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Abstract. Dynamics of isomerization and fluorescence depolarization of
merocyanine 540 (MC540) in an aqueous solution of polyacrylic acid (PAA) have
been studied using picosecond time resolved fluorescence spectroscopy. It is observed
that the dynamics of isomerization and depolarization are sensitive enough to monitor
the uncoiling of PAA at high pH (> 6). At low pH (< 3), when the polymer remains in
a hypercoiled form, polymer bound MC540 experiences very high microscopic
friction and, hence, the isomerization and depolarization processes are very slow. At
high pH (> 6) a polyanion is formed and the polymer assumes an extended
configuration due to electrostatic repulsion. At high pH (> 6), the anionic probe
MC540 is expelled from the polyanion to bulk water and the dynamics of
isomerization and fluorescence depolarization become faster by 12 and 5 times
respectively, compared to those at low pH.
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Introduction

Many chemical processes involve motion of a portion of the molecule against another
(e.g. in isomerization) or the molecule as a whole (e.g. in reorientation). Such processes
are affected by the friction of the medium 1. While effect of friction in bulk liquid is
known, there is much less information on friction in organized environments. The
microscopic friction of organized assemblies towards photoisomerization and
reorientational dynamics has been the subject of several recent studies. Photoisomerization i.e. cis–trans isomerization in excited electronic state, has been studied in a
cyclodextrin cavity 2, at the water surface 3,4, in the water pool of microemulsion 5, at
micellar interface 6, lipids 7, sol–gel glass 8 and polymer environments 9. Reorientational
dynamics has been studied using fluorescence anisotropy decay in DNA 10, micelles 11–13,
polymer–surfactant aggregates 14. In the case of reorientational dynamics, the motion of
the macromolecules becomes superimposed on the bound fluorescence probes. Several
authors have discussed in detail how one can delineate the motion of macromolecules or
surfactant assemblies and the fluorescent probe 10–14.
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In the present work, we focus on the effect of pH-induced structural change of
polyacrylic acid on isomerization and reorientation. The major aim is to demonstrate that
the dynamics of isomerization and reorientation is a sensitive probe to monitor this
structural change. For acidic polyelectrolytes such as polyacrylic acid (PAA),
polymethacrylic acid (PMAA), DNA or poly-glutamic acid, at low pH the acidic
(–COOH) groups do not dissociate. At low pH, the polyacids remain in very compact
conformations with hydrophobic microenvironments. In such conformations, these
polymers resemble globular proteins and can encapsulate hydrophobic solutes. At high
pH, the –COOH group becomes ionized. Because of the repulsion between the anionic
carboxylate side chains, the polymer assumes an extended rod-like shape. At low pH, a
fluorescent probe experiences an extremely hydrophobic environment with very large
friction inside the hypercoiled PAA polymer. However, at high pH, when the polyanion
PAA opens up due to electrostatic repulsion, the fluorescent probe becomes exposed to
water and experiences bulk water-like environment with low friction. The pH-dependent
conformational transition of such polymers have been studied by fluorescence 9,15–19,
atomic force microscopy 19, and has been theoretically analysed using the Ising model 17.
Previous fluorescence studies of this interesting phenomenon relied on the steady state
intensities of the vibronic bands of pyrene 17,18, electron quenching of aromatic singlets 15b
and the efficiency of energy transfer 9b,20.
The pH-dependent uncoiling of the polymers is likely to affect the dynamics of
photophysical processes, e.g. cis–trans isomerization and fluorescence depolarization due
to friction. Jones and Oh studied photoisomerization of a cyanine dye, pseudo-isocyanine
iodide in PMMA using the phase modulation technique 9a. The main nonradiative
pathway of cyanine dyes is photoisomerization about a central double bond 1,21–24. Jones
and Oh reported that at low pH when the microscopic friction is high, the
photoisomerization is suppressed 9a. This is manifested in the increase in the emission
intensity and lifetime at low pH 9a. However, they did not provide the rate constants of
isomerization of the dye bound to PMMA at different pH. The rate of fluorescence
anisotropy decay also depends on microscopic friction. The uncoiling of PAA with
increase in pH should reduce microscopic friction towards reorientational motion. Jones
and Oh did not study the orientational dynamics of PMMA bound dye.
In the present work, we have chosen another cyanine dye, merocyanine 540 (MC540,
chart 1) as a probe 25–29. The main non-radiative pathway for MC540 is photoisomerization, as the other common non-radiative pathways, e.g. intersystem crossing to
the triplet manifold and the internal conversion, are extremely inefficient 26a,b. The ground
state conformation of MC540 is exclusively all-trans 26b. Following excitation to the first
singlet state, the system moves freely along the torsional coordinate as there is practically
no barrier for cis-trans isomerization in the excited state. The potential surface of this
system is such that the perpendicular geometry in the ππ* excited state is almost
isoenergetic with the ground state 1a. Thus at the perpendicular geometry, it undergoes
rapid transition from the excited electronic state to the nearly isoenergetic ground state. In
the ground state, the perpendicular geometry corresponds to the peak of the barrier
between the cis and the trans isomer in the ground state. Once the system reaches the
peak it can undergo transition to either of them in the ground state with equal probability.
The dynamics of isomerization and fluorescence depolarization of MC540 has earlier
been used to probe many organized media such as micelles, reverse micelles and
proteins 11,27–30.
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Structures of MC540 and PAA (acid form).

