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ABSTRACT: The dual-emissive properties of solid-state difluor- F F
oboron f-diketonate-poly(lactic acid) (BF,bdkPLA) materials have
been utilized for biological oxygen sensing. In this work,
BF,dbm(X)PLA materials were synthesized, where X = H, F, Cl,
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solutions and solid-state polymer films were studied. These
luminescent materials show fluorescence, phosphorescence, and
lifetime tunability on the basis of molecular weight, as well as lifetime modulation via the halide substituent. Short
BF,dbm(Br)PLA (6.0 kDa) and both short and long BF,dbm(I)PLA polymers (6.0 or 20.3 kDa) have fluorescence and intense
phosphorescence ideal for ratiometric oxygen sensing. The lighter halide-dye polymers with hydrogen, fluorine, and chlorine
substitution have longer phosphorescence lifetimes and can be utilized as ultrasensitive oxygen sensors. Photostability was also

analyzed for the polymer films.
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B INTRODUCTION

Developing luminescent materials for in vivo biological research
can be a daunting task.' Brightness and biocompatibility are
prerequisites. Dyes must be capable of reporting the
concentration of an analyte over a biologically relevant range
while retaining essential photophysical properties.”” Difluor-
oboron-based fluorophores, such as 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacenes (BODIPY), are common fluorescent report-
ers, because they satisfy these conditions.”” Other difluorobor-
on ﬂuoro?hores, including f-diketonates (OBO),® f-diiminates
(NBN),”"* and f-ketoiminates (OBN),'"'* have also been
utilized for their unique structural and optical properties. A
distinguishing feature of the difluoroboron S-diketonate dyes is
that the fluorescence is bright in both solution and the solid
state, making them ideal for liquid crystals,">'* ion indicators,"
and mechanochromic materials.'®"”

Difluoroboron f-diketonate (BF,bdk) dyes, combined with
poly(lactic acid) (PLA), exhibit short-lived fluorescence and
long-lived phosphorescence at room and body temper-
atures.'" ™" Thus, these dye-PLA conjugates can serve as
single-component ratiometric oxygen sensors without the need
for fluorophore/phosphor/matrix mixtures. Fluorescence serves
as an internal standard while phosphorescence, which is
susceptible to oxygen quenching, serves as the sensor.”' ™
As the dyes are exposed to oxygen, the fluorescence-to-
phosphorescence (F/P) intensity ratio is measured and
compared to an oxygen calibration curve to determine the
concentration of oxygen present. In addition to fostering dual
emissive properties of BF,bdk dyes—fluorescence and

-4 ACS Publications  © 2015 American Chemical Society

phosphorescence, rather than just fluorescence alone—PLA is
a good choice because it is a biocompatible and degradable
polymer.”*** Furthermore, processing is well-established.”**’
For example, boron nanoparticles (BNPs) can be produced
from these dye—PLA conjugates, serving as useful tools in
biomedical imaging applications.

It is widely known that halide substituents can modulate
structural and optical properties of materials. Previously,
Baronoff et al. showed that halide substitution of cyclometalled
iridium comgplexes can alter the ligand geometry and band-gap
properties.” In addition, Kim et al. recently presented
benzaldehyde/dibromobenzene co-crystals with tunable phos-
phorescence by changing alkyl chain length and halide
substitution.””*" Mechanochromic luminescence (ML)*' and
mechanochromic luminescence quenching (MLQ) have also
been reported with halide-substituted BF,dbm(X)C,,H,;
materials, where X = F, Cl, Br, L* Previously reported
difluoroboron dibenzoylmethane polylactide (BF,dbmPLA)
materials (Figure 1, X = H) had phosphorescence lifetimes in
the range of a hundred milliseconds (80—150 ms), depending
on the polymer molecular weight,"” while the iodine-
substituted derivatives (BF,dbm(I)PLA) had phosphorescence
lifetimes of only 4—35 ms.”* This change in heavy atom
substitution drastically affected the oxygen sensitivity of these
materials. The BF,dbmPLA materials are highly sensitive in the
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Figure 1. Difluoroboron dibenzoylmethane—poly(lactic acid) and
halide-substituted derivatives.

hypoxic range (0—1% O,), while BF,dbm(I)PLA can effectively
sense up to ambient conditions (0—21% O,). Dyes with
different oxygen sensitivities can be adapted for various
biological applications.”> For example, probes with high
sensitivities within 0.5—3.0% O, are well-suited for tumor
hypoxia imaging,”*** and probes with a sensitivitzr of 2%—6%
O, can monitor brain oxygenation in great detail,”® while less-
sensitive probes (with sensitivities within the O, range of 5%—
15%) can effectively monitor blood oxygenation (veins versus
arteries).37

Here, a systematic study of the effects of halide substitution
on BF,dbmPLA optical and oxygen sensing properties is
reported. A series of halide-substituted BF,dbm(X)PLA
materials were synthesized, where X = H, F, Cl, Br, and I
(Figure 1), to effectively tune the triplet emission of the
materials via an internal electron withdrawing group and heavy
atom effects. Dye—polymer conjugates can be fabricated into
nanoparticles” or nanofibers’’ for biomedical imaging,
minimizing phase separation, heterogeneity and dye leaching
that can occur for comparable dye loadings in dye/PLA blends.
The dyes and polymers are analyzed in dilute CH,Cl, solutions
and in solid-state films. In the solid state, phosphorescence
lifetime, and thus oxygen sensitivity, can be controlled with the
halide substituent and polymer molecular weight. The photo-
stability of the polymers was studied over extended excitation
times (~18 h) with a hand-held UV light source.

B MATERIALS AND METHODS

3,6-Dimethyl-1,4-dioxane-2,5-dione (p,L-lactide, Sigma—Aldrich) was
recrystallized twice from ethyl acetate and stored under nitrogen. The
ligand precursor 1—(4—(2—((tetrahydro-2H;§pyran—2—yl)oxy)ethoxy)—
phenyl)ethan-1-one*® ligands dbmOH (1)'* and dbm(I)OH (5),**
boron initiators BF,dbmOH (6)'® and BF,dbm(I)OH (9)** and
polymers 11—15” were prepared as previously described. Tin(II) 2-
ethylhexanoate (Sn(oct),, Spectrum), boron trifluoride diethyl ether-
ate (Aldrich, purified, redistilled), and all other reagents and solvents
were used as received, without further purification. Solvents CH,Cl,
and THF were dried and purified over 3 A molecular sieves activated
at 300 °C.*” All other chemicals were reagent-grade from Sigma—
Aldrich and were used without further purification.

