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A Guanidine-Based Superbase
as Efficient Chemiluminescence
Booster
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Christopher Barner-Kowollik?3

We introduce the guanidine-based superbase 1,5,7-triaza-bicyclo-[4.4.0]dec-5-ene (TBD) as efficient
enabler for chemiluminescence (CL) based on luminol in a simple, ready-to-use two component system.
The strong CL is generated by the superbase’s properties as peroxidase mimetic and bifunctional
coreactant. The herein established concept allows for CL enabling molecules (superbases) to be readily
implemented in larger molecular structures, including in polymers.

Superbases have proven to be outstanding catalysts in organic chemistry by virtue of their simple molecular
modification, possible recyclability, and lower toxicity?. Thus, they have been implemented in a wide range of
organic reactions, (e.g. cycloadditions?, Michael addition*”, recyclization reactions®, Henry reactions', Wittig and
Horner-Wadsworth-Emmons reactions”) as well as in ring-opening polymerizations®®. Specifically, the cyclic
nitrogen-containing organosuperbase 1,5,7-triaza-bicyclo-[4.4.0]dec-5-ene (TBD, pK, value 26.0 in acetoni-
trile!®) displays a rich and unique chemistry conferred by its specific structure and binding properties (hydrogen
bond donor and acceptor activity)'*-'. In addition, the incorporated guanidine functionality, which is present in
several natural compounds (e.g. agmatine!* or arginine'®), makes it interesting for peptide mimicking due to the
ability to bind carboxylates and phosphates!>!¢. Due to the free guanidine moiety in the aforementioned aliphatic
compounds, electron delocalization takes place and the guanidine functionality is converted to the respective
urea functionality under oxidative conditions (refer to Supplementary Fig. S1). By taking a substituted guanidine
moiety embedded into a bicyclic scaffold, i.e. TBD, the steric hindrance prevents the delocalization as well as the
oxidation to the urea compound. Thus, TBD ideally lends itself as catalyst under oxidative conditions. Inspired
by both the basic and catalytic properties of the commercially available TBD, we aimed to establish a new, sim-
ple two-component chemiluminescence (CL) system. CL reactions have been exploited in variable fields'’-?!,
exploiting its high sensitivity, rapidity, wide dynamic range, controllable emission rate, relatively simple handling,
and low instrumentation costs*>. Among the plethora of CL luminophores, luminol has perhaps attracted the
most scientific interest owing to its low cost, favourable properties, compatibility with a large number of ana-
lytes and a broad range of applications®*~?’. However, in contrast to bioluminescence systems, the CL emission
generated during the oxidation of luminol is of relatively low intensity due to its low quantum yield (~0.01 in
aqueous media and ~0.09 in DMSO)?%. Therefore, the enhancement of the inherent CL emission is a key factor
if luminol is to be exploited in e.g. macromolecular self-reporting systems. In fact, over the past few decades
the toolbox of catalyst systems employed in the luminol CL reaction has been expanded from classical systems
including metal jons® and enzymes®' to more sophisticated variants such as nanomaterials*’. However, each of
the aforementioned systems suffers from specific disadvantages. For instance, metal catalysts may be expensive,
toxic and sensitive to air or moisture. Likewise, sensors based on enzymes are fraught with issues that include
low reproducibility and limited stability and shelf-life*>. On the other hand, the catalytic activity of nanoparti-
cles during CL significantly depends on particle size and distribution®?. Furthermore, harsh conditions with a
high excess of base, ranging from 20 to 1000 equivalents®, is required. As a consequence, there exists a strong
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Figure 1. Chemiluminescence reaction of luminol in the presence of a base (and catalyst) triggered by H,0O,,
leading to the formation of 3-aminophthalic acid (3-APA). Next to previously used bases and catalysts, the
structures of the organic superbases TBD, TMG and DBU are displayed.

