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The discovery of vibrant excited-state dynamics and distinctive photochemistry has established nitrated
polycyclic aromatic hydrocarbons as an exhilarating class of organic compounds. Herein, we report the
atypical photorearrangement of nitro-perylenediimide (NO,-PDI) to nitrito-perylenediimide (ONO-PDI),
triggered by visible-light excitation and giving rise to linkage isomers in the polar aprotic solvent
acetonitrile. ONO-PDI has been isolated and unambiguously characterized using standard spectroscopic,
spectrometric, and elemental composition techniques. Although nitritoaromatic compounds are
conventionally considered to be crucial intermediates in the photodissociation of nitroaromatics,
experimental evidence for this has not been observed heretofore. Ultrafast transient absorption
spectroscopy with revealed the prominence of
a conformationally relaxed singlet excited-state (STR) of NO,-PDI in the photoisomerization pathway.
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Introduction

The manifestation of two distinct isomers having the same
chemical composition and molecular formula and differing
only in the bond connectivity of the ligand to the metal is
conventionally termed as linkage isomerism. The intra-
molecular rearrangement mechanism of nitro-nitrito isomer-
isation in metal complexes was initially conceptualized by
Basolo and Hammaker.! For instance, a nitrite ion (NO, ) can
bind to the metal via the N atom as well as through an O atom,
giving rise to linkage isomers, which has attracted great atten-
tion in the past.*” Recently, Andrew and co-workers distin-
guished nitro (-NO,) vs. nitrito (-ONO) coordination in
cytochrome ¢/, an essential membrane-bound protein in bio-
logical systems required for electron transport in the respiratory
chain.® Despite the occurrence of nitro-nitrito linkage isomer-
ization being well explored in coordination compounds,® the
phenomenon of nitro-nitrito linkage isomerism remains
elusive in the case of organic chromophoric systems (selected
reports summarized in Table S17).
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the unprecedented photoisomerization mechanism operating in the case of NO,-PDI.

The presence of a nitro (-NO,) functionality in organic
compounds finds multiple potential applications in the form of
dyes, explosives, pesticides, polymers, solvents and crucial
chemical intermediates.” Rich excited-state photophysics,
along with diverse photochemistry, makes nitroaromatics (NAs)
one of the most riveting classes of compounds among the vast
plethora of organic molecular architectures. Predominantly,
NAs are reported to be non-fluorescent due to the following
major excited-state processes: (i) population of triplet manifolds
(Ty) via ultrafast intersystem crossing (ISC); (ii) ultrafast non-
radiative deactivation to the ground-state (S,) and (iii) photo-
chemical transformations of the NA compounds."™* Among
these, the most intriguing aspect of NAs is photochemical
dissociation/degradation, as nitro compounds constitute major
environmental pollutants, leading to adverse climatic changes
as well as fatal DNA mutations in cellular systems.***® Biodeg-
radation of even the simplest NA compounds, such as nitro-
benzene and ortho-nitrophenol, is strenuous and poses severe
threats to marine living organisms.**** That being said, scien-
tists in the past have extensively studied the divergent photo-
chemistry of NAs with associated excited-state dynamics in the
solution state. Most commonly, the photochemistry of NAs is
governed by the dissociation of the molecule to nitrosyl (NO')
and aryloxy (ArO) free radicals, which may combine bimolec-
ularly to give multiple secondary photoproducts.” It is ratio-
nalized that the photodissociation step is probably
characterized by a nitritoaromatic intermediate (-ONO), whose
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Fig.1 Schematic representations of inorganic (left) and organic (right)
linkage isomers.

experimental characterization is still under debate and has not
been hitherto observed.™

Our persistent efforts to understand novel non-covalent
interactions in unique chromophoric architectures*?** and
decipher the diverse photoexcited state processes in multi-
chromophoric assemblies**** motivated us to consider the
realm of linkage isomers and thereby unravel the photoexcited
mechanism responsible for the isomerization. This report
highlights the first unequivocal evidence of linkage isomerism
in a nitro-perylenediimide chromophore. The visible-light-
driven photorearrangement of nitro-perylenediimide (NO,-
PDI) to nitrito-perylenediimide (ONO-PDI) is studied in a polar
aprotic acetonitrile solvent (ACN, Fig. 1). ONO-PDI was isolated
and thoroughly characterized using standard spectroscopic,
spectrometric and elemental composition techniques. The
stability of the nitrito isomer was found to be lower compared to
that of the nitro isomer, and this result is in excellent agreement
with the previously reported stabilities of nitrite linkage
isomers.* The numerous possibilities of NA photochemistry in
solvents with varying dielectric properties were well established
by Mathew, Prakash and co-workers,* supporting the solvent
dependency of photoisomerization observed in NO,-PDI. The
never-ending interest in the excited-state properties of NAs
mainly stems from the ultrafast dynamic branching of the
singlet excited Franck-Condon state to either the triplet receiver
or photoproduct states. Furthermore, even the smallest and
simplest nitrobenzene exhibits very complex photophysics,
making it hard to decipher the photochemistry originating from
the photoexcited states.**** Our incessant efforts towards
interpreting the underlying mechanism responsible for the
photoisomerization of NO,-PDI impelled us to perform an in-
depth analysis of the femtosecond (fsTA) and nanosecond
(nsTA) transient absorption spectroscopic measurements of
NO,-PDI in solution. The results obtained from the fsTA and
nsTA experiments corroborated the role played by a conforma-
tionally relaxed singlet excited-state in the photoisomerization
mechanism.**** According to Chapman's orientation-photo-
reactivity formulations, the nitro-aromatic torsional angle in
the relaxed singlet excited-state either favours or disfavours the
orbital interactions essential to the photochemical trans-
formations.*® Considering Chapman's criteria, our theoretical
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calculations show the possibility of a sterically stable six-
membered cyclic transition state acting as an intermediate
between the relaxed singlet excited-state and the photoproduct
state. There exists a strong correlation between the dielectric
properties of the solvent and the stability of the proposed
transition state. This is exemplified by the high rate of photo-
isomerization of NO,-PDI in acetonitrile, followed by the non-
observance of photoisomerization in non-polar toluene.

