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ABSTRACT: Developing metal-free organic phosphorescent Hotwater Cold water
materials is promising but challenging because achieving
emissive triplet relaxation that outcompetes the vibrational
loss of triplets, a key process to achieving phosphorescence, is
difficult without heavy metal atoms. While recent studies
reveal that bright room temperature phosphorescence can be
realized in purely organic crystalline materials through directed
halogen bonding, these organic phosphors still have limitations
to practical applications due to the stringent requirement of high quality crystal formation. Here we report bright room
temperature phosphorescence by embedding a purely organic phosphor into an amorphous glassy polymer matrix. Our study
implies that the reduced beta (f)-relaxation of isotactic PMMA most efficiently suppresses vibrational triplet decay and allows the
embedded organic phosphors to achieve a bright 7.5% phosphorescence quantum yield. We also demonstrate a microfluidic
device integrated with a novel temperature sensor based on the metal-free purely organic phosphors in the temperature-sensitive
polymer matrix. This unique system has many advantages: (i) simple device structures without feeding additional temperature
sensing agents, (i) bright phosphorescence emission, (iii) a reversible thermal response, and (iv) tunable temperature sensing
ranges by using different polymers.

B INTRODUCTION S, to T, at very high efficiency because of strong spin—orbit
coupling and triplet T, levels that are often close in energy to
S..> This spin—orbit coupling is localized at the carbonyl
oxygen.9 Because of this, aromatic ketones are an attractive
moiety for designing metal-free organic phosphors. In order for
the triplet to survive long enough for phosphorescence,
vibrational dissipation from T, to the ground state must be
suppressed as it competes with phosphorescent decay.
Adequately suppressing vibration is perhaps the most important
and challenging aspect of achieving efficient organic phosphor-
escence at room temperature.

Yuan et al. observed purely organic phosphorescence from
benzophenone and its halogenated derivatives by growing
crystals in common organic solvents.'"® Moreover, Bolton et al.
developed color-tunable organic phosphorescence materials by
implementing a directed heavy atom effect with halogen atoms
also in crystalline systems.'' In this material design, strong
halogen bonding between the oxygen atom of an aromatic
carbonyl and bromine promotes spin—orbit coupling and

Phosphorescent materials have attracted much attention due to
potential applications in display, solid state lighting, optical
storage and sensors because they can theoretically realize
threefold higher internal quantum efficiency than fluorescent
alternatives by harvesting triplet excitons through intersystem
crossing.'~* There are two critical processes in photo-
luminescent (PL) phosphorescence: (i) spin flipping from an
excited singlet state to a triplet state and (ii) radiative decay
from the excited triplet state to the ground state. Many
organometallic compounds are efficient phosphors since both
processes are promoted by spin—orbit coupling present in
metals.>® While these materials exhibit high quantum efficiency,
they require rare and expensive elements such as platinum and
iridium. In contrast, purely organic phosphorescent compounds
are cheaper but generally weaker and relatively rare because
they exhibit long-lived triplets that are easily consumed by
vibrational effects, preventing emissive decay. Thus, one of the
challenges that organic compounds must overcome in order to

become competitive with organometallic phosphors is finding a suppresses vibrational dissipation at the same time by the strict

way to suppress vibration in order to achieve bright emission. order of the crystal states of the materials. Though these
Aromatic ketones such as benzophenone are well-known
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approaches are very promising for developing metal-free
organic phosphors, they still have limitations to practical
applications because they stringently require crystalline
materials.'”” Film forming materials, such as polymers and
amorphous solids, would be more attractive for device
fabrication and processing; however, a means must be found
to induce in these systems vibrational suppression that is on par
with that generated by crystals.

