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We study photodegradation and self-healing of nine different anthraquinone-derivatives doped into
DOI:00.0000/000000000x PMMA using transmission imaging microscopy in search of structure-property relationships of the
underlying mechanisms. We find that seven of the nine anthraquinone derivatives display partially
reversible photodegradation, with 1,8-Dihydroxyanthraquinone (Dantron/Chrysazin) having the best
photostability and recovery characteristics of all dyes tested in this study. Based on these measure-
ments we predict that a sample of 1,8-Dihydroxyanthraquinone doped into PMMA with a concen-
tration of 9 g/I will have a record setting irreversible inverse quantum efficiency of By = 4.56 x 10°.
Additionally, by considering the performance of the different anthraquinone derivatives and their
structures, we develop three rules-of-thumb to qualitatively predict the photostability and recovery
characteristics of anthraquinone derivatives. These rules-of-thumb will help guide future experiments
and molecular modeling in discerning the underlying mechanisms of reversible photodegradation. Fi-
nally, we compare our results for disperse orange 11 dye-doped PMMA to the extended Correlated
Chromophore Domain Model (eCCDM). While the eCCDM correctly predicts the behavior of the
reversible decay component, it fails to correctly predict the behavior of the irreversible degradation
component. This implies further modifications to the eCCDM are required.

1 Introduction disperse orange 11 (DO11) dye-doped PMMA, 529 DO11-doped

PMMA with dispersed ZrO, nanoparticles,2% DO11-doped polyac-
tic acid,3%, DO11-doped polystyrene,28 DO11 dye-doped copoly-
mer of styrene and MMA,?2 anthraquinone-derivative-doped

In general, photodegradation of organic dyes is an irreversible
process that fundamentally limits their usefulness in optical de-
vices. For several decades much research has been performed to

understand organic dyes’ photodegradation and determine ways
to mitigate its effectsT™13. Despite these efforts producing ma-
jor improvements in photostability, all of these improved dyes
eventually become unusable due to irreversible photodegrada-
tion. However, in 1998 a new phenomenon - self-healing (i.e., re-
versible photodegradation) — was observed by Peng and cowork-
ers in Rhodamine B and Pyrromethene dye-doped (poly)methyl-
methacrylate (PMMA), in which degradation of fluorescence was
found to be followed by a small degree of recovery4.

In Peng et al.’s work the observation of self-healing was a mi-
nor component that wasn’t explored further. However, the phe-
nomenon of self-healing resurfaced several years later with the
observation of reversible photodegradation in disperse orange
11 (DO11) dye-doped PMMA using amplified spontaneous emis-
sion (ASE), which then opened a wide field of study on re-
versible photodegradation in dye-doped polymers, with the fol-
lowing materials found to display reversible photodegradation:
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Spokane, WA 99210-1495 E-mail: braderson@wsu.edu
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PMMA, 3333 8-hydroxyquinoline (Alq) dye-doped PMMA,3¢ air
force 455 (AF455) dye-doped PMMA, and Rhodamine 6G-
doped polyurethane with dispersed Zirconia and Yttria nanopar-
ticles, 3941

While the number of materials displaying reversible pho-
todegradation has expanded since 2002, the testbed material in
this field continues to be DO11-doped polymers. This contin-
ued focus on DO11 has led to the development of the extended
Correlated Chromophore Domain Model (eCCDM),
which describes reversible photodegradation and recovery in
DO11/PMMA. This model posits that DO11 molecules aggregate
to form domains within the PMMA matrix, with these domains fa-
cilitating self-healing through molecular interactions. The mech-
anism of domain formation is still an open question, with the
leading hypothesis being that DO11 molecules hydrogen bind to
the same PMMA chain form a domain1942,

For completeness we also note that there is a competing hy-
pothesis for DO11/PMMA called the photothermally induced
chemical reactions (PTCR) hypothesis. In this hypothesis ab-
sorbed light heats both the polymer and dye causing thermal
degradation and the formation of radicals and free monomers.
Through photocycloaddition, a monomer and a DO11 molecule
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form a metastable molecule (DO11-MMA oxetane), which even-
tually decomposes back into pure DO11. The PTCR hypothesis
proposes that this metastable molecule is the reversibly damaged
species.

If this hypothesis is true, then making minor modifications to
the chemical structure of the dye would drastically impact the
photodegradation and self-healing properties. Fortunately this
can be easily tested for DO11, as it belongs to a class of dyes
called anthraquinones that consist of a vast number of variations.
These variations include different groups attached to a central
molecule at eight different sites, which allows for testing both
changes in chemical formula as well as different symmetries for
the same chemical formula. A measure of the decay and recov-
ery characteristics of different anthraquinone derivatives will de-
termine how the chemical structure impacts these characteristics
and provide insights into domain formation.

