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A reasonable gram quantity of the crystalline red dye 7-phenylbenzolalphenazine-5(7H)-one (PBP) was
synthesised by the condensation of N-phenylbezene-1,2-diamine with 2-hydroxynaphthalene-1,4-dione
in acetic acid (58% vyield). The molecular structure of the dye, as determined by single-crystal X-ray
crystallography, reveals a near planar phenazinone-like core, and an N-phenyl group twisted out of this
plane by around 85°. The CO bond length of 1.241(2) A is consistent with double bond character, which
supports minor ground state zwitterionic character to the compound. The wavelength maximum for the
observed partially structured low-energy absorption band is relatively insensitive to changes in the solvent
polarity and polarizability. TD-DFT calculations predict that the long wavelength absorption envelope
originates from localised n—n* transitions with no contribution from an n—zn* state. The fluorescence
quantum yield and singlet lifetime of the dye in MeCN are 0.12 and 3.0 ns, respectively. Fluorescence
maxima are slightly sensitive to the solvent and changes in the Stokes shifts for a small series of alkanols
were fitted to the Lippert—Mataga equation to afford a change in dipole moment of 8 + 2 D. Calculations
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also reveal that full rotation of the N-phenyl group is severely restricted in the ground state (AEgs =
29 kcal mol™) and in the first-excited singlet state (AEgs = 34 kcal mol™). The rocking back and forth of
the phenyl group distorts the phenazinone-like backbone as it becomes co-planar and a minor solvent

rsc.li/pps viscosity effect was observed in hydrogen bonding alkanol solvents.

Introduction

Rosinduline, or azocarmine G, is a doubly sulfonated water
soluble red dye that has been recognised for well over 100
years, and has found numerous applications including the
staining of cells for microscopy studies," as a redox titration
indicator,” a metal ion and poisons detector’ and a food dye
(Fig. 1). Despite the fact that rosinduline is a well-established
commercial dye the lack of photophysical and photochemical
data on the material is surprising. Most in-depth search
results are focussed on rosinduline preparation details or its
derivatives® and quantitative data are conspicuously absent.
Photodegradation of the dye by UV-photo Fenton chemistry,”
or its photooxidation over hydroxyl iron-aluminium pillared
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bentonite using hydrogen peroxide® would appear to suggest
the compound can be degraded. The fundamental core to the
dye is primarily based on a phenazinone-like moiety and is
identified as 7-phenylbenzo[a]phenazine-5(7H)-one (PBP), or
rosindone, as shown in Fig. 1. Again, any specific fundamental
data for PBP was sparse and whether or not the compound
even displayed fluorescence was hard to track down. Whereas
oxidation of the dye looked reasonable because of the amine
feature, the conjugated carbonyl unit also seemed a facile
sight for reduction to a ketyl-like radical. Certainly this latter
facet was considered appealing in regard to the use of PBP as a
photooxidant, providing the compound performed in a similar
manner to H-abstraction agents such as benzophenone.”
Noting the photoxidant capability of benzophenone is primar-
ily driven from its triplet n-n* state,® the practical question of
what the energy level diagram for PBP resembled seemed perti-
nent. Hence, given the lack of quality data for PBP a detailed
photophysical investigation of the compound was undertaken
coupled to a predictive DFT computational study. The dye exhi-
bits modest fluorescence in MeCN with a quantum yield of
0.12. Identification of the triplet state and its quantum yield
was problematic pointing to poor intersystem crossing of the
singlet and triplet states. This observation is attributed to the
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Fig. 1 The chemical structure of rosinduline (left) and the basic starting material core 7-phenylbenzolalphenazine-5(7H)-one (PBP) (right).

spin and orbitally forbidden intersystem crossing of the first-
excited singlet (S;) n-n* state to the near isoenergetic second-
excited triplet (T,) n-n* state. The low fluorescence quantum
yield is somewhat linked to the moderately efficient non-radiative
deactivation of S; caused by distortion of the phenazinone-like
backbone facilitated by rocking of the N-phenyl group.

