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1. Introduction

Tautomerization is a fundamental process in nature[1,2] and bind-
ing affinities of a molecule to a protein/receptor depend on

its tautomeric state,[3–5] which is crucial
for, e.g., drug design.[6] In addition, tauto-
merization can influence chemical reactiv-
ity.[7–9] A well-explored example is the
proton transfer of porphyrins[10–12] and
porphycenes,[13–16] where tautomerization
occurs by tunneling of the two protons in
the framework of the four inner nitrogen
atoms. However, even these structurally
similar molecules exhibit different tauto-
merization mechanisms with a step wise
process in porphyrin[11,17] and a concerted
mechanism including vibrational activation
in porphycenes.[13] Hence, it is essential to
have an as detailed as possible understand-
ing of the underlying processes. However,
a major challenge to study tautomerization
is that individual tautomeric species often
cannot be isolated[9] and single-molecule
spectroscopy and theoretical studies are
used to overcome this difficulty. Single-
molecule spectroscopy/microscopy has
the major advantage that it avoids ensem-
ble averaging and hence allows to observe
processes, such as diffusion,[18] spectral

diffusion,[19,20] or intramolecular proton transfer,[21] which are
hidden in a classical ensemble experiment. Similarly, single-
molecule experiments enable to study conformational transitions
and tautomerization of hypericin, a molecule which can be found
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Hypericin has large potential in modern medicine and exhibits fascinating
structural dynamics, such as multiple conformations and tautomerization.
However, it is difficult to study individual conformers/tautomers, as they cannot
be isolated due to the similarity of their chemical and physical properties. An
approach to overcome this difficulty is to combine single molecule experiments
with theoretical studies. Time-dependent density functional theory (TD-DFT)
calculations reveal that tautomerization of hypericin occurs via a two-step proton
transfer with an energy barrier of 1.63 eV, whereas a direct single-step pathway
has a large activation energy barrier of 2.42 eV. Tautomerization in hypericin is
accompanied by reorientation of the transition dipole moment, which can be
directly observed by fluorescence intensity fluctuations. Quantitative tautome-
rization residence times can be obtained from the autocorrelation of the temporal
emission behavior revealing that hypericin stays in the same tautomeric state for
several seconds, which can be influenced by the embedding matrix. Furthermore,
replacing hydrogen with deuterium further proves that the underlying process is
based on tunneling of a proton. In addition, the tautomerization rate can be
influenced by a λ/2 Fabry–Pérot microcavity, where the occupation of Raman
active vibrations can alter the tunneling rate.
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in nature in Hypericum perforatum (St. John’s wort). Hypericin
has been used as folk medicine throughout history and is a
promising natural drug due to its antidepressive, antineoplastic,
antitumor, and antiviral activity. Especially, its application in pho-
todynamic therapy has drawn considerable attention,[22–24] as it is
the strongest natural photo sensitizer and allows to visualize
tumor cells by its red fluorescence emission.[25] However, hyper-
icin is not only of medical interest, but is also a fascinating
molecule to study fundamental physical/chemical processes,
as it can undergo excited and ground-state tautomerization,
de-/protonation, and conformational transitions.[26–33] Indeed,
many ensemble studies are dealing with the optical properties
of hypericin, covering fluorescence[34] and phosphorescence
emission,[35,36] fluorescence lifetime,[37] Raman and SERS
spectrum.[38–40] Despite its large triplet yield, hypericin is well
suited for single molecule experiments allowing to investigate
phenomena usually averaged in an ensemble.[41,42] But, the com-
plex photo physics are a blessing and a curse, as it is difficult
to pin down the origin of a specific change. However, time-
dependent density functional theory (TD-DFT) offers a solid the-
oretical framework to correlate with the experimental data and
permits to calculate isomer energies,[43] transition states,[44]

and the transition dipole moment (TDM).[45]

TD-DFT calculations of hypericin show that the TDM of its
tautomers differs in strength and orientation,[42] which opens
up the possibility to study individual tautomers by optical
microscopy. Here, we use confocal microscopy combined with
higher-order laser modes, namely azimuthally polarized dough-
nut mode (APDM) and radially polarized doughnut mode
(RPDM).[46–48] These modes are especially interesting for
single-molecule studies, as they allow to excite all molecules
regardless of their 3D orientation and to directly observe the ori-
entation of the TDM by the orientation and shape of the image
pattern.[49,50] In particular, the orientation of the TDM in the
sample plane can be monitored by the APDM due to its exclu-
sively transversal electric field distribution, whereas the RPDM
allows to determine the full 3D orientation of the TDM.[51,52]

