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Four different alizarin dyes are studied with optical, electrochemical and quantum-chemical techniques.
Despite structural similarities they show marked differences regarding both ground and excited state
properties. All these dyes are characterized with strong HOMO—LUMO transitions of internal charge
transfer character. These transitions, however, show different reorganization energies due to involve-
ment of intramolecular proton transfer processes. Differences in charge redistribution upon excitation

may lead to different photochemical reactivity of these species and also to different behavior in dye-
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sensitized solar cells and other devices.
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1. Introduction

Rapid development of photocatalysis [1], photovoltaics [2], and
infochemistry [3] relies on novel materials with precisely tailored
properties. Furthermore, the synthesis of these materials should be
cheap and environmentally-friendly. A large variety of organic
chromophores, displaying desired properties can be used as semi-
conductor surface modifiers or exploited directly as functional
materials in numerous applications. In particular, dihydroxyan-
thraquinones (DHAQs) constitute an interesting family of com-
pounds. They are anthraquinone dyes bearing —OH and C=O
moieties which may be used to anchor these dyes to semiconductor
surfaces. Scheme 1 presents the most relevant structural isomers of
DHAQs. These dyes are easily distinguishable by their color which
varies from greenish yellow for anthrarufin, yellowish orange for
alizarin, intense orange for chrysazin to dark red for quinizarin.
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Physical form of these dyes in the pure form also varies. Alizarin
(C.I. 58000), quinizarin and anthrarufin are usually fine powders,
whereas chrysazin occurs as well developed crystals. The variety of
colors of the above species is a result of different electronic tran-
sitions and different type of electron delocalization manifolds
within molecules. Despite structural similarities, dihydroxyan-
thraquinones present surprisingly different redox and spectral
characteristics and thus find different applications.

The leading example of anthraquinone derivative used as a dye
is alizarin, known as Turkish red or Mordant Red 11. The discovery
of a synthetic method of alizarin fabrication in the second half of
the 19th century revolutionized the textile industry. The British
Army red coats serve as a good example of large scale production of
colored fabrics. The affinity of alizarin towards the p-block
(aluminum, tin, lead) and d-block (zinc, copper, cadmium, cobalt,
nickel, iron, chromium, zircon, scandium) cations is well docu-
mented. Formation of strongly colored complexes (usually of low
solubility in water) is commonly used for trace metal extraction and
quantification [4—6]. Its ability of binding calcium makes alizarin
useful in biochemical studies involving bone growth and osteopo-
rosis, gene expression and tissue engineering [7—9]. It is also used
in geology as a marker of calcium containing minerals [10] or in
ore-mining industry as an organic foam depressant in the flotation
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Scheme 1. Molecular structure of alizarin (1), quinizarin (2), anthrarufin (3) and
chrysazin (4).

process [11]. It is also suitable in fluorimetric detection of boron
compounds and fluoride anions [6,12—14]. 1,4-dihydroxyanthra
quinone has received some attention as an anticancer drug [15].
It is used also as a fungicide and a pesticide. Furthermore, it finds
niche applications as an additive in lubricants. Quinizarin forms
fluorescent complexes with lithium, boron and aluminum which
makes it useful for spectrofluorimetric detecting of these elements
[16,17]. Anthrarufin was found to be active against Gram-positive
bacteria, as well as it reduces damaging effects of dioxin [18].
Chrysazin (also known as danthron) has been widely used as a
laxative till the eighties, when American manufacturers withdrew
this compound from drug production because of carcinogenic risk
for human. Chrysazin is also widely used in some metal ion de-
terminations, e.g. lithium, magnesium, calcium, copper, lead, cad-
mium, zinc, nickel, manganese, iron, cobalt, palladium and
platinum [19]. Photochemical reduction of some dihydroxyan-
thraquinones leads to the generation of semiquinone radical anions
and a number of reactive oxygen species including singlet oxygen
02(1Ag) [20—23]. The anthraquinone derivatives also are commonly
used in electrocatalytic processes, for example for reduction of
molecular oxygen [24—26]. Alizarin and quinizarin naturally occur
in the roots of the madder plant (Rubia tinctorum), anthrarufin is
found in some species of fungi (Aspergillus glaucus, Trichoderma sp.)
and bacteria (Xenorhabdus sp.), chrysazin can be extracted form
dried leaves and stems of Xyris semifuscata, a plant harvested in
Madagascar.

