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Influence of local microenvironment on the double hy-
drogen transfer in porphycene†

Piotr Kasprzycki,a,b Przemysław Kopycki,a,‡ Arkadiusz Listkowski,b,c Aleksander Gorski,b

Czesław Radzewicz,a David J. S. Birch,d Jacek Waluk,∗,b,c Piotr Fita,∗,a

We carried out time-resolved transient absorption and fluorescence anisotropy measurements in order to
study tautomerization of porphycene in rigid polymer matrices at cryogenic temperatures. Studies were car-
ried out in poly(methyl methacrylate) (PMMA), poly(vinyl butyral) (PVB), and poly(vinyl alcohol) (PVA).The re-
sults prove that in all studied media hydrogen tunnelling plays a significant role in the double hydrogen transfer
which becomes very sensitive to properties of the environment below approx. 150 K. We also demonstrate
that there exist two populations of porphycene molecules in rigid media: „hydrogen-transferring” molecules,
in which tautomerization occurs on time scales below 1 ns and „frozen” molecules in which double hydrogen
transfer is too slow to be monitored with nanosecond techniques. The number of „frozen” molecules increases
when the sample is cooled. We explain this effect by interactions of guest molecules with a rigid host matrix
which disturbs symmetry of porphycene and hinders tunnelling. Temperature dependence of the number of
hydrogen-transferring molecules suggests that the factor which restores the symmetry of the double-minimum
potential well in porphycene are intermolecular vibrations localized in separated regions of the amorphous
polymer.

Introduction
Proton and hydrogen transfer reactions are deceptively simple processes
because they involve the most basic chemical element. Nevertheless,
quantitative description of such reactions remains challenging due to fac-
tors such as quantum phenomena, involvement of the transferred atom
in hydrogen bonds or coupling of reaction coordinates to molecular vi-
brations 1–4. At the same time reactions involving hydrogen transfer are
extremely widespread both in nature and in artificial chemical systems.
In the first place they underlie the molecular machinery of life, occurring
during numerous enzyme-catalysed reactions 5–7 or DNA mutation pro-
cesses 8–10. On the other hand, hydrogen rearrangement is considered
as a promising mechanism underlying operation of molecular switches –
basic components used in the emerging field of nanoelectronics 11.

a Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Pasteura
5, 02-093 Warsaw, Poland
b Institute of Physical Chemistry, Polish Academy of Sciences, 44/52 Kasprzaka, Warsaw
01-224, Poland
c Faculty of Mathematics and Science, Cardinal Stefan Wyszyński University, Dewajtis
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The phenomenon of quantum tunnelling which frequently manifests it-
self during proton or hydrogen transfer due to relatively low mass of the
transferred particle, may drastically alter the outcome of a reaction com-
pared to its classical description and allow reactions that would not occur
without it. Tunnelling plays a key role even in relatively simple processes
such as light-induced intramolecular reorganization of benzene deriva-
tives 12 or – very important in organic synthesis – elimination reaction
moderated by the hydroxyl ion 13 as well as in many other organic reac-
tions 14. It has been pointed out that better understanding of tunnelling in
proton or hydrogen transfer reactions may create a chance for innovations
such as an efficient control of the reactions’ course 15, artificial (more ef-
ficient) enzymes 16 or fast charging lithium–ion batteries 17. Therefore, a
constant effort is put into development of more accurate models that can
be used to describe proton and hydrogen transfer reactions 7,18–33. Conse-
quently, the experimental data that can be used to verify new models can
be invaluable. This work belongs to this trend.

Porphycene (Pc) – the first synthetic structural isomer of well-known
porphyrin – proved to be a very convenient system for studying the hy-
drogen transfer. In an isolated porphycene molecule the trans form, with
the internal hydrogen atoms occupying positions along one of the two
diagonals of the molecule, is the most stable tautomer. Two equivalent
trans forms of the molecule make it a symmetric double-minimum poten-
tial well for the motion of hydrogen atoms. The substrate and the product
of the transfer reaction are chemically identical in this case (Fig. 1).

The double hydrogen transfer in porphycene and its derivatives has
been extensively studied both theoretically 24,25,27,30,34–37 and experimen-
tally. In the latter case the range of phases in which the dynamics of tau-
tomerization was studied includes crystals 38–41, solutions 42–46 and single
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Fig. 1 Scheme of the double hydrogen transfer in porphycene. Approximate orien-
tations of S0→ S1 and S0→ S2 dipole transition moments are also shown.

molecules 47–53. Recently, the potential for molecular switching induced
by various stimuli at low temperatures has been also demonstrated for
porphycene and it has been predicted that it should be possible to achieve
this effect even at room temperature 11.

The method for studying tautomerization of porphycene and its deriva-
tives in condensed phases is based on the fact that the double hydrogen
transfer is accompanied by rotation of dipole transition moments. This
fact makes polarization-sensitive optical spectroscopy techniques, such
as fluorescence anisotropy measurements or pump-probe experiments
with linearly polarized pulses, useful methods for reaction rate measure-
ments 45,54. When a Pc sample is excited with a short pulse of linearly
polarized light a population of molecules with the transition moments ori-
ented preferentially along the electric field vector of the excitation light
is selected. The double hydrogen transfer leads to reorientation of the
transition moments, which can be detected either by monitoring the po-
larization of fluorescence emitted by the sample or by probing the excited
sample with another linearly polarized light pulse. In either case appro-
priate time-dependent signals (fluorescence intensity or optically induced
absorbance change) are recorded for two polarizations, parallel and per-
pendicular with respect to the polarization of the excitation light, S‖(t)
and S⊥(t), respectively. From these two quantities anisotropy of the sig-
nal r(t) is calculated using the formula

r(t) =
S‖(t)−S⊥(t)
S‖(t)+2S⊥(t)

(1)

