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Controlling spectral properties to achieve desired characteristics is an attractive goal in application-
oriented research, e.g., in the design of fluorescence sensors. “Soft” chromophores, molecules with
strong spectral responses to internal or external perturbations are good candidates for such studies. In
this work, absorption, fluorescence, and magnetic circular dichroism (MCD) spectra were obtained for a
series of porphyrins, substituted at the meso-positions with n-hexyl groups. As the number of
substituents increases from 1 to 4, significant changes are observed. The intensity of the So—S; transition
(Qy) in the 0-0 region strongly decreases in mono-substituted porphyrin, but upon additional substitu-
tions it increases to values larger than in the parent, unsubstituted molecule. Such behavior can be
explained, using the perimeter model, by changes in the energy splittings between the two highest
(HOMO) and two lowest (LUMO) frontier molecular orbitals. Single substitution makes porphyrin a nearly
perfect soft chromophore, but upon introduction of a larger number of n-hexyl groups it is transformed

Received 12th April 2024, into a hard one. DFT simulations incorrectly predict a continuous transition from a soft to hard chromo-

Accepted 6th June 2024 phore, because the calculated ordering of two HOMO orbitals is opposite to that obtained by experi-
ment. On the other hand, for those porphyrins that can be classified as hard chromophores, the

calculations nicely reproduce contributions of Franck—Condon and Herzberg—Teller terms to absorption

DOI: 10.1039/d4cp01502a

Open Access Article. Published on 07 June 2024. Downloaded on 3/5/2026 3:59:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/pccp and fluorescence spectra.

Introduction

Rational design of materials considered for applications based
on light-matter interactions requires a detailed spectral and
photophysical characterization of a potentially useful chromo-
phore. One of the crucial parameters in this respect is the
radiative constant of the S,-S; electronic transition (k).
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The value of k. determines the strength of the absorption; it
also competes with k., the sum of the rate constants of
processes responsible for nonradiative S; depopulation. Since
the fluorescence quantum yield is proportional to k;, maximiz-
ing its value is particularly important for generating efficient
fluorophores. This can be achieved, e.g., by substitution that
enhances k;. Quite often, however, such modifications involve
strongly electron donating or withdrawing moieties and may
lead to undesired changes, such as decrease of photostability.
Therefore, a chemically “mild” substituent that would affect
the radiative properties of a chromophore without changing the
other characteristics is an attractive solution.

A simple and very useful procedure that allows predicting a
spectral response of a cyclic m-electron system to substitution is
based on the perimeter model." A chromophore of interest is
derived from an ideal [n]Jannulene perimeter by perturbations
that may include various effects, e.g., substitution by an elec-
tron withdrawing or accepting group. Analytical formulas have
been derived that allow predictions of spectral changes caused
by a specific perturbation from the knowledge of energy splittings
in the two pairs of frontier orbitals: two highest occupied (HOMO)
and two lowest unoccupied (LUMO) ones. The magnitude of the
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splitting can be readily evaluated by inspection of the shapes of the
orbitals of the parent perimeter.

The perimeter model points to the class of compounds for
which, upon substitution, one can expect large changes in the
electronic parameters that characterize electronic absorption,
emission, as well as magnetic circular dichroism.' These com-
pounds belong to the category of the so-called ‘“soft” chromo-
phores, characterized by similar or, at best, equal values of the
energy differences between the frontier n orbitals: two highest
occupied (AHOMO) and two lowest unoccupied ones:
(ALUMO). For such systems, dramatic effects can be observed,
e.g., changes of MCD signs upon single substitution with an
“innocuous” methyl group, as reported for methyl-substituted
pyrenes.”

Transition from a soft (AHOMO =~ ALUMO) to a hard
(AHOMO » ALUMO or AHOMO « ALUMO) chromophore
often results in a large increase of radiative parameters. This
has been predicted® and experimentally demonstrated for
porphyrin®*™® and its isomers.’**® The “hardest” among the
isomers is porphycene, whereas parent porphyrin (‘porphine’)
is a soft chromophore. The differences in the orbital energy
patterns result in the S;(0-0) absorption in porphycene being
about 50 times stronger than in porphyrin."”

