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Abstract

Doxazosin is a quinazoline derivative widely used in medicine as a drug. In this study, a
combined experimental and computational approach based on the time-dependent density
functional theory was used to elucidate the primary events following the photoexcitation of
DOX upon interaction with light. The photophysical properties and photochemical reactivity
of DOX were investigated by steady-state and time-resolved absorption and fluorescence
spectroscopy. DOX in H20 in So is present in two prototropic forms, with the protonated form
dominating (~ 91%, pKa = 6.75). The computations indicated that the most basic quinazoline
nitrogen is at the position 1. Upon excitation, DOX deprotonates in the singlet excited state
(pK* =1.31), and the decay times from the singlet excited state of 5 ns and 13 ns are attributed
to the non-protonated and protonated forms of DOX, respectively. The quantum yield of
fluorescence in neutral H>O is 0.51 and 0.64 in basic media. The quantum yield of intersystem
crossing along with triplet-triplet molar absorption coefficient at 520 nm and the lifetime of the
triplet excited state were obtained by LFP, ®isc = 0.17, es20 =11600 + 100 M cm™ and r = 11
us, respectively. Furthermore, LFP enabled detection of DOX radical formed by the
photoinduced intramolecular electron transfer from the benzodioxane-carbamoyl to the
protonated aminoquinazoline. Computations were used to back up the assignments of the
detected transients and to construct an energy diagram with all plausible photophysical and
photochemical pathways. These results elucidated the mechanisms of DOX photochemistry
leading to DOX photodegradation which is relevant to environmental studies. They also
provided insights into the potential use of such a quinazoline derivative in other applications

such as push-pull chromophores or fluorescent probes.



1. Introduction

Quinazolines are a very important class of heterocyclic compounds whose derivatives
are widely used from medicinal chemistry [1-6] to materials chemistry [7—-12]. They have been
used in optoelectronics [9,10], as fluorophores in organic light-emitting diodes [12], as white
emitters in single molecule push-pull systems [7,11], and in sensors [8]. In addition,
quinazoline derivatives have shown antifungal [13], antibacterial [14], antiviral [15-17], and
anticancer activity [18-23], among others. A group of quinazoline-based drugs of particular
interest to medicine are ai-adrenoreceptor blockers, 2,4-diamino-6,7-dimethoxyquinazolines,
which include doxazosin, DOX, (Figure 1). They are mainly used to treat benign prostatic
hyperplasia [24-28] and hypertension [29-31].

Since DOX is widely used in medical therapy, it is released into the aquatic environment
along with its metabolites. The major metabolic pathways include demethylation of one of the
methoxy groups of the quinazoline core and hydroxylation of the benzodioxane moiety, and
5% is excreted unchanged in urine [32]. The dioxane moiety is known to be a persistent organic
pollutant once present in the environment.

In contrast to the very extensive research on its medicinal use and pharmacokinetics, very
few studies have been performed on its degradation and photostability, including its stress
decomposition [33], its degradation under the influence of light and advanced oxidation
processes [34], and its radiolytic, photolytic, and photocatalytic degradation [35,36]. Moreover,
the photophysical properties and photochemical reactivity of DOX have not yet been

thoroughly investigated.
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Figure 1. Structure of DOX.

The structure of DOX consists of two spatially separated, non-conjugated chromophores,
diamino-dimethoxy-quinazoline (AQ) and benzodioxane-carbamoyl (BC), between which
different energy and charge transfer processes can be initiated upon interaction with light. As
mentioned above, quinazoline derivatives have a wide range of technological applications [7—

12], and in the case of DOX, it is of particular interest to investigate other potential applications



besides medicine. Recently, 2-N-aminoquinazolines, which have a similar structure to DOX,
have been reported as potential fluorophores for molecular probe applications [7,37]. DOX has
two lone pairs at the 2-N-piperazino and 4-N-amino groups, which in conjugation with the
electron-deficient quinazoline core could represent an electronic push-pull system and possibly
a fluorescent probe as 2-N-aminoquinazoline analogues [7]. Moreover, due to the simplicity of
DOX synthesis on a multigram scale [38], potential modifications could be considered to obtain
structures with desired properties for various applications.

Considering the above, the main objective of this study was: firstly, to identify the DOX
transient species formed upon photoexcitation and to unravel the intramolecular processes
involved, and secondly, to investigate new potential applications of DOX as a fluorescent
dye/probe, in addition to its use as a medicinal drug. To this end, time-dependent density
functional theory (TD-DFT) computations were used to support the experiments.

Considering the above objectives, the photophysical properties and photochemical
reactivity of DOX were studied in detail in this work. By combined experimental and
computational approach, the energy diagram for DOX was established, and the initial

photodynamic events occurring after the photoexcitation of DOX were elucidated.

2. Experimental
2.1. Materials

Doxazosin mesylate (> 97%), acetonitrile (> 99.9%, HPLC grade), benzophenone (>
99%), sodium phosphate (> 99%) and concentrated phosphoric acid (w = 85%) were used as
received from Sigma. Naphthalene was recrystallized twice from cyclohexane. Water was
purified through a Millipore (Milli-Q) system. High purity nitrogen (N2), oxygen (O2) and
nitrous oxide (N20) were used to purge the solutions prior the experiments.

