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Central substitution of azacalixphyrins: a strategy to
acidochromic NIR dyes’

Cloé Azarias,* Simon Pascal,” Olivier Siri,*” and Denis Jacquemin*¢

Azacalixphyrin derivatives constitute one of the most intriguing class of macrocyclic compounds.
Indeed, these isostructural and isoelectronic analogues of porphyrins intensively absorb light up to
the near infrared region, exist under several tautomeric forms and present a bis-zwitterionic struc-
ture, with a central dianionic core surrounded by positively-charged trimethine cyanines. However,
the control of the position of the absorption bands of azacalixphyrin remains an important chal-
lenge, as the experimental attempts reported to date have led to very modest auxochromic shifts
only. Inspired by previous works demonstrating that the optical signatures of cyanines can be
strongly modified by using central substituents, we have evaluated the validity of this strategy for
azacalixphyrin considering several substituents positioned in symmetric or asymmetric manners
around the core and linked through both single and double bonds, as well as several protonation
states of the macrocycles. It turns out that bromine and dimethylamino substituents have a neg-
ligible or weak impact on the optical properties of azacalixphyrins with maximal redshifts smaller
than 0.10 eV. The imino substitution induces strong geometrical deformations that counterbalance
the electronic effects leading to rather modest variations of the optical signatures. In contrast, for
keto-substituted macrocycles, electronic effects dominate and very strong acidochromic shifts are
predicted with absorption wavelengths going from 811 to 1095 nm upon double deprotonation.

1 Introduction 600 nm and intense Soret bands peaking at ca. 400 nm. To
improve the light absorption properties at long wavelength, one
can replace the methine linkers by imine bridges and/or use of
isoindole moieties instead of pyrrole units, therefore leading to
phthalocyanines.® Another macrocyclic core allowing to obtain
a more intense near infrared (NIR) absorption is azacalixphyrin
(ACP, see Figure 1). ACPs constitute, the first and, to date, the
only “pyrrol-free” isostructural and isoelectronic porphyrin aza-
analogues. The first member of this new family is compound
AH%Jr (see Figure 1a) that has been first synthesised in 2013 and
characterised both experimentally and theoretically by the groups
involved in the present investigation.® AH%+ strongly absorbs in
the visible as well as in the UV and NIR regions (between 300
and 1000 nm). The term “azacalixphyrin” is actually the concate-
nation of “azacalixarene” and “porphyrin” (Figure 1b) and has
been proposed to underscore the similarities that ACP presents
with these two macrocycles. Indeed, the azacalixphyrin is a 16-
membered macrocycle presenting four nitrogen atoms separated
by three carbon atoms, a structural arrangement shared with the
two above-mentioned macrocycles. In addition, ACPs are com-

w-conjugated macrocyclic derivatives constitute one of the most
important classes of organic molecules. !~ Indeed, the stability,
tunable properties, and ability to complex a large panel of met-
als have allowed macrocycles to become central building blocks
in many research lines of biological, chemical, and material sci-
ences. The hallmark members of the family are, without dispute,
porphyrin and phthalocyanine derivatives that stand as the most
important and adaptable macrocycles. The unsubstituted por-
phyrin, porphin, presents four pyrrolic units linked through me-
thine bridges forming a planar 16-membered central ring. Por-
phyrins possess 22 m-electrons but only 18 n-electrons are delo-
calised over the macrocycle, hence granting aromaticity accord-
ing to Hiickel’s rule. As a consequence, porphyrins present an
advantageous chemical stability and peculiar optical properties.
More specifically, they absorb light in two different regions of
the visible spectrum with weak Q-bands appearing at ca. 500—
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Fig. 1 (a) Representation of the parent azacalixphyrin AH%*, one of its
neutral form A, the 1-5 tautomer, and its bridge-protonated form, AH%*.
(b) Representation of the core skeleton of porphyrin and azacalixarene
macrocycles.

ation properties which makes it a very promising platform for
applications in a wide range of research fields,” and several de-
velopments and analyses of the ACPs have indeed appeared in
the last few years.1%-14 Let us summarise the main findings ob-
tained up to now, starting by the unsubstituted ACP. First, both
Density Functional Theory (DFT) and X-Ray Diffraction (XRD) in-
dicate that ACP adopts a saddle-like conformation due to the re-
pulsion of the four central hydrogen atoms, but that the electron
delocalisation is high with only two types of bonds (CN and CC)
presenting equivalent distance in the macrocyclic core (in red in
Figure 1a). This bond equalisation is also found in the four pos-
itively charged external subunits (in blue) that clearly present a
cyanine character. In contrast the long CC distances (in black)
between the external and central moieties indicate ground-state
separation between the central and external moieties.
the AH%Jr ACP can be viewed as a tetra-protonated dianion or
a di-protonated bis-zwitterion, an analysis also consistent with
works performed on tetraaminobenzene.>17 A surprising fea-
ture of the azacalixphyrin parent, given its zwitterionic nature,
is its high chemical stability, i.e., ACP remains stable when ex-
posed to air for months as a solid and for days in solution.® This
stability can be rationalised not only by its aromatic nature, as
confirmed by the calculated Nucleus Independent Chemical Shift
(NICS), but also by showing that the possible hydrolysis mecha-
nisms of ACP are all coming with very high reaction barriers mak-
ing them kinetically impossible.!? Another feature of the ACP,
relevant for the present study; is its tautomerism occurring in the
neutral form. Indeed, although only one tautomer of the “neu-
tral” ACP A is represented in Figure 1, six non-equivalent tau-
tomers can be drawn depending on the relative positions of the
two imine functions. To distinguish these tautomers, a specific
nomenclature was proposed: !1:12 the tautomer denoted Ax.y con-
tains two imine functions at positions x and y. The co-existence of
several tautomers in solution was demonstrated by 2D NMR mea-
surements that showed that the protons of the external nitrogen
atoms are strongly coupled with those of water for A hinting that

Hence

very effective chemical exchanges are occurring in this neutral
compound. 1! Furthermore, the DFT calculations indicated that
several tautomers can co-exist in solution and that the barriers
for solvent-assisted proton transfer were small enough to envis-
age fast exchange at room temperature. !l As stated above, one
of the key features of the azacalixphyrin macrocycles is their op-
tical spectrum, e.g., the absorption spectrum of the parent AH%Jr
exhibits four main peaks in the visible domain (Ay.x =409, 441,
492, and 649 nm) as well as an additional broad band in the NIR
region (Amax =890 nm).? A rather limited acidochromism was
measured: the spectrum of the tri-protonated ACP (AH§+, with
a protonation of one nitrogen of the bridge, see Figure 1a) shows
slight hyperchromic and bathochromic (ca. +30 nm/-350 cm™!)
effects compared to AH%*, whereas the deprotonation leads to a
decrease of the intensity of both NIR and visible bands, this effect
being slightly more pronounced in the case of the double deproto-
nation: the A spectrum is blueshifted, in part due to the presence
of a blend of Ax.y tautomers. }1:12

