D 5 BLIN Technological University Dublin

T ARROW@TU Dublin

. School of Chemical and Pharmaceutical

Articles Sciences
2020

Determination of Upconversion Quantum Yields Using Charge-
Transfer State Fluorescence of Heavy-Atom-Free Sensitizer as a
Self-Reference

Natalia Kiseleva
Karlsruhe Institute of Technology

Dmitry Busko
Karlsruhe Institute of Technology

Bryce Richards
Karlsruhe Institute of Technology

See next page for additional authors

Follow this and additional works at: https://arrow.tudublin.ie/scschcpsart

b Part of the Chemistry Commons

Recommended Citation

Kiseleva, N., Busko, D., Richards, B.S., Filatov, M.A., Turshatov (2020). Determination of upconversion
quantum yields using charge-transfer state fluorescence of heavy-atom-free sensitizer as a self-reference.
The Journal of Physical Chemistry Letters11,XXX., p.6560-6566. doi:10.1021/acs.jpclett.0c01902

This Article is brought to you for free and open access by
the School of Chemical and Pharmaceutical Sciences at
ARROW@TU Dublin. It has been accepted for inclusion in
Articles by an authorized administrator of ARROW@TU
Dublin. For more information, please contact
arrow.admin@tudublin.ie, aisling.coyne@tudublin.ie.

OLLSCOIL TEICNEOLAIOCHTA
BHAILE ATHA CLIATH

This wors licensed under a Creative Commons D u B L I N

TEGHNOLOGICAL

Attribution-Noncommercial-Share Alike 4.0 License CRIVERSITY DUBLIN



https://arrow.tudublin.ie/
https://arrow.tudublin.ie/scschcpsart
https://arrow.tudublin.ie/scschcps
https://arrow.tudublin.ie/scschcps
https://arrow.tudublin.ie/scschcpsart?utm_source=arrow.tudublin.ie%2Fscschcpsart%2F99&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=arrow.tudublin.ie%2Fscschcpsart%2F99&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:arrow.admin@tudublin.ie,%20aisling.coyne@tudublin.ie
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/

Authors
Natalia Kiseleva, Dmitry Busko, Bryce Richards, Mikhail Filatov, and Andrey Turshatov

This article is available at ARROW@TU Dublin: https://arrow.tudublin.ie/scschcpsart/99


https://arrow.tudublin.ie/scschcpsart/99

Determination of Upconversion Quantum Yields
using Charge-Transfer State Fluorescence of

Heavy-Atom-Free Sensitizer as a Self-Reference

Natalia Kiseleva,® Dmitry Busko,® Bryce S. Richards,®® Mikhail A. Filatov,® Andrey

Turshatov @

& Institute of Microstructure Technology, Karlsruhe Institute of Technology, Hermann-von-

Helmholtz-Platz 1, 76344, Eggenstein-Leopoldshofen, Germany,

b | ight Technology Institute, Karlsruhe Institute of Technology, Engesserstrasse 13, 76131

Karlsruhe, Germany.

¢ School of Chemical and Pharmaceutical Sciences, Technological University Dublin, City

Campus, Kevin Street, Dublin 8, Ireland

AUTHOR INFORMATION

Corresponding Author

* Mikhail A. Filatov mikhail.filatov@tudublin.ie; Andrey Turshatov andrey.turshatov@Kit.edu



mailto:andrey.turshatov@kit.edu

ABSTRACT: The efficiency of photon upconversion via triplet-triplet annihilation is
characterized by an upconversion quantum yield (@uc), however there remains uncertainties
for its determination. Here, we present a new approach for the relative measurement of @yc
for green-to-blue upconversion using BODIPY-pyrene donor-acceptor dyad (BD1) as a heavy-
atom-free triplet sensitizer. This new approach exploits broad fluorescence from a charge-
transfer (CT) state of BD1, which possesses: i) a significant Stokes shift of 181 nm in
dichloromethane; and ii) a comparably-high CT-fluorescence quantum yield (@re=7.0£0.2 %),
which is independent from oxygen presence and emitter (perylene) concentration while also
exhibiting a linear intensity dependence. Based on this, we developed an upconversion
reference using the BD1 sensitizer mixed with perylene (1x10° M/1x10* M) in
dichloromethane. With this reference system, we investigated the performance of three BODIPY

donor-acceptor dyads in the upconversion process and achieved one of the highest @yc of

