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Using first-principle calculations, we characterize the properties of N-confused porphyrins (NCP), with a focus on the differences

between the 2H and 3H tautomers. NCP-3H is found to be almost as strongly aromatic as porphyrin, and about twice more

aromatic, in other words significantly more stable, than NCP-2H, due to the less efficient π-conjugation in the latter form. The

deprotonation of the NH-group at the external side of the inverted ring of NCP-2H, which adds a lone pair to the π-system,

restores a strong aromaticity, while methylation has no significant effect. Investigating the impact of solvation with a continuum

model, we find quite stable solvation energies with a relative dielectric constant, εr, in the 5–40 range, for both tautomers. NCP-

3H presents a slightly lower energy than its NCP-2H counterpart in all solvents. However, the energy differences between the two

species are of the order of the error margin of the method, hence too small to discuss the experimentally observed stabilization

of NCP-3H in dichloromethane (DCM, a poorly polar solvent) and NCP-2H in N-N-dimethylformamide (DMF, a highly polar

solvent) or to extract the population ratios between the two forms in the different solvents. Therefore, the vibronic absorption

spectra are also investigated in an effort to rationalize the complex absorption profiles of these NCP derivatives. We find very

distinct spectra for the 2H and 3H forms in DMF and DCM, respectively, each fairly reproducing the experiment. We also find

that, in the same solvent, the two species exhibit very different signatures, which allows us to conclude that the 2H and 3H

tautomers are largely dominant in DMF and DCM, respectively. Interestingly, the vibrational motions that strongly participate in

the overall band shapes, that explains the shoulder of the Soret band and the multiple maxima of the Q-bands, differ in the two

tautomers.

1 Introduction

In 1994, the groups of Furuta and Latos-Grażyński inde-

pendently reported a new porphyrin isomer, the N-confused

porphyrin (NCP, see Scheme 1).1,2 Compared to the canon-

ical porphyrin, the structure of NCP contains an inverted

pyrrole ring, the positions of a pyrrole nitrogen and a β -

methine pyrrolic group being interchanged. As a direct con-

sequence of this interconversion, NCP presents two stable

but non-equivalent tautomeric forms, namely, NCP-3H and

NCP-2H (see Scheme 1), while in porphyrin the two most

stable tautomers are identical, due to the symmetry of the

molecule. NCP-3H is the NCP tautomer containing three hy-

drogen atoms pointing toward the center of the macrocycle,

one of which being part of the central methine group, whereas
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Scheme 1 Left: porphyrin; center: NCP-3H; right: NCP-2H (R=H),

Me-NCP-2H (R=Me), and NCP-2H-dep (deprotonated, R=−).

the two others are bonded to the nitrogens closest to the me-

thine subunit. On the other hand, NCP-2H presents two central

hydrogen atoms, the third hydrogen atom being bonded to the

nitrogen atom at the external side of the inverted ring.

Since its discovery, the tautomeric equilibrium in NCP

has attracted a widespread attention from both experimen-

tal and theoretical points of view.3–13. In 2001, Furuta and

coworkers3 were able to separate the two dominant NCP-

3H and NCP-2H species using solvents of different polari-

ties as they could observe distinct absorption spectra. In-

deed, NCP-3H could be isolated in dichloromethane (DCM),

a poorly polar solvent, while NCP-2H was favored in N-N-

dimethylformamide (DMF), a highly polar solvent. A dra-

matic color change could also be observed in the NCP solu-
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tions, red in DCM, green in DMF.

NCP-3H and NCP-2H not only differ in their absorption

spectra but also in their structural and magnetic properties.

