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DFT studies of structural and electrostatic properties of two rhodamines are reported. For one compound, a
sulforhodamine, a crystallographic structure determination was used to validate the computational approach.
For the other compound,N,N,N′,N′-tetramethylrhodamine, we considered both its lactone and quinonoid forms.
Geometry optimization of the quinonoid form required inclusion of solvent effects to prevent its collapse into
the lactone. Best agreement with the experimental preference for the quinonoid form in solvents of high
polarity was obtained when explicit water molecules were added to a continuous solvent model. The quinonoid
structures of both rhodamines are rather rigid molecules, with a strong charge separation mostly localized
around the N atoms (positive pole) and around the sulfonate or carboxylate groups (negative pole). In the
quinonoid structures, rotation around the N-C(xanthene) bond is considerably restricted by extensive
conjugation of the N atoms with the xanthene ring. The lactone form is characterized by reduced charge
separation and a much lower barrier for the rotation around the N-C(xanthene) bond. The calculated energy
barrier for the interconversion between the quinonoid and lactone forms is low, in good agreement with the
experimentally observed easy interconversion between the two forms.

Introduction

Rhodamine fluorophores find wide utility in biological
research because of their brightness and relative resistance to
photobleaching. Most applications in this context involve
covalent attachment of the dye to a biomolecule to enable its
observation by some form of fluorescence microscopy, and
range from qualitative localization studies to detailed biophysical
measurements. In the latter context, one such method that has
been applied to obtain information on the orientation and motion
of protein domains within their native cellular environment uses
fluorescence polarization measurements on proteins labeled at
two cysteine residues with the bifunctional rhodamine1.1 Two-
point attachment of the fluorophore aims to restrict its inde-
pendent motion, so its orientation within a reference frame,
determined from fluorescence polarization data, reports the
orientation to the protein domain to which it is attached.2-6 In
this method, the mean probe orientation with respect to the
protein is assumed on average to lie with the long axis of the
xanthene ring system parallel to the line that joins theâ-carbons
of the labeled cysteines. This axis of the xanthene is collinear
with the fluorescence dipole.7 An NMR structural study of the
N-terminal lobe of troponin C, labeled with1 on its C helix,
confirmed that the native structure was not perturbed by the
label but was unable directly to determine the orientation
distribution of the label because of the absence of NOE contacts
between the label and the protein.8

An alternate approach to determining the orientation and
dynamics of this rhodamine probe attached to a protein would

be by molecular dynamics simulations, but implementing this
requires detailed knowledge of the structural and electronic
charge properties of the rhodamine. We were unable to find an
appropriate theoretical description of these dyes and therefore
undertook a computational study of two different rhodamines.
The first, sulforhodamine2, was chosen because it was suitable
for X-ray crystallography and the resultant structural coordinates
were therefore available to validate the computational approach.
Crystallographic details are given in the Supporting Information.
The second compound was a simplified analogue of1, namely
N,N,N′,N′-tetramethylrhodamine3, for which it was necessary
to consider the lactone and quinonoid forms, hereafter labeled
as 3-l and 3-q respectively. As discussed below, inclusion of
solvent effects was essential to describe the equilibrium between
the two isomers of3, since in the gas phase we were unable to
locate a geometry corresponding to the quinonoid3-q form.
Thus, while gas-phase geometry optimizations were adequate
for 2, in the case of3 we considered two different solvent
models. First we simply included a continuous aqueous solvent
but subsequently improved this model by inserting two explicit
water molecules.

The greater tendency for3 to lactonize in the gas phase
compared to2 is in line with the higher nucleophilicity of the
carboxylate anion. It is also compatible with experimental data
that the lactone (colorless) form is favored when rhodamines
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such as3 are dissolved in a nonpolar solvent and that the
equilibrium shifts toward the quinonoid (colored) form as the
polarity of the solvent is increased.9-14

The present paper describes the results of density functional
theory (DFT) calculations of the model rhodamines2 and3 to
shed light on their structure and conformational freedom around
the torsion anglesσ1 andσ2 (defined in Chart 1), and on their
electronic and electrostatic properties. Moreover, for3 we also
investigated in detail the relative stability of the quinonoid and
lactone forms, and energy barriers for their mutual intercon-
version. As already mentioned, it was necessary to include both
implicit and explicit solvent water to be able to calculate an
accurate representation of the rhodamine3, the relevant model
for the bifunctional rhodamine1. Significantly, we will show
for the systems here considered that careful attention to solvent
effects is mandatory, not only for adequate estimation of relative
energies but also for the description of structural aspects.

