
lable at ScienceDirect

Dyes and Pigments 88 (2010) 180e186
Contents lists avai
Dyes and Pigments

journal homepage: www.elsevier .com/locate/dyepig
Thermal cis-to-trans isomerisation of triazene dyes in doped polymer films

Ryan Tabone, Mónica Barra*

Department of Chemistry, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1
a r t i c l e i n f o

Article history:
Received 19 April 2010
Received in revised form
10 June 2010
Accepted 12 June 2010
Available online 25 June 2010

Keywords:
Photochromism
Triazenes
ZeE isomerisation
Kinetics
Doped films
* Corresponding author. Tel.: þ1 519 888 4567x359
E-mail address: mbarra@uwaterloo.ca (M. Barra).

0143-7208/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.dyepig.2010.06.006
a b s t r a c t

The kinetics of the thermal conversion of the cis to the trans isomeric forms of 1,3-diphenyltriazene and
1-phenyltriazenes derived from cyclic amines were determined in both poly(methyl methacrylate) and
polystyrene doped films in the glassy state, using UVevisible absorption spectroscopy. The kinetics of
1,3-diphenyltriazene are well explained by a two-exponential function, whilst those of 1-phenyltriazene
derivates fit a first-order rate law. In all cases, the rate of thermal cis-to-trans isomerisation is higher in poly
(methylmethacrylate) than in polystyrene. Rate dependence on dye structure and polymermatrix polarity
is consistent with isomerisation taking place via a rotation mechanism.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Cisetrans (ZeE) isomerisation of double bonds, induced (at least
in one direction) by exposure to light, constitute the foundation of
a large number of photochromic compounds that are used in
biosensors, molecular motors and shuttles, high-density data
storage media and switching elements for microelectronics [1]. An
interesting class of photoswitchable material based on cisetrans
isomerisation around a nitrogen-nitrogen double bond is repre-
sented by triazenes, which have a diazoaminomoiety (eN]NeN<)
and offer potential use in light-driven molecular switches [2]. A
rational design of triazene-based photoresponsive materials
requires an understanding of the factors which control geometrical
isomerisation mechanism(s) and reaction kinetics. In this context,
previous studies by the present authors have focussed on the
mechanism of thermal relaxation of photochemically generated cis
isomeric forms of 1,3-diphenyltriazenes and of 1-phenyltriazenes
derived from cyclic amines (i.e., trisubstituted triazenes) in
homogenous solution. Thermally driven cis-to-trans isomerisation
of 1,3-diphenyltriazenes dissolved in aqueous media involves an
acid/base-promoted 1,3-prototropic rearrangement (Scheme 1) [3],
analogous to acid/base-catalyzed keto-enolisation [4]; thermal
cis-to-trans isomerisation of 1-phenyltriazenes derived from cyclic
amines, in contrast, proceeds in organic solvents via an internal
rotation mechanism (Scheme 2) involving heterolytic rupture of
48; fax: þ1 519 746 0435.

All rights reserved.
the N]N p-bond and twisting around the CeN]NeN dihedral
angle [5], in a manner similar to the isomerisation of donor/
acceptor-substituted (‘pushepull’) azobenzenes [6].

Bearing in mind that many applications of photoresponsive
materials require the chromophores to be incorporated in a poly-
meric matrix of some sort, and since cisetrans isomerisation reac-
tions are space-demanding processes (hence, one would expect
isomerisation kinetics to be influenced by environment-imposed
constrains), a study of the kinetics of thermal relaxation from cis to
trans isomeric forms of 1,3-diphenyltriazene (DPT) and of a set of
1-phenyltriazenes derived from cyclic amines (Chart 1) was carried
out in doped polymer films using poly(methyl methacrylate)
(PMMA) and polystyrene (PS) of various Mw. The results of such
a study are reported here.
2. Experimental

2.1. Materials

1,3-Diphenyltriazene (Aldrich) was purified by treatment with
Cd(OH)2 generated in situ from Cd(NO3)2 (Allied Chemical) in
methanol (ACS grade, EM Science) basic aqueous solution, as
described in the literature [7]. 1-Phenyltriazenes derived from
cyclic amines were existing samples from a previous study [5].
Toluene (Omnisolv grade, EM Science) was used as received. Seven
poly(methyl methacrylate) polymers were employed as received;
from Aldrich, a syndiotactic/atactic/isotactic (59/37/4) sample with
Mw ¼ 350,000 (Tg ¼ 122 �C) and an atactic sample with
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Chart 1. Target substrates.

