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ABSTRACT: Difluoroboron f-diketonate—polymer conjugates have remarkable solid-state luminescent
properties that are useful in a variety of fields including multiphoton microscopy, cell biology, and tumor
hypoxia imaging. Despite the successful applications of these systems, the role of boron in these polymeric
materials has not been thoroughly investigated. Here we explore a boron-free model system with dibenzoyl-
methane chromophores in poly(lactic acid) (PLA) for comparison. The hydroxyl-functionalized aromatic
diketone, dibenzoylmethane (dbmOH), is weakly fluorescent in the solid state and nonfluorescent in solution
while its difluoroboron complex (BF,dbmOH) is highly emissive in both states. Using dbmOH and
BF,>dbmOH as initiators, well-defined end-functionalized polylactides, dbmPLA and BF,dbmPLA, were
obtained via tin-catalyzed controlled ring-opening polymerization. Boronation of the dbmOH initiator
affects the polymerization kinetics and the photophysical properties of the resulting BF,dbmPLA material.
Both dbmPLA and BF>,dbmPLA are dual emissive in the solid state, exhibiting both fluorescence and room-
temperature phosphorescence (RTP), whereas only BF,dbmPLA is luminescent in solution. These results
suggest that boron plays two roles: (1) as a protecting group in the polymerization and (2) as an emission
enhancer. Finally, the presence of dual emission for both polymers indicates that it may be the diketone core

structure rather than the difluoroboron that is essential for RTP in a rigid PLA matrix.

Introduction

p-Diketones (bdks) are classic ligands in inorganic chemistry
for main group, transition metal, and rare earth complexes.' The
dibenzoylmethane (dbm) family, in particular, has received much
attention. In addition to its role as a metal chelator, medical
research has found that favorable properties, such as antioxidant,
antitumor, anti-inflammatory, and antibacterial effects, are also
included in the clinical profiles of dbm derivatives.> With ex-
tended 7 conjugation, these compounds show strong UVA
(ultraviolet A: 315—400 nm or 3.10—3.94 eV) absorption and
are used in sunscreen products.® Furthermore, as “light-harvest-
ing antennae”, dbm and its derivatives form complexes with
variable coordination numbers that exhibit strong luminescence,
making them useful in myriad optics-related applications such as
OLEDs* and solid-state lasing materials.®

Polymeric dibenzoylmethane complexes are also known. For
example, Kang and Huang® described a conjugated copolymer
containing fluorene and Eu—dbm complex monomers and found
very efficient energy transfer from fluorene to the Eu repeat
unit, with the polymer exhibiting almost exclusively narrow red
emission from europium. Site-isolated systems reported by our
group include europium-centered heteroarm star block copoly-
mers generated from dbm—polylactide and bipyridine—poly(e-
caprolactone) macroligands in a single step.” These systems are
capable of nanoscale self-assembly.® Further investigation of
alcohol-functionalized dbm initiators revealed that dbm sites
may interfere with tin catalysts during ring-opening polymeriza-
tion (ROP), slowing the reactions and leading to diminished
molecular weight control.’ In order to achieve higher molecular
weight macroligands with low polydispersity indices (PDIs),
protecting groups that effectively block the dbm binding site
during polymerization were sought. One approach that we have
employed previously is to use metal ions as ligand protecting
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groups.'“!" For instance, using hydroxyl-functionalized Fe(III)
tris(dbm) as the initiator, lactide ROP reactions are faster and
more controlled than those with unprotected dbmOH as the
initiator.""

