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Spiropyran-Functionalized Hydrogels as a Designable Platform
for Responsive Nonlinear Optics

Abstract

Hydrogels, materials composed of a crosslinked polymer network swollen in water, are an incredibly
versatile class of materials, finding applications in fields ranging from ionotronics, to microfluidics,
to medicine, to consumer items. This work explores the use of hydrogels in an entirely new area:
nonlinear optics. The ability for light-responsive gels to swell or contract due to a local optical field
creates an intensity dependent refractive index, resulting in nonlinear optical phenomena including
self-trapping, beam bending, spiraling, and spontaneous filamentation. The goal of this thesis is to
provide a foundation for the design and application of spiropyran-functionalized, light-responsive
hydrogels as nonlinear optical materials.

We will begin by giving a brief overview of nonlinear optical materials and the respective features
of their nonlinear optical behavior, including power requirements, reversibility, and long-range in-
teractions between self-trapped beams. This highlights the uniqueness of spiropyran-functionalized
hydrogels as a nonlinear optical material that operates reversibly at low laser powers and also demon-
strates unique long-range interactions. In Chapter 2 we will establish a basic physical theory of non-
linear optics in spiropyran-functionalized hydrogels, combining spiropyran photoisomerization, en-
vironmentally responsive gel poroelasticity, light propagation, and thermal transport. We will show
that this model can explain the observed phenomena, and especially that thermal effects are needed to
explain novel repulsive and inhibitory long-range interactions.

Chapter 3 builds off of this by considering the ways in which the polymer backbone chemistry
can be rationally designed to control the nonlinear optical behaviors of spiropyran-functionalized hy-
drogels. As examples we show that incorporating N-isopropylacrylamide to change a gel’s thermal
response can eliminate long-range repulsive interactions and allow for short-range attractive inter-
actions, and that beam bending can be externally controlled by making gels responsive to external
thermal or electric fields. In Chapter 4 we turn our focus from the gel’s response to the spiropyran
chromophore’s photoisomerization dynamics, exploring how these dynamics are affected by incor-
poration into different polymer backbones. We show that there is substantial aggregation of singly-
tethered spiropyran even at low concentrations, and that this aggregation has significant affects on the
observed photokinetics. Isomerization dynamics are also strongly affected by buffering effects of the
polymerbackbone,making this a crucial factor to considerwhendesigning a spiropyran-functionalized
hydrogel system.

In Chapter 5 we demonstrate spontaneous pattern formation in the form of spatial modulation
instability in spiropyran-functionalized hydrogels. While spatial modulation instability is ubiquitous
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among nonlinear optical materials, we further demonstrate the tremendous potential of hydrogel-
based nonlinear optics by showing that the addition of a diffusing inhibitor can theoretically lead to
the formation of optical Turing patterns. Based on the results of the previous chapters we suggest that
this could be accomplished with a poly(2-(4-Aminophenyl)ethyl methacrylate) based gel containing
both tethered and untethered spiropyran.

Finally we conclude with an outlook on the potential of spiropyran-functionalized hydrogels as
nonlinear optical materials. The ability for hydrogel swelling to be responsive to so many different
stimuli, such as temperature, humidity, electric fields, magnetic fields, pH, ionic strength, chemical
reactions, and specific biomolecules, presents a potential paradigm shift in theway inwhich nonlinear
optics can be coupled to and interact with the environment. These materials have the potential to be
the foundation of entirely soft, low-power, non-electronic sensing and computing for soft robotics,
microfluidics, or biomedical applications.
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1
Introduction

Hydrogel materials composed of 3D polymer networks swollen in water are ubiquitous in nature[1,

2, 3], and are increasingly being used for artificial applications such as super-absorbentmaterials, drug

delivery, wound dressing, environmental sensing, and tissue scaffolding[4]. The equilibriumdegree of

swelling of a hydrogel is determined by the thermodynamic balance of forces that tend to collapse the

polymer network, such as polymer-polymer interactions and the entropic favorability of unstretched

chain conformations, and forces that tend to swell the polymer network, such as stronger polymer-
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solvent interactions and the osmotic pressure created by charged mobile counterions[5]. So-called

responsive hydrogels can be created when the hydrogel materials is designed such that the balance be-

tween swelling and contraction is affected by different environmental stimuli, such as temperature,

humidity, ionic strength, pH, electric fields, light, and many other potential stimuli[6]. Such respon-

sive hydrogels have been used as the basis for drug-delivery systems[4], soft robotic actuators[7], mi-

crofluidic valves[8, 9], sensors[4] and numerous other applications.

This thesis specifically considers light-responsive hydrogel materials that contract due to the iso-

merization of a photochromic spiropyranmolecule[10, 11]. Other types of light-responsive hydrogels

have beendeveloped, such as ones using the absorptionof light to thermally trigger gel contraction[12,

13], but spiropyran-based gels have the advantage of undergoing much more local photoactuation.

The photoresponsivity of spiropyran-functionalized hydrogels (SP gels) is largely attributed to the

light-driven isomerization of the hydrophilic, charged, ring-open merocyanine (MCH+) to the more

hydrophobic ring-closed spiropyran (SP) isomer[14, 15, 16, 10, 17, 18, 19] (Figure 1.1A). The de-

crease in hydrophobicity of the polymer backbone leads to weaker polymer-solvent interactions and

thus a shifting of the thermodynamic swelling equilibrium towards a less swollen state. SP gels have

been used to create light-responsivemicrofluidic systems[19, 20, 18, 21, 22], soft robotics[23, 17], and

drug delivery systems[24]. However, these applications largely rely on broad actuation of the hydrogel

structure. Recent work[14] has shown that the local nature of the light-responsive contractions can

create a local intensity-dependent increase in the refractive index, changing the shape of light propa-

gating through the hydrogel and leading to nonlinear optical behavior such as self-trapping of focused

laser beams. This makes SP gels an exciting platform for future applications of nonlinear optical phe-

nomena.

2



1.1 Nonlinear Optics and Self-trapping

Self-trapped light beams and spatial solitons emerge in a rich variety of photoresponsive materials

that display intensity-dependent changes in refractive index[25, 26, 27, 28]. These beams propa-

gate without diverging through self-inscribed waveguides and exhibit intriguingly particle-like inter-

actions such as collisions[29], fusion and birth[30], annihilation[31], and spiraling[32], typically in

the short-range (where there is significant overlap in their optical fields) and in rare cases, over long

distances (where overlap is negligible and beams are remote)[33, 34]. Because they travel without

changing shape, self-trapped beams hold potential for optical interconnects[35], applications in im-

age transmission[36], rerouting light[37, 38], and logic gates for computing[33]. Importantly, they

form the basis of the next-generation light-guiding-light approach to optical signal processing, which

envisions a circuitry-free, reconfigurable and multi-layered photonics technology powered by the dy-

namic interactions of self-trapped beams[37, 38]. Despite these promising applications, as of yet

there does not exist a nonlinear optical material with the combination of properties needed to realize

them. In this thesis I hope to show that the tremendous design space of light-responsive, spiropyran-

functionalized hydrogels makes them a promising candidate to realize these and other potential appli-

cations.

Wewill start with a brief introduction to the relevant nonlinear optics. Nonlinear optical phenom-

ena occur when the optical properties of a system (e.g. the refractive index n) aremodified by the pres-

ence of light. This can lead to a large number of interesting phenomena, such as second-harmonic gen-

eration, four-wave mixing, self-trapping, modulation instability, and many more[39]. In this thesis

we will specifically focus on the nonlinear optical phenomena associated with an intensity-dependent

refractive index, n(I), such as self-trapping and modulation instability. The propagation of a beam

through such anonlinear opticalmediumcanbe describedmathematicallywith the nonlinear paraxial
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wave equation, also known as the nonlinear Schrödinger equation[39]:

∂A
∂z

=
1
2ik

∇2
TA− ik

Δn(I)
n0

A (1.1)

whereA is the complex optical field amplitude, z is the direction of propagation, k is the wavenum-

ber (k = 2π/wavelength), n0 is the refractive index of the medium in the absence of light, and

Δn(I) = n(I) − n0 is the local intensity-dependent change in the refractive index. In the case of

a self-trapped beam ∂A/∂z = 0. Solving equation (1.1) with this condition yields solutions with

the shape of the Townes profile[27, 40]. However we can estimate the magnitude of Δn needed for

self-trapping by using a Gaussian intensity profile of radius w, A =
√
I0e−2(x2+y2)/w2 , and setting

x = y = 0. Solving for Δn yields the condition:

Δn =
2n0
w2k2

(1.2)

For a beam radius of w = 10 microns, n0 = 1.41, and k = 2π/532 nm, corresponding to the SP

gel experiments described in this work, we find a Δn of only≈ 2.0× 10−4 is needed for self-trapping.

1.2 Nonlinear OpticalMaterials

An intensity-dependent Δn of at least this magnitude can be obtained in a wide variety of different

materials due to mechanisms ranging from a nonlinear electronic polarization at high optical field

intensities to the change in refractive index that occurs due to light-induced chemical reactions. For

applications like sensing or optical computing it is desirable to use a material that undergoes fully re-

versible self-trapping at low laser powers (mW scale or less, similar to the power of a handheld laser

pointer) and, depending on the desired application, shows long-range interactions or response to addi-

tional non-optical stimuli. We will briefly review several common types of nonlinear optical materials
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with an eye towards these desired properties.

1.2.1 Kerr materials

The refractive index of a Kerr material is a linear function of the intensity, n(I) = n2I, equivalent

to a third-order term in the material’s polarizability[39]. This nonlinear polarizability can arise from

a variety of mechanisms, including a non-quadratic electronic potential, molecular dipole reorienta-

tion, and electrostriction[39]. Thus manymaterials, including crystalline ceramics, glasses, polymers,

liquids, and gases have values of n2 that can lead to significant nonlinear optical behavior at high laser

powers (kW toGW)[39]. While Kerr materials include a number of desired nonlinear optical proper-

ties, such as an extremely fast, reversible response, the high laser powers required prevent them from

being used in most applications. Furthermore, the lack of saturation in the nonlinearity can lead to

catastrophic failure, when high-power light becomes so strongly self-focused that it leads to break-

down of the material.

1.2.2 Lead glass

An intensity-dependent refractive index can also arise out of a material’s thermal response, such as in

the case of lead glass. This has the advantage of being fast and reversible while requiring lower laser

powers (∼W)thanKerrmaterials. Long-range thermal transport can also lead to long-range attraction

between self-trapped beams[34]. However, power requirements are generally still too high for broad

application, and the use of thermal effects for both local self-trapping and long-range interactions

means that the long-range interactions can only be attractive and they cannot be avoided, limiting

designability of the nonlinear optical system.
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1.2.3 Photorefractive crystals

In photorefractive crystals the intensity-dependent refractive index is achieved through the creation

of electron-hole pairs and subsequent charge-separation under a large applied electric field (∼kV/cm).

This spatial charge separation creates an internal electric field that then locally effects the refractive

index through the Pockels effect[39]. This can lead to self-trapped beams at low laser powers (∼

µW)[41], and the diffusion of charge carriers outside of the applied optical field can lead to long-range

interactions[42]. However, the demanding requirements for nonlinear optical behavior in photore-

fractive crystals, such as high applied fields and specific orientation with respect to the crystal’s optical

axis, limits their practical application.

1.2.4 Liquid crystals

Liquid crystals are an extremely versatile nonlinear optical material, and they have already been used

to demonstrate optical logic gates[33] and optical Turing patterns[43]. The intensity-dependent re-

fractive index in liquid crystal systems arises from the combination of the molecular birefringence of

the liquid crystal molecules and the tendency for liquid crystal molecules to align themselves with an

applied electric field. Thus a thin film of liquid crystal will align under an electric field, andwhen light

is shone into the film with a polarization angle slightly different from the overall alignment, this will

locally cause liquid crystal molecules to align with the polarized light, increasing the refractive index

compared to areas that are not aligned.

These systems use low laser power (∼mW) and are fully reversible, while the elastic propagation

of liquid crystal alignment direction can lead to long-range interactions between beams[44]. How-

ever, the nonlinear optical behavior in liquid crystal systems relies on a significant amount of external

equipment and related symmetry-breaking, such as the requirement for an applied field, polarized

light, and control of the relative angle between the two.
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1.2.5 Photochemical systems

An additional class of nonlinear optical systems are systems in which a photochemical reaction locally

changes the refractive index. Two examples are photopolymerizing systems[45, 46, 47, 26, 35] and

the photochemical oxidation of I− to I−3 [48]. Photopolymerizing systems show nonlinear optical

behavior even at extremely low laser powers (∼nW) due to the compounding and irreversible nature

of photopolymerization. However, this irreversibility makes them unsuitable to optical computing

applications, although it can be used to fabricate photonic structures from the bottom up[47, 35].

The iodide-based photochemical systems show short-term reversibility due to the diffusion of I−3 away

from the light beam, but the nonlinear optical response degrades as I− is consumed.

1.3 Spiropyran-functionalized hydrogels as nonlinear optical materials

Overall there is still a need for nonlinear optical materials that operate reversibly at low laser powers

to serve as a foundation for functional nonlinear optical devices. The light-responsive, spiropyran-

functionalized hydrogels described here have the potential to serve as this foundation. The spiropyran

photoisomerization is fully reversible and has a high degree of robustness when integrated into the

polymer network[10]. The bulk contraction of SP gels demonstrated previously[15] is more than

enough to lead to self-trapping, and as wewill demonstrate throughout this thesis the hydrogel nature

of these gels allows for a wide variety of designable nonlocal interactions.

Figure 1.1 provides an overview of the spiropyran-functionalized gels first used to demonstrate self-

trapping, reversibility, and interactions between beams. An acrylated spiropyran moiety was copoly-

merized with acrylamide (AAm) and acrylic acid (AAc) monomers with a methylenebisacrylamide

crosslinker (see Appendix A for detailed materials and methods). UV-vis spectroscopy showed ab-

sorption peaks characteristic of theMCH+ isomer that could be reversibly depleted upon irradiation

with visible light. A 6 mW 532 nm laser focused down to a 20 µm 1/e2 beam width on the entrance

7



Figure 1.1: Overview of spiropyran‐functionalized hydrogels. (A) Photoisomerization scheme of chromophore
substituents from the protonated merocyanine (MCH+, Left) to ring‐closed spiropyran (SP, Right) forms in the
methylenebis(acrylamide) cross‐linked poly(AAm‐co‐AAc) hydrogel. (B) Photographs of chromophore‐containing
poly(AAm‐co‐AAc) hydrogel monoliths employed in experiments. (C) UV‐visible absorbance spectra demonstrating
reversible isomerization of MCH+ (absorption λmax = 420 nm) to SP (λmax = 320 nm) in solution. (D) Experimental
setup (Top) to probe laser self‐trapping due to photoinduced local contraction of the hydrogel, schematically depicted
on the Bottom. A laser beam is focused onto the entrance face of the hydrogel while its exit face is imaged onto a CCD
camera. Figure reproduced from [14].
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Figure 1.2: Evolution of self‐trapping in the SP‐modified hydrogel; experiments and simulations. (A) Experimentally
measured temporal evolution of peak intensity (blue) and effective width (red) of a laser beam (532 nm, 6.0 mW, with a
width of 20 µm, corresponding peak intensity= 3.77 kW cm2) acquired at the sample exit face; the beam is turned on
at t = 0. Breaks in plots are time lapses between image logs. The experimental plots (dotted lines) are compared to nu‐
merical simulations (solid lines); the dashed black box above provides a zoomed‐in view from 0 to 50 s, emphasizing the
match between the experimental results and simulations. (B) Two‐dimensional (2D) spatial intensity profiles experimen‐
tally acquired at select times. (C) Temporal evolution of beam width during self‐trapping experiments at different optical
powers. (D) Comparison of calculated and experimental values of minimum self‐trapped beam width as a function of
beam power. Figure reproduced from [14].

face of an SP gel was observed to undergo self-trapping on a timescale of minutes (Figure 1.2), and

this process was found to be highly repeatable (Figure 1.3).

We also observe inhibitory and repulsive interactions between self-trapped beams in spiropyran-

functionalized poly(AAm-co-AAc) gels at ranges of up to 10 times the beam width (Figure 1.4). In

Chapter 2 we develop a physical model of single-beam self-trapping and long-range two-beam inter-

actions. Wewill show that while the gel’s swelling response to light is sufficient to explain single-beam

self trapping, it cannot explain long-range interactions. These are instead explained by the gel’s ther-

mal response. This is a significant departure from long-range interactions in other nonlinear optical

materials like lead glass, photorefractive crystals, and liquid crystals, as in SPgels the long-range interac-
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Figure 1.3: Rapidly reversible self‐trapping in the SP‐modified p(AAm‐co‐AAc) gels. (A) Temporal plots of peak intensity
(blue) and effective diameter (red) over 45 cycles of self‐trapping of a laser beam. Cycles of 30 s were separated by dark
periods ranging from 300 to 40 s (indicated above the plots). (B) Scheme and spatial intensity profiles showing the “off”
(divergent) and “on” (self‐trapped) states of the laser beam over select cycles. White circles trace the diameter (1/e2) of
the initially divergent beam in the off state. Figure reproduced from [14].
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tions are caused by a secondary field rather than the primary field that drives single beam self-trapping.

This allows for long-range repulsive interactions, while previous long-range nonlinear optical interac-

tions in materials like lead glass or liquid crystals are attractive by necessity.

