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ABSTRACT: We analyze reported trends of the photophysical
properties in a series of tetrapyrrolic macrocycles with varied
saturation level. We compare rates of intersystem crossing (ISC)
and fluorescence upon photoabsorption in porphine (P), chlorin
(CH), and bacteriochlorin (BC). CH and BC result from single
hydrogenation and double hydrogenation of P, respectively. A first-
principles time-dependent density functional theory based on a
novel framework is used to implement a quantum-mechanical
Fermi’s golden rule (FGR) rate theory. We employ the recently
developed screened range-separated hybrid (SRSH) functionals
and a polarizable continuum model (PCM) achieving a polar-
ization-consistent description of the embedded molecular
electronic structure. We find, in agreement with the measurements,
an increase of the ISC rate upon hydrogenation originating in an increase of the spin−orbit coupling (SOC). This trend is traced
back to the overlap of attachment and detachment densities of the relevant singlet and triplet states. Simultaneously, we find an
increase in the fluorescence rate competing with the ISC, which, overall, results in a lower ISC yield with increasing degree of
hydrogenation despite the increased SOC. Crucially, both the quantum mechanical perspective in the FGR theory and the
polarization consistent formulation achieved by the screened RSH used in the DFT calculations are required for achieving predictive
quality in the calculated rates.

■ INTRODUCTION
Photosensitization involving triplet excited states in organic
molecules has been widely addressed in the context of reactive
oxygen species (ROS), photodynamic therapy (PDT),1,2

phosphorescence,3 photocatalysis,1 and singlet−triplet upcon-
version.4 Triplet states in organic molecules can be generated
upon photoexcitation through the formally forbidden inter-
system crossing (ISC), S1→ Tn (S1 denotes the lowest singlet
excited state, and Tn denotes the nth triplet excited state) that
is enabled by spin−orbit coupling (SOC).5 Typically, SOC in
organic materials is relatively weak.5 However, some
exceptions of organic molecules with larger SOC presenting
high quantum yields of ISC have been reported.6,7 SOC values
larger than 0.2 cm−1 are generally accepted as significant
enough to induce ISC.8−10 For example, in derivatives of
boron−dipyrromethene (BODIPY) metal-free organic materi-
als that are associated with large quantum yield of triplet states,
the calculated SOCs range between 0.2 and 3.2 cm−1.6

Relatively strong SOC can be achieved through heavy atom
effects, where the organic materials are functionalized by a
heavy nonorganic element, e.g., Br, I, S, or a transition
metal.1,5,11 An example of increased SOC with heavy atom
effect is seen in zinc ligated chlorophyll of 390 cm−1.12

Significant ISC has been reported also for tetrapyrrolic
macrocycles2,13 including porphine (P),2,14 chlorin (CH),13

and bacteriochlorin (BC).15 On the other hand, competing
relaxation processes that deactivate S1, for example,
fluorescence, tend to be associated with larger rate constants
for CH and BC5 (kf > 108 s−1).
Porphyrins are fully conjugated tetrapyrrolic macrocyclic

compounds, where CH and BC result from single and double
hydrogenation of P, respectively. The partially hydrogenated
CH and BC systems retain a conjugated ring character. The
molecular structures of P, CH, and BC are presented in Figure
1, where hydrogenation sites are highlighted. CH and BC are
the key photosynthetic pigments in chlorophyll and bacterio-
chlorophyll photosystems exhibiting deep red or near-infrared
(IR) fluorescence. These pigments are widely used as
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fluorescent probes for in vivo imaging,6,14,16−26 phototherapy,2

and solar energy conversion applications.27,28

Measured spectral data find that the lowest absorption peak
is red-shifted upon hydrogenation as we proceed in the series P
< CH < BC.13 Also well-known is the trend of increasing
absorption and emission intensities in this series,29 causing P
to have the slowest fluorescence13,15 as dictated by the Einstein
coefficients that are proportional to the spectral intensity30

following the Strickler−Berg relation.31 In Figure 2, we

represent the two radiative relaxation processes originating at
the lowest excited singlet state, S1. To the left of the figure, we
follow the fluorescence of direct relaxation to the ground state.
To the right we find phosphorescence (ph) that amounts to
relaxation from the lowest triplet state, T1.32 The T1
population stems from ISC to a Tn state and subsequent
internal conversion (IC).
The ISC process appears to present a complex relationship