2.2. Preparation of solutions

All solutions were prepared immediately before the experiments. The experiments were
performed in non-buffered DOX (0.10 mM) solution in H.O (measured pH was 5.9). For the
transient absorption measurements in acidic media at pH 2.4, DOX (0.10 mM) was dissolved
in 10 mM H3POq4, and due to the lower solubility in alkaline media at pH 11.4, DOX was
dissolved in 10 mM NasPO4-CH3CN (3:1). All solutions for the determination of the quantum
yield of the intersystem crossing were prepared in CH3CN-H20 (1:1).



2.3. Transient absorption spectroscopy measurements

A nanosecond laser flash photolysis setup was used for the transient absorption
spectroscopy measurements (TAS). The setup consists of a Nd:YAG laser (Quantel, Q-smart
450, 5 ns pulse duration, 10 Hz) and a LP980 transient absorption spectrometer (Edinburgh
Instruments). The ground state absorption of the samples was set to 0.3 at the 355 nm laser
excitation wavelength. The laser energy at 355 nm was in the range of 2-33 mJ (6-99
mJ cm2). Solutions were purged with high purity N2, O2, or N2O for 30 minutes prior to the
measurements. Kinetic measurements were performed in 1 cm quartz cells sealed with rubber
septa. The transient absorption spectra were measured in the flow cell to ensure that no light
was absorbed by the photoproducts. All measurements were performed at 25 °C.

2.3.1. Determination of the intersystem crossing (ISC) quantum yield

Four samples in CH3CN-H20O (1:1) were prepared: benzophenone (2.30 mM) with and
without naphthalene (10 mM) and DOX (0.06 mM) with and without naphthalene (10 mM).
All four solutions were optically matched at the excitation wavelength with the ground state
absorbance set to 0.2 and purged with N> for 30 minutes before the measurements. The laser
energy at 355 nm was 3 mJ. First, the triplet-triplet molar absorption coefficient of naphthalene
in CH3CN-H2O (1:1) was determined via energy transfer method from benzophenone and
calculated according to the equation (S1) [39]. Then, the triplet-triplet molar absorption
coefficient of DOX at 520 nm was determined via energy transfer method from DOX to
naphthalene and calculated according to the equation (S2) [39]. Finally, the quantum yield of
intersystem crossing of DOX was determined by comparative method/relative actinometry
using benzophenone as a standard (@isc = 1, es20 = 6500 Mt cm™?) [40] and calculated

according to the equation (S3) [39].

2.4. Steady-state and time-resolved fluorescence measurements

Steady-state and time-resolved fluorescence measurements were performed on an
Edinburgh Instruments FS5 spectrofluorometer. The steady-state measurements were
performed in H20 at 25 °C, and the absorbance at each excitation wavelength was lower than
0.1 to avoid the inner filter effect. Emission spectrum was recorded in the range of 290-650
nm by exciting DOX at 280 nm. The excitation slit was set to the bandpass corresponding to 1
nm for the excitation and 1.5 nm for the emission.

Time-correlated single photon counting measurements (TC-SPC) were performed with
the same spectrofluorometer equipped with a pulsed LED at 280 nm. The pulse duration time
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was 860 ps. Fluorescence signals at 400 nm were monitored over 1023 channels with a time
increment of = 20 ps per channel. Decays were collected until they reached 3000 counts in the
peak channel. A suspension of silica gel in H2O was used as a scattering solution to obtain the
instrument response function (IRF). The absorbance values at 280 nm were 0.07-0.09. The
solutions were purged with N2 for 30 min before the measurements, which were performed at
25 °C. The Fluoracle software was used to fit the fluorescence decays to a sum of exponentials

according to the equation (S4).

2.4.1. Determination of the fluorescence quantum yield

Fluorescence quantum yield was determined using quinine sulfate (QS) in 0.5 M H2SO4
(@ = 0.55) [41] or N-acetyl-L-tryptophanamide (NATA) in H20 (@r = 0.14) as a reference
[41]. The solutions of DOX, QS and NATA were purged with N2 for 30 min. The emission
spectra were recorded in the range of 290-650 nm by exciting DOX and QS at 280, 290, and
300 nm and DOX and NATA at 280, 285, and 290 nm. The excitation slit was set to the
bandpass corresponding to 1 nm for the excitation and 1.5 nm for the emission. Quantum yield

was calculated according to the equation (S5).

2.5. Determination of pKa and pKa*

UV-Vis and fluorescence pH titrations were performed for the determination of the pKa
and pKa* values. A series of 0.03 mM DOX solutions in H20 was prepared in the presence of
10 mM phosphate buffer (HsPOs-NaH2PO4 or NaH2PO4-Na:HPO4) at different pH values, in
the pH range 5.0-8.5 for the pKa and 0-3.2 for the pKa* determination. To obtain a solution of
DOX with pH close to 0, DOX was dissolved directly in 1 M HCIOa4. The pH of the solutions
was measured using a pH meter (Mettler Toledo FiveEasy Plus) prior to the measurements.
UV-Vis spectra were recorded using a Varian Cary 100 Bio spectrophotometer in the
wavelength range 200-500 nm. The emission spectra were recorded using an Agilent Eclipse
spectrofluorometer in the wavelength range 300-570 nm by exciting each solution at 290 nm.
The excitation slit was set to a bandpass corresponding to 2.5 nm for the excitation and 5 nm
for the emission. Measurements were performed at 25 °C. The experimental data were fitted to
a one-step protonation model using multivariate nonlinear regression analysis with Specfit

software.