This technique enables to directly observe the reorientation of
the TDM caused by tautomerization via the flipping of the image
pattern.[21,53] In the study by Liu et al.,[42] we have shown that the
individual tautomers of hypericin can be identified and studied
on the single-molecule level by this technique. Here, we show
that tautomerization of hypericin can additionally be observed in
the temporal fluorescence emission behavior and quantitative
results can be obtained from the intensity autocorrelation func-
tion. This allows to study how the tautomerization rate is influ-
enced by the matrix in which the molecule is embedded or by
exchanging the tunneling proton with deuterium. Furthermore,
we study hypericin embedded in an optical photonic λ/2 micro-
cavity consisting of two semitransparent silver mirrors support-
ing resonances in the visible spectral range. The optical mode
density in such a microcavity can enhance/suppress the sponta-
neous emission rate by the Purcell effect[54] and allows to tune
the fluorescence lifetime and enhance specific transitions of a
molecule or nanoparticle without altering its structure.[55–58]

In addition, the occupation of Raman active vibrations can be
amplified,[59–62] which leads to an influence of the photonic envi-
ronment on the tautomerization rate.

2. Results and Discussion

Typical fluorescence images of single hypericin molecules
acquired with the APDM and RPDM are shown in Figure 1.

The APDM is exclusively polarized in the image plane and
the orientation of the double lobe image pattern is given by the
in-plane orientation of the TDM, which is indicated by the double
arrows in Figure 1a. On the contrary, the RPDM is primarily
polarized perpendicular to the image plane, i.e., parallel to the
optical axis, when focused with a high numerical aperture
(NA) objective lens. This field distribution of the excitation focus
enables to determine the full 3D orientation of a single mole-
cule.[21,49–51] The shapes of RPDM image patterns reveals that
molecules 1 and 2 are nearly parallel to the image plane resulting
in symmetric double lobe patterns in Figure 1b. The RPDM pat-
tern shapes of molecules 3 and 4 in Figure 1b are asymmetric,
hence they are tilted out of the image plane with an angle of 47�

and 38�, respectively. However, the RPDM has the drawback of a
weaker in-plane component and molecule 5 is not visible in
Figure 1b. Imaging with the APDM/RPDM has the advantage,
that processes involving a reorientation of the TDM, such as tau-
tomerization, can be directly observed by flipping of the image
pattern.[21,42,63] Apart from the spatial TDM orientation, also infor-
mation about the temporal emission behavior is contained in the
microscopy images. The acquisition time of a single image is
around 60 s with 5ms integration time per pixel. Hence, mole-
cules 3 and 4 show a reorientation of the TDM on the seconds
time scale and alternating dark and bright pixels of the image
patterns of molecule 5 indicate milliseconds dynamics without
reorientation of the TDM, since such a fast reorientation of the
TDMwould result in a ring like pattern shape. However, hypericin
exhibits a rather complex photophysical behavior, as it
can undergo excited and ground state tautomerization,

(a) (b)

(c) (d)

Figure 1. a) Series of successive fluorescence images recorded at the
same spatial position over 4 min. Scanning range is 3� 3 μm2 (75 pixels�
75 pixels, 5 ms per pixel). a,c,d) are excited with the APDM and b) is
excited with the RPDM. Five single hypericin molecules labeled 1–5 can
be observed and the in-plane orientation of their TDM is indicated by
the white arrows. Molecules 3 and 4 show a flipping of their image pattern
in successive images due to tautomerization.
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de-/protonation, conformational (torsional) transitions, as well as
possible association (dimerization).[26] Hence, it is, without further
knowledge, difficult to pin down the origin of the dynamics shown
in Figure 1. TD-DFT simulations are an appropriate tool to get
further insights into these complex dynamics and results obtained
for different hypericin conformations are shown in Figure 2.

Hypericin offers a rich structural variety of conformational
and positional isomers due to the presence of six hydroxyl
and two keto groups, as well as methyl groups in the bay
region of the naphthodianthrone core.[26] In fact, the methyl-
substitutions at the bay region contribute to a distorted aromatic
parent backbone.[27] Four different conformers can be achieved
by torsions of the skeleton and the substitutes, namely, the
“propeller” form (PM-Q, PP-Q) and the “butterfly” form (BM-
Q, BP-Q),[27] as shown in Figure 2. As discussed earlier,[26,27,64]

conformers PM-Q/PP-Q (BM-Q/BP-Q) are isoenergetic, enantio-
meric pairs, distinguished by the reflection symmetry, whereas
PM-Q/BM-Q (PP-Q/BP-Q) are diastereomers. Conformational
isomerization proceeds via transition states 1T and 2T, see
Figure 2a. This was shown earlier by force field (FF) calcula-
tions,[27] and was recalculated here at the DFT level to obtain
more reliable values, especially for the transition states.
The Gibbs free energy of BM-Q is by 8.7 kJmol�1 (0.09 eV) less
stable than PM-Q, see Figure 2b and Figure S1, Supporting
Information, which is significantly more than the FF results.[27]