at the molecular level, where the rates, kISC, are found to form
the following weak trend in the hydrogenated series: P < CH <
BC,13,15 whereas the quantum yield, ΦISC, appears to decrease
significantly.33 The ΦISC is also known to be strongly affected
by the competing fluorescence rate that increases within the
series with the extinction coefficient of the longest wavelength
absorption band.
To understand these trends, we analyze the relationships of

the ring saturation and the formation of T1 in the tetrapyrrolic
macrocycles. We analyze computationally the spectral proper-
ties and photorelaxation of the molecular series. We explain the
observed photoactivity of these molecules and, in particular,
address the generation of triplet excited states. We investigate
the structure−function relationships that determine the SOC
in these molecules and compare the rates of ISC to those of
competing fluorescence that also deactivates the S1 states.
We employ the recently developed and well benchmarked

polarization-consistent SRSH-PCM34−36 scheme to calculate

the potential energy surfaces used to obtain ISC rate constants
at a fully quantum mechanical level of theory. The SRSH-PCM
scheme is a relatively novel framework that was shown to
achieve unique insight for several related pigments.37−39

Importantly, we follow our well established protocol based
on Fermi’s golden rule (FGR) rate theory that goes beyond the
semiclassical limit of the widely employed Marcus theory.40−43

In earlier studies, FGR ISC rates in porphyrinic rings have
been found to be significantly larger than the ones obtained
using approximated expressions.44

■ COMPUTATIONAL APPROACH

Electronic structure calculations are performed using the time-
dependent density functional theory (TDDFT) of the
screened RSH (SRSH)34 functional based on PBEh.45,46 The
SRSH range-separation parameter is tuned following the J2
scheme.47 (The tuned parameters for P, CH, and BC are
0.227, 0.228, and 0.230 bohr−1, respectively.) Both RSH and
the SRSH DFT calculations are employed within the
polarizable continuum model (PCM)48,49 to represent the
dielectric environment. In the SRSH framework, the XC
functional takes the following form:

α α α β
α β

= + − + +
+ − − +

E E E E

E E

(1 ) ( )

(1 ) ,

F F F

F F

XC
SRSH SR

D
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X

where SR and LR indicate short-range and long-range terms, X
and C denote exchange and correlation, and F and DF indicate
Fock exchange and the semilocal density functional,
respectively. Importantly, in SRSH-PCM calculations, the β
parameter is reset such that β = 1/ϵ − α. Here ϵ corresponds
to the scalar static dielectric constant of the environment that
is also invoked within the PCM, and α is kept at the default
value of the RSH functional. Importantly, SRSH-PCM achieves
physically meaningful frontier orbitals of the molecular system
in a condensed phase (solution or crystal),34 a property that is
crucial for the quality of the calculated excited states.35 More
recently, we have shown that the SRSH-PCM scheme achieves
accurate triplet excitation energies as well.36 In this study we
address the simplest (unsubstituted) derivatives of the
tetrapyrrolic macrocycles, P, CH, and BC, shown above in
Figure 1 solvated in toluene where the static and the optical
room temperature dielectric constants 2.3850 and 2.2451 are
used in the PCM calculations.
Excited states are obtained using the Tamm−Dancoff

approximation (TDA)52 and the full TDDFT for comparison.
Absorption energies are calculated using SRSH-PCM at the
ground state optimized geometry. The emission energy shift is
calculated using SRSH-PCM at the geometry of the respective
excited state optimized by TDDFT with RSH-PCM.
All calculations including the geometry optimizations are

performed using the 6-311+G** basis set, except for the SOC
calculations, which are performed employing the one-electron
Breit−Pauli Hamiltonian53 at the excited state optimized
geometry and the 6-311G** basis set. Q-Chem 454 was used to
implement most of the electronic structure calculations, while
Gaussian55 was used to calculate the normal modes needed for
the ISC rate evaluation.
The FGR rate constants are given by56

Figure 1. Porphine (P), chlorin (CH), and bacteriochlorin (BC)
molecular structures. CH results from single hydrogenation of the P
conjugated system, and BC is made through double hydrogenation.
The hydrogenated bonds are highlighted by red color. Atomic
coordinates are provided in the Supporting Information.