2.6. Computational methods

All computations were performed in the framework of density functional theory (DFT)
and its linear-response time-dependent formalism (TD-DFT). The geometric optimizations
were carried out at the CAM-B3LYP/6-311+G(2d,p) level [42,43]. The basis set used was of
triple-C quality, supplemented with diffuse functions and a double set of polarization functions
on the C, N, and O atoms, amounting to more than 1000 basis functions for the systems studied.
The range-separated CAM-B3LYP hybrid density functional was chosen because it was
expected to provide an improved description of the long-range charge-transfer excitations (CT)
[42] that may occur between the two spatially separated chromophores (AQ and BC; Figure 1).
In all cases, the water solvent was fully implicitly described via the polarizable continuum
model (PCM) [44,45]. The technical details, such as the algorithms used, integration grids and
properties of the molecular cavities, are provided in the Supporting Information (SI). The
Grimme’s atom-pairwise dispersion correction based on the D3 damping function (GD3) was
employed throughout [46]. The method used is henceforth designated as (TD-)CAM-
B3LYP(+PCM).

Considering both the protonated and non-protonated forms of DOX, the ground state, the
first excited singlet state, and the three lowest triplet states were optimized at this level of
theory. The subsequent computation of the harmonic vibrational frequencies (Table S7)
confirmed the obtained structures as minima on the DOX potential energy surface (PES). At
the same level of theory, but employing the spin-unrestricted formalism, the structures of the
neutral, cationic and anionic doublet radical fragments of DOX were optimized to model the
intramolecular electron transfer. The vertical excitation spectra (using the non-equilibrium
solvation) were computed at the TD-CAM-B3LYP(+PCM)/6-311+G(2d,p) level. In all cases,
the inclusion of 30 lowest excited state roots was found to be sufficient to fully cover the
spectral range of interest (up to ca. 250 nm).

To estimate the probability of intersystem crossing (ISC) from the Sy initial state, the
spin-orbit couplings (SOC) [47] matrix elements between S; and the energetically close triplet
states were computed using the TD-CAM-B3LYP(+PCM)/ma-def2-TZVP(-f) level. This
minimally augmented (ma-) basis set of the Karlsruhe def2 family [48,49] similar in size to 6-
311+G(2d,p); consequently, there is a clear-cut correspondence between the 6-311+G(2d,p)
and ma-def2-TZVP(-f) excited states (Tables S3 and S4). These computations were speeded-

up by adopting the resolution of identity chain-of-spheres approximation (COS) to the non-



local exchange term and the def2/J auxiliary basis set for fitting the Coulomb term (RIJCOSX)
[50,51].

To obtain the excited state absorption spectrum (ESA) of the neutral and cationic forms
of the Ty transient, the transition dipole moments (TDM) between pairs of the TD-DFT triplet
roots were computed in the pseudo-wavefunction approximation using the TD-DFT/def2-SVP
method. The Tamm-Dancoff approximation [52] was adopted giving rise to the auxiliary wave
functions of the configuration interaction singles type (CIS). These computations were also
speeded up by using the resolution of identity approach with the def2/J Coulomb-fitting
auxiliary basis set. A set of 30 TD-DFT roots was generated, and the water solvent was
described implicitly via the Conductor-like Screening Model (COSMO) (details in the SI) [53].
Four density functionals were tested for the prediction of the ESA spectra: PBEO [54], B3LYP
(using VWN formula) [55], CAM-B3LYP [42], and ®B97X-D [56].

The following quantum chemistry codes were used: Gaussian 16, rev. C01 [45] (the DFT
and TD-DFT optimizations and absorption spectra), Orca 5.0.3 [57] (the SOC matrix
elements), and Turbomole 7.6 [58] (ESA spectra). The molecular orbitals and natural transition
orbitals (NTO) [59] are depicted using the GaussView 5 software [60].

3. Results and discussion
3.1. Photophysical properties of DOX
3.1.1. Ground state absorption

The pH of the DOX mesylate was measured in non-buffered aqueous solution. The
measured pH of 5.9 indicated that both prototropic forms of DOX were present (pKa = 6.94)
[61]. At pH 5.9, the protonated form of DOX dominates (=~ 91%). A similar value, pKa = (6.75
+ 0.02) (Figures S1, S2) was determined by UV-Vis and fluorometric titrations in this work.
After computationally testing all five N atoms as possible protonation sites, it was found that
the most basic one is the pyrimidine N positioned para with respect to the NH> group (N1)
(Figure 2). It has been pointed out that the possibility of the para-quinoid resonant structure in
4-aminoquinazolines strongly stabilizes this particular protonated form [62]. The free energies
of all five protonated forms are compared in Table S2. The free energy for the most favorable
protonated site is 7 kcal mol™ lower than the next lowest site, which is the pyrimidine N
positioned ortho with respect to the NH2 group (N3). This shows that in the pH range of interest

DOX is protonated exclusively at the most basic site, i.e. the contributions of other protonated



forms may be safely neglected. The same protonation site is assumed later when considering

the protonated forms of DOX transients.

Figure 2. Protonated and non-protonated forms of DOX.