When the studied process is trans-trans tautomerization of a molecule
in which the symmetry ensures equivalency of the two trans positions,
the temporal dependence of anisotropy is described by an exponential
decay 45,

r(t) = (r0− r∞)exp(−2kt)+ r∞ (2)

where k is the tautomerization rate, and r0 and r∞ are initial and asymp-
totic anisotropy values, respectively. Exact values of r0 and r∞ depend on
the angle α (Fig. 1) by which the transition moments rotate, and on the
selection of electronic states that are excited and probed in the experi-
ment. For experiments carried out in solutions rotational diffusion also
leads to the decay of anisotropy. If the time scale of rotational diffusion
is comparable to hydrogen transfer times, equation (2) must be modified
in order to take this effect into account. It has been experimentally ver-
ified that in the case of porphycene solutions a simple multiplication of
equation (2) by an exponential decay is sufficient:

r(t) = [(r0− r∞)exp(−2kt)+ r∞]exp(−t/θ) (3)

where θ denotes the rotational diffusion time.
If more than one population of molecules contributes to the signal, the

measured anisotropy can be described as a weighted sum of anisotropy
values for each contributing population 55:

r(t) = ∑
i

firi(t) (4)

where ri(t) describe temporal dependence of anisotropy for each popula-
tion and fi are normalized weights that satisfy the condition ∑i fi = 1.

The above fact allowed determination of tautomerization rates in both
the electronic ground state S0 and the first singlet excited state S1 of nu-
merous porphycenes by recording anisotropy decays in pump-probe (tran-
sient absorption) experiments, where the excitation pulse transferred
molecules from S0 to S1 and both states were probed simultaneously by a
probe pulse with an appropriate wavelength 42–46.

Before time-resolved studies of the double hydrogen transfer in
porphycenes were undertaken, a similar concept was applied to de-
rive information on tautomerization rates from steady-state fluores-
cence anisotropy measurements 54. In this case time-averaged values of
anisotropy weighted with fluorescence intensity were measured and the
technique allowed determination of temperature dependence of the dou-
ble hydrogen transfer rate under cryogenic conditions. It turned out to
correspond to a thermally-activated process with activation energy much
lower than the predicted height of the barrier that separates the poten-
tial minima of the double well. On the other hand, it was equal to the
energy of one of the low-frequency vibrations of porphycene (ag symme-
try, 180 cm−1), which strongly modulates the distance between nitrogen
atoms that are the donor and the acceptor of the transferred hydrogen
atom. Moreover, vibrational mode-dependent tunnelling splittings have
been observed for Pc isolated in supersonic jets 56,57 and helium nan-
odroplets 58, with the largest splitting observed for the excited state of
the 180 cm−1 vibration. Altogether, the above mentioned results led to a
hypothesis that tautomerization of porphycene involves tunnelling of hy-
drogen atoms through the potential barrier and is promoted by excitation
of the vibration that modulates this barrier.

In subsequent works this conclusion was strongly supported by tran-
sient absorption anisotropy measurements carried out in a broad temper-
ature range. Analysis of the temperature dependence of tautomerization
rates showed that the thermal activation of the first vibrationally excited
state of the 180 cm−1 ag vibration significantly speeds up the double hy-
drogen transfer 46. Recently, a more complicated picture of the coupling
between vibrations and tautomerization emerged from measurements of
Raman spectra of dimers of terephthalic acid 1,3. It has been shown that
freezing out of the vibration that modulates the barrier width leads to
an increase of the barrier transmission and results in an increase of the
intrinsic tunnelling rate. Observation of this effect was possible because
vibrational frequencies directly measured in these works were sensitive
to delocalization of the hydrogen wavefunction between the two poten-
tial minima. Such an effect should be expected also in the case of por-
phycene 24, but anisotropy measurements applied in porphycene studies
are sensitive only to hydrogen jumps (localization of the wavefunction
in one of the minima). Thus, the situation is simplified and the effects
seen by the Raman spectroscopy of terephthalic acid are not observed in
time-resolved studies of Pc tautomerization.

Even though the results obtained by steady state fluorescence and tran-
sient absorption anisotropy measurements agreed in terms of the impor-
tant role of tunnelling and the apparent activation energy of the tau-
tomerization reaction, the measured tautomerization rates differed sig-
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nificantly. Within the temperature range accessible for both techniques,
tautomerization rates in the electronic excited state determined by pump-
probe measurements were 200-300 times higher than those obtained with
steady-state fluorescence measurements. This discrepancy has not been
explained until now. An indication of the reason for so different results
obtained by both techniques was brought by single-molecule studies, in
which three populations of molecules embedded in a PMMA matrix were
identified 48,49:

• molecules that undergo tautomerization,

• molecules in which tautomerization is blocked and internal hydro-
gen atoms occupy fixed positions („frozen molecules”),

• molecules which change their state from „frozen” to „hydrogen
transferring” on a time-scale of seconds.

Thus, single molecule studies proved that in condensed phase there
might be different populations of porphycene molecules that exhibit dif-
ferent behaviours in terms of their ability to undergo tautomerization,
whereas in earlier bulk studies it was assumed that the sample is homo-
geneous. Moreover, single molecule experiments indicated that under
certain conditions the medium can govern the double hydrogen transfer
process, even though the internal hydrogen atoms seem to weakly inter-
act with their environment 42. In the present work we shed more light
on presence of various populations of porphycene molecules in bulk con-
densed phases and study effects of their interactions with environment.
For this reason we analyze not only anisotropy decay times as in the pre-
vious works but also asymptotic anisotropy values. A change of the latter
with temperature may result from presence of populations of molecules
in the system that are differently affected by their environment 53. A par-
ticular attention was paid to rigid environments such as polymer matrices
that can disturb symmetry of guest molecules and affect quantum tun-
nelling that relies on equivalency of both tautomers 48,49,59. In order to
overcome limitations of earlier experiments and bring applicability win-
dows of fluorescence and transient absorption techniques closer to each
other we used a setup based on time-correlated single photon counting
which allowed measurements of tautomerization rates in porphycene in
the temperature range of approx. 20-170 K with the temporal resolution
of approx. 50 ps.

Results and discussion
Steady-state spectroscopy

In the current work we used polymer matrices as media to study the dou-
ble hydrogen transfer in porphycene. The choice of polymers was dictated
by the intention to emphasize the influence of the environment on por-
phycene tautomerization. On the other hand, we wanted to correlate
the results with those of earlier measurements. Thus, the first selected
polymer was poly(methyl methacrylate) (PMMA). It allowed preparation
of a relatively thick sample (2 mm) of good optical quality, suitable for
transient absorption measurements. In PMMA it was, therefore, possible
to directly compare the results of earlier transient absorption measure-
ments in non-polar (paraffin oil) and polar (EtOH:MeOH mixture at 4:1
vol. ratio) liquids with the results obtained in a relatively non-polar rigid
medium such as PMMA.

