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Featured Application

Any application that uses high light intensities that damage the device, such as lasers and
all-optical switches, would benefit from self-healing materials. These include but are not
limited to high-power solid- state dye-doped polymer lasers, single-mode polymer fiber
lasers, all-optical waveguide switches based on the Kerr Effect of a guest-host polymer,
Nonlinear optical devices for signal processing, and Organic light-emitting diodes (OLEDs)
and displays.

Abstract

Chromophore domains were proposed in a previous work as the mediators of self-healing
of optical properties in dye-doped polymers. A statistical mechanical model based on
domains matches all observed self-healing dynamics as a function of dye concentration,
temperature and light intensity. This suggests that domains are responsible. However, there
is no direct observation of domains, nor has their physical morphology been determined.
This work reports the first observation of domains in a self-healing polymer using resonant
soft X-ray scattering (RSoXS), which gives a domain size in the range of 39.3 Å to 62.8 Å.
This range includes the domain model’s prediction of an average domain size of roughly
30 molecules, which is about 56 Å, if the molecules form a loosely packed ball. X-ray
scattering of samples of concentration spanning from neat polymer to the saturation
limit of disperse orange 11 (DO11) dye in poly(methyl methacrylate) (PMMA) polymer
shows domains in the expected size scales, with the mode of the effective scattering width
varying little with concentration. However, for constant domain shape, the mode peak
would decrease in q with increasing concentration, according to the domain model. This
work suggests that the domain shape might change with concentration, which warrants
further investigations of domain topology and geometry. The important evidence pre-
sented in this work is the direct experimental observation of domains, which is central to
self-healing models.

Keywords: self-healing materials; dye-doped polymer; reversible photodegradation;
material hardening; molecular domains; anthraquinone dyes; hydrogen bonding; X-ray
scattering; thin films
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1. Introduction
1.1. Background

Organic dyes incorporated in a solid polymer solution, called a dye-doped polymer,
are versatile nonlinear optical [1] and lasing materials [2–7] with significant tunability
due to the broad range of dopant dyes available [8]. Dye-doped polymers are also easy
to process into thin films [9] and polymer optical fibers [10], making them well suited
for fabrication into solid-state components that allow for a wide range of applications,
from fiber optics to optical technology and data storage. They can also be formed into
self-healing complex lasing structures [11], elastomeric switches [12], and shape-memory
mechanosalient molecular crystals [13]. Notably, self-healing can be triggered with light [14].
There is no unified theory of self-healing, but rather the material systems chosen are based
on intuition and trial end error. The work here is the first step into producing such a
model. Our model applies to a broad range of materials, so it has promise in unifying
these apparently disparate material types [15–17] and configurations. This study also
complements work performed by chemists who have characterized dye-doped polymer
photochemistry [18].

Lasing and nonlinear optical applications require high light levels that are often near
the polymer damage threshold. As a result, most polymeric materials photodegrade over
time, which is typically an irreversible process that renders the material unusable [19–37].

Previous work focused on mitigating photodegradation at high power outputs. For in-
stance, materials can be prepared with higher damage thresholds, or dopant molecules
can be redesigned for increased nonlinear/lasing efficiency, thus decreasing the required
input light intensity. However, it is often found that increased optical nonlinearity/lasing
efficiency originates in the unimpeded movement of electrons over long distances within
the dopant molecules, which also decreases the molecules’ damage threshold [21–35,38,39].
The most promising approach to increase the damage threshold is through materials pro-
cessing to remove singlet and triplet oxygen [40] to reduce impurities that convert absorbed
light to heat, which damages the material. Unfortunately, this painstaking approach does
not lead to significant enough improvements for high-intensity applications.

Self-healing is another way to improve resistance to photodegradation. This phe-
nomenon was serendipitously discovered when a sample’s amplified stimulated emission
(ASE) was re-measured after photo-induced damage in a prior experiment, where it was
observed the ASE had improved dramatically, indicating self-healing [41]. The overall goal
of this series of studies has been to improve our understanding of this self-healing process.

Simple population dynamic models of photodegradation and healing [42–44] predict
decay and recovery dynamics in a broad range of optical phenomena including in ASE [44],
fluorescence [3,4], imaging [19,45,46], white light interferometry [47], and applied electric
fields [42]. In addition, decay and recovery dynamics are functions of dye concentration,
temperature, and time.