Results and discussion
Synthesis and characterisation

The title compound 7-phenylbenzo[a]phenazine-5(7H)-one
(PBP) was synthesised in an unoptimised yield of 58% by the
condensation of N-phenylbezene-1,2-diamine with 2-hydroxy-
naphthalene-1,4-dione in acetic acid and precipitation.
Despite the modest yield the compound can be prepared on a
multi-gram scale. The crude dark red solid, as evidenced by "H
NMR spectroscopic analysis, was around 95% pure but further
purification by recrystallization afforded a red crystalline
material. Both "H and "*C NMR spectra were fully consistent
with the structure, and the modest band at 1613 cm™" in the
FT-IR spectrum confirmed the presence of the carbonyl unit.
The dye is soluble, to various degrees, in most organic protic
and aprotic solvents at room temperature, but it is completely
insoluble in water. Single crystals of PBP grown from a chloro-
form/hexane solution by slow evaporation were of suitable
quality for an X-ray structure determination, and the molecular
structure is illustrated in Fig. 2. Selected bond lengths and
angles are shown in Table 1. Considering the structure of PBP
some degree of zwitterionic character might be expected, so as
to generate more single bond character in the carbonyl
subunit (eqn (1))

@ ©
ON-C=C-C=0 <~—» _N=C-C=C-0 (1)

The 01-C7 bond length is certainly more in fitting with
formal double bond character and this, coupled with the qui-
noidal bond length pattern of the C7-C8-C9-C10-C11-C12
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Fig. 2 Crystal structure of PBP with ellipsoids drawn at the 30% prob-
ability level highlighting the atomic numbering scheme (A), and the view
down the N1-N2 axis to show the twist of the N-phenyl subunit and the
near planarity of the phenazinone-like group.

Table 1 Selected bond lengths and angles for the X-ray crystal struc-
ture of PBP

Atoms Bond length?/A Atoms Bond angle” /°
01-C7 1.241(2) 01-C7-C8 120.39(11)
(1.231) (121.03)
N1-C4 1.381(2) 01-C7-C12 122.31(11)
(1.376) (121.96)
N1-C10 1.304(2) N2-C11-C12 122.69(11)
(1.299) (122.80)
N2-C5 1.390(2) C4-N1-C10 118.86(10)
(1.394) (119.80)
N2-C11 1.380(2) C5-N2-C11 121.96(10)
(1.393) (121.60)
N2-C17 1.451(2) C11-N2-C17 117.86(10)
(1.443) (119.02)
C7-C12 1.431(2) C5-N2-C17 120.08(10)
(1.447) (119.38)
C11-C12 1.368(2)
(1.368)
Cc7-C8 1.491(2)
(1.494)

“DFT calculated bond lengths and angles given in brackets for the gas
phase structure of PBP as determined using Gaussian 09 (B3LYP) and
a 6-311G+(d) basis set.’
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ring and the comparable N2-C11/N2-C5 bond lengths, would
suggest there is little ground-state zwitterionic character. The
short N1-C10 bond is also as expected for a phenazinone-
based ring. The phenazinone-like unit is almost planar with a
root mean square deviation of 0.060 A (Fig. 2B), though a
small deviation from planarity is observed in the C8-C9-C13-
C14-C15-C16 ring, which is folded ca. 1.4° towards the adja-
cent quinoidal ring. The N-phenyl group is as might be
expected twisted out of plane by 85° (torsion angle C11-N2-
C17-C22) to alleviate unfavourable H-H steric interactions.
There are no exceptional crystal packing features.

Molecular modelling and predictions

The gas-phase structure for PBP as calculated using DFT
(B3LYP) and a 6-311G+(d) basis set is in fairly good agreement
with the X-ray crystal structure; calculated bond lengths and
angles (Table 1) are in some cases well within 36. The
N-phenyl twist angle is 89.9° (¢f 85° for the X-ray structure).
The HOMO is almost exclusively localized on the phenazi-
none-like moiety with notable electron density residing along
the C1-C6-C5-N2-C11-C12-C7-0O1 backbone. In comparison
the LUMO is more uniformly distributed over the entire mole-
cular framework including the C8-C9-C13-C14-C15-C16 aro-
matic ring. The charge distribution within the molecular
scaffold is manifest in a modest ground-state dipole moment
of 5.6 D. Calculated ground-state dipole moments for PBP
immersed in a solvent matrix using an integral equation form-
alism polarizable continuum model (IEFPCM) with various
dielectric constants displayed modest alterations (see ESIT).
The longest wavelength absorption maximum (4,,,,) calculated
for the gas phase structure using a time-dependent DFT
(TD-DFT) approach is located at 463 nm, and shifts to 475
(2.61 eV) when the molecule is fully immersed in a MeCN
solvent bath. The major contribution to the absorption
envelop arises from the HOMO to LUMO electronic transition
(see ESIt) which is essentially n—n*. There is no indication of an
n-* transition contributing to the long wavelength absorption
envelope. Other calculated values of A, for solvents of diverse
polarity do not vary by more than 2 nm, which would suggest
that solvent interactions with PBP do not affect the energy of
electronic transitions to any major extent. Comparison of the
TD-DFT calculated first-excited singlet state and ground-state
structures in a MeCN solvent bath reveals that the molecule
remains planar, but the zwitterionic character perturbs bond
lengths of the central diazo ring and the keto-ene containing
ring (see ESIf). The structural change is accompanied by a
small change in the dipole moment (0.8 D) (Fig. 3).

