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ABSTRACT: Oxygen/carbon/silicon-rhodamine fluorophores and probes are ubiquitous in
bioimaging and biosensing applications. Besides excellent brightness, photostability, and
biocompatibility, these dyes possess a unique intramolecular spirocyclization equilibrium
between nonemissive ring-closed and fluorescent ring-opened forms. Understanding the
closed-ring/open-ring switching mechanism is critical for the rational designs of high-
performance rhodamine dyes and probes. First-principles calculation-combined data search
carried out herein quantitatively elucidates the importance of both substituent groups and
environmental conditions in influencing the ring-opening process. Our analysis yields a unified
push−pull model in elucidating the ring-opening mechanism of rhodamines. We demonstrate
that this model produces excellent agreements with a broad range of experiments that involve
different structural modifications in rhodamines and varied environmental conditions (i.e.,
solvent polarity, hydrogen bond donating strength, and acidity). We foresee that this push−
pull model will provide important guidelines for understanding and designing rhodamine dyes
and probes with required fluorescence-switching properties, such as autoblinking dyes and photoactivable dyes for super-resolution
imaging and fluorogenic dyes for biochemical studies.

1. INTRODUCTION
The advent of super-resolution imaging and biomolecular
labeling techniques (such as protein tags) demands the rapid
development of high-performance organic fluorophores
complementary to genetically encoded fluorescent proteins.1−8

Among various organic fluorophores, oxygen/carbon/silicon-
rhodamine dyes (henceforth denoted as rhodamines)
represent one prolific class of fluorescent dyes.9−20 Besides
their excellent properties in brightness, photostability, and
biocompatibility, rhodamines possess a unique ring-opening
mechanism, via switching between their nonfluorescent lactone
and fluorescent zwitterion/cation forms (Figure 1a).11 This
interesting switching process has enabled numerous bioimag-
ing and biosensing applications and attracted substantial
research interests.18,21−26 However, molecular origins of the
ring-opening mechanism in rhodamines remain largely unclear
and rational design guidelines are still lacking to guide the
systematic development of novel rhodamines with tailored
fluorescent properties (such as for fluorogenic and super-
resolution imaging applications).
To this end, significant efforts have been taken to investigate

the factors governing the ring-opening mechanism in rhod-
amines. In a seminal paper published in 1956, Ramette and
Sandell showed that highly polar solvent and low pH
conditions facilitated the ring-opening in rhodamine B.27

Three decades later, the groups of Rosenthal and Hinckley
demonstrated that solvents with hydrogen-bond acceptor
groups play a crucial role in opening the lactone rings of
rhodamines.28−30 The importance of hydrogen bond inter-

actions is also confirmed by Fraternali et al. with density
functional theory (DFT) calculations.31 Progressively, a
number of rhodamines with modified structural features were
synthesized to investigate their impact on the closed-ring/
open-ring equilibrium (Figure 1a). In a series of excellent
work, Lavis and coauthors showed that increasing the electron-
donating strength of the amino group (R1, Figure 1b)
enhanced ring-opening in rhodamine dyes, thus allowing the
development of fluorogenic dyes and the fine-tuning of their
spectral properties.32−34 Nagano group, Johnson group, and
many other research teams discovered that replacing the
oxygen-bridge in rhodamines with carbon or silicon (R2, Figure
1b) reduces the tendency for ring opening, resulting in a low
pKa for turning on fluorescence.22,23,35−37 Zhang and co-
workers demonstrated that attaching an electron-withdrawing
group at the meso-phenyl ring promoted ring-opening in
rhodamine dyes (R3, Figure 1b).38 Czarnik et al. reported a
rhodamine B-hydrazide Cu2+ probe by modifying the R4 spiro-
group (Figure 1b) and showed that this probe exhibited a
lower pKa than rhodamine B.39 Urano and co-workers
judiciously modified the R4 spiro-group and developed a Si-
rhodamine dye, which blinked in the ground state without any
additives and is highly suited for super-resolution imaging.23
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Toomre and co-workers further showed that the blinking
property could be improved by incorporating this dye in a
nonpolar environment (i.e., lipid membrane), which reduces
the population of open-ring rhodamines.
Considerable research efforts have also been devoted to

