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ABSTRACT: Supramolecular polymers based on porphyrins are an
interesting model system, since the self-assembly and thus the photophysics
can be modified by the chemical structure of the porphyrins, e.g., by a metal
inserted in the ligand or by different (solubilizing) side groups. Here, we
investigate the photophysical properties of supramolecular polymers based
on free-base and Zn-centered porphyrins, each with different amide
connectivity in the side chains, by absorption and (time-resolved)
photoluminescence spectroscopy on solutions. We find that for all porphyrin
derivatives the B-band absorption of supramolecular polymers is a
superposition of H- and J-type aggregate spectra, while the Q-band
absorption indicates only J-type aggregation. The emission of supramolecular
polymers stems exclusively from the Q-band and shows only J-type behavior. For supramolecular polymers based on the free-base
porphyrins, we identify only a single aggregate species, whereas for Zn-centered porphyrins, two distinct species coexist in solution,
each with a (slightly) different arrangement of monomers. We rationalize this complex behavior by a slip-stacking of porphyrins
along the direction of one of the two B-band transition dipole moments, resulting in simultaneous H- and J-type intermolecular
coupling in the B-band. In the Q-band, with its transition dipole moments oriented 45° relative to the corresponding B-band
moments, only J-type coupling is thus present. Our results demonstrate that the self-assembly and the photophysics of
supramolecular polymers based on porphyrins can only be fully understood if spectral information from all bands is considered.

■ INTRODUCTION
Porphyrins and supramolecular assemblies of porphyrins are
functional components in a variety of natural systems, such as
in the photosynthetic apparatus of plants and bacteria for light
harvesting and conversion into chemical energy.1−4 Porphyrins
possess delocalized π-systems that give rise to strong
absorption bands in the ultraviolet, visible, and near-infrared
spectral range, depending on the precise chemical structure.2−4

They are therefore ideal for harvesting light over a wide
spectral range. The photophysical properties are further
modified in supramolecular assemblies as a result of
intermolecular interactions.5−8 Electronic Coulomb interac-
tions between transition dipole moments of adjacent
porphyrins give rise to delocalized electronic excitations
(excitons) and lead to the appearance of additional, shifted
absorption bands, thus enhancing the spectral range that can
be harvested. In photosynthetic reaction centers, the local
dielectric protein environment around porphyrin assemblies is
specifically tuned to allow for the formation of charge-
separated states between molecules as the precursor for the
conversion into chemical energy.3,4,9 Understanding the
photophysics of self-assembled aggregates of porphyrins is
thus not only of fundamental interest, but also can lead to a

more detailed understanding of processes occurring in natural
systems.
The self-assembly of porphyrins into supramolecular

polymers depends on the interplay of different factors, such
as monomer concentration, solvent polarity, temperature, and
their chemical structure.10−13 The large π-system of the
porphyrin core favors π-stacking or slipped stacking under
suitable conditions. Further supramolecular motifs, like
hydrogen-bonding amide groups in the side chains, can
stabilize self-assembly into ordered supramolecular polymers.
Also, a metal inserted into the ligand can have a strong impact
via metal coordination.14 Different arrangements of porphyrins
within supramolecular polymers strongly modify the photo-
physical properties via distinct electronic Coulomb interactions
between transition dipole moments of neighboring molecules.
Commonly, supramolecular polymers are classified as J-
aggregates, for which the electronic interaction is negative
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due to a slipped stacking (or in-line arrangement) of transition
dipole moments, or as H-aggregates, for which the electronic
interaction is positive due to a side-by-side arrangement
transition dipole moments,15 e.g., for π-stacked molecules.
Porphyrins show a rich and complex self-assembly behavior,
and for specific porphyrins,16 both J-type and H-type
aggregation was found, as well as an interconversion from J-
to H-aggregates (or vice versa). Moreover, a conversion
between different J- (or H-) type aggregates with only subtle
differences in molecular arrangements was observed.17−19

