THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Molecular Design of UV—vis Absorption and Emission Properties in
Organic Fluorophores: Toward Larger Bathochromic Shifts,
Enhanced Molar Extinction Coefficients, and Greater Stokes Shifts

Xiaogang Liu," Zhaochao Xu,** and Jacqueline M. Cole* %"

"Cavendish Laboratory, Department of Physics, University of Cambridge, J. J. Thomson Avenue, Cambridge CB3 OHE, U.K.
*Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China

§Department of Chemistry, University of New Brunswick, P.O. Box 4400, Fredericton, NB, E3B 5A3, Canada

IIDepartment of Physics, University of New Brunswick, P.O. Box 4400, Fredericton, NB, E3B 5A3, Canada

greater Stokes shift via substituent rotation

Molecular i o b
K/\ﬁ HoN CJ o o

Design
Rules hNT O

ABSTRACT: Understanding the molecular origins of the optoelectronic properties of fluorophores provides rational guidelines
for chemists to synthesize better-performing dyes. Factors affecting the UV—vis absorption spectral shift, molar extinction
coefficients, and Stokes shift of fluorophores are herein examined at the molecular level, via both (time-dependent) density
functional theory-based calculations and the empirical harmonic-oscillator-stabilization-energy (HOSE) and bond-length-
alternation (BLA) models. The importance of these factors is discussed using six coumarin dyes as exemplars. In particular, a
special focus is devoted to the Stokes shift, a critical parameter in fluorophores. It is demonstrated that incorporating a
“rotational” substituent in a fluorophore molecule with tailored steric hindrance effects and resonance effects leads to a
substantial increase in the Stokes shift, not only in coumarins but also in other chemical dye families: boron-dipyrromethenes
(BODIPYs), cyanines, and stilbenes. Structure—property relationships concerning the rotational substituent are discussed in
detail with examples of several dye families. These findings lead to the proposal of molecular design criteria that enable one to
tune the Stokes shift. Such criteria provide a foundation for the molecular engineering of fluorophores with improved
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optoelectronic properties.

1. INTRODUCTION

Fluorophores have been used extensively in a wide range of
applications, such as biomolecular labels, chemical sensors,
cellular stains for chemical biology research,’™ and medical
diagnosis.’~” They have also been deployed in organic light
emitting diodes as display devices® and sensitizers for dye-
sensitized solar cells.”'® Fluorophores are mainly characterized
by their UV—vis absorption and fluorescence spectra, molar
extinction coefficients, quantum efficiencies, and Stokes shifts.'
Tuning their spectra allows one to choose an appropriate
excitation and emission wavelength, at which the background
absorption or scattering is minimized and the penetration of the
signal light is maximized."" A large molar extinction coefficient
coupled with a high quantum efficiency is preferred, as their
product corresponds to the fluorescence brightness.' In
addition, a large Stokes shift helps to minimize the self-
quenching effect; a greater separation of the excitation and
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emission wavelengths also boosts the signal-to-noise ratio in
bioimaging applications."

However, few fluorophores have optimal performance in all
of these aspects, thus withholding them from widespread
applications. For example, the Stokes shifts of most rhod-
amine'® and boron-dipyrromethene (BODIPY) dyes'*™ are
typically limited to only ~20 nm." Consequently, the materials
discovery of new dyes with improved photophysical and
photochemical properties is still of considerable interest. One
approach to develop new dyes is to invent new fluorophore
scaffolds. This approach can be further classified into two
pathways. One pathway is to design entirely new dye
frameworks, such as Qian’s dyes,’” GFP-chromophore
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analogues,ls difluoroboroazaoxobenzazulene dye,19 and “Seoul-
Fluor” dyes;’**' the other is a hybrid pathway where two or
more existing types of fluorophores are combined into a single
molecule, such as the “Changsha” dyes,”* which are essentially
composed of a rhodamine dye and part of a cyanine dye.
Nevertheless, developing new fluorophore scaffolds remains a
very challenging task. To date, the oft-used dyes in biochemical
research are still limited to a few chemical families, such as
rhodamine, BODIPY and coumarin derivatives.*>** Moreover,
the biocompatibility, photophysics, and photochemistry of new
dye families require more extensive studies before their
deployment on a large scale. In contrast, an easier and more
promising approach is to attach different chemical substituents
into the molecular frameworks of the few well-known families
of fluorophores to fine-tune their properties since there are
many individual dyes available within these few families from
which researchers can select." The introduction of combinato-
rial chemistry has sped up this process by efficient synthesis of a
large number of candidate compounds, from which satisfactory
dyes can be screened.”***

Unfortunately, only some general guidelines are considered
for the design of new dyes at the present time. For example,
increasing the “push—pull” effect in dyes, whose excitation
involves intramolecular charge transfer (ICT), results in a red
shift in their UV—vis absorption and emission spectra;
expanding their z-conjugated network also leads to a
bathochromic shift and an enhanced molar extinction
coefficient; and enlarging the geometrical relaxation when the
molecule exists in its excited state boosts the Stokes shift of a
dye. However, prior to chemical synthesis, one may not be sure
which position to attach a substituent in the dye framework to
maximize the spectral shift. An even more puzzling question
concerns the Stokes shift: although it has been suggested that
the rotation of a molecular structure upon its excitation leads to
a large Stokes shift, such as in biphenyl,”® 9-t-butylanthracene,*
pyrazolo-coumarin derivatives,® heptamethine cyanine dyes,*"
and BODIPY dyes,* there is a lack of detailed guidelines on
how to design new fluorophores with such rotating structures
and large Stokes shifts; moreover, introducing substituents to a
fluorophore framework often shifts the UV—vis absorption and
emission spectra of the dye in the same direction.
Consequently, the overall change in the Stokes shift remains
small. It is also worth mentioning that other strategies to
increase the Stokes shifts suffer from their own problems: for
example, the Forster resonance energy transfer does not
completely eliminate self-absorption and inner-filter effects,"
and not all dyes are capable of forming excimers upon their
excitation.