Results and discussion
Synthesis and characterization

NO,-PDI was synthesized and characterized as per a previous
report in the literature.’” ONO-PDI was synthesized by irradi-
ating NO,-PDI with a 532 nm, 10 mW diode laser (2 h) in the
solvent ACN, followed by silica gel column purification (EtOAc
as eluent), affording a yellow-coloured solid (Fig. S1t). X-ray
photoelectron spectroscopy (XPS) was used to elucidate the
different bonding patterns and the chemical states of the
bonded elements in the linkage isomers NO,-PDI and ONO-PDI.
Both the isomers exhibited significant changes in the binding
energy value of the N (1s) XPS peaks. The XPS N (1s) core level
spectrum of powder samples of NO,-PDI and ONO-PDI were
recorded using a Mg Ka X-ray source with a power of 100 W.
Deconvolution of the N (1s) XPS spectrum of NO,-PDI (Fig. 2a)
reveals the existence of two distinct peaks with binding energy
values, E, = 399.85 eV and E;, = 405.85 eV. These two peaks
establish the presence of two nitrogen atoms in different
chemical states in NO,-PDI. The peak possessing a lower
binding energy of E;, = 399.85 eV corresponds the imide-
nitrogen atom, whereas the higher binding energy peak at
405.85 eV unambiguously proves the different chemical state of
the nitrogen atom in the nitro group, which correlates well with
the previous report in the literature.?® On the other hand, the N
(1s) XPS spectrum of ONO-PDI (Fig. 2b) exhibits two prominent
peaks at binding energy values of E, = 399.45 eV and E;, =
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Fig.2 Core-level N (1s) XPS spectra for (a) NO,-PDI and (b) ONO-PDI
in the powder state.
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400.85 eV. The N (1s) peak at 399.45 eV corresponds to the
imide-nitrogen atom, whose chemical state is unchanged in
both the isomers. The second peak at 400.85 eV confirms the
presence of the nitrogen atom in the nitrito group having
a different chemical state with respect to the nitrogen atom of
the nitro group in the NO,-PDI isomer.** The momentous shift
(AE, = 5 eV) observed in the binding energy value of the
second N (1s) peak going from ONO-PDI to NO,-PDI strongly
corroborates the structural characterization of the isomers, and
could possibly be the manifestation of the nitrogen atom
attaining an sp-hybridized state in NO,-PDIL.** Detailed struc-
tural examination of the isomers based on the C (1s) and O (1s)
core level XPS analysis can be found in the ESI (Fig. S27).
Fourier-transform infrared spectroscopy (FTIR) was per-
formed to investigate the vibrational signatures in NO,-PDI and
ONO-PDI (Fig. 3). The IR spectrum of NO,-PDI reveals the
characteristic asymmetric and symmetric stretching frequen-
cies of the -NO, group at » = 1535 cm™ ' and » = 1342 cm ™,
respectively. The IR spectrum of ONO-PDI displayed unique
vibrational features at » = 1015 cm ™}, » = 1360 cm ™ * and v =
1643 cm™ ', The presence and absence of the vibrational peak at
v =1015 cm ™' in ONO-PDI and NO,-PDI, respectively, confirms
the N-O bond stretching characteristic of the nitrito (ONO)
group.”* The C-O stretching peak at » = 1360 cm™ " and the
N=0 stretching peak at » = 1643 cm ™' in the IR spectrum of
ONO-PDI further confirm the structural characterization of the
linkage isomers. Evidence for the transformation of the -NO,
functionality to an -ONO functionality in the photorearrange-
ment of nitro-perylenediimide was examined using Raman
spectroscopy. Data acquisition was carried out on powder
samples of NO,-PDI and ONO-PDI with photoexcitation at
632.8 nm and an acquisition time of 5 s using a 50 x objective.
The intense peak centred at ~1371 cm™ ' in the Raman spec-
trum of NO,-PDI (Fig. S3at) reveals the presence of a vibrational
band corresponding to the -NO, symmetric stretch. The
observance of the Raman peak centred at ~1343 cm ™ * and the
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Fig. 3 FTIR spectra of NO,-PDI (top) and ONO-PDI (bottom) in KBr
disks.
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absence of the intense ~1371 cm ™' peak in the Raman spec-
trum of ONO-PDI (Fig. S3bt) confirm the structural difference
between the two isomers.”” The Raman peak at 1343 cm™ ' is
assigned to the symmetric stretching vibration of the ~-ONO
group. The large shift (~28 cm ™) observed in the Raman peaks
going from the -NO, symmetric stretch to the -ONO symmetric
stretch mainly originates from the very highly electron-
withdrawing nature of the nitro group compared to that of the
nitrito group.*® Detailed structural characterization of both the
isomers using standard nuclear magnetic resonance ("H-NMR),
CHN elemental microanalysis and high resolution mass spec-
trometry (HRMS) methods are provided in the ESI (Fig. S4-S6,
Table S2 and Fig. S7, respectively).t