Figure 2. Jablonski diagram highlighting the electronic states involved
in the deactivation of S1 excited state. S1 deactivation can proceed
directly through fluorescence or by ISC to a triplet excited state (Tn)
followed by internal conversation (IC) to the lowest triplet state, T1,
as dictated by Kasha’s rules.
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Here, VTn,S1
SOC is the SOC constant, {ωα} are the normal modes

frequencies, {Sα} are the Huang−Rhys factors (HRFs), and

{ }= −α
ωℏ −

α( )n exp 1
k T

1

B
are the normal modes thermal

occupancies. The total SOC values are due to combining the
contributions from the three quantum triplet states, where in
all the cases the SOC contributions from ms = 1 and −1 are
nearly vanishing. For all three cases, we use normal modes
calculated at singlet ground state geometry in vacuum. The
corresponding reorganization energy within the harmonic
approximation is given by λ = ∑αℏωαSα.

40,57 The window
function exp(−t2/τ2) was introduced to suppress erroneous
recurrences at large times.40 A value of τ = 12.5 fs was found
for P to be sufficiently large to achieve convergence (see the
Supporting Information, Figure S4) and was employed for all
three molecules. ΔE is the energy difference between the
singlet and triplet optimized excited states. Following the high
temperature and short time limits, the semiclassical Marcus
rate constant can be obtained from the FGR expression:58−61

π
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The fluorescence rate constant, kf, is determined by the
spectral intensity30 as reflected by the transition dipole
moment of the excited state and can be expressed by the
oscillator strength (OS) of the excited state and the absorption
and emission frequencies, νabs and νem. A simplified and widely
used form for kf is given by31,62

ν
ν= −k n f0.6671 cm sf

2 1 em
3

abs

2

(3)

Here n = 1.496 is the refractive index of the solvent, toluene,
and the OS is denoted by f. ISC and fluorescence rates, kISC
and kf, of the molecular series are evaluated and compared to
measured values in toluene where available.

■ RESULTS AND DISCUSSION
We start by considering the excitations in toluene at the
ground state geometry that affect the absorption spectra. The
calculated excited states energies and OSs are listed in Table 1.
Importantly the calculated excitations reproduce the observed
trend,14,15,22 where the spectral intensity increases in the series,
while the spectral peak is red-shifted in the series upon
hydrogenation, P < CH < BC. The calculated singlet excited
state energies for all three cases are higher than the measured
spectral peak by about 0.3 eV, in agreement with earlier
reported trends based on TDDFT values of related
systems.63−67 We also note that the TDA energies are only
slightly larger by less than 0.1 eV in comparison to the full
TDDFT energies for P and CH and by about 0.2 eV for the
BC case. (See the values listed in the Supporting Information,

Table S1). Similar agreement was reported for extended-π
conjugated systems.67

The observed red shift in the spectral peak and increase of
the spectral intensity can be explained by considering the
frontier and next to frontier molecular orbitals (MOs). The
highest occupied MO (HOMO), next-HOMO (HOMO−1),
lowest unoccupied MO (LUMO), and next LUMO (LUMO
+1) energies and densities calculated at the ground state
geometry are shown in Figure 3. For completeness, orbital

diagrams at the optimized excited singlet state and triplet state
geometries are provided in the Supporting Information, Figure
S1. The quasi-degeneracies of the HOMO and HOMO−1 and
between the LUMO and LUMO+1 observed in P are lifted in
CH and BC. The energy splitting of the occupied frontier
orbitals increases from 0.08 eV in P to 0.11 and 0.35 eV in CH
and BC, respectively. We consider next the low lying electronic
excited states that involve these frontier orbitals and analyze
the resulting optical trend.
The solvated key excitation energies including the singlet

(S1) and the triplet states (Tn) at the S1 optimized geometry
are provided in Figure 4. In agreement with the well-known
Gouterman model for porphyrins,24,68 the low lying excitations
are due to one electron promotions within the frontier
molecular orbitals, HOMO−1, HOMO, LUMO, and LUMO
+1. The key orbital transitions and amplitudes of the S1−Tn

Table 1. Excitation Energies Calculated at the Ground State
Geometry Compared to Measured Spectral Peaks in the
Absorption Spectra (eV)a

abs.

molecule exp.b calc.c em.

