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Recovery of photodegraded rhodamine 6g in ester-
containing polymer matrices

Nicholas D. Christianson,® Yunli Lu,% and Nathan J. Dawson*®?<

Self-healing, rhodamine 6g, dye-doped polymers are reported. The amplified spontaneous emis-
sion (ASE) photodegrades after repeated exposure to 532nm laser light at 10Hz. Recovery
of the ASE signal is observed in dye-doped thermoplastic polyurethane and glycol-modified
poly(ethylene terephthalate); both polymers contain repeating ester groups in their backbone.
The polymer ester groups are hypothesized to mediate the full recovery of rhodamine 6g from a
photodegraded state. A small amount of ASE recovery after photodegradation is observed in dye-
doped poly(vinyl alcohol), > 98% hydrolyzed, where conversion of rhodamine 6g from a long-lived
dark state contributes to the majority of the increased ASE signal in poly(vinyl alcohol) while small

amounts of recovery from interactions with residual acetate groups are also possible.

1 Introduction

Organic molecules are used in many optical materials for col-
orants, !/ photovoltaics,2%l nonlinear optics, 4> and fluorescent
markers.®Z The low cost and tailorable optical properties of or-
ganic molecules makes them useful for device applications. The
operational lifetime of an optical material subject to high inten-
sities is determined by the materials’ intensity-dependent pho-
todegradation,®€ which currently limits the use of organic opti-
cal materials in many device classes. Researchers have worked to
uncover some aspects of photodegradation in specific molecular
systems; 10 however, the current understanding of photodegra-
dation, broadly defined, is still limited. The large assortment of
molecular configurations and local environments result in many
possible photodegradation pathways, where no simple general-
ized theory of photodegradation can be established. Mechanisms
of photodegradation can include phototautomerization,12 photo-
denaturation, 2 photoejection, 1 triplet-radical reactions, 12 pho-
todissociation,® and intramolecular charge transfer,1Z to name
a few. The self-healing phenomenon observed in some dye-doped
systems€ could be used to create long-lifetime, optical devices.
The reversibility of some photo-processes are well-known such
as the UV-induced photoisomerization and thermal relaxation of
azobenzene derivatives; 12 however, some systems can have more
complex behaviors. There are only a limited number of known
dye-host systems that undergo photobleaching followed by either
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partial or full recovery in the dark.

Recovery of an organic dye-doped polymer’s fluorescence was
first reported in a study by Peng et al., which included rho-
damine B, fluorescein, and pyrromethene dyes in a poly(methyl-
methacrylate) (PMMA) matrix.22 The anthraquinone dye, dis-
perse orange 11 (DO11), was later placed in a PMMA host to cre-
ate a self-healing material that fully recovers after being severely
degraded by a pump beam.2! Perylene di-imide derivatives dis-
persed in PMMA were observed to undergo partial recovery in
the presence of oxygen with no recovery observed in anaerobic
conditions, which evidences competing reversible and irreversible
photodegradation pathways.22 Since its self-healing properties
were discovered, many studies have been performed on DO11-
doped PMMA to determine the recovery rate’s dependencies on
environmental conditions. Such studies have investigated the
recovery rate’s dependence on external electric fields, 2324 tem-
perature, 2228 concentration,?Z and the excitation wavelength.28
The transient recovery of DO11-doped PMMA has also been stud-
ied in thick samples where pump depletion occurs through the
sample.?? The photodegradation and recovery of DO11-doped
PMMA has also been studied locally over the cross-section of a
photobleached region.®? The hypothesis for one specific poly-
mer mediated self-healing process, in which the dye’s recovery
is specific to the polymer, was strongly supported by studying
DO11-doped PMMA/polystyrene copolymers;3L the recovery of
DO11 decreased as the weight percentage of PS increased in a
PMMA/PS copolymer host. Other classes of molecules have also
been shown to recover in PMMA, namely the two-photon fluores-
cence recovery of the molecule AF455 when doped in PMMA.22
Self-healing materials can be used to create self-healing optical
and electro-optical devices, where modern light-responsive de-
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Fig. 1 (a) The chemical structures for Rhodamine 6g (R6g) perchlorate and the polymer matrices glycol-modified poly(ethylene terephthalate) (PETG),

thermoplastic polyurethane (TPU), and poly(vinyl alcohol) (PVOH). (b) FTIR spectra for undoped PETG, TPU, and PVOH films.

