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The thermal cis-trans isomerization of methyl orange (i.e., sodium 4-[4′-(dimethylamino)phenylazo]-
benzenesulfonate) in acidic aqueous solutions has been investigated by means of laser-flash
photolysis techniques. The thermal cis-trans isomerization is found to be catalyzed by general
acids and general bases. Catalysis is attributed to acid/base-assisted tautomerization of cis-
ammonium ions (formed by rapid protonation of cis-methyl orange generated upon photochemically
induced trans-cis isomerization) into cis-azonium ions. The latter can easily isomerize via rotation
around the -NdN- bond as a result of the concomitant decrease in the double bond character.
Furthermore, the acidity of cis-ammonium ions is estimated to be significantly lower than that
reported for the trans isomers (pKa values are 5.0 and 2.70-2.87, respectively). This result is
attributed to a decrease in resonance interactions of the two aryl rings in the cis isomer compared
with the trans form due to the nonplanar conformation of the former.

Introduction

Over the last 50 years, numerous groups have inves-
tigated various aspects of the photoinduced and ther-
mally induced cis-trans isomerization mechanism of
azobenzenes. The reversible isomerization of azobenzenes
is subject of current interest due to potential application
of azobenzenes as photoactive compounds for molecular
devices such as information storage systems and photo-
chemical switching systems.1

Mechanistic studies of the thermal cis-trans isomer-
ization of azobenzenes have focused on the effects of
substituents,2-5 solvent polarity,2-4,6,7 and pressure8-10 on
the rate of this reaction. Two different mechanisms have
been proposed for this process: cis-trans isomerization
may proceed (i) via rotation about the -NdN- bond,2,11-13

or (ii) via inversion of one of the nitrogen atoms (by means
of an sp-hybridized transition state).3-6,8-10,13,14

Although the thermal cis-trans isomerization of azoben-
zenes is known to be catalyzed by Brønsted and Lewis
acids, very little work has been conducted in this area.15-17

In recent reports, it has been shown that the rate of the
thermal cis-trans isomerization of 4-(dimethylamino)-
azobenzene derivatives is strongly inhibited by hydroxide
ions.18,19 Protonated 4-(dimethylamino)azobenzenes are
shown to isomerize at least 108 times faster than the
corresponding conjugate forms. Monoprotonated azo com-
pounds possessing p-amino groups exist indeed as equi-
librium mixtures of two tautomers, i.e., the ammonium
and the azonium ions (eq 1). The latter are believed to
be able to easily isomerize via rotation about the -NdN-
bond due to a decrease in the double bond character.
Thus, inhibition by hydroxide ions would arise from the
resulting decrease in the concentration of the more
reactive azonium ions.

To gain further insights into the acid-catalyzed isomer-
ization mechanism of 4-(dimethylamino)azobenzenes,
time-resolved laser flash photolysis techniques were
applied to the study of the thermal cis-trans isomeriza-
tion of methyl orange (MO, R ) SO3

- Na+) as a model
compound, in buffered aqueous solutions at pH < 7.0.
The results of such a study are presented here.

Results

Laser excitation, at 355 nm, of buffered aqueous
solutions of MO (7 > pH > 5.5-5.0) results in photo-
chemically induced trans-cis isomerization. Due to the
fact that extinction coefficients for cis isomers in the
visible region are lower than the corresponding ones for
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trans isomers,2,20 instantaneous bleaching is observed
(Figure 1). As the thermal cis-trans isomerization pro-
ceeds, complete recovery of the initial absorbance of the
solution is observed, indicating that the entire process
is reversible. Furthermore, transient absorption spectra
obtained under these experimental conditions are es-
sentially mirror images of the corresponding ground-state
absorption spectra of the solutions.