Herein we report our systematic investigation to deconvolute
the suppression of the vibrational dissipation from the spin—
orbit coupling enhancement by embedding a purely organic
triplet-generating small molecule into a glassy polymer film and
demonstrate bright metal-free organic phosphorescence from
amorphous materials. The polymer serves as a rigid matrix to
suppress vibration in the small molecule phosphor, as would a
crystal, and thus allows the long-living triplets of the organic
compound to survive long enough to emit. This phenomenon
was studied using a single phosphorescent compound in various
glassy polymer matrixes. We systematically investigated the
correlation between the emission intensity of the embedded
organic phosphors and physicochemical properties of the
matrix polymers. Our study reveals that solubility parameter
matching between the phosphorescent compound and the
polymer matrix is a critical requirement to achieve a well-mixed
embedding of the chromophore into the polymer and facilitate
emission. Also, phosphorescence efficiency is strongly depend-
ent on polymer tacticity because each arrangement exhibits a
different degree of f-relaxation, which greatly affects the
vibrational dissipation of the excited state triplets. This lifts the
stringent crystalline requirement for metal-free organic
phosphorescence materials and provides more process-friendly
medium and a more physically tunable matrix.

We also demonstrated the use of amorphous purely organic
phosphor films as a temperature sensor in a microfluidic device.
Accurate temperature control is essential in such devices as they
are often used for biological applications."® In this application,
organic phosphors have many advantages over other con-
jugated polymer-based temperature sensors: (i) simple device
structures, that is, no need for additional inlet to feed
temperature sensing agents, (ii) brighter emission from
phosphorescence as compared with polydiacetylene (PDA)-
based fluorescence, (iii) a wholly reversible thermal response,
and (iv) tunable temperature sensing ranges by using different
polymer. This is the first example showing metal-free organic
phosphorescence in an amorphous material, demonstrating its
attractiveness as a temperature sensor in microfluidic devices.
Moreover, we expect that this system can also be utilized in
other biomedical applications due to the biocompatibilities of
each component. Furthermore, developing appropriate con-
ducting polymers as a glassy matrix for the organic
phosphorescence materials may realize bright, color tunable,
and flexible phosphorescent organic light emitting diodes as
well.

B RESULTS AND DISCUSSION

The weakly emitting organic phosphor, 2,5-dihexyloxy-4-
bromobenzaldehyde (Br6A, Figure la), was embedded into
atactic poly(methyl methacrylate) (aPMMA) resulting in a thin
film with green phosphorescence. Alone, microcrystalline films
of Br6A produce very weak emission that is largely dominated
by the weak blue fluorescence of the compound seen at 425
nm. In films the phosphorescent quantum yield of Br6A
increased from essentially zero to detectable level of 0.7% at
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Figure 1. (a) Structure of a phosphor (Br6A) and polymer (PMMA).
(b) PL emission spectra of Br6A and Br6A embedded in iPMMA,
aPMMA and sPMMA. (c) Phosphorescence quantum yield with
various isotactic content. The excitation wavelength was 365 nm.

room temperature. The increase in phosphorescent emission at
520 nm from the polymer film is evidence that the PMMA is
acting to suppress vibration and enhance emissive triplet
relaxation (Figure 1b). Assuming that a more well-ordered rigid
polymer would restrict vibration even more efliciently, we
tested polymers with higher degrees of crystallinity such as
polypropylene (PP) and poly(hexamethylene adipamide)
(Nylon 6/6). However, the quantum yield for these films was
below our detection limit (<0.1%) for both cases. We believe
that this is because the solubility parameter of these polymers
(16.0 MPa"* and 27.8 MPa'/?, respectively) does not match
with that of the phosphor (18.8 MPa'?) and, thus, the
phosphor does not become sufficiently embedded into these
polymer films. As a result, the phosphor molecules do not get
the benefit of the polymer rigidity and are not emissive due to
vibrational dissipation. On the contrary, PMMA has a solubility
parameter of 19.0 MPa'/? that is similar to that of the phosphor,
indicating that the phosphor is well mixed into that polymer
matrix.

