and surfactants. The objective is to provide a selfhealing hydrogel as a delivery vehicle for a potentiated silver solution, which will offer continual
application of moisture-balanced silver to the site. If the conditions present at the wound-
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hydrogel interface are sufficiently suitable for mitosis, new cells should be facilitated to grow
unhindered by bacterial activity, granted the gel exhibits no cytotoxicity. Therefore, the
hydrogels must preserve the antimicrobial efficacy and accelerate wound healing, as shown in
the conceptual illustration, Figure 5.1:

Figure 5.1. Schematic representation of the application and healing model. Note that chronic
wounds are often covered with fibrinous clots.
The objective is to extend the duration of silver delivery, thus decreasing the frequency of
patient wound manipulation, and investigate how wound healing is affected by the mechanical
properties of self-healing gels. The model presented in Figure 5.1 suggest gels are to be reapplied
every 24 hours; however, longer times would be more beneficial. Gels may be prepared at very
low strengths, like that of jellies, or high concentrations that may approximate the overall
properties of natural scabs. With the engineering and tuning of mechanical properties of these
gels come economic considerations that are also worth noting.
The hydrogels must be prepared with both practical cost analysis of starting materials and
reaction yields, so that the gel is economically viable. A price-point of $2.00 per gram of
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purified polymer was set as a goal for research scales. Furthermore, compounds responsible for
the hydrogel oxidative stability and function must be on the FDA’s Generally Regarded as Safe
(GRAS) list in order to be compliant with regulations. This list was established in 1958 to
provide the standard candela for safe food additives and food contact chemicals. Congress
recognized that many substances “intentionally used in a manner whereby they are added to food
would not require a formal premarket review by FDA to assure their safety…” because of the
safety, nature, or history of the compound in food use.6 A select committee on GRAS substances
(SCOGS) was established, which reviewed reports published between 1972-1980 on the safety
of over 370 generally recognized as safe (GRAS) food substances. Not included in this database
are 539 compounds that have been or currently are under consideration by SCOGS, and the FDA
announces letters that rank the safety level, and therefore, the regulation of these compounds.
All together, these 370 and potentially more compounds represent the viable starting
materials for topical hydrogels. These compounds, their properties, and the reactions among
them populate a relatively constricted tool box for making smart materials; however, by closer
inspection of the available structures, some interesting pathways to create useful smart materials
are available when considering how nature treats these compounds.

Dissolution Studies
One of the primary advantages of the DOPA-containing hydrogels outlined in Chapter 4
is the ability to dissolve with either acidification, or by competitive ligation with ferric crosslinking. First demonstrated by the Messersmith and Waite groups in 2011,7 the ferric-phenoxide
complex may be dismantled by a high ionic strength solution (150 mM) EDTA at pH 4.7. This
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process is, however, diffusion limited for hydrogels, and a hydrogel approximately 1 mL in
volume will take 1 hour to full dissolve, as shown in Figure 5.2.

Figure 5.2. Dissolution study of air-stable 6 wt% pDMA. Gels dissolve in 100 mM EDTA
solution at pH 7.0. The hydrogel was prepared with 21.5, 2.15, and 0.215 equivalents of sodium
ascorbate relative to DOPA and exposed to air for 24 hours. The dissolution of samples with 21.5
equivalents of sodium ascorbate was complete after 90 minutes.

With this time constraint, the thickness of the hydrogel layer applied to wound sites should
remain low, as shown in Figure 5.1. Similarly, for these hydrogels to become useful targets for in
vitro studies, the oxidative stability must be improved. A notorious issue for 3,4-dihydroxyphenetylamines is oxidative stability in basic solutions, so an answer to this instability must be
found in order to prove this cross-linking chemistry viable for in vivo studies.
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Shelf-Life
The catechol group is notorious for the oxidative instability exhibited at physiological
pH, and much work has been accomplished to understand the oxidation pathways. The
Messersmith group investigated the formation of polydopamine via a two-electron oxidation
through a leukodopaminechrome intermediate.8 The mechanism of one-electron oxidation will
be discussed later. Similarly, in the DOPA hydrogels prepared in Chapter 4 with FeCl 3·6H2O,
the ferric species had to be prepared fresh, as the formation of FeOH3 is significant even below
pH 5.0. Like nature’s iron-grabbing haemoglobin and ferritin complexes and bacteria’s
enterobactin peptides that sequester iron, the ferric-phenoxide complex in pDMA hydrogels may
be oxidatively stabilized with high binding affinity chelating ligands called siderophores.9 The
crowding of high binding affinity siderophores with denticities of 2, 4, and 6 with respect to [Ar]
3d5 octahedral configurations, iron(III) can afford stable ferric-complexes. The siderophoreiron(III) affinity constants (pFeIII) for a catecholate chelator enterobactin and a hydroxamate
desferrioxamine B are 35.5 and 25.0, respectively. These values are on a log scale, indicating
that the enterobactin has a roughly 105 higher affinity for iron(III) than does desferrioxamine B.
By comparison, the pFeIII value for the hydroxide anion is 14.6 at physiological pH.9
The FDA allows iron supplements in food products like enriched cereal and
multivitamins in the form of iron ammonium citrate. The citrate stabilized iron, pFeIII = 15.0 at
pH 7.4,9 may be exchanged with several ligands until exposed to catecholate ligands in pDMA,
in which binding may be monitored by the material’s change in mechanical properties. Citrate
ligands help prevent Fenton-like reaction when compared to chloride.7 This cascading ligand
exchange process results in air stable bis-complexed iron-catechol bonds between pH 7.0 and
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9.5. The schematic representation in Figure 5.3 illustrates the principle of ligand exchange of
siderophores.