As a result, the development of new fluorophores is still
largely based on trial-and-error. The typical approach of adding
chemical substituents to the dye framework does not
necessarily lead to better-performing fluorophores but often
produces unnecessarily complicated compounds. In contrast,
small fluorophore molecules are often preferred, as they are
generally easier to synthesize, and their smaller volumes allow
them to access tiny cavities, i.e., to reach certain protein targets
or semiconductor interfaces, thus becoming more useful. Two
critical questions are thus raised: (1) given a fluorophore core
molecular framework and a chemical substituent, can one
substantially modify dye properties by changing the substituent
position or modifying the molecular geometry, but without
introducing additional atoms into the system? (2) If so, what
are the fundamental molecular structure—property relationships

that lead to a judicious strategy, and can such a strategy be
translational to different dye families?

In this paper, we will address these two questions by
revealing the relevant structure—property relationships of
organic dyes at the molecular level. Coumarins are used as
examples to demonstrate that the substituent positional effect
affords considerable impact on the UV—vis absorption spectra,
the molar extinction coeficients, and the Stokes shifts of
fluorophores. To this end, (time-dependent) density functional
theory (DFT/TD-DFT) calculations, the empirical harmonic-
oscillator-stabilization-energy (HOSE) model,>® and bond-
length-alternation (BLA) analysis®*™® are employed, with a
special focus on the increase in the Stokes shift. It will be shown
that a three-dimensional consideration in the molecular
structure is critical for understanding the substituent positional
effects. In addition, an excursion to the BODIPY dyes, cyanines,
and stilbenes is made in the discussion of creating fluorophores
with large Stokes shifts, to develop important guidelines on
designing a “rotating” fluorophore. The associated molecular
origins of these structure—property relationships will provide
rational guidelines for experimentalists to design and synthesize
new fluorophores with improved optoelectronic properties.

2. COMPUTATIONAL DETAILS

Quantum-chemical calculations were performed using Gaussian
09.7 Becke’s three-parameter and Lee—Yang—Parr hybrid
functional (B3LYP)** * and a 6-31+G(d,p) basis set*' were
used for the geometry optimizations of coumarins in both their
ground and first excited states, in ethanol solution as accounted
for via the polarizable continuum model (PCM).*>* Following
this, TD-DFT calculations were carried out on the optimized
ground-state molecular structures to determine their peak
absorption wavelengths and molar extinction coeflicients, with
the CAM-B3LYP functional** and 6-31+G(d,p) basis set.

B3LYP/6-31G(d) was employed in the gas-phase calcu-
lations of the other dyes: BODIPY, cyanines, and stilbenes, to
reduce the computational load.

In all calculations, frequency checks were performed after
each geometry optimization to ensure that minima on the
potential energy surfaces were found.

3. RESULTS AND DISCUSSION

3.1. Establishing Structure—Property Relationships in
Coumarin Dyes. A schematic drawing of the parent coumarin
framework (2H-chromen-2-one; 1), together with its position-
numbering convention and the atomic labeling used in this
paper, is shown in Figure 1. In addition, we define the aromatic
ring consisting of 6 carbon atoms as Ring 1 and the lactone ring
as Ring 2.

Among many commercially available coumarins, a popular
design strategy is to attach one electron-donating substituent at
the 7-position and another electron-withdrawing or -donating
group at either the 3-position or 4-position, such as in 2—8
(Scheme 1). This strategy can effectively adjust the “push—pull”
effect and shift the UV—vis spectra of coumarins, by simply
changing substituents according to their varying electron-
donating or -withdrawing power.**® Henceforth, we also
define coumarins with Ring 2 substituents at the 3-position as
the set {3-sub}; similarly, {4-sub} represents coumarins with
substituents at the 4-position.

In previous work, we demonstrated that attaching an
electron-withdrawing group at the 3-position instead of the 4-
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Figure 1. Molecular structure of coumarin and its atomic and ring
labeling and position numbering designations.

position leads to a larger red shift in the UV—vis absorption
spectra and an almost doubled molar extinction coefficient.**”
However, in those studies, the {3-sub} and {4-sub} coumarins
carry different chemical substituents. To gain a deeper
understanding of the substituent positional effect, a natural
option is to use the same substituent but attach it at different
positions in the coumarin framework and then compare the
optoelectronic properties of the resulting compounds. For
instance, it is found that a 3-position-substituted coumarin, 8a,
has a longer peak absorption wavelength (A%5) but shorter
peak fluorescence wavelength (A1), as well as larger molar
extinction coefficient (g) at its A%, relative to the 4-position-
substituted coumarin, 8b (Scheme 1; Table 1). The most
striking difference between 8a and 8b is probably the
substantially different Stokes shifts: 43 and 102 nm, respectively
(Table 1). To verify whether these patterns are a coincidence,
we performed an extensive literature search and found seven 3/
4-substitution pairs of coumarin compounds, each with exactly
the same substituent, but attached at different positions
(Scheme 1). The optoelectronic properties of these compounds
have been determined previously, and their optoelectronic
properties share exactly the same pattern as those of 8a and 8b
(Table 1). This suggested a fundamental rationale beneath our
observations. Accordingly, due comprehension was sought by
developing new structure—property relationships concerning
the substituent positional effect. Given the importance of
preventing electron quenching in so many applications of
fluorophores, special attention was given to understanding the
molecular origins of large Stokes shifts.

DFT and TD-DFT calculations were employed to assist in
the analysis of the structure—property relationships. It has been
demonstrated that the theoretically optimized molecular
structures based on DFT calculations bear good agreement
with the experimental derived data using X-ray diffraction.*”**
TD-DFT has also been shown to be a powerful tool to model
the spectroscopic properties of organic fluorophores.*”*° In
addition, empirical HOSE and BLA models, which successfully
correlate the structural features of coumarins to their
optoelectronic properties,*”*" are applied in this study as well.