In chapter 3 we build off of this insight to show how a gel’s response to secondary stimuli can

be tuned by changing the gel chemistry, allowing for long-range interactions to be designed and for

self-trapped beams to bent by external stimuli, such as a thermal gradient or electric field. These ex-

periments demonstrate the tremendous potential for spiropyran-functionalized hydrogels to serve as

a designable platform for nonlinear optical applications that involve interactionwith external systems,

such as in sensing, soft robotics, or interactions between different components in all-optical comput-

ing applications.

In chapter 4we explore the interactions between the gel chemistry and the spiropyranphotoisomer-

ization chemistry. We observe surprising triexponential dynamics that are well-explained by a model

that includes slower aggregation and protonation of the ring-open merocyanine (MC) isomer. We

conclude that aggregation and protonation rates are both significantly affected by the gel chemistry,

primarily through the buffering effect of charged polymermoieties, providing insight for how choices

in polymer chemistry will affect the spiropyran photoisomerization dynamics.

In chapter 5 we explore spontaneous optical pattern formation in SP gels. We observe a spatial

modulation instability, a process by which small variations in a broadly uniform optical intensity pro-

file lead to self-reinforcing filamentation of the light, in poly(N-isopropylacrylamide-co-AAc) gels.

The observations are well-explained by a linear stability analysis of the self-trapping model presented

in Chapter 2. We then go one step further and, using all of the insights of the previous chapters,

demonstrate the potential for tethered and untethered spiropyran in an aniline-functionalized poly(2-

(4-Aminophenyl)ethyl methacrylate) (poly(APEMA)) gel to form optical Turing patterns, in which

local self-focusing is coupled to long-range inhibition to create patterns with a much sharper charac-

teristic wavelength compared to spatial modulation instability.
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Figure 1.4: Dynamic interactions of two parallel self‐trapped beams. (A) Temporal plots of relative peak intensities (Left)
and corresponding 2D spatial intensity profiles (Right) acquired at select times at the sample exit face for two beams
separated by Δx ≈ 200 µm. When propagating together, beam 1 (blue) and beam 2 (red) self‐trapped over 625 s to a
relative peak intensity of 12 and 9, respectively (from an initial value of 1), and comparable widths of∼40 µm (labeled
as region A on the plot and intensity profile). When beam 2 was selectively blocked, beam 1 rapidly returned to high
self‐trapping efficiency, increasing in relative intensity to∼20 with a minimum width of∼28 µm over 250 s (labeled as
region B). When beam 2 was reintroduced, however, beam 1 diminished in self‐trapping efficiency, decreasing in relative
peak intensity to 5.3 and broadening again to∼40 µm over 800 s; beam 2 also showed reduced efficiency, attaining a
maximum relative peak intensity of only 7 and a width of∼40 µm (region C). The equivalent effect was observed when
beam 1 was blocked in the next cycle of the same experiment (region D). (B) Temporal plots of relative peak intensities
and corresponding 2D spatial intensity profiles for two beams separated by Δx = 25 µm. Figure reproduced from [14].
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Finally we conclude with an outlook on future work and potential applications of rationally de-

signed nonlinear optical materials based on SP gels. The tunable long-range interactions of these

materials makes them ideally suited to potential applications in all-optical computing. Furthermore,

the large design space of potential stimuli, such as electric fields, magnetic fields, pH, and specific

biomolecules,makes SPgels a promisingplatformfor sensing, especially in situations requiring entirely-

softmaterials orwhere traditional electronic sensors are difficult, such asmicrofluidics or soft robotics.

We also suggest that the rationally designable bottom up pattern formation explored in Chapter 5

could lead to photomasks for creatingmicron scale patterns over large and complicated surface topolo-

gies. In all of these potential applications the insights from this thesis on how to rationally design and

model SP gel systems will serve as an important foundation.
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2
Nonlinear Optics of

Spiropyran-Functionalized Hydrogels

In the previous chapter we showed how spiropyran-functionalized hydrogels (SP gels) are

light-responsive and show robust nonlinear optical behavior in the form of self-trapped beams. These

novel materials provide a combination of low power, reversibility, processability, ease of use, and tun-
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able coupling to external stimuli that is not seen in any other nonlinear optical system. This unique

combination makes them potentially useful in applications like sensing or optical computing. How-

ever, in order for this potential to be realized the physical underpinnings of the nonlinear phenomena

in SP gels must be understood well enough to be predicted and designed.

There are a wide range of physical processes that may contribute to and effect the nonlinear op-

tical behavior of SP gels. Irradiation of the SP gel with light causes a ring-closing isomerization that

changes hydrophilicity but can also release a diffusing proton that changes the local pH (Figure 1.1A).

Absorption of light can also lead to local heating, which may effect the swelling of the gel or the SP

isomerization rates. Furthermore, contraction of the gel in one area results in the expulsion of water

into surrounding areas, causing those areas to swell, and potentially influencing the dynamics of other

nearby beams. All of these processes are complex and interrelated.

The goal of this chapter is to lay the foundation for understanding and designing the processes that

lead to the nonlinear optical behavior of SP gels. We will start by considering a minimal model neces-

sary to reproduced the experimentally observedphenomenaof optical spatial solitons in SPgels. While

other work has modeled the intensity-dependent deformations of light-responsive hydrogels[49, 50],

none of this work has considered the feedback of gel swelling dynamics on the propagation of light.

Our minimal model will be sufficient to explain single-beam dynamics, but we will also show that

it is not able to replicate the fast, long-range interactions between self-trapped beams. We find that

these long-range interactions are driven by the response of the gel to temperature increases induced

by absorption of the incident light. With this element we show how the nonlinear optical dynamics

of self-trapped beams in SP gels is intimately linked with the gel’s response to additional stimuli, with

significant implications for the design of SP gel systems for applications like optical computing and

sensing.
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Figure 2.1: Proposed minimal model of opto‐chemo‐mechanical feedback leading to self‐trapping and other nonlinear
optical behaviors of SP gels. The three variables are c, the normalized concentration of ring‐closed SP; ψ, the normalized
change in the volume fraction of polymer; and A, the optical field. An incident optical field A produces local changes
in c through the process of spiropyran isomerization (Equation (2.2)), which then drives changes in ψ governed by the
process of poroelastic diffusion (Equation (2.5)). Local changes in ψ then lead to local changes in the refractive index,
n(ψ), which affects the propagation of light through the materials as determined by the nonlinear Schrödinger equation
(Equation (2.7)).

2.1 MinimalModel of Self-trapping in SP Gels

We propose that self-trapping in SP gels is driven by the opto-chemo-mechanical feedback shown in

Figure 2.1. In this model, photoisomerization of the spiropyran chromophore from the hydrophilic

ring-open merocyanine (MC) or protonated merocyanine (MCH+) form to the hydrophobic ring-

closed spiropyran (SP) form leads to the local expulsion of water and densification of the polymer

network. Due to the higher refractive index of the polymer compared to water, this locally raises the

refractive index compared to regions without significant photoisomerization. This creates a refractive

index gradient Δn that bends light towards regions of higher n as it propagates through the mate-

rial, leading to local concentration of light that triggers further photoisomerization, completing the

feedback loop. Each of these processes is presented in detail below.
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2.1.1 Spiropyran Dynamics

For the sake of this minimal model we will refer to MC andMCH+ collectively as MC and consider

only the light-driven ring-closing isomerization ofMC to SP, and the corresponding thermally driven

ring-opening of SP to MC. A fuller description of the isomerization dynamics of spiropyran in hy-

drogels is presented in chapter 4 and includes the protonation and aggregation ofMC. This lumping

of MC andMCH+ is valid for the relatively long timescales in acidic environments considered here,

due to the relatively fast rates of protonation and deprotonation. For now we consider the simple

equilibrium reaction:

MC hν
Δ SP

MCis converted to SP at a rate kMC→SP that is linearly dependent on the local intensity: kMC→SP =

k1I(r), while SP thermally converts to MC at a rate kSP→MC. Denoting the local concentration of SP

by C and normalizing it by the total chromophore concentration C0 we can define the local isomer-

ization percentage:

c(r, t) =
C(r, t)
C0

(2.1)

In order to write an expression for the total change in the local spiropyran concentration it is im-

portant to note that the chromophore is attached to the polymer backbone and thus as the polymer

becomes more concentrated so too does the chromophore. With this we can write:

∂c(r, t)
∂t

= −∇ ·
(
c(r, t)Jψ

)
+ k1I (1+ ψ(r, t)− c(r, t))− kSP→MCc(r, t) (2.2)

Where ψ is the relative variation of polymer volume fraction φ from the equilibrium dark value
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φeq, defined as:

ψ(r, t) =
φ(r, t)− φeq

φeq
(2.3)

And Jψ is the polymer flux, which is defined by the poroelastic dynamics of the gel.

2.1.2 Poroelastic Gel Dynamics

Our model of gel dynamics follows the model of light-responsive hydrogels previously laid out by

Yashin and Balazs[51], andKuksenok and Balazs[49]. It uses a neo-Hookeanmodel for the stretching

of polymer chains and assumes that gel deformations are small, which is valid for the observed stretches

on the order of a few percent or less as is discussed later with respect to Figure 2.8. The isomerization

ofMC to SP is assumed to produce an isotropic osmotic pressure with magnitude χSPφC0c. χsp is the

parameter that reflects the strength of the change in hydrophilicity betweenMC and SP. This results

in an expression for the polymer flux:

Jψ = −Λ[(λ + 2μ)∇ψ(r, t)− χspC0φeq∇c(r, t)] (2.4)

Where λ and μ are Lamé’s first and second parameters respectively, and Λ is the kinetic coefficient

defined as

that is related to the friction between the solvent and the polymer. From this we can write the

expression for the change in the relative polymer volume fraction:

∂ψ(r, t)
∂t

= −∇ · Jψ = Λ[(λ + 2μ)∇2ψ(r, t)− χspC0φeq∇
2c(r, t)] (2.5)

We see that the gel dynamics consist of a diffusive equation where areas of concentration in the

polymer volume fraction spread out with a poroelastic diffusivity of Dp = Λ (λ + 2μ), while the
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light-driven isomerization ofMC to SP causes the gel to locally concentrate. The strength of the gel’s

light response can be characterized by the dimensionless parameter

κ =
χspC0φeq

λ + 2μ
(2.6)

2.1.3 Light Propagation

Previousworkhas considered the dynamics of SP gels to a prescribed static intensity profile[49]. How-

ever, modeling the nonlinear dynamics of these materials requires modeling the effect of changes in

the gel swelling on the light propagation through thematerial. This is commonly done using the non-

linear paraxial wave equation, also known as the nonlinear Schrödinger equation, presented here with

an additional absorption term:

∂A
∂z

=
1
2ik

∇2
TA− ik

Δn(ψ)
n0

A− α(c)A, (2.7)

where A is the complex field amplitude normalized by a factor of 2/n0ε0c such that |A|2 = I, z is

the direction of propagation, k is the wavenumber (k = 2π/wavelength), α(c) is the isomerization-

dependent absorption coefficient of the SP gel, defined as:

α(c) = α0 + (α1 − α0)c (2.8)

Which assumes that the absorption is linearly dependent on c with a value α0 when c = 0 and α1

when c = 1. This arises because the ring-open form is much more absorbing than the ring-closed

form, but at complete isomerization there will be other sources of loss, such as scattering.

n0 is the refractive index of the gel at equilibrium under dark conditions, and the change in the
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index of refraction Δn is defined as:

Δn = (np − ns)φeqψ (2.9)

wherenp is the refractive indexof thepurepolymer. Weuse a value ofnp = 1.49basedon an average

of the refractive index of poly(acrylamide) (1.45) and poly(acrylic acid)[52]. We used ns = 1.33 as

the refractive index of water. The transverse Laplacian∇2
T, defined as:

∇2
T =

∂2

∂x2
+

∂2

∂y2
(2.10)

arises because the nonlinear paraxial wave equation assumes that the angle between the optical axis

z and thewave vectork is small, meaning that |∂2A
∂z2 |≪|k∂A∂z |. Overall equation (2.7) can be understood

as the light intensity diffusing and spreadingout as it propagates, while also concentrating andbending

towards regions of higher refractive index.

2.1.4 Boundary conditions, initial conditions, and numerical solving

The three equations (2.2), (2.5), and (2.7) constitute our minimal model of the feedback loop in SP

gels that leads to nonlinear optical phenomena. To complete this model for numerical simulation we

need to specify boundary conditions and initial conditions. For simplicity we assume that the gel is

affixed to a wall, meaning that ψ = 0 and n · ∇(ψ − κc) = 0 (where n is the unit vector normal to

the gel surface) at the boundaries. We justify this by observing that in the simulations the effects of

the boundaries do not penetrate deeply into the bulk of the gel. For light propagation the boundary

conditions are A = 0 at infinity. For initial conditions we set ψ = 0 and c = 0 everywhere, and we

have a Gaussian intensity input A =
√
I0e

−2(x2+y2)
w20 at z = 0, where I0 is the initial peak intensity of

the beam and w0 is the waist radius of the Gaussian beam focused onto the entrance face of the gel.
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2.1.5 Parameter values

All parameter values utilized in themodel are shown inTable 2.1. λ and μwere estimated based on the

measured modulus of elasticity of the spiropyran-doped poly(AAm-co-AA) gels[53] and the Poisson

ratio of similar poly(AAm) gels[54, 55]. The kinetic coefficient Λ was estimated by measuring the

poroelastic diffusivity using the method of Hu et al[56] (See Appendix B for details). χsp was treated

as a fitting parameter. C0 and φeq are assumed to be equal to their values in the prepolymer solution,

while k, I0, and w0 are prescribed by the optical setup of the experiments.

Parameter Value Used Units

φeq 0.4 -

Λ 6× 10−16 m2 Pa−1 s−1

C0 14 mM

λ 58 kPa

μ 3.4 kPa

χsp 71.43 kPaM−1

k1 1.53× 10−7 m2 W-1 s-1

kSP→MC 0.015 s-1

k 1.2× 107 m-1

α0 1200 m-1

α1 800 m-1

np 1.49 -

ns 1.33 -

I0 0.24× 107 to 5.7× 107 Wm-2

w0 1× 10−5 m
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Parameter Value Used Units

Table 2.1: Parameter values used in the minimal model of self‐trapping.

The reaction rates k1 was estimated by matching the initial rate of self-focusing while kSP→MC was

estimated based on the observation from repeated self-trapping experiments that full relaxation of the

gel does not occur for dark periods of 60 s or less (Figure 1.3). Assuming that the SP→MC isomer-

ization limits the relaxation time gives an isomerization timescale of approximately 1/60 s ≈ 0.015

s−1.

The refractive index of the polymer np was taken to be an average of the index of poly(acrylic acid)

(1.53) and poly(acrylamide) (1.45) while ns is the refractive index of water (1.33). The optical loss

coefficient α0 was estimated based on measurements of the relative initial maximum beam intensity

after passing through the sample compared to the intensity of the beam passing through the sample

holder filledwithwater only. α1was chosen tomatch the experimental rate and extent of self-trapping.

2.1.6 Model evaluation

Themodel was implemented inMathematica version 11.1.1 and solved numerically using the built in

NDSolve differential equation solver. Single beam simulations were carried out by employing cylin-

drical coordinateswhile double beam simulations employed a 2Dcoordinate system. Because the light

responds effectively instantaneously to changes in the gel swelling simulation was done in an iterative

manner where an intensity profile throughout the gel was calculated based on the value of ψ(r) at a

particular time, then this intensity profile was used to solve for changes in c(r, t) and ψ(r, t) over a

timestep Δt. This process was repeated until the final time was reached.
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2.1.7 Model results

Thismodel accurately captures the short-term (< 500 s) self-trappingdynamics alongwith the intensity-

dependent self-trapping efficiency of a single laser beam in the hydrogel (Figure 2.2). As in experi-

ments, the simulated self-trapping efficiency increasesmonotonicallywith beampower spanning 0.37

mW to 6.0mW. This trend originates from the intensity-dependence of the photoisomerization pro-

cess: at lower intensities, the proportion of merocyanine isomerized to spiropyran does not extend

far enough into the hydrogel to create the Δn needed for appreciable self-trapping, while at higher

intensities the concentration of isomerized spiropyran molecules rapidly saturates to a plateau in self-

trapping efficiency.

The strength of self-trapping in SP gels is found to decrease at intensities above 6.0 mW. This is

due to the saturation of isomerization at the beam center at large intensities combinedwith significant

isomerization that occurs in the lower-intensity tails of the beam. This forms a flat-top concentration

profile that extends beyond the beam width, creating a wider waveguide that supports higher-order

optical modes[57]. This phenomena is captured by the model, although the perfect cylindrical sym-

metry of the model leads to a less extreme drop in self-trapping efficiency (Figure 2.3).

2.2 Interactions between self-trapped beams

Self-trapped beams in spiropyran-functionalized poly(AAm-co-AAc) gels have been observed to un-

dergo significantmutual inhibition (Figure 2.4) and repulsion (Figure 2.5) over the short range (∼beamwidth)

and the long range (∼10× beamwidth)[14, 58]. Such repulsive long-range interactions are unique

among nonlinear opticalmaterials, where previously only attractive long-range interactions have been

reported[34, 42, 33]. Repulsive or inhibitory long-range interactions are potentially interesting for

all-optical computing and logic gates.

