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Azobenzene is a prototypical photochromic molecule existing in two isomeric forms, which has numer-
ous photochemical applications that rely on a precise knowledge of the molar absorption coefficients (e).
Careful analysis revealed that the previously reported absorption spectra of the “pure” isomers were in
fact mutually contaminated by small amounts of the other isomer. Therefore, the absorption spectra of
both trans- and cis-azobenzene in methanol were re-determined at temperatures of 5-45 °C. The
thermodynamically more stable trans-azobenzene was prepared by warming the solution in the dark. To
obtain the spectrum of cis-azobenzene three methods were used, which gave consistent results within
the limits of error. The method based on the subtraction of derivative spectra coupled with a global ana-
lysis of the spectra recorded during thermal cis—trans isomerization is shown to give slightly more reliable
results than the method using isomeric ratios determined by *H-NMR. The described methods are readily
generalizable to other azobenzene derivatives and to other photochromic systems. The practical impli-
cation of the re-determined ¢ values is demonstrated by a very high precision of spectrophotometric
species analysis in azobenzene isomeric mixtures. The new & values imply that the previously reported

rsc.li/pps quantum yields must be revised.

1 Introduction

The existence of the cis-isomer of azobenzene was first
reported by Hartley in 1937 in a Nature paper entitled: “The
Cis-form of Azobenzene”." The discovery was based on the
increased solubility of cis-azobenzene in polar solvents com-
pared to that of the trans-isomer and its high dipole moment.
Although the photochemical and thermal isomerization of
azobenzene and its derivatives became textbook examples of
the process, the details of the reaction mechanism are still
under dispute.>® The reversible photoisomerization reaction
(Fig. 1) of azobenzene derivatives has been exploited in numer-
ous applications of photochemistry such as photoswitching to
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Fig. 1 The photoisomerization of azobenzene.

provide effective photocontrol of a large variety of bio-
molecules,”™® molecular receptors,"’ logic units,"> smart
materials”® and devices,"* holographic materials," for mole-
cular motion,'® and last but not least, azobenzene is frequently
used as a convenient actinometer to count incident photons.
Azobenzene was proposed as an actinometer for monochro-
matic light sources at wavelengths up to 450 nm by
Gauglitz."’° Besides ferrioxalate, azobenzene is arguably the
most common and frequently used actinometer,”® however,
with inconsistent results from different
21724 Accurate knowledge of both the quantum
yields and the molar absorption coefficients is a prerequisite

for spectrophotometric actinometry.
In an effort to determine photon fluxes by using both the

sometimes
laboratories.

ferrioxalate and azobenzene actinometers we obtained signifi-
cant discrepancies in the results and we noted a few pitfalls in
the recommended procedures of quantum yield determination
about which we wish to warn potential users. In this paper, we
address the first problem that needs to be resolved: the molar
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absorption coefficients of the two isomers of azobenzene. We
re-determined the molar absorption coefficients of both
isomers in methanol, that of the cis-azobenzene by using three
methods. Quantum yield measurements will be reported in
the accompanying paper.*’

2 Experimental
2.1 Chemicals

For measurements of the molar absorption coefficients freshly
recrystallized azobenzene (Reachim, pure) was used as
described in the accompanying paper.”> Methanol (Merck,
Uvasol for spectroscopy) was used without further purification.
For the NMR measurements the methanol-d, was stored over
dried 3 A molecular sieves (812 mesh) under dry N,.

2.2 Instrumentation

The optical bench used for the preparation of ca. 97% cis-azo-
benzene in solution for the determination of the molar absorp-
tion coefficients consisted of a monochromator (MSH 150, LOT),
a cuvette holder with a stirrer, and a Xe lamp, XBO 450 W,
Osram. The light beam passing through the cuvette was colli-
mated by quartz lenses. UV-Vis spectra were recorded using a
double beam spectrophotometer Cary 5000-Agilent with a
thermostated sample holder (the reference was at laboratory
temperature), or a Shimadzu 1602 spectrophotometer in the case
of the NMR/UV-Vis ratios. The "H-NMR spectra were recorded on
a Bruker 500 MHz spectrometer without rotating the cell.

