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We have developed a simple method for determining the quantum yields of photo-induced reactions.
Our setup features a fibre coupled UV-Vis spectrometer, LED irradiation sources, and a calibrated spectro-
photometer for precise measurements of the LED photon flux. The initial slope in time-resolved absor-

bance profiles provides the quantum yield. We show the feasibility of our methodology for the kinetic

analysis of photochemical reactions and quantum yield determination. The typical chemical actinometers,

ferrioxalate and ortho-nitrobenzaldehyde, as well as riboflavin, a spiro-compound, phosphorus- and ger-
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Introduction

Photo-induced reactions have been attracting substantial atten-
tion for many years. Recent developments in photocatalysis,"
molecular switches,” photo-polymer chemistry®® and click-
chemistry'® have pushed the field of photo-induced reactions
to new frontiers. For assessing the efficiency of such systems,
it is crucial to determine the quantum yields of the involved
reactions. The quantum yield @ indicates the efficiency for the
formation of a certain product in a chemical reaction.'™'?
Nevertheless, the accurate and facile measurement of
quantum yields can become complicated, costly and cumber-
some. The state-of-the-art procedures are based on time-con-
suming chemical actinometry for photon flux determination
and the use of separation techniques (chromatography) com-
bined with spectroscopic methods.”**® However, these estab-
lished methods suffer from several shortcomings. Typically,
the analysis of concentrated solutions is necessary, requiring
large sample quantities. In addition, the investigated com-
pounds may absorb different amounts of light during the reac-
tion due to the absorbing photoproducts, which mask the
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manium-based photoinitiators for radical polymerizations and the frequently utilized photo-switch azo-
benzene serve as paradigms. The excellent agreement of our results with published data demonstrates
the high potential of the proposed method as a convenient alternative to the time-consuming chemical

starting materials (i.e. the “inner filter effect”'?). Furthermore,
quantitative analysis may require error prone dilution steps
and long measurement times. Recently, alternative approaches
for the determination of photo-dissociation quantum yields
have been introduced, based on NMR techniques,'® laser-flash
photolysis (LFP)'” and peak-height analysis of size exclusion
chromatography (SEC) traces after pulsed-laser polymerization
(PLP)."® However, the lack of a “standardized” procedure
makes it difficult to compare the quantum-yield values
obtained from different methods.

In this article, we wish to extend the scope of a recently pre-
sented setup based on online UV-Vis monitoring of photo-
chemical reactions,'”*° to determine photochemical-reaction
quantum yields. Irradiation is performed using light emitting
diodes (LEDs). LEDs represent cost-efficient and flexible light
sources and are readily available at various wavelengths with
narrow bandwidths (ca. 20 nm). The photon flux can be easily
varied by adjusting the forward current. We present the use of
a calibrated spectrophotometer for photon flux determination
replacing time-consuming photon flux determination via
chemical actinometry. Additionally, as a reference, we use ferri-
oxalate actinometry with online detection.?’ We have evaluated
our method by comparing the measured LED intensity values
with the results of actinometric experiments using the
standard actinometer ortho-nitrobenzaldehyde.”® We further
illustrate the wide applicability of our procedure on the
example of light-induced riboflavin degradation, photodisso-
ciation quantum yields of phosphorus-based and germanium-
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based radical photoinitiators (bisacylphosphane oxides and
acylgermanes), as well as a kinetic study on a spirobenzo-
pyran®? and the well-known azobenzene?’ isomerization.

Experimental
Chemicals

O-Nitrobenzaldehyde (1), spirobenzopyran 6 (1',3',3-trimethyl-
6-nitrospiro[2H-1-benzopyran-2,2'-indoline]), aceto-nitrile
(purity >99%), methyl methacrylate (MMA, purity >99%), azo-
benzene (7) and 0.1 M H,SO, were purchased from Sigma
Aldrich and used as received. Ferrioxalate trihydrate (2) was
purchased from Alfa Aesar. Riboflavin (vitamin B,, 3) was
obtained from Fluka. The bis(acyl)phosphane oxide (BAPO)
photoinitiator Irgacure® 819 (4) was purchased from TCI. The
bisacylgermane 5 was kindly provided by Ivoclar Vivadent
(Schaan, Liechtenstein). Phosphate buffered saline tablets
(Sigma Aldrich) were dissolved in deionized water.

