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Abstract: The intramolecular charge transfer behavior of push–pull dyes is the origin of their sensi-
tivity to environment. Such compounds are of interest as probes for bioimaging and as biosensors to
monitor cellular dynamics and molecular interactions. Those that are solvatochromic are of particular
interest in studies of lipid dynamics and heterogeneity. The development of new solvatochromic
probes has been driven largely by the need to tune desirable properties such as solubility, emission
wavelength, or the targeting of a particular cellular structure. DFT calculations are often used to
characterize these dyes. However, if a correlation between computed (dipole moment) and experi-
mentally measured solvatochromic behavior can be established, they can also be used as a design
tool that is accessible to students. Here, we examine this correlation and include case studies of the
effects of probe modifications and conformation on dipole moments within families of solvatochromic
probes. Indeed, the ground state dipole moment, an easily computed parameter, is correlated with
experimental solvatochromic behavior and can be used in the design of new environment-sensitive
probes before committing resources to synthesis.
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1. Introduction

Fluorescence has become one of the most common means of molecular detection.
Sensitivity, ease-of-use, and the broad array of fluorescence techniques have fueled these
developments. Fluorescent molecules that exhibit differential emission properties in re-
sponse to environment, e.g., viscosity and/or solvent polarity, are solvatochromic and thus
particularly efficient probes [1].

For many years, cellular membranes, composed primarily of amphipathic phospho-
lipids, were principally thought to serve as boundaries and barriers for cells. However, in
the past few decades, we have come to better understand a remarkable dynamic complex-
ity. The existence of lipid rafts, or mobile domains, that are distinct in their composition
and properties from the surrounding lipid has been known for some time [2,3]. Lipids
containing more unsaturated phospholipids and cholesterol tend to be more rigid and
less hydrated and therefore more nonpolar [4,5], with lower local viscosity (Lo; Figure 1).
Conversely, regions with more saturated phospholipids and less cholesterol have more
mobility, are more polar, and exhibit higher local viscosity (Ld).

Thus, the structures of cellular membranes lend themselves well to the application
of solvatochromic probes. There are a number of well-known fluorescent probes of lipid
order. These are well discussed in recent reviews [1,4], and some are discussed below.

What has driven interest in these probes is a developing understanding of the role
of lipid order and lipid dynamics in a variety of important cellular processes. One of
these is cellular stress, in the form of starvation or oxidative stress. Dioxaborine- and
Nile Red- based dyes have been recently applied to map the effects of these types of
stresses on cellular lipid structures [6,7]. Characterizing changes in lipid order as a result
of apoptosis, or programmed cell death, is another area of strong interest. Here, Nile

Liquids 2024, 4, 148–162. https://doi.org/10.3390/liquids4010007 https://www.mdpi.com/journal/liquids

https://doi.org/10.3390/liquids4010007
https://doi.org/10.3390/liquids4010007
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/liquids
https://www.mdpi.com
https://doi.org/10.3390/liquids4010007
https://www.mdpi.com/journal/liquids
https://www.mdpi.com/article/10.3390/liquids4010007?type=check_update&version=1


Liquids 2024, 4 149

Red and hydroxyflavones have been applied [8,9], and this area of probe application has
been reviewed recently [10]. Another cellular process being probed with solvatochromic
lipid dyes is viral entry. Laurdan and DiO are two probes that have been applied in this
area [11–14].
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Figure 1. Lo and Ld states of phospholipids. From Ref. [5] with permission. 
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Figure 1. Lo and Ld states of phospholipids. From Ref. [5] with permission.

1.1. Desirable Properties in a Solvatochromic Probe

Advantageous excitation and emission wavelength ranges are of primary concern
in choosing a probe application. This would include ranges that do not overlap with
other emission signals in a cell (350–550 nm; [15–17]). This is the primary driving force
for the development of red emitting probes, e.g., 600–750 nm [18–20]. Also important
are properties that affect sensitivity. An ideal, sensitive fluorescent probe should have
appropriate solubilities, high extinction coefficients (>30,000 M−1 cm−1), high quantum
yields in the medium of interest (>50%), and sufficient photostability for the purpose [21].
Often, a delicate balance of all of these properties is required for the application of a probe,
and sometimes, it is necessary to compromise on one or more of these elements to achieve
an experimental goal. For example, some of the most commonly used solvatochromic
probes (laurdan and NR12S) do not have the most desirable photostability [16].

