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A B S T R A C T

We report the photophysical properties of three anthracene-dicarboxylic acids – 1,4-anthracene
dicarboxylic acid (1,4-ADCA), 2,6-anthracene dicarboxylic acid (2,6-ADCA) and 9,10-anthracene
dicarboxylic acid (9,10-ADCA) – in a series of polar aprotic solvents using steady-state absorption
spectroscopy, steady-state emission spectroscopy and time-correlated single photon counting emission
lifetime spectroscopy. The addition of carboxylic acid functional groups on the anthracene ring perturbs
the electronic transitions oriented along the longitudinal and transverse axes to varying degrees,
resulting in differences in the photophysical properties. The three anthracene derivatives exhibit very
different excited-state properties in basic solution compared to acidic and neutral solutions. Density
functional theory (DFT) calculations reveal that the lowest-energy ground-state structures of both 2,6-
ADCA and 1,4-ADCA have dihedral angles between the carboxylic acids and aromatic planes of u = 0�. For
9,10-ADCA, the same dihedral angle increases to u = 56.6�. Time-dependent DFT calculations suggest that
the carboxyl groups of 1,4-ADCA and 2,6-ADCA remain coplanar with the anthracene ring system in the
excited state. In contrast, the calculations reveal significant changes between the ground and excited
geometries for 9,10-ADCA as the dihedrals decrease from 56.6� to 27.7� in the first excited state, and
puckering of the anthracene moiety of 9,10-ADCA is observed.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Organic photoactive molecules are of interest due to the
tunability and environmental susceptibility of their excited-state
properties, which affords a range of optoelectronic applications
including organic light-emitting diodes (OLEDs), photovoltaic
cells, organic field effect transistors, and fluorescent sensing
elements [1–4]. Anthracene is a polyaromatic hydrocarbon whose
excited-state properties have been extensively studied [5]. Due to
its unique ground and excited-state properties, anthracene and its
derivatives are often incorporated into devices such as OLEDs and
organic semiconductor materials for numerous applications [6–9].
However, in order to rationally tailor anthracene derivatives for a
given application, an understanding of the effects of microenvi-
ronment and functionalization on the photophysical properties is
essential.

The steady-state absorption and emission spectra of anthracene
in THF are shown in Fig. 1. The absorption spectrum of anthracene
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has two sets of bands in the 220 nm–280 nm and 290 nm–400 nm
ranges, corresponding to three different p ! p* transitions. The
absorption observed in each region displays vibronic structure and
corresponds to one of two transition moments oriented along the
molecular axes. The transition dipole of the high-energy transition
centered around 256 nm, corresponding to a 1A ! 1Bb transition
(Platt notation) [10], is polarized along the longitudinal axis. The
low-energy transition centered around 386 nm, corresponding to a
1A ! 1La transition, is polarized along the transverse short axis, as
illustrated in Fig. 1 [5,11,12]. Another longitudinally polarized
transition of 1A ! 1Lb character is also present; however, the
oscillator strength of this transition is weak and is obscured by the
much more intense 1A ! 1La transition band. The mirror-image
relationship observed between the 1A ! 1La absorption bands and
the 1La! 1A emission band is indicative of a negligible change in
the nuclear coordinates between the 1A ground state and 1La
excited state from which the emission originates [11,13]. Thus,
according to the Frank-Condon principle, the geometry of the
excited state of anthracene is similar to that of the ground state.

The positions of both the steady-state absorption and emission
maxima of anthracene are independent of solvent polarity or
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Fig. 1. Absorbance spectrum of anthracene in THF showing the p ! p* transitions
with dipole moments oriented along the longitudinal axis (1A ! 1Bb, purple) and
across the short axis (1A ! 1La, dark blue) of anthracene and emission spectrum
arising from the 1La! 1A transition (light blue). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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hydrogen bonding at room temperature [14]. Likewise, the
fluorescence quantum yield (Ff) and fluorescence lifetime (tf)
of anthracene are insensitive to changes in solvation environment
[15,16]. For example, the fluorescence lifetimes measured in
benzene, cyclohexane and ethanol are 4.29 ns, 5.24 ns, and 5.1 ns,
respectively, and the quantum yield of fluorescence is between
0.27 and 0.36 in the same solvents [17–20].