understanding the ring-opening reactions in rhodamines.
Notably, Uno and co-workers discovered that both intra-
molecular nucleophile (R4) and rhodamine-based fluorophore
(electrophile) control the equilibrium between closed-ring and
open-ring rhodamines and govern the lifetime of the open-ring
rhodamines.23 They have also rationally designed a reversible
rhodamine probe for monitoring glutathione dynamics in live
cells15 with the use of Mayr’s nucleophilic reaction
kinetics.40,41 While these studies focus on the intrinsic
nucleophilicity and electrophilicity of rhodamines, such a
treatment does not directly include other environmental
variables that affect the ring-opening reactions.
Inspired by these ground-breaking experimental works, we

were interested in establishing a unified mechanistic model, in
a bid to help chemists rationally design rhodamine dyes in
which ring-opening could be judiciously controlled. We reason
that the presence of various rhodamine configurations is
(mostly) in equilibrium in the ground state. Hence, a
thermodynamic analysis should be sufficient in quantitatively
describing this ring-opening reaction. Accordingly, we carried
out DFT calculations on ∼200 conformations/configurations
of 24 representative rhodamine dyes and performed detailed
data analysis. Our results yield a unified push−pull model in
understanding and designing the fluorescent properties of
rhodamine dyes, such as autoblinking dyes for super-resolution
imaging and fluorogenic dyes for biochemical studies.

2. RESULTS
We first examined the classical lactone-zwitterion-cation
representation of rhodamine equilibrium, using rhodamine B
(1) as a model compound (Figure 1a). From our DFT
calculations, ground-state geometry optimizations were
performed without symmetry constraints, followed by
frequency calculations with M062X functional and TZVP
basis set. Solvent effects using the polarizable continuum
model (SMD) were performed where applicable. We also
performed a benchmark study to ensure the reliability of our
computational method (Figures S1 and S2). Previous reports
have also validated the reliability of the M062X functional in

studying the geometric and electronic structures of organic
dyes.14,42,43

Our analysis shows that a push−pull model can
quantitatively describe the ring-opening reaction of rhod-
amines. The ring-opening reaction takes place between the
lactone and zwitterion of 1. The calculated overall dipole
moment of the zwitterion (21.91 Debye) is considerably larger
than that of the lactone (10.35 Debye). Essentially, the ring-
opening process is accompanied by a significant change in the
polarity of 1, from a relatively nonpolar state (lactone) to a
highly polar state (zwitterion). Moreover, since the ring-
opening reaction is driven by thermodynamics, stabilizing the
highly polar zwitterion is key to lowering its relative free
energy. Therefore, a strong push−pull effect is necessary to do
this and facilitate the ring-opening from lactone to zwitterion.
Accordingly, one may either structurally modify rhodamines
(intrinsic factors) or adjust experimental conditions (environ-
mental factors) to tune the push−pull effect and promote the
ring-opening reactions. By using computational modeling to
predict this push−pull model, we can rationalize the impact of
various factors on controlling the ring-opening reaction and
use a molecular engineering approach to fine-tune this process.

2.1. Intrinsic Factors for Adjusting Ring-Opening
Tendencies of Rhodamines. We investigated the intrinsic
factors, i.e., modification of molecular structures, toward
promoting the ring-opening process of rhodamine dyes. For
intrinsic factors, we have four representative types of chemical
substituents at R1−R4 (Figure 1b). R1 and R2 are substituents
on the xanthene moiety, which donates charge to the meso-
phenyl ring and serves as an electron donor in the push−pull
model. Therefore, we expected that increasing the electron-
donating strength of R1 would enhance the push−pull effect
and stabilize the charge-separated zwitterion, thus raising the
ring-opening tendency and leading to a high pKa in
rhodamines. To confirm our hypothesis, we modeled 12
rhodamine dyes 1−12, which have been reported by the Lavis
group (Figure 1c). We calculated the molecular structures and
Gibbs free-energy levels of lactones (L), transition states (TS;
from the lactones to zwitterions), zwitterions (Z), and cations
(C) of 1−12 (Figures S3−S14; Table S1). We also computed
the vertical ionization potentials (IP) of various R1 groups in
1−12 to approximate their electron-donating strength (a small
IP corresponds to a strong electron-donating strength; Figure
2a; Table S2). The calculated IP of dimethylamine is 8.99 eV,