While the model presented in section 2.1 is able to capture many of the dynamics of single-beam
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Figure 2.2: Simulated spatial intensity profiles for the self‐trapping of light in spiropyran‐modified p(AAm‐co‐AAc) and
the corresponding peak intensity (blue, solid line is simulated) and beam diameter (red, solid line is simulated) as a func‐
tion of time. Incident beam power is (a) 0.37 mW, (b) 0.75 mW, (c) 1.5 mW, (d) 3 mW, (e) 6 mW, and (f) 9 mW.
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Figure 2.3: Simulated spiropyran concentration and intensity profile within the SP‐modified p(AAm‐co‐AAc) gel at t =
100 s and z = 0.5, 2, and 4 mm. The simulated beam power is 6 mW. Towards the entrance face of the gel we see
the clear creation of a flat‐top profile of spiropyran isomerization, with almost complete isomerization even on the tail
of the Gaussian intensity profile. Δn is small within the flat top profile, allowing the light to spread as it propagates
through the gel until it encounters a steep n gradient, leading to the ring formation seen at z = 2 mm. As the intensity
decreases due to absorption the flat top profile diminishes, but a faint ring at the exit face of the gel (z = 4 mm) is still
seen at around 30 µm from the beam center.

self-trapping in p(AAm-co-AAc) SP gels, it is not able to capture the long-range interactions ofmulti-

ple beams, as illustrated in Figure 2.4. In experiments beams separated by 25 and 200 µm are observed

to repel each other on a timescale of seconds (Figures 2.4D and 2.5). Modeled beams reproduce simi-

lar interactions short length scales (Figure 2.4A and B) but they do not significantly interact at longer

length scales (Figure 2.4C). This suggests that theminimalmodel presented above is still lacking some

significant aspect of the dynamics of self-trapped beams in SP gels.

Analysis of the interaction timescale suggests that the missing process is thermally driven. We con-

sider three different transport processes that may play a role in long-range beam interactions: i) water

transport within the gel mediated by poroelastic diffusion, ii) heat transport through thermal diffu-

sion, and iii) chemical diffusion of protons released by the conversion of MCH+ to SP, which would

be expected to locally swell the gel due to the osmotic pressure effect of mobile counterions in the

polyelectrolyte gel[59].

We can estimate the interaction timescale for each of these three processes (poroelasticity, thermal

diffusion, and chemical diffusion) by considering that they are all governed by diffusion equations of

the form ∂2P
∂t2 = D∇2P, where P is the quantity of interest (pressure, temperature, or concentration)
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Figure 2.4: Two beam interactions, simulations and experiments. (A) Simulated relative peak intensities and correspond‐
ing beam widths for two co‐propagating 6.7 mW beams with a separation of 25 µm. The second beam is turned off at
500 s, resulting in full self‐focusing of the remaining beam. (B) Comparison between transverse intensity cross‐sections
on the outlet face of the gel in experiment (left columns) and simulation (right columns). The red box denotes when the
beam on the right side (Beam 2) is blocked. Beams are observed in both cases to initially focus and repel each other, and
when one beam is blocked the remaining beam bends towards the blocked beam’s position. (C) Simulated relative peak
intensities and corresponding beam widths for two co‐propagating 6.7 mW beams with a separation of 200 µm. The
second beam is turned off at 500 s with no significant impact on the remaining beam. (D) Experimental peak intensity of
two co‐propagating 6 mW beams separated by a distance of 200 µm. Beams respond significantly and within seconds
of the other beam being turned off or on. Figure reproduced from [14].
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Figure 2.5: Long‐range repulsions of self‐trapped beams in SP gels. (A) Diagram of two‐beam experiment with beams
separated by a distance of 200 µm. (B) Still images of the right beam showing the change in beam center in response to
the left beam being switched off. (C) Change in the center of mass of each beam over time. Beams are bent away from
the other beam when it is on, and move towards the direction of the other beam when that beam is off. Reprinted with
permission from Chem. Mater. 2020, 32, 24, 10594–10600[58]. Copyright 2020 American Chemical Society.

as a function of time t and space, andD is the corresponding diffusivity. This means that in all cases

the expected timescale for interaction given a beam separation of distance L is τ = L2/D. Poroelastic

diffusivities for the spiropyran-functionalized gels were measured (Appendix B), while the chemical

diffusivitywas assumed tobeon theorder of 10−9m2 s−1 [60] and the thermal conductivitywas found

in the literature to be 0.4 W m−1 K−1 for similar gels[61]. For L ∼ 10−4 m, this gives a poroelastic

interaction timescale of τP ∼ 103 s, a chemical interaction timescale of τC ∼ 101 s, and a thermal

interaction timescale of τT ∼ 10−1 s. It can be seen from Figures 2.5 that one beam responds to a

second beam being switched on in< 1 s, suggesting that thermal effects must be the primary physical

process resulting in long-range beam interactions.

We also show that the observed long-range interactions cannot be explained by scattered light. This

is clear from three different arguments: 1) the intensity of scattered light is too low to create significant

interactions on a reasonable timescale; 2) optical interactions should lead to attractive interactions,

contrary to the observed repulsive interactions; and 3) scattered light interactions would be expected

to be stronger in the less absorbing spiropyran-functionalized poly(N-isopropylacrylamide-co-acrylic

acid) (poly(NIPAAm-co-AAc)) hydrogels, while observed interactions are weaker in these gels.
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First, we consider the intensity of scattered light. We assume that scattering is uniform from the

cylindrical beam and find that

I(R)
I0

=
α0w2

2R
≈ 1× 10−4 (2.11)

Where I(R) is the intensity of scattered light at a distance R away from the beam, I0 is the peak

intensity of the beam from which light is scattering, w is the width of the cylindrical beam, and α0 is

the scattering coefficient. We can get a high estimate for the intensity of the scattered light by assuming

that all power loss as the beam propagates through the gel is due to scattering. The loss coefficient was

previously shown to be about 800 m−1 (Table 2.1). Using this value for α0, a beam width of 20 µm,

and a distance R of 200 µm we get an intensity ratio on the order of 1 × 10−4. Noting that the

timescale of self-trapping dynamics are inversely proportional to light intensity, and that self-trapping

occurs on a timescale of∼101 s, this suggests that beam interactionsmediated by scattered light would

occurwith a timescale of∼ 105 s, which is not consistentwith the observed large and fast interactions.

Second,wepoint out that light causes the gel to contract, which increases the refractive index. Thus

any scattered light from a co-propagating beam should contract the gel more in the direction of the

beam, which would bend the beams towards each other and lead to an attractive interaction. This is

at odds with the observed repulsive interactions.

Finally, we consider that, in addition to scattering, these gels absorb green light. Specifically, the

poly(AAm-co-AAc) hydrogels can be seen by eye to bemore red than poly(NIPAAm-co-AAc) hydro-

gels, suggesting that they absorbmore strongly in the green region of the spectrum. If these gels absorb

more strongly, and if scattered light plays a role in beam interactions, then it would be expected that

beam interactions would be stronger in the poly(NIPAAm-co-AAc) gel compared to the poly(AAm-

co-AAc) gel. However, the opposite trend is observed (studied in detail in Chapter 3), which shows

that scattered light cannot play a dominant role in long-range beam interactions.
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Figure 2.6: Interactions of two beams separated by a glass coverslip. (A) Diagram of the gel with a glass coverslip sep‐
arator that completely bisects the gel, isolating each half with respect to chemical and pressure transport, but not to
thermal transport. (B) Still images of the left beam showing the change in beam center in response to the right beam
being switched off. (C) Change in the center of mass of each beam. Beams bend away from the other beam when the
second beam is on, and then move towards the second beam location when that beam is off. While the right beam does
respond, it does so at a much smaller magnitude due to a lower degree of self‐trapping that occurred due to partial re‐
flection off the glass divider. Reprinted with permission from Chem. Mater. 2020, 32, 24, 10594–10600[58]. Copyright
2020 American Chemical Society.

We experimentally confirmed the thermal interaction hypothesis by conducting two-beam experi-

ments in which the beams were shone into a gel on either side of a∼100 µm thick glass separator that

completely bisects the gel (Figure 2.6). The glass barrier removes any chemical or poroelastic transport

between the two sides of the gel such that any beam response must be a result of thermal effects. The

results of this experiment show that parallel beams interact quickly and strongly even when separated

by a glass barrier, proving that thermal effects dominate their interactions. In fact, these interactions

aremore significant than those of beams separated by the same distance without a glass separator (Fig-

ure 2.5), likely due to the higher thermal conductivity of the glass compared to the gel.

Estimation of themagnitude of thermally-driven long-range interactions is able to provide quanti-

tative predictions that match the experimental data. Direct measurement of the local temperature

changes is difficult due to the small area and the inaccessibility of the beam path within the bulk

hydrogel sample. Instead we estimate the local temperature changes using analytical and numerical

methods. We model the heat transport in cylindrical coordinates as diffusive with a heat source that
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is dependent on the local intensity:

∂u(r, z, t)
∂t

=
k
ρcP

(1
r
∂u(r, z, t)

∂r
+

∂2u(r, z, t)
∂r2

+
∂2u(r, z, t)

∂z2
)
+

2α
ρcP

I(r, z, t) (2.12)

Where u(r, z, t) is the temperature as a function of radial distance from the beam, distance along

the beam path, and time. k is the thermal conductivity, which was measured to be approximately 0.4

Wm−1 K−1 for similar gels[61]; ρ is the density of water, 1000 kgm−3; cP is the heat capacity of water,

4, 182 J kg−1 K−1; and α is the absorption coefficient, whichwas previously estimated to be about 800

m−1 (Table 2.1). I(r, z, t) is the intensity of the beam as a function of radial distance, distance along

the beam path, and time. For the purpose of estimation we assume that the beam is fully self-trapped

throughout the gel (its width does not changewith z) and that it is constant in time. The beam’s initial

input intensity I0 is determinedby thebeampower and thebeam intensity decreases exponentially due

to absorption, leading to the expression for the intensity:

I(r, z) = I0e
−r2

w2 e−αz (2.13)

Where w is the constant beam width, which we assume is 20 µm, and outside of the appropriate

z boundaries of the gel we assume that I = 0. On the front and back sides of the gel we model a 1

mm thick piece of glass, with a thermal conductivity of 1 W m−1 K−1. Fixed temperature boundary

conditions were used.

This problem was solved using Mathematica’s built-in finite-element solving methods. The simu-

lation results are shown in Figure 2.7. The maximum simulated temperature increase was found to

be about 3.6 K.

Changes in temperature affect the propagation of light through the thermal swelling/deswelling of
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Figure 2.7: Finite Element Modeling results of the steady state temperature increase in degrees K due to a self‐trapped
20 µm wide, 6 mW c.w. beam. The gel domain runs from z = 0 to z = 4 mm, with 1 mm of glass on both ends.
Temperature difference is fixed to zero at the boundaries. The maximum temperature reached occurs at about z = 0.2
mm and corresponds to an increase of about 3.6 K. Reprinted with permission from Chem. Mater. 2020, 32, 24, 10594–
10600[58]. Copyright 2020 American Chemical Society.

the hydrogel. The changes in swelling are related to the engineering strain e by

e =
( V
V0

)1/3
− 1 (2.14)

Using this we measure, near room temperature, an engineering strain of 0.43 %/K for poly(AAm-

co-AAc) hydrogels near room temperature (Figure 3.2). In the linear approximation the volume frac-

tion φ is related to the strain as φ = φeq(1 − 3e). Thus the dimensionless change in the volume

fraction of polymer ψ =
φ−φeq
φeq

= −3e, which is related to the refractive index by equation (2.9). The

refractive index in terms of the engineering strain is thus Δn = −3(np − ns)φeqe. Using np = 1.49,

ns = 1.33, and φeq = 0.4 we estimate a change with temperature of−0.0008/K for poly(AAm-co-

AAc).

What matters for light propagation is not the absolute change in refractive index, but rather the

local gradient. Thus, while the absolute change of around 4 K near the beam center is fairly large,

the temperature difference one beam radius (10 µm) away from the beam center is only about 0.5 K.

This leads to a local refractive index contrast that is smaller than but still comparable to the Δn due
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to spiropyran isomerization, suggesting that temperature effects likely play some role in single beam

self-trapping.

The situation is different for two beams. In this case the rotational symmetry is broken, so even a

small temperature gradient seen across the beam as a result of the other beam can lead to measurable

bending of the beam. The numerical model shown in Figure 2.7 suggests that at a distance about

200 µm away from the beam center the average temperature difference over 20 µm is about 0.025 K,

corresponding in poly(AAm-co-AAc) to a refractive index difference of about 2× 10−5, or a gradient

of about 1 m−1. We can estimate the beam bending that would result from this by considering the ray

tracing equation:

d
ds

[
n(⃗r)

d⃗r
ds

]
= ∇n(⃗r) (2.15)

Where r⃗ is the beam path, n is the spatially varying refractive index, and d/ds is the line derivative

along the beam. We assume that the beambegins propagating directly along the x axis and thatn varies

only along the y direction. Noting that, if θ is the angle between the beam direction and the x axis,

tan θ = dy/dx, then the equation becomes

d2ry(x)
dx2

=
n′(y)
n(y)

(tan2 θ(x) + 1) (2.16)

Where ry(x) is the y position of the beam as a function of x. Given that the beam bends by a

small amount over the distances considered, we can assume that tan2 θ(x) ≪ 1, which simplifies

the problem to that of a particle under a constant acceleration of n′(y)/n(y). The solution is thus

ry(x) =
n′(y)
2n(y)x

2. As mentioned previously, at a distance of about 200 µm from the beam center,

n′(y) ≈ 1m−1, andn ≈ 1.49. For apropagationdistanceof 4mmthis gives an approximatedeflection

in the y direction of about 5.4 µm, which corresponds very well to the observed deflections shown

in Figure 2.5. This shows that thermal effects drive the observed long-range interactions, and that
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thermal effects likely play a role in single-beam self-trapping in poly(AAm-co-AAc) gels.

2.3 Conclusions andOutlook

In this chapter we have laid the foundation for understanding the physical processes that lead to beam

self-trapping and beam interactions in spiropyran-functionalized hydrogels. We have identified that

the processes of photoisomerization and gel swelling/deswelling are sufficient to explain single beam-

self trapping dynamics, but that thermal transport and the gel’s thermal response are required in or-

der to explain relatively fast, long-range interactions between beams. Estimations of themagnitude of

these thermal effects suggest that theymayplay an important role in single-beamdynamics aswell, sug-

gesting that they must be considered in a full model of the nonlinear optical dynamics of spiropyran-

functionalized hydrogels.

This theoretical understanding is anecessary foundation for thedesign andoptimizationof spiropyran-

functionalized gel systems for future applications. While SP gels have a unique combination of desir-

able properties, including reversibility, low power requirements, and long-range interactions, they

also have a number of drawbacks compared to other nonlinear optical materials, such as a relatively

slow response (∼minutes) and significant optical loss (∼95% over 4 mm).

Both of these factors appear to be significantly limited by the spiropyran isomerization dynam-

ics. The poroelastic L2/D timescale for a 10 µm radius spot in these gels is approximately 5 seconds,

suggesting that the timescales of self-trapping and recovery are currently limited by the ring-closing

and ring-opening isomerization rates. Many different spiropyran chemistries have been evaluated in

an effort to optimize the photoisomerization and recovery rates[19, 17, 62, 63, 64], and these studies

suggest that theuse of optimized chromophores could significantly speedup the timescale of reversible

self-trapping in spiropyran-functionalized gels.

Optical loss, on the other hand, can be optimized by designing a spiropyran-functionalized gel sys-
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tem that exhibits a larger response to photoisomerization, and by choosing an excitation wavelength

that best balances chromophore absorption and the rate of isomerization. For example, all of the ex-

periments presented here use a 532 nm laser and acrylic acid based gels. The acidity of these gels results

in most of the spiropyran being present in the protonated ring-openMCH+ form, which has an ab-

sorption peak at about 430 nm[19, 10, 15, 65], far from the laser wavelength. It is the deprotonated

MC form that has an absorption peak of 530 that is primarily excited by the laser. The relatively low

concentration of MC means that absorption at this wavelength is low, but that can also potentially

lead to slower photoisomerization and a less complete isomerization of MC and MCH+ to SP. It is

possible that an excitation wavelength closer to the MCH+ peak could be optimized to find the best

balance between photoisomerization and absorption.

Another approach would be to use a sacrificial guide beam, such as a 532 nm laser, that is largely

absorbed, coupled with a signal beam at a wavelength that is not significantly absorbed. The signal

beam would see the refractive index profile created by the guide beam and would thus still be shaped,

but with minimal power loss[66].

A final approach to minimizing absorptive losses is simply to reduce the concentration of spiropy-

ran moieties in the system. Measurement of the magnitude of the gel contraction in response to irra-

diation with 532 nm laser light (Figure 2.8) yields an effective χsp of about 600 kPa M
−1, which is an

order magnitude larger than the value found by fitting the model of single-beam self-trapping to the

experimental data. This discrepancy is likely explained by the swelling effect of the local temperature

increase in the gels. This suggests that, in gels without this inhibitory temperature response such as

poly(NIPAAm-co-AAc), the concentration of spiropyran could potentially be reduced by an order of

magnitude or more, reducing absorption correspondingly.