The excited-state behavior of a carboxylic acid functionalized
anthracene, 9-anthracenecarboxylic acid (9-ACA), has been the
topic of a number of reports [21–27]. Changes in the emission
spectra of 9-ACA have been argued to arise from acid-base
equilibrium, solvent- and concentration-dependent dimerization
and formation of higher-order aggregates, as well as structural
reorganization of the carboxylic acid relative to the anthracene
ring in the excited state [22,24,26]. In order to contribute to this
discussion, we prepared a series of anthracene derivatives
functionalized symmetrically with carboxylic acids; namely 2,6-
anthracenedicarboxylic acid (2,6-ADCA), 1,4-anthracenedicarbox-
ylic acid (1,4-ADCA), and 9,10-anthracenedicarboxylic acid (9,10-
ADCA). We characterize the effect of functionalization on the
energetics of the ground and excited states of anthracene using
steady-state absorption and emission spectroscopies, emission
lifetime measurements, density functional theory (DFT) and time-
dependent DFT (TDDFT) calculations. The results are interpreted in
light of structural/conformational differences between the ground
and excited states of each anthracene derivative.

2. Materials and methods

2.1. Materials

2,6-anthracenedicarboxylic acid (2,6-ADCA) [28,29], 1,4-
anthracenedicarboxylic acid (1,4-ADCA) [30,31], and 9,10-anthra-
cenedicarboxylic acid (9,10-ADCA) [32] were synthesized follow-
ing previously reported procedures with minimal modifications
and characterized by 1H NMR spectroscopy (Figs. S16–S18) [28–
32]. All other chemicals and solvents including anthracene (>99%),
KOH (85%), NH4OH (25–30%), acetic acid (reagent grade > 99%),
dimethylformamide (HPLC grade > 99%), dimethylacetamide
(spectrophotometric grade > 99%), tetrahydrofuran (ACS grade >
99%), ethyl acetate (HPLC grade > 99.9%), acetone (HPLC grade >
99.5%), and butanone (ACS grade > 99%) were used as received
without further purification from Alfa Aesar, Fisher Scientific, or
Sigma-Aldrich.
2.2. Steady-state absorption spectroscopy

The steady-state absorption spectra of the ADCA derivatives
were obtained using an Agilent Technologies 8453 UV–vis diode
array spectrophotometer (1 nm resolution) where the spectra were
recorded with samples prepared in a 1-cm quartz cuvette. To
determine the extinction coefficients of each compound, three
solutions of known concentration (�5 �10�5M) were prepared
separately, and then each was diluted three times. The UV–vis
absorbance of each solution was measured, and the absorbance at a
fixed wavelength was plotted vs. concentration. The extinction
coefficient was determined by averaging the slopes of the lines-of-
best-fit obtained from each of the three plots.

2.3. Steady-state emission spectroscopy and time-resolved emission
lifetimes

All samples were prepared at concentrations below 10 mM to
reduce aggregation effects and purged with argon before measure-
ments were performed. Time-resolved fluorescence lifetimes were
obtained via the time-correlated single photon counting technique
(TCSPC) with a modified QuantaMaster Model QM-200-4E
emission spectrophotometer from Photon Technology, Inc. (PTI)
equipped with a 350 nm LED and a Becker & Hickl GmbH PMH-100
PMT detector with time resolution of < 220 ps full width at half
maximum (FWHM) [33]. Florescence lifetime decays were
deconvoluted from the time-dependent florescence signal and
the instrument response function using the fluorescence decay
analysis software, DecayFit, available online (Fluortools, www.
fluortools.com, Figs. S13–S15).

Quantum yields of fluorescence and steady-state emission
spectra of the ADCA compounds were measured in ethyl acetate,
tetrahydrofuran (THF), butanone, acetone, dimethylacetamide
(DMA), dimethylformamide (DMF), acidic (acetic acid) DMF and
basic (NaOH) DMF. The steady-state emission spectra were
obtained using the same QuantaMaster Model QM-200-4E where
the sample compartment was replaced with an integrating sphere
(PTI). The excitation light source was a 75 W Xe arc lamp
(Newport). The detector was a thermoelectrically cooled Hama-
matsu 1527 photomultiplier tube (PMT). All measurements were
performed in triplicate using three separately prepared solutions
of ADCA in each solvent with absorbance values of � 0.08–0.09 at
the excitation wavelength. Low temperature emission spectra
(Fig. S7) were obtained from THF glass solutions immersed in a
liquid N2 filled finger Dewar flask (77 K).

Theoretical calculations: All electronic structure calculations
were carried out in the gas phase with the Gaussian 09 suite of
programs [34]. The DFT calculations presented in this work were
carried out at the B3LYP/6-31G* level [35–38]. Sample calculations
using the M06 density functional [39], and the larger 6-311G* basis
set [40] were used to corroborate key results at the B3LYP/6-31G*
level. Ground-state potential-energy contours correspond to
relaxed scans in which the relevant dihedral angles between the
carboxylic acid groups and the anthracene moiety are allowed to
vary at 15� steps while the rest of the coordinates are optimized.
Potential-energy contours for the carboxylic acids in the lowest
energy singlet excited state were obtained using time-dependent
B3LYP/6-31G* calculations [41–43], directly using the geometries
obtained from ground-state dihedral scans. Lowest-energy struc-
tures from both the ground and excited state contours were fully
optimized, and vibrational analysis was performed to confirm that
these structures correspond with minima on the potential energy
surface.