Computational Details
All DFT calculations were performed at the B3LYP level of

theory15-17 with the Gaussian03 program package.18 The
6-31G(d,p) basis set19-21 was used for geometry optimization
of all systems. To determine better energy evaluations we per-
formed single-point calculations on all the geometries obtained,
using the extended 6-311G(d,p) and 6-311+G(d,p) basis sets.20,22

All geometry optimizations and energy calculations for2 were
performed in the gas-phase but different models of the environ-
ment were considered for3, as we were unable to locate a
geometry corresponding to3-q in the gas-phase despite trying
several different strategies to locate it. These included (i)
improving the basis set to 6-31+G(d,p) to include diffuse
functions that should stabilize the anionic carboxylate group,23

(ii) performing preliminary constrained geometry optimizations
with the plane of the carboxylate group fixed perpendicular to
the phenyl ring, and (iii) starting from several different
geometries. However, when the system was fully relaxed the
final gas-phase geometry after energy minimization was always
the lactone3-l, independent of the basis set used.

The first aqueous solvent for3 was modeled as a continuum
medium with the PCM model of Tomasi.24-26 In the second
model, in addition to the continuum medium modeled with PCM
we inserted two explicit water molecules near the carboxylate
group. We refer to the systems in the presence of these two

explicit water molecules as3-q/2wand3-l/2w. To optimize the
positions of the two added water molecules, we performed
several test calculations with randomly chosen geometries for
the water molecules. To save computer time, these test calcula-
tions used the smaller 3-21G basis set27 with the Gaussian
keyword “Loose” to define lower convergence criteria. The best
three geometries for both3-l/2w and3-q/2w, all within 2 kcal/
mol, were then refined with the 6-31G(d,p) basis set and
standard Gaussian convergence criteria. After this refinement,
we obtained the same order of energies as with the 3-21G basis
set. In all cases the most stable geometries are found when each
oxygen of the CO2- group is paired via a hydrogen bond to a
partner water molecule, while a further hydrogen-bonded
interaction is established between the two water molecules. This
maximizes the number of hydrogen bonds that can be formed.
Thus, the small energy differences we calculated are a conse-
quence of slightly different conformational arrangements of the
water molecules which, of course, lie on rather shallow energy
minima. Although we cannot prove that we located the global
minimum energy geometries, the fact that the majority of the
geometries we tested converged into similar minima or into a
family of structures with substantially similar energy suggests
the strategy is accurate enough to provide reliable and useful
results.

The interconversion reaction between these two forms was
modeled only in the presence of the explicit water molecules.
The transition state that connects3-q/2w and 3-l/2w was
approached with a linear transit procedure from3-q/2w, using
the developing C(xanthene)-O bond as the reaction coordinate.
The step size was 0.05 Å. To test the linear transit path traced
in this way, we scanned the chosen reaction coordinate backward
from 3-l/2w, using a coarser step of 0.1 Å. The real transition
state search was started from the geometry corresponding to
the maximum of the linear transit path. The nature of the
transition state was confirmed with frequency calculations that
resulted in only one negative vibrational mode.

Natural Bond Order (NBO) analysis28 was used extensively
in rationalizing the results. Beside the NBO index, we used
charges derived from Natural Population Analysis (NPA)28 when
rationalizing charge localization. We prefer the NPA charges
to standard Mulliken charges because the latter have a strong
dependence on the chosen basis set, particularly when diffuse
functions are used. In contrast, NPA charges are essentially
independent of the basis set.29

Finally, to validate our computational approach, we compared
the B3LYP energy barrier for rotation around the N-C(aro-
matic) bond in model systems of aniline4 andN,N-dimethyl-
aniline5, with the barrier calculated at the coupled cluster with
single and double excitations with the perturbatively connected
excitations approach, CCSD(T), and the top level post-scf
approach.30,31

Results and Discussion
Optimized Structure for Sulforhodamine 2: Testing the

Computational Approach. The X-ray structure of2 is shown
in the Supporting Information and, to our knowledge, is the
only structure of a rhodamine alone. Other published structures
contain complexed metals (Rh or Pt) in addition to the
fluorophore.32,33 In our structure the rhodamine is present in a
face-to-face dimer and (per rhodamine monomer) contains a
molecule each of water and methanol, mutually hydrogen-
bonded, within the unit cell together with partial occupancy by
a second water molecule. These solvent molecules in the unit
cell are located far from the rhodamine and are unlikely to
significantly perturb its structure.