3.1.1. Structure—Property Relationships for the UV-vis
Absorption Spectra. Before considering the substituent
positional effect on the UV—vis absorption spectra of 2—8,
two reference coumarins, 9 and 10, with only hydrogen atoms
at the 3- and 4-positions, need to be analyzed (Scheme 2).

The first excited states of 9 and 10 involve predominantly the
HOMO — LUMO electron transition. The atomic contribu-
tions to their HOMO and LUMO electron densities are thus
computed via DFT (Figure 2). At the 4-position, the electron
density is very low in the HOMO but increases considerably in
the LUMO for both 9 and 10. Therefore, attaching an electron-
withdrawing group at the 4-position will greatly stabilize the
LUMO and reduce the energy bandgap of a coumarin.’ In
contrast, the electron density at the 3-position bears little
change during the HOMO — LUMO transition. Accordingly,
an electron-withdrawing group attached at this position causes
similar stabilization effects to both the HOMO and the LUMO,
and the overall change in the energy bandgap should be
relatively small.

The above analysis, employed in many studies to facilitate
the design of new fluorophores,”>*"*” suggests that attaching
an electron-withdrawing group at the 4-position causes a
smaller bandgap in coumarins. This prediction, however, is
obviously different from our early observation by experiment,
that the {3-sub} coumarins exhibit larger red shifts relative to
the {4-sub} (Table 1).* The simple analysis of electron density
changes during the HOMO — LUMO transition on reference
coumarins clearly cannot resolve these contradictory results. A
more in-depth structure—property relationship investigation is
thus required.

The bandgap (E ) of a compound is determined
predominantly by five factors (eq 1).%° The first factor (E,)
involves the electron-donating/-withdrawing power of a
substituent, which is often quantified by Hammett values.®!
This factor plays an important role in the spectral shift of a
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Scheme 1. Molecular Structures of 14 Coumarin Derivatives (2—8)“
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“The common coumarin fragment is highlighted in blue. Each pair (one from the top row and the other from the bottom row) of these coumarins
has the same substituent, but attached at different positions, i.e., at the 3-position and the 4-position, respectively.
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Table 1. Experimental Spectral Intensity Maxima of UV—vis Absorption and Fluorescence [A (nm) and v (cm™")], Stokes Shifts
[AA (nm) and Av (cm™")], and Molar Extinction Coefficients at the Peak Absorption Wavelengths [¢ (x10* L cm™ mol™)] of

2-8“
{3-sub}
absorption fluorescence Stokes shift

/‘l::]::x Vabs Ag‘;x Vi AL Av €
22 378 26455 . - - - 2.70
3% 399 25063 442 22624 43 2438 1.07
4> 404 24752 445 22472 41 2281 1.07
sa%* 401 24938 442 22624 41 2313 1.62
6a 415 24096 492%° 20325 77 3771 3.25%%¢
7a 4367 22936 480%7 20833 44 2102 4.68°
8a* 452 22124 495 20202 43 1922 4.90

{4-sub}
absorption fluorescence Stokes shift
ﬂ;?:x Vs A&;x Viu AA Av e
253 364 27473 491 20367 127 7106 1.55
3b** 383 26110 540 18519 157 7591 0.69
4 388 25773 494 20243 106 5530 051
sb** 392 25510 541 18484 149 7026  0.60
6b°%% 406 24631 526 19011 120 5619 214
7b%* 434 23041 575 17391 141 5650 091
8b*® 418 23923 520 19231 102 4693 1.29

“All data are collected in ethanol, unless stated otherwise. “All data of 2b are measured in methanol. “The & of 6a is measured in 95% aqueous
ethanol. #All data of 6b are measured in 95% aqueous ethanol. “The & of 7a is estimated based on the value of coumarin 314, a very similar

compound to 7a.*

Scheme 2. Molecular Structures of Two Reference Coumarin
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Figure 2. Atomic contributions to: (a) LUMO and (b) HOMO
electron densities, for 9 (left) and 10 (right). The blue/red circle
diameter represents the atomic contribution; only contributions
greater than 0.02 are shown.

“push—pull” (donor—z-bridge—acceptor) dye (Scheme 3); i.e.,
an enhanced push—pull effect leads to a larger red shift. The

Scheme 3. Resonance Structures of a “Push—Pull”
Benzenoid Dye
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second factor is represented by bond length alternation
(BLA)>*7*° BLA calculates the difference of the average
single-bond length and average double-bond length in the
conjugated alkyl chain of a molecule.**™*¢ A smaller BLA value
corresponds to a higher degree of electron delocalization and a