(c) An strobed

illustration of the self-healing experiments in which R6g-doped polymers are illuminated with a pulse laser. Chromophores initially (r = 0) emit radiation
after light absorption until they eventually photodegrade (f = faegrace). The material is left in the dark and infrequently probed with the laser source.
Photodegraded R6g molecules doped in polymers with repeating ester groups recover their fluorescence while those doped in the polymer without

ester groups do not recover.

vices have been observed to self-heal after being photodegraded
by visible light such as electroluminescent devices®? and per-
ovskite photovoltaic devices.24

The self-healing phenomena of DO11-doped PMMA has been
extensively studied since its discovery. Either partial or complete
healing for a large assortment of anthraquinone dyes have been
reported in PMMA. 22 PMMA was the only host polymer known to
promote the healing of photodegraded chromophores until 2015
when Anderson et al. showed that a partially photobleached ran-
dom laser with rhodamine 6g (R6g) dispersed in polyurethane re-
covered after partial photobleaching.2%37 A similar random laser
fabricated with a DO11-doped PMMA gain medium resulted in
similar self-healing behavior.®® A third polymer host that pro-
motes self-healing of DO11 was discovered in 2018 by Stubbs
et al.,*? where the amplified spontaneous emission (ASE) of a
DO11-doped polylactic acid (PLA) polymer was shown to fully
recovery. Each of these polymers has repeating ester functional
groups either in the polymer backbone or as part of the side-
chain. Thus, we expect other ester containing polymers to also
promote the recovery of specific photodegraded dyes. In this pa-
per, we observe the periodically probed ASE intensity after par-
tial photodegradation of R6g in three polymers. The results in-
ductively add further evidence to support the ester hypothesis
of self-healing, dye-doped polymers in which an intermediate in-
teraction between certain photodegraded chromophores and re-
peating ester groups aids in the recovery of the chromophores.
Such evidence helps to further uncover the mechanisms responsi-
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ble for self-healing phenomena observed in some photodegraded
dye-doped polymers at the molecular scale.

2 Self-Healing Experiment

The chromophore used in this study was R6g perchlorate,
purchased from Sigma-Aldrich. The dye was doped in
poly(tetramethylene glycol)-based thermoplastic polyurethane
(TPU), glycol-modified poly(ethylene terephthalate) co-polymer
(PETG), and > 98% hydrolyzed poly(vinyl alcohol) (PVOH) ma-
trices. The chemical structures of the dye and polymers are shown
in Fig. The Fourier-transform infrared (FTIR) spectra for the
clean polymers TPU, PETG, and PVOH, without any dopants, are
shown in Fig. [1l The FTIR spectra of both undoped TPU and un-
doped PETG have two similar sets of absorption regions outside
of the fingerprint region. The broad set of peaks at ~ 2900cm !
is characteristic of the carbon hydrogen bonds in the polymers.
The peaks observed at 1726cm ™! in TPU and 1713cm ™! in PETG
are due to a carbonyl group vibration, where the lines are pulled
due to the presence of carbonyl group being present in either
the urethane (TPU) or ester (PETG) functional groups. The FTIR
spectrum of undoped PVOH has two prominent sets of absorption
regions outside of the fingerprint region; the first being a broad
absorption band at ~ 3250cm ™! which is characteristic of alco-
hols, and a second set of peaks surrounding ~ 2900cm ™! caused
by the carbon-hydrogen bonds in the polymer. A small amount
of absorption is observed at 1730cm~' and at slightly shorter
wavelengths due to some carbonyl oscillations, consistent with



Fig. 2 The setup for the dual photodegradation and recovery experiment. The beam profile is shown below the diagram.

a small concentration of acetate functional groups in 98% hy-
drolyzed PVOH. The ends of the PVOH chains are also expected
to be terminated with an aldehyde group.