continuing interest in the development of new catalysts and environments for luminol CL, which can overcome
the aforementioned critical limitations and widen its applications. Given TBD’s inherent nucleophilicity and
hydrogen-bonding capability, we hypothesized a strong effect on the luminol CL reaction, while concomitantly
allowing to execute the reaction in organic media (specifically in DMSO, which possesses a relatively benign tox-
icity profile), since the use of non-aqueous organic media is of increasing importance in several biotechnological
applications to achieve process enhancement®’. Critically, the yield and the colour of the luminol CL emission
are dependent on the nature of the solvent®™-%. CL in alkaline aqueous solution is violet-blue (\.,, =425nm),
while in neutral dimethylsulfoxide (DMSO)*! it is centered at 405 nm. Alternatively, when an inorganic base’
(i.e. KOH) is added to the luminol-DMSO systems, CL with an emission maximum of 485 nm with a blue-green
colour is observed. Recently, Watanbe et al. reported the successful application of organic superbases in the CL
reaction of dioxetanes*?, encouraging us to expand the scope of the luminol CL reaction enabled by organo-
superbases. A recent survey of the literature suggests that the activity of any organic superbase in the luminol
CL system (either in aqueous or organic media) has not been exploited. In an effort to demonstrate the validity
of our luminol-superbase-concept, along TBD we investigated two other well-known superbase derivatives, i.e.
1,1,3,3-tetramethylguanidine (TMG, pK, value 23.3 in acetonitrile'’) and 1,8-diazabizyclo[5.4.0]undec-7-ene
(DBU, pK, value 23.9 in acetonitrile!®) (refer to Fig. 1). Our herein presented study of the superbase/luminol
CL systems is underpinned by detailed analytical characterization employing chemiluminescence, EPR, 1D/
2D NMR and UV/Vis spectroscopy as well as GC-MS spectrometry. For comparison with already established
luminol-CL-systems, measurements of luminol with KOH and KOH/CuSO,, an inorganic base and catalyst
already known in the context of luminol-CL, were conducted***. All experiments were conducted in DMSO.

Results and Discussion

First, the effect of the superbase-concentration on the luminol-CL-reaction was investigated by recording UV-Vis and
CL emission spectra with different equivalents of TBD. While the UV/Vis spectra depicted in Fig. 2 indicate a signifi-
cant change in the absorption between 1.0 eq. and 5.0 eq., the loading of TBD with 5.0, 10.0 or 20.0 eq. did not play a
role. Addition of TBD > 1.0 eq. (red/green/purple line in Fig. 2) resulted in a notable change from a colorless to a yel-
low solution, which is associated with a decrease in the absorption band at 295 nm and 357 nm and simultaneous
appearance of new bands at 329 nm and 370 nm. These observations are consistent with the formation of the
luminol-mono-anion species*, suggesting that no mono-anions are formed in the presence of TBD < 5.0 eq. This
behaviour is in agreement with the results from the CL emission measurements (see Supplementary Fig. S2). No CL
emission for 0.5 and 1.0 eq. of TBD was recorded, while for > 5.0 eq. of TBD a strong CL emission was obtained. To
trigger the CL of the reaction, 0.1 mL of H,O, (1 mol L!) were added to the particular reaction mixture. Since there is
no significant difference in the CL emission intensity for > 5.0 eq. of TBD, the loading of the (super)base was main-
tained at 5.0 eq. To obtain an impression of the influence of the different (super)bases for the luminol-CL-reaction, the
UV-Vis spectra of luminol with 5.0 eq of TMG, DBU and KOH were recorded. The spectra are shown in
Supplementary Fig. S3. In the presence of one of the (super)bases, the absorption bands of luminol (black line) at
295nm and 357 nm decrease, while simultaneously new bands at 329 nm and 370 nm appear, as described before for
the UV-Vis spectra of different TBD-eq. in Fig. 2. Depending on the (super)base, the separate bands vanish, becoming
more indistinct. The similarity in the absorbance between TBD (red line) and KOH (green line) in contrast to TMG
(blue line) and DBU (grey line) suggest the formation of the luminol mono-anion in a more efficient way than in the
presence of TMG and DBU. In order to investigate the actual CL of the luminol-(super)base systems, the CL emission
intensities were measured. The spectra are depicted in Fig. 3a. Clearly, there is no CL when H,0, is added to a solution
of luminol without the addition of a coreactant (black line in Fig. 3a). In the presence of TBD however (red line in
Fig. 3a), CL can be observed with an emission maximum at 480 nm, being five times higher than the CL emission of
the luminol-KOH system (green line in Fig. 3a) and about two times higher than with an additional catalyst, namely
CuSO, (orange line in Fig. 3a). Additionally, the CL intensity of the luminol-TBD-system is 15x higher than the
luminol-DBU-system (grey line in Fig. 3a) and 70x higher than the one in the luminol-TMG-system (blue line in
Fig. 3a), respectively. To further investigate the CL characteristics of the luminol- superbase systems, the duration of
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Figure 2. UV/Vis spectra of luminol (c=7.5 X 107> mol L™!) in DMSO with different concentrations of
TBD (c(0.5eq.)=3.75x 10>molL "}, ¢(1.0 eq.) =7.5 x 10 °mol L, ¢(5.0 eq.) =37.5 x 10 >mol L, ¢(10.0
eq.) =75.0 X 10~ mol L7}, ¢(20.0 eq.) =150.0 X 10~>molL7}).
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Figure 3. (a) CL emission of luminol-base-systems in DMSO (c(luminol) =7.5 X 102mol L™,