In this work we plan to investigate how the variation of friction in PAA with pH
affects the dynamics of isomerization and fluorescence depolarization of MC540.
2.

Experimental

The dye, merocyanine 540 (Sigma) and the polymer, PAA, sodium salt (Aldrich,
Mw = 5100) were used as received. The sample was excited at 570 nm using a
synchronously pumped rhodamine 6G dye laser (Coherent 702-1) pumped by a CW
mode locked Nd:YAG laser (Antares 76S). The exciting laser light is cut off by a
Corning filter (2-60). The fluorescence at 630 nm was detected at magic angle
polarization, using a MCP photomultiplier (Hamamatsu 2809U). For rotational relaxation
studies, the polarization of the exciting light was rotated by 90° at regular intervals using
a half-wave plate to get the perpendicular (I⊥) and parallel (I||) components. Then the
anisotropy function, r(t) was calculated using the formula,
r (t ) =

I || (t ) − GI ⊥ (t )
I || (t ) + 2GI ⊥ (t )

.

(1)

The G value of the setup was determined using a probe with very fast rotational
relaxation time, e.g. nile red in methanol.
3.
3.1

Results
Steady state results

In aqueous solution, MC540 exhibits two broad absorption peaks at 500 nm and
535 nm 28,29. The broad absorption peak at 500 nm has been assigned to the nonfluorescent dimer of MC540 and the peak at 535 nm to the monomer 28,29. The absorption
spectra of an aqueous solution containing 4 × 10–6 M MC540 and 10 mM PAA at
different pH values are shown in figure 1a. The individual contributions of the dimer and
the monomer to the total absorption spectrum are obtained by decomposing the
absorption spectrum. By decomposing the absorption spectrum of MC540 in 10 mM
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Figure 1. (a) Absorption spectra of an aqueous solution containing 4 × 10–6 M
MC540 and 10 mM PAA at (i) pH = 6 (----), (ii) pH = 4 (), (iii) pH = 2 (⋅⋅⋅⋅⋅). (b)
Decomposition of the absorption spectra of merocyanine 540 in 10 mM PAA at
pH = 6, dimer (⋅⋅⋅⋅⋅⋅), monomer (----), total (). (c) Decomposition of the absorption
spectra of merocyanine 540 in 10 mM PAA at pH = 2, dimer (⋅⋅⋅⋅⋅⋅), monomer (----),
total ().