All models that predict the measured population dynamics posit that molecules within
domains of healthy dyes heal faster and photodegrade at a lower rate in inverse proportion
to the number of molecules in a domain. These domain models also explain why the
self-healing rate decreases at higher temperatures, since higher temperatures result in the
thermal breakup of domains [43,44]. While these models are useful, they describe domains
whose morphology is unknown and of which no direct observations have been made.
The purpose of this paper is to use RSoXS experiments to test the hypothesis that there are
physical domains of DO11 molecules in PMMA polymer as predicted by domain models.
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1.2. Approach

For the RSoXS experiment, an X-ray wavelength that is resonant with the dopant
DO11 molecules was chosen. Therefore, observed scattering features indicate the presence
of the dopant and not the presence of the polymer host, which is demonstrated by contrast
functions described later. This measurement showed that the scattering intensity increased
with increased dopant concentration, which confirms the signal was indeed from the
dopant molecules. Furthermore, subtracting the neat PMMA scattering signal from the
dye-doped sample scattering signal nulls other possible sources of scattering from the
polymer. These techniques together establish that the observed scattering originates from
DO11 molecules. In addition, a peak in the scattering data gives a measure of the size
scale of the molecular aggregates, which we will see is corroborated by the domain model
predictions of self-healing given some simple constraints.

1.3. Motivation

The self-healing process described here is an uncommon phenomenon. The vast
majority of the existing research using this keyword is studying one of many entirely
different processes [48–51]. This leads to confusion on the nature and audience of this work,
necessitating the following explanations.

The following sections will discuss important points to appreciate about the moti-
vation of the work and the significance of the results. Section 1.3.1 briefly describes the
common mechanisms and explanations of self-healing that were eliminated. Section 1.3.2
summarizes the observed behavior for which the most consistently suitable explanation is
domains. Section 1.3.3 describes the nature and purpose of the physical experiment that
is performed in this study to broadly characterize the domains that are predicted by the
domain model.

1.3.1. Ruling out Mechanisms

There are multiple hypotheses that might explain the observation of a decrease in a
material’s functionality, such as light-emitting efficiency under high-intensity illumination,
that would also be reversible. Most hypotheses have been ruled out: the diffusion of
molecules away from the hot spot induced by the pump light [52], which is not observed
by direct imaging [45] or second harmonic imaging [53]; the reorientation of molecules
under polarized light, which is not observed with dichroism [54]; and proton transfer or
twisted intramolecular charge transfer [18,55,56]. For proton transfer, tautomers may play
a role in the self-healing process, but the process is more complex than a simple conversion
between two tautomers.

1.3.2. Observed Behavior

Observations imply the photodegradation and recovery pathways are not simple
single-mechanism processes. Characterization studies that led to this conclusion consider
thermal activation, concentration dependence, and the role of the polymer host in self-
healing. These considerations, including general optical properties and empirical healing
data, among others, are the motivating factors for the hypothesis that domains are responsi-
ble for healing, laser hardening during cycling, and for the mitigation of photodegradation.

The rates of most reactions increase with temperature, as should self-healing if it is a
similar process [57]. If the damaged species is of higher energy than the undamaged one,
then its lifetime will be determined by either the thermal or quantum tunneling rate through
a barrier. Increased temperature increases the dopant molecule’s energy, making it more
likely that it will overcome the barrier energy, thus increasing its recovery rate. However,
DO11-doped PMMA shows a decreased rate of recovery at increased temperature [44].
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This observation suggests that associations of dopant molecules might be responsible
for self-healing, since if domains are broken apart by thermal energy greater than the bind-
ing energy, the recovery rate will decrease due to the loss of the domain’s protective effect.

The recovery rate is observed to be higher, and the decay rate lower, with higher
concentration of DO11 molecules [43,44]. This behavior is consistent with the thermody-
namics of domain formation in a condensation-type process, where larger domains form
with a higher concentration. Furthermore, the healing process is most pronounced when
the dyes are at the saturation limit of solubility in PMMA polymer, and samples made by
polymerizing a solution of DO11 dye in MMA—the monomer that makes PMMA polymer
when linked—heal faster and are more resistant to photodegradation compared to those
made by spin-coating a solution of PMMA and DO11 in solvent. This suggests that the
polymerization process may enhance DO11 domain formation by concentrating molecules
in the ever-decreasing portions of MMA.

