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ABSTRACT: The commonly used Franck—Condon (FC) approximation is inadequate for ZnTPP ZnPc
explaining the electronic spectra of compounds that possess vibrations with substantial Ph N
Herzberg—Teller (HT) couplings. Metal-based tetrapyrrole derivatives, which are ubiquitous on % P VS %‘;n\f‘?
natural pigments, often exhibit prominent HT activity. In this paper, we compare the &%
condensed phase spectra of zinc—tetraphenylporphyrin (ZnTPP) and zinc—phthalocyanine o

(ZnPc), which exhibit vastly different spectral features in spite of sharing a common FC-HT FC >> HT
tetrapyrrole backbone. The absorption and emission spectra of ZnTPP are characterized by a fenerene 0-0

lack of mirror symmetry and nontrivial temperature dependence. In contrast, mirror symmetry
is restored, and the nontrivial temperature-dependent features disappear in ZnPc. We attribute
these differences to FC—HT interference, which is less pronounced in ZnPc because of a larger ~ 0-0 04 95K
FC component in the dipole moment that leads to FC-dominated transitions. A single

minimalistic FC—HT vibronic model reproduces all the experimental spectral features of these
molecules. These observations suggest that FC—HT interference is highly susceptible to
chemical modification.

0-1
295K

Frequency Frequency

! I " etrapyrrole rings form the structural backbone of most phenanthrene,”” pentacene,”” and porphyrin.>’ Very few

natural pigments that perform physiological functions in instances of the systematic inclusion of finite-temperature
living organisms, such as energy, electron, or oxygen HT effects exist in the literature.””*”*' Our recent work®”
transport. > Their large 7m-conjugated ring architecture identified analytical symmetry arguments dictating the trends
provides high oscillator strengths and rigidity,"™° fulfilling the of FC—HT interference within the normal mode approx-
basic criteria of building light harvesting molecular circuits.”® imation and reported numerical calculations incorporatin%
The photochemistry of tetrapyrrole derivatives, such as temperature dependence and homogeneous broadening.’
porphyrins and phthalocyanines, has been extensively charac- Non-Condon S3i glftures were also recently foglgngé in excitation
terized spectroscopically.”™"" Although ubiquitous in spectral energy transfer” """ as well as electro% Ezansfer“’ dynamics. A
analysis, the Franck—Condon (FC) approximation'” has been theoretical study by Zhang et al.”"" suggested that non-

13-16 Condon vibronic coupling plays a central role in facilitating
electronic—vibrational energy transfer and enhancing the
quantum yield in contrast to FC vibronic coupling. Thus, in
addition to traditional FC vibronic features, an intuitive
understanding of HT signatures in molecular spectra is
necessary to recognize the dynamical consequences of non-
Condon effects.

In this paper, we investigate two metal-based tetrapyrrole
derivatives, zinc—tetraphenylporphyrin (ZnTPP) and zinc—
phthalocyanine (ZnPc), that share similar chemical structures
but yield vastly different molecular spectra. Using a single

found inadequate for many porphyrin compounds.
Rather, substantial first-order corrections to the transition
dipole moment, known as Herzberg—Teller (HT)'' ™"
couplings, have been identified for certain vibrational
modes.””"** In sharp contrast, such effects are not observed
in phthalocyanines.”* The prevalence of non-Condon effects in
porphyrins and their susceptibility to the chemical modifica-
tion of the tetrapyrrole ring offer exciting avenues of fine-
tuning electronic and optical properties for materials
design®***° which may aid in the control of charge- and
energy-transfer processes.

Despite early characterization, the interference of FC and
HT terms in vibronic spectra, and especially its modulation by Received: June 24, 2022
condensed phase environments and finite temperatures, still Accepted:  August 2, 2022
lack a clear understanding. Craig and Small’” pioneered the Published: August S, 2022
analysis of mirror-symmetry breaking in naphthalene spectra
using a gas phase model at zero temperature. Similar reports
exist for other aromatics such as benzene,'” anthracene,®

© 2022 The Authors. Published b
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Figure 1. (a) Chemical structures of zinc—tetraphenylporphyrin (ZnTPP) and zinc—pthalocyanine (ZnPc). (b) UV—vis absorption spectra
(unnormalized) of ZnTPP (black) and ZnPc (green) in a 3:1 mixture of diethyl ether and ethanol at room temperature. The B (or Soret) and Q

bands are marked. (c) Ilustration of HOMOs (ay,, 2,,) and LUMOs (egx,

e,,) in the molecule with tetrapyrrole skeleton which has D,;, symmetry.