16587

smaller bandgap. The third factor (E,.,) concerns the resonance
energy in a ring-type conjugated system. For example, the
optical excitation of an aromatic dye [Scheme 3(a)] involves
ICT and the switching of its benzene ring to a para-quinoidal
form [Scheme 3(b)]. Conversely, the resonance energy tends
to confine the m-electrons within the benzene ring and works
against ICT.* The amount of resonance energy can be related
to the ground-state molecular structure of an aromatic dye.
According to resonance theory, the actual observed molecular
structure of a molecule is collectively described by all its
possible resonance states. While Scheme 3(a) is more
representative of the ground state of the aromatic dye, Scheme
3(b) is another possible resonance state of this compound.
Consequently, the observed benzene ring in this dye is not
absolutely aromatic. Rather, they display quinoidal-like patterns,
due to the contributions for the para-quinoidal resonance state
3(b). The contributions from these different resonance states
can be quantified by the empirical HOSE model.*® In particular,
the contribution from the para-quinoidal resonance state
[Scheme 3(b)] to the ground-state structure gives a good
indication about the resonance energy; i, a higher para-
quinoidal contribution corresponds to lower resonance energy.
The fourth factor can be understood as the dihedral angle, 6,
between the substituent and the coumarin framework in our
case. This is particularly important when this substituent can
participate in and extend the s-conjugated network in
coumarins. A smaller  results in a more planar structure and
a larger 7-electron delocalization, causing a smaller E4. The last
factor (E,,,) accounts for intermolecular interactions.”® In our
study, each pair of 3/4-substituted coumarins, which possess
the same substituent but attached at different positions, has the
same molecular formula and similar volumes, and these
coumarins are mainly deployed in the solution phase for
various applications. Hence, the contribution from the
intermolecular interactions, essentially the solvent—solute
interactions, is comparable among each pair. Our discussion
will thus focus only on the first four factors. Lastly, it should be
pointed out that these five factors do not act separately but are
often correlated. For example, increasing the push—pull effect
by choosing more electron-donating/-withdrawing substituents
tends to decrease E;; at the same time, the molecular structure
of the resulting dye becomes more para-quinoidal, affording a
lower E,..%°

Eg = E., + Egia + E o + Eg + E;, (1)

sub
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To understand different aspects of the substituent positional
effect on /Ii‘:jx, six representative coumarins, including 2a/b, 3a/
b, and 8a/b, are modeled via DFT/TD-DFT. Among these six
compounds, 2a, 3a, and 8a belong to set {3-sub}, and their
respective analogues 2b, 3b, and 8b are members of the {4-sub}
set. The HOSE and BLA analyses and the measurements of
dihedral angles (#) are also performed on the theoretically
optimized molecular structures. All results are summarized in
Table 2.

Table 2. Summary of Theoretically-Derived Geometrical
Properties of 2a/b, 3a/b, and 8a/b”

{3-sub} {4-sub}
BLA BLA
6 (deg) Q-weight” (A) 0 (deg) Q-weight  (A)
2a 42 0.329 0.071 2b SS 0.326 0.072
3a 4 0.380 0.054 3b 35 0.339 0.076
8a 0 0.461 0.038 8b 49 0.399 0.064

“The geometrical parameters 0, Q-weight, and BLA of 2a/b, 3a/b, and
8a/b are calculated based on their theoretically optimized molecular
structures in ethanol. bQ—weight measures that the contribution of the
para-quinoidal resonance state among all possible resonance states in
Ring 1. This contribution can be quantified by the empirical HOSE
model.>* HOSE describes the energy difference between a particular
bond-length pattern in an aromatic ring and the standard Kekulé
structure. It is defined as: HOSE = (1)/(2)[Z,(R] — R$)*, + Z2 (R
— RY%k"], where R/ and R” are actual 7-bond lengths; R; and RY are
reference single and double bond lengths; 1, and n, are the number of
single and double bonds; and k; and k;’ are force constants defined as:
k. = a + bR, where R, is the actual bond length, and a and b are
constants derived based on experimental data. For carbon—carbon
bonds, RS = 1.467 A, RY = 1.349 A, a = 44.39 X 10* Pa, and b = —26.02
X 10* Pa/A. The HOSE model can be extended to compute the
relative contribution for each of the n resonance states in benzene
derivatives.*® For example, the ith resonance state has a contribution
of: C, = ((HOSEi)’l)/(ZiI\:’l(HOSE}.)’I). The inverse empirical
relationship between the HOSE value of the ith resonance state and
its relative contribution indicates that the more stable resonance state
has a larger contribution to the overall molecular structure. Our
previous studies have shown the HOSE model to be a useful tool for
correlating bond-length patterns to the optical properties of
coumarins.***’ Details of applying the HOSE model to coumarins
can be found in references 46 and 47.

The most noteworthy geometrical difference between the {3-
sub} and {4-sub} coumarins lies in the dihedral angle, 6.
Between each pair of 3/4-substituted coumarins, 6 is smaller for
the {3-sub}. We attribute the smaller € values in {3-sub} to the
relatively large “open” space around the 3-position (Figure 3).
In contrast, the neighboring atoms around the 4-position are
relatively close to the 4-position substituent. When this

Figure 3. Theoretically optimized molecular structure of 9 and a
comparison of the “open” space around its 3- and 4-positions.

substituent is bulky, as in the case of 2—8, the strong steric
hindrance effects force this substituent to twist out of the
molecular plane of the core coumarin framework.

Owing to the more planar alignment of the 3-position
substituents with the coumarin framework plane, these
substituents can participate in and extend the 7-conjugation
network in coumarins more effectively. Consequently, their
benzene rings demonstrate a more para-quinoidal bond-length
pattern, as indicated by their higher Q-weights compared to
their {4-sub} analogues. Since Q-weight quantifies the relative
contribution of the para-quinoidal resonance state [Figure
4(II1)], among all possible resonance states, to the actual
observed Ring 1 bond lengths, a higher Q-weight corresponds
to a lower E.,. Furthermore, owing to the more effective 7-
electron delocalization, Ring 2 of {3-sub} also has smaller BLA
values than those of the {4-sub} analogues, leading to a lower
Egpa. For these reasons, the {3-sub} coumarins, including 2a,
3a, and 8a, possess even more red-shifted absorption spectra
than their {4-sub} analogues.

Nevertheless, the relative red shift of the UV—vis absorption
spectra in {3-sub} with respect to {4-sub} is rather small (~15
nm). Since the errors in TD-DFT calculations are typically of
the order of ~0.2—0.3 eV,*” it is not surprising to notice that
our TD-DFT calculations qualitatively fail to predict the longer
wavelengths of 3a with respect to 3b and 8a with respect to 8b
(Figure S). The relatively poor accuracy of DFT when dealing
with the excitation energies of molecular systems involving BLA
and quinoidization has been reported previously.”*”*° The
theoretical molar extinction coefficients, on the other hand,
agree with experimental data reasonably well.

