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Abstract
Chemical actinometers are a useful tool in photochemistry, which allows to measure the photon flux of a light source to 
carry out quantitative analysis on photoreactions. The most commonly employed actinometers so far show minor draw-
backs, such as difficult data treatment, parasite reactions, low stability or impossible reset. We propose herewith the use 
of 4,4′-dimethylazobenzene as a chemical actinometer. This compound undergoes a clean and efficient E/Z isomerization, 
approaching total conversion upon irradiation at 365 nm. Thanks to its properties, it can be used to determine the photon 
flux in the UV–visible region, with simple experimental methods and data treatment, and with the possibility to be reused 
after photochemical or thermal reset.

Graphical abstract

1 Introduction

The measurement of incident photon fluxes represents a cru-
cial point for the analysis of photoreactions. For this pur-
pose, chemical actinometers [1–5], i.e., chemical species that 
undergo a photoreaction with known quantum yield, are cur-
rently widely used both for UV and visible light. Although 
they usually provide reliable results by simple measurement 
and data treatment procedures, chemical actinometers must 
satisfy several requirements: the system must be simple and 
well characterized, thermally stable and easy to synthesize 
or, preferably, commercially available; the photoproduct 
should be inert; the quantum yields values must be known 
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with high precision, reproducible and ideally independent on 
the irradiation wavelength, the temperature, the concentra-
tion and/or the presence of oxygen; the system should have 
a high absorption coefficient at the irradiation wavelength; 
finally, the analytical procedure must be easy and rapid, ide-
ally a simple absorption measurement [1].

Among the numerous actinometers reported so far, the 
most employed ones are the potassium ferrioxalate—or 
Hatchard–Parker actinometer (250–500 nm) [6–13], the 
Aberchrome 540 (310–375 nm and 435–535 nm) [14–24], 
and the potassium reineckate—or Reinecke’s salt (316–750 
nm) [4, 25–28]. However, despite their well consolidated 
and good performances, none of these fulfills all the above-
mentioned requirements. Azobenzene [29–31] has also 
been used as a chemical actinometer [1, 32–41]. His clean 
and reversible E/Z photoisomerization has been extensively 
studied in a wide range of solvents [29, 31] and the photoi-
somerization quantum yield (Φ) values have been accurately 
determined [42, 43]. However, despite being commercially 
available, this compound has been classified as a suspect car-
cinogenic agent [44]. Moreover, the absorption coefficient 
of azobenzene at 365 nm, the most intense line of medium-
pressure mercury lamps, is really poor and this feature limits 
its use as actinometer at this particular wavelength. Finally, 
the data treatment is not easy and the procedure is limited 
to the sole UV range.

Herein we report the complete photochemical characteri-
zation of an azobenzene derivative, the 4,4′-dimethylazoben-
zene (DMAB, Fig. 1). This compound can be easily synthe-
sized, and it displays a clean E–Z isomerization, with a slow 
thermal back process and an excellent fatigue resistance. 
Interestingly, thanks to its optical properties, the photocon-
version approaches the unity under irradiation at 365 nm. 
Therefore, we suggest the employment of such compound 
as a chemical actinometer, its properties allowing an easy 
manipulation and reliable results.

2  Results and discussion

DMAB (Fig. 1) is commercially available. However, it can 
be synthesized in good yields, according to well-known pro-
cedures [45, 46]. In the present study, we synthesized the 

compounds according to the procedure reported in the SI 
(Section 1).