"H NMR spectra were recorded on a Varian Unity Inova 300/51
(300 MHz) or a Varian VMRS/600 (600 MHz) instrument in CDCl,.
'"H NMR peaks were referenced to the signals for the residual
protiochloroform at 7.26 ppm. Coupling constants are given in units of
Hertz. Polymer molecular weights were determined by gel permeation
chromatography (GPC) (tetrahydrofuran (THF), 25 °C, 1.0 mL/min,
dn/dc = 0.050) using multiangle laser light scattering (SEC-MALS) (4
= 658 nm, 25 °C) and refractive index (RI) (4 = 658 nm, 25 °C)
detection. Polymer Laboratories S ym mixed-C columns (guard
column plus two columns), along with various instrumentation (Wyatt
Technology, Model Optilab T-rEX interferometric refractometer,
miniDAWN TREOS multiangle static light scattering (MALS)
detector, ASTRA 6.0 software, and Agilent Technologies, Series
1260 HPLC with diode array (DAD) detector, ChemStation) were
used in GPC analysis. Polymer characterization data is provided in the

Supporting Information (Figures S7—S16) and Table 1 (presented
later in this work). UV—vis spectra were recorded on a Hewlett-
Packard Model 8452A diode-array spectrophotometer.

Luminescence Measurements. Steady-state fluorescence emis-
sion spectra were recorded on a Horiba Fluorolog-3 Model FL3-22
spectrofluorometer (double-grating excitation and double-grating
emission monochromator). A 2 ms delay was used when recording
the delayed emission spectra. Time-correlated single-photon counting
(TCSPC) fluorescence lifetime measurements were performed with a
NanoLED-370 (A, = 369 nm) excitation source and a DataStation
Hub as the SPC controller. Phosphorescence lifetimes were measured
with a 1 ms multichannel scalar (MCS) excited with a flash xenon
lamp (4, = 369 nm; duration <1 ms). Lifetime data were analyzed
with DataStation v2.4 software from Horiba Jobin Yvon. Fluorescence
quantum yields (@) of initiator and polymer samples in CH,Cl, were
calculated against anthracene as a standard, as previously described,
using the following values: @y (anthracene) = 0.27*%*" np® (EtOH)
= 1.360, np2° (CH,CL,) = 1.424." Optically dilute CH,Cl, solutions of
the dyes, with absorbances of <0.1 a.u., were prepared in 1-cm-path-
length quartz cuvettes. Thin films were prepared on the inner wall of
vials by dissolving polymers in CH,Cl, (2 mg/mL) and evaporating
the solvent by slowly rotating the vial under a low stream of nitrogen.
The solution-cast films were then dried in vacuo for at least 15 min
before measurements. Fluorescence spectra and lifetimes were
obtained under ambient conditions (e.g., air, ~21% oxygen).
Phosphorescence measurements were performed under a N,
atmosphere. The vials with the solution-cast films were purged and
sealed with a Teflon cap and wrapped in parafilm in a glovebox prior
to measurements. The glovebox was purged for 30 min prior to
samples being sealed. For oxygen sensitivity measurements, solution-
cast films in vials were fitted with a 12 mm PTFE/silicone/PTFE seal
(Chromatography Research Supplies), connected by a screw cap. Vials
were continuously purged with analytical-grade N, (Praxair) or 1.0%
O, (Praxair) during measurements. For 21% O, (i.e., air), measure-
ments were taken under ambient conditions (open vial, no cap).
Fluorescence and phosphorescence lifetimes were fit to double or
triple exponential decays in solid-state films.

Photostablility Measurements. Spin-cast films were prepared by
dropwise addition of 1 mL of a ~1.0 mg/mg CH,Cl, solution on 18
mm X 18 mm glass cover slides (Fisher Scientific) using a Laurel
Technologies WS-650s spin-coater at 3000 rpm. Films were dried in
vacuo for ~1S min prior to measurements. Films were placed on a
black surface 10 cm below the camera and were irradiated with a 4 W
UV lamp. A Watec 902H2 Ultimate monochrome CCD camera,
equipped with a Fujinon DVS X 3.6R4B-SA2L 3.6—18 mm F/1.8 lens
and an Jon Video 2 PC analog-to-digital converter was used to
monitor photostability. Linearity was ensured by a neutral density filter
calibration (Tiffen, S8 mm Neutral Density = 0.9) and by disabling
automatic gain and gamma control. A custom-made MATLAB
program was implemented to record the pixel intensity of each
sample every S min for 18 h.

1-(4-Fluorophenyl)-3-(4-(2-hydroxyethoxy)phenyl)propane-1,3-
dione (dbm(F)OH) (2). The aromatic ketone, 1-(4-(2-((tetrahydro-
2H-pyran-2-yl)oxy)ethoxy)phenyl)ethan-1-one*® (870 mg, 3.3 mmol),
and ethyl 4-fluorobenzoate (674 mg, 3.9 mmol), were dissolved in
anhydrous THF (50 mL). A suspension of NaH (120 mg, 5.0 mmol)
in THF (10 mL) was transferred to the reaction via cannula. The
reaction was refluxed at 60 °C under a nitrogen atmosphere, and
monitored by TLC, until consumption of the aromatic ketone was
complete (7 h). The reaction mixture was removed from the heat and
allowed to cool to room temperature (RT), before excess NaH was
quenched with saturated aqueous NaHCO, (20 mL), and the THF
was removed via rotary evaporation. The crude reaction mixture was
treated with 1 M HCI to adjust the pH to ~5. The resulting mixture
was extracted with EtOAc (2 X 20 mL), then combined organic layers
were washed with H,O (2 X 20 mL). The organic solvent, EtOAc, was
removed via rotary evaporation to yield a brown oil. The crude
reaction mixture was dissolved in a THF (100 mL)/H,0 (20 mL)
solution, a catalytic amount of TsOH (20 mg, 0.12 mmol) was added,
and then the reaction mixture was refluxed at 60 °C and monitored by
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TLC for the disappearance of protected diketone (2 h). The THF was
removed by rotary evaporation, resulting in an aqueous suspension of
the crude organic product. The organics were extracted with CH,Cl,
(2 x 20 mL), washed with H,O (2 X 20 mL) and brine (2 X 20 mL),
and dried over anhydrous Na,SO,. The mixture was filtered and the
solvent was removed by rotary evaporation to yield a brown solid. The
crude solid was purified by recrystallization (EtOAc/hexanes) to yield
a white powder: 649 mg (65%). 'H NMR (600 MHz, CDCl,): 6 17.10
(s, broad, 1H, —OH), 8.03—7.93 (m, broad, 4 H, 2/, 6'-ArH, 2", 6"-
ArH), 7.20—7.10 (m, broad, 2H, 3/, §’-ArH), 6.99 (d, ] = 9, 2H, 3",5"-
ArH), 6.74 (s, 1H, —COCHCO), 417 (t, J] = 6, 2H, Ar-
OCH,CH,0H), 4.01 (t, ] = 6, 2H, Ar—OCH,CH,0H), 1.65 (s,
broad, 1H, Ar—OCH,CH,0H). HRMS (ESI, TOF) m/z calcd for
C,,H,40,F, 303.1033 [M + HJ*; found 303.1031.