The other two polymers used were poly(vinyl alcohol) (PVA) and
poly(vinyl butyral) (PVB). These two media were used only in fluores-
cence studies due to difficulties in obtaining thick non-scattering samples
usable in transient absorption measurements.

Room temperature absorption spectra of porphycene in all polymers
are typical for that molecule in condensed phases (Fig. 2a). In the region

Fig. 2 a) Normalized absorption spectra of porphycene registered in various media
(positions of the maxima of the most intense peak are given in parentheses); b)
Normalized fluorescence spectra of porphycene registered in various media (exci-
tation wavelengths / positions of the intensity maxima are given in parentheses).
The polymers used do not show any fluorescence in the presented wavelengths
range.

of the Q-bands they consist of three subbands that are located at approx-
imately the same positions in all media considered here. The red-most
subband corresponds to the 0-0 excitation to the first singlet excited state
S1. Wavelengths corresponding to the maximum of this subband (approx.
630 nm) were used to pump and probe samples in transient absorption
measurements and to excite them in time-resolved fluorescence studies.
The subband located at approx. 565 nm corresponds to the vibronic com-
ponents of the S0 → S2 transition. Pulses with the central wavelength
close to its maximum were used to probe samples in transient absorption
measurements in order to avoid probing of the S1 state through S1 → S0

stimulated emission and to monitor the double hydrogen transfer solely
in the electronic ground state S0.

The central subband, located at approx. 600 nm results from the vi-
brational progression of the S0 → S1 electronic transition mixed with the
origin of S0→ S2 transition. Between the central subband and the 565 nm
subband a small additional peak can be noticed in the spectra recorded
in PMMA. This peak becomes more noticeable when temperature of the
sample is lowered and the bands become narrower (Fig. S1a in the ESI†).
At lower temperatures a similar peak located at 575 nm appears also in
spectra recorded in PVB (Fig. S1b in the ESI†). This peak indicates pres-
ence of aggregated porphycene molecules in PMMA and PVB, however
the low degree of aggregation does not prevent tautomerization rate mea-
surements in porphycene monomers.

Flurorescence spectra of porphycene in the studied media are shown
in Fig. 2 b. The maxima of all spectra are within 5 nm from each other,
with the spectra in PMMA, PVB, and ethyl alcohol almost identical. There
are no features that could be clearly attributed to emission of aggregates.
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Fig. 3 Room temperature transient absorption anisotropy kinetics recorded for Pc
in a PMMA matrix (solid lines) and paraffin oil solution (dashed lines) excited at 630
nm and probed at 630 nm (red) and 550 nm (green). The initial anisotropy in the
latter case is equal to approx. -0.2 because at 550 nm the S0 →S2 transition is
probed and its dipole transition moment is nearly orthogonal to that of the S0 →S1

transition, as shown in Fig. 1.

Due to very small Stokes shifts the 630 nm probe pulses used in transient
absorption measurements coincide with both the absorption and emission
maxima. Therefore at this probe wavelength the double hydrogen transfer
in both ground and excited electronic states can be monitored because
probe pulses tuned to 630 nm interact with S0 and S1 states, through
absorption and stimulated emission, respectively.

Transient absorption anisotropy measurements
Selected kinetic curves of transient absorption anisotropy recorded at
room temperature for Pc in a rigid environment – PMMA matrix – are
shown in Fig. 3. They are very similar to those recorded in a liquid en-
vironment – paraffin oil. Comparison with another liquid environment
used in our earlier studies, EtOH:MeOH mixture at 4:1 vol. ratio, is not
straightforward due to a significant contribution of rotational diffusion to
the anisotropy kinetics recorded in the latter medium at room temper-
ature. Nevertheless, tautomerization rates obtained by fitting the data
with bi-exponential decay functions in all three environments are in good
agreement with each other (Table 1). Rate constants measured in both
non-polar media, liquid (paraffin oil) and solid (PMMA) are nearly iden-
tical, which means that at room temperature the state of matter does not
affect the double hydrogen transfer in porphycenes.

Table 1 Anisotropy decay times τi and tautomerization rates ki = 1/(2τi) measured
for Pc in different media. Subscripts 0 and 1 refer to the ground state S0 and the
first singlet excited state S1, respectively

Medium τ0 (ps) τ1 (ps) k0 (1011 s−1) k1 (1011 s−1)
PMMA 0.90±0.03 6.6±0.4 5.6±0.2 0.76±0.04
Paraffin oil 0.93±0.01 6.3±0.2 5.35±0.06 0.80±0.03
EtOH/MeOHa 0.84±0.04 4.9±0.5 5.95±0.30 1.02±0.10
a Values obtained by interpolation of data presented in Ref. 46 at temperature 293 K.

Anisotropy decays recorded in PMMA become slower when the sample
is cooled down (Fig. 4), as previously observed for Pc in the alcohol mix-
ture 46. Tautomerization rates obtained by analysing the data according
to equations (2) and (4) (effects of rotational diffusion were not observed
in PMMA within the temporal window of transient absorption measure-
ments) are shown in Table 2 and presented in the form of an Arrhenius
plot in Fig. 5. They are similar to tautomerization rates measured in
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Fig. 4 Kinetics of transient absorption anisotropy recorded for Pc in PMMA at se-
lected temperatures, recorded with probing at 630 nm (squares) and at 550 nm
(circles). Solid lines show bi-exponential functions fitted to the data.
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Fig. 5 Arrhenius plots of tautomerization rates of Pc in PMMA obtained by transient
absorption anisotropy measurements (filled circles) compared to earlier results ob-
tained in 4:1 vol. EtOH:MeOH mixture (empty squares) 46. The solid line represents
function (5) fitted to the ground state data with E1 fixed at 0.52 kcal/mol.

the EtOH:MeOH mixture for temperatures above 150 K, however when
temperature is lowered below this value they start to differ. The differ-
ence could be of methodological origin, because at lower temperatures
rotational diffusion time in the alcohol mixture approaches the double
hydrogen transfer time, which may lead to incorrect values of the latter
obtained by fitting a multiexponential function to the data. On the other
hand, the divergence can reflect different properties of both environments
that affect the tautomerization process.