Overall, applications will require the careful design and optimization of various aspects of the

system in order to fit particular requirements. Much of this can be accomplished by changing the

chemistry of the polymer backbone itself. The effects of the polymer backbone composition on self-
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Figure 2.8: Direct AFM measurement of light‐driven gel contraction. (A) AFM measurements of the change in the sur‐
face topology of a∼340 µm thick spiropyran‐functionalized poly(AAm‐co‐AAc) gel film before and after a 532 nm laser
is switched on. The laser is switched on as the AFM probe is at about 95 µm during the retrace, leading to the fast con‐
traction of the gel surface. The maximum decrease of the surface height is about 6 µm in this example, corresponding
to an engineering strain of about−1.8%. The gel is thin and immersed in water, so local temperature changes due to
absorption are expected to be minimal. (B) Change in the gel height at the center of the beam as the laser is switched
on and off. Green regions indicate when the laser is on. Large variability in height while the laser is on corresponds to
fluctuations in the laser power by several mW. Reprinted with permission from Chem. Mater. 2020, 32, 24, 10594–
10600[58]. Copyright 2020 American Chemical Society.

trapping and beam interactions are demonstrated in the next chapter, while the effects of the polymer

backbone on the spiropyran isomerizaton dynamics are explored in chapter 4.
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3
Designable Responsivity of

Spiropyran-Functionalized Hydrogels

In the previouschapterwe showed how the swelling of a poly(AAm-co-AAc) gel with increasing

temperature drives repulsive long-range interactions. Different gels compositions can lead to widely

different swelling responses to changes in temperature, such as in N-isopropylacrylamide (NIPAAm)
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based gels which contract with increasing temperatures and show lower critical solution temperature

(LCST) behavior. This suggests the possibility that design of the gel composition could significantly

affect the dynamics and interactions of self-trapped beams, paving the way for complex multi-beam

applications that could be used for optical computing or machine learning.

This chapterwill demonstrate how the effect ofmonomer choice on the gel’s temperature response

can be used to design nonlinear optical materials with tunable long-range beam interactions. We will

then go further and show how the designable ability of gels to respond to external conditions such

as temperature, pH, and electric fields, allows self-trapped beams to be externally controlled. Prior

to these experimental demonstrations, however, we will first explore the underlying reasons for why

spiropyran isomerization causes light-responsive swelling or contraction in hydrogels to begin with,

and how changes to the polymer composition may affect this..

3.1 Why are spiropyran-functionalized hydrogels light-responsive?

Spiropyrans and related chromophores are somewhat unique among light-responsive molecules in

that they can undergo a significant change in both charge and hydrophilicity, and can function as a

photoacid. In contrast, azobenzenes, another common light-responsive molecule, only undergo rela-

tively small changes in polarity and conformation[67, 68]. These three aspects of the spiropyran pho-

toisomerization (hydrophilicity, charge, and photoacidity) make spiropyrans an extremely versatile

class of molecules, eliciting either swelling or contraction of a hydrogel upon illumination depending

on a variety of factors such as environmental conditions, hydrogel composition, or whether or not the

spiropyran molecule is attached to the polymer network.

This dependence, and hence the ways in which spiropyrans affect gel swelling, is well-illustrated by

two similar experiments that produce very large and opposite results. Shi et al.[69] use awater-soluble,

sulfonated spiropyran molecule to trigger the reversible contraction of a pH-sensitive poly(AAm-co-
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AAc) hydrogel. Li et al.[62] use a similar water-soluble, sulfonated spiropyran molecule, but in their

experiment it is polymerized into thebackboneof aNIPAAmhydrogel immersed in an acidic solution.

Upon irradiation these gels swell by close to 100%. From these two experiments we see that nearly

the same spiropyran molecule can lead to completely opposite gel responses depending on the gel

composition and whether or not the spiropyran is attached to the polymer backbone.

We interpret these results based on the Flory-Rehner theory of gel swelling[70] and the theory of

swelling of weak polyelectrolytes[71]. In the Flory-Rehner theory the degree of swelling depends on

the competition between the entropy loss of polymer chain stretching and the entropy gain of mixing

between the polymer and the solvent. In the case of water as a solvent the hydrophilcity or hydropho-

bicity of the polymer is accounted for in the Flory-Huggins χ parameter, with more hydrophobicity

leading to less swelling. Thus in the case of spiropyran attached to the polymer backbone we would

expect the hydrophilic, charged, ring-openMC andMCH+ isomers to lead tomore swelling, and the

hydrophobic, ring-closed SP isomer to lead to more contraction. However, this cannot explain the

contraction of the gel observed by Shi et al.[69], as in their experiment the spiropyran is not attached

to the hydrogel and thus its hydrophobicity should have no effect on χ. This also cannot explain the

results of Li et al.[62], who observe a gel swelling upon the ring-closing isomerization of an attached

spiropyran moiety.

These results are instead explained by changes in the osmotic pressure induced by counterions

in weak polyelectrolyte gels. Polyelectrolyte gels contain charges directly on the polymer backbone.

These charges must be locally balanced in order to maintain electroneutrality, and often they are bal-

anced by the presence ofmobile counterions in solution. The ability formobile counterions to diffuse

outside of the polyelectrolyte network combined with the requirements for electroneutrality inside

and outside of the gel results in a difference in the concentration of mobile ions inside and outside of

the gel. These concentration differences create an ideal gas pressure that swells the gel. Thus increas-

ing the charge density of the polymer backbone leads to swelling, while decreasing the charge density
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leads to contraction of the gel.

Gels are pH responsive if the polymer charge density depends on the pH, such as in the case of

weakly acidic acrylic acid gels. This is themechanism for gel contraction in the unattached, sulfonated

spiropyran case[69]: MCH releases a proton when it is converted to SP− upon irradiation, which

lowers the pHandprotonates someof the carboxylic acidmoieties on the polymer backbone, lowering

the charge density and thus the mobile counterion osmotic pressure, resulting in gel contraction.

The polymer charge density can also be changed when the spiropyran moiety is directly attached

to the polymer backbone. Due to the negative charge on the sulfonate group the protonated ring

openMCH form is zwitterionic and electrically neutral, while the ring-closed SP− form is negatively

charged. Thus isomerization of MCH to SP− increases the mobile counterion pressure and causes

the gel to swell[62].

While the polyelectrolyte effects are most important for explaining the results of Shi et al.[69] and

Li et al.[62], our experiments with spiropyran-functionalized poly(AAm-co-AAc) hydrogels illustrate

the strength and importance of the change in hydrophilicty that accompanies the ring-closing isomer-

ization. In our case the positively-charged MCH+ isomer lowers the charge density of the polymer

backbone by balancing out some of the negatively-charged carboxylic acid groups. When the pH is

lowered during the photoisomerization ofMCH+ to SP the charge density is actually increased, since

the loss in positive charge is not fully compensated for by the protonation of some carboxylic acidmoi-

eties. This should lead to an increase in the counterion pressure, which should lead to gel swelling,

in contrast to our observations of light-induced contraction. The driving force of contraction in this

case must then be the increased hydrophobicity of the SP isomer compared toMCH+.

While self-trapping only requires small changes in the gel swelling, on the order of a few percent

or less, the magnitude of a gel’s response to light can be greatly increased by coupling it to a lower

critical solution temperature (LCST) or upper critical solution temperature (UCST) phase transition.

In this case the relatively small change in hydrophobicity or counterion pressure can shift the critical
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temperature above or below the environmental temperature, leading to a nonlinear change in the gel’s

swelling state. This is commonly done with NIPAAm based gels[72], but the versatility in the design

of LCST orUCST gelsmeans that it could be donewith a wide variety of gel types with a wide variety

of critical temperatures[73].

The combination of ways inwhich spiropyran photoisomerization and gel chemistry can affect the

swelling state of the gel provides a huge design space for spiropyran-functionalized light-responsive

hydrogels: they can be designed to swell or contract in response to light, the response can be small

or large depending on environmental conditions like temperature or pH, and it can be done with

spiropyran that is attached or diffusing.

Using these principles we propose a novel gel composition designed to lead to gel swelling in the

presence of non-attached spiropyran. In order for non-attached spiropyran to affect the gel swelling it

must be found predominantly in the protonatedMCH form in the dark, which requires an environ-

mental pH below the pKa of MC. However, in order for isomerization to cause gel swelling the gel

must havemoieties that become charged upon protonation, and that are not already fully protonated

at the dark pH, suggesting that they must have a pKa below the environmental pH.

One promising gel moiety is the aniline moiety, which has a pKa of about 4.6[74]. We devel-

oped a model that calculates the counterion pressure as a function of gel composition, spiropyran

isomer concentrations, external ionic strength, and external pH, based on the model of Doi et al.[71]

(See Appendix C for model details). As shown in Figure 3.1, this model predicts that a poly(2-(4-

Aminophenyl)ethylmethacrylate) (poly(APEMA))hydrogel containingunattached spiropyranwould

be expected to swell significantly upon irradiation under a wide range of external pHs, while acidic

gels and basic gels with higher pKas would not. Beyond being a novel light-responsive gel system, this

combination of light-induced swelling and spiropyran diffusibility could be used to create gels that

are able to form optical Turing patterns, which is explored in Chapter 5.
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Figure 3.1: Model results of the change in mobile counterion osmotic pressure due to isomerization of unattached
sulfonated spiropyran in different polyelectrolyte gels. A negative value of ΔΠ indicates gel contraction upon light ex‐
posure, while a positive value indicates gel swelling. The model assumes a solution ionic strength of 20 mM with varying
pH. Poly(AAc) and poly(2‐dimethylaminoethyl methacrylate) (poly(DMAEMA)) gels always contract upon radiation, while
poly(2‐(4‐Aminophenyl)ethyl methacrylate) (poly(APEMA)) can either swell or contract depending on the external solu‐
tion pH. The radically different behaviors of polycations poly(APEMA) (pKa ≈ 4.6) and poly(DMAEMA) (pKa ≈ 8.5)
shows the importance of having a gel monomer pKa that is below the pKa of MC (pKa ≈ 6.5).

.
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Figure 3.2: Temperature response of spiropyran‐functionalized poly(AAm‐co‐AAc) and poly(NIPAAm‐co‐AAc) hydrogels.
(A)Measurement of the swelling ratio of spiropyran‐functionalized p(AAm‐co‐AAc) hydrogel disks as a function of tem‐
perature. V0 is the initial volume at 20 ◦C before heating. Error bars show standard error with N=3. (B)Measurement of
the swelling ratio of spiropyran‐functionalized p(NIPAAm‐co‐AAc) hydrogel disks as a function of temperature. V0 is the
initial volume at 20 ◦C before heating. Error bars show standard error with N=2.

3.2 Designable Nonlinear Optics

Now that we understand the ways in which the polymer and the spiropyran work together to deter-

mine the gel’s response to light, we can apply this to design and tune the nonlinear optical response.

Given the importance of the gel’s thermal response that we identified in the previous chapter, one of

the simplest demonstrations of this designability is to use a NIPAAm based gel that contracts rather

than swelling with increasing temperature (Figure 3.2).

Figure 3.3 demonstrates how spiropyran-functionalized poly(NIPAAm-co-AAc) show similar be-

haviors in terms of self-trapping to poly(AAm-co-AAc) gels, but at greatly different incident beam

powers. While a 6mW single beam in poly(AAm-co-AAc) gels self-traps down to≈20 µm, a 6 µW in

the same material undergoes significant defocusing, reaching a maximum beam width of about 220

µm (Figure 3.3A). We hypothesize that this self-defocusing may be due to a relatively weak strength

of contraction due to very low levels of photoisomerization combined with still significant thermal

swelling, but this needs to be confirmed through further experiments or modeling.
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Figure 3.3: Comparison of single‐beam self‐trapping in spiropyran‐functionalized poly(NIPAAm‐co‐AAc) and poly(AAm‐
co‐AAc) gels. (A) Plots of beam width vs. time at high and low powers. We see that both AAm and NIPAAm based
gels can undergo full self‐trapping (beam width≈20 µm) and self‐defocusing (beam width>100 µm). (B) Images at
t = 300 s for each type of gel and each power shown in (A). Scale bars correspond to a length of 100 µm.

In contrast to theAAmbased gels, full self-trapping is observed for a 6 µWbeam in poly(NIPAAm-

co-AAc), while a 6 mW beam undergoes significant defocusing in the same gel, reaching a maximum

width of about 200 µm (Figure 3.3). We hypothesize that this reversal in beam behavior with power

may occur due to the reversal in thermal response of the gel: at lower laser powers there is no thermal

inhibition and even relatively small amounts of spiropyran photoisomerization can lead to gel con-

traction and beam self-trapping, while at high powers there is a large amount of photoisomerization

and thermal contraction over a large area, which leads to poor confinement of the beam. This simple

experiment demonstrates the potential of the wide design space for interactions between the spiropy-

ran isomerization and the gel’s response, which can be used to program in a range of nonlinear optical

responses, from self-focusing to self-defocusing, for a range of incident beam powers.

Long-range interactions betweenmultiple beams can alsobe rationally designedby changing the gel

composition. While spiropyran functionalized poly(AAm-co-AAc) gels showed repulsive long-range

interactions due to thermal swelling, a poly(NIPAAm-co-AAc) gel would be expected to potentially

demonstrate attractive interactions due to thermal contraction of the gel. However, it is important to

note that replacing AAmmonomers with NIPAAmmonomers changes more than just the response
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of the gel to temperature. It also has a significant effect on the equilibrium concentrations of spiropy-

ran isomers, the mechanical response of the gel to isomerization, and on the isomerization kinetics

(Chapter 4), all of which could affect interactions. However, none of these effects would lead to

repulsive interactions, so we expect to observe attractive or minimal interactions. Results of an exper-

iment involving two beams in poly(NIPAAm-co-AAc) hydrogel with a separation distance of 210 µm

are shown in Figure 3.4A-B. Indeed, we observe minimal interaction between the beams, in contrast

to the strong repulsive interactions seen in poly(AAm-co-AAc) hydrogels.

Whileweobserve long-range thermal swelling leading to repulsionbetweenbeams, short separation

distanceswhere there is overlap in the optical field of the beams is expected to lead to attractive interac-

tions, especially in cases where thermal effects are minimal. Attractive interactions between beams are

of great interest, as they can lead to the emergence of particle-like behavior, such as beam spiraling[75]

andmerging[25]. Attractive interactionswere not observed previously in the case of two 6mWbeams

separated by 25 µm in spiropyran-functionalized p(AAm-co-AAc) hydrogels (Figure 2.4), likely due

to the large thermal inhibition that results from doubling the incident beam power in a small area.

However, as we show here, spiropyran-functionalized poly(NIPAAm-co-AAc) hydrogels do not have

inhibitory thermal interactions, and are thus expected to display attractive interactions at short sep-

arations. Indeed, experiments with two beams separated by 25 µm in a poly(NIPAAm-co-AAc) gel

exhibit both spiraling and merging (Figure 3.4C-D). At early times (red color), there is one peak lo-

cated at (0 µm,0 µm). This peak quickly separates into two focused spots alignedwith the vertical axis.

Over time these peaks defocus and rotate counterclockwise around the original center peak. After a

rotation of approximately 90◦, at later times (blue color) the peaks merge into a single peak located at

about (−6 µm,−2 µm), with a less clearly distinguished peak at about (0 µm,4 µm). The blurring of

the beams and the lack of strong focusing in the final merged beam is likely due to the relatively slow

MCprotonation rate in the poly(NIPAAm-co-AAc) gels, which is on the order of hours (Chapter 4).

This means that, in the several-minute long experiment, as the beams move they leave behind regions
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of contracted gel that take hours to fully relax, leading to blurring and spreading of the incident light.

This behavior is in stark contrast to the mutual inhibition that occurs for two beams separated by 25

µm in spiropyran-functionalized poly(AAm-co-AAc) hydrogels (Figure 2.4), showing the critical role

that gel chemistry plays in beam behaviors.

3.3 External Beam Control

These results demonstrate how the polymer composition can be used to tune long-range interac-

tions between beams, in essence building towards the idea of all-optical computation based on light-

guiding-light[38]. However, gels can also be designed to respond to a wide variety of external stimuli,

including temperature, pH, electric fields, and magnetic fields[76]. If these external stimuli are non-

symmetrical then they can induce a swelling gradient across the hydrogel, resulting in a refractive index

gradient that can lead to beam bending in much the same manner of that observed in spiropyran-

functionalized poly(AAm-co-AAc) gels (Figure 2.5). This environmentally responsive beam bending

could potentially be used for applications ranging from sensing to optical computing devices that are

able to respond and interact with their environment.

We have demonstrated this concept with external thermal and electrical stimuli. To apply an ex-

ternal thermal gradient on a spiropyran-functionalized poly(NIPAAm-co-AAc) we placed the gel on

a PDMS shelf in a water-filled cuvette with an electric resistance heater adhered to the bottom (Fig-

ure 3.5A). Turning the heating element on leads to reversible diagonal bending of over 30 µm after a

delay related to the rate of thermal transport through the water and the distance between the gel and

the heater. This bending is completely reversible, with beams returning close to their original loca-

tion after the heater is turned off and with the same delay (Figure 3.5B). The observed change in the

beam’s center-of-mass was three times the 10 µm beam radius, indicating a large response to even a

small non-symmetrical temperature change.
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Figure 3.4: Two‐beam experiments in a spiropyran‐functionalized poly(NIPAAm‐co‐AAc) hydrogel. (a) Relative peak
intensity of two beams separated by 210 µm. Peak intensity does not appear to respond to changes in the second
beam. (b) Changes in the center of mass of each beam show no significant response to the other beam being switched
on or off. (c) For beams separated by 25 µm, initial repulsion followed by attraction was observed. At t = 60 s the two
beams are individually self‐trapped, while at t = 1200 s the same two beams have merged. d) The dynamics of two
close beams are shown by lowpass filtering the data and then tracking peak positions. Color indicates time through the
experiment, with red indicating earlier times and blue indicating later times. Arrows added as guides.
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Self-trapped beams in spiropyran-functionalized poly(AAm-co-AAc) gels were found to undergo

large, reversible bending in response to applied voltages of 8 and 2 V. Graphite foil electrodes were

placed above and on either side of a gel slab, with a separation distance of 8 mm, and immersed in a

10 mM solution of NaCl salt (Figure 3.6). Changes in the beam center-of-mass on the order of 20

to 30 µm were then observed when the voltage was applied (Figure 3.6B). Intriguingly, 8 V applied

horizontally leads almost entirely to vertical bending, while 2 volts lead to a combination of primarily

horizontal and some horizontal deflection. This may be attributed to two separate voltage-dependent

effects: local changes in pH due to the hydrolysis of water, and the migration of mobile counterions

due to the applied field[71]. A detailed analysis of the mechanisms and prediction of electrically-

controlled beam bending in SP gels is a promising area for future study.

