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Abstract

Due to its numerous applications, triplet formation and resulting phosphorescence
remain a frontier area of research for over eight decades. Facile intersystem crossing (ISC) is
the primary requirement for triplet formation and observation of phosphorescence.
Incorporation of heavy atom in molecules is one of the common approaches employed to
facilitate ISC. A detailed study of the excited state dynamics that governs ISC is necessary to
understand the mechanism of heavy atom effect (HAE). Incorporation of iodine at the 3
position of coumarin-1 reduces fluorescence quantum yield (¢y) drastically as expected,
whereas bromine substitution at the same position increased the ¢p¢. Such a contrasting effect
of the two heavy atoms suggests that there are other features yet to be discovered to fully
understand the HAE. Detailed steady state and femtosecond transient absorption studies along
with theoretical calculations suggest that the C3-X (X=Br, I) bond vibration plays an important
role in the ISC process. The study reveals that while in the case of the iodo-derivative there is
no energy barrier in the singlet triplet crossing path, there is a barrier in the case of bromo-
derivative, which slows the ISC process. Such an unexpected phenomenon is not limited to
halocoumarins as this rationalizes the photobehavior of 1-bromo/iodo substituted naphthalenes

as well.

Key words: Intersystem crossing, Heavy atom effect, Vibration, Phosphorescence, Halo-
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Introduction:

Recent intense research on phosphorescence! could be traced to G. N. Lewis’
statement to his student in 1942 namely, “You know, those triplet states that Mulliken was
talking about in ethylene are probably the phosphorescent state”.’ The experimental evidence
for the existence of triplet states in phosphorescent materials by Kasha and Lewis in 1944 also
revealed the importance of intersystem crossing (ISC) through spin-orbit coupling (SOC).”
The observation of heavy atom effect on phosphorescence by McClure in 1949 and the
quadratic dependence of the SOC with the atomic number (oc Z*) found handy to tune the
phosphorescence property of a system.!%!2 Halogen substitution in organic molecules like
naphthalene, azulene, phenanthrene, quinoline, quinoxaline and anthracene is a preferred way
to introduce heavy atom effect in the past.!®?? A change in orbital type from nn* —» nm* or
nm* — w* has also been noted to facilitate ISC through stronger SOC (El Sayed rule).?}
However, El Sayed rule only considers the electronic aspect of the transition and ignores the
vibrational component.?* Depending on the extent of nuclear geometry difference between the
singlet and triplet states, there can be two regimes of ISC.2> When the difference between
singlet and triplet geometries is small, it falls in the small coupling regime and the rate of ISC
decreases exponentially with increasing energy gap (AE) between the two states.?®2” On the
other hand, when the geometries of the singlet and triplet states differ significantly and their
surfaces cross, it falls in the strong coupling regime and ISC rate constant follows a bell-shaped
dependence with AE. This has similarity to the bell-shaped dependence described in the
Marcus theory for electron transfer.?6-?7 If this is true, it should be possible to prove the
applicability of Marcus theory for ISC in the strong coupling regime. In this context we note
that there are reports of facile ISC without heavy atom effect, where crossing between singlet
and triplet states is present.?*?’

The ISC trend of 1-halonaphthalene is an example in support of the idea that SOC is
not the only factor that controls the ISC from excited singlet to the triplet.'> The ratio of the
square of SOC constants for 1-bromo and 1-iodonaphthalene is 1:4.2, whereas, the ratio of their
ISC rate constants is measured to be 1:9.3.1%!2 The 2.2 times larger value of the ISC for 1-
iodonaphthalene than the predicted value based on SOC suggests the involvement of other
factor(s) associated with the heavy atom incorporation, which remains mostly unexplored.
When the excited state is non-adiabatic in nature, we cannot consider the spin, electronic and
vibrational contributions separately.>* In such cases, the ISC cannot be described solely in

terms of conventional SOC values and a change in the nuclear geometry may also dictate the
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course of relaxation following the photoexcitation. In general, vibration is likely to be
important for an excited state process, which may also be the case in the singlet-triplet ISC
process. Such examples are known: in the case of inorganic materials and metal complexes,
such a phenomenon has been reported.?®3! For example, in [Fe(bpy)3]** the singlet triplet
transfer occurs along the Fe-N distance coordinate.?® Similarly, in Re(L)(CO)s~ the ISC is non-
adiabatic in nature and coupled with the complex’s low-frequency vibrational modes.? Similar
vibronic involvement in ISC was speculated in cases of PtPOP-BF, and transition-metal
trifluoride compounds like MnF3 and CoF3.3%3! Quantum dynamics simulation also predicted
the role of prefulvene normal mode of benzene in ISC.3*3* Another important report in this
direction is the ISC of a xanthone derivative, where spin mixing has been observed along the
C=0 elongation coordinate.®

The above examples prompted us to probe this phenomenon further employing halogen
substituted 7-diethylamino-4-methylcoumarins as probe molecules (Scheme 1). If the C—X
vibration plays a role in ISC, the HAE would be expected to be position dependent. To explore
this, we carried out femtosecond transient absorption spectroscopic experiments and quantum
chemical calculations with two halogen substituted 7-diethylamino-4-methylcoumarins as
examples. Results suggest that the ISC rate is dictated by the carbon-halogen bond vibration.