The experimental absorption spectrum of the DOX in the aqueous solution at pH 5.9 does
not differ from the spectrum of the fully protonated form measured in buffer at pH 2.4 (violet
and red curves, Figure 3), both having a maximum at 330 nm. In the buffer solution at pH 11.4,
where DOX is present in its non-protonated form, a maximum in the experimental absorption
spectrum is shifted to 343 nm (black curve, Figure 3). Compared to the protonated form a

hypochromic and bathochromic shift of 13 nm was observed.

2
H,O pH 5.9
buffer pH 2.4
- — protonated CAM-B3LYP
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Figure 3. The superimposed experimental (0.10 mM DOX in H2O at pH 5.9; in phosphate
buffers at pH 2.4 and pH 11.4) and TD-CAM-B3LYP(+PCM)/6-311+G(2d,p) computed
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spectra of the protonated and non-protonated forms of DOX. The computed spectra are red-
shifted by 0.5 eV and broadened with Gaussian profiles (FWHM = 3500 cm™).

The TD-CAM-B3LYP(+PCM) absorption spectra of the two DOX forms (dashed red
and black curves, Figure 3) had to be redshifted by 0.5 eV to better match the experimental
spectra, but the overall appearance of the computed spectra, viz. the relative values of the
excitation energies and oscillator strengths computed at the Sp minima (vertical spectra), were
well reproduced (Table 1). The full spectra are given in Tables S3 and S4.

Table 1. The vertical excitation energies in eV [nm] red-shifted by 0.5 eV (see above),
singlet oscillator strengths (f), and the dominant natural transition orbitals (NTO) of the non-
protonated and protonated forms of DOX computed at the TD-CAM-B3LYP(+CPCM)/ma-

def2-TZVP(-f) level for the 5 lowest transitions.

Singlets Dominant NTO f Triplets
Non-protonated
1 3.68 [337] n(AQ)-n*(AQ) | 0.1676 | 2.66 [467]
2 4.35 [285] n(AQ)-n*(AQ) | 0.2012 | 3.03 [409]
3 4.55 [272] n(BC)-n*(BC) | 0.1052 | 3.04 [407]
4 4.69 [264] n(AQ)-n*(AQ) | 0.0029 | 3.57 [347]
5 4.77 [260] n(AQ)-Ryd(AQ) | 0.2989 | 3.69 [336]
Protonated
1 3.86 [321] n(AQ)-n*(AQ) | 0.3263 | 2.88 [431]
2 4.49 [276] n(AQ)-n*(AQ) | 0.0475 | 3.03 [409]
3 4.56 [272] n(BC)-n*(BC) | 0.1023 | 3.03 [409]
4 4.99 [248] n(AQ)-n*(AQ) | 1.5198 | 3.70 [335]
5 5.01 [247] n(AQ)-n*(AQ) | 0.1822 | 3.70 [335]

It should be noted that the recently proposed improved variant of CAM-B3LYP, denoted
by CAMh-B3LYP [63], does not correct this discrepancy appreciably, and a similar red shift
is still required to correlate the computed and experimental spectral features. It is therefore
likely that the absolute errors in the computed excitation energies are primarily due to the
combination of TD-DFT with the PCM description of the water solvent. Many sites in DOX
can form strong hydrogen bonds with water, which are only implicitly described by PCM [64—
66] but can significantly affect the orbital energies and thus the spectra. Despite this, it can be
assumed that the excited triplet states are affected in a similar way as the singlets, so it is
expected that the TD-DFT level currently used is sufficiently reliable for describing DOX
photodynamics.

11



In both protonated and non-protonated forms, a comparatively large gap of > 0.6 eV
between the S; and Sz was predicted, while higher excited singlet states are grouped more
closely (Table 1). The computations correctly reproduce that the So — S: band in the non-
protonated form of DOX undergoes a moderate redshift and that its intensity is nearly halved
compared to the protonated form. Thus, it is predicted that the well-resolved band with maxima
at 330 and 343 nm is due to only one excited state (So — S1), which is essentially the HOMO
— LUMO excitation at the AQ chromophore (Figure S14). The multiple maxima should hence
reflect the complex vibronic substructure of this band, reminiscent of occurrences in a
fluorescent pH sensor based on the recently studied BODIPY structure.[67] Namely, like DOX,
this BODIPY sensor also consists of the two spatially separated chromophores, and exhibits an
isolated So — S1 band with complex vibronic substructure that was shown to be mainly due to
the facile torsional motions of the single bond(s) separating the chromophores.

An inspection of the NTOs pertaining to the 20 lowest singlet excited states of the
protonated form reveals that the dominant transitions are of the valence or Rydberg type
confined to either one of the BC or AQ chromophore, i.e. without mixing between the two
(Table S4). The majority of the low-lying ©-7t* excitations involve the AQ system. The lowest
nec-miec™ transition is found at 5.1 eV (S3) and the amide n-n* at 5.9 eV (S10). The only state
among the first 20 that involves the transfer of density between the two chromophores is S1»
found at 6.1 eV. This intramolecular charge transfer (CT) state has a minor oscillator strength
and its direction is from the BC to the AQ end (Figure S15). In contrast, in the spectrum of the
non-protonated form none of the first 20 transitions (up to 6.3 eV) is due to a CT state (Table
S4). While the usual role of quinazoline chromophores in the context of push-pull structures is
that of an electron-acceptor [7] in DOX the quinazoline ring is substituted by several strong
electron donors (20Me, -NH>, and -NR2) which tend to diminish this property. Thus, in the
DOX ground-state spectrum, the CT state critical for the push-pull applications of quinazolines

likely emerges only when the AQ chromophore is protonated.
3.1.2. Steady-state and time-resolved fluorescence

Excitation of DOX at 280 nm in H20 results in a fluorescence spectrum with a maximum
at 395 nm (Figure 4).
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Figure 4. Normalized absorption (red line) and emission spectra (black line, Jexc = 280 nm)
of DOX in H20 at pH 5.9.