CHART 1: Structures of Rhodamines Studied. Atom
Numbers Are Used in the Text to Define Structural
Parameters. Torsion Angleσ1 Is Defined by the Sequence
C12-C11-C9-C8′, while the Torsion Anglesσ2 and σ2′
Are Defined by the Sequences C2-C3-N13-C14 and
C7-C6-N16-C17, Respectively
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The optimized calculated geometry of2 is shown in Figure
1. The overall agreement with the X-ray structure is demon-
strated by the good agreement of calculated and experimental
distances illustrated in the figure and of the calculated and
experimental values of the torsion anglesσ1, σ2, andσ2′, with
the calculated values being on average within 3° of the
experimental values. A complete listing of optimized coordinates
is given in the Supporting Information. The main differences
from the crystallographic structure involve the sulfur atom,
where values for bonds are systematically longer in the
calculated geometry, and the C(xanthene)-C(phenyl) bond that
bends out of the mean xanthene plane by only 2° in the X-ray
structure but by 8° in the calculated geometry. This angle in
the crystal structure may be affected by the partner rhodamine
in the dimer but we have not attempted to investigate this point.

As expected, the two N atoms are strongly conjugated to the
xanthene skeleton, consistent with N-C(xanthene) bonds (1.36
Å) that are considerably shorter than the N-C(pyrrolidine)
bonds (1.47 Å). However, this difference in the N-C bond
lengths is not conclusive of participation by the N atom in the
conjugated system, since the xanthene and pyrrolidine carbon
atoms are in different hybridization states. Clearer evidence is
found in (i) the substantially planar geometry around the N
atoms (which are only 0.02 Å out of the plane defined by the
three C atoms directly bonded to the them), consistent with sp2

hybridization of the N atoms, and (ii) the NBO index of the
N-C(xanthene) bonds, 1.20 (significantly greater than 1, that
would correspond to a singleσ-bond). The 1.20 value is very
close to the NBO of C2-C3 (1.23) and slightly lower than the
NBO of the C7-C8 bond (1.32) (see Chart 1 for the atom
numbering scheme). In comparison, the NBO of the N-C(pyr-
rolidine) bonds is 0.96. These values are consistent with
participation of the N atoms in the conjugated framework.

With regard to conformational freedom around the torsion
anglesσ1 andσ2, Table 1 reports the energy of four structures
separately optimized with the constraint that torsion anglesσ1

or σ2 were fixed at 0° or at 90°. Beside the single constraint on
σ1 or σ2, all other degrees of freedom (includingσ2′) were
completely relaxed for each optimization. Energy differences
are calculated relative to the fully optimized structure of Figure
1. Notably, the data indicate that the magnitudes of barriers
aroundσ1 and σ2 are scarcely affected by the quality of the
basis set.

The calculations suggest that rotation toσ1 ) 90° is easily
accessible, which is expected since the minimized value ofσ1

deviates by only∼5° from 90° (Figure 1). The geometry with
σ1 ) 0° is much higher in energy and a barrier of about 27
kcal/mol is calculated for rotation to this angle. These findings
are broadly compatible with similar results for substituted bi-
phenyls.34,35For example, in 2,2′-dichlorobiphenyls, the inter-ring
torsion angle (analogous toσ1) is calculated to be close to 85°
in the minimum energy conformation, and conformations with
the torsion angle equal to 180° and 90° are about 20 kcal/mol
and<0.1 kcal/mol respectively higher in energy. Note that in
this case the 180° torsion angle corresponds to a planar confor-
mation (i.e., analogous toσ1 ) 0°) in which the two chlorines
are in atransrelationship. When the two chlorines arecis (i.e.,
the torsion angle is 0°), the energy is much higher because of
severe steric interactions between theortho-substituents.34,35