The frontier orbitals energy pattern in porphyrin does not
exactly correspond to an ideal soft chromophore, for which
AHOMO = ALUMO. The present and previous'® DFT calcula-
tions, consistent with the observed MCD signs, indicate that
HOMO orbitals are split by a small amount, whereas the
LUMOs are nearly degenerate, and therefore AHOMO >
ALUMO. One can therefore ask whether, by using appropriate
substitution, it is possible to get closer to equal HOMO and
LUMO splittings. In this work, we test this possibility by
investigating spectroscopic and photophysical properties of
the parent porphyrin and five derivatives bearing 1, 2, 3, and
4 n-hexyl groups at the meso-positions (Fig. 1). Alkyl groups act
as weak electron donors, which means that they mostly interact
with HOMO orbitals, raising their energy. The effect depends
on the value of the linear combination of atomic orbitals
(LCAO) coefficient at the position of substitution in a particular
porphyrin orbital. Two scenarios are possible, depicted in
Fig. 2. If the lower occupied frontier orbital (HOMO—1) has a
node at the meso-position, the destabilization of the other
(HOMO) orbital will lead, upon successive substitutions, to
monotonic increase of AHOMO, making the chromophore
harder and harder. For the opposite orbital ordering the situa-
tion is more complicated. The initial substitution may decrease

R1
R’ R? R® R*
Pr H H H H
. R Pr-1 n-hex H H H
R Pr-2a n-hex H n-hex H
Pr-2b n-hex n-hex H H
Pr-3 n-hex n-hex n-hex H
Pr-4 n-hex n-hex n-hex n-hex
R3

Fig. 1 Structural formulas of the porphyrins investigated.
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Fig. 2 Changes of orbital energies upon substitution with alkyl groups as
expected for two possible orderings of HOMO energy levels.

the energy gap, but once the ordering is inverted, AHOMO will
increase. In this work, we demonstrate for n-hexyl substituted
porphyrins, that the latter case occurs. Depending on the
number of substituents, the parent porphyrin can be trans-
formed into a nearly perfect soft or a hard chromophore. In
contrast, nonradiative properties of the S; state remain practi-
cally unchanged. We also show how the ratio of Franck-Con-
don and Herzberg-Teller contributions to the probability of
weakly allowed So-S; and S,-S, transitions evolves when a
chromophore passes from soft to hard regime.

Materials and methods

Syntheses of Pr, Pr-1,'° Pr-2a, Pr-2b,?° Pr-3,>" and Pr-4**> have
been reported before.

Absorption spectra were measured on Shimadzu UV-3100
and UV-2700 spectrophotometers. Fluorescence spectra were
recorded with an Edinburgh FS 090 CDT spectrofluorometer.
The same apparatus was used for fluorescence decay measure-
ments, with a 370 nm, 1.5 ns pulse NanoLED (IBH) as
the excitation source. FAST software package (Edinburgh
Instruments) was used for the determination of decay times.
Fluorescence quantum yields were obtained using cresyl violet
in ethanol (pg = 0.55)>® and porphycene in n-hexane (¢g =
0.44)** as references.

Magnetic circular dichroism (MCD) spectra were initially
measured with an OLIS DSM17 spectropolarimeter equipped
with a &1 T permanent magnet, and then remeasured on a
JASCO J-1500 spectropolarimeter, for which the magnetic field
of the electromagnet was calibrated using the MCD signal of
aqueous CoSO, solution®” as a standard (nominal field value of
1.5 T, 1.36 T after calibration).

Spectroscopic grade solvents (Merck, UVASOL) have been
used. n-Hexane solutions were studied in most cases, except for
the parent, unsubstituted porphyrin, for which, due to solubi-
lity problems, toluene was used for absorption and MCD
studies in the low energy region and for the determination of
absorption coefficients.

Quantum-chemical calculations were applied to simulate
absorption and MCD spectra. Electronic transition energies were
initially calculated using time-dependent density functional
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theory (TDDFT) with Gaussian 03>® (B3LYP/6-31G(d,p)). Next, the
calculations were extended to include MCD, as implemented in
the ADF software package.>” BP86-D functional with DZP basis set
were used; similar combinations were successful in the analysis of
electronic spectra of porphyrinoids.”*>° In all cases, geometry
optimization was performed prior to calculating transition
energies.

For Pr-2b, two ‘trans’ tautomeric forms are possible; we label
them Pr-2b’ and Pr-2b”. Calculations performed for both tau-
tomers indicate that they are nearly isoenergetic and that their
spectral properties should be very similar.

In addition to DFT-based methods, calculations were also
done using an extended version of DZDO, an INDO/S-based
program, kindly provided by Josef Michl and John Downing.