PAA at pH = 6, two bands are located at 500 nm and 535 nm (figure 1b). Evidently the
500 nm absorption band may be attributed to the dimer of MC540 and the 535 nm band
to the monomer. At pH = 2, the decomposed absorption spectrum of MC540 in 10 mM
PAA exhibits two absorption bands at 510 nm and 550 nm (figure 1c). We have earlier
shown that the monomer absorption band exhibits a red shift with decrease in solvent
polarity 28,29. While absorption maximum of the monomer is at 535 nm in water, it shifts
to 565 nm in dioxane 29. Thus the 550 nm peak at pH = 2 is assigned to MC540 monomer
bound to relatively less polar and hydrophobic environment of neutral PAA.
It is readily seen that at pH = 6, the height of dimer absorption peak of MC540 is
nearly 1⋅4 times that of the monomer peak (figure 1b). However, at pH = 2, the monomer
peak becomes 1⋅25 times that of the dimer peak (figure 1c). This shows that with
decrease in pH, inside the PAA the dimers of MC540 breakup and polymer-bound
MC540 exists predominantly as a monomer. In summary, absorption spectra suggest that
at low pH, when MC540 molecules are entrapped inside the hypercoiled conformation of
PAA, the dye molecules remain largely as monomers.
With decrease in solvent polarity, MC540 exhibits a red shift in emission maximum
and a marked increase in emission quantum yield (φf) and lifetime 29. Emission maximum
of MC540 shifts from 575 nm in water to 590 nm in dioxane. φf of MC540 increases from
0⋅04 in water to 0⋅52 in dioxane. Figure 2 shows the variation in the emission spectra of
MC540 with pH in 10 mM PAA. It is readily seen, with increase in pH, that the emission
maximum exhibits a blue shift from 585 nm at pH = 3 to 575 nm at pH = 6. It may be
noted that in aqueous solution, the emission spectrum of 4 × 10–6 M MC540 does not
change with the variation in pH.
With increase in pH, the emission quantum yield (φf) of MC540 in 10 mM PAA
decreases nearly 7 times from 0⋅28 at pH = 2 to 0⋅04 at pH 7 (figure 2a and table 1). The
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Figure 2. (a) Emission spectra of an aqueous solution containing 4 × 10–6 M
MC540 and 10 mM PAA at (i) pH = 6 (), (ii) pH = 5 (⋅⋅⋅⋅⋅), (iii) pH = 4 (----) and
(iv) pH = 3 (-⋅-⋅-). (b) pH dependence quantum yield (φf) of MC540 in an aqueous
solution containing 4 × 10–6 M MC540 and 10 mM PAA.
Table 1. Variation of quantum yield (φf), average life time
(τf) and isomerization rate constant (kiso) of merocyanine 540
(MC 540) with change in pH in an aqueous solution of 10 mM
polyacrylic acid (PAA).
pH

φf*

〈τf〉* (ps)

kiso ( × 10–9) (s–1)

2⋅0
3⋅0
3⋅5
4⋅0
4⋅5
5⋅0
5⋅5
6⋅0
7⋅0

0⋅28
0⋅27
0⋅22
0⋅13
0⋅06
0⋅04
0⋅04
0⋅04
0⋅04

1000
975
900
700
350
170
130
120
110

0⋅72
0⋅75
0⋅87
1⋅25
2⋅70
5⋅65
7⋅40
8⋅00
8⋅70

* ± 5%

variation of φf of MC540 with pH in 10 mM PAA is summarized in table 1 and displayed
in figure 2b. From figure 2b it is apparent that the emission quantum yield of MC540
displays a sigmoidal dependence on pH, shows sharp decrease at pH > 4 and levels off at
pH ≈ 5. The marked increase in φf of MC540 in 10 mM PAA at low pH suggests
significant retardation of the non-radiative pathways of MC540. As noted earlier, the
main nonradiative pathway in the excited state of MC540 is isomerization. The increase
in φf at low pH indicates that the isomerization process of MC540 is markedly suppressed
when it is trapped inside the ‘hypercoiled’ undissociated acid, PAA.
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3.2

Time resolved fluorescence

In aqueous solution, fluorescence decay of MC540 is a single exponential with a lifetime
(τf) of 110 ps and independent of pH of the solution 29. The fluorescence decay of MC540
in 10 mM PAA differs markedly from that in pure water. We fitted the decays to a
biexponential, e.g. a1exp(–t/τ1) + a2exp(–t/τ2) and used the average fluorescence lifetime,
〈τf〉 = a1τ1 + a2τ2.
Fluorescence decays of MC540 in 10 mM PAA at different pH values are shown in
figure 3a and the average fluorescence lifetimes (〈τf〉) are listed in table 1. Figure 3b
shows variation of 〈τf〉 with pH. It is readily seen that with increase in pH, τf of MC540
decreases about 9 times from 1000 ps at pH = 2 to a bulk water like value of 110 ps at
pH > 6. The increase in 〈τf〉 at low pH provides additional support to the contention that
the isomerization process of MC540 is inhibited inside the hypercoiled PAA. With
increase in pH, as the polymer uncoils and becomes negatively charged, it repels the
anionic probe MC540 to bulk water. As a result, the dynamics of isomerization becomes
faster and becomes very similar to that in bulk water.
From the observed values of φf and 〈τf〉, the rate constant (kiso) of the nonradiative
isomerization process of MC540 has been determined using the relation,
kiso = (1 – φf)/〈τf〉.