P 2.0114 (1.95) 2.37 (0.0001) 2.35(0.0002)
CH 1.9622 (1.94) 2.35 (0.18) 2.31(0.22)
BC 1.7415 (1.70) 2.13 (0.56) 2.10(0.57)

aThe emission energies are obtained at RSH optimized S1 geometry.
OSs are provided in the parentheses. bMeasured absorption energies
of unsubstituted macrocycles in toluene, PEGylated (polyethylene
glycol conjugated) forms in DMF13 noted in parentheses. cTDA and
TDDFT energies are compared in the Supporting Information, Table
S1.

Figure 3. Orbital diagrams at the ground state geometry.
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states are also indicated in the figure, where a more complete
listing is provided in the Supporting Information, Table S2.
Due to the orbital degeneracy for P noted above in Figure 3,

the two orbital transitions, HOMO → LUMO and HOMO−1
→ LUMO+1, have similar coefficients in the expansion
forming the low lying excited state.69,70 Furthermore, due to
the orbital symmetries the resulting transition dipole moments
(TDMs) of either individual transitions are of opposite sign
resulting in near cancellation of the excited state TDM and
therefore of a vanishingly small OS of S1 in P. In the CH and
BC cases the lifting of the orbital energy degeneracy leads to
different coefficients of the two orbital transitions forming S1.
Consequently, the mutual cancellation of the individual TDMs
is decreased significantly affecting the overall TDM for the
excited state. Indeed, the S1 OS increases in CH and further in
BC;70 see Table 1. Accordingly, S1 in CH and BC includes a
HOMO → LUMO contribution of over 70% and one over
80% (corresponds to 0.85 and 0.92 coefficients).
The parameters determining the intersystem crossing rate,

kISC, are the S1 to Tn energy difference, ΔE, the reorganization
energy, λ, and the S1−Tn SOC constant, VTn,S1

SOC . The
parameters calculated at the S1-optimized geometry along
with the most relevant triplet state (associated with the largest
SOC and rate constant) are listed in Table 2. Also indicated in
Figure 4 are the S1−Tn coupling strengths, where the relative
strength is highlighted by the line width. The triplet states of
the highest SOC to the S1 state are T1 for P and T3 for CH
and BC, which are highlighted in Figure 4.
We find that the SOCs do not depend strongly on the

geometry. SOC values obtained at other geometries are
provided in the Supporting Information, Table S3, where in all
the cases they remain in close agreement across the different
geometries. For completeness, we also present the SOC
involving the three lowest triplet states for the three systems in
the Supporting Information, Table S4, where for P only the
coupling to T1 is essentially nonvanishing, and for CH and BC
the coupling to T3 is by a factor of 5 and 2 larger, respectively,
than the next SOC value.

The SRSH singlet−triplet gap between the lowest excited
states, ΔS1T1, at the S1 geometry are 0.61, 0.71 and 1.03 eV
for P, CH and BC, respectively (see Figure 4). For comparison,
an averaged difference obtained for several chlorophylls was
recently reported to be 0.55 eV.25 Similar values of ΔS1T1
have been obtained for a series of synthetic bacteriochlorins by
Holten and co-workers.26 For P and CH, the ISC transition
with the strongest SOC is energetically downhill, where the
relevant triplet state is energetically lower than S1 by 0.74 eV
(T1) and 0.28 eV (T3) eV for P and CH, respectively. In the
case of BC, we find an uphill process of 0.10 eV. The
reorganization energies, λ, are calculated using Huang−Rhys
factors (HRFs) based on the S1 and Tn optimized geometries
and are found to be within 0.03 eV of the values obtained by
direct calculation (i.e., using the energy difference of S1 [or
Tn] between the optimized excited singlet and the triplet
geometries) confirming the harmonic approximation, see the
Supporting Information, Table S5.
Overall the calculated SOCs are quite substantial, increasing

with the degree of hydrogenation, with 0.48 cm−1 for P, 0.68
cm−1 for CH, and 1.09 cm−1 for BC (see Table 2). We next
turn to consider more closely the trend of the SOC that
increases within the series upon hydrogenation. This trend
results primarily from the electronic structure of the ring
systems, whereas molecular structure changes do not impact
the SOC significantly. To confirm this relationship, we
recalculate the SOC after adding (removing) hydrogens
without reoptimizing the ring structures.
The lowest SOC is found for P with 0.48 cm−1, where for