The structural features that lend themselves to solvatochromism include extended π

systems. Second, molecules that respond to solvent polarity typically have large dipole
moments and, more precisely, a large difference between the ground and excited state dipole
moments. Structurally, this translates to uneven distribution of electrons in the molecule,
usually facilitated by the presence of polar groups, more specifically, electron donating and
electron withdrawing groups separated by an extended system of conjugation through
which electrons can easily travel via push–pull or intramolecular charge transfer (ICT)
behavior [22]. If a more polar solvent stabilizes the probe in its excited state (larger probe
dipole moment) to a greater extent than it stabilizes the ground state (smaller probe dipole
moment), positive solvatochromism results [23]. This is exhibited as a red (bathochromic)
shift in optical spectra (Figure 2). If, instead, a more polar solvent stabilizes the ground state
of the probe more than the excited state, negative solvatochromism results (not shown).
In this case, the transition is of higher energy and the optical spectrum exhibits a blue or
hypsochromic shift [23].
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1.2. The Problem of Design

The early history of applying solvatochromic probes to the study of lipids was
serendipitous, that is, dyes in the Nile Red family were known to be sensitive to sol-
vent polarity [18]. However, more recently the optimal properties of a solvatochromic dye
have received more direct attention. Older dyes have been used as scaffolding and modified
for specific purposes. Much of the design of solvatochromic probes stems from specific
needs such as solubility in a lipid environment [21], facile synthetic routes, and a general
understanding that useful push–pull dyes require electron donating and withdrawing
groups separated by extended conjugation. Occasionally, functional groups are added
because they are thought to optimize for specific properties such as organelle targeting [7],
photostability [16], or solubility [24]. The somewhat meandering history of lipid probe
literature does not typically document extensive rational design. Indeed, there is very little
literature on the rational design of these dyes [24–26]. Desirable behaviors of these dyes
are discussed, but usually in hindsight.

While there are a number solvatochromic dyes widely used for biological imaging, it
is generally acknowledged that due to the complexity of properties that require balance for
an application, there is an ongoing need to develop new dyes [1]. For synthetic chemists,
this provides an attractive challenge. However, not all researchers possess this skill or have
ready access to it. It would be advantageous to have a means of assessing the potential of
new structures for solvatochromic behavior before committing the resources for synthesis
and characterization.

Density functional theory (DFT) calculations are a common feature of papers that
describe the synthesis and characterization of new solvatochromic probes. These calcula-
tions are readily accessible to even the most junior researchers via programs like Spartan
and Gaussian, and these calculations provide a number of molecular parameters that are
correlated with good solvatochromic behavior. The first are the energies of HOMO and
LUMO, from which the difference is easily computed. Small HOMO LUMO gaps (e.g.,
3–5 eV; [27,28]) facilitate electronic transitions and are common among solvatochromic
probes. Secondly, maps of the HOMO and LUMO in ground and excited states illustrate the
movement of electron density of the molecule upon excitation. Another important visual is
the electrostatic potential (ESP) map, which illustrates charge distribution. When dramatic,
these latter images can clearly show the potential for intramolecular charge transfer (ICT) or
push–pull behavior, a hallmark feature of solvatochromic probes. See Figure 3 for examples
of these types of DFT data for a solvatochromic probe.
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Although the landscape of solvatochromic probe design is complex, it would be desir-
able and supportive to be able to compute a single, accessible parameter that is correlated
with experimental solvatochromic behavior. Transition dipole moments (µe − µg) are
of course informative. A common range for these values for solvatochromic probes is
5–14 D, but these are often computed from the slopes of Lippert–Mataga plots and thus
are derived from experimental data [26,30,31]. Exited state dipole moments are seldom
reported [30]. Computed ground state dipole moments are sometimes reported and are
often large for solvatochromic probes [31–33]. Discussed here is the potential of DFT, in
particular, ground state dipole moments, to contribute to the design process, rather than as
a form of characterization presented with synthesis. First, reported data on a few series of
known solvatochromic dyes are compiled to determine the extent to which a computed
dipole moment correlates with experimentally determined solvatochromic behavior. Then,
we will examine, in retrospect, how modifications to known families of dye structures
can affect the ground state dipole moment and electrostatic potential maps. The effect of
conformation on computed dipole moments will also be examined. Then, we will explore
the application of DFT in the design of metallafluorenes as lipid probes. All of these
investigations are accessible to students and can provide excellent training in molecular
properties and probe design.