The assignment of a supramolecular polymer as the J- or H-
aggregate is often based on spectral shifts of UV/vis absorption
spectra upon self-assembly, with a red-shift being associated
with J-aggregation and a blue-shift being associated with H-
aggregation. However, this approach can be ambiguous and
misleading since spectral shifts are also caused by a change in
the local dielectric environment of each molecule, from solvent
molecules in the molecularly dissolved state to porphyrins
surrounding porphyrins within a supramolecular polymer. In
the latter case, the local environment is often much more polar
due to the extended π-system of porphyrin cores, which leads
to (red-)shifts of the transition energy of each molecule via
nonresonant dispersive interactions, sometimes referred to as a
gas-to-crystal shift.8,15 In extreme situations this latter shift can
overcompensate a blue-shift due to H-aggregation, i.e., H-
aggregates can feature red-shifted spectra.20−24 For porphyrin-
based aggregates, an additional level of complexity in
assignments based on shifts of optical spectra arises from the
excited-state level structure with the B-band (or Soret band) in
the near-UV/blue spectral range and the Q-band in the visible/
near-infrared range.25 Each band comprises two pairwise
perpendicularly oriented transition dipole moments with a 45°
angle between the B- and Q-band moments.26 Depending on
the mutual arrangement of porphyrin molecules within a
supramolecular polymer, the spectral signatures from the B-
and Q-band can thus be complex to interpret and can yield
conflicting information, e.g., H-aggregation was based on B-
band absorption and J-aggregation was based on spectral
information from the Q-band. To alleviate this complexity, in
previous studies, homochiral porphyrins have been used to
study the assembly of supramolecular polymers, allowing for
additional insights via the chiroptical activity of the B- and Q-
bands due to the helical stacking of monomers in H-
aggregates.17−19 However, since the B-band absorption is
often substantially stronger,17−19 information from the Q-band

is often ignored, yet required to obtain unique, unambiguous
data to determine the arrangement of porphyrins within
supramolecular polymers based on optical spectra.
Here we revisit assignments of aggregate types based on

porphyrin derivatives with a systematically changed chemical
structure using information from both B- and Q-band
absorptions, as well as (time-resolved) photoluminescence
(PL) from the Q-band. Specifically, we study free-base (FB)
and zinc (Zn)-centered porphyrins that each possess either
C�O- or N�H-centered amides in the (S)-chiral side chains
appended to the porphyrin core (Figure 1). We find that the
complex B-band absorption of all supramolecular polymers
comprises signatures of H- and J-aggregation, while the Q-
band absorptions and (time-resolved) PL feature exclusively J-
type signatures. This behavior can be explained by a slipped
stacking of porphyrins within supramolecular polymers.
Moreover, for Zn-centered porphyrins, we identified two
distinct, coexisting species of supramolecular polymers in
solution with a slightly different arrangement of monomers
within the aggregates.

■ MATERIALS AND METHODS
The synthesis and supramolecular polymerization of all
porphyrin derivatives (Figure 1) were reported previously.27

Supramolecular polymers of the porphyrins were obtained by
heating the monomers in methylcyclohexane (MCH) to 90
°C, followed by ultrasonication and subsequent cooling and
aging for 24 h at room temperature to assemble the monomer
stacks. Samples of molecularly dissolved porphyrin monomers
were prepared by dissolving the material in chloroform. The
concentrations were 50 μM for all samples. UV/vis spectra
were recorded on a UV 2600/2700i Shimadzu spectrometer,
and steady-state photoluminescence (PL) spectra were
measured with a spectrofluorimeter (LS50B, Perkin-Elmer),
both in 1 cm quartz cuvettes. Time-resolved PL spectra were
acquired on a home-built setup with a streak camera (C5680,
Hamamatsu) in a 90° geometry by using a 2 mm quartz
cuvette. The excitation source was a Ti:Sapphire laser (Mira
900, Coherent) operating at 76 MHz and tuned to a
wavelength of 826 nm, which was frequency doubled to 413
nm (Model 5-050 SHG generator, INRAD) to excite into the
B-band absorptions. A pulse picker (Model 9200, Coherent)
was used to vary the repetition rate. A global fit28 of the Streak
camera data was done using home-written software. The
species-associated spectra were fitted using home-written

Figure 1. Chemical structures of the porphyrins. The C�O- (left) and N�H-centered (right) porphyrins were both studied as a free-base (2H or
FB) derivative and as a Zn-centered derivative.
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python scripts. Relative PL quantum yields (PLQY), i.e., the
PLQY of supramolecular polymers relative to the PLQY of the
molecularly dissolved compounds, were determined as
described in ref 29.

