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ABSTRACT: The redox properties of model chromophores
from the green ﬂuorescent protein family are characterized
computationally using density functional theory with a longrange corrected functional, the equation-of-motion coupledcluster method, and implicit solvation models. The analysis of
electron-donating abilities of the chromophores reveals an
intricate interplay between the size of the chromophore,
conjugation, resonance stabilization, presence of heteroatoms, and solvent eﬀects. Our best estimates of the gas-phase vertical/
adiabatic detachment energies of the deprotonated (i.e., anionic) model red, green, and blue chromophores are 3.27/3.15, 2.79/
2.67, and 2.75/2.35 eV, respectively. Vertical/adiabatic ionization energies of the respective protonated (i.e., neutral) species are
7.64/7.35, 7.38/7.15, and 7.70/7.32 eV, respectively. The standard reduction potentials (E0red) of the anionic (Chr•/Chr−) and
neutral (Chr+•/Chr) model chromophores in acetonitrile are 0.34/1.40 V (red), 0.22/1.24 V (green), and −0.12/1.02 V (blue),
suggesting, counterintuitively, that the red chromophore is more diﬃcult to oxidize than the green and blue ones (in both neutral
and deprotonated forms). The respective redox potentials in water follow a similar trend but are more positive than the
acetonitrile values.

1. INTRODUCTION
Fluorescent proteins (FPs) from the green ﬂuorescent protein
(GFP) family are extensively used in bioimaging as genetically
encoded ﬂuorescent labels.1−5 Motivated by a variety of
exciting applications, a large number of FPs with diﬀerent
properties (color, Stokes shifts, brightness, photostability,
phototoxicity, sensitivity to small ions, maturation rates, etc.)
have been developed6−9 covering the entire spectral range.
Atomic-level understanding of their properties is important for
engineering new designer FPs better suited for a particular
application. This has been motivating extensive experimental
and theoretical studies of their optical properties (excitation/
emission energies and brightness), mechanistic details of
chromophores’ maturation, and the photocycle.5,10−17
Figure 1 shows selected chromophores of FPs of diﬀerent
color (the colors refer to ﬂuorescence). The structural motifs of
color tuning are rather diverse17 and include chemical
modiﬁcations of the chromophore such as extension of the πsystem in the red FPs, π-stacking, and electrostatic interactions
with the neighboring residues, as well as protonation−
deprotonation equilibria. In stark contrast to their optical
properties, relatively little is known about the redox properties
and ionized/electron-detached states of these biomolecules.18−20 The interest in these properties stems from the
recent discovery that FPs can act as light-induced electron
donors.21 Redox-sensitive FPs can be used for in vivo
measurements of the mitochondrial redox potential.22,23 The
© 2012 American Chemical Society

focus of this work is on understanding the eﬀect of structure of
the chromophores on their redox properties. Better understanding of structure−function relationship can be used to
develop novel ﬂuorescent probes suited to new types of
applications of genetically encoded FPs.
The properties of FPs are determined by the chemical
structure of their chromophores and by the interactions of the
chromophores with the surrounding protein. Following a
bottom-up approach, we begin by investigating the redox
properties of the model chromophores in the gas phase and in
simple solvents. These calculations allow us to quantify the
intrinsic electron-donating ability of the chromophores and to
make inroads into understanding how the redox properties of
the chromophores can be modulated by the environment (such
as solvent and the nearby protein residues). Properties of
model chromophores in the gas phase and simple solvents
provide an important benchmark and can be measured
experimentally.24−26 Theoretical prediction of the low electron-detachment energy of the anionic form of the model GFP
chromophore,18,27 which suggested a metastable character of
the bright excited state, has stimulated several experimental
studies aiming at determining the detachment energy (DE) of
this system.28−30 With the exception of cyan FP,29 the DEs of
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Figure 2. The eﬀect of resonance stabilization on energetics of
electron ejection from the neutral (left) and anionic (right) species.
Since the resonance stabilization is greater for charged species, more
extensive resonance interactions lead to ionization energy decrease in
neutral species and to electron-detachment energy increase in anions.