c(base) =37.5 x 102mol L}, ¢(CuSO,) =4.5 x 10~>mol L ') at ambient temperature, triggered by 0.1 mL H,0,
(1molL7Y). (b) Time dependent CL emission of luminol-base-systems in DMSO (c(luminol) =7.5 x 10~2mol L},
c(base) =37.5 x 102mol L7}, ¢(CuSO,) =4.5 X 10~>mol L}, emission wavelength =480 nm) at ambient
temperature, triggered by 0.1 mL H,0, (1molL™).

the CL after the addition of H,O, was measured (refer to Fig. 3b). The first 20's were recorded without H,O,, then
0.1 mL H,0, (1 molL™") were added. Again, no CL is observed when only luminol is present in the mixture (black line
in Fig. 3b). In the presence of one of the organic superbases, the CL intensity increases immediately after the addition
of H,0O, (refer to the blue, grey and red lines in Fig. 3b). Similar to the CL emission in Fig. 3a, TBD displays the highest
initial CL intensity, namely 149 times. higher than the initial intensity of TMG and 6 times higher than the one of DBU.
In the first minute after the H,0O, addition, the intensity decreases rapidly, while it decreases more slowly afterwards.
Thus, the measurements were ceased after 6 min, since the immediate increase of the intensity after the addition of
H,0, evidences the suitability of the superbases for the CL of luminol and there is no significant change in the intensity
anymore after 6 minutes. On the other hand, the intensity in the presence of KOH (green line in Fig. 3b) reaches its
maximum one minute after the addition of H,O, without a decrease within the next 5min. However, the intensity of
the luminol-KOH system is 37 times lower than the intensity of the luminol-TBD system immediately after the addi-
tion of H,0, and approx. 8 lower at the maximum intensity. Interestingly, the CuSO,-catalyzed luminol-KOH system
(orange line in Fig. 3b) shows a similar CL emission behaviour as the superbase-supported systems, yet with a delay of
approx. 0.3 min after the addition of H,0, and a 1.27-lower CL emission than the luminol-TBD-system, finishing after
5min. Thus, the newly introduced luminol-TBD system outperforms the luminol-KOH (-CuSO,) system as well as the
luminol-TMG and luminol-DBU systems. The obtained results are perfectly in line with recently published results
from Watanabe et al., who investigated the CL reaction of dioxetanes induced by organic superbases*2. Similar to our
result, TBD proved to be more efficient than other organic superbases, e.g. TMG or DBU. Although a different lumi-
nophore (dioxetane) has been used in their work, comparable results for the efficiency of organic superbases
(TBD >DBU > TMG) are obtained, however only 5 eq. of superbase are required for the luminol-CL instead of 200 eq.
for the dioxetane-CL*2. In contrast to the charge-transfer-induced decomposition mechanism of the
dioxetane-CL-reaction*?, the CL-reaction of luminol is triggered by reactive oxygen species (ROS)?#>#, Typical ROS
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Figure 4. (a) CL emission of the luminol-TBD-system (c(luminol) =7.5 x 10~2mol L™}, ¢(TBD) =37.5 x 1072
molL™!) in DMSO in the presence of radical scavengers (c=2.5 X 1072mol L™!) at ambient temperature,
triggered by H,0,. (b) EPR spectra of DMPO (grey line) and the luminol-TBD-system with DMPO after the
addition of H,0, (black line). The signals can be assigned to the different DMPO-radical-products: DMPO-CH;
(black dot), DMPO-OH (red square) and DMPO-OOH (blue rhomb).
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Figure 5. (a) (De-)Protonation of luminol and TBD in DMSO. (b) Generation of ROS by reaction of TBDH*