■ RESULTS AND DISCUSSION
In Figure 2, UV/vis absorption and steady-state photo-
luminescence (PL) spectra of the compounds dissolved in
chloroform (molecularly dissolved monomers) as well as in
MCH (supramolecular polymers) are shown. The monomers’
absorption spectra (thin dotted blue lines) feature their B-
bands around 430 nm and the substantially weaker Q-bands
between ∼500 and 650 nm.14 The B-bands are largely
independent of the chemical structure and show a prominent
absorption at 430 nm and a shoulder at around 405 nm,
corresponding to the 0−0 and 0−1 transitions of the
degenerate Bx- and By-bands. The Q-bands of the Zn-centered
porphyrins (C�O Zn, N�H Zn, bottom row) feature a single
vibronic progression of degenerate Qx- and Qy-bands with the
0−0 transition at ∼600 nm and the 0−1 transition at ∼550
nm. In contrast, the reduced symmetry in free-base porphyrins
(C�O FB, N�H FB, top row) lifts degeneracy in the Q-band
and two spectrally shifted vibronic progressions are visible (see
SI, Figure S1, for the assignment of peaks).
The PL of all molecularly dissolved compounds (Figure 2,

dotted green) stems exclusively from the (lowest-energy/
longest-wavelength) Q-band due to rapid internal conversion
prior to the emission process.14 The spectral shift between the
longest-wavelength absorption and the 0−0 PL peaks is always
around 300 cm−1. For the free-base porphyrins, the electronic
0−0 PL peak around 660 nm is more intense than the 0−1 PL
peak at 710 nm, while for the Zn-centered porphyrins the 0−0
transition appears at ∼620 nm and is weaker compared to the

0−1 peak at 650 nm. Time-resolved PL measurements yield a
monoexponential decay with an excited state lifetime of ∼4.2
ns for all compounds molecularly dissolved in chloroform
(Table 1).

The absorption spectra of supramolecular polymers in MCH
are shown in Figure 2 as thick dashed blue lines. Compared
with the monomer absorptions, the B-bands of supramolecular
polymers feature a strong change in their spectral shape. The
shortest-wavelength absorption at 380 nm appears to gain
oscillator strength at the expense of that at 430 nm, indicating
H-type aggregation.30 We note, however, that the complex
spectral shapes leave some ambiguity in interpretation and
coexisting J- (H-) aggregates have been suggested, too.17 The
Q-band absorptions of supramolecular polymers are, in
general, slightly red-shifted by ∼ 250 cm−1 with some change
of the spectral shape compared to the monomer absorptions.
For the free-base porphyrin aggregates the intensities of the 0−
0 peaks, relative to those of the 0−1 peaks, of both the Qx- and
Qy-bands are slightly more intense compared to the monomer
absorptions (SI, Figure S1). For Zn-centered porphyrins, an
additional longer-wavelength (lower-energy) peak around 650

Figure 2. Steady-state optical spectra of the different porphyrin compounds and their supramolecular polymers. Absorption (blue) and normalized
PL spectra (green) of monomers in chloroform (thin dotted) and of aggregates in MCH (thick dashed) for C�O FB (top left), N�H FB (top
right), C�O Zn (bottom left), and N�H Zn (bottom right). The absorption of the Q-band is multiplied by a factor 20 for visibility. For the free-
base porphyrins the Q-band absorption peaks are labeled in Figure S1 of the Supporting Information. The excitation wavelength for the acquisition
of PL spectra was 413 nm and is indicated with the violet vertical lines.

Table 1. Excited-State Lifetimes of the Different Porphyrin
Compounds, Molecularly Dissolved in Chloroform
(Monomer), and of the Emitting Aggregate Species in MCH

lifetime (ns)

compound monomer J1 J2
C�O FB 4.1 10.3
C�O Zn 4.2 6.2 1.9
N�H FB 4.2 10.8
N�H Zn 4.2 7.2 2.1
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nm emerges upon supramolecular polymerization. These
spectral changes in the Q-bands are characteristic for J-type
aggregation15 with a slipped stacking of Q-band transition
dipole moments, whereas the changes in the B-bands rather
indicate H-aggregation with the B-band transition dipole
moments arranged side-by-side, yielding rich, but complex,
photophysics.
The steady-state PL spectra of supramolecular polymers are