Calculated energies for the triplet states of PBP are enligh-
tening in as much that the lowest-energy triplet state (T,) is
located at ca. 1.7 eV, and is associated with unpaired electrons
in a n-n* state. A higher lying triplet n-n* (T,) state at around
2.5 eV is very close in energy to the S; state (2.6 eV). We might
expect that any S; to T, intersystem crossing, despite the small
energy gap, to be slow since the transition is both spin and
orbitally forbidden (EI Sayed’s Rule'®). Intersystem crossing S;
to T, is also likely to be slow based on a similar argument and
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Fig. 3 Representation of selected DFT calculated Kohn—Sham frontier
molecular orbitals for PBP (top), and the calculated ground-state struc-
ture showing the direction of the dipole moment (bottom).

the large energy gap. Of course, the T, to T; transition is both
spin and orbitally allowed which might presuppose fast inter-
conversion, but it is noted that considerable energy must be
dissipated during the process. Given the probable small reor-
ganisation that would accompany the transition, the rate for
such a non-radiative process might be actually slower than
expected (energy gap law'").

Focussing on the N-phenyl as a conceivable rotor subunit
within the structure, potential energy calculations using
Gaussian 09° (B3LYP, 6-311G+(d)) were performed on the gas-
phase ground-state structure as the phenyl group was rotated
through 360° (Fig. 4). The phenyl unit becomes more aligned
with the phenazinone-like ring as the dihedral angle approaches
zero, which causes the group to bow and lose planarity
(see ESI{)." In an extreme conformation the nitrogen atom at
the N-phenyl takes on more of a pyramidal feature. The energy
barrier to full rotation of ca. 29 keal mol ™" (121 kJ mol ™) is sub-
stantial and on par with hindered rotation of the phenyl group
in methaqualone and mecloqualone.'?> Complementary TD-DFT
potential energy calculations performed on the first excited-
state structure reveal that the barrier to rotation is still signifi-
cant (ca. 34 kcal mol™"). Based on these calculations no so-
termed molecular rotor effect'* would be expected, such that
viscosity of the surrounding medium should not affect localised
fluorescence to any great extent.

Electrochemistry

Cyclic voltammetry performed on PBP in dry N,-purged MeCN
(0.2 M TBATFB background electrolyte) revealed a straight-
forward redox chemistry in both the oxidation and reduction
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Fig. 4 Relative energies of PBP in the ground state versus the dihedral
angle at the N-phenyl subunit. Each point represents a change in angle
of 5°.
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Fig. 5 Cyclic voltammogram recorded for PBP at a glassy carbon
working electrode in Ny-purged dry MeCN containing 0.2 M TBATFB
background electrolyte. Counter electrode = platinum wire, scan rate =
50 mV s}, reference electrode = Ag/AgNOs in MeCN, internal reference
= Fc*/Fc (+0.09 V). Insert shows plausible products from one electron
oxidation and sequential one electron reduction of the compound.

segments of the voltammogram (Fig. 5). Scanning to oxidative
potentials produced an irreversible wave located at E; = +0.83
vs. Fe'/Fe which is taken to be removal of an electron from the
HOMO. The irreversibility of the wave is correlated to break-
down of the cation radical, possibly the result of deprotonation
at the aromatic ring and then dimerization or solvent addition.
Upon reductive scanning a reversible wave was seen at E, =
—1.43 V (AE = 60 mV) vs. Fc'/Fc which corresponds to radical
anion formation at the carbonyl group. Further scanning pro-
duced a quasi-reversible wave at E3 = —1.94 V (AE = 130 mV) vs.
Fc'/Fc and is associated with dianion formation. The major
peak separation E,-E; of ca. 0.5 V likely arises from the
unfavourable electrostatic repulsion created by addition of an
electron to the anion radical, since protons are lacking in the
dry solvent to neutralise the charge. The energy gap E;-E, of
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ca. 2.2 eV is considerably smaller than the DFT calculated
HOMO-LUMO energy gap (3.05 eV) which is not uncommon,
and similar findings were reported previously for other unre-
lated molecular systems."’