Initially, we considered boron systems as protecting groups
for dbm during macroligand synthesis; however, the optical
properties of boron diketonates are also very attractive to
incorporate into PLA biomaterials, and these features soon
took center stage. The boron diketonate complex, difluoroboron
dibenzoylmethane (BF,dbm), has long been exploited for its
photochemical and photophysical attributes. Building upon
early work by Morgan and Tunstall'> and Brown and Bladon,"?
Chow and coworkers discovered that this class of molecules is
photoreactive toward a large variety of unsaturated molecule
substrates including aromatic compounds,* simple olefins,'” and
acrylate derivatives.'® They investigated the reaction mechanisms
concerning the electronic states of the boron complex and the
unsaturated substrates, suggesting the formation of ground-
state electron donor—acceptor (EDA) pair.'” This opened new
possibilities for organic synthesis via BF,dbm photochemistry.
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Recently, more attention has been paid to the photophysical
. . . . 18
properties of boron diketone complexes, both in the solid state
and in solution'™*' as new technologies with unprecedented
analytical capabilities such as state-of-the-art confocal microscopy
in conjunction with multiphoton laser excitation have emerged.
These polar dyes possess partial negative charge on BF,0, and
partial positive charge on the unsaturated carbon atoms of the
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diketonate. They have also found use as electron transport
materials for OLEDs? and as potent s-acceptor systems with
large two-photon® cross sections.* This attractive feature also
made it possible to use BF,dbmPLA biomaterials fabricated as
nanoparticles™ to image cell trafficking with multiphoton micro-
scopy. Preliminary results indicate that these boron nanoparticles
are less prone to photobleaching than other common probes and
can be more intensely luminescent than quantum dots.*

Although both BF,dbm and the widely used commercial
BODIPY?' boron difluoride dye series have high fluorescence
quantum yields, BF>dbm and its derivatives are unique in several
ways. First, BODIPY dyes tend to self-quench® in their aggre-
gate form due to a relatively small Stokes shift; BF,dbm com-
plexes, in contrast, form emissive excimeric species with red-
shifted luminescence at higher concentrations in the solid state
and in solution.**° This has led to a simple method for BF,dbm
photoluminescence color tuning, namely, by growing polymers
from functionalized BF,dbm dye initiators (e.g., the bio-
polymer polylactide, to form BF,dbmPLA), where the extent of
fluorophore—fluorophore (F—F) interactions is easily con-
trolled by the length of the polymer chains which act as separators
for the dyes.*' In addition to dye concentration effects, ther-
mally sensitive delayed fluorescence and oxygen sensitive room
temperature phosphorescence (RTP) have also been reported for
BF,dbmPLA.* The strong solid-state triplet emission at room
temperature is another highlight of BF>dbm-based systems since
very few main group chromophores have been known to possess
this property in organic polymers. In comparison, for BODIPY
dyes, phosphorescence was observed only by the combination of
the dye with a heavy metal complex, and then only at 77 K.**
BF>dbmPLA RTP can serve as a powerful tool for quantitative
oxygen detection through calibrated RTP spectroscopy, since the
large Stokes shift and long-lived emission may minimize the
scattered excitation and interference from other short-lived
emission. In fact, specially designed dual emissive derivatives
exhibiting comparable fluorescence and phosphorescence inten-
sities have been used for in vivo ratiometric tumor hypoxia
imaging using the oxygen-insensitive fluorescence signal as an
internal standard.**

Despite many impressive optical properties and the successful
application of boron PLA materials in cell and tumor imaging, the
influence of the difluoroboron group as a protecting group and
fluorophore, compared to dbm, has not been thoroughly investi-
gated. In fact, in organic chemistry, the triplet state of both
mono->>*® and a-diketones®™** has been the focus of research for
decades, since carbonyl compounds play a central role in under-
standing the spectroscopy, photochemistry, and photophysics of
polyatomic molecules and their photodissociation. Reports of
fB-diketones, in contrast, are very sparse,” and the influence of
polymer matrices on bdk triplet emission is largelg/ unknown. Here
we elaborate upon our initial communication® and investigate
BF,dbmPLA and dbmPLA chemistry and photophysics in more
detail to better understand these unusual multiemissive systems.
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Experimental Section

Materials. The initiators dbmOH and BF,dbmOH were pre-
pared as previously reported.”*? 3,6-Dimethyl-1,4-dioxane-2,5-
dione (pr-lactide, Aldrich) was recrystallized from ethyl acetate
(2x) and stored in a drybox under a nitrogen atmosphere. Tin(II)
2-ethylhexanoate (Sn(oct),, Spectrum) and all other reagents
were used as received. The polymers dbmPLA’ (K1, K2) and
BF,dbmPLA* (B1, B2) were prepared as previously reported.