Indeed, X-ray measurements on single crystals revealed that,

in contrast to the completely planar geometry of porphyrin,

the inverted pyrrole ring is tilted by 4.7◦ and 26.9◦ out of the

macrocyclic plane in NCP-2H and NCP-3H, respectively,3 re-

flecting the smaller electrostatic repulsion between the central

hydrogens in NCP-2H. 1H NMR measurements of the inner

CH and NH protons performed in CDCl3 revealed chemical

shifts in the upfield region at -4.99 and -2.41 ppm, respec-

tively (for NCP-3H). On the other hand, the signals in DMF-

d7 resonated at 0.76, 2.27, and 13.54 ppm (for NCP-2H). The

peak in the upfield region at 0.76 ppm was attributed, from the

correlation peak with 13C signal, to the inner CH, and the lat-

ter two peaks were assigned to the inner and outer NH.3 One

likely explanation for such modest upfield shifts of the central

CH and NH in NCP-2H is the weak diamagnetic ring current

owing to the ineffective conjugation of the π-system.

Beyond the examination of the two predominant NCP-3H

and NCP-2H compounds, additional NCP tautomeric forms

have catched special interest. In particular, the external NH-

group on the inverted pyrrole ring in NCP-2H can be read-

ily deprotonated using a strong liquid base leading to NCP-

2H-dep,4 see Scheme 1. This creates an additional lone

pair that can participate in the π-conjugated network. The

2H tautomeric structure can also be forced by alkylation on

the external nitrogen with a methyl group (Me-NCP-2H in

Scheme 1).5,6

The relative stabilities of NCP-3H and NCP-2H, as well as

of other structural isomers, have been previously discussed us-

ing density functional theory (DFT) calculations of the elec-

tronic ground state energies in gas phase.7–10. All these pre-

vious works found an energetic preference for NCP-3H, the

difference with NCP-2H being of ca. 5 kcal.mol−1, which is

within the error of the method, hinting that the two tautomers

can be hardly distinguished on the basis of their ground state

energies. One way to rationalize the relative stability of the

two tautomers is to quantify their aromatic pattern via NICS

(nuclear independent chemical shift) simulations.14 However,

to the best of our knowledge, NICS has been reported for the

3H tautomer only.11 Furthermore, although the experimen-

tal absorption data are abundant,3,4,9,10,12 no vibrationally re-

solved absorption spectra has been yet simulated in order to

characterize the more important vibrational modes explaining

the specific band topologies of NCP.

Thus, a more complete picture of the chemistry of the two

predominant NCP tautomers using first-principle tools needs

to be addressed, and this is the aim of this contribution. First,

the relative stabilities of NCP-3H and NCP-2H, as well as

NCP-2H-dep and Me-NCP-2H, the deprotonated and methy-

lated forms of NCP-2H, are discussed by investigating both

their structures and their aromaticity patterns in all the cy-

cles. This allows us to revisit the effect of the hydrogen repul-

sion at the center on the geometries, i.e., on the bond lengths,

angles, and dihedrals. Furthermore, we investigate the cor-

relation between the bond patterns in a given cycle and the

(anti)aromaticity of this cycle, as measured by NICS. Second,

the relative stabilities of NCP-3H and NCP-2H are further ex-

amined by means of their electronic ground states energies in

a large panel of solvents presenting various polarities. Finally,

the vibrationally resolved absorption spectra of NCP-3H and

NCP-2H are presented for the first time.

2 Computational Methods

All our calculations have been performed at the DFT and TD-

DFT levels using the Gaussian 09 software,15 applying de-

fault procedures, integration grids and algorithms, apart from

tightened energy (10−10 a.u.) and internal forces (10−5 a.u.)

convergence thresholds. Except where noted, calculations

were carried out with the M06-2X meta-hybrid exchange-

correlation functional,16 which is a recommended choice for

many properties, including excited-state simulations.16–18 The

geometries of the singlet electronic ground state and the first

four singlet electronic excited states of the NCP molecules

have been optimized at the M06-2X/6-31G(d) level. Bulk sol-

vent effects were estimated using the polarizable continuum

model (PCM). No imaginary frequencies were obtained af-

ter vibrational analysis on the optimized structures, and ad-

ditional single-points using the 6-31++G(d,p) atomic basis set

were carried out to correct the energies. To account for the per-

turbation of the PCM polarization when the solute reaches an

excited state, we used the equilibrium state-specific solvation

scheme19 and the corrected linear response (cLR) formalism

in its non-equilibrium limit20 for adiabatic and vertical transi-

tion energies, respectively.