2.1  UV–vis characterization and determination 
of the spectrum of the Z isomer

Absorption spectra were recorded in air-equilibrated ace-
tonitrile (MeCN) solutions at room temperature. The absorp-
tion spectrum of E-DMAB (Fig. 2, figure S1) is in line with 
those already reported in the same or different solvents [44, 
47–57], and shows the two peculiar bands of azobenzene 
derivatives: an intense π–π* band, centered at 333 nm, with 
an absorption coefficient (ε) value of 27,400  M−1  cm−1, and 
a weaker n–π* band, centered at 440 nm, with an ε of 800 
 M−1  cm−1. These two bands are non-structured and well 
resolved as it usually occurs in azobenzene-type compounds 
[29, 31, 58]. A third band, with an ε of 15,000  M−1  cm−1 
at 235 nm, can be ascribed to the S0–S3 transition. With 
respect to E-DMAB, the absorption spectrum of Z-DMAB 
(Fig. 2, figure S1) [47] is characterized by a less intense and 
blueshifted π–π* band (ε = 6000  M−1  cm−1 at 289 nm) and 
a more intense n–π* band (ε = 1800  M−1  cm−1 at 436 nm). 
Conversely, the S0–S3 band is redshifted of 11 nm, with an 
ε of 12,100  M−1  cm−1 at 246 nm.

Upon irradiation with UV or visible light, DMAB 
underwent E–Z photoisomerization on the central azo 
bond [54–56, 59]: the absorbance of the π–π* band deeply 
decreased, and the one of the n-π* increased, until a photo-
stationary state (PSS) was achieved (Fig. 3).

Since the absorption spectra of the two isomers are over-
lapped over the whole UV–vis spectral range, the pure Z iso-
mer cannot be obtained, albeit irradiation at 365 nm affords 
an almost complete photoconversion (vide infra). Photo-
stationary states (see Table 1, figure S2), are more shifted 

N
N

N N
hν

hν, ∆

E-DMAB Z-DMAB

Fig. 1  Structure and photoisomerization reactions of DMAB
Fig. 2  Absorption spectra of the E (black line) and Z (red line) iso-
mers of DMAB in MeCN



827Photochemical & Photobiological Sciences (2022) 21:825–833 

1 3

toward the Z isomer upon irradiation on the π–π* band, up 
to a maximum of 0.97 at 365 nm. Conversely, irradiation 
on the n–π* or  S3 bands leads to PSSs less rich in Z isomer, 
with photoconversion extents up to a maximum of 0.24 at 
405 nm [48, 49, 54, 57, 59]. Interestingly, the PSS obtained 
with 254 nm light has a content of Z isomer as low as 11%; 
therefore irradiation at this wavelength could be considered 
as a way to speed up the recovery of the E form. However, 
the fatigue resistance is likely to be lower under irradiation 
with more energetic light (such as 254 nm); therefore we 
encourage to recover the E form thermally.

To test the fatigue resistance of DMAB, we performed 
alternated irradiation at 365 nm and 436 nm. The com-
pounds switched efficiently between the two photostationary 
states, without any evidence of degradation after more than 
100 cycles (figure S3).

When left in the dark, previously irradiated solutions 
showed a thermally accessible back isomerization process, 
and the spectrum of the E isomer was recovered in several 
days (figure S4, SI). The rate constant (kΔ) is 1.6 ×  10−6 
 s−1, which suggests that the thermal back isomerization is 

substantially negligible in the typical experimental time-
scales (from few minutes to one day).

Despite the pure Z isomer could not be produced photo-
chemically [43, 47], we extracted its absorption spectrum by 
two spectroscopic methods, which gave comparable results. 
The first method, reported by Thulstrup, Eggers and Michl 
(hence the acronym TEM) [60, 61], consists in subtracting 
from the second derivative of the spectrum of the E iso-
mer, the second derivative of the absorption spectrum of a 
PSS multiplied by an arbitrary value of α. Since the π–π* 
band of E-DMAB has a vibrational structure—albeit low—
and Z-DMAB has none, the right value of α can be found 
once the subtraction leads to the complete disappearance of 
the vibrational structure. In our case, we applied the TEM 
method to the PSS obtained upon irradiation at 365 nm, 
obtaining α = 97%.