Figure 5.3. Schematic representation of ligand and metal exchange. The Fe(ascorbate)3 is
prepared fresh and separately from iron(III) ammonium citrate and sodium ascorbate at pH 7.0.

Maintaining pH is important to determining the equilibriums of all species in the
hydrogel system. In general, as pH is lowered, fewer cross-links exist in the gel and strength of
the gel decreases, in turn leading to accelerated creep. The pH of the gels is maintained around
7.0 – 7.5, although prolonged air exposure does lower the pH as low as 6.0 in very dilute gels.
The decrease in pH is likely associated with the production of dehydroascorbic acid (DHA), an
oxidized form of ascorbic acid, but the mechanism of acid production has not yet been
determined for these hydrogels. I posit the reaction is likely due to the reduction oxidation of the
DOPA group by a Michael-type reaction of ascorbate with the catechol semi-quinone.
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The pH Balance
The hydrogel pH plays an important role in dictating the mechanical properties by
varying tris-,bis-, and mono-complexes. The concentration of bis- and tris-complexes may be
determined from the speciation plot of catecholic gels as shown in Figure 5.4.

Figure 5.4. Speciation plot of pDMA hydrogels from pH 5.2 to 11.5. A. Overlay UV-vis spectra
of a 2 wt% pDMA solution titrated from pH 5.2 to 11.5 with NaOH. B. Speciation plot for the
mono-, bis-, and tris-complexes varying pH.

By blocking the open chelating site in the bis-complex with ascorbate, a suitable Michael donor
is immediately next to the DOPA groups of pDMA. The ascorbate anion can also terminate
radicals produced either from Fenton Chemistry or other oxidative stress. Figure 5.5 determined
by Lee and co-workers, outlines one- and two-electron oxidation pathways to produce
irreversible cross-links.10
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Figure 5.5. Possible oxidation pathways for DOPA compounds. Key: (A) Oxidation by catechol
oxidase or other oxidizing reagents. (B) Tautomerization of DOPA quinone. (C) Release of α
proton. (D) Cross-linking by a pathway similar to that occurring in insect cuticle sclerotization.
(E) Aryloxy free radical generation. (F) Phenol coupling. (G) Further oxidation to form crosslinked polymer. (H) Internal cyclization with R1 = H. (I) Rearrangement of cyclized DOPA
derivatives. (J) Cross-linking by a pathway resembling that occurring in melanin formation.
Dashed arrows indicate poorly understood pathways that lead to the formation of cross-linked
polymers.10 Reprinted with permission from Biomacromolecules 2002, 3, 1038-1047. Copyright
2002 American Chemical Society.

The oxidative reactivity of catecholic species has drawbacks, and other siderophores may
also be investigated. Earlier work by Rosthauser and coworkers in the early 1980s outlines the
synthesis of N-hydroxamic acid copolymers through similar iron coordination that exhibit a
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similar binding affinity in dilute polymer solutions.11 Of the siderophores outlined by Hider and
coworkers,9 many may likely be incorporated into synthetic biomimetic hydrogels, and
advantageous material properties may arise. Oxidative stability may arise from hydroxamate
polymers at the expense of binding affinity to iron, and polymer architectures, i.e. branched
polymers or dendrimers, of different biomimetic chemistry also shouldn’t be ignored. I speculate
that in catecholic systems, semiquinone species may reduce Ag(I) allowing quinone-initiated
radical coupling to catechols as well as simultaneous silver nanoparticle formation by the
production of Ag(0).

Anti-microbial Studies
Establishing a base model for effective antimicrobial activity is necessary to understand
the hydrogel passivity to small molecules, macromolecules, and larger particles. The air-stable
hydrogels were doped with 5.1 mg·mL–1 of potentiated neomycin sulfate to investigate the
bacterial growth zone of inhibition. Interestingly, a relatively small margin of approximately 2
cm was observed, show in Figure 5.6.
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Figure 5.6. Incubation of a 6 wt% pDMA hydrogel with S. aureus. The gel showed a zone of
inhibition when loaded with 5.1 mg·mL–1 potentiated neomycin sulfate.

The potentiated neomycin concentration is relatively high (5.1 mg·mL–1) for the zone of
inhibition observed here. A semi-permeable membrane may be responsible for the minimal
dissolution of the antimicrobial, but more studies are going to be required to understand the rate
and concentration of antimicrobials releases from theses hydrogels. Fluorescence microscopy
studies on fluorescently labeled particles may lend clues to the influence of the mesh size on
varying particle dimensions.

Stability Studies – pH and mechanical properties
There is an ongoing stability test for candidate 6 and 9 wt% pDMA Silvion 1X hydrogels.
The two hydrogel types outlined in Figure 5.7 are under study for long term shelf-life storage.
The engineering of the containers is an important parameter to consider, as gas permeability
varies with how the hydrogel is stored. Also application duration and preparation should be
considered. Presented below is rotary amplitude sweeps of 12 catecholic hydrogels prepared at
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varying iron and polymer concentrations; all hydrogels were stored in 10 cm glass vials fitted
with new rubber septa.

Figure 5.7. Storage modulus (G’) and loss modulus (G”) varying iron content. The average
storage modulus (G’) and loss modulus (G”) data were collected from isothermal strain sweeps
of 6 and 9 wt% pDMA SilvaGel® varying iron concentration relative to DOPA groups.