Scheme 1.
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Mw ¼ 996,000 (Tg ¼ 125 �C); from Polymer Source, three atactic
samples withMw ¼ 112,000 (Mw/Mn ¼ 1.6), 226,000 (Mw/Mn¼ 1.9),
and 641,000 (Mw/Mn ¼ 2.0), respectively, and one syndiotactic/
atactic/isotactic (79/16/5) sample with Mw ¼ 114,500 (Mw/
Mn ¼ 1.08); from Scientific Polymer Products, an atactic sample
with Mw ¼ 75,000 (Tg ¼ 98 �C). Three polystyrene polymers (from
Polymer Source) were employed as received; atactic samples with
Mw ¼ 10,800 (Mw/Mn ¼ 1.08), 51,000 (Mw/Mn ¼ 1.06), and 310,300
(Mw/Mn ¼ 1.1), respectively.
2.2. Methods

Polymeric films were prepared employing an extensor tech-
nique using solutions of PMMA (15 wt.%) or PS (10 wt.%) in toluene
containing the triazene probe (DPT, w1 mg/mL; trisubstituted tri-
azenes, w2 mg/mL). A small quantity of each viscous solution was
dropped on a clean microscope slide and the solution was then
extended along the slide using a calibrated drawdown rod (AP-JR
28 from Paul N. Gardner Company). After solvent evaporation at
room temperature, polymeric films of ca. 18 mm of thickness were
obtained. For trials in solution, quartz cells constructed of 7� 7mm
Suprasil tubing were employed.

All samples were irradiated using a Rayonet photoreactor fitted
with one RPR-3500 Å lamp. After an irradiation period of 30 s,
samples were quickly transferred to a UVevisible spectrophotom-
eter where kinetic traces corresponding to thermal cis-to-trans
isomerisation were recorded by measuring the increase in absor-
bance (at 355 nm (DPT) or 325 nm (1-phenyltriazene derivatives))
as a function of time. Percent photolytic decomposition yields were
Scheme 2.
calculated from the absorbance values recorded before lamp irra-
diation and after the thermal cis-to-trans isomerisation was
completed. In no case did light exposure in the conventional
spectrophotometer lead to any detectable photoisomerisation or
decomposition.

All measurements were carried out at room temperature, i.e.,
(21 � 1) �C, well below the glass transition temperature of the
polymers employed in the study. Values for observed rate constants
were obtained by fitting corresponding kinetic traces to single or
double exponential functions using the general curve-fitting
procedure of KaleidaGraph (version 3.6.4) from Synergy Software.
Reported values correspond to the average of two to four inde-
pendent runs. Lifetime distribution analyses were carried out using
the exponential series method (ESM) software (modified version
for transient absorption) from Photon Technology International.
The fitting function consisted of 100 exponentials terms (with
fixed, logarithmically spaced lifetimes ranging from 10 s to 106 s)
and variable pre-exponential factors. Molecular modeling calcula-
tions were performed using the Gaussian03 package of programs
[8], available at the facilities of the Shared Hierarchical Academic
Research Computing Network (SHARCNET) and Compute/Calcul
Canada. Full geometry optimizations were performed using DFT-
B3LYP method and 6-31G* basis set. The characterization of
stationary points was done as usual by Hessian matrix calculations;
transition state structures were first located using the QST2 option.
3. Results and discussion

Target cis-triazenes were generated upon lamp irradiation
(at 350 nm) of the corresponding trans form; the latter, as shown by
X-ray diffraction measurements [9], appears to be the configuration
always adopted in the ground-state. The embedding of target
substrates in PMMA or PS films does not produce any relevant
change in the absorption spectra of the trans isomers in comparison
to the spectra recorded in organic solvents, indicating that photo-
excitation (and in turn, photoisomerisation) of individual triazeno
moieties in polymer matrices and in solution require essentially the
same energy. Similar to the results reported for solution studies,
trans-to-cis photoisomerisation of target substrates in doped