Optical properties

Steady-state absorption spectroscopy was used to explore the
ground-state electronic properties of NO,-PDI and ONO-PDI in
chloroform (C, = 0.5-1 uM) at room temperature. The UV-vis
absorption spectrum of NO,-PDI shows the characteristic spec-
tral signatures of the parent perylenediimide (PDI) chromo-
phore, with a 4 nm hypsochromic shift in the absorption
maximum (Fig. S8at). The Sy-S, electronic transition (f= 0.7612,
Table S3 and Fig. S9at) in NO,-PDI was characterized by the
absorption maxima at 8PS = 591 nm. The broadening of the
higher-energy vibronic bands in the absorption spectrum of
NO,-PDI at 21 = 489 nm and 1,.5>° = 454 nm possibly arises
from the strong vibronic coupling induced by the nitro (-NO,)
group to the perylene core."** The resonance Raman spectrum
of NO,-PDI under 488 nm excitation displayed the presence of
a strong -NO, symmetric stretching vibrational mode at
1371 em ' (Fig. S10f), corroborating the effect of vibronic
coupling responsible for the broadening of the higher-energy
vibronic bands in NO,-PDI absorption spectrum.*” In valida-
tion with the theoretical predictions, the UV-vis absorption
spectrum of ONO-PDI reveals highly blue-shifted absorption
peaks in comparison to those in the spectrum of NO,-PDI. The
So—S; electronic transition (f = 0.8073, Table S3 and Fig. S9bt) in
ONO-PDI showed an absorption maximum at 4%, = 377 nm.
The other vibronic peaks were observed at A% = 356 nm and 15"
» = 346 nm. The broad red-shifted peak having a maximum at
=416 nm in the absorption spectrum of ONO-PDI could possibly
be due to a weak charge-transfer (CT) transition as a result of
electron delocalization from the lone pairs of the oxygen atom in
the -ONO moiety to the electron-deficient perylene core.*
Steady-state fluorescence spectroscopy was performed to
understand the photoluminescence properties of the linkage
isomers NO,-PDI and ONO-PDI (C, = 0.5-1 puM) at room
temperature in chloroform (Table S4t). NO,-PDI was found to be
very weakly emissive with a fluorescence quantum yield (@) of
less than 1% as compared to parent PDI chromophore and an
emission maximum at A, = 458 nm (Fig. S8b-ct). The strong
vibronic coupling induced by the nitro (-NO,) group to the
perylene core together with the nitro-aromatic torsion angle
relaxation in the excited-state could be associated with the
quenching of fluorescence in NO,-PDI (the emission spectrum
could only be obtained using a higher slit width of 1.5 mm and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a high concentration of the sample). Likewise, ONO-PDI showed
weak fluorescence characteristics with a fluorescence quantum
yield (®g) of less than 1% and an emission maximum at Ak, =
459 nm (Fig. S9bt). The possibility of a weak CT transition was
also observed based on the broad red-shifted emission peak in
the emission spectrum of ONO-PDI, which had a maximum at
~588 nm.

Photoirradiation experiments

To understand the role played by the dielectric properties of the
solvent in photoisomerization, time-dependent (TD) laser irra-
diation studies were carried out on NO,-PDI in ACN and toluene
(TOL, Fig. 4).*” The photoisomerization process was monitored
using the UV-vis absorption and photoluminescence techniques
upon irradiation with a 532 nm, 10 mW diode laser. Laser
irradiation studies of NO,-PDI in ACN (¢ = 37.5) revealed the
rapid photochemical transformation of NO,-PDI, which was
observed as the decrease in the intensity of the s (521 nm)
peak and the gradual increase in the intensity of the 4% (350
nm) peak, as reflected in the absorption spectrum over a total
span of one hour (Fig. 4a). The evolution of the red-shifted
broad band in the TD NO,-PDI absorption spectrum indicates
the formation of a PDI radical anion (NO,-PDI) .* The TD
emission spectrum in ACN (Fig. 4b) displays a significant
enhancement of fluorescence intensity, along with the
progression of well-structured emission bands. On the contrary,
the TD studies in TOL (¢ = 2.4) portray a completely different
situation. NO,-PDI exhibited excellent photochemical stability
in TOL under the same experimental conditions as ACN. The TD
UV-vis absorption spectrum (Fig. 4c) showed almost negligible
transformation of NO,-PDI to ONO-PDI in non-polar TOL.
Additionally, minute enhancement in the fluorescence intensity
was observed in the TD emission spectrum of NO,-PDI in TOL
(Fig. 4d), which suggested very low yields of photo-
isomerization. The feasibility of the isomerization process
solely via thermal energy in the absence of light was investi-
gated using controlled heating experiments.*~** Two NO,-PDI
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solutions of the same concentration were prepared in ACN and
TOL, and were completely covered with aluminium foil to avoid
any unwanted photoexcitation. Both the solutions were heated
at 50 °C for 30 min, followed by heating at 70 °C for 30 min and
finally heating at 150 °C for 10 min. No visible changes were
discerned in the colour of the solutions; additionally, the UV-vis
absorption spectra after heating did not display any character-
istic signatures of ONO-PDI in either of the solutions (Fig. S111).
This study certified that the observed isomerization of NO,-PDI
is not achievable in the presence of thermal energy alone, even
at high temperatures.

