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ERA photoclick reactions with
unprecedented efficiency by engineering of the
nature of the phenanthraquinone triplet state†

Youxin Fu, a Georgios Alachouzos, a Nadja A. Simeth, ‡a Mariangela Di
Donato, bc Michiel F. Hilbers, d Wybren Jan Buma, *de Wiktor Szymanski *af

and Ben L. Feringa *a

The light-induced photocycloaddition of 9,10-phenanthrenequinone (PQ) with electron-rich alkenes (ERA),

known as the PQ-ERA reaction, is a highly attractive photoclick reaction characterized by high selectivity,

external non-invasive control with light and biocompatibility. The conventionally used PQ compounds

show limited reactivity, which hinders the overall efficiency of the PQ-ERA reaction. To address this

issue, we present in this study a simple strategy to boost the reactivity of the PQ triplet state to further

enhance the efficiency of the PQ-ERA reaction, enabled by thiophene substitution at the 3-position of

the PQ scaffold. Our investigations show that this substitution pattern significantly increases the

population of the reactive triplet state (3pp*) during excitation of 3-thiophene PQs. This results in

a superb photoreaction quantum yield (FP, up to 98%), high second order rate constants (k2, up to 1974

M−1 s−1), and notable oxygen tolerance for the PQ-ERA reaction system. These results have been

supported by both experimental transient absorption data and theoretical calculations, providing further

evidence for the effectiveness of this strategy, and offering fine prospects for fast and efficient

photoclick transformations.
1. Introduction

The use of photochemical activation1 procedures in click
chemistry reactions has resulted in the emergence of a novel
category of light-induced click reaction referred to as “photo-
click chemistry”.2,3 As opposed to conventional click reactions,
in which the level of spatial and temporal control over the
reaction is oen limited,4,5 photochemical reactions provide
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a high degree of both spatial and temporal control over the
reaction, allowing it to occur precisely when needed.1 The
photo-induced cycloaddition of tetrazole and alkene, reported
by Lin and co-workers6 marked the beginning of a decade of
signicant advancements and since then various types of pho-
toclick reactions have been explored.7–13 The advantages asso-
ciated with photoclick reactions, including their temporal and
spatial control, non-invasive use of light, high efficiency, and
compatibility with various biological systems, make these
transformations particularly well-suited for a broad range of
applications. These include, but are not limited to, surface
modication,14–16 3D printing,17,18 protein labeling,13,19,20 and
bioimaging.11,21,22

Among these photoclick reactions, the PQ-ERA reaction,
originally developed by Schönberg and co-workers in the
1940s,23,24 is gaining signicant attention due to its excellent
kinetics and biocompatibility.11–13 This reaction involves
photoinduced electron transfer (PeT) between an electron-rich
alkene and a PQ, resulting in the formation of a 1,6-biradical
intermediate that rapidly undergoes intramolecular radical
recombination to form [4 + 2] cycloadducts.13 Recently we
identied new functionalization handles and showed that using
enamines as ERAs signicantly enhances the reaction rate (up
to 674 M−1 s−1) and photoreaction quantum yields (FP, up to
65%).12 Despite these advances, further improvement is neces-
sary, in particular regarding efficiency and rate, to expand the
Chem. Sci., 2023, 14, 7465–7474 | 7465
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applicability of this reaction in diverse elds such as material
science, bioimaging, and bioconjugation. However, engineering
photoactive molecules to modulate excited state properties
remains highly challenging.