Determination of acid association constants: Ground-state acid
association constants (K) of the ADCA derivatives were determined
via absorption spectroscopy by monitoring the change in
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absorption (corrected for dilution) as a function of added acid
concentration. Samples of the three acids were prepared in
solutions of water with 0, 10 and 30 mol% DMF and were titrated
using NaOH and HCl. The absorption value near the isosbestic point
at each addition of acid was plotted as a function of acid
concentration and the data was fit to Eq. (1),

Ai ¼
Amax Hþ� �n þ AminK

K þ Hþ� �n ð1Þ

where Ai is the absorbance at a given concentration of acetic acid,
Amax and Amin are the absorbance values for the fully protonated
and deprotonated species, respectively, and n is the number of
protons associated with a given acid association constant, K. Ai

values were fit to Eq. (1) with K as a variable parameter. Fixing n to
2 yielded the most reasonable fit of the data. The p K values were
plotted versus mol% DMF, and the p K value of each compound in
pure DMF was determined by extrapolating to 100 mol% DMF
(Figs. S10–S12). Excited-state acid association constants (p K*)
Fig. 2. Absorption (left) and emission spectra (right) of 2,6
were predicted using the Förster cycle, (Eq. (2)),

pK� � pK ¼ 2:1 � 10�3 vA� � vAHð Þ ð2Þ

v0�0 ¼ vabsmax � vemmax

2
ð3Þ

where vA� and vAH correspond to the wavenumber of the 0–0
transitions of A� and AH, respectively. The wavenumber corre-
sponding to the 0–0 transition was estimated by averaging the
wavenumbers at the absorption and emission maxima (Eq. (3))[4].

3. Results

The steady-state absorption and emission spectra of 2,6-ADCA
(a,b), 1,4-ADCA (c,d) and 9,10-ADCA (e,f) measured in THF are
shown in Fig. 2. 2,6-ADCA displays vibronically structured
absorption and emission bands. Although the structure of the
-ADCA (a,b) 1,4-ADCA (c,d) and 9,10-ADCA (e,f) in THF.
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emission spectrum closely resembles that of anthracene, the
absorption spectrum differs from anthracene in both the number
of lower-energy (�320 nm � 420 nm for 2,6-ADCA and 285 nm–

385 nm for anthracene) absorption bands and their intensities. The
absorption spectrum of 1,4-ADCA appears broad with subtle
structural features at 360 nm and 370 nm, and the emission
spectrum is broad and structureless. 9,10-ADCA exhibits a
vibronically structured absorption band, similar in shape to that
of anthracene, while the emission spectrum is broad and diffuse.
Both the absorption and emission spectra of each derivative are
bathochromically shifted relative to anthracene (Table 1). Addi-
tionally, the 1A ! 1Bb absorption peak of 1,4-ADCA at 240 nm is
significantly broadened relative to anthracene and is split into two
peaks. 2,6-ADCA exhibits a Stokes shift (584 cm�1 in THF) that is
slightly larger than that of anthracene (208 cm�1 in THF). 1,4-ADCA
and 9,10-ADCA display large Stokes shifts (4803 cm�1 and
3667 cm�1 in THF) compared to anthracene. The observed lifetimes
of each isomer in THF are considerably longer than the 4.9 � 0.1 ns
fluorescence lifetime of anthracene in the same solvent (Table 2).

In order to probe the effects of solvent polarity on the
photophysical properties of the anthracene derivatives, the
absorption and emission spectra as well as the lifetimes and
quantum yields were measured in a series of polar aprotic solvents.
Table 1 and Table S1 summarize the spectral data and Stokes shifts
of the three isomers in various solvents. The Stokes shift was
calculated from the 0–0 transition band in the vibronically
structured spectra and from the maximum of the diffuse spectra.
Neither the absorption nor emission spectra of 9,10-ADCA are
affected by solvent polarity. The absorption spectrum of 9,10-ADCA
displays anthracene-like vibrational structure in all neat solvents
tested. The emission spectrum is broad and diffuse with a
lem
maxaround 455 nm in neat solvents, in which lem

max is bath-
ochromically shifted by 14 nm (Fig. S3, Table S1). The average
observed Stokes shift is 3796 cm�1�114 in THF, ethyl acetate,
butanone, acetone and DMA (Table S1). Similarly, solvent polarity
has no significant effect on the absorption or emission spectra of
2,6-ADCA, as the maxima do not shift significantly between THF

(e = 7, labs
max = 409 nm, lem

max = 419 nm), and DMA (e = 38,

labs
max = 408 nm, lem

max = 421 nm, Fig. S1, Table S1). In contrast to the
other two isomers, the absorption band of 1,4-ADCA is hypso-
chromically shifted by 10 nm, from 396 nm in THF (e = 7) to 386 nm
for DMA (e = 38, Fig. S2, Table S1), and the emission maximum is
bathochromically shifted by 8 nm from 498 nm in THF to 497 nm in
DMA. The absorption and emission spectra of 1,4-ADCA remain
broad and diffuse in all of the neat solvents explored.
Table 1
Summary of absorption and emission data for the ADCAs.