Instrumentation

Azobenzene solutions were pre-irradiated with a mercury-
xenon lamp (Hamamatsu LC4, ca. 3500 mW cm™2) to achieve a
high enrichment of the Z isomer.

UV-Vis spectra were recorded on a UV-Vis spectrometer
equipped with optical fibres and a 1024-pixel diode-array
detector (J&M Analytik AG, Essingen, Germany). Standard fluo-
rescence quartz cuvettes were used for all measurements. The
power of the sample beam of the spectrometer was 0.08 mW,
several orders of magnitude lower than the LEDs output that is
typically between 5 and 50 mW.

Sample irradiation

We have modified the cuvette holder allowing sample illumi-
nation through an aperture (d = 0.9 cm) perpendicular to the
spectrometer beam. The resulting optical paths are shown in
Fig. 1. Accordingly, the path length is 1 ecm for the irradiation
and detection beam and independent of the fill height of the
cuvette.'® It has to be justified that the LED light passing
through the cuvette does not deteriorate the detection of the
UV-Vis spectra.”* Nevertheless some scattered light may reach
the detector. However, spectra usually show no distortion at
the LED peak wavelength. Placing the sample holder on a mag-
netic stirrer provides homogeneous illumination of the entire
solution and provides reproducible reaction conditions. This
setup allows the measurement of the absorbance spectra in
regular sampling intervals while simultaneously irradiating
and stirring the sample. To assess possible intensity losses of
the irradiation beam in the sample solution, we have per-
formed a control experiment, with the detection fibre of the
spectrometer mounted opposite to the LED. The light intensity
was measured in the absence of the cuvette, with an empty
cuvette and with a cuvette filled with acetonitrile (see Fig. S37).
The detectable light intensity drops slightly upon insertion of
the empty cuvette (~1%); however, the addition of acetonitrile
increases the detected light intensity by 24%. This indicates
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Fig. 1 Schematic representation of the experimental setup for the
online monitoring of photochemical reactions. The solution is irradiated
with an LED (purple arrow) perpendicular to the UV-Vis spectrometer
beam (black arrow). The sample is stirred to provide a homogeneous
solution.

that refraction at the glass/liquid interface occurs, leading to
an essentially parallel light path.

The optical output power of the LEDs was measured using
a calibrated spectrophotometer (GL Spectis 1.0, GL Optic
Lichtmesstechnik GmbH, Weilheim, Germany) equipped with
an integrating sphere. The LEDs were placed in front of the
sphere aperture (diameter = 9 mm), resembling the geometry
of the spectroscopic setup (see Fig. S21). Low power LEDs (LED
385-33, XRL-400-50, 420-01, 450-06 and 490-06) were pur-
chased from Roithner LaserTechnik GmbH (Vienna, Austria).
A detailed description and test-measurement of LEDs emitting
at different wavelengths is presented in the ESL{ The LEDs
were operated using a custom-made power source (Fig. S1t),
which was calibrated with a high precision voltmeter.

Photochemical processes involving free radicals and triplet-
excited states are likely to be sensitive to dissolved oxygen.
Therefore, we removed oxygen by saturating the solution with
argon (5 min) before the measurement. Measuring single
absorbance spectra before and after bubbling with argon
allows correction of solvent evaporation during the deoxygena-
tion procedure (see eqn (S1) in the ESIY).

Theoretical background

The quantum yield is defined as the number of events (reac-
tions) that occur per absorbed photon. The quantitative
relationship mirroring the amount of absorbed light by a
photo-induced process is given by the Beer-Lambert law'?