A−(deprotonated) → A•(neutral ‐ radical) + e−,

DE
(2)

Here HA denotes neutral (protonated) species, such as neutral
forms of the chromophores, whereas A− denotes closed-shell
anionic chromophores derived by the deprotonation of the
respective neutral species. In the case of HA ionization, the
HA+ is strongly stabilized by resonance, leading to the IE
decrease with increasing resonance stabilization, whereas, in the
second reaction, the A− is more stabilized by resonance than
A•, leading to the DE increase.
Of course, the above considerations are valid only in
homologically similar compounds. The IEs/DEs of isoelectronic species will be strongly modulated by the relative
electronegativity of the constituent atoms and the presence of
electron donating/withdrawing groups. For example, the eﬀect
of electronegativity of the heteroatoms can be illustrated by
phenyl halides for which the IEs decrease when going from
ﬂuorine to iodine.34 Finally, solvent will also aﬀect energetics of
the redox reactions, eqs 1 and 2. Polar solvent is expected to
stabilize the charged species; more extensive resonance
interactions leading to more delocalized charge are expected
to reduce solvent stabilization. Thus, the eﬀect of resonance
stabilization on IEs/DEs will be oﬀset by including solvent
eﬀects. In the previous study of the redox properties of model
FP chromophores,20 the trends in redox potentials were
dominated by IEs of isolated chromophores; however, in the
present study, we observe that solvent can even reverse the
trends based on IEs.
In this work, we investigate the eﬀect of the chromophore
structure on the redox properties of model chromophores
representing green (EGFP, wt-GFP), red (DsRed35), and blue
(mTagBFP36−38) FPs (see Figure 1). Our aim is to quantify the
competing factors described above laying out the foundation
for developing qualitative models that can be used to rationalize
and predict the trends in the redox properties based on the
sizes of chromophores, resonance stabilization, and presence of
heteroatoms. This is a prerequisite for future studies of the
redox properties of the protein-bound chromophores.
This study focuses on the ground-state redox properties of
FPs. The redox potentials of electronically excited chromophores, which are of interest in the context of light-induced
electron-donating FPs,21 can be estimated by using the
following relationship between ground- and excited-state IEs:

Figure 1. Chromophores of the selected FPs of diﬀerent colors: wtGFP, EGFP (green), TagBFP (blue), EBFP(blue), CFP (cyan), YFP
(yellow), DsRed, mCherry (red), mOrange (orange). Absorption/
emission wavelengths are given in parentheses. The chromophores are
shown in colors corresponding to their ﬂuorescence.

other isolated anionic chromophores have not yet been
characterized. The ﬁrst experimental measurement of the
redox potential of neutral model GFP chromophores in
solution has been recently reported.20 This study demonstrated
that the electron-donating ability of the chromophores can be
modulated by varying resonance stabilization via structural
modiﬁcations. The computational studies have helped to
quantify solvent eﬀects.20,31 The redox potential of the
protein-bound chromophore (EGFP) has only been characterized computationally.19
The electron donating ability of the chromophores depends
on several delicately balanced factors, such as the size of the πsystem, resonance stabilization of charge distributions, electronegativity of the atoms comprising the chromophore, and the
presence of electron donating/withdrawing substituents, as well
as solvent eﬀects.
To illustrate these competing factors, consider homologically
similar compounds of increasing size such as conjugated dyes or
aromatic clusters. Using particle-in-the-box reasoning, one may
anticipate that the energy levels (i.e., molecular orbitals) will be
lowered in larger systems, resulting in red-shifted absorption
and decrease in ionization energy (IE). In the same-size
systems, energy can be lowered by resonance stabilization.
Since the energetic consequences of delocalization are larger for
charged systems, size increase and resonance stabilization have
the opposite eﬀect on electron ejection energies from neutral
and anionic species. For example, the IEs of the neutral
naphthalene clusters decrease with system size (8.14, 7.58, 7.56,
and 7.49 eV for (Nph)n, n = 1−4),32 whereas the detachment
energies (DEs) of the anionic naphthalene clusters increase
with the system size (−0.18, 0.11, 0.28, 0.48, and 0.62 eV for
(Nph)−n , n = 1−5).33
This trend is illustrated in Figure 2 for the electron-ejection
processes from the neutral and anionic species:
HA → HA+(radical ‐ cation) + e−,