PMMA doped with DO11 self-heals, but DO11 in aqueous solution with MMA does
not heal [2,41,58]. The PMMA polymer host thus appears to be an important part of the
self-healing process, which is consistent with the polymer immobilizing the molecules in
a domain, while in liquid form, the domains are smaller or do not form. Additionally,
the change in the absorption spectrum in the decay process is different in MMA versus
PMMA, further buttressing the hypothesis that the decay processes are different.

These observations and more than two decades of research result in a general model
that fits all data [43,44]. Central to these models is the hypothesis that dyes embedded
within a domain are partially protected from damage and heal at a higher rate. The original
model [43] posits that the recovery rate depends on the number of undamaged molecules
in a domain, while in the newer Correlated Chromophore Model (CCM), which fits the
data more precisely, the recovery rate depends instead on the domain size [44]. This
is consistent with observations that total normalized recovery of the ASE efficiency can
increase under the right conditions, as damaging the molecules may not remove them
from the domains. This can be cycled to refine the sample further [20]. The effect of the
addition of nanoparticles on this process has also been studied by Anderson et al. [20,59,60].
Copolymers of PMMA and ester-containing polymers also show this enhancement [61].

The CCM posits dyes are found within a distribution of tightly packed clusters of
molecules, ranging in size/number from one (uncorrelated molecules) to the total available
number of dye molecules, where the number of dye molecules in a domain is distributed
according to a statistical mechanical cluster condensation model. The observations of
healing and recovery thus depend on the thermal size distribution of these domains, where
the larger domains are highly protective, while the small domains are marginally more
protective than free molecules. Newer forms of the model also include an irreversibly
damaged species and the effects of applied electric fields [42]. Additionally, the role of the
polymer matrix appears to provide scaffolding that supports domains, which enable the
damaged pieces to reunite by virtue of their decreased mobility within a domain. This
hypothesis is based on the central role played by the PMMA polymer in the healing process,
as demonstrated by the fact that neither DO11 alone nor DO11 in the unpolymerized MMA
is observed to self-heal.

These observations give great insight into the nature of the domains postulated in
the domain model but do not provide a direct representation of the domains in physical
space. This paper will bridge this gap using resonant scattering, which characterizes the
distribution of dye molecules in reciprocal space [62].
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1.3.3. Scattering

We use X-ray experiments to characterize the sizes and distances between physical
entities that scatter the light. When the light is tuned specifically to the DO11 molecules,
they can be characterized separately from the surrounding material. The observed size
distribution can then be correlated with the predicted molecular domains.

X-ray scattering experiments use collimated beams in which the scattered X-ray in-
tensity from the molecules in a sample is recorded with a planar detector that is per-
pendicular to the incident beam and downstream from the sample. X-ray characteriza-
tion has various applications and sub-methods that make it extremely versatile [63–66].
Scattered X-ray intensity is measured as a function of momentum transfer q, defined by
q = 2ksin(θ/2)—where k is the wavevector magnitude, and θ is the angle of deflection
from the incident trajectory [67]. k is unchanged in the collision [68]. RSoXS is an anoma-
lous scattering method where the incident light energy is selected based on its proximity to
the resonant energy of target bonds in the molecular structure of interest [69], in this case,
the SP2 carbon bond in DO11 dye, which enhances the scattering cross section of DO11
by orders of magnitude [70]. This technique combines insights from both scattering and
spectroscopy to increase sensitivity to specific low-Z organic materials [71]. This experi-
ment involves sample preparation for the synchrotron, 2D scattering data collection, 1D
reduction in the data, and graphical analysis.

2. Materials and Methods
2.1. Sample Preparation

For the RSoXS experiment, light is ar normal incidence to the sample, requiring free-
standing thin film samples with thicknesses on the order of 100–300 nm for adequate
transmission and to avoid thermal effects [9]. Samples prepared by spin-coating from
dissolved PMMA/DO11 have also been observed to self-heal, but not as well as those
prepared with in-situ polymerization.