The mechanism of the PQ-ERA reaction involves photoexci-
tation of PQ with UV to blue light, resulting in population of the
strongly allowed S2 (1pp*) state, which undergoes internal
conversion to the lowest excited S1 (1np*) singlet state. An
almost quantitative intersystem crossing (ISC) process then
takes place, leading to population of the two lowest triplet
states, T1 (3pp*) and T2 (3np*) (the former being the reactive
state for the PQ-ERA reaction), which are close in energy.25–27

This is then followed by a [4 + 2] photocycloaddition reaction
with an ERA.28 Thus, a better understanding of the properties of
the PQ's triplet state and generating more 3pp* triplet states is
crucial for further optimization of the PQ-ERA photoclick
reaction. Recent studies have been conducted showing that
triplet energy levels can be inuenced by substituents on the
aromatic ring and in some aromatic ketones they can even be
inverted. This phenomenon is known as “electronic state
switching”, and it modies the electronic character of the
lowest triplet state, thereby affecting its reactivity.29–31

Building on this phenomenon, we present herein a strategy
for boosting the reactivity of the triplet state of PQ via a simple
thiophene substitution at the 3-position of the PQ scaffold
(Scheme 1) to achieve an unprecedented enhancement of the
efficiency of the PQ-ERA reaction. Our investigation shows that
the thiophene substitution signicantly increases the pop-
ulation of the reactive triplet state (3pp*) upon excitation of 3-
thiophenyl PQs, which then results in a higher photoreaction
quantum yield (up to a remarkable value of 98%), higher second
order rate constants (up to 1974 M−1 s−1), and notable oxygen
tolerance for the PQ-ERA reaction system. These ndings have
been supported by both transient absorption experiments and
theoretical calculations.

2. Results and discussion
2.1 Synthesis and photophysical evaluation of PQ derivatives

Based on our previous study,12 we assembled the two target
compounds from commercially available 3-
bromophenanthrene-9,10-dione (PQ-3Br), 3,6-
dibromophenanthrene-9,10-dione (PQ-3DiBr), and thiophene
boronic acid in a Suzuki–Miyaura cross-coupling reaction.32
Scheme 1 Comparison of photocycloaddition of 9,10-phenanthreneq
second-order reaction rate; and FP: photoreaction quantum yield.

7466 | Chem. Sci., 2023, 14, 7465–7474
Employing palladium-mediated cross-coupling and introducing
the substituents via an arene extension, rather than by direct
modications on the PQ core, is synthetically straightforward
and tolerates a broad set of substrates using the same protocol.
We thus obtained PQ-3TP and PQ-3DiTP in satisfying yields
(55% and 39%, respectively, Scheme S1, ESI†) employing
Pd(PPh3)4 as catalyst.

Next, both target molecules were characterized in terms of
their electronic properties. Analysis of the UV-Vis absorption
spectra of both the 3-thiophene and the 3,3′-dithiophene
extended PQs revealed that the energetically lowest transition
maximum, lmax, lies around 390 nm (Fig. S13†) and is hyp-
sochromically shied compared to unsubstituted PQ (lmax =

410 nm). This band is typically used to excite PQ derivates to
trigger a PQ-ERA photoclick reaction.12
2.2 Photoclick reaction kinetics of PQs with PY