We have extrapolated the above conclusions to halonaphthalenes.

p 1 P P

C1 3Br-C1 3I-C1

Scheme 1. Molecular structures of coumarin 1 (C1), 3-bromo-coumarin 1 (3Br-C1) and 3-iodo-
coumarin 1 (31-C1).

Methods:

Materials: Coumarin 1 (C1, Exciton Inc., USA) wase used as received. The synthesis
and characterization of 3-bromo-coumarin 1 (3Br-C1) and 3-iodo-coumarin 1 (31-C1) are
described in the section S1 of the SI. Naphthalene (Nap), 1-bromonaphthalene (1Br-Nap) and
2-bromonaphthalene (2Br-Nap) were purchased from Avra Synthesis Pvt. Ltd. and used after
recrystallization. Octa acid (OA) was synthesized, purified and characterized following the

published procedure.?¢-3® Spectroscopic grade methanol (MeOH) and cyclohexane (CHX)
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(Fisher Scientific, India) were used after distillation. Double distilled water was used
throughout the study.

Experimental: Absorption spectra were recorded on a commercial spectrophotometer
(UV-2450, Shimadzu, Japan) and emission spectra were recorded on commercial fluorimeter
(FluoroMax-4, Jobin Yvon, USA). The characterization and nature of complex were carried
out by Bruker 400/500 MHz 'H NMR. Femtosecond time resolved data were acquired on a
commercial transient absorption spectrometer (FemtoFrame-II, IB Photonics, Bulgaria). The

details of the setup are described earlier’®-#!

and only a brief overview is presented here. The
fundamental 800 nm light was obtained from a Ti-Sapphire regenerative amplifier (Spitfire Pro
XP, Spectra-Physics, USA) pumped by a 20-W Q-switched Nd: YLF laser (Empower, Spectra-
Physics, USA) and seeded with a Ti-Sapphire femtosecond oscillator (MaiTai SP, Spectra-
Physics, USA). The fundamental light thus obtained was divided into two parts. One part was
passed through a -barium borate crystal to generate the 400 nm light, which was used as pump
pulse. The other part of the beam was passed through a delay stage and focused on a sapphire
crystal to generate the white light continuum, which was used as the probe light. After passing
through the sample the probe light was dispersed in polychromator and detected using a CCD.
The power of the pump light was kept ~10 uW. The pulse width of the fundamental light was
80 fs and the instrument response function was measured to be 150 fs.

Theoretical studies: Density functional theory (DFT) calculations were performed with
Gaussian 09 package.*? We used the B3LYP exchange correlation functional and 6-311++G
(d,p) basis set for C, H, N, O and LANL2DZ basis set for Br and I for the DFT calculations.
The molecule was optimized in methanol using PCM model, followed by frequency
calculations to visualize the corresponding normal modes of vibrations and TD-DFT
calculation to calculate the absorption wavelengths. We applied TD-DFT method to determine
the vertical transition energies from the ground electronic state (So) to the higher electronic
states and thus constructed the potential energy curves (PEC) for different electronic states in
methanol. To check the effect of SOC on the PEC, we have used Orca 4.2.1 package.** B3LYP
exchange correlation functional and def2-TZVP basis set was used for the SOC-corrected TD-

DFT calculations.

Results:
Steady state and TCSPC experiments
In scheme 1 the molecular structures of three coumarins used in this work are provided.

The steady state absorption and emission spectra of the coumarins in methanol (MeOH) and
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cyclohexane (CHX) (see figure S1 of the SI) are included as figure S1(see SI). The absorption
and emission maxima with the calculated Stokes shifts in different solvents for the three
coumarins are tabulated in table 1. All the halo-derivatives showed expected solvatochromic
properties based on the behavior of the parent coumarin (C1). The fluorescence quantum yields
(¢¢) of these coumarins were estimated in different solvents (see table 1) using C1@ MeOH
or C1@CHX as the standard.** The average fluorescence lifetimes of these three molecules

were recorded using TCSPC method. The results are consolidated in table 1.