Solvent labs
max ðnmÞ lem

max ðnmÞ Stokes (cm�1)

2,6-ADCA THF 409 419 584
Acidic DMF 409 423 809
Basic DMF 392 400 510

1,4-ADCA THF 396 498 4803
Acidic DMF 390 522 6484
Basic DMF 396 430 1997

9,10-ADCA THF 387 451 3667
Acidic DMF 389 451 3534
Basic DMF 400 410 610

Anthracene THF 358 397 274

labs
max is the lowest energy maximum in the absorbance spectrum, and lem

max is
the highest energy maximum in the fluorescence spectrum. The Stokes shift
was calculated from the 0–0 transition band in the vibronically structured
spectra and from the maximum of the diffuse spectra.
The fluorescence quantum yields (Ffl) and fluorescence life-
times (tf), along with the radiative (kr) and non-radiative (knr) rate
constants for the three ADCA derivatives in the various solvents,
are listed in Table 2 and Table S2. No trends are observed between
solvent polarity and fluorescence quantum yields over the solvent
series (Table S2). In general, the fluorescence lifetimes are largely
independent of solvent polarity but are considerably shorter in
basic conditions [17–20].

To further explore how the protonation state of the carboxylic
acid substituents affects the excited-state properties of the
anthracene derivatives, photophysical measurements were carried
out in acidic DMF and basic DMF (Fig. 3, Table 2). All three isomers
exhibit anthracene-like vibronic structure in the absorption
spectra recorded in basic DMF. The emission spectrum of 2,6-
ADCA displays more defined vibronic structure in basic solution
compared to acidic. The emission spectrum of 1,4-ADCA remains
broad and structureless in both basic and acidic environments. On
the other hand, 9,10-ADCA exhibits a broad, diffuse emission
spectrum in acidic DMF, but in basic DMF, anthracenic vibronic
structure is observed. The absorption spectra of 1,4-ADCA and 9,10-
ADCA are hypsochromically shifted in basic DMF relative to acidic,
while that of 2,6-ADCA is bathochromically shifted in basic
solution. Additionally, the emission spectrum of each of the
derivatives is hypsochromically shifted under basic conditions
compared to acidic. The Stokes shifts decrease considerably with
solvent pH, going from 809 cm�1 to 510 cm�1 for 2,6-ADCA,
6484 cm�1 to 1997 cm�1 for 1,4-ADCA, and from 3534 cm�1 to
610 cm�1 for 9,10-ADCA (Table 1). The quantum yields of 2,6-ADCA
and 1,4-ADCA decrease considerably under basic conditions
compared to acidic solution, while that of 9,10-ADCA decreases
only by about half (Table 2).

To quantify the degree of protonation in both the ground and
excited states as a function of pH, the ground-state acid association
constants (K) of the ADCAs were determined by absorption
spectroscopy (Figs. S10–S12, equation 2), and p K values of 17.6,17.9
and 19.4, for 2,6-ADCA, 1,4-ADCA and 9,10-ADCA, respectively,
were obtained in the ground state. The excited-state acid
association constants (p K*) were then calculated in DMF from
the Förster cycle (vide supra) and found to be 23.0, 23.2 and 23.8,
accordingly. Thus, in neutral solutions, the ADCA derivatives are
predominantly protonated in both the ground state and the excited
state.

In addition to solvent polarity and protonation state, geometry
can have a significant effect on photophysical properties. DFT and
TDDFT calculations were performed to obtain the energies and
geometries of the three compounds as a function of the dihedral
angles (see Fig. S8 for a definition of the dihedral angles) between
the carboxylic acid groups and the anthracene ring system (Fig. 4)
both in the ground state and in the excited state. The potential
energy contours for the 2,6-ADCA isomer in the ground state
(Fig. 4a) show that the lowest-energy conformation occurs when
the carboxylic acids and the anthracene moiety are coplanar. In the
excited state, the lowest-energy geometry does not change with
respect to the ground state, and the molecule remains planar
(Fig. 4b). Similar results are obtained for the 1,4-ADCA isomer,
where coplanarity of the carboxylic acids and anthracene moieties
is observed in both the ground (Fig. 4c) and the first excited state
(Fig. 4d). On the other hand, the results for the 9,10-ADCA isomer
are strikingly different (Fig. 4e, and f). For this isomer, the lowest-
energy conformation does not exhibit the carboxylic acids in the
same plane as the aromatic rings in either the ground or the first
excited state. Full geometry optimizations reveal that the lowest-
energy structure for the ground state 9,10-isomer has dihedral
angles of 56.6�, and these dihedrals decrease to 27.7� in the first
excited state (Fig. 5). Furthermore, the anthracene moiety in the



Table 2
Summary of the lifetime and quantum yield data for ADCAs.

