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Recent advances in the design and application of redox-active

fluorescent proteins (FPs) stimulated an interest in the elec-

tronic structure of the ionized/electron-detached FP chromo-

phores. Here, we report the results of a computational study

of the electron-detached and ionized states of model chromo-

phores of green and red FPs. We focus on the analysis of the

effects of the phenolate OH group position (ortho, meta, and

para) on relative energies of the chromophores in the ground

as well as in the ionized/detached electronic states. We found

that, similarly to the green chromophore, the red chromo-

phores with the OH group in meta position have lower vertical

detachment energies (DE) and greater ionization energies rela-

tive to the ortho and para forms. Moreover, the effect is stron-

ger for the red anionic chromophores. The differences in DE in

meta species relative to their para counterparts are 0.47 and

0.25 eV for the red and green chromophores, respectively. The

observed trends are due to a combined effect of resonance

stabilization and the electronegativity of the acylimine group

in the red chromophores. The analysis is supported by the

computed charge and spin density delocalization patterns. VC
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Introduction

Redox processes are of paramount importance in chemistry,

biology, and materials science (e.g., photovoltaics and molecular

electronics). Electron ejection from and attachment to a mole-

cule can be initiated by various mechanisms, for example, elec-

trochemically, through an electrode to absorbed species, by

electron transfer to/from another molecule, or induced by pho-

ton absorption. The latter process is the basis of various photo-

electron spectroscopies that enable probing molecular structure

and wave functions. Photoinduced electron transfer is the key

step in a number of biological processes including photosynthe-

sis,[1,2] DNA radiation damage repair by photolyases,[3] photo-

conversions in fluorescent proteins (FPs),[4] and more. The first

step toward the understanding and quantitative description of

photoinduced electron transfer events entails accurate charac-

terization of the oxidized/reduced states involved.

The quantities that govern the oxidation energetics are ioni-

zation energies (IE) or detachment energies (DE), correspond-

ing to electron ejection from neutrals or anions, respectively.

Thus, understanding the relationship between molecular struc-

tures and IEs/DEs is a prerequisite for prediction and control

of the redox properties of molecules in more complex environ-

ments, such as solvents and proteins. Recent photodetach-

ment and action spectroscopy experiments[5–9] have

significantly improved our understanding of the photoinduced

processes in isolated GFP chromophores, including competing

photodetachment and radiationless relaxation channels. How-

ever, less is known on the photophysics of the isolated red

chromophores.

Motivated by potential bioimaging applications[10,11] and, in par-

ticular, photoinduced redox activity of FPs,[12,13] we have been

investigating the electron donating/accepting ability of model and

protein-bound chromophores.[14–20] These chromophores feature

extensive p-conjugated systems; two examples are shown in Fig-

ure 1. Depending on the conditions, the chromophores exist

in either neutral (protonated on the phenolic end) or anionic

(deprotonated, phenolate-like) forms. 4-hydroxybenzylidene-1,2-

dimethylimidazolinone (HBDI), which consists of the phenol and

imidazolinone moieties connected by a methine bridge, is a

model for the chromophores of wild-type green fluorescent

protein (wt-GFP) and several important mutants (e.g., EGFP). 4-

hydroxybenzylidene-1-methyl-2-penta-1,4-dien-1-yl-imidazolin-

5-one (HBMPDI) has a similar structure but its p-system is

extended by an acylimine moiety. This more extended conju-

gation leads to a red-shifted absorption; such chromophores

are found in several red FPs.[11]

In this article, we compare the effects of the OH group posi-

tion (ortho, meta, and para) and the elongation of the p-conju-

gated chain (HBDI versus HBMPDI) on the electron

detachment from the chromophores in the neutral and anionic

forms (see Fig. 1). In our previous work,[16,17] we investigated

redox properties of model GFP chromophores (ortho, para,

and meta HBDI, as well as their methylated analogues) and

also compared p-HBDI with model red (HBMPDI) and blue
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chromophores. We found that these structural modifications

have a noticeable effect on IEs/DEs and, consequently, redox

potentials. The main difference between the ortho, meta, and

para HBDI structures is due to resonance conjugation (which is

shut down in the meta isomer) that affects orbital delocaliza-

tion[16,17,21] (Fig. 2). Interestingly, the trends in the neutral and

anionic species were different; this has been explained by a

greater effect that resonance has on charged species.[17] This

study investigates whether this effect holds in red chromo-

phores and whether resonance interactions are affected by the

presence of the acylimine tail. We also analyze the patterns of

the unpaired spin and charge localization.