shown in Figure 2 as thick dashed green lines. As for the
monomer PL, here we exclusively observe emission from the
longest-wavelength (lowest-energy) Q-band as well; i.e., the PL
spectra reflect only the arrangement of Q-band transition
dipole moments within aggregates. For C�O FB and N�H
FB based aggregates (top row) the 0−0 and 0−1 PL peaks
appear at around 670 and 720 nm, respectively, both with a
small red-shift of ∼300 cm−1 compared to the monomer PL.
Since the relative intensity of the 0−0 PL peak of the
supramolecular polymers is slightly higher compared to that of
the corresponding monomer PL, this suggests that the Q-band
emission stems from J-aggregates. The PL spectra of
supramolecular polymers based on Zn-centered porphyrins
possess three peaks (bottom row), and the lowest-wavelength
peak at ∼620 nm is always weaker in relative intensity
compared to the most intense peak at 670 nm. Moreover, the
PL spectra strongly overlap with the Q-band absorption in the
range 600−650 nm, which renders an unambiguous assign-
ment of peaks difficult. Together with the complex spectral
shapes of the absorptions of supramolecular polymers, this

indicates that especially Zn-centered porphyrins feature a
complex self-assembly behavior in MCH with coexisting
aggregate species.
To gain further insight into the self-assembly behavior of the

porphyrin derivatives, we performed time-resolved PL spec-
troscopy using a Streak camera in combination with a global
fitting analysis of the data (see Materials and Methods). This
approach allows distinguishing different aggregate species
based on their Q-band emission via different excited-state
lifetimes, even if their PL spectra overlap. In Figure 3A we
show the Streak data of supramolecular polymers of N�H Zn
in MCH upon excitation at a wavelength of 413 nm as an
example and for illustration of data analysis. The horizontal
axis in the Streak data represents detection wavelength, the
vertical axis is time after the excitation pulse, and the PL signal
is displayed in gray scale. Transient PL spectra are retrieved by
integrating over two intervals along the time axis (0−5 ns and
10−35 ns, Figure 3B, green and violet). The transient spectra
are overlaid with the time-integrated PL spectrum (Figure 3B
top, red), which is identical with the steady-state PL (Figure
2). In the transient spectra particularly the PL signal around
620 nm is strongly time-dependent (see the green and violet
spectra). PL decay curves, spectrally integrated over an interval
of 30 nm around a central wavelength of 620 and 655 nm, are
shown in Figure 3C. Both PL decay curves are nonexponential
with the overall decay being faster in the short-wavelength
interval (brown) and slower in the long-wavelength interval
(blue).

Figure 3. Time-resolved PL spectroscopy of supramolecular polymers based on N�H Zn in MCH solution. The PL intensity of the Streak image
(A) is given as gray scale, and the colored boxes indicate time- and wavelength-intervals, from which transient PL spectra (B) and PL decay curves
(C) have been extracted. In C the legends label the center wavelengths, the total wavelength interval is 30 nm each. The PL stems exclusively from
the Q-band that is populated by internal conversion upon excitation into the B-band at a wavelength of 413 nm.
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The visual inspection of Streak data of N�H Zn-based
aggregates (Figure 3) leaves several options for interpretation:
(i) (at least) two different emitting aggregate species with
distinct lifetimes are present; (ii) one aggregate species and the
remaining molecularly dissolved monomer are present; or (iii)
one aggregate species is present and energy transfer from
higher-energy to lower-energy states within each individual
aggregate takes place. We can rule out a monomer contribution
to the PL signal (option (ii)), since the lifetimes of N�H Zn-
based aggregates determined from the Streak data are different
from the monomer lifetime (Table 1). Energy transfer from
higher- to lower-energy states [option (iii)] can be excluded,
too, since we do not observe a rising component in the decay
curve at long detection wavelength (low energy) that matches
the faster decay at short wavelength (high energy). The rise of
the decay curves is determined by the instrument response
function for all detection wavelengths. Hence, only option (i)
remains, the coexistence of different emitting aggregate species
based on N-H Zn that emit independently from each other and
do not “communicate” via energy transfer. The Streak camera
data for supramolecular polymers of C�O Zn porphyrins
show a similar behavior with nonexponential and wavelength-
dependent PL decays, thus, indicating the coexistence of (at
least) two emitting species as well (SI, Figure S2). We note
that two coexisting emitting aggregate species for Zn-centered
porphyrins, as found here from the Q-band emission, imply the
presence of two distinct H- and J-aggregates based on the B-
band absorption (see the discussion further below). The Streak
data of supramolecular polymers of the free-base porphyrins
(SI, Figures S3 and S4) feature monoexponential PL decays
that do not change as a function of the detection wavelength,
and the transient spectra do not change as a function of time.