Solvent tf (ns) t0 (ns) Ff kr (10�7s�1) knr (10�7s�1)

2,6-ADCA THF 12.3 � 0.7 15.8 � 0.08 0.78 � 0.074 0.063 0.018
Acidic DMF 12.5 � 0.4 14.6 � 0.1 0.82 � 0.080 0.068 0.015
Basic DMF 2.9 � 0.02 26.4 � 0.03 0.11 � 0.018 0.038 0.307

1,4-ADCA THF 19.2 � 1.0 31.5 �0.1 0.61 � 0.068 0.032 0.020
Acidic DMF 12.5 � 0.1 32.1 � 0.2 0.19 � 0.042 0.031 0.049
Basic DMF 1.0 � 0.1 15.2 � 0.6 0.066 � 0.015 0.066 0.930

9,10-ADCA THF 8.8 � 0.1 13.3 � 0.2 0.66 � 0.085 0.075 0.039
Acidc DMF 5.7 �0.3 14.3 � 0.1 0.40 � 0.05 0.070 0.110
Basic DMF 2.2 � 0.04 11.6 � 0.4 0.19 � 0.015 0.086 0.370

Anthracene THF 4.9 � 0.1 12.3 � 0.05 0.40 � 0.01 0.082 0.120

tf is the fluorescence lifetime, t0 is the singlet-excited state lifetime, Ff is the fluorescence quantum yield, and kr and knr are the rates of radiative and non-radiative decay,
respectively.

Fig. 3. Absorption and emission spectra of 2,6-ADCA (a),1,4-ADCA (b) and 9,10-ADCA (c) acidic DMF (black) and basic DMF (red). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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9,10-isomers seems to undergo a noticeable puckering upon
excitation that is completely absent in the other two isomers.

Close examination of the energy contours in Fig. 4 reveals that,
interestingly, there seems to be a lower barrier for carboxyl
rotation for 1,4-ADCA than for 2,6-ADCA in the ground state.
Indeed, when one of the carboxylic acid groups is coplanar to the
anthracene moiety, the barrier for full rotation of the other
carboxylic acid group is about 5.5 kcal/mol in 1,4-ADCA, but around
8 kcal/mol in 2,6-ADCA. The most energetically favorable con-
formations of both 2,6-ADCA and 1,4-ADCA have dihedral angles of
u = 0�, and both have a maximum energy when u = 90�.

Finally, molecular orbital calculations from DFT as well as
excitation data from TDDFT reveal that, for each isomer in both the
protonated and deprotonated state, the lowest-energy singlet
transition has mainly a HOMO-LUMO contribution. Fig. S19 shows
frontier orbital density plots for each molecule, calculated using
the minimum-energy geometry at the ground state. For the
protonated anthracene carboxylic acid derivatives, calculated
oscillator strengths remain on the same order of magnitude for
this transition regardless of carboxylic acid dihedral angle
(2,6-ADCA: 0.05-0.07; 1,4-ADCA: 0.05-0.08; 9,10-ADCA: 0.09-
0.11). For the deprotonated isomers, oscillator strengths for
the ground- to first-excited state transition peak at values of
0.09 for 2,6-ADCA2�, 0.03 for 1,4-ADCA2�, and 0.07 for 9,10-
ADCA2�, and become increasingly small as the dihedral angles
approach 0�.



Fig. 4. DFT-calculated energies as a function of dihedral angles between ��COOH groups and anthracene. Ground state of 2,6-ADCA (a), 1,4-ADCA (c), and 9,10-ADCA (e), and
first excited state of 2,6-ADCA (b), 1,4-ADCA (d), and 9,10-ADCA (f). Energy scales for each plot are shown in kcal/mol relative to the minimum energy of the ground state. (See
Fig. S8 for a definition of the dihedral angles.).
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4. Discussion

As expected, the photophysical characteristics of anthracene
are sensitive to the position of the carboxylic acid functionalities
on the ring system. Additionally, the protonation state of the acid
groups further alters the excited-state properties of each anthra-
cene derivative. The question then becomes, what is the main
process that governs the photophysics of each isomer: acid-base
equilibrium, solvent, formation of higher order aggregates, or
excited-state structural reorganization?