with H,0,, regeneration of TBD. DMSO reacts with O, in the solution and the hydroxyl anions, formed during
the reaction of TBDH* with H,0,. (¢) Oxidation of the luminol mono-anion by the formed ROS, leading to the
emission of visible light.
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in the luminol-CL-reaction are the hydroxyl radical *OH, the superoxide anion radical O,*~ or singlet oxygen
10,4748 To identify the involved ROS in the new luminol-TBD-system, spin-trap-experiments with the radical scav-
engers L-ascorbic acid (AA), sodium azide (NaNj;), superoxide dismutase (SOD), thiourea (TU), 2,2,6,6-
tetramethyl-4-piperidone (TMPD) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) were carried out*. As depicted in
Fig. 4a, the CL emission decreases drastically in the presence of a radical scavenger (black/blue/green/orange line in
Fig. 4a), proving the generation of ROS in the CL-reaction of the luminol-TBD-system. While SOD is known to be a
specific radical scavenger for O,*, NaN; and TU are less specific, reacting with *OH, O,*~ and '0,*-*!. Therefore,
electron-paramagnetic resonance (EPR) spectroscopy was used to distinguish between the possible involved ROS.
Due to the short lifetime of the ROS, DMPO and TMPD are used as spin-trap-compounds. Both compounds are not
EPR active, unless they react with ROS to form the EPR-active nitroxide radicals, which possess a longer lifetime than
*OH, O,*~ or '0,*. TMPD is a well-known spin-trap molecule for 'O,, while DMPO has been used for detection of
*OH and O,*". The EPR spectrum of luminol-TBD-TMPD after addition of H,O, (refer to Supplementary Fig. S4)
shows no signals, indicating that no 'O, is involved in the CL-reaction. As evident from the EPR spectrum of
luminol-TBD-DMPO after addition of H,O, (depicted in Fig. 4b), *CH;, *OH and O,*~ are generated during the
CL-reaction of the luminol-TBD-system. Based on these results, we propose the following reaction mechanism, as
illustrated in Fig. 5: In solution, TBD and luminol are present in their de- (protonated) species, the mono-anion-species
of luminol and TBDH + (Fig. 5a)%. As soon as H,O, is added, TBDH™ reveals its peroxidase mimetic properties,
leading to the decomposition of H,0,. The TBD is simultaneously regenerated, underpinning the catalytic action of
the TBD as coreactant. Since the reaction is carried out in non-anhydrous DMSO, DMSO itself reacts with oxygen and
hydroxyl anions to O,*~ (Fig. 5b). During the DMSO-reaction, the methyl radicals detected in the EPR spectrum are
generated, yet without the DMPO they immediately react with oxygen to form the dimethyl peroxide. Finally, the
generated ROS oxidize the luminol-mono-anion to the luminol radical anion (LRA). In the presence of *OH and
H,O0,, the LRA is further oxidized to the hydroperoxide species via aminodiazaquinone. The direct oxidation of LRA
to the hydroperoxide species takes place in the presence of O,*. Next, the endoperoxide species is formed, nitrogen is
released and the excited 3-aminophthalate is formed, which returns to the ground state by the emission of visible light
(Fig. 5¢)?. Spectroscopic (NMR and GC-MS) characterization of the luminol-TBD-system support the proposed
mechanism. Directly after the addition of TBD to luminol, a change in the magnetic resonances of the luminol protons
d - fin the "H NMR spectrum (refer to Fig. 6) is observed. Since the resonances of protons g from luminol and proton
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Figure 6. 'H NMR (400 MHz) spectra of luminol, TBD, luminol-TBD and luminol-TBD + H,0, in DMSO-dé.