Recovery traces follow first-order kinetics (Figure 1,
inset), and deaerating the solutions shows no measurable
effect. The resulting observed rate constants (kobs, Tables
S1-S3), independent of monitoring wavelength, are
highly dependent on proton concentration as well as on
buffer concentration. Plots of kobs vs total buffer concen-
tration ([buffer]T) are nonlinear and approach asymp-
totically a plateau region (Figure 2 is representative), a
result which could be attributed to a change in rate-
controlling step. Moreover, plots of 1/kobs vs 1/[buffer]T

are satisfactorily linear (Figure 3), which suggest that
kobs values may be related to [buffer]T according to eq 2,
where P(1) and P(2) represent kinetic parameters.

Nonlinear fittings of kobs values according to eq 2 lead
to the adjustable kinetic parameters P(1) and P(2) shown
in Table 1.21 Clearly, the resulting values depend on the
type of buffer as well as on pH. While a nonlinear fitting
was preferred, it is important to point out that the kinetic
parameters obtained from the slope and intercept corre-
sponding to plots of 1/kobs vs 1/[buffer]T are in excellent
agreement with the values shown in Table 1.

When working at lower pHs (i.e., pH < 5.5, succinate
buffer; pH < 5.0, acetate buffer), in addition to bleaching
a weak transient absorption band in the 500-600 nm
region is observed (Figure 4). As in the case of the series
at pH > 5.0, the entire process is reversible, and
deaerating the solutions shows no measurable effect.
Spectra of the type shown in Figure 4 clearly indicate
the presence of more than one absorbing transient
species. It is well-known that the UV-visible spectra of
monoprotonated 4-aminoazobenzene derivatives display
two strong peaks, the band at longer wavelengths (typi-
cally in the 500-540 nm region) being attributed to
azonium ions.22 Thus, the transient absorption band

observed when working at low pHs is tentatively at-
tributed to cis-azonium ions (see below).

As it can be inferred from Figure 4, kinetic traces vary
with monitoring wavelength (λmonitoring). At wavelengths
shorter than 450 nm, however, kinetic traces are inde-
pendent of λmonitoring. Traces recorded at 430 nm follow
first-order kinetics up to at least three lifetimes, and
resulting kobs values (Tables S2 and S3) show a nonlinear
dependence on [buffer]T (plots not shown), as observed
when working at pH > 5.0. At λmonitoring > 500 nm, a
growth signal followed by a decay are detected (Figure
4, inset). The rates for these two processes are quite close;
therefore, a precise evaluation of the corresponding rate
constants becomes difficult. However, when kinetic traces
of the type shown in Figure 4 (inset) are fitted to a double
exponential function, the smallest rate constant (i.e.,
decay process) agrees fairly well with the value deter-
mined from the recovery signal collected at 430 nm. Thus,
rate constants determined at 430 nm were employed to
extract, from the kinetic traces recorded at 540 nm, ∆At
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Figure 1. Transient absorption spectra for MO (pH ) 7.00,
phosphate buffer) obtained within 2 µs (4) and 250 µs (O) after
laser pulse. Inset: kinetic trace recorded at 430 nm.

Figure 2. Buffer concentration dependence of the observed
rate constant for cis-trans isomerization of MO in buffered
aqueous solution (succinate buffer).

kobs ) {P(1)[buffer]T/(1 + P(2)[buffer]T)} (2)
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values (where t refers to time) corresponding to the
fastest process. Resulting traces followed first-order
kinetics up to at least two lifetimes, and the correspond-
ing rate constants values (kgrowth) are summarized in
Table 2. We tentatively attribute this process to the
formation of cis-ammonium and cis-azonium ions by fast
protonation of the amino and azo groups of the substrate.
At these low pHs, the high hydronium ion concentration
leads to accumulation of the protonated species, and the

system then relaxes in a slower process to the thermo-
dynamic equilibrium. The values of the observed rate
constant for the fast process (kgrowth) are given by eq 3,

where k1 and k2 refer to Scheme 1, and xi represents the
molar fraction of acidic component of the buffer. Plots of
kgrowth vs (xi[buffer]T) are satisfactorily linear (plots not
shown), in agreement with eq 3. The ratio between the
intercept value and the corresponding hydronium ion
concentration yields (at pH 4.73, 4.55, and 4.60, respec-
tively) 4.9 × 1010, 3.7 × 1010, and 4.5 × 1010 M-1 s-1,
consistent with diffusion-controlled protonation rate
constants.23 Also, the slope values for the acetate-
catalyzed series are in good agreement with each other,
namely, 1.83 × 108 and 1.48 × 108 M-1 s-1, whereas for
the succinate buffer series, the resulting value is 1.22 ×
108 M-1 s-1. However, due to the limited number of data
that could be obtained at low pHs, as a result of the low
solubility of MO under these experimental conditions, we
will not discuss these results any further.