The acylimine moiety is believed to participate in p-conjuga-

tion, giving rise to a red-shifted absorption.[11] However, its

effect on redox properties and, especially, charge/spin delocali-

zation is less obvious. Here, we investigate whether delocaliza-

tion into the acylimine tail of HBMPDI mitigates or enhances

the effect of ortho/meta/para structural variations.

There are different ways to characterize electronic structure

of the ionized states. The difference between the initial N and

target N–1 electron states can be quantified by the Dyson

orbital[22]:

/dð1Þ5
ffiffiffiffi
N
p ð

WiðNÞWf ðN21Þd2 . . . dN (1)

Dyson orbitals (which are related to experimental observ-

ables such as cross sections)[23] show exactly what was carved

out by ionization and from where the negative charge and

spin were removed. When using a Hartree–Fock (HF) wave

function as Wi(N) in Eq. (1) and an unrelaxed Slater determi-

nant as Wf(N–1), the Dyson orbital is just a molecular orbital

from which the electron is removed, as one would expect

based on Koopmans’ picture of ionization. Positive charge and

unpaired spin density distributions in the target ionized state

coincide with the square of the Dyson orbital only in the case

of Koopmans’ description. If one includes correlation and/or

orbital relaxation effects, the distribution will change even if

nuclei remain at the same positions as in the initial state. This

difference can be observed even when using mean-field wave

functions if one uses relaxed orbitals to represent Wf. For

example, for the radical states that have an excess a-electron,

the spin density has both a and b parts; pure a unpaired den-

sity is only obtained within Koopmans’ restricted open-shell

HF (ROHF) framework.

We also note that deviation from the Koopmans’ picture

implies that spin and charge localization in the final (ionized)

state are not identical, which means that charge and unpaired

spin distributions can be affected by electron correlation and

orbital relaxation in different ways. This distinction can be illus-

trated by considering a multiconfigurational wave function of

the target ionized state based on a restricted open-shell HF

reference. In this case, spin-adapted configurations that do not

involve a singly occupied molecular orbital (SOMO) can lead to

significant deviation from the Koopmans positive charge distri-

bution, but the unpaired spin density is still consistent with

the SOMO. Thus, charge and spin densities provide comple-

mentary information on the electronic structure of the target

ionized state.

This article addresses the effects of resonance and conju-

gated chain elongation on IEs/DEs. The effects of para, meta,

and ortho position of the hydroxyl group in the phenolate

moiety for the red chromophore are consistent with the previ-

ously observed trends in HBDI: greater vertical IEs (VIEs) for

the neutral meta form (relative to the ortho and para forms)

and the opposite trend for the anionic forms. In addition to

DEs and IEs, we analyze the effect of the resonance on the

structural parameters, charge and unpaired spin density

distributions.

Figure 1. Chemical structures of the para- (top), meta- (middle), and ortho-
(bottom) isomers of HBDI (left) and HBMPDI (right). Substitutions in posi-
tions 2, 3, and 4 in the phenolate ring have been considered.

Figure 2. Dominant resonance structures of anionic p-HBDI (top) and p-
HBMPDI (bottom). P, B, I, and AI denote phenolate, bridge, imidazolinone,
and acylimine moieties, respectively.
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Computational Details

Equilibrium geometries were optimized at the RI-MP2/cc-pVTZ

and xB97X-D/cc-pVTZ levels of theory.[24–26] A matching

rimp2-cc-pVTZ auxiliary basis set was used in the RI-MP2 calcu-

lations.[27] All electrons were active in RI-MP2 geometry opti-

mizations. All Cartesian geometries and relevant energies are

given in Supporting Information.