(2)

The values of kiso of MC540 in a 10 mM aqueous solution of PAA at various pH levels
are given in table 1. Variation of kiso of MC540 as a function of pH is shown in figure 3c.
It is obvious that the rate constant of the isomerization process increases about 12 times
as pH is increased from 2 to 7. The plot of kiso against pH exhibits a sharp transition at a
pH ≈ 4⋅5. The remarkably small magnitude of kiso of MC540 in PAA at low pH, may be
attributed to the restrictions imposed on the isomerization process of MC540 by the
polymer chains in the hypercoiled form.
3.3

Fluorescence depolarization

The rotational or reorientational motion of a fluorescent probe gives rise to fluorescence
depolarization. As a result, decay of the fluorescence anisotropy function, r(t) is a
measure of the rotational mobility of the probe. In water, the decay of fluorescence
anisotropy of MC540 is found to be a single exponential with the time constant
600 ± 30 ps. This is similar to the reported anisotropy decay of MC540 in ethanol 11 and
dioxane 30. The anisotropy decay of MC540 in water was found to be independent of pH.
In the presence of 10 mM PAA, fluorescence anisotropy decay of MC540 is found to
be very different from that in pure water. At low pH, fluorescence anisotropy decay is
found to be biexponential with much longer time constants (figure 4 and table 2). For
instance at pH = 2, anisotropy decay of MC540 exhibits two components of τ1R = 1500 ps
(a1R = 0⋅33, i.e. 33%) and τ2R = 4000 ps (a2R = 0⋅67, i.e. 67%). Thus in 10 mM PAA at
pH = 2, the average rotational relaxation time of MC540, 〈τrot〉 = a1Rτ1R + a2Rτ2R, is
3200 ± 150 ps. This is about 5 times slower than the rotational relaxation time of MC540
in water (600 ps). At pH ≥ 6, the anisotropy decay of MC540 in 10 mM PAA is found to
be identical to that in pure water. The plot of 〈τrot〉 of MC540 in 10 mM PAA against pH
exhibits a sigmoidal dependence with sharp transition at pH ≈ 4 (figure 5). The very long
rotational relaxation time of MC540 in PAA at low pH, indicates that the rotational
mobility of the probe decreases markedly when the polymer wraps around the probe.
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Figure 3. (a) Fluorescence decays of MC540 in an aqueous solution containing
4 × 10–6 M MC540 and 10 mM PAA at (i–vii) pH = 2⋅0, 3⋅0, 3⋅5, 4⋅0, 4⋅5, 5⋅5 and 7⋅0.
(b) Variation of average fluorescence lifetime (〈τf〉) of MC540 with pH in 10 mM
PAA. (c) pH dependence kiso of MC540 in 10 mM PAA.
Table 2. Variation of fluorescence anisotropy decay time (τrot) of
merocyanine 540 (MC540) with change of pH in a 10 mM polyacrylic
acid solution.
pH

a1R

2⋅0
3⋅0
3⋅5
4⋅0
4⋅5
5⋅0
5⋅5
6⋅0
7⋅0

0⋅33
0⋅15
0⋅12
0⋅13
0⋅18
0⋅30
0⋅50
1⋅0
1⋅0

τ1R (ps)
1500
500
450
140
170
250
150
600
600

*〈τrot〉 = a1Rτ1R + a2Rτ2R; ± 5%

a2R
0⋅67
0⋅85
0⋅88
0⋅87
0⋅82
0⋅70
0⋅50

τ2R (ps)

〈τrot〉* (ps)

4000
3600
3100
2400
1800
1500
1400

3200
3100
2800
2100
1500
1100
780
600
600
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Figure 4. (a) Decays of fluorescence anisotropy of MC540 in an aqueous solution
containing 4 × 10–6 M MC540 and 10 mM PAA at (i) pH = 7 (---), (ii) pH = 5 (⋅⋅⋅⋅⋅⋅⋅)
and (iii) pH = 2 (____). (b) Fitted curve along with raw data of fluorescence anisotropy
decay of MC540 in 10 mM PAA at a pH = 2.