3.1.2. Structure—Property Relationships for the Molar
Extinction Coefficient. The unit of the molar extinction
coefficient ¢ (L cm™ mol™) can be simplified into “area/
mol”. Intuitively, therefore, € is a measure of the “effective” light
absorption area per mole of a compound.”” UV-—vis light
absorption of coumarins involves ICT. Attaching a substituent
along the same direction as the ICT intensifies oscillator
strength to a greater degree and leads to a larger increase in the
“effective” absorption area.®®

For a compound with pseudoreflective symmetry, ICT can
occur along either the long or the short molecular axis.®® In
coumarins, electron transfer along the long axis corresponds to
a low energy jump (S, to S;) compared to that of the short axis
(Sp to Sy; Figure 1). {3-sub} coumarins align more closely to
the long axis than {4-sub} coumarins. Hence, the impact of the
3-position substituent on € is more significant in the first lower
energy absorption band than the 4-position substituent that
manifests in the second absorption band. Indeed, from the
computed UV—vis spectra of 3/4-substituted coumarin pairs
(Figure S), it is clear that {3-sub} coumarins (red) have larger
molar extinction coefficients in the first absorption band, while
{4-sub} coumarins (blue) absorb more strongly in the second
absorption band. It should be noted that the second absorption
band is not necessarily dominated by the second excited states.
For example, the second peak of 2b at ~251 nm is largely a
result of a HOMO-2 — LUMO transition (the third excited
state).

There is also another, more “quantum”, explanation to the
stark difference in molar extinction coefficients between the {3-
sub} and the {4-sub}. This discussion will focus only on the
first absorption band, which is more relevant to practical
applications. However, the same principle can be extended to
any absorption band.

dx.doi.org/10.1021/jp404170w | J. Phys. Chem. C 2013, 117, 16584—16595
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Figure 4. Possible resonance structures in coumarin laser dyes. While only the 7-position electron-donating substituent, D, is shown here, other
substituents are likely to be attached onto this framework. The blue-highlighted Ring 1 moieties represent four distinct canonical molecular
fragments: Q (para-quinoidal), OQ_(ortho-quinoidal), K1 (Kekulé configuration 1), and K2 (Kekulé configuration 2). Their relative contributions
toward the DFT-derived molecular structures of Ring 1 can be quantified by the HOSE model (Table 2).
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Figure 5. Theoretical UV—vis absorption spectra of 2a/b, 3a/b, and
8a/b in ethanol, calculated using TD-DFT with CAM-B3LYP/6-
31+G(d,p) and “nstates = 8”.

According to quantum mechanics, the light absorptivity of a
molecule depends on its transition dipole moment, i.e., a larger
transition dipole moment indicates stronger absorptivity. The
transition dipole moment measures the coupling between
molecular orbitals involved in the light absorption process. For
its value to become large, a substantial spatial overlap of
electron densities in the involved orbitals is required. In
coumarins, the first absorption band is dominated by the
HOMO— LUMO transition. Consequently, an examination on
the HOMO—-LUMO overlap provides useful hints about the
transition dipole moments and ¢ values.

In the {3-sub} coumarins, the 3-position substituents
contribute to both their HOMOs and LUMOs (Figure 6).
The overlap between the HOMOs and LUMO:s is relatively
large in all instances. In contrast, the 4-position substituents
have large dihedral angles with respect to the coumarin
fragment; they are not actively involved in the HOMOs (Figure
6). Only upon excitation does a substantial amount of charge
flow to these substituents in the LUMOs. As a result, the
overlap between the HOMOs and the LUMOs in the {4-sub}
is relatively small in all cases.

Such overlap can be quantified by an index, A% Indeed, for
each pair of coumarins with the same substituent (but attached
to different positions), we find that the {3-sub} has larger A
values (Table 3). This observation rationalizes their approx-
imately doubled ¢ values, with respect to the {4-sub}

e R e e
(b) HOMO w ’ﬁ w
2a 2b 3a

Figure 6. Theoretically derived LUMOs and HOMOs of 2, 3, 8—10,

coumarins.
gv !
8a ° 8b

and 15 (red: positive; blue: negative; isovalue: 0.02).
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Table 3. Summary of Theoretically Derived HOMO—LUMO Overlap Indexes (A) and Geometrical Changes in 2a/b, 3a/b, and

8a/b upon Excitation

{3-sub} {4-sub}
A* ggmundb (dEg) aexcitedc (deg) A0 (deg) RMS (A) A gground (deg) gexcited (deg) A0 (deg) RMS (A)
2a 0.719 42 12 29 0.257 2b 0.636 SS 26 29 0.278
3a 0.663 4 1 3 0.035 3b 0.593 35 0 35 0.276
8a 0.665 0 0 0 0.028 8b 0.549 49 2 47 0.322

“A is an index used to quantify the overlap of HOMO and LUMO in 2a/b, 3a/b, and 8a/b; i.e., a smaller A corresponds to less HOMO—-LUMO

overlap.%’ bﬁg

round denotes the dihedral angle between the parent coumarin framework plane and the Ring 2 substituent of a coumarin derivative in

its ground-state structure. “@,.q represents the dihedral angle between the parent coumarin framework plane and the Ring 2 substituent of a

coumarin derivative in its first excited state.

3.1.3. Structure—Property Relationships for the Stokes
Shift. There are substantial differences between the Stokes
shifts of the {3-sub} and {4-sub} coumarins. These differences
cannot be explained by solvent effects. It is noted that the
Stokes shifts of a given coumarin increases by only ~40 nm
when a nonpolar solvent, such as methyl-cyclohexane or
cyclohexane, is swapped for the very polar dimethyl
sulfoxide.”®”" In contrast, changes in the observed Stokes
shifts are much larger with an alteration in substituent position.
For example, the Stokes shift differences between the 3/4-
substituted coumarin pairs are as high as ~80 nm, even when
compared in the same solvent (Table 1). Therefore, the Stokes
shift differences between the 3/4-substituted coumarin pairs are
more closely linked to the intrinsic substitutional properties.