Results
Absorption spectra

The absorption spectra of all the investigated compounds
(Fig. 3) exhibit the pattern typical for porphyrins.** Four main
bands are observed in the low energy region, corresponding to
two lowest electronic transitions, L;(Q,) and L,(Q,). For both L,
and L,, the lower energy part corresponds mainly to the 0-0

3.5
3.0 -
2.5 4 Pr
] — Pr-1
2.0
U‘é 1 — Pr-2a
X 1.5+ — Pr-2b
0 i — Pr-3
a — Pr-4
0.5
0.0 b 22BN
T T T
15000 20000 25000 30000
Q, (0-0) .
Q, (0-0) y ( )
I T T T T
14000 16000 18000 20000 22000

Wavenumber [cm™']

Fig. 3 Comparison of absorption spectra of the porphyrins studied (n-
hexane solutions at 293 K, toluene for Pr).
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transition; it is followed by a stronger band, which contains
vibronic contributions. Very intense Soret band,** observed
in the blue region contains at least two electronic transitions
(B; and B,). Inspection of Fig. 3 shows that the introduction of
consecutive n-hexyl moieties leads to pronounced spectral
changes. The Soret band gradually shifts to the red and
becomes more intense. The behavior of Q bands is less regular.
All four bands gradually shift to lower energies, but the
intensity changes for 0-0 transitions are very different from
those of the vibronic components. The latter are not much
affected by the substitution. On the contrary, intensities of 0-0
transitions exhibit dramatic and non-monotonous changes.
Upon single n-hexyl substitution, going from Pr to Pr-1, the
0-0 band practically disappears for Q, and becomes extremely
weak for the Q, transition. Adding more substituents, however,
results in the gradual increase of the 0-0 band intensity. In Pr-
4, this effect is so strong that the intensity of the S;(0-0) band
becomes higher than that of the vibronic component. Similarly,
the two bands contributing to Q, become comparable in
intensity: the intensity ratio (measured at the band maximum)
is 0.79, compared to 0.18 in unsubstituted Pr and 0.12 in Pr-1.

Fluorescence spectra

Comparison of the fluorescence spectra (Fig. 4) reveals trends
similar to those observed in absorption. The relative intensity
of the 0-0 band strongly varies across the series: as in absorp-
tion, it is the highest in Pr-4 and lowest in Pr-1. The spectra of
the two doubly substituted porphyrins are very similar, which
suggests additive, relative position-independent contributions
from the substituents. Analogous behavior is observed in
absorption, as revealed by comparison of the spectra of Pr-2a
and Pr-2b.

The fluorescence quantum yield (Table 1) varies along the
series. The lowest emission intensity is observed for Pr-1,
whereas Pr-4 shows the highest values. Fluorescence quantum
yields of Pr-2a, Pr-2b, and Pr are practically the same. Compar-
ison of the emission spectral profiles shows that the monotonic
increase in the quantum yield upon passing from Pr-1 to Pr-4 is
due to the growing intensity of the 0-0 region, whereas the
vibronic part remains practically unchanged. Such behavior
reflects the trend observed in absorption.

No changes in the fluorescence lifetime (z) could be
observed. All the measured values are in the range of 7.8-8.1 ns
and are considered to be the same within experimental error.
Since the fluorescence quantum yields are rather low, this obser-
vation indicates that the rates of nonradiative S; depopulation
(Table S2, ESIT), which govern the decay time, do not change with
substitution. In contrast, the emission quantum yields scale with
k., since g =k X 1.

MCD spectra

All the investigated porphyrins exhibit the same pattern of
MCD signs: —, +, —, + for the L,, L,, By, and B, transitions
(Fig. 5). According to the perimeter model, such a sequence
corresponds to AHOMO > ALUMO. The signals in the low
energy region are much weaker than for the Soret bands. Most
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Fig. 4 Comparison of fluorescence spectra for Pr and hexyl-substituted
porphyrins (n-hexane solutions at 293 K).