Discussion

The thermal cis-trans isomerization of MO is proposed
to be represented as shown in Scheme 1. According to
Scheme 1, cis-azonium ions (transient species absorbing
at λ > 500 nm) are generated by (i) acid/base-catalyzed
tautomerization of cis-ammonium ions (assumed to be
formed by rapid protonation of cis-MO generated upon
355-nm laser induced trans-cis isomerization), and (ii)
acid-catalyzed protonation of cis-MO. On the basis of the
inhibition of MO isomerization by HO- previously re-
ported,18,19 and the fact that the observed rate constant
does not show any buffer independent term (see below),

(23) Eigen, M. Angew. Chem., Int. Ed. Engl. 1964, 3, 1.

Table 1. Kinetic Parameters for the Thermal Cis-Trans Isomerization of MO in Buffered Aqueous Solutiona

phosphate buffer succinate buffer acetate buffer

xi
b

P(1)
106 M-1 s-1

P(2)
M-1 xi

b
P(1)

107 M-1 s-1
P(2)
M-1 xi

b
P(1)

107 M-1 s-1
P(2)
M-1

0.437 4.2 ( 0.2 185 ( 9 0.129 1.09 ( 0.03 85 ( 4 0.078 1.34 ( 0.04 49 ( 3
0.563 5.6 ( 0.3 158 ( 13 0.189 1.52 ( 0.05 73 ( 4 0.114 2.01 ( 0.09 47 ( 4
0.651 6.4 ( 0.4 117 ( 12 0.239 2.08 ( 0.08 87 ( 5 0.170 3.0 ( 0.1 50 ( 4
0.734 7.8 ( 0.4 110 ( 8 0.278 2.35 ( 0.09 74 ( 5 0.258 4.6 ( 0.2 56 ( 6
0.784 8.6 ( 0.5 93 ( 9 0.366 3.4 ( 0.2 81 ( 7
a At 21 °C, I ) 0.2 M (NaCl). b Molar fraction of acidic component of buffer.

Figure 3. Plot of 1/kobs vs 1/[buffer]T for MO in buffered
aqueous solutions (acetate buffer).

Figure 4. Transient absorption spectra for MO (pH ) 4.5,
acetate buffer) obtained within 0.7 µs (4) and 7.0 µs (O) after
laser pulse. Inset: kinetic trace recorded at 540 nm.

Table 2. Growth Rate Constant (kgrowth) for Cis-Trans
Isomerization of MO in Buffered Aqueous Solution as a

Function of Total Buffer Concentration and pHa

kgrowth, 10
6 s-1 b

pH

[buffer]T, M 4.73c 4.55c 4.60d

0.0050 1.50 1.72 1.82
0.0075 1.90 1.96 2.11
0.010 2.10 2.44 2.30
0.0125 2.50 2.62 2.65
0.015 2.60 2.65 2.92
0.020 3.10 3.20 3.22
0.025 3.60 3.59 3.51
0.030 3.75 4.00 4.00

a At 21 °C, I ) 0.2 M (NaCl), λmonitoring ) 540 nm. b Error ( 15%.
c Acetate buffer. d Succinate buffer.

kgrowth ) (k1
H+

+ k2
H+

)[H+] + (k1
acid + k2

acid)xi[buffer]T

(3)
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we conclude that k4 and k5 are negligible. In addition,
the cis-trans isomerization of 1-hydroxy-4-(phenylazo)-
naphthalene is shown to be extremely fast as a result of
isomerization proceeding via the hydrazone isomer.24