The second method to obtain the photoconversion and 
the absorption coefficient of the Z isomer, reported by Fis-
cher [62], was applied using the two photostationary states 
produced under irradiation at 334 nm and 365 nm. The 
spectrum obtained through this protocol, reported in Fig. 2, 

Fig. 3  Left: Absorption variation of a 4.7 ×  10–5 M solution of DMAB upon irradiation at 365 nm; right: consecutive irradiations at 365 nm 
(black dots) and at 436 nm (purple dots) of a 3.0 ×  10–5 M solution of DMAB in MeCN, with fitting (red lines, see text for details)

Table 1  Average values of 
absorption coefficients (ε), 
photoisomerization quantum 
yields (ΦEZ and ΦZE), and 
photoconversion extents (α) at 
the photostationary states of 
DMAB for the main lines of a 
medium-pressure mercury lamp

a Average of the absorption coefficients values at the two wavelengths, weighted by the contribution of each 
mercury line (38% at 297 nm, 62% at 302 nm)

λirr/nm εE/M−1  cm−1 εZ/M−1  cm−1 ΦEZ ± σ ΦZE ± σ Number of 
measures

α

254 2493 10,038 0.20 ± 0.01 0.43 ± 0.01 6 0.11
297/302 14,284a 5272a 0.18 ± 0.01 0.39 ± 0.01 7 0.53
313 20,749 3640 0.17 ± 0.01 0.42 ± 0.02 8 0.71
334 27,385 850 0.20 ± 0.01 0.43 ± 0.02 6 0.94
365 8311 101 0.18 ± 0.01 0.34 ± 0.06 8 0.97
405 529 978 0.29 ± 0.01 0.52 ± 0.01 7 0.24
436 786 1766 0.30 ± 0.01 0.45 ± 0.01 8 0.23
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has been used to calculate the remainder photochemical 
parameters.

2.2  Photokinetic considerations 
and photoisomerization quantum yields 
determination

The photoreaction of a T-type photochrome, whose two 
forms are both photoactive, is described by the following 
photokinetic equation [2, 63, 64]

In this equation ΦEZ and ΦZE are the quantum yields of 
E–Z and Z–E isomerization, respectively, q0 is the incident 
photon flux, �

�i
 are the absorption coefficients of the E- and 

Z isomers at the irradiation wavelength λi, f is the fraction 
of light absorbed by the sample, calculated from the absorb-
ance of the mixture at the irradiation wavelength λi, accord-
ing to equation

which, in Eq. (1), is multiplied by the contribution of each 
isomer to the absorbed light, and kΔ⋅[Z] is the contribution 
of the thermal process (the optical path of the cuvette is con-
sidered 1 cm and henceforth it will be omitted for clarity). 
It is worth to remark that both the concentrations and the 
absorbances are time-dependent and prevent the analytical 
solution of the differential equation.

We measured the photoisomerization quantum yields of 
DMAB through an apparatus that allowed us to simultane-
ously irradiate the solution and record the absorption spectra 
over time. The solution was carefully stirred throughout the 
whole irradiation, to avoid measurements on non-homoge-
neous points of the solution. The incident photon flux q0 
was measured with a photodiode. We then fitted the time-
dependent absorption evolution (see Fig. 3) according to the 
differential equation (1).

The photoisomerization quantum yields, measured for the 
main lines of a medium-pressure mercury lamp, are reported 
in Table 1.

It is worth to remark that, in the fitting process, the most 
reliable result is the one of the forward reaction, whereas 
the backward is affected by a larger error. Therefore, in the 
case of 254 nm, 405 nm and 436 nm, whose photostation-
ary states are shifted to the E form, we minimized the error 

(1)

d[E]

dt
= −

d[Z]

dt
= −

ΦEZ ⋅ q0

V
⋅

�E,�i
⋅ [E] ⋅ f

(

�E,�i
⋅ [E] + �Z,�i

⋅ [Z]
)

+
ΦZE ⋅ q0

V
⋅

�Z,�i
⋅ [Z] ⋅ f

(

�E,�i
⋅ [E] + �Z,�i

⋅ [Z]
) + kΔ ⋅ [Z]

(2)f = 1 − 10
−A

�i = 1 − 10
−

(

�E,�i
⋅[E]+�Z,�i

⋅[Z]
)

on the ΦZE values (to be used for actinometry, vide infra), 
conducting the photokinetic experiments on solutions previ-
ously irradiated at 365 nm or 334 nm.