Figure 1. (a) Lactone−zwitterion−cation equilibrium of rhodamine B. (b) Four representative substitution sites of rhodamine derivatives that
affect lactone-zwitterion-cation equilibrium. (c) Molecular structures of representative rhodamine dyes 1−17.
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which is in good agreement with the experimental value of 8.95
eV, thus corroborating our computational results.44 Indeed,
our results demonstrate a positive correlation between IP and
the relative Gibbs free energy from L to TS (Figure 2b). This
correlation shows that increasing the donating strength of R1

reduces the energy barriers for the lactones to open rings.
Similarly, we also analyzed the relative Gibbs free energy from
L to Z states as a function of IP (Figure S15). Our analysis
shows that increasing the donating strength of R1 (smaller IP
values) greatly stabilizes the open-ring rhodamines (lower
Gibbs free energy). As most of Lavis’ experiments were
performed in acidic solvents, it is not surprising that the
relative Gibbs free energy from L to C states yields an even
closer correlation with the IP of R1 (Figure 2c). This impact of
R1 on the ring-opening mechanism is further supported by a
negative correlation between the IP of R1 groups and the L-Z
equilibrium constant ([Z]/[L]). The experimental values of
the L-Z equilibrium constants of 3, 4, and 7−10 were reported
by Lavis (Figure 2d).34 The excellent linear correlation
between IP and ln([Z]/[L]) shows that an increasing amount
of rhodamines adopt the zwitterion configuration as R1

becomes progressively electron-donating.

Finally, as R2 is a bridging atom in xanthene, we would
predict a positive correlation between the electron-donating
strength of R2 and the ring-opening tendency of rhodamines.
Experiments have shown that replacing the oxygen (O) bridge
in rhodamine B with carbon (C) and silicon (Si) generated
longer wavelength emissions. This replacement diminished the
electron-donating strength of R2, which correlates to the
electronegativity of O (3.44), C (2.55), and Si (1.90).
Accordingly, our calculations showed that 13 [R2 = -C-
(CH3)2-] and 14 [R2 = -Si(CH3)2-] exhibited higher energy
barriers than 1 (R2 = -O-) during the ring-opening reactions
and their zwitterions were less stable than lactones in a neutral
aqueous solution (Figures 1c and 2e; Table S3). These
computational results are fully consistent with experimental
observations.
In addition to increasing the electron-donating ability of the

xanthene moiety (an electron donor), raising the electron-
withdrawing strength of the meso-phenyl ring (an electron
acceptor) also enhances the push−pull effect, thus shifting the
lactone−zwitterion equilibrium toward zwitterions. The adjust-
ment of the electron-withdrawing strength at the meso-phenyl
ring can be realized by changing R3 and/or R4 substitutions.
To study the effect of R3 substitution, we calculated 15 (R3 =

Figure 2. Intrinsic factors governing the ring-opening mechanism of rhodamine dyes. (a) Calculated vertical ionization potential (IP) of R1
substituents in vacuo (using M062X/TZVP). Correlation between IP of R1 substituents and (b) energy barriers ΔG (R1, TS) during the ring-
opening reactions (from lactones to transition states), (c) relative Gibbs free energy between lactones and cations ΔG (R1, Cation) of 1−12 in
water, and (d) lactone-zwitterion equilibrium constants of 3, 4, and 7−10. (e) Relative Gibbs free energy of lactones, transition states (TS), and
zwitterions of 1, 13, and 14 in water, as a function of R2. (f) Relative Gibbs free energy of lactones, transition states (TS), and zwitterions of 1, 15,
and 16 in acetonitrile (MeCN), ethanol (EtOH), and water, as a function of R3. (g) Relative Gibbs free energy of lactones and zwitterions of 6 and
17 in water, as a function of R4. The inset shows the electron affinity (EA) of HCOO• and HCONH• radicals in vacuo to quantify the electron-
withdrawing strength of R4.
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-NH2) and 16 (R3 = -NO2) with reference to 1 (R3 = -H) in
acetonitrile, ethanol, and water, following the experimental
work of Zhang and co-workers (Figures 1c and 2f).38 Our
results showed that lowering the electron-withdrawing power
of 15 led to a higher energy barrier in the transition state and a
less stable zwitterion state than those of 1 (Figure 2f; Table
S4). In contrast, increasing the electron-withdrawing strength
of R3 in 16 greatly stabilized its zwitterion and promoted ring
opening. Besides, we also found that the substituent position of
R3 had an important impact on adjusting the push−pull effect.
Attaching an electron-withdrawing/donating group at posi-
tions 3 and 5 (the ortho- and para-positions with reference to
the carboxylate group; Figure 1c) has a more significant impact
on enhancing/reducing the push−pull effect and promoting/