IE

IEex ≈ IEgs − Eex

(3)

where IEex is the IE of the electronically excited chromophore,
IEgs is the IE of the ground state, and Eex is the excitation
energy. For example, the computed redox potential of EGFP is
0.55 V.19 Using a computed vertical excitation energy of 2.70
eV, we arrive at E0 ≈ −2.15 V for electronically excited EGFP.

(1)
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discussion of the gas-phase energetics (section 3.1), solvent
eﬀects (section 3.2), and redox potentials (section 3.3) of the
model compounds. Our concluding remarks are given in
section 4.

This is a lower-bound estimate, as it does not include relaxation
of the chromophore and its protein environment in the
electronically excited state.
Diﬀerent protonation forms of the chromophores may exist
in the protein and, especially, in solvents. For the model GFP
chromophore, four diﬀerent forms shown in Figure 3 have been

2. COMPUTATIONAL DETAILS
The structures of the model chromophores (see Figure 4) were
optimized using RI-MP2/cc-pVTZ. Since MP2 is not reliable
for open-shell species, the ionized species were optimized by
density functional theory (DFT) with the ωB97X-D functional43 and the cc-pVTZ basis set. The Cartesian geometries
and relevant energies are given in the Supporting Information.
The optimized structures were used for calculation of IEs and
DEs with ωB97x-D. Two basis sets were employed: 6-311+
+G(2df,2pd) and 6-31+G(d). Zero point energy (ZPE)
corrections to the adiabatic values as well as other
thermodynamic corrections were computed by ωB97x-D/ccpVTZ at the respective optimized geometries. In addition, IEs/
DEs were calculated using the equation-of-motion coupledcluster method with single and double substitutions for
ionization potentials (EOM-IP-CCSD)44−48 for comparison,
in particular, to check for potential artifacts in the computed
trends due to remaining self-interaction error. The EOM-IPCCSD calculations were performed with the 6-31+G(d) basis
set. On the basis of our recent calculations of phenol and
phenolate,49 we anticipate 0.1−0.3 eV diﬀerences between
ωB97X-D and EOM-IP-CCSD. The estimated error bars for
the IE/DE values computed with ωB97X-D are ≈0.1 eV.50
Natural bond orbital (NBO)51 analysis of charge and spin
densities was carried out to understand the structure−function
correlations. The solvation free energies were computed using a
continuum solvation model, SM8,52 and the 6-31+G(d,p) basis
set. The free energies of the redox reactions were calculated by
constructing thermodynamic cycles as explained in section 3.3.
The main cause of error in the computed redox potentials is
due to the calculation of solvation free energies with implicit
solvation methods. A conservative estimate for the error bars of
the solvation free energy is ≈0.4 eV based on the recent
benchmark studies.53,54 Explicit solvation methods with polarization eﬀects can be used to calculate the free energy changes
with higher accuracy. For example, the hybrid quantum
mechanical/eﬀective fragment potential (EFP) approach has
shown errors of ∼0.05−0.1 eV with respect to high-level ab
initio methods such as EOM-IP-CCSD.55,49 However, these
methods require extensive sampling which is computationally
demanding for large chromophores.
All calculations were carried out using Q-Chem.56

Figure 3. Diﬀerent protonation states of the GFP model
chromophore.