Methods. 'H NMR (300 MHz) spectra were recorded on a
Varian Unitylnova spectrometer in CDCl; unless otherwise
indicated. Resonances were referenced to the signal for residual
protiochloroform at 7.260 ppm. 'H NMR coupling constants
are given in hertz. UV—vis spectra were recorded on a Hewlett-
Packard 8452A diode-array spectrophotometer in CH,Cl,.
Molecular weights were determined by two different methods:
(1) GPC (THF, 25 °C, 1.0 mL/min) against polystyrene stan-
dards using an autosampler (DbmPLA and BF,dbmPLA mo-
lecular weights multiplied by 0.58 correction factor®®); (2) end-
group to polymer integration ratio from 'H NMR spectra
(BF,dbm aromatic vs PLA methine protons). A Polymer La-
boratories 5 um mixed-C guard column and two GPC columns
along with Agilent Technologies instrumentation (series 1100
HPLC) were used in GPC analysis.

Steady-state fluorescence emission spectra were recorded
on a Horiba Fluorolog-3 model FL3-22 spectrofluorometer
(double-grating excitation and double-grating emission mono-
chromators). Phosphorescence spectra were recorded with
the same instrument except that a pulsed xenon lamp (Aex =
369 nm; duration <1 ms) was used for excitation, and spec-
tra were collected with a 1 ms delay after excitation. Time-
correlated single-photon counting (TCSPC) fluorescence life-
time measurements were performed with a NanoLED-370
(369 nm) excitation source and DataStation Hub as the
SPC controller. Phosphorescence lifetimes were measured with
a 500 ns multichannel scalar card (MCS) excited with a pulsed
xenon lamp (1,=369 nm; duration <1 ms). Lifetime data were
analyzed with DataStation v2.4 software from Horiba Jobin
Yvon.

Polymerization Kinetics. BF,dbmOH (10.0 mg, 0.030 mmol),
lactide (0.865 g, 60 mmol), and Sn(oct), (0.24 mg, 0.60 umol) in
hexanes were combined in a sealed round Kontes flask under
N,. The entire bulb of the flask was submerged in a 130 °C oil
bath (to prevent the monomer from solidifying on the upper
walls of the flask). Aliquots were drawn up into a pipet tip at the
specified times, and then the flask was resealed under nitrogen.
Samples were analyzed by GPC (method 1, vs polystyrene
standards) and '"H NMR spectroscopy (method 2, relative
integration). Percent monomer consumption was obtained by
comparin% the integration of monomer vs (monomer+ polymer)
peaks via 'H NMR spectroscopy.

Quantum Yield Measurements. Fluorescence quantum yields,
O, for BF,dbmPLA in CH,Cl, were calculated versus anthra-
cene in EtOH as a standard as previously described*! using the
following values: ®g(anthracene) =0.27,* np?°(EtOH) = 1.361,
np>°(CH,CL,) = 1.424. Optically dilute CH,CH, solutions of
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Figure 1. Absorption spectra of (a) dbmOH (gray) and BF,dbmOH (black) and (b) fluorescence emission of BF,dbmOH in CH,Cl,.

BF,dbmPLA and EtOH solutions of the anthracene standard
were prepared in 1 cm path length quartz cuvettes, and absor-
bances (4 < 0.1) were recorded using a Hewlett-Packard 8452A
UV/vis spectrometer. Steady-state emission spectra were ob-
tained on a Horiba Fluorolog-3 model FL3-22 spectrofluoro-
meter (Aex = 350 nm; emission integration range: 365—700 nm).

