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ABSTRACT: A deep cavitand is used to encapsulate the aromatic
molecule pyrene in its interior while also binding TI" ions with its
terminal carboxylates. Steady-state and time-resolved spectroscopic
experiments, along with quantum yield measurements, quantify the
enhancements of intersystem crossing and room temperature
phosphorescence due to cavitand encapsulation. These results are
compared to those obtained for pyrene contained in sodium
dodecyl sulfate micelles, which is the usual system used to generate
room temperature phosphorescence. The combination of selective
binding and strong T1" recognition by the cavitand enhances the
intersystem crossing and decreases the phosphorescence radiative
lifetime from ~30 to 0.23 s. The cavitand also decreases the rate of
O, quenching by a factor of 100. Together, these factors can boost
the room temperature phosphorescence signal by several orders of
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magnitude, allowing it to be detected in water without O, removal. Host:guest recognition provides a route to molecular-scale

triplet emitters that can function under ambient conditions.

B INTRODUCTION

Triplet excited states in organic molecules play a central role in
next-generation solar energy conversion schemes that rely on
singlet fission and triplet—triplet annihilation upconversion.
The detection of these states is typically accomplished using
transient absorption methods, which have limited sensitivity
compared to photoluminescence detection. For organic
molecules, fluorescence from the excited singlet state S, to
the ground singlet state S, is widely used for sensing and
structural characterization." Phosphorescence from the triplet
state T}, however, is formally spin-forbidden and typically not
observed for organic molecules at room temperature. Research
efforts are currently directed toward the design of systems that
can show enhanced phosphorescence. Strategies to achieve
efficient phosphorescence include the use of specialized solid
matrices,”™* designing molecules with enhanced internal spin—
orbit coupling (sOC),””" and designing molecules with small
S;—T, energy gaps that exhibit thermally activated delayed
fluorescence.””

A general strategy to obtain phosphorescence without
redesigning the organic molecule is to use the external heavy
atom effect to induce SOC.""~"? The source of the heavy atom
could be the solvent, e.g, methyl iodide, or it could be
codissolved with the organic chromophore. If metal ion salts
are used to enable SOC, then both species must be dissolved in
water, and a surfactant is often used to bring the organic
molecule into solution where it can encounter the heavy atom.
The use of surfactants and heavy atom salts to induce SOC has
led to the observation of room temperature phosphorescence
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(RTP) in numerous polyaromatic hydrocarbons (PAH:s).
However, surfactant concentrations greater than the critical
micelle concentration (8 mM for sodium dodecyl sulfate
(SDS)), high heavy atom salt concentrations, and strict
deoxygenation are usually required, which have prevented
RTP from being widely used.

In this article, we present a strategy for RTP that exploits
noncovalent molecular recognition. A number of water-soluble
hosts can bind hydrocarbons in water'’ ™' and modify the
guest photochemistry and photophysics.”*~*" If the host could
also strongly bind heavy metal ions, both the PAH and the
metal could be brought into close proximity, eliminating the
need for excess surfactant and metal ions while optimizing the
RTP output; the concept is outlined in Figure la. Deep
cavitand 1 is capable of extracting hydrocarbons such as pyrene
(PYR) into its cavity in water with an affinity K, > 10* M~ *°
and also binds heavy metal ions at the anionic periphery with
an affinity K, (1-Pb**) = 7.5 x 10° M~'.*” PYR is a PAH that
exhibits RTP in the presence of heavy atoms, with T1" being
most commonly used.'”'#**7*° The relevant energy levels and
rate processes that determine the PYR phosphorescence
output are outlined in Figure 1b. The goal of this paper is to
assess the effects of encapsulation on these processes and
determine whether it can increase the RTP output relative to
the surfactant approach. We find that cavitand encapsulation
can enhance the heavy atom SOC while protecting the
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Figure 1. (a) Deep cavitand 1, pyrene (PYR) and a representation of the structure of the host:guest complex binding T1* ions. (b) Jablonski
diagram showing the electronic states and rates that are affected by cavitand encapsulation.

chromophore from O, quenching, leading to significant gains
in RTP signal and making it observable even without
degassing. These results suggest that it may be possible to
design supramolecular complexes to light up molecular triplet
states, which could then be used for sensing or detection.