The stability test continues to date, and the results from this air stability study will help
determine which system is best suited for animal models and where improvement will be needed.
Will one of these candidate hydrogels kill bacteria efficiently when compared to conventional
Silvion and SilvaKlenz treatment? How will the mechanical properties change over months or
years, and will dissolution be preserved? So long as these criteria are met, the implications and
influences of the mechanical properties of self-healing catecholic hydrogels may become more
apparent.
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Mesh Size Calculations for Particle Delivery
The mesh size of these gels may be related to the swollen state polymer volume
fraction,ν2,s, (analogous to the degree of swelling) by the calculations described in Equations 3.3
and 3.4. The calculated mesh size for these 6 wt% hydrogels is 9.6 nm, according to Equations
3.9 – 3.12. In lieu of aqueous GPC, the weight average molecular weight, Mw, of pDMA was
determined by light scattering to be 904 kg·mol–1, and the hydrodynamic radius was measured to
be 30.90 nm. Due the Trommsdorff effect observed in the formation of pDMA, the dispersity, Ɖ,
is assumed to be high.12 The high dispersity increases the adhesion, or tack, in pressure sensitive
adhesives formed from low Tg polyacrylates, and likely have the same effect on solvated
hydrogels with high Tg comonomers. The dispersity is assumed to be 6.0, similar to polymers
formed at near the gel point due to the Trommsdorff effect. This presents a better picture of the
polymer network and what particles may diffuse through the hydrogel.

Next Generation Shear Thinning Gels
It is important to consider future improvements on the hydrogel system. One pitfall of
reversible, self-healing catecholic hydrogels is the material’s innate propensity to creep. The
material is a true gel, that is G’ > G” and the gel shear thickens at high strain rates; however, at
very low strain rates such as sitting under the material’s own weight, the hydrogel will flow
slowly with time. Work from the Langer group demonstrated how dextran based nanoparticles
of chitosan-coated and alginate-coated dextran particles, 340 and 293 nm respectively, displayed
shear thinning behavior, a desirable trait for injectable gels.13 Similarly, polydisperse microgels
of p(NIPAM-co-acrylic acid) were fabricated over a range of sizes with shear thinning character.
The AFM height images in Figure 5.8 shows the nano- to micro-sized particles cast on mica.
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Figure 5.8. TM-AFM topography images of micro- and nano-sized particles. The particles of
p(NIPAM-co-acrylic acid) contain 5 mol % acrylic acid content, cast on mica.

Optimization of the mechanical properties of the pDMA gels may require the use of
particles like these, either as a doping agent or as a substrate for DOPA attachment chemistry.
The carboxylic acid handle inherent in these particles is attractive for carbodiimide coupling as a
possible synthetic pathway that has yet to be explored. The Silvion doped hydrogels presented
herein have a number of obstacles to overcome and still requires development before it is ready
for in vivo studies on animal models. But the improved air stability, preserved gel-sol
reversibility, the economics of materials, truncated synthetic steps, and improvements on the
mechanical properties as of late suggest that pDMA-based hydrogels are likely to ready for
animal trials in the near future.
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Concluding Remarks on Stimuli-Responsive Polymer Architectures
When investigating polymer systems in both the dry film state and in the hydrogel state,
stimulated polymer architectural reorganization may operate; however, the effects are more
drastic in the solvated state. In gels, the near-coil, solvated state of polymers affords more
drastic effects with respect to mechanical property changes and rheological properties. In the dry
state as in the case of polymers with spiropyran groups, molecular mobility is entropically
unfavourable, and it is challenging to induce movement of chains due to the packing nature of
nano phase separation. Consider Figure 1.3 again to when describing the entropy of mixing of a
solvated polymer versus a dry block-copolymer film, devoid of solvent. Polymer-polymer and
polymer-solvent systems offer different noncombinatorial free energies of solution, ΔGMnoncomb,
which dictates the mobility of macromolecules in the UV-sensitive films and gels. Taking nature
as a model for stimuli-induced changes in mechanical properties, it is likely there is a balance
between hydrogel-like and solid polymer supports to afford macroscale changes in adhesion,
tack, modulus, or other mechanical characteristics.
Natural stimuli-responsive systems like those mentioned in Chapter 1 operate using the
cell as the building block for motion and the manufacturing center for enzyme production.
Perhaps adopting the cell as the basic building block, in conjunction with macromolecules, we
will afford some more interesting stimuli-responsive architectures in the near future. When
attempting to design biomimetic polymeric devices that are intended to operate at fast time
scales, we should consider what similar devices have already been developed by biological
systems, from single cell organisms to higher mammals, even human beings.
Stimuli-responsive architectures surround us in the natural, wild world. Only just recently
in time, a species on this planet has created a discipline of producing synthetic polymers through
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chemistry. By comparison, the polymers of nature offer much complexity our synthetic
analogues have only recently begun to adopt. However, the coming advancements in polymer
chemistry will surely change those polymers used in commodity, high-tech, and medical
markets. Necessity is truly the mother of invention, and the processes of natural selection in
biological polymer systems have forged an impressive library of stimuli-responsive
architectures. One of the many necessities for humanity will be to adopt and continually change
our polymeric devices. Innovation to develop more useful, more dynamic, more sustainable, and
still more economical polymers will always continue in the wild. Likely, humans will follow
suit.
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APPENDIX A
NMR of Polymers 1 – 13

In macroinitiators of larger molecular weight, the initiator or end groups of the polymer often are
overwhelmed by the larger, broad repeat unit signals and fade into the baseline.