To prepare these samples, first, 75,000 g/mol PMMA powder from Polysciences, Inc.
at Warrington, PA, USA and DO11 crystalline powder from Aldrich Chemical Company
at Milwaukee, WI, USA are co-dissolved into solution using solvents propylene glycol
methyl ether acetate (PGMEA) from Aldrich Chemical Company at Milwaukee, WI, USA
and oxolan-2-one (γ-but) from Sigma-Aldrich at St. Louis, MO, USA. The formulation uses
a constant mass ratio of solids to solvents. The solvents as a volume are 7.3 mL of PGMEA
and 3.1 mL of γ-but, and the solids are a total mass of approximately 1.875 g. This mass is
distributed between the two solids based on the concentration measure of weight-percent
(wt%) DO11 in proportion to the total solid mass. The four components are added in the
order of PGMEA, DO11, γ-but, and PMMA, and left to mix for a minimum of 12 h. Finally,
a glass syringe and 25 mm 0.2 µm GHP filters from Pall Corporation, Ann Arbor, MI, USA
were used to strain the solution into fresh vials for storage and use.

Silicon substrates were cleaved to an area of ∼1 cm2 and cleaned sequentially in
deionized water (twice), acetone, and isopropyl alcohol (IPA), both from University Stores
in Pullman, WA and HPLC-certified, for 20 min each. IPA was removed from the substrates
with nitrogen gas before placing them in a UV–ozone environment for 10 min. A water-
soluble sacrificial layer [72] made from a 1:4 dilution of poly(sodium 4-styrenesulfate)
(NaPSS) from Sigma-Aldrich at St. Louis, MO, USA in deionized water was spin-coated
onto the substrates with rotation reaching 1000 rpm at an acceleration of 1000 rpm/s
to form films with a thickness of ∼100 nm. The NaPSS layer was dried at 150 ◦C for
5–10 min. The sample solution was spin-coated onto the sacrificial layer with maximum
rotation of 4000 rpm at an acceleration of 6000 rpm/s to form films with a thickness of
200–300 nm. The thicknesses of both layers were measured for multiple test samples with
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only either the sacrificial layer or the sample layer using profilometry or ellipsometry.
The samples prepared for this experiment are listed in terms of weight percent of DO11
as a fraction of the film mass, which serves as the only variable intentionally varied
between samples. To prepare samples for RSoXS measurements, the substrates were
then submerged in deionized water to dissolve the NaPSS and lift the sample films from
the substrates. Samples were then placed onto silicon nitride membrane windows from
Norcada in Edmonton, AB, Canada and dried under a heat lamp.

2.2. Resonant Soft X-Ray Scattering

RSoXS was carried out at the 7-ID-1 (SST-1) beamline of the NSLS-II synchrotron [73].
It is a method often used to quantify solid-state nanostructure to determine average phase-
separated domain size and concentration. The linearly polarized, undulator-produced
beam is transmitted through the sample with the scattering pattern centered on and
measured by a CCD detector. Before the full experiment is conducted, non-resonant
scattering data is collected at about 50 different spots on the sample to check for parasitic
scattering due to sample nonuniformity, and 3–5 spots with little or no parasitic scattering
are selected to measure with the complete experiment. The resulting 2D scattering images
were azimuthally averaged around the direct beam to create a 1D scattering intensity versus
q profile using the Nika processing software version 1.84 as an extension to Igor Pro version
8.04 [74]. The q range was determined by the maximum measurable angle, which is in turn
determined by the distance between the detector and sample, the surface area of the detector,
and the wavelength of the light, as shown by k = 2π/λ. Unique to resonant scattering,
this method used energies corresponding to molecular bond energies with significant
contrast from the surrounding matrix [75]. These energies are found with near-edge X-ray
absorption fine structure (NEXAFS) across the carbon K-edge (photoionization at 290
eV), as shown in Figure 1 [76]. Scattering intensity from roughness, density, or porosity
fluctuations in the mainly PMMA sample will vary with the green trace as a function
of photon energy, while scattering intensity from fluctuations in DO11 concentration
(molecular domains) will vary with the blue trace as a function of energy. In this case,
the bond probed was an SP2 bond of N with C at 284.5 eV, and 270 eV was used as a
baseline non-resonant energy for a point of comparison to eliminate the contribution due
to roughness, porosity, or other density fluctuations not related to chemical domains. This
resonant contrast gives much more pronounced features in scattering profiles related to the
morphology of the resonant bonds in reciprocal q space and can be analyzed to indicate real-
space size-scales of features [69,76,77]. This technique allowed us to observe primarily that
such a feature exists, and secondarily that one of the model’s basic predictions, the mode
domain size, is within the range of the features observed.