Even though those compounds have been known for centuries,
mainly because of their coloring properties, their chemistry has
recently received a lot of attention in relation to their use as TiO»
surface modifiers [24,27—34]|. Alizarin—TiO, couple becomes a
model system for examining dynamics of the electron injection
from the molecule to the semiconductor in the weak electronic
coupling regime [29—33,35—38]. Alizarin is a good photosensitizer,
and arouses great interest as a modifier in dye-sensitized solar cells.
Recently some DHAQ dyes were involved in the synthesis of TiO;-
based materials for optoelectronic systems [27,28]. This class of
photoactive materials reveals unusual photocurrent—voltage
curves. Particularly, the TiO; electrodes modified with alizarin and
alizarin complexone ligands show both anodic and cathodic pho-
tocurrents depending on the applied external potential. Anodic
photocurrents are observed when an excited electron is transferred
from the conduction band of the semiconductor towards the

conducting support with the concomitant oxidation of the redox
mediator present in the electrolyte. In contrary, cathodic photo-
currents are generated when an electron from the conduction band
(or from a sensitizer-based surface state) is transferred to the redox
mediator present in the electrolyte. This phenomenon is called
photoelectrochemical photocurrent switching effect (PEPS) [39,40].
Materials revealing PEPS have great potential in optoelectronics as
they can be used for construction of optical switches, logic gates
and other information processing devices [39—50]. The knowledge
about ground and excited states of the aforementioned molecules is
also relevant in photovoltaics and photocatalysis, where dyes are
implemented in sophisticated structures often containing semi-
conductor or metal nanostructures. Information on adsorption
properties of molecules and its ability for self-organization as well
charge donating character is indispensable in designing efficient
hybrid systems.

Previous works describe ionic forms [51], tautomerism [36,52]
or photocatalytic properties [22] of dihydroxyanthraquinones.
Recent reports also emphasize the role of geometry of the photo-
sensitizer molecule on the mechanism and efficiency of photoin-
duced processes at the TiO; surface [24,27,53]. However, there are
no comprehensive studies on spectroscopy and electrochemistry of
the dihydroxyanthraquinone dyes which take into account the
positional isomerism. The special emphasis is placed on possible
forms of the dyes in the solid as well as in liquid phases (solutions).
The present study involves four dihydroxyanthraquinone dyes
(Scheme 1): alizarin (1), quinizarin (2), anthrarufin (3) and chrys-
azin (4), and describes their spectroscopic and electrochemical
properties. Experimental data are supported with DFT and TD-DFT
calculations of molecular geometry, electronic structure and
excited state properties. All DHAQs, due to the presence of an
electron donor (phenolic) and electron acceptor (quinone) moi-
eties, can be considered as electrochemically amphoteric species.
This type of molecules is especially interesting from the point of
view of molecular electronics [54].

2. Experimental
2.1. Materials and methods

All the organic dyes were of the highest purity available and
used as purchased. Dye 1 was delivered by Acros Organics whereas
2, 3 and 4 were supplied by Alfa Aesar. HPLC grade solvents of 99.9%
purity were purchased from POCH (acetonitrile, ACN) and Sigma—
Aldrich (dimethylformamide, DMF). The absorption spectra of dyes
dissolved in either ACN or DMF were recorded on Agilent 8453
(Agilent, USA) spectrophotometer in quartz cell of 1 cm optical path
length. Luminescence spectra were recorded on Fluoromax-4P
(Horiba Jobin Yvon, France) spectrofluorimeter, in quartz cell of
1 cm optical path length. Diffuse reflectance spectra were recorded
on Lambda 950 spectrophotometer (Perkin Elmer, USA) equipped
with 150 mm integration sphere. For reflectance spectroscopy the
samples were dispersed in spectrally pure BaSO4. To obtain ho-
mogenous sample the dyes in a first step were dissolved in ACN or
DMF before grinding with BaSO4. The same BaSO4 was used as a
white standard. Recorded reflectance values were converted to the
Kubelka—Munk function (aj,,) according to Eq. (1):

2
/ _ (1 —R(hw)]
aKM(hV) - 2R(hV) ) (1)
where R stands for reflectance. The resulting spectra were multi-
plied by the energy of light quanta (hv) in order to preserve the
Gaussian envelope of electronic transitions [55]:
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am(hv) = ago (hw)<hw. (2)