Natural bond orbital (NBO) analysis[28] was performed using

the xB97X-D/cc-pVTZ densities at the xB97X-D/cc-pVTZ opti-

mized geometries. Unrestricted DFT was used in all calcula-

tions of open-shell species. VIE and vertical detachment

energies (VDEs) were computed with xB97X-D/cc-pVTZ using

the RI-MP2/cc-pVTZ optimized structures. Validated in our pre-

vious studies of the phenolate and anionic chromophore of

HBDI[19] as well as DNA bases,[29] this protocol reliably repro-

duces highly accurate equation-of-motion coupled-cluster for

ionization potentials (EOM-IP-CCSD) results. DFT calculations

were performed using an Euler–Maclaurin–Lebedev (75 and

302) grid. S2 expectation values were carefully monitored in all

unrestricted DFT calculations and were found to lie within

0.75–0.80 and 0.85–0.90 for the cationic and neutral radicals,

respectively. Thus, no significant spin contamination was

observed.

All calculations were performed using Q-Chem.[30,31]

Results and Discussion

To quantify the effects of the extended p-conjugated system

and resonance on the electronic structure of closed-shell

(anion/neutral) and ionized (neutral/cation) states we focus on

three properties: (i) bond length alternation (BLA); (ii) IEs/DEs;

and (iii) charge and spin density localization patterns.

Bond length alternation

Below we use the notation HBDI-D and HBMPDI-D to refer to

the anionic species (deprotonated chromophores), and HBDI

and HBMPDI-for the neutrals (protonated chromophores).

Structural parameters of the model chromophores (see Fig. 1)

are listed in Table 1. The three main factors that affect reso-

nance delocalization and, consequently, BLA in the chromo-

phore’s p-conjugated system are: the length of the size of the

p-system (HBDI vs. HBMPDI), charge state (anion vs. neutral),

and position of the OH group (para, meta, and ortho forms).

Note that the three effects are not necessarily additive.

We start by discussing the effects of the charge state of the

chromophore on the BLA. BLA on the methine bridge is a sensi-

tive measure of the degree of the resonance conjugation in the

green and red chromophores. It is quantified by the parameter

DCCB, defined as the difference in length between formally sin-

gle and double bridge bonds, that is, D 5 0 corresponds to

perfect resonance delocalization, as in allyl. As previously dis-

cussed[14,16,21] for p-HBDI, the anionic chromophores feature a

more pronounced bond-order scrambling owing to the reso-

nance forms shown in Figure 2. Indeed, DCCB values are 0.016

and 0.086 Å for p-HBDI-D and p-HBDI, respectively. In the latter,

the CBCP and CBCI bonds have clear single- and double- bond

character. The pattern is also observed for the meta forms

(both anionic and neutral), for example, DCCB of 0.089 and

0.060 Å for m-HBDI and m-HBDI-D, respectively. A similar trend

is exhibited by DCOPI, defined as the difference in length

between the CO bond in the phenolate and imidazolinone frag-

ments. The same differences in DCCB are observed for HBMPDI

and HBMPDI-D chromophores: the BLA decreases by 0.063 Å

(para) and 0.046 Å (meta) for HBMPDI-D relative to HBMPDI.

The second factor is the position of the OH group in the

phenolate ring; it has a more prominent effect in anionic chro-

mophores because the protonated forms are characterized by

a single resonance form. One can anticipate greater DCCB for

the anionic meta forms relative to the para and ortho ones

because there is no resonance between the rings.[16] For

example, DCCB values are 0.060 and 0.016 Å for meta and para

HBDI-D, respectively. Stronger BLA for the meta and neutral

forms, relative to the ortho and para anions, is also observed

in the red chromophores (HBMPDI). The DCCB values are 0.037

and 0.014 Å for m-HBMPDI-D and o-HBMPDI-D, respectively.

Finally, the extension of the p-conjugated systems by acylimine

moiety facilitates further charge delocalization in anions. This

results in less pronounced BLA (e.g., lower DCCB) for the anionic

red chromophores compared to their green analogues: 0.014 ver-

sus 0.016 Å, 0.037 versus 0.083 Å, and 0.008 versus 0.029 Å for

para, meta, and ortho forms, respectively. Extension of the p-con-

jugated system has almost no effect on the BLA in neutrals.