To test the performance of the newly synthesized PQ derivatives
in a [4 + 2] photocycloaddition reaction, we irradiated a solution
of each PQ (50 mM, MeCN, N2) with a 390 nm LED in the pres-
ence of a suitable reaction partner (Fig. 1A and B). We selected
N-boc-2,3-dihydro-1H-pyrrole (PY, 10 eq., Fig. 1) as the ERA, as
this cyclic enamine had shown the highest reactivity in our
previous study.12 The progress of the reaction was monitored
with UV-Vis spectroscopy providing the experimental rate
constants kobs(390) of the photoclick process (0.25 s−1 and 0.295
s−1 for PQ-3TP and PQ-3DiTP, respectively, for detailed infor-
mation see ESI, Section 4.2, Fig. S15 and S16†), which was
signicantly (>40 times) higher compared to the unsubstituted
PQ_PY system (0.0062 s−1, Fig. S14†) under the same condi-
tions. Next, we explored whether the system could also be trig-
gered using light with a longer wavelength, since the absorption
spectrum of thiophene-substituted PQs features a broad band
ranging from 350 nm to 500 nm. We irradiated the PQs_PY
mixtures with light of different wavelengths (365, 390, 420, and
445 nm) and, as expected, observed in all cases the formation of
the photoclick products (Fig. S14–S16†). Important to notice is
that the 3-position thiophene substituted PQs led to higher rate
constants compared with the unsubstituted PQ under the same
conditions (for detailed information see ESI, Section 4.2,
Fig. S14–S16†). Finally, recognizing that thiophenes are known
to be susceptible to side reactions, such as oxidation to radical
cations in oxygenated solvents under prolonged light exposure,
uinone (PQ) with electron-rich alkenes (ERAs). k2,obs(390) observed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Kinetic analysis of PQ-ERA photocycloadditions. Reaction scheme, time-resolved UV-Vis absorption spectra, and plot of kobs(390) vs. PY
concentration of (A) PQ-3TP (one of the possible isomers formed is shown as an example) and (B) PQ-3DiTP towards PY. For time-resolved UV-
Vis absorption spectra, samples were irradiated by 390 nm LED under N2 atmosphere at 20 °C. The reaction was followed by UV-Vis absorption
spectroscopy (sample interval 1 s, concentration: 50 mM PQs, 500 mM PY). The second-order rate constant k2,obs(390) were determined to be
1360 M−1 s−1 and 1974 M−1 s−1 for the PQ-3TP_PY and PQ-3DiTP_PY system, respectively, based on the slope of the fitted line.
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we assessed the PQ-ERA reaction substrate and product stability
using the PQ-3TP_PY system as a representative model. We
conducted the reaction in the presence of air with extended
light irradiation lasting over 15 minutes. Gratifyingly, HPLC
analysis revealed a clean reaction (Fig. S24†), strongly sup-
porting the high selectivity of the reaction.

Next, we determined the second-order reaction rate
k2,obs(390) of these photocycloaddition reactions (for details and
further considerations see ESI Section 4.2, Fig. S17–S19†). The
k2,obs(390) was found to be 1360 M−1 s−1 and 1974 M−1 s−1 for
PQ-3TP_PY and PQ-3DiTP_PY, respectively (Fig. 1), which is
more than 11 600 times higher than for the original PQ-VE1
(ethylene glycol vinyl ether) system (0.117 M−1 s−1)12 and over
160 times higher than the PQ–PY system (8.2 M−1 s−1, Fig. 2B
and S17, for detailed information see ESI, Section 4.2†) under
the same reaction conditions. In fact, this allows us to perform
quantitative photoclick reactions in a matter of seconds. As
such, it represents the fastest currently known PQ-ERA photo-
click reaction.11–13

Furthermore, in order to evaluate the generality of our 3-
position thiophene substitution approach, we selected two
© 2023 The Author(s). Published by the Royal Society of Chemistry
additional ERAs, 4-oxo-3,4-dihydropyridine-1(2H)-carboxylate
(PYD) and 3,4-dihydro-2H-pyran (DP), to react with both PQ and
PQ-3TP. Analysis of the kinetic traces acquired through UV-Vis
absorption spectroscopy (for details and further consider-
ations see ESI Section 4.2, Fig. S20 and S21†) revealed that the
photoclick reaction was signicantly more efficient in the PQ-
3TP system when compared to the PQ system. Specically,
under 390 nm light irradiation, the PQ-3TP system displayed
kobs(390) values of 0.0059 s−1 and 0.092 s−1 for DP and PYD,
respectively, whereas the PQ system exhibited kobs(390) values
of 0.0003 s−1 and 0.0028 s−1 for DP and PYD, respectively.
Finally, to evaluate if heteroaromatic compounds with a lower
aromatic stabilization energy are able to work as ERAs in this
reaction, we conducted reaction between PQ-3TP and an
aromatic compound, specically 1-methylindole, under the
same conditions. As depicted in Fig. S22 (ESI, Section 4.2),†
minimal changes were observed over a 15 minute period,
indicating the absence of photoclick reactions between PQ-3TP
and 1-methylindole upon 390 nm light irradiation, showing
a general limitation of the electronic properties of ERAs in this
reaction system. These ndings serve as further evidence that
Chem. Sci., 2023, 14, 7465–7474 | 7467

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01760e


Fig. 2 Overview of the second order reaction rate (k2) and photoreaction quantum yield (FP) of the PQ-ERA photoclick reaction system. (A)
Structures of the investigated PQs, (B) k2,obs(390) and (C) FP of PQ-ERA photoclick reaction.
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the 3-position thiophene substitution strategy can enhance the
photoclick reactivity of PQ towards a variety of ERAs.