considered,39−41 i.e., neutral, anionic (deprotonated phenolic
moiety), cationic (protonated imidazolinone), and zwitterionic.
Since the neutral and anionic states appear to be most relevant
to the FP photocycle,1,4,5 we focus on these two forms of all
model chromophores. We denote the deprotonated forms by
“-D”. Experiments carried out at diﬀerent pH can give rise to
chromophores in diﬀerent protonation states.42
The model molecules representing the green, red, and blue
chromophores are the following: (i) 4-hydroxybenzylidene-1,2dimethylimidazolinone (HBDI), (ii) 4-hydroxybenzylidene-1methyl-2-penta-1,4-dien-1-yl-imidazolin-5-one (HBMPDI), and
(iii) N-[(5-hydroxy-1H-imidazole-2yl)methyl-methylidene]acetamide (HIMA) and N-[(5-hydroxy-1H-imidazole-2yl)
methylidene]acetamide (HHIMA), respectively. The structures
of their deprotonated forms are shown in Figure.4
The structure of the paper is as follows. Section 2 gives
computational details. Section 3 presents our results and

3. RESULTS AND DISCUSSION
3.1. Ionization and Electron Detachment Energies of
the Isolated Chromophores. Table 1 shows the vertical and
adiabatic IEs/DEs (VIE/VDE and AIE/ADE, respectively) of
the model blue (HIMA and HHIMA), green (HBDI), and red
(HBMPDI) chromophores. For comparison, we also present
energies for phenol and phenolate.49 We have also tabulated
the energies calculated using EOM-IP-CCSD. The IEs/DEs
calculated by the EOM and DFT methods follow similar trends,
which allows us to validate that the DFT results for the
chromophores of diﬀerent sizes are not aﬀected by the
remaining self-interaction error. We notice that the diﬀerence
is relatively small for the neutral species (∼0.1 eV) and is about
0.3 eV for the anionic ones. Our previous study of phenol/

Figure 4. The structures of the model chromophores (deprotonated
forms) and atom labeling scheme. The chromophores consist of the
green (phenol), pink (bridge), blue (imidazolinone), and red
(acylimine) moieties. Panel d gives the atom labeling scheme: “p”,
“b”, “i”, and “a” denote phenol, bridge, imidazolinone, and acylimine,
respectively.
12400
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Table 1. Vertical and Adiabatic Ionization/Detachment
Energies (eV) of the Model FP Chromophores and Phenolic
Speciesa
species

Koopmans

b

VIE/
VDE

VIE/VDE
(EOMIP)c

AIE/
ADE

AIE/
ADE w/
ZPE

ΔGg

HIMA
HHIMA
HBDI
HBMPDI
phenol

8.00
8.08
7.59
7.94

7.70
7.83
7.38
7.64
8.55

7.64
7.77
7.33
7.59
8.55d

7.36
7.51
7.15
7.35

7.32
7.50
7.15
7.35

7.29
7.48
7.13
7.31

HIMA-D
HHIMA-D
HBDI-D
HBMPDI-D
Phenolate

2.97
3.07
2.94
3.45

2.75
2.90
2.79
3.27
2.22

2.43
2.58
2.48
3.01
1.99d

2.33
2.61
2.67
3.15

2.35
2.63
2.67
3.15

2.35
2.59
2.66
3.11

ωB97x-D/6-311++G(2df,2pd). bHartree−Fock HOMO energy, 6311++G(2df,2pd). cEOM-IP-CCSD/6-31+G(d). dFrom ref 49, EOMIP-CCSD/cc-pVTZ.
a