The maximum pump-probe delay achievable in the experimental setup
for transient absorption anisotropy measurements (up to 1.5 ns) becomes
comparable to hydrogen transfer times in the excited state at tempera-
tures below 100 K. Therefore, tautomerization rates in the excited state
could be reliably determined by transient absorption anisotropy measure-
ments only at temperatures above approx. 90 K. For this reason the Arrhe-
nius plot for tautomerization of Pc in PMMA in the excited state shown
in Fig. 5 could not be analysed (further in this work we discuss tau-
tomerization in the excited state on the basis of time-resolved fluorescence
anisotropy measurements). On the other hand, temperature dependence
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Table 2 Anisotropy decay times τi and tautomerization rates ki = 1/(2τi) measured
by transient absorption anisotropy technique for Pc in PMMA at various tempera-
tures. Subscripts 0 and 1 refer to the ground state S0 and the first singlet excited
state S1, respectively

Temp. (K) τ0 (ps) τ1 (ps) k0(1010 s−1) k1(1010 s−1)
16±3 21±2 2.4±0.2
27±3 15±1 3.3±0.2
50±3 12.3±0.4 4.07±0.13
80±3 10.8±0.3 4.63±0.13
90±3 8.6±0.2 286±27 5.81±0.14 0.17±0.02
104±3 8.1±0.2 183±14 6.2±0.2 0.27±0.02
128±3 5.75±0.14 96±5 8.7±0.2 0.52±0.03
150±2 4.3±0.1 50±2 11.6±0.3 1.00±0.04
174±2 3.1±0.1 31±1 16.1±0.5 1.61±0.05
221±1 1.94±0.06 14.4±0.7 25.8±0.8 3.5±0.2
246±1 1.35±0.04 9.8±0.4 37.0±1.1 5.1±0.2
295±1 0.90±0.03 6.6±0.4 55.6±1.9 7.6±0.4

of the ground state tautomerization rate, which is measured in PMMA
with a relatively high accuracy in the whole studied temperature range,
can be very well fitted with a sum of three components:

k(T ) = a0 +a1 exp
−E1

RT
+a2 exp

−E2

RT
(5)

where k(T ) is the tautomerization rate measured at temperature T and R
is the gas constant. This formula takes into account contributions of three
processes to the overall reaction rate:

• tunnelling in the vibrational ground state (rate a0),

• tunnelling in the first vibrationally excited state of the 180
cm−1 mode (preexponential factor a1, activation energy E1 ≈ 0.52
kcal/mol which corresponds to 180 cm−1),

• a process with a higher activation energy E2 (preexponential factor
a2); Litman et al. suggested that this reaction channel corresponds
to the stepwise transfer, via the short-lived cis form, because its acti-
vation energy corresponds to the calculated trans−cis energy differ-
ence and the stepwise transfer should be the dominating mechanism
at higher temperatures 25.

Two models were used to analyse the data: in the first one all param-
eters in equation (5) were free, whereas in the other model the lower
activation energy was fixed at 0.52 kcal/mol, the value determined in the
earlier works 46,54. The parameters that correspond to the best fit of both
models are shown in Table 3. In practice the noise in the data makes the
two models indistinguishable and confirms the earlier conclusions on the
promoting role of the 180 cm−1 vibrational mode in the hydrogen tun-
nelling in Pc. Tunnelling rates in the vibrational ground state (denoted by
a0 in equation (5)) and in the first excited level of the 180 cm−1 vibra-
tion (a1) measured in PMMA are clearly lower then those recorded in the
alcohol mixture which may reflect the difference in the Pc-environment
interactions. On the other hand the a1/a0 ratio is similar in both media
therefore the tunnelling enhancement mechanism by the 180 cm−1 vibra-
tion seems not to be significantly affected by the change of the medium.

Decrease of Pc tautomerization rates with decreasing temperature is ac-
companied by a significant change of asymptotic values of anisotropy de-
cays. The ratio of the decaying component of anisotropy to its asymptotic
value becomes smaller with decreasing temperature. This effect has been
also observed during experiments carried out in liquids 46,53, however it
is even more pronounced in the data presented here, mainly due to lower
temperatures reached in the current study. This effect can be explained if
we assume that there exist two populations of molecules in the sample:
molecules that undergo tautomerization and molecules that are „frozen”,
in which the hydrogen transfer is blocked. Such two populations have

been observed in single molecule studies of the double hydrogen transfer
in Pc and its derivatives in a thin PMMA layer, where molecules under-
going tautomerization and „frozen” molecules could be directly identi-
fied 48,49. Hydrogen transfer freezing can be most probably attributed to
distortions of the double potential well by the polymer matrix. The two
minima of a distorted well are no longer equivalent, therefore hydrogen
atoms become localized in one of them. At room temperature molecules
can change their state from „frozen” to hydrogen-transferring, which re-
flects structural relaxation of the matrix that dynamically changes its in-
fluence on guest molecules 48,49.