The fluorescence maximum measured at 395 nm agrees well with the vertical energy of
the relaxed S; state for both DOX forms, protonated and non-protonated (Table 2). In addition,
from the intersection of the normalized absorption and emission spectra, an approximate energy
of the singlet excited state of DOX with the value of 334 kJ mol* (3.5 eV) was obtained.

Table 2. The TD-B3LYP(+PCM)/6-311+G(2d,p) vertical energies (in eV [nm]) of the
relaxed singlet (S) and triplet (T) states for the non-protonated and protonated forms of DOX.

S1 T1 T2 T4
Non-protonated | 3.26 [380] | 1.68 [740] | 2.16 [575] | 3.87 [320]
Protonated 3.36 [370] | 2.06 [603] | 2.25 [551] | 3.85 [322]

The fluorescence quantum yield of 0.51 + 0.05 was determined using QS and NATA as
standards (emission spectra shown in Figure S3). Similar fluorescence quantum yield values
for 2-N-aminoquinazolines were reported, as well as applicability of such fluorophores as

fluorescent probes and as fluorophores in molecular recognition [68]. The same authors
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reported that increasing the electron donor strength of the amino group at the position 2 of the
quinazoline core increases fluorescence efficiency [68].
Fluorescence decays, measured by TC-SPC, at 400 nm, upon excitation at 280 nm were

fit to a sum of two exponentials with lifetimes of (4.96 £ 0.07) ns and (13.07 £ 0.28) ns, and
their contribution component of nearly 1:1 (Figure 5).
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Figure 5. Fluorescence decay at 400 nm for the N»-saturated H2O solution of DOX at pH 5.9
(ﬂexc =280 nm).

The corresponding components were assigned to the non-protonated and protonated
forms of DOX present in aqueous solution at pH 5.9. Furthermore, the pKa* of the excited state
of DOX was determined using a fluorometric titration of DOX in the acidified phosphate
buffer, yielding the pKa* value of (1.31 £ 0.04) (Figure 6). Such a low pKa* value of the excited
state of DOX indicates that DOX deprotonates upon excitation, yielding a non-protonated form
in the singlet excited state [69,70]. Indeed, the fluorescence decay upon excitation of the non-
protonated form of DOX (at pH 11.4) at 280 nm was single exponential with the lifetime of

(14.41 £ 0.03) ns (Figure S4). Thus, the shorter lifetime is attributed to the non-protonated
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form, and the longer component corresponds to the protonated form of DOX, where emission

occurs after deprotonation.
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Figure 6. (A) Emission spectra of 0.03 mM DOX (Zexc = 290 nm) in H20O in the presence of
10 mM phosphate buffer at various pH values from 0 to 3.2. The measurements were carried
out at 25 °C. (B) Dependence of the fluorescence intensity of 0.03 mM DOX in H20O at 390
nm on pH values; black dots are the measured values and the red line corresponds to the
calculated values by non-linear regression analysis with the Specfit software.

3.1.3. Transient absorption

Laser flash photolysis measurements (LFP) of N2-purged 0.10 mM DOX solution were
performed in H2O at pH 5.9. The transient absorption spectra were detected with two maxima
at 380 and 530 nm and a negative signal with a minimum at 340 nm due to ground state bleach
(Figure 7). At 530 nm, the decay kinetics were fitted to a sum of two exponents indicating
presence of two transients, a shorter-lived with the lifetime of (13 £ 2) s and a longer-lived
with the lifetime of (224 + 33) ps. The presence of two transients around 530 nm was evident
from the red shift of the transient spectra with increasing time (Figure 7). The monoexponential
decay kinetics at 380 nm shows only one longer-lived transient with the similar lifetime of (185

+ 9) ps as at 530 nm.
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Figure 7. Transient absorption spectra of N2-purged solution of 0.11 mM DOX in H20 at pH
5.9. Azss = 0.3. Ejaser ~ 10 mJ. Insets: Corresponding time profiles at 380 and 530 nm.

Transient absorption spectra were also recorded in the acidic (pH = 2.4) and basic media
(pH = 11.4) to determine the pH dependence of the transients formed (Figures 8, S6 and S7).
Regardless of pH, the spectroscopic features remained the same except that the AA was larger
with increasing pH. The shorter-lived transient at 530 nm in acidic medium has a lifetime of
(25 + 1) ps, which is longer than 13 us in H20 at pH 5.9 and (19 + 1) ps at pH 11.4. The same
is observed for the lifetimes of the longer-lived transient at 530 nm and values of 226 us, 224
us and 160 ps in acidic, neutral and basic conditions were measured, respectively (Figure S8).
The transient at 380 nm follows the trend of the longer-lived transient at 530 nm (Figure S9).
Since there is no difference in the kinetics at 380 nm and the longer-lived component at 530
nm under different pH conditions, it was concluded that it is the same transient.
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Figure 8. Transient absorption spectra of N2-purged solutions of DOX in H.O at different pH
values: 2.4 (10 mM H3PO4 and 0.10 mM DOX), 5.9 (0.10 mM DOX) and 11.4 (10 mM
NasPO4-CH3CN (3:1) and 0.07 mM DOX). Asss = 0.3. Ejaser = 10 mJ.