The energy barriers corresponding to the deformation at the
hydroxyl and the methyl half plane were estimated to be
E(1T)¼ 246 kJmol�1 (2.55 eV) and E(2T)¼ 333 kJmol�1 (3.45 eV),
respectively, being again much higher than the FF results.[27] For
2T, an extra distortion resulting from the steric requirements of
two adjacent methyl substitutes is responsible for the higher
energy barrier.

Apart from the torsional isomerization, we identify a second
conformational coordinate, being a H-flipping at the hydroxyl
groups, see Figure 2b. Here, two hydrogen atoms alternatively
participate in the formation of the intramolecular hydrogen
bond, i.e., hydrogen bonds pointing upward or downward.
Due to the fact that hypericin belongs to the point group of

C2, proton transfer in this bond shifting process leads to an iden-
tical species. The energy barriers in this coordinate amounted to
be 145 (1.50) and 239 kJ mol�1 (2.48 eV) for PM-Q and BM-Q,
respectively.

In a second step, transition states for tautomerization were
investigated. We exemplify here on the most probable intramolec-
ular one-proton-transfer between the most stable Q7,14 and Q1,7

tautomers; for the nomenclature, see Figure 3, for a comprehen-
sive scheme see, Figure S2, Supporting Information, and for a
classification of the different tautomers, see previous studies
for reference.[27,42] Starting from Q7,14, there are two possible
pathways to reach Q1,7. In the single-step pathway (dashed arrow
in Figure 3), a pronounced geometrical distortion occurs at the
position 14 (TS1); here, the significant torsion leads to a high
energy barrier of 233 kJmol�1 (2.42 eV), see Figure 3b. In the
two-step path (solid arrows in Figure 3), Q7,14 will first cross an
intermediate state Q7,14-M* (energy difference: 140 kJmol�1

[1.45 eV]) via the proton transfer at the position 13, then reach
Q1,7 via a second proton transfer at the position 14. The transition
states (TS2 and TS3) in the second pathway induces slight
distortions, consequently reflecting lower energy barriers with
E(TS2)¼ 154 kJmol�1 (1.60 eV) and E(TS3)¼ 157 kJmol�1

(1.63 eV), which is thus energetically favored, and suggested as
the pathway observed in the experiments. Replacing the responsi-
ble hydrogen by deuterium, a slight energetic stabilization was
observed, see Figure 3b.

Tautomerization in hypericin is accompanied by reorientation
of the S0–S1 TDM due to different positions of the carboxyl
group, which is exemplarily shown by the colored arrows for
the Q7,14 and Q1,7 tautomer in Figure 3a. Hence, tautomerization
can be directly observed by a reorientation of the image patterns,
as shown in Figure 1. Comparing the pattern orientation in
Figure 1 it is obvious, that the TDM of molecules 3 and 4 show
large angle flipping, whereas the pattern orientation of molecules
1, 2, and 5 is quite stable. In the study by Liu et al.,[42] we have
shown that for hypericin large-angle variations of the TDM can
only be observed if the molecule is nearly perpendicular to the
image plane, as there is only a small-angle difference of the
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Figure 2. a) Conformational equilibria of the neutral conformers (in black) with the carbonyl group at the positions 7 and 14, and the corresponding
transition states (in gray) in the conformational cycle. b) Potential energy curves along the reaction coordinates for the conformational isomerization in
red and the H-flip at the bay region of PM-Q and BM-Q, as sketched in blue and in green, respectively. The Gibbs free energy of PM-Q is set as the
reference. Inset pictures in squares are ball and stick representations of PM-Q, BM-Q, 1T, 2T and H-flipping.
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TDMs of the tautomers (smaller than 24�). Hence, the absence
of a flipping pattern does not necessarily mean that there is no
tautomerization, but that it is difficult to observe by imaging with
the APDM/RPDM. Although, such small-angle variations of the
TDM are sometimes hard to be observed in the image patterns,
additional information can be extracted from temporal behavior
of the fluorescence intensity. Figure 4 (left column) shows inten-
sity time traces (binning time: 10ms) of four single hypericin
molecules with obvious differences in their temporal emission
behavior.

