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Abstract: Fluorescence spectra and lifetimes were determined for 16 synthetic flavylium cation
analogues of anthocyanin plant pigments in dry acetonitrile acidified with trifluoroacetic acid (TFA).
Phosphorescence was also observed from the lowest excited triplet state for all of the flavylium cations
at 77 K in a rigid TFA-acidified isopropanol glass. The fluorescence quantum yields and lifetimes
depend in a systematic manner on the nature and position of the substituents on the flavylium
chromophore and three specific substitution patterns associated with significant decreases in the
fluorescence quantum yield were identified. A 4′-bromo or 4′-iodo substituent in the B-ring of the
flavylium cation produced a small but normal heavy-atom effect, reducing the fluorescence quantum
yield and the phosphorescence lifetime relative to analogues without the halogen atom. In contrast,
three flavylium cations with a 3′-bromo substituent exhibited an “inverse” heavy atom effect, i.e.,
an increase in the fluorescence quantum yield rather than a decrease, which was rationalized on
the basis of the nodal properties of the natural transition orbitals (NTOs) involved in the S0→S1

radiative transition.
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1. Introduction

The anthocyanins, the natural pigments responsible for most of the red, blue and
purple colors of flowers fruits and leaves of plants, are flavylium cations [1–4] whose
chemical structures differ primarily in the number of hydroxyl or methoxy substituents in
the B-ring and the nature of the 3-O- and 5-O-glycosylation of the OH groups in the
C- and A-rings (Scheme 1). Much of the current understanding of the complex pH-
dependent chemistry of natural anthocyanins has been derived from studies of simple
synthetic flavylium cations, whose chemistry often mimics that of their natural counter-
parts [1–6]. Thus, as indicated in Scheme 2, in aqueous solution at strongly acidic pH, the
visibly colored flavylium cation form (AH+) is the predominant species present. Above
about pH 3, however, a nucleophilic attack of water produces the hemiketal that in turn can
ring open and isomerize to the corresponding (E)- and (Z)-chalcones, resulting in a near
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colorless equilibrium mixture of these species at neutral pH [1–4]. The concurrent acid-base
chemistry of anthocyanins, forming the neutral conjugated base A, can be investigated by
employing fast kinetic methods [1,4,5].
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Scheme 2. Typical pH-dependent ground and excited singlet state reactivity of flavylium cations in
aqueous solution, illustrated for the 7-hydroxy flavylium cation.

In contrast to the natural pigments, however, the structure and substituents of syn-
thetic flavylium cations can be manipulated to control or eliminate parts of this complex
reactivity. For example, the introduction of a 4-methyl group into the structure blocks the
nucleophilic attack by water and subsequent loss of color, while methylation blocks the
acid-base chemistry of OH groups. Thus, in the 7-methoxy-4-methylflavylium cation (FL1,
Scheme 3), all the pH-dependent anthocyanin-like ground- and excited-state reactivity of
the AH+ form is effectively blocked by introducing only two substituents into the flavylium
chromophore [6]. At the same time, because the loss of color of natural anthocyanins
at neutral pH limits the wider application of anthocyanins as coloring agents, synthetic
flavylium cations serve as surrogates for investigating strategies for the stabilization of the
color, such as copigmentation with organic molecules or inorganic cations, adsorption on
clays or encapsulation to exclude contact with water [7–17].
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Natural anthocyanins fluoresce only weakly if at all in aqueous solution, which
has been attributed primarily to ultrafast excited state proton transfer (ESPT) to water
on a picosecond time scale [5]. Analogous ultrafast proton transfer occurs with simple
synthetic hydroxyflavylium cations, such as the 7-hydroxy-4-methyl-flavylium cation (FL2,
Scheme 3), which has a fluorescence lifetime of ca. 5 ps in aqueous solution determined
by the rate of adiabatic ESPT to water [18,19]. Ground-state copigmentation complexes
of anthocyanins and synthetic flavylium cations with colorless organic molecules such
as electron-rich cinnamic or benzoic acid derivatives are non-fluorescent due to sub-ps
(probably charge-transfer mediated) decay back to the ground state [7,20,21]. Both of
these decay routes provide efficient non-deleterious dissipation of the absorbed light
energy and substantiate the proposed in vivo photoprotective role of free and copigmented
anthocyanins in plants [2,18,21]. In contrast to the excited singlet state photophysics of
anthocyanins and flavylium cations, little is known about the excited triplet states of
flavylium cations, in large part due to the absence of clear evidence thus far for triplet state
formation in solution.