Results and Discussion

Synthesis and Optical Properties of Diketone and Boron
Initiators. DbmOH, the ligand precursor for the BF,dbmOH
initiator, was prepared as previously reported by Bender
et al.” with the following modifications. After purification of
the crude product by column chromatography, the solid was
dissolved in hot 60:40 hexanes/EtOAc, and bright yellow
needles formed immediately upon sonification. The boron
initiator, BF,dbmOH, was synthesized from BF;-OEt, and
dbmOH in CH,Cl, with stirring for an hour at 60 °C as
reported.®> The crude product, a dark yellow foam, is best
recrystallized from acetone/hexanes, but other solvent sys-
tems such as EtOAc/hexanes are also possible. The final
product was obtained as bright yellow needlelike crystals.
Boronation was verified by '"H NMR spectroscopy (CDCl5).
The dbmOH diketone tautomer methylene (COCH,CO)
peak at 4.60 ppm and the enol H peak at 16.99 ppm were
no longer evident in the difluoroboron product. Instead, the
enol tautomer OH—C(Ar)=CH proton shifted from 6.81 to
7.12 ppm.

Although dbmOH is weakly fluorescent in the solid state
upon UV excitation, in comparison, the BF,dbmOH solid
exhibits intense yellowish-green emission probably due to
stronger intermolecular interactions (e.g., dipole—dipole,
arene—arene, B—F---H—O— hydrogen bonds)."®* The
physical properties of dbmOH and BF,dbmOH were inves-
tigated in solution. Although BF,dbmOH is soluble in most
organic solvents such as acetone, THF, CH,Cl,, and EtOAc,
its solubility is significantly reduced compared to dbmOH
perhaps due to an increased dipole moment (e.g., BF,dbm,
6.7 D3 compared to 2.7 D for dbm**). In CH,Cl,, dbmOH
and BF,dbmOH exhibit 7—z*'73* transitions at 354 nm
(e =27700 M " em™ ') and 397 nm (¢ =53000 M ' cm ™ 1),
respectively. Addition of difluoroboron to dbmOH, how-
ever, results in an almost 2-fold increase in extinction coeffi-
cient, suggesting stronger 7—x* character for BF,dbmOH
(Figure 1). The CH,Cl, solution of dbmOH is not fluor-
escent at room temperature while BF,dbmOH exhibits
intense blue emission. The fluorescence lifetime of BF,dbm-
OH in CH,Cl, was measured to be 1.95 ns with single-
exponential decay. A very high fluorescence quantum yield
isalso noted (®E=0.95). Solution fluorescence data show that
dbmOH is nonemissive, but addition of the —BF, electron
accepting group*® results in moderately fluorescent BF,dbm'®
(dg = 0.20). With an extra electron donating group such as
—OR, the compound BF.dbmOMe (®r = 0.85)" and

Table 1. Representative Reaction Kinetics for dbmPLA and

BF,dbmPLA“
dbmPLA” BF,dbmPLA"
time (h)y M, (kDa) PDI?  time(h) M, (kDa) PDI‘
3.0 3100 1.08 0.33 3100 1.08
6.0 4800 1.08 1.5 11400 1.06
9.8 5800 1.12 4 19800 1.14
43.0 15800 1.23 7 22300 1.30

“Data derived from sample aliquots taken during polymerization.
b Initiator:lactide:Sn(oct), = 1:200:1/50. ¢ GPC number-average molec-
ular weight detected by refractive index in THF applying 0.58 correction
factor against polystyrene standards.*® “PDI = polydispersity index.