Presence of two populations is reflected in anisotropy kinetics because
the observed anisotropy in such a case is a weighted average of the expo-
nential decay for molecules undergoing tautomerization and the constant
value for „frozen” molecules. If we take into account only one electronic
state, ground or excited, and denote the fraction of hydrogen-transferring
molecules by f , the temporal dependence of anisotropy r(t) will be de-
scribed by the formula:

r(t) = f
[

r0− rHT

2
e−2kt +

r0 + rHT

2

]
+(1− f )r0 (6)

where for the electronic ground state r0 = 0.4, and rHT ≈ −0.16 is the
anisotropy value for molecules with hydrogen atoms transferred. The
asymptotic anisotropy value equal to

r∞ = f
[

r0 + rHT

2

]
+(1− f )r0 (7)

increases with the decreasing value of f . Thus, the change of transient
absorption anisotropy kinetics observed when the Pc in PMMA sample
is cooled can be interpreted as an increase of the number of „frozen”
molecules. Knowledge of the temperature dependence of the number of
hydrogen-transferring molecules could shed light on the mechanism of
the Pc - matrix interactions. In principle equation (7) allows determina-
tion of f from anisotropy kinetics, however in transient absorption mea-
surements there are other effects that change anisotropy values. In partic-
ular, both ground and excited electronic states contribute to the measured
anisotropy kinetics and their wavelength-dependent contributions are dif-
ficult to assess in measurements with broadband femtosecond pulses. For
this reason we decided to carry out complementary experiments using
time-resolved fluorescence measurements. They allow measurements of
anisotropy decays in the excited state free from the contribution of the
ground state. Moreover, they allow determination of tautomerization
rates in the excited state at temperatures below 100 K, where transient
absorption measurements fail due to the limited range of pump-probe de-
lays.

Time-resolved fluorescence anisotropy measurements

Fluorescence anisotropy decays recorded for the Pc in PMMA sample (the
same as the one used in transient absorption measurements) at selected
temperatures are shown in Fig. 6 and Fig. S2 in the ESI† (measurements
at temperatures higher than 170 K could not be carried out due to in-
sufficient temporal resolution of the apparatus). Their behaviour resem-
bles that of transient absorption anisotropy kinetics, namely the decays
become slower and their asymptotic values become higher when temper-
ature decreases. The fluorescence lifetime of Pc, approximately 11 ns, al-
lows analysis of anisotropy decays up to at least 30 ns. It is apparent that
what can be seen as a constant offset in transient absorption anisotropy ki-
netics is in fact a very slow decay. For this reason fluorescence anisotropy
kinetics were fitted not with equation (6) but with its modified version
which takes into account two components of the anisotropy decay:
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Table 3 Activation energies and preexponential factors obtained by fitting equation (5) to the temperature dependence of tautomerization rates in the electronic ground state
S0 and excited state S1 determined by transient absorption (TA) and fluorescence anisotropy measurements

Ground state S0
Sample Method a0 (1010s−1) E1 a1 (1011s−1) E2 a2 (1012 s−1)
PMMA TA 3.0±0.6 0.40±0.2 kcal/mol 2.4±2.0 1.8±0.3 kcal/mol 8.4±2.8
(E1 free) 140±70 cm−1 620±100 cm−1

PMMA TA 3.2±0.5 0.52 kcal/mola 3.9±0.7 1.9±0.2 kcal/mol 9.7±2.8
(E1 fixed) 182 cm−1 a 670±70 cm−1

EtOH:MeOH 46 TA 6.0±0.2 0.52 kcal/mola 5.4±0.2 2.5±0.2 kcal/mol 2.3±0.5
(E1 fixed) 182 cm−1 a 874±70 cm−1

Excited state S1
Sample Method a0 (108s−1) E1 a1 (1010s−1) E2 a2 (1012 s−1)
PMMA TA+Fluor. 0.89±0.34 0.52±0.14 kcal/mol 1.7±1.7 1.6±0.2 kcal/mol 1.1±0.5
(uncorrected data) 183±50 cm−1 560±80 cm−1

PMMA TA+Fluor. 0.84±0.10 0.46±0.04 kcal/mol 1.0±0.3 1.74±0.06 kcal/mol 1.2±0.2
(temp. correctedb) 163±12 cm−1 610±20 cm−1

EtOH:MeOH 46 TA 3.0±1.6 0.52 kcal/mola 7.7±0.4 2.7±0.2 kcal/mol 7.5±1.4
(E1 fixed) 182 cm−1a 944±70 cm−1

EtOH:MeOH + PVA TA+Fluor 28.5±1.7 0.52 kcal/mola 4.2±0.4 2.2±0.1 kcal/mol 3.9±0.5
(E1 fixed) 182 cm−1a 777±30 cm−1

a value fixed for the fit; b temperature scale for TA data shifted by 20 K to compensate for systematic differences in temperature measurements during TA and fluorescence anisotropy measurements
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Fig. 6 Fluorescence anisotropy kinetics recorded for Pc in a PMMA matrix at se-
lected temperatures.

rt(t) = f r1(t)+(1− f )r2(t) (8)

ri(t) =
[

r0− rHT

2
e−

t
τi +

r0 + rHT

2

]
=

[
r0− rHT

2
e−2kit +

r0 + rHT

2

]
(9)

for i = 1,2. The values of the shorter of the anisotropy decay times (τ1)
obtained by fitting equation (9) to the experimental data and the corre-
sponding tautomerization rates for the „fast” population of Pc molecules
in the excited state S1 are collected in Table 4.

The tautomerization rates are also shown in Fig. 7 together with the
rates obtained by transient absorption measurements. The two data sets
agree with each other very well, however after a closer look at the graph it
appears that they are mutually shifted on the temperature scale. Tempera-
tures for data points obtained by transient absorption measurements seem
to be 15-20 K higher than for corresponding data points resulting from
fluorescence measurements. Such a systematic offset between real sam-
ple temperatures in both experiments is not surprising. First, the pump
beam used in transient absorption experiments could locally heat the sam-
ple much stronger than the weak excitation beam used in fluorescence
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Fig. 7 Temperature dependence of the S1 state tautomerization rates of Pc in
PMMA and PVB measured by transient absorption and fluorescence anisotropy
techniques. The solid line represents an Arrhenius-like dependence, given by equa-
tion (5) simultaneously fitted to both datasets measured in PMMA.

measurements. Second, in transient absorption measurements consecu-
tive data points were measured when the sample was cooled, whereas
in fluorescence measurements the sample was initially cooled down to
the lowest temperature (below 20 K) and measurements were carried
out when it was heated. Real sample temperature followed the temper-
ature of the sample holder with a certain delay, thus it could have been
higher and lower than indicated by sensors in transient absorption and
fluorescence measurements, respectively. In order to take this effect into
account the two data sets shown in Fig. 7 were fitted with equation (5)
twice: first, without any corrections; second, with the transient absorp-
tion data shifted on the temperature scale by 20 K. The curves resulting
from both fits are indistinguishable in the scale of Fig. 7 and the obtained
parameters are very similar (Table 3). The error limits for parameters
obtained in the second case are, however, significantly narrower. Such
results make the hypothesis of the systematic temperature shift present in
the data very probable. At the same time, they confirm that the obtained
values of parameters should be trusted. In both cases the activation en-
ergy E1 corresponding to the tunnelling-promoting vibration (180 cm−1)
is well reproduced.