Figure A.1. NMR of p(MMA77-Br/Cl) macroinitiator, Polymer 1
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Figure A.2. NMR of p(MMA77-b-nBA142), Polymer 2

Figure A.3. NMR of p(MMA77-b-nBA38-co-SPA4) using dNbpy, Polymer 3

115

Figure A.4. NMR of p(MMA77-b-nBA52-co-SPA6) using PMDETA, Polymer 4

Figure A.5. NMR of p(Br-MMA75-Br) macroinitiator, Polymer 5
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Figure A.6. NMR of p(Br-nBA261-Br) macroinitiator, Polymer 6

Figure A.7. NMR of p(nBA380-b-MMA137-co-nBA14), , Polymer 7
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Figure A.8. NMR of p(MMA50-co-nBA4-b-nBA310-b- MMA50-co-nBA4), Polymer 8

Figure A.9. NMR of p(MMA22-b-nBA261-b-MMA22), Polymer 9
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Figure A.10. NMR of p(MMA30-co-SPMA15-b-nBA261-b-MMA30-co-SPMA15), Polymer 10

Figure A.11. NMR of p(nBA68-co-SPA3-b-MMA75-b-nBA68-co-SPA3), Polymer 11
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Figure A.13. NMR of p(nBA-co-SPA), Polymer 12

Figure A.13. NMR of p(MMA-co-SPMA), Polymer 13
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APPENDIX B
Calculations for the Hansen solubility parameter by group contribution

Figure B.1. First-order group assignments, blue, for p(nBA) and p(MMA).

Table B.1. The Hansen partial and total solubility parameters of p(nBA). The values were
determined from the group contribution method and reference values found in the literature.1
Group Contributions: p(nBA)

a

-CH3

δD Contributions,
Ci
-0.9714

b

-CH2

-0.0269

-0.3045

-0.4119

4

c

-CH<

0.645

0.6491

-0.2018

1

d

-COO-

0.2039

3.4637

1.1389

1

1st-Order Groups

δP Contributions,
Ci
-1.6448

δH Contributions,
Ci
-0.7813

Occurrences,
Ni
1

1/2

δd = ΣNiCi + ΣMjDj+C =
δp = ΣNiCi + ΣMjDj+C =

Mpa
17.093
8.6084

δh = ΣNiCi + ΣMjDj+C =

6.4875

δt

20.208

ρ (g·cm–3)

1.087
–1

128.17

MW (g·mol )

Table B.2. The Hansen partial and total solubility parameters of p(MMA). The values were
determined from the group contribution method and reference values found in the literature.1
Group Contributions: p(MMA)

a

-CH3

δD Contributions,
Ci
-0.9714

b

-CH2

-0.0269

-0.3045

-0.4119

1

c

>C<

1.2686

2.0838

0.0866

1

1st-Order Groups

δP Contributions,
Ci
-1.6448

δH Contributions,
Ci
-0.7813

Occurrences,
Ni
2
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d

-COO-

0.2039

3.4637

1.1389

1

1/2

δd = ΣNiCi + ΣMjDj+C =
δp = ΣNiCi + ΣMjDj+C =

Mpa
16.826
9.3118

δh = ΣNiCi + ΣMjDj+C =

7.2303

δt

20.545

ρ (g·cm–3)

1.185
–1

100.121

MW (g·mol )

Figure B.2. First-order group assignment, blue, and second order group contributions, red, for
p(SPA) – low δh, p(MCA) – low δh, and p(QA) – low δ.

Table B.3. The Hansen partial and total solubility parameters of p(SPA). The values were
determined from the group contribution method and reference values found in the literature.1
Group Contributions: p(SPA) – low δh

a

-CH3

δD Contributions,
Ci
-0.9714

b

-CH2

-0.0269

-0.1403

-0.1161

3

c

-CH<

0.645

0.58978

0.1386

1

d

>C<

1.2686

2.0838

0.0866

2

e

-CH=CH-

0.0048

-0.22864

0.48189

1

f

ArCH

0.1105

-0.19313

0.13532

7

g

ArC

0.8446

0.16369

-0.17405

4

h

ArCNO2

1.4195

4.4838

-0.7167

1

i

-O-

0.0472

-0.48942

0.0256

1

-COO-

0.2039

1.60913

0.37204

1

1st-Order Groups

j

δP Contributions,
Ci
-0.72412

δH Contributions,
Ci
0.29901

Occurrences,
Ni
2

2nd-Order Groups
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α

ArC-O-C-

0.2568

0.8153

0.6092

1

β

>N-Ccycle

0.2218

-2.2018

-0.0452

1

-C=C-C=C-

-0.1355

-3.5085

-1.0795

0

AC(ACHm)2AC
(ACHn)2

-0.3751

-1.298

0.6844

1

γ

Mpa1/2
24.6522

δd = ΣNiCi + ΣMjDj+C =
δp = ΣNiCi + ΣMjDj+C =

10.0294

δh = ΣNiCi + ΣMjDj+C =

ρ (g·cm–3)

8.4392

δt

1.087
–1

27.9202

406.42

MW (g·mol )