Femtosecond transient absorption (fsTA) studies

Our continuous efforts to understand the multifarious behav-
iour of the excited-state dynamics in different dielectric envi-
ronments propelled us to probe the nature and fate of the
excited states in NO,-PDI after photoexcitation by performing
fsTA measurements in the solvents TOL and ACN (optical
density = 0.2-0.3, photoexcited at 532 nm with a 100 fs laser
pulse). The kinetic components responsible for these trans-
formations in the NO,-PDI fsTA spectra were extracted through
a singular value decomposition (SVD) method followed by
global analysis of the time vs. wavelength based three-
dimensional map of the fsTA spectra.”” In global analysis, the
entire wavelength range was analysed synchronously, and
a sequential model was employed to obtain evolution associated
spectra (EAS). Upon photoexcitation, the fsTA spectra of NO,-
PDI in nitrogen-purged TOL (Fig. 5a-top) exhibited the charac-
teristic transient features of the parent PDI chromophore.
Negative ground-state bleach (GSB) and weak stimulated
emission (SE) were observed in the fsTA spectra at ~450 nm to
614 nm.**** A positive broad excited-state absorption (ESA) band
was found at ~615 nm to 750 nm, which decays on an ultrafast
timescale to give rise to a new transient species. The newly
evolved transient species is characterized by positive ESA in the
visible region from ~560 nm to 615 nm. NO,-PDI in TOL dis-
played two principal components (Fig. 5a-middle); the first
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Fig. 4 Time-dependent laser-irradiated UV-vis absorption spectra of NO,-PDI in (a) acetonitrile and (c) toluene. Time-dependent laser irra-
diated emission spectra (exc. at 532 nm) of NO,-PDI in (b) acetonitrile and (d) toluene.
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Fig.5 (top) fsTA spectra (Aex = 532 nm) of NO,-PDl in (a) TOL and (b) ACN showing the excited-state dynamics after photoexcitation at 532 nm.

(middle) Evolution associated spectra reconstructed from global analysis of the time vs. wavelength based three-dimensional fsTA spectrograph.
(bottom) Relative population profiles of the excited states fitted using kinetic models. (c) (top) nsTA spectra (Aex = 532 nm) of NO,-PDI in TOL.
(middle) Evolution associated spectra reconstructed from global analysis of the time vs. wavelength based three-dimensional nsTA spectrograph.
(bottom) Relative population profile of the excited-state (B) fitted using kinetic models.

component (A) is ascribed to the locally excited singlet state (S;-
S, electronic transitions), which decays within 1.7 £+ 0.3 ps to
give rise to the second principal component (B). Component (B)
was found to be a long-lived species whose decay was not
complete within the fsTA experimental time window. Similarly,
fSTA measurements of NO,-PDI in ACN exhibited GSB at
~450 nm to 552 nm and a positive broad ESA band at ~551 nm
to 750 nm (Fig. 5b-top). The broad ESA band decayed on an
ultrafast timescale, giving rise to a new transient species. The
newly formed excited-state species is characterized by broad
positive absorption at ~550 nm to 660 nm. NO,-PDI in ACN
featured two principal components (Fig. 5b-middle). The first
component (A) is assigned to the locally excited singlet state (S;-
S, electronic transitions), and decays with a time constant of 1.2
+ 0.2 ps, giving rise to the second principal component (B),
which exhibits a long lifetime analogous to the long-lived
component observed in the fSTA measurement of NO,-PDI in
toluene.

Nanosecond transient absorption (nsTA) studies

To shed light on the nature of the long-lived species (B)
observed in the fsTA experiment of NO,-PDI, nanosecond-
transient absorption (nsTA) studies were executed in both the
non-polar solvent TOL (¢ = 2.4) and the polar aprotic solvent
ACN (e = 37.5). Upon photoexcitation at 532 nm with an 8-10 ns
laser pulse, the nsTA spectra of NO,-PDI in nitrogen-purged
TOL displayed the presence of strong positive ESA bands at
~360 nm and ~420 nm (Fig. 5c-top). Along with this, intense