In addition, the intensity autocorrelation function, which
reflects fluorescence intensity fluctuation dynamics, can be cal-
culated directly from the time correlated single photon (TCSP)
data with a temporal resolution of 64 ps, which is shown in
the right column of Figure 4. These autocorrelation functions
can be fitted by a stretched exponential function (details are given
in Figure S3–6, Supporting Information)

g2ðτÞ ¼ GðτÞ � 1 ≅ Ae�
�

t
τ1

�
β1 þ Be�

�
t
τ2

�
β2

(1)

The first term with the subscript 1 is used to describe pro-
cesses in the milliseconds range (blue curves on the right side
of Figure 4), whereas the second term is used for dynamics
in the seconds range (green curves on the right side of
Figure 4). From the fluorescence images in Figure 1, it is already
obvious that the blinking dynamics fall into the milliseconds
temporal range with a lifetime τ1 and tautomerization (flipping
of the pattern) occurs in the seconds time scale with a tautome-
rization residence time τ2, which is the average time a molecule
resides in a tautomeric state. Please be aware, that if multiple
processes occur within the same temporal window the obtained
lifetimes are the mean lifetime of all involved processes. In the
following, we will discuss results obtained by fitting of the auto-
correlation function of single hypericin molecules illustrating
four possible scenarios. The fluorescence emission of the first
single hypericin molecule in Figure 4a is comparably stable
during the whole acquisition time, until it is photobleached

after 77.4 s. The intensity time trace already shows, that there
are no apparent intensity fluctuations in the seconds time scale
(no tautomerization) and short time scale dynamics are shorter
than the binning time of 10ms. However, the autocorrelation
function is directly based on the TCSP counting data with a
temporal resolution of 64 ps and allows to determine a lifetime
of approximately τ1 � 0.01ms, which is in the range of triplet
state lifetimes of hypericin reported at ambient conditions.[65,66]

The lack of long time scale intensity fluctuations is accounted for
by τ2 � ∞. The second molecule in Figure 4c shows fast inter-
mittency (blinking) of the fluorescence emission during the
whole acquisition time. The corresponding intensity autocorre-
lation function in Figure 4d is dominated by a single exponential
decay with τ1 ¼ 5.9 ms, which is much longer than the triplet
state lifetime shown in Figure 4b. However, such a triplet state
lifetime is in agreement with values reported at low tempera-
tures.[35,36] Indeed, embedding hypericin in a 80 nm poly (vinyl
alcohol) (PVA) film drastically increases the triplet state lifetime
to an average value of τ1 ¼ ð6.9� 1.0Þ ms compared with
τ1 � ð0.1� 0.1Þ ms on a glass substrate (see Figure S7a,
Supporting Information). This indicates that triplet state of
hypericin is less quenched inside a PVA film, possibly due to
a reduced amount of oxygen, which plays a major role in quench-
ing of the triplet state.[65–67] In general, the triplet state lifetime of
hypericin can be strongly quenched by energy acceptors, electron
donors, and acceptor[68,69] and the PVA layer seems to efficiently
protect the single hypericin molecules from their influence.
Again, τ2 � ∞ in Figure 4d shows that there are no apparent long
time scale dynamics. The third hypericinmolecule in Figure 4e is
an example where multiple fluorescence intensity levels can be
observed. These abrupt fluorescence intensity changes can
be assigned to tautomerization, since each tautomer has a differ-
ent spatial orientation of the TDM (see flipping in Figure 1).
In general, the excitation rate γexc is proportional to the absolute
square of the scalar product of the TDM and the electric

excitation field (γexc ∝ jP⇀ ⋅ E
⇀
j2). Hence, reorientation of
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Figure 3. Intramolecular tautomerization between two tautomers, Q7,14 and Q1,7, in which two carboxyl groups locate at the positions 7,14 and 1,7, with
respect to one-proton transfer. a) Schematic representation of two possible pathways in the tautomerization process. Gibbs free energies are labeled in
black for neutral hypericin and in red for deuterated hypericin. Colored arrows illustrate the TDM. b) Potential energy curve along the reaction coordinate
with a 2D representation of the potential surface.
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the TDM leads, for a fixed electric field orientation, to a change of
the excitation rate for each tautomer, resulting in multiple fluo-
rescence intensity levels. These multiple fluorescence intensity
levels suggest, that this hypericin molecule cycles between differ-
ent tautomeric species in the same temporal window leading to a
long exponential decay (τ2 ¼ 14.7 s) in the autocorrelation func-
tion in Figure 4f. The fourth molecule in Figure 4g shows a per-
fect example showing short (blinking) and long (tautomerization)
time scale fluctuations. As expected, the autocorrelation curve in
Figure 4h shows a mixture of two exponential decays with τ1 ¼
13ms and τ2 ¼ 7.3 s. Additional information can be obtained
from the stretch parameter β1=2, which enables to draw conclu-
sions on howmany processes are occurring in the corresponding
time window. In the following, we want to discuss the meaning
of the stretch parameter on the basis of the long term intensity
fluctuations, as different scenarios can be intuitively compared
with time traces on the left side of Figure 4. The first example
is the molecule shown in Figure 4a,b, where no long time scale
intensity fluctuation can be observed and fitting the autocorrela-
tion function yields β2 close to zero, which means that no

