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Abstract: Orientation and distance-dependent intervalence charge transfer phenomenon is demonstrated
in far-red capturing zinc phthalocyanine dimers connected by a bis-acetylene-phenyl r-spacer (ortho, meta,
or para positions) upon oxidizing one of the phthalocyanine rings, resulting in split oxidation waves and a
new optical transition in the near-infrared region. Optical studies initially probed the symmetry-breaking
charge separation events in these dimers wherein solvent polarity-dependent quenching was witnessed.
Interestingly, efficient quenching in nonpolar toluene was also seen for the ortho-dimer. Free-energy
calculations supported symmetry-breaking charge separation in polar solvents and the ortho-dimer even in
nonpolar solvents under isoenergetic (endothermic by ~40 mV) conditions. Molecular electrostatic potential
maps generated on DFT-optimized structures revealed quadrupolar charge transfer states, more so in polar
media. The time-dependent DFT calculations revealed the conversion of the quadrupolar charge transfer
states to bipolar charge-separated states from different singlet-singlet excitations. Femtosecond transient
absorption studies covering broad temporal and spatial scales provided evidence for the charge separation
process, including that for the ortho-dimer in toluene, where an isoenergetic process was predicted. The
charge-separated states lasted for 200-500 ps depending upon dimer linkage. These unprecedented
findings reveal the potential applications of the investigated phthalocyanine dimers in energy harvesting,
photocatalytic, and pertinent optoelectronic applications.

Introduction

Discoveries leading to new phenomena in molecular systems open new avenues for scientific
and technological advances.!"! This applies explicitly to electro- and photochemical events as
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they are commonly employed in myriad applications, including energy harvesting, fuel production,
energy storage, and catalyst development.*® The three-dimensional arrangement of -
conjugated organic molecular systems in photosynthesis is crucial as it ensures efficient solar
energy harvesting, transport, and conversion.*' The striking solar photons are transferred into
the reaction center in the photosynthetic systems through coherent exciton transport. The
conversion of excitation energy to chemical energy at the reaction center is initiated by the
symmetry-breaking charge separation process (SB-CS), which triggers the sequential electron
transfer events leading to long-lived charge-separated states, which are eventually used in the
conversion of adenine diphosphate (ADP) to adenine triphosphate (ATP).'2'31  The
comprehensive understanding of the photophysical events, viz., exciton formation, energy
transfer, and charge separation, in synthetic molecular systems and their precise dependence on
the spatial arrangement, t-overlap, and intermolecular distances is not just essential but a
cornerstone for the design of efficient and robust artificial solar energy conversion systems.!'46]
Photoinduced SB-CS is a process where a symmetrical pair of identical chromophores
forms a charge-separated state with the hole and electron on different chromophores, i.e., M-M
+ hy — M* - M, upon photoexcitation with high efficiency.l'”'® SB-CS has found wide
applications in artificial photosynthesis and optoelectronic devices owing to the minimal energy
loss during the charge-separated state formation (energy loss between the exciton and charge-
separated state is <100 mV for SB-CS, in contrast to the value of ~500 mV or more for charge
separation in traditional donor-acceptor systems).['! SB-CS rate mainly depends on electronic
coupling strength and solvent environment.l''% In a weak exciton coupling regime, the electronic
absorption spectra of the interacting chromophores show minor variation compared to the
noninteracting systems. Theoretically, the excited states of the molecular dimer can be
represented as locally excited singlet (LE) states and charge-separated (CS) states.?%?" A
literature survey shows that SB-CS processes in weakly coupled dimers and trimers of
perylenediimide,?'?8!  perylene and pentacene,?*3" BODIPY,['7:3233 metallopyrrins,3':34
bianthryl,?%  subphthalocyanine,®® and terrylenediimide®-*® are well explored. In some
instances, efforts have been put into probing SB-CS processes in film samples, metal-organic
frameworks, and polymers.B%43 Unfortunately, almost all the reported systems used high-energy
visible light (1.8 — 3.0 eV) to initiate SB-CS due to the limited optical coverage of these
chromophore dimers (absorption mainly in the near-UV and visible spectral range). Unlike natural
photosynthesis, photosystems | and Il use far-red 680 and 700 nm light to initiate the SB-CS
process. “44 This is also true for bacterial photosynthetic systems where near-infrared (near-IR)
initiates the SB-CS process. For example, R. Sphaeroides uses near-IR light of 870 nm, and
some bacteriochlorophyll species even use light up to 940 nm to initiate the SB-CS process. 5
471 Thus, a critical knowledge gap exists due to the lack of synthetic molecular dimers capable of
undergoing SB-CS with low-energy light excitation from the far-red and near-IR regions.
Intervalence (or charge resonance) compoundsi-52 comprise two redox centers with
different oxidation states connected by a bridge. These are model systems to study the
fundamentals of electron transfer events and to develop the field of single-molecule electronics.*
%51 Observed initially in inorganic bis-Ruthenium Creutz-Taube type complexes, organic systems
are also known to exhibit such phenomena.*®! Charge localization and delocalization are of
importance in mixed-valence systems. For one-electron mixed valence compounds comprised
of two redox sites connected by a bridge, two extreme cases, viz., R™-bridge-R™"* (complete
localization), and R™%5*-pridge-R"*%-®* (full delocalization), and anything in between is possible.
Per Robin and Day classification, 681 completely localized systems belong to class I, fully
delocalized systems are class Ill, and systems in between belong to class Il (partial
delocalization). The classical theory predicts the class Il type to exhibit a highly solvent-
dependent Gaussian type intervalence charge transfer (IVCT) band in the near-infrared region
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due to optically induced charge transfer from one redox center to the other. In contrast, the IVCT
is asymmetrical (possibly with a vibrational fine structure) for the class Il type) and largely solvent-
independent. Such a phenomenon is observed in simple redox-active molecular dimers but not in
large 11-conjugated systems.