(eqn (1)

Inbs. = 1o(1-107%) (1)
Inps. Tepresents the portion of the initial light intensity I, (LED
light source) at a specific wavelength, which starts a photoreac-
tion. The parameter A’ is the absorbance at the specified wave-

length. Accordingly, the knowledge of I, and A’ yields Ips.
Moreover, I, is accessible via the photon flux of the LED emit-
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ting at a specific wavelength. It can be conveniently deter-
mined with a spectrophotometer described in the
Experimental section or by using a suitable chemical acti-
nometer. Additionally, I, follows from radiant power values
(PLep, in W) accessible from technical data sheets. We tested
four different LEDs emitting at 385, 420, 450 and 490 nm
(Fig. S47). Indeed, the radiant power of the LEDs shows a
linear relationship with the forward current. The emitted light
has a relatively narrow spectral distribution, with typical half
widths in the range of 10 to 20 nm. We thus regard LEDs as
monochromatic light sources and use eqn (2) to translate the
radiant power into a photon flux I, in mol L™" s,

APLED
10 ==
hCNAV

(2)

Here, 4 is the peak wavelength of the LED (in m), % is
Planck’s constant (2 = 6.63 x 107** ] s), ¢ is the speed of
light in a vacuum (c = 299 792 458 m s™), N, is Avogadro’s con-
stant (Ny = 6.02 x 10** mol™") and V is the reaction volume
(in L).

For the evaluation of the quantum yield, a connection
between the absorbed light and the spectral changes based on
the depletion of reactants must be established. The slope of
the curve representing the time dependence of the absorbance
is proportional to the amount of photons absorbed by the
starting material (IX, in mol L™ s™') multiplied by the
quantum yield of the conversion (®). Hence, the time depen-
dence reflecting the depletion of the reactant (d[R]/d¢) in the
photoreactor obeys eqn (3).

d
% = _III;‘DS.(Z5 (3)

The molar absorption coefficients of R (¢g) and the photo-
product (ep) and the optical path length d relate [R] to the
observed changes of the absorbance (4) at a certain
wavelength:

dA

i —Ls @ (er — £p)d (4)

In the case of e > €p, the absorbance curve decays, whereas
when ey < ep, an increase in absorbance is observed.

Eqn (4) can be simplified by considering the following:
at the initial point of the reaction, the absorbance is given
by A' = coerd, (co is the starting concentration of R, d = 1 cm).
Accordingly, in the case of complete conversion, the
residual  absorbance (4®) is  attributed to the
photoproduct (A% = ¢yepd). Thus, multiplying eqn (4) with ¢,
yields eqn (5).

O e = Iy bl A7) 0

The next step is quantifying the absorbed light by the reac-
tant Iy, . . After the reaction has started, the photoproduct may
also absorb a fraction of the LED light. Therefore, it is justified
to use eqn (5) only at the initial phase of the reaction, where
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the light is exclusively absorbed by the parent species R (I§,, =
IAbs.)'

(%) o= —Ipps, D(A — A%) (6)
Accordingly, Inns. is readily accessible either from the
UV-Vis spectrum of the parent substrate or can be simply com-
puted using established molar absorption coefficients (Beer-
Lambert law). The initial slope is obtained by fitting an appro-
priate function to the experimental data and using its deriva-
tive at ¢ = 0."> We found that in case of weakly absorbing solu-
tions (A’ < 0.1), photoreactions virtually follow first order kine-
tics. Hence we use a mono-exponential function for data ana-
lysis. For strongly absorbing solutions (4’ > 2), a linear function
(reaction is apparent zero order) may be appropriate. Here it is
crucial to analyse the resulting residuals, to ensure that the
experimental data are well represented by the applied function.
Errors due to this approximation can be expected to be lower
than 2%. A detailed theoretical discussion and experimental
data are given in the ESL{ Fitting the data with a mono-expo-
nential function and taking the derivative at ¢ = 0, yields

(%) - — ke (A — A%). (7)

Combining eqn (6) and (7) eliminates the factor (41 — A%).
Together with the Beer-Lambert law (eqn (1)) an easy-to-use
expression follows, with the time constant kg, and the initial
absorbance at the LED’s peak wavelength A’; as parameters,
leading to the quantum yield @ of the photo-induced
conversion.