Let us now turn towards substituted ACPs. A limit of the un-
substituted ACP is its poor solubility. To circumvent this prob-
lem, substituted azacalixphyrins containing alkyl chains at the
periphery have been synthesised and characterised both exper-
imentally and theoretically.!3 The different derivatives consid-
ered (BH%*—DH%*) are represented in Figure 2 and differ in: (i)
the number of alkyl chains (symmetric Ry =R, =Alkyl vs. asym-
metric R;=Alkyl, R,=H substitutions); (ii) the length of the
chains (C4Hg vs. CgHy7); and (iii) their spatial arrangement
(branched vs. linear chains). These derivatives present similar
features as the parent AH%Jr in terms of global shape, aromatic-
ity, redox and optical properties though the NIR absorption band
undergoes very small redshifts when the number of alkyl sub-
stituents is increased. Indeed, going from the unsubstituted par-
ent AH%* (Amax=879 nm) to the di-alkylated molecule CaH%Jr
(Amax=885 nm) and next to the tetra-alkylated azacalixphyrin
CH%+ (Amax =890 nm), small successive bathochromic displace-
ments are observed in methanol solutions. More strikingly, the
length of the alkyl chain was found to have a crucial impact on
the self-assembly properties. Indeed, only the ACPs possessing
four Cg chains, namely DH%*, were able to form molecular rib-
bons. 13 To explore further strategies allowing to modulate the
optical properties of the azacalixphyrin, two theoretical investi-
gations were performed at Time-Dependent DFT (TD-DFT) level,
for putative N-arylated and metal-complexed ACPs.1214 For the
former, redshifts of the NIR band of up to ca. 50 nm are predicted
by theory.12 For the latter, metallation of the core of the ACP
was shown to possibly lead to a Jahn-Teller-like distortion and
significant changes of the optical band, 14 though such structures
remain to be experimentally obtained.

In the present article, we use a palette of theoretical approaches
to assess a new strategy for tuning the optical properties of the
ACP. Indeed, by taking advantage of the external cyanine-like
subsystems of the ACP, we investigate the impact of adding differ-
ent groups on the central carbon atom (so-called Y position, see
Figure 3 for the investigated systems). This substitution pattern
is inspired by a previous work focussed on polymethine dyes,18
in which it was demonstrated that placing different electroactive
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Fig. 2 Structure of N-alkylated azacalixphyrins in their di-protonated
forms synthesised and characterised in Ref. 13. The index a indicates
that the ACP is asymmetrically substituted, i.e., at positions R; only.

groups on the central carbon atom can drastically modify their
ground state electronic configuration and subsequently tune their
absorption spectrum over the whole visible and near-infrared
spectral ranges. In Scheme S1 in the ESI we propose a possible
synthetic approach to obtain Y-substituted derivatives, this route
is based on the syntheses of both ACP and polymethines. %13:18
Our goal here is to propose new ACP substitution patterns allow-
ing to control the position of the NIR band over a wider range of
wavelengths than performed to date. This is why we selected the
Y position. Indeed, in a previous work, 18 this substitution was
reported to deliver two very different behaviours, i.e., intense,
sharp, and non-solvatochromic cyanine-type bands for Y=SPh, Br,
Cl, OAc, OPh, and H (single bond group), and hypochromic and
broader adsorption bands covering the visible domain (400-800
nm) when Y is an amino, imino, keto, and malonitrile function
(double bond group for the three latter).

Double bond substitution, Y, Y,=O or NMe

Fig. 3 Representation of the compounds investigated here with asym-
metric (left) and symmetric (right) Y-substituted ACPs using substituents
with single (top) and double (bottom) bonds. For all compounds, we rep-
resent the fully protonated forms for which a single tautomer exists. R=Et
except when noted.

2 Computational approach

All DFT and TD-DFT calculations have been achieved using the
Gaussian16 program.!® Geometry optimisation and frequency
calculations have been performed at the PBEQ/6-31G(d) level of
theory. The self-consistent field (10~!0 a.u.) and geometry opti-
misation (1075 a.u.) convergence thresholds have been tightened
and the (99,590) pruned integration grid (the so-called ultrafine
grid) has been used. This level of theory was showed to provide
ground state (GS) structures fitting well experiment for ACP.°
DFT Hessian were computed to confirm the nature (minima) of all
GS geometries and to access to the free energy (G) of each struc-
tures, which is important to assess the possible co-existence of
several tautomers. For some systems, these geometries were used
to determine the HOMA (Harmonic oscillator model of aromatic-
ity) parameters that provides a structural measure of aromatic-
ity.20 On the basis of the optimised geometries, we computed:
(i) the NICS(0) determined in gas phase at the PBEO/cc-pVTZ
level of theory; 2122 (ii) the total and transition energies using the
PBE023:24, M06-2X,2° and CAM-B3LYP2® exchange-correlation
functionals (XCF) in combination with a larger atomic basis set
(LBS), 6-311+G(2d,p). Except when explicitly noted, the sol-
vent (DMSO) has been accounted in all the calculations by using
the polarisable continuum model (PCM) 27 approach in its linear-
response (LR) 2829 form, under its non-equilibrium limit for the
calculations of transition energies.

For the protonated species of the ACP parent (AH™, AH%*, and
AH;*), the transition and 0-O energies have been additionally
evaluated using several methods. A procedure equivalent to the
one described above for the GS geometry optimisation and Hes-
sian calculations has been applied for the first excited state of
(protonated) ACPs, that is, PCM-TD-PBE0/6-31G(d). On these
optimised geometries, we used the Dunning aug-cc-pVDZ atomic
basis set and computed: (i) the gas-phase and PCM TD-DFT tran-
sition energies with the three same functionals as above; (ii) the
gas-phase ADC(2)30 and CC23! transition energies, using the
Turbomole code;32; and (iii) the gas-phase BSE/evGW transition
energies 33 using the Fiesta package.3* For the BSE calculations,
the input DFT eigenstates were generated with the NWChem
package3> with the same three DFT functionals. Five occupied
and five virtual DFT levels were explicitly corrected using the so-
called evGW approach, all the other DFT occupied/unoccupied
states being rigidly shifted according to the GW correction ob-
tained for the lowest/highest corrected levels. This choice is jus-
tified by test calculations carried out to assess the impact of the
number of occupied/virtual energy levels explicitly corrected at
the evGW level, on the transition energies of AH§+.

3 Results and discussion

3.1 Benchmarks for the parent ACP

Although calculations on the parent ACP system were previously
reported by our groups, °~12 we provide in the ESI a detailed char-
acterization of it, as this allows direct comparisons with the Y-
substituted macrocycles that are treated herein. A key method-
ological aspect that was never considered previously however is
the reliability of TD-DFT for simulating the spectral properties



Table 1 Gas-phase CC2, ADC(2), TD-DFT, and BSE/evGW vertical transition energies (in eV) and oscillator strengths (f, in parentheses) of the first
four excited states of the protonated ACP parents. All the transition energies have been computed using the aug-cc-pVDZ basis set on the geometry
optimised at the PCM(DMSO)-PBE0/6-31G(d) level. For the di-protonated species, the two first excited states (S; and S;) are degenerated so that only
one energy is reported for these two states and the oscillator strength given is the sum of the oscillator strengths of the two degenerated states. The
same holds for S; and S, states. CAM, MAD, MaxAD and MinAD stand for CAM-B3LYP, Mean Absolute Deviation, Maximal Absolute Deviation and
Minimal Absolute Deviation, respectively. All statistical data are determined using CC2 as a reference.