Phthalocyanines are a class of electro- and photoactive molecular systems nowadays
commonly used in basic research and industrial applications due to their higher stability (e.g.,
coloring pigments for fabric and toners in color printing and xerography) and highly tunable
physico-chemical properties, especially optical coverage with strong absorptivity well into the far-
red and near-IR regions.%% Consequently, discoveries in this class of molecules are expected
to advance scientific understanding pertinent to many applications.©':62

To address the above-narrated knowledge gap of lacking far-red and near-IR molecular systems
revealing SB-CS with low-energy light excitation and that synthetic phthalocyanines fulfill such needs, in
the present study, we have built zinc phthalocyanine dimers (ZnPc dimers) shown in Figure 1. The two
ZnPc units are covalently attached to an acetylene T-linker with a central phenyl ring. The phenyl rings'
ortho, meta, and para-positions have been used to build the dimers to visualize the distance and orientation
effects. As demonstrated here, these dimers undergo the anticipated SB-CS under both exothermic and
isoenergetic conditions. Additionally, they reveal the much-anticipated intervalence charge transfer (IVCT)
when one of the two ZnPc units is oxidized. DFT and time-dependent DFT (TD-DFT) studies were able to
pinpoint the exact excited states involved in the CB-CS process. This is the first example of ZnPc dimers
showing IVCT and its significance in the SB-CS process. Key findings are summarized below.
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Figure 1. The structure of the ZnPc dimers and the ZnPc monomer investigated in the present study.

Optical studies

SB-CS in symmetric dimers occurs due to polar solvents' solvent stabilization of charge-separated
states. A simple solution study of the emission behavior in nonpolar and polar solvents would
provide the first indication of SB-CS in the dimers. Figure 2 shows the normalized to the visible
band absorption and fluorescence spectra of the investigated compounds in nonpolar toluene
(dielectric constant, € = 2.38) and polar benzonitrile (PhCN, €= 26), while relevant data are
summarized in Table 1. Only in the case of the ortho dimer, 3, the visible band revealed a blue
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shift of 10-12 nm, while the other two dimers revealed a small redshift. The ratio of the Ao o/Ao,1
peak intensity was higher for the ortho dimer than the other two dimers, and the monomer
suggested strong intramolecular interactions in the ortho dimer irrespective of the solvent
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Scheme 1. ZnPc dimers 1, 2, and 3, and ZnPc monomer, 4.
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Figure 2. Absorption (a and b) and fluorescence (c and d) of the indicated compounds in toluene (a and c)
and benzonitrile (b and d). The compounds were excited at 650 nm, keeping the optical density visible

band at 0.1.
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Table 1. Spectroscopic properties of the investigated compounds in nonpolar and polar solvents
to help establish the occurrence of SB-CS.