These results are mirrored by the extraordinary high
photoreaction quantum yield (FP) of these PQ-ERA reactions,
which has been determined for reactions of PQ, PQ-Ph-CF3,
PQ-Ph-OCH3, PQ-3TP, and PQ-3DiTP with different concen-
trations of PY (Fig. 2A). PQ-3TP and PQ-3DiTP exhibited an
extremely high value of FP, reaching the up to 98% in the
presence of 3 eq. of PY (Fig. 2C, for detailed information, see
ESI, Section 4.3†). To the best of our knowledge, this is the
highest FP observed for any photoclick reaction reported so
far.3,12,33–36 Thus, the performance of the 3-position thiophene
substituted PQ-3TP/PQ-3DiTP_PY system is markedly
enhanced compared to our previously introduced PQs-VEs/PY
systems (FP(PQs-VEs/PY) ranging from 0.6% 12 to 53%, for details
and further considerations see ESI Section 4.3, Fig. S25–S39†)
as well as other reported photoclick reactions such as, for
instance, o-naphthoquinone methides (oNQMs)-ene hetero-
Diels–Alder cycloaddition (FP = 20%),36 photoinduced tetra-
zole–alkene cycloaddition (FP = 0.29% to 24%),22,35 and
photoinduced sydnone–alkene/alkyne cycloadditions (FP =

10% to 25%).33,34
2.3 Effect of O2 and temperature on the PQ-ERA photoclick
reaction

The photochemical characterization of the thiophene-PQ-ERA
reaction reported so far shows that both PQ-3TP and PQ-
3DiTP react signicantly faster with PY compared to unsub-
stituted PQ and other PQ derivatives (Fig. 2B). Thus, we chose
PQ-3TP as an ideal candidate to conduct a systematic and
detailed study on the PQ-ERA photoclick reaction process
(Fig. 3A). Previous reports showed that irradiation of PQs with
7468 | Chem. Sci., 2023, 14, 7465–7474
390 nm light in the presence of ERAs proceeds via the triplet
state of PQs and results in the photocycloaddition of the two
reactants, furnishing the PQ-ERA products.13,27,28 We exam-
ined the effect of molecular oxygen (O2), an important triplet
state quencher,37,38 on the PQ-ERA reaction process.11 To
probe the effect that O2 had on the PQ-ERA photo-
cycloaddition, we sought to determine the kobs(390) of the PQ-
3TP_PY photoclick reaction under both deoxygenated and
non-deoxygenated conditions. As expected, in the absence of
oxygen we found a higher kobs(390) compared to the non-
degassed solutions (0.084 / 0.229 s−1 and 0.014 / 0.092
s−1 respectively, Fig. 3B), demonstrating the detrimental
effect of O2 on this PQ-ERA reaction and corroborating the
hypothesis of the involvement of triplet states. Nonetheless,
our results indicate that, contrary to previous PQ-ERA pho-
toclick systems,12 the PQ-3TP_PY photoclick reaction still
proceeds also under aerobic conditions, marking an overall
improvement in oxygen tolerance.