The component materials are well-studied, particularly PMMA, and optical constants
have been measured for both DO11 and PMMA. The contrast between the two, |∆n|2,
with complex index of refraction n, is derived from their individual indices. The maximum
contrast shows the greatest enhancement of scattering intensity due to molecules of DO11,
while the minimum functions as the background without this enhancement. Maximizing
this difference reveals the features of interest most clearly.
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Figure 1. The contrast function |∆n|2 between PMMA and vacuum and between PMMA and DO11.
Chosen RSoXS energies for resonant (284.5 eV) and non-resonant (270 eV) scattering are shown by
the vertical lines.

3. Results
The 1D-reduced data—the scattering intensity I as a function of momentum transfer

q—is shown in Figure 2. This data can also be found in the Supplementary Materials.
The low-q region, corresponding to larger size scales of features such as roughness, shows
no features or trends, with all samples showing a monotonically increasing intensity to-
wards lower q, hence showing larger features. At high momentum transfer for non-resonant
scattering at 270 eV, the intensity is consistent with background scattering, regardless of
concentration. However, scattering at the resonant energy of 284.5 eV shows broad peaks
between q = 0.05 Å−1 and 0.08 Å−1 that are superimposed onto the background scat-
tering tails. This enhanced scattering intensity at the DO11 resonance energy over the
non-resonant scattering background indicates heterogeneity emerging from fluctuations
in DO11 concentration within the PMMA matrix. This scattering feature also increases
in intensity with dye concentration. Such an increase indicates an enhanced amplitude
of dye concentration. The q-range of this feature corresponds to a characteristic length
lc = 2π/q of lc ∈ [39.3, 62.8]Å, which is roughly in agreement with the domain size that
is predicted by the domain model [43] assuming domains form loosely packed spheres,
which have a mode diameter of 56 Å. Put together, these results provide the first direct
evidence of the existence of dye domains in PMMA, the most basic proposition of the CCM.
The subsequent steps amplify this difference by removing the background scattering.

The raw data shown in Figure 2 is then boxcar smoothed using an 80-point averaging
window, which removes small fluctuations—due to what we can consider as noise—to
reduce the effect of compounding noise during background subtraction. The effect of this
smoothing window is approximated with a standard error of the same 80-point window.
Next, a two-step process is utilized, which is designed to remove all scattering that is
unrelated to the DO11 molecules. The first subtraction step is background subtraction
using neat PMMA (0% DO11 by weight) as the baseline. Here the scattering data from
each dye-doped sample at one X-ray energy uses neat PMMA as the baseline, which
standardizes all samples at both energies as compared to a plain PMMA sample. This
subtraction is implemented for both the resonant and non-resonant X-ray energies. Then,
the non-resonant scattering data at 270 eV is used as a reference for scattering due to the
PMMA, which is removed from the DO11 scattering by subtracting it from the scattering
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data for the 284.5 eV X-rays for each individual dye concentration. This accounts for
scattering artifacts from sources such as surface roughness and parasitic scattering. This
data is referred to as “doubly subtracted,” meaning that both sources of background—
system/experimental and non-resonant contributions from the sample—are considered.
As an example, the doubly subtracted scattering data for 6 wt% is determined using

I(Q; 6% at 284.5 eV)− I(Q; 0% at 284.5 eV)− (I(Q; 6% at 270 eV)− I(Q; 0% at 270 eV)),