Thus we have shown that both thermal and electrical stimuli can lead to significant beam bending

in both the direction of the applied stimulus and, surprisingly, orthogonal to that direction. This can

potentially be used for environmental sensors, where the degree of beam bending acts as a readout,

or all-optical logic and switching, where external control and guide beams to trigger different oper-

ations in a microfluidic or soft robotic system. Understanding what factors determine the direction

and magnitude of the beam bending response will be an important part of realizing these potential

applications.

3.4 Conclusions andOutlook

In this chapter we have elucidated the ways in which spiropyran isomerization and additional stimuli

interact with the polymer chemistry to trigger the swelling or contraction that controls light within

these materials. We demonstrate how the gel chemistry can be rationally designed to tune the nonlin-

ear optical response of SP gels, such as in poly(NIPAAm-co-AAc) gels that show short-range attractive

interactions and no long-range interactions, in contrast to poly(AAm-co-AAc) gels that show long-
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Figure 3.5: External thermal beam bending in spiropyran‐functionalized 1:1 poly(NIPAAm‐co‐AAc) gels. (A) Diagram of
the thermal beam bending experimental setup. Heating was done from below the sample to create a vertical temper‐
ature gradient across the gel. (B) A self‐trapped beam responds to the heating being turned off and on by translating
diagonally. The consistent delay between the heater being turned on or off and the beam response is related to the rate
of thermal transport between the heater and the gel. Total reversible diagonal translation of over 30 µm was observed.

Figure 3.6: External electrical beam bending in spiropyran‐functionalized poly(AAm‐co‐AAc) gels. (A) Diagram of the
electrical beam bending experimental setup. (B) A self‐trapped beam with an applied voltage of 8 V responds by trans‐
lating vertically by about 25 µm, despite the field being applied horizontally. (C) Under 2 V a self‐trapped beam bends
about 40 µm horizontally when the voltage is on, and then diagonally when the voltage is turned off.
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and short-range repulsion. Finally, we demonstrated how external environmental stimuli can be used

to create a large beam-bending response. The details of these beam bending responses are not well

understood and are an interesting area for future study.

While we have only shown thermal and electrical responses, gels can be made responsive to a wide

variety of additional external stimuli, includingmagnetic fields[77], salts[8], and evenbiomolecules[78,

79]. This tremendous design space provides a huge opportunity for combined optical-chemical sys-

tems with active feedback, with potential for soft-robotics or combined optical and microfluidic sys-

tems. For example, an aptamer-functionalized hydrogel could be made responsive to a particular

biomolecule of interest. While the swelling response of such gels is small compared to the collapsing

phase transition of traditional responsive gels, it is more than enough to cause beam bending. Thus

different biomolecular gradients could bend a beam into different waveguides, perhaps directing light

onto light-responsive microfluidic valves that could then control flow to indicate the outcome of a di-

agnostic test or to provide nutrients to a particular group of cells.

Nonlinear self-trapping is important in applications like this because themagnitude of beambend-

ing is proportional to the square of the path length. Thus longer path lengths lead to greater sensi-

tivity, but under linear optical conditions it will also lead to significant beam spreading and lower

peak intensity, which lowers sensitivity. This trade off is avoided in the case of the self-trapped beams

demonstrated here, whichmaintain a consistent beam size through long path lengths while also being

significantly responsive to external stimuli. Thus there is tremendous future potential for rationally

designed gels that combine a gel response to light and to another specific stimuli of interest. The effect

of changes to thepolymerbackboneneeded to create additional stimuli-responsiveness on the spiropy-

ran photoisomerization dynamics, and thus the nonlinear optical properties of the gel, is explored in

the next chapter.
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4
Photochemistry of

Spiropyran-Functionalized Hydrogels

The previous chapter has shown how the chemistry of the gel backbone can be used to make

SP gels responsive to a wide variety of different external stimuli, allowing for complex beam interac-

tions and external control of beams. However, changes to the polymer backbone can also affect the
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Figure 4.1: Schematic of the co‐monomers (acrylamide (AAm), acrylic acid (AAc), N‐isopropylacrylamide (NIPAAm),
2‐(dimethylaminoethyl) methacrylate (DMAEMA)) and chromophore isomers (ring‐closed spiropyran (SP), ring‐open
merocyanine (MC), protonated merocyanine (MCH+)) making up the hydrogels studied in this chapter.

isomerization dynamics of the spiropyran itself. The goal of this chapter is to better understand these

interactions and to identify important principles for designing the overall SP gel system.

We approach this by probing the isomerization dynamics in a variety of responsive materials us-

ing fluorescence microscopy and UV-vis spectroscopy. We study four different commonly-used hy-

drogel materials: thermally responsive N-isopropylacrylamide (NIPAAm) gels, pH responsive acrylic

acid (AAc) and 2-(dimethylamino) methacrylate (DMAEMA) gels, and nonresponsive acrylamide

(AAm) gels (Figure 4.1). These gels differ significantly in terms of charge, acidity, and hydropho-

bicity, all of which could affect the spiropyran isomerization dynamics. While significant work has

been done to understand the effects of modifications to the spiropyran moiety itself on its aqueous

photochemistry[19, 17, 62, 63, 64] and the effects of incorporation into a dense polymer matrix[80],

less work has been done to explore the effects that co-monomers in an aqueous hydrogel environment

have on spiropyran dynamics[65, 81].
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Figure 4.2: Fluorescence intensity dynamics under high‐intensity 561 nm light are well‐fit by a biexponential function
for all gel compositions, suggesting minimal photoisomerization of aggregates upon irradiation with 561 nm light.

4.1 Experimental Results

Spiropyran-functionalized hydrogels were prepared by free radical UV polymerization of a 40wt%

monomer (AAc, NIPAAm, AAm, or DMAEMA) and 0.49wt% acrylated spiropyran solution. We

used excitation wavelengths of 561 nm and 405 nm in order to separately excite theMC (λmax ≈ 530

nm) andMCH+ (λmax ≈ 430 nm) isomers. We observe that high-intensity (∼mW) irradiation with

561 nm light leads to biexponential photoisomerization kinetics (Figure 4.2), which is the expected

behavior for theMCH+/MC/SP isomerization system considered in previous work. We also observe

single exponential recovery in the dark (Figure 4.3), corresponding to the rate of ring-opening of SP

to formMC.

In contrast, high-intensity 405 nm irradiation leads to unexpected triexponential, non-monotonic

photoisomerization kinetics (Figure 4.4) and an unexpected increase in 405 nm and 561 nm fluores-

cence in the dark up to amonth after high-intensity irradiation (Figure 4.5). Triexponential dynamics
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Figure 4.3: Short‐term fluorescence recovery after high‐intensity irradiation (AAc: 405 nm; NIPAAm, AAm, DMAEMA:
561 nm) in spiropyran‐functionalized hydrogels. Solid red lines depict a single exponential fit to the experimental data,
and the rate constant of each fit is shown.
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Figure 4.4: Fluorescence intensity data (blue line) of a spot under high‐intensity 405 nm excitation in a poly(AAc‐co‐SP)
hydrogel. Inset shows the first 0.5 s to highlight the initial drop and then increase of intensity. The intensity profile is
non‐monotonic and is well‐fit by a triexponential function (red line). A mass‐conserving system comprised of only linear
isomerization reactions between SP, MC, and MCH+ cannot lead to triexponential dynamics.

cannot be explained by amass-conserving system comprised of only linear isomerization reactions be-

tween SP, MC, and MCH+, while the long-term fluorescence increases are not commensurate with

the relatively fast observed rate of fluorescence recovery due to the spontaneous ring-opening of SP

(Figure 4.3). Taken together, these results strongly suggest that an additional spiropyran-based species

exists in the spiropyran-functionalized gel system, and that it undergoes reactions predominantly at

longer timescales or under intense 405 nm irradiation. This is a significant departure from prior work

on spiropyran-functionalized hydrogels, which only consider isomerization reactions involving SP,

MC, andMCH+[10, 14, 15, 18, 16, 62, 19, 22, 82, 17].

Wehypothesize that this fourth species consists ofH-aggregatedmerocyanine stacks (H-MC)which

disaggregateupon exposure to intense 405nm light andwhich slowly reformat long timescales (Figure

4.6). Merocyanine dyes of all types are consistently observed to formH-aggregates, where the zwitte-

rionic dyes align their dipoles by stacking with opposite alignment, and J-aggregates, where positively

and negatively charged ends are joined such that all molecules have the same alignment[10]. In par-

ticular, H-aggregates have been identified in spiropyran pendant group homopolymers based on the

observation of an absorption peak blue-shifted from themainMCpeak that shows slower kinetics un-

54



Figure 4.5: Long term fluorescence and transmission of a spot after irradiation with focused, high‐intensity 405 nm
laser light. Contrast and brightness of images were adjusted for visual clarity using Mathematica’s built‐in ImageAdjust
function. Fluorescence of the irradiated spot is depressed immediately after high‐intensity irradiation, but in all cases
it increases in the days and weeks after irradiation. Data for poly(AAc‐co‐SP) gels show a strong increase in 405 nm
transmission immediately following irradiation, possibly due to the reduction in MCH+ and aggregates that absorb at
405 nm. This increased transmission decays over time along with the increased 405 nm fluorescence, while 561 nm flu‐
orescence continues to increase, which we hypothesize corresponds to the formation of relatively small H‐aggregates.
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Figure 4.6: The reaction scheme including H‐aggregated MC (H‐MC) that we propose to explain the observed triexpo‐
nential and long‐term dynamics. The labels for rate constants used in this work are written next to the corresponding
arrow, and violet‐colored rate constants (kMCH→SP and kHMC→MC) indicate a dependence on 405 nm light inten‐
sity, while green rate constants (kMC→SP) indicate a dependence on 561 nm light intensity. Inset shows a schematic
representation of H‐aggregated MC attached to a polymer backbone.

der visible light irradiation than theMCpeak[83, 84]. These polymers have alsobeendirectly observed

to crystallize into a zipper-like structure in which long stacks of H-aggregated merocyanines bind to-

gether two separate polymer backbones[85]. Light-responsive merocyanine H-aggregates have also

been identified in poly(DMAEMA-co-SP) hydrogels[65], but have not been observed in more acidic

gel environments.

We find further evidence for the existence of H-MC in the UV-vis spectra of aged spiropyran-

functionalized polymers. Figure 4.7A shows UV-vis spectra for linear poly(AAm-co-AAc-co-SP) dis-

solved in solutions buffered between pH 3.0 and pH 8.5. These spectra were taken between zero and

two hours after adding buffers to the respective polymer solutions. We observe peaks at 530 and 370

nm under neutral to basic conditions, which we ascribe to the MC isomer. An absorption peak at

430 nm arises as the pH becomes more acidic, identifying this peak as corresponding to the MCH+

isomer. These identifications align well with the previous literature[19, 10, 15, 65].

Figure 4.7B shows UV-vis spectra of the same solutions five days later. We observe that in the solu-

tions at pH 6 or higher the peaks at 430 and 530 nm disappear, being replaced instead with peaks at

around 370 and 470 nm. Wehypothesize that the peak at 470 nm represents a blue-shifting of the 530

nmMCpeak due to the formation of H-aggregates[65, 83, 84], while the 370 peak could correspond
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to a non-polar MC isomer[65], possibly suggesting the presence of microphase separation, or to the

cis-MCH+ isomer[86].

The aggregation hypothesis is further supported by considering the UV-vis spectra of spiropyran-

functionalized poly(AAm-co-DMAEMA-co-SP) gels where the spiropyran moieties are either singly

tethered as apendant group (Figure 4.7C)ordoubly tethered as a crosslinker (Figure 4.7D).DMAEMA-

based gels are strongly basic even at relatively low external solution pH, and correspondingly the only

observed absorption peak in the singly-tethered case is located around the proposed H-MC peak at

470 nm, with some shifting towards 430 nm as the external pH is lowered. In the doubly-tethered

case, however, we recover the peaks corresponding to MC andMCH+, and there is no evidence of a

peak at 470 nm. This is expected if the 470 nm peak corresponds to an aggregated form ofMC that is

bound to the polymer backbone, as the doubly-tethered spiropyran would not be expected to be able

to form aggregates due to the steric constraints on both ends of the chromophore.

4.2 AnalyticalModel of Isomerization Dynamics

Based on this evidence we propose the spiropyran isomerization scheme shown in Figure 4.6. We can

use this scheme to develop an analytical model for the spiropyran dynamics that will explain the non-

monotonic, triexponential dynamics under high-intensity 405 nm light. The isomerizaton network

can be described by a system of three coupled, linear ODEs:

d [MC]
dt

= −
(
kMC→MCH

[
H+

]
+ kMC→SP

)
[MC] + kMCH→MC

[
MCH+

]
+ kHMC→MC [HMC] + kSP→MC

(
SPtot − [MC]−

[
MCH+

]
− [HMC]

)
(4.1)
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Figure 4.7: UV‐vis Evidence of H‐aggregated MC in spiropyran‐functionalized hydrogels. (A) UV‐vis spectra of linear
spiropyran‐functionalized poly(AAm‐co‐AAc) polymers dissolved in buffered solutions with pH ranging from 3 to 8.5.
Spectra were taken between zero and two hours after adding buffer solutions to the polymer stock solution. We assign
peaks at 530 and 370 to MC, while we assign the peak at 430 nm to MCH+. (B) UV‐vis spectra of the same solutions
shown in (A) taken five days later. The 530 nm peak originally observed under neutral to basic conditions is now ob‐
served to blue‐shift to about 470 nm, which we assign to H‐aggregated MC. (C) UV‐vis spectra of linear poly(AAm‐co‐
DMAEMA) polymers with singly‐tethered spiropyran (inset) dissolved in buffered solutions of pH ranging from 3 to 8.5.
The three peaks observed in poly(AAm‐co‐AAc‐co‐SP) polymers are replaced by a single peak at about 460 − 470 nm,
even under acidic conditions. (D) UV‐vis spectra of poly(AAm‐co‐DMAEMA) polymers with doubly‐tethered spiropyran
(inset) dissolved in buffered solutions of pH ranging from 3 to 8.5. The single peak of singly‐tethered DMAEMA gels
is replaced by peaks at 370, 430, and 530 nm. We propose that this is due to the tethering constraints inhibiting the
aggregation of MC. Note that the observed 279 nm peak in all spectra is an artifact of leftover photoinitiator and does
not correspond to a spiropyran isomer.
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d
[
MCH+

]
dt

= kMC→MCH
[
H+

]
[MC]− (kMCH→MC + kMCH→SP)

[
MCH+

]
(4.2)

d [HMC]
dt

= −kHMC→MC [HMC] (4.3)

Where [MC] is the concentration of unprotonated ring-open merocyanine, [MCH+] is the con-

centration of protonated ring-open merocyanine, [HMC] is the concentration of merocyanine that

is contained within H-aggregates, and [H+] is the concentration of hydronium ions in the gel envi-

ronment. kX→Y is the rate constant corresponding to the reaction going from X to Y. Since the total

number of spiropyran molecules SPtot is conserved, the concentration of ring-closed spiropyran is re-

placed by
(
SPtot − [MC]−

[
MCH+

]
− [HMC]

)
. This system of equations can be written

d
dt
x⃗ (t) = x⃗ (t) Ŵ (4.4)

Where x⃗ (t) = {[MC] ,
[
MCH+

]
, [HMC]} is the vector of concentrations while Ŵ is the rate-

matrix

Ŵ =


− (kMC→MCH [H+]+kMC→SP+kSP→MC) kMCH→MC−kSP→MC kHMC→MC−kSP→MC

kMC→MCH
[
H+

]
−(kMCH→MC+kMCH→SP) 0

0 0 −kHMC→MC


(4.5)

The solution to this system of equations has the form

x⃗ (t) = x⃗eq + A1⃗c1eλ1t + A2⃗c2eλ2t + A3⃗c3eλ3t (4.6)

Where λi and c⃗i are the ith eigenvalue and eigenvector of Ŵ, x⃗eq is the equilibrium solution found
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Figure 4.8: Absorbance at 430 nm measured in solutions of linear polymers with attached SP as a function of buffered
solution pH. From this we estimate by eye a pKa of about 7 for MC.

by setting equations (4.1), (4.2), and (4.3) equal to zero, and A1, A2, A3, are constants determined

by the initial conditions. Initial conditions were set by having [HMC]init as an adjustable parameter,

setting kMCH→SP = 0 in the dark, andhaving the dark value of kMC→SP as a separate fitting parameter.