Table 1 Fluorescence quantum yields and lifetimes (293 K, n-hexane
solutions)

on” tq” [ns]
Pr 0.027¢ 7.9

0.044¢ 11.1¢
Pr-1 0.021 7.9
Pr-2a 0.025 7.8
Pr-2b 0.027 7.8
Pr-3 0.035 7.8
Pr-4 0.042 8.1

“ Estimated accuracy: +£20%. ® +£0.2 ns. ¢ Estimated value. ¢ Toluene
solution.

interesting is the intensity ratio of the 0-0 transitions in Q, and
Q, to the corresponding vibronic bands. A similar pattern as in
absorption and fluorescence spectra is observed. The S;(0-0)
transition is extremely weak in Pr-1, but introduction of con-
secutive n-hexyl moieties leads to its large increase with respect
to the vibronic counterpart, so that it becomes dominant in Pr-
3 and Pr-4. A similar behavior is observed for S,. It is note-
worthy that the S;(0-0) transition in Pr-1 is unique with respect
to its positive MCD sign, since all other compounds display
negative MCD signals for this transition. In contrast, Pr-1 is no
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Fig. 5 Comparison of MCD spectra for the porphyrins studied (n-hexane
solutions at 293 K, except for Pr, for which absorption and MCD in the low
energy range were measured in toluene, and for the S;(0-0) transition in
Pr-1 measured in dichloromethane).

exception regarding the vibronic features of S, revealing the
same negative sign as all other porphyrins investigated.

Calculations

It has been established that, in order to properly describe the
weak So-S; (Q,) transition in free base porphyrin, two contribu-
tions have to be taken into account: Franck-Condon (FC) and
Herzberg-Teller (HT). The former is responsible for the 0-0
region, whereas the HT terms are dominant in the vibronic
features that form the second band, stronger in both absorp-
tion and emission. The Q, band served as the case study in
theoretical works that included both Herzberg-Teller and

Phys. Chem. Chem. Phys., 2024, 26,17944-17950 | 17947
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Duschinsky effects.?***
well by calculations.

Our present results clearly show that the perturbation of the
porphyrin macrocycle by the meso-substitution strongly affects
the FC intensity, whereas the HT contributions remain approxi-
mately constant. This is observed in the three types of spectra
that we recorded: absorption (Fig. 3), fluorescence (Fig. 4), and
MCD (Fig. 5). All show (for both Q, and Q, bands) significant
changes in the intensity ratio of the 0-0 band with respect
to the vibronic features. The 0-0 region is very sensitive to
substitution, whereas the intensity of the vibronic bands
remains approximately constant. Interestingly, the changes
are not monotonic: the first substitution leads to a decrease
of FC vs. HT contributions, but upon introducing two or more
n-hexyl groups, the intensity in the 0-0 region steadily grows. In
the perimeter model, this implies that the AHOMO — ALUMO
difference decreases upon passing from Pr to Pr-1, and then
continuously increases. Such behavior is compatible with the
orbital energy ordering shown in the right part of Fig. 2.
However, both B3LYP and BP86-D DFT functionals used in this
work predict the other sequence. Therefore, they are unable to
reproduce the decrease of 0-0 band intensity in Pr-1 with
respect to Pr. Instead, they predict continuous growth conco-
mitant with the increasing number of substituents (Fig. S2-S7,
ESIT). On the other hand, lower intensity in Pr-1 than in Pr is
correctly predicted by INDO/S (Fig. S2 and S3, ESI}). This is
because of the calculated energy ordering of the frontier
occupied orbitals, opposite to that predicted by DFT, which
agrees with the experimental findings. In turn, the INDO/S
method fails to reproduce the intensity increase starting from
double substitution: the calculated S; < S, oscillator strengths
start growing in Pr-3, but even for Pr-4 they are lower that the
value computed for Pr (Fig. S4-S7, ESIt).

The difficulty in predicting the sigh of AHOMO — ALUMO in
a soft chromophore has been discussed before.® In line with
the present results, inversion of MCD signs observed for several
substituted zinc porphyrins was correctly predicted by INDO/S,
but not DFT calculations. The problem is caused by similar
HOMO-1 and HOMO energies (difference of about 0.1 eV).
Fortunately, the splitting of LUMO and LUMO+1 in all presently
studied porphyrins is even lower (0.02-0.04 eV), so that all DFT
calculations yield AHOMO > ALUMO, the ordering that agrees
with the experimentally observed pattern of MCD signs for Q
and Soret transitions. The only exception is the positive MCD
observed for an extremely weak 0-0 band of Pr-1 (Fig. 5), a
molecule which is the closest to an ideal soft chromophore.

The experimentally observed transition energy shifts to the
red with the increasing number of substituents are well pre-
dicted by both DFT models (Fig. 6). The general trend in
absorption intensity changes is also well reproduced, except
for Pr-1, as discussed above.