Also, previous studies have demonstrated that lowering
the temperature may result in a prolonged triplet lifetime.39–41

Based on this, we hypothesized that changes in temperature
would also have an effect on the PQ-3TP_PY photoclick reac-
tion. To investigate this effect, the photoclick reactions were
conducted over a temperature range between 0 °C to 50 °C,
monitoring the reactions using UV-Vis spectroscopy to
measure the experimental rate constants kobs(390) of the
photoclick process. As shown in Fig. 3C, a clear enhancement
of the photoclick reactivity was observed at lower tempera-
tures. On the basis of quantum chemical calculations that will
be discussed below, we attribute this enhancement to
a reduced non-radiative decay rate of the reactive triplet state
at lower temperatures leading to a longer lifetime.39,42
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Kinetic analysis of PQ-3TP_PY photoclick reaction. (A) Reaction scheme (one of the possible isomers formed is shown as an example), (B)
kinetic analysis of photocycloaddition between PQ-3TP (50 mM) with varying amounts of PY (1, 2, 4, 6, and 10 eq.) addition under both N2 (blue
cylinders) and air (red cylinders) atmosphere at 20 °C. (C) Temperature dependence kinetic analysis of PQ-3TP_PY photoclick reaction in MeCN
under different temperature 0 °C, 10 °C, 20 °C, 30 °C, 40 °C, and 50 °C respectively. For all of the measurements, the sample was irradiated with
a 390 nm LED and followed over time by UV-Vis absorption spectroscopy (1 cm cuvette, 2.5 mL MeCN sample volume, sample interval 1 s).
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The results shown above indicate that the 3-position thio-
phene substitution on the PQ scaffold can bring about a marked
improvement in its photoclick reactivity and that oxygen can be
tolerated in the systems. Aerobic conditions result in slower
photoclick reaction rates, but still allow the completion of the
model reaction in less than two minutes. To gain a further
fundamental understanding of these new phenomena, we next
performed a detailed study on the electronically excited singlet
and triplet states of PQs and their excited-state dynamics using
femtosecond/nanosecond transient absorption spectroscopy
and quantum chemical calculations.
Fig. 4 EADS obtained from a global analysis of the transient absorption da
at 400 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
2.4 Femtosecond/nanosecond transient absorption
spectroscopy

We initially hypothesized that the improved reactivity of the 3-
thiophene substituted PQs could in principle be attributed
either to a higher triplet quantum yield or to a longer-lived
triplet state. To further investigate the excited state dynamics
of the newly synthetized PQs, the transient absorption spectra
of these systems were measured both in the sub-picosecond to
nanosecond and nanosecond to millisecond timescale.
Previous studies demonstrated that unsubstituted PQ
undergoes a rapid ISC, producing triplet states with a high
ta recorded for (A) PQ-3TP and (B) PQ-3DiTP in MeCN upon excitation

Chem. Sci., 2023, 14, 7465–7474 | 7469
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quantum yield.29,43 The triplet absorption spectrum reported for
PQ presents two positive bands at about 460 and 650 nm that
have been attributed to two different triplet states with 3np*
and 3pp* nature reaching a fast equilibration.29

Our measurements conrmed the occurrence of very fast ISC
for PQ: indeed, upon exciting the molecule with 400 nm light,
the transient spectrum attributed to the triplet state rises in
about 9 ps. The decay of the absorption spectrum, as deter-
mined by ns transient absorption spectroscopy, is bi-
exponential, with a major component decaying in 1.47 ms and
a residual component with a lifetime of 40.5 ms (Fig. 5A, for
detailed information, see ESI, Section 4.4 and 4.5, Fig. S40, S41
and S44†).

The transient absorption measurements were then repeated
for the 3-substituted samples PQ-3TP (Fig. S42A†) and PQ-3DiTP
(Fig. S43A†). Analogous to our analyses of the time-resolved
spectra obtained for PQ, the recorded transient data have
been analyzed using a global t procedure and employing
a sequential linear decay kinetic scheme from which the EADS
(Evolution Associated Difference Spectra) and the rate constants
describing the excited state dynamics are obtained (for detailed
information, see ESI, Section 4.4, Fig. S42 and S43†). The EADS
obtained for PQ-3TP and PQ-3DiTP, which are shown in Fig. 4,
are qualitatively similar.