2. Methods
2.1. DFT Calculations

Routine dipole moments were computed using Spartan ’18 (Wavefunction, Irvine, CA,
USA). The probe structures were first energy minimized. Using the density functional
basis set B3LYP-6-31G*, the equilibrium geometry was calculated in the ground state in
polar solvent (DMF). Output includes the dipole moment. To systematically search for
low energy conformers (conformer distribution), the density functional sets wB97X-V and
6-311+G were applied.

2.2. Determination of ET30 and Lippert–Mataga Slopes

The Stokes shift (∆ν) is calculated as follows:

∆ν = νA − νF (1)

where νA is the λmax of the absorption spectra and νF is the λmax of the emission spectra in
wavenumbers (cm-1).

Small variations in the forms of solvent polarizability are often applied [32,34–36],
and this can lead to some variability. To normalize that, Stokes shift data from the lit-
erature were plotted vs. a form of the solvent polarizability function f1(ε, η), defined
as follows [37]:

f1(ε, η) =

(
ε − 1

2ε + 1
− η2 − 1

2η2 + 1

)
(2)

where (ε) is the dielectric constant and (η) is the refractive index of the solvent. Polarity
functions were either obtained from the literature [34,38] or computed from solvent refer-
ence data [39]. Table 1 features a summary of solvent data used in this study. Published
Stokes shift data were plotted vs. both the above polarizability function f1(ε, η) and vs.
ET30 [23] using Kaleidagraph 3.51 software (Synergy Software, Reading, PA, USA).

Table 1. Solvent data used in this study a.

Solvent Dielectric Constant b

ε
Refractive Index b

η
ET30

c f 1(ε,η) d

Water 80.1 1.3330 63.1 0.3217
Glycol 37.0 1.4385 56.3 0.2719

Methanol 32.7 1.3284 55.4 0.3086
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Table 1. Cont.

Solvent Dielectric Constant b

ε
Refractive Index b

η
ET30

c f 1(ε,η) d

Ethanol 24.5 1.3614 51.9 0.2911
Dichloromethane 8.93 1.4241 40.7 0.2172
Tetrahydrofuran 7.58 1.4072 37.4 0.2096

Ethyl acetate 6.00 1.3724 38.1 0.1993
Toluene 2.38 1.4969 33.9 0.01350
Dioxane 2.22 1.4224 36.0 0.02164

Carbon tetrachloride 2.24 1.4601 32.4 0.01400
Acetonitrile 37.5 1.3441 45.6 0.30500

Dimethylformamide 36.7 1.4305 43.2 0.27440
DMSO 46.7 1.4783 45.1 0.26340

Chloroform 4.81 1.4458 39.1 0.14700
Cyclohexane 2.02 1.4262 30.9 -0.001600

n-hexane 1.88 1.3749 31.0 -0.0014
Acetone 20.7 1.3587 42.2 0.2842
Benzene 2.27 1.5011 34.3 0.001700

Diethyl ether 4.33 1.3524 34.5 0.16760
a Used to compute Lippert–Mataga and ET30 slopes from published Stokes shift data for Table 2. b Taken from
Ref. [39]. c Taken from Ref. [23]. d Taken from Refs. [34,38] or computed from reference data as described in the
Section 2.

3. Results
3.1. Experimental Assessments of Solvatochromism

The quickest and most entertaining way to assess the solvatochromism of a probe is
to observe solutions in various solvents under a UV lamp (Figure 4). Solvatochromism is
usually formally assessed by measuring the Stokes shift, that is, the difference in wavenum-
bers between the excitation and emission maxima (∆ν = νA − νF), in a range of solvents
of differing polarity. The absorbance (or excitation) maximum of a probe can sometimes
respond to solvent polarity, but in general, emission peak maxima are more sensitive to
this property.
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These solvent polarities are typically represented by either a form of a solvent polariz-
ability function dependent on the solvent dielectric constant and refractive index [34,38] or
by Reichardt’s ET30 series [23]. Such data for solvents used in this study are summarized in
Table 1 (Section 2).