Table B.4. The Hansen partial and total solubility parameters of p(QA). The values were
determined from the group contribution method and reference values found in the literature.1
Group Contributions: p(QA) – low δh

a

-CH3

δD Contributions,
Ci
-0.9714

b

-CH2

-0.0269

-0.1403

-0.1161

3

c

-CH<

0.645

0.58978

0.1386

1

>C<

1.2686

2.0838

0.0866

0

d

-CH=CH-

0.0048

-0.22864

0.48189

1

d

ArCH

0.1105

-0.19313

0.13532

4

f

ArC

0.8446

0.16369

-0.17405

2

g

ArCNO2

1.4195

4.4838

-0.7167

1

-O-

0.0472

-0.48942

0.0256

0

h

-COO-

0.2039

1.60913

0.37204

1

i

>C=CH

0.5372

1.22566

-0.030606

3

j

>C=O

-0.4343

0.7905

-0.05529

1

ArC-O-C-

0.2568

0.8153

0.6092

0

α

>N-Ccycle

0.2218

-2.2018

-0.0452

1

β

Ccycle=O

-0.2981

0.4497

-0.4794

1

γ

-C=C-C=C-

-0.1355

0.648793

-1.0795

2

1st-Order Groups

δP Contributions,
Ci
-0.72412

δH Contributions,
Ci
0.29901

Occurrences,
Ni
2

2nd-Order Groups

1/2

δd = ΣNiCi + ΣMjDj+C =
δp = ΣNiCi + ΣMjDj+C =

Mpa
20.5340
15.5112

δh = ΣNiCi + ΣMjDj+C =
δt

5.8673
26.3944

ρ (g·cm–3)

1.087
–1

MW (g·mol )
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406.42

Table B.5. The Hansen partial and total solubility parameters of p(MCA). The values were
determined from the group contribution method and reference values found in the literature.1
Group Contributions: p(MCA - zwitterion) – low δh

a

-CH3

δD Contributions,
Ci
-0.9714

b

-CH2

-0.0269

-0.1403

-0.1161

3

c

-CH<

0.645

0.58978

0.1386

1

d

>C=N-

-0.3074

-0.0012

-5.3956

1

e

-CH=CH-

0.0048

-0.22864

0.48189

1

f

ArCH

0.1105

-0.19313

0.13532

7

g

ArC

0.8446

0.16369

-0.17405

4

h

ArCNO2

1.4195

4.4838

-0.7167

1

-O-

0.0472

-0.48942

0.0256

0

-COO-

0.2039

1.60913

0.37204

1

>C=CH

0.5372

1.22566

-0.030606

0

>C=O

-0.4343

0.7905

-0.05529

0

j

"-OH" (for phenolate)

-0.3462

1.83013

7.1908

1

k

"CH2N" (for
ammonium)
2nd-Order Groups

1.4681

0.65229

-1.03686

1

ArC-O-C-

0.2568

0.8153

0.6092

0

>N-Ccycle

0.2218

-2.2018

-0.0452

1

Ccycle=O

-0.2981

0.4497

-0.4794

0

-C=C-C=C-

-0.1355

0.648793

-1.0795

1

1st-Order Groups

i

α
β

δP Contributions,
Ci
-0.72412

δH Contributions,
Ci
0.29901

Occurrences,
Ni
2

1/2

δd = ΣNiCi + ΣMjDj+C =
δp = ΣNiCi + ΣMjDj+C =

Mpa
22.6255
12.1744

δh = ΣNiCi + ΣMjDj+C =

8.3895

δt

27.0208

ρ (g·cm–3)

1.087
–1

406.42

MW (g·mol )

Table B.6. The Hansen partial and total solubility parameters of p(SPMA). The values were
determined from the group contribution method and reference values found in the literature.1
Group Contributions: p(SPMA) – low δh

a

-CH3

δD Contributions,
Ci
-0.9714

b

-CH2

-0.0269

-0.1403

-0.1161

3

-CH<

0.645

0.58978

0.1386

0

c

>C<

1.2686

2.0838

0.0866

2

d

-CH=CH-

0.0048

-0.22864

0.48189

1

1st-Order Groups

δP Contributions,
Ci
-0.72412

δH Contributions,
Ci
0.29901

Occurrences,
Ni
3
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e

ArCH

0.1105

-0.19313

0.13532

7

f

ArC

0.8446

0.16369

-0.17405

4

g

ArCNO2

1.4195

4.4838

-0.7167

1

h

-O-

0.0472

-0.48942

0.0256

1

-COO-

0.2039

1.60913

0.37204

1

i

2nd-Order Groups
α

ArC-O-C-

0.2568

0.8153

0.6092

1

β

>N-Ccycle

0.2218

-2.2018

-0.0452

1

-C=C-C=C-

-0.1355

-3.5085

-1.0795

0

γ

AC(ACHm)2AC
(ACHn)2

-0.3751

-1.298

0.6844

1

δd = ΣNiCi + ΣMjDj+C =
δp = ΣNiCi + ΣMjDj+C =

Mpa1/2
22.7962
10.9260

δh = ΣNiCi + ΣMjDj+C =

10.3635

δt

27.3212

ρ (g·cm–3)

1.185
–1

420.45

MW (g·mol )

Table B.7. The Hansen partial and total solubility parameters of p(QMA). The values were
determined from the group contribution method and reference values found in the literature.1
Group Contributions: p(QMA) – low δh

a

-CH3

δD Contributions,
Ci
-0.9714

b

-CH2

-0.0269

-0.1403

-0.1161

3

-CH<

0.645

0.58978

0.1386

0

>C<

1.2686

2.0838

0.0866

0

c

-CH=CH-

0.0048

-0.22864

0.48189

1

d

ArCH

0.1105

-0.19313

0.13532

4

e

ArC

0.8446

0.16369

-0.17405

2

8

ArCNO2

1.4195

4.4838

-0.7167

1

1st-Order Groups

δP Contributions,
Ci
-0.72412

δH Contributions,
Ci
0.29901

Occurrences,
Ni
3

-O-

0.0472

-0.48942

0.0256

0

f

-COO-

0.2039

1.60913

0.37204

1

g

>C=CH

0.5372

1.22566

-0.030606

3

h

>C=O

-0.4343

0.7905

-0.05529

1

ArC-O-C-

0.2568

0.8153

0.6092

0

α

>N-Ccycle

0.2218

-2.2018

-0.0452

1

β

Ccycle=O

-0.2981

0.4497

-0.4794

1

γ

-C=C-C=C-

-0.1355

0.648793

-1.0795

2

2nd-Order Groups

1/2

δd = ΣNiCi + ΣMjDj+C =
δp = ΣNiCi + ΣMjDj+C =

Mpa
18.9176
14.1973

125

δh = ΣNiCi + ΣMjDj+C =

6.0277

δt

24.4084

ρ (g·cm–3)