intensity fluctuations in the seconds time scale are observed
during the acquisition time. The second scenario is shown in
Figure 4g,h and there are long-term intensity fluctuations
between the same intensity levels, i.e., transitions between the
same tautomeric species. This single process gives an autocorre-
lation function, which can be fitted by a single exponential decay
giving β2 ¼ 1. The third scenario is shown in Figure 4e,f, where
the single molecule cycles between different tautomeric species
andmultiple intensity levels can be observed in the intensity time
trace. Such a behavior involving multiple process within the
same temporal acquisition yields β2 ¼ 0.3 and the tautomeriza-
tion residence time τ2 ¼ 14.7 s is the average of all involved pro-
cesses. The ratio of the amplitudes A, B is a measure if the short
or long time scale intensity fluctuations are dominating the tem-
poral emission behavior and, for most cases, we find that triplet
blinking dynamics have the strongest influence.

In the following, we will mainly focus on the tautomerization
residence time τ2 obtained from the temporal emission behavior.
Nevertheless, all other parameters obtained by fitting the autocor-
relation functions are presented in Figure S7, Supporting
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Figure 4. Four intensity time traces of single hypericin molecules and corresponding intensity autocorrelation functions. The first molecule in a,b) does
only show very fast (τ1� 0.01ms) dynamics and there are no intensity fluctuations on a longer time scale (τ2� inf ). The intensity time trace of the second
molecule in c) is dominated by fast blinking and the autocorrelation function in d) is a single exponential decay with τ1¼ 5.9ms. The third molecule in
e) exhibits large intensity fluctuations in the seconds time scale, which is clearly revealed in f ) with a stretched exponential decay with τ2¼ 14.7 s. The
molecule in g) is a perfect example showing both short-time blinking (τ1¼ 13ms) and long-time fluctuations (τ2¼ 7.3 s).
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Information. In Figure 5a, experimental tautomerization resi-
dence times τ2 are shown for three cases: 1. hypericin directly
deposited on a glass substrate (blue), 2. normal (yellow), and
3. deuterated (pink) hypericin embedded in an 80 nm PVA film.

The histograms in Figure 5a are based on n¼ 78, 189, and 89
single hypericin molecules, respectively. The energy barriers
between the tautomeric species are larger than the available ther-
mal energy and tautomerization is based on tunneling of a pro-
ton. Hence, the tautomerization residence times are expected to
follow a Poisson distribution and the histogram distributions can
be fitted by an exponentially decaying function y ¼ Ae�bτ (dashed
lines in Figure 5a).[70,71] This yields an average tautomerization
residence time of hτ2i ¼ 3.7 s for hypericin on a glass substrate
(blue) and hτ2i ¼ 4.4 s inside the PVA film (yellow). However,
photo bleaching of the molecule during the acquisition does have
an impact on the autocorrelation function, as it drops to zero for
lag times larger than the finite survival time T. In the study by Liu
et al.,[41] we have determined average survival times of single
hypericin molecules of T¼ 23.8 s on glass and T¼ 46.6 s in
PVA. These average survival times can be used to exclude mol-
ecules where the only “long time scale dynamic” is photo bleach-
ing by considering time traces with tautomerization residence
times smaller than the average survival time (τ2 < T). In addition,
single molecules exhibiting multilevel intensity fluctuations do
not result in a monoexponential decay of the autocorrelation
function (β2 6¼ 1). Hence, τ2 < T and β2 6¼ 1 are suitable criteria
to select intensity time traces with clear tautomerization, one
example is shown in Figure 4e. However, this criteria might
be even too strict, as single molecules, which are cycling between
similar intensity levels (Figure 4g) are also rejected. Nevertheless,
this criteria allow to determine the subpopulation of single
hypericin molecules showing apparent tautomerization, which
is presented in Figure 5b. Here, the average tautomerization resi-
dence time is hτ2i ¼ 4.0 s for hypericin on a glass substrate, which
increases to hτ2i ¼ 8.4 s in PVA, clearly showing that the
embedding matrix influences tautomerization. Tautomerization
in hypericin is based on tunneling of a proton, hence a strong
dependence on the mass of the tunneling particle is expected
and exchanging the tunneling proton with deuterium should
result in a significant increase in the tautomerization residence
times τ2. This is shown for deuterated hypericin in pink
in Figure 5a,b and the average tautomerization residence time