Lippert–Mataga plots of the Stokes shift vs. the former function (Figure 5) remain in
general use [37,40], although variations in the function are not uncommon [32,34–36]. In
addition, theoretical variations in the treatment of solvent behavior have emerged from
Bakshiev [38,41,42] and Kawski, Chamma, and Vaillet (KCV) [31,43] that are sometimes
reported in addition to (or in lieu of) Lippert–Mataga plots [34,38,40]. All of these variations
can be reflected in the quality of the correlation with the Stokes shift behavior of solva-
tochromic probes [35,38,40]. Further, probes can often have specific solvent interactions
that can reduce the quality of the correlation depending on how well the theory aligns with
solvent behavior.
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Depending on the application, authors may or may not generate these plots, even
though it is easily rendered from reported Stokes shift data and solvent reference data.

Published Lippert–Mataga slopes for solvatochromic probes are in excess of
3000 [40,43,45,46]. Another version of the Stokes shift and solvent behavior correlation uses
the Reichardt ET30 series and is also common [26,32,47,48]. Here, large slopes of 100–600,
either positive or negative, are indicative of significant solvatochromism. Those with little
to no solvatochromic behavior (like many of the metallafluorenes) have single digit slopes.

3.2. Solvatochromic Behavior vs. Dipole Moment

To the author’s knowledge, there is no published source for a collection of solva-
tochromic data of various probes. There are two goals: One is to initiate a growing list
of these data. The other is to assess a possible correlation between the computed ground
state dipole moment and the experimental data for published solvatochromic probes. To
that end, Stokes shift data for a collection of solvatochromic probes were gleaned from
published data and used to prepare ET30 and Lippert–Mataga plots to generate slopes that
relate experimental spectral data with a measure of solvent polarizability. Because the
primary interest here is understanding how modifications to a known probe affect the
ground state dipole moment, the primary focus is on prodan, Nile Red, and fluorene-based
probes and their derivatives. To add strength to the examination of a possible correlation
between experimental and computational data, a few other known solvatochromic probes
have been included.

Even the gathering of published experimental data and the computation of slopes
was informative: The number and identify of solvents used were quite variable across
the literature. Indeed, in the author’s experience, solubility can be a factor. Scatter in
the plots of experimental data vs. solvent property data is not unusual and is typically
attributed to solvent interactions [34,45]. A more sophisticated understanding of this scatter
or uncertainty is that the commonly used mathematical treatments of solvent behavior may
not always accurately account for properties and interactions that can affect the behavior of
solvatochromic probes. To further complicate the analysis, it is not uncommon for poor
correlations to be published and even interpreted. Noise in these plots is usually attributed
to solvent interactions [34,45]. To reduce the introduction of noise from the experimental
plots into the secondary correlation of slope with computed dipole moments, only slopes
with correlations in excess of 0.8 are reported.

The resulting Lippert–Mataga and ET30 slopes and ground state dipole moments
appear in Table 2. ET30 slopes range from 320 to single digits. Correspondingly, the highest
Lippert–Mataga slopes are close to 17,000, while the lowest ones are near 100. These spreads
provide substantial dynamic range to explore subsequent correlations. For some probes
explored here, there was no identifiable correlation between published Stokes shift data
and solvent polarizability. This was noted for either Lippert–Mataga or ET30 for Nile Red,
2APMC, and 2BME (Table 2), but was also true of other probes for which there was no
discernible correlation for either Lippert–Mataga or ET30 (A1–A3 [24]). Large computed



Liquids 2024, 4 154

ground state dipole moments range from 8 to 37 D, but lower values are also represented.
For a few probes, a range of dipole moments is tabulated. This is related to conformation,
which is discussed in more detail below.

Table 2. Data for some solvatochromic probes.

Probe Structure Lippert–Mataga Slope ET30 Slope Dipole Moment, D a Ref.