_ kit Co
Io(1—1047)

(8)

To obtain @ with this method, the initial absorbance at the
irradiation wavelength (4;) and the concentration of the sub-
strate is required. We measured A’; directly before starting the
photo-induced reaction and calculated ¢, from the concen-
trations of the stock solutions.

We investigated the scope and limitations of eqn (8) for the
determination of quantum yields using various model com-
pounds and reactions. The light-driven conversions range
from intramolecular rearrangements over the reduction of
metal-organic complexes, biologically relevant decompo-
sitions and photo-induced bond cleavage to “switching” reac-
tions such as E-Z-isomerization. They are presented in the fol-
lowing section.

Results and discussion
ortho-Nitrobenzaldehyde (1) as a chemical actinometer

The conversion of o-nitrobenzaldehyde (1) to o-nitrosobenzoic
acid (P1, see Fig. 2) was followed with online UV-Vis spec-
troscopy. Due to its absorbance in the UV region, solutions or
crystals of compound 1 serve as an actinometric system for

This journal is © The Royal Society of Chemistry and Owner Societies 2018
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Fig. 2 Time-dependent spectral changes observed upon the illumina-
tion of 1 in acetonitrile. The inset shows absorbance—time curves moni-
tored at 3 wavelengths (223 nm, 283 nm, and 309 nm). Sample details:
1.9 mL 44 pM 1 in acetonitrile, illumination with a 385 nm LED operated
at 20 mA, time steps between each spectrum: 1 minute. The irradiation
wavelength (385 nm) is indicated with a purple arrow.

determining the intensity of UV light in different fields of
photo-chemistry.'***” The spectral changes of a degassed
solution of 1 in acetonitrile (44 pM) upon irradiation with a
385 nm LED operated at 20 mA for 35 minutes are shown in
Fig. 2. The absorbance at 223 nm decays, whereas new absor-
bance bands appear at 283 and 309 nm. The sharp isosbestic
point and similar time profiles for the maxima at 223, 283 and
309 nm reveal that only 1 and P1 contribute to the spectra.
Obviously, the molar absorption coefficient of 1 at the elec-
tronic absorbance maximum (223 nm) exceeds that of its
photoproduct P1 (eg > ep). The absorbance decays exponen-
tially (kg = 0.013 s™', see the inset in Fig. 2), whereas an
increase is observed for the bands at 283 and 309 nm with
irradiation time (eg < €p). However, as it is more intuitive, we
chose to follow the reaction at 223 nm.

Ideally, the quantum yield @ is independent of the LED light
intensity. Higher light intensities (I,) increase kg, thus leaving
the quantum yield constant. Therefore, we repeated the experi-
ment with different LED forward currents (5, 10, 15, 20, 25 and
30 mA) while leaving the concentration of 1 constant. In this
case, @ is determined from the slope of a plot according to eqn (8)
(ko vs. I(1-1077)) as depicted in Fig. 3. The inset shows the
acceleration of the reaction as the light intensity increases due
to higher forward currents (5 to 35 mA). Randomly distributed
residuals (Fig. S101) and R” values >0.9998 demonstrate that
the applied model is appropriate.

The slope in Fig. 3 yields a quantum yield of 0.43 + 0.02,
well in line with the reported values also obtained in aceto-
nitrile (@ = 0.43 + 0.03).>” Control experiments referenced to
ferrioxalate'**® (compound 2, see the ESI}) virtually gave the
same results. This underpins the validity of 0.43 instead of the
previously reported value of 0.5 (ref. 29) in acetonitrile (see
Table 1).
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Fig. 3 Plot of the parameter kgi'co vs. the denominator in egn (8) for
different solutions of 1 in acetonitrile. The inset shows the absorbance
changes monitored at 233 nm that were used to obtain kg;. The letters a,
b, ¢, d, e and f indicate LED forward currents 5, 10, 15, 20, 25 and 30 mA,
respectively. The displayed error (+ 0.02) results from the linear fit of 6
independent measurements. Residuals are shown in Fig. S10.}