The black and gray colors represent two opposite phases of the orbital. (d) Schematic energy diagram of Gouterman’s four-orbital model for
ZnTPP (on left) in which a;, and a,, appear to be nearly degenerate and ZnPc (on right) in which the a,, orbital is stabilized relative to its a,,
counterpart. The B and Q transitions are shown by blue and red arrows, respectively. The solid and dotted arrows represent allowed and forbidden
transitions, respectively. The bottom panel shows the absorption (solid lines) and fluorescence emission (dashed lines) spectra of (e) ZnTPP and
(f) ZnPc in a 3:1 mixture of diethyl ether and ethanol at room temperature. The spectra in (e) and (f) are normalized with respect to the Q (0—0)

band.

minimalistic theoretical model, we show that the interference
of FC and HT signatures can lead to mirror-asymmetric and
nontrivially temperature-dependent spectral features in
ZnTPP, which are entirely absent in ZnPc because of a
dominant FC transition.

The absorption spectra of ZnTPP and ZnPc (Figure 1a) in a
3:1 mixture of diethyl ether and ethanol are shown in Figure
1b. This particular binary solvent mixture was chosen because
it is suitable for solubilizing the tetrapyrrole derivatives as well
as forming a good homogeneous glass at cryogenic temper-
ature. The concentration of sample was kept low enough (0.08
mM for ZnTPP and 0.04 mM for ZnPc) to avoid any
aggregation. The spectrum of ZnTPP exhibits a very intense
band (e, = 5.7 X 10° M™' cm™) at ~23700 cm™! and a
weaker band (e, = 2.5 X 10* M™' ecm™) at 4, ~ 18000
cm™!. These bands are known as B (or Soret) and Q bands,
respectively. In spite of similarities in the tetrapyrrole skeleton
with ZnTPP, the absorption spectrum of ZnPc has a drastically
different appearance. The B band (~29450 cm™) is much
weaker (e, = 7.3 X 10* M™' cm™) and blue-shifted
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compared to that of ZnTPP. On the other hand, the Q band
(~14900 cm™) in ZnPc is ~10 times more intense (&, =
2.97 X 10° M™' cm™) and red-shifted compared to that in
ZnTPP. A closer look at the Q band region shows a contrast in
vibronic structure. While the Q (0—0) peak appears to be most
intense in ZnPc, the 0—1 vibronic peak is the most intense in
the Q band of ZnTPP, with a weak appearance of a Q (0—2)
vibronic peak.

The electronic transitions of tetrapyrrole macromolecules,
which have D, symmetry, are usually understood by using
Gouterman’s four-orbital model.>” The HOMOs have a,, and
ay, symmetries whereas the LUMOs have e, (x/y) symmetry,
as illustrated in Figure lc. In ZnTPP, the a;, and a,, orbitals
are nearly degenerate. The large interaction between the two
lowest energy orbital excitations (Figure 1d) causes the
transition dipoles to add and form the intense B bands (B,
and B,); the excitations nearly cancel out (nearly forbidden
electronic transition) to form weak Q bands (Q, and Q,). In
contrast, the degeneracy between the a,, and a,, orbitals is
broken in ZnPc. The addition of the benzo group at the f

https://doi.org/10.1021/acs.jpclett.2c01963
J. Phys. Chem. Lett. 2022, 13, 74137419
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Figure 2. Temperature-dependent spectra. Absorption (right) and fluorescence emission (left) spectra of (a) ZnTPP and (b) ZnPc in a 3:1
mixture of diethyl ether and ethanol at room temperature (black), 180 K (red), 140 K (green), and 95 K (blue). Each spectrum was normalized

with respect to the Q (0—0) band.
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Figure 3. (a) Franck—Condon and Herzberg—Teller (FC—HT) model for transitions between two electronic potential surfaces (Vg and V)
coupled to a normal mode of vibration (g). (b) Vibrational parameters for the three discrete modes and the spectral density of the dissipative bath.
The parameter s has dimensions of length. Sets I and II (obtained by a rescaling of set I dipole moments by a factor of 10) are used to model the

spectra of ZnTPP and ZnPc, respectively.

position and substitution of a carbon atom with an
electronegative nitrogen atom at the meso position of the
tetrapyrrole ring cause relative stabilization of a,, compared a,,
in ZnPc. Therefore, the interaction between the two lowest
energy orbital excitations is reduced in ZnPc compared to that
in ZnTPP (Figure 1d). This results in blue-shifted B bands and
red-shifted Q bands in ZnPc. Because the transition dipoles do
not cancel each other, the Q_transition becomes more intense
(allowed transition) with significant reduction in the intensity
of the B bands as compared to ZnTPP. Note that degeneracy
lifting between B, and B, transitions makes the B band appear
broader in ZnPc compared to ZnTPP. Degeneracy lifting also
causes the Q, and Q, peaks to split in ZnPc.