Molecule gas-CC2 gas-ADC(2) gas-TD-DFT gas-BSE/evGW @
PBEO MO06-2X CAM PBEO MO06-2X CAM
AH™ 1.431 (0.09) 1.194 (0.06) 1.296 (0.04) 1.466 (0.09) 1.434 (0.10) 1.268 (0.04) 1.244 (0.07) 1.224 (0.07)
1.496 (0.03) 1.309 (0.04) 1.507 (0.03) 1.661 (0.02) 1.649 (0.02) 1.389 (0.03) 1.402 (0.02) 1.397 (0.02)
1.917 (0.18) 1.695 (0.22) 1.860 (0.19) 2.103 (0.27) 2.122 (0.31) 1.715 (0.06) 1.794 (0.19) 1.784 (0.21)
2.007 (0.31) 1.846 (0.33) | 2.121 (0.23) 2.210(0.17) 2.250 (0.17) 1.841 (0.22) 1.892(0.19) 1.867 (0.17)
AH%+ 1.646 (0.12) 1.595 (0.12) 1.573 (0.06) 1.597 (0.12) 1.537 (0.12) 1.313 (0.10)  1.364 (0.10)  1.350 (0.08)
2.139 (0.62) | 2.075(0.80) | 2.127 (0.56) 2.257 (0.62) 2.271 (0.62) 1.824 (0.44) 1.937 (0.54) 1.926 (0.54)
AH%Jr 1.592 (0.03) 1.358 (0.26) 1.555(0.01) 1.569 (0.21)  1.515 (0.21) 1.269 (0.16)  1.315 (0.16)  1.301 (0.16)
1.609 (0.22) 1.442 (0.05) 1.592 (0.16) 1.667 (0.03) 1.629 (0.03) 1.357 (0.03) 1.413 (0.02) 1.403 (0.02)
2.092 (0.22) 1.886 (0.24) | 2.047 (0.19) 2.203 (0.27)  2.222(0.27) 1.804 (0.18) 1.902 (0.23)  1.890 (0.23)
2.129 (0.07) 1.996 (0.01) | 2.130 (0.08) 2.319 (0.05) 2.339 (0.05) 1.919 (0.03) 2.007 (0.05) 1.996 (0.05)
MAD — 0.15 0.05 0.11 0.13 0.25 0.19 0.20
MinAD — 0.05 0.00 0.02 0.00 0.11 0.09 0.10
MaxAD — 0.24 0.14 0.20 0.24 0.33 0.28 0.30

Table 2 CC2, ADC(2), TD-DFT, and BSE/evGW 0-0 energies (in eV) of the mono-, di-, and tri-protonated azacalixphyrins. The experimental values

were extracted from Ref. 9. See caption of Table 1 for more details.

Exp. Wavefunction TD-DFT BSE/evGW @
A CC2 | ADC(2) | PBEO MO06-2X CAM | PBEO MO06-2X CAM
AH™ 1.368 1.127 | 1.294 0.992 1.310 1.356 1.312 | 1.188 1.091 1.074
AH%Jr 1.393 1.210 | 1.391 1.366 1.411 1.432 1.372 | 1.109 1.165 1.147
AH;" 1.342 1.127 | 1.279 0.935 1.370 1.400 1.351 1.054 1.094 1.083
Difference with respect to the CC2 results
AH™ 0.30 0.02 0.06 0.02 0.11 0.20 0.22
AHZF 0.03 0.02 0.04 0.02 0.28 0.23 0.24
AHgJr 0.34 0.09 0.12 0.07 0.23 0.19 0.20

of ACP. Indeed, all studies performed up to now were “limited”
to standard vertical TD-DFT calculations. Considering the three
protonated forms of the ACP parent, i.e., AHY, AH%*, and AH%*,
that present a unique tautomeric form, we compare here for the
first time the spectra simulated with TD-DFT using three differ-
ent exchange-correlation functionals (PBEO, M06-2X, and CAM-
B3LYP) to the data obtained with post-Hartree-Fock, ADC(2),
and CC2, and post-DFT, BSE/evGW theories. We first perform
a benchmark study on the gas-phase transition energies of the
first four excited states of the protonated ACPs, as these states are
involved in the two first absorption bands (S; and S, for the NIR
band at ca. 900 nm, and S3 and S4 for the band at ca. 600 nm),
taking CC2 as reference. CC2 stands as the most refined com-
putational approach that is computationally affordable for these
compounds. The results are reported in Table 1. Regarding first
the transition energies provided by ADC(2), it turns out that they
are systematically redshifted compared to CC2 with a MAD of
0.15 eV. Such underestimation of ADC(2) for low-lying transition
is rather usual.3® The same underestimation trend is obtained
with BSE/evGW, that yields rather large MADs (of 0.25, 0.19, and
0.20 eV, starting with the PBEO, M06-2X, and CAM-B3LYP eigen-
states, respectively). This is a quite unexpected result, as BSE is
known to be suited for cyanine derivatives. 3337 Interestingly, the
results obtained with TD-DFT better match the CC2 ones, PBEQ
performing particularly well with a MAD of 0.05 eV and a max-
imal deviation of 0.14 €V. However, it is worth underlying here

that: (i) TD-DFT does not provide a systematic error, i.e., the
energies are not all under- or overestimated compared to CC2;
(ii) as expected, the XCF dependency is attenuated when using
the BSE/eVGW approach, with a maximal absolute deviation be-
tween the three XCFs that is twice smaller (0.07 e€V) than with
TD-DFT (0.14 €V).

Second, to allow more physically well-grounded comparisons
with experiment, 0-O energies (E9-9) are determined. As the
ACP does not fluoresce, the experimental 0-0 energy, usually
chosen as the crossing point between absorption and emission
curves, 3638 is taken here as comprised between the maximal ab-
sorption wavelengths A and the foot A of the NIR absorption
band. Both values are reported in Table 2 and one notes that the
experimental AFCP of the di-protonated ACP is expected to be
larger than its mono- and tri-protonated counterparts. While the
foot of the NIR band of the two latter forms appears at the same
energy, the trend observed for their absorption maximum, i.e.,

max (AH3T) < Amik (AH™), suggests that the 0-0 energy of AH™
is slightly larger than in its tri-protonated counterpart. Alike the
AP that present a maximal difference of 0.05 eV between the
three protonated species, the lgi)p[ also exhibit very small discrep-
ancies, as they all lie within a 0.08 eV window. Table 2 reports
the 0-0 energies of AHT, AH%*, and AH%Jr obtained with several
theoretical approaches. Following Ref. 36, we computed the 0-
0 energies using the gas-phase adiabatic energies of the selected
approach (X), corrected for vibrational and solvation effects as



given by TD-DFT,
Ey°(PCM) = E¥™(gas)+AEZPVE(PCM)