The TPU was obtained from Lubrizol as the brand name Pel-
lethane 2363-80A, the PETG was purchased from 3DXTech under
the brand name 3DXMAX PETG, and the PVOH was purchased
from Sigma-Aldrich. We dissolved TPU in tetrahydrofuran at a
ratio of 1:15, PETG in chloroform at a ratio of 1:10, and PVOH in
> 18MQ deionized water at a ratio of 1:15. The polymer pellets
dispersed in solvents where capped in glass bottles and sealed
with Parafilm. The TPU and PETG dissolved within two hours
in a bath sonicator. The PVOH solution needed to be repeatedly
heated to > 90°C, shaken, and sonicated for several hours until
fully dissolved. R6g was dissolved in the solution at a nominal 1
wt.% with respect to the mass of the dissolved polymer.

Thin polymer films were fabricated by spin coating the solu-
tions onto 1”x1” glass substrates. The solutions where extracted
from their bottles and enough solution was dispensed onto a glass
substrate to completely cover a single side. The spin speed was
between 500rpm and 800rpm depending on the viscosity of the
solution. The newly made samples were allowed to dry for a min-
imum of 15 minutes and then annealed at 120°C for 20 minutes.

A Continuum Surelite II, Nd:YAG laser was used to both pho-
todegrade the samples and probe the ASE as a function of time.
The laser pulse widths were approximately 6ns FWHM with a
10Hz repetition rate. The 1064nm fundamental was frequency
doubled to operate at a wavelength of 532nm. The laser power
was maximized by optimizing the Q-switch delay, which also led
to an increase in the shot-to-shot stability after all transient tem-
perature behavior had left the system. The laser was allowed to
reach a static temperature by operating for 1 hour prior to be-
ginning any photodegradation experiment. The high energy per
pulse, required for the best stability of the fundamental mode,
was greatly reduced prior to being incident on the sample. The
pulse energy was initially reduced by two different reflections
from glass substrates at high angles with the reflected beams di-
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rected into absorbing beam dumps. The pump beam then passed
through a KG-1 filter followed by a 20.D. neutral density filter.

The pump beam continued through a variable attenuator
mounted onto a linear actuator. The beam was then split by an-
other glass substrate. The reflected beam was incident upon an
Ophir PE-10C pyroelectric detector. The detector signaled to an
Ophir Juno USB power meter that was interfaced with a com-
puter via the manufacturers COM object commands. The refer-
ence beam was averaged over 60 pulses (6 seconds) and the vari-
able attenuator was scripted to automatically adjust to any drift
slower than the referencing and actuation time. The attenuator
was actuated to correct for pump drift when the 60-pulse-average
reference energy drifted beyond a +1.2% threshold relative to the
energy referenced at the beginning of the experiment. The actu-
ator was controlled by an Arduino Uno combined with a ZYLtech
CNC shield.

The stabilized pump beam was passed through a shutter fol-
lowed by a 10.D. neutral density filter to further reduce the
power. When the shutter opened, the beam was expanded with
collimating lenses. After the beam was expanded, it passed
through a cylindrical lens focused onto a R6G-doped polymer
sample. The pump beam’s electric-field polarization was oriented
perpendicular to the long axis of the beam spot. The pump energy
incident on the sample was typically between ~ 15 uJ/pulse and
20 uJ/pulse at the beginning of every experiment, and stabilized
throughout each experiment. The exact pump energy used within
this range depended on the threshold at which ASE began to dom-
inate the detected emission over the fluorescence signal. The ASE
output intensity is very sensitive to small changes in chromophore
concentration when pumping just above the ASE threshold inten-
sity (the pump intensity required to acquire an ASE signal which
dominates the fluorescence).