In the present work, we report a comparative investigation of the fluorescence prop-
erties of 16 synthetic flavylium cations (Scheme 3) in dry acetonitrile acidified with triflu-
oroacetic acid (TFA) to suppress ESPT, together with the phosphorescence of these same
compounds in a rigid TFA-acidified isopropanol glass at 77 K. Under these conditions,
ESPT of the 10 compounds with OH substituents is suppressed in the excited singlet state
and all 16 of the flavylium cations exhibit detectable phosphorescence, providing the first
systematic information on the energies and emissive properties of the excited triplet states
of flavylium cations. Particularly interesting are the distinct effects of heavy-atom sub-
stitution at the 3′- or 4′-positions of the B-ring, which can be rationalized on the basis
of the nodal properties of the natural transition orbitals (NTOs) involved in the S0→S1
radiative transition.

2. Materials and Methods

All reagents were obtained from commercial sources and used without further pu-
rification unless otherwise stated. Trifluoroacetic acid (TFA, Sigma-Aldrich, Darmstadt,
Germany, 9%) and isopropanol (Merck p.a., Darmstadt, Germany) were used as received.
Acetonitrile (Merck p.a.) was dried by distillation from calcium hydride. Ethyl acetate
was dried over molecular sieves (4Å). 1-(3-Bromo-4-methoxyphenyl)butane-1,3-dione, 1-(4-
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bromophenyl)butane-1,3-dione and 1-(4-iodophenyl)butane-1,3-dione were prepared by
Claisen condensations of ethyl acetate with 3-bromo-4-methoxyacetophenone, 4-bromoacet-
ophenone or 4-iodoacetophenone, respectively [22–24]. The 4-methyl flavylium chlorides
(FL1, FL2, FL7–FL12, FL15 and FL16) were synthesized by HCl-catalyzed condensations
between the corresponding phenol and the appropriate 1-arylbutane-1,3-dione [25,26]. The
flavylium chlorides without a methyl group at the C4-position (FL3–FL6, FL13 and FL14)
were obtained by HCl-catalyzed condensation of the corresponding o-hydroxybenzald-
ehyde and acetophenone derivatives [27,28]. FL1–FL8 and FL11–FL13 are known com-
pounds [4,5,14,25,29–34].

The flavylium salts were characterized on the basis of 1H and 13C NMR spectra
recorded at 500 or 300 and 125 or 75 MHz, respectively, and are reported in parts per
million (ppm) downfield from the solvent acetonitrile-d3 (CD3CN; δ 1.94 for 1H NMR
and δ 118.69 and 1.39 for 13C NMR; Sigma-Aldrich) or methanol-d4 (MeOD; δ 3.31 for
1H NMR and δ 49.15 for 13C NMR; Sigma-Aldrich) containing 1% deuterium chloride (DCl,
Sigma-Aldrich) or 1% deutero trifluoroacetic acid (TFA-d1; Sigma-Aldrich). The signal of
the residual water in methanol (δ 4.70 in the 1H NMR) was suppressed using the ZGPR
pulse sequence. Multiplicities are indicated as s (singlet), br s (broad singlet), d (doublet),
t (triplet), m (multiplet), and dd (double of doublets). After an initial check of purity by unit
resolution mass spectrometry (Bruker amaZon SL ion trap, Brucker, Bremen, Germany),
high-resolution mass spectra (HRMS) were determined by electrospray ionization time
of flight (ESI-TOF) at the Central Analytical Facility of the Institute of Chemistry of the
Universidade de São Paulo (CA-IQ-USP). The NMR and high-resolution mass spectral data
for the known compounds (FL1–FL8 and FL11–FL13) [4,5,14,25,29–34] were fully consistent
with those reported in the literature. The corresponding spectral and analytical data for the
previously unknown flavylium salts are provided in the Supplementary Materials.