Fig. 2. Absorption spectra for Cl-4 in PMMA film recorded within 10 s (a) and 1.5 h (b)
after lamp irradiation. Inset: corresponding cis-to-trans kinetic trace. The solid line is
the best fit to a monoexponential function.
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polymer films leads to a decrease in absorbance around the lmax of
the longest wavelength absorption band (associated with the pep*
electronic transition of the triazeno group [10]), since cis isomers
have lower absorptivity than the trans forms in that spectral region
[3,5]. An increase in absorbance, however, takes place in the dark as
the cis forms spontaneously isomerize back to the thermodynam-
ically more stable trans isomers, as illustrated in Figs. 1 and 2 (the
isosbestic points displayed at 310.5 and 359.6 nm, respectively, are
certainly an indication of interconversion between two states).

Kinetic traces corresponding to thermal cis-to-trans isomer-
isation of DPT in doped PMMA or PS films in the glassy state cannot
be fitted with a single exponential function, a common observation
with photochromic unimolecular reactions taking place in con-
strained reactionmedia like polymermatrices [11]. Deviations from
first-order kinetics are typically attributed to the inhomogeneous
distribution of local free volume (sites) in the polymer matrix,
hence imposing a distribution of localized barriers on the steric
requirements of the reaction, as often reported for thermal cis-to-
trans isomerisation of azobenzenes in polymer films [12], for
example. Growth traces for thermal relaxation from cis to trans
isomeric forms of DPT in doped films, however, are very well
reproduced by a double exponential function (e.g., Fig. 1 inset), and
resulting observed rate constants are summarized in Table 1. The
applicability of a biexponential function agrees excellently with the
results obtained from ESM analyses. As illustrated in Fig. 3 (top),
EMS fittings reveal indeed a bimodal distribution both in PMMA
and PS films, indicating at least two differentmodes of reaction (i.e.,
a ‘slow’ and a ‘fast’ isomerisation pathway). It is important to point
out then that, since the kinetics in (DPT) doped polymer matrices
seem to be controlled by distributions rather than by (two) discrete
rate constants, the two values listed in Table 1 for each of the DPT
samples analyzed represent empirical (mean) rate constants.
Comparison of these values clearly indicates that, regardless of the
polymer matrix employed, the slow thermal isomerisation mode
(ks), dominant in all cases, accounts for at least 70% (typically>80%)
of the recovery signal, with ks values in PS films being considerably
smaller than those in PMMA films (a more polar matrix). Further-
more, changes neither in tacticity nor in molecular weight seem to
Fig. 1. Absorption spectra for DPT in PMMA film recorded within 10 s (a) and 1.5 h (b)
after lamp irradiation. Inset: cis-to-trans kinetic trace for DPT in PS film. The solid line
is the best fit to a biexponential function.
have any significant influence on the rate of isomerisation, sug-
gesting that, within the weight range employed in this study, there
is no (significant) variation in free volume cavity size along the
polymer series. It is also noticed that the reactivity in PMMA films
(in agreement with an earlier report [13a]) is of comparable
magnitude to that of the first-order rate constant for isomerisation
in nonpolar solutions (e.g., 7 � 10�3 s�1 in cyclohexane [13b],
4� 10�3 s�1 in benzene), which in turn is 106e108 times lower than
that reported for DPT isomerisation in aqueous media [3a,3b].

The isomerisation mechanism of DPT in aprotic solvents in the
absence of proton carriers (i.e., under conditions where 1,3-proto-
tropic rearrangements [14] are precluded [15]) is yet to be deter-
mined. Nevertheless, one may consider, similarly to the case of
azobenzenes [6], the following two (limiting) mechanisms for
thermal cis-to-trans isomerisation of DPT: a rotationmechanism (as
illustrated in Scheme 2 for 1-phenyltriazene derivatives) or an
inversion mechanism (via a transition state involving a linear sp
hybridized nitrogen). Owing to the contribution of a 1,3-dipolar
resonance form to the structure of the triazeno moiety (eN1]

N2eN3< 4 eN�eN]Nþ<), which decreases the N1]N2 bond
Table 1
Observed rate constants for cis-to-trans isomerisation of DPT in doped polymer
filmsa.