where I(Q; wt% at E) indicates the 1D scattering data I(Q) for the sample of concentration
wt% at energy E. The results of the double subtraction are shown in Figure 3.
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Figure 2. 1D-reduced scattering data: I (intensity) vs. Q (momentum transfer) for 270 eV (bottom
scale, HLS color gradient from green to red with increasing wt%) and 284.5 eV (top scale, HLS color
gradient from blue to hot pink with increasing wt%); wt% of samples are 0, 1, 2, 3, 3.5, 3.7, 3.9, 4, 5, 6,
and 6.5. Data provided in Supplementary Material S1.
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Figure 3. The result of smoothing and doubly subtracting the scattering data corresponding to 1, 2, 3,
3.5, 3.7, 3.9, 4, 5, 6, 6.5 wt%. The parallel dashed lines show plots of power laws that are tangent to
the doubly subtracted scattering data at low-q limit for 1%.
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The low-q region of the scattering data was fit to a power law (shown by dot-dashed
lines), which is motivated by fractal structures following power law scattering behavior.
Furthermore, the low-q region is away from the DO11 resonance, so the fit represents
scattering from what may be a fractal structure of the polymeric material. Such a power
law fit on a logarithmic scale [78] appears linear to the eye and forms a true baseline for
the data. Thus, the peaks above it are due to the resonant enhancement caused entirely
by the DO11 and not explainable by the plain PMMA structure. The 1% sample data was
linearized at low-q and fit using the slope as the dimensional parameter in the power law
fit for the 1% sample and the other concentrations, as shown in Figure 3. This slope is also
generally consistent with the slope provided by the 6.5% sample data; however, the 1% was
used because of its consistency regardless of the lower bound—enforced by the smoothing
region—and its relative uniformity for a larger low-q range, meaning it did not change
with the choice of the smoothing window or linearization point, which were somewhat
subjective. The result of subtracting the power law fits from the data is shown in Figure 4.

5 10
Q (Momentum Transfer) [10 2 1]

0.0
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Figure 4. Enhanced features due to DO11 inhomogeneity extracted by subtracting the material
background power law fit from the data for 2, 3, 3.5, 3.7, 3.9, 4, 5, 6, 6.5 wt%. Standard er-
rors computed over 80 point windows displayed as error bands. Maximum intensity marked
on each trace with a × marker of the same color. Coordinates of marked points included in
Supplementary Material S2.

From this subtraction, it appears the domains due to the DO11 molecules may be
affecting the fractal nature of the polymer. Further discussion of this interesting possibility
is beyond the scope of this paper but will be addressed in later work. For now, the important
point is that subtracting this power law baseline produces well-resolved peaked functions
that are due solely to the DO11 molecules, where all other effects such as parasitic scattering,
surface roughness, and polymer contributions have been nulled.

The resonant enhancement due to the DO11 molecules is characterized by a peak
with a peak position, height, and width. The peak heights monotonically increase with
increased concentration of DO11 dye, with the exception of the 6.5 wt% sample. The peak
centers are approximately at the same q value. The CCM predicts the number of molecules
in a domain but can be extended to predict physical sizes in the following way. If the
simplification is made that the domains’ shapes remain the same, the mode of the size
distribution will increase with an increasing number of available dye molecules per volume,
so we expect the peak centers to shift towards lower q with increasing dye concentration.
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The fact that the X-ray data appears to be inconsistent with this scaling suggests that the
domain morphologies may change with concentration, or the physical size of a domain
observed by scattering is not the same as the scale over which molecules interact with each
other, which is the central concern of the self-healing model. However, the peak amplitude
increases for most dye concentrations as expected.

The fact that the 6.5 wt% sample is not consistent with either trend is most likely due
to extrinsic sources of inhomogeneity. For example, a speck of dust, a poorly chosen or
masked measurement spot, or miscibility limitations may be responsible. Such outliers are
found in larger data sets as a small fraction of the total points. The peak height of the low-q
data for 6.5% is also indicative of differences in characteristics of the overall sample rather
than the dye morphology. This does present an issue with the background-subtraction
protocol in the final step, but the data prior to that, shown in Figure 3, may also hint at a
greater shift to larger domains, resulting in the observed overall enhancement at lower q
values compared to other concentrations. This anomalous low-q scattering is demonstrable
in Figure 2. The 6.5 wt% sample has a much higher scattering intensity at 270 eV in the
low-q region, which influenced the generation of the following plot. However, the overall
inconsistency in low-q data for all samples implies the low-q region may not have much
use for making high-q comparisons in general. Figure 3 has the expected monotonicity
with dye concentration in the mid- to high-q region, so it is possible the current method
could be refined to place more weight on that region instead of on the low-q region.

4. Discussion
These results clearly show a resonant scattering enhancement between q = 0.05 Å−1

and 0.08 Å−1 corresponding to a size of between 62.8 Å and 39.3 Å. The intensity of scat-
tering increased with the concentration of dopant dye, confirming that the dye molecule
is responsible for the scattering enhancement. The peaks indicate a characteristic size
scale of features that would not exist in a homogenous mixture. This is direct experi-
mental evidence of the existence of physical domains that were postulated from indirect
experimental evidence that applies the CCM to determine the domain size in terms of the
number of molecular units and the chemical potential required when adding an additional
molecule to the domain [44]. The results of these studies suggest a domain size in the
range of 25–35 molecular units (note, not as a physical size) and a chemical potential of
µ = 0.29(±0.01) eV [43]. These parameters can now be used to bridge the gap between the
indirect predictions and our own direct observations.