Table 1 Summary of quantum-yield experiments: studied compounds,
LEDs, observation wavelengths 1, values for quantum yields from our
work and published data. The displayed uncertainty is given as the stan-
dard deviation from the mean of three independent experiments

Compound LED/nm A/nm ¢measured qzspublished

1 385 nm 223 0.43 +0.02 0.43%7-0.5%°
3 420 nm 446 0.08 + 0.008" —

4 385 nm 370 0.60 + 0.03 0.6°%°%

5 385 nm 294 0.80 + 0.04 0.85%7

6 385 nm 569° ~0.08-0.12° 0.22%°°

7° 400 nm 436 464 + 5° 509/93:54

“Measured in argon-saturated solution, uncertainty was set to 10% of
the obtained value. ? Absorbance maximum of P6 in acetone, precise
molar absorption coefficient not available. “ Quantum yield for color
formation (using 3.5 x 10* and 5.2 x 10" for £pg (569 nm), respectively).
?Relative value determined by laser flash photolysis. ¢ Pseudototal
quantum yield, for explanation see the text.” Literature value calculated
from the reported quantum yields and extinction coefficients at
405 nm.

In cases where a calibrated photometer is not available, the
conversion of 1 or a concentrated solution of 2 can be used to
determine the photon flux into the UV-Vis cuvette. A simple
rearrangement of eqn (8) (see eqn (S8)t) and the use of @ =
0.43 allows calculating the optical output power from the
kinetic traces. As for the quantum yield measurement, each
experiment gives a value for the applied LED intensity.
Fig. S111 compares the results of the spectrophotometric with
the actinometric measurements and the light intensities speci-
fied in the LED data sheets (11 mW at 20 mA). The intensities
at all forward currents are in very good agreement. The above
example demonstrates that this method is applicable for the
conversion of 1 to P1, involving only one single reactant and
photoproduct.

Photochem. Photobiol. Sci,, 2018, 17, 660-669 | 663
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Photolysis of riboflavin (3)

As a more complex example, we have studied the photo-
decomposition of the biologically relevant compound ribo-
flavin (vitamin B,, 3, structure shown in Fig. S18%). When
exposed to light, riboflavin can decompose via several path-
ways that have been extensively studied.’®*" Kinetic studies
revealed the role of singlet and triplet excited states, oxygen,
pH, irradiation wavelength, light intensity and different buffer
systems. However, these studies were usually based on high
intensity irradiation of large sample quantities, e.g. with
mercury vapour lamps and taking samples at regular intervals
for separate steps for analysis.>>* Therefore, the online moni-
toring of the photo-degradation offers the possibility of a
straightforward screening of many different reaction con-
ditions. As an example, we irradiated 8 pM aqueous riboflavin
solutions (pH 7.4, 0.01 M phosphate buffer containing
0.0027 M potassium chloride and 0.137 sodium chloride) with
a 420 nm LED. Spectral changes for aerobic conditions
along with the decay of the absorbance at 446 nm are shown
in Fig. 4. To assess the efficiency of degassing, we have
bubbled the solutions with argon for 1, 2, 3, 4 and 5 min,
respectively.

The time traces for the degassed solutions (Fig. S197)
clearly show that the removal of oxygen accelerates the reaction
drastically and the effect of degassing levels off after 3 min.
Oxygen can quench singlet and triplet excited states and
oxidize intermediates e.g. leucodeuteroflavin to formylmethyl-
flavin that in turn forms lumichrome when exposed to
irradiation. After the complete conversion (no further absor-
bance change), all solutions possess similar spectra that are
well in line with the absorbance spectrum of lumichrome, the
main photoproduct under these conditions.>® The kinetic
curves of the degassed solutions are not well described by a
single step photoreaction (see residuals in Fig. $197), although