The aromaticity was quantified via (singlet electronic

ground state) calculations of the NICS(0)14 at the centers of all

the rings. Note that most experimentally available N-confused

porphyrins contain four phenyl rings as external substituents.

These phenyl rings are almost perfectly perpendicular with the

NCP core, and do not play an important role (see discussion

in Ref. 10). Here, we have chosen to use only hydrogen-

capped NCP to allow the simulation of the vibronic spectra.

To this end, we used the time-independent (frequency domain)

method implemented in the FCclasses code21,22, consider-

ing the equilibrium geometries and normal modes of both the

ground state and the excited state. This method relies upon the

harmonic potential approximation, which is suitable for rea-

sonably low degree of vibrational excitation. Originally lim-

ited to cases where the transition dipole moment between the

two given states can be considered independent of the nuclear

coordinates (Condon approximation), it has been extended to
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the more general Herzberg-Teller (HT) model, thus allowing

the investigation of weak and vibronically allowed transitions

with small Franck-Condon factors.

The vibronic spectra of NCP-3H and NCP-2H in DCM and

DMF were simulated taking into account the first four ex-

cited states, applying the Condon approximation for strongly

allowed transitions (so-called Franck-Condon (FC) spectra),

and adding the HT effects for weakly allowed transitions.

Strong and weak transitions were arbitrarily splitted accord-

ing to the oscillator strength value (above or below 0.1). The

temperature effects (T = 298 K) were integrated, and the num-

ber of integrals was adjusted so to recover a fraction of the

FC or the full (FC + HT) spectrum exceeding 90%. In order

to investigate the effect of the polarity of the solvent on the

stability of NCP-2H and NCP-3H, solvation energies were es-

timated from (singlet ground state) single-point calculations

using the solvation model density (SMD)23 based on the opti-

mized geometries in gas phase.

3 Results and discussion

3.1 Structure and aromaticity

Fig. 1 evidences the structural deformation of NCP-3H result-

ing from the steric congestion imposed by the additional hy-

drogen atom in the core. More specifically, the N-confused

cycle is tilted out of the macrocycle plane by ca. 20◦, which

contrasts to the completely planar geometry of porphyrin. De-

spite this conformational relaxation, a significant hydrogen-

hydrogen repulsion persists in NCP-3H as the average dis-

tance between the three central hydrogens (2.36 Å for the

NH−−HN distance and 1.86 Å for the two CH−−HN dis-

Fig. 1 3D structures of porphyrin (blue) and NCP-3H (gray)

optimized in their electronic ground states. Nitrogen atoms are

represented as spheres.

Fig. 2 Bond lengths (Å) in porphyrin and the selected N-confused

analogues in their optimized electronic ground states. O, A, B, C,

and D: naming convention for the cycles.

tances) is significantly smaller than 2.17 Å, the NH−−HN

distance in porphyrin. This is illustrated in Fig. 2. The Cα -

N-H angles of NCP-3H are also affected (see Fig. S1 in the

Electronic Supplementary Information (ESI)), the two exter-

nal Cα -N-H angles (120.8◦) being smaller than the two inter-

nal Cα -N-H angles (127.4◦). For comparison, the four (equal)

Cα -N-H angles of porphyrin are of 124.7◦. Beyond these dif-

ferences, the bond lengths in the 16-membered ring of por-

phyrin and NCP-3H are very similar (see Fig. 2). The C-C

bonds are typically 1.39 Å long in both molecules, which is

0.15 Å smaller and 0.04 Å larger than normal single and dou-

ble carbon bonds, respectively, and equivalent to benzene, an-

other highly aromatic compound.