Infrared spectra were obtained by Equinox 55 FTIR spectro-
photometer (Bruker, USA) in KBr pellets. Electrochemical mea-
surements were carried out with Autolab PGSTAT302N (Metrohm
Autolab, The Netherlands) potentiostat. Differential pulse vol-
tammetry (DPV) was conducted in a three electrode configura-
tion. A platinum disc (1 mm diameter), a Pt wire and an Ag/AgCl
electrode were used as working, counter and reference elec-
trodes, respectively. All experiments were performed in DMF
solution using 0.1 M tetrabutylammonium tetrafluoroborate
(TBABF,) as a supporting electrolyte, whereas the studied com-
pounds were at ca. 1 mM concentration. Ferrocene was used as an
internal reference. All potentials are given vs. standard hydrogen
electrode (SHE) using the standard potential of ferrocene equal to
0.951 V [56]. Before the experiment the electrolyte was purged
with nitrogen for at least half an hour and during measurement a
nitrogen blanket was used to prevent contamination of the
sample.

2.2. Computational details

The geometry optimization in the ground state was performed
by the density functional theory (DFT) using the B3PW91 hybrid
functional (Becke three parameter Perdew-Wang 1991) and the
6-311+G(d,p) basis set [57,58] with linear response method
implementing integral equation formalism polarizable contin-
uum model (LR-IEFPCM) [59]. Initial calculations were carried out
with 3 different functionals (B3LYP, PBEO and B3PW91). The
B3PW91 was chosen for geometry optimization and excited state
determinations because this functional was able to reproduce the
experimental results more exactly. For low-lying excited state
determination and UV—Vis spectra evaluation the time depen-
dent density functional theory (TD-DFT) was used. The vertical
excitation energy was calculated for first 20 singlet states. The
solvent effect was included in TD-DFT via the polarizable con-
tinuum model (LR-IEFPCM). Calculation have been performed
with the Gaussian03 program package [60]. The IR spectra were
calculated using the same functional (B3PW91) but a reduced
base (3-21G). The IR calculations were carried out for first 50
states.

3. Results and discussion

The alizarin dyes are based on three six-membered carbon rings,
the central quinone ring and two peripheral ones with two hy-
droxyls in various positions. All these molecules are coplanar and of
similar bond lengths. In 1 and 4 the two carbonyl groups are
significantly asymmetric: 124 vs. 122 pm and 126 vs. 122 pm in
positions 9 and 10 for 1 and 4 respectively, while other derivatives
show much higher symmetry when the carbonyl C=0 bond length
is considered. C—O bonds in hydroxyl groups are of almost the same
length in all studied molecules, in 1 are slightly longer than the
average. The O—H bonds in hydroxyl groups are of comparable
length of ca. 99 pm, the only exception is 1 in which the OH in 2-
postion is significantly shorter, ca. 97 pm than the other hy-
droxyls (Table 1).

The presence of two different redox-active moieties within
one molecule implies the intramolecular charge transfer prop-
erties. The quinone moiety in DHAQs serves as an electron
acceptor, while the phenolic groups are electron donors. This
is substantiated by a significant asymmetry in charge distribution
within studied molecules. These moieties are arranged in
different configurations within molecules which is in turn

Table 1
Bonds lengths between the atoms of carbonyl and hydroxyl groups for 14
compounds.

Name Ground state
dc=o"/pm dc_o”/pm do-n‘/pm
1 (9) 124.065 (1) 133.857 (1) 99.440
(10) 122.465 (2) 134.591 (2) 96.803
2 (9) 124360 (1) 133.472 (1) 99.452
(10) 124.085 (4) 133.472 (4) 99.452
3 (9) 124.067 (1) 133.406 (1) 99.253
(10) 124.067 (5) 133.406 (5) 99.253
4 (9) 125.802 (1) 133.590 (1) 98.739
(10) 122.184 (8) 133.590 (8)98. 739

2 Length of carbon to oxygen double bond in the carbonyl moiety.

b Length of carbon to oxygen single bond near the hydroxyl moiety.

¢ Length of oxygen to hydrogen bond in hydroxyl moiety.

d values in parenthesis indicate position number in the DHAQ skeleton.

responsible for specific properties of DHAQs dyes and may be
especially important for their respective photoelectrochemical
behavior at the surface of wide band gap semiconductors, e.g.
TiO,.