Neither solvent polarity nor hydrogen bonding character alters
the photophysics of 2,6-ADCA. Thus, it is unlikely that intermolec-
ular interactions play a significant role in altering the excited-state
properties of the anthracene moiety of this isomer. In basic
solution, the vibrational structure of the absorption spectrum
closely resembles that of the unsubstituted anthracene molecule.
On the other hand, the absorption spectra recorded in acidic and
neat solvents display a distinct vibronic structure, different from
that of observed for anthracene. In previous literature reports of
the mono-substituted, 2-napthalene carboxylic acid (2-NCA) and
2-anthracenecarboxylic acid (2-ACA), a similar distinct vibronic
structure in the absorption spectrum to that measured for the di-
substituted 2,6-ADCA in neat and acidic solution was observed
[35]. The phenomenon was attributed to stabilization of the
1A ! 1Lb longitudinally polarized low-energy transition. The
1A ! 1Lb transition is weak in unsubstituted anthracene, and the
corresponding absorption bands are obscured by the more intense
transversely polarized 1A ! 1La absorption bands. The di-



Fig. 5. DFT calculated lowest-energy structures of the 9,10-ADCA molecule in the
ground state (left) and the first excited state (right).
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substituted, 2,6-ADCA, studied herein, further extends the length
of the molecule, resulting in greater stabilization of the 1A ! 1Lb
transition. Accordingly, the bands assigned to 1A ! 1Lb appear with
greater intensity in the absorbance spectrum of 2,6-ADCA, as
compared to both unsubstituted anthracene and 2-ACA. DFT
calculations of the lowest energy ground-state configuration of
2,6-ADCA suggest a coplanar arrangement between the carboxylic
acids and the anthracene macrocycle (Fig. 4a). This is in agreement
with that observed in crystal structures of 2-ACA [44]. The coplanar
arrangement allows for resonance interactions between the acid
groups and the aromatic ring system to occur. These resonance
interactions increase the dipole moment, and thus, the oscillator
strength of the 1A ! 1Lb transition, resulting in the appearance of
the 1A ! 1Lb bands [35]. Further, TDDFT calculations of 2,6-ADCA
show that vertical excitation from the ground to first excited state
is almost entirely contributed by a HOMO-LUMO transition; the
molecular orbitals for both states are shown in Fig. S19a. These
orbitals show polarization along the long axis of the molecule upon
excitation, as electron density shifts into the carboxylic acid
moieties upon excitation.

The emission spectrum of 2,6-ADCA in neutral and acidic
solutions is not a mirror image of the absorbance spectrum.
Although it displays anthracenic vibronic structure in all solvent
conditions, the number of vibronic transitions in the emission
spectrum is reduced compared to the absorption spectrum. This is
not entirely unexpected, as 1La is the only emissive state, and the
additional vibronic structure is assumed to be due to absorption
into the 1Lb state [45]. The vibronic structure is indicative of little
intermolecular reorganization in the excited state. Accordingly, the
fluorescence spectrum measured at 77 K also displays vibronic
structure, and the emission bands are not shifted from the
spectrum recorded at room temperature (Fig. S7a, Table S3). The
slight bathochromic shift in the absorption spectrum relative to
anthracene is attributed to inductive effects imposed by the
presence of the electron withdrawing functional groups on the
polyaromatic ring.

At higher pH values, the carboxylate groups of 2,6-ADCA are less
likely to participate in resonance interactions, leading to further
decoupling from the aromatic ring system and giving rise to
anthracenic vibronic structure in the absorption spectrum [46].
Indeed, the vibronic structure in the absorbance spectrum of
deprotonated 2,6-ADCA2� more closely resembles that of anthra-
cene, but is bathochromically shifted �19 nm relative to anthra-
cene. Thus, the carboxylic acid groups affect the aromatic system
through inductive effects but do not participate in resonance
interactions when deprotonated.