B EXPERIMENTAL SECTION

All solvents and TINO; were used as received from Sigma-
Aldrich. Deep cavitand 1 was synthesized according to
published procedures.”® A [1] = 0.002 M solution was formed
by mild sonication of 1 (1.7 mg, 0.0012 mmol) in H,O (0.6
mL) for S min. Solid PYR (5 mg) was powdered and added,
and the resulting suspension sonicated for 24 h at room
temperature. The suspension was filtered through a 0.2 pym
PTFE microfilter to remove solid pyrene that had not been
extracted into the cavitand. The 1-PYR complex was prepared
by sonicating the two molecules in water, removing the
unencapsulated PYR by filtration and diluting to [1-PYR] = 6
UM. SDS-PYR solutions were made by stirring both species in
water for 4 h. In the SDS-PYR samples, the concentration of
PYR was also 6 uM, and [SDS] = 20 mM to ensure micelle
formation. All samples were prepared in Millipore deionized
water and chemically degassed by adding Na,SO; = 0.1 M.

Steady-state absorption spectra were measured on a Cary
500 spectrophotometer. Steady-state fluorescence spectra were
measured using a Horiba Scientific QM 400 fluorometer with a
2 nm band-pass. For emission spectra, the excitation
wavelength was 337 nm and for excitation spectra the
detection wavelength was 425 nm. All spectra were recorded
using 1 cm path length quartz cuvettes. The thallium
concentration was varied from [TI*] = 0.00 M to [TI*] =
0.03 M by adding a measured amount of TINOj stock solution
to each sample.

To measure the RTP lifetimes, a 10 Hz, 337 nm nitrogen
laser (Photochemical Research Associates, Inc. LN 1000
Nitrogen Laser) was used. The sample was excited and the
RTP signal was directed through a 550 nm long wave pass
filter in front of a photomultiplier tube connected to a digital
oscilloscope (Tektronix TDS 3032B Digital Phosphor
Oscilloscope). To measure nanosecond fluorescence lifetimes
of the SDS-PYR samples, the sample was excited using 330 nm
pulse derived from a Palitra optical parametric amplifier
pumped by a 800 nm femtosecond pulse generated by a
Coherent Libra Ti:sapphire laser system. The laser repetition
rate was 1 kHz. The sample fluorescence was collected using
front-face detection and focused into a Hamamatsu 3344
Streakscope streak camera.

B RESULTS AND DISCUSSION

Figure 2 shows the absorption spectra of SDS-PYR and 1-PYR,
along with those of PYR in cyclohexane and 1 in H,O for
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Figure 2. Absorbance spectra of pyrene in cyclohexane (black), SDS-
PYR (red), 1-PYR (blue), and cavitand (green), all without thallium,
are shown. They have been normalized to the highest peak of the
pyrene absorption.

comparison. The general shape of the PYR absorbance, with
well-resolved vibronic peaks, is preserved in all samples,
suggesting that the environment does not strongly perturb the
electronic structure. The PYR absorbance does shift to slightly
shorter wavelengths in the aqueous SDS solution, presumably
due to the presence of H,O molecules that penetrate the
micelles.””** The solvatochromic shift is much more
pronounced for 1-PYR with a shift to lower energies consistent
with a more polarizable environment inside the cavitand. The
steady-state fluorescence excitation spectra for SDS-PYR and
1-PYR with [TI*] = 10 mM, shown in Figure 3, closely
resemble the absorption spectra. The SDS-PYR excitation has
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Figure 3. Fluorescence excitation (black, detection wavelength = 425
nm) and emission (red, excitation wavelength = 337 nm) of (a) SDS-
PYR and (b) 1-PYR. For each sample: [PYR] = 6 uM and [TI*] = 10
mM and no degassing agent. The insets show the emission from 580
to 700 nm; RTP is present in 1-PYR, but not in SDS-PYR.
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the same features as that of PYR, showing no electronic
interaction between the SDS and PYR. The 1-PYR sample has
an extra peak at 280 nm that corresponds to the main cavitand
absorption peak in Figure 2. Its presence in the PYR excitation
spectrum indicates that singlet energy transfer can occur from
1 to the PYR.