From Fig. 7 it is also clear that the tunnelling rate a0 in the vibra-
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Table 4 Fluorescence anisotropy decay times τ1 and excited state tautomerization
rates k1 = 1/(2τ1) measured by the fluorescence anisotropy technique for Pc in
PMMA at various temperatures

Temp. (K) τ1 (ps) k1 (108 s−1)
18±8 4400±1300 1.14±0.34
25±5 5700±2200 0.87±0.33
35±5 5400±1800 0.93±0.30
45±5 2920±250 1.71±0.15
55±5 2020±170 2.47±0.20
64±4 1300±310 3.84±0.91
74±4 1030±210 4.85±0.97
84±4 710±140 7.0±1.4
93±4 460±84 10.9±2.0
103±3 331±60 15.1±2.7
113±3 228±42 21.9±4.0
123±3 181±23 27.6±3.5
133±3 146±15 34.2±3.5
142±3 113±14 44.4±5.5
152±2 98±13 51.2±6.8
162±2 83±11 60.3±8.0
172±2 70±13 71±13

tional ground state could not be reliably determined by transient absorp-
tion measurements because it is lower than 108 s−1 – a value far below
the applicability range of this technique with the maximum pump-probe
delay of 1.5 ns.

The longer of the anisotropy decay times (τ2) is found to be in the
range of 100 ns - 1 µs, therefore it cannot be determined with any rea-
sonable accuracy from the collected data. It has to be mentioned that
there are other processes than the double hydrogen transfer that could
be potentially responsible for this anisotropy decay. One of them could
be rotational diffusion, slowed down, but not completely blocked in the
polymer. Nevertheless, reference fluorescence anisotropy measurements
of organic dyes in polymer matrices indicated that anisotropy decays, if
present, occur on a microsecond timescale at room temperature. There-
fore we do not expect an anisotropy decay due to rotational diffusion on
a time scale shorter than 1 µs at temperatures below 200 K. The second
potential reason for the slow anisotropy decay could be the Förster reso-
nance energy transfer between Pc molecules (homo-FRET). However, the
mean distance between Pc molecules in the sample used for the experi-
ments is estimated to be 60 nm and at this distance the efficiency of FRET
is negligible. Similarly, the radiative energy transfer due to reabsorption
is not expected to play a significant role in the 2 mm thick sample with
the absorbance at the maximum of the 635 nm band equal to 0.1 (ab-
sorption coefficient at this wavelength ε ≈ 42000 M−1 cm−1) 60. Never-
theless, we cannot attribute the slow decay to the tautomerization of the
„frozen” molecules without any doubts. One of the processes that cannot
be excluded is FRET between Pc aggregates that are present in the sam-
ple. Therefore we do not draw any conclusions on the tautomerization of
„frozen” molecules. Fortunately, the slow component of anisotropy decays
is far beyond the time scale of tautomerization of „fast” Pc molecules and
on this time scale the slow component can be considered to be a constant
offset, as described by equation (6). Therefore, regardless of the nature
of this slow component, all conclusions drawn in the previous chapter, in
particular the one on the presence of two populations of Pc molecules in
rigid media, remain valid.

The results of time-resolved fluorescence anisotropy measurements car-
ried out for Pc in the PVB matrix were very similar to that obtained in
the PMMA matrix. As in the previous case, anisotropy decays were bi-
exponential with the decay time τ1 and the excited state tautomerization
rate k1 in a very good agreement with those measured in PMMA (Fig.
7; fluorescence anisotropy kinetics are shown in Fig. S3 in the ESI† and
the values of τ1 and k1 for Pc in PVB are given in Table S1 in the ESI†).
The longer anisotropy decay time was determined to be of the order of
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Fig. 8 Temperature dependence of the S1 state tautomerization rates for Pc in PVA
and in the alcohols mixture. Results for two different PVA samples are shown, two
fragments cut out of the first sample were independently measured. The green
dashed line represents a fit of function given by equation (5) to the merged data
sets for the sample 1 in PVA and in the alcohols mixture. The red solid line shows
the fit of the data measured in PMMA, as shown in Fig. 7. Error bars are omitted
for clarity, the same graph with error bars is shown in Fig. S6 in the ESI†.

100 ns and thus shorter than that measured in the PMMA sample. This
may reflect the fact that concentration of Pc in PVB was higher than in
PMMA, which translated to higher absorbance (approx. 0.2) in spite of a
thinner sample (approx. 0.3 mm). The mean distance between molecules
was estimated as approx. 20 nm. Altogether, this makes radiative and
nonradiative energy transfer processes much more efficient in the PVB
sample. Thus, they may contribute to the anisotropy decay much more
significantly than in the PMMA sample.

The anisotropy decays recorded for Pc in PVA show the same features
as those recorded in the samples described above: when the temperature
drops, the decays become slower and their asymptotic values increase
(Figs. S4 and S5 in the ESI†). There are, however, two significant dif-
ferences. First, anisotropy decay times and asymptotic anisotropy values
change from sample to sample even if the sample preparation procedure
is maintained. This effect is not surprising for PVA because this polymer
is known to form gels with a porous water-filled structure which strongly
depends on parameters such as ambient temperature and the rate of dry-
ing of the polymer solution 61–65. Thus, even changes of temperature and
humidity of the surrounding air during sample preparation may affect the
microscopic structure of PVA and behaviour of embedded molecules 66,67.
Differences in anisotropy decays observed for different samples prepared
according to the same procedure mean that even small changes in the
polymer structure, which are beyond our control, can affect Pc tautomer-
ization (because the structure of PVA gels greatly changes as a result of
freezing and thawing, care was taken to use each PVA sample only once
for cryogenic measurements).