8864 | Chem. Sci, 2022, 13, 8860-8870

GSB was observed at ~440 nm to 565 nm accompanied by
a weak positive ESA band at ~565 nm to 610 nm. On the other
hand, the nsTA spectra of NO,-PDI in nitrogen-purged ACN
showed similar spectral features to those observed in TOL,
consisting of weak ESA bands at ~356 nm and ~410 nm
(Fig. S127). In addition to ESA, strong GSB was also observed in
the nsTA spectra of NO,-PDI in ACN ranging from ~440 nm to
570 nm (the post-experiment UV-vis absorption spectrum of
NO,-PDI showed that a small fraction of the sample had
undergone photoisomerization). To further probe into the
nature of the ESA band, we performed nsTA measurements in
oxygen-purged toluene solutions (Fig. S131).>® To our surprise,
quenching of the ESA intensity was not observed even after long
purging with oxygen gas. Further, triplet-triplet energy transfer
analysis of NO,-PDI with various triplet quenchers having
a lowest triplet state energy higher and lower than that of the
lowest triplet state of NO,-PDI (1.2 eV) rules out the possibility
of the population of a triplet excited-state of NO,-PDI in TOL
solution upon photoexcitation (Fig. S14-S16 and Table S5t).°
To obtain deeper insights into the theoretical possibility of
populating a triplet excited-state of NO,-PDI, spin-orbit
coupling (SOC) values were calculated using the PySOC package
implemented in Gaussian 16, computed at the CAM-B3LYP/6-
311++G(d,p) level of theory. The SOC values were found to be
small and insignificant, rationalizing the infeasibility of triplet
formation in the NO,-PDI molecule (Table S67).>” Previously, it
has been reported by Vauthey and co-workers that moving from
smaller NAs like nitro-naphthalene and nitro-anthracene to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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larger NAs like nitro-perylene, the chances of populating the
triplet state via ISC are very minute and therefore, other deac-
tivation channels from the singlet excited-state to the ground
state become more favourable.*

Identification of the kinetic components corresponding to
the photoprocesses observed in the nsTA spectra of NO,-PDI
was conducted using the SVD method, followed by global
analysis of the time vs. wavelength based three-dimensional
map of the nsTA spectra. The EAS of NO,-PDI exhibited
a single principal component (B) in TOL (Fig. 5c-middle; global
analysis of the nsTA spectra in ACN was not performed due to
the photoisomerization/degradation of the NO,-PDI sample
during the measurement). Fitting of the single component (B)
yielded an unusually long decay lifetime of 4.70 &+ 0.01 ms in
TOL. The persistence of the long-lived transient feature of NO,-
PDI in TOL and ACN over the temperature range from room
temperature to —10 °C rules out the possibility that the long-
lived transient species is a photochemical species (Fig. S17
and S18t1). To have a better understanding of the character of
the long-lived species obtained in the nsTA experiment of NO,-
PDI, we proceeded to investigate the possibility of a radical
anion (NO,-PDI) ~ excited-state of nitro-perylenediimide, which
could be the reason for the ESA band in the nsTA experiment.
The feasibility of forming a stable radical anion of NO,-PDI in
highly polar solvents like dimethylformamide (DMF) was
already showcased by Apurba and co-workers in 2018.*®* With
this motivation, we carried out the chemical reduction of NO,-
PDI using cobaltocene (CoCp,) followed by UV-vis absorption
measurements in dry chloroform.*® The radical anion exhibited
a greenish-orange colour (Fig. S19at) in solution and displayed
the characteristic PDI radical anion peak at ~684 nm in the UV-
vis absorption spectra (Fig. S19bt). The ESA band at ~575 nm
obtained from the fsTA spectra of NO,-PDI in TOL (Fig. 5a-top)
was compared to the radical anion UV-vis absorption peak of
NO,-PDI, and it was confirmed that the long-lived excited-state
observed in the fsTA as well as the nsTA spectra of NO,-PDI does
not have any radical anion character.*

Electron paramagnetic resonance (EPR) measurements

Solution state electron paramagnetic resonance (EPR)
measurements of NO,-PDI were recorded in dry TOL and ACN at
room temperature (RT, 298 K) under continuous light irradia-
tion to probe the nature of the long-lived excited-state species.
The EPR data of NO,-PDI in TOL (Fig. S20bf) and ACN
(Fig. S20ct) do not exhibit the EPR peak characteristic of triplet
or redox states of the PDI chromophore. The post-experiment
colouration of the NO,-PDI sample (Fig. S211) shows the pho-
toconversion of NO,-PDI to ONO-PDI in ACN, while NO,-PDI
was intact in TOL after the EPR experiment. EPR measurements
of NO,-PDI were also recorded at liquid nitrogen temperatures
(LNT, 77 K) in TOL and ACN. At LNT, the EPR spectrum of NO,-
PDI did not show any characteristic peak in TOL nor in ACN
(Fig. S22a and S22bt), which strongly substantiates the non-
triplet and non-radical nature of the long-lived transient
species involved in the photoisomerization of NO,-PDI to ONO-
PDI in ACN.*®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Single wavelength nsTA decay kinetics studies