Polymerb Mw (g mol�1) kf (10�3 s�1) ks (10�3 s�1) As
c (%)

PMMA 75,000 5.3 (9) 1.1 (2) 92 (1)
112,000 6 (1) 1.3 (1) 89 (3)
114,500d 7.2 (8) 1.7 (1) 70 (5)
226,000 5 (2) 1.4 (3) 75 (2)
360,000e 4 (1) 0.84 (9) 87 (5)
641,000 3.6 (1) 0.82 (1) 88 (1)
996,000 4 (1) 1.1 (9) 80 (9)

PS 10,800 1.3 (6) 0.07 (2) 91 (2)
51,000 0.7 (2) 0.05 (1) 87 (6)

310,300 0.5 (2) 0.048 (6) 81 (9)

a Error for last significant figure given in brackets, T ¼ 21 �C.
b Atactic polymer sample, unless stated otherwise.
c Percent pre-exponential (weight) factor for ks.
d Syndiotactic/atactic/isotactic (79/16/5) polymer sample.
e Syndiotactic/atactic/isotactic (59/37/4) polymer sample.



Fig. 3. Lifetime distributions for: (A) DPT in PS film, (B) DPT in PMMA film, (C) Me-5 in
PS film, and (D) Me-5 in PMMA film.

Fig. 4. Calculated lowest-energy cis-rotamers and corresponding transition state (
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order, one could expect triazenes to resemble the behavior of
pushepull azobenzenes, hence predominance of a rotation mech-
anism would be anticipated. The 1,3-dipolar resonance form also
accounts for the characteristic restricted rotation around the N2eN3

bond of cis [16] and trans [17] triazenes, which in turn leads to two
minimum-energy conformations about the NeN bond (i.e., s-cis
and s-trans rotamers) for each configurational isomer. Preliminary
theoretical calculations for thermal cis-to-trans isomerisation of
DPT in the gas phase render indeed transition state structures
indicative of torsion around the N1]N2 bond (C‑N]N‑N ca. 90�) of
the two minimum-energy cis-rotamers that are first generated
(as non-equilibrium mixture) upon trans-to-cis photoisomerisation
of DPT. As depicted in Fig. 4 and summarized in Table 2, the opti-
mized transition states show, in comparison to the ground-state cis
structures, not only torsion around the N]N group but also some
degree of N1 inversion, as inferred from the ca. 25� opening of the
CeN]N angle and somewhat shortened N]N bond (in contrast to
results for 1-phenyltriazenes, for which torsion around the N]N
group is accompanied by lengthening of the N1]N2 bond [5], as
expected for a simple rotation mechanism). Onemay speculate that
the bimodal kinetics observed for thermal isomerisation of DPT in
PMMA and PS doped films results from (a fraction of) the two
metastable cis-rotamers (characterized by dissimilar isomerisation
barriers due to stereoelectronic factors) not being able to inter-
convert freely in the polymer matrix. The non-monoexponential
kinetics (typically modeled by a biexponentials function) for
thermal cis-to-trans isomerisation of azobenzenes, for example,
have been attributed to the trapping of some cis isomers in
a stressed or strained state that isomerize more rapidly to the trans
form than the relaxed-cis species (e.g., [12c,12e,12f]). Alternatively,
since isomerisation of an azobenzene-PMMA copolymer has been
shown not to influence the free volume cavity size of the
TS) structures for thermal cis-to-trans isomerisation of DPT in the gas phase.



Table 2
Selected geometric parameters and energy barriers calculated for DPT in the gas phase at the B3LYP/6-31G* level of theory.