The ASE signal was captured by a lens focused onto the end
of a 600 um diameter multimode optical fiber which fed into an
Ocean Optics USB 4000 spectrometer. The spectrometer was in-
terfaced with a computer using the open source Seabreeze pack-
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Fig. 3 The normalized fluorescence and ASE spectra for the respective 1wt.% R6g doped PETG, TPU, and PVOH polymer matrices.

age in Python. A diagram of the relevant optical components in
the experiment are shown in Fig. The beam profile, incident
on the sample and imaged onto a Sony IMX258 CMOS sensor, is
shown beneath the experiment diagram in Fig.

The experiment consisted of two stages. The first stage mea-
sured the change in the ASE while the sample was being repeta-
tively pumped at 10Hz. After the ASE intensity was photode-
graded, the shutter was closed. The shutter was actuated by a
Denkovi USB relay. The sample was then left in the dark dur-
ing the second stage of the experiment. While in the dark, the
shutter was opened for short durations to probe for signs of re-
covery via the ASE output intensity. The pump energy referenc-
ing/stabilization, shutter control, and ASE spectra collection were
integrated into a single Python program for a completely auto-
mated photodegradation/recovery experiment.

3 Results

Once excited, the R6g molecules quickly fluoresce, where the ex-
cited state lifetimes are less than 1ns for the high concentrations
used in this study.4%4l The enlongated beam shape, with the long
axis perpendicular to the polarization, produced a dominant ASE
signal at low pulse energies as compared to a circular beam spot.
The ASE peak was red shifted relative to the peak fluorescence,
as expected. The degree of red shift in the ASE peak relative
to the fluorescence peak depended on the host polymer (shown
in Fig. [B). The smallest red shift occurred in TPU while R6g-
PVOH had the largest observed red shift. The fluorescence spec-
trum was also much broader in PVOH as compared to the other
two polymer hosts. Inhomogeneous broadening of both the flu-
orescence and ASE spectra was observed due to the microscopic,
heterogenous, polymer environment. An interesting feature of
the ASE spectrum of R6g-TPU is the significant asymmetry, which
is remarkably similar to the fluorescence. The TPU matrix gave
the largest R6g ASE output intensity for a given pump intensity
above threshold despite the cloudiness of the TPU host. The R6g-
TPU samples also showed the greatest peak fluorescence relative
to the other two materials under the same pumping conditions
while collecting the spectra shown in Fig. [3] Although there was
a significant amount of scattering in the cloudy TPU matrix, which
corresponds to losses along the ASE strip, the highly fluorescent
R6g-doped TPU system resulted in a low ASE threshold.

The ASE degradation and recovery spectra for a thin film of
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R6g-doped PETG is shown in Fig. [d{(a) and the transient recovery
of a typical R6g-PETG sample is shown in Fig. [4(b). To the au-
thors’ knowledge, this is the first report of a photodegraded chro-
mophore recovering in a polyethylene terephthalate-based poly-
mer. The approximate integrated ASE power was determined by
a multi-peak Gaussian fit. The recovery of photodegraded R6g
is hypothesized to be mediated by the repeating ester groups in
the polymer backbone. For polymers with high concentrations
of repeating ester groups and low percentage of photodegraded
dopant chromophores, we assume a simple rate equation with a
linear dependence on the number of chromophores. The expo-
nential growth solution of the rate equation describing the chro-
mophore recovery is given by

) _ | 0=Ch —-ta)/e
) _y_co—ca, 7
€0 &)

€3]

where ¢ is the concentration of R6g in the pristine sample, c, is
the concentration of R6g immediately after the shutter is closed,
tsn is the time that the shutter closed, and 7 is the recovery time
constant.