3 Results

3.1 Molar absorption coefficients of trans-azobenzene

Three samples of thrice recrystallized azobenzene (ca. 22.8 mg,
weighed independently) were transferred to 50 mL volumetric
flasks that were filled with methanol (HPLC grade). From
these solutions aliquots of 2.00 mL were delivered to 50 mL
volumetric flasks and filled with methanol. Samples of 4.7 mL
were placed in a quartz cuvette (Hellma 117.100-QS), which
was tightly closed using a cap with a Teflon septum and then
wrapped with Parafilm. The cell was filled almost completely
to minimize the evaporation of the solvent. The cuvette was
kept in the dark at 45 °C in a thermostated cell holder for two
weeks to completely convert any remaining contamination by
the cis-isomer to the thermodynamically more stable trans-
isomer (see section 4), and UV-Vis spectra were subsequently
recorded at 5, 15, 25, 35, and 45 °C using methanol as the
reference. The samples were held at each new temperature
until changes in the absorption spectra were within the instru-
mental noise. The concentrations of azobenzene at the speci-
fied temperatures were calculated considering the thermal expan-
sion of methanol based on the temperature-dependent thermal
expansion coefficient a/K™" = (0.10787 + 0.003677/K) x 1077,
which was determined as a linear approximation from three
specific volumes determined in the range of 298.15 to
333.15 K by Machado et al.>® Because of the large spread of
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molar absorption coefficients at different wavelengths, two
series of concentrations were used (¢ ~ 2.5 x 107> M and ¢ ~ 1 x
107 M, 2 and 3 independent weighings, respectively) and the
spectra were joined at 360 nm. The spectrum of trans-
azobenzene at 25 °C is shown in Fig. 2, the values at particular
wavelengths are given in Table 1, and full spectra are given in
the ESIt together with a Gaussian peak fit (Fig. S1 and
Table S1f). Variations of the spectra with temperature are
shown in Fig. S3.1

3.2 Molar absorption coefficients of cis-azobenzene

While the method described above easily provides accurate
spectra of trans-azobenzene, additional work is required to
obtain those of the cis-isomer. Pre-irradiation of azobenzene in
a methanol solution at 348 nm produces a mixture containing
mostly the cis-isomer, but its precise composition is unknown.
The irradiation time required to reach the photostationary
state (PSS) on our setup was ca. 18 hours. Three approaches
were used to determine ¢, which gave consistent results.

3.2.1 TEM. Firstly, we used the simple method known by the
acronym TEM (for Thulstrup, Eggers, and Michl).”® In our case,
there is a noticeable vibronic structure in the absorption spec-
trum of trans-azobenzene, whereas the cis-azobenzene is known
to have none.>® Hence, difference spectra of the 2™ derivatives

, Apss
Ciot X l, dzetmns
di? da?

were plotted, where Apgs is the absorbance at the PSS, Cy is the
total concentration of azobenzene, and [ is the optical path
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Fig. 2 The molar absorption coefficients (egans) Of trans-azobenzene in
methanol at 25 °C and their comparison with published data: orange
stars,?” pink plus sign,'® and blue x.*® Bottom: Relative standard devi-
ations among independent samples in %.
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Table 1 The molar absorption coefficients (eyans/(M™ cm™) + sample
standard deviation) of trans-azobenzene in MeOH at 25 °C at represen-
tative wavelengths compared to reported values

A/nm Ronayette>’ Gauglitz"’ Hubig"® This work

254 2240 2450 2450 2446.0 = 2.6
268 — — 4460 4365.4 £ 2.0
280 — 8200 8200 8146.9 £ 1.5
313 20500 22020 22020 22337.4+£1.0
334 16 600 16 980 16 980 17383.6 £ 0.7
337 — — 14 360 14733.4 £ 0.6
345 9260 — — 10077.4 + 0.7
355 — — — 3098.1 + 0.7
358 — — 1550 1658.1 £ 0.7
365 — 360 360 374.0 £ 0.6
405 — 305 305 287.3 £0.1
436 475 490 490 486.2 £ 0.3