Parameter Isomer

Cis-s-cis s-cis TSa Trans-s-cis Cis-s-trans s-trans TSa Trans-s-trans

N]N (Å) 1.252 1.234 1.265 1.260 1.249 1.265
NeN (Å) 1.392 1.382 1.341 1.344 1.343 1.335
CeN]N (deg) 126.4 152.0 113.4 120.1 144.2 114.7
N]NeN (deg) 122.2 118.5 116.4 119.8 115.3 112.0
NeNeC (deg) 127.3 129.6 123.0 121.5 122.6 123.0
CeN]NeN (deg) �7.4 �90.1 �180.0 �180.0 89.8 �180.0
Dipole (D) 3.240 3.425 1.535 3.252 4.019 0.921
DEb (kcal mol�1) 20.3 39.5 4.6 9.4 36.7 0.0

a Transition state structure.
b Relative to trans-s-trans isomeric form, ZPE correction included.
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copolymer, the bimodal kinetics for isomerisation of azobenzenes
have been interpreted in terms of a four-state model, in which
isomerisation only occurs in unrestricted sites whose occupancy is
(in part) controlled by the rate of isomer exchange between
restricted (unreactive) and unrestricted (reactive) sites [12b]. While
these models certainly do not require multiple reacting isomeric
species to rationalize non-monoexponential kinetics, we speculate
the bimodal behavior observed for thermal isomerisation of DPT in
PMMA and PS films derives from cis-rotamers relaxing to the trans
form independently of each other, since kinetic traces corre-
sponding to isomerisation of 1-phenyltriazenes involved in this
study (i.e., triazenes with a symmetrically disubstituted N3 site) fit
to a monoexponential function (vide infra) regardless of guest size
and reactivity order. Parallel reactions for (slow-interconverting)
rotational isomers have indeed been reported not only for iso-
merisation of unsymmetrically substituted 1,3-diphenyltriazenes
dissolved in aqueous media [3c,16b], but also for the ring closure
reaction of carbamate derivatives [18], for instance. In regards to
cis-DPT rotamers, it is noticed that for either conformational isomer
an increase in dipole moment on going from ground-state cis
structure to transition state is computed (Table 2), consistent with
the increase observed both in kf and ks with increasing polymer
matrix polarity (average values ca. 8� 10�4 s�1 and 6� 10�5 s�1 vs.
5 � 10�3 s�1 and 1 � 10�3 s�1 for kf and ks in PS and PMMA films,
respectively).
Table 3
Observed rate constants for cis-to-trans isomerisation of 1-phenyltriazenes derived
from cyclic amines in doped polymer filmsa.

Substrate kPS
b (10�2 s�1) kPMMA

c (10�2 s�1)

MeO-4 d 0.00026 (2)
MeO-5 0.065 (2) 0.211 (2)
MeO-6 1.41 (8) 3.2 (4)
MeO-6O 0.152 (2) 0.43 (1)
MeO-7 5.1 (4) d

Me-5 0.442 (4) 1.22 (2)
0.443 (5)e 1.10 (1)f

0.436 (2)g 1.04 (2)h

1.14 (1)i

H-5 2.03 (4) 6.0 (3)
H-6O 4.2 (2) 8 (1)
Cl-4 0.018 (1) 0.066 (2)
CF3-4 0.79 (1) 5.0 (7)

a Error for last significant figure given in brackets, T ¼ 21 �C.
b Atactic PS sample, Mw ¼ 51,000 (unless stated otherwise).
c Syndiotactic/atactic/isotactic (59/37/4) PMMA sample, Mw ¼ 350,000 (unless

stated otherwise).
d Not measured.
e Mw ¼ 10,800.
f Atactic PMMA sample, Mw ¼ 75,000.
g Mw ¼ 310,300.
h Atactic PMMA sample, Mw ¼ 226,000.
i Atactic PMMA sample, Mw ¼ 641,000.
Growth traces corresponding to thermal cis-to-trans isomer-
isation of target 1-phenyltriazenes derived from cyclic amines in
doped PMMA or PS films in the glassy state, as just mentioned, are
much simple. Kinetic traces are very well reproduced by a single
exponential function (e.g., Fig. 2 inset), consistent with the unim-
odal distribution revealed by ESM analyses (Fig. 3, bottom);
observed rate constants resulting from first-order fittings are
summarized in Table 3. Comparison of values for PS (kPS) or PMMA
(kPMMA) films clearly shows an increase in reactivity with (i)
increasing cyclic amine ring size (MeO-4 to MeO-7), (ii) decreasing
electronegativity of the cyclic amine ring atoms (MeO-6O vs. MeO-
6), and (iii) increasing electronegativity of the phenyl ring substit-
uent (e.g., MeO-4 < Cl-4 < CF3-4). Moreover, for any given
substrate, an increase in reactivity is seen on going from PS to
PMMA films. Comparison of values given in Table 3 for Me-5 also
indicates that neither tacticity nor polymer molecular weight, as in
the case of DPT, seems to affect the isomerisation rate.