After the photoexcitation of DOX, parallel competing processes may occur:
deprotonation, fluorescence, ISC, internal conversion to So and electron transfer. When DOX
in its non-protonated form is excited, there is one less competing process, deprotonation,
resulting in a higher yield of other processes involved. Indeed, a higher fluorescence quantum
yield was observed when DOX in its non-protonated form was excited, @ = 0.64, compared
to @r = 0.51 when neutral DOX was excited. The differences in AA and Kinetics observed at
different pH values of the DOX solution can be explained by the deprotonation of DOX in its
excited state (pKa* = 1.31). For this reason, the largest AA and the shortest kinetics were
obtained after the excitation of the non-protonated form of DOX in its ground state at pH 11.4,
followed by partially deprotonated DOX and finally protonated DOX solution (Figures 8 and
S8).

Transient absorption spectra of DOX in H20 purged with O at pH 5.9 were recorded to
verify if the detected transients correspond to triplet excited states or radicals that are quenched
or reacted with O2 (Figures 9, S9). The lifetime of the shorter-lived transient at 530 nm is

significantly shorter in the presence of O, corresponding to the quenching constant (3.7 £ 0.1)
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x 10° Mt s7! (Figure S10). On the contrary, O, does not have such a pronounced effect on the
lifetime of the longer-lived transient at 530 nm and at 380 nm (Figure S11). Moreover, AA at
530 nm is significantly lower in a solution purged with O (Figure 9). Consequently, the short-
lived transient at 530 nm is assigned to the excited DOX triplet state, and it is probably a

precursor in the formation of the long-lived transient.
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Figure 9. Comparison of the transient absorption spectra of a 0.10 mM DOX solution in H20
at a pH of 5.9, recorded immediately after the pulse with respect to the solution-purging gas.
A355 ~(.3. Elaser ~ 10 mlJ.

On the basis of Table 1, the triplet states lying lower than S; and accessible to the
intersystem crossing (ISC) are T1.s for the protonated and Ti.4 for the non-protonated DOX
form. The SOC matrix elements between S; and the 10 lowest triplet states are shown in Table
S1.

The vertical energies of the relaxed S; and the three lowest triplet states are shown in
Table 2. The optimizations of the triplet states were carried out in the space of the four lowest
TD-DFT roots. One of the triplets, initially T3, failed to converge to its minimum due to
encountering the conical intersection; consequently, the Ts state is missing from Table 2. After
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the geometry relaxation, the dominant NTOs in the triplet states are localized exclusively on
the AQ moiety.

The triplet-triplet molar absorption coefficient of DOX was determined via energy
transfer method [39] from DOX to naphthalene in CH3CN-H>O (1:1) at pH 5.9 according to
the equation (S2), and a value of 11600 + 100 M-! cm™* at 520 nm was obtained. The value
used for the triplet-triplet molar absorption coefficient of naphthalene was 14300 + 100 M*
cm® at 415 nm in CH3CN-H,O (1:1), which is comparable to the literature values for
cyclohexane (24500 M-t cmtat 415 nm) [39] and benzene solutions (13200 M~* cm™ at 425
nm) [71]. The quantum vyield of intersystem crossing of DOX, 0.17 + 0.01, was determined by
comparative method/relative actinometry [39] using benzophenone as a standard and
calculated according to the equation (S3).

To get additional confirmation for the assignment of the transients, the excited state
absorption spectra (ESA) of the triplet state were computed. T1 — T, absorption spectra was
computed at the T1 minimum geometry for the non-protonated and protonated DOX form. The
performance of the four tested density functionals for the spectrum of protonated Ti was
evaluated (Figure S13). The ESA spectra predicted by the two range-separated hybrids (CAM-
B3LYP and »-B97X-D) are mutually similar, as are the spectra predicted by the two standard
hybrids (B3LYP and PBEO). The low and high ends of the spectra (around 300-320 and > 600

nm) contain weak bands while the middle part is very strong (Figure 10).
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Figure 10. Simulated T; — T, absorption spectra for the non-protonated and protonated
DOX calculated at the TD-B3LYP(+COSMOQO)/def2-SVP level. The spectra are broadened
with Gaussian profiles (FWHM = 3000 cm™2).

Importantly, with B3LYP (and PBEO) the maximum of the band is substantially red-
shifted, by 0.5-0.7 eV, relative to CAM-B3LYP (w-B97X-D). This leads to a much better
overlap with the experimental triplet-triplet band with the maximum at 530 nm (Figure 7). On
the basis of these observations, it is proposed that the protonated form of T1 dominates. The
high intensity of this band is primarily due to the T1 — Ti2 transition which is found at 504 nm
in the TD-B3LYP(+COSMO)/SVP spectrum of the protonated form (Table S5).