0.25 - g’
§ 0.06
£ o
0.20
s
E * . o *
g o000, *** -.'.'.,....'-._.,'-....‘.-.' oo Seernateans’,,
8 015+ ,
o -0.002 T
= o 1000 2000 a0
_8 Timels
8 Y
2 0101
<
0.05
0.00
T ¥ T ¥ T ¥ T X T . T ¥ T ¥ 1
250 300 350 400 450 500 550 600
Wavelength/nm
Fig. 4 Irradiating 7.7 pM riboflavin (3) in 0.01 M phosphate buffer with a

420 nm LED. Each spectrum = 10 s. The insert shows the absorbance
decay at 446 nm under aerobic conditions, together with a mono-expo-
nential fit and the corresponding residuals used to determine the reac-
tion rate and the quantum yield.
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the absorbance at the irradiation wavelength was adjusted to
small values (~0.07, see Table S5f). This may be due to the
involvement of a short-lived intermediate in the formation of
lumichrome as suggested by Remucal et al.>> Another interest-
ing feature in Fig. 4 is the region with “negative” absorbance
above 500 nm. This is due to the strong green fluorescence of
riboflavin, reaching the detector. Switching the spectrometer
beam off and repeating the experiment with the spectrometer
in the emission mode allows one to record time resolved fluo-
rescence spectra using a 385 nm LED light as the excitation
source (see Fig. S20t). Fluorescence light may be reabsorbed
by riboflavin and in turn lead to its decomposition. However,
the photon flux and the absorbance of the solution in this
spectral region (450-540 nm) are small compared to the exci-
tation source (420 nm). Applying eqn (8) to the time trace
obtained under anaerobic conditions yields an apparent
quantum yield of 8% that is reduced to 0.4% in the aerobic
solution.

Cleavage of photoinitiators (4 and 5)

In addition to the decomposition of riboflavin, we further indi-
cate the scope of our methodology for extended systems invol-
ving several photoproducts. In this respect, photoinitiators for
radical polymerizations are of high interest. Irradiation at a
suitable wavelength cleaves the photoinitiator and the formed
radical species may initiate polymerizations. The photo-
initiator fragments usually possess less extended chromo-
phores and therefore do not absorb in the visible or near UV
region.

This process known as “photobleaching” leads to the decay
of UV-absorption bands of the parent compound upon
irradiation. Applications like dental filling composites require
photoinitiators that cleave efficiently even upon irradiation
with moderate light intensities. The a-cleavage of the photo-
initiator and the corresponding quantum yield of decompo-
sition is, therefore, a key parameter for classifying the
efficiency of such systems."”***” As paradigms, we have inves-
tigated phosphorus- and germanium-based photoinitiators
(4 and 5, Scheme 1) with respect to their decomposition
quantum yields.””®**™*! Upon photocleavage, these initiators
produce a benzoyl-type radical together with a phosphorus- or

o

1 hy I
2.1sC pe

l

T—7—0

2 1.hy
2.15C
[ ———
Ge. -
) o
5

Scheme 1 Photoinduced «a-cleavage of initiators 4 and 5 to produce a
phosphanoyl or germyl radical (P° or G’) and a benzoyl-type radical
(B* or B”).
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germanium-centered radical (Scheme 1). Both radicals add to
the double bonds of monomers, initiating radical
polymerizations.”?®*°"*> We have determined the quantum
yields for the a-cleavage of 4 and 5 in acetonitrile with the
monomer methyl methacrylate (MMA) (1/1 v/v ratio). The
samples were prepared to achieve low absorbance at the
irradiation wavelength (4335 < 0.1), and the photon flux of the
385 nm LED, operated at 20 mA into 3 mL of the solution was
determined with three reference measurements with ferrioxa-
late (photon flux = (1.53 + 0.03) x 10> mol L™" 57", Table S4).

Fig. 5 presents the UV-Vis spectra recorded upon the photo-
lysis of bis(acyl)germane 5 at 385 nm. The kinetic trace shown
in the inset of Fig. 5 is monitored at 294 nm (black arrow).
Upon irradiation, this characteristic n-n* band decays. As
described before, the parameter kg, is extracted by the expo-
nential fitting of the absorbance/time traces obtained from
three independent measurements (Table S7, Fig. S231).