1-(4-Chlorophenyl)-3-(4-(2-hydroxyethoxy)phenyl)propane-1,3-
dione (dbm(Cl)OH) (3). The chloro ligand (3) was prepared as
described for 2, but methyl 4-chlorobenzoate was used as the aromatic
ester in the Claisen condensation to yield a tan flaky solid: 210 mg
(45%). 'H NMR (300 MHz, CDCL,): § 1691 (s, broad, 1H, —OH),
7.96 (d, ] =9, 2H, 2/, 6'-ArH), 7.89 (d, ] = 8.4, 2H, 2",6"-ArH), 7.44
(d, J=84,2H, 3',5'-ArH), 7.00 (d, ] = 9, 2H, 3”,5"-ArH), 6.74 (s, 1H,
—COCHCO-), 4.16 (t, ] = 4.2, 2H, —ArOCH,—), 4.00 (s, broad, 2H,
—CH,0H), 3.50 (s, broad, 1H, —CH,OH). HRMS (ESL TOEF) m/z
caled for C;,H,40,Cl 319.0728 [M + H]*; found 319.0737.

1-(4-Bromophenyl)-3-(4-(2-hydroxyethoxy)phenyl)propane-1,3-
dione (dbm(Br)OH) (4). The bromo ligand (4) was prepared as
described for 2, but methyl 4-bromobenzoate was used as the aromatic
ester in the Claisen condensation to yield a tan powder: 855 mg
(63%). '"H NMR (300 MHz, CDCL,): § 16.90 (s, broad, 1H, —OH),
797 (d,] =9, 2H, 2/, 6-ArH), 7.83 (d, ] = 8.4 2H, 2",6"-ArH), 7.62
(d,] = 84, 2H, 3',5"-ArH), 7.00 (d, ] = 9, 2H, 3,5"-ArH), 6.75 (s, 1H,
—COCHCO-), 3.89 (s, 3H, —ArOCH,), 417 (t, ] = 42, 2H,
—ArOCH,-), 4.02 (s, broad, 2H, —CH,0H), 1.99 (s, broad, 1H,
—CH,0H). HRMS (ESI, TOF) m/z calcd for C;;H;,0,Br 363.0232
[M + H]* found 363.0237.

BF,dbm(F)OH (7). The fluoro initiator 7 was prepared by dissolving
dbm(F)OH (2) (200 mg, 0.66 mmol) in anhydrous CH,Cl, (50 mL)
in a dry 100 mL round-bottom flask. Boron trifluoride diethyl etherate
(122 uL, 0.99 mmol) was added via syringe, whereupon the solution
turned light yellow. The reaction mixture was stirred at room
temperature and monitored by TLC until the ligand substrate was
consumed (4 h). Excess boron trifluoride diethyl etherate was
quenched by the addition of K,CO; () (100 mg, 0.72 mmol). After
stirring for 15 min, the reaction mixture was filtered and the solvent
was removed via rotary evaporation to yield a dark yellow powder. The
product was purified by column chromatography (1:1 hexanes/EtOAc,
then EtOAc) to yield a faint yellow powder: 151 mg (69%). "H NMR
(600 MHz, CDCl,): § 8.17—8.14 (m, broad, 4H, 2/,6’-ArH, 2",6"-
ArH), 721 (4, ] = 6, 2H, 3/,5"-ArH), 7.07—7.04 (m, 2H, 3",5"-ArH),
6.97 (s, 1H, COCHCO), 4.99 (s, 1H, Ar—OCH,CH,0H), 421 (t, ] =
6, 2H, Ar—OCH,CH,0H), 4.03 (t, ] = 6, 2H, Ar—OCH,CH,OH).
HRMS (ESIL, TOF) m/z caled for C,,H,,0,BF, 331.0953 [M — E]%
found 331.0949.

BF,dbm(CI)OH (8). The chloro initiator 8 was prepared as described
for 7, using dbm(CI)OH (3) instead of dbm(F)OH (2). A yellow
powder was obtained: 118 mg (76%). '"H NMR (600 MHz, CDCL,): 5
8.16 (d,]=9,2H, 2,6'-ArH), 8.06 (d, ] =9, 2H, 2",6"-ArH), 7.52 (d, ]
= 8.4, 2H, 3/,5'-ArH), 7.07-7.05 (m, 3H, 3",5"-ArH, —-COCHCO-),
421 (t, J = 3.9, 2H, —ArOCH,—), 4.04—4.02 (m, 2H, —CH,OH).
HRMS (ESI, TOF) m/z caled for C,;H,,0,CIBF 347.0661 [M — F]*;
found 347.0658.

BF,dbm(Br)OH (9). The bromo initiator was prepared as previously
described for 7, using dbm(Br)OH (4) instead of dbm(F)OH (2). A
yellow powder was obtained: 110 mg (49%). '"H NMR (600 MHg,
CDCLy): 6 8.16 (d, ] = 9, 2H, 2/,6'-ArH), 7.97 (d, ] = 9, 2H, 2,6’
ArH), 7.69 (d, ] = 8.4, 2H, 3',5'-ArH), 7.07—7.05 (m, 3H, 3”,5"-ArH,
—COCHCO-), 421 (t, ] = 3.9, 2H, —ArOCH,—), 4.07—4.03 (m, 2H,
—CH,OH). HRMS (ESI, TOF) m/z caled for C;;H;,0,BrBF
391.0153 [M — F]*; found 391.0156.