BF,dbmOH have remarkably enhanced quantum yields. This
implies that the efficient fluorescence of BF,dbmOH may
arise from an intramolecular donor-to-acceptor charge trans-
fer (CT) state, where a better donor—acceptor structure (RO—
and BF,0,—) efficiently enhances the radiative decay com-
pared to alkoxy and boron-free dbmOH. This stronger D—A
nature points to the possibility of a larger two-photon absorp-
tion gTPA) cross section compared to a weaker D—A mole-
cule’” such as BF.dbm. The measurement was therefore
performed, and the TPA cross section for BF,dbmOH in
acetone is ~37 GM.*® That is, by addition of an electron-
donating group, the TPA cross section of the molecule has
increased more than 10-fold versus BF,dbm (2—3 GM)."?
Polymer Synthesis. Solvent-free bulk polymerization was
conducted at 130 °C because the melting point for pL-lactide
is 126 °C, and the lowest reaction temperature possible can
help to minimize dye degradation and other side reactions.
Previously, we have reported the synthesis of dbmOH’ and
the polymerization of pr-lactide with dbmOH to prepare
dbmPLA macroligands for metal complexation.* Without
the BF, functionality, the dbmOH initiator has relatively
slow polymerization kinetics due to likely interactions be-
tween the diketone and the Sn(oct), catalyst. Typically,
dbmPLA with a molecular weight of ~3000 Da was obtained
after ~3 h at 130 °C (Table 1). In comparison, with the same
catalyst loading (1:50 catalyst:initiator) and at the same
temperature, but with boron occupying the diketone bind-
ing site, BF,dbmOH is capable of a generating a polymer
with a much higher molecular weight at reduced reac-
tion time. With typical 1:200 initiator to monomer loading,
well-defined BF,dbmPLA polymers with M, up to 20 kDa
can be obtained after a few hours. Beyond that, the M, starts
to plateau, but the PDI continues to increase and the reaction
loses control. Higher temperatures result in faster polymer-
ization and higher MW polymers under the same conditions
(monomer loading and reaction time), but the M, obtained
after a given reaction time lacks consistency from run to run
(Table 2). Given that many desirable optical properties are
observed for polymers in the 3—20 kDa range,”' 130 °C
remains the optimal temperature for accurate MW targeting.
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Figure 2. GPC traces of purified preparative scale BF,dbmPLA of
different molecular weights in THF (increasing M|, indicated by the
arrow: 2.5,4.6,6.2,9.5,13.2, and 20.2 kDa; PDIs: 1.10, 1.10, 1.15, 1.12,
1.16, and 1.63).

Table 2. Representative Reaction Kinetics for Polymerization of
pr-Lactide Initiated by BF,dbmOH at Different Temperatures”

130 °C 145 °C 160 °C
time (min) M,” (kDa) PDI M,”(kDa) PDI M,’(kDa) PDI
10 1000 1.07 2500  1.08 5100 1.10
20 2600 1.10 5400 1.13 13900  1.10
40 5100  1.09 10800  1.10 25200  1.15
60 7000  1.10 15100  1.11 30200 1.18
90 10600 1.08 20600  1.12 31700 123

“Data derived from sample aliquots taken during polymerization.
BF,dbmOH:lactide:Sn(oct), = 1:500:1/50. * GPC number-average mo-
lecular weight detected by refractive index in THF solvent, applying 0.58
correction factor*® against polystyrene standards.

Purified polymers can be easily obtained by dissolving the
reaction mixture in CH,Cl, and then precipitating the solu-
tion twice in cold MeOH and then once in room temperature
hexanes. Despite the fact that Lewis bases such as MeOH can
solvolyze BF,dbmOH over time to generate the parent
diketone dbmOH,*° the polymer extinction coefficients were
the same after five precipitations in MeOH (to remove all
traces of unreacted monomer) as for two precipitations.
Also, no enol peak is observed at 16.9 ppm, as is typically
observed for '"H NMR spectra (CDCls) of dbmPLA and dye
degraded samples. This is because either the deboronation in
MeOH takes a long time® or that the presence of the PLA
chain has effectively protected the boron center from MeOH
solvolysis during the precipitation. Narrow and symmetric
GPC traces verified that well-defined BF,dbmPLA>? sam-
ples were obtained (Figure 2).

Solution Optical Properties. The absorption spectra of
dbmPLA (353 nm) and BF,dbmPLA (396 nm) polymers in
CH,Cl, are very similar to those of the dbmOH (354 nm) and
BF,dbmOH (397 nm) initiators, as expected. This indicates
that PLA has a minimal effect on the electronic transitions of
the chromophores in solution. DbmPLA polymers remain
nonfluorescent in solution, and the fluorescence spectrum of
BF,dbmPLA in CH,Cl, again corresponds well with that of
BF,dbmOH except that the former has a slightly broadened
emission, possibly from more vibrational and rotational
freedom for BF,dbmPLA. In spite of the subtle variations
in fluorescence quantum yields for BF,dbmPLA polymers of
different MWs (~0.75—0.90, essentially within experimental
error), all the boron diketone polymers, regardless of their
MWs, exhibit the same spectra (~434 nm) with lifetimes
(~1.9 ns) that fit to single-exponential decay in CH,Cl,
solution.