+  EXY ppr(PCM) — Eff per(gas). (1)

Comparing first the experimental data with the CC2 results, that
actually stand as our theoretical best estimates, we notice that the
CC2 values are systematically comprised within the [Amm—Ag ]
window and that they do not differ from one species to an other
by more than 0.11 eV, in agreement with the experiments. In
addition, the CC2 0-0 energies are increasing following: AH§+<
AHT <AH§+, a ranking consistent with the experimental trend.
Concerning the ADC(2) approach, it turns out that it provides too
small energies for the mono- and tri-protonated species (below 1
eV) confirming the underestimation trend noted for vertical en-
ergies. In addition, the maximal energy difference between the
0-0 energies of the three forms of the ACP attains 0.43 eV which
clearly does not fit experiments. As observed above for the gas-
phase vertical energies, BSE/evGW also yields too small transi-
tion energies compared to both experiment and CC2. Turning
now to the TD-DFT 0-0 energies, one notices that all XCF pro-
vide similar results, with deviations from one XCF to another as
small as 0.05-0.06 eV. Compared to the measurements, all the
TD-DFT values fall inside the experimental [Anax—Aq ] window
for the mono-protonated structure, while only the CAM-B3LYP
energies are comprised in this energetic window for both AH%’L
and AH%*. In all cases, the parent AH%+ macrocycle shows the
largest 0-0 energies but the trend between AH' and AH%+ is re-
versed compared to CC2. For a given functional, consistently with
the experimental trends, the optical signatures of the ACP are al-
most unaffected by the protonation state (with a maximal range
of variations of 0.10, 0.08, and 0.06 eV for PBEO, M06-2X, and
CAM-B3LYP, respectively). Interestingly, a good agreement be-
tween TD-DFT and CC2 energies is also obtained, in particular
with both PBEO and CAM-B3LYP XCF that both deliver maximal
absolute deviations smaller than 0.1 €V.

In short, one can state that both TD-PBEO and TD-CAM-B3LYP
stand as reasonable compromises between accuracy and compu-
tational cost, at least at this stage. Therefore, in the following, we
mainly use PBEO and checked the results with CAM-B3LYP and/or
CC2 when a strong charge-transfer (CT) character was detected.

3.2 Single-bonded Y substituents

In this Section, we present an investigation of Y-substitution for
substituents linked to the central carbon atom through a single
bond, i.e., Y=Br and Y=NMe;, in Figures 3a and 3b. We first focus
on the di-protonated systems, analogous to the parent AH2", that
possess only one tautomeric form, before discussing the impact of
Y-substitution on other protonation states.

3.2.1 Di-protonated ACPs

The selected structural parameters (dihedral angles ¢ and CN/CC
bond lengths of the substituted peripheral subsystem, see Fig-
ure 4), NICS(0), and HOMA values obtained for single-bonded
substituents are listed in Table 3. As can be seen both aro-

maticity indices predict a strongly aromatic macrocycle and non-
aromatic/anti-aromatic six-member cycles i.e., both models pro-
vide the same qualitative pictures. Looking first at the impact of
the addition of four peripheral ethyl chains, i.e., comparing the
parent ACP and the unsubstituted Y-ACPs (with Y=H), one ob-
serves quasi-identical structures and similar central NICS(0) and
HOMA values, which is consistent with Ref. 13 that reported mild
influence of N-alkyl substitution. One notices that B and D (A
and C) phenyl-like rings present a larger (smaller) anti-aromatic
character when adding ethyl chains. This is again consistent with
results of Ref. 13 and this trend can be related to the lengths of
the (single) CC bonds separating the central cycle and the periph-
eral subunits. Indeed, while these single CC bond are 1.479 A in
AH%*, they are sightly longer (shorter), 1.481 (1.477) A, in the
B/D (A/C) rings in the N-alkyl ACP.

Fig. 4 Optimised structure of Y-substituted ACP with Y;=Br and Y,=H.
The labels of the NICS centres, the dihedral angles, ¢ and 6, and the CN
and CC bonds discussed in the structural analysis are displayed.

All the optimised Y-substituted ACPs present a saddle-like
structure and very small changes compared to the Y=H macro-
cycle are found. This holds for both the distortions from the
plane and the cyanine-like nature of the external subsystems, as
indicated by their CN and CC bond length alternation in Table 3.
As consequence, the aromaticity determined in these substituted
systems is similar to the one of the non-substituted macrocycle,
a statement holding for both NICS and HOMA indices, though
the latter approach predicts stronger changes for the six-member
rings bearing the Y group. Let us now turn towards the evo-
lution of the optical properties of the ACPs upon Y-substitution
with bromine atoms or dimethylamino groups. Details of the
computed absorption wavelengths obtained with the two func-
tionals are given in Section S3 in the ESI. The theoretical spectra
obtained with both PBEO and CAM-B3LYP exchange-correlation
functionals are displayed in Figure 5. One first notices that these
two XCFs essentially deliver the same conclusion: substituting the
central carbon atom by one or two Br/NMe, atom(s)/group(s)
has a trifling impact on the optical properties of the ACP. Irre-
spective of the selected XCF, the NIR band is redshifted by 0.01
to 0.04 eV only when going from Y=H to Y=Br or NMe,. The na-
ture of the PBEO and CAM-B3LYP transitions responsible for the
two first absorption bands together with the representation of the



Table 3 Point group (PG) symmetry, selected geometrical parameters, NICS(0) (in ppm) and HOMA values for Y-substituted di-protonated ACPs. The
labels and various parameters (¢ an 6 angles in degrees and bond lengths in A) are displayed in Figure 4.

Molecule Structure NICS HOMA

R Y Y, PG | oo ¢ ¢c ¢ép | 68 6p | CN cC O A B C D 0 A B ¢ D

H H H Dyy 22 22 22 22 2 2 1.328 1.391 -84 5.7 5.7 57 57 098 0.28 0.28 0.28 0.28
Et H H Cyy 22 22 22 22 2 2 1.327 1394 | -84 51 6.2 51 62 098 030 0.24 0.30 0.24
Et Br H Cy 21 24 23 21 2 2 1.330 1.403 -83 50 6.0 50 63 098 0.29 0.17 0.29 0.21
Et Br Br Gy 22 23 22 23 2 2 1.329 1.403 -83 48 62 48 6.2 099 0.29 0.14 0.29 0.14
Et NMe, H Cs 22 22 22 22 3 3 1.329 1.413 -84 48 58 48 59 098 0.31 0.00 0.31 0.26
Et NMe, NMe, Cy 23 22 23 22 2 2 1.329 1.413 -84 46 56 46 5.6 0.99 0.32 0.03 0.32 0.03
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Fig. 5 Theoretical spectra of the non-substituted (black), mono-/di-
substituted with Y=Br (violet/red), and Y=NMe, (cyan/blue) di-protonated
ACPs using PBEOQ (top) and CAM-B3LYP (bottom) functionals. The verti-
cal transitions (sticks) have been convoluted with a Gaussian presenting
a FWHM of 1500 cm~".