Bl RESULTS AND DISCUSSION

Synthesis. The f5-diketones 1—5 (Scheme 1) were prepared
as previously described.”® Namely, the aromatic ketone 1-(4-(2-

Scheme 1. Synthesis of Dye-PLA Conjugates

.)K/K‘\ BFOEt, _
O ~_OH  CH,CI,

1: X =H, dbmOH
2: X =F, dbm(F)OH
3: X = Cl, dbm(Cl)OH
4: X =Br, dom(Br)OH
5: X =1, dbm(l)OH o
¥ oA
B )\Wo
|
L,
/\/OH Sn(oct),
X 130°C
6: X = H, BF,dbmOH
7: X =F, BF,dbm(F)H
8: X = Cl, BF ,dbm(CI)OH
9:X= B . BF ,dbm(Br)OH
10 : X =1, BF ,dbm(l)OH
FF

Nw .

i X=H, BdemeLA
12 X = F, BF ,dom(F)PLA
13 : X = Cl, BF ,dbm(Cl)PLA
14 : X = Br, BF ,dbm(Br)PLA
15: X =1, BF ,dbm(l)PLA

((tetrahydro-2H-pyran-2-yl)oxy)ethoxy)phenyl)ethan-1-one
was combined with the appropriate aromatic ester to generate
the diketone via a Claisen condensation, followed by removal of
the dihydropyran hydroxyl protecting group, to give com-
pounds 1-5. By varying the aromatic ester, ligands with
different halide substituents were easily produced via the same
synthetic methods. The diketones were purified by recrystal-
lization in EtOAc and hexanes.

Boronation was performed by stirring boron trifluoride
diethyl etherate with the p-diketones, 1—5, in anhydrous
CH,Cl, for 4-10 h at room temperature. The parent
compound, BF,dbmOH (6), and the iodine-substituted
BF,dbm(I)OH (10) were purified by recrystallization from
acetone/hexanes to obtain yellow crystalline powders. The
lighter halide derivatives (7—9) had solubilities that were very
similar to that of the ligand analogues and were instead purified
by silica column chromatography (EtOAc/hexanes eluent) and
also obtained as yellow powders.

Poly(lactic acid) (PLA) was grown from the primary alcohol
sites of boron initiators 6—10 in lactide melts, in the presence
of a stannous octoate catalyst, as previously described.”
Compared to less-soluble dinaphthyl initiators,”” 6—10 readily
dissolved, even in low loadings of molten lactide (ie, SO
equiv). To assess the effects of molecular weight (MW) on the
luminescence properties of dye-PLA conjugates, two polymers
were grown for each halide initiator—one with low MW (6.0—
7.5 kDa) and one with higher MW (16.5—20.0 kDa) (see Table
1). With 50 equiv of lactide, polymerizations became viscous
and were stopped after 1 h by cooling to room temperature,
followed by precipitation from CH,Cl,/ice cold MeOH and
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Table 1. Polymer Molecular Weight Characterization

M, M, M, polydispersity
polymer loading” (NMR)” (GPC) (GPC)* index, PDI*
11a 50:1/40 6000 6600 6900 1.0
12a 50:1/40 6200 6100 6600 1.08
13a 50:1/40 7700 7500 8200 1.09
14a 50:1/40 5800 6400 7600 1.18
1Sa 50:1/40 6700 6600 7100 1.08
11b 200:1/40 24200 19 100 20 800 1.09
12b 200:1/40 20 400 16 500 18 500 1.12
13b 200:1/40 23400 18700 20 600 1.10
14b 200:1/40 18 500 17 100 18 500 1.08
15b 200:1/40 24200 20300 23100 1.14

“Molar ratio of monomer to Sn(oct), catalyst per equiv boron
initiator. *Molecular weights determined by end-group analysis (Dye-
Ar-OCH,CH,— vs PLA-CH integration). “PDI = M,/M,, as
determined by GPC.

(BF,dbmOH (6); Ay = 433 nm, BF,dbm(I)OH (10); Ay = 441
nm). However, halide substitution does alter the fluorescence
lifetime (7z) and quantum yield (®p) of the boron dyes.
Lighter halide dyes and polymers (X = H, F, Cl, and Br) have
similar lifetimes of (~1.95 ns), and quantum yields near unity
(~0.95). The iodine derivatives showed lower quantum yields
and shorter fluorescence lifetimes, as a result of the heavy atom
effect.”” In solution, enhanced intersystem crossing via the
heavy atom effect resulted in nonradiative decay pathways, as a
result of oxygen quenching or intramolecular motions.

Optical Properties of Films. Boron polymers were also
studied as films in the solid state. Optical properties for
polymers 11—15 with variable molecular weights are presented
in Table 3. Fluorescence spectra and lifetime measurements
were obtained under ambient conditions (e.g, air, ~21%
oxygen). Phosphorescence measurements were conducted
under N,.

then CH,Cl,/hexanes.”® Reactions with 200 equiv were
typically run for 3 h. Reactions were stopped at ~60%—80%
conversion to ensure more controlled reaction conditions and
polymers with low polydispersities (1.05—1.18). This mini-
mizes thermal depolymerization or transesterification side
reactions, as previously described.”**

Optical Properties in Solution. The dye initiators (6—10)
and polymers (11—15) were analyzed in dilute CH,CI,
solutions in air at room temperature; the optical properties
are summarized in Table 2. The dyes and polymers have
almost-identical properties in CH,Cl, and all absorb light in the
UV to violet range (395—410 nm; see Figure S17 in the
Supporting Information). As the halide substituent becomes
heavier, the absorbance is red-shifted (i.e,, BF,dbmOH (6) A,
= 397 nm versus BF,dbm(I)OH (10) A, = 407 nm). The
extinction coefficient increased slightly with heavier halides as
well (BF,dbmOH (6) & = 53000 M~ cm™ versus BF,dbm-
(I)OH (10) ¢ 58000 M™' cm™). As is commonly
observed,'® extinction coefficients decreased from dyes to
polymers with the same halide substituent (i.e., BF,dbm(F)OH
(7): € = 48000 M~' cm™! versus BF,dbm(F)PLA (12a) ¢ =
45000 M™' cm™), perhaps due to minor dye degradation
during the polymerization, purification processes, or inherent
error in estimating dye content and ascribing an extinction
coeflicient to polydisperse samples.