The origin of the Stokes shift is illustrated via the modified
version of the classical Jablonski diagram (Figure 7).'?

A

geometry relaxation
at the excited state S7

absorption emission S0

energy

Ag(metry relaxation

at the ground state

molecular geometry

Figure 7. Schematic illustration of the light absorption and emission
process in fluorophores.

According to the Franck—Condon principle, UV—vis absorp-
tion proceeds via a vertical excitation which is adiabatic; i.e., the
absorbed photon energy is not converted into heat; only
electrons move, while the nuclei remain stationary. However,
the optically excited dye molecule is highly dynamic as it relaxes
toward its equilibrium structure accompanied by nuclear
motion, and part of the absorbed photon energy is thermalized
during this process, before the remaining part re-emits as a
photon of a longer wavelength or is completely thermalized via
a nonradiative process. To increase the Stokes shift, a large
structural change is thus required during the geometry
relaxation in the excited state.

For each pair of 3/4-substituted coumarins that possess the
same chemical substituents, it is reasonable to predict that a
larger change in the electron density distribution during the
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HOMO — LUMO transition (or a smaller overlap between the
HOMO and LUMO) will bring about greater nuclear motion
during the excited state geometry relaxation. Hence, the
HOMO-LUMO overlap index, A, provides a good indication
of the Stokes shift; i.e., a smaller A is correlated to a larger Al
(the Stokes shift in the unit of wavelength) and Av (the Stokes
shift in the unit of energy). Indeed, {3-sub} coumarins have
smaller A values but larger Stokes shifts relative to their {4-sub}
analogues (Table 3).

To gain a deeper understanding of photoexcited nuclear
motion, we have optimized the molecular structures of 2a/b,
3a/b, and 8a/b in their first excited states using TD-DFT. The
most significant geometric changes in the excited state concern
the photoexcited rotation of Ring 2 substituents. Once excited,
the perturbed wave function (essentially a change in bonding
character) causes the Ring 2 substituent to rotate with a
tendency to align with the molecular plane of the parent
coumarin framework. The dihedral angle, 6, is greatly reduced
in {4-sub} coumarins (Table 3). In contrast, such rotation is
less significant in {3-sub} coumarins, where 0 values are much
smaller, even in the ground state. One exception in the {3-sub}
set regards 2a, which possesses a phenyl ring attached at the 3-
position. The phenyl ring is relatively bulky, and even the open
space around the 3-position cannot accommodate a planar
alignment. Consequently, the @ of 2a is relatively large in the
ground state, and its Ring 2 substituent experiences a
substantial rotation during excited state geometry relaxation
(Table 3).

Molecular structure perturbations occurring during excited
state geometry relaxation can also be quantified by taking the
root-mean-square (RMS) of the cumulative atomic displace-
ments with respect to the ground-state molecular structures.
Indeed, {4-sub} coumarins demonstrate a higher RMS than
those of {3-sub}. Their greater photoinduced geometric
changes rationalize their larger Stokes shifts (Table 1). For
{3-sub} coumarins, the photoinduced geometric changes are
generally small, with the exception of 2a. While experimental
Stokes shift data are not available for 2a, it is interesting to
point out that another similar compound, 6a, also with a phenyl
ring attached at its 3-positon, has almost twice the level of the
Stokes shift as compared to other coumarins in {3-sub},
although this is still less than those of {4-sub} (Table 1).

In these coumarins, the rotating substituent is connected to
the main coumarin molecular framework via a single bond. Its
rotation during the geometry relaxation of the excited state can
be explained by two competing effects. One is the effect of
steric hindrance, causing it to bend out of the main fluorophore
molecular plane; the other is the resonance effect, rendering a
tendency to align with the molecular plane to achieve a better
electron delocalization. In the ground state, the former effect
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Scheme 4. Molecular Structures of BODIPY Dyes 11—16 and the Position Numbering Designations in the BODIPY Framework
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“The experimental spectral data are all measured in toluene.**’%”” The theoretically derived dihedral angle, ¢, of the relevant substituents with
respect to the BODIPY core framework plane and the theoretically derived dihedral angle changes upon optical excitation, Ag, were modeled by

Chen et al**
14 15
P
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> b s
%] .l >
(b) HOMO
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o

Figure 8. Theoretically derived HOMOs and LUMOs of 14 (left), 15 (center), and 16 (right; red, positive; blue, negative; isovalue, 0.02).

16

dominates, leading to a nonplanar geometry in the resulting families, such as BODIPY dyes,>>”>™”” heptamethine cyanine
fluorophore. Upon excitation, the latter effect gains more dyes,®" and stilbene derivatives.”®
strength, driving the substituent to rotate toward a more planar 3.2.1. Stokes Shift Trends in BODIPY Dyes. Selected
alignment.72 In other words, the single bond, which connects fluorophores from the BODIPY family (Scheme 4), with
the substituent and the main fluorophore fragment, displays substituents at the 2/6- and/or the 8-positions of the core
more double-bonded character upon optical excitation. BODIPY fragment (11), are reviewed and analyzed herein.
Steric hindrance plays an important role in enlarging the These substituents possess varied electron-donating capabilities
Stokes shift. First, this effect causes the substituent to bend out and a different extent of rotations upon optical excitation.