Second, and more importantly, in spite of differences between particu-
lar Pc in PVA samples, they all exhibit significantly faster tautomerization
rates than the samples prepared in PMMA and PVB for temperatures be-
low 170 K. This difference increases when temperature decreases and the
plateau values of the temperature dependence of Pc tautomerization rates
are 20-40 times higher in PVA than in PMMA and PVB (Fig. 8). Earlier,
we mentioned that tautomerization rates measured by transient absorp-
tion anisotropy technique in the alcohol mixture start to differ from those
measured in PMMA at approx. 150 K. In comparison with PVA, we can
see that the results obtained for the alcohol mixture lie on the same Ar-
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Fig. 9 Temperature dependence of the fraction f of hydrogen-transferring
molecules determined for Pc in PMMA. The solid line represents the Boltzmann
distribution fitted to the data for temperatures above 35 K (E = 68±2 cm−1).

rhenius curve as the tautomerization rates measured for one of the Pc in
PVA samples (parameters of the fitted curve are given in Table 3). Such
a good agreement with this particular PVA sample may be a coincidence,
however it is apparent that the tautomerization rates in the vibrational
ground state of porphycene, given by the a0 parameter, measured in PVA
and obtained by extrapolation of the data for the alcohol mixture alone
are much higher than the rates measured in PMMA and PVB. This sug-
gests that the divergence of the transient absorption anisotropy data for
Pc in the alcohol mixture and in PMMA is not an artifact resulting from
limitations of the technique but a real effect. Therefore, the materials
studied here can be divided into two classes:

• PMMA and PVB with the vibrational ground state tautomerization
rate in S1 of approx. (0.8−0.9) ·108 s−1,

• alcohols and PVA with the vibrational ground state tautomerization
rate in S1 in the range of approx. (1.5−3.0) ·109 s−1.

The difference between a0 values in these two classes exceeds an order
of magnitude. This is an important result, as it shows that the double
hydrogen transfer in porphycene is much more sensitive to the properties
of the environment than it was thought. Nevertheless, the temperature
dependence of tautomerization rates in PVA can be fitted with function 5
with E1 ≈ 180 cm−1 as in the other media, which means that the mecha-
nism of the vibrationally enhanced tunnelling is always valid, in spite of
differences in the properties of the environment.

Because of the range, reliability and reproducibility of the data, further
analysis concentrated on the sample prepared in PMMA. Fitting of the
function described by equations (8) and (9) to fluorescence anisotropy
kinetics allows determination of the fraction of molecules f that undergo
„fast” tautomerization, i. e., tautomerization that can be observed by the
techniques applied here. Temperature dependence of f = f (T ) is shown in
Fig. 9 and values of f are collected in Table 5. In the logarithmic vertical
and reciprocal horizontal scales the f (T ) dependence is nearly linear for
temperatures above 35 K. Such a shape of the graph indicates that the
f (T ) function contains the Boltzmann factor exp(− E

kbT ) and the number
of hydrogen-transferring molecules is proportional to the population of an
energy state with energy E. The subset of the data for temperatures above
35 K can be very well fitted with a function proportional to the Boltzmann
distribution (red curve in Fig. 9):

f (T ) = f0e−
E

kBT (10)

Table 5 Fraction f of hydrogen-transferring Pc molecules in PMMA determined at
various temperatures

Temp. (K) f
18±8 0.076±0.016
25±5 0.082±0.024
35±5 0.094±0.016
45±5 0.141±0.007
55±5 0.197±0.007
64±4 0.296±0.004
74±4 0.364±0.005
84±4 0.429±0.004
93±4 0.490±0.004
103±3 0.532±0.003
113±3 0.598±0.003
123±3 0.614±0.004
133±3 0.653±0.001
142±3 0.694±0.002
152±2 0.705±0.003
162±2 0.745±0.002
172±2 0.783±0.002

The energy E that corresponds to the best fit is equal to E = 68±2 cm−1.
There are no vibrations of such a frequency in porphycene, but this value
coincides very well with the peak observed in low frequency Raman spec-
tra of PMMA, located at approx. 70 cm−1 68. We believe that it is not
just an accidental coincidence, but this fact reflects the influence of the
environment on the tautomerization process, as mentioned in the Intro-
duction.

The model of tautomerization in rigid environments that emerged from
single molecule studies 47–49,59 assumes that the environment disturbs
the symmetry of the double potential well and the disturbance is time-
dependent due to the polymer reorganization (Fig. 10). The double
hydrogen transfer is the fastest when the two minima are isoenergetic
because then the tunnelling becomes an efficient reaction channel (valid-
ity of this model can be independently confirmed by comparison of tau-
tomerization in symmetric dimers of terephthalic acid 1,3 and asymmetric
dimers of ibuprofen 2). In such a case tautomerization is governed by the
dynamics of the environment.

Raman scattering in polymers at low frequencies (below 200 cm−1)
arises from the local order (on the scale of a few nanometers) of macro-
scopically amorphous structures. The commonly accepted model used to
describe low frequency Raman scattering in glassy polymers depicts them
as structures consisting of highly cohesive regions separated from each
other by less cohesive channels 69–72. This leads to localization of acoustic
vibrational modes in separated regions and makes amorphous polymers
different in terms of intermolecular vibrations from crystals, in which such
vibrations have the form of delocalized and propagating phonons.

When Pc molecules are immobilized in the cohesive regions and their
symmetry is disturbed, tunnelling is blocked. Because tunnelling is
practically the only tautomerization channel at low temperatures, these
molecules are seen as „frozen” in our experiments. Excitation of local-
ized acoustic vibrations allows Pc molecules to regain the symmetry and
become hydrogen-transferring. In this model the fraction of hydrogen-
transferring molecules should be proportional to the number of vibra-
tionally excited regions. When these regions are separated, they can be
treated as independent oscillators and their population can be described
by the Boltzmann distribution, as observed in our experiments.