Based on this motivation we perform imaging studies of pho-
todegradation and self-healing in nine different anthraquinone
derivatives doped into PMMA with a dye concentration of 3 g/1.
Based on these measurements we compare the photodegrdation
rates and recovery properties of each dye and correlate their val-
ues to their molecular structure. These correlations lead us to for-
mulating three rules-of-thumb to qualitatively describe reversible
photodegradation in anthraquinone derivative doped PMMA. Ad-
ditionally we test the concentration dependence of the eCCDM
using DO11 and find that the irreversibly damaged species does
not behave as predicted by the current eCCDM, which implies
further development work is required to improve the eCCDM.

2 Background

2.1 Comparison To Other “Self-healing" Materials

To place our work in context requires that we define what we
mean by self healing. There are two commonly used definitions
in the context of organic chromophores and polymers that are
distinct from our work. They are self-healing polymers and re-
versible “photobleaching”. Self-healing polymers are designed to
repair themselves after damage (typically mechanical failure) by
the inclusion of repair chemicals inside of the polymer matrix.
These polymers, in turn, fall into two separate classifications4244
autonomic (i.e., fully self-contained) 45l and non-autonomic (i.e.,
requires external stimuli to heal)#®®2 In autonomic polymers,
damage to the polymer results in the release of embedded chem-
icals (e.g., monomer and catalysts stored in micro-capsules) that
subsequently repair the damage; while non-autonomic polymers
contain repair chemicals that can be activated via an external
stimulus (e.g., heat or light).

Reversible “photobleaching” is the reversible transition of a
chromophore from a light emitting state into a dark state (i.e.,
a form that doesn’t fluoresce). Thus far, the only chromophores
found to display this behavior are fluorescent proteins,232
which reversibly “photobleach" through cis-trans photoisomer-
ization.># While the literature calls this process “photobleach-
ing," it does not fit the canonical use of the term, which usually
refers to processes by which a chromophore dissociates (and/or
bond cleavage), which leads to chemical reactions with surround-

2| Journal Name, [year], [vol.], 1

ing molecules. The underlying mechanism of reversible “pho-
tobleaching” — photoinduced isomerization — represents a re-
versible change in configuration of a molecule and not the forma-
tion/breaking of new chemical bonds. Therefore it would seem
inappropriate to use the term “photobleaching" to describe this
process.

The phenomenon of self-healing dye-doped polymers dif-
fers significantly from both self-healing polymers and reversible
“photobleaching" in that an intrinsic property of the material
changes(i.e., no additional chemicals are added) and represents
the reversal of true photobleaching, with the dyes found to un-
dergo bond cleavage/dissocation followed by the reverse pro-
cess through chemical reactions.?%3% In this phenomenon, self-
healing is typically used to describe changes to dye molecules,
with the polymers acting as the mediating host. There is evi-
dence that this relationship is mutually beneficial, where polymer
damage is also found to be repaired in the presence of molecu-
lar dopants.28 Note that while the polymers used in these studies
(e.g., PMMA, Polystyrene, Polyurethane) are transparent in the
visible regime, they can still be damaged by thermal effects due
to localized heating caused by dye molecules absorbing light.

2.2 Possible Photochemistry

To date, precise photochemical models of reversible photodegra-
dation in different dye-doped polymers does not exist and is an
area of active research. Four candidate photochemical mecha-
nisms have been proposed for photodegradation and self-healing
in DO111711934142156! 51 q 1-AAQR4 dye-doped PMMA. These four
proposed mechanisms are: photo induced intramolecular proton
transfer (IPT) tautomerization,1Z self-healing through twisted in-
tramolecular charge transfer (TICT) formation, 0 formation of
domains of dye molecules through hydrogen-bonds with the poly-
mer, 1242 or reversible photocycloaddition.34,

Photoinduced IPT tautomerization posits that an absorbed pho-
ton results in the transfer of a proton from the amine group to the
adjacent carbonyl group, which leaves an N-H bond and forms a
new O-H bond.1” See Figure [2| for reference to DO11’s (dye A)
molecular structure. The resulting excited IPT state then radia-
tively relaxes into a tautomer state, which can either nonradia-
tively decay to the ground state of DO11, or form dimers with
other tautomerized DO11 molecules. These dimers are proposed
to quench fluorescence, which makes them candidate molecules
for the damaged species seen by fluorescence and ASE measure-
ments. Recovery occurs when the less energetically favorable
dimers nonradiatively decay to the energetically favorable single
DO11 molecules.

The next proposed mechanism, TICT formation, was proposed
by Westfall and Dirk based on Hartree-Fock models of the DO11
molecule.”® In this scenario a DO11 molecule absorbs an incident
photon and the molecule twists out of the molecular plane, which
is proposed to be the damaged state. Gas-phase Energy surface
calculations suggests that the TICT process is more energetically
favorable than IPT, but the molecule was not modeled with sol-
vent interactions included.