The resulting quantum yield values are in line with simi-
lar compounds previously reported in literature [48, 49, 57]. 
Upon irradiation on the π–π* band, the E-to-Z quantum yield 
is around 0.18 and the Z-to-E quantum yield is around 0.40. 
Both these values are slightly larger upon irradiation on the 
n-π* band.

3  Actinometry protocol

3.1  Data treatment and recommendations

The application of DMAB as an actinometer requires a faster 
and easier procedure than a photokinetic fitting. Since the 
Z–E thermal process is slow enough to be neglected in the 
experimental timescales, as long as the concentration of the 
photoproduct is negligible and it does not contribute signifi-
cantly to the absorbance, the sole process occurring is the E–-Z 
photoisomerization and the Eq. (1) reduces to [2, 63]

As a general rule, we assume that the absorbance of the 
photoproduct is negligible as long as it is at least 20 times 
lower than the absorbance of the reactant, i.e., the following 
condition is satisfied [64]

For short irradiation time intervals and for small variations 
of absorbance, it can be assumed that f is equal to the average 
value

 where f0 and f1 are the fractions of light absorbed before 
and after the irradiation. In these conditions, we can use the 
Eq. (3) in its discrete form (6)

where Δtirr is the time interval of short irradiation. The 
concentration can be related to the absorbance at a chosen 
wavelength λx through the difference of the absorption coef-
ficients at that wavelength, thus

(3)
d[E]

dt
= −

ΦEZ ⋅ q0 ⋅ f

V

(4)[E] ⋅ �E ≥ 20 ⋅ [Z] ⋅ �Z

(5)fave =
f0 + f1

2

(6)Δ[E] = −
ΦEZ ⋅ q0

V
⋅ fave ⋅ Δtirr

(7)Δ[E] =
ΔA

�x

Δ�
�x

=

(

At − A0

�Z − �E

)

�x
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The combination of equations (6) and (7), rearranged 
with respect to time 0, eventually provides

If the absorbance at the irradiation wavelength remains 
above 3 throughout the whole irradiation time (total 
absorption regime), the fraction of absorbed light equals 
1 and the equation simplifies in [2, 63, 64]

In both equations (8) and (9) the absorbance variation 
in function of the time of irradiation is a straight line, 
having the absorbance value before irradiation—i.e., at 
time 0—as intercept and containing the photon flux in the 
slope. Therefore, q0 can be calculated from the slope m 
obtained by a linear fitting of the absorbance over (f·t) or 
t, respectively.

We propose the following procedures in two absorbance 
regimes, successfully tested in our laboratory with the fer-
rioxalate actinometer (see section 4 of the SI for details).

We recommend to work in total absorption regime when 
possible, as the data treatment is the easiest. Using a solu-
tion with concentration above 5 ×  10-4 M is suggested for 
the range 302-365 nm (procedure A). However, keeping a 
total absorption regime at the irradiation wavelengths 254 
nm, 405 nm, 436 nm throughout the whole measurement 
would mean that only a spare region of the spectrum is at 
suitable absorbance values to obtain a reliable measurement. 
Therefore, in these cases, we recommend to use more diluted 
solutions and calculate the average fraction of absorbed light 
for each irradiation step (procedure B). In any case, diluted 
solutions can be used for all the irradiation wavelengths, 
provided that average f is taken into account.

To ensure that the concentration of the photoproduct is 
negligible and the absorbance does not fall below 3 (when 
working in total absorption regime), we recommend also 
to keep the photoconversion extent below the 10%.

The E form can be recovered thermally, by leaving the 
compound at room temperature for at least one month before 
reuse. To speed up the procedure, we suggest to illuminate 
it in the visible, where the photostationary states reach an 
E:Z ratio of around 20:80, or at 254 nm, where this ratio is 
11:89, and leave the reaction complete thermally.