Thus, only k6 becomes significant in the present case.
Assuming that, for the data taken at pH > 5.0, cis-

azonium ions are steady-state intermediates, the expres-
sion for the corresponding observed rate constant would
be given by eq 4

where f ) {[H+]/([H+]+(k-1/k1))}, xi represents the molar
fraction of acidic component of the buffer, ki

acid and ki
base

represent catalytic rate constants for the acidic and basic
components of the buffer, and ko represents the buffer
independent rate constant.25 As already mentioned, plots
of 1/kobs vs 1/[buffer]T at pH > 5.0 are linear (Figure 3),
which indicates that under these experimental condi-
tions, the buffer independent term (ko) is indeed negli-
gible. Thus, the comparison of eq 4 with eq 2 results in
the kinetic parameters P(1) and P(2) given by eq 5 and
6.

To evaluate the catalytic rate constants involved in eq
5, it becomes necessary to determine the value of f )
{[H+]/([H+] + (k-1/k1))}. This, in turn, requires the value
of the acid dissociation equilibrium constant of cis-
ammonium ions (i.e., Ka ) k-1/k1). Rearrangement of eq
4 (ko negligible) leads to eq 7,

The intercept values obtained from the linear plots of
1/kobs vs 1/[buffer]T (Figure 3), Y, are found to depend
linearly on 1/[H+] (Figure 5). From eq 7 results,

where Ka ) k-1/k1. Thus, and according to eq 8, a linear
dependence on 1/[H+] requires the term (Kak2

acidxi) in the
denominator to be negligible. Microscopic reversibility
requires that the term k-2

base in the numerator of eq 8 to
be negligible too. This is equivalent to say that the
formation of cis-azonium ions takes place through the
general acid/base-catalyzed pathway rather than through
the pathway involving protonation at the azo group of
cis-MO. For the latter mechanism, the degree of solvent
reorganization involved is probably much larger than
that for the former. Provided that these assumptions are
valid, the ratio slope/intercept corresponding to plots of
Y vs 1/[H+] would yield Ka, i.e., the acid dissociation
equilibrium constant of cis-ammonium ions. For succi-
nate and acetate buffers an average Ka value of 1 × 10-5

M is obtained. This value is significantly smaller than
the reported acid dissociation equilibrium constant for

(24) Fischer, E.; Frei, Y. F. J. Chem. Soc. 1959, 3159.
(25) From the steady-state approximation for cis-azonium ions, ko

is given by

ko )
k6{(f)[k3 + k3

H+
[H+] + k3

OH-
[OH-]] + (1 - f)(k2 + k2

H+
[H+])}

k6 + {k-3 + k-3
H+

[H+] + k-2 + (k-3
OH-

+ k-2
OH-

)[OH-]}

Scheme 1

kobs ) ko +

k6{(f)[k3
acidxi + k3

base(1 - xi)] + (1 - f)k2
acidxi}[buffer]T

k6 + {k-3
acidxi + (k-3

base + k-2
base)(1 - xi)}[buffer]T

(4)

P(1) ) (f){k3
acidxi + k3

base(1 - xi)}+(1 - f)k2
acidxi (5)

P(2) ) {k-3
acidxi + (k-3

base + k-2
base)(1 - xi)}/k6 (6)

1
kobs

)

1 + {[k-3
acidxi + (k-3

base + k-2
base)(1 - xi)}/k6[buffer]T

{(f)[k3
acidxi + k3

base(1 - xi)] + (1 - f)k2
acidxi}[buffer]T

(7)

Y )
([H+] + Ka){k-3

acidxi + (k-3
base + k-2

base)(1 - xi)}/k6

[H+]{k3
acidxi + k3

base(1 - xi)} + Kak2
acidxi

(8)
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trans-ammonium ions (i.e., pKa ) 2.7026-2.8727). It
should be pointed out here that the trans and cis forms
of azobenzene and of some of its derivatives are known
to have different basicities.17,28,29 For instance, the pKa

values for trans- and cis-azobenzene are -2.95 and -2.25,
respectively,29 whereas pKa values of 2.9 and 10.7 were
deduced for the cis-cation and cis-neutral species of
2-hydroxy-5-methylazobenzene, respectively, as com-
pared to -1.5 and 9.4 determined for the trans species.17