The spectra in Figures 2 and 3 indicate that the PYR
environment inside the cavitand is significantly different from
that in the micelles. The lowest energy absorption peak for 1-
PYR is red-shifted to 345 nm, whereas that of the SDS-PYR
occurs at 334 nm, indicating that the PYR experiences a
polarizable environment in the cavitand. Additional evidence
for the different environments can be obtained by analyzing
the shape of the PYR fluorescence spectrum. The PYR
fluorescence 0—0/0—2 vibronic peak ratio has been shown to
be quite sensitive to the polarity of the local environment.** In
the SDS-PYR spectrum, the ratio of peak heights is 1.2, roughly
comparable to what is observed in methanol. This is most
likely due to H,O molecules exchanging in and out of the
loosely assembled micelle. The 1-PYR complex, however,
exhibits a vibronic peak pattern in which the 0—0 peak is
highly suppressed relative to the 0—2 peak, indicative of a
nonpolar environment, roughly comparable to cyclohexane. All
the steady-state spectral data are consistent with strong
encapsulation of PYR in 1.

Perhaps the most interesting feature of the photolumines-
cence data is the existence of a small RTP peak at 598 nm for
1-PYR in Figure 3b, even though the solution has not been
degassed. No RTP could be detected from the SDS solution
without chemical degassing. The presence of phosphorescence
under ambient conditions provides an indication that the
cavitand protects the PYR triplet state from O, quenching,
possibly by modifying the kgz rate. But since there are multiple
processes involved in the generation of phosphorescence, it is
important to quantify how cavitand encapsulation affects the
different rates in Figure 1b in order to confirm this.

From Figure 1b, the phosphorescence yield will depend on
several factors. The first step in generating phosphorescence
involves intersystem crossing (ISC) from S; to T;, which will
be enhanced in the presence of TI*. This rate can be inferred
from the degree of S; fluorescence quenching. To characterize
how the TI' ions induce S; — T, ISC, we measured the
dependence of the fluorescence and phosphorescence signals
on [TI"]. The solutions are degassed by the addition of an O,
scavenger ([Na,SO;] = 0.1 M) to isolate the effect of TI". In
the SDS-PYR samples, the integrated fluorescence (Figure 4a)
signal decreases as [TI"] increases. We checked that this
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Figure 4. Fluorescence quenching of (a) SDS-PYR and (b) 1-PYR.
Lines ([TI'] in mM): black, 0.0; red, 3.2; green, 9.1; blue, 14.3; light
blue, 18.9; purple, 28.6. In (b), the spectra with [T1"] present have
been multiplied by 25 to compare to the [TI"] = 0 mM spectrum.

decline in the steady-state signal was accompanied by a
changing fluorescence lifetime (Supporting Information). This
confirmed that the SDS-PYR quenching results from a
dynamic process, presumably diffusive encounters between
PYR and TI" ions. The fluorescence signal of the 1-PYR
declines even more rapidly as a function of [T1*], as shown in
Figure 4b. Attempts to measure the fluorescence lifetime
changes of these samples were unsuccessful because the
fluorescence emission of the 1-PYR samples with TI" was too
weak to be measured using the streak camera on the
nanosecond time scale.