These data thus imply the presence of only one emitting
aggregate species for free-base porphyrin supramolecular
polymers (and, by extension, one aggregate species based on
B-band absorption).
To obtain information on the nature of the (coexisting)

emitting aggregate species, we employ a global fitting analysis.
The Streak data are integrated over intervals of 10 nm along
the wavelength axis, and each retrieved PL decay curve is fitted
by a (multi)exponential function including deconvolution of
the instrument response function. For the optimum global fit,
the lifetimes are constant as a function of the detection
wavelength, and only the relative amplitudes of the
exponentials vary. Plotting the amplitudes as a function of
wavelength, we obtain species-associated spectra that are
presented in Figure 4 (filled dots) together with fits to the
spectra (solid colored lines). For comparison, we overlay in
Figure 4 the corresponding steady-state PL spectra of the
molecularly dissolved compounds as gray solid lines. The
lifetime components corresponding to the species-associated
spectra are given in Table 1. We recorded time-resolved PL
spectra using a shorter excitation wavelength of 389 nm (see
SI, section 4), where exclusively supramolecular polymers are
excited (see Figure 2). The results are consistent with those
using 413 nm excitation. We also recorded time-resolved PL
spectra as a function of laser repetition rate and fluence of the
excitation pulses as well. Within the range of accessible
repetition rates and fluences the lifetimes and species-
associated spectra do not change (see SI, Figures S5−S8).
Hence, nonlinear effects, such as exciton−exciton annihilation,
do not impact our time-resolved data.
For the supramolecular polymers based on free-base

porphyrins, a single species-associated spectrum is found

Figure 4. Species-associated spectra derived from time-resolved PL spectroscopy on the Q-bands of supramolecular polymers. The colored filled
dots indicate the species-associated spectra for the emitting aggregate species. For Zn-centered porphyrins brown dots label the spectra of the J1-
species, and the blue dots indicate spectra of the J2-species. The solid colored lines are fits to the species-associated spectra, and the thin gray lines
show the PL spectra of the corresponding monomers in chloroform for comparison. The insets illustrate the different stacking of Zn-centered
porphyrins into the coexisting aggregate species (J1: brown, J2: blue).
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(Figure 4, top row) that we ascribe to J-type emission from the
Q-band, i.e., the transition dipole moments in the Q-band
must be arranged in a slip-stacked fashion (but not necessarily
those in the B-band, see further below). The species-associated
spectra feature a 0−0 PL peak at 670 nm and a 0−1 PL peak at
720 nm and agree well with the corresponding steady-state PL
spectra of the supramolecular polymers in Figure 2 (top row).
The spectral shift between the longest-wavelength (lowest-
energy) absorption and the 0−0 PL peak is small at ∼120 cm−1

(C�O FB) and ∼250 cm−1 (N�H FB). The relative 0−0 PL
peak intensity is slightly higher (C�O FB) or roughly equal
(N�H FB) compared to the peak intensity ratio of the
monomer PL. Finally, the line width of the 0−0 PL peaks is
reduced compared to that of the monomers (Table 2). All

these spectral features are characteristic for J-type emission.15

The lifetimes corresponding to the species-associated spectra
are 10.3 ns (C�O FB) and 10.8 ns (N�H FB), respectively,
and are thus longer than the monomer lifetimes (Table 1).
This discrepancy can be rationalized by a reduced nonradiative
decay rate upon aggregation, e.g., by freezing-out of high-
energy vibrations that promote internal conversion or by
planarization of the porphyrin core. Hence, the total decay rate
decreases (the measured lifetime increases) for the supra-
molecular polymers; see SI, section S3.
Supramolecular polymers based on Zn-centered porphyrins