Toluene PhCN

4 3 2 1 4 3 2 1
Aabs(Ao-0), nm 690 680 693 699 693 681 696 704
Aabs(Ao-1), nm 679 643 677 677 680 650 679 679
Aem , NM 694 700 696 701 698 700 702 706
EooeV 1.79 1.80 1.78 1.77 1.78 1.80 1.77 1.76
Ao-0/Ao-1 1.12 1.16 1.06 1.12 1.12 1.73 1.08 1.15
AV stokes ,cm™! 84 420 62 42 104 399 122 42

O, % 23 <1 18 17 12 <1 6 2
Tr, NS 2.6 - 2.44 2.27 2.26 - 0.98 0.47
k, 107 s 8.8 - 7.4 7.48 54 - 6 4.3
Knr, 107 571 29 - 34 36 39 - 96 208

a Photoluminescence intensity with respect to ZnPc monomer

The fluorescence spectrum of the dimers in toluene did not reveal appreciable quenching for
the meta and para dimers, while significant quenching (>95%) was observed in toluene for the
ortho dimer, 3. Interestingly, in benzonitrile, all three dimers revealed quenching compared to
that of the monomer and followed the order: 1 (50%) < 2 (76%) < 3 (92%). Such was the case
for fluorescence lifetimes determined from time-correlated single-photon counting techniques
(TCSPC, see Figure S9 for decay profiles). While the lifetime for 3 was within the time resolution
of our setup (~200 ps) in both solvents, reduced lifetimes for 1 and 2 were observed in benzonitrile
(often a short-lived component representing SB-CS and a long-lived component representing
regular fluorescence). The significant quenching observed here suggests the occurrence of
excited state events in polar benzonitrile for all dimers and in nonpolar toluene in the case of 4.
The calculated rates of radiative, k., and nonradiative, k.. are listed in Table 1. Higher k.- was
witnessed for the dimers compared to the monomer.Figure 3 shows the cyclic voltammograms
(CVs) of the compounds investigated in DCB containing 0.1 M (TBA)CIO4. The ZnPc monomer,
4 revealed a single one-electron reversible oxidation at E1»= 0.65 V vs. Ag/AgCIl. Multi-cycling
did not change the shape or position of this redox wave. Compound 4 also revealed two one-
electron reversible reductions at E1» = -0.94 and -1.27 V. In contrast, the first oxidation process
of the dimers revealed a split wave, while the reductions retained their basic characteristics with
a slight cathodic shift. In the case of ortho dimer, 3, the split oxidation peaks were located at 0.57
and 0.71 V, which is a 140-mV splitting.

In the case of meta dimer, 2, the peaks were located at 0.57 and 0.70 V with a 130-mV split.
In the case of para dimer, 1, the splitting was too close with a 120-mV split. The splitting reveals
the stepwise removal of electrons from the dimer according to Equation 1.3

-e -2
ZnPc-sp-ZnPc —— anc'i'-Sp-ZI‘lPC _— ZHPCA_“SP“Z"P(-“+ (1)

‘“Charge Resonance

sp = spacer

ZnPc-sp-ZnPc™
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Figure 3. Cyclic voltammograms (CVs) of the indicated compounds in DCB containing 0.1 M
(TBA)CIO4 at a scan rate of 100 mV/s.

Under these conditions, the dimer's one-electron oxidized ZnPc could undergo charge
resonance with the second ZnPc, as shown, thus triggering intervalence charge transfer among
the two ZnPc entities. Another important observation is that of facile oxidation of the ZnPc dimers
compared to the ZnPc monomer; in the case of dimers 2 and 3, the first oxidation was easier by
80 mV compared to the monomer. This is key to observing SB-CS in the ZnPc dimer as the
singlet excited energy, Eoo (1.76 — 1.80 V, see Table 1), would be higher than the electrochemical
redox gap (1.55 to 1.56 V in DCB). This confirms that charge separation from the singlet excited
state within the ZnPc dimer is thermodynamically feasible! In the above equation, Kcom represents
the comproportionality constant (see equation 5, vide infra).