We first compare the molecular structures and properties of
12 and 13 (Scheme 4). In 12, the thienyl group at the 8-
position is surrounded by two hydrogen atoms attached at the
1- and 7-positions. Due to the relatively modest steric
hindrance effect, the dihedral angle, ¢, between the thienyl
substituent and the BODIPY framework is only 46°, and this
substituent is allowed to rotate by 43° during the excited state
geometry relaxation, resulting in a large Stokes shift of 100
nm.>*”® In contrast, by replacing these two hydrogen atoms
with two methyl groups at the 1- and 7-positions to generate
13, the contracted space around the 8-position thienyl
substituent forces it to twist in its ground state, resulting in a
large ¢ of 90°.”% This substituent is kept almost completely
rigid owing to its neighboring methyl groups and cannot rotate
in the excited state.*”® Moreover, this vertical alignment
essentially isolates the thienyl substitute from the 7#-conjugated

of the main fluorophore plane in the ground state, which
creates a prerequisite for this substituent to rotate in the excited
state during geometry relaxation. Second, as the substituent
rotates in the excited state, a strong interaction between the
substituent and its neighboring atoms ensures that a large
amount of torsional work is done, which is then translated into
the Stokes shift. If steric hindrance is relatively weak, such as in
the case of 2a and 6a, a large rotation of the phenyl ring, by
29°, only leads to a relatively modest Stokes shift of ~77 nm
(~3700 cm™"). In contrast, a similar amount of rotation in 2b
and 6b generates a Stokes shift of ~124 nm (~6500 cm™’;
~70% increase), owing to the presence of stronger steric
hindrance effects.

It should be noted that the rotation of these substituents
upon their optical excitation is very different from twisted

intramolecular charger transfer (TICT).”** In TICT, sub- network in the BODIPY framework. Thus the thienyl substitute
stituents have a more planar alignment with the main has very little influence on the optoelectronic properties of 13,
fluorophores in their ground states but twist out of the main resulting in a small Stokes shift of only 11 nm.**
fragment plane upon excitation. The opposite trend is found in We then move our attention to the differences among 14—
our case study. 16, where similar substituents are attached at the 2- and 6-
3.2. Extending Stokes Shift Structure—Property positions (Scheme 4). The thienyl substituents have much
Relationships to Other Fluorophore Chemical Families. larger contributions to the HOMO and LUMO of 14 than the
The “rotating” substituents that induce large Stokes shifts are phenyl substituent does in 15 (Figure 8).** Consequently, in
present not only in coumarins but also in other chemical their excited states, the rotation of the thienyl unit is greater
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Scheme 5. Molecular Structures of Heptamethine Cyanine Dyes, 17, 18a, and 18b

than that of the phenyl unit, being 16° and 13°, respectively.**
An even more significant difference lies in the impact on their
energy levels. For example, the substituent rotations at the 2-
and 6-positions in 14 have induced an energy bandgap
reduction by 0.49 eV, cf. 0.17 eV in 15.>> Consequently, the
Stokes shifts of these two compounds are apparently different,
measured to be 79 and 26 nm in toluene, respectively.”

The Stokes shift of 15 can be enhanced by a subtle molecular
modification. We notice that the key difference between 14 and
15 concerns the electron-donating properties of the sub-
stituents at the 2- and 6-positions; i.e., the phenyl substituents
in 15 are less electron-donating compared to the thienyl units
in 14. To increase the electron-donating power of the phenyl
unit, one may add a dimethyl-amino group at the para-position,
generating 16. This modification extends the 7-conjugation to
the phenyl rings in 16, which, in turn, greatly boosts the
contribution of the phenyl rings to the frontier molecular
orbitals (Figure 8). We have thus predicted that 16 and related
compounds possess considerably larger Stokes shifts, in
comparison to 15. Indeed, a subsequent finding of research
by Zhang shows that 16 exhibits a large Stokes shift of 99 nm in
both toluene and dichloromethane.”” Moreover, Martin et al.
have also synthesized another similar BODIPY fluorophore,
which is 16 substituted with a naphthyridine acceptor site at the
8-position. This new fluorophore exhibits a substantially large
Stokes shift of 167 nm in dichloromethane.”

3.2.2. Stokes Shift Trends in Heptamethine Cyanine Dyes.
A further assessment of the transformative nature of Stokes
shift structure—property relationships has been undertaken on
the cyanine dyes (Scheme S). Peng et al. have attached
substituents to the 7-bridge of a parent heptamethine cyanine
dye, 17, forming two new dyes, 18a and 18b (Scheme 5).31
These two new dyes have significantly larger Stokes shifts,
~150 nm, in comparison to 20 nm in their parent dye. The
great increase in the Stokes shifts has been attributed the “ICT”
state of the new dyes.”'

The molecular origin of this “ICT” state is actually linked to
substituent rotation upon the excitation of 18a and 18b.
Because of their steric bulk, these substituents are forced to
bend out of the molecular plane of the core chemical fragment
in their ground state, as suggested by our DFT calculations
(Figure 9). These associated TD-DFT calculations also show
that the first excited state of 18a is dominated by a HOMO-1
— LUMO transition. During this transition, the electron
density around the nitrogen atom in the middle of the 7-bridge
reveals a significant change. The changing bond character drives
the rotation of the —NHR substituent toward a more planar
alignment with respect to the core molecular fragment, as
confirmed by experiments.*' Such rotations result in significant
geometric changes in the excited state of 18a and 18b, causing
their large Stokes shifts.

Figure 9. Theoretically optimized molecular structure of 18a and its
LUMO and HOMO-1 (red, positive; blue, negative; isovalue: 0.02).

3.2.3. Stokes Shift Trends in Stilbene Derivatives. Finally,
we extend this comparison to the popular stilbene dyes.
Stilbene (trans), 19, has a very planar structure (Figure 10).

Figure 10. Molecular structures of 19 and 20 and their theoretically
optimized geometries in the ground states. According to our DFT/
TD-DFT calculations, the dihedral angle between the methyl group
and the benzene ring, y, decreases from 68° in the ground state to 40°
upon optical excitation in 20, while the molecular structure of 19
remains flat both in the ground and excited states.