Conjugation may also affect the planarity of the chromo-

phore. Whereas the phenolate and imidazolinone moieties are

coplanar in all species, the acylimine tail is not in the plane

due to its greater flexibility and the steric repulsion between

the methyl group and imidozalinone. The deviation from pla-

narity can be characterized by the CNCO dihedral angle (pla-

nar structure corresponds to zero angle). In all neutral species,

the dihedral angle is 78#, whereas in the anionic para and

ortho species it decreases to $ 50#. Thus, consistent with the

conclusions based on bond lengths, the dihedral acylimine

angle also suggests greater resonance interactions in the ani-

onic species.

Table 1. Effect of resonance conjugation on bond length alternation D, Å.

System DCCB DCOPI

p-HBDI 0.086 0.143
m-HBDI 0.089 0.146
o-HBDI 0.088 0.147
p-HBDI-D 0.016 0.015
m-HBDI-D 0.060 0.033
o-HBDI-D 0.029 0.020
p-HBMPDI 0.077 0.146
m-HBMPDI 0.083 0.146
o-HBMPDI 0.080 0.142
p-HBMPDI-D 0.014 0.015
m-HBMPDI-D 0.037 0.034
o-HBMPDI-D 0.008 0.012

D is defined as the difference in bond length between two bonds of
the same type. DCOPI is defined as the difference in length between
the CO bonds in the phenolate and imidazolinone moieties. DCCB is the
difference between bond lengths of the two bridge CC bonds. Sub-
scripts of P, I, and B denote the phenolate, imidazole, and bridge frag-
ments, respectively.
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To conclude, the observed trends suggest that the acylimine

tail participates in the overall conjugation and enhances its

effect; the main differences between the para, meta, and ortho

species are similar in the HBDI and HBMPDI series.

Vertical ionization and detachment energies

Computed VIEs are given in Figure 3 and Table 2. The two main

factors that determine the differences in IEs/DEs between the

green and red chromophores are the resonance and the elec-

tronegativity of the acylimine group; we will analyze these two

effects in detail. The resonance stabilization is more pronounced

in the anionic and cationic (ortho and para) species than in the

neutrals and anionic meta forms. Thus, one can expect the fol-

lowing trends in IEs: (i) lower IE for the meta anionic chromo-

phores relative to the para and ortho ones and (ii) greater IE for

the meta neutral chromophores compared to the ortho and

para forms.[16] The same arguments can be applied to explain

IEs/DEs of the green and red chromophores, as the addition of

the acylimine bond increases the conjugation lengths and pro-

vides additional stabilization of the charged species. However,

acylimine is an electronegative group that increases IE. Thus, in

the neutrals, resonance stabilization and electronegativity act in

the opposite directions, whereas in the anionic chromophores

the two effects are synergistic. One can anticipate the strongest

effect for the anionic para and ortho species. Below we discuss

the aforementioned factors by considering computed VIE/VDEs.

The effects of charge (anionic and neutral forms) and the

hydroxyl position on the ground state energies and VIE/VDEs pro-

vide insight into the degree of resonance stabilization within the

chromophore. In the neutral species, the ground-state energy dif-

ferences between the ortho, meta, and para isomers are small

(less than 0.05 eV), whereas energies of the ionized states show

large variations. The para isomers of both HBDI and HBMPDI have

the lowest IEs, whereas IEs of the meta isomers are about 0.3 eV

higher. The ortho isomers have only slightly higher IEs than para

(0.07 eV). These trends suggest that while resonance conjugation

is not significant in the neutral species, it becomes much more

noticeable in the target charged states where it facilitates the

delocalization of the hole and the unpaired spin. The anions, con-

versely, show large variations in the ground state energies, with

the meta isomers 0.5–0.8 eV higher in energy than para, and the

ortho isomers 0.2 eV higher than para. More efficient resonance

Figure 3. xB97X-D/cc-pVTZ//RI-MP2/cc-pVTZ vertical ionization and detachment energies, eV, for HBDI (left) and HBMPDI (right) species.

Table 2. Comparison of VIEs computed as the energy difference between
closed-shell and electron-detached states and Koopmans’ estimates (–eHOMO)
for various isomers and protonation states of HBDI and HBMPDI. All values
are in eV.