As stated earlier, for charge resonance (intervalence charge transfer, IVCT), a new optical
transition could be expected in the near-IR region, depending upon the molar absorptivity. With
this in mind, spectroelectrochemical studies were performed. These studies are key to observing
(i) the anticipated IVCT peak in the near-IR region. Please note that during the first electron
removal, one would observe the IVCT peak; however, a second electron removal would oxidize
both ZnPc entities, eliminating such optical transition. Such an observation would provide
evidence of IVCT in the studied dimers. (ii) The second application of spectroelectrochemistry is
to help identify charge separation products during the process of SB-CS. This is often done by
performing spectroelectrochemistry during the first oxidation and reduction to generate the radical
cation and radical anion spectra. Then, these two spectra are digitally added and subtracted from
the neutral compound. In the event of SB-CS, the transient spectrum corresponding to the
electron transfer product largely resembles this spectrum.

Figure 4 shows the spectral changes during the first oxidation and the first reduction of the
investigated compounds in DCB 0.2 M (TBA)CIOa. In the case of ZnPc monomer, 4, the ZnPc*
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revealed two main new peaks at 528 and 844 nm while ZnPc- revealed peaks a main peak at 758

nm.

In contrast, for all three ZnPc dimers, a new broad peak ~1025 nm was observed that

vanished during the second oxidation, providing direct proof of IVCT occurrence in the dimers.
Interestingly, the radical cation peak intensity of the 844 nm was diminished. This was especially
true for the strongly interacting ortho dimer, 3 while for the meta and para dimers, 2 and 1,
appreciable intensity for the 844 nm peak was observed in addition to the near-IR peak. During
the first reduction of the ZnPc dimers, the expected peak of ZnPc~ was observed at 758 nm

without appreciable perturbation.
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Figure 4. Spectroelectrochemical changes during first oxidation (left column) and first reduction
(central column) and spectrum deduced for the charge-separated state (right column) from digital

manipulation (see text for details).
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The phthalocyanines could aggregate in 0.2 M supporting electrolytes, and such aggregated
species could also reveal an IVCT-type transition. A close examination of the spectrochemical
results of the ZnPc monomer in Figure 4a showed some absorption in the 1025 nm region. To
clarify this issue, the compounds were oxidized using a chemical oxidizing agent without a
supporting electrolyte, as shown in Figure S10. As expected, the absence of absorption in the
1025 nm for the ZnPc monomer was evident, while the expected IVCT peak was present for the
dimers. Expectedly, the increased addition of the oxidizing agent resulted in the vanishing of the
peak corresponding to the IVCT transition (expected when both ZnPc units are oxidized).

Having established IVCT in the ZnPc dimers, next, electronic coupling element, H,y for the
mixed-valence cation radicals of ZnPc dimers via Mulliken-Hush formalism ©4¢% was performed
according to equation (2).

Hy = 0.0206 (AV1/2 Vimax €)"2 | Tzn.zn (2)

where Avy, and vmax represent the full width at half-height and absorbance peak maxima for the
charge-resonance absorption band, respectively (in cm™), € is the molar extinction coefficient (in
M-'em™), and rznznis the intramolecular distance between both chromophores (in A).

Further, the position of the equilibrium could be quantitatively evaluated from the splitting
according to equation (3),¢!

AE = 'AGcom / F (3)

where F is the Faraday constant and -AGcom is the Gibbs free-energy change. Then, the main
component of the cation-radical stabilization could be estimated according to equation (4),

-AGeom = -RT In Keom (4)

which represents electronic interaction between the redox centers. ©3% The stabilization energy,
AGcom, comproportionating equilibrium constant, Keom (€q. 5), and H, thus calculated from the
above approach, are listed in Table 2.

'F‘F'I.'IIM ) _
2 ZnPct-sp-ZnPc === ZnPc-sp-ZnPc + ZnPc¢"'-sp-ZnPc"' (5)

Table 2. Estimated electronic coupling elements for the mixed-valence cation radicals of ZnPc-
dimer via Mulliken-Hush Formalism (from the IVCT band) and the associated thermodynamic
parameters.

10.1002/anie.202502516

Compound rzn-zn? Vimax Avip 3 Hw? AE -AGeom Keom
A 103cm?' 103 cm! 103 M- 103 cm! \Y kJ/mol
cm’
3 13 9.57 43.48 94 3.16 0.14 13.5 232
2 20 9.64 48.54 6.8 1.80 0.13 12.5 155
1 23 9.57 38.76 2.0 0.77 0.12 11.6 106

aEstimated from computational studies.
bEstimated uncertainty is + 5%
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Data shown in Table 2 revealed higher molar absorptivity for the IVCT band for the ortho
dimer and subsequent higher values of -AGcom, Keom, and Hy for this dyad compared with the
others. The thermodynamic feasibility for the occurrence of IVCT is also borne out from these
calculations.