Nile Red
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3.3. Assessing a Correlation between Experimental Spectral Data and Computed Dipole Moments

To more clearly explore the correlation between the ground state dipole moment
and experimental data via Lippert–Mataga and ET30 slopes, these data were plotted
against one another (Figure 6A,B). Given the nature of the data, some scatter is ex-
pected in this secondary plot. In spite of that, however, there is a convincing correlation
between the computed ground state dipole moment and both slopes for this series of
solvatochromic probes.
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Figure 5. Lippert–Mataga (left) and ET30 (right) plot for the solvatochromic dye Fr0. Plots were 
generated with data obtained from Ref. [44] as described in Section 2. 

 
Figure 6. Correlations between experimental measures of solvatochromism and computed ground 
state dipole moment. (A) Lippert–Mataga and (B) ET30. Data for the probes were taken from Table 2. 
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A couple of outlying points provide an opportunity to explore some possible reasons
for this weaker correlation. One possibility is that there is noise in the primary plot that
determines the slope and might be traceable to errors or choice of solvents. Another more
intriguing possibility is related to the importance of bond angles and conformation on the
computed dipole moment for probes. While some of the probes in Table 2 do not have
rotatable bonds that significantly affect the distribution of polar atoms, a number do have
important points of conformational variability. This issue is explored in more detail below.

3.4. Effects of Probe Modifications and Conformation on Dipole Moment and Electrostatic Potential

Here, we explore issues of modification, conformation, and design, using families of
solvatochromic probes as examples.

3.4.1. Impact of Probe Modification: Fluorene Series

The conjugated polycyclic structure of fluorene makes it an ideal aromatic core for
solvatochromic probes. Indeed, fluorene-based dyes have been investigated as membrane
probes and show promising quantum yields and photostability [16,21,53–55]. The structural
diversity of these probes provide an opportunity to examine the effect on the ground
state dipole moment (Table 2). In Figure 7, two examples are shown illustrating how
modifications to Fr0 affect both the direction and magnitude of the ground state dipole
moment and could therefore affect the solvatochromic response. Modifications made at the
Fr0 carbonyl, in particular, the introduction of additional polar atoms, have a significant
impact on the dipole moment. These data from this series illustrate that modifying a known
solvatochromic probe can affect the dipole moment and, by extension, the solvatochromic
behavior either in an advantageous or disadvantageous way.
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Figure 7. Effect of modifications to fluorene on computed ground state dipole moment in polar
solvent as observed from electrostatic potential (ESP) diagrams obtained from DFT calculations, as
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3.4.2. Impact on Conformation: Fluorene and Nile Red Series

It is reasonable to expect that when the spatial relationships among polar atoms in
the molecule are changed, the dipole moment will also change. Therefore, it is essential to
explore conformational aspects when using DFT for design purposes. Discussed here are
two approaches.

In an initial computation on Fr3, with no attention to conformation, the ground
state dipole moment was 6.37 D, which led to an outlying point (open circle in Figure 6).
However, exploring a different orientation for the heterocyclic ring and the rest of the
sidechain yielded a higher dipole moment (12.23 D) that aligns better with the other
correlated data. A similar pattern was observed for Fr4 and alternate conformations.

Nile Red remains one of the most commonly used solvatochromic probes [1,17,18,21,56].
This dye was known many decades before its application to the study of lipid dynamics
and has a large reported ground state dipole moment (8 D; [31]); Table 1).

A number of Nile Red derivatives have been prepared with goals in mind that include
membrane solubility [21,24] and organelle targeting [56]. How is the dipole moment
affected by these designs? The most commonly used of these is NR12S [21]. With the
chain extending out from the polycyclic core, the computed dipole moment is much larger,
36.6 D (Figure 8, Table 1). If, instead, the chain is rotated over the polycyclic core, the dipole
moment is closer to that of Nile Red. However, the electron distribution is visibly altered
by the addition of the chain, and this is reflected in the direction of the dipole moments of
these molecules.
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Spartan and other similar software packages do offer a systematic conformational
search, which allow for the exploration of a large number of conformers without input. A
number of solvatochromic probes, including NR12S, have a large number of rotatable bonds,
which extends the computation time dramatically and must be factored into investigations.
To illustrate this option here, an automatic conformer distribution search was conducted on
2BME (Table 2), which has limited points of bond rotation (and therefore more manageable
computation times). Interestingly, the reported dipole moment of 2 D falls well outside the
correlation [45]. However, the distribution search yielded a higher dipole moment (7.8 D)
in these low energy conformers, which fell well into correlation with the spectral data.
Where possible, exploration of conformation is therefore highly recommended, bearing in
mind the effect of a large number of rotatable bonds on computation time.