Intriguing differences are revealed by comparison of room
temperature (~295 K) absorption and fluorescence spectra of
the two compounds (Figure lef where each spectrum is
normalized with respect to the Q (0—0) peak maximum).
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ZnPc shows a near-perfect mirror symmetry relationship
between absorption and emission with a dominant 0—0
band. In contrast, the mirror symmetry completely breaks
down in ZnTPP with significant differences in the 0—1 band
intensities. Moreover, for ZnTPP, the frequency gaps between
the 0—0 and 0—1 peaks are substantially different in the
absorption (1171 cm™) and emission (1297 cm™) spectra (a
difference of 106 cm™), creating an impression of significant
differences between ground and excited potential energy
curvatures.

Nontrivial behaviors also appear in the temperature
dependence of the ZnTPP spectra (Figure 2a). With increase
in temperature from 95 K to room temperature (~295 K),
three major changes are observed. First, in the emission
spectrum, the 0—0 peak shows a large red-shift (~150 cm™),
unlike the 0—1 peak, which shows only a small (~20 cm™)
shift. Second, the disparity in energy gaps between 0—0 and 0—

https://doi.org/10.1021/acs.jpclett.2c01963
J. Phys. Chem. Lett. 2022, 13, 74137419
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Figure 4. Temperature dependence (95—300 K) of theoretically calculated emission and absorption spectra are shown on left and right columns,
respectively. All features in the experimental spectra of ZnTPP are reproduced (a) by using three discrete modes (with set I parameters in Figure
3b). Leaving everything the same but only increasing u® by a factor of 10 (see set II parameters in Figure 3b) produces spectra very similar to

those of ZnPc in (b).

1 peaks in absorption and emission spectra is larger at lower
temperatures compared to room temperature (265 cm™! at 95
K vs 106 cm™! at room temperature). Third, in the absorption
spectrum, the relative intensity of the 0—1 band compared to
the 0—0 band grows with increasing temperature. None of
these three features appear in ZnPc (Figure 2b). Rather, a
gradual (~40—60 cm™) and familiar blue-shift of all
absorption peaks and a red-shift of emission peaks are
observed with increase in temperature. These gradual small
shifts are common and generally reflect the temperature
dependence of the Stokes shift.”**” They may also contain
solvatochromic shifts resulting from the change in solvent
polarity with temperature.*®

Gouterman’s four-orbital model excludes molecular vibra-
tions and thus cannot rationalize differences in vibronic
modulation of molecular spectra or its temperature depend-
ence. To this end, we illustrate our simple model framework
(Figure 3a).” Expanding the transition dipole moment (in the
direction of the applied electric field) along the normal mode
coordinates q = {g;} about a particular geometry {q{!} of the
molecule, we write

p@ =u® + Y @, - g2
k (1.1)

where p{V is the first derivative of the dipole moment along the
particular mode. The FC approximation involves a truncation
at the zeroth-order, electronic dipole term ;4(0); thus, FC
transitions follow Kasha’s rule,"" producing mirror-image
symmetry between absorption and emission spectra.’® This
approximation holds well for ZnPc (Figure 1f). However, a
significant deviation from mirror symmetry and an intriguing
asymmetric temperature dependence suggest a breakdown of
the FC approximation for ZnTPP. The leading correction is
the linear term in the normal mode coordinates, which is
known as the HT contribution. Typically, when a transition is
FC-allowed with a large oscillator strength, HT effects are
overshadowed. When the FC transition is forbidden or only
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weakly allowed, HT-induced transitions may become domi-
nant. Such transitions are often described as borrowin
intensity from other strongly allowed FC transitions.'
Interference effects between FC and HT pathways can disrupt
the mirror-image symmetry in linear spectra. Trends similar to
those observed in ZnTPP were recovered in our recent FC—
HT model study in various parameter regimes.32