The dyes emit blue fluorescence in CH,Cl, solution, and the
halide substituents have only minor influences on the color

Table 3. Optical Properties of Solution-Cast Films

Phosphores-
Fluorescence cence

na lemb rpr ﬂemd pr()

sample (kDa)  (nm) (ns) (nm) (ms)
BF,dbmPLA 11a 6.6 457 6.63 516 142.1
11b 19.1 426 1.53 510 207.4
BE,dbm(F)PLA 12a 6.1 502 45.47 512 122.8
12b 16.5 428 2.53 508 195.9
BF,dbm(C)PLA  13a 75 466 691 520 1136
13b 18.7 437 2.57 516 168.0
BF,dbm(Br)PLA  14a 64 471 532 522 289
14b 17.1 436 1.79 520 47.1
BF,dbm(I)PLA 15a 66 455 346 528 5.6
15b 20.3 437 0.90 522 5.8

“Number-average molecular weight (GPC). bSteady-state fluorescence
spectra emission maximum under air. Excitation source: 369 nm xenon
lamp. “Fluorescence lifetime excited with a 369 nm light-emitting
diode (LED) monitored at the emission maximum. All fluorescence
lifetimes are fitted with triple-exponential decay. “Delayed emission
spectra maxima under N,. Excitation source: xenon flash lamp. “Pre-
exponential weighted RTP lifetime. Excitation source: xenon flash
lamp; RTP lifetime fit to triple-exponential decay.

Table 2. Optical Properties of Boron Dye Initiators and Polymers in CH,Cl,

sample Ags” (nm) e’ (M em™) Ao’ (nm) 7 (ns) D.°
BF,dbmOH 6 397 53 000 433 1.96" 0.95
BF,dbmPLA 11a 396 52 000 425 1.94 0.95
BF,dbm(F)OH 7 397 48 000 430 3.27 0.99
BF,dbm(F)PLA 12a 397 45 000 426 1.95 0.98
BF,dbm(Cl)OH 8 401 56 000 438 343 0.99
BF,dbm(CI)PLA 13a 398 55 000 435 1.96 0.99
BF,dbm(Br)OH 9 403 56 000 440 224 0.96
BF,dbm(Br)PLA 14a 404 54 000 438 1.77 0.91
BF,dbm(I)OH 10 407 58 000 441 1.03¢ 0.55
BF,dbm(I)PLA 15a 405 49 000 435 0.95 0.40

“Absorption maxima. YExtinction coefficients calculated at the absorption maxima. “Fluorescence emission maxima excited at 369 nm. “Fluorescence
lifetime excited with a 369 nm light-emitting diode (LED) monitored at the emission maximum. All fluorescence lifetimes are fitted with single-
exponential decay. “Relative quantum yield, versus anthracene in EtOH as a standard. *Values taken from ref 18. £Values taken from ref 22.
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Molecular weight is an effective way to tune the
luminescence properties of boron dye-PLA materials.'”*"*>**
In previously reported BF,dbmPLA polymer conjugates, low
MW polymers (~4 kDa) showed green fluorescence (500 nm),
high MW polymers (~20 kDa) showed blue fluorescence (425
nm), and peak emission could be modulated using the PLA
MW or dye concentration in blends.'* This is attributed to a
change in the dye—dye interactions within the PLA matrix;
therefore, dye concentration plays an important role. Similarly,
this concentration-dependent emission can also be seen in
other difluoroboron dyes. For example, Venkatesan et al.
successfully generated f-ketoiminates that exhibited phosphor-
escence across the visible spectrum at different concentrations
in CH,Cl, and poly(methyl methacrylate) (PMMA) environ-
ments.'' In the solid-state, dye structure is critical in
determining how dye—dye interactions influence material
optical properties. Phenyl—phenyl systems (BF,dbmPLA)
reached a maximal blue-shifted fluorescence at a MW of ~20
kDa, which corresponded to ~1% dye by total mass; further
dilution did not affect the fluorescence color significantly.'”
With increased conjugation in naphthyl—naphthyl-based dyes
(BF,dnmPLA), which corresponded to lower solubility and
increased propensity for dyes to aggregate, a maximal blue-
shifted fluorescence was reached with only 0.2% dye loading in
PLA blends.”

Halide interactions play important roles in molecular
assemblies and crystal engineering””*>*® and serve as a way
to modulate optical properties. In this study, two polymers of
each halide-substituted dye were prepared to analyze MW
effects and dye—dye interactions on the optical properties. (See
spectra of dye—polymer films in Figures S18—20 in the
Supporting Information.) The expected trend in fluorescence
lifetimes (7) across the halide series is observed. As the halide
becomes heavier, 7 decreases (H = 6.6 ns, F = 45.4 ns, Cl = 6.9
ns, Br = 5.3 ns, I = 3.4 ns). The fluorescence color sensitivity to
dye loading (i.e., M,) also varied with different halide dyes. For
instance, between BF,dbm(F)PLA, 12a (6.1 kDa; Az = 502
nm) and 12b (16.5 kDa: Az = 428 nm), the emission
wavelength shifted by 74 nm. In contrast, emission wavelengths
for the bromide analogues BF,dbm(Br)PLA, 14a (6.0 kDa ; Ag
=471 nm) and 14b (17.1 kDa; Az = 436 nm), shifted only 35
nm with a comparable shift in molecular weight (see Figure 2
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Figure 2. Molecular weight and fluorescence; total emission of
BF,dbm(F)PLA (12) and BF,dbm(Br)PLA (14) in air (A, = 369

nm).

and Table 3). The difference in emission maxima between low
MW and high MW polymers decreases for heavier halides.
When heavy atoms are present, there is enhanced intersystem
crossing (ISC) to the triplet state, siphoning off red-shifted
fluorescence. The unsubstituted dye, BF,dbmPLA, showed a
smaller range than the chloro- and fluoro- adducts. This could

be a result of increased inductive effects due to the electron-
withdrawing properties of the aromatic halides influencing the
donor—acceptor scaffold of the dye.”’~* Fluorescence proper-
ties can inspire designs for future dye scaffolds, controlling
color ranges within the PLA matrix and by modulating the
donor—acceptor structure of the boron dyes.

The phosphorescence properties of boron polymers were
studied under a N, atmosphere at room temperature All
polymers showed delayed emission in the absence of oxygen at
room temperature (see Figure 3 and Figure S22 in the
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Figure 3. Phosphorescence of high MW BF,dbm(X)PLA polymer
films (11b—15b). (Left) Images of BF,dbm(X)PLA films under N,
with UV illumination and after the lamp is turned off (delay). (Right)
Delayed emission spectra of films (excitation = xenon flash lamp with
2 ms delay).

Supporting Information). Delayed emissions were green and
the maxima ranged from 500 nm to 530 nm. Unlike the
fluorescence maxima (), the phosphorescence maxima (Ap)
did not vary with polymer MW. For example, the fluorescence
of BF,dbmPLA (11) blue-shifted from 457 nm (~6 kDa) to
426 nm (~19 kDa), while the phosphorescence changed only
slightly, from 516 nm to 510 nm with increasing MW. Heavier
halide substituents red-shifted the phosphorescence (11a—15a;
Ap: H =516 nm, F = 512 nm, Cl = 520 nm, Br = 522 nm, [ =
528 nm). The emission peak also sharpened with heavier halide
substituents, along with a decrease in delayed fluorescence at
shorter wavelengths, similar to previously described BF,bdk-
PLA conjugates.”” Because delayed fluorescence (DF) is
temperature-sensitive, it is important to suppress DF in
ratiometric oxygen probes, as the fluorescence internal
“standard” would otherwise respond to O, quenching and
temperature. The addition of heavier halides (Br and I) is an
effective way to minimize the DF transitions.