The corresponding data for compound 4, together with
fitting residuals are presented in the ESI (Fig. S21, Fig. S22,
Table S6T). The obtained dissociation quantum yields are in
excellent agreement with previously published values and
listed in Table 1. In accordance with the literature, bisacylger-
mane 5 exhibits a higher quantum yield for decomposition
than the bisacylphosphane oxide 4.°27*°

Color formation of a spirobenzopyran (6)

Up to this point, we applied our method to irreversible photo-
induced reactions. However, it is also well suited for kinetic
studies on more complex reversible systems, e.g. the formation
of an intense colored isomer (color formation) of spirobenzo-
pyrans upon exposure to UV light. Spirobenzopyran 6 (Fig. 6)
undergoes a cascade of excited state reactions,”>**™** even-
tually leading to the formation of an open form, P6 (Scheme
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Fig. 5 Spectral changes observed upon irradiation of 5 with 385 nm
(purple arrow). Time steps between each spectrum: 0.5 s. The insert
shows the decay of the absorbance at 294 nm (black arrow) vs. the
irradiation time. (Sample: 3 mL of 0.17 mM 5 in acetonitrile/MMA (1/1
v/v), degassed by argon bubbling.)
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Fig. 6 Color formation of 6 in acetone under irradiation with UV light
(385 nm). One spectrum = 20 s. The insert shows structure and the
three reactions linking 6 with P6. The corresponding time profile of the
absorbance at 569 nm is shown in Fig. S24.+

shown in Fig. S257). This intensely purple colored species exhi-
bits an absorption maximum at 569 nm in acetone.

Viewed at a slow timescale, the system can be described by
two components (6 and P6) that are linked by three reac-
tions:*® two photo-isomerizations interconverting 6 and P6,
characterized by the quantum yields @, and &,. An additional
first order, dark-reaction, described by k,, regenerates 6. Fig. 6
displays the spectral changes of a 12 pM solution of 6 in
acetone (argon-saturated) irradiated with a 385 nm LED.

Upon irradiation, the absorbance at 569 nm increases, until
an equilibrium between the color formation and the thermal
back reaction is established (i.e. photostationary state, PSS, see
Fig. S247). Stopping the irradiation results in a recovery of 6
with the rate constant k.

It is useful to evaluate different PSSs reached with different
light intensities, i.e. LED forward currents. Fig. 7 shows the
spectra of different PSSs established by irradiating the sample
with varying intensities. At low photon fluxes, the absorbance at
569 nm in the PSS follows the light intensity linearly; for higher
optical powers, we observe saturation behavior. In the linear
region, the photochemical reverse reaction is negligible, since k;
(= 8.2 x 107 s7") exceeds the photochemical back reaction (I, =
8.8 x 107" mol L™ s7"). In principle, data from a photostation-
ary state in this linear region can be used to determine the
quantum yield of color formation @.. However, due to the lack
of a precise molar absorption coefficient of P6 at 569 nm, this
value should be taken as an estimate. Taking data from the PSS
reached with the lowest light intensity (denoted as “a” in Fig. 7),
the quantum yield ranges from 12% to 8% using the published
values of 3.5 x 10" and 5.2 x 10" L mol™" em™ for the molar
absorption coefficient eps (569 nm),** respectively.

Isomerization of azobenzene (7)

As an example of a molecular photo-switch, we have investi-
gated the photochemical E/Z-isomerization of azobenzene (7).
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In contrast to compound 6, the thermal reaction rate of 7 is
extremely slow at room temperature, making compound 7 an
archetype of a light-driven photo-switch. Its characteristic be-

havior has been exploited in numerous applications®*”~*° and
the  photochemical properties have been  studied
extensively.”*>?