The minimized value ofσ2 deviates by only 4° from 0° and
our calculations indicate that rotation toσ2 ) 0° is easily
accessible. In contrast, a substantial barrier,∼11.5 kcal/mol,
was found for the geometry withσ2 ) 90° and the corresponding
structure is shown in Figure 2. The barrier aroundσ2 arises
principally from disruption of conjugation between the xanthene
ring and the N13 atom. This loss of conjugation upon rotation
to σ2 ) 90° would be expected and is supported by the following
aspects of the calculations: (i) in the geometry withσ2 ) 90°
the N13 atom is strongly sp3 hybridized, as indicated by the
substantial pyramidal geometry it assumes, with the N13 atom
0.39 Å out of the plane defined by the three C atoms bonded to
it; (ii) the N13-C(xanthene) bond is substantially elongated (by
0.06 Å) relative to the fully relaxed geometry; (iii) the NBO of
the N13-C(xanthene) bond is reduced by 0.17 relative to the
fully relaxed geometry to 1.03, which is indicative of a single
σ-bond. The nature of the other N-C(xanthene) bond (N16-
C6), involving the pyrrolidine that does not rotate out of the
xanthene plane, is not substantially altered although there is
evidence of marginally higher participation of N16 with the
conjugated skeleton, since the N16-C6 bond is calculated to
shrink by 0.01 Å and its NBO to increase by 0.02.

Charge Separation in Sulforhodamine 2. To estimate
charge separation in2, we first partitioned the molecule into
two subsystems, one composed by the SO3

--substituted phenyl

Figure 1. Optimized geometry and selected geometrical parameters
for 2. Values in parentheses refer to the X-ray structure. Distances in
Å.

Figure 2. Optimized geometry and some geometrical parameters
(distances in Å) for2 with the dihedral angleσ2 around the N13-C3
bond fixed at 90°.

TABLE 1: Energy Differences (∆E, kcal/mol), for 2 with
the Torsion Anglesσ1 or σ2 Fixed at 0° and 90°, Relative to
the Fully Relaxed Geometry of Figure 1

basis set σ1 ) 0° σ1 ) 90° σ2 ) 0° σ2 ) 90°
6-31G(d,p) 26.5 0.2 0.1 11.5
6-311G(d,p) 27.0 0.1 0.1 11.6
6-311+G(d,p) 27.6 0.2 0.1 11.4
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ring and the second composed by all of the other atoms, namely
those of the xanthene skeleton and the two pyrrolidine rings.
The charge analysis is based on the NPA approach, as described
in Computational Details. On summing the 6-31G(d,p) NPA
charges of the atoms within the two subsystems, the sulfonated
aromatic moiety has a total charge of-0.84 e while the other
part, as expected for a molecule with no net charge, has a total
charge of+0.84 e. For a more detailed analysis of charge
localization, we calculated by the same means the charge of
the SO3

- group only (-0.53 e) and the charge of the
substructures that comprise the N atoms together with the
C(xanthene) atom and CH2(pyrrolidine) groups directly bonded
to them. The total charge of the latter units is+0.48 e, so each
of the N-based units has a total charge of+0.24 e. The analysis
therefore indicates strong charge separation within the molecule,
with the charges mostly localized on the SO3

- group and around
the N atoms. This net charge localization results in a dipole
moment of 15.7 D, which lies substantially in the localCs

symmetry plane perpendicular to the xanthene skeleton and
forms an angle of∼42° with the xanthene plane. In the structure
with σ2 ) 90°, the charge on the unit comprising N13 and the
three C atoms bonded to it reduces to only+0.08 e, while that
on the unit centered on N16 increases slightly to+0.27 e. The
reduced positive charge around N13 in this twisted conformer
indicates that charge transfer from the N atoms to the xanthene
skeleton occurs throughπ-conjugated molecular orbitals.

Calculated Structures for Tetramethylrhodamine 3. The
good agreement of calculated and experimental structures for
2 validated the computational methods for this system and
allowed us to proceed to the tetramethylrhodamine3, for which
crystallographic data were not available. Optimized geometries
of 3-q/2w and3-l/2w are shown in Figure 3. Formation of the
C9-O bond naturally changes the hybridization of C9 from
sp2 to sp3. In both3-q/2wand3-q, the C(xanthene)-C(phenyl)
bond bends out of the mean xanthene plane by∼7°. However,
in the light of the previous comparison between calculated and
crystallographic geometries of2, the extent of this distortion is
probably overestimated. As found for2, the torsion anglesσ1,
σ2, and σ2′ assume values very close to 90°, 0° and 0°,
respectively. Small differences between2 and 3-q/2w on the
one hand, and3-l/2w on the other hand, are found in the
geometry of the N atoms. In2 and 3-q/2w the N atoms are
essentially in the plane defined by the three C atoms bonded to
them (the out-of-plane displacement of the N is only 0.02 Å)
but for3-l/2w there is a slight pyramidalization of the N atoms,
indicated by their larger out-of-plane displacement of 0.08 Å.
This finding, combined with slightly longer N-C(xanthene)
bonds in3-l/2w (0.02 Å longer relative to3-q/2w), suggests
reduced conjugation of the N atoms with the xanthene skeleton
in 3-l/2w. This is expected as the xanthene no longer bears a
formal positive charge and reduced conjugation is confirmed
by the NBOs of the N-C(xanthene) bonds, which are 1.24 in
3-q/2w but only 1.17 in3-l/2w. Very similar differences are
also observed in the absence of the two explicit water molecules.