phenolate49 suggests that EOM-IP-CCSD/cc-pVTZ underestimates the DEs of anionic species, e.g., the errors for VDE of
phenolate were 0.3 eV. We note that the ωB97X-D/6-311(+,
+)G(2pd,2df) value for phenolate (see Table 1) is in much
better agreement with the experimental VDE of 2.36 eV.57,58
Recent experiments29,30 have reported a 2.8 eV VDE for gasphase HBDI-D, which is close to the computed ωB97X-D/6311(+,+)G(2pd,2df) value (Table 1) but is about 0.3 eV higher
than the EOM-IP value from Table 1 and, consequently, the
previously reported theoretical estimate27,18 derived using the
EOM-IP based energy additivity scheme. Thus, in this work, we
rely on ωB97X-D/6-311(+,+)G(2pd,2df) for DE/IE calculations. The EOM-IP values are used to validate that the
diﬀerences between the chromophores of diﬀerent sizes are not
aﬀected by remaining self-interaction error.
Our best estimates (in eV) for VIE/VDEs are 7.38/2.79
(HBDI), 7.64/3.27 (HBMPDI), 7.83/2.90 (HHIMA), and
7.70/2.75 (HIMA) for the neutral/deprotonated forms. The
best estimates of the respective adiabatic values (AIE/ADEs)
are 7.15/2.67 (HBDI), 7.35/3.15 (HBMPDI), 7.50/2.63
(HHIMA), and 7.32/2.35 (HIMA) for the protonated and
deprotonated forms.
As discussed above, we expect that resonance stabilization
will have the opposite eﬀect in the neutral and anionic
(deprotonated) species. The leading resonance structures of the
anionic chromophores are shown in Figure 5. As one can see,
the red chromophore has the most extensive resonance
stabilization. The comparison between HIMA and HBDI is
more complicated due to only partial overlap of their structural
frameworks.
Let us ﬁrst consider trends in the anionic species. Among the
deprotonated species, phenolate has the lowest DE (1.99 eV).
The VDE of HBMPDI-D, which is the largest system, is the
highest (3.27 eV) due to more extensive resonance stabilization
than in the HIMA-D and HBDI-D anions. The VDEs of
HIMA-D and HBDI-D are 2.75 and 2.79 eV, respectively.
HIMA-D (methylated species) has a lower DE than HHIMA-D
(nonmethylated) due to the electron-donating methyl group.
Interestingly, despite sizable diﬀerences in VDEs of phenolate,
HBDI-D, and HBMPDI-D, the analysis of spin densities reveals
that electron detachment occurs predominantly from the
phenolate moiety (see Table 3 in section 3.1.1). In order to

Figure 5. Leading resonance structures of the deprotonated model FP
chromophores. Other resonance structures are given in the Supporting
Information.

further support our theory, we calculated the VIEs of the ortho,
meta, and para isomers of deprotonated HBDI. We see the
opposite trend from its protonated counterparts,20 as expected.
Among the neutral species, phenol has the highest IE (1 eV
higher than that of HBDI), as expected. The diﬀerence between
HIMA and HHIMA is again due to the electron-donating
methyl group. However, we note that HBDI has a lower IE
than HBMPDI, contrary to the trend in Figure 2. This can be
rationalized by close inspection of the structural parameters
summarized in Table 2, revealing that the diﬀerence in
resonance stabilization in HBDI and HBMPDI is larger in
the anionic forms (relative to HBDI+ and HBMPDI+). In the
case of ionized (cationic) HBDI and HBMPDI, the degree of
resonance stabilization involving the phenol, bridge, and
imidazolinone moieties appears to be very similar, judging by
the similarity of the Cp−Cb and Ci−Cb bond lengths in HBDI+
and HBMPDI+ (see Table 2). This is further supported by the
charges on Op and Oi (−0.58 and −0.47 in HBDI+ and
HBMPDI+). The IE values of HBDI and HBMPDI are
determined by the two competing eﬀects, more extended
resonance stabilization due to acylimine and electron-withdrawing character of this moiety (which contains several
electro-negative atoms), and based on the computed IE values,
the latter appears to be more important in this case.
3.1.1. Quantifying Resonance Interaction by Structural
Analysis. The degree of resonance interactions in these species
can be quantiﬁed by the representative geometric parameters
collected in Table 2 (see Figure 4 for the atom labeling
scheme).
Comparing the Cp−Cb and Ci−Cb bond lengths in reduced/
oxidized HBDI and HBMPDI, we see that the bond length
alternation is lower in the case of the ionized form of the
neutral (HA+) and the anionic form of the deprotonated (A−)
species, as expected.
We deﬁne Δ = √(∑ni=1 (ri − r)̅ 2), where r ̅ is the average
bond length of a given type (e.g., C−N bond in imidazolinone),
which quantiﬁes the degree of bond length alternation and,
12401
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Table 2. Selected Geometric Parameters (Å) of the Model Chromophores and the Respective Oxidized Speciesa
species