While both the IPT and TICT mechanism do not rely on the
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polymer host to function, domain formation and reversible pho-
tocycloaddition are mechanisms that require the presence of a
polymer host. In the domain formation description, DO11 tau-
tomers form hydrogen bonds with PMMA chains.1242 If N DO11
molecules bond with a given PMMA chain, that structure is called
a domain of size N. These molecules can interact with each other
through polymer-mediated phonons or excitons, 202>
sults in the observed self-healing phenomenon. Under this frame-
work, photodegradation is proposed to result in photodissociation
of dye molecules, with the domains trapping fragments, which
can subsequently recombine resulting in self-healing.

which re-

The final proposed mechanism is photocycloaddition. In gen-
eral, cycloaddition involves unsaturated molecules combining to
form a cyclic adduct. In the case of DO11/PMMA, the reaction is
between DO11 and MMA monomers, which are formed by local-
ized photothermal heating of the polymer due to dye molecules
absorbing light. It has been proposed that this photothermal reac-
tion between DO11 molecules and MMA monomers forms DO11-
MMA oxetane, which is metastable.24 Once formed this complex
has a limited lifetime and eventually decomposes to give a pris-
tine DO11 molecule. This relaxation results in the observation of
self-healing.

Note that the first two proposed mechanisms (IPT tautomeriza-
tion and TICT state formation) are independent of the polymer
and would suggest that self-healing can occur in solution. How-
ever, self-healing of DO11 and 1-AAQ has not been observed in
solution to date. Therefore these proposed mechanisms are not
likely to be accurate explanations. However, both the domain
model and reversible photocycloaddition rely on the polymer host
to to function and are therefore both viable explanations.

2.3 Phenomenological Models

At present three phenomenological models predict experimental
observations of reversible photodegradation: a two- or three-
populaton non-interacting model and the extended correlated
chromophore domain model (eCCDM). In this section we will
provide a brief overview of the three models, with further details
available in previous publications2120:27157)

2.3.1 Non-interacting Models

2.3.1.1 Two Species Model The first and simplest phe-
nomenological model used in this study is the two-species non-
interacting model (NIM). This model is a two species model de-
veloped by Embaye and Kuzyk, in which undamaged molecules
reversibly transition into a damaged state during photodegrada-
tion and then relax back to the undamaged state when left in the
darkZ,

During photodegradation (r < tp) the damaged population’s
fractional number density is given by1Z:

B ol)p

H=1— _ —(ﬁ+0¢21p)l 1
n() ﬁ"l_azlp ﬁ+a21pe ) ( )
and during recovery (¢ > 1p) it is given by
n(t) = [1 —n(ty))e =), 2)
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where 7p is the time at which the pump is turned off, o is the de-
cay rate parameter, / is the pump intensity, and 3 is the recovery
rate. This model was developed based on measurements using
ASE in DO11/PMMA that displayed full recovery after degrada-
tion. However, it was later revealed — using imaging — that the
sensitivity of ASE and imaging to the irreversibly damaged prod-
uct are different, thus leading to a different measure of recov-
ery/21

This irreversible damage can be accounted for in the two pop-
ulation model by revising the population functions to be

_{[nz(zp,tD)+n1(1p,tD)](1—e<ﬁ+“zlp>f) t<tp -

ny(Ip,tp) +ny (I, tp)e BU=m), t>1p

where ny(I,tp) is recoverable portion and ny(/,tp) is the irre-
versibly damaged portion. While Equation |3| describes the dam-
aged population’s dynamics, in practice transmission imaging mi-
croscopy does not directly measure the populations, but instead
measures the intensity of light transmitted through the sample at
a given time and position (x,y) C(x,y,t) as measured with a CCD
array. This intensity can be converted to a scaled damaged popu-

lation (SDP) using, 213>
n'(x,y,t) = —1In (M) 4
Co
:AA_(x’y7t)7 (5)

where Cy is the background pixel intensity and AA(x,y,t) is the
frequency averaged change in absorbance at point x,y and time ¢.

The SDP can be expressed in terms of the two damaged popu-
lations as,

AA(x,y,t) = AG Lny (x,y,1) + AbrLny (x,y) (6)

where we have used the thin sample approximation (i.e., the sam-
ple is so thin as to have negligible pump depletion), L is the sam-
ple thickness, and Ag; is the frequency averaged cross section for
the i population. The frequency averages over the LED spectrum
which results in the camera measuring a range of wavelengths.
This broad spectrum results in the camera’s intensity values being
a convolution over spectral components given by

86~ [ dof(w)Aci(0), %

where f() is the combined spectral response of the camera and
the probe spectrum and Ac;(®) = 6;(®) — 6p(®) is the frequency
dependent difference in cross section, where o;(®) is the popula-
tion’s cross section with i = 0 being the undamaged population,
i = 1 being the reversibly damaged population, and i = 2 being
the irreversibly damaged population.