For trans-MO, as in the case of other 4-aminoazoben-
zenes, it has been shown that the â-nitrogen of the azo
group (pKa ) 3.2726-3.4027) is more basic than the amino
nitrogen (pKa ) 2.7026-2.8727). This result can be inter-
preted at least in part through resonance, which de-
creases the electron density at the amino nitrogen as well
as increases the stability of the azonium species (Scheme
2). In the case of cis-MO, since the coplanarity between
the azo group and the benzene rings is hindered for steric
reasons, one could anticipate these resonance effects to
be less effective. In fact, the trans form of azobenzene is
known to be considerably more stable than the cis form,
as a result of the resonance stabilization in the almost
coplanar structure of the former. In cis-azobenzene the
benzene rings are rotated out of the plane containing the
azo group by ca. 50°, due to steric repulsion between the
hydrogen atoms in the 2,2′-positions.29 Molecular model-
ing calculations, using the AM1 semiempirical method
of HyperChem 3, allowed us to determine that in cis-MO
the aryl rings containing the sulfonic and amino groups
are rotated 36° and 40° out of the plane, respectively.
Also, the resulting -NdN- bond lengths for cis-MO and
trans-MO are 1.20 and 1.23 Å, respectively, consistent
with a lower resonance interaction in the cis form. Thus,
a greater basicity for the amino nitrogen (as well as a
smaller tautomeric equilibrium constant, KT) in MO
would be predicted for the cis isomer relative to the trans

form. In fact, the pKa value of 5 determined from our
experiments is quite similar to the pKa value correspond-
ing to N,N-dimethylanilinium ions (i.e., pKa ) 5.15).30

According to eq 8, and as a result of the linear
dependence observed on 1/[H+], eq 5 and 6 can be
simplified to eq 9 and 10.

Analysis of the kinetic parameters P(1)/f (where f )
{[H+]/([H+] + 1 × 10-5)}) and P(2) in terms of the molar
fraction of the acidic component of the buffer (xi) yielded
the catalytic coefficients given in Table 3. Using these
values we could reproduce very well the experimental
observed rate constants (relative error e 6%). Also, the
ratios (k3

acidk6)/k-3
acid and (k3

basek6)/k-3
base are all about the

same (1.2-1.4 × 106 s-1), with exception of the data for
acetate which give a ratio somewhat higher (2.1 × 106

s-1) but still acceptable considering the propagation of
errors. These ratios are expected to be all equal since they
represent the product between the equilibrium constant
for tautomerization (k3/k-3) and the rate constant for
isomerization (k6); this product should be independent
of the type of acid and base employed. Comparison of the
catalytic coefficients given in Table 3 clearly shows that
the thermal cis-trans isomerization of MO is catalyzed
by general acids and general bases. Interestingly, these
observations are quite comparable to the catalysis ob-
served in the case of the enolization of simple carbonyl
compounds both by acids and bases.31 The general acid-
catalyzed and base-catalyzed tautomerization of MO are
proposed to be represented as shown in Scheme 3, i.e.,
the transition states contain water, MO, and the general
acid (AH) or base (A-). We noted that the participation(26) Tawarah, K. M.; Abu-Shamleh, H. M. Dyes Pigments 1991, 16,

241.
(27) Reeves, R. L. J. Am. Chem. Soc. 1966, 88, 2240.
(28) Collins, J. H.; Jaffe, H. H. J. Am. Chem. Soc. 1962, 84, 4708.
(29) Krueger, P. J. Basicity, hydrogen bonding and complex forma-

tion; Krueger, P. J., Ed.; John Wiley and Sons: New York, 1975; Vol.
1, p 168.

(30) Handbook of Chemistry and Physics; Lide, D. R., Ed.; CRC
Press: Boca Raton, 1996-1997; pp 8-45.

(31) Hegarty, A. F.; Dowling, J. P.; Eustace, S. J.; McGarraghy, M.
J. Am. Chem. Soc. 1998, 120, 2290.