(8)A = A0 −

(

q0 ⋅ΦEZ ⋅ Δ��x

V

)

(

fave ⋅ t
)

(9)A = A0 −

(

q0 ⋅ΦEZ ⋅ Δ��x

V

)

t

(10)q0 =
m ⋅ V

ΦEZ ⋅ Δ��x

(A) Actinometric procedure for total absorption regime 
– range 302 nm – 365 nm

1. Place 3 mL of a DMAB solution in MeCN with a 
concentration not lower than 5 ×  10–4 M in a 1 cm 
pathlength cuvette with a suitable magnetic stirrer

2. Record the absorption spectrum before irradiation
3. Irradiate the sample for a known time interval, under 

continuous stirring
4. Record the absorption spectrum
5. Repeat points (3) and (4) for at least other 2 times 

on the same solution, checking that the 10% of pho-
toconversion is not exceeded

6. Plot the absorbance values at 440 nm vs time
7. Fit according to a linear equation

Which physically corresponds to

Calculate q0 from the obtained slope m

For a further simplification of the data treatment, the con-
stant values V, ΦEZ and Δε at 440 nm (εE = 798  M−1  cm−1, 
εZ = 1747  M−1  cm−1) can be gathered in a parameter X, listed 
in Table 2, thus:

q0 = m ⋅ X.

(B) Actinometric procedure for intermediate absorption 
regime—range 254–436 nm

1. Place 3 mL of a solution of DMAB in MeCN, with a 
concentration comprised between 2 and 5 ×  10–4 M, 
in a 1 cm pathlength cuvette with a suitable mag-
netic stirrer

2. Record the absorption spectrum before irradiation
2a. Only for irradiations at 254 nm, 405 nm and 436 nm: 

Irradiate the sample at 365 nm to reach the photosta-
tionary state and record the absorption spectrum

y0 − mx

A = A0 −

(

q0 ⋅ΦEZ ⋅ Δ��x

V

)

t

q0 =
m ⋅ V

ΦEZ ⋅ Δ��x

Table 2  X factor for the 
actinometric procedure in total 
absorption regime

λirr/nm X/10–5 mol

297/302 1.76
313 1.86
334 1.58
365 1.76
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3. Irradiate the sample at the desired wavelength for a 
known time interval, under continuous stirring

4. Record the absorption spectrum
5. Repeat points (3) and (4) for at least other 2 times 

on the same solution, checking that the 10% of pho-
toconversion is not exceeded

6. Plot the absorbance values at 333 nm vs the total 
irradiation time multiplied for the value of fave for 
the corresponding irradiation step

7. Fit according to a linear equation

 Which physically corresponds to

where Φi is ΦZE when irradiating at 254 nm, 405 nm and 
436 nm, ΦEZ at the other wavelengths.

Calculate q0 from the obtained slope m

For a further simplification of the data treatment, the con-
stant values V, Φi and Δε at 333 nm (εE = 27,421  M−1  cm−1, 
εZ = 933  M−1  cm−1) can be gathered in a parameter Y, listed 
in Table 3, thus:

4  Conclusions

We reported the photochemical characterization of 
4,4’-dimethylazobenzene (DMAB), which we suggest to 
use as a chemical actinometer on account of the advantages 
listed below:

• Availability: DMAB is commercially available; nev-
ertheless, it can be synthesized easily and on large 
scales, with excellent reaction yields. Other actinom-

y = y0 − mx

A = A0 −

(

q0 ⋅Φi ⋅ Δ��x

V

)

(

fave ⋅ t
)

q0 =
m ⋅ V

Φi ⋅ Δ��x

q0 = m ⋅ Y

eters commonly used nowadays are not commercial 
and require synthetic efforts or purification procedures: 
Aberchrome is no longer commercially available and 
must be synthesized; potassium ferrioxalate and Rei-
necke’s salt must be recrystallized to obtain a suitable 
purity [25, 27]; azobenzene is commercially available, 
but known to be carcinogenic and its use should be 
discouraged.

• Experimental procedure: E-DMAB isomer does not 
undergo thermal reactions or degradations, thus a blank 
is not required (as for Reinecke’s salt [26] and ferri-
oxalate [7]). The absorbance recording does not need 
any dilution (as for Reinecke’s salt) [25, 27] or addi-
tion of reactants (as o-phenanthroline for ferrioxalate 
or Fe(NO3)3 for Reinecke’s salt). Therefore, the manual 
errors arising from the procedure are largely minimized 
using DMAB.