2.3.1.2 Three Species Model In the previous section we con-
sidered a simple “two”-species model of reversible photodegrada-
tion. This model ignored effects due to pump depletion (e.g.,
pump intensity varying with depth) and addressed the irre-
versible species in an ad hoc fashion. To correctly account for
these effects we use a more complex model that is described in
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1y

Fig. 1 Diagram showing the three-species population model. Note that
the pump intensity depends on depth and time.

detail in Ref’s2>27,

In this model undamaged dye molecules (of fractional num-
ber density ng) decay either reversibly to species #1 (of frac-
tional number density n;(z,¢) at depth z and time ¢) or irreversibly
to species #2 (of fractional number density n,(z,7) at depth z
and time ¢), with pump depletion accounted for using the Beer-
lambert law. Note that for brevity we do not explicitly show the
x and y dependence, but this dependence is implied. A simple
diagram of species transitions are shown in Figure

In this model the population dynamics and intensity depletion

are described using four coupled differential equations2Z:
WMD) — (@t epyomn e ©)
anb(tz,t) = o, (z,t)no(z,t) — Bni(z,1), 9
8n3(tz,z) = ely(z,1)no(z,1), (10)
220 — fop(@pno(e1) + 01(@pm (51
+ 02 (wp)na (z,0)]1,(2,1). (1D

where o is the reversible decay rate parameter, € is the ir-
reversible decay rate parameter, /,(z,¢) is the depth-dependent
pump intensity, and o; is the species absorbance per unit length.
Note that we can rewrite Equation without dependence on
no(z,t) by rewriting it in terms of the absorbance difference Ag;,
which yields,

Al (z,t)
dz

=—[oo(@p) +Acin (z,t) +Acany (z,0)]p(z,).  (12)

where Ac; = 0;(w,) — 6p(®p).

Using Equations [B]10] we can model the populations as a func-
tion of depth and time during photodegradation and recovery.
However, as mentioned above, in practice what we measure
using transmission imaging is the scaled damaged population
(AA(t; w)). Therefore we need to revise Equation E)] to include

4| Journal Name, [year], [vol.], 1

the effect of depth on the measured SDP and obtain

_ L L
AA(t;a)):AGI/O nl(z.,t)dz+A62/0 na(z,t)dz. (13)

2.3.1.3 Photodegradation Quantum Efficiency In the above
sections we use three parameters (o, o, and €) to characterize
the degradation rate(s) for a given pump intensity. While these
quantities are directly found when performing experimental fits,
they are not overly useful in comparing materials photostability
as they depend on the dye’s concentration p, undamaged molecu-
lar absorbance cross section & (@), ) , and the pump photon energy
hay,. Therefore, for our comparisons we will convert the fit pa-
rameters to the more useful inverse quantum efficiencies (IQEs)
of photodegradation B;, which are related to the three model pa-
rameters by:

0oy
B, — Prmo(@p) (15)
*7 ahw,
Be = PMS()(wp)' (16)
ehwp

where py is the number density and & (w,) is the molar ab-
sorbance cross section at the pump frequency w,. These inverse
quantum efficiencies are commonly used to compare photostabil-
ity of materials and physically represent the number of photons
needed to be absorbed in order to photodegrade a molecule.
Therefore the larger a molecule’s IQE is, the more photostable it
is.

2.3.2 Modeling with Interactions: The Correlated Chro-

mophore Domain Model

The correlated chromophore domain model (CCDM) is a ki-
netic model of reversible photodegradation that was first devel-
oped by Ramini and Kuzyk in 2012 to describe temperature-
and concentration-dependent ASE measurements of reversible
photodegradation in DO11/PMMA!812.  Shortly thereafter the
model was extended to describe linear measurements (e.g., imag-
ing) and the effects of an applied electric field2023126, This ex-
tended model has proven to be robust at describing reversible
photodegradation in DO11/PMMA for a wide range of experi-
mental conditions.

The fundamental hypothesis of this model is that when dye
molecules are doped into PMMA they form linear aggregates that
interact in such a way as to improve photostability and give rise to
the phenomenon of self-healing. The molecules in these domains
have modified decay and recovery parameters that depend on the
size of the domain N with the three-species model parameters
being modified as follows:
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ap

o— N a7
B — NBi, (18)
€ — Ngp, (19)

where N is the number of molecules in a domain and «;, i, and
€ are the single-molecule values. Hence, the degradation rate o
decreases as N increases and the recovery rate § and irreversible
decay rate € increases.

These domains are size-distributed according to a statistical
mechanical model with a distribution derived form the grand par-
tition function yielding 18720

(20

_ 1 [(1+2pz)— yTFapz]¥
o) = 1| (2RO IERE

where p is a dimensionless density parameter and z is given by

A
Z:exp{ﬁ—nEg}, 21

with A being the zero-field free energy advantage (i.e., the bind-
ing energy of adding a molecule to a domain), T is the temper-
ature, k is Boltzmann’s constant, Ey is the applied electric field,
and 7 is a parameter proportional to the polarizability of the dye
molecules?,

Based on the distribution of domains (Equation and the
decay/recovery parameter dependencies on the domain size we
can make predictions on how concentration will influence these
parameters. To do so we note that the average domain size is
related to the density as (N) ~ ,/pz. Therefore, when comparing
the parameters previously measured for 9 g/1 doping® to those
now measured at 3 g/1 doping, we anticipate for both € and f the
9 g/1 samples will have values 1.73 times larger, while o will be
0.577 times smaller.