Spectroscopic studies

The representative electronic absorption spectrum for PBP in
MeCN is illustrated in Fig. 6. The lowest energy absorption
envelope is partly structured comprising of two clear peaks
located at 475 nm, 498 nm and a partial shoulder at ca.
527 nm. There is also sign of an additional shoulder at the
short wavelength side of the absorption band. The deconvo-
luted absorption envelope using five constant half-width
Gaussian profiles (fwhm = 1317 em™") locates this high energy
band at 440 nm (see ESIf). The molar absorption coefficient
(emax) measured at 498 nm is 13 000 mol™" dm?® em™ corres-
ponding to an oscillator strength (f) of 0.17. It is worth noting
that DFT calculations suggest the absorption profile comprises
primarily of a n-n* electronic transition. Below 400 nm the
absorption profile is dominated by two sharp peaks located at
309 nm and 255 nm. Absorption spectra recorded for PBP in
solvents of various polarity and polarizability were essentially
similar in appearance and only minor changes (ca. 6 nm) were
observed in peak maxima; the overall effect was satisfactorily
predicted from the TD-DFT calculations.

Red emission from a dilute MeCN solution of PBP is
evident even by eye upon UV excitation. The collected exci-
tation independent low-energy fluorescence spectrum does not
mirror perfectly the absorption profile, but it is partially struc-
tured with peaks located at 575 nm and 613 nm (Fig. 6). A
broad tail to the emission stretches to around 800 nm. The
crossing point of the normalised absorption and fluorescence
spectra is located at 548 nm (2.26 eV). The Stokes’ shift (SS) of
2689 cm ™', calculated from the difference between the absorp-
tion and fluorescence maxima, does suggest that there is dis-
placement along the reaction coordinate for the ground- and
excited-state potential energy surfaces. The partial structured
nature of the absorption is consistent with

spectrum
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Fig. 6 Normalised absorption profile (black) for PBP and fluorescence
spectrum (blue) in dilute MeCN. Excitation wavelength = 490 nm.
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Berlman’s protocol'® that the ground state is planar. DFT cal-
culations suggest that alterations in bond-lengths within the
phenazinone-like molecular framework occur upon formation
of the first-excited state but it essentially remains planar. The
partial structured nature of the emission profile is consistent
with this notion, but the major reorganisation is likely related
to rocking of the N-phenyl group. This latter idea was sup-
ported by a variable low-temperature study in EtOH in which
fluorescence spectra were recorded from 290 K to 80 K.
Between 290 K and 160 K where the EtOH remained fluidic the
¢rLu steadily increased and was analysed in terms of the
Arrhenius equation (see ESIT). The small AE of only 3 k] mol ™
supports a weakly activated process consistent with libration of
the phenyl group. It is also noted that at the glass transition
temperature of EtOH (ca. 100 K) the ¢y increased signifi-
cantly as molecular motions were curtailed in the solid glass.
In addition, the SS at 80 K reduced significantly to 428 cm™".

Fluorescence excitation spectra recorded at disparate emis-
sion wavelengths are an acceptable match to the absorption
profile. The fluorescence quantum yield (¢gy) of 0.12 is rather
modest, and fluorescence decays were strictly mono-exponen-
tial at all monitoring wavelengths to afford a singlet lifetime
(zs) of 3.0 ns. The radiative decay constant (kgap) calculated
using the Strickler-Berg expression'” of 1.1 x 10® s™" is con-
siderably larger (ca. 3 fold) than the measured value of 4 x 107
s~ (krap = @rrulTs)- Such a disparity is not too surprising con-
sidering the assumption of a small structural alteration in the
Strickler-Berg model and the displaced potential energy sur-
faces for PBP. Non radiative decay is clearly dominant in de-
activation of the first-excited singlet state, the measured non-
radiative decay constant (kg = 1/7s — krap) is 2.9 x 10° s7*.