the doubly hydrogenated case it increases to 1.09 cm−1. For
example adding two pairs of hydrogens to P (while freezing the
structure) results in a SOC of 1.00 cm−1 that compares well
with 1.09 cm−1 of the BC system. Similarly removing the four
hydrogens from BC results in a SOC of 0.37 cm−1 that
compares well with the SOC of P of 0.48 cm−1.
To understand the SOC trend, we consider the detachment

and attachment densities of S1 and the relevant Tn states in
Figure 5. These densities underlie the nature of the excited
state, whose density is obtained by removing the detachment

Figure 4. SRSH-PCM vertical singlet and triplet excitation energies calculated in toluene at the RSH-level-optimized S1 geometry. The main orbital
transitions for S1 and Tn states are provided respectively in blue and purple color. The width of the transition arrow reflects the relative strength of
SOC. The most relevant Tn state for the ISC is highlighted by a circle for each system.

Table 2. Singlet (S1) to Triplet (Tn) Excited State Transitions at S1-Optimized Geometrya

P CH BC

VT1,S1
SOC ΔE λ VT3,S1

SOC ΔE λ VT3,S1
SOC ΔE λ

0.48 −0.74 0.18 0.68 −0.28 0.05 1.09 0.10 0.07
aSOC in cm−1, the energy difference ΔE (eV), and the reorganization energies λ (eV). The relevant transitions are identified based on the strongest
SOC between the S1 and Tn states (n = 1 for P and 3 for CH and BC).
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density from the ground state, and replacing it by the
attachment density. The S1 detachment densities are similar
to those of the relevant triplet state for all three molecules,
whereas the attachment densities show increased overlap
across the series, explaining the trend of the increasing SOC
with that of P being the smallest. In the case of BC of the
highest SOC, the singlet and triplet attachment densities are
most similar, whereas they are different for CH and differ even
further in the case of P relating the smallest SOC to the
decreased overlap. We point out that the T3 in the case of P
(T3 states are considered for BC and CH while T1 is
considered for P) shows variance also in the detachment
density resulting with an even smaller SOC of 0.05 cm−1

compared to the 0.48 cm−1 for the T1. (Additional densities
for P are provided in the Supporting Information, Figure S2.)
This trend appears to result from differences between the S1

states where the triplet states are dominated by a single
transition at the S1 geometry. The orbital transitions and
coefficients of the relevant states at the S1-optimized geometry
are detailed in Figure 4. (A more complete listing of the orbital
energies and transitions is provided in the Supporting
Information, Table S2.) The main transition for T1 of P has
a coefficient of 0.89, where T3 in BC and CH bear a largest
coefficient of 0.97. The S1 in P involves two close to equivalent
orbital transitions reflecting the HOMO and HOMO−1
degeneracy. In CH and BC, where the orbital degeneracy is
lifted, there is a dominant transition in S1 with a largest
coefficient of 0.85 and 0.92, respectively. The lifting of orbital
degeneracy and therefore change of the S1 state character leads
to the increase of the overlap and therefore of the SOC trend
to increase from P to CH and BC upon hydrogenation.
Next, we compare calculated ISC rates at the semiclassical

and FGR levels. The largest ISC transition rate constants are
presented in Table 3, where the other rates involving the three
lowest triplet states are included in the Supporting
Information, Table S6. We note that the second largest rate
is significantly smaller (it is 4 orders of magnitude smaller in

the cases of P and CH). The calculated FGR rate constants are
within the order of magnitude of the measured trends, where
the ISC rate is the largest for BC. We point out that the
measured values in toluene and those in the more polar solvent
dimethylformamide (DMF) with a static dielectric constant of
ϵ = 38 are very similar.13 In contrast to the fully quantum
mechanical FGR theory, the semiclassical Marcus theory fails
to accurately predict the rate constants, kISC, especially for the
P system. This trend is expected to occur in the inverted
regime ΔE ≫ λ, where tunneling effects arise, that requires the
fully quantum mechanical framework of the FGR approach.
We note that earlier studies on related systems find SOC