Notably, we found that the quantum efficiency of Br6A in
PMMA strongly depends on polymer tacticity. Br6A embedded
in isotactic PMMA (iPMMA) shows 10-fold brighter
phosphorescence at room temperature than the same amount
of Br6A in aPMMA or syndiotactic PMMA (sPMMA), as
shown in Figure 1b. Indeed, as the relative amount of iPMMA
present in the host polymer increases from 0 to 100% an
exponential trend is observed as the quantum efficiency climbs
from 0.7 to 7.5% (Figure 1c). This is attributed to the fS-
relaxation behavior of these polymers. f-Relaxation is
considered to be the onset of motions that initiate the long-
range segmental motions occurring at Tg.14 In PMMA, this is
caused by the onset of rotation of the ester side group,
appearing around 285—300 K.'* The intensity of the f-
relaxation in amorphous PMMA increases with increasin%
syndiotacticity but decreases with increasing isotacticity.1
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Dominant f-relaxation in aPMMA and sPMMA means there is
independent motion of the carbonyl dipole in the ester side
group. As the isotacticity increases, the f loss peak vanishes,
indicating that the carbonyl dipole motion is locked. The
rotation energy was calculated by using Allinger “MM?2” force
field model, showing that the rotating side group of iPMMA
must force the two adjacent ester groups to undergo torsional
oscillations of +16° to relieve the stress during rotation of the
central group leading to more activation energy (110 kJ mol™")
than aPMMA (80 kJ mol™") and sPMMA (91 kJ mol™")."®
Figure 2 shows the effect of f-relaxation. As sample
temperatures decrease, phosphorescence intensity increases.
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Figure 2. Phosphorescence emission of Br6A embedded in (a)
aPMMA, (b) sSPMMA, and (c) iPMMA at different temperatures. (d)
Blue fluorescence emission of pure Br6A visible in part due to a lack of
green phosphorescence also at these temperatures. The excitation
wavelength was 365 nm.

The previously reported rigidity spectra show that the most
significant f-relaxation appears around at 300 K and decreases
with decreasing temperature.'”” We can see bright emission at
lower temperatures from samples on ice (273 K) or on dry ice
(195 K). However, even when the temperature is dropped to
195 K, the phosphor itself (not in PMMA) does not emit
brightly, as shown in Figure 2d where only the inherent deep-
blue fluorescence of Br6A is visible, which is indicative of
disordered chromophores.'' From these observations, we
hypothesize that phosphorescence efficiency is dependent on
the degree of P-relaxation and, thus, can be enhanced by
lowering temperature, which restricts f-relaxation.

An optimum phosphor concentration was found to be 1 wt
% versus polymer mass as shown in Figure 3a. At high
concentrations of phosphor, self-quenching is expected and is
believed to cause the observed low emission. At very low
concentrations, there is much less opportunity for molecules of
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Figure 3. (a) Phosphorescence quantum yield at different phosphor
concentrations for Br6A embedded in iPMMA. (b) Phosphorescence
lifetime at different phosphor concentrations. Samples were annealed
at 90 °C for 20 min. The excitation wavelength was 365 nm, and
lifetime was monitored by the emission wavelength at 520 nm.
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Br6A to find one another and realize the emission enhancing
benefits of halogen bonding. So, though the aforementioned
solubility parameter matching indicates that a high degree of
miscibility is required to achieve adequate phosphor/polymer
mixing, this result suggests that phosphor molecules can also
suffer from too much isolation/mixing, indicating that some
phosphor contact is necessary to achieve phosphorescence. At
lower concentrations, as the concentration increases the chance
for the halogen bonding increases, resulting in more efficient
heavy atom effect and halogen bonding. To prove this
hypothesis, we measured the phosphorescence lifetime of
various concentrations of Br6A mixed into PMMA. As the
phosphor concentration increases, the phosphorescent quan-
tum yield increases, indicating that more halogen bonding
facilitates intersystem crossing. Increasing halogen bonding up
to a 1 wt % mixing ratio made radiative decay more dominant,
resulting in high quantum yield and relatively short lifetime. But
at higher concentrations nonradiative self-quenching dominates
over radiative decay, the overall radiative rate decreases, and
quantum yield falls faster than lifetime does.

In this study, we found solubility parameter matching and
suppressing f-relaxation to be key components to reduce
vibrational loss of phosphor triplets. Also, bright phosphor-
escence was realized by choosing a proper polymer matrix,
iPMMA, and optimized mixing ratio between an organic
phosphor and a polymer matrix. Moreover, we expect that this
system can be utilized in organic light emitting diodes if a
phosphor is embedded in appropriate conducting polymers as a
glassy matrix.