Although there is no extra hydrogen at the center of NCP-

2H, its structure is intermediate between porphyrin and NCP-

3H as it presents a slight out-of-plane deformation of ca. 5◦.

We underline that the simulated torsion angles of the two

NCP tautomers correlate well with the 26.9◦ and 4.7◦ val-

ues reported from X-ray diffraction of tetraphenyl NCP-3H

and NCP-2H, respectively,3 confirming the not very impor-

tant role played by the phenyl groups. The two central hydro-

gens in NCP-2H are separated by 2.01 Å (see Fig. 2), that is

0.16 Å smaller than in porphyrin and 0.15 Å larger than the
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CH−−HN distances in NCP-3H. This reduced distance ver-

sus porphyrin is related to: i) the larger C-H bond of NCP-2H

(1.07 Å) compared to the N-H bonds in both molecules (1.02

Å); ii) the larger Cα -C and Cα -N bonds in NCP-2H (from 1.38

to 1.41 Å) compared to the Cα -N bonds in porphyrin (1.37 Å);

and iii) the more acute Cα -C-Cα angle in NCP-2H (108.6◦)

compared to the Cα -N-Cα angles in porphyrin (110.6◦) and

NCP-2H (110.8◦), see Fig. S1 in the ESI. Relative to NCP-3H,

the stability of NCP-2H suffers, in counterpart of its reduced

steric stress, from a less effective π-delocalization. This can

be seen from the unequal bonds in the macrocycle, with min-

imum and maximum lengths of 1.33 and 1.43 Å (see Fig. 2).

No significant difference could be detected when superimpos-

ing the structures of NCP-2H and its deprotonated analogue,

NCP-2H-dep, both compounds showing their confused cycle

distorted out of the macrocyclic plane by ∼ 5◦. However,

the deprotonation has the effect of uniformizing the bond dis-

tances (compare NCP-2H and NCP-2H-dep in Fig. 2), the

distribution becoming similar to that of NCP-3H. As for the

methylated form Me-NCP-2H (not shown), we found no dif-

ference with respect to NCP-2H.

One way to examine the relative stability of porphyrin and

its N-confused isomers is to quantify their (anti)aromaticity by

calculations of the NICS at the centers of the cycles, see the

computational methods section. Of course, equal and unequal

bond lengths are likely to favor aromaticity and antiaromatic-

ity, respectively. The NICS values may thus correlate with the

bond distributions, that we have characterized using the stan-

dard deviation σ (in Å):

σi =

[

∑
j

(ri, j −〈ri〉)
2

]1/2

,

where ri, j is the length of bond j in cycle i and 〈ri〉 is the aver-

age bond length in that cycle. We underline that the NICS and

σ are not the unique criteria (we redirect the interest reader

to the works of von Schleyer14,24) to predict the aromatic be-

havior of a given compound. Fig. 3 shows the correlation be-

tween NICS and σ for all the rings. The numerical values are

available in Table 1. In Fig. 3, one can see a clear, roughly

linear, dependency between these two quantities. The smaller

is the geometrical deviation, the smaller is the NICS, and the

stronger is the aromaticity. This is true for both the macro-

cycle and the peripheral rings (excluding A and O of NCP-

2H and Me-NCP-2H, the non-conjugated rings, see the labels

of the rings in Fig. 2). The macrocycle and the five-member

rings follow a different slope, suggesting that other parame-

ters than σ like the size or the nature of the ring can also af-

fect the NICS. At the opposite, adding or changing the solvent

does not affect significantly the aromaticity since comparable

values are obtained when computing the NICS in gas phase,

DCM and DMF (see Table S1 in the ESI). In addition, for

Fig. 3 NICS (in ppm) versus the standard deviation σ (in Å) of the

bond length distribution, for all the cycles in porphyrin and the

selected NCP molecules (see the denomination of the compounds

and the rings in Scheme 1 and Fig. 2). Symbols refer to the

molecules and colors refer to the rings.