A simple linear relationship between the concentration of emit-
ters and ASE output intensity can be assumed for small changes
in the ASE intensity when just above the threshold concentration,
Cthresh- For a constant and uniform pump intensity,

1 ¢ (l) — Cthresh

izK77
Iy o

2

where [y is the ASE output intensity of the pristine sample and
K is a constant of proportionality. Provided that the increase in
the net intensity is small, a greater than unity recovery of the
ASE output intensity can be introduced through the proportion-
ality constant K. The proportionality constant does not describe
a specific mechanism causing the surplus, whether it be caused
by annealing, increased quantum yield, or another mechanism.
Combining Egs. [1] and [2] the normalized ASE output intensity
can be fit by an equation of the form

y(t) =A—Be (t)/7, (3)

where A and B are related to the parameters K, cg, csh, and ¢;jyesh-

The recovery time constant for the sample with a recovery
curve shown in Fig @(b) was (209 4+ 16) minutes. There was a
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Fig. 4 (a) ASE spectrum of an R6g-PETG sample. (b) The integrated
ASE during the degradation (diamonds) and recovery (circles) experi-
ments. The dashed vertical line indicates the last data collected during
the degradation experiment. The photodegradation data is shown in the
inset.

small blue shift observed in the fully recovered ASE spectrum of
the R6g-PETG system relative to the ASE spectrum obtained from
the pristine sample. The blue shift was measured to be (24 1)A.

The ASE spectrum for the pristine, photodegraded, and recov-
ered states of a R6g-doped TPU thin film is shown in Fig. [5(a).
The TPU polymer is a heterogeneous light scatterer with very poor
optical clarity when compared to the transparent PETG and PVOH
films. There were significant differences in the degree of cloudi-
ness visible to the naked eye between each spin coated film of
R6g-doped TPU. The best films were obtained by trapping the
solvent vapors via spin coating under a small container that was
turned upside-down over the sample. The solvent was allowed
to rest under the container and continue to evaporate with the
vapors escaping around the bottom of the container after the ro-
tation had finished.

The R6g-doped TPU transient recovery curve is shown in Fig.
b). There are three main differences between the R6g-PETG
and R6g-TPU transient recovery curves. The first difference is the
significant increase in the fully recovered ASE output intensity in
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Fig. 5 (a) ASE spectrum of an R6g-TPU sample that shows recovery be-
yond 100 % with respect to the pristine sample. (b) The transient behavior
of the ASE during photodegradation and recovery. The photodegradation
data is shown in the inset.

the R6g-TPU films over the R6g-PETG films. A recovery of greater
than 100% has been previously reported in R6g-polyurethane
lasers®Z and in ASE measurements of disperse orange 11 (DO11)-
doped polylactic acid (PLA).2 Because both TPU and PLA have
poor optical clarity relative to acrylic, irreversible laser-induced
annealing from the pump beam are likely responsible for the large
increases observed in their ASE output intensities after the popu-
lation of chromophores has recovered.

The second difference between the R6g-doped PETG and TPU
polymers was the time-dependence of the ASE signal’s recovery.
The ASE output intensity during recovery deviates from the sim-
ple exponential growth of the concentration. A non-exponential
growth could be caused by the ester groups in the copolymer be-
ing too low; however, the difference in the time dependence be-
tween R6g doped in the clear PETG polymer versus the cloudy
TPU is likely caused by a change in the effective strip length.
We assumed a simple model for the ASE output intensity’s de-
pendence on the average dye concentration in a cloudy material
by allowing the effective strip length to change with concentra-
tion. Note that a heterogenous matrix should also have a het-
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erogeneous distribution of the local gain and spontaneous emis-
sion cross-sections; however, we assume that these parameters
are slowly varying and are approximated as constant in our sim-
plified model. If the sample is being pumped just above threshold
where the ASE intensity begins to dominate the fluorescence out-
put, then small sections of the strip length can drop below the ASE
dominance threshold when the population of emitters decreases
in the matrix. The resultant simplified model of ASE in cloudy
materials assumes a reduction in the ‘effective’ strip length with
respect to a heterogeneous decrease in the concentration. Note
that the pump beam profile is assumed uniform, but possible hot
spots in the incident pump beam profile and the gradients asso-
ciated with the pump beam’s eccentric shape can also cause the
non-exponential-like growth in some ASE recovery experiments,
where a significant change in the effect strip length can occur in
such cases.