© prans MM em ™) = 2992 + 89,72

length of the cuvette. The coefficient ¢ was chosen such that the
vibronic features in the range of 300-380 nm disappeared from
the difference spectrum (Fig. S47). This procedure allowed us to
estimate the relative amount of the trans-isomer in the spectra
obtained for different samples close to the PSS. For individual
runs it ranged between 2 and 4%. Then & was calculated as

Ecis = Apss — C X & X !
cis Crot X i trans 1_¢

The factor 1/(1 — ¢) is the correction for the subtracted amount
of trans-azobenzene. The molar absorption coefficients obtained
by this method are denoted as e showing very good re-
producibility as exemplified in Fig. S5.f The corrected spectra of
cis-azobenzene, which were obtained by triplicate independent
weighing and measured at the temperatures of 5, 15, 25, 35, and
45 °C, are shown in Fig. S6.1

3.2.2 NMR. Secondly, we used '"H-NMR to determine the
ratio

Pt = Ccis,t/ctmns,t

in a sample of azobenzene (6-8 x 10~* M) in deuterated metha-
nol as a function of the total time ¢ of irradiation at 348 nm to
approach the PPS containing predominantly the cis-isomer.
The irradiation wavelength was chosen based on the antici-
pated ratio of molar absorption coefficients of cis- and trans-
azobenzene (see Fig. 5), which should give the highest concen-
tration of the cis-isomer in the PSS. The temperature of the
sample was around 25 °C (NMR measurements were done at
30 °C and UV-Vis measurements at RT, 22-25 °C). Experiments
allowing the reaction progress to be monitored both by
"H-NMR and UV-Vis spectroscopy were done using an optical
quartz cuvette (0.1 cm path length) that was collinearly fused
to an NMR tube of 5 mm diameter. This allowed UV-Vis
absorption and NMR measurements of the same solution as
well as intermittent irradiation at 348 nm with minimal
exposure to ambient light or losses upon sample manipu-
lation. Typical "H-NMR spectra at varying cis/trans ratios are
depicted in Fig. S7.1
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The absorbances A, at time ¢ can be described by eqn (1)

Ai(4)

= Ctrans,tstrans(ﬂ) + Ccz’s,tecis(/l) (1)

where [ is the path length of the cell, ¢yqns,; and ¢, are the
concentrations of the trans- and cis-azobenzene at time ¢, and
emans and ey are the molar absorption coefficients of trans-
and cis-azobenzene, respectively. Because the total concen-
tration of azobenzene remains constant during the series of
measurements,

Ciot = Ctrans,t + Cciskt (2)

and the ratio of the concentrations of cis and ¢rans forms p; is
known from the NMR measurements, eqn (1) can be trans-
formed to

A(4)

145
l 3)

1+pz

= CrotEtrans (ﬂ)

rpt + Crot&cis(4)

For the purposes of numerical analysis, eqn (3) will be rewrit-
ten as

yt(l) = a(l)xlmns,z + b(/l)xds,t (4)
where
_A
Ve = i

a = Crot&trans

b = Crottcis
1
Xtranst = 1 Tp
t
Xeist = Pt .
1 +pz

Using the least squares method the parameters a and b
were calculated separately for each wavelength:

2
(Z xtrans,tyt) (Z xcis,z ) - (Z xcis,tyt) (Z Xtrans,t xcis,t)
o t t t t
- 2
(Z xtran&tz) (Z xcis,t2> - (Z Xtrans,t xcis,t)
t t t

2
(Z xcis.tyt) (z Xtrans,t ) - (Z xtransmyt) (Z xtrans,txci&r)
t t t t
= 5 .
(E xtrans,tz) (Z xcis,tl) - (Z xtrans,txcisit)
t t t

From the known &,,.,,s the total azobenzene concentration is
calculated as the slope of the equation a(4) = Ciot X &grans(4)-
The molar absorption coefficient of cis-azobenzene at each
wavelength is calculated as e.(1) = b(1)/Crot-

The resulting 7 spectra of molar absorption coefficients of
cis-azobenzene were determined from seven independent
experiments of six independently weighed samples of azo-
benzene in deuterated methanol; each experimental ¢, was
calculated from 5 to 23 input data sets of UV-Vis absorption
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spectra and the corresponding isomer ratios obtained by
NMR. The minimization was performed in the spectral range
of 235 to 600 nm. Trials using wavelengths below 230 nm
resulted in errors due to the absorbance by methanol. The
resulting molar absorption coefficients of cis-azobenzene are
presented in Fig. S8t and the averaged &, "'~ is depicted in
Fig. 4.