suppressing ring-opening than that at other substitution
positions (Figure S16 and Table S5).
The electron-withdrawing strength of the spiro unit R4 also

greatly impacts the closed-ring/open-ring equilibrium, so we
selected 6 (R4 = -COO-) and 17 (R4 = -CONH-) and
calculated the vertical electronic affinity (EA) of HCOO• and
HCONH• radicals to quantify the electron-withdrawing
strength of R4 (a larger EA corresponds to a stronger
electron-withdrawing ability; Figure 1c,g). Our results showed
that R4 in 6 possessed a strong electron-withdrawing ability to
enhance the push−pull effect. Consequently, the zwitterion is
more stable than lactone in the aqueous solution of 6.
Conversely, because of the weak withdrawing strength of R4 in
17, this compound favors spirolactams in a neutral aqueous
solution.

Figure 3. Extrinsic (environmental) conditions governing the ring-opening mechanism of rhodamine dyes. (a) Relative Gibbs free energy of
lactones and zwitterions of 1 in three solvents of different polarities (π*). (b) Correlations between calculated and fitted relative Gibbs free energy
between lactones and zwitterions of 1 [ΔG (1, zwitterion)] in 11 solvents. The fitted energy is derived by fitting calculated ΔG (1, zwitterion) to
both π* and α using a multiple linear regression method in line with eq 1. (c) Relative Gibbs free energy of lactones, transition states (TS), and
zwitterions of 1 and its complexes 1 + DMSO, 1 + H2O, and 1 + 2H2O in DMSO. (d) Molecular structures, hydrogen bond lengths, and bonding
energies of complexes 1 + DMSO (top), 1 + H2O (middle), and 1 + 2H2O (bottom) as zwitterions in DMSO. (e) Comparison of hydrogen
bonding energy between lactones and zwitterions of 1 + DMSO (top), 1 + H2O (middle), and 1 + 2H2O (bottom) in DMSO. Hydrogen bonding
energies are calculated with atom in molecule (AIM) theory. Relative Gibbs free energy of lactones, transition states, zwitterions, and cations of (f)
1 and (g) 12 in water. We assume pH 0 and the Gibbs free energy of protons at −11.52 eV.
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2.2. Extrinsic Factors for Adjusting Ring-Opening
Tendencies of Rhodamines. Our computational results on
R1−R4 are in good agreement with experimental observations
and strongly support the push (R1 and R2)−pull (R3 and R4)
model quantitatively describing the ring-opening mechanism of
rhodamine dyes. Aside from intrinsic factors, environmental
conditions play an instrumental role in the lactone−
zwitterion−cation equilibrium. Guided by the push−pull
model, we investigated the impact of solvent polarity, solvent
hydrogen bond donating strength, and pH on the ring-opening
mechanism of rhodamines.
A high-polarity solvent enhances the push−pull effect and

stabilizes charged-separated zwitterions through strong di-
pole−dipole and induced-dipole interactions. We have
computed the Gibbs free energy of the zwitterion of 1 with
reference to lactone [ΔG (1, zwitterion)] in three nonprotic
solvents of increasing polarity: diethyl ether, tetrahydrofuran
(THF), and dimethyl sulfoxide (DMSO). Their solvent
polarity is quantified by the solvent polarity scale π*, as
defined in the Taft−Kamlet solvatochromic comparison
method.45−49 Our results in Figure 3a showed that as solvent
polarity increased, the energy barrier for ring-opening was
lowered and the zwitterion became more stable. However, it is
worth noting that zwitterions have a significantly higher energy
than lactones in these three solvents. In other words, our
calculations suggest that 1 should remain colorless and
nonfluorescent as lactones even in DMSO. Interestingly, this

