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The peripherical protons of the dye molecule hypericin can
undergo structural interconversion (tautomerization) between
different isomers separated by a low energy barrier with rates
that depends sensitively on the interaction with local chemical
environment defined by the nature of host material. We
investigate the deuterium (D) isotope effect of hypericin
tautomerism at the single-molecule level to avoid ensemble
averaging in different polymer matrices by a combined

spectroscopic and computational approach. In the ’innocent’
PMMA matrix only intramolecular isotope effects on the internal
conversion channel and tautomerization are observed; while
PVA specifically interacts with the probe via H- and D-bonding.
This establishes a single molecular picture on intra- and
intermolecular nano-environment effects to control chromo-
phore photophysics and -chemistry.

Introduction

Optical detection of single molecules in condensed matter has
expanded far beyond the early low-temperature studies in
crystals, to investigate single molecules in cells, in solution and
in polymers. Detecting individual molecules optically gains the
major advantage from avoiding ensemble averaging, providing
direct access to inhomogeneous static or quasi-static distribu-
tion in nano-environments. As a consequence, it hence allows
to observe kinetics, for instance, diffusion[1] and binding
processes of nucleic acid[2] and proteins.[3] Especially, conforma-
tional dynamics are of interest, since they are difficult to
observe or are hidden in a classical ensemble measurement.[4]

Moreover, it allows access to spatial[5] as well as structural[6]

information.[7]

Tautomerization is an intramolecular chemical reaction
defined as structural interconversion of a molecule between
two isomers separated by a low energy barrier, in which the
position of a labile proton changes.[8] Particularly interesting is
that the tautomerization rate in liquid solutions at room
temperature is often on the order of MHz, but it can range over
orders of magnitude depending on the temperature and the
local environment. Embedding tautomerizable single molecules
at low concentration in various polymer matrices at room
temperature has unequivocally revealed that the rate in these
molecules can vary dramatically reduced over time, such that
tautomerization can be frozen for seconds and longer under
ambient conditions.[4c]

Hypericin (Scheme 1), as a natural active ingredient in
Hypericum perforatum (St. John’s wort), has found tremendous
interest in bio- and biomedical applications as photosensitizer,
multifunctional agent in drugs due to its anti-depressive, anti-
neoplastic, anti-tumor and anti-viral activity.[9] Furthermore,
hypericin is not only of medical interest, but also a fascinating
molecule for the investigation of fundamental physical and
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Scheme 1. Chemical structure of hypericin and the host polymers: PVA and
PMMA.
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chemical processes, as it can undergo de-/protonation, con-
formational transitions and tautomerization.[10] Proton migration
around the perimeter of hypericin gives rise to ten tautomeric
isomers.[10c,11] Direct observation of the tautomerization of
hypericin in the polymer matrix was achieved in preliminary
studies using confocal microscopy combined with an azimu-
thally polarized or radially polarized doughnut mode (APDM/
RPDM) laser beam.[11] The tautomerization in hypericin occurs at
the ‘outer’ part of the molecule and is hence very sensitive to
the interaction of the chromophore with the host molecules. By
altering the local optical and chemical nano-environment, one
can modulate the radiative as well as non-radiative rates.[11–12]

The modification of the local photonic environment can be
achieved independently by enclosing the molecule between
the two mirrors of a λ/2 Fabry-Pérot microcavity and varying
their distance.[12b] As a result, the spontaneous emission rate is
modified by the Purcell effect and leads to a variation in
fluorescence lifetime.[12b]

In this work, we focus on the local chemical environment as
reflected by the dielectric constant, oxygen permeability and
solvent and/or water content of the polymer; all these factors
can strongly influence the excited-state lifetime, dark state
dynamics and survival time (photo-bleaching) of the probes.
Furthermore, the investigation is extended to deuterated
environments; deuteration causes only minor structural change,
but has a considerable impact on the non-radiative decay
path.[13] Due to the low pKa (1.8) at the bay hydroxyl
groups,[10b,14] H/D exchange can be easily achieved in solution.
In addition, fluorescence correlation spectroscopy (FCS)[15] is
used to analyze temporal dynamics of hypericin tautomeriza-
tion; this allows to study how the tautomerization rate is
influenced by the matrix in which the molecule is embedded or
by exchanging the tunneling proton with deuterium. Last but
not least, the experiments are complemented by (time-depend-
ent) density functional theory ((TD)DFT) calculations, in which
hypericin was embedded in an explicit solid matrix through a
cluster model; this allows to study the intermolecular inter-
actions, that largely influence the curvature of potential energy
surface, and may give indications for the tunneling effect.