3.2.3 Thermal isomerization. A third estimate of ¢, was
then obtained from the series of spectra recorded during the
thermal isomerization from the PSS induced by 348 nm
irradiation towards the trans-isomer at 35 °C. Care was taken
to minimize the concentration changes caused by solvent evap-
oration and condensation on the lid by filling the cuvette as
much as possible. The UV-Vis spectra were recorded at regular
intervals, e.g., every 10 min up to 1000 min, then every 30 min
up to 4000 min, and every 60 min up to 7960 min (ca. 5.4 days
overall). The matrix of the absorption spectra (more than 250
spectra) was subjected to singular value decomposition.*® Two
overwhelming eigenvectors were obtained. To account also for

Table 2 The average rate constants of thermal cis to trans isomeriza-
tion of azobenzene at various temperatures

T/°C k/st

20 (7.240 + 0.075%) x 1077
25 (1.092 + 0.004%) x 107°
35 (3.462 + 0.058%) x 107°
45 (1.168 + 0.004%) x 107>

4standard deviation of a single kinetic trace. ® Standard error of the
sample mean from five kinetic traces.
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Fig. 3 The molar absorption coefficients (ecis)) of cis-azobenzene in
methanol at 35 °C and comparison with published data: orange stars,?’
pink plus sign,*® and blue x.'® Bottom: Relative standard deviations
among independent samples in %.
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Fig. 4 Comparison of the molar absorption coefficients (e of cis-
azobenzene in methanol obtained by three methods (TEM — blue, NMR

— black, and thermal isomerization — red). Spectra are determined at 35,
25 and 35 °C, respectively.

the noise, three eigenvalues were allowed and the matrix of
absorbances was reconstructed using three eigenvectors. The
target factor analysis was performed using the known initial
concentrations of the ¢rans- and cis-isomers that were obtained
by the TEM method. The global analyses of the series of
spectra obtained during the thermal isomerization (cis to
trans) at various temperatures in methanol accurately followed
the first-order rate law (representative examples are shown in
Fig. S9 to S127) and thus provided for the spectra of the start-
ing cis-azobenzene and the rate constants (Table 2). The
spectra obtained from three independent samples are shown
in Fig. S13;} their average e is depicted in Fig. 3 and 4, and
is also used for fitting with Gaussian peaks (Fig. S2,
Table S27).

4 Conclusions

In previous work, the cis-isomer of azobenzene was isolated
after exhaustive irradiation of saturated solutions of trans-
azobenzene in glacial acetic acid® or acetone’ at ca. (440 + 30)
nm and was recrystallized from petroleum ether at room temp-
erature or ice-salt freezing temperature (—10 to —20 °C) as
small, bright red crystals. The isomers were also separated by
liquid chromatography'® or preparative TLC, for which a con-
tamination of 1% was estimated.**> The cis-isomer is
reported to be stable in its crystalline form in the dark.*® It
absorbs more strongly than the trans-form throughout the
visible region,* in accord with the fact that the n — n* tran-
sition of azobenzene is symmetry-allowed for the cis-isomer,
but forbidden for the trans-isomer.>®

As the cis-form is estimated to be (42-55) k] mol™" thermo-
dynamically less stable than the trans-isomer,**° the thermal
isomerization to the trans-form is essentially irreversible.