Table 1 NICS (ppm) and σ values (Å) for all the rings (see the

labels of the rings in Fig. 2).

NICS σ ∗10
O A B C D O A B C D

porphyrin -15.2 -2.8 -12.5 -2.8 -12.5 0.63 1.13 0.66 1.13 0.66
NCP-3H -13.9 3.1 -12.9 -3.1 -12.2 0.63 1.24 0.70 1.10 0.78
NCP-2H -7.4 -4.9 -1.7 -7.4 -1.7 1.18 0.59 1.22 0.91 1.26

NCP-2H-dep -12.1 6.8 -4.5 -11.2 -3.9 0.86 1.18 1.04 0.75 1.10
Me-NCP-2H -7.6 -2.9 -1.8 -7.5 -1.9 1.15 0.59 1.22 0.91 1.21

NCP-3H, the presented NICS values are in close agreement

with those obtained at the HF/6-31+G(d)//B3LYP/6-31G(d)

level in gas phase.11

As it can be seen in Table 1, all the cycles of por-

phyrin, NCP-2H, and Me-NCP-2H are aromatic (NICS < 0)

while NCP-3H and NCP-2H-dep exhibit respectively a non-

aromatic (NICS around 0) and antiaromatic (NICS > 0) char-

acter for their inverted cycle A, most probably because of the

relatively high electronic density on the nitrogen atom in that

particular ring. Porphyrin and NCP-3H are both conjugated

and have similar deviations in their bond length distributions

(excluding ring A), they also develop similar aromatic pat-

terns. These two compounds are highly aromatic since their

NICS values at the center are strongly negative, -15.3 ppm

in porphyrin and -13.9 ppm in NCP-3H. This is about twice

larger than in both NCP-2H and Me-NCP-2H (-7.5 ppm, a

value close to the one found in benzene).14 This shows evi-

dence that NCP-3H is significantly more stable than its NCP-

2H analogue, because of the more efficient π-delocalization

and despite the stronger hydrogenic repulsion at the center in

the 3H form. Likewise, the aromaticity of the five-member
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rings in porphyrin and NCP-3H is roughly twice more pro-

nounced than in NCP-2H and Me-NCP-2H (comparing rings

of same topology and, again, excluding A of NCP-3H). Upon

deprotonation of its confused pyrrole, the created lone pair

“repairs” the π-delocalization as NCP-2H-dep is almost as

aromatic as porphyrin and NCP-3H. The gain of aromatic-

ity from NCP-2H to NCP-2H-dep is also substantial on the

peripheral B, C, and D rings. The methylation, on the other

hand, destabilizes only slightly its local environment (see the

NICS of rings A of NCP-2H and Me-NCP-2H in Table 1).

3.2 Energy of NCP-2H and NCP-3H versus the solvent

polarity

As stated in the introduction, the two dominant tautomers of

N-confused porphyrin, NCP-2H and NCP-3H, can be sepa-

rated experimentally using solvents of different polarities, the

2H and 3H forms being stabilized in DMF and DCM, respec-

tively.3 We have shown above from NICS simulations that

NCP-3H is about twice more aromatic, hence significantly

more stable, than NCP-2H, independently of the presence (or

not) of the DCM and DMF solvents. In this part, we further

examine whether the relative stabilities of these two tautomers

can be quantified from their electronic ground state free ener-

gies in solvents of different polarities, using:

G = Ggas +Gsolv,

where Ggas is the Gibbs free energy in gas phase and Gsolv is

the solvation free energy estimated through a single-point en-

ergy calculation with the SMD model (see previous section).

In very good agreement with the values reported in previous

theoretical works7–10, we find that, in gas phase, the free en-

ergy Ggas of NCP-3H is 4.98 kcal.mol−1 lower than the one

of NCP-2H. Such a very small energy is difficult to interpret

since it is close to the DFT uncertainty threshold.