Experimental Section

Confocal Microscope

All measurements were performed with a home-built confocal
scanning microscope. The sample was excited by a pulsed laser
(λ=530 nm, pulse duration<100 ps, 20 MHz, LDH� P-FA-530 L,
PicoQuant, 3 μW in front of the objective), focused on the sample
via a high numerical aperture (NA¼1.46, 63�, Carl Zeiss) oil
objective lens. Scanning images were obtained by fixing the sample
with magnets on a piezo-stage (P-527.3CL, Physik Instrumente). The
fluorescence signal from the excitation spot was collected by the
same objective lens and sent to two avalanche photodiodes (APDs,
SPCM-AQR-14, PerkinElmer) via a 50/50 beam splitter. The APDs
were connected to a time-correlated single photon counting
(TCSPC) module (HydraHarp 400, PicoQuant), synchronized with the
transistor transistor logic (TTL) signal, generated by the pulsed laser;
a TTL from the APD is recorded for each detected photon and

saved as a time-tagged time-resolved (TTTR) file.[16] The presence of
single hypericin molecules was confirmed by antibunching meas-
urements. (see Figure S1 in SI)

Materials and Sample Preparation

Hypericin (Burg-Apotheke, Königstein) was dissolved in ethanol
(Uvasol, Merck) or in methanol-d4 (99% atom D, Sigma-Aldrich),
respectively, for H/D exchange; in the following denoted as D-
hypericin. Poly (vinyl alcohol) (PVA, Mowiol 40–88, Sigma-Aldrich)
was either dissolved in triply distilled water or in deuterium oxide
(99.9% atom D, Sigma-Aldrich) (2 wt. %) for a complete H/D
exchange of the hydroxyl group; in the following denoted as D-
PVA, respectively. Poly (methyl methacrylate), PMMA (in anisole,
AR� P 631-679 e-beam resists for nanometer lithography)[17] is
commercially available. H- and D-hypericin concentrations of
10� 9 M were used for single-molecule experiments. To prevent
photobleaching as far as possible, the sample solutions were stored
in a dark refrigerator. The preparation of thin films was carried out
by spin-coating (20 μL solution approx. 6000 rpm over a period of
20 seconds). All the measurements were conducted under a laminar
nitrogen flow to minimize the impact of oxygen quenching.

Computational Methods

The electronic ground, excited and transition state optimizations on
the full structure of the system were carried out by (TD)DFT
calculations. In all cases, the B3LYP functional with the standard 6–
31G(d) basis set with dispersion correction (D3) was applied, as
defined in the Gaussian16 program package.[18] As the work focuses
on the nano-environmental effect on single hypericin molecules,
we propose a realistic model of the single hypericin molecule
surrounded by an explicit polymer matrix, describing specific
solvent-solute interactions at the electronic level. A full geometry
optimization of hypericin in PVA/PMMA was carried out. (see
Figure 1(e)) In detail, one hypericin molecule was surrounded by
either seven PMMA or 14 PVA oligomers (with n¼5 repeating units)
within the Packmol package,[19] followed by 10 ns molecular
dynamics (MD) simulations with Gromacs[20] adopting the GAFF
force field, restraining the positions of the hypericin structure. All
energy minima were confirmed by the absence of imaginary
frequencies, whereas the transition states were characterized by
one imaginary frequency with a proper mode, referring to a local
maximum (a saddle point along the potential energy surface) and
reflecting the dynamic pathway between two local maxima.[21] For
the details of all calculations, see SI.

Results and Discussion

Hypericin is a dye molecule with a large π-electron system,
whereby the methyl-substitutions at the bay region contribute
to a distorted aromatic parent backbone (see Figure 1(d)).
Besides, hypericin offers a rich structural variety of conforma-
tional and constitutional or structural isomers due to the
presence of six hydroxyl and two keto groups, as well as
naphthodianthrone core.[10b] Ensemble fluorescence lifetime
measurements of H-hypericin in a PVA polymer matrix were
described by us earlier,[22] giving an average lifetime of τF =