In both 3-q/2w and 3-l/2w, each oxygen atom of the
carboxylate group forms one hydrogen bond, each with a
separate water molecule: the two water molecules also interact
with each other through a hydrogen bond. This gives rise to a
hydrogen-bonded cyclic structure. The water-water hydrogen
bond distance is in line with values we calculated with the same
basis set for the isolated, gas-phase water dimer, suggesting that
geometries for the cyclic structures involving the water mol-
ecules are substantially unstrained. We found somewhat different
orientations for the two water molecules in3-l/2w and3-q/2w.

However, in solution the rearrangement of water molecules is
expected to be sufficiently rapid that the most stable calculated
structures can always be compared, independently of small
differences in orientation of the two water molecules.

Finally, while the3-l and 3-l/2w geometries are extremely
similar, the C9-O distance in3-q is ∼0.1 Å shorter than in
3-q/2w. The specific effect of the two water molecules in3-q/
2w that stabilize the carboxylate group illustrates the need for
careful treatment of solvent effects to obtain a satisfactory
description of this system.

The energy differences between3-q and3-l, ∆Eq-l, and3-q/
2w and3-l/2w, ∆Eq/2w-l/2w, are reported in Table 2. Negative
∆E values are found when the quinonoid form is energetically
favored. In the gas-phase3-l is substantially more stable than
3-q (entry 1). Inclusion of a continuous aqueous solvent
stabilizes3-q relative to the gas-phase by 15.8 kcal/mol (entry
2) and this stabilization is further enhanced with the more-
extended 6-311G(d,p) basis set (entry 3). When diffuse functions
are included there is an inversion of stability and3-q becomes
favored over3-l (entry 4). Thus polar solvents stabilize the
quinonoid form. Addition of two explicit water molecules to
the model gives additional stability to the quinonoid form but
in the gas phase the effect is insufficient to make3-q/2w more
stable than3-l/2w (entry 5). However, in combination with the
continuous solvent the two explicit waters are sufficient to invert

Figure 3. Optimized geometries and selected geometrical parameters
for the 3-q/2w (panel A) and3-l/2w (panel B) systems. Values in
parentheses refer to the3-q and3-l systems. Distances are in Å.
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the order of stability of the two systems and to render3-q/2w
more stable than3-l/2w with all basis sets. As is the case in the
absence of the two explicit water molecules, more extended basis
sets stabilize3-q/2w more than3-l/2w (entries 6 and 7). With
the more extended 6-311+G(d,p) basis set, the quinonoid form
is significantly more stable than the lactone (entry 8).

To summarize, the relative stability of the two forms depends
slightly on the basis set used. More extended basis sets and
inclusion of diffuse functions stabilize the quinonoid form. This
is a direct consequence of the much more diffuse electron
density around the anionic CO2

- group in the quinonoid form,
which is better described with more extended basis sets,
particularly with the inclusion of diffuse functions.23 On the
other hand, more extended basis sets and diffuse functions have
a smaller influence on the energy of the lactone form, where
the anionic CO2- group is not present. Much more relevant is
the fact that the stability of the quinonoid form is strongly
dependent on the dielectric properties of the solvent. Our
calculations suggest that, in the gas-phase or in solvents of low
polarity, the lactone is more stable than the quinonoid form. In
contrast, the quinonoid form is strongly stabilized in protic
solvents and specific hydrogen-bond interactions between the
anionic CO2

- group and a protic solvent are a dominant factor
in this stabilization. Our results are in good qualitative agreement
with spectroscopic data for the interconversion of colorless and
colored forms ofN,N′-substituted rhodamines in solutions of
different dioxane-water mixtures.9,10 Related experimental
studies show similar effects.11-14 As the water concentration
increases, colorless lactone forms are converted into the colored
quinonoid forms. The polarity of the solvent, the microenvi-
ronment of the anionic CO2- group and the nature of the
substituents on the nitrogen atoms all contribute to positioning
the equilibrium.