¢ from TBD are no longer observed and the resonance of proton h shifted to h; (de-) protonation of TBD and luminol
can be assumed. Critically, after the addition of H,O,, new resonances between 7.3 and 6.7 ppm can be assigned to the
oxidized luminol species 3-APA (i - m). The resonance of the NH-proton ¢ of TBD should reappear, however the
resonances of the H,O,-protons overlap exactly with this ppm-range. Nevertheless, the resonances of the TBD-protons
a and b reveal no change after addition of luminol and H,O,, thus the catalytic character of the superbase is empha-
sized. Furthermore, all resonances in the '*C NMR spectrum (Supplementary Fig. S5) can be assigned to luminol, TBD
and 3-APA. The GC-MS spectra (refer to Supplementary Figs S6 and S7) underpin the formation of 3-APA. The found
mass (163.0gmol ") from the GC-MS analysis fits to the calculated mass (163.03 gmol~!) of the 3-aminophthalic
anhydride, which is formed during the ionization process (Supplementary Fig. S6). Although not every signal in the
GC measurements could be assigned (green box in Supplementary Fig. S7), clearly no signal of luminol in the oxidized
luminol-TBD-system is observed (red box in Supplementary Fig. S7), but a signal of the new product 3-APA (blue box
in Supplementary Fig. S7). Remarkably, the two-component system consisting only of luminol and an organic super-
base emits photons in such intensity that naked human eye is able to detect the CL triggered by H,O,. Without any
instrument, the emission of light can be observed in a common laboratory under normal working conditions, as
shown in the Supplementary video online. The superbase thus combines the necessary basic and catalytic properties
in one molecule to enable CL under mild conditions. With mild conditions the CL-performance of a simple
two-component-system (luminol and TBD) at ambient temperature in a low-toxic solvent (DMSO) is meant. Since
TBD is considered as coreactant, 5.0 eq. of the superbase are required to establish the catalytic and the basic environ-
ment for the luminol-CL.

Conclusion

For the very first time, the organic guanidine-based superbase TBD without any specific buffer solution or addi-
tional additive is shown to enable highly efficient CL in the luminol-H,O, system as coreactant. The mechanism
underpinning TBDs action on the luminol-CL was investigated via chemiluminescence, EPR, 1D/2D NMR,
GC-MS and UV/Vis spectroscopy. We submit that TBD promotes as peroxidase mimetic the decomposition of
H,0, to generate OH* and O,*~ radicals, which oxidize luminol to the 3-APA under mild conditions, leading to a
strong visible CL. Besides possible applications in sensor technology using the luminol-CL, the luminol-TBD-CL
with an emission maximum at \,,, =480 nm might be used in photochemistry as a trigger for photoreactions
in the visible light range. Critically, with the implementation of superbases to the luminol-reaction, the way is
paved for the development of polymeric self-reporting CL-systems. In contrast to conventional bases such as
KOH, organic superbases allow the synthesis of monomers for the implementation within multi-functionalized
polymers. Thus, the design of a wide range of low-cost materials with interesting properties for self-reporting
CL-sensors can be envisaged.