In order to fit this analytical solution to the fluorescence intensity observations we assume that the

fluorescence intensity is linearly proportional to [MCH+] with a fitted proportionality constant s. In

addition, the initial fluorescence intensity observed is consistently far lower than expected, possibly

due to a combination of system delay in the confocal microscope between the laser being turned on

and the beginning of data collection and self-quenching of the spiropyran fluorescence[87]. We ac-

count for this by not fitting the magnitude of the initial exponential,A1 from equation (4.6). The six

parameters used to fit the data are thus:

ξ⃗analytical = {sA2cMCH+,2, sA3cMCH+,3, λ1, λ2, λ3, sxMCH+,eq} (4.7)
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The tenparameters of thedynamicmodel are [H+],s, [HMC]init, kMC→MCH, kMCH→MC, kHMC→MC,

kMCH→SP, kMC→SP, kMC→SP,dark, and kSP→MC. The protonation and deprotonation reaction rates

are related by the estimated pKa of 7 (Figure 4.8). Consideration of the dependence of the eigen-

values on each parameter (Table 4.2) suggested that the fastest eigenvalue in all cases is completely

determined by the rate of MCH+ photoisomerization, while the slowest eigenvalues of DMAEMA

and AAc and the middle eigenvalue of NIPAAm and AAm are determined solely by the rate of disag-

gregation. Thus these reaction rates were set to the corresponding timescale of the triexponential fit.

Finally, the rate of spontaneous ring-opening was set to our previously measured values (Figure 4.3).

This leaves six independent parameters that were used for fitting:

p⃗ = {
[
H+

]
, s, [HMC]init , kMC→MCH, kMC→SP, kMC→SP,dark} (4.8)

In order to fit the analytical model parameters we first useMathematica’s built-in FindFit function

to find a triexponential fit to the first 12 (AAc) or 24 (AAm, NIPAAm, DMAEMA) seconds of the

normalized fluorescence intensity data for each hydrogel material. These fits have six parameters ξ⃗fit

corresponding to ξ⃗analytical of the analytical solution, ignoring the prefactor to the fastest exponen-

tial. Analytical model parameter fit were then acquired by minimizing the difference between these

parameters and the equivalent expressions from the analytical model using the error function:

E (⃗p) =
∑
j

 ξ⃗fitj − ξ⃗analyticalj
ξ⃗fitj

2

(4.9)

Abest fitwas foundby choosing500points randomly froma largepotential rangeof values for each

parameter, and thenusingMathematica’s built-in FindMinimum function to find the localminimum

subject to physically relevant constraints (e.g. 0 ≤ [HMC]init ≤ 1). The resulting best fit parameters

(lowest value of E (⃗p) found from all 500 starting points) for each gel are shown in Table 4.1, and the
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AAc NIPAAm DMAEMA

kMCH→SP (s−1) 102.691 101.492 101.299
kMC→MCH (s−1 M−1) 103.563 105.386 106.504
kHMC→MC (s−1) 10−0.773 10−0.245 10−0.886

kSP→MC (s−1) 10−3.7 10−1.9 10−1.501

kMC→SP (s−1) <10−1.5 10−1.570 100.294
kMC→SP,dark (s−1) <10−1.5 <10−3 10−0.690

pH 3.184 7.147 >7.5
[HMC]init/SPtot 0.21% 28.81% 34.98%
s 7.464× 107 123, 600 5.755× 108

Table 4.1: Full results of parameter fitting of the analytical model to the high‐intensity 405 nm fluorescence data. It was
observed that the values of some parameters had a negligible effect on the resulting fit so long as they were above or
below some threshold. These are shown in with a less than or greater than sign.

resulting fits are shown in Figure 4.9A-C. Separate parameters are not provided for AAm gels because

the initial fast increase in intensity is not commensurate with the model, while the slower dynamics

match very closely with the dynamics of NIPAAm gels, suggesting that the relevant parameters are

very similar between the two gels. It is unclear what causes the anomalous initial fluorescence increase

in AAm gels, although one significant difference between AAm gels and the other gels tested here is

that the AAm gels are opaque after polymerization, suggesting a large amount of microscopic phase

separation. It’s possible that irradiation could affect the opacity ormicrophase separation in away that

increases fluorescence. It is also possible for strong self-quenching to lead to an increase in fluorescence

in response to a decreasing concentration of fluorophore.

The mechanism behind each part of the triexponential dynamics can be illuminated by consider-

ing the elasticity of the eigenvalues with respect to each parameter, pidλi/λidpj, evaluated at the best

fit parameter values (Table 4.2). From this we see that in all cases the fasted eigenvalue, λ1, represents

the rate of light-driven isomerization of MCH+ to SP. For each gel there is always a timescale deter-

mined solely by the rate of H-MC disaggregation, and in AAc and DMAEMA this is found the be
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Figure 4.9: Example fits of 405 nm fluorescence observations from an analytical model incorporating aggregation and
disaggregation. (A) Analytical model fit to poly(AAc‐co‐SP) data. Fluorescence intensity is normalized to the maximum
value of the peak. Inset shows a magnification of the first 0.5 seconds. (B) Analytical model fit to poly(NIPAAm‐co‐SP)
data with poly(AAm‐co‐SP) data also shown. Fluorescence intensity is normalized to the maximum value of the peak.
Inset shows a magnification of the first 6 seconds. (C) Analytical model fit to poly(DMAEMA‐co‐SP) data. Fluores‐
cence intensity is normalized to the maximum value in the data. Inset shows a magnification of the first 3 seconds. (D)
Model results of the MC, MCH+, and HMC concentration as a percentage of the total chromophore over time in the
poly(AAc‐co‐SP) gel. The graph focuses on the dynamics of small amount of MC and H‐MC, while nearly 100% of initial
chromophore is in the MCH+ isomer. (F)Model results of the MC, MCH+, and HMC concentration as a percentage of
the total chromophore over time in the poly(NIPAAm‐co‐SP) gel. While the MCH+ concentration drops nearly to zero
very quickly, the MC concentration increases by nearly 50% before decreasing over the course of several minutes. (G)
Model results of the MC, MCH+, and H‐MC concentrations as a percentage of the total chromophore over time in the
poly(DMAEMA‐co‐SP) gel. The MCH+ concentration is near zero due to the strongly basic internal gel environment. All
model results use the parameters shown in Table 4.1.

the slowest timescale, λ3, while in NIPAAm gels disaggregation is the middle eigenvalue, λ2. The

third timescale of each gel is related to the equilibration of MC through either protonation (AAc),

ring-closing (DMAEMA), or a mix of both processes (NIPAAm).

In the AAc, AAm, and NIPAAm gels we observe a further and even slower decrease in the fluo-

rescence at times greater than 30-60 seconds that deviates from the triexponential model. We do not

believe that this corresponds to a photodegradation process, as no long-term decrease in fluorescence

is observed even after long periods of intense irradiation (Figure 4.3). We instead hypothesize that ag-
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AAc NIPAAm DMAEMA
λ1 λ2 λ3 λ1 λ2 λ3 λ1 λ2 λ3

λ (s−1) −485 −2.4 −0.17 −30 −0.57 −0.057 −20 −2.0 −0.13

kMCH→SP 1 0 0 1 0 0 1 0 0
kHMC→MC 0 0 1 0 1 0 0 0 1
kSP→MC 0 0 0 0 0 0.22 0 0 0
kMC→SP 0 0 0 0 0 0.47 0 1 0
kMC→MCH 0 1 0 0 0 0.30 0 0 0
[H+] 0 1 0 0 0 0.30 0 0 0

Table 4.2: Eigenvalues and their elasticity with respect to each parameter evaluated at the best fit values shown in Table
4.1. Note that parameters that do not have any effect on the rate constants (e.g. [HMC]init) are neglected, and values
below 10−1 were set to zero for clarity.

gregates may exist in a spectrum of sizes and configurations, and that this spectrum may have a wide

variety of disaggregation rates. This hypothesis has been suggested in the literature to explain similar

observations[80], but is not reflected in our current model.

This model can then be used to calculate the concentrations of all species as a function of time

during irradiation. The modeled concentrations ofMC,MCH+ andH-MC in AAc, NIPAAm, and

DMAEMA gels are shown in Figure 4.9D-F. In AAc and NIPAAm based gels we see that [MCH+]

drops down to essentially zero very quickly, reflecting the extremely fast light-driven isomerization of

MCH+ to SP. The concentration of H-MC also decreases monotonically, although at slower rate. In

contrast, [MC] increases by almost 50% in both gels before slowly decreasing towards the photosta-

tionary state. In AAc gels this increase in [MC] is insignificant due to the lower overall amount of

chromophore found in the MC isomer, but in less acidic gels like NIPAAm this effect is much more

substantial. This has important implications for the photoresponsiveness of these gels, as the MC

isomer is also highly hydrophilic, so an increase in [MC] may actually cause swelling, or will at least

counteract some of the contraction caused by the conversion of MCH+ to SP, leading to an overall

slower and lower magnitude response than in a more acidic gel with fewer aggregates. This may be an
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important part of why spiropyran-functionalized NIPAAm gels are found to have a larger and more

repeatable response to irradiation when a small amount of acrylic acid is also included[15].

Wepropose that aggregation dynamics can also explain the long-termfluorescence recovery dynam-

ics observed after 405 nm excitation (Figure 4.5). Immediately after excitation there is depletion of

both MC andMCH+ relative to the background, leading to relatively lower fluorescence from both

405 nm and 561 nm excitation. However, recovery of equilibrium between SP, MC, and MCH+

occurs on the timescale of minutes, leaving the formation of H-MC to be the only unequilibrated

process at longer timescales. It has been hypothesized that aggregation is a continuous process, start-

ing with smaller aggregates that form more quickly and are only slightly blue-shifted relative to the

MCpeak[80]. These smaller aggregatesmay fluoresce under 561 nm light, which is closer to their less-

shifted absorption peak, leading to the slowly increasing intensity of the irradiated spot in poly(AAc-

co-SP) under 561 nm excitation. The irreversibility of this process after one month suggests that after

light-driven disaggregation the system is not able to reform the large initial aggregates. We hypothesize

that these initial aggregates are possibly formed prior to polymerization, and so they may not be re-

coverable either due to the loss of unpolymerized spiropyran that was incorporated into the aggregate,

or due to thermodynamic barriers to the spontaneous formation of such aggregates by polymerized

spiropyran. Instead, our observations suggest the slow formation of smaller aggregates involving fewer

MCmolecules. Thismay also explain the reddening of bulk SP gels that occurs over several weeks post

polymerization (Figure 4.10).

4.3 Conclusions andOutlook

We have used confocal fluorescence microscopy to directly observe the isomerization dynamics of

spiropyran moieties in a variety of responsive polymer gel networks. The observed unusual non-

monotonic, triexponential fluorescence data cannot be explained by the MCH+/MC/SP isomeriza-
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Figure 4.10: Images of 10 mm wide 4 mm tall cylindrical spiropyran‐functionalized poly(AAm‐co‐AAc) gels taken over
two weeks after photopolymerization. Immediately after polymerization gels are bright yellow. Over the course of
two weeks they become orange and then red, possibly reflecting a gradual transformation of large, blue‐absorbing
aggregates into smaller green‐absorbing aggregates.

tion scheme considered previously in the literature. This suggests the existence of H-aggregatedMC,

which was further confirmed with UV-vis spectroscopy of dissolved polymers. By incorporating H-

MC into a model of spiropyran isomerization, we were able to fit the observed fluorescence dynamics

and to attribute each timescale to different isomerization processes. We found that there is an initial

fast conversion ofMCH+ to SP, followed by slower conversion of H-MC andMC to SP. This model

provides insight into the ways that co-polymerizedmoieties affect the spiropyran isomerization kinet-

ics, a topic that has received relatively little attention in the literature compared to direct modification

of the spiropyran moiety.

These results have important implications for the design and optimization of light-responsive hy-

drogels for small length scales, where the timescale of poroelastic diffusionmay be small. For example,

at the micron scale of microfluidics[19, 20, 18, 21, 22], porous hydrogels[16], or self-trapped beams

(Chapter 2), the timescale of poroelastic diffusivity can be seconds or less. In these cases the tens to

hundreds of seconds we observe to be required for complete photoisomerization even under high-

intensity focused laser light become limiting to the full photoresponse. Furthermore, fast, complete

reversibility is often highly desirable, in contrast to the slow rate of aggregation we observe.

Based on this we conclude that pH and aggregation are important factors to consider when design-

ing a multi-responsive spiropyran-functionalized hydrogel system. The importance of an acidic envi-
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ronment in achieving a large, reversible photoresponse has been demonstrated previously[15], and by

revealing the underlying reaction network we elucidate precisely how an acidic environment creates

a large equilibrium concentration of MCH+ and also aids in a faster conversion of all merocyanine

species into SP upon visible light irradiation.

Aggregation has not been previously suggested as an important factor in the photoactuation of

spiropyran-functionalized hydrogels. While aggregation adds further complexity and responsivity to

spiropyran-functionalized gel systems, it also may be undesirable due to significantly slower kinetics.

Thus, if aggregation is undesirable then modified spiropyran moieties that do not aggregate should

be used, such as doubly-acrylated spiropyran crosslinkers, or spiropyrans with modified linkages that

sterically impede aggregation. These design considerations are broadly important for the use ofmulti-

responsive spiropyran-functionalized hydrogels for applications in a wide variety of fields, including

microfluidics[19, 20, 18, 21, 22], soft robotics[23, 17], drug delivery[24], and nonlinear optics[14,

58].
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5
Spontaneous Pattern Formation in

Light-Responsive Gels

The previous three chapters have laid out a comprehensive foundation for the design of SP gels

as nonlinear optical materials. We have shown the relevant physical processes that lead to nonlinear

optical phenomena, and how rational design of the polymer and spiropyran chemistry can be used
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to add or modify different aspects of the gel’s response. In this chapter we will show, as an example

of what can be done using the foundational knowledge of SP gels laid out in this thesis, that a prop-

erly designed SP gel system has the potential to lead to the spontaneous formation of optical Turing

patterns.

Spontaneous pattern formation is ubiquitous in nonlinear optical systems, usually taking the form

of spatial modulation instability and corresponding beam filamentation[88, 89, 57]. In a typical spa-

tial modulation instability experiment a broad beam is shone on a nonlinear optical material. Small

variations in the local light intensity causes some regions to increase refractive index more than sur-

rounding regions, causing more light to focus in those areas, further reinforcing the local increase in

refractive index. This process causes the relatively uniform initial beam to spontaneously break up

into a disordered array of focused spots. These spots will be randomly distributed with a characteris-

tic length scale that depends on the strength of the nonlinearity and the intensity of the light[88, 89],

although external symmetry breaking can lead to very regular patterns[45, 47]. This phenomenon

has been used to create materials that can do basic computation through the interaction of beams

undergoing modulation instability[46].

Turing patterns[90], in contrast, are extremely rare in optical systems[43]. Turing patterns arise

when local nonlinear activation, such as what occurs in modulation instability, is combined with

long-range inhibition. This can lead to a wide variety of different patterns, from spots to stripes to

targets[91, 92], with well-defined characteristic length scales. Turing patterns have been suggested to

play a role inmany patterns andmorphogenic processes in nature[93, 94, 95, 96, 97, 98] and have been

shown to arise in a number of chemical reaction-diffusion systemswhere a difference in the diffusivity

between an activator species and an inhibitor species can be created[99, 100, 101, 91, 102, 103].

Spiropyran-functionalized hydrogels are a promising system for the rational design and control of

optical Turing patterns, which could be used to create reconfigurable, bottom-up photomasks for

large-scale surface patterning. The local isomerization of tethered spiropyranmoieties already leads to
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local activation and, as we show below,modulation instability. However, unlikemost other nonlinear

optical systems, SP gels combine reversibility with the potential for diffusive, long-range interactions

between beams. We will show that this has the potential to generate Turing patterns using relatively

simple, known chemistries.