4.2�0.9 ns and a quantum yield of ΦF =12.2% �1.2%. Such
polymer matrices are commonly used in single molecule
measurements to immobilize and photo-stabilize the
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fluorophore.[23] In the current work, however, specific polymer-
probe interactions are investigated. For this, we used PVA and
PMMA, as both polymers are transparent with high light
transmittance. The most pronounced feature of the PVA
structure is the prevailing hydroxyl group (Scheme 1), which
can form hydrogen (H/D) bonds with H- or D-hypericin, thus
providing significant non-covalent interaction between the
probe and the matrix. The deuterium isotope effect is expected
to be observed in PVA as the D-bond is stronger compared to
the H-bond due to the lower zero-point vibrational energy of
the D-bond (vide infra).[24] PMMA, on the other hand, can be
considered as an ‘innocent’ polymer host, as it does not provide
functionalities which cause specific strong interactions; however
it benefits from its high oxygen permeability.[25] Due to PVA’s
higher polarity, PVA exhibits a dielectric constant of 2.6,[26] while
that of PMMA is 1.8.[17] Generally, matrices with a higher
dielectric constant lead to a higher reaction field in response to
the static electric dipole moment of an embedded molecule
(for details, see Ref.[27] and literature cited therein).

Typical fluorescence images of single hypericin molecules at
a 10×10 μm2 scale, acquired by our home-built setup, are

illustrated in Figure 1(a) on the left. The fluorescence images
show isolated bright circular spots with a diffraction-limited
diameter Gaussian-shaped intensity distribution; further details
can be observed in the close-up views on the right side of
Figure 1(a). Antibunching confirmed that single molecules with
a minimal spatial distance of 1 mm, which is much larger that
the diffraction limited focal spot of the confocal microscope, are
observed; this is sufficient to detect only one molecule within
the focal volume at a time. As discussed in former works,[11–12,22]

variations in emissivity (or dynamical intensity fluctuation) can
be attributed to (temporal) dark states of hypericin; the latter
show populating kinetics resembling those of the triplet state
or in other less- or non-emissive states.[28] In order to investigate
the blinking dynamics of hypericin, single molecule intensity
time traces were recorded. Two examples, namely D-hypericin
in D-PVA (Figure 1(b)) and PMMA (Figure 1(c)) with a binning
time of 10 ms were recorded until the dark state was reached
and no further emission signal could be recorded after a
duration of at least 20 s. The two exemplary intensity time
traces show the characteristic “blinking” phenomenon consist-
ing of discrete on-off (or bright-dark) transitions which agrees
well with Figure 1(a). D-hypericin in D-PVA shows a higher
intensity with stronger fluctuations during the ’on’ periods. The
fluctuations are magnitudes greater than the statistical noise, or
instabilities of the excitation intensity as the off-state 40–55 s in
Figure 1(b). This indicates on-off transitions on a much shorter
timescale than seconds and are likely to be caused by
intersystem crossing to a triplet state. In addition, shortly before
the occurrence of persistent bleaching, there is often a sudden
drop in intensities, indicating the tautomerization process. In
stark contrast, D-hypericin in PMMA is rather stable not only in
terms of fluctuation dynamics but also in terms of photo-
stability. The decrease in on-off transition and longer survival
time correspond qualitatively to the partial quenching due to
the low oxygen exposure.

The influence of the local environments (PVA, PMMA) on
the survival time and blinking dynamics (the on-off ratio) were
analyzed statistically. The survival time is defined as the time
before total photobleaching. Figure 2(a) and (b) illustrate the
survival time for a single (D-)hypericin molecule in (D-)PVA and
PMMA, respectively. At the first glace, we find the survival time
in PMMA is much longer than that in PVA due to the low
oxygen exposure. Applying an exponential fitting function on
the data in Figure 2(a) and (b), we determine an average
survival time of 28 s (22 s) for (D-)hypericin in (D-)PVA and 164 s
(117 s) in PMMA. Deuteration contributes to a shorter survival
time in the same polymer matrix.

The same fluorescence intensity time traces were used to
study the blinking behavior by determining the on-off ratio,
that is, the proportion of the ’on’ period (bright state) to the
total survival time (’on’ and ’off’ period). The ’on’ period is
defined as the fluorescence above the threshold (10% above
the background intensity). An increased blinking corresponds
to a decreased on-off ratio. Figure 2(c) and (d) presents the
results of ’on’ ratio for (D-)hypericin in PVA and PMMA. It can be
clearly seen that (D-)hypericin in PMMA exhibits a significant
amount of ’on’ period with kon close to 100%, reflecting a rather