Solid-State Optical Properties. In contrast to the optical
properties of BF,dbmPLA in solution, where the polymer
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Figure 3. Steady-state spectra (a) under N, (total: total emission) and
air (F: fluorescence) and delayed spectra (RTP) (b) under N, of
BF,dbmPLA polymers at room temperature excited at 369 nm. De-
layed spectra were collected 2 ms after the excitation pulse ceased.

molecular weight barely affects the optical properties, BF,-
dbmPLA has more interesting and complex solid-state lu-
minescence. First, the fluorescence is highly MW dependent,
especially in the 3—10 kDa range where greenish-yellow (3
kDa) to blue (10 kDa) fluorescence is observed in both
powder and film forms.*' We have ascribed this phenomen-
on to stronger and weaker fluorophore—fluorophore inter-
actions between the dye molecules in the polymers of
different molecular weights (i.e., different dye loading and
matrix dielectric due to variable concentrations of the polar
dye).*! Second, in the absence of oxygen, unusual room-
temperature phosphorescence (RTP)** was observed for all
the BF,dbmPLA polymers.

Figure 3 shows the emission spectra of a 3 kDa (B1) and 26
kDa (B2) BF,dbmPLA polymers in the solid state. As
expected, both samples have fluorescence, RTP, and delayed
fluorescence in the emission spectra under N,. The fluores-
cent emission maxima for B1 and B2 are 499 and 440 nm
under air, respectively, and are consistently red-shifted under
N, (509 and 447 nm) probably due to the contribution from
the RTP. The fluorescence lifetimes measured for B1 and B2
are 23.54 and 3.00 ns (Table 3), which, together with the
significant spectral red shift and broadening for B1, have
been previously described as a result of F—F interactions in
the excited state. It was assumed that stronger F—F interac-
tions significantly reduce the energies of singlet excited states
for polymers with much higher dye loadings such as BI.
Thus, the maxima for fluorescence (499 nm) and delayed
spectra (522 nm) are very close for B1 (23 nm, similar effects
are also seen in acridine yellow in trehalose glass®') but are
quite different for B2 (440 and 507 nm, 67 nm difference).
Delayed emission lifetimes (Table 3) also support this as-
sumption since B2 has a substantially longer lived emission
(426 ms) compared to B1 (125 ms) perhaps due to a much
larger singlet—triplet (ST) energy splitting and a smaller
probability of thermal repopulation of the short-lived singlet
excited state from the triplet state.

Initially, these features were anticipated to be unique to the
BF,dbm chromophore in a PLA matrix. But surprisingly, the
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Table 3. Luminescence Emission Data for BF,dbmPLA (B1 and B2)
and dbmPLA (K1 and K2) in the Solid State at Room Temperature

under N,
M, GPC A TF Aem.RTP TRTP
(kDa) PDI”  (am)*  (ns)? (nm)° (ms)"
B1 2.1 1.09 499 23.54 520 125"
B2 20.9 1.24 440 3.00 507 46
K1 3.0 1.15 437 0.86 505¢ 81¢
K2 12.1 1.29 435 0.66 500¢ 94¢

“Number-average molecular weight detected by refractive index in
THF solvent, applying 0.58 correction factor®® against polystyrene
standards. “PDI = polydispersity index. ¢Steady-state fluorescence
spectra under air. Excitation source: 369 nm xenon lamp. ¢ Pre-expo-
nential weighted fluorescence lifetime.>* Excitation source: 369 nm light-
emitting diode; fluorescence lifetime fit to triple-exponential decay.
“Delayed emission spectra under N, (Ar = 2 ms). Excitation source:
xenon flash lamp. /Ay = 396 nm. Excitation source: xenon flash lamp.
£ Jex = 353 nm. Excitation source: xenon flash lamp. ” Pre-exponential
weighted RTP lifetime. Excitation source: xenon flash lamp; RTP
lifetime fit to triple-exponential decay.
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Figure 4. Steady-state spectra (a) under N, (total: total emission) and
air (F: fluorescence) and delayed spectra (RTP) (b) under N, of
dbmPLA polymers at room temperature excited at 369 nm. Delayed
spectra were collected 2 ms after the excitation pulse ceased.