The phosphorescence lifetime (7p) is highly dependent on
both the molecular weight and the halide substituent. The
phosphorescence emission maxima stayed at a constant
wavelength with changing MW, while the fluorescence maxima
blue-shifted. Increasing the molecular weight expanded the
singlet—triplet gap, and decreased the rate of intersystem
crossing and thermally activated delayed fluorescence, resulting
in longer lifetimes (e.g., 7p of BF,dbmPLA: for 11a, 142 ms; for
11b, 207 ms). The halides influenced the 7, differently. With
increased atomic mass of the halide substituents, the
phosphorescence intensity increased (Table 3), at the expense
of the fluorescence intensity. Lighter halide substituents (H
(11a), F (12a), and Cl (13a)) had weak phosphorescence
shoulders in their total emission spectra under N, but long
green afterglows (>100 ms lifetimes) (Figure 4). For heavier
halide dyes (Br and I) with short polymers, the emission color
of the material changed from blue-green (~470 nm) to yellow
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Figure 4. Images and total emission spectra of low MW polymer films
(11a—15a) under air and nitrogen (4., = 369 nm).

(~525 nm), as the phosphorescence dominated the total
emission. These types of materials are well-suited for
ratiometric sensing, where the fluorescence serves as the
internal standard, and the phosphorescence intensity relates to
the O, concentration. Lighter halide substituted dyes with long
RTP lifetimes are well-suited for lifetime methods for
quantifying O, concentration.

The fluorescence-to-phosphorescence intensity ratio (F/P)
can be controlled by polymer MW.*>** This is linked to the
singlet—triplet energy gap; as the gap becomes larger, the rate
of ISC decreases, lowering the phosphorescence intensity. For
short polymers, Br 14a and I 15a, the fluorescence and
phosphorescence peaks overlap (Figure 4). Higher MW
polymers can potentially resolve the two peaks to facilitate
detection of the fluorescence and phosphorescence. This
strategy has been demonstrated for naphthyl dye golymers to
make them useful as ratiometric sensing materials.” For some
naphthalene-substituted dyes, intense phosphorescence is still
present, even for dilute dye samples (>20 kDa).”>** However,
in other cases, as the singlet triplet energy gap gets larger,
crossover to the triplet state and phosphorescence intensity are
significantly decreased, rendering the material impractical for
sensing. In fact, this is what is observed for bromine- and
iodine-substituted BF,dbm(X)PLA derivatives in this study.
The singlet—triplet gap in 20 kDa polymers became so great
that the phosphorescence no longer dominated the total
emission under N, (see Figure S21 in the Supporting
Information). The phosphorescence peak still resulted in a
visible color change for BF,dbm(I)PLA, but was much weaker
than the fluorescence. Thus, while naphthyl dyes work well,
even at low dye loading, BF,dbm(X)PLA (X = Br, I) materials
are most useful at higher dye loadings for ratiometric sensing.

Oxygen Sensitivity. The two most conventional ways for
luminescence O, quantification are based on lifetime and

intensity-based phosphorescence measurements. Lifetime
methods do not require internal standards to determine O,
concentration.” In this method, spectrally isolated fluorescence
and phosphorescence peaks, or intense phosphorescence, are
not needed for O, quantification, as long as the lifetime is gated
and does not include the fluorescence.” Lifetime is directly
linked to oxygen sensitivity, as shown in egs 1 and 2.
Therefore, materials with the longest unquenched phosphor-
escence lifetimes (7,), and the fastest diffusion of oxygen
through the matrix, will be the most sensitive. Klimant et al.
recently developed ultrasensitive materials with aluminum or
difluoroboron hydroxyphenalenone complexes within polystyr-
ene, Teflon, and Hyflon polymer matrices.>! By combining
complexes of variable unquenched lifetimes, with polymer
matrices of high O, permeabilities (P), such as polystyrene (P
~ 8.8 X 107* mol m™' s™! Pa™!),°* Hyflon (P & 170 X 107!
mol m™! s Pa™!),>* or Teflon (P & 1200 X 107 mol m™" 5"
Pa'),>* the oxygen hypersensitivity could be tuned, and
oxygen concentration could be detected in the parts per million
range. In contrast, purely organic crystals exhibited long-lived
phosphorescence, insensitive to oxygen. When the phosphor-
escence was confined to a crystal, the oxygen barrier was too
great, and the phosphorescence persisted under ambient
conditions.*”**>37%

L =1+ Ky[0,]
To (1)

Kgy = 7okp ()

This effect has yet to be studied for boron dyes in
biodegradable polylactide. Polylactide exhibits permeabilities
that are magnitudes lower than that of perfluorinated polymers
and polystyrene (PLA: P ~ 0.86 X 107'° mol m™' s~ Pa~!)*’
and can change, depending on material fabrication, film
treatment (e.g., annealing), polymer microstructure (e.g.,
stereochemistry) and other factors that affect material micro-
crystallininty. At first, this might seem like a drawback, but, in
fact, the lower permeability of oxygen in PLA is beneficial, given
that it counterbalances the long-lived phosphorescence in
BF,bdkPLA materials. The net effect is biocompatible materials
with dynamic ranges that are well-matched to biological
processes. Another advantage of the long phosphorescence
lifetimes in BF,dbm(X)PLA materials is that they enable
detection by convenient and inexpensive imaging techniques,
such as that with portable high-speed cameras,”” which can be
useful in clinical and field contexts.

Given that phosphorescence lifetimes vary with halide
substituent and polymer MW, samples 11—15 provide a
convenient model to test O, sensitivity versus lifetime.
Previously, it was shown that the phosphorescence intensity
of BF,dbm(I)PLA varied linearly with oxygen concentrations
between 0% and 1%.”” Highly sensitive dual-emitters within
this O, range could assist in detecting tumors with severe
hypoxia and be used in monitoring tumor growth and
proliferation during therapy.”® To determine sensitivity within
this range, the unquenched phosphorescence lifetime (z,) (ie.,
0% oxygen) was compared to the lifetime at 1% oxygen (7;)
(Table 4). The sensitivity of each polymer was determined by
the rate of the change between the two O, concentrations (7,/
7)), as is routine within the field for comparison between
oxygen probes.”