Figure 5. pH dependence of average rotational relaxation time (〈τrot〉) of MC540 in
an aqueous solution containing 4 × 10–6 M MC540 and 10 mM PAA.
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Discussions

The most important finding of the present work is that the pH-dependent structural
change (uncoiling) of the polymer PAA, significantly influences the dynamics of
isomerization and reorientation of MC540. At low pH, when the polymer wraps around
the probe MC540 molecule in a compact hypercoiled form, the dynamics of the two
processes are markedly slowed down compared to bulk water. However, at high pH the
polyanion expands and because of its electrostatic repulsion the anionic probe, MC540, is
expelled from the hydrophobic pocket of the polymer to bulk water. As a result, at high
pH the probe MC540, exhibits bulk water-like fast isomerization and reorientational
dynamics. For both the processes, the pH dependence of all the dynamic parameters
displays a sigmoidal curve with a sharp transition at pH ≈ 4. It may be recalled that
similar sharp transition at pH ≈ 4 was also reported in other studies on PAA 9,15–20, and
has been attributed to ionization of PAA and consequent uncoiling. Thus, isomerization
and reorientational dynamics are sensitive probes to monitor the pH dependent uncoiling
of the polymer.
In 10 mM PAA, the dynamics of isomerization of MC540 at low pH is found to be 12
times slower than that at high pH (> 6) or that in water. It has been demonstrated earlier
that for MC540 the photoisomerization dynamics depends on polarity as well as
friction 29. For PAA, however, it has been shown that even at low pH the polarity of the
microenvironment remains quite high 17. The observed emission maximum (585 nm) of
MC540 in 10 mM PAA corresponds to a water–dioxane mixture containing 60% water 29.
For this mixture, the average lifetime (〈τf〉) and quantum yield φf of MC540 are 350 ps
and 0⋅2 respectively 29. However, in the present work for MC540 in 10 mM PAA at
pH = 2 we observed a higher φf (≈ 0⋅28) and longer lifetime (≈ 1000 ps). This indicates
that the observed retardation of the isomerization process of MC540 in PAA at low pH
arises only partly due to reduced polarity and mainly from the high microscopic friction
in the hypercoiled polymer.
The very high microscopic friction in PAA at low pH is also responsible for the slow
rotational relaxation time of MC540 at low pH. The observed multiexponential decay of
r(t) for MC540 in PAA at low pH may arise from various factors 31. First, in such a
micro-heterogeneous system, the probe MC540 might experience different magnitudes of
friction in different regions. Second, the motion of the polymer chains may become
superimposed on the rotational motion of the probe MC540 and as a result, the decay of
r(t) may be due to different kinds of independent motions 10–14. In the case of spherical
micelles, the multiexponential decay of r(t) is analysed in terms of three independent
motions – (i) wobbling of the probe in a cone; (ii) translational diffusion of the probe
along the spherical micellar particles, and (iii) overall rotation of the micelle 10–14. In the
present case of the hypercoiled PAA at low pH shape, hydrodynamic radius, location of
the probe and many other parameters are not known. Thus quantitative analysis of the
decay of r(t) is difficult at this stage. Nevertheless, it is evident that the average rotational
relaxation time of MC540 in PAA, very clearly indicates the uncoiling of the polymer
with increase in pH. One should note that the measurement of microscopic friction
(microviscosity) is not straightforward even in the case of simple liquids 1,13,14. Even the
dependence of translational diffusion coefficient on viscosity is found to be nonlinear in
many cases 32. Because of these complications, many authors have used reorientatioal
relaxation time (τrot) as a measure of microscopic friction. One can also use isomerization
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rate as a measure of microviscosity. Thus both the plots of τrot vs pH or kiso vs pH should
be considered as a plot of microscopic friction vs pH.
5.

Conclusion

Dynamics of isomerization and fluorescence depolarization (i.e. rotational motion) of
MC540 are found to be sensitive indicators to monitor the change of microenvironment
of polyacrylic acid as a function of pH. With increase in pH as the polymer (PAA)
undergoes a structural change from hypercoiled to extended rod-like configuration, the
rate constant of photoisomerization of MC540 increases about 12 times as pH of the
solution increases from 2 to 7. This leads to decrease of emission intensity and lifetime of
MC540 by similar magnitude. The decrease in friction with pH is also manifested in the
nearly 5-fold decrease in the average rotational relaxation time of MC540 in PAA.
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