The fluorescence quenching data for SDS-PYR and 1-PYR
are qualitatively different and will be analyzed using different
models. For the SDS-PYR, we assume a dynamic quenching
process with a rate given by kq[Tl+]. For this case, a standard
Stern—Volmer analysis predicts that

1(0)

=1+ E[T1+]
I([TI']) ’

kg (1)

where I(0) is the fluorescence intensity without TI* present,
I([TI*]) is the fluorescence intensity in the presence of TI*
and k, and kj are defined in Figure 1b. We used the steady-
state data to calculate k  because this experiment was repeated
and had less uncertainty in the concentrations. The Stern—
Volmer plot in Figure Sa yields k; =7 £ 1 X 10° M~ s7! with
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Figure S. (a) Stern—Volmer plot of fluorescence quenching vs [T1*]
for SDS-PYR (black circles) and 1-PYR (red squares) along with fits
to the models described in the Supporting Information. (b) Plot of
RTP signal versus [T1*] for SDS-PYR (black circles) and 1-PYR (red
squares) along with fits to the models described in the Supporting
Information.

kj = 6.5 x 10° s7! as measured in a separate experiment
(Supporting Information). This value of kg is consistent with
diffusion limited quenching of singlet states.”*

In contrast to the SDS-PYR data, a plot of the 1-PYR steady-
state data shows a more rapid rise in the fluorescence
quenching, followed by a leveling off after [TI'] = 0.01 M
(Figure Sa). This nonlinear behavior cannot be described using
the Stern—Volmer model. Instead, we use a static quenching
model that assumes that the TI" interaction with 1-PYR obeys
an association equilibrium constant.' We can write the
association reaction

+
1-PYR + TI' — 1-PYR(TIY) Klo.= w
[1-PYR][TI"]
)
This model allows us to fit the data in terms of the equilibrium
constant for the quenching reaction K, and Pgenq the
probability that a TI" ion quenches the fluorescence after
binding (Supporting Information). The equation for integrated
fluorescence intensity is given by
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The parameters P, and K, were varied to fit the data in
Figure Sa, and the results are overlaid with the data. We find
Ko = 2.1 £ 04 x 10* M™" and Pyepa, = 0.994.

The TI" ions that promote the S; — T, ISC process should
also enhance the phosphorescence transition (T; — S;). The
photoluminescence spectra in Figure 4 allow us to plot the
growth of the RTP signal as a function of [TI'], as shown in
Figure Sb. The SDS-PYR RTP shows an apparent linear
increase in signal. Application of the Stern—Volmer model to
the growth of the phosphorescence signal leads to a more
complex expression that is derived in the Supporting
Information. Here we only give the final result,

k Ng; (0)[ TI kg o[ TI']

Phos([TT*
os([TT) o wip + ksol T (kg + k[ TI') )

(k

In this equation, the parameters are the S, population decay
(k}), the rate of intersystem crossing due to thallium (kq), the
intrinsic decay rate of the T state (kmp) , and the rate of spin—
orbit coupling (kgo) that leads to enhanced phosphorescence
from the T| state. k; =7 + 1 X 10° M~ 57! with k§ = 6.5 x 10°
s! are fixed by our previous results, while keip = 87 s™! was
measured as described below. The curve in Figure 5b can be fit
using a scaling prefactor and with the ratio 50— 22 M. This
trip
fit leads to a quasi-linear increase in the RTP signal with [T1*]
because the k,[TI"] term in the denominator is dominant.
The growth of RTP for 1-PYR is again nonlinear but can be
analyzed using an equilibrium model similar to that given in eq
1. We assume that the T1" ions that promote phosphorescence
obey an equilibrium similar to those that promote ISC, but
with a different equilibrium constant in eq 2, which we denote
K&I® instead of K3, We derive an expression for the
phosphorescence signal (Supporting Information),

[1-PYR],KSTP[TI]

ASSOC

1 + KX

assoc

Phos([TI']) « KX™P[1-PYR][TI'] =

assoC

()