feature two J-type emitting species (Figure 4, bottom row). We
label those aggregates as J1 emitting at longer wavelengths
(lower energy) and J2 emitting at shorter wavelengths (higher
energy). The species-associated spectra of the J2-aggregates (at
shorter wavelengths, blue) feature a 0−0 PL peak around 610
nm and a 0−1 PL peak at around 660 nm. The relative 0−0 PL
intensity is higher, and the 0−0 line width is narrower for the
J2-aggregate as compared to the monomer PL (Figure 4, gray
line, and Table 2). Moreover, the shift between the 0−0 PL at
around 610 nm and the aggregate absorption peak at around
600 nm is only about 170 cm−1. Finally, the lifetimes of this
species are shorter than that of the monomers (Table 1),
which all are consistent with J-type aggregation of this emitting
J2-species. For the J1-aggregates of Zn-centered porphyrins (at
longer wavelengths, brown), we only resolve a single peak in
the species-associated spectra (probably due to the overall low
PL signal), leaving some ambiguity in the assignment.
However, the species-associated spectra exhibit very narrow
linewidths of 208 cm−1 (C�O Zn) and 168 cm−1 (N�H
Zn). In fact, those are the narrowest lines of all supramolecular

polymers being a factor of 2−3 narrower than the 0−0 PL
peaks in the monomer spectra (Table 2). The species-
associated spectra of the J1-aggregates possess a spectral shift
of 310 cm−1 (C�O Zn) and 270 cm−1 (N�H Zn) relative to
the additional absorption peak that appears around 650 nm
upon supramolecular polymerization of the Zn-centered
porphyrins. Those data strongly indicate J-type emission, too,
with a slip-stacked arrangement of Q-band transition dipole
moments. The longer lifetimes of the J1-aggregates compared
to the monomers’ lifetimes (Table 1) can again be understood
by a reduction in nonradiative decay rates upon aggregation,
see above and SI, section S3.
Our observations of spectral signatures of (coexisting)

emitting J-type species and the complex B-band absorptions of
the supramolecular polymers based on the different porphyrin
compounds highlight their intricate self-assembly behavior in
MCH. To start with, we reiterate that the PL spectra of all
supramolecular polymers stem exclusively from the Q-band
and show exclusively the presence of emitting J-aggregates.
The clear differences in lifetimes (Table 1) and shapes of the
species-associated spectra of supramolecular polymers (Figure
4) as compared to lifetimes and spectra of monomers
demonstrate that monomer signals are not detectable.
Moreover, null- or X-type aggregates were not present here.
In such aggregates the monomers are arranged such that the
electronic interactions within the aggregate cancel, which
would leave lifetime and spectra unchanged.31,32 The
porphyrin monomers must therefore be arranged such that
the Q-band transition dipole moments are slip-stacked.6 This
slipped stacking is in line with the J-type features observed in
the Q-band absorptions (Figures 2 and S1). The B-band
absorptions, in contrast, rather indicate H-type aggregation,
usually assumed to result from cofacial stacking with a side-by-
side arrangement of B-band transition dipole moments
(although this assignment can be ambiguous; see Figure 2).
This discrepancy can be resolved, considering that in both the
B- and Q-band of porphyrins the transition dipole moments
are pairwise perpendicularly oriented: The Bx- and By-
transition dipole moments are oriented along the axes
connecting opposite meso-positions, and the axes of the Qx-
and Qy-transition dipole moments connect opposite pyrrole
units,33 i.e., the latter are rotated by 45° relative to the
corresponding B-band components (Figure 5). Recent
work10,17 suggests that in J-aggregates of the porphyrins
studied here, the slip is along the direction of a B-band
transition dipole moment. Assuming a slip, for example, along
the direction of the Bx-component, the Bx-band represents a J-
aggregate due to the slip-stacked arrangement of Bx-transition
dipole moments of adjacent molecules. The corresponding By-
components, however, are still side-by-side with respect to
each other, and thus, the By-band response is that of an H-
aggregate (Figure 5, top). Although for a given slip the
magnitude of the Coulomb interactions between the Bx-
transition dipole moments (J-type) are roughly by a factor of 2
stronger than those between the By-components (H-type),

33

both signatures are visible and give rise to the complex spectral
shapes that we observe in the B-band absorptions of the
supramolecular polymers (Figure 2). For the Q-band, the slip
along the Bx-direction translates into a slip-stacked arrange-
ment of both the Qx- and Qy-components (with a lateral offset,
see Figure 5, bottom). Hence, the Q-bands exhibit exclusively
J-type features in both absorption and PL spectra, as we indeed
observe (see Figures 2, 4, and S1). In other words, the

Table 2. Linewidths of the Highest-Energy (Lowest-
Wavelength) PL Peaks for the Different Porphyrin
Compounds as Monomer, Molecularly Dissolved in
Chloroform, and for the Emitting J-Aggregate Species in
MCHa.