The G-values were calculated using a wide panel of sol-

vents presenting relative dielectric constants εr ranging from

2 to 110, and considering both protic and aprotic solvents (see

Fig. 4). Very similar energy-curves are found for the two

tautomers, both displaying higher energies in strongly apo-

lar solvents (ca. εr < 5) and polar solvents (ca. εr > 40), a

region of greater stabilization being obtained in the intermedi-

ate range (εr going from 5 to 40) considering arbitrarily, G <
4 kcal.mol−1. In all the selected solvents, the energy of NCP-

3H is below the one of NCP-2H, both tautomers having their

lowest energies in DCM. In other words, we do not observe an

inversion of the energy-curves of the two species when vary-

ing the polarity of the solvent. In fact, adding the solvent re-

duces the energy difference between the two tautomers to ca.

0.5–4.0 kcal.mol−1, depending on the solvent. Such energies

are trifling, showing that it is very difficult to discuss the sta-

bilities of NCP-3H and NCP-2H in this manner.

Fig. 4 Relative free energies G of NCP-2H and NCP-3H as a

function of the relative dielectric constant of the solvent, εr.

3.3 Absorption spectra

Table 2 presents the vertical absorption data obtained for the

different macrocycles considered here. All compounds show

two weakly dipole-allowed transitions at small energy (giving

rise to the Q-bands) and two strongly dipole-allowed transi-

tions at higher energy (corresponding to the Soret bands). In

this sense, N-confusion only tunes the nature of the excited

states of the reference porphyrin but does not change the ma-

jor features of the optical spectrum. It is obvious from the

data in Table 2 that all NCP isomers present smaller transition

energies for the Soret band, the shift being ca. -0.25 eV. The

total computed intensity for those transitions is also smaller in

the NCP compounds than in the canonical porphyrin. The S1

appears at a particularly small energy in NCP-3H (ca. 0.1/0.2

eV lower than in NCP-2H/porphyrin) and is weakly intense.

In NCP-2H, the separation between the two Q excited states

is significantly larger than in porphyrin and NCP-3H, but this

effect is completely annihilated in the corresponding depro-

tonated form. We also note that, as for the other properties

investigated here, Me-NCP-2H and NCP-2H present very sim-

ilar excited-state energies. In order to obtain further insights

regarding the nature of the excited states of NCP-2H and NCP-

3H, we provide electron density difference plots correspond-

Table 2 Vertical transition energies (E in eV) and oscillator

strengths ( f ) for the first four singlet excited states.

S1 S2 S3 S4

E (eV) f E (eV) f E (eV) f E (eV) f

Porphyrin 2.310 0.001 2.547 0.004 3.649 1.303 3.734 1.460
NCP-3H 2.107 0.012 2.423 0.002 3.323 0.962 3.465 1.230
NCP-2H 2.248 0.076 2.663 0.023 3.507 1.246 3.529 0.640

NCP-2H-dep 2.223 0.084 2.377 0.002 3.283 0.937 3.434 1.237
Me-NCP-2H 2.212 0.066 2.619 0.031 3.441 1.232 3.449 0.633
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Fig. 5 Electronic density difference between the first four excited

states and the ground state. Red (blue) regions indicate increase

(decrease) of electron density upon absorption of light.

ing to the four lowest-lying excited states in Fig. 5 (see Fig.

S2 in the ESI for NCP-2H-dep and Me-NCP-2H). One can see

from these plots that the electron density tends to reorganize

across the whole molecule but with a stronger variation in the

inverted ring region (especially for the S0 → S3 and S0 → S4

Soret transitions that are strongly asymmetric), for all the NCP

forms presented here. As typical of valence π-excited states,

the reorganization is constituted of an alternation of gain and

depletion of density, following the nature of the bonds (see

Fig. 2). The S0 → S1 reorganization is similar in NCP-3H and

NCP-2H, the internal methine group obviously loosing signifi-

cant density (donor). It is also remarkable that the density fluc-

tuations induced by the S0 → S1 and S0 → S2 transitions are

more important in NCP-2H than in NCP-3H, which indicates

that the more strongly dipole-allowed transitions correspond

to Q-bands implying a stronger reorganization. Eventually, as

it can be seen by comparing Figs. 5 and S2, the electronic

reorganization of NCP-2H-dep and Me-NCP-2H is similar to

their NCP-3H and NCP-2H counterparts.