frontier molecular orbitals are given in the ESI (Tables S4-S5 and
Figures S7-S8). Consistently with the absence of clear shifts in
Figure 5, one sees that the topologies of the frontier orbitals are
not or only very slightly involving the central carbon atoms and its
Y group. Comparing with Y-substituted polymethine dyes, 18 sim-
ilar limited changes in the absorption spectrum were observed for
the bromo-derivative. In contrast, the addition of a dialkylamino
group on polymethine yields a large change in the absorption pro-
file, whereas this effect is totally absent in the ACPs. As one can
see in Figure S7, this can be explained by the unfavourable orien-
tation of the NMe; group: the steric hindrance of the ethyl chains
induces a twisting of the donor group which greatly diminishes
its efficiency. This hypothesis of a steric (and not electronic) ori-
gin was confirmed by using two NH, groups in lieu of the NMe,

moieties: in the former case, there is no significant twisting of the
amino group. As a consequence, the impact on the optical prop-
erties is more significant when adding a NH, than a NMe, group
(see bottom of Table S4 in the ESI).

3.2.2 Other protonation states

Although single bonded substituents do not impact directly the
absorption spectra, it remains interesting to study their indirect
impact on the relative stabilities and spectra of the different pro-
tonated/deprotonated forms of the ACPs, that might exist under
various tautomeric forms. Indeed, as already demonstrated in
Ref. 12, substitution can play a role on the tautomeric equilib-
rium and the different tautomers of the ACP do not systematically
absorb at similar wavelengths. Consistently with the experimen-
tally accessible forms for the unsubstituted ACP, we focus on the
effect of the Y-substitution (with Y=Br and Y=NMe;) when pro-
tonating the bridge (leading to AH%+ derivatives) or deprotonat-
ing once (AH™ derivatives) or twice (A derivatives) the peripheral
amino groups. The considered structures are displayed in Figure
6 for both asymmetric and symmetric substitution patterns.

One should first analyse the relative stabilities of the possi-
ble tautomers of the Y-substituted ACPs that are listed in Table
S6 in the ESI. For asymmetrically Y-substituted AH_%+ system,
two non-equivalent structures, denoted a and b, have been mod-
elled and it turns out that, irrespective of the electroactive group,
both tautomers present comparable energies, protonating the ni-
trogen bridge vicinal to the substituted ring being slightly less
favourable than protonating the a site (see Figure 6). For the
mono-protonated unsubstituted compound Y=H, tautomer 1 is
more stable than 2 by ca. 4 kcal/mol. This can be related to the
presence of an alkyl chain at position 2. Indeed, the inductive
donating effect of the peripheral chains yields a relative desta-
bilisation of the imino function compared to the amino group,
consistently with Ref. 12. With both Y=Br and Y=NMe,, similar
outcomes are obtained, that is, 1 (and 5 for the asymmetrically
substituted compounds) are favoured compared to 2 (and 6 for
asymmetric substitution). One also notes that compared to Y=H,
the free energy of 2 is only 1.0 kcal/mol higher than that of the
most stable tautomer for Y| =Br, probably due to the inductive ac-
cepting effect of the bromine atom that partially counterbalances
the inductive donating effect of the peripheral alkyl chains. For
the neutral forms, let us first assess the influence of the addition
of alkyl chains, i.e., compare the Y=H results of Table S6 to the
ones obtained for ACP A in Table S1. The 1-4 and 1-5 tautomers
are clearly favoured by the presence of alkyl chains at position 2,
3, 6, and 7. One also notes that the most energetic tautomers



(@) tri-protonated (b) di-protonated
HzNi]Iil[jNH2 HaN. 'iill NH,
. ”i . NSNS NHR
\ ’ \) /
20 \Y1
\)

Z
I
N
I
"~
z

T
I
F3
I T =
SR
2o P4 =
. ,
N\ |
‘7 <
’, A
.z . z
I
IS
z
I
b+
T
I
z, Z TN
/, N ’
(\
© ®C: :l
-~
z N
I
S

(d) non-profonated
8 7
H,N NH

)
\)
. ‘ZE \’i
ZN
T
py)

Naso 2N NHR
3
~
HN NH,
5 4

\

Fig. 6 Representation of the asymmetrically (top) and symmetrically
(bottom) substituted structures of the (a) tri-, (b) di-, (c) mono-, and (d)
non-protonated single-bond Y-substituted ACPs. The changes upon pro-
tonation/deprotonation of the di-protonated ACP are highlighted in blue.
The position of the protonated bridging nitrogen atom (a or b) and of the
imino group(s) (from 1 to 8) are labeled on the structures at the top.

(with relative free energies larger than 15 kcal/mol) are, as ex-
pected, 1-8 and 2-3 in which the two imino functions are borne
by the same phenyl-like ring. In the symmetrically Y-substituted
species, similar outcomes are found, for the amino substituent:
the 1-4 and 1-5 tautomers are even more stabilised compared to
the other forms, and these tautomers are likely strongly domi-
nant in solution. In contrast, for brominated compounds, more
tautomers with relative free energies inside the 1.5 kcal/mol win-
dow are found, i.e., 1-2, 1-3, 1-4, 1-5, 1-6, and 1-7 (see Table
S6). For the asymmetric substitution pattern, similar conclusions
are reached, i.e., the central amino group does not impact the tau-
tomeric blend whereas more tautomers are predicted to co-exist
in solution when adding a bromine atom at the Y, position.

The aromaticity and optical properties of the tautomers pos-

sessing a relative free energy within 3 kcal/mol have been deter-
mined for the mono- and tri-protonated macrocycles that present
a tractable number of tautomers and for which the parent ACPs
was only presenting one tautomeric form. The results are listed
in Table S7 in the ESI. The NICS(0) values at the centre of
the macrocycles are almost unaffected by substitution. In ad-
dition, one notices that, compared to their di-protonated coun-
terparts, the tri-protonated species present similar NICS(0) val-
ues, whereas the global aromaticity of the mono-protonated com-
pounds is slightly smaller. This is completely consistent with the
NICS analysis of the parent A derivatives (see Table S1 of the
ESI). For the optical properties, we discuss the PBEO results only,
as the selected XCF has a very small influence for the diproto-
nated system (vide supra) As illustrated in Figure 7, substitution
of the mono- and tri-protonated forms can induce slightly larger
effects on the optical properties than in the di-protonated case.
For the tri-protonated species, the auxochromic shifts are larger
for the second absorption band (up to —0.07 €V) than for the
NIR band (up to —0.03 eV). For the mono-protonated compound,
while almost no changes are obtained between the Y=H and
the Y=NMe, ACPs, the substitution with bromine yields slightly
more pronounced bathochromic effect. In particular, the effect
becomes significant for the symmetrically substituted compounds
for which the two absorption bands are respectively redshifted by
—-0.07 and —0.08 &V. Finally although the presence of several tau-
tomers can, in principle, induce broader absorption bands, this
strategy is not very successful here because all tautomers essen-
tially absorb at the same energies.