diketone polymers dbmPLA of different MWs exhibited the
same emission patterns under N,; namely, both blue fluores-
cence and green long-lived RTP were observed. The steady-
state and delayed spectra of dbmPLA with two different MWs
(K1 and K2) under N, are shown in Figure 4. Similar to
BF,dbmPLA, dbmPLA also exhibits MW-dependent emis-
sion but to a much lesser extent. First, although the high
molecular weight dbmPLA, K2, has a slightly narrower
steady-state emission spectrum, the emission maximum
(435 nm) barely shows any difference in comparison to K1
(437 nm). Second, the RTP spectra of both K1 and K2 are
essentially identical and lack significant delayed fluorescence
shoulders. As proposed, the MW-dependent color shift in the
solid state for BF,dbmPLA may arise from F—F interactions
in the excited state. The largely unchanged spectra for
dbmPLA polymers indicate that the excited state dipole for
dbm is weaker, as expected. The steady-state spectra, espe-
cially for K2 under N,, however show a higher RTP/fluores-
cence intensity ratio in comparison with B1 and B2. Similar
emission maxima for K1 and K2 fluorescence and RTP along
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Figure 5. Steady-state emission spectra of dbmPLA polymers (a) K1
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Figure 6. Delayed emission spectra (At = 2 ms) of BF,dbmPLA (Bl
and B2) and dbmPLA (K1 and K2) polymers at 77 K (BF,dbmPLA:
Aex = 396 nm; dbmPLA: 1., = 353 nm).

with similar RTP lifetimes suggest the singlet—triplet energy
splitting is comparable for K1 and K2 at room temperature.
Therefore, the differences in the triplet decay could be due to
competition with the nonradiative process associated with
matrix rigidity or excimeric species formation. However,
low-temperature experiments do not support the former pos-
sibility. Figure 5 shows that the emission maxima for both K1
and K2 barely change with the temperature variation, and it is
likely that excited-state interactions are responsible for the
diminished RTP shoulder for K1.

Low-Temperature Phosphorescence. Low-temperature
measurements are also useful for estimating the intrinsic triplet
lifetime with and without boron chelation. Thus, the delayed
spectra of dbmPLA and BF,dbmPLA polymers were mea-
sured at low temperature where thermal repopulation is largely
inhibited. At 77 K, the delayed fluorescence peaks for BF,-
dbmPLA are negligible for all polymers (Figure 6), and the
phosphorescence lifetimes for B1 and B2 are 1.75 and 1.72 s,
respectively. The decay profiles compared to those at room
temperature are much less complicated. Both lifetimes can be
fit well to double-exponential decay with «*<1.1. In addition,
the pre-exponential weighted lifetimes are very close to those
obtained with single-exponential fittings. For dbmPLA, how-
ever, the lifetimes are much shorter (K1: 191 ms; K2: 192 ms)
and the decays are nonexponential (x> >1.2 fit to triple-
exponential decay). This again may be because dbmPLA has
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Figure 7. Simplified Jablonski diagrams illustrating the proposed emission mechanism for BF,dbmPLA and dbmPLA. BF,dbmPLA (left): roughly
planar and no significant conformational difference between the ground and excited states. DbmPLA (right): nonplanar in the ground state and upon
excitation (1) the Franck—Condon state relaxes to a more planar excited state (2). After emitting a photon (3), the more stable ground state (4) is

achieved.

an intramolecular hydrogen bond, and such structures tend to
undergo very rapid nonradiative decay.” In addition,
dbmPLA can have both diketone and enol forms, where the
tautomerization may complicate the decay.