UV-Vis absorbance spectra were measured with a Varian Cary 50 UV-vis Bio spec-
trophotometer. A 30 µL aliquot of a stock solution of the flavylium cation in methanol was
added to 2.00 mL of buffer solution of the desired pH in a 1.00 cm path length absorbance.
The solution pH was controlled with HCl for pH < 3, 0.010 mol L−1 acetate buffer for
pH 3–6 and 0.010 mol L−1 phosphate buffer for pH 6–8.5. Ground-state equilibrium con-
stants for deprotonation (pKa) of the compounds with OH groups in aqueous solution were
determined from absorption spectral changes within 5 s. The pH dependence of the loss of
color of the AH+ form of the flavylium cations without a 4-methyl substituent due to hydra-
tion and chalcone formation (Scheme 2) was determined after 1 h equilibration in the dark.
The corresponding apparent equilibrium constant [pKap = log (Ka + Kh + KhKt + KhKtKi)]
for color loss is a composite function of the set of ground-state equilibrium constants
in Scheme 2.

Steady-state measurements of fluorescence at room temperature (ca. 20 ◦C) were
performed with a Hitachi F-4500 fluorescence spectrophotometer. Solutions in dry, air-
equilibrated acetonitrile containing 0.10 mol dm3 TFA (to suppress ESPT) were contained
in 1.00 cm path length fluorescence cuvettes at room temperature, and spectra were cor-
rected for the detector response. Fluorescence quantum yields were determined at room
temperature relative to an appropriate reference compound from the ratio of areas of the
fluorescence spectra of solutions with matched absorbances at the excitation wavelength
(typically ca. 0.3 cm−1, corresponding to concentrations of the flavylium cations of the
order of 10−5 mol L−1) and were corrected for refractive index when different solvents were
employed. Fluorescein (Sigma-Aldrich) in 0.10 mol L−1 sodium hydroxide (Sigma-Aldrich)
was utilized as standard (Φf = 0.95) [35] for FL14–FL16 and coumarin-151 in acetonitrile
(Φf = 0.57) [36] for FL1–FL8. The fluorescence quantum yields of the poorly emitting
compounds (FL9–FL13) were determined by using FL5 in dry acidified acetonitrile as the
reference. Fluorescence decays were measured in dry air-equilibrated acetonitrile solutions
containing 0.10 mol L−1 TFA by the time-correlated single-photon counting technique
using a Spectra Physics Millennia Xs/Tsunami pumping system described elsewhere [19].
The laser excitation pulse (402 or 410 nm) and sample fluorescence emissions (480–585 nm)
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were collected at the magic angle (54.7◦) using automatic alternate measurements of pulse
and sample (1000 counts in the maximum channel per cycle) until a total of 5000 counts
had been collected at the maximum. The instrument response function (IRF), measured at
1.53 ps/channel, was 25 ps (full width at half-maximum, fwhm). Lifetimes of FL14–FL16
were determined by single photon counting, employing an Edinburgh Instruments FLS
980 lifetime spectrometer (Edinburgh EPLED-340 nm diode excitation at 335 nm); the
lifetimes of FL1–FL3 and FL6–FL8 measured with this latter system were within the ex-
perimental error of those determined with ps time resolution. In all cases, the lifetimes
could be adequately fit to single exponential decays based on chi-squared values and plots
of residuals. Phosphorescence emission spectra were determined at 77 K (liquid nitrogen
temperature), employing a Hitachi F-4500 fluorescence spectrophotometer equipped with
a phosphorescence accessory with a quartz Dewar. Solutions of the flavylium cations in
isopropanol with 0.10 mol L−1 TFA, contained in 5 mm diameter stoppered NMR tubes
(Sigma-Aldrich), were rapidly cooled to 77 K to obtain a rigid glass. Phosphorescence
lifetimes were determined from single exponential fits of the temporal decay of the phos-
phorescence intensity. Excitation and emission bandwidths varied between 2.5 nm and
20.0 nm, depending on sample emission intensity.