The vibronic absorption spectra of NCP-3H in DCM and

NCP-2H in DMF were simulated and the results are shown in

Fig. 6. The position and height of the Soret band have been

adjusted to the experimental curve in order to allow a straight-

forward comparison. In agreement with the experimental data,

the two tautomers exhibit distinct signatures. The correspon-

dence between theory and experiment is rather satisfying for

both molecules, though TD-DFT underestimates the absorp-

tion wavelength of the first Q-band (originating from the first

excited state, see the decomposed spectrum in Fig. S3 in the

ESI) in NCP-3H. The Soret band and its shoulder at small

wavelengths are nicely reproduced. The shape and relative in-

tensity of the Q-bands, compared to the intense Soret band,

also correlate well with the experiment. Moreover, the calcu-

lation of the vibronic absorption spectrum of NCP-3H in the

DMF polar solvent (see Fig. S4 in the ESI) leads to a profile

very divergent from that of NCP-2H in the same medium. We

Fig. 6 Vibrationally resolved absorption spectra together with the

individual stick contributions of the vibrations for NCP-3H in DCM

(top) and NCP-2H in DMF (bottom), and comparison with

experimental data. The theoretical curve is the sum of the

contributions of the first four excited states. It has been shifted such

that the position and height of the Soret band coincide with the

experimental one. The shift in the x-axis is 60/80 nm for

NCP-3H/NCP-2H. The experimental spectra is adapted with

permission from Ziegler et al., J. Phys. Chem. A 2013, 117,

11499–11508. Copyright 2013 American Chemical Society.

can thus conclude from these simulated spectra that the ex-

perimental NCP solutions in DCM and DMF must be mostly

populated by the NCP-3H and the NCP-2H species, respec-

tively. The immersion of NCP-3H in DMF also has the effect,

compared to the less polar DCM, of splitting the sharp Soret

band in a wider and less intense “doublet” band, and more

remarkably, of strongly decreasing the intensity of the first Q-

band.

In both molecules, we find, as expected, that the strongly

allowed Soret peak originates from the E0−0 transitions to

the almost degenerated S3 and S4 states (see the absorption
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Fig. 7 Vibrational normal modes that strongly contribute to the

shoulder of the Soret band. Top: NCP-3H (left: 2087 cm−1; right:

2271 cm−1); bottom: NCP-2H (left: 1312 cm−1; right: 1598 cm−1).

bands for S3 and S4 in Fig. S3). As required by the Franck-

Condon principle, S0, S3, and S4 exhibit very similar equilib-

rium geometries (see Fig. S5 for NCP-3H as an example in

the ESI). At the opposite, the shoulder of the Soret band at

ca. 380/425 nm for NCP-3H/NCP-2H arises from a combi-

nation of various vibrational motions. In particular, two vi-

brational modes at 2088 and 2271 cm−1 strongly participate

in the shoulder of NCP-3H, both consisting of a collection of

stretching and bending modes involving carbon and nitrogen

atoms along the macrocycle (see Fig. 7 and the movies in the

ESI). Surprisingly, the Soret shoulders in NCP-2H and NCP-

3H do not share the same origin as the nuclear displacements

mostly responsible for the shoulder of NCP-2H are largely

dominated by balancing motions of the peripheral hydrogens

in the macrocyclic plane and with corresponding frequencies

of 1312 and 1598 cm−1.