The asymmetry in charge distribution within the studied dyes
can be easily elucidated from Mulliken population analysis and
electric potential maps (Fig. S1—S4, Fig. 1). It can be noticed that the
quinone moiety serves as a local intramolecular electron acceptor,
while the terminal ring systems are electron donors. This results in
the formation of a significant dipole moment. The Mulliken charges
localized at carbonyl oxygen atom of 1 are —0.307 and —0.283,
respectively (Fig. S1). The negative charge is in turn shifted towards
the central ring as well as towards carbon atoms bonded with the
hydroxyl group. Reduction of neutral anthraquinone molecule oc-
curs mainly at the central ring, (Fig. 7). Considering the charge
distribution among the quinone moiety of 1, 2 and 4 a strong
asymmetry is observed (Figs. S1, S2 and S4). In addition 1 shows
diverse charge values at two oxygen atoms belonging to the hy-
droxyl groups, —0.384 and —0.265 in the first and second position,
respectively. The charge distribution is responsible for the specific
acid-base character of 1, privileging the deprotonation in the sec-
ond in comparison to the first position. The oxygen atom in position
9 endowed with a more negative charge is repelled from the central
ring whereas the more positively charged oxygen in position 10 is
closer to the molecule backbone. The opposite situation is observed
for the oxygen atoms of the hydroxyl groups where the most
negative atom in the first position is closer to the quinone moiety,
and the less negatively charged atom in the second position is
slightly more distant.

Compound 2 belongs to the C,, symmetry group (a double axis
and a plane of symmetry are parallel to each other). There is a large
dipole moment (2.72 D) along the main axis. The electrostatic po-
tential distribution reveals two pairs of surface dipoles symmetrical
with respect to the long axis, created by negatively charged area of
oxygen atoms of the carbonyl as well as the hydroxyl groups and
the positively charged area near the hydrogen atom from periph-
eral aromatic rings (Fig. 1). Charge distribution of substituted
carbonyl and hydroxyl groups is identical at both sides of the long
axis. It is straightforward that bond lengths among the same sub-
stituents are also identical, Table 1.

Compound 3 belongs to the Cy; symmetry group (a double axis
and a plane of symmetry are perpendicular to each other), which
compared to Cy, has an additional inversion subgroup. The surface
electrostatic potential map has two pairs of surface dipoles, sym-
metrical relative to the center, (Fig. 1) thought the net dipole
moment is zero. Due to the symmetry of substituent arrangement
the charge gathered at both carbonyl moieties is identical and
amounts —0.312 (Fig. S3). Mulliken charge located at both hydroxyl
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Fig. 1. Electrostatic potential mapped onto total electron density for the ground state of the studied DHAQs using DFT technique at the B3PW91/6-311 + G(d,p) level of theory. Areas
marked in red and yellow gain electric charge, while cyan and blue are depleted of electron density in the ground state. Green color depicts neutral regions. Mulliken charges of
individual atoms are available in the supplementary information (Figs. S1—S4). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

oxygen atoms also has the same value, —0.319. The C=O0 distance,
equal for both carbonyl moieties, is identical to that of compound 2
(cf. Table 1).

Compound 4 belongs to the Cy, symmetry group. The geomet-
rical difference discloses in the direction of the symmetry axis,
which is perpendicular to the molecule resulting in a negligible
dipole moment with the value of 0.69 D along the symmetry axis.
Charge distribution is uniform in the case of two hydroxyl groups
(—0.331), whereas in the case of carbonyl atoms some differences
can be observed (—0.389 and —0.264 of the 9-th and 10-th position,
respectively). The carbonyl bond in the 9-th position is longer than
in the 10-th position, the same can be observed as in the case of
compound 1.

The electron-donating properties of phenolic moieties within
the dihydroxyanthraquinone series are embodied in the character
of frontier orbitals. In all studied cases HOMOs are localized on the
phenolic rings only (one ring in 1 and 2, both terminal rings in 3
and 4). It proves that HOMOs are strongly influenced by the posi-
tion of hydroxyl groups. On the other hand LUMOs for all studied
molecules are mainly localized on the central ring. Surprisingly, the
contour of LUMOs does not depend on the position of hydroxyl
substituents (Fig. 2). This result reflects the minor contribution of
hydroxyl groups to the perturbation of aromatic bond framework,
but it also indicates their dominant contribution to the electron-
donating properties of studied compounds. Shapes of the HOMO
and LUMO orbitals are similar in pairs: 1 and 2 on the one side (in
which intramolecular transition is more significant) and 3 and 4 on
the other.