linewidth (cm−1)

compound monomer J1 J2 CD

C�O FB 396 240 strong
C�O Zn 368 208 262 strong
N�H FB 394 330 weak
N�H Zn 471 168 370 none

aFor the aggregate species, the linewidths were extracted from the
species-associated spectra. The relative strength of the circular-
dichroism (CD) signal from the B-band of supramolecular polymers
has been taken from refs 10 and 17.
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assignment of aggregation (H- and J-type) depends on the
band (B and Q) that is observed, and the full picture can only
be retrieved if information from all bands is included.
Importantly, the slip along the direction of a B-band

transition dipole moment and, thus, the slip of the Q-band
moments, is not necessarily as large as commonly assumed for
the slipped stacking in J-aggregates. Typically, a slip ≥0.5 nm is
required to switch from H- to J-type behavior according to the
classical Kasha model, where only Coulomb interactions are
considered.34 However, a 0.5 nm slip is too large to allow for
hydrogen bonds to form in particular in chiral C�O
connected porphyrins.17 In stacked arrangements of molecules,
as present in our supramolecular polymers, the ground and
excited-state wave functions of neighboring molecules can
overlap, and charge-transfer mediated (CT) interactions
(superexchange interactions) can play an important role. In
fact, those CT interactions can dominate over Coulomb
interactions between transition dipole moments and thus
dominate the photophysics.34−36 In analogy to the classical
Kasha model of aggregates, a positive CT interaction results in
H-aggregates and a negative one gives rise to J-aggregates. The
sign of CT interactions is determined by the sign of the
electron and hole transfer integrals, which in turn are
determined by the nodal patterns of the relevant ground and
excited-state wave functions. Since those nodal patterns
modulate very rapidly within a molecule, a rather small (sub-
)Ångstrom slip can be sufficient to “switch” from positive (H-
type) to negative interactions (J-type) for the slip-stacked
component in the B-band and for both Q-band moments. This
is known as unconventional (non-Kasha) aggregation and has
been observed for several aggregates based on small
molecules.35 To clarify the nature of interactions in our
porphyrin-based supramolecular polymers, however, detailed
and complex quantum-chemical calculations are required,37

which are beyond the scope of this work.
The (inhomogeneous) linewidths of the (J-type) emitting

species (Table 2) allow us to draw conclusions about

(electronic, structural) order/disorder of the supramolecular
polymers formed in MCH. Electronic disorder is caused by a
heterogeneous dielectric environment around the porphyrin
cores (e.g., determined by specific arrangements of or within
the side chains) and randomly shift the transition energies of
monomers within an aggregate; structural disorder results from
a nonperfect mutual arrangement of monomers and yields
variations of electronic Coulomb interactions between
transition dipole moments (or of CT interactions).6,8 This
disorder can vary along a single aggregate (intraaggregate
disorder) and between aggregates (interaggregate disorder) or
can be a combination of both. Although we cannot distinguish
electronic and structural as well as intra- and interaggregate
disorder, we are nevertheless able to gain useful insights from
the measured linewidths. Generally, we find that supra-
molecular polymers based on C�O-centered porphyrins
(with the exception of the J1-species of N�H Zn) show the
narrowest lines and are thus most ordered, implying
delocalized excitons along an aggregate. Previous calculations
on the amide connectivity in free-base compounds found that
the C�O connected side groups are rotated out of the
porphyrin plane.17 This results in a lower interaction energy for
the association of monomers to an aggregate, i.e., more stable
aggregates and, as our data suggest (electronically and
structurally), more ordered aggregates form. Comparing
aggregates based on free-base porphyrins with the J1-species
of Zn-centered porphyrins, the latter appear more ordered.
Metal coordination contributes an additional interaction (next
to hydrogen-bonding and π-stacking) that stabilizes the
assembly into supramolecular polymers. The J2-species in
Zn-centered porphyrin aggregates is (significantly) less
ordered, thus excitons are more localized, compared to the
J1-species. The PL of the J2-species is blue-shifted with respect
to that of the J1-aggregates (Figure 4), but only slightly shifted
relative to the monomer PL around 600 nm (Figure 2,
bottom). This indicates a weaker interaction between Q-band
transition dipole moments for the J2-species, such that the
exciton bandwidth is smaller, and spectral shifts relative to the
monomer PL (and absorptions) are also smaller. Weaker
interactions result from a slightly different arrangement of
monomers within this second aggregate species, probably from
a slightly larger slip along a B-band component (see the
sketches in Figure 4, bottom row). This second coexisting
aggregate species represents the minority species and
contributes only about 20% to the total PL signal (for both
Zn-centered porphyrins). Since the absolute PL quantum
yields are unknown, this value cannot be directly translated
into an absolute abundance of this second species. It
nevertheless indicates that this second coexisting aggregate
species is less favorably formed in MCH, but once formed it is
stable.
Finally, we comment on the chiral features of the