Table 1. Steady state absorption and emission parameters with average fluorescence lifetimes of
coumarin 1 (C1), 3-bromo-coumarin 1 (3Br-C1) and 3-iodo-coumarin 1 (3I-C1) in methanol (MeOH)
and cyclohexane (CHX).

Dye Solvent  A%bS (nm)  A¢™. (nm) (Sr:;)é()es shift br (%) Tayg (nS)
Cl 374.6 450 75.4 37.5 2.07
3Br-C1 MeOH 387.0 471 84.0 47.6 2.46
31-C1 391.1 455 64.1 2.6 1.69
Cl 350.6 391 404 49.0 2.54
3Br-C1 CHX 364.8 410 45.2 55.3 2.59
31-C1 369.6 393 234 15.3 2.43

Table 2. Time constants obtained from the global fitting of the transient absorption spectra (pump: 400
nm; probe: 470-750 nm) of coumarin 1 (C1), 3-bromo-coumarin 1 (3Br-C1) and 3-iodo-coumarin 1
(3I-C1) in methanol (MeOH).

Dye T1(ps) T2(ps) T3(ns)
C1 3.2 10.3 2.04
3Br-Cl 0.9 12.6 2.14
31-C1 0.9 61.8 2.00

Transient absorption spectroscopy

The femtosecond transient absorption (TA) spectroscopic study of C1, 3Br-C1 and 31-
C1 were performed in methanol. The TA spectra of C1, 3Br-C1 and 31-C1 in methanol consist
of stimulated emission (SE) bands respectively around 470 nm, 485 nm and 490 nm, and
excited state absorption (ESA) bands >600 nm. Global fitting of the time evolution of the TA
response provided three different kinetic parameters (hence three different time constants) for
all three molecules in methanol. In table 2, the global fitting time constants are given. The TA
spectra at different time delays along with the fitted kinetics at selected wavelengths for CI,

3Br-C1 and 31I-C1 in methanol are displayed in figures la, 1b, 1d, le, 1g and 1h, respectively.
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The decay associated spectra (DAS) for these three time constants for three molecules are

showed in figures 1c, 1f and 1i.
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Figure 1. TA response (pump: 400 nm; probe: 470-750 nm) of C1, 3Br-C1 and 3I-C1 in methanol. (a,
d, g) TA spectra at some representative delay times for C1, 3Br-C1 and 31-C1 respectively. For C1, the
TA spectra consists of a SE signal around 470 nm and an ESA around 700 nm. For 3Br-C1, The TA
spectra consists of a SE signal around 485 nm and an ESA around 700 nm. For 31-C1, The TA spectra
consists of a SE signal around 490 nm and an ESA around 700 nm. (b, e, h) Globally fitted kinetics at
some selected wavelengths for C1, 3Br-C1 and 31-C1 respectively. For C1, obtained time constants
from global analysis are 3.2 ps, 10.3 ps and 2.04 ns. For 3Br-Cl1, obtained time constants from global
analysis are 0.9 ps, 12.6 ps and 2.14 ns. For 3I-C1, obtained time constants from global analysis are 0.9
ps, 61.8 ps and 2.0 ns. (c, f, i) Corresponding DAS obtained from global analysis for C1, 3Br-C1 and
31-C1 respectively.

TD-DFT calculations
All three molecules shown in Scheme 1 were optimized in methanol using PCM model,
and their absorption wavelengths were calculated by TD-DFT method. The frontier molecular

orbitals of these molecules are displayed in figure S2 and the absorption wavelengths are
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tabulated in table S1 along with experimentally obtained absorption wavelengths for

comparison. Prompted by previous reports*+4°

suggesting rotation of the diethylamino group
as a potential deactivation channel for C1, potential energy scan by TDDFT calculation along
the diethylamino group rotation coordinate for C1, 3Br-C1 and 3I-C1 was performed. The
potential energy curves (PEC) thus obtained for different electronic states are shown in figure
S3 of the SI. The PEC along the carbon-halogen bond length was computed, and to our surprise,
the PEC for C1, 3Br-C1 and 31-C1 are observed to be different for the three (figure 2a,b,c). For
Cl1, all the states are bound in nature and there is no crossing of different electronic states. In
case of 31-C1 (figure 2c) Si and T state crosses with a slight elongation (~2 %) of the C-1 bond
length. Once the molecule is in Ty, it is on a downhill trajectory to reach the T; surface with
11.3 % elongation of the bond length. For 3Br-Cl1, the crossing between Si and T> requires 6.1
% elongation of the C-Br bond length and eventually reaches the T state. Interestingly, for
3Br-C1 there is a significant PE barrier of 0.110 eV for S; = T2 crossing, whereas for 3I-C1
the PE barrier is only 0.017 eV.