Neither previous experiments nor the supported models require the physical arrange-
ment of the molecules in a domain in absolute terms, though studies in the presence of
an electric field suggest that the molecules form a 1D chain [42], which could be straight
or tangled like an unfurled ball of yarn. Thus, the size range could span from a spherical
ball whose size is on the order of N1/3 to a straight segment of length N molecular units.
The density of each domain may itself depend on N, however, and there is no guarantee all
domains have the same shape. Proceeding as if they are the same shape for some bound-
ing estimates, we will establish this simplistic constant scaling parameter using domain
diameter D as a function of N, the number of dye molecules in the domain, D(N) = ANα.
A is a factor determined by the arrangements of the molecule given the shape, i.e., for a
line it will be the periodic connection distance between molecules. The dimensionality
factor α ∈ [ 1

3 , 1] is a constant corresponding to shapes ranging between a sphere and a line,
respectively. As a simple example, for a molecule of length 10 Å, 25 to 35 of the molecules
end-to-end would lead to a length of 25–35 nm. In a tightly packed ball, the diameter would
be about 30 Å. If the molecules attach along the polymer chain and form a loose ball, given
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the extra 6–10 Å of space possible if the dye is attached to the monomer units, we increase
A by this proportion, and the simple formula is scaled to give a diameter of 45–60 Å.

The chemical potential is another clue to possible domain shape. Figure 5 shows how
DO11 molecules might attach to the polymer backbone through hydrogen bonding [79,80].
The cis tautomer has an NH and OH group, which can bind to the oxygens in the polymer
chain. Both groups might hydrogen-bind to one segment of a chain as shown in the
figure or across adjacent polymer chains. The proposed models together with the self-
healing experiment suggest the former. In the configuration shown in Figure 5, the binding
energy corresponds to 0.218 eV due to the O-H· · ·O hydrogen bond enthalpy and 0.0829 eV
due to the N-H· · ·O hydrogen bond enthalpy, for a total of 0.30 eV [81], which is within
experimental uncertainty of the chemical potential µ = 0.29(±0.01) eV [43], the domain
model fit parameter determined from self-healing experiments. Also note that the molecules
are further apart than end-to-end by about 0.6 Å. This would bring the ball diameter up to as
much as 56 Å, which is still in the range determined by the scattering data. This description
is similar to one proposed by Hung et al. [82], but in that case unreacted monomer is
proposed to be the mediator of healing.
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Figure 5. Binding energy between DO11 Tautomer and PMMA polymer yields ∼ 0.30 eV.

5. Conclusions
We have used RSoXS to characterize the domain size of DO11 molecules doped into

PMMA polymer. These domains were predicted to exist based on observations of self-
healing and studies since then have provided robust support for the model. While this
work provides strong evidence that such domains exist, and the basic prediction falls in the
range that was measured with RSoXS, these results do not have any bearing on whether
domains mediate self-healing. Neither does it show the effects of related factors such as
light exposure and damage, which motivates further study for evidence connecting domain
shape to healing. It would be interesting to characterize the self-healing process with time-
resolved X-ray studies, as has been demonstrated in the study of photoisomerization [83]
of azobenzene molecules [84] to see if domain sizes change due to the process. At present,
these capabilities are not available to us. Other avenues for exploration include further
development of the morphological predictions of the domain model, applying principle
component analysis [85], using spot variation in damaging and optical quenching [86], and
applying simulations to the extended models [87].

The data presented here may suggest that the domain size does not change with dye
concentration, but the number of domains does increase with concentration. However,
this is not a contradiction since the domain model is based on the number of interacting
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molecules and not the physical size of the domain, so it is possible that the number of
molecules that interact with each other within a domain changes with concentration due
to unknown effects during domain formation. As such, the observations presented here
suggest new hypotheses for testing.

If domains are the mediators of self-healing as proposed, this will give the materials
scientist another tool for designing new materials that are more robust to damage from
high light intensities, making possible new applications that require active materials that
generate high-intensity light or control its flow.
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