Cp−Cb

Ci−Cb

Op−Cp

Oi−Ci

σ(Cs−Ns)

Δ(Ni−Ci)

Δ(Cp−Cp)

HIMA
HIMA(ionized)
HIMA-D
HIMA-D(ionized)
HBDI
HBDI(ionized)
HBDI-D
HBDI-D(ionized)
HBMPDI
HBMPDI(ionized)
HBMPDI-D
HBMPDI-D(ionized)

n.a.
n.a.
n.a.
n.a.
1.435
1.397
1.393
1.413
1.447
1.395
1.385
1.404

1.490
1.476
1.487
1.477
1.349
1.390
1.385
1.369
1.345
1.393
1.394
1.377

n.a.
n.a.
n.a.
n.a.
1.354
1.319
1.248
1.228
1.351
1.316
1.234
1.226

1.353
1.297
1.245
1.211
1.209
1.197
1.236
1.209
1.208
1.197
1.226
1.208

0.127
0.171
0.045
0.145
n.a.
n.a.
n.a.
n.a.
0.132
0.153
0.093
0.134

0.014
0.029
0.021
0.026
0.049
0.004
0.050
0.038
0.045
0.004
0.033
0.028

n.a.
n.a.
n.a.
n.a.
0.008
0.028
0.040
0.046
0.009
0.029
0.045
0.048

σ(Cs−Ns) and Δ quantify the degree of bond length alternation in acylimine and phenolate/imidazolinone moieties, respectively (see text). The
atom labeling scheme is given in Figure 4d.

a

therefore, resonance stabilization. Likewise, σ(Cs−Ns) is
deﬁned as the diﬀerence between the two Cs−N bonds in
acylimine. Comparing Δ's computed for the phenolate and
imidazolinone rings shows that HBMPDI+ exhibits a similar
degree of resonance stabilization as HBDI+. HBMPDI-D has a
lower Δ(imidazolinone) than HBDI-D, while the respective
Δ(phenolate) values are similar. This is because the
imidazolinone in HBMPDI-D is further stabilized due to the
additional resonance structure (see Figure 5).
We further analyze the degree of delocalization and
resonance stabilization by comparing the relevant NBO charges
and spin densities. The molecules can be divided into diﬀerent
parts, as shown in Figure 4 and Supporting Information. Table
3 shows the spin densities (ρα−ρβ) on the diﬀerent moieties of
the oxidized chromophores quantifying the location of the
unpaired electron.
Table 3. Mulliken Analysis of Spin Densities in the Oxidized
Species
species

phenol

imidazolinone

bridge

acylimine

HBDI
HBMPDI
HHIMA
HBDI-D
HBMPDI-D
HHIMA-D

0.41
0.39
n.a.
0.73
0.68
n.a.

0.59
0.60
0.86
0.51
0.52
0.80

0.00
−0.02
0.02
−0.24
−0.25
0.00

n.a.
0.03
0.12
n.a.
0.05
0.19

Figure 6. The HOMOs of the model chromophores.