The quantum chemical calculations were performed as in previous work [10,37] with
the Turbomole [38] program suite employing the def2-TZVP triple zeta valence polarization
basis set [39]. Full geometry optimization of the flavylium cations in the ground state
(S0) was carried out in the gas phase using second-order Møller–Plesset perturbation
theory (MP2) [40]. The calculations were performed using the algebraic diagrammatic
construction method to second order (ADC(2)) [41]. The MP2 and ADC(2) approaches were
combined with the resolution of the identity (RI) [42] method, allowing computationally
efficient calculations. The Ring-B to Rings-A/C charge transfer contributions, q(CT), of
the excited states and the natural transition orbitals (NTOs) [43] for the S0 to S1 transition
were evaluated and visualized with the TheoDORE package [44,45]. The conductor-like
screening model (COSMO) [46] as implemented in Turbomole was used to simulate the
effects of an acetonitrile environment.

3. Results and Discussion

Table 1 and Figures S1–S13 of the Supplementary Information summarize the pKa
and pKap values determined from the pH-dependent multistate reactivity of the flavylium
cations in aqueous solution. The six flavylium cations without a 4-methyl group (FL3–FL6
and FL13–FL14) undergo hydration with pKap values in the range of 3.3 ± 0.4, while
the 10 flavylium cations with hydroxyl substituents (FL2–FL5, FL7, FL9–FL12, FL15) are
weak acids and deprotonate to the neutral conjugate base with pKa values in the range of
4.5 ± 0.5. Both of these are typical values for flavylium cations of this type, as indicated
in the extensive data compilation of Pina et al. [4]. The four dihydroxy flavylium cations
(FL9–FL12) exhibit a second deprotonation at ca. 3–4 pK units higher than the first pKa,
while the absorption spectra of the three flavylium cations with a 4-methyl group and
no hydroxyl substituent (FL1, FL8 and FL16) are insensitive to the medium pH up to at
least pH 7.

Because hydroxyflavylium cations are relatively strong photoacids, with excited state
pKa*s (Scheme 2) in the range of ca. −1 to 0, their photophysics in aqueous solution is
overwhelmingly dominated by the rate of adiabatic excited state proton transfer (ESPT)
to water, resulting in weak fluorescence from both the cation and the neutral conjugate
base with picosecond timescale singlet lifetimes [2,5,6,18,19]. Since it was of interest in this
work to examine the intrinsic effects of substituents in the absence of ESPT, fluorescence
quantum yields and lifetimes were determined (Table 2) in dry acetonitrile acidified with
0.10 mol L−1 trifluoroacetic acid (TFA) to suppress ESPT [47] in the 10 hydroxyflavylium
cations and permit comparison of the results with those of the six flavylium cations without
hydroxyl substituents. The absence of water and the acidity of the medium also eliminate
the possibility of interference from hydration in the ground state. The fact that ESPT
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is efficiently suppressed in dry acidified acetonitrile is clearly indicated by the lack of
observable fluorescence from the conjugate base form of the hydroxyflavylium cations.
Moreover, the fluorescence lifetime of FL2 increases 500-fold from ca. 5 ps in aqueous
acid [48] to 2.6 ns in dry acidic acetonitrile, only a factor of two shorter than the lifetime
of the 7-methoxy analogue FL1 (Table 2). Likewise, phosphorescence emission spectra
and lifetimes (Table 2 and normalized spectra in Figure 1) were determined in the weakly
basic solvent isopropanol acidified with 0.10 mol L−1 TFA, which forms rigid, optically-
transparent glasses upon rapid cooling to 77 K in liquid nitrogen.

Table 1. Ground-state equilibrium constants for the loss of color of the AH+ form due to hydration
and formation of chalcones (pKap) of the compounds without a 4-methyl group and for deprotonation
(pKa) of the compounds with OH groups in aqueous solution and absorption maxima and molar
absorption coefficients of the compounds in dry acetonitrile containing 0.1 mol L−1 TFA.

Flavylium Cation
pKap pKa λmax εmax

±0.1 ±0.1 nm L mol−1 cm−1

FL1 - - 417 28,300
FL2 - 4.4 418 33,900
FL3 2.9 3.9 461 51,800
FL4 3.7 5.1 460 47,300
FL5 3.5 1st 4.2; 2nd 7.4 459 52,600
FL6 3.4 - 461 44,800
FL7 - 4.8 447 43,600
FL8 - - 446 51,000
FL9 - 1st 4.9; 2nd 9.0 390 & 444 18,400 & 14,200
FL10 - 1st 5.2; 2nd 8.7 385 & 444 19,400 & 13,900
FL11 - 1st 4.2; 2nd 7.2 383 & 445 19,000 & 14,300
FL12 - 1st 4.7; 2nd 7.4 452 31,900
FL13 3.2 - 478 37,800
FL14 3.2 - 460 21,400
FL15 - 4.3 446 27,700
FL16 - - 446 39,000