3.1. Optical spectra of anthraquinone derivatives

UV—Vis absorption spectra of 1 and other DHAQs are relatively
complex. The solution spectra usually show 1 electronic transition
which can be assigned to a local excitation (LE) or an intra-
molecular charge transfer (ICT) transition. Furthermore, complex

vibronic structure is usually observed upon deconvolution into
Gaussian components. Aprotic solvents like ACN or DMF favor the
neutral form of the dyes, however, minor contribution of depro-
tonated species or less stable tautomers is still possible. Similar
phenomena were already observed in the case of carminic acid
[53]. While deprotonated forms may be neglected, the different
tautomers may additionally contribute to the complex shape of
the absorption band envelope [36,51,52,61,62]. On the basis of
literature reports and calculations presented in this paper
(c¢f. electronic supplementary information), the presence of
tautomeric forms is observed as new band at energy lower than
the main transition. The bands assigned to the tautomers or other
less stable forms are marked as light gray lines (Figs. 3—6). Solid
spectra (recorded as diffuse reflectance and converted to Kubelka—
Munk function) are usually less complex and reveal one dominant
absorption maximum, much broader than in the case of spectra
measured in liquid solutions. The broadening is a result of inter-
molecular interactions within the solid sample, which hinders the
vibronic structure of absorption bands. The occurrence of an
additional broad and low-intensity peak in the low energy part of
spectra of 2 and 3 is interesting. This transition is present only in
the solid state and can be ascribed to an intermolecular charge
transfer band. This phenomenon is not observed in the solution
because of greater distances between single molecules. This
statement is supported by significant color changes during disso-
lution of 2 and 3 in ACN or DMF, respectively. Absorption spectra
of studied dyes are shown in Figs. 3—6 and their main parameters
are collected in Table 2.

Transition energies extracted from the liquid-phase spectrum of
1 show a very good agreement with the TD-DFT calculations. Both
spectra reveal similar positions of significant electronic transitions
which are compared in Fig. 3. Liquid solution spectrum presents
three main transitions whereas in the solid state the number of
transitions is the same but the one transition (3.21 eV) has low
intensity. The TD-DFT computation allows the assignment of three
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LUMO+2

HOMO-2

Fig. 2. Contours of the frontier molecular orbitals for studied dihydroxyanthraquinones calculated using DFT technique at the B3PW91/6-311 + G(d,p) level of theory.

components of the liquid spectra as the HOMO — LUMO,
HOMO — 1 — LUMO, and HOMO — 3 — LUMO transitions. In the
solid HOMO — 1 — LUMO has significantly lower amplitude
(Fig. 3b). As a consequence of the overlapping of the considered
orbitals the HOMO — LUMO and the HOMO — 3 — LUMO transi-
tions have intramolecular charge transfer (ICT) character, while the
HOMO - 1 — LUMO transition is of dominating local excitation
(LE) character (cf. Fig. 2). The low-intensity peak at energy below
the main HOMO — LUMO transition, shown as light gray line,
belongs to one of the less stable tautomeric form (Fig. S5). Solid
phase spectrum of 1 shows a significant bathochromic shift of all
three principal transitions due to intermolecular interactions: -
stacking and/or hydrogen bonding. Lower energy transition is
shifted by 0.06 eV, and the other two higher energy transition by
0.24 eV (Table 2). These interactions have the J-aggregate character.
In the case of 1 a symmetric dimer with two hydrogen bonds can be
formed. Such in-plane interaction is consistent with postulated J-

type interaction between neighboring chromophores as reported
by Yatsenko et al. [63]. Charge transfer between quinone moiety of
one molecule with catechol functionality of the other by the
intermolecular interaction should result in a bathochromic shift of
the main absorption bands. Contribution from intermolecular
charge transfer transition in the solid phase cannot be excluded.
In the case of 2 only one principal electronic transition can be
extracted from combined experimental and theoretical data
(Fig. 4). In liquid, the strong low energy transition at 2.56 eV can be
assigned to HOMO — LUMO ICT transition. Moreover, in ACN a
nicely resolved vibronic progression is observed. This is manifested
as a series of equidistant Gaussian peaks with almost the same
band width and gradually decreasing intensity. The spacing be-
tween peaks amounts to 1255 cm ™. This energy value fits well with
the highest peak in the fingerprint region (1257 cm~!) responsible
for the C—C—H and C—O—H bending vibrations, mainly within
outer rings (Fig. S9). The solid phase spectrum presents one
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Fig. 3. UV—Vis spectra for 1 recorded in liquid ACN solution (a) and in the solid phase (b). Original experimental spectra are shown as heave black lines, while Gaussian components
as blue lines. Contribution of tautomers is shown as light gray lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 4. UV—Vis spectra for 2 recorded in liquid ACN solution (a) and in the solid phase (b).