Given a large atomic SOC constant of Br and I, we further included SOC in the PEC
calculation (see figure 2d,e,f for result and Methods section for the details). Though the energy
values and the position of surface crossings have changed to some extent, the general features
of the SOC-neglected & SOC-incorporated PEC are same. For C1, all the states are bound in
nature, as observed without incorporation of SOC (figure 2d). In case of 3I-C1, the crossing
between S; and T> requires a tiniest of bond length modification, and the crossing is almost
barrierless (figure 2f). For 3Br-C1, Si crosses T> after ~6 % C-Br bond elongation (figure 2e),
with a barrier height of 0.138 eV.

The normal modes of 3I-C1 were computed and it was found that in the ground
electronic state 30" & 34™ modes lead to change in the carbon-iodine bond length (figure S4
of the SI). The normal modes in the excited electronic states (Si, T1 and T>) at the ground state
geometry of 3I-C1 revealed that S; normal modes 39 and 46 are in resonance with the T> normal
modes 42 and 48, respectively. However, T and S; are in resonance only through the 39" mode
of vibration (figure 3). Most importantly, a close inspection of these normal modes reveals that
C-I bond length increases as we move from the S; to T> manifold through S;-39:T>-42
resonating mode (figure 4). The frequency calculations strongly suggest an involvement of
bond length variation during ISC, which supports the requirement of the PEC calculations

(figure 2) along the varying carbon-halogen bond length.
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Figure 2. Potential energy curves (PEC) along the C3-X (X=H, Br, I) bond vibration coordinates of the
(a) 7-diethylamino-4-methylcoumarin (C1), (b) 3-Bromo-7-diethylamino-4-methylcoumarin (3Br-C1),
(¢) 3-lodo-7-diethylamino-4-methylcoumarin (3I-C1) without considering the effect of SOC. SOC-
corrected PEC along the C3-X (X=H, Br, I) bond vibration coordinates of the (d) 7-diethylamino-4-
methylcoumarin (C1), (e) 3-Bromo-7-diethylamino-4-methylcoumarin (3Br-C1), (f) 3-lodo-7-
diethylamino-4-methylcoumarin (3I-C1). For the PEC calculations without SOC correction, Gaussian
09 package was used. B3LYP exchange correlation functional and 6-311++G (d,p) basis set for C, H,
N, O and LANL2DZ basis set for Br and I were used for the TD-DFT calculations to determine the
PECs. PE scan was done taking methanol as solvent using PCM model. For the SOC-corrected PEC
calculations, B3LYP exchange correlation functional and def2-TZVP basis set was used and
calculations are done on Orca 4.2.1 package. Ad3_x(%) denotes the % change in C3-X (X=H, Br, I)
bond length (d¢s—x). Adcs—x (%) = (Ades—x(R)/ded_,(R)) x 100%. dgi_, is the equilibrium C3-
X bond length in electronic ground state. For molecular structures check scheme 1.
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Figure 3. The IR spectra of 31-C1 in S, T & T generated by TD-DFT calculations. The IR signals for
normal modes in resonance are squared by dotted line. Square (a) is at 860 cm™ and square (b) is at
1020 cm™. Square (a) has the S; mode 39, T, mode 39 and T> mode 42 in resonance and square (b) has
the S; mode 46 and T> mode 48 in resonance. B3LYP exchange correlation functional and 6-311++G
(d,p) basis set for C, H, N, O and LANL2DZ basis set for I were used for the frequency calculations.
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42" mode (T,)

Figure 4. The 39" mode in S; and 42™ mode in T, of 31-C1. Blue arrows are indicating displacement
vectors. B3LYP exchange correlation functional and 6-311++G (d,p) basis set for C, H, N, O and
LANL2DZ basis set for I were used for the frequency calculations. The 39" Mode of S; and the 42™
mode of T, are resonant (860 cm ™). Close inspection reveals that C-I bond length variation increases
as we move from the S to T> through these two resonating modes.