Torsion barriers for3 were calculated only for rotation about
the N-C(xanthene) bond, since the results for2 had shown
that only rotation about this bond was reasonably accessible.
Thus, we ran constrained geometry optimizations for3-q/2w
and3-l/2w with σ2 fixed at 90°. For3-q/2w the geometry with
σ2 ) 90° is 11.9 kcal/mol higher in energy than for the
completely relaxed structure. This value is close to the one
calculated for2 and is only slightly affected by the quality of
the basis set (see Table 3). As determined for2, the N13 atom
at σ2 ) 90° undergoes a marked change of hybridization
compared to the relaxed structure and conjugation with the
aromatic skeleton is lost: the NBO of the N13-C(xanthene)
bond is 1.03, and the N13 atom is 0.40 Å out of the plane
defined by the three C atoms bonded to it.

Table 3 also shows data for3-l/2w. The geometry withσ2 )
90° is only 5.5 kcal/mol higher in energy than for the relaxed
3-l/2w structure and more extended basis sets have little effect.
As in the quinonoid form, the hybridization of the N13 atom
changes considerably from the relaxed structure because of lost
conjugation with the aromatic skeleton. The NBO of the N13-

C(xanthene) bond is 1.01, and the N13 atom is 0.41 Å out of
the plane defined by the three C atoms bonded to it. The lower
barrier aroundσ2 for 3-l/2w is consistent with reduced conjuga-
tion of the N atoms in3-l/2w. In the absence of extended
conjugation, the rotational barrier about the N-C(xanthene)
bond should be similar to that in simple aromatic amines, such
as aniline4 and its N,N-dimethyl analogue5. We therefore
calculated the barrier around the N-C(aromatic) bond in4 and
5 to validate our computations. For aniline itself we compared
the barrier at the B3LYP level with that calculated at the
CCSD(T) level. The CCSD(T) calculations were performed on
the B3LYP 6-31G(d,p) geometries: to check for the effect of
the basis set on convergence of this barrier at the CCSD(T)
level we also used the 6-31G(d,p), 6-311G(d,p), and
6-311+G(d,p) basis sets. ForN,N-dimethylaniline5 we calcu-
lated the barrier at the B3LYP level only.

The CCSD(T) barriers for4 are 3.9, 3.7, and 3.9 kcal/mol
with the 6-31G(d,p), 6-311G(d,p), and 6-311+G(d,p) basis sets,
indicating that the CCSD(T) barrier is not dependent on the
basis set. The B3LYP barrier, 5.7 kcal/mol, overestimates the
CCSD(T) barrier by roughly 2 kcal/mol, which gives an idea
of the level of error in the present calculations. The B3LYP
barrier for5, 3.7 kcal/mol, is about 2 kcal/mol lower than the
corresponding barrier for4 and is probably connected to steric
repulsion between the methyl groups and theortho-hydrogens.
The barrier we calculated for3-l/2w is in good agreement with
the barrier for5, indicating that the much lower barrier in3-l/
2w relative to3-q/2w reflects the reduced conjugation in the
lactone. Finally, the barrier we calculated for5 is in reasonable
agreement with the∆G value of 5.1( 1.0 kcal/mol estimated
for the same rotation in this compound from dynamic NMR
studies of several substitutedN,N-dimethylanilines in low-
polarity organic solvent.36

Charge Separation in Tetramethylrhodamine 3.Estimation
of charge separation in3-q/2w followed the protocol described
for 2; that is, we first partitioned the molecule into two
subsystems, one comprising the CO2

--substituted aromatic ring
and the second comprising all remaining atoms of the xanthene
moiety and the two dimethylamino groups. We then summed
the 6-31G(d,p) NPA charges of atoms belonging to the two
subsystems. The CO2--substituted aromatic ring has a total

TABLE 2: B3LYP Energy Differences, ∆Eq-l and ∆Eq/2w-l/2w, (kcal/mol)

entry system medium basis set ∆Equinonoid-lactone

1a isolated3 gas phase 6-31G(d,p) 20.4
2 isolated3 implicit water 6-31G(d,p) 4.6
3a isolated3 implicit water 6-311G(d,p) 2.4
4a isolated3 implicit water 6-311+G(d,p) -1.9
5b 3 + 2 explicit waters gas phase 6-31G(d,p) 12.7
6 3 + 2 explicit waters implicit water 6-31G(d,p) -2.2
7b 3 + 2 explicit waters implicit water 6-311G(d,p) -4.0
8b 3 + 2 explicit waters implicit water 6-311+G(d,p) -6.3

a Geometry of entry 2.b Geometry of entry 6.