The Herzberg-Teller effects play a crucial role in the Q-

band at ca. 555/635 nm in NCP-3H/NCP-2H. These vibroni-

cally allowed shapes are related to a large panel of vibrations

in both molecules, nonetheless, the most intense contributions

can be identified. The band at 555 nm in NCP-3H can be as-

sociated to large oscillations in the macrocyclic plane at 1125

cm−1 involving hydrogens at the periphery, see Fig. 8. For

the band at 635 nm in NCP-2H, two peaks almost equal in in-

tensity are found at 1248 and 1282 cm−1, both dominated by

hydrogenic displacements in phase (opposite phase) at the ex-

Fig. 8 Vibrational normal modes that strongly contribute to the

Q-band at 555 nm in NCP-3H (left) and 635 nm in NCP-2H (center

and right).

terior (center) of the macrocycle, see Fig. 8. We also note that

the optimized geometries of S1 and S2 differ slightly from the

one of S0, and that the photoinduced deformations correlate

well, as it could be expected, with the nuclear displacements

along these important vibrational modes in the excited state

(see Fig. S5 and the movies in the ESI).

4 Conclusion and Outlook

In summary, the NH tautomerism of N-confused porphyrin

has been revisited using first-principle calculations, with a par-

ticular attention on the NCP-3H and NCP-2H tautomers, the

two most stable forms. We show that the extra (missing) cen-

tral hydrogen in NCP-3H (NCP-2H) considerably affects the

equilibrium molecular geometries. Despite its greater steric

hindrance, NCP-3H is found to be almost as strongly aromatic

as the reference porphyrin, hence very stable, and about twice

more aromatic than its 2H analogue, due to the less efficient

π-system in the latter form. The aromatic strength of NCP-

2H can however be increased up to almost the same degree

as in NCP-3H via the deprotonation of the external NH group

that creates a lone pair of electrons able to participate in the

π-conjugation. As for the other properties investigated here,

the methylation of NCP-2H has almost no effect on its stabil-

ity. The ground state energies of NCP-3H and NCP-2H in gas

phase are found to be different by 5 kcal.mol−1 only, which

is in agreement with previous DFT computational studies and

close to the limit of what can be detected with this method.

Investigating the effect of solvation using a continuum model

in a large panel of solvents with various polarities, we find

quite stable energies with a relative dielectric constant in the

5–40 range for both tautomers, DCM being the most stabi-

lizing medium. NCP-3H presents slightly lower energy than

its NCP-2H counterpart in all the solvents investigated here.

However, the energy differences between the two molecules

are trifling: in the 0.5–4 kcal.mol−1 range, showing that it is

difficult to discuss the experimentally observed stabilization

of NCP-3H in DCM and NCP-2H in DMF in this manner.

The theoretical vibronic absorption spectra of both
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molecules have been computed for the first time. The sim-

ulations of NCP-3H in DCM and NCP-2H in DMF lead to

distinct signatures that fairly well reproduce the experimen-

tal UV/Vis data of the NCP compound immersed in these two

solvents. Beyond that, the simulation of the spectrum of NCP-

3H in DMF yields a very different profile compared to NCP-

2H in the same solvent. We can thus conclude that the 3H

and 2H tautomers are each to each largely dominant in DCM

and DMF. The influence of the nature of the solvent is also

seen when comparing the spectral features of the 3H tautomer

in the two solvents: the Soret band in DCM being splitted

into a wider and weaker “doublet” band upon immersion in

DMF, while the intensity of the Q-band at largest wavelengths

is strongly reduced. Identifying the vibrational normal modes

playing an important role in the non 0-0 transitions, i.e., the

Soret shoulder and the high-energy Q-bands, we find that the

corresponding nuclear motions are surprisingly not the same

for the two tautomers.
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Graphical Abstract

In this paper, the complex UV/Vis absorption signature of the

dominant N-confused porphyrin tautomers is rationalized by

simulations of the vibrationally resolved spectra.
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