hτ2i increases from 4.4 to 6.9 s considering the whole dataset,
whereas the effect is even more dramatic for the subpopulation
showing clear tautomerization in Figure 5b with an increase in
hτ2i from 8.4 to 16.4 s. This proves that the long time scale inten-
sity fluctuations are indeed caused by tunneling of a proton and
can be unambiguously attributed to tautomerization, which is
schematically shown in Figure 5c.

An interesting approach to alter the optical properties of a sin-
gle molecule, without changing its chemical structure, is to influ-
ence its photonic environment by a λ/2 wavelength Fabry–Pérot
microcavity. Single hypericin molecules are embedded in a thin
PVA layer between the two silver mirrors forming the microcav-
ity, which has an optical path length supporting resonances in
the visible spectral range. Such a microcavity allows to influence
the spontaneous emission rate by the Purcell effect.[57,72,73] A
schematic drawing of the microcavity is shown in Figure 6a
and details are given in the Experimental Section.

In Figure 6, average tautomerization residence times obtained
from single hypericin molecules (n¼ 189) embedded in a thin
PVA layer outside of the microcavity (free space) are presented
in yellow and are compared with results obtain for a microcavity
being on- (red, λmax ¼ 613nm, n¼ 142) or off-resonance
(purple, λmax ¼ 712nm, n¼ 139) with the emission maximum
(λmax ¼ 603nm) of hypericin (see Figure S8, Supporting
Information). Again, we want to focus on the tautomerization res-
idence times τ2, but all other parameters are given in Figure S9,
Supporting Information. Nevertheless, it is worth to mention that
the triplet state lifetimes in Figure S9a, Supporting Information,
are not influenced by the confined optical field in the microcavity
and are practically the same for all three cases (hτ1i ¼ 7.5, 7.1, and
7.1ms, respectively). Interestingly, the long time scale dynamics
in Figure 6b show that tautomerization can be influenced by the
confined optical field in the microcavity. The average tautomeri-
zation residence time hτ2i decreases from 4.4 s in free space to
2.7 s in the on-resonancemicrocavity, whereas it slightly increases
to 4.7 s in the off-resonance case. Again, this effect is even more
dramatic in Figure 6c when only the subpopulation of molecules
showing apparent tautomerization is considered. Here, the aver-
age tautomerization residence times hτ2i decreases from 8.4 to
1.4 s in the resonant case and increases to 8.5 s in the off-resonant
case. A possible explanation for this decrease in the tautomeriza-
tion residence time is an altered population of excited vibrational
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Figure 5. a) Histograms of the tautomerization residence times τ2 for hypericin on a glass substrate (blue) and for normal (yellow) and deuterated (pink)
hypericin embedded in a PVAmatrix. The histogram distributions are fitted by an exponential function y ¼ Ae�bτ giving average tautomerization residence
times 〈τ2〉¼ 3.7 and 4.4 s for hypericin on glass and in PVA. The average tautomerization residence time increases to 〈τ2〉¼ 6.9 s when hypericin is
deuterated, respectively. b) Subpopulation of a) showing molecules with apparent tautomerization. c) Illustration of the reduced tunneling probability by
replacing hydrogen with deuterium.
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states by Raman scattering, which has been reported for surface-
enhanced Raman scattering even for low excitation powers.[61]

Similar nonthermal vibrational populations have been observed
on the single molecule level and are explained by a quantum
mechanical description,[59,74] where the occupation of vibrational
modes (ων), which are on resonance with the detuning (Δ � ων),
are amplified when excitation laser (ωL) frequency is larger than
the cavity resonance frequency (Δ ¼ ωL � ωc > 0). Here, we have
a similar situation where the excitation laser λL ¼ 530nm is blue
shifted to the on-resonance cavity mode at λc ¼ 613nm, which
corresponds to a Raman shift of �2550 cm�1 and is suitable
to influence the pronounced Raman active modes of hypericin
between 1200 and 1700 cm�1.[41] The possible nonthermal vibra-
tional distribution caused by the Raman effect can increase ther-
mally activated tautomerization, similar to tautomerization in
porphycene,[16] leading to the decreased tautomerization resi-
dence time of hypericin in Figure 6. However, tuning the cavity
resonance to λc ¼ 712nm corresonds to a Raman shift of
�4850 cm�1 where the amplification of the Raman modes
vanishes due to the large detuning.