Steady state and time-resolved emission studies of octa acid (OA) encapsulated 3-iodo and 3-
bromo 7-diethylamino-4-methylcoumarins

Synthetic host octa acid has been established to form closed host-guest capsular
complex with C-1 in borate buffer solution.’® Several guest molecules included within OA
capsule are known to phosphoresce at room temperature in solution. To examine the feasibility
of phosphorescence from 4-iodo and 4-bromo 7-diethylamino-4-methylcoumarins they were
included within OA capsule and emission recorded. NMR study confirmed that all the
coumarin derivatives used in this study form a 2:1 (octa acid:coumarin) complex in aqueous
buffer medium of pH=7.4 (see figure 5 and section S2 of the SI for details). As seen in figure
5 expected upfield shift of the signals upon complexation is observed (see signals even below

§-1).
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Figure 5. Fig: 1H NMR (400 MHz, 10 mM Na2B407 buffer/D20, pH = 8.7) spectra of (Bottom to
top) (i)7-(diethylamino)-4-methyl-2H-chromen-2-one, (ii) 3-bromo-7-(diethylamino)-4-methyl-2H-
chromen-2-one, (iii) 3-iodo-7-(diethylamino)-4-methyl-2H-chromen-2-one in presence of octa acid
(OA).

The steady state emission of 3Br-C1@OA; and 3I-C1@OA; were recorded and are
shown in figure 6a. For 3Br-C1@OA., a single intense band centered at 440.5 nm is observed.
In case of 3[-C1@OA:2, a weak emission band around 580 nm was present along with the
intense band centered at 440 nm. With decrease in the temperature, the 580 nm band intensified
in the case of 3I-C1@OA: (Figure 6b), whereas, for 3Br-C1@OA: no change in the emission
spectrum is observed. Recorded spectrum of 3I-C1 at 77 K in a glass forming liquid (ethanol-
methanol mixture) applying a 500 ns time delay after the excitation showed an intense emission
centered at 540 nm confirming the longer wavelength emission to be phosphorescence (see
figure 6¢). Thus, it is clear that while 3[-C1@OA> show phosphorescene at room and low

temperature, 3Br-C1@OA:? does not under both conditions.
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Figure 6. (a) Steady state emission of 3I-C1@OA, and 3-Br-C@OA, (b) temperature dependence
steady state emission of 3[-C1@OA: (c) Steady state emission of 3I-C1@OA, compared with the
phosphorescence spectra of 31-C1 in glass forming liquid at 77 K. For 3I-C1@OA.,, there is a weak
band around 580 nm which is completely absent in case of C1Br@OQOA,. This weak emission band for
ClI@OA; intensifies with decreasing temperature. Phosphorescence spectra recorded for C11 in glass
forming liquid (Ethanol-methanol mixture) at 77 K confirms the weak band at 580 nm for C11@OA:
as a phosphorescence band.

The TA spectra of 3Br-C1@OA: have a strong SE band associated with an ESA band
(figure 7). The global fitting analysis of the TA data yielded two time constants of 13.5 ps and
4.6 ns. The TA spectra and the fitted kinetics for some selected time delay and wavelengths
and decay associated spectra (DAS) of 3Br-C1@OA; are depicted in figure 7a, b, ¢. On the
other hand, the TA spectra for 3[-C1@OA:> mainly features a broad ESA band, which is
stretched throughout the observation window, although in early time a weak SE like feature is
observed (figure 7d). The ESA band does not decay in the time delay available in our
experimental setup (2 ns). A global fitting analysis yields two time constants, 11.9 ps and >10

ns. In figure 7e we provide fitted kinetics at selected wavelengths and the DAS are shown in

figure 7f.
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Figure 7. TA response (4q, = 400 nm; probe: 470-750 nm) of 3Br-C1 and 3I-C1 inside OA cavity.
(a, d) TA spectra at some representative delay times for 3Br-C1@OA, and 3I-C1@OA; respectively.
For 3Br-C1@OA., the TA spectra consists of a SE signal around 500 nm and an ESA around 600-700
nm. For 3[-C1@OA.,, the TA spectra consists entirely of a broad ESA signal throughout the probe
window. (b, e) Globally fitted kinetics at some selected wavelengths for 3Br-C1@OA; and 3I-
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Cl@OA; respectively. For 3Br-C1(@OA., obtained time constants from global analysis are 13.0 ps and
4.6 ns. For 3I-C1@OA,, two time constants were obtained from global analysis. One is of 12 ps and
the other is a long time constant > 10 ns. (c) Corresponding DAS obtained from global analysis for 3Br-
Cl@OA; and 3I-C1@OA; respectively.

Discussion:

From the steady state experiments, in the case of 3I-C1 we observed a decrease in ¢y
in methanol and cyclohexane, whereas an increase in ¢ was observed in case of 3Br-C1 with

respect to C1 (Table 1). This observation is not in line with the heavy atom effect, where the
¢y is expected to decrease with increasing atomic number of the incorporated halogen. It is
known that the introduction of heavy atoms not only promotes the ISC but also facilitates the

31-52 One could attribute the enhanced fluorescence

back intersystem crossing (BISC) process.
in 3Br-C to BISC. However, presence of BISC for 3Br-C1 but not for the iodo derivative is
surprising. Based on the rationale that increasing atomic number should increase both ISC and
BISC, one would expect ¢ decrease even in the case of 31-C1.