In an attempt to try and shed more light onto the efficiency
of intersystem crossing and the nature of the triplet states
nanosecond flash photolysis experiments were performed.
Excitation of a sample of PBP in N,-purged MeCN with a 10 ns
laser pulse delivered at 532 nm produced clear ground-state
bleaching at around 500 nm, and a weak transient profile
centred at 800 nm (Fig. 7). A major problem was the rapid
degradation of the sample after repetitive laser excitation
shots. An acceptable fit to the transient signals at 800 nm to a
single exponential was possible to afford a lifetime of 16 ps. A
similar experiment performed with addition of a heavy atom
perturber to the solution (10% EtI) did result in a slight signal
enhancement to the long wavelength profile; the introduction
of oxygen into the solution resulted in its complete removal of
the signal. Based on these findings the long wavelength transi-
ent signal is assigned to the T;-T,, absorption spectrum.

Very weak partially structured phosphorescence was
observed at around 12 790 ecm ™" (1.6 eV) from an ethanol glass
containing PBP at 80 K (see ESIt). The calculated energy of the
triplet (ca. 1.7 eV) is remarkably similar to this value but some
caution is noted: the phosphorescence spectrum shape was
not dependable over several runs and the measured intensity
was very low. The difficulty in collecting a clear phosphor-
escence spectrum is consistent with poor intersystem
crossing.'®
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Fig. 7 Transient spectra recorded at 800 nm after excitation of a
sample of PBP in N,-purged MeCN with a 10 ns laser pulse delivered at
532 nm.

Fluorescence measurements in various solvents

No distinct dependence of ¢y with solvent viscosity was
anticipated as established by the phenyl rotation compu-
tational calculations and predictions. The envisaged modest
change in the dipole moment upon the ground-state to first-
excited state transition also hinted at limited dependency of
the Stokes’ shift (SS) with solvent polarity. Hence, fluorescence
spectra were recorded in a small range of alkanol and aprotic
solvents and the results are collected in Table 2. Given the
presence of a carbonyl group within PBP intermolecular hydro-
gen bonding was likely to be integrated into any overall solvent
effect in the alkanol series. The change in solvent from metha-
nol to pentan-1-ol is accompanied by a modest increase in
¢rLu, but essentially values plateau across the series. Analysis
of the alterations in ¢y in terms of the Forster-Hoffmann™’
equation produced an adequate linear relationship (see ESIT),
but the modest slope (a = 0.13) suggests a weak viscosity
dependency as predicted. Presumably the rocking back and
forth of the phenyl subunit and the distortion it causes in
the phenazinone, coupled to solvent hydrogen bonding to the
carbonyl is just sufficient to produce the effect.?’ The variation
of ¢y within the solvent series is also worth noting in
terms of the dielectric constant (&) (see ESIT). The high ¢y
are generally associated with the low polarity solvents. A focus
on the linear alkanols again demonstrates that the ¢pLy
reaches a limiting value of ca. 11%. The destabilisation of the
excited state in the low polarity alkanols is presumably
sufficient to reduce the rate of non-radiative decay in line with
the energy-gap law."" An interesting result is seen for the diol
ethylene glycol which is highly viscous with a concomitant
high ¢, but PBP has a low ¢y in the solvent. The potential
hydrogen-bonding viscosity enhancement is suppressed by a
polarity effect. The highest ¢y observed in toluene can be
attributed to two factors; namely, the low polarity of the
solvent and high refractive index since kgap  n” (Strickler-
Berg equation).”’
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Table 2 Selected photophysical properties of PBP in various solvents at 22 °C