This journal is © The Royal Society of Chemistry and Owner Societies 2017
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Therefore the method applied here for obtaining the trans-
isomer by heating the solution prepared from recrystallized
trans-azobenzene to an elevated temperature under careful
exclusion of light leads to very pure samples of trans-azo-
benzene in solution. The molar absorption coefficients of
trans-azobenzene (Fig. 2, Table 1) largely agree with previously
reported data, but they are somewhat higher for the S, — S,
(300-365 nm) and lower for the S, — S; (405-436 nm) tran-
sition than those reported. This indicates a minor contami-
nation by the cis-isomer in the samples of trans-azobenzene
used in previous investigations. The precision, indicated by
the standard deviation among independent samples, of our
repeated analyses is comparable to that of repeated solution
preparation by independent weighing. The relative standard
deviations of the values are largest for wavelengths with very
low €.qns, as could be expected, but they never exceed 3% in
the measured spectral range. The spectra of trans-azobenzene
were found to be temperature-dependent (Fig. S31) as men-
tioned in the literature.?”

The spectra of the cis-isomer obtained here by three
methods give results that are very similar to each other (Fig. 4);
the values of individual e lie within the confidence intervals
of the others, and ¢, and e ™™ are almost identical. Our
best estimate of the true cis-azobenzene absorption spectrum
is the one obtained from the global analysis of the thermal
reaction, based on the following discussion.

The TEM method assumes that the spectrum of cis-azo-
benzene does not show any vibronic structure similar to that
of trans-azobenzene. This assumption is justified by published
research, where no vibronic structure was found even at 77 K
for cis-azobenzene,?® whereas the vibronic structure is appar-
ent even at room temperature for trans-azobenzene (Fig. 2 and
S4t). This is also supported by the number of fitted Gaussian
curves (see ESI section 3t). The TEM method gave good values
of molar absorption coefficients, which were almost identical
to those determined by thermal isomerization, ¢ (Fig. 4 and
S51), but the noise level was a little higher for the former. The
TEM method is not time demanding and permits the determi-
nation of ¢, at lower temperatures, which is impractical using
thermal isomerisation due to a very slow rate of isomerisation.
The ¢, at various temperatures showed little thermal depen-
dence (Fig. S67).

In the NMR method, the spectral changes induced by
irradiation at 348 nm with the simultaneous monitoring of
the isomeric ratio by "H-NMR were analyzed. Replicate ana-
lyses averaged well to the spectrum obtained by the other
methods but some spectra from individual experiments
showed a vibrational structure and a corresponding spread in
values especially at wavelengths where trans-azobenzene exhi-
bits a vibrational structure (Fig. S87). This method may be sen-
sitive to imprecise control of the sample temperature and poss-
ibly to some exposure to laboratory illumination even though
we operated with the special fused UV-Vis-NMR cuvette and
took all precautions to avoid any unwanted illumination by
working at night and covering the windows and the instru-
ment’s LEDs.

This journal is © The Royal Society of Chemistry and Owner Societies 2017
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The cis-azobenzene absorption spectra obtained by the
thermal method show relatively high values at the spectral
maxima (282 and 430 nm), low absorptions at the spectral
troughs (around 360 nm), and very low scatter between inde-
pendent samples (Fig. S137). This analysis is influenced by the
TEM estimate of the PSS composition of the first spectrum but
it ought to be more reliable because it is averaged from hun-
dreds of spectra creating the kinetic trace. The measured
samples were kept all the time at the desired temperature in
the darkness of the UV-Vis spectrometer; therefore no
unwanted photochemical isomerization occurred. The inten-
sity of the monitoring light in the double beam spectrometer
did not cause any measurable photochemical transformation.
Therefore, we consider this spectrum the best estimate of the
absorption spectrum of cis-azobenzene, use it in the following
discussion, show it in Fig. 3, and list the e.’(4) in Table 3. Our
attempts of using the thermal isomerization method at lower
temperatures were hampered by long measurement times and
problems with the baseline stability. As we did not find any
temperature dependence of &, by the TEM method, we use
this spectrum of cis-azobenzene obtained at 35 °C also for
lower temperatures.

Our values of ¢,; compare well with those reported below
270 nm, but are lower at 300-365 nm, and higher at
405-436 nm (Table 3). A comparison of the spectrum of cis-
azobenzene with those reported previously'®'® indicates that
all of the latter were contaminated by some amount of trans-
azobenzene.