TABLE 3: Energy Barriers (kcal/mol) for Rotation around
the Torsion Angle σ2 for 3-q/2w, 3-l/2w, 4, and 5, and for the
Conversion of 3-q/2w into 3-l/2w

barrier 6-31G(d,p) 6-311G(d,p) 6-311+G(d,p)

aroundσ2 for 3-q/2w 11.9 11.8 12.4
aroundσ2 for 3-l/2w 5.5 5.1 4.9
aroundσ2 for 4a 5.7
aroundσ2 for 4b 3.9 3.7 3.9
aroundσ2 for 5a 3.7
3-q/2w f 3-l/2w 4.3 5.2 6.8

a B3LYP barrier.b CCSD(T) barrier (see the Computational Details
Section).
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charge of-0.78 e, while the xanthene skeleton and the two
NMe2 groups have a total charge of+0.89 e. The residual charge
of -0.11 e is transferred from the rhodamine to the two water
molecules. Further, to quantify the degree of charge localization
the same approach was used to calculate the charge of the CO2

-

group alone (-0.71 e) and the charge of the substructures that
comprise the NMe2 groups and the C(xanthene) atoms directly
bonded to them. The total charge of the two units is+0.68 e,
so each of the N-based groups has a total NPA charge of+0.34
e. This analysis suggests a stronger charge localization for3-q/
2w than for2, which is reasonable as theâ-CH2 groups of the
pyrrolidine ring of2 would allow for inductive delocalization
of charge. In fact, the charge of the N-C(xanthene) group
increases by 0.04 e on going from2 to 3-q/2w.

The net charge localization results in a dipole moment of
19.0 D. As for 2, the dipole moment lies in the localCs

symmetry plane that is perpendicular to the xanthene skeleton
and forms an angle of about 39° with the xanthene plane.
Finally, with σ2 ) 90° the charge on the NMe2 group centered
on the N13 atom amounts only to+0.12 e, while that on the
NMe2 group centered on the N16 atom,+0.39 e, is slightly
larger than in the completely relaxed3-q/2w. As for 2, this
indicates that the strong charge localization around the N atoms
is a consequence of their conjugation with the xanthene skeleton.

We similarly estimated the charge separation in3-l/2w. Of
the two subsystems defined as before, the carbonyl-substituted
ring has a total charge of-0.36 e while the NMe2-substituted
xanthene has a total charge of+0.42 e, and only-0.06 e is
transferred to the two water molecules. The charge calculated
for the oxycarbonyl moiety alone is-0.38 e while that of the
two NMe2 groups is+0.42 e. In short, this analysis suggests
that charge separation is much reduced in the lactone compared
to the quinonoid form, as expected upon abolition of the
zwitterionic system in the latter.

Calculation of the Barrier for Interconversion Between
3-q/2w and 3-l/2w.As a final point in the characterization of
the quinonoid and lactone forms in solution, we investigated
the energy barriers for interconversion of3-q/2w and3-l/2w.
The geometry of the transition state is reported in Figure 4.
The developing C-O bond is 1.89 Å long. The carbon-oxygen
bonds of the CO2- group become asymmetric; the one evolves

toward a carbonyl bond shrinking by 0.02 Å, while the other
elongates by 0.04 Å. The negative frequency corresponding to
the maximum of the energy along the reaction coordinate is
-249 cm-1. At the 6-31G(d,p) level of theory the transition
state is 4.3 kcal/mol higher in energy than3-q/2w. This value
corresponds to the energy barrier for conversion of3-q/2w into
3-l/2w. Increasing the quality of the basis set to 6-311G(d,p)
and 6-311+G(d,p) increases this barrier to 5.2 and 6.8 kcal/
mol, respectively. From the relative energies of3-q/2wand3-l/
2w (Table 2), the barrier calculated for the reverse reaction,
that is, for conversion of3-l/2w to 3-q/2w, is much lower at
2.1, 1.2, and 0.5 kcal/mol with the 6-31G(d,p), 6-311G(d,p) and
6-311+G(d,p) basis sets, respectively. This very low energy
barrier raises a question of whether the lactone form is stable
in water. However, accurate consideration of this point would
require a more refined model for the solvent and more extended
basis sets, both of which are computationally prohibitive at
present.