System VIE(xB97X-D) –eHOMO(HF) –eHOMO(xB97X-D)

p-HBDI 7.32 7.51 7.40
m-HBDI 7.59 7.81 7.70
o-HBDI 7.39 7.62 7.48
p-HBDI-D 2.61 2.78 2.78
m-HBDI-D 2.36 2.64 2.72
o-HBDI-D 2.53 2.78 2.53
p-HBMPDI 7.50 7.76 7.65
m-HBMPDI 7.78 8.08 7.95
o-HBMPDI 7.57 7.86 7.73
p-HBMPDI-D 3.21 3.40 3.46
m-HBMPDI-D 2.74 3.10 3.02
o-HBMPDI-D 3.11 3.37 3.40
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delocalization of the negative charge in anions can explain this

observation.

Computed VDEs for anionic species are in a reasonable

agreement with the reported experimental values of 2.72–2.85

eV.[5–7] However, computed VDEs should not be directly com-

pared with the maximum of the photodetachment band.[19] As

shown in Ref. [19], increasing the basis set from cc-pVTZ (used

here) to aug-cc-pVTZ can cause a shift of almost 0.2 eV in

VDE, resulting in even better agreement with the experiment.

Smaller VDE for m-HBDI-D relative to p-HBDI-D is consistent

with the experimental results (2.40–2.54 6 0.1 eV), as well as

previous theoretical studies.[9,16]

Interestingly, the differences between the isomers are larger

in HBMPDI than in HBDI. The acylimine fragment enhances

charge delocalization, thereby further stabilizing the anion for

the para and ortho isomers. In HBDI and HBMPDI, the differen-

ces in VDEs between para and meta forms are 0.25 and 0.47

eV, respectively. Thus, the acylimine tail does not mitigate the

conjugation effects; rather, it enhances them. Furthermore, the

electronegativity of the acylimine fragment causes an increase

in the vertical IEs/DEs in all forms of HBMPDI relative to HBDI.

As anticipated, the para and ortho anions show the strongest

stabilizing effects from the acylimine group because both reso-

nance stabilization and electronegativity contribute to the

blue shift of VDE.

We also analyzed the effect of specific position of the OH

group on IEs: 2- and 6- for ortho- and 3- and 5- for meta-

HBDI-D (Table SI, SI). We found no effect of the substituent

position in meta forms; the differences are within 0.04 eV.

Greater shifts in IEs were observed for ortho isomers. IE of the

6-o-HBDI-D is 0.14 eV lower than that of 2-o-HBDI-D. The shift

can be attributed to the nonplanar geometry of the 6-o-HBDI-

D caused by a steric repulsion between the OH group and the

nitrogen of the imidazolinone ring. This nonplanarity partially

disrupts the conjugation between the rings leading to a red-

shifted IE.

Charge and spin densities distributions

To obtain additional insight into the resonance effects on the

electronic structure of the ionized states and IEs/DEs, we ana-

lyzed the charge and unpaired spin density distributions, as

well as the shapes of the HOMOs. The HF canonical HOMOs

are shown in Figures 4 and 5. We note that the shapes of the

xB97X-D HOMOs are almost identical to HF ones (see SI)—no

overdelocalization is observed. Tables 3 and 4 show the NBO

charges and spin densities computed for the phenolate,

bridge, imidazolinone, and acylimine moieties.

Figure 4. HOMOs of the neutral HBDI and HBMPDI isomers (HF/cc-pVTZ).
The isosurface value is 0.05.

Figure 5. HOMOs of the anionic HBDI and HBMPDI isomers (HF/cc-pVTZ).
The isosurface value is 0.05.

Table 3. Comparison of partial charges (Q) and spin densities (SD) of dif-
ferent moieties of the chromophores in the neutral (N) state and upon
the removal of an electron giving rise to radical cation (RC).