A simple lumped-sum model in the form of Shaklee and
Leheny#2 may be written for the ASE intensity as a function of
an effective strip length,

J
I= IPumpg (eglm - 1) ) @

where J relates to the spontaneous emission cross-section, g is the
net gain (gain minus the loss) averaged over the ASE spectrum,
Ioump is the average pump intensity over the ASE strip, and [
is the effective length of the ASE strip. We still assume that the
spontaneous emission cross-section just above threshold has an
approximate linear dependence with the concentration for small
changes in the R6g concentration, i.e., AJ «< Ac/cq for Ac < cg.
The effective strip length can also be approximated as a linear
function of the concentration for small changes,

lefleoqtb(ifl), (5)
o

where [ is the effective length of the ASE strip for the pristine
sample’s concentration and b is the slope of the straight line. Sub-
stituting Eq. [1] and Eq. [5|into Eq. [4] gives the functional form
for the time-dependent recovery of the normalized ASE intensity
from the R6g-TPU sample,

Vet (1) = A (1 - Be-(f—tsh)/f> {exp {a (1 - Be—<f—tsh>/r>] _ 1} D,
6
where A translates the concentration dependence to the ASE in-
tensity above threshold, B depends on both ¢y and ¢y, C =
explg(lo—b)], a = gb, ty, and 7 are still the respective shutter clo-
sure time and recovery time constant, and D is associated with
the threshold concentration. Note that the gain can also be made
concentration dependent, where a linear approximation can be
made similar to that for the effective strip length in Eq. The
resultant expression will be similar in form to Eq. [6] provided that
the gain is only minimally affected by small changes in concen-
trations such that the reciprocal of the gain can be approximated
as constant. The fit to the R6g-TPU sample’s transient recovery
is given by the dashed line in Fig[5|(b), where the recovery time
constant is estimated to be (240 4 144) minutes. Even after mak-
ing several approximations and simplifying assumptions, Eq. [f]is
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still highly parameterized. The large number of parameters heav-
ily influences the uncertainty of the fitted time constant to the
recovery data.

The degree of blue shift in the peak ASE output is the third dif-
ference between the R6g-doped PETG and TPU films. There is no
observable shift in the fluorescence within the spectrometer’s pre-
cision, where the blue shift in the recovered ASE spectrum is not
caused by perturbed energy states. The irreversible changes in the
local polymer environment do not appear to perturb the molec-
ular resonances, and therefore we also assume that they have a
negligible effect on the dipole transition moments and excited
state lifetimes. The observation of a static fluorescence peak rein-
forces the idea that greater than unity recovery of ASE is caused
by microscopic physics changes in the matrix instead of quantum
changes in the system. Even a small amount of laser-induced an-
nealing in a cloudy sample can shift the ASE gain envelope to the
blue because of the blue shift in the Rayleigh scattering curve. As
we see in Fig. [f] a significant blue shift occurs during the pho-
todegradation period. Most of the laser-induced annealing occurs
at the center of the ASE strip where the pump intensity is highest;
the population of photodegraded chromophores is also highest in
the center of the pump beam along the ASE strip. When the shut-
ter is closed and the concentration of emitters begins to increase
at the center of the strip, where most of the annealing occurs, a
more prominent blue shift is observed in the ASE output inten-
sity. Note that there are other mechanisms that can cause the
peak ASE spectrum to shift, but laser-induced annealing is the
dominant mechanism in this study. Self-healing of a R6g-doped
polyurethane gain medium was previously reported in a random
laser, where a net red shift was observed and caused by a com-
pletely different mechanism. 27