supramolecular polymers observed in circular dichroism
(CD) spectra from the B-band of the porphyrin compounds
with their (S)-chiral groups in the side chains studied here.
Supramolecular polymers based on the C�O-centered
porphyrins feature a pronounced Cotton effect, whereas N�
H FB-based aggregates feature only weak CD signals, and in
N�H Zn-based supramolecular polymers, those are absent
(Table 2).10,17,27 Previously, this behavior was attributed to the
formation of cofacially stacked, chiral H-aggregates (strong CD
signal) or the formation of disordered, achiral J-aggregates with
a pronounced slipped stacking so that the amides in the side

Figure 5. Illustration of the arrangements of transition dipole
moments in supramolecular polymers based on porphyrins. Top: B-
band transition dipole moments. Bottom: Q-band transition dipole
moments. The gray scale of the arrows indicate the position within
the stack (light gray: bottom; black: top).
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groups cannot form hydrogen bonds and cannot enforce a
chiral assembly (weak/no CD signal). However, we have
shown here that all supramolecular polymers feature a slipped
stacking; the slip can be small in the case of unconventional
(non-Kasha) aggregation, and hydrogen bonding can thus still
stabilize self-assembly into chiral aggregates for all compounds.
Comparing the appearance of CD signals and the (electronic/
structural) order of the aggregates formed, as judged from the
PL linewidths (see Table 2), there is a clear correlation
between higher order and the presence of a pronounced CD
signal (with the exception of the second species of N�H Zn-
based aggregates). CD spectroscopy on chiral assemblies of
electronically interacting molecules is known to be very
sensitive to non-nearest-neighbor interactions and exciton
delocalization.33 Thus, strong CD signals require (at least
locally) ordered aggregates that support delocalized excitons,
consistent with our data. For N�H Zn-based supramolecular
polymers, we can only speculate about the absence of CD
signals in the B-band. The rather broad, unstructured B-band
absorption, representing a superposition of the absorption of
both species, might not allow the detection of the CD signal
from the more ordered aggregate species of this compound
(e.g., due to a cancellation by two spectrally shifted Cotton
effects).

■ CONCLUSION
We studied supramolecular polymers based on free-base and
Zn-centered porphyrins by (time-resolved) optical spectrosco-
py. All supramolecular polymers have in common that the
porphyrins are assembled in a stacked arrangement yet with a
(small) slip along one of the components of the B-band
transition dipole moments. Hence, the B-band absorption
shows a superposition of H- and J-type aggregation, while the
Q-band absorption and emission show exclusively J-type
spectra. Particularly Zn-centered porphyrins feature a complex
self-assembly behavior and form two distinct, coexisting
aggregate species with (slightly) different arrangement of
monomers within supramolecular polymers, which is manifest
in distinct excited-state lifetimes of the Q-band PL. In the case
of a small slip stack in all aggregates, a helical stacking of the
monomers, stabilized by hydrogen-bonding amides in the
chiral side groups, is still possible. This naturally can lead to
helical structures that have been observed for supramolecular
polymers based on Zn-centered porphyrins. Since the J-type
PL is highly sensitive to (electronic and structural) order, this
allowed us to establish that C�O-centered porphyrins form
more ordered aggregates than their N-H centered counterparts
due to the smaller interaction energy for the association in the
case of C�O-connected amides. More ordered aggregates
imply a stronger exciton delocalization along a supramolecular
polymer, which is beneficial for energy transport, and thus for
potential applications. Our time-resolved PL measurements on
supramolecular polymers based on porphyrin derivatives
allowed us to elucidate the nature of the aggregates, the
degree of order within the aggregates, as well as the coexistence
of aggregate species for Zn-centered porphyrins, which was not
possible by considering only absorption data.
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