Conclusion

In this work we studied the conformational and electrostatic
properties of the rhodamines2 and 3 and validated the
computational method by comparison of the calculated and
experimental structures of2, and by comparison of energy
barriers aroundσ2 for 3 with high-level CCSD(T) calculations
on model anilines. Experimental values are in reasonable
agreement with these calculated values. Compound3 is of
particular interest since it presents an equilibrium between ring-
chain tautomers corresponding to the colorless lactone,3-l, and
to the colored quinonoid,3-q, forms. This behavior required
careful consideration of solvation in order to be able to
reproduce experimentally observed data.

2 and 3-q have one conformational energy minimum with
σ1 close to 90°, and rotation around this angle is strongly
disfavored because of steric repulsions between theortho-
substituents. The dihedral angleσ2 is close to 0° and a barrier
of about 10 kcal/mol is calculated for rotation around this angle,
mainly due to the disruption of the conjugation between the
xanthene ring and the N atoms. Theσ2 barrier in the lactone
3-l is much lower, about 5 kcal/mol. Structural analysis and
comparison with model anilines indicate that this lower barrier
originates from the absence of the formal positive charge on
the xanthene ring in the lactone form, which results in much-
reduced conjugation of the N atoms with the aromatic moiety.

Both2 and3-q have strong charge separation and the charges
are mostly localized on the SO3

- or CO2
- group, for 2 and

3-q, respectively, and around the N atoms. This net charge
localization results in a dipole moment greater than 15 D for2
and 3-q: the dipole lies in the localCs symmetry plane
perpendicular to the xanthene skeleton. Thus, rhodamines can
be considered as stiff molecules composed of two discoid
subunits (the xanthene system and the substituted phenyl ring)
nearly perpendicular to each other, with a net charge separation
roughly localized as shown in Figure 5.

We also investigated the relationship between the polarity
of the solvent and the equilibrium between the colorless lactone
and the colored quinonoid forms. In vacuo (which represents
the extreme nonpolar solvent) we were unable to detect the
quinonoid3-q form. Inclusion of an implicit solvation model
enables location of both the3-q and3-l forms. However, the
quinonoid form is 2-4 kcal/mol less stable than the lactone
form with the 6-31G(d,p) and 6-311G(d,p) basis sets. Only with
the 6-311+G(d,p) basis set was the quinonoid3-q form
calculated to be more stable (by< 2 kcal/mol) than the lactone.

Figure 4. Transition state for the interconversion between3-q/2wand
3-l/2w.
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These results contrast with the experimental data, which indicate
that the equilibrium shifts quantitatively from the lactone to the
quinonoid form as the polarity of the solvent increases. To
improve the solvation model we added two explicit water
molecules. With this approach the quinonoid form is substan-
tially more stable than the lactone form with all the basis sets
considered, while it remains significantly less stable than the
lactone form in the gas phase. These results well reproduce the
experimental behavior. Finally, with the more complex solvent
model we investigated the energetics of the reaction that
connects the quinonoid and lactone forms. The barrier we
calculated for the conversion of3-q/2w into 3-l/2w, about 5
kcal/mol, is in good agreement with the easy interconversion
between the colorless and colored forms experimentally ob-
served if the polarity of the solvent is changed.

Our study has shown that an accurate model of the solvent
is needed to obtain a representation of real chemical behavior.
In fact, although the quinonoid form was favored by 1.9 kcal/
mol relative to the lactone with the extended 6-311+G(d,p) basis
set and the implicit solvent model, without prior knowledge of
the experimental data it would have been clearly difficult to
demonstrate whether the stabilization is to be ascribed to
solvation or to the particular combination of basis set and
implicit water model. Results with the two explicit water
molecules are unambiguous, basis-set independent, and con-
clusive in finding higher relative stability for the quinonoid form.

In conclusion, our experience suggests that in the absence of
experimental data, a situation in which computational chemistry
is particularly helpful, accurate modeling of the solvent is
mandatory to obtain realistic estimates of the energetic and
structural properties of the studied systems. Our analysis showed
that particular care should be exercised when isomers with
different charge separation are possible, such as with neutral
and zwitterionic forms of amino acids, or in the case of reactions
that present intermediates/transition states with charge separation
different from that in reactants and products (see Lilley37 for a
recent review of this possibility in the case of nucleolytic
ribozymes).
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