dominating peak. Solid state samples show complete lack of HOMO—-LUMO. This transition can be ascribed to tautomeric
vibronic components, but the band is significantly broader. This structure (Fig. S6). The main transition peak for the solid sample
broadening is associated with strong intermolecular interactions in shows hipsochromic shift of ca. 0.08 eV vs. liquid solution (Table 2).
solid. 2 presents an additional peak at an energy slightly lower than This shift can be again attributed to intermolecular interactions, but
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Fig. 5. UV—Vis spectra for 3 recorded in liquid DMF solution (a) and in the solid phase (b).
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Fig. 6. UV—Vis spectra for 4 recorded in liquid ACN solution (a) and in the solid phase (b).

in this case of H-type aggregate character [63]. Furthermore, a
broad absorption at ca. 1.9 eV is observed only for the solid sample,
and may be attributed to charge transfer between individual mol-
ecules in the solid phase.

Similarly to quinizarin, the main electronic transitions of
anthrarufin in DMF show a vibronic structure (Fig. 5). The most
intense peak at 2.82 eV is associated with the HOMO — LUMO ICT
transition. An additional transition at 2.69 eV appears both in liquid
and solid phases. This transition is assigned to the tautomeric form
of the dye (Fig. S7). The distance between peaks is about 1256 cm ™.
This vibronic progression can be associated with antisymmetrical
C—0—H bending vibration of the outer rings at 1240 cm™!
(Fig. S10). In the solid state the HOMO—LUMO transition is hipso-
chromically shifted to 2.93 eV as compared with the liquid state,
and may be assigned to a significant contribution of H-type ag-
gregates in the optical properties of solid 3, in agreement with the
results reported for 2. Vibronic broadening is again visible at high
energies. As found in 2 solid state spectra, a broad absorption is
observed at lower energy region ca. 2.69 eV. This transition may be
attributed to charge transfer between individual molecules in the
solid phase.

The liquid-phase absorption spectrum of 4 is composed of six
Gaussian components. The first peak at 2.75 eV is probably related
to one of the tautomeric forms (Fig. S8). The 2.90 eV transition is the
HOMO — LUMO transition vibronically splitted into five subse-
quent peaks. The vibronic components are separated by 1209 and
1230 cm™~ . Those frequencies are ascribed, to two antisymmetrical

Table 2

C—0—H bending vibrations at energies 1205 and 1270, respectively
(Fig. S11). Both in the liquid and solid phase maxima remain almost
at the same position (only 0.02 eV batochromic shift in solid spectra
with respect to the liquid), what means that aggregation is barely
observed.

Theoretically obtained energy values fit the experimental re-
sults remarkably well in all cases. For 1 and 2, the differences being
0.09 and 0.08 eV respectively whereas for 3 and 4 only 0.04 and
0.05 eV (Table 2). Comparing spectral line shapes in the solution, 1
seems to have different, more regular character than the others (no
visible vibronic bands).

Comparing absorption spectra of all the studied compounds, 2
has an absorption maximum visibly shifted towards lower energies.
Besides, all the lowest energy electronic transitions have an ICT
character. This can be deduced from the profiles of frontier orbitals,
but can be clearly understood from the contours of the Fukui
function. Fukui functions f*(r) and f~(r) have been calculated using
the frozen orbital approximation as [64,65]:

A1) = Wmo(n)? (3)
and
) = [romo)| )

This simple method, which assumes that frontier orbital con-
tours are not sensitive to small changes in electric charge, allows

Comparison of experimental and calculated (TD-DFT) electronic transitions for 1, 2, 3 and 4 (absorption of tautomers and transitions with negligible oscillation strength are
omitted).

Molecule/Peak Liquid solution (ACN) Solid phase Calculations (ACN)
En’ Vose (cm ™) Ep’ TD-DFT¢ F Transition® A° Yosc (cm ')’
11 292 - 2.86 2.83 0.1409 H-L 0.09 -
12 3.27 — 3.21 3.37 0.0395 H(-1) - L 0.10 -
1/3 3.78 — 3.54 3.76 0.0788 H(-3) - L 0.02 —
2/1 2.56 1255 2.64 2.64 0.2226 H-L -0.08 1257
3/1 2.82 1256 2.93 2.86 0.2973 H-L -0.04 1240
4/1 2.90 1209/1230 2.92 2.85 0.2794 H-L 0.05 1205/1270

4 Experimental maximum of the transition energy (eV).
b Distance between peaks of oscillation structure (eV).
¢ Theoretical maximum of the transition energy (eV).
4 Oscillator strength.