3.3 Double bonded Y substituents

We now turn to the impact of Y substituents linked to the ACPs
through double bonds. Alike in the previous Section, we first fo-
cus on the analogues of the parent AH%+ (displayed in Figures 3c
and 3d) before turning to ACPs with different protonation states.

3.3.1 Di-protonated ACPs

The selected geometrical parameters, displayed in Figure 4 and
the corresponding NICS(0) values obtained for the Y=0 and
Y=NMe substituted ACPs are listed in Table 4. First, we underline
that (i) in contrast to the Br and NMe, derivatives, the structures
investigated in this Section possess a formal total charge of +3
(+4) for the asymmetrically (symmetrically) substituted species;
(i) the obtained point group of the symmetric keto-substituted
ACP is not the expected C,, but Cy as the former returns an imag-
inary frequency. Although the Y-substitution does not directly
takes place on the central cycles, adding a keto or imino function
yields a significant distortion of the global shape of the macro-
cycle, which contrast with the Br and NMe, cases treated above.
Indeed, the distortion angles range from 18 to 30° and, within
a given cycle, the largest deviation between the four dihedral an-
gles ga, 0B, ¢c, and ¢p are obtained for the asymmetrically substi-
tuted species. Contrasting again with the single bonded Y-ACPs,
adding keto (Y=0) or imino (Y=NMe) functions yields signifi-
cant variations of the nature of the substituted peripheral cyanine
subunits. Indeed, these functions induce the contraction (elonga-
tion) of the CN (CC) bonds, hinting that the system is no longer



Table 4 Point group (PG) symmetry, selected geometrical parameters, NICGS(0) (in ppm) and HOMA for Y-substituted di-protonated ACPs of Figure 3c
and 3d. The label of the rings and the geometrical parameters, i.e., the dihedral angles (¢ and 6 in degrees) and the CN and CC bond lengths (in A) in

the substituted subsystem can be found in Figure 4.

Molecule Structure NICS HOMA
R Y Y, | PG| ¢éa ¢85 ¢c ¢p | 68 6p | CN cC O A B C D 0 A B C D
Et H H Cy, 22 22 22 22 2 2 1.327 1394 | -84 51 6.2 51 6.2 0.98 0.30 0.24 0.30 0.24
Et (0] H Cy 19 30 25 20 4 2 1305 149 | -7.7 6.1 51 6.1 74 097 0.18 -0.25 0.18 0.10
Et (0] (0] Cy 23 26 23 26 4 4 1.297 149 | 9.2 69 54 69 54 097 0.17 -040 0.17 -0.41
Et NMe H Cy 19 30 25 21 19 2 1.299 1.483 -79 58 44 6.0 7.5 097 021 -0.16 0.21 0.12
Et NMe NMe Cy 26 19 18 27 22 20 1.293 1.483 -93 69 57 6.8 49 097 020 -0.24 0.20 -0.36
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Fig. 7 Theoretical [PCM-PBE0/6-311+G(2d,p)] spectra of Y-substituted
tri-protonated AH%+ (top) and mono-protonated AH* (bottom) ACPs dis-
played in Figure 6a and Figure 6c, repsectively. The label of the tautomer,
in parenthesis, gives the position of the protonated bridging nitrogen atom
(a or b) for the tri-protonated ACPs or the position of the imino functions
(from 1 to 8) for the non-protonated ACPs. The sticks have been convo-
luted with a Gaussian with a FWHM of 1500 cm~! and have been omitted
on the figures for the sake of clarity.

formed by bonds all presenting a 1.5 bond order but by an alter-
nation of single CC (ca. 1.49 A) and double CN bonds (ca. 1.30
A), consistent with the representation of Figure 3. Furthermore, it
turns out that the phenyl-like ring bearing the Y group is distorted
from planarity, and this effect is especially strong for the imino-
substituted compounds. Indeed, while the six-membered rings
remain quasi-planar for Y=H, Br, and NMe, derivatives (6=2°)
as well as for Y=0 compounds (6 =4°), they are largely deformed
in Y=NMe derivatives, the dihedral angle 6 reaching ca. 20°.
We now compare the macrocyclic aromaticity in these Y-
substituted ACPs to their non-substituted (Y=H) counterpart.
While the global aromaticity remains unchanged when adding

single bonded substituents (Y=Br and NMe,), the NICS(0) val-
ues at the centre of the macrocycles interestingly differ when
adding substituents attached to the central carbon through a dou-
ble bond. This change is not detected with the HOMA approach
that systematically provides a value close to 1, that is to “per-
fect” aromaticity. One observes that: (i) the global aromatic-
ity is slightly smaller [NICS(0) of ca. -8 ppm] for asymmet-
ric systems than for symmetrically Y-substituted ACPs [NICS(0)
of ca. -9 ppml, the latter therefore being more aromatic than
the ACP parent; (ii) the substituted rings present a smaller anti-
aromatic character than the other six-member rings; and (iii) for
asymmetrically-substituted compounds, the largest anti-aromatic
character is obtained for the D ring, the furthest away from sub-
stitution. For these latter rings, the HOMA values are also close
to zero.

The theoretical spectra obtained using both PBEQ and CAM-
B3LYP functionals are displayed in Figure 8, the corresponding
raw values and involved molecular orbitals being given in Sec-
tion S4.1 of the ESI. The two XCFs deliver qualitatively different
results. In particular for compounds with Y=0, limited varia-
tions are observed on the PBEO spectra for both absorption bands
whereas CAM-B3LYP predicts significant changes of the NIR band
upon substitution. For the doubly-substituted Y=0 derivatives,
although both PBEO and CAM-B3LYP deliver a similar nature of
the first dipole-allowed transition (in terms of both contribution
of molecular orbitals to this transition and their topologies, see
the ESI), PBEO predicts the first band at 794 nm whereas it peaks
at 899 nm for CAM-B3LYP. This is quite unusual that the func-
tional encompassing the largest share of exact exchange yields the
largest redshift, 3% especially for a state that apparently presents a
partial charge-transfer character (see the MOs in Figures S9 and
$10).49 In order to discriminate which of the two XCF is provid-
ing the most accurate description of the optical spectrum, CC2
calculations were performed for the four derivatives. The results
are reported in Table S10 in the ESI and it is clear that PBEO de-
livers transition energies that are very close to CC2 ones, with
deviations in the 0.01-0.09 eV window and a MAD as small as
0.06 eV. Much larger errors, up to 0.21 eV with a MAD of 0.14
eV are obtained with CAM-B3LYP. Consequently, the PBEO results
are more trustworthy and they indicate that rather limited vari-
ations upon substitution are expected. More in details, one no-
tices in Figure 8 that: (i) the spectrum of asymmetric species
remains quasi-unchanged whereas larger variations are obtained
for symmetrically-substituted ACPs; (ii) a small hyperchromic ef-
fect is observed for the Y| =Y, species; and (iii) the impact of the



Table 5 Dihedral distortion (¢ in degrees) and NICS(0) values (in ppm) for Y-substituted ACPs in several protonation states with Y=0O and Y=NMe.
Only low-energy tautomers are considered (see Table S11). The values in bold corresponds to a phenyl ring bearing one or two imino functions. The
label of the tautomers, of the rings and of the ¢ angles are displayed in Figure 4.