3 Method

3.1 Sample Preparation
For this study we chose nine different anthraquinone derivatives,
whose chemical/trade names and relevant properties are listed in
Table 1| and whose structures are shown in Figure 2] To simplify
our discussion below we assign each anthraquinone a letter code.
For sample preparation we first dissolve the dye into filtered MMA
(such that the final dye concentration will be 3 g/1) and sonicate
the solution for 0.5 h to insure that the dye is fully in solution.
After this initial sonication we add an initiator (butanethiol) and a
chain transfer agent (Tert-butyl peroxide) in amounts of 33 ul per
10 ml of MMA, followed by further sonication for 1 h. Once mixed
the solution is filtered through a 0.2 um disk filter into vials that
are placed in a 95 °C oven to initiate polymerization. Typically
full polymerization is completed within 48 h. The solid dye-doped
polymer is then separated from the glass vial by placing it in a
freezer, which results in separation due to differential expansion.
From this bulk dye-doped PMMA sample we remove a small
portion and placed it between two glass slides to form a sandwich

Physical Chemistry Chemical Physics

structure. This sandwich is then pressed in a custom oven/press
with the temperature maintained at 150°C, which is well above
the glass transition temperature of all samples. The uniaxial
stress is then gradually increased perpendicular to the sample un-
til reaching 621 kPa at which point the stress is held constant for
1 h. Subsequently, the stress is released and the sample is left to
cool.

3.2 Transmission Imaging Microscopy

Transmittance imaging microscope (TIM) probes photodegrada-
tion and recovery,2127i35 The collimated blue light from a LED
is focused on the sample with a microscope objective and the
transmitted light imaged with a CMOS camera. The light from
a CW Ar:Kr ion laser at either 514 nm or 488 nm is focused
onto the sample with a cylindrical lens forming a strip of dam-
age. The power incident on the sample is varied using a half-
waveplate/polarizer pair.

The on-sample burn profiles are matched to the incident inten-
sity profile by first measuring the beam profile using the TIM with
no sample and neutral density filters placed in front of the cam-
era to protect it. These beam images map the spatial profile of the
incident beam. Subsequently, the sample is photodegraded over
a time that depends on sample composition. The shortest burn
dose is 6 mins, while the longest is 25 min. Recovery is monitored
with imaging after degradation at a semi-log sampling rate. Fig-
ure [3| shows typical blue channel images taken of DO11/PMMA
before degradation, immediately after degradation, and after 24
h of recovery. Figure [3| shows that photodegradation results in
an increase in transmittance (i.e., the bright spot), with recovery
resulting in the transmission decreasing (i.e., the dim spot).

The images are used to determine the SDP at fifty different lo-
cations in the damaged area for each image using Equation
which produces a data set of fifty different decay and recovery
curves for a wide range of intensities. These curves are then si-
multaneously fit to either the two-species or three-species NIM
with only the intensity and thickness allowed to change from
curve-to-curve. Note that the thickness varies as the samples are
not uniform. By performing simultaneous fits of all the curves in
a data set, we are able to determine one set of fit parameters over
the 50 curves with a high degree of accuracy.

4 Results

4.1 Two-species Non-interacting Model Results

We begin our analysis of the SDPs measured during decay and
recovery by considering the fit parameters determined using the
Two-species NIM. An example of this fitting is shown in Figure
with the data from dye K’s decay and recovery fit to the Two-
species NIM. From these fits we obtain the the two-species decay
parameter oy, the recovery rate 3, and the recovery fraction RF,
for each spatial location, with the recovery fraction being com-
puted as

!
RF — — 'R

= £ 22
] (22)
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Table 1 Anthraquinones and relevant parameters. 4, is the pump wavelength used and ¢, is the absorbance cross section at the pump wavelength.

Dye Code Chemical Name Trade Name Ap(nm) Number g (1018
Density cm?)B33
(10'8¢m—3)
A 1-Amino-2-methylanthraquinone Disperse orange 11 488 7.6 16
(DO11)
B 1-Amino-2,4-dibromoanthraquinone - 488 4.7 28
C 1-Amino-4-Hydroxyanthraquinone Disperse Red 15 514 7.6 3.7
(DR15)
H 1,4 Diaminoanthraquinone Disperse Violet 1 514 7.6 38
(DV1)
I 1,5 Diaminoanthraquinone Disperse Red 11 488 7.6 18
(DR11)
J 1,2 Dihydoxyanthraquinone Alizarin 488 7.5 17
K 1,8 Dihydoxyanthraquinone Dantron or Chrysazin 488 7.5 29
L 1,4 Dihydoxyanthraquinone Quinizarin 488 7.5 9.2
P 1-(Methylamino)anthraquinone Disperse Red 9 (DR9) 514 7.6 7.7
(o) NH O NH; NH NH.
O Br O H
A C H
( H OH o O OH )
O O OH )
J L P

Fig. 2 Schematic structures of the nine anthraquinone derivatives tested in this study.
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Fig. 3 Example blue channel images of DO11/PMMA (a-e) and dye K/PMMA (f-j) during photodegradation and recovery. Note that damage in
DO11/PMMA results in a decrease in absorption at the probe wavelength (=460 nm) (i.e., brightening of the image), while for dye K damage results
in an increase in absorption at the probe wavelength (i.e., darkening of the image). For analysis, fifty different pixels in the damaged area are converted

into SDPs using Equation E
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Fig. 4 Example decay and recovery data (points) and fits (curves) as a
function of time for different intensities.