Figure 1. Fluorescence properties of single hypericin molecules. (a)
Fluorescence images of single D-hypericin molecules embedded in D-PVA
matrix. The inset is a close-up scan and shows a characteristic photo-
bleaching event during the scanning process, scan unit in μm; (b) and (c)
two explementary intensity time traces of single D-hypericin molecules in D-
PVA and PMMA with a binning time of 10 ms; (d) chemical structure of
hypericin with three dominating dihedral angles, blue: qMe (bay); green qOH

(bay); and red: qOH (TS), for details see Table 2; (e) the cluster model of
hypericin embedded in polymer matrix.
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suppressed blinking dynamics, whereas the on-times of the
molecules in PVA are competitive to their off-times with a
significantly smaller kon. Obviously, oxygen shortens the on-
times of single molecules in PVA. This could be partially
explained by the assumption that oxygen quenches the
fluorescence by static quenching through an intermediate state,
which then reversibly changes into another non- or less
fluorescence state. Apart from the effect of oxygen on the
blinking phenomena, we notice that deuterium plays an
important role. Deuteration not only shortens the survival time,
but also enhances the blinking on a much longer timescale. The
fluctuations of the fluorescence intensity of D-hypericin seem to
be much more pronounced than those H-hypericin. The origin
of these observations will be discussed in the following.

Changes in the blinking dynamics are often accompanied
by changes in the fluorescence lifetime. Therefore, we per-
formed single-molecule TCSPC for (D-)hypericin in (D-)PVA and
PMMA. As shown in Table 1, the average fluorescence lifetime
τF is much longer in PMMA than in PVA, with no significant
difference in standard deviation between H- and D-hypericin. A
reduction of the fluorescence lifetime in PVA is observed, which

can be ascribed to H-bonding, as discussed in ensemble
measurements.[29] Moreover, the fluorescence lifetime tF in-
creases somewhat by deuteration in PVA (see Table 1).[29] The
small deuterium isotope effect can be understood by analyzing
tF, given by

1=tF ¼ kr þ knr (1)

with kr and knr as the radiative and non-radiative rates.
Deuteration shows a negligible effect on kr as the latter is
related to the oscillator strength (f) and energy (E) of the
emitting state (via the Strickler-Berg relation[30]), which are
hardly changed upon deuteration (see SI for details). The
component knr incorporates all other terms, which contribute to
the overall decay rate, i. e. internal conversion (IC, with
subsequent vibration relaxation, VR), intersystem crossing (ISC)
towards the triplet manifold, and photochemical reactions like
tautomerization, etc.[31] Deuteration has a pronounced effect on
kIC, but a negligible effect on kISC.

[32] Therefore, the small isotope
effect in hypericin, as also observed in related aromatic
hydrocarbons,[33] suggests that kISC @kIC, which agrees with the
high triplet population of hypericin.[34] For IC, the rate kIC can be
estimated from Fermi’s golden rule.[30b] Here, kIC decreases with
decreasing vibrational frequency (see SI for details), so that kIC

decreases upon deuteration because of smaller energy spacing
between vibrational quanta (see SI for details).[35] This is in fact
reflected in the much smaller total zero-point energy (0.37 eV)
in the DFT calculations, while there is no significant difference
in electronic and Gibbs free energies. This in all rationalizes the
small, but notable increase of τF of D-hypericin in both polymer
matrices in comparison with H-hypericin; see Figure 3. In any
case, besides this intramolecular effect, we note a much

Figure 2. Statistics of single hypericin molecules’ blinking behaviour. (a) and
(b) shows the histogram of the survival times of single hypericin in different
polymer matrices (n¼115 for H-hypericin in PVA, n¼121 for D-hypericin in
D-PVA, n¼131 for H-hypericin in PMMA, n¼104 for D-hypericin in PMMA).
Orange bars represent the overlap.

Table 1. Hydrogen/Deuterium isotope effects on fluorescence lifetimes τF

of (H-/D� )hypericin (in ns). Empirical mean m and standard deviation s for
the normal distribution and the median of fluorescence lifetimes of single
hypericin molecules in different polymer matrices.

Matrix Probe m [ns] s [ns] Median [ns]

PVA H-hypericin 3.7 0.8 3.7

D-PVA D-hypericin 3.8 0.5 3.8

PMMA H-hypericin 4.2 0.9 4.0

PMMA D-hypericin 4.3 0.9 4.0

Figure 3. Histograms of derived fluorescence lifetime of single (H-/
D� )hypericin molecules in (a) PVA (n¼172), (b) D-PVA (n¼147), (c) PMMA (n
¼175) and (d) PMMA (n¼159). The red curves correspond to fitted Normal
distributions associated with the mean values.
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stronger effect for PVA than in PMMA; this points to a
significant intermolecular contribution, which is evidently
related to the possibility of H(D) bonding in the (D-)PVA matrix.
This is expected to restrict the conformational freedom of
hypericin, which in turn limits IC;[30b,36] this is indeed in line with
the experimentally observed significant increase of τF and a
narrower distribution for D-hypericin in D-PVA, as shown in
Figure 3(b) and Table 1.