The dominant NTOs of the To — T1 and To — Ti2 transitions are very similar, viz. the
T1 hole and particle NTOs are fully comparable to the T1. hole (the transition coefficient of
0.24) and particle (the transition coefficient of 0.73) NTO, respectively (Figure S16). This
brings about the large overlap and oscillator strength between the T1 and T states. There is a
notable CT component to the T1» state with the shift of electron density from the amide group
to the AQ end which explains why the range-separated hybrids tend to push Ti> to smaller
wavelengths. However, this tendency is apparently exaggerated in the PCM setting, and the
discrepancy is comparable to the shift required to improve the ground state absorption spectra

(vide ante).

3.1.4. Photoinduced electron transfer

The TAS results indicate the plausible involvement of intramolecular energy/charge
transfer processes within the DOX molecule. However, energy transfer resulting from the
direct excitation of the AQ part of DOX at 355 nm is excluded because the triplet energy of the
quinazoline donor (262 kJ mol™ for quinazoline) [72] is lower than the triplet energy of the
amide carbonyl acceptor (482 kJ mol* for N,N-dimethylformamide in the gas phase) [73]. On
the other hand, photoinduced intramolecular electron transfer (PIET) may be favorable
considering both pathways, ET from the AQ core to the carbamoyl group of BC and ET from
BC to AQ, with the formation of the DOX radicals and/or radical ions. Based on the computed
negative values for the Gibbs free energy for photoinduced electron transfer with the Rehm-
Weller equation (see the Sl), such processes should be thermodynamically feasible.
Consequently, the long-lived transient, absorbing at 530 and 380 nm, could be assigned to a

species formed upon the PIET or the DOX radical (radical cation).
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In addition, radical cations are generally insensitive to oxygen, although some stilbene
radical cations are reported in the literature to be quenched by oxygen [74,75]. However, in the
case of DOX, the lifetimes at 530 nm and 380 nm were shorter with estimated quenching rate
constant, kq = 5.8 x 106 M1 s7* when the solution was saturated with oxygen (Figure S11).

To exclude the possibility of radical-cation formation by two-photon ionization, the
vertical first ionization potential of the protonated form of DOX is computed using the TD-
CAM-B3LYP(+PCM)/6-311+G(2d,p) method. More accurate methods of computing
ionization potentials, such as electron propagator theory, were found to be unfeasible for a
system of this size. The obtained value of 6.8 eV for the protonated DOX indicates that two-
photon ionization of DOX is possible at 355 nm (3.5 eV) excitation with the formation of DOX
radical cation and a hydrated electron. To verify whether the radical cation could be formed by
a two-photon process, the relationship between the maximum transient absorption at 380 nm
(AAmax) and the laser energy was determined. The slope of the logarithmic plot was 0.8 (Figure
S12), indicating that no biphotonic ionization occurs (otherwise the slope would be around 2).
The second experiment was based on the ability of N2O to quantitatively scavenge hydrated
electrons which absorb in the broad spectral range (500 — 900 nm) [76]. Therefore, transient
absorption spectra of N2O-purged H20 solution of DOX were recorded, and no significant
differences were observed between the transient absorption spectra in N2- and N2O-purged H.O
solutions of DOX (Figure 9). Consequently, the involvement of biphotonic ionization can be
excluded in the range of laser energies used up to 33 mJ.

The proposed PIET mechanism in acidic medium from the AQ to the BC part of the DOX
molecule with the formation of AQ™" and BC" transients could be explained only if the DOX
deprotonates in its excited state, which is confirmed as possible by the obtained pK,". On the
other hand, in the case of the ET from BC to AQ chromophore, two options are possible: the
formation of AQ" and BC™* for the non-protonated DOX and the formation of AQ® and BC™*
for the protonated DOX. To elucidate the pathway of PIET in the DOX molecule and to assign
the transients formed, computations were performed.

To model the spectra of the transients formed by PIET, the DOX molecule was split into
two fragments. One fragment contained the AQ chromophore in protonated or non-protonated
form, and the other one the BC chromophore. The fragments were created by cutting the two
piperazine C—C bonds and saturating the two C atoms with hydrogens thus creating two CHs
groups. The doublet radical forms of these fragments, formed by one electron oxidation or
reduction were optimized and their spectra were computed. The total spectrum was then

produced by summing the spectra of the fragment pairs, which was expected to emulate well
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the spectrum of the transient resulting from the PIET between the AQ and BC chromophores.
The unpaired spins from the two fragments were assumed to be singlet coupled. Similar
strategy for assigning spectra of larger molecules, namely separation into fragments containing
the relevant chromophores and then summing the spectra of the individual fragments has been
successfully demonstrated [77].

The computed transient absorption spectra for the three radical fragment pairs considered
are shown in Figure 11. It can be seen that all three ET transients may account very well the
observed experimental bands at 380 and 530 nm (Figure 7). The most important difference is
the additional strong band at 430 nm predicted when the ET takes place from AQ to BC with
formation of the (AQ™" and BC™) pair, which is not evident in the experimental TAS spectra
(Figure 7). The relative strengths of the band below 400 nm and the band above 500 nm are
also different; specifically, the latter band is much more intense in the case of the ET from AQ
to BC. Conversely, the two spectra representing the models of ET from BC to AQ are very
similar (formation of the (AQ" and BC™) and (AQ" and BC™) pairs).