prediction has been validated in several experimental
studies.50,51

It turns out that the hydrogen bond donating strength (as
quantified by the α scale in the Taft−Kamlet method) plays a
much more important role in stabilizing zwitterions than
solvent polarity does. In this regard, we have computed the
relative Gibbs free energy of zwitterion with reference to
lactone in 1 [denoted as ΔG (1, zwitterion)] with 11 solvents.
In these calculations, we modeled the solvent effect with a
polarizable continuum SMD model (Table S6). Subsequently,
we fitted ΔG (1, zwitterion) to both π* and α using a multiple
linear regression method (Figure 3b; eq 1; Table S6).
According to Kamlet and co-workers, the magnitude of the
resulted coefficients to π* and α in eq 1 reflected relative
contributions of solvent polarity and solvent hydrogen-
donating ability to ΔG (1, zwitterion), respectively.52 We
were cautious to quantitatively accept these fitting results
because the SMD model does not fully describe hydrogen
bond interactions. However, the absolute coefficient of α
(0.48) is 12 times as large as that of π* (0.04) in the equation
in Figure 3b. This qualitatively shows that solvent hydrogen-
donating ability (α) has a much more significant impact on
promoting the ring-opening reactions than solvent polarity
(π*) does.

π αΔ = − * − =G R1( , zwitterion) 0.48 0.04 0.48 ( 0.87)2

(1)

Figure 4. (a) Schematic illustration of the difference between conventional fluorescence imaging and super-resolution imaging based on single-
molecule localization. (b) Schematic illustration of the potential energy surface profiles of three categories of rhodamine dyes and representative
compounds in each of these categories, including 1 (spontaneously-on rhodamine), 18 (autoblinking rhodamine), and 19 (photoactivable
rhodamine) in an aqueous solution, as a function of the push−pull strength: 1 > 18 > 19.
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To further explore the effect of hydrogen bonding on the
lactone−zwitterion equilibrium, we inserted explicit solvent
molecules near the carboxylate group of 1. The entire system is
then modeled in DMSO using the SMD model (Figure 3c−e).
We found that the energy barrier TS is 0.47 eV in the absence
of any explicit solvent molecule (Figure 3c). When an explicit
DMSO molecule is introduced (1 + DMSO), this energy
barrier is slightly lowered to 0.43 eV. As one or two water
molecules were included in the system (1 + H2O and 1 +
2H2O), the energy barrier decreased significantly to about 0.28
eV. This effect could be attributed to hydrogen bonding in
stabilizing the transition state structure around the carboxylate
group of 1 (Figures 3d and S17). Moreover, since the
carboxylate group of 1 is highly electronegative, the negative
charge becomes stabilized with intensive hydrogen bonding
interactions, especially in zwitterions (Figure 3e). Conse-
quently, the Gibbs free energy of zwitterions becomes
comparable to that of lactones in the system of 1 + 2H2O.
Indeed, our in-house measurements showed that zwitterions of
1 formed as we added water into DMSO (Figure S18).
Finally, we considered the impact of pH and protonation on

the lactone-zwitterion-cation equilibrium of 1−12 under the
push−pull model. Similar to hydrogen bonding, protonation in
acidic medium greatly stabilizes the negative charge at the
carboxylate group and reinforces the electron-withdrawing
strength of the meso-phenyl ring. It thus effectively enhances
the push−pull effect and shifts the lactone−zwitterion−cation
equilibrium toward open-ring rhodamines. By assuming pH 0
(or [H+] = 1 M) and the Gibbs free energy of protons at
−11.52 eV,53 our computational results suggest cations are
much more stable than zwitterions in 1−12 (Figures 3f and
S3−S14). It is worth noting that the assumption of pH 0 for
the formation of cations is only for theoretical treatment and
does not represent the actual protonation states of rhodamines.
This assumption is made as it is highly difficult to calculate (or
estimate) the Gibbs free energy of protons at different pH
other than pH 0. At pH 0, R1 usually becomes protonated and
loses electron-donating strength, resulting in the formation of
closed-ring rhodamines.
In a similar fashion, the complexation of rhodamines with

metal ions, if any, stabilized zwitterions as well, because both
metal ions and protons belong to Lewis acid. Notably, utilizing
this effect, Yoon group has developed highly selective
fluorescent chemosensors based on rhodamine derivatives to
detect Pb2+, Cu2+, and Hg2+.54−56 Indeed, while lactam is
usually more stable than the corresponding zwitterion (Figure
2g), our calculations show that the complexation of fluorescent
probe S7 with Hg2+ renders the zwitterion energetically
favorable in comparison to its lactam form (Figure S19).57