Table 2. Fluorescence quantum yields (±10%), lifetimes (±0.1 ns), rate constants and lowest excited
singlet state energies of the 16 flavylium cations in dry TFA-acidified acetonitrile at ambient tem-
perature and the lowest excited singlet and triplet energies, S1-T1 energy gaps and triplet lifetimes
(±10%) in a TFA-acidified isopropanol glass at 77 K.

Dry CH3CN + 0.1 mol L−1 TFA, 20 ◦C Isopropanol + 0.1 mol L−1 TFA, 77 K

Flavylium Cation Φf τf, ns 10−7kf, s−1 ES, eV a ES, eV a ET, eV b ∆EST, eV τT, s

FL1 0.53 5.4 9.8 2.83 2.91 2.31 0.60 0.67
FL2 0.26 2.6 10 2.79 2.76 2.22 0.54 0.39
FL3 0.42 1.8 23 2.61 2.67 2.14 0.53 0.76
FL4 0.055 0.2 28 2.62 2.65 2.14 0.51 0.42
FL5 0.065 0.24 27 2.62 2.61 2.13 0.48 1.13
FL6 0.29 1.5 20 2.61 2.76 2.18 0.58 1.3
FL7 0.48 3.0 16 2.70 2.70 2.20 0.50 1.6
FL8 0.68 3.0 22 2.70 2.73 2.24 0.49 2.4
FL9 0.0013 <0.2 - 2.41 c 2.41 2.08 0.33 0.009

FL10 0.00075 <0.2 - 2.41 c 2.43 2.09 0.34 0.07
FL11 0.0011 <0.2 - 2.56 2.42 2.14 0.28 0.15
FL12 0.005 <0.2 - 2.55 2.52 2.15 0.37 0.35
FL13 0.0014 <0.2 - 2.36 c 2.57 1.96 0.61 0.30
FL14 0.76 2.2 34 2.61 2.72 2.14 0.58 0.08
FL15 0.79 2.8 28 2.70 2.71 2.17 0.54 0.11
FL16 1.00 2.7 37 2.70 2.79 2.20 0.59 0.09

a at 10% of the emission maximum, measured from the emission onset. b at the phosphorescence emission
maximum. c estimated from the absorption spectrum due to the very weak emission.
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FL8 0.68 3.0 22 2.70 2.73 2.24 0.49 2.4 
FL9 0.0013 <0.2 - 2.41c 2.41 2.08 0.33 0.009 

FL10 0.00075 <0.2 - 2.41c 2.43 2.09 0.34 0.07 
FL11 0.0011 <0.2 - 2.56 2.42 2.14 0.28 0.15 
FL12 0.005 <0.2 - 2.55 2.52 2.15 0.37 0.35 
FL13 0.0014 <0.2 - 2.36c 2.57 1.96 0.61 0.30 
FL14 0.76 2.2 34 2.61 2.72 2.14 0.58 0.08 
FL15 0.79 2.8 28 2.70 2.71 2.17 0.54 0.11 
FL16 1.00 2.7 37 2.70 2.79 2.20 0.59 0.09 

a at 10% of the emission maximum, measured from the emission onset. b at the phosphorescence 
emission maximum. c estimated from the absorption spectrum due to the very weak emission. 
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and the corresponding normalized fluorescence (red) and phosphorescence (blue) spectra in a TFA-
acidified isopropanol glass (77 K).

Despite the restricted number of compounds, the fluorescence data point to some
interesting relationships to the substitution patterns of the flavylium cation chromophore.
Thus, in the pairs of compounds FL1–FL2, FL3–FL6 and FL7–FL8 the replacement of a
7-methoxy substituent by a 7-hydroxy group results in only a relatively modest change
(a factor of two or less) in the fluorescence quantum yields and lifetimes with no effect
within experimental error on the fluorescence rate constants of the pair. In contrast, in
the pairs FL3–FL5 and FL6–FL4, replacement of a 4′-methoxy substituent by a 4′-hydroxy
group results in an almost 10-fold decrease in the fluorescence quantum yield and lifetime,
while in the pairs FL2–FL11 and FL7–FL12 the introduction of an additional 5-hydroxy
group on Ring-A provokes a large two orders-of-magnitude decrease in the fluorescence
quantum yield. For FL12, the fluorescence quantum yield together with an estimate of ca.
1 × 108 s−1 for the fluorescence rate constant (based on the similarity of εmax to that of FL2;
Table 1) provides an estimate of about 50 ps for the fluorescence lifetime of FL12 in dry
acidified acetonitrile.