6.970.2 % observed for heavy-atom-free sensitizers to date.
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Photon upconversion (UC) via the mechanism of triplet-triplet annihilation (TTA) can be
performed with high upconversion quantum yield (@uc) under excitation with low-cost light-
emitting diodes or laser sources of moderate excitation intensity (mW/cm? — W/cm? range).*
Due to this unique feature TTA-UC has found various applications in such areas as
photocatalysis, 2 solar energy conversion,>® bioimaging’ and photomedicine.® As illustrated
in Figure 1a, a typical TTA-UC system combines two components - a sensitizer and an emitter,
undergoing a series of photophysical processes: population of the lowest singlet excited state
of a sensitizer, intersystem crossing (ISC), triplet-triplet energy transfer (TTET), triplet-triplet

annihilation (TTA), and radiative relaxation of a singlet excited state of the emitter.
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Figure 1. Generalized Jablonski diagram illustrating the TTA-UC process for: (a) standard

sensitizers containing heavy atoms and (b) for heavy-atom-free sensitizers producing triplet
excited states via charge transfer; (c) structures of the three BODIPY donor-acceptor dyads

(BD1-3) investigated in this paper as heavy-atom-free sensitizers.



Common sensitizers employed in TTA-UC are halogenated dyes, transition metal complexes
of porphyrins and other heterocyclic ligands.® The formation of triplet excited states in such
compounds takes place via spin-orbital interaction promoted by heavy atoms (transition metals
and halogens).® Due to the growing interest in TTA-UC and other processes relying on triplet
state formation, alternative approaches for promoting ISC in heavy-atom-free organic
molecules are being actively investigated, such as radical-enhanced ISC,'*2 twist-induced
ISC™® and charge-transfer (CT) state recombination.!**® The latter mechanism was observed
for various donor-acceptor dyad molecules and proceeds via the so-called spin—orbit charge
transfer intersystem crossing (SOCT-ISC).*® Several types of dyads operating via this
mechanism, for example BODIPY-anthracenes'’*® and BODIPY-perylenes!®, have been
employed in green-to-blue TTA-UC and demonstrated @uc values of up to 15.8%, which is
comparable with corresponding halogenated BODIPY derivatives.

The structures of BODIPY donor-acceptor dyads BD1-3 employed in this work as sensitizers
for green-to-blue UC and the pathway for triplet excited states formation in corresponding
TTA-UC systems are illustrated in panels ¢ and b of Figurel, respectively. Photoinduced
electron transfer (PET) from the donor subunit of the dyad (pyrene in case of BD1) to the
acceptor subunit (BODIPY) results in formation of a CT state, which further produces BODIPY
triplet excited state via the SOCT-ISC process.?°

As for any other photoluminescence process, a key parameter for TTA-UC system is @y,
defined by IUPAC as the ratio between a number of photons emitted to a number of photons
absorbed by the system?!. Since TTA-UC is a bimolecular process in which two absorbed low
energy photons are required to produce one photon of higher energy, the maximum theoretical
value of @yc cannot exceed 50%. For this reason, experimentally obtained photoluminescence
quantum yields for TTA-UC systems are often multiplied by a factor of two (in order to set the

maximum value of @yc to 100%), however this non-standard practice led to discrepancies in



the published values of @yc for similar TTA-UC systems.?? To avoid such discrepancies in our
report, we followed the IUPAC definition and did not apply this doubling in our calculations of
Dyc.

Two experimental methods are commonly used for the determination of @yc:

1. The first method is known as an absolute quantum yield measurement using an
integrating sphere.?® This method allows for accurate estimation of the sample
absorption and eliminates dependence of spatial properties of emitted light and is
usually employed for solid samples and light scattering samples (polymers, gels, and
particle dispersions).?+?°

2. For solution samples an easier method can be used, which compares the UC emission
intensity with the intensity of a reference fluorescent dye and is termed as a relative
quantum yield measurement.?%?’