Figure 5. Plot of intercept values (Y, obtained from plots of
1/kobs vs 1/[buffer]T) vs 1/[H+] corresponding to acetate buffer
(O) and succinate buffer (4).

Scheme 2

P(1) ) (f){k3
acidxi + k3

base(1 - xi)} (9)

P(2) ) {k-3
acidxi + k-3

base(1 - xi)}/k6 (10)
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of two molecules of a protic solvent, one acting as a base
and another as an acid, was previously proposed for the
thermal isomerization of 1,3-diphenyltriazene.32 Further-
more, the data in Table 3 shows that catalysis by general
bases is characterized by a value of â ) (0.33 ( 0.07),
whereas catalysis by general acids has a value of R )
(0.38 ( 0.07). We are fully aware that these R and â
values are heavily influenced by the rate constants for
phosphate buffer (Figure 6). Unfortunately the pKa range
cannot be expanded further: (i) at low pH the substrate
precipitates, and (ii) at pH > 7, the reaction becomes too
slow for our experimental technique.

In summary, as a result of an acid/base-assisted
tautomerization of cis-ammonium ions into cis-azonium
ions, the thermal cis-trans isomerization of MO is found
to be catalyzed by general acids and general bases. Cis-
azonium ions are proposed to easily isomerize via rotation
around the -NdN- bond due to a decrease in the double
bond character. Furthermore, cis-ammonium ions are
estimated to be significantly less acidic than the isomeric
trans ions, a result which is attributed to less effective
resonance effects in the former due to steric reasons.

Experimental Section

Methyl orange (Aldrich) was recrystallized from ethanol
before use. Aqueous buffer solutions were prepared using
reagent grade salts and water purified in a Millipore ap-
paratus.

Proton concentrations were calculated from the observed pH
by using a value of 0.753 for the proton activity coefficient.33

Molar fractions were calculated by using the acid dissociation
equilibrium constants determined potentiometrically under
our experimental conditions (µ) 0.2 M, 21 °C). Thus, pKa

values were obtained by extrapolating the pH values of
solutions containing the acid and base forms in 1:1 ratio to
zero concentration (Table 3); resulting values agree very well
with those reported previously.34

Laser experiments were carried out using a Q-switched Nd:
YAG laser (Continuum, Surelite I) operated at 355 nm (4-6
ns pulses, <30 mJ/pulse) for excitation. The system is con-
trolled by a Power Mac 7100/80 computer running LabView
3.1.1 from National Instruments. This computer is interfaced
(GPIB) to a Tektronix TDS 620 A digitizer used for data
acquisition. Further details on this laser system have been
reported elsewhere,35 except that in the case of the experiments
described in this work (i.e., transmission flash photolysis) a
150 W xenon lamp located behind the sample cell provided
the monitoring beam, and the laser beam excited the sample
at right angle to the monitoring beam. Solutions were con-
tained in quartz cells constructed of 7 × 7 mm2 Suprasil
tubing. All measurements were performed at 21 °C.
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Table 3. Catalytic Constants for the Thermal Cis-Trans Isomerization of MO in Buffered Aqueous Solutiona

acid pKa
a,b k3

acid, 107 M-1 s-1 k3
base, 107 M-1 s-1 k-3

acid/k6, M-1 k-3
base/k6, M-1

CH3COOH 4.60 (18.9 ( 0.4) (5.04 ( 0.09) 88 ( 13 44 ( 3
HOOCCH2COO- 5.20c (9.8 ( 0.2) (9.8 ( 0.2) 80 ( 3 80 ( 3
H2PO4

- 6.79 (3.2 ( 0.4) (42.8 ( 0.7) 33 ( 11 303 ( 19
a At 21 °C, I ) 0.2 M (NaCl). b Determined potentiometrically. c In addition, a value of pKa1 ) 3.90 was determined.

Scheme 3

Figure 6. Brønsted plots for catalysis of the tautomerization
of cis-MO by general acids (4) and general bases (O).
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