System Quantity P B I AI

p-HBDI Q, N 0.019 0.128 20.147 –
Q, RC 0.581 0.146 0.273 –
DQ 0.562 0.018 0.420 –

SD, RC 0.578 20.164 0.586 –
o-HBDI Q, N 0.026 0.131 20.157 –

Q, RC 0.480 0.193 0.327 –
DQ 0.454 0.062 0.484 –

SD, RC 0.431 0.041 0.528 –
m-HBDI Q, N 0.026 0.110 20.136 –

Q, RC 0.477 0.182 0.341 –
DQ 0.451 0.072 0.4773 –

SD, RC 0.432 0.063 0.505 –
p-HBMPDI Q, N 0.070 0.149 20.226 0.007

Q, RC 0.539 0.174 0.190 0.096
DQ 0.469 0.025 0.416 0.090

SD, RC 0.464 20.011 0.526 0.022
o-HBMPDI Q, N 0.044 0.159 20.211 0.009

Q, RC 0.479 0.207 0.215 0.099
DQ 0.434 0.049 0.426 0.091

SD, RC 0.416 0.028 0.535 0.022
m-HBMPDI Q, N 0.038 0.141 20.192 0.012

Q, RC 0.446 0.213 0.238 0.105
DQ 0.407 0.072 0.429 0.092

SD, RC 0.384 0.068 0.528 0.021
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As discussed above, the HOMO shape represents the HF

unrelaxed Dyson orbital that is related to experimental observ-

ables such as cross sections and angular distributions. Dyson

orbitals, however, only represent the shape of the hole in the

ionized state at the instance of ionization; that is, they do not

account for electronic relaxation. Thus, even when using exact

wave functions for the initial and target states at the same

nuclear geometries (i.e., vertical values), one should anticipate

differences between Dyson orbital densities and charge/spin

delocalization patterns. Our previous EOM-IP-CCSD calculations

of HBDI-D[19] show that the target ionized state is dominated

by a single ionized configuration corresponding to electron

detachment from the HOMO. Thus, we expect that the HF

HOMO is a good approximation to the correlated Dyson

orbital in HBDI-D and similar systems.

The shapes of MOs of all neutral species show almost identi-

cal delocalization patterns in the ortho, meta, and para iso-

mers. Most of the density resides on phenolate and

imidazolinone, and the electronic density on the bridge indi-

cates a double CBCI bond. This observation is consistent with

the relative ground-state energies of the neutral species (dis-

cussed above) that are not significantly altered by the addition

of acylimine. Furthermore, spin density in the corresponding

ionized forms is also delocalized between the phenolate and

imidazolinone (Table 3). In HBDI, the delocalization is almost

equal. This pattern is consistent with the shape of the HOMO,

which is essentially the same for para, meta, and ortho HBDI.

In HBMPDI, the distribution is slightly more asymmetric favor-

ing imidazolinone. Indeed, both partial charge and unpaired

spin density on the phenolate ring are smaller for HBMPDI

than for HBDI, for example, 0.58 (Q, RC) versus 0.54 (Q, RC),

and 0.578 (SD, RC) versus 0.464 (SD, RC) for p-HBDI and

p-HBMPDI. The bridge hosts very little spin density, except in

p-HBDI. The spin density and charge density show the same

pattern in radical cations.

In the anions, the shape of the HOMO is different and

shows larger variations, and the OH group position has a

strong effect on the charge and spin density distribution. In

para and ortho species, the HOMO has allylic character on the

bridge and is delocalized on phenolate and imidazolinone.

Para and ortho HBMPDI-D have only minor contributions from

the acylimine moiety, although the overall shape suggests

stronger delocalization toward imidazolinone than is observed

for the HBDI-D analogues. In meta, the HOMO is almost

entirely localized on the phenolate; the m-HBMPDI-D species

has no electron density on the acylimine. Indeed, for meta iso-

mers the negative charge is predominantly located on the

phenolate ring, and the phenolate partial charges are 0.83 and

0.79 for HBDI-D and HBMPDI-D, respectively. In para and ortho

HBMPDI-D, the charge is more delocalized, illustrating strong

resonance stabilization effect in the ground states of these iso-

mers. Furthermore, the spin density distributions for the neu-

tral radicals are close to the charge changes on the

corresponding moiety on ionization (DQ, Table 4). Consistently

with the shape of the HOMOs, both m-HBDI-D and m-

HBMPDI-D have a partial spin density of 1.03 on the phenolate

ring, indicating that the unpaired electron also resides on the

phenolate moiety in the target detached state. Para and ortho

forms, conversely, have more extensive delocalization of the

unpaired spin, with spin densities between 0.6 and 0.8 on the

phenolate fragment.