As mentioned earlier, another key application of spectroelectrochemical results is identifying
electron transfer products during pump-probe studies. For systems revealing characteristic peaks
for the radical cation and radical anion, the spectrum of these two species is digitally added and
subtracted with the neutral compound. This would represent the ideal spectrum one would expect
for an electron transfer product. However, care must be exercised while using such results due
to the appearance of additional transient peaks (excited state absorption, ground state bleaching,
stimulated emission, etc.). The spectrum corresponding to the charge-separated product for the
investigated compounds is shown in Figure 4 (right column). Clear peaks of radical cation and
radical anion (as marked) could be identified.

DFT and TD-DFT studies — Investigating the excited states involved in the SB-CS
process

Computational studies %81 have become essential to probe complex photochemical events
such as the SB-CS in symmetric dimers. In the event of excited state charge separation, the
ground quadrupolar excited state is expected to yield bipolar (cation and anion) radical species
upon photoexcitation, and such an event should be more facile in polar solvents. Figures 5, S11-
13 summarize computational findings on these dimers.

As shown in Figure 5, for the optimized structures, the distance between the two ZnPc entities
of the dimer was substitute-dependent on the central phenyl ring. The Zn-Zn distance in the ortho
dimer was as close as 13 A, while in meta and para dimers, they were 20 and 23 A. In addition,
the two ZnPc entities in the ortho case were almost in the interacting distance, which, for the meta
dimer, the two rings were in the same plane. To evaluate the nature of excitonic interactions
intrinsic to the spatial orientation of the ZnPc units, the long-range Coulombic coupling (Jco)
constant was computed. The dimers were fragmented into two units, and the coupling values
were determined for the first bright state, the S1 state. The (Jca) values were found to be 99, 35,
and 37 cm™ for the ortho, meta, and para dimers, respectively. A higher value for the ortho dimer
suggests a strong interaction between the entities, which could be responsible for efficient charge
separation as compared to the other two dimers. The frontier HOMOs and LUMOs shown in
Figure S11 revealed unequal distribution among the two rings. This becomes clearer from the
molecular electrostatic potential map (MEP), as shown in Figure 5. The charge localization of the
quadrupolar state, ZnPc®-sp®-ZnPc®, becomes better defined in benzonitrile than in the gas
phase. This suggests that the ZnPc?*-sp®-ZnPc®* state could result in ZnPc*-sp-ZnPc- in polar
solvents upon excitation, i.e., the process of SB-CS. 3

Figures 6 and S12, and S13 show the charge difference map (difference between the ground
the excited state) and excited state MEP for the investigated dimers while the extent of orbitals
involved in the different transition, their oscillator strengths, computed wavelength, change in
dipole moment, and %CT versus LE are given in Tables S1-S3 for the dimers. An excited state
SB-CS should result in ZnPc*-ZnPc~ for a given dimer and the excited states responsible for
generating such charge-separated states. An unsymmetrical electron density distribution in the
excited state MEP (third row) confirms the generation of ZnPc*-ZnPc~. As shown in Figure 6, for
3, for the first four excited states, the charge difference map and excited state MEP clearly showed
charge separation (hole (blue) and electron (red)) on different ZnPc entities of the dimer. No
charge separation was observed for the fifth excited state (all locally excited (LE) state). Higher
oscillator strengths, the wavelength of transition falling in the near-IR region (641-688 nm), and
higher %CT were observed (50-90%), and the change in dipole moment as much as 44 Debye
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was observed (Table S1). For the meta dimer, SB-CS was possible from the first three and fifth
states (Figure S12 and Table S2). SB-CS from the first two, fourth, and 5th states was possible
for the para dimer. The highest change in dipole moment was for the fourth transition (Figure S13
and Table S3). In summary, the TD-DFT calculations have allowed the visualization of SB-CS
from different states in the present study.

o hppiliabend gonmictry i vacen Wloleculor dlecimaiaile pdeniTal map b T Moleoslar cloctrostatic potential map
VRCik in PN

Uwiho-dimer

Metwalbmer

Faru-ilimer

Figure 5. Gas phase optimized geometries and MEP maps in the gas (central column) and polar
benzonitrile (right column), revealing the ZnPc3*-spd-ZnPcd* state. The dielectric continuum model (SCRF
(CPCM, Solvent=Benzonitrile)) was used to probe the solvent effect.