3. DISCUSSION
3.1. Adjusting the Push−Pull Effect of Rhodamines

for Super-Resolution and Fluorogenic Applications.
This quantitative push−pull model has significant implications
for developing novel rhodamines with tailored fluorescent
properties, such as switchable fluorophores for super-resolution
single-molecule localization microscopies (SMLM). In com-
parison with conventional (diffraction-limited) fluorescence
imaging, SMLM affords super-resolution by placing two
requirements on dyes. The first requirement is that only a
small subset of dyes sparsely emits fluorescence at any given
time, thus allowing the detection and location of fluorophores
with single-molecule precision. The second requirement is that

these dyes randomly switch between fluorescent and non-
fluorescent states (namely “blinking”). Consequently, repeti-
tive image acquisitions lead to the precise localization of all
fluorophores, thus enabling the reconstruction of high-
resolution images (Figure 4a).
The ring-opening equilibria enabled rhodamines to be used

in SMLM imaging. On the basis of the relative stability of
closed-ring/open-ring rhodamines, we could classify rhod-
amine dyes into three categories (Figure 4b). In the first
category, the Gibbs free energy of open-ring rhodamines is
significantly lower than that of closed-ring rhodamines. As a
result, most rhodamines are in the “Fluorescence-On” state.
These “spontaneously-on” fluorophores, such as rhodamines B
(1) in aqueous solution, have been heavily used in conven-
tional fluorescence imaging. In the second category, the Gibbs
free energy of open-ring rhodamines is much higher.
Consequently, only a small set of rhodamines are in the
“Fluorescence-On” state and the dynamic equilibrium between
closed-ring and open-ring rhodamines results in the “blinking”
of fluorophores without any additives or high-intensity laser
irradiations. These “autoblinking” dyes, such as 18 developed
by Urano group, are highly suited in SML super-resolution
imaging.23 In the third category, the Gibbs free energy of ring-
opened rhodamines is much higher than that of ring-closed
ones, contributing to fewer species in the “Fluorescence-On”
state. However, laser irradiation promotes the ring-opening
reactions in the excited state and activates the blinking of
fluorophores.58−60 These fluorophores, such as 19 developed
by the Moerner group, can be deployed as “photoactivable”
dyes for super-resolution imaging. It is of note that the relative
stabilities between closed-ring and open-ring rhodamines (as
well as the associated energy barriers) are tunable with
multiple intrinsic and extrinsic parameters under the push−pull
model. The availability of these multiple parameters implies
that molecule designs of “autoblinking” and “photoactivable”
fluorophores are not unique. With a judicious control over the
push−pull effect, many switchable rhodamines with different
colors could be created for SMLM imaging. Moreover, one
may also restrict the number of parameters, i.e., by linking a
rhodamine dye to a specific subcellular component to
minimize environmental variations and ensure stable fluo-
rescence-switching performance. Recently, the quantitative
push−pull model has been successfully applied to design
acid-resistant photoswitchable rhodamine spirolactams via
increasing the energy barrier of the ring-opening process for
super-resolution SMLM.13

4. CONCLUSIONS
In summary, many experimental observations concerning the
ring-opening mechanism in rhodamine dyes can be explained
using a unified push−pull model. The strength of the push−
pull effects is collectively controlled by several factors, such as
the electron-donating strength of R1 and R2 (the push factors),
the electron-withdrawing strength of R3 and R4 (the pull
factors), and environmental conditions (i.e., hydrogen bond
donating strength, polarity, metal ions and pH of solvent
medium; it is worth highlighting that the effect of hydrogen
bonding is much more significant than that of solvent polarity).
Enhancing the push−pull effect via adjusting these factors
shifts the closed-ring/open-ring equilibrium toward fluorescent
open-ring states and increases the pKa for turning on
rhodamine fluorescence. The availability of multiple control
variables in the push−pull model also endows chemists with
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design freedoms to develop rhodamines with tailored
fluorescent properties, such as multicolor autoblinking dyes,
photoactivable dyes, and fluorogenic dyes. We expect that this
unified push−pull model will serve as an important guideline
for engineering high-performance rhodamine dyes and probes.
We foresee that this push−pull model is also applicable in
other molecular switches, whose bond breaking is accom-
panied with charge separation.
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