The most important limitation of the first method is self-absorption of the emitted UC photons
due to the fact that even for optically thin samples the emitted light can be reabsorbed as the
result of multiple reflections inside the sphere. This, in turn, leads to underestimation of @yc.?
Recently, Yanai and et al. reported a value of @yc = 36 % for a benchmark TTA-UC system
based on platinum(ll) octaethylporphyrin (PtOEP) sensitizer and 9,10-diphenylanthracene
(DPA) emitter using both the absolute and relative methods.?® The authors showed that the
reabsorption correction is essential if @yc measurements are performed inside an integrating
sphere (@yc value of 26 % was obtained without such correction).

From a pragmatic perspective, the relative method is less time-consuming and easier to
implement than the absolute quantum yield measurement with the integrating sphere. Using the
relative method, the quantum yield is calculated from the comparison of the emission intensities

for the measured system and a system that has a known quantum yield value using Equation 1.2
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(1)
where @ - UC quantum yield A - absorbance, E - integrated luminescence intensity, and n -

refractive index. The indices UC and ref denote sample and reference, respectively.

Many prominent reference dyes such as Rhodamine B 3°, Rhodamine 101 3, Rhodamine 6G *
Methylene Blue *°, Nile Red * as well as 2,6-diiodo-8-phenyl BODIPY (21-BODIPY) showing
prompt fluorescence have been used as references for the measurement of relative @yc®
However, in all these cases it is very difficult to assess the uncertainty in the reported @yc
values. The result of our analysis of possible uncertainties for the absolute and relative methods
(Supporting Information) indicates that relative error in the absorption measurements using a
spectrophotometer is the major source of uncertainty in the relative method as compared to the
absolute method. The relative error of absorption measurements, which is usually not less than
1-3 %, can increase up to 15 % under certain experimental circumstances.?” 3

Thus, to improve the precision of @yc measurements, there is a need for both a new procedure
and a new reference system. For instance, an UC system that uses a sensitizer with reliably
measured quantum vyield of the prompt fluorescence, which is not affected by the emitter
molecules or the media, would allow for the measurement of @yc with low uncertainty and pave
the way to an UC-based reference. In this scenario, Equation 1 can be greatly simplified to give

Equation 2:

E
Dy = (pref;li; . ()

The @yc value determined using Equation 2 can be further used as an UC-based reference to
measure @yc of other UC samples using Equation 1. Moreover, as suggested by Yanai et al.,?®
the UC-based reference exhibiting a prompt sensitizer luminescence can be additionally utilized

to verify the measurement setup and presence of oxygen in the UC reference sample.
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Figure 2. Normalized absorption (dashed line) in DCM and the photoluminescence (PL)
spectra of BD1 in deoxygenated solvents (solid lines): toluene (Tol), methyl tert-butyl ether
(tBuME), 1-chlorobutane (CB), tetrahydrofuran (THF), dichloromethane (DCM), and N,N-
dimethylformamide (DMF). Concentration of BD1 (Cgp1) is 1x10 ® M, excitation wavelength

(Aexc) is 498 nm.

As a first step toward the UC-based reference system, we synthesized and investigated optical
properties of dyad BD1 (Figure 1c). The absorption spectrum of BD1 in DCM (Figure 2)
exhibits typical transitions associated with pyrene (300-400 nm) and BODIPY (450-530 nm)
subunits, indicating weak coupling of the chromophores in the ground state. The shape and
maxima of the absorption bands are almost unchanged in solvents of different polarity (Figure
S2). No red-shifted CT absorption bands were observed for this dyad, in contrast to similar
BODIPY-phenoxazine®® and perylene dyads'® reported by Zhao and co-workers. At the same
time, the emission spectra of BD1 exhibit a profound effect of solvent polarity on the excited-
state transitions. While in non-polar hexane a typical narrow BODIPY emission band with a
maximum at 520 nm is observed (Figure S3), a broadening and shifting the emission
(originating from the CT state) towards the near-infrared region occurs in toluene (593 nm) and
more polar solvents. The values of quantum yield for Stokes fluorescence (@) and emission

maxima obtained in six different solvents are presented in Table S1. The highest @ of