For both systems, the transient spectrum observed directly
aer excitation features a quite broad positive band peaked at
Fig. 5 Evolution-associated difference spectrum (EADS) obtained from
PQ-3TP, and (E) PQ-3DiTP in degassed MeCN upon excitation at 400 nm
(B) PQ (at 460 nm), (D) PQ-3TP (at 610 nm), and (F) PQ-3DiTP (at 640 nm

7470 | Chem. Sci., 2023, 14, 7465–7474
about 470 nm, which, in analogy with observations made for PQ
(Fig. S40†), can be assigned to excited state absorption (ESA) of
the singlet state of the molecules (black EADS in Fig. 4A and B).
The spectrum evolves within 6.4 ps in case of PQ-3TP to
a double peaked structure (orange EADS, Fig. 4A). A further
evolution is observed to occur in about 16 ps. On this timescale,
the intensity of the band peaked at about 470 nm decays
signicantly, while a broad band extending from 580 to 700 nm
rises in intensity. The lifetime of this spectral component is
longer than the time range of the experiment, and, in analogy
with what was observed for PQ, is assigned to a triplet state. For
PQ-3DiTP, the initial EADS (Fig. 4B), assigned to a singlet
excited state, evolves in about 2.7 ps towards the second
component, which is characterized by an intense band at
430 nm and a second less intense band at 550 nm. This EADS
then evolves in the nal one on a time scale of about 49 ps. The
shape of the long-living component for PQ-3DiTP is similar to
the one observed for PQ-3TP and is therefore also assigned to
a triplet state. The nature of the intermediate component is not
clear: it could be attributed as a high-energy triplet state that
rapidly decays into the lower-energy triplet, or to a ‘dark’ elec-
tronically excited singlet state, different from the state that
initially is excited. The notable spectral difference between the
rst and second EADS makes it quite unlikely that the initial
evolution is associated with a relaxation process within the state
that is initially excited. The rapid evolution between the second
global analysis of ns transient absorption data recorded for (A) PQ, (C)
. The fit of the decay of the absorption of the transient signal (red line)
) as obtained from a global analysis of the transient absorption spectra.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and third component suggests that the more likely interpreta-
tion for the second EADS is that of a ‘dark’ singlet state from
which ISC occurs. Such a conclusion is fully supported by the
results of the quantum chemical calculations discussed below
which show that – analogous to PQ – the ‘bright’ state that is
excited is the S2 (

1pp*) state, while at lower excitation energies
the ‘dark’ S1 (

1np*) state is found (for detailed information, see
the ESI, Section 5†). The ultrafast transient absorption spectra
and relevant kinetic traces measured for PQ-3TP and PQ-3DiTP
are shown in Fig. S42 and S43.† The analysis of these traces
shows that the band peaked at about 630 nm, which is attrib-
uted to the triplet state, rises on a slightly faster timescale for
PQ-3TP.

To conrm that the long-living components observed from
the ultrafast measurements can be attributed to triplet states,
we also measured the transient absorption spectra of both PQ-
3TP and PQ-3DiTP using nanosecond (ns) laser excitation (for
detailed information, see ESI, Section 4.5, Fig. S44–S46†). The
EADS obtained from global analysis of the data recorded on the
longer timescale are reported in Fig. 5, where for comparison
also the EADS obtained from the global analysis of the PQ ns
data are depicted. As can be observed, the spectrum obtained
for both PQ-3TP and PQ-3DiTP immediately aer excitation
with a ns laser coincides with the long-living species observed in
the ultrafast experiments, conrming its assignment in terms of
a triplet state of both molecules. Similarly to what is observed
for PQ (Fig. 5A and B), the triplet state decays bi-exponentially
for both compounds with time constants of s1 = 2.61 ms (blue
component) and s2 = 18.4 ms (red component) in case of PQ-
3TP, and s1 = 3.92 ms (blue component) and s2 = 37.2 ms (red
component) for PQ-3DiTP.