This novel amorphous phosphorescence is strongly depend-
ent on ambient temperature so that it can be useful as a
temperature sensor. Accurate temperature measurements are
difficult but critical in microfluidic devices performing biological
processes such as polymerase chain reaction (PCR), temper-
ature §radient focusing (TGF), and enzyme-activated reac-
tions."*">* PDA-based conjugated polymers have been recently
demonstrated as potential microfluidic temperature sensors by
reporting fluorescent intensities correlated to the temperature
of the PDA droplet."> Composite blends of PDA and a proper
polymer matrix enable reversible fluorescence by increasing the
stability of the PDAs.**** However, the PDA must be kept
separate from the reaction mixture and complicated channel
structure must be used to make an additional inlet to feed PDA
molecules. Polymer-based microfluidic devices feature low
manufacturing costs and can be made from a wider range of
materials that can be tailored for specific applications, as
opposed to glass or silicon.”® Polymers such as PMMA are
popular construction materials for such microfluidic devices due
to good processability, chemical resistance against acids and
oils, and low cost.**"*® Coining in situ temperature sensing in
devices made from such a material would, ideally, not
compromise the attractive qualities of the polymer, be easy to
incorporate without the need of new device structure, and be
economically on par with low-cost plastics.

While organometallic phosphors exhibit high quantum
efficiency they are often, due to the short lifetimes of their
triplets, relatively unaffected by temperature changes in the
biologically relevant 30—60 °C range.*”*° Also the vibrational
freedoms of crystalline systems are largely unaffected by
noncryogenic temperature changes below their melting points,
making them poor near-ambient temperature sensors in their
crystalline forms. However, embedding similar organic
phosphor compounds into more temperature-sensitive ma-
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trices, such as polymers, offers the possibility of enhancing the
effect of temperature on phosphorescent emission intensity in
ways that can be exploited for temperature sensing. Thus, these
PMMA films of purely organic phosphors were explored as
sensitive, inert, and cheap temperature sensors. As the sample
temperature approaches the glass transition point of iPMMA,
55 °C, phosphorescence intensity decreases nearly linearly. As
is shown in Figure 4, this creates a dramatic and predictable
change in emission intensity across the temperature range of
approximately 30—60 °C.
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Figure 4. Normalized emission intensities for Br6A embedded in
iPMMA at different temperatures excited at 365 nm.

The in situ phosphorescence spectra in a heating and cooling
cycle in the temperature range of 30—60 °C was recorded in
order to monitor thermal response reversibility. Faster
decreases in phosphorescent intensity as temperature increases
with relatively slower increases in phosphorescent intensity as
temperature decreases were observed (Figure Sa). Incomplete
intensity recovery seen in the first cooling cycle is probably
ascribed to residual transitional motion of the fresh polymer
occurring at higher temperatures. Following the first heating,
reversible phosphorescence was repeated in six consecutive
cycles, indicating that temperature sensing in microfluidic
devices using this system can be reusable (Figure Sb).

In Figure 6 is demonstrated a microfluidic device composed
of a polydimethylsiloxane (PDMS) channel on a glass slide
coated with Br6A embedded in iPMMA. The microchannel
device was soaked in a hot water bath heated to 60 °C to
reduce the phosphorescence emission intensity from the device.
Next, hot (60 °C) and cold (4 °C) water was supplied through
two separate inlets into the microchannel to generate laminar
flow inside the channel with a thermal gradient induced at the
boundary. As shown in the fluorescence microscope image and
the inserted graph, due to the temperature gradient created
across the 200 ym wide channel, the phosphorescence emission
intensity increases linearly from the side of the channel having
hot water to the cold side of the channel.

B CONCLUSIONS

In summary, we have realized efficient phosphorescence at
room temperature by embedding a purely organic phosphor,
Br6A, into glassy PMMA matrices. The activation of
phosphorescence is likely due to fairly efficient restriction of
vibrational decay due to the rigidity of the polymer matrix.
Through systematic investigation we found that the tacticity of
PMMA strongly affects quantum efficiency of the embedded
organic phosphors. Our study implies that the reduced p-
relaxation of iPMMA most efficiently suppresses the vibrational
decay and allows the embedded organic phosphors to achieve a
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Figure S. (a) In situ phosphorescence spectra in a heating and cooling
cycle in the temperature range of 30—60 °C. (b) In situ
phosphorescence intensities during six cycles. The excitation wave-
length was 365 nm.
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Figure 6. Schematic fabrication process and operation of a microfluidic
device composed of a phosphorescence layer (Br6A in iPMMA) and a
PDMS channel layer. Phosphorescence emission intensity under 365
nm UV light increases linearly from the hot side of the channel to the
cold side channel. Scale bar = 100 ym.