0.5
AQ™ and BC™
—— AQ' and BC™
. o+
0.4 —— AQ" and BC
S
=
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7]
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©
S 0.2+
7]
@]
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Figure 11. The TD-CAM-B3LYP(+PCM)/6-311+G(2d,p) absorption spectra of the three

pairs of radical fragments used as models of the intramolecular electron transfer in DOX.
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It is noticeable that the SOMO of BC™ is of the = type localized on the amide moiety,
whereas the SOMO of BC™ is localized on the benzene ring (Figure 12). Thus, the electron
donation from the BC part should make the amide region, in particular the carbonyl bond, the
principal reactive site. This anticipates the main photolytic products which typically have the
BC moiety transformed whereas the quinazoline-piperazine remains unchanged [36].
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BC”

Figure 12. The SOMOs of the radical fragments used for modeling the intramolecular

electron transfer in DOX. The arrows indicate the direction of the electron transfer.

The computed energy difference between the (AQ™ and BC™) and (AQ™ + BC™) pairs
is subtle; specifically, the free energy favors the (AQ™* + BC™) pair by 0.7 kcal mol* whereas
the electronic energy favors the (AQ™ + BC™) pair by 1.6 kcal mol™. These simple
considerations thus indicate that in the non-protonated form of DOX the ET may in principle
proceed in both directions, i.e. either one of the AQ or BC chromophore can act as the electron
donor or acceptor. However, for a more quantitative conclusion one should consider that the
photoinduced ET takes place from the excited state in which the dominant excitation is
localized on the AQ part; thus, both ionization potential (the donating ability) and electron

affinity (the accepting ability) of the AQ fragment are to some extent affected. In case of the

23



protonated quinazoline ring only the AQ side can accept the electron as it is positively charged.
Consequently, it is proposed that photoexcitation initiates reduction of the protonated excited
AQ and oxidation of the BC. Therefore, the observed transient at 380 nm was assigned mainly
to the AQ radical (AQ"), which is in accord with the computed spectra. In Figure 13 the
theoretical spectrum is shown constructed from weighted contributions due to all discussed

transients, viz. the protonated and non-protonated T, — T,, as well as the transients resulting

from the AQ — BC and BC —»> AQ ET.
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Figure 13. The computed spectrum with all the transients included superimposed on the
experimental spectrum (right after laser pulse, Figure 7). The percentage of the transients is
as follows: protonated T; — T,(0.9); non-protonated T; — T, (0.1); (AQ" + BC™) (0.6) and
(AQ* + BC™) (0.4).

The direction of the PIET is most likely from the BC to the AQ chromophore and the
process is greatly alleviated by the protonation at the AQ part. The possibility that the
intermolecular ET between two DOX molecules leads to the formation of DOX radicals cannot
be ruled out, as the computed spectra of these species (Figure S18) resemble those of the radical
pairs formed by the intramolecular ET. However, this is less likely since the bimolecular ET is

diffusion controlled and is considered to be slower than intramolecular.
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3.1.5. Jablonski diagram for DOX

A Jablonski diagram for DOX was constructed based on all photophysical parameters
measured (Figure 14).
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Figure 14. Jablonski diagram for DOX.

Combining all the experimental results with the computational findings, the sequence of
events in DOX photodynamics is as follows. Excitation of the protonated DOX at 355 nm is

followed by rapid deprotonation in its excited S; state. In parallel with the deprotonation of
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DOX, fluorescence, internal conversion to the So state, and electron transfer occur from Sy in
addition to the ISC and triplet formation. All of the above competing processes do not preclude
ISC and ET from taking place while S is still protonated. According to the SOC matrix
elements between protonated-S; and the triplet states lying below it (Table S1), the most likely
ISC occurs between protonated S; and Ts. If the ISC still takes place after the deprotonation
then the nearest triplet state with a comparatively large SOC with non-protonated Sz is T4. The
triplets that couple strongly to S are, similarly to Sz, characterized by the dominant excitations
localized on the AQ end (Figure S17). Even though fluorometric titration showed that the pKa"
of Sy is greatly reduced compared to So, it is still possible that the T transient shows a different
trend and is predominantly in the protonated form, as shown by the computed spectra (Figure
10), which agree with the experimental TAS spectra. Indeed, very large differences in the pKa
of the lowest excited triplet and singlet states have been reported for many compounds [78].

4. Conclusions

The primary events following the electronic photoexcitation of DOX were studied
experimentally and computationally. Upon photoexcitation of the protonated DOX, it
deactivates by several competing non-radiative pathways that involve deprotonation,
photoinduced electron transfer from benzodioxane-carbamoyl to the protonated
aminoquinazoline moiety, and intersystem crossing. All relevant transient species formed upon
light excitation were detected by fluorescence spectroscopy and laser flash photolysis. The
conducted study reveals potential novel applications of DOX, not only as a drug in medicine,
but also as a fluorescent dye/probe, owing to its high fluorescence quantum yields in acidic and
basic media. Furthermore, the skeleton of quinazoline (or DOX) is amenable to structural
modifications, which may be used to finely tune spectroscopic and photophysical properties
while molecular modeling can be used to rationally design novel molecules with desired

properties.
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