Explicit analysis of transient absorption data was necessary to understand the
photophysics of these coumarins. For C1 in methanol, three time constants from TA analysis
were obtained (Table 2). The DAS for 10.3 ps and 2.04 ns components have a prominent SE
feature, where the amplitude of the former is smaller compared to the latter (figure 1c). Earlier
studies of C1 in polar solvent methanol indicate the operation of a twisted intramolecular
charge transfer (TICT) mediated deactivation of the excited state through non-radiative
channels.*> Keeping this in mind, we suspect that the 10.3 ps time component and the
associated DAS is of the TICT state of C1 in methanol. The 3.2 ps DAS does not show any SE
feature (figure 1c), and we propose this time component is that of the locally excited (LE) state.
The SE feature of the 2.04 ns DAS (figure 1c) closely matches with the steady state emission,
and hence, we designate it as the solvated TICT state (SS) of C1 in methanol. We attribute the
short lifetime of the LE state to rapid shift of the LE population towards the TICT state by
twisting and finally to the SS state by solvation.

On the other hand, for 31-C1, the 0.9 ps DAS looks exactly similar to the short lifetime
DAS of C1 and we assign this to the LE state (figure 11). An SE like feature is observed in both
the 61.8 ps and 2.00 ns DAS of 31-C1. However, unlike in the case of C1, here the 2.0 ns DAS
has a low amplitude compared to that of 61.8 ps DAS. The 61.8 ps DAS is the most intense
among all and suggests that this state dominates the relaxation process of the excited 31-C1

leading to a weak fluorescence quantum yield compared to C1. Based on the wavelength of the
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SE band, the longest amongst the two, we assign the 2.0 ns DAS to the fully solvated state
(SS). However, the weak DAS signal of this state suggests that a very small number of
molecules reach this state. We speculate that the decreased intensity is due to the excited 31-
Cl1 following some other coordinate to reach the triplet state. We cannot confirm the occurrence
of ISC solely from this data as we have not seen any DAS associated with this triplet state.

The feature of all three DAS of 3Br-C1 look similar to that of the C1 (figure 1f).
Following the assignment in case of C1, we assign the 0.9 ps and 2.14 ns DAS to be associated
with the LE and SS sates, respectively. The 12.6 ps DAS of 3Br-C1 is also very similar in
feature with that of 10.3 ps DAS of C1, and we assign it to the TICT state of 3Br-C1. Careful
examination reveals that the SE feature has been cut off beyond 480 nm due to interference by
the probe light. We suspect that though this SE feature is not observed in the measurement
window, it is present and can be observed with an extended probe pulse. Unlike 31-C1, the
DAS for SS is the most intense in the case of 3Br-C1. This suggests that the ISC is unfavorable
for 3Br-C1, allowing most molecules to reach the SS state.

Earlier reports proposed that the rotation of the diethylamino group of CI1 is the
predominant coordinate for the formation of the TICT state from the LE state.*-** This led us
to scan the PE along the rotation of the diethylamino group of the C1, 3Br-C1 and 3I-CI.
Examination of figure S3 reveals that the corresponding potential energy curves (PEC) in
different electronic states are very similar for the three coumarins. This implies the presence of
another coordinate along the PEC that accounts for the variation in ¢. Basically, the studied
coumarin derivatives only differ in the substitution at the 3-position of the C1, which hardly
affects the twisting of diethylamino group present at the 7-position. This led us to consider a
coordinate where the effect of halogen is prominent. There are several reports suggesting how
normal mode of vibrations in a molecule can affect ISC as discussed in the introduction
section.!??* This information prompted us to speculate that the carbon-halogen bond vibration
may influence the ISC in the coumarins investigated here. PE scan along this vibrational
coordinate showed that the PEC of the electronic states of C1 (in this case there is no halogen
substitution, C-X refers to C-H), 3Br-C1 and 3I-C1 are distinctly different for all three (figure
2 in results section). As for C1, all the states are bound in nature, preventing ISC from S; (figure
2a). Whereas in case of 3Br-C1 and 3I-C1, crossing between S; and T» states are present
(figures 2b,c). The Si-T> surface crossing requires much smaller bond deformation for 31-C1
(~2 %) compared to 3Br-C1 (6.1 %). Most importantly, the PE barrier height for S; = T
crossing for 3Br-C1 is significant (0.110 eV) and 6.5 times higher than 31-C1, which has a PE