Laser-induced annealing reduces the loss at the ASE wave-
lengths in the TPU matrix. The rapid blue shift is directly related
to the rapid increase in the measured ASE output within the first
two minutes of the photodegradation experiment. The net gain in
Eq. [is the gain from the dye molecules minus the loss from light
scattering in the TPU host. When the matrix is rapidly annealed,
the ASE light quickly becomes less scattered, which results in a
“jump” of the ASE output intensity. If the reduction in loss is ir-
reversible and there is little laser-induced annealing that occurs
after the first few minutes of the photodegradation experiment in
the R6g-TPU sample, then loss due to scattering can be considered
constant during the recovery phase of the experiment. The final
recovered ASE intensity will, however, be greater than the ASE in-
tensity of the pristine sample due to the irreversible laser-induced
annealing. The rapid rise in ASE intensity at the beginning of the
experiment and the greater than 100% recovery are shown in Fig.
The mechanism responsible for the initial rise in ASE intensity
and the dominant mechanism responsible for the observed re-
covery beyond 100% is attributed laser-induced annealing of the
cloudy TPU host.

The uncertainties in the final data points for any given data run
and material under investigation were similar, where the uncer-
tainty was primarily sourced from the shot-to-shot noise of the
pump fundamental. Although the experiment corrected for drift
in the mean pump energy/shot averaged over many seconds, the
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shot-to-shot noise was inherent to the pump and unavoidable.
The mean values for the final data points showed a greater than
100% recovery of the integrated ASE signal for the R6g-doped
PETG system, but those mean values were not as high as the fi-
nal integrated ASE data points obtained in the R6g-doped TPU
system. The R6g-doped PETG samples had mean recovery values
that were greater than those of the pristine sample values, but the
lower limits based on the uncertainty were below 100% recovery.
The mean values for the integrated ASE in R6g-doped TPU sam-
ples after recovery were always greater than those in pristine sam-
ples, and even the lower limits of the recovered values, based on
the standard deviation of collected data points, showed a greater
than 100% recovery.

The esters in the chemical structure of TPU and PETG are hy-
pothesized to promote the recovery of R6g from a dominant pho-
todegraded state. Other dye-doped polymer systems that have
significant self-healing attributes, such as DO11-doped PMMA#3
and PLA2? have polymer hosts with repeating ester groups. It is
interesting to note that the R6g molecule contains an ester in its
structure, where recovery could possibly be induced by neighbor-
ing molecules. Quenching of the fluorescence is also attributed
to aggregates of the R6g chromophore which would likely leave
such recoveries undetected in ASE measurements.

The photodegradation and recovery of the ASE spectrum for a
R6g-PVOH sample is shown in Fig. [7(a). There is a rapid recovery
of R6g in PVOH between the last photodegradation measurement
and the first recovery measurement shown in Fig. b). The sam-
ple was left in the dark for 2 minutes after the last photodegra-
dation measurement and before the first recovery measurement.
Reversal of R6g from an a priori dark state with a longer-lifetime
than a triplet excited state lifetime was previously reported in
PVOH, 4 which accounts for the initial jump in the integrated ASE
signal. A similar jump is observed in Fig. [4[(b) for an R6g-doped
PETG sample. There appears to be some initially long-time-scale
recovery in Fig. [7{(b) followed by further photodegradation of the
signal over time. The PVOH matrix was significantly hydrolyzed,
but approximately 2% of the polymer’s side groups are acetate
groups instead of hydroxyl groups. The acetate functional group
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Fig. 7 (a) ASE spectrum and (b) transient ASE signal of a R6g-PVOH
sample showing an small initial recovery while in the dark followed by
further photodegradation caused by probing. The photodegradation data
is shown in the inset.

could possibly promote R6g recovery in a polymer matrix, where
a fraction of the photodegraded dye molecules would recover to
their pristine state. The continued photodegradation of the ASE
intensity at long-time scales is attributed to the periodic prob-
ing of the sample to record the ASE intensity during the recovery
stage of the experiment.