Upon excitation, its structural change is minimal. The RMS of
its cumulative atomic displacements is only 0.040 A. Fischer et
al. added two methyl groups onto the stilbene framework and
synthesized a new compound, 20.”® The interactions between
these two methyl groups and the stilbene framework lead to a
twisted structure in 20 (Figure 10). Our DFT calculations show
that the dihedral angle between the methyl group and the
benzene ring, y, is 68° in the ground state of 20. Upon
excitation, however, the methyl group rotates toward a more
planar alignment with the stilbene framework, and y decreases

dx.doi.org/10.1021/jp404170w | J. Phys. Chem. C 2013, 117, 16584—16595



The Journal of Physical Chemistry C

to 40°. Consequently, the RMS of its cumulative atomic
displacements rises to 0.279 A, and the Stokes shift of 20 is
significantly larger than that of 19, by ~76 nm.”®

3.3. Rotating Substituent: Molecular Design Criteria.
Using the structure—property relationship findings for these
four families of dyes, we can now propose a few criteria for the
molecular design of fluorophores with large Stokes shift via
judicious incorporation of rotating chemical substituents.

(a). Choice of Substituents. The rotation of substituents
upon optical excitation is driven by the increasing strength of
the resonance effect. To enhance the resonance effect and
produce a large rotation upon photoexcitation, the substituent
should have a strong tendency to participate in the z-
conjugated network of the main fluorophore. Typical
substituents meeting this criteria include (but are not limited
to) amino groups and subconjugated systems which are capable
of forming conjugated pathways with the main fluorophores
(ie, —CHO, —COCH,, —COOH, —C¢Hj, and thiophene).

(b). Steric Hindrance Effect. There exists an optimal range in
the extent of steric hindrance effects to achieve a large Stokes
shift. A reasonably strong steric hindrance is required to
consume a large amount of torsional work during the
substituent rotation, such that a large Stokes shift is afforded.
However, an overbearance of steric hindrance effects can
completely prevent the substituent rotation, leading to a small
Stokes shift.

(c). Involvement in the Frontier Molecular Orbitals. For the
rotating substituent to produce an observable effect on the
optoelectronic properties of a compound, it must demonstrate
a significant level of charge transfer between the molecular
orbitals that are associated with the S, — S; transition. These
molecular orbitals are typically, but not necessarily, HOMO
and LUMO. The active participation of the substituent in this
orbital charge transfer has a 2-fold interlinked impact on the
substituent effect. First, a large change in electron density (or
essentially the changing bonding character) of the substituent
drives its rotation in the excited state. Second, to introduce
considerable changes to the energy levels of the S, and S,
states, the substituent must present a large amount of charge in
the related molecular orbitals.

H CONCLUSION

Attaching the same chemical substituent at different positions
in the coumarin framework leads to substantially different
optoelectronic properties. For example, attaching a bulky
electron-withdrawing group at the 3-position results in a larger
red shift in its UV—vis absorption spectra by ~15 nm and an
approximately doubled molar extinction coefficient than at the
4-position; attaching this substituent at the 4-position causes a
far larger Stokes shift by ~80 nm than at the 3-position.

The molecular origin of these substituent positional effects
has been investigated both through empirical HOSE and BLA
analysis and theoretical DFT/TD-DFT calculations. It is found
that the 3-position accommodates more space which allows a
relatively planar alignment of the substituent within the
coumarin framework. This alignment results in more significant
m-electron delocalization in the conjugated system and leads to
a larger red shift in its UV—vis absorption spectra. Furthermore,
the 3-position substituent aligns more closely with the ICT
direction in the coumarin fragment. It enhances the transition
dipole moment more effectively and brings about a higher
molar extinction coefficient in its first absorption band. In
contrast, owing to stronger steric hindrance effects, the

otherwise analogous 4-position-substituted coumarin is forced
to bend out of the molecular plane; its electron-withdrawing
effects are thus limited. Nevertheless, this substituent rotates
toward a more planar arrangement with respect to the core
coumarin framework during the geometry relaxation in its
excited state. The torsional work associated with this rotation is
responsible for its very large Stokes shift of ~130 nm.

Incorporating a chemical substituent which rotates in the
excited state is shown to be an effective method to enlarge the
Stokes shift, not only in coumarins but also in other types of
fluorophores, such as BODIPY, cyanine, and stilbene dyes. The
associated structure—property relationships that determine the
Stokes shift in these dye families are used to propose molecular
design criteria that enable the prediction of Stokes shifts in
fluorophores. The key criteria are: a judicious choice of
substituents, an appropriate control of the associated steric
hindrance effects, and the active involvement of the substituents
in the frontier molecular orbitals of fluorophores. On the basis
of this understanding, we have shown how this can lead to the
successful predictions of BODIPY fluorophores with large
Stokes shifts.

In general terms, we have shown that a proper consideration
of the three-dimensional nature of steric hindrance effects
requires the assistance of computational chemistry, as does a
proper consideration of their impact on the frontier molecular
orbitals. A closer link between chemical synthesis and
computational analysis is thus expected in the effective design
of new fluorophores with rotating substituents.

By understanding relationships between fluorophore struc-
tures and their optoelectronic properties in the way that we
have presented, one gains the ability to tune the optoelectronic
properties of dyes with minimal changes in its molecular size.
We believe that the realization of such fundamental knowledge
will be very helpful for the rational molecular engineering of
better-performing fluorophores. One limitation of this study,
however, is that the substituent (positional) effect on the
quantum efficiencies of fluorophores, and its diverse impacts
(other than on substituent rotations), such as on the tendency
to TICT and the extent of ICT upon the excitation of organic
fluorophores, cannot be addressed. However, methods by
which one can factor in quantum efficiencies are the subject of
the future work.
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