State Y; Y, Tautomer | ¢o ¢  ¢c ¢p (6] A B C D
Bridge-protonated H H — 24 25 26 26|-83 24 65 58 41
(0] H a 22 32 31 27 |-70 35 67 62 53
(0] H b 22 41 37 35|-50 43 64 54 63
(0] 0] — 24 25 25 37| -86 48 64 69 6.0
NMe H a 21 33 31 26|-72 32 46 58 52
NMe NMe — 26 18 21 41 | -86 47 56 6.7 29
Singly-deprotonated H H — 22 19 24 26 |-64 73 56 19 43
(0] H 2 19 24 22 24 |-79 59 6.6 51 63
(0] (0] 2 25 23 19 30|-74 66 79 6.1 58
NMe H 2 20 21 21 22| -85 57 5.6 49 59
NMe NMe 2 30 19 18 31 |-76 62 66 56 4.2
Doubly-deprotonated (¢} H 2-3 23 20 21 23 |-79 48 99 48 42
(0] 0] 2-6 20 23 20 23 |-7.7 59 6.7 59 6.7
(0] 0] 2-7 22 24 22 25|-76 63 66 51 6.6
NMe H 2-3 22 16 20 24 |-75 47 69 50 38
NMe NMe 2-6 19 23 24 19| -88 56 6.7 55 5.6
PBEO T 1 be seen, a delocalized transition with reorganisation of the the
- ziimé-:‘z:ﬁ density around the macrocycle are found, as in the parent ACP
-~ e, 0.8 (see Figure S6), in line with the small changes of wavelengths
= — Y, =Y,=NMe .
) s computed with TD-DFT.
=
g 0.6 s At this stage, the Y-substitution pattern does not seem to stand
£ ‘g as an efficient strategy to tune the absorption properties of the
2 047 ACPs. Nevertheless, as the protonation state of this envisioned
é o molecules can be tuned and as the both keto- or imino- substi-
0.2 tutions can, in principle, induce significant variations of the tau-
{ tomeric blend, we investigate several protonation states of these
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Fig. 8 Theoretical spectra of the non-substituted (black), the mono-/di-
substituted with Y=0O (violet/red), and Y=NMe (cyan/blue) azacalixphyrin
using the PBEO (top) and CAM-B3LYP (bottom) functionals. An inset
is given for the long wavelength transition determined with CAM-B3LYP.
The TD-DFT vertical transitions (sticks) have been convoluted using a
Gaussian function with a FWHM of 1500 cm~!.

substituent is also significant for the band at ca. 600 nm. The den-
sity difference plots corresponding to the lowest dipole-allowed
transition is displayed in Figure 9 for the keto derivatives. As can

ACPs shown in Figure 3a and b, with Y;=O and Y,=H (left) and
Y,=Y,=0 (right) obtained at the PCM-PBEO0/6-311+G(2d,p) level of the-
ory. Red/blue regions indicate gain/loss of electronic density upon photon
absorption.

3.3.2 Other forms

By analogy with the previous cases, three different protonation
states have been modelled: (i) the analogue of the tri-protonated
AH§+, in which all the external functions are amino groups and
one nitrogen atom of the bridge are protonated; (ii) the ana-
logue of the mono-protonated AHT, that presents 7/1 exter-



nal amino/imino functions; and (iii) the analogue of the non-
protonated A, that presents 6/2 external amino/imino functions.
These structures are sketched in Figure 10 and follow the same
numbering as the one applied in Figure 6. As mentioned for the
di-protonated substituted ACPs with Y=0 and Y=NMe, the total
charge of these systems varies compared to their non-substituted
parent and we denote the species as bridge-protonated, singly-
deprotonated, and doubly-deprotonated ACP derivatives, in the
following.
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Fig. 10 Representation of the asymmetrically (top) and symmetrically
(bottom) structures of the (a) bridge-protonated, (b) di-protonated, (c)
singly-deprotonated, and (d) doubly-deprotonated Y-substituted ACPs.
See caption of Figure 6 for details.

As several possible tautomers exist for each protonation state,
we first analyse the relative free energies of all possible tau-
tomers (Table S11) before studying the geometry, aromaticity,
and absorption properties of the most stable ones. For the bridge-
protonated species, in line with the findings reached for the
bromine and amino substitutions, the protonation of a bridging
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Fig. 11 Theoretical [PCM-PBEO0/6-311+G(2d,p)] spectra of the
Y=H (black), mono-/di-substituted with Y=O (violet/red) and Y=NMe,
(cyan/blue) ACPs in several protonation states: (a) bridge-protonated,
(b) singly-deprotonated, and (c) doubly-deprotonated states. The ver-
tical TD-DFT energies (sticks) have been convoluted with a Gaussian
presenting a FWHM of 1500 cm~!.

nitrogen atom at the a position is favoured compared to the b site.
In other words, protonation takes place far from the substituted
ring. One also notes that the b tautomer is more destabilised
for the imino-substituted ACP than for the keto-substituted ACP,
an outcome that we attribute to the stronger electro-accepting
character of the oxygen atom compared to the NMe group. For
the singly-deprotonated species, only one tautomer, in which the
imino function is located at position 2, is found to be stable,
all the other structures present energies ca. 20 kcal/mol above
that structure. This outcome, in sharp contrasts with the find-
ings obtained with Y=H, Br, and NMe,, can be understood: the



external moiety encompassing the Y-substituted subsystem bears
two formal positive charges localised on each iminium groups,
so that their deprotonation is therefore much favoured, com-
pared to the cases in which the positive charge is delocalised
over a cyanine-like subsystem. A logical consequence of this ob-
servation is that, only one (three) form(s) possibly co-exist for
the doubly-deprotonated asymmetrically- (symmetrically-) sub-
stituted species, that is, the 2-3 (2-3, 2-6, and 2-7) tautomer(s),
in which the NHR groups of the Y-substituted moiety (moieties)
are deprotonated so to remove the positive charge localised on
these groups. In the following, only structures that present free
energies within the 3 kcal/mol window are considered.

The dihedral distortion and NICS(0) values are reported in Ta-
ble 5. For the bridge-protonated compounds, large structural dis-
tortions are obtained with ¢ angles ranging from 18 to 41°, com-
pared to both their unsubstituted (Y=H) and their di-protonated
counterparts (see Table 4). While similar aromatic characters as
previously are obtained for the symmetric ACPs, with NICS(0) of
ca. -8.5 ppm, the NICS(0) values at the centre of the macro-
cycle of asymmetrically substituted compounds are increased by
ca. 1.5/2.5 ppm for the a/b tautomers, and attain ca. -5.0
ppm. For the deprotonated derivatives, smaller distortions of the
central cycle are observed, with ¢ between 18 and 31° for the
singly-deprotonated compounds and even more planar macro-
cycles upon double deprotonation, with ¢ ranging from 16 to
24°. The macrocycles with deprotonated amino function(s) (that
is showing imino group(s)) are therefore strongly aromatic with
NICS(0) value at their centre between —-7.4 and —8.8 ppm.