bright 7.5% phosphorescence quantum yield. We also
demonstrated a novel temperature sensor based on metal-free
organic phosphorescence which is established by embedding a
phosphor in a glassy polymer matrix, iPMMA. Organic
phosphors are useful here because emission from the long-
lived triplets they generate is dictated by vibrational suppression
in the temperature-sensitive polymer matrix. This unique
system has many advantages over conjugated polymer-based
alternatives. This is also the first example showing amorphous
metal-free organic phosphorescence, which is uniquely practical
as a temperature sensor in microfluidic devices. We expect that
this system can be especially useful in biomedical applications
due to biocompatibilities of each component.
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B EXPERIMENTAL SECTION

Materials. iPMMA (Aldrich, M,, = 120 kg/mol), sSPMMA (Aldrich,
M,, = 996 kg/mol), aPMMA (Aldrich, M,, = 15 kg/mol), PP (Aldrich,
M,, = 174 kg/mol), and poly(hexamethylene adipamide) (Nylon 6/6,
Aldrich) were used as polymer matrix without further purification.
2,2,2-Trifluoroethanol (Aldrich) and toluene (Aldrich) were used as
solvents for Nylon 6/6 and PP, respectively, without further
purification. An organic phosphor, Br6A, was synthesized following
previously reported synthetic routes.""

Solubility Parameter Calculation. Solubility parameter of Br6A
was calculated by group contribution method.*! The dispersive, polar,
and hydrogen-bonding parameters from the Hoftyzer and van
Krevelen’s table were used by simple additive rules. Hildebrand
parameter of PP, poly(hexamethylene adipamide) (Nylon 6/6) and
PMMA was used to estimate polymer’s solubility parameter.*

PL and QY Measurement. PL emission, excitation and quantum
yield (QY) were collected using a Photon Technologies International
(PTI) Quantamaster system equipped with an integrating sphere.
Samples for quantum yield measurement were prepared by dropping
mixed solution with chloroform onto an unmodified glass substrate
followed by annealing at 90 °C for 20 min. Absorption and emission
inside the sphere were determined by comparison to a blank sample
(glass only). A neutral density filter was used to allow for maximization
of the emission signal without saturating the photomultiplier tube
detector with excitation light. Each sample type was run in
quadruplicate with each quantum yield measurement coming from a
freshly drop cast sample. Measurements proved highly repeatable, and
errors are given as +1 standard deviation.

Microfluidic Device Preparation. A “Y” shaped microchannel
structure was fabricated using a conventional soft lithography
technique. A transparent mask (CAD Art Inc.) bearing the channel
pattern was transferred to SU-8 (Microchem Inc.) deposited on a
silicon wafer. A 10:1 mixture of PDMS (Sylgard 184, Dow corning)
and curing agent was poured onto the mold and cured at 60 °C for at
least 4 h before use. Phosphorescent layer was prepared by
homogeneously drop casting 100:1 mixture of iPMMA and Br6A on
a slide glass followed by annealing at 90 °C for 20 min. Afterward, the
PDMS layer and the phosphorescence layer were bonded together by
plasma treatment (COVANCE-MP, Femto-science Inc.). The micro-
channel device was soaked in a hot water bath, heated up to 60 °C to
reduce the emitted light intensity from the device. Then hot (60 °C)
and cold (4 °C) water was supplied through two separate inlets into
the microchannel to generate laminar flow inside the channel with a
thermal gradient induced at the boundary. Emitted light intensity from
the device was measured by a fluorescence microscope (Ti, Nikon).

Temperature Dependent Emission Measurement. Emitted
light intensity from a film of 100:1 mixture of iPMMA and Br6A was
measured using a plate reader (BioTeck Synergy Neo plate reader)
under controlled temperature conditions. Repetitive measurements of
the emission were conducted to record the cyclic intensity changes
between high temperature and low temperature conditions.
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