After establishing the non-triplet and non-radical nature of the
long-lived species observed in the transient absorption spectra,
we tried to explore the role of this long-lived species in the
photorearrangement of NO,-PDI to ONO-PDI. To this purpose,
a single-wavelength (420 nm) nsTA decay kinetics experiment
was designed for NO,-PDI and executed in both ACN and TOL.
The intensity of the ESA was monitored at 1 min intervals from
0 min to 40 min. The population-time profile of NO,-PDI in TOL
(Fig. S23af) showed negligible transformation of NO,-PDI
throughout the experiment, as demonstrated by the almost
equal intensity of the ESA at 0 min and 40 min (0 min, 20 min
and 40 min nsTA traces are shown for better clarity and visi-
bility). This observation was further strengthened by the typical
UV-vis absorption spectra of NO,-PDI at 0 min and 40 min in
TOL (Fig. S23bt). In contrast, NO,-PDI under the same experi-
mental conditions in ACN evinced significant quenching of the
ESA intensity when systematically probed from 0 min to 40 min
(Fig. S24at). The UV-vis absorption spectra of NO,-PDI in ACN at
0 min and 40 min revealed striking differences (Fig. S24bf¥).
Firstly, at 0 min the UV-vis absorption spectrum was charac-
terized by the typical absorption profile of NO,-PDI. At 40 min,
considerable transformation of NO,-PDI to ONO-PDI was noted.
Exponential fitting of the nsTA decay traces yielded congruent
lifetimes for the 0 min (tr = 4.80 £ 0.04 ms), 20 min (t = 4.90 +
0.02 ms) and 40 min (r = 4.90 + 0.03 ms) traces in toluene
(Fig. S257). Moreover, the fitted lifetimes observed in ACN for
the 0 min (t = 6.90 & 0.06 ms), 20 min (z = 6.10 £ 0.02 ms) and
40 min (tr = 6.00 = 0.02 ms) decay traces (Fig. S267) present
a small decrease in the lifetime of the long-lived species when
compared to the lifetimes obtained in TOL. The above result
serves as an additional proof, along with the quenching of the
ESA intensity in ACN, for the involvement of the long-lived
excited-state species in the photoisomerization of NO,-PDI.

Computational investigations

To understand the nature of the long-lived excited-state observed
in the fSTA and nsTA measurements, we conducted theoretical
and computational analyses for both NO,-PDI and ONO-PDI.
Quantum chemical calculations using density functional theory
(DFT) were carried out in the Gaussian 16 package to gain
insights into the mechanistic details of the unprecedented
photorearrangement of NO,-PDI to ONO-PDI. To account for the
isomerization pathway, a sixmembered transition state (TS) is
proposed (Fig. 6 and S277). The TS was located using quadratic
synchronous transit-3 (QST3), optimized using transition state
(TS-Berny) and verified using intrinsic reaction coordinate (IRC)
methods. All the ground-state geometries were optimized at the
CAM-B3LYP/6-311++G(d,p) level of theory (Fig. S28t). Single-
point energy (SPE) calculations were performed on the ground-
state geometries, and it was observed that the nitro (-NO,)
isomer is more stable than the nitrito (-ONO) isomer by
0.12 kcal mol~". The TS is located 77.60 kcal mol " higher in
energy than the ground-state geometry of NO,-PDI. The relative
ordering of the ground-state energies and optimized geometrical
parameters of NO,-PDI, ONO-PDI and TS are illustrated in
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Fig. S29 and Table S7,T respectively. The relative stability of the
linkage isomers was thoroughly investigated using Homolytic
Bond Fragmentation (HBF) and Natural Bond Orbital (NBO)
analyses. The C-O and C-N bond dissociation energies (BDE)
were calculated using the HBF method in nitrito (-ONO) and
nitro (-NO,) isomers, respectively. The C-O BDE was calculated
to be 63.52 kcal mol™!, whereas the C-N BDE was found to be
56.98 kcal mol ™~ *. The increase (AE = 6.54 kcal mol ") in the BDE
value from C-O to the C-N bond was supported by NBO analysis.
The C-O bond (NBO energy = —1.04 kcal mol ') was estimated
to be slightly more stable than the C-N bond (NBO energy =
—0.92 keal mol ™). The stabilization energy E(2) correlated to the
electron delocalization arising from the aromatic core to the 7*
acceptor orbital of NO, (obtained from NBO calculations) was
evaluated to be 3.91 kcal mol ', while that arising from the
aromatic core to the m* of ONO amounted to 1.07 kcal mol %,
computed at CAM-B3LYP/6-311++G(d,p). The above result
affirmed that NO, is a better 7 acceptor than ONO, and this
further endorses the higher stability of the nitro isomer
compared to the nitrito isomer, which was duly reflected in the
single-point energy calculations (discussed earlier).***®

The probable mechanism responsible for the photo-
rearrangement of NO,-PDI to ONO-PDI could be an
intramolecular rearrangement type mechanism,** demon-
strated in Fig. S30.7 Deuterated ACN was used to confirm the
intramolecular rearrangement mechanism of the photo-
isomerization reaction pathway. The deuterated product
(Fig. S31at) was not observed in the HRMS mass spectrum
(Fig. S31bt), and therefore it was concluded that the photo-
rearrangement of NO,-PDI to ONO-PDI most probably proceeds
through an intramolecular rearrangement mechanism. The
interactions (NBO) favouring the described mechanism are
postulated in Table S8.7 The lone pair, as well as the N-O bond
pair in the nitro (-NO,) group, strongly interacts with the o*
orbital of the C8-H36 bond (reference structure given in
Fig. S321). The very high electron-withdrawing nature of the two
imide groups in the PDI molecule renders the perylene core
highly electron deficient, thereby subsequently increasing the
electrophilicity of the core bay carbons, which can act as
acceptors for nucleophilic substitution reactions. This donor-
acceptor interaction is idealized as the first step towards the
formation of a stable six-membered cyclic transition state,
which is non-achievable in the case of other NA systems studied
so far. The TS (i1549 cm ' computed at CAM-B3LYP/6-
311++G(d,p)) was located and verified using the IRC method in
the Gaussian 16 package (Fig. S331). Additionally, the IRC
pathway predicted the dissociation of ONO-PDI into oxy-
perylenediimide (PDI-O) and nitrosyl (NO) free radicals
(Fig. S341) below the ground-state minimum of ONO-PDI,
accounting for the observed lower stability of the nitrito
isomer.""%