where nj is the reversible SDP component and njg is the irre-
versibly decayed SDP component. After obtaining these parame-
ters at all fifty locations we compute the average values for a, and
B as well as the peak recovery fraction, which are listed in Table
[2/for all nine anthraquinone derivatives. Once we have obtained
an average decay parameter, we then also compute the Inverse
Quantum Efficiency for each dye using Equation[T4]and the cross
sections listed in Table[1l

Table[2]shows that every dye except C and P display measurable
recovery, with dye L having the slowest recovery and dye K having
the fastest recovery. Based on the maximum recovery fraction

observed we find that dye K is once again the best dye, with dye J
having slightly less recovery. Dyes A, L and I recover to about 15%
and dyes B and H recover less than 10%. Note that (except for
dye P) these results are qualitatively consistent with a previous
study using fluorescence as a probe technique.23 In that study
weak recovery was observed in fluorescence for dye P, but used
significantly lower fluences and a different probe technique. In
the discussion section below we will discuss possible mechanisms
for the differences in dye performance.

Next we consider the decay parameters listed in Table[2] which
are found to range from 0.84 x 10~3 cm?/(W min) to 9.81 x 1073
cm?/(W min), with dye L having the smallest decay parameter
and dye A having the largest. While these observations initially
suggest that dye L is the most photostable, this is an erroneous
conclusion as it neglects the effect of the absorbance cross section
(i.e., dye L has relatively low absorbance at the pump wavelength
leading to slower decay). When we correct for the influence of
absorbance by computing the IQE we find that dye H is the most
photostable with an IQE of 2.91 x 10°, followed by dye K with an
IQE of 1.96 x 10°. These values are of the same order of mag-
nitude as many other organic dyes studied for irreversible pho-
todegradationZ+13558,

4.2 Three-species Non-interacting Model

In the above section we considered the two-species NIM parame-
ters for the anthraquinone derivatives and calculated the dye’s
IQEs, which are comparable to other molecules in the litera-
tureZ" 1358, However, this comparison is deceptive as our two-
species analysis lumps both the reversible and irreversible de-
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Table 2 Anthraquinone decay and recovery parameters for the two-species model: @, is samples two-species decay parameter, 3 is the recovery rate,
and RF is the maximum recovery fraction observed, as this varies across the sample.

Dye | o(1073em?/(Wmin)) B(10°min—!) Rec. Frac B, (10°)

A 9.81 = 0.19 1.65 + 0.51 0.15 0.2404 + 0.0047
B 8.21 + 0.54 24+ 1.4 0.05 0.572 + 0.043
C 3.60 + 0.72 0 0 0.150 + 0.030
H 1.92 + 0.31 1.5840.28 0.07 2.91 + 0.47

I 1.85 + 0.39 2.04 £0.42 0.18 1.43 £ 0.30

J 2.56 + 0.15 6.5+ 3.2 0.35 0.980 =+ 0.057
K 2.18 £ 0.24 10.0+ 1.4 0.47 1.96 + 0.22

L 0.84 4+ 0.36 0.91 + 0.26 0.14 1.61 4 0.69

P 4.4+1.0 0 0 0.257 + 0.059

cay parameters into a single value. To correctly compare the
anthraquinone derivatives photostability to other molecules we
need to separate out the two decay channels and determine their
individual IQEs.

Separating the two decay channels requires using the three-
species NIM analysis mentioned above (and described in detail
in Ref27), Therefore we reperform fits of the decay and recov-
ery curves using the three-species NIM and tabulate the results
in Table [3] We find that for all dyes except dye B the reversible
decay parameter « is larger than the irreversible decay parame-
ter €, so the reversible decay channel is more likely to occur than
irreversible decay. Previously we observed this relationship be-
tween o and ¢ in studies of DO11/PMMA with 9g/1 doping, with
the proposed hypothesis being that the reversible decay channel
is a one step process involving the dye molecule, while the irre-
versible decay channel involves a two step process requiring ab-
sorption by the dye followed by damage to the polymer host223,
This damage is most likely due to thermally induced chain scis-
sion and cross-linking2322761l with energy transfer between the
dye molecules and the polymer being the source of thermal en-
ergy®l52162:66l - This hypothesis implies that the irreversible QE,
Be, is related to the efficiency of this energy transfer.

5 Discussions

5.1 Effect of Concentration on DO11/PMMA Decay and Self-
healing

Currently, DO11 (dye A) is the benchmark dye for reversible pho-
todegradation. Numerous studies have been performed on its
photodegradation and self-healing resulting in the development
of a robust model for its reversible photodegradation (i.e., the
eCCDM) 1872012420 This status as the benchmark dye makes it
the ideal starting place for our discussion of the experimental re-
sults presented above.