ACS Par%%%?l’llas%fn%yron ment



oNOYTULT D WN =

The Journal of Physical Chemistry

barrier of 0.017 eV that is achievable at room temperature. To check the role of SOC on the
computed PECs, we have also computed the SOC corrected PECs (Figures 2d,e,f). The nature
of the ordering, shapes and intersections of the electronic states remain essentially same. A
crossing between S; and T» was observed in cases of 3Br-C1 and 3I-C1 (figures 2e,f). The
higher barrier in 3Br-C1 probably slows the ISC process favoring fluorescence. This could be
a possible reason for higher ¢, for 3Br-C1 in comparison to 3I-C1. Moreover, excited state
frequency calculation for 3I-C1 suggests that certain modes of vibration in S; and T» are in
resonance with each other (figure 3) but the C-I bond length change is much more prominent
in case of T> compared to S; (figure 4). Thus, Si to T2 jump must involve the C-I bond length
variation coordinate.

The TA analysis along with TD-DFT calculations have provided a glimpse of the
photophysics associated with halogen derivatives of C1. However, the association of state
mixing and solvation process have made the problem somewhat difficult to address. The poor
stability of triplets due to oxygen quenching makes the experimental measurements slightly
difficult.>® It has been established earlier that one could protect the phosphorescent molecules
by including it within an organic capsule formed from octa acid (OA) host.>*> The internal
OA cavity of OA capsule is established to be non-polar in nature.’*->’ Consistent with the non-
polar character and the tightness of the cavity no solvation of the excited coumarin occurred
within the OA cavity.® It is also known that molecular oxygen do not penetrate the OA
cavity.>® Most importantly, the small OA cavity with very little free space will not allow the
large amplitude motion of the diethylamino group twisting and the TICT state will not be
expected. Thus, we can anticipate phosphorescence from OA encapsulated 3I-C1 and 3Br-Cl
if any triplet state is involved in the excited state deactivation of these molecules. In case of 31-
Cl1@OA.,, the presence of a broad band emission at longer wavelength (580 nm) along with
the usual fluorescence (440 nm) and its gradual increase with lowering of temperature
(figure 6) confirm the long wavelength emission to be phosphorescence from the triplet. Time-
delayed low temperature emission (77 K) of 3I-Cl in the glass forming liquid (ethanol-
methanol mixture) shows an emission band around 540 nm. This also supported that the longer
wavelength temperature dependent weak broadband emission observed for 31-C1 inside OA
cavity is room temperature phosphorescence.

In the transient absorption signal of 3I-C1@OA., the broad ESA band along with the
long lifetime component clearly indicates the existence of the triplet state in case of 3I-

Cl1@OA: (figure 7). Usually, the triplet states are closely spaced in terms of electronic energy
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and thus it is not surprising that the ESA band for a triplet state being broad in nature. We
assign the >10 ns component as the triplet state and the 11.9 ps component to the S state of
31-C1@OA; the precursor for the triplet state. Based on the above observations, we propose
that in 3[-C1@OA: it is the C-I vibration that takes the system to the T; state. We believe that
due to this bond vibration mediated channel the S; state has a very short lifetime of 11.9 ps.

For 3Br-C1@OA., the 4.6 ns DAS has a strong SE feature (figure 7¢), and we assign it
to the lifetime of the S; state of 3Br-C1(@OA.:. The short lifetime (13.5 ps) DAS mostly consists
of an ESA band with a SE band at the blue edge of the observation window (figure 7¢c). We
suspect this short lifetime component is associated with another emissive state, which resides
on a completely different nuclear coordinate on the PES. At this stage we have no knowledge
of its structure.

The above theoretical and experimental studies suggest that the C—X (X=Br/I) bond
vibration coordinate plays an important role on the fate of the excited singlet state of 3Br-Cl1
and 3I-Cl. This also rationalizes the unusually high ¢, of 3Br-C1 compared to 31-CI.
However, the higher ¢ of 3Br-C1 compared to the parent C1, cannot be explained either by
the C—X vibration or by the diethylamino twisting coordinates. We consider two reasons for
this unusual behavior. First, we believe the reason lies on a different reaction coordinate,
namely the solvent polarization coordinate. From the previous works we know that for similar
coumarins like CI1, there is an extra relaxation path from TICT—ground state via solvent
fluctuation.®® The nonradiative transition from the TICT to the GS happens to be PE barrier
mediated. The difference in this barrier height for C1 and 3Br-C1 is a plausible reason behind
the higher ¢ of 3Br-C1 compared to CI. Secondly, from earlier reports it is evident that

7'[)'61-62

fluorescence quantum yield (¢y) is related with the m-conjugation length (A Longer the

conjugation more efficient is the fluorescence. % It can be shown that, the ¢, is related to the