At this point it is worth to recall ground state tautomerization rates
calculated by Litman et al. 25. In particular, they calculated the tautomer-
ization rate at 100 K of 6.3 · 1010 s−1, whereas the value measured by
transient absorption in PMMA is equal to (6.2± 0.2) · 1010 s−1. Calcu-
lations are performed for an undisturbed molecule. Thus, such a good
agreement of the calculated and experimental value means that once a
molecule is transferred to the hydrogen-transferring population, its tau-
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Fig. 10 Model of time-dependent double well distortions that hinder tautomerization
through tunnelling until both minima become isoenergetic.

tomerization probability is not significantly affected by the environment.
This may be explained by the fact that the classical frequency of polymer
intermolecular vibrations is of the order of 1012 s−1. 70 cm−1 corresponds
to approx. 2.1 · 1012 s−1, a value much higher than the ground or ex-
cited states tautomerization rates. Thus, the modulation of the double
potential well geometry due to porphycene-polymer interactions occurs
on a time scale much shorter than the characteristic time of the hydrogen
tunnelling. In such a case it is the rate of the latter that determines the
tautomerization rate and the molecule behaves as an undisturbed one.

Extrapolation of the fitted f (T ) function indicates that at room temper-
ature over 99% of molecules should undergo tautomerization. This result
is in a very good agreement with transient absorption studies, both in
PMMA and in solutions, in which asymptotic anisotropy values measured
at room temperature correspond to the lack of „frozen” molecules. Thus,
it is easy to explain the similarity of tautomerization rates measured in
various media at room temperature: nearly all molecules in polymer be-
long to the „hydrogen transferring” population. Consequently, effects of
porphycene-polymer coupling can be seen in bulk samples only at cryo-
genic temperatures.

In contrast, single molecule studies have shown that at room temper-
ature less than 70% of Pc molecules in PMMA undergo fast tautomeriza-
tion, significantly less than in bulk studies. When comparing these results
we have to take into account the character of the sample used in experi-
ments with single molecules: it was approx. 30 nm thick layer of PMMA
spin-coated on a glass slide 49. The microscopic structure of such a thin
layer can be significantly different than that of a bulk PMMA sample. In
fact, a large difference between fluorescence lifetimes of hemiporphycene
embedded in thin and thick PMMA films has been reported 59. This re-
sult again confirms that tautomerization of porphycene is very sensitive
to local microenvironments.

Finally, current results allow explanation of the discrepancy between
tautomerization rates obtained from steady-state fluorescence measure-
ments in early works by Gil et al. 54 and later time-resolved studies. The
estimation of rates from anisotropy of steady-state fluorescence was based
on the assumption that all molecules in the sample undergo tautomeriza-

tion with the same rate and the fluorescence anisotropy results only from
the interplay between fluorescence and anisotropy decays. The experi-
ments described above show that this assumption was invalid. Changes
of the steady-state fluorescence anisotropy reflect not only changes of
the tautomerization rate but also changes of the fraction of hydrogen-
transferring molecules f . Nevertheless, it is possible to verify whether the
data reported in Ref. 54 also reflect the phenomena that are responsible
for the results of time-resolved measurements. In order to do that we
calculated „simulated” steady state fluorescence anisotropy using equa-
tion (10) from Ref. 54 with the temporal dependence of anisotropy given
by equation (6), where experimentally determined values of k (Table 4)
and f (Table 5) were substituted. Next, the „tautomerization rates” were
calculated from the simulated steady-state anisotropy values using equa-
tion (11) from Ref. 54. The so-obtained values are very similar to the
rates reported in Ref. 54 (Fig. S7 in the ESI†), which were based on the
directly measured steady-state anisotropy. Thus, the origin of the long-
standing discrepancy has been finally identified: it is the presence of two
populations of porphycene molecules in the polymer and the temperature
dependence of the fraction of molecules that undergo tautomerization.
Moreover, it turned out that the steady-state data, seemingly contradic-
tory to the time-resolved data, actually confirm the validity of the model
based on the temporal dependence of anisotropy.

Conclusions
We have analysed anisotropy kinetics of transient absorption and fluo-
rescence of porphycene in various polymer matrices at cryogenic temper-
atures in order to investigate the influence of the environment on the
double hydrogen transfer reaction. The results prove that in all stud-
ied media the hydrogen tunnelling plays a significant role in the reaction
mechanism. Temperature dependence of tautomerization rates indicates
that excitation of the 180 cm−1 ag vibration increases the tunnelling rate,
as in the previously studied alcohols (EtOH:MeOH) mixture. Comparison
of tautomerization rates at temperatures below approx. 150 K shows that
at a low temperature the double hydrogen transfer becomes sensitive to
properties of the environment. The media used in the low-temperature
studies of porphycene tautomerization can be divided into two classes
on the basis of the tunnelling rate in the vibrational ground state of the
molecule: (1) PMMA and PVB and (2) PVA and EtOH:MeOH mixture.
The rate of the vibrational ground state tunnelling in the first class is
more than an order of magnitude slower than in the second one.

Analysis of asymptotic anisotropy values proves that there are two pop-
ulations of porphycene molecules in rigid media, as previously observed
in single-molecule experiments: „hydrogen-transferring” molecules, in
which tautomerization occurs on time scales below 1 ns and „frozen”
molecules in which the double hydrogen transfer cannot be monitored
with nanosecond techniques. When temperature decreases more and
more molecules become „frozen”. This effect can be explained by inter-
actions of guest Pc molecules with a rigid polymer matrix which disturbs
the symmetry of the double potential well in porphycene and hinders tun-
nelling. Temperature dependence of the fraction of hydrogen-transferring
molecules suggests that the factor which restores symmetry of porphycene
are intermolecular vibrations localized in separated regions of the poly-
mer. It means that porphycene can be an effective probe of the dynamics
of its local microenvironment. We also believe that the presented results
indicate factors that have to be taken into account in modelling of pro-
ton and hydrogen transfer reactions in condensed phase and will provide
valuable data for verification of theoretical models.
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Experimental section
Synthetic information, details of sample preparation procedures and ap-
paratus used for steady-state and time-resolved spectroscopy measure-
ments are given in the ESI†.
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42 P. Fita, N. Urbańska, C. Radzewicz and J. Waluk, Z. Phys. Chem.,

2008, 222, 1165–1173.
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47 H. Piwoński, A. Hartschuh, N. Urbańska, M. Pietraszkiewicz, J. Sepioł,
A. Meixner and J. Waluk, J. Phys. Chem. C, 2009, 113, 11514–11519.
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