The inadequacy of the FC approximation is common in
porphyrin-based molecules.'*”'® Significant intensity borrow-
ing has been reported in Q transitions through HT vibronic
mixing with the B transitions to produce the Q (0—1) band,
which otherwise shows very weak FC activity with small
Huang—Rhys (HR) factors caused by the rigid structure of the
m-conjugated tetrapyrrole ring."'~** The absorption spectra of
monomeric metalloporphyrin complexes in the Q band region
were recently discussed in detail.”’ The Q band is derived from
numerous modes in the low-frequency band and numerous 0
— 1 transitions (600—1500 cm™') among HT active modes in
the higher-frequency peak. On the basis of previous studies of
porphyrin complexes and our previous FC—HT analysis,” it is
reasonable to hypothesize that the nontrivial features and
temperature dependence in the ZnTPP spectra arise from FC—
HT interferences. However, the HT pathway cannot be
assumed to vanish in ZnPc, given the chemical similarity of the
chromophores. The FC—HT model should thus not only
account for the asymmetries and temperature dependence of
the ZnTPP spectra but also (with physically motivated and
reasonable modifications of parameters) recover the absence of
HT effects in ZnPc. In what follows, we construct such a
model. Note that our goal is not to simulate the spectra of
ZnTPP or ZnPc but to capture the essential spectral features of
both molecules by using a single minimalistic approach with
the smallest possible number of explicit FC—HT active
vibrational modes.

We use three discrete vibrations at 100, 1200, and 1400
cm™' (see table in Figure 3b). The range of frequencies and
the HT coupling parameters in “set I” are typical of

https://doi.org/10.1021/acs.jpclett.2c01963
J. Phys. Chem. Lett. 2022, 13, 74137419
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metalloporphyrin complexes.”” Density functional theory
(DFT) calculations have underestimated the HR factors of
porphyrin vibrations.”> The chosen values of HR factors
(0.05—0.15) are typical but larger than values reported based
on DFT calculations. In addition, Figure 1 shows that (i) the
intensity of the 0 — 0 peak in the Q region is over 10 times
larger in ZnPc compared to ZnTPP and (ii) the intensity of
the B band is nearly 8 times smaller in ZnPc compared to
ZnTPDP. For vibrational modes of moderate or low HR factor,
the relatively small mixing of FC and HT pathways makes the
0—0 peak intensity mainly dependent on x*), while a bulk of
the 0—1 peak intensity arises from HT interactions alone.
Moreover, the B band is known to determine the strength of
HT coupling through intensity borrowing. Overall, the
experiment therefore suggests at least an order of magnitude
difference in the uMWs/u©® values (parameter s has the
dimension of length) of the two compounds which is further
substantiated in the (iii) much larger ratio of 0—0 to 0—1 peak
intensity in ZnPc compared to ZnTPP. Thus, we set the value
of 49 to be 10 times larger in “set II” (~ZnPc) compared to
its value in “set I” (~ZnTPP), leaving all other parameters,
including the relative interactions of the electronic states with
the three discrete vibrations, unchanged. Last, we model the
solvent and other normal mode vibrations of the complexes
using a dissipative Ohmic bath** that recently produced
excellent agreement with pump—probe experiments for closely
related cofacial porphyrin dimers.*> All model parameters are
summarized in the table shown in Figure 3b.

Linear spectra (Figure 4a) calculated at different temper-
atures by using the three discrete modes with 1 Vs/u® values
from “set I” of Figure 3b and the bath reproduce all
experimental features for ZnTPP. Because the vibrations
have low to moderate HR factors and HT couplings, the
spectra are dominated by 0—0 and 0—1 bands for the discrete
modes, with minor shoulders for the high-frequency 0-2
transitions. The observed broadening is entirely homogeneous
and arises from the numerous combination excitations of the
discrete modes and those of the dissipative bath. We note that
the inclusion of a purely FC-active dissipative bath may
nontrivially modulate the asymmetry of spectral bands because
of FC—HT combination bands and asymmetric spectral shifts,
as we discuss later. The severe mirror-image asymmetry in the
0—1 bands is recovered almost quantitatively through the
interference of FC and HT terms in the 1200 and 1400 cm™!
modes. Our previous work’> showed that the direction of
interference for each vibronic transition is reversed between
absorption and emission spectra; that is, if a peak has amplified
intensity through constructive interference in absorption,
destructive interference and reduced intensity are observed
in emission, and vice versa. Moreover, the vibronic transitions
on either side of the 0—0 line are either all amplified or all
diminished, depending on the relative signs of u© and /,t,(cl).32
Because the HT couplings of the two high-frequency modes
are opposite in sign, the 1200 cm™' mode shows absorption
dominance in the 0—1 peak, while the 1400 cm™" peak is more
pronounced in emission. As a result, the model spectra capture
the feature of different energy gaps between the 0—0 and 0—1
peaks observed in the experiment.