In the case of both forms of HBDI and HBMPDI, we
observe that the ionization involves both the phenol and
imidazolinone moieties, with phenol/phenolate playing the
leading role in deprotonated species (the imidazolinone hosts a
larger fraction of the spin density in HBDI+ and HBMPDI+).
The spin densities on acylimine are smaller in the case of
HBMPDI/HBMPDI-D than in HHIMA/HHIMA-D. Therefore, acylimine plays a less important role in the red
chromophore than in the blue one.
The highest occupied molecular orbitals (HOMOs) are
shown in Figure 6. Comparing the HOMOs for HBMPDI and
HBMPDI-D, we note that there is less electron density on the
Ci−Cs bond and acylimine in the case of the protonated
species. The HOMO of HBMPDI is similar to that of HBDI
it is delocalized over phenol and imidazolinone but does not
have much density on acylimine. However, the HOMO of

HBDI-D is somewhat diﬀerent from that of HBMPDI-D,
showing a diﬀerent degree of delocalization.
3.2. Solvent Eﬀects. Table 4 shows solvation free energies
for the relevant species as well as ΔΔGsolv in acetonitrile, the
solvent contribution to the free energy of the oxidation
reactions, eqs 1 and 2. For most of the species, the ΔΔGsolv's in
acetonitrile follow an opposite trend relative to IE/DEs. This is
because the solvent stabilization is larger for more localized
charges. Thus, the greater the stability of the charged species
(due to charge delocalization), the lower is its solvation free
energy. For example, charge distribution shows that HBMPDID has the most charge delocalization and HHIMA+ has the
least charge delocalization (among the charged species). They
12402
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Table 4. Free Energies of Solvation (kcal mol−1) in
Acetonitrile for the Model Chromophores
species

ΔGred

ΔGox

ΔΔGsolv

HIMA
HHIMA
HBDI
HBMPDI
HIMA-D
HHIMA-D
HBDI-D
HBMPDI-D

−11.85
−12.05
−15.33
−16.95
−52.52
−53.12
−57.87
−51.63

−57.65
−58.01
−52.52
−54.63
−10.78
−9.91
−15.56
−16.79

−45.80
−45.96
−37.19
−37.68
+41.74
+43.21
+42.31
+34.84

ref 20. The calculated redox potentials of the FP model
chromophores in acetonitrile and water are given in Table 6.
Table 6. Standard Reduction Potentials versus SHE (E0, V)
in Acetonitrile and Water for the Model Protein
Chromophores (HA+/HA and A•/A−)

have the lowest and highest ΔGsolv, respectively, the trend
which is carried over to the ΔΔGsolv's.
We observe similar trends for solvation energies in water
(Table 5). We also note that the diﬀerence between ΔΔGsolv is

ΔGred

ΔGox

ΔΔGsolv

HIMA
HHIMA
HBDI
HBMPDI
HIMA-D
HHIMA-D
HBDI-D
HBMPDI-D

−10.96
−12.22
−12.06
−13.24
−56.03
−57.82
−60.01
−52.68

−56.82
−58.06
−47.65
−49.50
−8.07
−7.95
−11.22
−11.80

−45.86
−45.84
−35.59
−36.26
+47.96
+49.87
+48.79
+40.88

very similar for acetonitrile and water in the case of neutral
species (∼0.77 kcal mol−1 diﬀerence on average) but is
somewhat shifted for the deprotonated species (∼6.35 kcal
mol−1 diﬀerence on average).
3.3. Redox Potentials. From the energetics of ionization/
electron-detachment and solvation processes, we can construct
a thermodynamic cycle (Figure 7) using Hess’ law:
ΔGrxn = ΔGg + (ΔGox − ΔGred)
0
Eox
=−

ΔGrxn
nF

E0(acetonitrile)

E0(water)