Ramini et al. showed that classical particle diffusion was not
responsible for the observed recovery of the DO11-doped PMMA
system’s emissive properties, 4> where the behavior of the photo-
bleached profile during recovery is quite different than the be-
havior predicted with diffusion models. The R6g molecule’s long
axis is larger than the long axis of DO11. Approximating both
molecules as spheres with radii to be one-half the diameter of the
long axis, the Stokes-Einstein relation gives a smaller diffusion
coefficient for R6g relative to DO11 in environments with the
same local viscosities. The three polymer matrices used in this
study were all thermoplastic polymers, two of which were stud-
ied well below their glass transition temperatures (PETG, ~ 80°C;
PVOH, ~ 80° C), where the local viscosity was assumed to be quite
large in both materials. The TPU matrix had the least hardness
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of the polymers in this study, and its glass transition temperature,
~(—40°C), is below room temperature; however, the polymer at
room temperature is still well below its Vicat softening tempera-
ture of ~ 85°C. The partial healing of R6g observed in the PVOH
matrix opposes classical diffusion models, which should follow
basic particle diffusion principles and asymptotically reach a uni-
form steady-state distribution relative to the bulk sample. From
previous and current observations, we conclude that the mecha-
nisms of self-healing in all systems being reported in this paper
are predominantly chemical in nature and not attributed to long-
range mass transport.

Both PETG and TPU contain repeating ester units in their back-
bones, and R6g was observed to recover from a photodegraded
state in both matrices. A small amount of recovery was observed
in the PVOH matrix, which has sparsely dispersed acetate groups
and residual aldehydes. The formation and reversal of R6g from
an a priori dark state was also reported for R6g-doped PVOH, 44
albeit on a relatively fast time scale, and it is the likely mechanism
responsible for the initially large increase in the ASE signal within
the first two minutes of the recovery portion of the experiment.
Previous reports of self-healing chromophores were also observed
in PMMA,21' PLA 32 and polyurethane hosts,Z all of which con-
tain esters in either the backbone or side chains. It would appear
that repeating ester units allow for the recovery of some chro-
mophores through a polymer mediated mechanism. If we assume
that the DO11-MMA-oxetane formation route proposed by Hung
et al. 4% for the DO11-PMMA system is similar to the recovery
process of the R6g-TPU and R6g-PETG systems, then a similar re-
action with the carbonyl carbon on the ester groups is a likely
suspect. Testing for R6g recovery in polyamide and polyimide
could help to determine the favorability of this type of process
occurring in a broader class of polymers that contain repeating
carbonyl groups without the ester oxygen atom. Studying the ef-
fects of the R group atom type on the possible reactions with ester
groups may also prove useful, where the results of a self-healing
study using polycarbonate as the host could provide valuable in-
sights for uncovering intricacies associated with possible recovery
pathways.

4 Conclusion

The transient shot-to-shot ASE output intensities were measured
for R6g in three different polymers at a 1wt.% concentration.
The ASE power was reduced via photodegradation of the dye
molecule. Self-healing was observed in dye-doped R6g-TPU and
R6g-PETG systems allowed to rest in the dark. There was a small
amount of recovery in > 98% hydrolyzed PVOH, which was pri-
marily attributed to a small population of R6g chromophores re-
laxing from a long-lived dark state. A very small amount of long-
time-scale recovery of R6g-doped PVOH films is possibly due to
interactions with residual acetate functional groups. The recov-
ered ASE signal of R6g in both TPU and PETG was greater than
unity with the largest recovered signals observed in R6g-doped
TPU. A large spectral line pull of the ASE peak wavelength oc-
curred in R6g-doped TPU, which was attributed to permanent
changes in the cloudy polymer matrix via laser-induced anneal-
ing.
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The TPU and PETG polymers both contain repeating ester units
in the polymer backbone, which are hypothesized to mediate
chromophore recovery. Additional experiments using polymers
with different repeating functional groups should provide new
insights into specific recovery mechanism(s). These experiments
and future studies could be used to tailor self-healing materials
for specific applications such as organic, solid-state, distributed
feedback and distributed Bragg reflector lasers.
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