The ¢ uncertainties of the thermodynamically unstable
cis-isomer are much larger than those of the trans-isomer
because the spectrum of the trans-isomer is used to correct
that of impure samples of the cis-isomer. Still, the relative stan-
dard deviation does not exceed 25% even for very low &g
values below 100 M~" em ™.

The obtained absorption spectra can be characterized by
their absorption maxima at 316 and 443 nm for the trans
isomer and at 280 and at 430 nm for the cis isomer, and also
by the ratio of the molar absorption coefficients presented in
Fig. 5. This ratio is helpful in the choice of light sources for
azobenzene switching in particular applications. The maximal

Table 3 The molar absorption coefficients (ec,vS/M’1 cm™ + sample

standard deviation) of cis-azobenzene in MeOH at 35 °C at representa-
tive wavelengths compared to reported values

A/nm Gauglitz" Hubig"® This work
254 6900 6890 7342 + 93
268 — 4460 4431 + 53
280 5200 5070 4976 + 59
313 2940 2950 2016 + 37
334 1100 1275 378 £43
337 — 1100 276 + 37
358 — 280 73 +13
365 190 190 89+9

405 840 920 942 +12
436 1140 1290 1402 + 23

st MM em ™! = 7260.%7
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Fig. 5 The ratio of molar absorption coefficients ec;s/etans (black) and
etrans/ €cis (red, dashed) of azobenzene in methanol.

values for trans-azobenzene are reached at 347 nm, where it
absorbs 91 times more than the cis-azobenzene, and for cis-
azobenzene at 413 nm, where it absorbs 3.3 times more than
the trans isomer. The isosbestic points are located at 268 and
372 nm.

The spectra of the molar absorption coefficients of the two
isomers were used in minimization to determine their individ-
ual concentrations from the measured absorption spectra of
their mixtures (for details see ESI section 11). The method
works perfectly without any sign of systematic error judging
from the inspection of the residuals of the fit (Fig. S14-S167).
In the analysis of spectral series starting from 98% cis-azo-
benzene and reaching less than 15% of cis-azobenzene, the cal-
culated change of the total concentration was always less than
1.5%. Such an analysis validates the obtained molar absorp-
tion coefficients. For the described procedure of finding the
concentrations of individual isomers we used the discussed
best estimates oOf e,4,s and e’ Or g5 . Nevertheless, using
the e % values also provides a good fit to the trial data (the
calculated change of the total concentration during the conver-
sion was smaller than 4%). Therefore, all of the described
methods lead to a spectrum of cis-azobenzene with satisfactory
reliability.

In conclusion, we present molar absorption coefficients of
the trans and cis isomers of azobenzene whose true values are
within experimental uncertainty as verified by applying
them in the global analysis of the absorption spectra of
various isomeric mixtures. Because both these spectra have
lower absorbances than those reported previously in the wave-
length regions where the impurity isomer absorbs more
strongly, we are convinced that the spectra reported previously
for both isomers were mutually contaminated by small
amounts of the other isomer. Multiple approaches to obtain
the spectra of the cis-isomer with consistent results further
validate their correctness. The use of the simple TEM method
in the analysis of UV-Vis spectra is particularly interesting and
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novel. It resulted in data only a bit more noisy than those
obtained with the analysis by lengthy kinetic measurement.
The presented method for the separation of spectra in mix-
tures, which does not rely on the physical separation of
isomers, may well be applicable for other photochromic
systems or other solvents. The advantages and limitations of
individual methods have been discussed.

Precise knowledge of ¢ values may be particularly interest-
ing in many applications especially in photoswitching: the
best choice of the irradiation wavelength allows the PSS to be
reached with higher efficiency and therefore higher speed and
would lead to a higher purity of the wanted isomer. The choice
of a properly selected light source based on good knowledge of
¢ values thus may, for example, lead to more efficient mole-
cular machines, or molecular logical units exhibiting less
error; a better choice of writing and erasing light sources can
increase the reliability of memory, and so on.

The quantum yields based on the presented re-determined
molar absorption coefficients are reported in the accompany-
ing article.>
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