The rate dependence on photochromic dye structure and poly-
mer matrix polarity described above for 1-phenyltriazenes derived
from cyclic amines is in excellent agreement with the internal
rotation mechanism (Scheme 2) previously proposed for thermal
isomerisation in organic solvents [5], for which stabilization of
a polar (charge-separated) transition state is crucial. The increase in
reactivity observed with polymer polarity is certainly in agreement
with matrix polarity effects reported for other polar photochromic
Fig. 5. Plot of observed rate constants for isomerisation of 1-phenyltriazene deriva-
tives in polystyrene films versus reported values for isomerisation in benzene solution.



Fig. 6. Plot of observed rate constants for isomerisation of 1-phenyltriazene deriva-
tives in poly(methyl methacrylate) films versus reported values for isomerisation in
acetonitrile solution.
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reactions, such as the electrocyclic ring opening characteristic of
spiro-compounds, for example, whose rate increases in polar
polymer matrices [19]. Interestingly, kPS values are found to
correlate very well with reported rate constants for isomerisation
in benzene solution (Fig. 5), while kPMMA values correlate excel-
lently with those determined in acetonitrile solution (Fig. 6) [5];
slope values are 0.61�0.03 and 0.51�0.01, respectively (negligible
intercept in both cases). These linear plots would be indicative of
similar specific soluteesolvent/polymer matrix interactions for
each type of reaction medium, i.e., nonpolar (PS and benzene) or
polar (PMMA and acetonitrile), as no linear correlation is in fact
seen when comparing either kPS vs. kPMMA values or benzene
vs. acetonitrile data.

Lastly, it is important to point out that under UV irradiation
triazenes can not only undergo trans-to-cis photoisomerisation but
also decompose via N2eN3 homolytic bond fission [20]. Photolysis
easily manifests itself by an irreversible decrease in absorbance
(bleaching) around the longest wavelength absorption band of
triazenes; moreover, its yield is found to increase as the polarity of
the reactionmedium decreases [5,21], i.e., as the stabilization of the
1,3-dipolar resonance form of triazenes (vide supra), and hence the
N2eN3 bond order, decreases.1 Under the experimental conditions
of this study, however, photolysis of target substrates is essentially
negligible (typically <3%, if at all significant), even in the case of
substrates for which decomposition in nonpolar solutions is
certainly noticeable (e.g., 12% and 24%, respectively, for MeO-6 and
MeO-6O [5] and 10% for DPT in benzene solutions). The decrease in
photolytic decomposition in (nonpolar) polymer films relative to
that in solution is attributed to a more effective in-cage radical-pair
recombination (between phenylazenyl and amino/anilino radicals)
in polymer matrices.
1 Predominant photolytic decomposition precluded indeed the analysis of
N-substituted DPT derivatives such as 3-methyl-1,3-diphenyltriazene [22], to study
further the role of unsymmetrical disubstitution at N3 on the isomerisation
mechanism.
4. Conclusions

The rate of thermal cis-to-trans isomerisation of 1-phenyltriazenes
derived from cyclic amines (i.e., trisubstituted triazenes) in doped
PMMAand PSfilms in the glassy state can be described byafirst-order
rate law, whereas that for isomerisation of DPT (a disubstituted tri-
azene) fits a biexponential function. Rate dependence on substrate
structure (1-phenyltriazenes series) and on polymer matrix polarity
(all substrates), in agreement with theoretical simulations (DPT) and
previous solution studies (1-phenyltriazenes series), is consistentwith
geometrical isomerisation involving rotation around the N]N bond
via a dipolar transition state. In the case of 1-phenyltriazene deriva-
tives, isomerisation rate constants determined in PMMA and PS films
are found tobedirectlyproportional to rate constants for isomerisation
in acetonitrile and benzene solutions, respectively. Kinetic data pre-
sented herein should prove useful in the design of triazene-based
photoresponsive materials.
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