It is well established that tautomerization occurs via
tunneling;[37] in organic molecules this is governed by the
vibrational overlap. We thus expect that deuteration decreases
the tautomerization rate, again due to the decreased energy
spacing of the vibrational quanta; this was in fact observed in
(ensemble) studies on various systems with largely different
time constants.[38] In hypericin, tautomerization takes place in
the second time range;[11] at a single molecule level, this can be
monitored by fluorescence correlation spectroscopy (FCS),[39]

which accumulates statistics from this complex many-event
dynamics.[7b,12a,40] The intensity autocorrelation function (ACF),
which reflects fluorescence intensity fluctuation dynamics,[41]

can be calculated directly from the TCSPC data (with temporal
resolution of 64 ps), as shown in Figure 4. The characteristic
time of the fluctuations can be then extracted from a
fluctuation time trace record with a model function. Here, we
take into account two dynamic components, that is the triplet
state lifetime (i. e. the short-time scale τ1; i. e. in milliseconds)
and the tautomerization process (the long-time scale τ2; i. e. in
seconds).

g2 tð Þ ¼ G tð Þ � 1 ffi Ae�
t

t1ð Þ
b1

þ Be�
t

t2ð Þ
b2

(2)

It is noted that, if the multiple events by accident occur
within the same temporal integration time, the evaluated

lifetime gives the information on the average value of all the
processes involved.

In the following, we will discuss one representative result of
a FCS analysis, which was fitted with eq. (2), giving τ1 =7.8 ms
and τ2 =12.0 s. We note strong deviations at shorter time lag,
(>10� 1 ms), ascribed to triplet blinking, while the minor
deviations at medium time lag (10� 1 ~102 ms) point to a more
complex photophysics occurring from the triplet state, which
may reflect, for instance, reorganization of the environment;
finally, at long time lag (>102 ms), the residuals converge to
zero. Additional information can be obtained from the stretch
parameters β (β1 =0.62, β2 =0.32); the latter allow to draw
conclusions on how many processes are occurring in the
corresponding time window. The first parameter β1 =0.62 is
indicative of a large portion of short-time dynamics (τ1). The
second parameter shows only a minor contribution (β2 =0.32),
reflecting the dominance of the short-time scale (triplet
blinking) in the temporal emission behavior.

The histograms in Figure 5 show the distribution of the <

τ1>and < τ2> for single (D-)hypericin in (D-)PVA and PMMA.
The short-time fluctuation (~ ms) of hypericin in PVA shows a
normal distribution with < τ1> =6.7 ms, whereas the D-hyper-
icin follows a Poisson distribution and yields an average lifetime
of 5.0 ms. Such inverse deuterium isotope effect in residing
time τ1 is not expected, if deactivation by ISC to the ground
state (GS) is concerned;[32] this implies the involvement of other
photophysical and/or -chemical processes from the triplet state,
which are affected by deuteration, governed by τ2, exhibits a
significant deuterium isotope effect with an increase of the
residing time < τ2> , from 2.9 to 3.9 s, when going from H- to
D-hypericin in (D-)PVA. As discussed before, this agrees with the
expectation from the consideration on tunneling of a proton.

Changing the matrix to PMMA, the on-off triplet blinking
behavior < τ1> is largely suppressed, see Figure 2 (d);this may
be due to the fact that the ISC rate in PMMA is much lower
than in PVA, thus only a small number of hypericin molecules
proceeds to the triplet manifold. For the long-time fluctuations,
in comparison with PVA, tautomerization in PMMA appears to
be less favored, consistent with the observations in the short-
time scale (the average lifetime < τ2> =1.5 s for H- and < τ2>

=2.3 s for D-hypericin in PMMA). We anyway note that, under
certain circumstances, there is no apparent short/long timescale
dynamics; this leads to a single exponential character with one
component τ1/2 =∞. To indicate the probability of occurrence,
we set all infinite fitting results to 20 ms and 40 s, respectively.