HIMA
HHIMA
HBDI
HBMPDI
HIMA-D
HHIMA-D
HBDI-D
HBMPDI-D

1.02
1.21
1.24
1.40
−0.12
0.18
0.22
0.34

1.03
1.21
1.31
1.46
0.15
0.47
0.50
0.60

Experimentally, anionic chromophores can only be prepared in
water (at high pH); thus, the computed E0 in acetonitrile
cannot be veriﬁed experimentally. However, these values are
useful for theoretical analysis, as they allow us to compare
neutral versus anionic chromophores in the same nonprotic
solvent, and to quantify the eﬀect of solvent polarity on
diﬀerent species. On the basis of the previous study,20 the
errors in absolute values of the E0s computed using this
protocol were around 0.2 V; however, the diﬀerences between
diﬀerent chromophores were reproduced by theory more
accurately (maximum error of 0.08 V). Thus, the diﬀerences in
computed E0 for diﬀerent chromophores are larger than the
anticipated error bars of the method employed.
The trends in redox potentials of the chromophores are
dominated by IEs/DEs. However, since solvent stabilization
(ΔΔGsolv) follows an opposite trend from the IEs/DEs, it
oﬀsets the diﬀerences in IEs/DEs and can even reverse the
overall energetics when the diﬀerences in IEs/DEs are small.
Consequently, the variations in the redox potentials are smaller
relative to the diﬀerences in the respective IEs/DEs. This also
follows from the empirical equations for the calculation of
redox potentials from VIEs.60
We note that the redox potentials of aqueous HBDI and
HBMPDI are close to E0 of phenol (1.32 V);49 however, the
potentials for the respective anionic species are somewhat lower
than that of phenolate (0.89 V, ref 49).
In our previous work on the ortho, meta, and para isomers of
HBDI,20 we observed that the trend in redox potentials is
dominated by the variations of IEs, since solvent eﬀects for
structurally similar chromophores are similar. In the present
study, however, the chromophores are signiﬁcantly diﬀerent
and have diﬀerent solvation free energies. Because of these two
opposing eﬀects, the trends in the redox potentials sometimes
diﬀer from the IE/DE predictions, e.g., the redox potential of
the neutral blue chromophore is lower than that of the red and
green chromophores, although the IEs of the red and green
chromophores are lower than those of the blue one. Therefore,
both the IEs/DEs as well as eﬀects of solvation are important
for understanding the trends in the redox potentials. Moreover,
the observed solvent eﬀects suggest that protein environment
can strongly modulate the redox properties of the proteinbound chromophores by electrostatic interactions. For example,
one can anticipate diﬀerent redox potentials for families of FPs
sharing the same chromophore but having diﬀerent local
environment. These eﬀects will be investigated in future
studies. As of today, the only available estimate of E0 of a

Table 5. Free Energies of Solvation (kcal mol−1) in Water for
the Model Chromophores
species

species

(4)

Figure 7. Thermodynamic cycle.

where n is the number of electrons involved in the redox
reaction and F is Faraday’s constant. We note that gas-phase
Gibbs free energy changes of the oxidation reactions, ΔGg, are
very close to ADEs (the diﬀerences do not exceed 0.04 eV, see
Table 1 and the Supporting Information). Using this equation,
we calculated E0ox with respect to the standard hydrogen
electrode (SHE). Here, we have taken the ΔG of SHE to be the
recent value of −4.281 V.59 The reported values can easily be
converted to the potentials relative to more commonly used
reference electrodes, e.g., a ferrocene couple (Fc+/Fc) used in
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protein-bound chromophore is for EGFP.19 The value reported
in ref 19 (0.47 V) was computed using ΔG = −4.36 V for SHE.
Thus, for the corrected value using a more recent value of SHE
(−4.281 V), we arrive at 0.55 V. The computational protocol
used in ref 19 was rather crude, suggesting error bars of about
0.1−0.2 V. Within these error bars, the computed E0 of the
protein-bound anionic green chromophore is indistinguishable
from E0 of HBDI-D in aqueous solution. Thus, although
protein as a whole is less polar than water, the nearby charged
groups (such as argenine) provide a strong stabilizing eﬀect for
the anionic chromophore, making its electron-donating ability
comparable to that of the isolated chromophore in aqueous
solution. The comparison of the acetonitrile value and E0 of the
protein-bound chromophore shows that the protein environment provides stronger stabilizing eﬀects as compared to
acetonitrile. On the basis of these comparisons, one can use the
E0 values of a chromophore in water and acetonitrile as very
crude estimates bracketing the redox potential of the proteinbound chromophore. However, more data on the redox
properties of FPs and their bare chromophores are necessary
to understand the range of the eﬀect of protein environment on
E0.
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