Compared to FL6, the introduction of a second methoxy group at position 3′ of Ring-B
in compound FL13 results in a 200-fold decrease in the fluorescence quantum yield. In
this case, the ADC(2)/def2-TZVP quantum chemical calculations suggest that the more
electron-rich B-ring of FL13 promotes the relaxation of the locally excited singlet state to a
charge transfer state with a substantial out-of-plane rotation of the B-ring relative to the
C-ring (Tables S1 and S2 of the Supplementary Information). Indeed, the fluorescence
intensity of FL13 increases markedly upon inclusion into cucurbit [7] uril [14] or upon
adsorption onto clays [12,49,50], both of which presumably stabilize the more planar locally
excited state relative to the twisted charge transfer state.
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As mentioned in the Introduction, virtually nothing is known at present about triplet
state formation upon excitation of flavylium cations or anthocyanins in fluid solution. How-
ever, at 77 K in a rigid isopropanol glass, all 16 of the flavylium cations exhibited detectable
phosphorescence. The S1-T1 singlet-triplet splittings fall in the range of 0.54 ± 0.6 eV for
most of the compounds, but are about 0.2 eV smaller (0.33 ± 0.5 eV) for the compounds
with hydroxyl groups at positions 5 and 7. Both S1 and T1 are π, π* states and the results of
ADC(2) calculations on a variety of other flavylium cations suggest that T2 of substituted
flavylium cations is always higher in energy than S1 by at least 0.1 eV. Intersystem crossing
should thus occur from S1 to T1 without the intermediacy of upper triplet states and with
a relatively small rate constant [51–53]. In view of the relatively short singlet lifetimes,
intersystem crossing should indeed be fairly inefficient, especially for hydroxyflavylium
cations in aqueous solution where ESPT is fast and dominates the photoreactivity.

In order to examine the effects of heavy-atom perturbations on intersystem cross-
ing and phosphorescence [52–55] in the singlet and triplet manifolds of the flavylium
cation chromophore, five heavy-atom containing analogues were prepared: the 4′-bromo
derivative FL9, the 4′-iodo derivative FL10 and three 3’-bromo derivatives FL14–FL16.
The flavylium cations without a heavy-atom substituent exhibit phosphorescence lifetimes
in the range of 0.3–2.4 s with no immediately obvious dependence on the substitution
pattern of the molecules. As expected, the phosphorescence lifetimes of the four bromo
derivatives are somewhat shorter (0.07–0.10 s) than those of the analogues without the
bromine substituent, while that of the 4′-iodo derivative (0.009 s) is the shortest of all of the
compounds investigated. In retrospect, the structures of FL9 and FL10, which were dictated
by the most expeditious synthetic route based on available commercial starting materials,
are less than optimal because of the efficient competitive deactivation of S1 associated
with hydroxyl groups at positions 5 and 7 of the A-ring. Nonetheless, the fluorescence
quantum yields are somewhat smaller than those of FL12, consistent with the expected
heavy-atom effect.