Typically, FC absorption and emission spectra exhibit blue-
and red-shifts, respectively, with increase in temperature, which
eventually (at sufficiently high temperatures) are given by the
reorganization energy of the vibrational modes and the
bath.>>***” However, when modes are FC—HT active, a
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change in temperature modifies the spectral asymmetry
through differential interference patterns in transitions that
originate from higher vibrational quanta.’ First, the disparity
(Figure 2a) between thermal shifts of the 0—0 band in
absorption (40 cm™") and emission spectra (150 cm™) hints
at the presence of a low-frequency HT mode. Our model
captures the asymmetric thermal shifts qualitatively through
the inclusion of the 100 cm™ mode with a very weak HT
coupling, such that combinations between this mode and the
Ohmic bath produce 42 and 65 cm™" shifts in the theoretical
absorption and emission spectra, respectively (Figure 4a).
Modes in this frequency range (<100 cm™') have been
identified earlier in ZnTPP from low-temperature fluorescence
experiments and characterized as torsional motions of the
phenyl groups.”’ A DFT calculation™ on free-base porphyrin
found an HT-active mode at 150 cm™". The 0—1 bands also
exhibit different thermal shifts in absorption and emission
spectra. The 80 and 28 cm™ shifts observed in the theoretical
absorption and emission spectra (Figure 4a) are in qualitative
agreement with the shifts (49 and 20 cm™") observed in the
experiment (Figure 2a). This agreement illustrates the role of
condensed phase environments in asymmetrically modulating
FC—HT spectra.

Finally, our model also qualitatively captures the temper-
ature-induced change in the intensity ratios of the 0—1 and 0—
0 peaks in the absorption spectrum. This effect arises from two
peaks (at 1200 and 1400 cm™") that are of similar intensities in
the absorption spectrum, such that the increase in homoge-
neous broadening with temperature leads to an overall increase
in intensity of the 0—1 band. In contrast, the two peaks in
emission have different intensities and therefore show no
temperature dependence. Note that this effect is much more
pronounced in the experimental spectra, possibly due to the
involvement of many more FC—HT active modes™” in the 0—1
region. The ability of our simple model to qualitatively
reproduce all trends observed in the experimental spectra of
ZnTPP over a range of temperatures suggests that these
nontrivial spectral features arise from FC—HT interference.

Next, we turn to the ZnPc spectra predicted by our model
which involves a reasonable increase (factor of 10, set II) of the
FC component of the dipole moment parameter which, as
discussed earlier, is motivated by the relative intensities of the
0—0 and 0—1 peaks in the experimental spectra and leads to
less prominent HT features. The spectra (Figure 4b) obtained
with set II closely resemble those of ZnPc in Figure 2b.
Because the vibrational frequencies of the two complexes are
not expected to be identical, quantitative agreement along the
frequency axis is not achievable by using the same modes.
Nevertheless, we recover all the features and trends observed
in the experiment: intense and almost symmetric 0—0 bands
and slightly asymmetric but rather weak 0—1 bands. Moreover,
the thermal shifts of the 0—0 band are now nearly identical in
Figure 4b (53 and 54 cm™") due to the quenching of FC—HT
interference. These shifts are also in excellent agreement with
the experimental shifts (49 and 37 cm™’, which are nearly
identical considering our typical experimental error of 10
cm™).

Overall, this study shows that a small modification in
chemical structure can cause significant changes in the
interference of FC and HT interactions and therefore result
in vastly different molecular spectra. The condensed phase
spectral signatures of ZnTPP and ZnPc as well as their
contrasting temperature dependences are captured by a
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minimalistic FC—HT vibronic model. We find that the
dominance of the FC-allowed pathway nearly quenches the
dipole interferences in ZnPc, largely recovering the mirror
symmetry relationship in ZnPc spectra consistent with the FC
approximation. In contrast, a weak Q band transition that
encourages significant vibronic intensity borrowing from the B
band, leads to intricate patterns of FC—HT interferences that
give rise to intriguing temperature-dependent characteristics in
ZnTPP spectra. The intuitive understanding of FC—HT
spectral features presented in this work will aid future studies
of non-Condon vibronic coherence-mediated energy and
charge transfer dynamics in coupled chromophore systems.
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