Proposed Emission Mechanisms. The absorption maxima
of dbmPLA (K1 and K2) in CH,Cl, are 353 nm, and their
emissions in the solid state are peaked around 436 nm. The
surprisingly large Stokes shift may be explained by confor-
mational changes in the excited-state structure. A study of
the dbm crystal structure by XRD>* revealed that the
diketone is nonplanar in the ground state. Specifically, the
planes of the phenyl rings are tilted —3.8° and +16.9° with
respect to the enol ring. The dramatically red-shifted emis-
sion spectrum suggests that following the Franck—Condon
state the relaxed excited state might be more planar than the
ground state. In comparison, the XRD crystal structure of
BF,dbm is more planar (+3.1° and +3.5°)% in the ground
state, and that may explain the relatively smaller Stokes shift.
In this case, less molecular reorganization is required during
electronic transitions. Planar excited states with similar &
conjugation lengths could also help explain the very similar F
and RTP maxima for dbmPLA (K2) and BF,dbmPLA (B2).

Many mono- and diketones exhibit phosphorescence at
low and room temperature, and their mechanisms have been
thoroughly studied. Monoketones, such as acetophenone,
typically have structured and blue-shifted (386 nm, 77 K)
phosphorescence compared to diketones containing vicinal
carbonyls, the emission spectra of which are usually struc-
tureless perhaps due to carbonyl—carbonyl interactions
(e.g., benzil phosphorescence: 532 nm, 77 K).>® In the case of
dbmPLA, the phosphorescence does not present any defined
structure, and the triplet energy level (500 nm) lies bet-
ween those of acetophenone and benzil. For dbmPLA, how-
ever, it is hard to attribute the structureless phosphore-
scence to interactions between the two carbonyl triplet states,
given both enol and keto forms. Wright et al.** performed
low-temperature phosphorescent measurements under con-
ditions that distinguished diketone and enolic contribu-
tions. They attributed the structured high-energy shoulder
(390 nm) to the diketone tautomer and the less structured
peak at 490 nm to the enolic dbm triplet emission. On
the basis of this precedence, dbmPLA RTP likely arises

from a planar enolic structure. The hypothesis is illustrated
in Figure 7.

Conclusion

In summary, we prepared the primary alcohol-functionalized
dibenzoylmethane-based diketone initiator dbmOH and difluoro-
boron diketonate initiator BF,dbmOH for solvent-free ring-open-
ing polymerization (ROP) of pr-lactide and obtained rea-
sonably well-defined dbmPLA and BF,dbmPLA polymers. The
role of boron as a protecting group in lactide ROP chemistry and
in the photophysics of the polymers was investigated. Boronated
BF,dbmOH, compared to diketone dbmOH, serves as a more
efficient ROP initiator for lactide due to the boron protection of
the diketone site which prevents dbm complexation with tin(II). As
a result, the ROP rate with BF,dbmOH as an initiator is an order
of magnitude faster that with dbmOH under the same conditions.

Photophysical studies on the polymers dbmPLA and
BF,dbmPLA show that in solution dbmPLA is nonfluorescent
whereas BF,dbmPLA is intensely fluorescent. In the solid state
under N», however, both dbmPLA and BF>dbmPLA exhibited
fluorescence and unusual room temperature phosphorescence.
Previous results showed that the fluorescence of BF.dbmPLA
has strong polymer molecular weight dependency. In compari-
son, here it is shown that the weakly fluorescent dbmPLA has a
much smaller color tuning range, suggesting weaker excited state
interactions among the fluorophores. These observations are
consistent with the assumption that while boron has immensely
enhanced the excited state dipoles of strongly fluorescent
BF>dbmPLA, the RTP of both dbmPLA and BF,dbmPLA are
perhaps intrinsic to the diketone structure. In addition, we
propose that dbmPLA has a very different molecular configura-
tion between the ground and the excited states in order to account
for its large Stokes shift (~83 nm). The fact that more polar
BF>dbmPLA has a smaller Stokes shift suggests that with boron
rigidifying the chromophore both ground- and excited-state
BF,dbmPLA have more planar structures. Photophysical studies
of dbmPLA and BF,dbmPLA have important implications for
room temperature phosphorimetry. Surprisingly similar solid-
state emission phenomena for the diketone and its difluoroboron
complex suggest that both luminophore classes may serve as
starting points for sensor design.
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