The completely unexpected result was the “inverse” heavy-atom effect on the fluores-
cence of all three 3′-bromo derivatives. Thus, comparing the pairs FL6–FL14, FL8–FL15 and
FL8–FL16, the introduction of a 3′-bromo substituent results in a notable increase of the flu-
orescence quantum yield rather than the anticipated decrease, associated in large part with
an increase in the fluorescence rate constant, kf. Furthermore, as indicated by comparing
the fluorescence properties of FL13 and FL14 (Table 2), the consequences of introducing
an electron-withdrawing 3′-bromo group are clearly distinct from that of introducing an
electron-donating methoxy group. A rationale for the lack of the expected heavy-atom ef-
fect in FL14–FL16 is provided by a consideration of the HOMO→LUMO-dominated (>90%)
natural transition orbitals (NTOs) for the S0→S1 radiative transitions shown in Figure 2. In
all four compounds, the excitation shifts electron density from the A-and B-rings into the
C-ring, consistent with the enhanced photoacidity of 7-hydroxy substituents of flavylium
cations that is manifested in aqueous solution [56]. More important in the present context is
the existence of a node at carbons 3′ and 5′ in the particle NTO (i.e., in the LUMO). Despite
the potential limitations of inferences based on spin-free NTOs [57], a node through the
3′-carbon and the attached bromine atom in compounds FL14–FL16 presumably precludes
significant mixing of the spin-orbit coupling on the bromine atom into the excited states
of the flavylium chromophore. As a result, rather than producing a heavy-atom pertur-
bation of intersystem crossing, the 3′ bromine atom is relegated to the more mundane
non-relativistic role of a simple electron-withdrawing substituent on the B-ring.
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gas phase.

4. Conclusions

The fluorescence properties of a series of non-heavy-atom substituted flavylium cations
are consistent with four substitution patterns or motifs that are representative of those
found in naturally occurring anthocyanins: (1) in the absence of ESPT, compounds such
as FL1 and FL2 are reasonably fluorescent and 7-hydroxy and 7-methoxy substituents are
similar; (2) In contrast, the introduction of a 4′-OH group reduces the fluorescence quantum
yield and lifetime by nearly an order of magnitude relative to FL1; (3) a 5,7-dihydroxy
motif in Ring-A of flavylium cations with a 4-methyl group reduces the fluorescence
quantum yield relative to FL1 by at least two orders of magnitude; (4) the electron rich
3′,4′-dimethoxy motif in ring-B promotes formation of a weakly emissive non-planar
charge transfer S1 state. Because natural anthocyanins themselves are only very weakly
fluorescent in acidic aqueous solution, the presumption [2,6,18] has been that ESPT to
water is largely responsible for the ca. 20 ps fluorescence lifetimes of the flavylium cation
form of the anthocyanins in aqueous solution [5]. However, the present results suggest
that intrinsic deactivation pathways associated with the hydroxyl groups at positions 4′,
5 and 7 of naturally occurring anthocyanins (Scheme 1) may compete favorably with ESPT.
Independent of their origin, the net result is that the deactivation routes of the excited
singlet state of anthocyanins are highly efficient and consistent with the photoprotection
hypothesis as their primary biological role in plant leaves [2,6,18].

The present results also provide the first systematic evidence for the formation of
excited triplet states of flavylium cations, albeit from phosphorescence in a rigid glass at
77 K rather than in fluid solution. However, because the triplet state energies are now
known from phosphorescence, photosensitization [58] can potentially be employed to
populate and investigate the photoreactivity of flavylium cations in the triplet manifold.
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Interestingly, flavylium cations appear to be rather insensitive to heavy atom substitution
in the B-ring. Indeed, the introduction of a 3′-bromine substituent on the B-ring produced
an increase in fluorescence rather than the expected heavy-atom perturbation of S1, a
result attributed to the presence of a node at the 3′-carbon and the bromine atom in the
particle NTO of the flavylium cation. This suggests that the introduction of a non-heavy
atom substituent such as a nitrile group at the 3′- and/or 5′-carbons of a compound like
FL8 with a 4-alkyl substituent and no OH groups could be a potential strategy for produc-
ing stable, highly fluorescent flavylium cation-based dyes and pigments with relatively
pH-insensitive colors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photochem2020029/s1, Characterization data of the new com-
pounds; Figures S1–S13. Spectral changes as a function of pH and determination of the pKap and/or
pKa of FL2–FL7 and FL9–FL15. Table S1: Vertical excitation energies E (in eV and in nm), oscillator
strength f and the charge transfer character q(CT) (in units of e) by ADC(2)/def2-TZVP in the gas
phase and in COSMO acetonitrile of the five lowest energy excited singlet states of selected flavylium
cations; Table S2: ADC(2)/def2-TZVP vertical absorption and adiabatic and vertical fluorescence
emission energies (eV) for the S1 state and changes in the Ring-B/Ring-C dihedral angle between
S0 and S1 in the gas phase.
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