3. Conclusion

In this work, we present a comprehensive investigation of the
structural dynamics present in hypericin. TD-DFT calculations
show that the energy barriers for conformational transitions
are significantly larger than values obtained by FF calculations.
The energy barriers calculated by FF are 28.3 kJmol�1 (1T state)
and 113.4 kJ mol�1 (2T state),[27] whereas TD-DFT calculations
show that the barriers are significantly higher, giving values of
246 kJ mol�1 for the 1T state and 333 kJ mol�1 for the 2T state.
These high energy barriers yield small tunneling probabilities,
which make it unlikely to observe conformational transitions
under normal experimental conditions. In addition, we identify
a new conformational mechanism in hypericin, which we call
H-flipping. Here, the bay hydroxyl groups alternatively partici-
pate in the formation of the intramolecular hydrogen bond,
which is either pointing upward or downward, leading to energy
barriers of 145 kJ mol�1 in the propeller (PM-Q) and 239 kJ mol�1

in the butterfly (BM-Q) conformer. However, such a transition

does not change the orientation of the TDM and hence cannot
be observed in the optical experiments presented here. However,
in Figure 1, we find a spatial reorientation of the TDM and cor-
responding dynamics can also be observed in the temporal fluo-
rescence emission dynamics in Figure 4. These dynamics cannot
be explained by conformational transitions, but are caused by tau-
tomerization. Our TD-DFT calculations show that, in agreement
with literature,[26,27] the most stable tautomer of hypericin is the
one with the carboxyl groups at position 7,14 and that tautome-
rization occurs in a two-step process with an intermediate state
Q7,14-M* (Figure 3). Hence, tautomerization is based on two con-
secutive vibrationally assisted tunneling processes and replacing
the tunneling proton by deuterium leads to a significant reduc-
tion of the tautomerization residence time by a factor of 1.95
(Figure 5b). In addition, we find a strong influence of the embed-
ding matrix on the tautomerization rate in Figure 5b and on the
triplet state lifetime in Figure S7, Supporting Information, which
shows that the local environment has a strong impact on the prop-
erties of hypericin. Hence, it is crucial to tailor the environment
in, e.g., drug delivery systems for a successful medical applica-
tion.[75,76] In addition, we show tautomerization can be controlled
by the photonic environment in a λ/2 Fabry–Pérot microcavity,
where tautomerization gets faster/slower when the cavity is
on/off resonance to the fluorescence emission maximum.

4. Experimental Section

Single-Molecule Spectroscopy: For the single-molecule experiments,
hypericin was dissolved in ethanol (Uvasol, Merck) and diluted to a con-
centration of 10�6

M. About 2 μL of the hypericin solution were added to
2mL of a 2 wt% PVA (Sigma-Aldrich) solution in triply distilled water to
achieve a final hypericin concentration of 10�9

M. For the deuterium
experiments, ethanol was replaced by deuterated methanol-d4 (99%
atom D, Sigma-Aldrich) and PVA was dissolved in D2O (99% atom D,
Sigma-Aldrich). These solutions were spin coated on a cleaned glass cov-
erslip to obtain a thin hypericin/PVA film of �80 nm thickness. This pro-
cedure yields a PVA film with spatially isolated single hypericin molecules
(see Figure S10, Supporting Information) with distances larger than the
diffraction limited focus of the confocal microscope. For single molecule
experiments with hypericin directly deposited on glass, 2 μL of a 10�10