Electron localization function (ELF) isosurfaces were calcu-
lated to understand the electrostatic interactions present in the
optimized geometry of the TS. The ELF plots and the respective
cut planes are shown in Fig. S35.f The topologies of the
molecular electron densities in Fig. S35at delineate the polar
covalent character of the partially formed 042-C8 bond in the
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TS. The electron density distribution around H46 in Fig. S35bf
explains the partial bonding of the H atom with both the bay-
position C atoms, C8 and C17, in the TS. Likewise, the 3D
ELF isosurface (Fig. S35ct) reveals the partial bonding of 042-
C8 and H46 to both the C8 and C17 perylene core carbon atoms,
which further substantiates the bonding properties in the TS
geometry. The bond order of the concerned six-membered TS
(Table S9t) provided by the Wiberg bond indices is in good
accordance with the calculated ELF isosurfaces. Molecular
electrostatic surface potential (MESP) maps were computed for
the optimized geometries of NO,-PDI, ONO-PDI and the TS in
GaussView software. The NO,-PDI MESP map (Fig. S367)
displays an intermediate positive potential at the aromatic core
compared to the lower positive potentials of TS and ONO-PDI.
The electrostatic surfaces around the oxygen atoms in the nitro
functionality (-NO,) in NO,-PDI exhibit large negative potential
owing to the formation of a partial negative charge (6~) on the
oxygen atoms by virtue of resonance. The gradual decrease
realized in the negative potential of the electrostatic surfaces
around the oxygen atoms of the nitro group as we shift from
NO,-PDI to ONO-PDI via the TS justifies the structural proper-
ties of the TS and product.

Intriguingly, we proceeded to inspect the involvement of
a conformationally relaxed singlet excited-state (ST¥) in the pho-
toisomerization of NO,-PDI. The importance of STR states in the
photochemistry of NAs has already been discussed in greater
detail by Crespo-Hernandez and co-workers.*** Motivated by
their contributions, an in silico exploration of the excited-state
analysis of NO,-PDI was pursued. The first singlet excited-state
at the Franck-Condon geometry (S;°) obtained through time-
dependent density functional theory (TD-DFT) calculations was
optimized, and SPE calculations were performed at the (CAM-
B3LYP/6-311++G(d,p)) level of theory. The fully optimized
S$R geometry was found to be stabilized by 6.22 kcal mol " with
respect to the Si® geometry. The completely optimized geomet-
rical parameters, along with the absolute energies of the S,
SR and SEC states of NO,-PDI, are provided in Table $10.f The
optimized S$® geometry was characterized by a nitro-aromatic
torsion angle of 33.4°, which is significantly smaller than the
nitro-aromatic torsion angle of 59.9° observed in the ground-state
optimized geometry of NO,-PDI (Fig. 6b and S371). It is well
known in the literature that the conformational relaxation of
NO,-PDI via the nitro-aromatic torsion angle serves as a reaction
coordinate for the deactivation of the molecule from the initially
populated excited states.®** The extent of conformational relax-
ation in various dielectric environments was further probed in the
solvents ACN (e = 37.5) and TOL (¢ = 2.4). The S} geometry was
optimized in the presence of ACN and TOL, respectively, using
the polarizable continuum (PCM) model at the CAM-B3LYP/6-
311++G(d,p)) level of theory. The ST® optimized geometry in the
ACN solvent model showed higher conformational relaxation
with a nitro-aromatic torsion angle of 31.3°, whereas in the TOL
solvent model the nitro-aromatic torsion angle was observed to be
32.7°. This result confirms the tendency of the nitro group to
attain a more parallel-like orientation with respect to the
aromatic core in the excited-state, which was enhanced in polar
solvents like ACN.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The underlying charge-transfer (CT) character of the ST state
was scrutinized using TD-DFT and frontier molecular orbital
(FMO) isosurface analyses. Vertical excitation energy calculations
were carried out with the S§® optimized geometry of NO,-PDI,
and it was noted that the first singlet excited (S;) state is
composed of a 100% HOMO — LUMO transition with an
oscillator strength (f) of 0.6270. With this observation, we moved
forward to visualize the electron density distribution in the
HOMO and LUMO level (the molecular orbitals were drawn using
an isovalue of 0.02 au, Fig. S38t). The electron density in the
nitro group is noticeably larger in the LUMO than in the HOMO,
suggesting a partial CT character in the ST® state of NO,-
PDI.>*¢% Another interesting observation from the FMO iso-
surface diagrams is that the electron density of the nitro group,
specifically the lone pair (LP) on the oxygen atom in the LUMO
(Fig. S397) interacts with the C-H bond present in the adjacent
bay position of the perylene core. This interaction is probably
a LP(0O) — o*(C-H) type of interaction, and serves as strong
evidence for the earlier proposed six-membered TS.” Together
with the aid of spectroscopic signatures and computational
evidence, we anticipate that the long-lived species observed in
the fsTA and nsTA spectra of NO,-PDI is the conformationally
relaxed singlet excited-state (ST¥), featuring an unusually long
lifetime (~4.80-6.90 ms), which is reasonably rationalized by the
partial CT character of the ST¥ state. Previously, it has been
shown that photochemical reactions on millisecond timescales
could be important for developing novel negative fast photo-
chromic materials as well as for the development of advanced