• Stability: E-DMAB is stable in solutions kept in the 
dark; other commonly used actinometers, such as fer-
rioxalate and Reinecke’s salt [7, 26], can give thermally 
the same reaction used for actinometry. Aberchrome 
solutions cannot be reused after bleaching, since a 
parasite Z isomer of the open form is accumulated and 
interferes with the photoreaction [18, 19]. Moreover, in 
case of DMAB, a minor increase in concentration due 
to the volatility of MeCN can be disregarded, as the 
data treatment does not require a known concentration 
value.

• Reset: The same solution can be used more than once, 
by resetting the Z form to the E, either photochemically 
(at 254 nm or in the visible) or thermally, by leaving 
the compound at room temperature for 1 month. The 
excellent fatigue resistance allows to perform measure-
ments on the same solutions up to at least 50 times.

• Data treatment: The thermal isomerization is negligi-
ble, and, at low photoconversion extent, the absorption 
contribution of the Z isomer can be neglected too. Con-
sequently, the quantum yield equation can be recon-
ducted to a linear relationship.

• Total absorption regime: The absorption coefficient 
at 365 nm is larger with respect to azobenzene [55], 
because of the redshift of the π-π* band. If the absorb-
ance at this wavelength is larger than 3, there is still a 
portion of spectrum below 1 that can be used for the 
data treatment. This allows to use the compound in 
total absorption regime up to 365 nm.

• Visible region: The PSSs in the visible (405  nm, 
436 nm) are less rich in Z isomer, leading to a lower 
signal if the irradiation is performed starting from the 
pure E isomer. However, since the PSS at 365 nm is 
close to the pure Z isomer, the actinometry in the vis-
ible can be carried out starting from this PSS, with a 

Table 3  Y factor for the 
actinometric procedure in 
intermediate absorption regime

λirr/nm Y/10–7 mol

254 2.63
297/302 − 6.29
313 − 6.66
334 − 5.66
365 − 6.29
405 2.18
436 2.52
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larger absorption variation and with a data treatment 
identical to the E-Z isomerization.

5  Methods

Steady-state spectroscopic measurements were performed 
on air-equilibrated solutions at room temperature in spec-
troscopic grade (Uvasol, Carlo Erba) acetonitrile (MeCN), 
placed in 1 cm pathlength quartz cuvettes. Absorption 
spectra were recorded on a Cary100 spectrophotometer 
from Agilent Technologies.

Photoisomerization reactions were induced by a 
Hamamatsu Hg/Xe Lamp Lightningcure LC8 or by a 
Helios Quartz medium-pressure Hg Lamp. The desired 
Hg emission line was selected by means of an appropri-
ate interference filter (Semrock filters: FF01-254/8-25, 
FF01-292/27-25 + FF01-320/40-25, FF01-315/15-25 + 
FF01-320/40-25, FF01-335/7-25, FF01-370/10-25, FF01-
406/15-25, FF01-438/24-25) or a monochromator SPEX 
1681. The lamp power was measured by means of an Ophir 
PD300-UV photodiode. NIR contribution was measured 
and subtracted from the total value. Photoisomerization 
quantum yields and fatigue resistances were determined 
using a home-made setup, which collects absorption spec-
tra at high rates, under continuous irradiation. A Xenon 
lamp (75 W) was employed as a probing light and a Hg/
Xe lamp, placed at 90° with respect to the incident beam, 
was used to photoisomerize the sample, placed in a cuvette 
and thoroughly stirred. Spectra were recorded every 0.1 
seconds, with a spectrograph equipped with a CCD camera 
(Roper Scientific and Princeton Instruments, respectively). 
Photokinetic profiles were then fitted using a numerical 
iterative fitting method implemented in an Igor procedure 
(Wavemetrics).

Thermal isomerization kinetics measurements were 
performed on solutions previously irradiated at 365 nm, 
by monitoring the absorbance variations over time in the 
dark and at room temperature (298 K). For comparative 
measurements, potassium ferrioxalate was employed as an 
actinometer in its “microversion” [2, 8].

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s43630- 021- 00162-3.
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