In order to rationalize the specific impact of the intermo-
lecular interaction between (D-)hypericin and the polymer
matrix, we conducted (TD)DFT calculations of the isolated
hypericin molecule in methanol (using the implicit PCM model)
and the explicit cluster model (hypericin embedded in the
realistic polymer environment). The equilibrium geometries at
the ground state (GS) and the transition state (TS) were
obtained to investigate the stereochemistry and contributing
geometrical & electronic factors (for further details see SI).
Following our previous results on the tautomerization
process,[11–12] we focus on three dominating dihedral angles as
indicated in Figure 1(d): the methyl (qMe) and hydroxyl (qOHÞ

Figure 4. (a) The intensity time trace of a single hypericin molecule in PMMA
and the corresponding (b) intensity autocorrelation functions g2(τ) (the black
curve) as well as (c) the fluorescence lifetime. The molecule shows a short-
time blinking (τ1 =7.8 ms, the blue curve) and a long-time fluctuation
(τ2 =12.0 s, the green curve) with the fluorescence lifetime τF =4.0 ns. A
residual analysis is indicated in magenta dashed line.
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groups at the bay region, which are responsible for the
distortion of the aromatic parent backbone; and the hydroxyl
group (qOH) at the peri region, where the proton transfer occurs
at the TS. In a previous study, we showed a detailed picture of
tautomerization pathways for the isolated molecule;[11] i. e.
without considering environmental effects. In a simple way, the
latter can be treated in an implicit manner, for instance by PCM;
this model however only considers polarizability effects. There-
fore, it is essential to apply an explicit model with a realistic
electronic environment. In fact, it can be seen in Table 2 that
the hypericin geometry in PMMA is very similar to that in
methanol, suggesting that PMMA itself serves as an ’innocent’
solvent. In stark contrast, according to the calculations, hyper-
icin is more distorted in PVA, which can be attributed to
efficient intermolecular hydrogen bonding with the host
polymer. In any case, the higher free volume in PVA due to the
high water content may contribute to the experimental
observations, an effect which was not considered in the
calculations. From the energy point of view, the activation

barrier for tautomerization is 0.18 eV higher in PMMA than in
PVA, which indicates that tautomerization is more energetically
favored in PVA in agreement with the experimental observa-
tions.Conclusions

In conclusion, we have investigated the deuterium isotope
effect on the photophysics and photochemistry of hypericin at
the single-molecule level in different polymer matrices by a
combined spectroscopic and computational approach. Two
different polymers (PVA, PMMA) were used to investigate the
influence of the local chemical environment. The hydroxyl
group in PVA favors to form an H(D) bond with hypericin,
giving rise to significant intermolecular solute-solvent interac-
tions. In contrast, PMMA can be considered as an ’innocent’
polymer host, as it does not provide such functionalities but
benefits from photo-stabilization (a longer survival time) due to
low oxygen exposure. Because of the high water content in
PVA, this matrix has proven to be a good candidate to study
the deuterium isotope effect on hypericin, and its decay
mechanism of excited states. Deuterium increases the
fluorescence lifetime, however the effect is shown to be small;
this is due to the high triplet generation in hypericin, so that
internal conversion, which is most affected by deuteration, is a
minor pathway. Deuteration further decreases nonradiative
decay of the triplet state as well as the tautomerization rate. All
this can be rationalized by the decrease of energy spacing of
vibrational quanta upon deuteration. Finally, in combination
with the experimental observations, (TD)DFT calculations
provide in-depth understanding of specific nano-environmental
interactions between hypericin and the polymer matrix at the
electronic level. In all, this work may pave the way to monitor
and even control the photophysics and photochemistry of
probe molecules at a single-molecule level.
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Figure 5. Histograms of the dynamic parameters for single hypericin
molecules in (D-)PVA (n¼357, n¼423 for H- and D-hypericin) and in PMMA
(n¼186, n¼246 for H- and D-hypericin).< τ1> refers to the fast fluctuation
dynamics, i. e. a triplet quenching process, while< τ2> refers to the slow
fluctuation dynamics, i. e. the tautomerization process. Orange bars represent
the overlap.

Table 2. Descriptions of the calculated structure at the ground state (GS)
and the transition state (TS) for single hypericin molecule in MeOH (PCM),
and the cluster model using D3-B3LYP with the standard basis set 6–
31G(d).

Dihedral angle (°) MeOH (PCM) PVA PMMA

GS TS GS TS GS TS

qMe (bay) 33 34 40 45 36 37

qOH (bay) 27 27 24 25 29 30

qOH (TS) 1 102 8 120 3 113
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