22.4 + 0.6 % was observed in toluene, whereas the lowest value of @t = 0.1 % was measured
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in polar DMF. The effect of solvent polarity on the emission properties evidences the electron
transfer process occurring within the dyad and resulting in formation of a highly polar CT state
with positively charged donor (pyrene) subunit and negatively charged acceptor (BODIPY)
subunit. As previously mentioned, the CT state in BD1 undergoes SOCT-ISC to populate the
triplet state of the BODIPY. High triplet state yield in this dyad was confirmed by transient
absorption spectroscopy measurements and singlet oxygen sensitization experiments (®a = 75
% in ethanol).®” BODIPY triplet states are known to be poorly emissive and corresponding
phosphorescence can be detected only in glassy solvent matrix at low temperatures.®
According to the photoluminescence data presented above, another relaxation channel of the
CT state is the emission into the ground state. It should be noted that although CT states are
generally considered to be dark, recent results have indicated enhanced emissivity of CT states
in dyads based on alkyl-unsubstituted BODIPY scaffold, proposed to be the effect of increased

electronic coupling magnitude between the electron donor and acceptor subunits.

To examine the photosensitizing ability of BD1 in green-to-blue TTA-UC, the dyad was
combined with perylene in different solvents and photoluminescence under excitation with 498

nm light was monitored (Figure 3a).
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Figure 3. (a) Emission spectra of BD1- perylene mixtures with different molar ratios in
deoxygenated DCM. The insert is photograph showing blue UC emission of a BD1-perylene
mixture (1:10 molar ratio) excited with 498 nm laser. The picture was taken with a smartphone
camera using no filters.; (b) Emission spectra BD1-perylene mixtures (molar ratio 1:10) at
different oxygen content in DCM. Intensity of the UC emission band is gradually decreasing
with time (within 25 minutes) due to rising concentration of oxygen in the opened cuvette;
Concentration of BD1 (Cgp1) is 1x10 ~° M, excitation wavelength (Aexc) is 498 nm, intensity
(1) is 5 W/cm? for (a) and (b). The peak at 498 nm in (a) and (b) corresponds to the residual
excitation light that passes through a notch optical filter. All shown spectra are raw spectra

(without normalization).

The emission observed at 350-450 nm originates from the TTA-UC mechanism and is typical
for perylene fluorescence. To estimate @yc values for the BD1 - perylene pair and develop the

UC-based reference system, we employed a combination of two methods: relative and absolute
9



quantum yield measurements. We assumed that the CT emission of BD1 due to its very large
Stokes-shift can be used as a self-reference for the determination of @yc. Such approach has
two important advantages: (i) absolute quantum yield value (@) for red-shifted CT emission
can be estimated with high accuracy using an integrating sphere; and (ii) the CT emission is not
masked by UC luminescence coming from perylene, with the two emission bands being very
well separated (Figure 3a). Thus, accurate calculation of the relative @yc value can be

performed using the absolute value of @rer.

For the UC-based reference system, we chose DCM because in this solvent BD1 exhibits both
a large Stokes shift (AA = 181 nm) and an appreciable fluorescence quantum vyield of
Dret = 7.0 £ 0.2 % (the absolute error £ 0.2 %.was derived based on error analysis presented in
the Supporting Information section). For comparison, while in DMF the Stokes shift is even
larger (AL = 229 nm), the emission is substantially weaker (@ref = 0.1 %), presumably due to
higher polarity of the solvent.

To confirm that the CT emission of BD1 is not reabsorbed in the integrating sphere due to its
large Stokes shift, we determined quantum vyield values for this emission at various
concentrations of BD1. We found that the value of @y remains almost unchanged for different
BD1 concentrations (Table S2).

To prove that the prompt fluorescence of BD1 can be used as the self-reference, we additionally
investigated a role of several important parameters — namely emitter concentration, oxygen
guenching, and excitation intensity — as well as performing UC measurements both inside and
outside an integrating sphere. The UC PL spectra for samples with different concentrations of
perylene and fixed concentration of BD1 are shown in Figure 3a. While the UC PL intensity
is greatly affected by the concentration of the emitter, no change in the CT emission intensity
is observed, indicating that this emission is not quenched by perylene. Importantly, the presence

of oxygen also exhibited no influence on BD1 emission band as can be seen from Figure 3b.
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In the corresponding experiment, oxygen-free BD1-perylene solution was prepared inside a
glovebox (oxygen concentration of 0.1 ppm) and, after the first UC measurement, the cuvette
was unsealed, thus open to air. Figure 3b demonstrates a drastic decrease of the UC PL intensity
within a 25-minute period due to oxygen diffusion into the sample, however, importantly, the
BD1 fluorescence peak remains unchanged. Thus, overall, the CT emission of BD1 is not
influenced by any parameters related to @uc measurements (sensitizer and emitter
concentrations, oxygen contamination and excitation intensity (the effect of excitation intensity
is demonstrated in Figure S4a) and can be confidently used as the self-reference for measuring
@yc via the relative method.