Solvent & n® 7° (cP) Iniax ® (em™) Jeu € (em™) SS (em™ drru
MeOH 32.6 1.327 0.54 19 960 17 422 2538 0.070
EtOH 24.6 1.360 0.69 19920 17 668 2252 0.094
Propan-1-ol 20.5 1.384 1.95 19 960 17 606 2354 0.105
Butan-1-ol 17.5 1.397 2.54 20 000 17 637 2363 0.108
Pentan-1-ol 13.9 1.407 3.62 19920 17 637 2283 0.113
Hexan-1-ol 13.3 1.414 4.58 19 881 17 699 2182 0.110
Heptan—l—ol 12.1 1.424 5.81 19920 17 668 2252 0.110
Octan-1-ol 10.3 1.429 7.29 19920 17730 2190 0.113
Nonan-1-ol 8.83 1.433 8.97 19881 17762 2119 0.124
Decan-1-ol 7.2 1.435 12.0 19 881 17762 2119 0.110
Ethylene glycol 37.7 1.431 16.9 19 841 17 241 2600 0.064
Toluene 2.38 1.496 0.59 20 000 17 668 2332 0.160
MeCN 37.5 1.344 0.33 20080 17391 2689 0.120
DCM/ 8.93 1.421 0.41 19 841 17 483 2358 0.126
THF® 7.58 1.405 0.48 19 841 17 606 2235 0.100
EA" 6.02 1.370 0.46 20 000 17 575 2425 0.090
CHCl; 4.81 1.443 0.54 19920 17 606 2314 0.144
Et,O 4.33 1.350 0.22 20 040 17 889 2151 0.113

“ Dielectric constant (ref. 23). ? Refractive index. “ Bulk solvent viscosity. ¢ Absorption wavelength maximum.  Corrected fluorescence wavelength

maximum./ Dichloromethane.  Tetrahydrofuran. * Ethyl acetate.

The change in the SS for the entire solvent series, as ana-
lysed using the Lippert-Mataga equation®’ (eqn (2)), was
limited, but again a focus on the alkanols provided a clear
dependency with the solvent function (AF) as shown in Fig. 8.
The difference in dipole moment of 8 + 2 D using a = 5.8 A is
again indicative of only partial increased transfer of charge
upon excitation.

2
(ﬂes - ”gs)

SS=10068{ 3 AF +C
a

(2)
e—1 n*-1
F=|—————
26 +1 2n2 41
Here a (in A) represents the radius of the spherical cavity in
which the molecule resides and is provided by a solvent dielec-
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Fig. 8 Relationship between Stokes shift (SS) and the solvent Pekar
function AF for the linear mono-protic alkanol series. The linear
equation and goodness-of-fit is shown in the insert.
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tric continuum, and the difference between the ground and
excited state dipole moments (ies — fgs) is in Debye.?

Conclusions

Using a one-pot reaction it is straightforward to prepare multi-
gram quantities of the red fluorescent dye 7-phenylbenzol[a]
phenazine-5(7H)-one. The interaction of mono-protic hydrogen
bonding solvents at the carbonyl group coupled to rocking of
the N-phenyl group is important in influencing the level of
fluorescence from the dye. However, the small increase in the
¢y for a ca. 20-fold increase in solvent viscosity rules out the
usefulness of the dye as a fluorescent rheology probe. There
appears no clear way to drastically enhance the fluorescence
viscosity response since there is also a prominent polarity
effect which can dominate in solvents with a low dielectric
constant. The dye does however contain several sites for
further functionalisation or modification which could perturb
the excited state properties in a positive manner. Preliminary
findings have shown that nucleophiles add adjacent to the
N-phenyl group in a reaction similar to Michael addition to an
a,p unsaturated ketone. New molecular systems are in develop-
ment based on this finding, especially chiral dimers that facili-
tate exciton coupling and exhibit polarised luminescence.
Considering the N-phenyl group in PBP does play a pivotal role
in excited state deactivation its removal may also have a posi-
tive effect.

Experimental

'H and "*C NMR spectra were recorded on a Bruker 700 MHz
spectrometer. FT-IR spectrum was recorded on a PerkinElmer
FT-IR Spectrum Two spectrometer. Absorption spectra were

Photochem. Photobiol. Sci,, 2019, 18, 140-147 | 145
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obtained using a Shimadzu UV-1800 spectrophotometer.
Corrected emission and excitation spectra were obtained using
a Shimadzu RF-6000 spectrofluorophotometer. The spectra
were not corrected again to take into account that bandpass in
wavenumbers is not constant when the spectrum is recorded
in constant wavelength resolution by using I(%) = A%I(4).
Quantum yields were calculated using Rhodamine 6G (¢grry =
0.95 EtOH)** as a standard and by the comparison method,
and the fluorescence lifetime was measured using a PTI
EasyLife apparatus. Nanosecond flash photolysis experiments
were carried out using an Applied Photophysics LKS50
instrument.