Let us now turn to the optical properties of the doubly bonded
protonated/deprotonated species focusing on the NIR absorp-
tion band. On the spectra of the bridge-protonated species (Fig-
ure 11a), one observes that the NIR band of the symmetrically-
substituted ACPs peaks at the same wavelength as for the non-
protonated Y=H ACP, and that they are redshifted compared to
their asymmetrically substituted counterparts. The nature of the
dipole-allowed electronic transitions and of the molecular orbitals
(topologies and energies) involved in these transitions are respec-
tively reported in Table S12 and Figure S12 in the ESI whereas
Figure 12 provides density difference plots for the lowest tran-
sitions. For both keto- and imino-substitutions, adding two Y
groups yields a stabilisation of all the frontier orbitals, this ef-
fect being more pronounced for the LUMO than for the occupied
orbitals which therefore explains the redshifts. In addition, one
observes that the di-keto compound displays a broader NIR ab-
sorption band. This is due to CT transitions that are absent in the
other compounds. Indeed, the CT character of the first dipole-
allowed transitions is clearly observed on the density difference
plot of Figure 12, with the keto-bearing subunits acting as strong
acceptors. As we are well aware that PBEO may sometimes lead
too small transition energies when a significant CT takes place,
we have performed gas phase CC2 calculations for this latter com-
pound. It turns out that the lowest state presenting an oscillator
strength larger than 0.1 appears at nearly the same energy as with
TD-PBEO (difference of 6 nm or 0.01 €V).

Deprotonation can induce more significant spectral changes for
the keto-derivatives. Indeed, for the mono-deprotonated ACPs

(Figure 11b), both symmetric and asymmetric keto-derivatives
present redshifted spectra at ca. 1000 nm compared to imino-
substituted ACPs (ca. 800 nm). The nature of the electronic tran-
sition and molecular orbitals for the deprotonated species are de-
tailed in the ESI, whereas the electronic density difference plots
of the first dipole-allowed transition in Figure 13 show that these
bands clearly involve strong density reorganization with a charge-
transfer character, thus explaining the observed bathochromic
shifts. Interestingly, irrespective of the number of keto functions
added, these excitations arise from a CT from the overall macro-
cycle to the keto subunit bearing the deprotonated amino func-
tion. For Y=NMe compounds, no significant changes of the spec-
tra are observed but the CT character of the first dipole-allowed
excitation is less marked (Figure 13). This can possibly be related
to the negative impact of the imino-substituted species on the pla-
narity of the ACPs, that could partially counterbalance the elec-
tronic effect, and hence limit the CT. For the doubly-deprotonated
species (Figure 11c), theory predicts almost no change of band
position for the dominating 2-3 tautomer with Y; =0 and Y,=H
(compare Figures 8 and 11c). This can be understood by the
topology of the excited-state displayed on the left of Figure 14,
and also by comparing the MO shapes and energies of Figures S9
and S14 in the ESI. Indeed, in both the original (Figure S9) and
the doubly-deprotonated (Figure S14) forms, the NIR band is re-
lated to a HOMO to LUMO+1 transition and these MOs have sim-
ilar shapes, the energies of both the occupied and virtual orbitals
being significantly downshifted (by a rather similar energy) in
the doubly-deprotonated ACP. More interestingly theory foresee
large bathochromic effects for the stable 2-6 and 2-7 tautomers
of the di-keto (Y;=Y,=0) compound with a maximal absorption
wavelength at ca. 1100 nm. This trend can be explained as the
nature of the virtual orbital mainly involved in the transition is
significantly modified by double deprotonation: while in the orig-
inal system the key LUMO+2 is highly symmetric and located at
-4.61 eV (Figure S9), in the doubly-deprotonated ACP the LUMO
is now centered in the vicinity of the keto groups and presents
a much lower energy: —4.25 and —4.20 €V for the 2-6 and 2-7
tautomers, respectively (Figure S14). It is therefore clear that the
two keto-subsystems are now both involved in the CT (see Fig-
ure 14) occurring from the overall macrocycle towards the two
Y-substituted moieties, each bearing a deprotonated amino func-
tion. We have (again) checked the results obtained for the 2-6
tautomer with CC2 and found an excellent agreement, with the
lowest transition within 8 nm of each other in gas phase.

4 Conclusions

In this work, we screened a series of Y-substituted azacalix-
phyrins, focusing on the impact of this substitution pattern on
the structure, aromaticity, and absorption of the ACP. For groups
binding at Y through single bonds, no significant changes on the
ACP properties are predicted irrespective of the nature of the sub-
stituents (Br and NMe,), of their number (one or two), and of
the protonation state of the ACPs. This can be rationalized by the
fact that bromine is a mild auxochromic group whereas the steric
hindrance with the ethyl chains of the ACP induces a significant
distortion of the NMe, group, making it almost orthogonal to the
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Fig. 12 Electronic density difference corresponding to the lowest significantly dipole-allowed state (see Table S12) of the bridge-protonated Y-
substituted ACPs with (from left to right) Y;=0 and Y,=H, Y,=Y,=0, Y;=NMe and Y,=H, and Y;=Y,=NMe. See caption of Figure 9 for more details.
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Fig. 13 Electronic density difference corresponding to the first absorption band of the singly-deprotonated Y-substituted ACPs with Y=0 and Y=NMe.
See caption of Figure 9 for more details.
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Fig. 14 Electronic density difference corresponding to the first absorption band of the doubly-deprotonated Y-substituted ACPs with: (from left to right)
Y;=0 and Y,=H (2-3), Y,=Y,=0 (2-6), Y,=Y,=0 (2-7), Y;=NMe and Y,=H (2-3), and Y,=Y,=NMe (2-76). See caption of Figure 9 for more details.



plane of the cyanine moiety, considerably reducing its impact. In
contrast, for groups bonding at Y through double bonds (here
=0 and =NMe), larger differences with respect to the unsubsti-
tuted ACP are foreseen, with interestingly different effects for the
keto and imino derivatives. Indeed, placing imino groups induces
strong structural distortions of the macrocycle which counterbal-
ances the electronic effects leading to relatively moderate varia-
tions of the optical signatures. In contrast, for keto compounds,
very large differences in the absorption could be obtained, i.e.,
a strong bathochromic shift once (at least) one of the external
amino groups of the substituted-subunit is deprotonated. This
latter outcome pointed out a very interesting feature, that is, a
strong acidochromism, occurring in keto-derivatives. In contrast,
in the unsubstituted ACP, acidochromism is trifling. This work
therefore stands as an additional proof of the interest of explor-
ing the rich chemistry of azacalixphyrins.
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