Previously, we performed the same three species analysis de-
scribed above on a DO11/PMMA sample using a dye concentra-
tion of 9g/12Z, Therefore we can compare the values measured in
the previous study to those obtained in this study and determine
how closely they match the predictions of the eCCDM. To do so
Table 4| tabulates the different parameters from both studies and
computes their ratio and compares it to the eCCDM predicted
ratio. We find that both o and 8 behave as expected from the eC-
1

8 Journal Name, [year], [vol.],

CDM (i.e., a increases and 3 decreases) with the ratio between
concentrations being within uncertainty of the value predicted by
the eCCDM. This result adds one more piece of evidence that the
eCCDM is the correct model of reversible photodegradation for
DO11/PMMA.

However, while o and 8 behave as expected, ¢ is found to be-
have counter to the eCCDM prediction, with the lower concen-
tration sample having a faster irreversible decay rate. The eC-
CDM successfully predicts o and f’s concentration dependence,
but fails at modeling &, so further work is needed to better under-
stand how to incorporate the irreversible decay componen into
the eCCDM. This wasn’t previously observed because the origi-
nal two-population CCDMH1812 was tested for its concentration
dependence but the eCCDM - which introduced ¢ — was tested
at only one concentration but worked for different temperatures
and electric fields.

A full revision of the eCCDM to correctly account for this con-
centration dependence is beyond the scope of this study and will
require testing samples at multiple concentrations. However, we
hypothesize that this anomalous concentration dependence may
be due to two sources: a concentration dependent ¢ that is inde-
pendent of domain size and another one due to the domain size
dependence eN. The eN dependence accurately predicts the be-
havior for different electric fields and temperature but may need
to be augmented with a domain-independent contribution.

5.2 Effect of Dye Structure on Reversible Photodegradation

We compare different dye molecules for their photostability and
recoverability through their reversible and irreversible IQEs as
well as their recovery rates and recovery fractions, which are
given in Tables[2]and [3] Based on these four parameters we rank
the dyes as follows (from worst to best): Dyes C and P have the
worst characteristics of any dye tested with neither dye display-
ing appreciable recovery. Next is Dye B, which shows recovery,
but only a small amount (< 5%) and has the smallest irreversible
IQE. The next three dyes are more nuanced with dyes A, L and I
having better recovery parameters than dye H, but dye H being
more photostable than all three. However, it does not recover as
well. After these intermediate dyes, dye J comes in with signifi-
cant improvement in recovery and a larger irreversible IQE, but a
smaller reversible IQE. Thus dye J’s preferred decay channel is re-
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Table 3 Three-species NIM model decay parameters and their corresponding inverse quantum efficiencies.

Dye | a(1073cm?/(Wmin)) £(10 3min~1) B (10°) B (10°)

A 7.27 £ 0.44 2.26 +£0.19 [ 0.324 +0.020 1.044 + 0.086
B 4.9+2.0 6.3+ 1.9 0.84 +0.35  0.652 +0.20
H 1.36 + 0.48 0.88 + 0.46 42415 6.3+ 2.1

I 2.68 +0.16 0.512 + 0.072 | 0.989 +0.059  5.18 +0.73
J 3.24 + 0.46 0.256 +0.071 | 0.77 +0.11 9.8+ 2.7

K 3.80 + 0.25 0.124 +0.022 | 1.125+0.073  34.481 +2.4
L 0.91 +0.16 0.192 +0.044 | 1.50+0.26 7.051 + 1.6

Table 4 Decay and recovery parameters for DO11/PMMA prepared at concentrations of 9 g/I“? and 3 g/I (this study) with the ratio between

parameters at each concentration and the predicted ratio from the mCCDM.

Parameter 9g/1 3g/l Measured Ratio Predicted Ratio
(10 3cm?/(Wmin)) | 440+0.34 7.27 + 0.44 0.606 4 0.059 0.577
B(103min—1) 3.88+047 1.65+0.51 2.35+0.76 1.73
£(10"5min~1) 3.60+£034  226+19  1.59(+0.61) x 1072 1.73

versible, albeit with a lower IQE than some of the other dyes. The
best dye found in this study is dye K, which has a recovery rate
almost an order of magnitude higher than the other dyes, signif-
icantly higher recovery fraction, and an outstanding irreversible
IQE.

While dye K’s irreversible IQE for 3 g/1 doping is slightly above
the average values seen in the literature,Z*13/58 we find tantaliz-
ing evidence that at higher concentrations it may actually have a
record setting irreversible IQE. In a previous study of DO11 we
measured Be ~ 1.4 x 108 for a 9 g/1 sample.2Z If the IQE ratio be-
tween DO11 and dye K is the same at 9 g/l doping, then dye K
would have an irreversible IQE of 4.56 x 10°. This value — to the
best of our knowledge - is larger than any other IQE published in
the literature. This would make dye K-doped PMMA one of the
most resilient materials to irreversible photodegradation. How-
ever, we note that while this prediction is very promising it must
be experimentally verified.

With these rankings, we speculate on how the molecular struc-
ture correlates with improvement in performance. From Figure
we find that dyes with OH groups that straddle the same oxygen
(dyes J and K) have the best recovery performance, with the 1,8
position being the best configuration. On the other hand, dye L
with OH groups associated with different oxygens does not aid in
reversibility, but does help with photostability.