Simulations of absorption and fluorescence spectra were
performed using the algorithm proposed in the case study
of porphyrin, now implemented in Gaussian.*® This allowed a
comparison of FC and HT contributions along the series
(Fig. 6). The calculations predict a monotonic increase of FC

The spectra could be reproduced very
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Fig. 6 Calculated FC (top, red) and FCHT (bottom, black) spectra, nor-
malized to the maximum, convoluted with a Gaussian of 135 cm™* width
(FWHM). Right, absorption, left, fluorescence.

intensity in the 0-0 region with respect to the vibronic bands
that mainly consist of HT induced contributions. Except for Pr-
1, the agreement with experiment is good (Fig. S8-S13, ESI¥),
especially for Pr-3 and Pr-4, molecules which exhibit the largest
AHOMO — ALUMO values and are therefore the hardest
chromophores along the series.

We have also simulated the MCD spectra, using DFT (BP86-
D functional) and INDO/S (Fig. S2-S7, ESIt). Similar patterns as
in the absorption calculations were obtained. The sign
sequence was computed correctly by both models (except from
INDO/S calculations for L; and L, in Pr-3 and Pr-4), but the
intensity changes were not. DFT predicted continuous MCD
increase of Q, and Q, MCD intensities along the series, whereas
INDO/S correctly reproduced the decrease upon passing from
Pr to Pr-1, but the experimentally observed increase for the
growing number of n-hexyl moieties was not predicted. How-
ever, INDO/S fared much better in the Soret region, for which
DFT calculations predicted a number of transitions located
lower than the Soret bands; weak in absorption, but closely
spaced. This proximity of states led to several calculated strong
MCD signals with intensity similar to that of the Soret transitions.
Such pattern is not observed experimentally (Fig. 5). In contrast, in
agreement with the experiment, INDO/S calculations correctly

This journal is © the Owner Societies 2024
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predicted that the MCD is dominated by two strong signals from
the Soret bands.

Discussion and conclusions

The experimental results, obtained by using three different
techniques, reveal a characteristic pattern of spectroscopic
evolution with the increasing number of alkyl substituents.
The observed changes in absorption, fluorescence, and MCD
spectra can be readily interpreted based on the simple, but
powerful perimeter model. Unsubstituted porphyrin, a soft
chromophore, comes very close to be an ideal case of AHOMO =
ALUMO upon a single substitution with an alkyl residue.
Adding more substituents leads to AHOMO > ALUMO with a
continuous increase of the difference in orbital energy split-
tings. In other words, depending on the number of substitu-
ents, a soft chromophore can be made either softer or harder.
One should note that these changes influence not only the
transition intensities, but the color of absorbed or emitted
light, because of different responses of FC and HT to substitu-
tion. Thus, fluorescence becomes more light red in Pr-3 and
Pr-4 due to the increasing FC contribution in the 0-0 region.

The computational results demonstrate that a proper calcu-
lation of orbital energy ordering remains a challenge when the
orbitals lie close to each other. As shown for unsubstituted Pr,
different methods can predict different orderings. Thus, it
would be instructive to check various DFT functionals in this
regard.

Approaching an ideal soft chromophore via electron-donating
substitution has an alternative. If an electron withdrawing group
is used, it will mostly interact with one of the LUMO orbitals,
increasing the ALUMO gap. In a sense, the situation is then
simpler than that involving HOMO orbitals. Since the two LUMOs
are nearly degenerate, a perturbation will increase the splitting for
each of both possible orbital energy orderings.

One can think of diverse applications for a perfectly soft
chromophore. It should be extremely sensitive to small envir-
onmental effects, thus being a good candidate for an optical
sensor. Usually, such devices are based on signal intensity
changes. We note that, because of different responses of FC
and HT contributions to external perturbations, working in
ratiometric mode should be possible. In addition, not only the
intensity, but also the spectral profile and, in the case of MCD,
the sign of the signal can be changed. Therefore, (possibly very
small) changes in the vicinity of the chromophore could
be probed by different spectral techniques, increasing the
measurement accuracy and sensitivity of such a device.

An ideal soft chromophore could also be very helpful in
theoretical studies of vibronic effects in electronic transitions.
An example of a problem that calls for deeper analysis is
provided by the MCD spectrum of Pr-1, which reveals, for the
same S; « S, electronic transition, opposite signs in the 0-0
and vibronic regions.

Finally, we would like to underscore the validity of simple
models to understand phenomena which cannot be correctly

This journal is © the Owner Societies 2024
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treated by models that formally are considered more developed.
In the present work, using only DFT for spectral predictions
leads to inconsistencies between experiment and theory. On the
other hand, the perimeter model not only explains the observed
spectral changes well, but also gives an understanding of why
DFT calculations fail in certain cases.
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