€ Type of the transition H — HOMO, L — LUMO.

f Difference between experimental (liquid) and theoretical value (eV).
& Oscillation values obtained from calculated IR spectra.
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Fig. 7. Spatial distributions of Fukui functions f"(r) and f (r) calculated for studied compounds at the B3PW91/6-311+G(d,p) level of theory.

computation of Fukui functions in one step. Hereby calculated
Fukui functions are shown in Fig. 7.

It can be clearly seen that in all studied cases the f"(r)
function is localized on the central ring (quinone moiety), while
the f(r) function on phenolic rings. Therefore it can be
concluded that the central moiety acts as an electron acceptor,
while aromatic rings with hydroxyl substituents act as electron
donors.

All studied compounds are rather poor lumophores with
average quantum yields of ca. ® = 0.025 except for 2 whose
emission quantum yield is one order of magnitude higher
(@ = 0.120) [22]. Low fluorescence quantum yields are the result of
the specific energy level arrangement i.e., of the relatively high T,
state, which significantly contributes to intersystem crossing [22].
The luminescence spectra are further complicated by the presence
of the tautomeric forms of the studied dyes and by the possible
contribution of excited state intramolecular proton transfer (ESIPT)
processes (Fig. 8).

AE/leV

I-E' eV’

T T T T 0.0
20 25 3.0 3.5

E/eV

The large reorganization energy leads to conclusion that the
geometry of molecules in the ground and excited state differs
considerably (Table 3). It can be noticed, however, that the mole-
cules with intramolecular hydrogen bonds and high symmetry are
characterized with lower reorganizational energies (2 and 4). In the
case of 2 it is also manifested in smallest charge redistribution upon
excitation (vide infra). While these data just roughly present the
extent of reorganization of electronic charge (and following ge-
ometry adjustment) more detailed data are obtained by mapping
the changes in the electrostatic potential upon excitation over the
total electron density. These results are presented in Fig. 10 (vide
infra).

On the first sight compounds 1 and 3 have very similar shape of
fluorescence spectra, (Fig. 8a and c), with one clear emission
maxima and poorly resolved vibronic structure. On the other hand
2 and 4 present quite different luminescence pattern with two
distinct emission maxima. This behavior can be tentatively
explained by ESIPT process as previously postulated by Demchenko

2
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Fig. 8. Fluorescence vs. absorption spectra for DHAQs dissolved in ACN (except anthrarufin, which is dissolved in DMF). The excitation energy is 420 nm (2.95 eV), 470 nm (2.64 eV),

420 nm (2.95 eV) and 430 nm (2.88 eV) for 1, 2, 3 and 4, respectively.
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Table 3
Stokes shifts are evaluated as the difference between experimental absorption and
fluorescence maxima.

Name Stokes shift Reorganization energy

eV cm™! eV cm!
1 0.96 7710 0.48 3855
2 0.42 3373 0.21 1687
3 0.85 6809 0.43 3405
4 0.60 4811 0.30 2406

Fig. 9. Schematic representation of dual emission in the case of ESIPT process.

[66]. Upon excitation intramolecular proton transfer reaction
accompanied with electron density reorganization may lead to a
tautomeric form which is less stable in the ground state (Fig. 9).
This form should be then characterized with excited state energy.
As a result a new tautomeric equilibrium sets in and then emission
from both species is concomitantly observed. In this case, however,
the emission spectrum is independent of the excitation energy. It is

therefore reasonable, that molecules which undergo dual emission
are characterized by lower Stokes shift, as one of the emissive states
retains mostly the ground state geometry, while the other is
strongly reorganized. This is the case of 2 and 4. On the other hand,
large Stokes shifts do not exclude the ESIPT process, but rather
indicate, that proton transfer is much more efficient and the state
with initial geometry vanishes before any luminescence can be
observed. Stokes shifts can be regarded as a measure of total
reorganization energy (Table 3). It can be noticed that the highest
value of Stokes shift (i.e., the highest total reorganization energy) is
observed in the case of 1, while other dyes (especially 2) show
much lower Stokes shifts [67—69].