1.185
–1

420.45

MW (g·mol )

Table B.8. The Hansen partial and total solubility parameters of p(MCA). The values were
determined from the group contribution method and reference values found in the literature.1
Group Contributions: p(MCMA - zwitterion) – low δh

a

-CH3

δD Contributions,
Ci
-0.9714

b

-CH2

-0.0269

-0.3045

-0.4119

3

-CH<

0.645

0.6491

-0.2018

0

c

>C=N-

-0.3074

-0.0012

-5.3956

1

d

-CH=CH-

0.0048

-0.2984

-0.04

1

e

ArCH

0.1105

-0.5303

-0.4305

7

f

ArC

0.8446

0.6187

0.0084

4

g

ArCNO2

1.4195

4.4838

-0.7167

1

-O-

0.0472

3.3432

0.0256

0

-COO-

0.2039

3.4637

1.1389

1

>C=CH

0.5372

-0.9024

-1.8872

0

1st-Order Groups

h

δP Contributions, Ci
-1.6448

δH Contributions, Occurrences,
Ci
Ni
-0.7813
3

>C=O

-0.4343

0.7905

1.8147

0

i

"-OH" (for phenolate)

-0.3462

1.1404

7.1908

1

j

"CH2N" (for ammonium)

1.4681

2.8345

1.2505

1

ArC-O-C-

0.2568

0.8153

0.6092

0

>N-Ccycle

0.2218

-2.2018

-0.0452

1

Ccycle=O

-0.2981

0.4497

-0.4794

0

-C=C-C=C-

-0.1355

-3.5085

-1.0795

1

2nd-Order Groups
α
β

1/2

δd = ΣNiCi + ΣMjDj+C =
δp = ΣNiCi + ΣMjDj+C =

Mpa
20.0091
10.8605

δh = ΣNiCi + ΣMjDj+C =

8.5499

δt

25.1482

ρ (g·cm–3)

1.185
–1

MW (g·mol )

126

420.45

Table B.9. Example Hansen partial and total solubility parameters of the mixed block of
Polymer 11. The average dispersion, polar, and hydrogen bonding parameters were determined
by Equation 2.3 for this polymer, p(nBA68-co-SPA3-b-MMA75-b-nBA68-co-SPA3). The values
were determined from the group contribution method and reference values found in the
literature.1
pMMA

pnBA
Mpa1/2

p(MCA-zwitterion)
Mpa1/2

Mixed Block
δaverage
Mpa1/2

Mpa1/2

δd

16.825

δd

17.093

δd

22.294

δd

17.493

δp

9.3118

δp

8.6084

δp

12.754

δp

8.9276

δh

7.2303

δh

6.4875

δh

7.9836

δh

6.6027

δt
ρ (g·cm–3)

20.545

20.208
1.087

δt
ρ (g·cm–3)

26.897
1.087

δt
ρ (g·cm–3)

20.720
1.087

1.185

δt
ρ (g·cm–3)

MW (g·mol–1)

100.121

MW (g·mol–1)

128.17

MW (g·mol–1)

406.42

MW (g·mol–1)

149.5926

ΦB (MMA)

0.4238

φb, nBA

0.923

φa, SPA

0.077

ΦA (nBA-co-SPA)

0.5762
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Table B.10. First-order group contributions for δD, δP, and δH. Data provided by Stefanis and
Panayiotou.1 Reprinted with permission from International Journal of Thermophysics 2008, 29,
568-585. Copyright 2014 Clearance Center, Inc.
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Table B.11. Second-order group contributions for δD, δP, and δH. Data provided by Stefanis and
Panayiotou.1 Reprinted with permission from International Journal of Thermophysics 2008, 29,
568-585. Copyright 2014 Clearance Center, Inc..

130

Table B.12. First-order group contributions for δD, δP, and δH.- low δP. For low δp, (δp < 3
MPa1/2), and the hydrogen-bonding partial solubility parameter, δhb (δhb < 3 MPa1/2). Reprinted
with permission from International Journal of Thermophysics 2008, 29, 568-585. Copyright 2014
Clearance Center, Inc.
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Table B.13. Second-order group contributions for δD, δP, and δH.- low δP. For low δp, (δp < 3
MPa1/2), and the hydrogen-bonding partial solubility parameter, δhb (δhb < 3 MPa1/2). Reprinted
with permission from International Journal of Thermophysics 2008, 29, 568-585. Copyright 2014
Clearance Center, Inc.
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APPENDIX C
Supporting Information for pDMA Hydrogels
Materials
Water (18 MΩ), dichloromethane, chloroform, hexane, and 2-propanol were degassed with argon
or nitrogen sparging prior to use. Toluene and dimethyl sulfoxide were used as received (Fisher).
N-isopropylacrylamide

was

recrystallized

from

60:40

toluene:hexane.