values that are substantially smaller than those obtained by our
calculations.44,65 Accordingly and in spite of the rigidity of
these systems several studies suggest that a non-Franck−
Condon (FC) correction is important to reproduce the
experimental ISC rate.66,71,72 In particular, a corrected rate
constant of 7.0 × 106 that compares well with the experimental
measurement was recently reported,71 whereas the uncorrected
ISC rate was only at 3.0 × 102.66 However, we conjure that this
indicated need for FC corrections to find large ISC rate
constant depends on the level of the electronic structure. In
fact, the finding reported in this paper that is based on the
polarization-consistent electronic structure SRSH-PCM frame-
work confirms the expectation that relatively rigid molecular
systems as presented by the tetrapyrrolic rings can show only
minor non-Condon effects.73,74 See Supporting Information,
Table S3, for SOC values at different geometries. We also
point out that the increased rates reported above do not
depend on the HRFs as suggested in earlier studies.66

(Namely, while the HRFs found in our study are indeed
larger than reported in ref 66 the rate constant remains larger
also in the case where the HRFs are reset to the smaller values
reported earlier.) For completeness, see HRF distributions
shown in the Supporting Information, Figure S3.
Finally, we compare the ISC rate constants to the ones of

the competing fluorescence process. The rate constants kf in
different systems are calculated based on the OSs, which are
obtained using SRSH and listed in Table 1 and are included in
Table 3. The calculated fluorescence rates are approximately of
the same order of magnitude as the ones experimentally
observed, where P shows the slowest rate. This is traced back,
as explained above, to the quasi-degeneracy of the orbitals in P,
leading to a near cancellation of the OS of the lowest excited
state.24,69,70 Importantly, we find that while the trends find that
both kf and kisc are the slowest for P, the increase is by about 3
orders of magnitude for kisc from P to BC, while the trend is
much weaker for kf of an increase by less than 1 order of
magnitude. These trends are in good agreement with reported
experimental values.2,14,75

Figure 5. Detachment and attachment densities of S1 state and the
relevant triplet state (T1 for P and T3 for CH and BC) at the S1-
optimized geometry.

Table 3. Calculated ISC Rate Constants Based on the Fully Quantum-Mechanical FGR Approach with a Damping Constant of
12.5 fs, kISCFGR, and the Semi-Classical Marcus Theory, kISCM , and Fluorescence Rate Constants kf in Toluenea

intersystem crossing kISC (s−1) fluorescence kf (s−1)

exp.b exp.*

molecule transition kISCM kISCFGR calc.

P S1 → T1 5.9 × 107 14 (6.2 × 107) 1.6 × 10−12 6.2 × 107 3.1 × 106 14 (5.5 × 106) 1.6 × 105

CH S1 → T3 (9.1 × 107) 1.5 × 104 9.1 × 107 2.2 × 107 22 (2.4 × 107) 9.7 × 107

BC S1 → T3 1.5 × 108 15 (1.1 × 108) 2.0 × 107 1.1 × 108 3.3 × 107 15 (4.0 × 107) 2.4 × 108

aFor completeness, the rates for other transitions are provided in the Supporting Information, Table S6. bMeasured kISC and kf are of unsubstituted
macrocycles in toluene. Rates in PEGylated macrocycles in DMF13 are noted in parentheses.
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■ CONCLUSIONS
In conclusion, we have studied the trend of photophysical
properties of tetrapyrrolic molecules as affected by the degree
of ring conjugation using SRSH-PCM calculations. The
calculated excited states are compared against measured
spectral trends where the excitation energy is red-shifted and
of increased oscillator strength in the P < CH < BC series.
Indeed the fluorescence rate is found to increase in the series.
The electronic excited states are then used to obtain the FGR
and Marcus rate constants for the ISC. The FGR rates are in
good agreement with measured values where the enhanced
ISC rates in the series of P < CH < BC is due to increased
SOC. Nonetheless, the ISC process appears to be the
dominant process in the case of P due to the significantly
decreased fluorescence rate. Lastly, we find that the fully
quantum-mechanical FGR rate theory is essential for
describing the kISC trend, especially in the cases of P and
CH molecules that fall into the far-inverted regime.
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