5.1 Modulation Instability in SP Gels

We will start by considering the linear stability analysis of broad beams in spiropyran-functionalized

hydrogels, following the work of Bespalov and Talanov[88]. We consider the nonlinear paraxial wave

equation without absorption and with an intensity dependent Δn:

0 = ∇2
⊥A− 2ik

∂A
∂z

+ 2k2
Δn(|A|2)

n0
A (5.1)

Where A is the complex field amplitude, k is the free space wavenumber, n0 = n(|A0|2) is the

background refractive index, and Δn(|A|2) = n(|A|2) − n0 is the local refractive index change. We

can see immediately that A = A0 is a steady-state solution. We apply a small perturbation to the

solution, (A0 + a(x, y, z)), where a = a1 + ia2 such that a1 and a2 are real and |a| ≪ A0. This gives

us

0 = ∇2
⊥a− 2ik

∂a
∂z

+ 2k2
Δn(|A0 + a|2)

n0
(A0 + a) (5.2)

Focusing first on Δnwe can approximate to first order in a:
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Δn(|A0 + a|2) = n(|A0 + a|2)− n(|A0|2)

≈ n(A2
0 + 2A0a1)− n(A2

0) ≈ n(A2
0) +

dn
d|A|2

∣∣∣∣
A=A0

2A0a1 − n(A2
0)

= 2αA0a1 (5.3)

Where we have chosen A0 to be entirely real, and defined α as the change in index as a function of

intensity evaluated at A0. Using this in equation (5.2) and approximating to first order in a we end

up with

0 = ∇2
⊥a− 2ik

∂a
∂z

+
4k2αA2

0
n0

a1 (5.4)

We can split this equation into real and imaginary parts:

0 = ∇2
⊥a1 + 2k

∂a2
∂z

+
4k2αA2

0
n0

a1 (5.5)

0 = ∇2
⊥a2 − 2k

∂a1
∂z

(5.6)

and define the periodic spatial perturbation a1,2 = Re[a01,2e−i⃗k⊥ ·⃗r⊥−ihz]where k⊥ is the perturba-

tion’s wavenumber in the tangential directions, and h is the corresponding wavenumber in the direc-

tion of propagation. This results in the equations

0 = −k2⊥a
0
1 − 2kha02 +

4k2αA2
0

n0
a01 (5.7)

0 = −k2⊥a
0
2 + 2kha01 (5.8)
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We can define a0r = a01/a02 and divide both equations by a02 to get:

0 = −k2⊥a
0
r − 2kh+

4k2αA2
0

n0
a0r (5.9)

0 = −k2⊥ + 2kha0r (5.10)

We find the dispersion relation by solving these equations for h2:

h2 =
k2⊥
4k2

(k2⊥ − 4k2αA2
0

n0
) (5.11)

If we assume a nondimensionalized Kerr refractive index then Δn = |A|2n0/2 and α = n0/2. If

we also nondimensionalize such that k = 1 then this simplifies to

h2 =
k2⊥
4
(k2⊥ − 2A2

0) (5.12)

Which is what was found by Bespalov and Telanov[88]. We can rearrange equation (5.11) slightly

and define k2lim = 4k2αA2
0/n0:

h2 =
k2⊥
4k2

(k2⊥ − 4k2αA2
0

n0
) =

k2⊥
4k2

(k2⊥ − k2lim) (5.13)

In the case of our gels we showed in Chapter 2 that

Δn = (np − ns)φeqψ (5.14)

Where np and ns are the refractive indices of the polymer and solvent phases respective, φeq is the

equilibrium volume fraction, and ψ = (φ − φeq)/φeq is the normalized change in polymer volume

fraction. At the steady state this is related to the spiropyran isomerzation by
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ψ = κC (5.15)

C =
kf|A|2

kb + kf|A|2
(5.16)

κ =
χspf0φ

2
eq

λ + 2μ
(5.17)

Where kf|A|2 is the intensity dependent ring-closing isomerization rate and kb is the intensity-

independent ring-opening isomerization rate. λ and μ are Lamé’s first and second coefficients respec-

tively. f0 is the monomer fraction of isomerizable spiropyran and χsp is the effect of isomerization on

gel contraction. Overall this gives us

δn(|A|2) = (np − ns)φeqκ
Kr|A|2

1+ Kr|A|2
(5.18)

WhereKr = kf/kb. This gives us

Δn′(|A|2) = α =
Kr(np − ns)φeqκ
(1+ Kr|A|2)2

(5.19)

The k⊥ with the largest growth rate occurs at a minimum of h2:

dh2

dk2⊥
=

2k2⊥ − k2lim
4k

= 0 (5.20)

k⊥,max =
1√
2
klim (5.21)

A plot of k⊥,max for the parameter values shown in Table 2.1 is shown in Figure 5.1.
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Figure 5.1: Analytical linear stability analysis showing modulation instability in SP gels. (A) Plot of h2 vs. λ = 2π/k⊥
using the dispersion relation (Equation (5.13)) and the parameters from Table 2.1. Negative values of h2 result in modes
that grow exponentially. (B) Plot of most unstable wavelength λmax as a function of input light intensity |A0|2. The
strongest modulation instability and correspondingly the smallest characteristic length scale occurs at intensities on the
order of 105 Wm−2, much lower than those used in self‐trapping experiments in poly(AAm‐co‐AAc) gels.

The maximum growth rate as a function of intensity occurs when

dk⊥,max

dA2
0

= 0 (5.22)

Which we find occurs when

A2
0 = K−1

r (5.23)

Using the parameters in Table 2.1Kr ≈ 10−5 m2 W−1. This corresponds to an intensityA2
0 that is

about two orders of magnitude lower than the intensities used for self-trapping experiments. At this

value the most unstable wavelength is about 45 μm.

These calculations so far have neglected the effects of absorption. However, if the rate ofwavenum-

ber growth is less than the rate of decay due to absorption then modulation instability will be sup-

pressed. This can be shown using numerical calculations, as shown in Figure 5.2.

Wehave experimentally observedmodulation instability in spiropyran functionalizedpoly(NIPAAm-
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Figure 5.2: Numerical calculations of modulation instability in SP gels and the effect of absorption. (A) Numerical 2D
solution of Equation (5.1) using the parameters from Table 2.1 and |A0|2 = Kr. Modulation instability is clearly seen
to arise over the 4 cm simulation length. (B) Fourier power spectrum in the perpendicular direction at z = 0 mm and
z = 8 mm. The wavenumbers with the largest growth rate occur between 100,000 and 150,000 m−1, in agreement
with the analytical calculations (Figure 5.1). (C) The same numerical calculation but with an absorption coefficient of
800 m−1. This amount of absorption, similar to what was experimentally observed in our spiropyran‐functionalized
poly(AAm‐co‐AAc) hydrogels, effectively eliminates the modulation instability.

co-AAc) hydrogels, and the observed characteristic wavelength matches well with the estimate de-

rived above from the linear stability analysis (Figure 5.3). The linear stability analysis assumes that the

spiropyran isomerization and gel swelling are always at their steady-state solutions, which is unlikely

to be the case in experiments where we see the modulation instability arising and changing over time.
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The linear stability analysis also neglects absorption, which is significant in experiments and likely

leads to further differences between the two.

Figure 5.3: Experimental observation of modulation instability in a spiropyran‐functionalized poly(NIPAAm‐co‐AAc)
hydrogel. (A) Initial intensity on the exit face of the gel irradiated with a 600 µW, 1 mm wide beam of 561 nm laser light.
A random speckled pattern arises from scattering within the gel. (B) The same experiment 10 minutes later. Modulation
instability leads to the formation of a random array of bright spots with a characteristic size of about 30–60 µm. (C)
Growth of spectral components was found by dividing the radial average spectral power of each 2D Fourier compo‐
nent at 10 minutes by the corresponding spectral power at 20 s. A clear peak is seen in the range of 30–60 µm, which
matches well with the theoretical region of instability shown in Figure 5.1A.

5.2 A Theory of Turing Patterns in SP Gels

Wedevelop a theory ofTuring pattern formation in SP gels by adding a diffusing inhibitor to the linear

stability analysis shown in Section 5.1. The combination of local activation and diffusing inhibition

could be accomplished using both tethered and untethered spiropyran in an aniline-functionalized

poly(2-(4-Aminophenyl)ethyl methacrylate) (poly(APEMA)) based gel, as considered in Section 3.1.
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The light-induced change in hydrophobicity of tetheredmoieties will cause the gel to locally contract,

while the pH change due to the isomerization of untethered MCHwill cause swelling that is able to

diffuse away from areas of local high-intensity light. We canmodel this by considering the steady state

equation for a diffusing, light-driven isomerization separately from the light-driven gel contraction:

0 = D∇2
⊥C+ Kr|A|2(1− C)− C (5.24)

Wherewehave definedKr = kf/kb and D̃ = D/kb and thenhave dropped the tilde. In the spatially

homogeneous case where A = A0 we have the solution:

C0 =
Kr|A0|2

1+ Kr|A0|2
(5.25)

We assume that Cwill independently affect Δn, so equation (5.1) becomes:

0 = ∇2
⊥A− 2ik

∂A
∂z

+ 2k2
Δn(|A|2,C)

n0
A (5.26)

Applying a small perturbation c ≪ C0 in addition to a leads to a small perturbation in Δn:

Δn(|A2
0|,C) = f(|A2

0|) + g(C) ≈ 2αA0a1 + βc (5.27)

where

β =
dn
dC

∣∣∣∣
C=C0

< 0 (5.28)

Β is ameasure of the strength of the inhibition, related to howmuch the light-driven isomerization

of untethered MCH causes the gel to swell. Following the same process as in Section 5.1 we get the

system of equations:
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0 = −Dk2⊥c
0 + 2KrA0a01 − (KrA2

0 + 1)c0 (5.29)

0 = −k2⊥a
0
1 − 2kha02 +

2k2A0

n0
(2αA0a1 + βc0) (5.30)

0 = −k2⊥a
0
2 + 2kha01 (5.31)

With the resulting dispersion relation:

h2 =
k2⊥
4k2

[
k2⊥ − 4k2A2

0
n0

(α +
Krβ

1+ KrA2
0 +Dk2⊥

)
]

(5.32)

In contrast to modulation instability, which has a range of unstable wavelengths for any non-

zero intensity, this dispersion relationship can lead to the onset of instability at only a single critical

wavenumber, a Turing-type instability. By looking at the zeros of equation (5.32) we can see that the

onset of instability occurs when the only solutions are k⊥ = {0,±m} wherem is real. We can find

the requisite condition for this by solving the last term on the RHS of (5.32) for k2⊥ and considering

the quadratic formula. From this we can see that k⊥ will only have two distinct non-zero solutions if

k2⊥ has only one solution, which will occur when the radical part of the quadratic formula, b2 − 4ac,

is equal to zero. From this we see that the onset of instability occurs if

0 =
(
4αA2

0Dk2 + A2
0Krn0 + n0

)2
+ 16A2

0Dk2Krn0β (5.33)

And from the non-zero part of the quadratic formula solution to k2⊥ we can immediately see that

the critical wavenumber is

kc =

√√√√√
−Kr

β
α (1+ A2

0Kr − Kr
β
α )− (1+ A2

0Kr − Kr
β
α )

D
(5.34)
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This can be thought of as analogous to the k⊥ =
√
Kr/D relationship between critical wavenum-

ber, characteristic reaction rate, and diffusion rate, as seen in the Turing instability. By considering

that kc must be real and greater than zero we get the additional constraint:

Kr
β
α
≥ 1+ A2

0Kr (5.35)

Plugging in values from the modeling gives us α ≈ 5 × 10−10 W−1. Using Kr = 10−5 m2 W−1,

A2
0 = 105 Wm−2,D/kb = 10−9 m2 s−1, and β = −1.08× 10−3 results in a plot of h2 that has only

a very small window of instability:

Figure 5.4: Plot of h2 vs the perturbation wavelength for a system with a diffusing light‐activated inhibitor. In contrast
to modulation instability, where a large region of wavenumbers are always unstable, this system is able to undergo a
Turing bifurcation in which a single critical wavenumber become unstable. For the parameters use here this occurs at
λ ≈ 45 µm.
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5.3 Conclusions andOutlook

Wehave shown that adiffusing, light-activated inhibitor in spiropyran-functionalizedhydrogels should,

under the right circumstances, lead to a Turing-type instability. We hypothesize that this could be

experimentally realized in poly(APEMA) gel with both tethered and untethered spiropyran. The the-

oretical results developed here can be used to guide and interpret the experiments.

Experimental demonstration of designed Turing patterns in spiropyran-functionalized hydrogels

would open the door to a wide variety of exciting possibilities. Much of this thesis has been devoted

to demonstrating how SP gels are a platformwithmany different aspects that can be rationally tuned.

This tunability could then be applied to Turing patterns, where changes to the strength of activation,

inhibition, or the gel’s response to the environment could all affect the resulting patterns. Patterns

could also be sculpted with light, where spatial changes in light intensity or wavelength could lead

to spatially heterogeneous pattern formation. Altogether these techniques could be used to create

bottom-up photomasks for the creation of large-scale, microstructured surfaces.
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6
Conclusions and Outlook

We have demonstrated that spiropyran-functionalized hydrogels have the potential to be a designable

platform for nonlinear optics applications. The physical processes leading to nonlinear optical behav-

ior, including photoisomerization, gel poroelastic dynamics, and heat transfer, can be modeled and

used to predict behavior under a variety of conditions. Different gel chemistries can be used to change

relevant parameters, including the direction and magnitude of the photoresponse. Variations in the

spiropyran chromophore, such as whether or not it is untethered, singly tethered, or doubly tethered,
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can also be used to significantly change aspects of the gel’s response. This flexibility should make SP

gels a fruitful ground for future studies into the nonlinear optical dynamics of soft materials.

Despite this promise, several disadvantages of SP gels remain. One is the relatively slow timescale of

observed self-trapping, which occurs over the scale of minutes. Recovery also occurs on the timescale

of several minutes. While a several minute cycle time may be sufficient for use with slower physical

processes, such as sun tracking or chemical sensing, it is far slower than is desired for general all-optical

computer applications.

However, it is possible that further exploration and optimization could significantly improve the

speed of these dynamics. We have observed some indications of full self-trapping on timescales of<1

s, followed by defocusing and then slower re-focusing (Figure 6.1). This is commensurate with our

observations of fast direct photoisomerization (Figure 4.2), which occurs on a timescale of millisec-

onds. The severalminute timescale of slower self-trapping is also not set by the timescale of poroelastic

diffusion, which for a characteristic length scale of 10microns and an estimated poroelastic diffusivity

of 2 × 10−11 m2 s−1 is on the order of seconds. In terms of recovery, ter Schiphorst et al.[19] have

identified acrylated spiropyran monomers showing significantly faster rates of thermal ring-opening

than the spiropyran molecules used in this work. All of this suggests that there is space for vast im-

provement in the timescale of reversible self-trapping in SP gels.

Another significant disadvantage of the SP gels we utilize is the relatively high rate of absorption.

Over the 4 mm gel thickness used here to demonstrate self-trapping, about 96% of light intensity is

lost, which limits applications in which the output pattern or intensity may be used to trigger further

functions, such as cascaded logic gates in all-optical computing applications, or photopolymerization

in the case of dynamic, reconfigurable photomasks. This high degree of absorption also likely means

that the mW laser power at the input side of the gel may be higher than what is actually needed for

full self-trapping. Thus achieving robust self-trapping with lower absorption has many advantages.

The easiest way to achieve this would be to lower the concentration of spiropyran. Our AFM
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First Frame, t<1 s

Second Frame, t<2 s

Figure 6.1: Observation of self‐trapping on timescales<1 s. (A) First frame of a video of the exit face intensity of a
spiropyran‐functionalized poly(AAm‐co‐AAc) hydrogel with a 2 mW laser power. In the first frame (taken less than one
second after the beam is switched on) the laser is observed to be fully self‐trapped down to the 20 µm beam width.
(B) The second frame from the same video as in (A) showing that the beam has begun to defocus. (C) Plot of the beam
width and relative intensity for the full video including frames (A) and (B). The beam is observed to be fully self‐trapped
at the first data point, then it rapidly defocuses to a width of about 140 µm before slowly refocusing down to a 20 µm
width over several minutes.

experiments already suggest that the amount of light-driven contraction is more than what is needed

for self-trapping by at least an order of magnitude (Figure 2.8). Furthermore, modifications to the

overall system could significantly increase the amount of contraction caused by isomerization. For

example, we showed that the proton released by isomerization ofMCH+ actually increases the overall

counterion pressure and contributes to a swelling pressure that counteracts the contraction caused

by the change in hydrophilicity. This is true also of thermal swelling effects in poly(AAm-co-AAc)

gels. Careful design of the gel chemistry to eliminate both thermal and counterion swelling could

significantly enhance the gel’s contraction in response to light, requiring a lower concentration of

spiropyran to achieve the same degree of self-trapping, resulting also in lower total absorption.

Our experiments also suggest that much of the absorption of 532 nm light in older gels may be

a result of aggregates (Figure 4.7). These aggregates would be expected to display much slower pho-

tokinetics while contributing disproportionately to the amount of absorption. Thus inhibiting the
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formation of aggregates could greatly improve absorption while also potentially improving the re-

sponse time. We have shown that one way to do this is to use doubly-tethered spiropyran crosslinkers

(Figure 4.7). In the case of doubly-tethered spiropyran it is also possible that the conformational dif-

ferences between the ring-open and ring-closed isomers may lead to an additional contraction due to

themechanical response of the polymer network to shortened crosslinks[104, 10, 53, 105]. Exploring

the nonlinear optical behavior of hydrogels using doubly tethered spiropyran is a promising avenue

of future research.

The ability for hydrogels to be designed to respond to a huge variety of potential stimuli (Figure

6.2) is unique among nonlinear optical materials. This additional responsivity means that nonlinear

optical phenomena like self-trapping and spontaneous pattern formation can be coupled to environ-

mental stimuli, such as extremely low concentrations of specific biomolecules in the case of aptamer

functionalized gels[78]. Optical phenomena like beam bending are an ideal readout of very small

changes in gel swelling due to the extreme sensitivity to very small changes in the refractive index.

Using this principle one could imagine a simple sensing device made from properly functionalized

light-responsive gels and a commonplace 5 mW handheld green laser (Figure 6.3). Future extensions

of this idea may lead to low-power sensors for entirely-soft robotic systems or as interfaces with all-

optical computing systems. These devices may also find applications in microfluidics, where a small

change in biomolecule concentration could trigger the bending of a beam of light to actuate a light-

responsive microfluidic valve, providing a diagnostic signal or perhaps built-in feedback.

As a final idea for the future we envision that the bottom-up, tunable optical Turing patterns pro-

posed in Chapter 5 could be used as photomasks for the creation of large-scale microstructuredmate-

rials. Since the basic principles of nonlinear optics in SP gels should work also with white, incoherent

light, and the estimated intensities needed for pattern formation (∼105 Wm−2) are about two orders

of magnitude greater than solar intensity (∼103 Wm−2), some focusing or tuning of the spiropyran

kinetics could lead to such gels being used on a large scale with sunlight driving the pattern formation
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Figure 6.2: Hydrogels can be designed to be responsive to a wide variety of stimuli, including temperature[73], electric
fields[71], magnetic fields[77], humidity[106], light[15, 62], ions[8, 107], chemical reactions[108], and biomolecules[78,
79].