Using the relative method (equation 2), @yc for the UC-based reference based on the BD1-
perylene pair in DCM (concentrations of 1x10°° M/1x10* M, respectively) was estimated to
be @uc = 2.5 £ 0.1 %. A significant underestimation of UC quantum yield (@uc(sphere) =
1.6 £ 0.1 %) was observed if the absolute method was used for the same UC system. As already
stated previously by Yanai et al., the absolute measurements of @uc can be strongly affected
by re-absorption inside the integrating sphere. For example, spectra measured for the same
sample performed inside and outside the integrating sphere are presented in Figure S5. The
shape of the spectra clearly uncovers the effect of the re-absorption process, which leads to
different values of @yc obtained using the relative and absolute methods.

It was also important to compare the relative @yc measured using the self-reference and a
common fluorescence quantum yield standard. Figure S6 displays @uc values BD1-perylene
system in DCM (concentrations of 1x10°° M/1x10* M, respectively), measured relative to
solutions of Rhodamine 6G with different concentrations (in a range of 5x107 — 10 M). These
results demonstrate a gradual increase of @yc from 2.3 % to 3.3 % with increasing the
concentration of Rhodamine 6G reference solution. We assume that the highest (overestimated)
value of 3.3% % can be explained by the decrease in @ value due to reabsorption

11



ofRhodamine 6G fluorescence in concentrated solution (10 M). Fore more dilute solutions of
Rhodamine 6G, we expect an increase in the uncertainty of the absorption measurements (Ares),

that, in turn, can lead to underestimation of the quantum yield values.

Before exploiting the newly developed UC-based reference in further experiments, we also
applied the reference for estimation of @uc for the benchmark system PtOEP-DPA (1x10
4 M/1x102 M in deoxygenated THF, under excitation with 498 light nm and intensity of 5
W/cm?). Excellent agreement was found between our results, where we obtained
@yc =18.0 £ 0.4 %, and the result reported by Yanai et al. with 2x @yc = 36 %. Thus, we believe
that the @uc value estimated with BD1-perylene system is characterized by a very little

uncertainty and it can be used as a UC-based reference for characterization of other UC systems.

To demonstrate several examples of application of the developed UC-based reference, we
investigated a rough solvent impact on @uc of the BD1-pyrelene pair. It is well-known that
solvent can have a profound effect on photochemical reactions, as well as on energy and
electron transfer rates. 3637 40-4 Using the UC-based reference, we systematically measured
@yc of the BD1-perylene pair in solvents of different polarity and viscosity. To correlate @yc
with solvent properties, we chose the solvent polarity parameter E¢(30) — as it is widely used as
a parameter reflecting both hydrogen bonding and electrostatic interactions*“® — and solvent
viscosity*’ as another parameter (Table S3). The UC-spectra measured in different solvents are

shown in Figure 4a and Figure S7.
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Figure 4. (a) Absorption (dashed lines) and UC PL spectra (solid lines) of the BD1-perylene
pair (1:10 molar ratio) in different deoxygenated solvents (Cspp= 1x10° M). Excitation source
is 498 nm M2 laser (5 W/cm?). UC PL of the BD1-perylene pair in deoxygenated DCM (shaded
area) was used as a reference for calculation of dyc in different solvents via the relative method.
The CT fluorescence of BD1 with @ret =7.0 % is shown for comparison. Full emission spectra
in different solvents can be found in Figure S8; (b) ®uc values measured for the BD1-perylene

pair in solvents of different polarity and viscosity. Viscosity and polarity values of solvents are

summarized in Table S3.