M

solution was dried on a cleaned coverslip. Fluorescence images of single
hypericin molecules were recorded with a home-built scanning confocal
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Figure 6. a) Schematic drawing of a λ/2 microcavity where single hypericin molecules in a PVA layer are positioned between two silver mirrors.
Transmission spectra to determine the cavity resonance can be obtained with a white light emitting diode, whereas fluorescence spectra are acquired
by focusing a laser beam from below. b) Tautomerization residence time τ2 obtained from the whole data set giving hτ2i ¼ 4.4, 2.7, and 4.7 s for free space
(yellow), on-resonance (red) and off-resonance microcavity (purple), respectively. c) Subpopulation of molecules with multiple tautomerization tran-
sitions giving hτ2i ¼ 8.4, 1.4, and 8.5 s.
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microscope (see Figure S11, Supporting Information) with a 530 nm
pulsed excitation laser (pulse duration < 100 ps, 20MHz). A commercial
mode converter (polarization converter, Arcoptix) was used to generate
the APDM and RPDM for fluorescence images. Linear polarization was
used for intensity time traces. A high numerical aperture oil objective lens
(NA¼ 1.46, Carl Zeiss) was used to focus the excitation beam (1.2 μW in
front of the objective) on the sample and to collect the fluorescence signal.
The sample, either a thin PVA film on glass or a microcavity, was mounted
on a scanning piezo-stage (P-527.3CL, Physics Instruments) to acquire
images and to address individual molecules. The excitation laser was
removed from the detected signal by the 532 nm long pass filter
(532LP Edge Basic, Semrock), which was focused on two avalanche photo-
diodes (APDs, SPCM-AQR-14, PerkinElmer). The APDs were connected to
a TCSP counting module (HydraHarp 400, PicoQuant) synchronized with
the TTL signal generated by the pulsed laser. A TTL pulse is output from
APD and recorded at HydraHarp 400 for each detected photon and saved
as a Time-Tagged Time-Resolved file.[77] The autocorrelation function was
calculated with recorded files using Symphotime 64 (PicoQuant), and the
fitting of the autocorrelation function was achieved using a self-written
Matlab scripts.

Microcavity: For the microcavity experiments, a flat and a curved mirror
were assembled in a home-built holder to form the microcavity (schematic
drawing in Figure 6a), which had a quality factor of roughly 20. The flat
mirror consisted of a 1 nm chromium, 30 nm silver, and 50 nm silica layer
evaporated on a cleaned glass coverslip. The curved mirror was prepared
by evaporating 1 nm chromium, 50 nm silver, and 50 nm silica on a pla-
noconvex lens (Thorlabs, f¼ 50mm). Here, chromium acted as an adhe-
sion layer, and the silica layer protected the mirror from oxidation and
mechanical damage. In addition, the silica layer served as a spacer
layer to avoid quenching by the silver mirror. Similar to the free space
experiment, a thin hypericin/PVA film was spin coated on top of the flat
mirror and the silica spacer layer allowed to position the film roughly in
the center of the microcavity. The microcavity resonance could be
determined by acquiring the white light transmission spectrum (see
Figure S8, Supporting Information) and was set to 613 nm/712 nm for
on/off-resonance measurements by approaching the curved mirror toward
the flat mirror by a piezoactuator (Thorlabs Polaris Kinematic Mirror
Mounts KC1-T-PZ). Because the cavity strongly reflected the laser, the exci-
tation laser power was increased to 4 μW in front of the objective to ensure
that the fluorescence signal can be detected. The average reflectivities,
calculated using Transfer Matrix Method,[78] were 92.7% for cavity on res-
onance and 94.3% for cavity off resonance, which corresponded to the
excitation power of 0.29 and 0.23 μW, respectively.

DFT and TD-DFT Calculations: The electronic ground and transition
state optimizations on the full structure of hypericin were carried out
by DFT calculations without any symmetry restrictions to model molecules
in vacuum. TDM orientations were calculated by TD-DFT. For all cases, the
B3LYP functional[79] and the 6–311G* basis set were used as implemented
in the Gaussian 16 program package. TDM orientations should be little
affected by this. As this work focused on the stereochemical complexity
of hypericin, i.e., the conformational and tautomeric dynamics, four con-
formational isomers of the most stable tautomer Q7,14, namely PM-Q,
BM-Q, and their enantiomeric pairs PP-Q, BP-Q, as well as ten tautomers
of the most stable conformer PM-Q were identified. Relative stabilities of
conformational isomers were investigated earlier by ab initio FF[27,64] and
restricted Hartree–Fock (HF) calculations[28] as well as by DFT.[80] In addi-
tion, the tautomers of hypericin were calculated by FF,[27,64,81] semiempir-
ical AM1,[29] and restricted HF[28] calculations; however, a systematic study
at the DFT level had not been reported so far. Conformers were achieved
by torsions of the aromatic backbone, characterized by two dihedral angles
Θ3,3a,4a,4 and Θ10,10a,11a,11, whereas tautomers are defined by the positions
of the carboxyl groups at the peri region. All energy minima were confirmed
by the absence of imaginary frequencies. Furthermore, transitions states in
the conformational isomerization, tautomerization, and the newly defined
H-flip at the 3-, 4-position were studied in detail. The transition states were
characterized by one imaginary frequency, referring to a local maximum
(the saddle point), and reflecting the dynamic pathway between two adja-
cent local minima.[82]
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the author.
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