In sum, acylimine’s electronegativity results in greater IEs/

DEs for all HBMPDI chromophores relative to their HBDI ana-

logues. The shifts are different for different forms. The largest

blue shift is observed in the anionic ortho and para species

owing to acylimine bridge participation in the negative charge

delocalization and electronegativity of the acylimine moiety

acting in synergy (Table 4).

Conclusion

We performed electronic structure studies of the role of reso-

nance delocalization and the extent of the p-system in deter-

mining electron-donating ability of model FP chromophores.

We quantified and analyzed the effects of ortho, meta, and

para position of the OH group in model green (HBDI) and red

(HBMPDI) chromophores. To understand the trends in IEs/DEs,

we analyzed the structural differences, as well as charge and

unpaired spin distribution patterns. The results illustrate that

the resonance delocalization affects the structures and ener-

getics of the chromophores. The effect is most pronounced in

the anionic species and is stronger for the HBMPDI-D chromo-

phores than for the HBDI-D ones, for example, the ground

state of the anionic meta isomer of HBMDPI lies 0.8 eV above

the corresponding para form. The cations are also susceptible

to resonance stabilization, although the energy differences (at

the geometries of the neutrals) are less than in the anions. For

example, the energy of the m-HBMPDI radical cation is %0.3

eV greater than the energy of the para form. The trends in

Table 4. Comparison of partial charges (Q) and spin densities (SD) of dif-
ferent moieties of the chromophores in the anionic (D) state and upon
removal of an electron giving rise to a neutral radical (NR)

System Quantity P B I AI

p-HBDI Q, D 20.624 0.146 20.522 –
Q, NR 20.023 0.780 20.057 –
DQ 0.601 20.066 0.465 –

SD, NR 0.710 20.230 0.520 –
o-HBDI Q, D 20.705 0.195 20.490 –

Q, NR 20.052 0.117 20.066 –
DQ 0.653 20.078 0.424 –

SD, NR 0.762 20.215 0.453 –
m-HBDI Q, D 20.833 0.184 20.351 –

Q, NR 0.012 0.114 20.126 –
DQ 0.844 20.070 0.225 –

SD, NR 1.030 0.028 20.059 –
p-HBMPDI Q, D 20.494 0.154 20.516 20.144

Q, NR 0.002 0.088 20.097 0.007
DQ 0.496 20.065 0.419 0.151

SD, NR 0.607 20.228 0.564 0.057
o-HBMPDI Q, D 20.582 0.211 20.493 20.136

Q, NR 20.040 0.136 20.103 20.006
DQ 0.542 20.074 0.390 0.142

SD, NR 0.669 20.221 0.504 0.049
m-HBMPDI Q, D 20.790 0.217 20.376 20.051

Q, NR 0.029 0.143 20.187 0.015
DQ 0.818 20.074 0.188 0.067

SD, NR 1.034 0.028 20.058 20.004
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IEs/DEs of HBDI and HBMPDI are driven by the resonance sta-

bilization of charged species. As a result, IEs follow the trend

para $ ortho <meta and DEs display an opposite ordering,

with para $ ortho >meta. The main effect of the acylimine

group on the IEs/DEs is due to its electronegativity, which

leads to a significant increase in IEs and DEs in all forms of

HBMPDI relative to HBDI. Acylimine participation in the reso-

nance delocalization is less significant; it is manifested by

greater energy differences between the meta and ortho/para

isomers of the anionic HBMPDI species relative to HBDI.

Charge and spin density distributions, as well as the shapes of

MOs, are consistent with the above analysis. Charge and

unpaired spin delocalization patterns are generally consistent

with the shapes of the HOMOs, indicating that the relaxation

effects are relatively small. Overall, our results reveal that rela-

tively small modifications of the chromophores can cause sig-

nificant changes in key properties such as electron-donating

ability. These insights might be useful to future efforts in bioi-

maging and FP engineering.

Keywords: biochromophores & ionization & electron detach-

ment & fluorescent proteins & DFT
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