Figure 6.3: Schematic of a handheld sensor using a commonplace 5 mW 532 nm laser and a spiropyran‐functionalized
hydrogel and photodetector.
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process. This could lead to a photomask with micron scale patterns covered objects on the scale of

vehicles, airplanes, or even buildings.

Overall, the field of nonlinear optics in hydrogels is essentially brand new. Yet, already there are

myriad exciting directions for future study and potential applications. We hope that this thesis pro-

vides a foundation and a starting point for these future possibilities.
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A
Materials AndMethods

A.1 Materials

Acrylamide, acrylic acid,N-isopropylacrylamide, 2-dimethylaminoethylmethacrylate,N,N’-methylenebis(acrylamide),

N-isopropylacrylamide, dimethyl sulfoxide (DMSO), triethylamine (TEA), tetrahydrofuran (THF),

2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone, acryloyl chloride, trifluoroacetic acid (TFA),

acetonitrile, ethyl acetate, sodiumbicarbonate, (hydroxyethyl)methacrylate (HEMA), and hydrochlo-
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ric acidwere all purchased fromMilliporeSigma (Missouri,USA). 1’,3’,3’-trimethyl-6-hydroxyspiro(2H-

1-benzopyran,2-2’-indoline) (Acros Organics, New Jersey, USA) was used without further purifica-

tion.

A.2 Synthesis of acrylated spiropyran

Spiropyran acrylate monomer (1’,3’,3’-trimethylspiro[chromene-2,2’-indolin]-6-yl acrylate) was syn-

thesizedbasedonaproceduredescribedpreviously[20]. Briefly, 1’,3’,3’-trimethyl-6-hydroxyspiro(2H-

1-benzopyran,2-2’-indoline) was treated with acryloyl chloride and triethylamine in THF at 0 °C and

reacted for 15 h at 25 °C. The product was washed in ethyl acetate with saturated aqueous sodium bi-

carbonate solution andbrine. After the solventwas removed in a vacuum, ethyl acetate and a saturated

sodium hydrogen carbonate aqueous solution were added, and the aqueous phase was extracted with

ethyl acetate. The recovered organic phase was washed with brine, dried over anhydrous magnesium

sulfate and filtered. After evaporation of the solvent, the residue was purified by silica gel column

chromatography (1/6 ethyl acetate/n-hexane as an eluent) to obtain the acrylated spirobenzopyran

monomer. Product purity was checked with H-NMR.

A.3 Synthesis of spiropyran-functionalized hydrogels

The standard method we used to make spiropyran functionalized hydrogels was to dissolve 40% w/v

of the non-SP monomer in 4 : 1 v/v DMSO:deionized water. SP gels containing NIPAAm were

dissolved in pure DMSO rather than a mixture with water in order to avoid phase separation during

polymerization. To this solution, 2% w/v N,N’-methylenebis(acrylamide) was added as crosslinker.

Acrylated spiropyran monomer was dissolved in the pre-polymer solution at a concentration of 0.25

mol% of total monomer. 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone was added as a

photoinitiator and the hydrogel pre-polymer solution was dispensed into a rectangular aluminum
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mold (4 mm × 10 mm × 0.5 mm) and sandwiched between glass slides. The polymer inside of the

mold was cured under a UV lamp (60Hz, 3.5 A, 115 V, Blak-Ray, UVP, California, USA) at ambient

temperature for 5 minutes. Cured hydrogel samples were then immersed in a bath of deionized water

many times the gel volume to remove unreacted monomer and excess solvent. Samples were placed

into a petri dish with fresh DIW for experiments.

A.4 Synthesis of uncrosslinked linear polymers

Linear polymer solutions forUV-vis experimentswere prepared using the same recipe as for gels except

without any N,N’-methylenebis(acrylamide) crosslinker. Copolymers with acrylamide were made

with 40% w/v comonomers at a 1 : 1 ratio. Prepolymer solutions were dispensed into a glass vial

and degassed for at least 15 minutes. Subsequently, they were cured for 10 minutes under the UV

lamp. Photopolymerization resulted in a viscous liquid. Subsequently, 3 mL DIW was added to the

resulting polymers and the polymers redissolved in an orbital shaker overnight (16-20 hours) at 50 °C.

A.5 Optical experiments

A.5.1 Single beam

The optical assembly for single beam self-trapping experiments is shown in Figure A.1a. A continu-

ous wave diode-pumped solid-state laser (Thorlabs, Inc., New Jersey USA) was used as the excitation

source. The beam (λ = 532 nm) was collimated (L1, f = 2.54 cm) before passing through a λ/2 wave-

plate (W) and a polarizing beam splitter cube (C). It was then passed through an absorption filter (F)

and then through a focusing lens (L2, f = 2.54 cm). This produced a beam focused to a diameter

of∼20 µm onto the entrance face of a hydrogel sample within the sample cell (S). The profile of the

beam at the exit face of the samplewas imaged by a pair of planoconvex lenses (L3, f = 25.4mm; L4, f =

25.4mm; total magnification = 20x) onto a charge-coupled device (CCD) camera (1200 (H)× 1600

89



L1 W C

Laser
532 nm
c.w.

F

L2
S

L4

L3

F

CCD
a

F
L2
S

L4
L3

F

CCD

L1 W C

Laser
532 nm
c.w.

M

M

b

Figure A.1: a) Single beam optical self‐trapping experiment including the sample (S), a λ/2 wave plate (W), polarizing
beam splitter cube (C), absorption filters (F), biconvex lenses (L1‐L4) and a CCD camera. b) Double‐beam optical self‐
trapping experiment with additional beam splitter cube and mirrors (M).

(W) pixels, 7.4 µm (H) x 7.4 µm (W) pixel size; Retiga-2000R Colour Cooled, QImaging, British

Columbia, Canada). The camera was operated using the open-source µManager software, and im-

ages were analyzed using Python and Mathematica. As beams self-trap their peak intensity increases

significantly. Saturation was avoided by changing the exposure time of the camera during acquisi-

tion. Changes in exposure time were recorded and corrected for after acquisition. In all self-trapping

experiments, the beam diameter was measured at the exit face of the sample. Beam radius was calcu-

lated by counting the number of pixels with intensity greater than 1/e2 of the peak intensity and then

calculating
√
A/π where A is the area corresponding to the number of pixels.
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A.5.2 Two beam

Double beam self-trapping experiments were carried out on an optical assembly similar to the single

beam setup, but with the introduction of a second beam parallel to the first beam (Figure A.1b). The

output beam was passed through a λ/2 waveplate (W) and split into two beams using a polarizing

beam splitter cube (C). The λ/2 waveplate orientation was adjusted to change the ratio of intensities

between the twobeams. Thebeamswere directedbymirrors (M) and a secondpolarizingbeam splitter

cube, through a set of filters (F) and a biconvex lens (L2, f = 2.54 cm), which focused the beams to

a diameter of 20 µm onto the entrance face of the sample in the sample cell. The separation distance

between the focused beams could be adjusted using a linear stage to change the relative position of

one of the mirrors. The result was two orthogonally polarized beams of light with variable separation

at the entrance of the sample.

A.5.3 Glass split two-beam

Gels were prepared as described in Section A.3 except that the aluminum ring mold was cut into two

pieces. Between the two halves of the ring a 4 mm by 12 mm piece of #0 glass was sandwiched with a

small amount of silicone vacuum grease used to hold the assembly together. This mold was then filled

with prepolymer solution and sandwiched between two glass slides before being cured under a mer-

cury UV lamp. After curing the sandwiching glass slides were removed and the entire ring assembly

with glass divider was immersed in water for three days with the water being replaced every 24 hours.

After equilibration the gel shrinks slightly, and so a folded aluminum foil spacer is inserted to keep the

two halves of the gel pressed against the glass divider.
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A.5.4 Modulation instability

Experiments demonstrating modulation instability were conducted with 10 mm diameter by 4 mm

thick poly(NIPAAm-co-AAc) gel cylinders prepared as described in Section A.3. The experimental

setup was the same as the one used for single beam self trapping (Figure A.1a) except without the fo-

cusing lens L2. Thus the collimated∼1 mm wide beam was shone directly onto the gel to produce a

wide region of roughly uniform intensity. A beam power of 600 µm was used. Spatial Fourier trans-

forms of the resulting images were computed by taking a radial average of the 2D Fourier transform

of a the mean-corrected intensity image. Growth factor was then computed by taking the dividing

the spectral power of each Fourier component at 10 minutes by the corresponding spectral power 20

seconds after the beamwas turned on. Computation and image analysis were donewithMathematica

version 11.3.0.0.

A.6 Atomic ForceMicroscopy (AFM)

The contraction of spiropyran-functionalized p(AAm-co-AAc) hydrogels under an intense, focused

c.w. 532 nm laser was measured using a JPK Instruments NanoWizard 4a atomic force microscope

(AFM) with the C cantilever of an All-In-One AFM probe bought from BudgetSensors. A 532 nm

c.w. laser was collimated and shone into the camera port of a Leica DMI8 inverted optical microscope

upon which the AFM device was placed. Line traces of the gel surface were taken over the site where

the laser was focused, and the laser was switched off and on.

Total gel thickness was measured using an upright Zeiss LSM 700 confocal microscope by deter-

mining the height of the gel surface focal plane above the focal plane of its substrate, as demonstrated

in Supplementary Figure A.2. Linear contraction of the gel under laser light was then calculated by

dividing the change in thickness of the gel under intense laser light by the total gel thickness.
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Figure A.2: Measurement of gel film thickness using optical and fluorescence microscopy.

A.7 Swelling measurements as a function of Temperature

Pre-polymer solutionwas prepared according to themethod in SectionA.3. A negative polydimethyl-

siloxane (PDMS)moldpatternedwith small (10-100smicronwidth) and thin (<10microns) cylinders

was prepared using a preexisting patterned silicon wafer. Thin samples were desired for their rapid

equilibrium timescale, while regular shapes were desired to simplify length/radius measurements. A

small volume (∼6 µL) of pre-polymer solution was deposited onto the mold and covered by a glass

slide. The solution was cured directly in the mold for 5 minutes under a UV lamp (60 Hz, 3.5 A,

115 V, Blak-Ray, UVP, CA, USA). The mold was then immersed in deionized water to release the gel

samples.

For all measurements, the temperature was manually adjusted using an Instec STC 200 tempera-

ture controller. During experiments, the gels were contained in a sample holder consisting of a custom
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3.8 cm× 3.8 cm× 0.6 cm aluminum block with a 1.3 cm diameter hole through its center. The alu-

minum block was sandwiched between two glass slides adhered on each side of the hole with vacuum

grease, thus creating a sealed, transparent well in which the samples could be deposited and equili-

brated in deionized water. The sample holder was placed under a Zeiss LSM700 confocal microscope

on a stage connected to the temperature controller. The temperature was adjusted at regular intervals

(5 °C). Corresponding images of the gel samples at each temperature setpoint were captured using a

compatible software (ZEN Black 2011).

The radius measurements were obtained by first processing the image using a Gaussian filter, fol-

lowed by applying Hough circle transform provided by the OpenCV Python library. The function

performs edge detection, then determines a circle center and calculates a radius. For each image set,

an appropriate set of parameters (minimum and maximum radius, distance between circles, edge in-

tensity, etc.) was used. As these gels swell isotropically, the swelling ratio is S = [r(T)/r(T0)]
3 ,

where S is the swelling ratio, r(T) is the radius at temperature T, and r(T0) is the radius at the initial

temperature.

A.8 UV-vis

Buffer solutions for absorption measurements of the linear polymers were prepared at 0.2 M using

appropriate amounts of citrate buffer for the pH range 3 to 6, and phosphate buffer for the pH range

6 to 8.5. These buffers were adjusted to their final pH with aqueous sodium hydroxide or hydrogen

chloride solutions. Solutions of linear polymers were freshly prepared by diluting 35 µL of polymer

solution in 2mLof 0.2MpHbuffers. UV-vis spectra were obtained on anAgilent 8453UV-vis diode

array spectrophotometer equipped with a Peltier-based temperature-controlled cuvette holder (Agi-

lent). Samples were prepared from deionized water and measured in cuvettes (disposable PMMA cu-

vettes) of 10 mm pathlength. Spectra were baseline corrected for their absorption at 700 nm. UV-vis

94



spectra of linear polymer solutions were normalized with respect to their absorption at 279 nm (Ir-

gacure 2959). Data-analysis was performed using GraphPad–Prism, R (https://www.r-project.org/)

and Spectragryph software.

A.9 Confocal FluoresenceMicroscopy

Allmeasurementswere taken on aZeiss LSM710 confocalmicroscope. Gel sampleswere immersed in

deionizedwater in a polystyrene petri dish, and a 10x Zeiss water immersion lenswas used for imaging.

For an excitationwavelength of 561 nmwemeasured fluorescence intensity in awindowof 625 to 675

nm,while for 405nmexcitationweuse awindowof 525 to 575nm, corresponding to the fluorescence

emission of MC and MCH+ respectively. Excitation and fluorescence measurement can be done

either in a single focused spot, or scannedover an area, and the excitationpower canbe controlled from

µW tomW. For experiments we used two different intensities: a high-intensity to observe light-driven

isomerization dynamics, and a low-intensity with short exposure times to observe dark thermally-

driven isomerization dynamics. High-intensity experiments correspond to a power of 5.5 mW for

561 nm light and 4.7 mW for 405 nm light. Low-intensity experiments used a power of 9.1 µW for

561 nm light and 5.6 µW for 405 nm light. Laser power wasmeasuredwith a PM120D Si photodiode

power sensor (Thorlabs).
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B
Poroelastic Diffusivity Measurement

The poroelastic diffusivity of the spiropyran-modified p(AAm-co-AAc) hydrogels was measured us-

ing the method described in Hu et al[56]. Briefly, this method involves indenting a bulk hydrogel

sample immersed in water and measuring the force relaxation over time. We used a cylindrical punch

of radius 559 µm. For a cylindrical punch the given empirical formula used to solve for the poroelastic
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Figure B.1: Measurement of force over time for a constant indentation with a cylindrical punch of radius 559 µm. The
blue line shows a fit of equation (B.1)

.

diffusivityD is:

F(t)− F(∞)

F(0)− F(∞)
= 1.304e−

√
Dt
a2 − 0.304e−0.254Dt

a2 (B.1)

Where F(t) is the force as a function of time t, and a is the radius of the cylindrical punch. We fit

equation (B.1) to the forcemeasurement datawithD and F(∞) as free parameters usingMathematica

version 11.3.0.0’s built inNonlinearModelFit function. The best fit value ofDwas found to be 1.8×

10−11 m2 s−1, and the fit is shown in Figure B.1.
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C
Model of Counterion Pressure inWeak

Polyelectrolytes

Wedeveloped amodel that calculates the counterionpressure as a functionof gel composition, spiropy-

ran isomer concentrations, external ionic strength, and external pH, based on the model of Doi et
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al.[71]. In this model the counterion osmotic pressure Π is defined as:

Π
RT

=
∑
i
(cig − cis) (C.1)

Where cig is the concentration of the ithmobile counterion in the gel, and cis is the concentration of

the ithmobile counterion in the external solution. R is the gas constant andT is the temperature. The

mobile species we consider are a cationic saltA, an anionic saltB, protonsH, hydroxylsOH, and in the

case of untethered, sulfonated spiropyranwe have the negatively charged ring-openmerocyanineMC

and the ring-closed spiropyran SP. The Donnan equilibrium theory describes how the immobility of

the fixed polyions in the gel leads to the formation of an electric double layer at the gel boundary and

a corresponding potential drop Δψ. This potential is related to the difference in ion concentrations

by

cig
cis

= e−ziΔψ (C.2)

Where zi is the charge of the ith mobile counterion. We can also write the charge neutrality condi-

tion for the solution phase

cAs + cHs = cBs + cOHs + cMCs + cSPs (C.3)

and the gel phase

cAg + cHg + zmcm + zmHcmH = cBg + cOHg + cMCg + cSPg (C.4)

where zm is the charge of themth unprotonated polymermoiety and cm is the concentration of the

mth unprotonated polymermoiety, whilemH corresponds to the protonated form. The protonation
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equilibrium of each moiety is determined based on the Ka:

Ka,m =
[m][H+]

[mH]
(C.5)

The water dissociation andMC protonation equilibria are

Kw = [OH−][H+] = 10−14 (C.6)

KMC =
[MC][H+]

[MCH]
(C.7)

Weuse a pKa of4.5 for carboxylic acidmoieties[109], 6.5 forMC(Figure 4.8), 8.6 forDMAEMA[110],

and 4.6 for aniline moieties[74]. Finally, the total number of polymer moieties of each species is con-

served:

cm,total = cm + cmH (C.8)

The equations (C.2) through (C.8) allow us to solve for each cig, cm, and cmH given the set of cis.

The pH of the external solution is set by the difference between cAs and cBs, while the effect of light is

imposed by setting cMCs, cMCHs, and cSPs. For simplicity we assume a total spiropyran concentration

of 14mM, and that all spiropyranmolecules exist asMC orMCH in the dark, while there is complete

conversion to SP upon irradiation. Once the concentrations of all species within the gel are known

the osmotic pressure can be calculated using equation (C.1). ΔΠbetween light and dark is then deter-

mined assuming that both systems are at the same temperature. Results for gels in solutions of varying

pH and an ionic strength of 20 mM are shown in Figure 3.1. The concentration of carboxylic acid,

amino, or aniline moiety in each gel is set to be 100 mM.
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