2,2’-

Azobis(isobutyronitrile) (AIBN, Sigma-Aldrich), acrylamide (AcAm, EMD), dopamine
hydrochloride (Alfa Aesar), Iron(III) chloride hexahydrate (J.T.Baker), diphenyliodonium
chloride (Alfa Aesar), and sodium bicarbonate (Fisher) were used as received. Quartz slides (25
X 75 X 1 mm) were washed and sonicated with acetone, water, and 2-propanol and dried under a
stream of nitrogen prior to use.

Synthesis of N-(3,4-dihydroxyphenethyl)methacrylamide monomer modified from Langmuir,
2009, 25, 6607-6612,
10.0 g of NaB4O7 (26.22 mmol) and 4.0 g of NaHCO3 (47.61 mmol) were first dissolved
in 100 mL of 18 MΩ water, displaying some insolubility. This solution was degassed for 45
minutes with nitrogen, after which 5.0 g (32.64 mmol) of dopamine HCl was added to the
mixture and allowed to stir under nitrogen atmosphere. A separate a solution of 4.7 mL (31.71
mmol) of methacrylic anhydride in 25 mL of degassed THF was prepared and added dropwise.
The pH of the reaction mixture was monitored periodically with pH paper and maintained
slightly basic (pH 8-9) by addition of degassed 1.0 M NaOH. Once all the methacrylic anhydride
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solution was added, the solution was allowed to stir for 17 hours at room temperature, resulting
in a light brown solution. This solution was washed with two 50 mL portions of ethyl acetate and
the resulting aqueous layer was filtered. The filtrate was acidified to pH 2 with 6M HCl. This
mixture was extracted three times with 50 mL of ethyl acetate, dried with MgSO4, condensed
down to approximately 20 mL under reduced pressure, and precipitated into 0°C hexane. The
white precipitate was collected and recrystallized from boiling ethyl acetate to afford white
crystals collected by vacuum filtration and dried under vacuum in 53% isolatable yield. 1H NMR
(300 MHz, DMSO-d6, δ): 8.740 (s, 1H, ArOH), 8.625 (s,1H, ArOH), 7.927 (t, J = 5.4, 1H,
NH), 6.630 (d, J = 7.9, 1H, ArH), 6.578 (d, J = 2.0, 1H,ArH), 6.439 (dd, J1 = 7.9, J2 = 2.0, 1H),
5.616 (t, J = 1.5, 1H, CH2), 5.304 (t, J = 1.5, 1H, ), 3.230 (q, J = 6.0, 2H, CH2), 2.554 (t, J =
7.5, 2H, CH2), 1.840 (s, 3H, CH3)

Synthesis of poly(dopamine methacrylamide-co-N-isopropylacrylamide-co-acrylamide).
Acrylamide (1.479 g, 20.81 mmol), N-isopropylacrylamide (2.355 g, 20.81 mmol), N(3,4-dihydroxyphenethyl) methacrylamide (0.252 g, 1.138 mmol), and azobisisobutyronitrile
(0.043 g, 0.263 mmol) were dissolved in a Schlenk flask with 10 mL DMSO and degassed for 2
hours with argon sparging at room temperature. The solution was then placed in an oil bath
thermostated to 60°C for 25 minutes, at which point the solution reaches the gel point. The
solution was then quenched by cooling to 0 °C and addition of 40 mL air-free H2O. This mixture
was sonicated and stirred vigorously under nitrogen to re-dissolve the gel. In a nitrogen glove
box, this solution was then washed thrice with 50 mL of degassed dichloromethane and washed
once with 50 mL of chloroform. The resulting aqueous layer was precipitated into 50:50 2propanol:hexane mixture with vigorous stirring resulting in a white, tough, and sticky solid. The
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polymer was collected and dried under reduced pressure overnight with an isolatable yield of
82%. The weight average molecular weight (Mw) was determined to be 904 kg/mol by dynamic
light scattering (DLS) as shown in ESI Figure S2.

It is important to note that the catechol moiety is not stable in oxygen-rich aqueous media for
storage and will slowly oxidize to the quinone via irreversible cross-links over several days (ESI
Figure S8). For this reason, all polymer solutions were prepared using air-free H2O prior to all
analysis and gels were allow to cure for only 10 minutes prior to mechanical analysis. The iron
(III) chloride solution was prepared fresh daily to reduce the formation of insoluble iron
hydroxides.

Characterization Disclaimer
Certain commercial equipment, instruments, or materials are identified in this paper in order
to specify the experimental procedure adequately. Such identification is not intended to
imply recommendation or endorsement by the National Institute of Standards and
Technology, nor is it intended to imply that the materials or equipment identified are
necessarily the best available for the purpose. The error bars represent one standard deviation
of the data, which is taken as the uncertainty of the measurement.
UV-vis spectroscopy was performed on a Cary 50 spectrophotometer (Varian). The
weight-average molecular weight of the copolymer was estimated using dynamic light scattering
(Malvern Zetasizer Nano). FTIR measurements were taken with a Nicolet Model 6700 with a
grazing angle attenuated total reflectance accessory (GATR) at 64 scans with a 4 cm−1 resolution.
Tensile testing was performed on an Instron tensile tester. A bench top compact UV lamp
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equipped with a 254 nm wavelength source (4-watt, 152.4 mm) was used as the UV light source.
The substrates were held 2 cm from the source for hydrogels prepared as films and 6 cm for UVvis and titration experiments and irradiated at a power of 1.20 and 0.22 mW cm−2 respectively.
Rheological measurements were performed on a TA Instruments ARES-G2 straincontrolled rheometer with 50-mm 0.04-rad cone upper (0.05 mm truncation gap) and Peltier
plate lower geometry. A solvent trap was used to prevent evaporation. Reported strain sweeps
were acquired at 22 °C and 10 rad/s. From the strain sweeps the linear region was determined to
end ~10 % strain for pre-UV samples and ~100 % strain for post-UV samples. Reported
frequency sweeps were acquired at 22 °C and 10 % or 100 % strain for pre-UV and post-UV
samples, respectively.
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Figure C.1. Catechol preservation in pDMA determined by 1H NMR. Spectra of DMA monomer
(top) and p(DMA-co-NIPAM-co-AcAm) copolymer (bottom). Presence of two phenolic peaks at
8.760 and 8.598 ppm in the polymer demonstrates preservation of catechol pendant group.
Integration of pNIPAM isopropyl peak (1H) at 3.825 ppm relative to the catechol peaks (2H) at
8.754 and 8.592 ppm show at least 97% catechol preservation.