Redistribution of electron density upon excitation can be visu-
alized as a change in electrostatic potential (Fig. 10). It can be clearly
seen that changes in electrostatic potential are in partial agreement
with frontier orbital character and spatial arrangement of Fukui
functions. The lowest excitation results in an increment of the
negative charges in the quinone moiety (central ring), while the
areas with phenolic groups acquire positive charge. In the case of 1
the close proximity of the OH group to one of the carbonyls results
in marked asymmetry in the charge distribution in the excited state
— the 10-position carbonyl becomes strongly negative, while the 9-
position becomes positive together with the catecholate system.
Similar charge redistribution can be observed in the case of 4. In 2
the distribution of electron density is virtually the same as in the
ground state, which is also reflected in the lower value of reorga-
nization energy. The intramolecular hydrogen bonding involving
both carbonyls, may lead to strong configurational mixing between
ground and excited state. Therefore only the external rings of the
molecule are significantly changed upon excitation. 3 behaves
exactly as expected from a simple analysis: both phenolic moieties
act as electron donors, while the quinonic ring is the sole electron
acceptor. Interactions of hydroxyl groups with carbonyl oxygen
atoms decrease the electron acceptor properties of the quinone
moiety in 2 and only slight redistribution of electrostatic potential
upon excitation is observed.

e CIFC

e < ¢
P R e

i I

Fig. 10. Differential electrostatic potential mapped onto the electron density isosurfaces. Areas marked in red and yellow gain electric charge, while cyan and blue are depleted of
electron density upon excitation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.2. Electrochemistry

Differential pulse voltammetry (DPV) reveals better sensitivity
and discriminates non-faradic current and therefore is preferable to
determine oxidizing potentials instead of more common cyclic
voltammetry. It is also a preferred technique in the case of poor
reversibility of electrode processes, e.g. due to rapid secondary
processes, as usually observed in the case of organic radicals.
Quinone and hydroxyl species of DHAQs participate in the reduc-
tion and oxidation processes respectively. At negative potentials
usually we observe two peaks which can be associated with two
consecutive one-electron reductions (Fig. 11). The first reduction
peak is ascribed to the one-electron process of anion radical form
obtained as follows:

AQ e —AQ (5)

The second peak at more negative potentials reflects second
reduction step leading to formation of dianions:

AQ™ +e —AQ* (6)

Aprotic solvent should prevent protonation processes even at
low potentials. 1 is the hardest reduced compound. The first
reduction peak of 1 occurs at potential —0.04 V, much lower than
other compounds with reduction values ranging from 0.1 + 0.18 V.
The second reduction peak is of lower intensity than the first one
probably due to the scarce stability of anion radicals and/to
quinhydrone-like dimer formation [70]

2AQ" = {AQAQ}*" (7)

Applied positive potential leads to oxidation of hydroxyl groups.
In all studied cases two subsequent one-electron steps are
observed, usually the second peak has much lower intensity than
the first one, also due to instability and reactivity of intermediate

Current / uA
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species. First oxidation potentials of all studied compounds are
almost identical (ca. 1.4 V) and comparable with pure anthraqui-
none. DHAQs are good electron acceptors because of low-lying
LUMOs.

According to the Latimer-type diagrams the reduction potentials
in the excited state are: 2.47, 2.53, 2.76, 2.75 V for 1, 2, 3, and 4
respectively, Fig. 12. Oxidation potentials in excited state
are: —1.10, —0.96, —1.14, and —1.28 V for 1, 2, 3 and 4. It can be
clearly read out that in 3 and 4 excited state are the best donors and
acceptors at the same time.

4. Conclusions

Alizarin and its isomers reveal a lot of common features as a
consequence of the same structural core: the anthraquinone moi-
ety. All the studied compound show strong HOMO—LUMO ICT
transitions, which are also weakly emissive. However, in some as-
pects they surprisingly differ. Specific arrangement of hydroxyl
substituents can switch ON or OFF the dual emission phenomenon
being a result of interplay between excited state deactivation and
rearrangement. Charge distribution in the ground state reveals
significant dipole moment, able to stimulate weak interactions e.g.
physisorption, in 1 and 2, and dipole moment close to zero in 3 and
4. Evolution of charge distribution upon excitation strongly de-
pends on intramolecular interactions. Frontier orbitals involved in
the lowest energy transitions indicate CT character for all examined
compounds. Geometry affects also the electron affinity of studied
species, with 2 and 3 being easily reducible while 1 is the hardest to
reduce.

Versatility of molecular properties in a family of closely related
compounds renders them good candidates for further studies as
modifiers for various oxide-based semiconductors. The anthraqui-
none family offers a wide range of excited state properties that can
modulate the photoelectrochemistry of a hybrid system with pre-
served (in most cases) photosensitizer-semiconductor binding mode.
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Fig. 11. DPV voltammograms of dihydroxyanthraquinones.
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Fig. 12. Latimer-type diagrams of oxidation and reduction potentials in the ground and excited state for studied dyes. The hv energy was taken from intercept of the absorbance and

fluorescence spectra.
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