Contrary to 2,6-ADCA, both the absorption and emission
spectra of 1,4-ADCA in neutral solvents lack vibronic structure
and are diffuse [45]. Similar observations have been reported for 1-
anthracenecarboxylic acid (1-ACA) [45]. DFT calculations con-
ducted in this study for the disubstituted, 1,4-ADCA predict a
lowest energy ground state geometry in which the carboxylic acid
groups are coplanar with anthracene (Fig. 4c). This conformation
increases resonance interactions between the overlapping orbitals
of the p-system and carboxyl groups, introducing charge-transfer
(CT) character into the 1A ! 1La transition (polarized along the
short axis), and electron density shifts toward the functionalized
ring. Orbital density plots of the HOMO and LUMO of 1,4-ADCA,
shown in Fig. S19b, confirm this shift during electronic excitation.
The resulting shift of electron density results in loss of vibronic
structure in both the absorption and emission spectra. The
magnitude of the Stokes shift of 1,4-ADCA increases with the
polarity of the solvent, i.e. THF < DMF � DMA. Closer inspection of
the spectroscopic data reveals that, as solvent polarity increases, an
overall bathochromic shift of �19 nm is observed in the emission
spectrum. Because the carboxyl groups of 1,4-ADCA introduce CT
character into the 1A ! 1La transition, the absorption spectrum is
sensitive to solvent interactions with the functional groups. As
solvent polarity increases, the excited state is stabilized due to
solvent-solute induced dipolar interactions, giving rise to the
bathochromic shift observed in the emission spectrum [45,47].
Therefore, solvent relaxation about the weaker excited-state dipole
likely contributes to the large Stokes shifts. The emission spectrum
recorded at 77 K remains unstructured, but is bathochromically
shifted from 498 nm to 465 nm, due to hindered vibronic
relaxation (solvent and/or substituent) in the glass matrix
(Fig. S7b, Table S3). The coplanar arrangement of the carboxylic
acids in the ground state, along with the lack of vibronic structure
in the emission spectrum, suggests that the resonance interactions
between the carboxylic acids and aromatic ring system in the
ground state are conserved in the excited state. This is
corroborated by the coplanar lowest-energy structure found in
the first excited state (Fig. 4d).

In basic solution, the absorbance spectrum of 1,4-ADCA2� is
vibronically structured, while the emission spectrum is still broad
and diffuse. The deprotonated carboxyl groups do not contribute to
resonance forms of the anion in the ground state and, consequent-
ly, the absorbance spectra are vibronically structured. The
predominance of electron density in the carboxylate groups and
sparseness of density in the anthracene moiety in the DFT-
calculated HOMO, shown in Fig. S19e, confirm this lack of
resonance contribution. There are several factors that may
contribute to the loss of structure in the emission spectrum. As
previously proposed for 1-ACA�, the authors attribute the
broadening of the emission spectrum to a shift in electron density
upon promotion to the 1La excited state. The orbital density plot of
the LUMO shows agreement with this proposition for 1,4-ADCA2�,
as this excited state shows strong population in the anthracene
moiety. Such a shift in electron density in the direction of the
carboxylate group introduces some CT character between the
functional group and anthracene moiety [45]. It is plausible that
such phenomena also contribute to the loss of structure observed
in the emission spectrum of 1,4-ADCA2�. The Stokes shift of 1,4-
ADCA2� (1997 cm�1) is large in comparison with the deprotonated
2,6-ADCA2� (510 cm�1) and 9,10-ADCA2� (610 cm�1). A relatively
large change in molecular dipole moment upon excitation would
result in such a substantial Stokes shift. Solvent relaxation may also
have a significant effect on the fluorescence spectrum. Because the
energy of the relaxed excited state is lower than that of the initial
Frank-Condon excited state, thermodynamic equilibration with the
surrounding solvent would contribute to the loss of structure and
bathochromic shift in the emission spectrum of 1,4-ADCA2�. Lastly,
it is likely that the carboxylate groups can easily rotate, which
would also give rise to a large Stokes shift (relative to both 2,6-
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ADCA2� and 9,10-ADCA2�) and broad emission spectrum due to
nuclear reorganization. The energy contour plot for the first excited
state of 1,4-ADCA2�, shown in Fig. S9f, confirms this. In this state,
the potential surface is rather isotropic and large (essentially free)
dihedral rotation can occur. Analogous free-rotation regions for
2,6-ADCA2� and 9,10-ADCA2�, shown in Figs. S9b and d,
respectively are much smaller, suggesting that these excited states
have more confined geometries than 1,4-ADCA2�.

In neat solvents, the absorption spectrum of 9,10-ADCA displays
anthracenic vibronic structure, while the emission spectrum is
characterized by a broad, structureless band. Similar observations
have been reported for 9-anthracenecarboxylic acid (9-ACA)
[26,27,48]. The structureless emission of 9-ACA was ascribed to
enhanced resonance interactions between the carboxylic acid
group and the aromatic moiety, due to rotation of the functional
group into the plane of the ring system following excitation [23].

DFT calculations of the lowest energy configuration ground-
state geometry of 9,10-ADCA reveal a dihedral angle of 57�

between the carboxylic acid groups and anthracene plane.
Comparably, 9-ACA was found to have a dihedral angle of 57�,
and 88� for the conjugate base, 9-ACA� [27]. This ground-state
configuration of 9-ACA is supported by crystallographic data [42].
The non-planar geometry has been attributed to steric interactions
between the acid group and the peri-hydrogens on the carbons in
the 1 and 8 positions of the anthracene ring [23]. The non-planar
orientation prevents resonance interactions between the carbox-
ylate groups and aromatic ring system, and gives rise to
anthracene-like vibronic structure in the absorption spectrum.
The orbital density plot of the 9,10-ADCA HOMO (Fig. S19c)
confirms this rationale, as there appears to be very little electron
density on the carboxylic acid moiety in this state. The inductive
effects of the electron withdrawing carboxylic acid groups result in
the slight bathochromic shift observed in the absorption spectrum
of 9,10-ADCA relative to anthracene. Deprotonation of the
carboxylic acids reduces the strength of the inductive effects
and, consequently, the bathochromic shift in the absorption
spectrum of 9,10-ADCA2� is smaller.