From a plot of phosphorescence versus thallium concen-
tration, KX can be determined to be 1.1 + 0.1 X 10° ML

aAssOC

The KX found by this analysis is 20X smaller than K3, the
association constant for fluorescence quenching. Attempts to
fit the different curves using a single association constant were
unsuccessful (Supporting Information). The different values
for K&, and K. suggest that fluorescence quenching and
RTP have different sensitivities to the Tl binding. This may
not be too surprising in light of the fact that (a) the S, —» T,
and T| — S, transitions involve different electronic states and
(b) the four carboxylate groups in 1 can complex a variable
number of ions.””** For example, it is possible that a single TI*
ion suffices to induce ISC from S; to T,, but two ions, or
binding to a different site, is required to enhance the RTP from
T, to Sy. A more sophisticated model that considers Poissonian
binding statistics’®>® and different SOC terms for different
electronic states is probably needed to quantitatively describe
the dependence of both ISC and RTP on [T1*]. The important
point is that the concentration dependence of the fluorescence
quenching and RTP enhancement for 1-PYR are both
consistent with equilibrium binding of the TI* ions.

Once the T state is populated, the next question is how the
differences in PYR binding and TI" association affect the
absolute quantum yield QY- This quantity is determined by

1

phos
rad

the ratio of the phosphorescence radiative rate kggos = to

the total triplet decay rate k' = % From eq 4, we can
ohos

identify k2P & kqo[TI'] if the radiative rate is dominated by
the heavy atom induced SOC.

kPhos is the sum of all rates that depopulate T;. These include
kPhos “the O, quenching rate given by kgz[Oz], and any other
nonradiative pathways resulting from encapsulation, which are
contained in k™. It also includes the intrinsic triplet decay
time in the absence of TI7, k

trip*
phos phos
QY _ krad _ krad
phos hos hos h o)
ktpot ktrip + kr}e)xd + krI:r *+ kq 2[OZ] (6)

In principle, the host:guest binding can affect all these
quantities, but we focus on chan%es in kY (via improved
SOC due to the bound TI*) and kg (via protection of the T,
state by the cavitand). For a SDS-PYR sample degassed with
Na,SO; and with [TI'] = 0.01 M, we measured QY,;,,,(SDS) =
0.003 + 0.001, using anthracene as a standard fSupporting
Information). The lifetime of the RTP is Tphos(SDS) =11.5 ms

(Figure 6a), in good agreement with the PYR triplet lifetime in

0@ b) C)

Time (ms)

Figure 6. Phosphorescence decays for (a) SDS-PYR without oxygen,
(b) 1-PYR without oxygen (red line: stretched exponential fit), and
(c) 1'-PYR with oxygen. Note the different time axis in (c). The
lifetimes of each are 11.5, 1.61, and 0.206 ms, respectively.

neat liquids and micelles.””*” Combining these two measure-
ments allows us to estimate the phosphorescence radiative

lifetime t_,""(SDS) = %z 3.8 + 1.0 s. The radiative
phos

lifetime for free, uncomplexed PYR lies in the range 30—60
s.%9* For SDS-PYR, [TI'] = 0.01 M enhances the radiative
rate by roughly a factor of 10, presumably through SOC
interactions averaged over random ion—molecule configura-
tions.

For the same [TI'], the 1-PYR system has QY (1) = 0.007
+ 0.002. Unfortunately, the RTP decay of this sample is not a
simple exponential. The RTP signal in Figure 6b shows a
period of initial growth spanning several hundred micro-
seconds, followed by a nonexponential decay which is initially
more rapid than that of SDS-PYR. The initial growth is too
slow to be singlet energy transfer from 1 to PYR but could
reflect triplet energy transfer from 1 that absorbs the 337 nm
excitation via weak n — 7 transitions. The nonexponential
RTP decay of the 1-PYR complex may reflect heterogeneity in
the T1" binding and kPhos, The region of the decay after 1 ms
can be fit using a stretched exponential of the form

a
exp[—(Tt ) }with Tphos = 1.61 ms and the exponent a =
phos
0.78. If we take 7., to be the average lifetime, we can estimate
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an average radiative lifetime 72%* (1) = 0.23 s, roughly 10X less

than that measured for the SDS-PYR micelles. This shorter
radiative lifetime may reflect the closer positioning of T1" ions
to PYR by the cavitand carboxylates, as SOC has been shown
to be sensitive to the spatial location of the heavy atom.***
Alternatively, it may be that the cavitand simply keeps the TI*
ions in proximity with PYR for a longer time, and the time-
averaged interaction is greater than in micelles, where both ion
and molecule are diffusing.