Finally, it is important to note that molecular conformations might not necessarily be
known in the environment upon which the probe is reporting. However, it is also possible
that dipole moments that align with the correlation might correspond to a dominant bond
angle/conformation in the medium in which the probe is applied. Collectively, these data
suggest a possibly useful correlation between experimental and computed solvatochromic
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behavior. And while commonly used solvatochromic probes are represented here, a
continued expansion of the library would inform the correlation.

3.4.3. Use of DFT in Probe Design: 2,7-Disubstituted Metallafluorenes

The 2,7 positions of fluorene are synthetically accessible locations for extending the
conjugation, as well as for providing a means of influencing electron movement for ICT
behavior and possibly engineering solvatochromic behavior. There are a few examples of
2,7 substitution via alkene linkers [57]. These are indeed solvatochromic, but as shown
above, flexibility can impact electron distribution. This is easily managed with an alkynyl
linker [58]. This was then followed by a series of papers that expanded the library of
2,7 substituents [59–62].

We have assessed a small library of these compounds (MFs) via both experimental
and theoretical approaches. First, this substituent does influence spectral behavior (ε, λmax,
and quantum yield), which indicates that these substitutions can be an effective means of
tuning these properties [29]. We showed that a few 2,7-disubstituted metallafluorenes can
detect detergents and stain cells [63,64].

More recently, we noted that 2,7-benzaldehyde substitution results in an impres-
sive ground state dipole moment (9 D), visible solvatochromic behavior, and competitive
Lippert–Mataga and ET30 slopes (6500 and 126, respectively) [29]. In contrast, MFs with
other electron withdrawing substituents have low dipole moments (e.g., 3 D) and are not
solvatochromic. However, since solvent spectral data are seldom reported for nonsolva-
tochromic compounds, these data serve as important controls for the correlations.

This general structure also provides a wealth of opportunities for exploring the design
of solvatochromic probes, and DFT is especially useful in exploring structure space without
committing resources for synthesis. As an example, a structure–dipole moment relationship
exploration was conducted via DFT calculations on a series of MFs related to MF5. As
summarized in Figure 9, the methoxy groups are absolutely critical to the magnitude of the
dipole moment; substituting the central atom with C decreased the dipole moment, while
removing the phenyl groups increased it. Thus, even within the fluorene core there are
opportunities to increase the dipole moment and hence solvatochromism.
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Figure 9. Structure–dipole moment relationships for MF5. Ground state dipole moments were
computed via DFT as described in Section 2. Red boxes highlight groups removed.

Further, consistent with the conformational variations explored above for other probes,
dipole moment varies with the rotation of the carbonyl; even the preferred conformation
cannot be easily known in the environment.

Finally, one can take this exercise further and design new molecules with high dipole
moments. For example, benzoxazole or benzimidazole derivatives are fluorescent [65–67].
2,7-disubstitution of sila- or germafluorene with these groups form chimeric probes which
increase the computed ground state dipole moment in polar solvent to 15 and 13 D,
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respectively [68]. These are excellent leads for increasing the solvatochromic behavior
of metallafluorenes.

4. Conclusions

Derivatization of existing probes is often conducted with a goal to increase desirable
properties such as solubility and emission wavelength. However, such modifications
can have an impact on the ground state dipole moment and could affect solvatochromic
behavior. Through the analysis of published Stokes shift data for a few series of known
solvatochromic probes, an informative correlation between the computed ground state
dipole moment and experimental solvatochromic behavior has been established. Molecular
conformations accessible via bond rotation can also affect the ground state dipole moment
and thus the correlation, which is an important factor in conducting DFT calculations for
this purpose. Expanding the library of computed data for other solvatochromic probes
would be needed to assess the greater generality of the correlation. Finally, while DFT
calculations are a common form of probe characterization, they can also provide powerful
design tools for the development of new solvatochromic probes, as well as a way to enlist
the efforts of junior scientists to contribute productively to probe development.
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