Some further comments should be made on these lifetimes.
Firstly, only mono-exponential triplet decays have been reported
for PQ so far. The observation of a bi-exponential decay for all
three compounds should thus be rationalized. Secondly, for the ns
transient absorption spectra reported for PQ-3TP and PQ-3DiTP in
Fig. 5 and for PQ in Fig. S44,† excitation energies in the range of
0.2–0.4 mJ per pulse have been used, which are similar to those
employed in previous transient absorption experiments on PQ.29
Table 1 Vertical and adiabatic excitation energies of the 3np* and 3pp* s
PCM(acetonitrile) level. Excitation energies in eV, energy differences in k

Structure of PQs

3pp*

(vertical)

3np*
(vertical)

PQa 2.62 2.39

PQ-3TP 2.40 2.40

PQ-3DiTP 2.51 2.40

a Experimental.53

© 2023 The Author(s). Published by the Royal Society of Chemistry
For PQ, we nd indeed a fast decay component (s1 = 1.5 ms) that
reproduces the previously reported value.29 However, by repeating
the measurements with different excitation energies, we noticed
that both lifetimes increase upon lowering the excitation power,
suggesting the occurrence of quenching at high irradiation ener-
gies. Furthermore, while the long-wavelength band (550–800 nm)
is dominated by the fast decay component, the band around
450 nm predominantly decays on the longer time scale. In line
with previous studies, we attribute this band to the formation of
a ketyl radical, a side reaction product previously identied upon
irradiation of PQs.25–27,44,45 We thus conclude that excitation of PQ,
PQ-3TP and PQ-3DiTP leads to population of the lowest triplet
state, which decays on a time scale of s1, and the formation of
a ketyl radical that disappears on a time scale of s2. The observed
quenching of the triplet is in line with previous studies of PQ in
acetonitrile in which self-quenching was observed as well,46 while
the disappearance of the ketyl radical is intrinsically bimolecular
in nature. Finally, we point out that the triplet lifetimes of all
compounds changed in a similar way with the excitation power,
remaining on the same order of magnitude among each other.
Further information about the power dependence of the triplet
lifetimes can be found in the ESI, Section 4.6, Fig. S47–S49.†

Comparison of the blue EADS in Fig. 5 – attributed to the
decay of the triplet state – of PQ with those of PQ-3TP and PQ-
3DiTP shows signicant differences. In the former case, the
400–500 nm band dominates the spectrum with a minor
contribution from the broad band system spanning the 600–
750 nm region, while for the latter the 400–500 nm band is
nearly absent, and the spectrum is dominated by the 550–
800 nm band system. This observation strongly suggests
a population distribution involving two different triplet states in
the three compounds with a different distribution for PQ
compared to PQ-3TP and PQ-3DiTP. Such a conclusion nicely
explains the differences in the experimentally observed photo-
click quantum yield and rate constant (Fig. 2) and leads to the
conclusion that the triplet state that is dominantly populated in
PQ-3TP and PQ-3DiTP is much more reactive. In the following
we will argue that this triplet state is the 3pp* state.
tates of PQ, PQ-3TP and PQ-3DiTP obtained at the M06-2X/6-31+G*/
cal mol−1

3np*–3pp* 3pp* (adiabatic)

3np*
(adiabatic) 3np*–3pp*

−5.3 2.25 (2.07)a 2.34 +2.1 (+2.4)a

−0.4 2.03 2.34 +7.1

−2.6 2.17 2.34 +3.9

Chem. Sci., 2023, 14, 7465–7474 | 7471
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Fig. 6 Calculated absorption spectra for the 3np* (up) to 3pp* (down) states of (A) PQ, (B) PQ-3TP and, (C) PQ-3DiTP. Stick spectra have been
convoluted with a Gaussian profile with a width of 0.1 eV for further comparison with the experiment.
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2.5 Quantum chemical calculations on PQs

To further elucidate the observations made in the transient
absorption studies, (Time-Dependent) Density Functional Theory
(TD-DFT) calculations have been performed of vertical and adia-
batic excitation energies of the lower-lying triplet states as well as
of electronic absorption spectra predicted for these states.47–52 In
these calculations, several levels of theory have been employed,
giving rise to very similar results. Since the calculations at the
M06-2X/6-31+G*/PCM(acetonitrile) level predict for PQ
a 3np*–3pp* energy gap closest to the value reported experi-
mentally, we will in the following discuss the results obtained at
that level. Further details are given in the ESI Section 5.†