Figure 6. Distribution of hole (red) and electron (blue) for first five excited states (first row), Charge
difference map (Mapped Electron Density Difference, second row, -1.00e-5 - 1.00e-5 V), and excited state
MEP (third row, -2.00e-2 - 2.00e-2 V) for the dimer, 3.
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Energy diagram — Exothermic versus isoenergetic SBCS

An energy level diagram depicting different events occurring from the singlet excited state
of the ZnPc dimer as a function of solvent polarity and substitution pattern is essential to visualize
the SB-CS process. With this in mind, a Jablonski-type energy diagram ©° was constructed (see
Sl for details), as shown in Figure 7. The energy of the charge-separated states was calculated
using the earlier discussed optical, electrochemical, computational, and solvation parameters
(dielectric continuum model). From the energy diagram, it is clear that SB-CS is
thermodynamically feasible in benzonitrile for all three dyads. Notably, the energy of the charge-
separated state is much higher than that of the 3ZnPc*. Under such conditions, the charge-
separated state could relax to the triplet state before returning to the ground state. The depicted
energy diagram also shows that SB-CS is energetically harder in nonpolar toluene as the energy
of the charge-separated state is higher than the pumping energy. However, it is relatively close
to the ortho ZnPc dimer, 3 (40 mV difference). The earlier discussed fluorescence studies
revealed efficient quenching (from both steady-state and time-resolved emission; see Figure 2¢
and Table 1) for this dimer, suggesting SB-CS might be possible in nonpolar toluene. If such a
process could be demonstrated in toluene, this would constitute an isoenergetic (close to an
endothermic) SB-CS event! Intrigued with these findings, pump-probe studies in both solvents
were performed on these dimers to withess both exothermic and possible isoenergetic SB-CS
processes.

[ZnPc - Ar-ZaPc | -220 ¢V Para |

*‘} faly -Ar-LaPe |‘-I.|.ll‘"|-'\|ﬂ- liluene

ZaPe Ar-ZuPc | -1.96 ¢V Ortho

‘Eale  Ar-dnlc Sy

1.7% e\ e
‘ S s LaPe’-Ar-ZaPe | -1.60 ¢V Para

& InlPc Arfalfc | =157 ¢V Meta | 1'he &
el

[ ZaPe Ar-Zalc |-1.55 ¢V Ortho

‘B ‘?.l!"'-.thhrt!
=
a 1.2 e%
\& |
LT} ky Kim
| ¥ ¥
faPc-Ar-Fal faPo Ar-fnl

Figure 7. Jablonski-type energy level diagram showing SB-CS as a function of solvent polarity for the
investigated dimers.
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Femtosecond pump-probe studies — Establishing exothermic and isoenergetic SB-
CS in polar and nonpolar solvents

Figure S14 shows the fs-TA spectra at the indicated delay times for the ZnPc monomer 4 in
benzonitrile and toluene at the excitation wavelength of 690 nm, corresponding to the visible band.
The instantaneously formed 'ZnPc* in benzonitrile revealed excited state absorption (ESA) at
502, 590, 636, and 744 nm (see spectrum at 2.16 ps). Negative peaks at 612 and 682 nm were
also observed. By comparison with the absorption and fluorescence spectra (Figure 2), the 612
nm peak was possible to assign to ground state bleaching (GSB) and the 682 nm to both GSB
and stimulated emission (SE). The decay of the ESA peak and recovery of the GSB/SE peak
resulted in a new transient spectra with a new peak located at 483 nm (see spectrum at 2.77 nm)
that could be assigned to ®ZnPc*. The data was subjected to GloTarAn analysis ['>""! to generate
the decay-associated spectra (DAS) and population time profiles (see Figure S14a). This analysis
resulted in a lifetime of 2.1 ns for 'ZnPc* and >3 ns for 3ZnPc*. A similar spectral trend was also
observed in toluene, as shown in Figure S14b. The spectral analysis resulted in a lifetime of 2.3
ns for 'ZnPc* and >3 ns for 3ZnPc*. The 'ZnPc* lifetimes agreed within the experimental error
from the previously obtained lifetimes from the TCSPC technique for both solvents (Table 1). In
summary, for the ZnPc monomer, it was possible to establish the occurrence of So > S1 > T4 >
GS upon photoexcitation (GS = ground state).
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Figure 8. Fs-TA spectra at the indicated delay times for the indicated ZnPc dimers in benzonitrile, excited
at 683 nm corresponding to the visible peak maxima.
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The fs-TA spectra for the ZnPc dimers in benzonitrile are shown in Figure 8. In the case of
all three dimers, the initially formed 'ZnPc* evolved into a new spectrum expected for the charge-
separated state (Figure 4) during the initial delay times (200-300 ps). With additional delay times,
the peaks corresponding to the charge-separated state diminished in intensity, resulting in a new
spectrum corresponding to the triplet state. The characteristic peak of ZnPc* in the 520 nm range
could be observed for all three dyads that were absent for the ZnP monomer (see Figure S14).
These results conclusively show SB-CS in these dimers. Glotaran analysis was performed for
the sequential S > CS > T4 events, whose DAS are shown in the middle column of Figure 8,
along with the population time profiles in the bottom column. From this analysis, the average
lifetime of the charge-separated state was found to be 198, 340, and 475 ps, respectively, for the
ortho, meta, and para dimers. The triplet state lasted over three ns, similar to the ZnPc monomer.
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Figure 9. Fs-TA spectra at the indicated delay times for the indicated ZnPc dimers in toluene, excited at
683 nm corresponding to the visible peak maxima.