TDDFT calculations show that the dihedral angle, u, decreases to
�28� in the excited state of 9,10-ADCA (Fig. 4f). Interestingly, as the
carboxyl groups twist toward a more coplanar orientation, the
anthracene ring also puckers. Previously, a u of �33� was
calculated by TDDFT for 9-ACA in the excited state, but no ring
distortion was reported [27]. The distortion of the anthracene
plane, observed in 9,10-ADCA but not 9-ACA, may be due to greater
steric strain on the molecule imposed by the additional carboxylic
acid. Puckering of the anthracene ring system upon rotation of the
carboxyl groups disrupts the transition dipole moment across the
short-axis. The large reconfiguration energies associated with this
rotation and nuclear reorganization lower the energy of the excited
state, as evidenced by the large Stokes shift observed in the spectra
of 9,10-ADCA. The more coplanar orientation allows for over-
lapping of the p-orbital of the acid group with the p-aromatic
system of anthracene, introducing resonance interactions through
delocalization of electron density from anthracene into the
carboxyl substituents. This significantly perturbs the 1A ! 1La
transition dipole moment oriented along the short axis of
anthracene, giving rise to a broad, structureless emission band.
At 77 K, when rotation of the carboxylic acid groups is hindered,
the emission spectrum of 9,10-ADCA is bathochromically shifted
� 25 nm and displays some vibronic structure (Fig. S7c, Table S3).
With increased resonance interactions, solvent-solute interactions
have a greater contribution to the Stokes shift depending on the
rate of rotation of the carboxyl groups relative to the rate of solvent
reorganization as intramolecular nuclear reorganization occurs in
the excited state. The mirror-image relationship between the
absorption and emission spectra of the fully deprotonated 9,10-
ACA2� measured in basic solution indicates that the geometries of
the ground and excited states of 9,10-ACA2� are almost identical.
Thus, the carboxylate groups remain decoupled from the aromatic
system, resulting in vibronically structured emission. This is also
supported by DFT/TDDFT calculations, which show little changes
between the dihedral angles of 9,10-ADCA2� in the ground
(Fig. S9c) and excited (Fig. S9d) states.

5. Conclusions

Functionalization of anthracene with carboxylic acid groups
results in perturbation of the photophysical properties depending
on both the location of the groups and extent of their interaction
with the aromatic ring system. In general, functionalization that
extends the molecule along the molecular axes containing optical
transitions of the same polarization affect the properties of that
transition more significantly. For example, derivatization at the 2
and 6 positions extends the molecule along the longitudinal axis
and enhances the longitudinally polarized 1A ! 1Lb transition,
giving rise to intense 1A !1Lb absorption bands. In the 2,6-isomer,
electron density remains evenly distributed in the molecule and
vibronically structured absorption bands are observed. On the
other hand, functionalization at the 1 and 4 positions, which
lengthens the molecule along the short axis, gives rise to an uneven
distribution of electron density along the polyaromatic ring system
and results in broad, diffuse bands in both the absorption and
emission spectra. The extent of interaction between the carboxylic
acids and the anthracene ring is dictated by how the functional
groups are oriented with respect to the anthracene plane. In 1,4-
ADCA, the carboxyl groups lie coplanar with the parent anthra-
cene, but in 9,10-ADCA, steric hindrances prevent coplanarity. As a
result, there is greater overlap between the p orbitals of the acid
groups in the 1 and 4 positions with the p orbitals of anthracene,
introducing a greater amount of charge transfer character in 1,4-
ADCA compared to 9,10-ADCA. Accordingly, the photophysical
properties of 1,4-ADCA are also sensitive to solvent-solute
interactions and exhibit a dependence upon solvent polarity.
The solvent pH also has a significant influence on the extent to
which the functional groups interact with the ring system. In very
basic solutions, where the carboxyl groups are completely
deprotonated and cannot participate in resonance interactions,
vibronically structured bands are observed in the absorbance
spectra of all of the ADCA derivatives.

This work provides insight into the structure-property rela-
tionship of dicarboxylic anthracene derivatives and their fluores-
cent properties. An understanding of the effects of substitutions
and local environment on the excited-state properties of anthra-
cene can be used to further tune derivatives to obtain desired
functionality. Such knowledge will aid in the design of next-
generation optoelectronic materials.
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