Lighter halide substituted dye—polymer conjugates (H, F,
and Cl) showed the most dynamic response to oxygen, as the
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Table 4. Lifetime Oxygen Sensitivity of BF,dbm(X)PLA
Films

sample 7," (ms) 7,% (ms) sensitivity
BF,dbmPLA 11a 142.1 10.2 139
11b 207.4 14.7 14.1
BE,dbm(F)PLA 12a 1228 9.1 13.5
12b 195.9 10.2 19.2
BE,dbm(Cl)PLA 13a 113.6 7.7 14.7
13b 168.0 9.7 17.3
BE,dbm(Br)PLA 14a 289 58 5.0
14b 47.1 6.9 6.8
BE,dbm(I)PLA 15a 66 32 2.1
15b 7.4 3.1 24

“Phosphorescence lifetime in N,. “Phosphorescence lifetime in 1% O,.
“Sensitivity is defined as 7,/7;.

phosphorescence lifetimes became ~14 times shorter at 1%
oxygen. However, between these three samples, sensitivity
changes are minimal (BF,dbmPLA, 1la, 7,/7, = 13.9;
BE,dbm(F)PLA, 12a, 7,/7, = 13.5; BF,dbm(CI)PLA, 13a,
7,/7; = 14.7). The sensitivities are too similar to conclude
definitively that the lighter halides (F, CI) are altering the
oxygen sensitivity, as minor changes in polymer MW may be
the defining factor for the observed changes (i.e., BF,dbm(F)-
PLA: 12a (6.1 kDa) and BF,dbm(CI)PLA: 13a (7.5 kDa)). At
1% oxygen, these dyes are approaching the upper limit of
detection as well, defined as 7,/7y = 1% (e.g, BF,dbmPLA:
11b, 7,/7, = 7%).°" Therefore, the detected phosphorescence at
1% oxygen may be the result of a different detectable solid-state
species (i.e, aggregates or dimers) within the PLA matrix as
BF,dbm tzpe fluorophores are well-known to form in polymer
matrices.””~** Different phosphorescence quenching rates, or
completely unquenchable species may also influence the
sensitivity of these materials.”” The mere presence of long-
lived phosphorescence within the BF,dbm(X)PLA samples,
where X = H, F, and Cl, will indicate a highly deoxygenated
environment, useful for numerous applications.*®

The less dynamically sensitive bromine (14) and iodine (15)
polymers serve as better systems for analyzing trends in
phosphorescence lifetimes. The lifetimes of the bromide 14a
and iodide 15a polymers under nitrogen were 28.9 and 6.6 ms,
respectively. The resultant change in oxygen sensitivity was
dramatic (Br, 14a, 7,/7,= 5.0; ], 1S5a, 7,/7, = 2.1). In the higher
MW polymers, 14b and 15b, 7, became longer, and thus, the
sensitivity changed (Br, 14b, 7,/7; = 6.8; 1, 15b, 7,/7; = 2.4).
This suggests that heavy-atom substitution and polymer MW
can effectively tune the oxygen sensitivity of these BF,dbm-
(X)PLA materials.

Oxygen-sensitive materials with the unique combination of
millisecond long decays and intense phosphorescence are
2»%! Polymers with heavier-halide-substituted dyes,
bromine (14a) and iodine (15a and 15b), meet these criteria
(Table S). The long phosphorescence lifetimes can be used to
detect oxygen by phosphorescence lifetime imaging microscopy
(PLIM),*® and the phosphorescence is strong enough for
intensity-based ratiometric measurements.””>* When analyzing
the fluorescence-to-phosphorescence (F/P) ratios of the low
MW polymers, the bromide polymer (14a) experienced slightly

Table 5. Ratiometric Oxygen Sensitivity of BF,dbm(X)PLA
Films

sensitivity” (1% sensitivity® (21%

sample F/P,* F/P\® F/P,° 0,) 0,)
14a 064 134 151 2.09 235
152 028 045 115 1.61 4.10
15b 143 248 643 1.73 4.50

“Fluorescence/phosphorescence in N,. bFluorescence/phosphores—
cence in 1% O,. “Fluorescence/phosphorescence in air (21% O,).
“(B/P\)/(F/Ps) = Py/P1. “Po/Pyy.

higher sensitivity in the 0%—1% O, range than the iodide
polymers (BF,dbm(Br)PLA: 14a, Py/P, = 2.09, BF,dbm(I)-
PLA: 15a, Py/P,; = 1.61) (Figure S). More pronounced than
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Figure S. Oxygen-sensitive BF,dbm(X)PLA polymers suitable for
ratiometric sensing. Images show BF,dbm(Br)PLA (14a, 6 kDa) and
BF,dbm(I)PLA (15b, 20 kDa) spin-cast films with a stream of
nitrogen gas blown across the surface. Spectra represent excitation
monitored at peak fluorescence wavelength (Ex, dashed line) and total
emission spectra under 0% O, (nitrogen), 1% O, and 21% O, (air)
(Aeg = 369 nm).

sensitivity is the change in range and limits of detection with
heavy-atom substitution. At 21% oxygen (air), the bromide
polymer 14a has a negligible difference in the F/P ratio,
compared to the ratio at 1% (BF,dbm(Br)PLA: 14a, Py/P, =
2.09, Py/P,; = 2.35). In contrast, iodide polymers, 15a and 15b,
have more intense phosphorescence that can sense well beyond
1% oxygen. Iodide polymers of different MWs have similar
oxygen sensitivities, but the range of detection changes. The
phosphorescence of high MW BF,dbm(I)PLA (20 kDa) was
fully quenched in air (21% O,), whereas low MW BF,dbm-
(I)PLA (6 kDa) exhibited phosphorescence under ambient
conditions (i.e., air). This suggests that oxygen levels higher
than 21% could be detected with this sensing material. These
results demonstrate that the oxygen sensing capability of
BF,dbm(X)PLA-type fluorophore probes can be fine-tuned
with halide substitution and polymer molecular weight for a
variety of applications in biological and other contexts.
Photostability. It is well-known that f-diketones can
photobleach with UV exposure.”” For example, in sunscreens,
the diketone avobenzone is commonly used to absorb short-
wave UVA radiation and is known to photodegrade over time.
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Recently, it was reported that halide substitution can create new
degradation pathways for diketone compounds.”® Furthermore,
Zakharova and co-workers demonstrated that both boron
detachment and singlet oxygen generation are relevant
pathways for BF,dbm degradation in organic solvents.””
Thus, it is important to analyze the degradation and
photobleaching of boron dye polymers to assess the material
lifetime and accuracy for sensing.