ZnPc dimers were also studied in toluene, where isoenergetic SB-CS was predicted only for
the ortho dimer. As shown in Figure 9, this was the case where clear spectral signatures for the
SB-CS were evident. However, no proof of charge separation could be obtained for the meta and
para dimers. This is in accordance with the earlier discussed energy level diagram (Figure 7)
where SB-CS was not expected in nonpolar toluene. In these cases, the singlet excited state
populated the triplet state without the intermediacy of a charge-separated state. The DAS
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revealed an average lifetime of 230 ps for the ZnPc ortho dimer, slightly longer than that observed
in benzonitrile. Notably, the occurrence of isoenergetic SB-CS was possible to establish in the
case of the ortho dimer in toluene. Concentration dependence studies (range = 0.1 uM to 1.0
uM) indicated a lack of bimolecular type electron transfer,’? as varying concentrations did not
affect the SB-CS process. If there were bimolecular electron transfer, one would expect to see
increased electron transfer efficiency with an increase in dimer concentration.

Conclusion

In summary, we have successfully demonstrated intervalence charge transfer in far-red capturing
ZnPc dimers for the first time. The orientation and distance of the ZnPc entities of the dimer are
shown to modulate IVCT as judged by the potential difference between the split oxidation waves
and the intensity of the near-IR charge transfer transition. Support for the envisioned SB-CS was
initially gathered from steady-state and time-resolved fluorescence studies where quenching was
observed in polar solvents. Interestingly, for the ZnPc ortho dimer, quenching occurred in both
polar and nonpolar solvents. Free-energy calculations using the redox, spectral, and
computational data suggested moderately endothermic (almost isoenergetic with respect to the
excitation energy and energy of the charge SB-CS states) SB-CS in nonpolar toluene, making it
the first example of compounds revealing SB-CS under isoenergetic conditions. The existence
of a quadrupolar charge transfer state in both gas and polar media was evidenced by DFT
calculations. Additionally, the conversion of the quadrupolar state to a bipolar charge-separated
state, ZnPc*-ZnPc-, upon photoexcitation, was the result of TD-DFT studies. Finally, evidence
of SB-CS was secured from pump-probe studies wherein peaks corresponding to the ZnPc* and
ZnPc could be identified positively. Depending upon dimer linkage, the final charge-separated
states lasted 200-500 ps. The exceptional findings of both IVCT and SB-CS in ZnPc dimers of
this study pave the way for their potential applications in energy harvesting and optoelectronic
applications.
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Isoenergetic-symmetry-breaking charge separation

The occurrence of intervalence charge
transfer and exothermic and
isoenergetic symmetry-breaking
charge separation in far-red capturing
zinc phthalocyanine dimers is
demonstrated. Further, the splitting of
redox peak and near-infrared IVCT
signal have been used as diagnostic
markers to prove the IVCT mechanism
and occurrence of SB-CS in newly
synthesized identical pairs of ZnPc
chromophores.
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