Experimental Section

Chemicals. Luminol (Alfa Aesar, 98%), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, Sigma Aldrich, 98%),
1,1,3,3-tetramethylguanidine (TMG, abcr, 99%), 1,8-diazabizyclo[5.4.0]undec-7-ene (DBU, Sigma Aldrich,
>99.0%), dimethylsulfoxide (DMSO, Fisher, >99%), hydrogen peroxide (Roth, 35%), sodium azide (NaNj,
AJA, 99%), thiourea (TU, Scharlau, etra pure), L-ascorbic acid (AA, Sigma Aldrich, 98%, suitable for cell cul-
ture), superoxide dismutase (SOD,), 2,2,6,6-tetramethyl-4-piperidone (TMPD, Sigma Aldrich, 95%), 5,5-dime-
thyl-1-pyrroline N-oxide (DMPO, Sigma Aldrich, >97%). All chemicals were used as received.

EPR spectra. Were recorded on a Magnet Tech MiniScope MS400 spectrometer at ambient temperature in
DMSO. The following parameters were applied: BO-field =336.9748 £ 10.1079 mT, sweep time =305, modula-
tion=0.01 mT, microwave attenuation = 10.0 db, gain mantisse =4, gain exponent = 1, number of points = 4096,
number of passes=1.
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NMR spectra. Were recorded on Bruker Avance 400 MHz. Spectra were referenced on residual solvent signal
according to Nudelman et al.**: 2.50 ppm for DMSO-d6. The deuterated solvent was purchased from Euriso-TOP
and used without further purification.

For the NMR measurement of luminol-TBD + H,0,, a stock solution of luminol (¢=0.024 mol L~!) and TBD
(¢=0.120mol L™!) in DMSO-d6 was prepared. The CL reaction was triggered with 0.1 mL H,0, (c=1molL™).
After 5min stirring, 0.6 mL were withdrawn from the solution and put in an NMR tube for analysis.

UV/Vis spectra. Were recorded on a Cary 100 UV-Visible Spectrometer (Agilent Technologies, USA) pos-
sessing a tungsten halogen light source (190 to 900 nm, accuracy +/—2nm) and a R928 PMT detector. For the
measurement, luminol was dissolved in DMSO (¢=7.5 x 10~ molL™'), and different equivalents of the superbase
were added. The H,O, was directly added to the quartz cuvette and the sample was analyzed immediately in the
range from 260 to 500 nm. The absorbance of luminol was normalized to 1, all other absorbances were referred
to the Luminol-absorbance.

Chemiluminescence spectra. Were recorded on a Varian Cary Eclipse fluorescence spectrometer
in the Bio-/Chemiluminescence mode. The CL emission intensity was recorded in dependence on the wave-
length from 350 to 800 nm (scan rate = 600 nm min ', averaging time =0.1s, emission slit =5.0 nm, detector
voltage =800 V) with a luminol concentration of 7.5 x 10~2mol L. For the kinetic measurements, the emis-
sion wavelength was set to 480 nm, according to \,,, from the emission spectra. After 15-20 seconds, 0.1 mL
H,0, (1 molL™!) were directly to the quartz cuvette, mixed and the CL was recorded for 6 minutes. The inten-
sity of the Luminol-TBD-system was normalized to 1, all other intensities were referred to the intensity of the
Luminol-TBD-system.

Naked-eye detection.  For the naked-eye detection of the CL, luminol was dissolved in DMSO with a concentra-
tion of 7.5 x 10~2mol L™, then 5.0 eq. of TBD were added. To trigger the CL, 0.1 mL H,O, (1 molL ") were added.

GC - MS measurements. A Varian 431 GC instrument with a capillary column FactorFourTM VF-5 ms
(30 m-0.25 mm-0.25 pm) and a Varian 210 ion trap mass detector were used. Scans were performed from 40 to
650m/z at rate of 1.0 scans-s~!. The oven temperature program was: initial temperature 95 °C, hold for 1 min,
ramp at 15°C-min~"! to 200 °C, hold for 2 min, ramp at 15°C-min~"! to 325 °C, hold for 5 min. Measurements were
performed in split-split mode (split ratio 50:1) using helium as the carrier gas (flow rate 1.0 mL-min™).

Data Availability
The data that support the findings of this study are available within the article and its Supplementary Information
file online, and from the corresponding authors upon reasonable request.
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