photofunctional materials in the field of nonlinear optics.””>

View Article Online

Chemical Science

Fig. 6a displays a consolidated representation of the
proposed energy level diagram that effectively incorporates the
entire scheme of this work. Initially, the S}° state is populated
upon photoexcitation of NO,-PDI with visible light. The
SiC state decays via conformational relaxation of the NO,-PDI
STC geometry to give rise to the new state STX, which is long-lived
and has moderate CT character. The newly formed S{® state
bifurcates into two non-radiative relaxation channels. The
primary relaxation channel is the non-radiative deactivation to
the ground state (S,). The second minor channel connects the
SR state to the six-membered TS, through which product
formation finally takes place. The S{® state is populated in both
the solvents TOL and ACN, and the population of the TS is the
most crucial step responsible for the observed photochemistry
in NO,-PDI. The TS was optimized in the presence of ACN
(TSacn) and TOL (TSror), respectively, using the polarizable
continuum (PCM) model available under the (CAM-B3LYP/6-
311++G(d,p)) level of theory. The optimized TS,y geometry was
computed to be substantially stabilized compared to the TStoy,
geometry, with an energy difference of AE = 5.77 kcal mol ™",
supported by the moderate increase in the calculated dipole
moment values of the optimized transition state in the presence
of ACN relative to TOL (Table S11t). The computational analysis
of the TS energy stabilization in ACN and TOL is in good
agreement with our experimental results, in which we observed
that the rate of photoisomerization of NO,-PDI in the presence
of ACN is exceptionally higher than that in TOL, as validated
from the integration of TD laser irradiation, single wavelength
nsTA decay kinetics and TD-DFT computational studies.
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Fig. 6 (a) A pictorial illustration presenting a plausible kinetic mechanism explaining the excited-state dynamics and associated photochemistry

of NO,-PDI in the polar aprotic solvent acetonitrile and non-polar solvent toluene. Here, the Sg state represents the ground state of NO,-PDI and
ONO-PDI, the S, state represents the Franck—Condon state of NO,-PDI, and the S;“R(CT) state is a long-lived transient species observed in
nsTA measurements, representing the conformationally relaxed singlet excited-state of NO,-PDI having charge-transfer character. (b) Opti-
mized geometries showing the transition from the S, state first to the $;“R(CT) state and finally to the six-membered TS through the nitro-
aromatic torsion relaxation pathway computed at the CAM-B3LYP/6-311++G(d,p) level (the —R group was replaced by a —H atom to reduce the

computational cost and increase clarity).
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Certainly, a more comprehensive analysis of the nature of
the long-lived species observed in the ultrafast spectroscopic
experiments awaits the results of molecular dynamics (MD)
simulations and multiconfigurational self-consistent-field
(MCSCF) calculations to understand the specificity of a partic-
ular perylenediimide (nitro-perylenediimide) in favouring facile
photoisomerization in polar aprotic solvents.

Conclusions

In conclusion, we report the first experimental evidence for the
existence of linkage isomerism in a perylenediimide chromo-
phore. Nitrito-perylenediimide has been isolated from the visible-
light excitation of NO,-PDI in ACN and unequivocally character-
ized using state-of-the-art techniques, including XPS, FTIR,
Raman, 'H-NMR, CHN, and HRMS analyses. The experimentally
observed lower stability of ONO-PDI compared to NO,-PDI was
well supported by SPE, NBO, and IRC quantum chemical calcu-
lations. The photoisomerization process was ascertained to be
highly sensitive to the dielectric properties of the solvent. Time-
dependent laser irradiation experiments, in addition to single-
wavelength nsTA decay kinetics studies, confirmed the favour-
ability of photoisomerization in a highly polar aprotic solvent like
acetonitrile compared to that in non-polar toluene. fSTA and nsTA
experiments provided crucial information about the excited-state
dynamics of NO,-PDI in solution, in which the formation of
a long-lived species was evinced after the decay of the initially
populated singlet excited-state. The non-triplet and non-radical
character of the long-lived excited-state were meticulously pro-
bed using standard triplet-triplet energy transfer and chemical
reduction, followed by UV-vis absorption and temperature-
dependent EPR studies. The nitro-aromatic torsion-angle-based
conformationally relaxed singlet excited-state manifesting
modest CT character is rationalized as the long-lived excited-state
observed in ultrafast TA experiments. Through extensive compu-
tational investigations, a six-membered cyclic transition state has
been proposed, explaining the plausible pathway of the observed
photoisomerization. The TS was calculated to be appreciably
stabilized in ACN in comparison to TOL, which is most evidently
responsible for the atypical photoisomerization of NO,-PDI in
a polar aprotic solvent. Finally, through the combination of
spectroscopic and computational evidence, a unified kinetic
mechanism was proposed to elucidate the excited-state dynamics
and correlated photochemistry of NO,-PDI.

Further advanced investigations based on two-dimensional
spectroscopy and multiconfigurational high-level ab initio
calculations should be able to provide a more detailed picture of
the photoisomerization process and the nature of the excited
states involved therein. Additionally, time-resolved infrared and
Raman spectroscopy could prove to be of immense importance
in obtaining a real-time understanding of the conformational
relaxations observed in nitroaromatics.

Data availability
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able in the ESL.T
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