The results of @yc measurements in these solvents using both the relative method and the
absolute method are presented in Figure 4b and Table S4. As was mentioned above, the
absolute method significantly underestimates UC quantum yield values and, therefore, only

@yc obtained with relative method will be discussed further. We arbitrary considered @yc of

1.4 £ 0.1 % in toluene as a starting point of discussion. The increase of polarity leads to a

13



substantial increase of @yc values leading to the highest value of @yc of 6.9 + 0.2 % achieved
in THF. Interestingly, further increase in solvent polarity does not result in an increase of @yc.
Values of 0.3 % and 0.1 % were obtained in polar solvents with low and high viscosity, acetone
(Ac) and DMF, respectively. This can be explained by the fact that in highly polar solvents the
CT state is strongly stabilized, resulting in rapid ground state recombination and low triplet
state yields.*® As can be seen from Figure 4b, as the viscosity increases from 0.27 — 0.85 cP,
there is no clear trend in how this affects the efficiency of the UC process. @yc appears to be
comparable for solvents with similar E:30 values, but with different viscosity. These results can
be explained assuming that either TTET or TTA rate is slower than the maximum rate of a
diffusion controlled process (with the expected value of ~2x10'° Mt s1)%°,

Finally, our calculations of @yc using the UC reference were extended to donor-acceptor dyads
BD2 and BD3, bearing anthracene and perylene as donor subunits, respectively (Figure 1c).
Corresponding absorption and UC PL spectra are presented in Figures S9 and S10. Similar to
BD1 sensitizer, the highest value of @yc =3.6 + 0.1 % (Table 1) for BD2 was obtained in THF

(under 498 nm excitation).

Table 1. Quantum yields of UC-systems based on BD2 and BD3 (Cgp= 1x10°M, sensitizer-
emitter ratio 1:10) in different solvents, measured by absolute and relative methods. The
excitation wavelengths are 525 nm (5 W/cm?) and 498nm (5 W/cm?) for BD2 and BD3,

respectively.

Sensitizer BD2 BD3
Solvent THF DCM THF DCM

Dyc, % 3.6 28 13 1.8

@Uc(sphere), % 16 13 04 07

14



In contrast, a system based on the BD3 dyad exhibits the highest efficiency in DCM
(@uc=1.8+0.1%), presumably because the charge transfer process in this dyad requires more
polar environment to be efficient. To note, the BD3 dyads demonstrates significant red-shift in
absorption spectra as compared with BD1 and BD2, so another excitation wavelength (525 nm)
was used for the @yc measurement. It was proved that the reference @yc value (2.5t 0.1 %)
does not change with excitation wavelength (if the excitation intensity exceeds the UC threshold
of 1.1 W/cm? estimated for 525 nm excitation). Thus, our reference system can be used for
estimation of @yc of green-to-blue UC systems using the relative method in the spectral range

of ~450 — 530 nm (covered by the BD1 sensitizer).

To conclude, in this work we investigated the properties of BODIPY-pyrene (BD1) donor-
acceptor dyad, which exhibits near-infrared CT emission in various solvents. The dyad
undergoes efficient ISC and enables green-to blue TTA-UC in a pair with perylene as an
emitter. We found that the quantum yield of the dyad prompt fluorescence (@ref) is unaffected
by the parameters of UC system, such as concentrations and ratio of the components, presence
of oxygen, and excitation intensity. We demonstrated that the prompt fluorescence of BD1
enables it to be used as the self-reference for the relative method and developed the UC-based
reference system based on the BD1-perylene pair. Such approach was found to have less
uncertainty in estimation of @yc with respect to the standard method employing a reference
fluorescent dye (Rhodamine 6G). At the same time, we found that the BD1-perylene pair
displays one of the highest @yc of 6.9 + 0.2 % reported for heavy-atom-free sensitizers to date.
Using the UC-based reference, we performed accurate measurement of @yc values for several
BODIPY-based heavy-atom-free sensitizers in different solvents and compared these results
with absolute @yc values measured with an integrating sphere. Due to synthetic accessibility of

BD1 and its unique fluorescence behavior, in particular strongly emissive CT state, the

15



proposed BD1-perylene system can be broadly applied as UC-based reference for

measurements of UC quantum yields under green light excitation.
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