Crystal structure data for PBP were collected at 150 K on a
Xcalibur, Atlas, Gemini ultra-diffractometer equipped with a
fine-focus sealed X-ray tube (1 CuK, = 1.54184 A) and an
Oxford Cryosystems CryostreamPlus open-flow N, cooling
device. Cell refinement, data collection and data reduction
were undertaken via the software CrysAlisPro (Rigaku OD,
2015). An analytical numeric absorption correction was
applied to the intensities using a multifaceted crystal model
based on expressions derived by Clark & Reid.>® The structure
was solved using ShelXT (Sheldrick, 2015)*® and refined by XL
(Sheldrick, 2008).”” All non-hydrogen atoms were refined as
anisotropic and hydrogen atoms were place with idealised geo-
metry and Ui, set to 1.2 times that of the parent atom.

Computational calculations were performed using a 32-bit
version of Gaussian09 on a quadruple-core Intel Xeon system
with 4GB RAM. The calculations were run in parallel, fully uti-
lising the multi-core processor. To reduce computational time
low-level calculations were carried out to minimise structures
using Hartree-Fock and a low basis set. Energy-minimised
structures were then used to feed high-level density functional
theory (DFT) calculations starting firstly with B3LYP and the 3-
21G basis set. The complexity of the basis set was increased
and results from calculations compared. The 6-311G+(d) basis
set was deemed sufficient for comparison purposes.
Calculations in a solvent medium were carried out using the
integral equation formalism polarization continuum model
(IEFPCM). Phenyl rotation calculations were performed in
Gaussian 09 using DFT and the scan method with the relaxed
potential energy surface option where geometry optimization
at each step was carried out while maintaining the scanned
variable constant. Excited-state calculations were performed
using the time-dependent DFT method. Calculations during
refinement were monitored using the program Molden and by
visualising the geometrical convergence at each step.

Preparation of PBP

A 50 ml two-necked round-bottom flask was charged with
2-hydroxy-1,4-naphthoquinone (3.48 g, 20 mmol,) and
N-phenylene-o-phenylenediamine (3.69 g, 20 mmol,) which
was then purged with nitrogen. N,-purged glacial acetic acid
(100 ml) was added and the reaction mixture was stirred for
60 minutes at room temperature. The temperature was raised
to 60 °C and then stirred for a further 60 minutes. The reaction
mixture was left to cool and a TLC was taken (95:5,
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DCM : methanol) to check the extent of the reaction. The
mixture was then added to distilled water and the crimson red
precipitate filtered through a Biichner funnel. The solid was
washed with water to remove residual acetic acid followed by
diethyl ether to remove the unreacted materials. The product
was dried overnight under vacuum and by NMR spectroscopy
was ca. 95% pure. The sample was purified by recrystallisation
from ethanol and water to give a red microcrystalline solid.
Yield: 3.7 g, 11.5 mmol, 58%. Mp 263-265 °C. FT-IR (cm™")
749 (s), 776 (m), 830 (m), 856 (w), 949 (W), 1000 (W), 1030 (W),
1120 (w), 1131 (w), 1157 (w), 1244 (s), 1310 (s), 1355 (w), 1454
(w), 1473 (s), 1536 (s), 1587 (s), 1614 (w), 3063 (w). 'H NMR
(CDCl;, 700 MHz) § 8.99 (dd, 1H, J = 7.8 Hz, J = 1.1 Hz), 8.37
(dd, 1H, J = 7.6 Hz, J = 1.2 Hz), 8.05-8.08 (m, 1H), 7.76-7.82
(m, 2H), 7.72 (tt, 2H, J = 7.8 Hz, = 1.9 Hz), 7.65 (tt, 1H, /= 7.6
Hz, ] = 1.3 Hz), 7.37-7.40 (m, 2H), 7.33-7.35 (m, 2H), 6.67-6.70
(m, 1H), 5.61 (s, 1H). "*C NMR (CDCl;, 176 MHz) & 182.0,
147.4, 140.9, 137.0, 134.8, 133.1, 132.8, 131.9, 131.7, 131.5,
131.1, 131.0, 130.6, 130.4, 128.5, 125.6, 125.1, 124.1, 115.3,
101.1. HRMS nanoESI m/z calculated for C,,H;5N,O 323.1179,
found 323.1184 [M + H]".
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