137

Figure C.2. Dynamic light scattering Debye plot for molecular weight determination. In lieu of
aqueous phase GPC, we used light scattering to indirectly measure molecular weight based on
the polymer’s hydrodynamic radius in pure, air-free water. The molecular weight was
determined to be 904 kDa and the hydrodynamic radius was determined to be 30.90 nm.

Figure C.3. UV-vis absorbance spectra for p(DMA-co-NIPAM-co-AcAm) in H2O. Left: UV-vis
absorbance spectra for native p(DMA-co-NIPAM-co-AcAm) in H2O (black), the monocomplexed iron-catechol polymer (red), and fully titrated bis-complexed iron-catechol polymer
(purple). Right: UV-vis spectrum of diphenyliodonium chloride at 0.331 mM in H2O. The UV
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absorbance of the native polymer and polymer-iron complexes show a relative minimum
centered near 250 nm while the spectrum of the photoacid generator shows a higher absorbance
at 250 nm.

Figure C.4. Extinction coefficients for diphenyliodonium chloride and the bis-complex.
Monitored at 253.9 nm, the molar extinction coefficient of diphenyliodonium chloride and the
bis-complex were determined to be 5160 M−1cm−1 and 2110 M−1cm−1 respectively.

Figure C.5. NaHCO3 titration plot of p(DMA-co-NIPAM-co-AcAm). A solution of p(DMA-coNIPAM-co-AcAm) at 0.56 mM DMA content, 2 mg mL-1, is shown left, and subsequent
phototitration with 254 nm UV light at 0.22 mW cm-2 is shown right. An equivalence point is
observed at pH 4.5 (1.5 EQ of base added) according to the basic titration.
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Figure C.6. Lap-Shear analysis before and after irradiation. a) Comparison of gels prepared for
Lap-Shear analysis before irradiation with 254 nm light (top) and after irradiation (bottom) for
60 seconds and b) example stress-strain curve of gels before UV exposure (black) and after UV
exposure (red).

Figure C.7. Kinetic plot of UV-induced conversion of diphenyliodonium chloride. A 0.331 mM
aqueous solution of diphenyliodonium chloride was irradiated with 0.22 mW cm-2 of 254 nm
light and monitored at 237 nm. The reaction is completed after approximately 60 min UV
exposure.
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Figure C.8. Varying the Fe3+ concentration relative to catechol. Top: Photographs of a 1.9 wt.
% prepolymer solution of mono-complexed p(DMA-co-NIPAM-co-AcAm) before titration
(left), and a 2.0 wt. % hydrogel after 24 days areal oxidation (right). Bottom: Varying the Fe3+
concentration relative to catechol from 0.25:3 to 1.50:3.

Figure C.9. GATR-FTIR of dry native p(DMA-co-NIPAM-co-AcAm).
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Figure C.10. Control study on a 2 mg mL-1 solution of p(DMA-co-NIPAM-co-AcAm). A. The
monocomplex (solid green line, pH = 3.89), is titrated with 1 to 3 equivalents of NaHCO3 (solid
blue lines, pH = 4.65 - 5.76). B. Irradiation of the sample with 254 nm light for 60 minutes,
during which time the pH fluctuations are small, pH = 5.63 - 5.79 over 60 minutes. C.
Continuation of titration of the sample with 4-6 equivalents of NaHCO3 (solid blue lines, pH =
5.79 - 6.98). D. Corresponding titration data for control study.

Figure C.11. A. Titrations for pDMA gels varying PAG content. The solution is first titrated
with 3 equivalents of NaHCO3 (pH 3.89 - 5.60); error bars represent one standard deviation from
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the average. B. The polymer was prepared at 1 mg/mL concentrations with 3.32 mM, 0.332 mM,
and 0.033 mM diphenyliodonium chloride (35.7EQ, 3.57 EQ and 0.36 EQ respectively) for UV
exposure studies.

Figure C.12 In situ UV-vis titration of pDMA gels varying PAG content. A. Titration of
p(DMA-co-NIPAM-co-AcAm) to pH 5.6 with the addition of 3 equivalents of NaHCO3. B. – D.
Corresponding UV-vis spectra for Figure S11.B. UV exposures at varying concentrations of
photoacid generator.
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Figure C.13. Titration of p(DMA-co-NIPAM-co-AcAm) with excess base. A. Titration of
p(DMA-co-NIPAM-co-AcAm) to pH 8.95 with the addition of 6 equivalents of NaHCO3. B.
Corresponding UV-vis spectra for UV exposure for 300 seconds at 20 second intervals.
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