Table 1 presents the vertical and adiabatic excitation ener-
gies of the lowest 3np* and 3pp* states of PQ, PQ-3TP and PQ-
3DiTP. As can be seen, for vertical excitation the 3np* state is T1,
but adiabatically the 3pp* state becomes the lowest excited
triplet state. Interestingly – and in agreement with the charge
distribution and bonding characteristics of the n orbital and of
the HOMO and LUMO orbitals – it is observed (i) that the energy
of the 3np* state is hardly changed upon geometry relaxation,
while the reorganization energy of the 3pp* state is much
larger, and (ii) that substitution on the 3 position does not
change the vertical and adiabatic excitation energies of the 3np*
state, while the 3pp* state is lowered in energy.

The electronic absorption spectra for the 3np* and 3pp* states
of PQ, PQ-3TP, and PQ-3DiTP are shown in Fig. 6. These spectra
are quite informative, as they predict for PQ that the 3np* state
only shows an appreciable absorption around 400 nm, while the
3pp* state shows a slightly red-shied band in the 400 nm region
but also strong absorption bands in the 550–750 nm region.
Similar observations are made for the predicted absorption
spectra of the 3np* and 3pp* states of PQ-3TP and PQ-3DiTP
which only show appreciable absorption above 550 nm for the
3pp* state. These observations strongly suggest that the band
observed in this region in the experimental transient absorption
7472 | Chem. Sci., 2023, 14, 7465–7474
spectra of these compounds (Fig. 5) is associated with the 3pp*

state and not with the 3np* state as assumed previously.29 In the
ESI Section 5,† we expand further on this difference in conclu-
sions. Based on the current calculations, it is predicted that the
short-wavelength band detected in the ns transient absorption
experiments can be attributed to absorption from both the 3np*
and 3pp* states, whereas the long-wavelength band can only be
linked to absorption from the 3pp* state. In combination with the
calculated adiabatic excitation energies of the two states showing
that the 3pp* state is lowered in energy upon substitution, we
therefore conclude that the photoclick reaction occurs in this
state. Such a conclusion nds strong support from studies we
have performed on 2,2′-substituted PQs substituted for which the
3pp* state is both vertically as well as adiabatically the lowest
excited triplet state with the 3np* state at much higher energies
(∼15 kcal mol−1).54

Summarizing all the experimental spectroscopic observa-
tions and the theoretical calculations, we conclude that in PQ
and 3-thiophene-extended PQs the following sequence of events
occurs. Excitation populates a strongly allowed 1pp* state,
which undergoes internal conversion on a ps time scale to the
lower-lying 1np* state. Following El-Sayed's rules,55 this state
has a strong spin–orbit coupling with the 3pp* state. As a result,
a fast and efficient intersystem crossing at a tens of ps timescale
occurs that populates the 3pp* state, that is the reactive state
from which the photoclick reaction occurs. The difference in
photoclick quantum yield and rate constant between PQ and 3-
thiophene extended PQs results from a dominant participation
of the 3np* state in the former.
3. Conclusion

In summary, we report how a simple substitution of the 3- and
3′-position of PQs with either one or two thiophene moieties
results in an exceptionally high photoclick quantum yield (up to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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98%), higher photoclick rate constants (up to 1974 M−1 s−1) and
marked oxygen tolerance. We have also provided transient
absorption data, strongly supporting the suggestion that the
appropriate reactive triplet state that engages in the photo-
cycloaddition with ERAs is preferentially populated during the
excitation of 3-thiophenyl PQs. We envision that this novel
ultrafast PQ-ERA photoclick reaction with 3-thiophenyl PQs is
not limited to the chemistries shown here but will be advanta-
geous in a wide range of applications, such as surface photo-
patterning, labeling of biomacromolecules, and photochem-
ical crosslinking. Studies along these lines are now ongoing in
our laboratories.
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