In the case of molecules with a NH, group in the 1 position,
we find that the majority of these dyes recover, but with a wide
range of performance that depends on the other attached groups.
As with the OH groups we find that having two NH, groups in
both the 1 and 4 positions improves photostability, but does not
lend to increased recovery, with the most extreme example being
the mixed dye C, which has an NH, at position 1 and an OH
at position 4. Finally, one of the most interesting results for this
group of molecules is the drastically different performance of dyes
H and I which have the exact same chemical formula, but differ
in the symmetry of the NH, groups. Dye H is more photostable

but with poorer recovery, while dye I is less photostable, but has
improved recovery.

Based on these observations (and previous studies on an-
thraquinone derivatives=324) we provide the following rules of
thumb to describe the photostability and recovery characteristics
of anthraquinone derivatives:

1. For recovery to be possible there needs to be an OH or NH,
group in position 1.

2. Groups placed in both the 1 and 4 positions simultaneously
result in decreased self-healing properties, but increased
photostability.

3. Groups placed on opposite sites of the oxygen axis (e.g., po-
sitions 1 and 8) result in improved self-healing.

Further tests of these rules of thumb are needed to con-
firm their validity with these future studies needing to
consider the photodegradation and self-healing properties
of 1,8 Diaminoanthraquinone, 1,2 Diaminoanthraquinone,
1,5-Dihydroxyanthraquinone (Anthrarufin), and 1-Amino-5-
hydroxyanthraquinone. These four dyes are essentially permu-
tations of the ones already tested and are therefore good tests of
these rules of thumb. Based on theses three rules we anticipate
that: 1,8 Diaminoanthraquinone and 1,2 Diaminoanthraquinone
will have very good recovery, 1,5-Dihydroxyanthraquinone will
have decent recovery (but less than dye K), and that 1-Amino-5-
hydroxyanthraquinone will both recover better and be more pho-
tostable than dye C.

While these rules of thumb can help guide us towards more
photostable and better healing anthraquinones, they still do not
identify the underlying mechanisms of reversible photodegrada-
tion and the physics/chemistry behind its dependence on an-
thraquinone structure. To utilize these results to better under-
stand the underlying mechanisms we need to turn back to the eC-
CDM, with the assumption that the eCCDM is the correct model
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for all self-healing anthraquinones (which is an assumption to test
in a future study).

In the eCCDM the degradation and recovery properties depend
on the domain size, which is determined by the free energy ad-
vantage A, temperature, applied electric field, and density. For
DO11/PMMA, A is found to be =~ 0.3 eV, which is about the same
energy as hydrogen bonding between a DO11 dye molecule and
the PMMA backbone. This similarity has led to the proposal that
domain formation is due to hydrogen bonding between the DO11
dyes and the PMMA backbone. 2% This bonding leads to the
dye molecules in a domain being correlated through the poly-
mer chain with interactions being mediated by excitons and/or
phonons.2%23 [f this is the actual bonding mechanism, then a
computational study of bonding between each anthraquinone
derivative and PMMA could reveal how the free energy advan-
tage (i.e., the bonding energy) varies with dye structure. From
previous modeling and tests on DO11 in different polymers2230
we know that larger free energy advantages result in larger do-
main sizes, which correlate with improved healing. This could
very well explain why 1,8-Dihydroxyanthraquinone has such re-
markable properties as it has two OH groups on the same side
that can contribute to hydrogen bonding with the polymer.

6 Conclusions

We measure photodegradation and self-healing in anthraquinone
derivative-doped PMMA samples for nine different an-
thraquinones. = We determine that seven out of the nine
anthraquinone derivatives display self-healing with 1,8-
Dihydroxyanthraquinone found to have the best self-healing
properties of any dye tested. Based on these measurements and
the chemical structures of the anthraquinones we determine
three rules-of-thumb for qualitatively predicting the photostabil-
ity and self-healing capabilities of anthraquinone derivatives and
provide candidates for future study to test these rules of thumb.
We also propose an explanation for the structure dependent
recovery properties, with the underlying mechanism being
related to the hydrogen binding energy between the dye and the
PMMA backbone.

Additionally, we perform the first test of the eCCDM’s con-
centration dependence and find that while the eCCDM success-
fully predicts the behavior of the reversible species for differ-
ent concentrations, it fails to correctly describe the irreversible
species concentration dependence. This suggests that further de-
velopment work is required to correct the eCCDMs concentra-
tion dependence, with the most likely candidate being that the
single-molecule-domain irreversible decay parameter €; depends
on concentration. To better understand this observation a fu-
ture study will consider the concentration dependence of the ir-
reversible species.

+ While this bonding can be probed in theory using FTIR spectroscopy, the one FTIR
study on these materials required a concentration of 105 g/l to obtain decent sig-
nal.®# Such a large concentraion is almost certainly not representative of our current
samples that have a concentration of 3 g/I.
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We compare the photodegradation and self-healing characteristics of nine different
anthraquinone derivatives doped into PMMA using transmission imaging. Based on the results
we determine “rules-of-thumb” to predict enhanced photostability and self-healing for

anthraquinones.