Upon irradiation at low wavelengths (<360 nm), an excess of
the Z-isomer (Z-7) is formed. Irradiation of the n-n* band leads
to the regeneration of E-7. Very recently, the molar absorption
coefficients and photo-isomerization quantum yields in metha-
nol have been re-determined and reviewed.>»** Here we
examine the conversion of a pre-irradiated solution containing
predominantly Z-7 with a 400 nm LED in a kinetic approach. In
the case of azobenzene, the change in absorbance dA/dt
induced by the continuous irradiation I, is given by:>

a _ —dQI,F(A — A™). (9)
dt

The “pseudo total quantum yield” (Q) is independent of the
light intensity and concentration and the current isomer ratio
(defined as Q = &,@, + £;Pp), d is the path length of irradiation
(d =1 cm) and F is the photokinetic factor (F = (1 — 107*)/A’)
with A’ being the absorbance at the irradiation wavelength.
When a PSS is reached, the absorbance is constant and hence,
A = A%. Again, the data are analyzed at the very beginning of
the reaction. Using the same methodology as above (eqn (7)),
the following expression is obtained:

kﬁt
dI,F

=Q. (10)

An excess of Z-7 was formed by irradiating the cuvette with
a high intensity mercury-UV-lamp for 60 s. The cuvette was
allowed to cool, and was irradiated with a 400 nm LED while
the absorbance at 436 nm was monitored. The experiment was
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Fig. 8 UV-Vis spectra showing the isomerization of a 0.12 mM solution
of E/Z-7 in methanol to the thermodynamically more stable E-7 upon
irradiation with a 400 nm LED (purple arrow). The insert shows the
exponentially fitted traces (solid line) of the absorbance at 436 nm
(black arrow). Single spectrum = 0.5 s, overall time = 280 s.

repeated three times with fresh solutions. UV-Vis spectra and
the corresponding time trace are shown in Fig. 8. The photon
flux of the LED was measured three times with ferrioxalate
(see Table S8t) yielding a photon flux of (2.11 + 0.06) x 10~°
mol L' s7'. We evaluated the factor F' by measuring single
absorbance spectra before the kinetic experiment (n = 3, A'; ~
0.08). Using this photon flux, these three measurements yield
a pseudo total quantum yield of 464 + 6, lower (9%) than the
reported value for 405 nm (Q = 509 (ref. 53 and 54) see
Table 1). However, lower molar absorption coefficients of both
isomers at 400 nm compared with 405 nm can account for this
difference. Since the LED emits light in a wavelength range
(FWHM = 13 nm), this value is an average in the region around
400 nm.

Conclusions

In this article, we present a versatile approach for the straight-
forward determination of quantum yields of photo-induced
reactions. Our experimental setup features a simple modifi-
cation of a cuvette holder used with a fibre coupled diode
array spectrometer. This allows online monitoring of spectral
changes induced upon photoreactions.'® Weakly absorbing
solutions (<0.1 at the irradiation wavelength) follow apparent
first order kinetics in good approximation. We have shown
that for these cases, a simple relationship between the initial
slope, the absorbed LED light and the quantum yield can be
established and used to calculate the quantum yield for the
observed process. This approximation offers the advantage
that neither kinetic modeling nor numeric solving of differen-
tial equations is required.>*

Using ferrioxalate with online detection as a reference, we
could reproduce quantum yields of several model systems. Our

This journal is © The Royal Society of Chemistry and Owner Societies 2018
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method utilizes cost-efficient low power LEDs for irradiation,
and requires low amounts of sample, while allowing quick
determination of quantum yields of photochemical reactions.
We could demonstrate that the photon flow can be measured
with a spectrophotometer or using the conversion of nitro-
benzaldehyde in acetonitrile and ferrioxalate combined with
online spectrophotometric detection. Our method is feasible
for the light-induced decomposition of riboflavin, two widely
used phosphorus- and germanium-based photoinitiators. It is
furthermore suitable for studying complex reaction kinetics
like the photo-isomerization of a spirobenzopyran and photo-
switches like azobenzene. Small required sample amounts,
simple analysis and short conversion times make this tech-
nique ideally suited to evaluate photocatalyzed reactions. We
are currently exploring the scope of the method for further
photochemical systems like light-driven spin switches.
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