Finally, we turn to the last important rate process that
controls the RTP magnitude, quenching of the T1 state by O,.
Under ambient conditions, [O,] = 2.7 X 107* M in water,
while the O, triplet i[uenchmg constant kq is ~2 x 10° s7!
M~ in neat liquids.>* If we assume that the micelle behaves
like a neat liquid and does not significantly impede O,
diffusion, then these values lead to an estimated triplet lifetime
of 1.8 ps in the presence of O,. Given a 3.8 s radiative lifetime,
the effective quantum yield is less than 107, explaining why
RTP for the micelle system is not observable with O, present.
The 1-PYR complex, however, has a measured RTP lifetime of
206 + 15 us (Figure 6¢) in the presence of O,. If we assume
that this lifetime is dominated by O, quenchmg, then kq [0,]
= 1/206 us, which allows us to estimate a value qu =1.7 x 107

s7' M™! for 1-PYR (Supporting Information), which is 100X
smaller than for PYR in neat organic liquids.

Similar levels of O, protection have been observed for PYR
and other molecules in an octa acid cavitand,**** although O,
has also been shown to penetrate this same cavitand for other
guest molecules.*® Protection from O, quenching has also been
observed for cyclodextrin and cucurbituril encapsulation.*”**
For 1, we believe that the long residence time of PYR prevents
O, access to the aromatic core. PYR rotates inside 1’s cavity
rapidly on the NMR time scale but has a slow in/out exchange
rate of ~10 s%.”° When the 1-PYR arms are closed, modeling
illustrates that O, molecules can only access the upper edges of
the aromatic ring (Supporting Information, Figure S-2), rather
than the 7 cloud. The molecular geometry of the O, triplet
quenching interaction is not known, but O, is believed to
preferentially interact with the # face of PAHs, making a
weakly bound charge-transfer complex. This complex is a likely
intermediate in the T, quenching process.”” We hypothesize
that the host protects the T, state by preventing access to the
7-system of PYR, even though the system remains fluid and the
PYR is not strongly perturbed.

With the effects of encapsulation and TI* association
measured, we can now quantitatively assess how using the
cavitand affects the RTP output. In the absence of O,, the
QYhos of 1:-PYR is ~2X larger than that of SDS-PYR. Although
1-PYR is more effective at complexing T1" and has a kEf* value
that is 10X higher, these advantages are partially canceled out
by an increase in kE° that shortens the overall phosphor-
escence lifetime. However, there is a long-lived component of
the RTP decay (Figure 6b), suggesting some of the 1-PYR
molecules do not experience more rapid nonradiative
relaxation. It may be possible to reap the full benefit of the
increased kP if the heterogeneity could be eliminated and
increased kE'* values could be avoided. The real advantage of
the cavitand becomes apparent when O, is present. For
nondegassed aqueous solutions, the cavitand boosts the QY
by a factor of 100 by reducing k °. In the ideal case, Wlth
complete conversion to T, by ISC and elimination of those
geometries that give rise to accelerated nonradiative relaxation,
our results suggest that an overall improvement in QY. on

the order of 1000 should be possible by using cavitand
encapsulation. It is possible that optimization of cavitand
structure and choosing a guest molecule with a larger intrinsic
khes could boost the enhancement factor even further.

The results of this paper demonstrate that the combination
of selective PAH binding and strong TI" recognition by a deep
cavitand host can lead to enhanced intersystem crossing and
phosphorescence radiative rates. Meanwhile, the confined
cavitand geometry can protect the guest triplet state from O,
quenching interactions. Together, these factors boost the RTP
signal of PYR by several orders of magnitude, allowing its
detection in room temperature water in the presence of
oxygen. Host:guest recognition may provide a promising route
toward creating self-contained, molecular-scale triplet emitters.
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