Photostability studies were conducted by exposing spin-cast
polymer films to UV light using a hand-held 4 W UV lamp (4.,
= 369 nm) for 18 h. A monochrome camera was used to
monitor the total intensity while the dyes were excited. An
image was captured every S min during the 18 h period. This
was a simple way to monitor multiple samples at once, and to
eliminate environmental variations between samples. The
resultant changes in intensity are shown in Figure 6. For
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Figure 6. Influence of the halide substituent on the photostability of
BF,dbm(X)PLA spin-cast films. Total intensity versus UV exposure
time (1, = 369 nm; normalized to initial intensity). (Left) Short
polymers 11a—15a. (Right) Comparison of the photostability of 10
(initiator) and iodide polymers 15a (7 kDa) and 15b (20 kDa).

lighter-halide-substituted BF,dbm(X)PLA (X = H, F, and C],
11a—13a), the total intensity decreased, but only by ~5% over
the 18 h period, which is consistent with only modest dye
degradation. Compared to many fluorescent probes commonly
used in biology, > these materials are intense and show
excellent photostability. Furthermore, these findings confirm
their suitability for lifetime oxygen sensing or as turn-on sensors
in oxygen-free or very low oxygen environments.

Low MW polymers with bromide and iodide (14a and 15a),
in contrast, actually became 9%—10% brighter after excitation
for 18 h (Figure 6). At first, it might seem surprising that the
overall intensity increased, even though the number of
fluorophores decreased upon photodegradation, but, in fact,
this is understandable, given what is known about dye loading
and ISC effects in BF,bdkPLA materials.”> When dye
concentration decreases in PLA, the fluorescence blue-shifts
and the energy gap between fluorescence and phosphorescence
maxima increases. This decreases the rate of ISC to the oxygen-
sensitive triplet state, which is quenched in air, and thus, results
in more intense total emission. It is interesting to compare this
process with mechanochromic luminescence quenching
(MLQ) in solid BF,bdk dye samples, wherein thermally
annealed samples have a larger singlet triplet gap and are
bright until smearing narrows the singlet triplet gap, thus
facilitating ISC and quenching of the triplet state, causing the
total emission to decrease.”” Unlike the 7 kDa iodide polymer,
the 20 kDa sample (15b) showed little change in the
fluorescence maximum or total intensity over time (Figure
6). Given that the dye is already primarily in the monomeric
state in the high MW polymer, it does not blue-shift upon
photodegradation and further dilution. Higher MW samples

show good photostability; however, some changes in the F/P
intensity ratio are noted for phototreated 20 kDa BF,dbm(I)-
PLA analyzed under nitrogen (Figure 7, bottom right). It is
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Figure 7. Total emission of BF,dbm(I)PLA spin-cast films under air
and nitrogen before (0 h) and after 18 h UV exposure in air (18 h) (4,
= 369 nm).

possible that dye monomers and aggregates could degrade at
different rates in PLA samples. To test this, a control was run
with initiator BF,dbm(I)OH (10) spin-cast films. Results in
Figure 6 (right) showed stable emission for this sample. In the
solid state, however, under air or nitrogen, no phosphorescence
is observed for 10. This suggests involvement of the triplet state
for photodegradation pathways through singlet oxygen
generation or radical formation in dye-PLA films where
phosphorescence is present. In summary, these findings
indicate that high MW samples with long phosphorescence
lifetimes (i.e., BF,dbm(X)PLA where X = H, F, Cl) are best for
lifetime imaging, given greater photostability. However, further
improvements in dye design are required for reliable
quantitative ratiometric sensing. Instead, heavy-atom-substi-
tuted dyes that exhibit strong phosphorescence at low dye
loading are desirable.”*

B CONCLUSIONS

In summary, BF,dbm(X)PLA materials were synthesized for X
= H, F, Cl, Br, and L. The effects of changing the halide
substituent, as well as the length of the PLA on the optical
properties of the polymers, were studied in dilute CH,Cl,
solutions and solid-state films. All samples show intense
fluorescence suitable for use as probes. Several properties
ideal for oxygen sensing were also observed, including
fluorescence and intense phosphorescence for the short iodine
and bromine polymers suitable for ratiometric sensing, and long
phosphorescence lifetimes for the lighter-halide-dye polymers
useful for lifetime sensing and convenient and cost-effective
camera imaging. The long lifetimes increased the sensitivity of
the dye polymers. The lifetimes of the iodine and bromine
polymers were shorter due to the heavy atom effect. Varying
the polymer MW affected the fluorescence-to-phosphorescence
(F/P) intensity ratio under anoxic conditions. For the long
bromine and iodine polymers, increasing the polymer
molecular weight (MW) to ~20 kDa created a larger
singlet—triplet gap but decreased the rate of intersystem
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crossing (ISC). The result is slightly improved fluorescence and
phosphorescence peak resolution but with much weaker
phosphorescence, demonstrating that low MW BF,dbm(X)-
PLA polymers are preferable for ratiometric oxygen sensing.
Comparing the phosphorescence lifetimes of films under
nitrogen versus a 1% oxygen environment revealed the ability
to tune the oxygen sensitivity by changing the halide
substituent from bromine to iodine or by changing the polymer
MW. Finally, the photostability of the polymers was monitored
over a continuous UV light excitation period of 18 h. The total
intensity for the lighter halides decreased only 5% over time,
indicating good photostability. Bromide and iodide derivatives,
on the other hand, display an increase in fluorescence intensity,
which counterintuitively, is also ascribed to dye degradation,
and thus, lower dye loading. Dye dilution corresponds to a
blue-shift in fluorescence, an increase in the singlet triplet
energy gap, and thus, decreased rates of intersystem crossing,
analogous to the molecular weight effect commonly observed
for this family of materials.”' ~>**>*® The longer bromide- and
iodide-substituted polymers did not show an increase in signal
intensity upon extended exposure to UV light, given dyes
existed in the maximally blue-shifted monomeric state both
before and after UV illumination. Results from this
investigation point to dyes with long lifetimes for lifetime
imaging modalities or more-conjugated heavy-atom-substituted
dyes with intense, separated, and readily detectable fluorescence
and phosphorescence peaks for ratiometric sensing. And
importantly, sensing materials should be made from high
MW polymers (lower dye loading) to ensure photostability and
reliable quantitative sensing with BF,bdkPLA materials.
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