A, as (see SI for derivation) ¢-62
1
¢r = = . )
shv3® T+1

The parameter A, can be think of as the change in dipole moment (Au = p, — ugy) upon
photoexcitation. ®'-°> From Lippert-Mataga formulation we can write
1
A o (v, — ) /243 )
Hence, equation 1 reforms into

or =

1

3 —(va—v )1/2a3/2 )
smwhv3 ! +

1
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Where V, is the wavenumber of absorption and V¢ is the wavenumber of fluorescence, which
are known from the steady state data. The a is the molecular radii and was determined from
the DFT calculations. Using all these inputs, we find that the Au trend for the three coumarins
are 3Br-C1=3I-C1>Cl. Therefore, the ¢¢ order should also be 3Br-C1=31-C1>Cl.

This estimated ¢ order will only be valid for a set of molecules for which there is no extra
non-radiative deactivation channel operational for any one of them. In case of 3I-C1, the ISC
channel is extremely favourable, which decreases the actual ¢, of 31-C1 from the value
estimated by equation 3. On the other hand, as in case of both C1 and 3Br-Cl1, ISC is
unfavourable, the estimated ¢y order between them holds in reality. This explains the higher

¢ of 3Br-C1 compared to C1.

ISC

LE:’-\TICT
A SS

FL NR

hv FL

L 2
5 /
A\
A m SowY S\%{‘ot\
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Scheme 2. A general relaxation scheme for photo-excited 3X-C1 (X=H, Br, I). Depending upon X and
medium, the PE barrier on each coordinate varies. Thus, for a particular molecule in a particular medium
relaxation through some coordinate becomes predominant whereas relaxation through the other paths
become negligible.

We present a scheme for the overall relaxation processes of photoexcited 3X-C1 (X=
H, Br, 1) in scheme 2. Following excitation, they can follow the diethylamino twisting
coordinate to reach the TICT state followed by solvation of the TICT to SS. At the same time,
the system can also reach the triplet state through a different co-ordinate namely carbon-
halogen bond vibration. The propensity of ISC path along the vibration coordinate depends on
the barrier height present along the bond vibration coordinate. According to the results

presented above, the preferred relaxation channel depends strongly on the nature and position
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of halogen substitution. For example, as the barrier height between the singlet (S1) and triplet
(T») states along the bond vibration coordinate is negligible for 3I-C1 (see figure 2¢), it prefers
to follow this path rather than the one which leads to SS. It explains the lack of fluorescence in
3I-C1. On the other hand, in 3Br-C1 the barrier height between the same singlet and triplet
states along the C-Br vibration coordinate is significant (see figure 2b). Most likely this forces
the molecule to avoid this path relative to TICT pathway leading to SS. Similar is the case for
C1. In this case there is no crossing between singlet and triplet surfaces and therefore it reaches
the SS via the only available diethylamino twisting coordinate (see figure 2a). In scheme 2,
only the relaxation of the most stable form of the TICT along the solvent fluctuation coordinate
is shown. Due to solvent fluctuation, the SS state crosses with the GS through an energy barrier
at a particular solvent orientation where the solvated TICT (i.e. SS) and GS are isoenergetic.5
We propose that the difference in this barrier height is a plausible explanation of higher ¢
value for 3Br-C1 than C1. The scheme 2 will depend on the medium. For example, inside OA
capsule the solvent fluctuation coordinate will be insignificant as the capsule interior lacks any
solvent.>®

To examine whether the involvement of C—X bond vibration in ISC is a general feature,
a similar approach was taken to a completely different yet simpler molecular system, namely
I-iodonaphthalene, 1-bromonaphthalene and 2-bromonaphthalene (11-Nap, 1Br-Nap, and 2Br-
Nap, respectively). The ratio of the square of SOC constant to ISC rate constants for 11-Nap
and 1Br-Nap-are 0.5 and 1.1, respectively.!®!2 The PECs along the C—X bond length coordinate
of all the three molecules were constructed by TD-DFT calculation (see figure 8). For 11-Nap
a crossing between S; and Ty states has been noticed around the LE state, and its difference
compared to the Br-counterparts are distinctly visible. On the other hand, both 1Br-Nap and
2Br-Nap must undergo bond elongation before reaching the crossing point between S; and Ts.
The difference in the PE barrier to the triplet crossing for 1Br-Nap and 2Br-Nap is evident,
where it is smaller in the former. The experimental observation of ¢ ¢ of 1Br-Nap (0.67%) and
2Br-Nap (1.25%) are proposed to be due to the difference in PE barrier along the C-Br bond
vibration coordinate. However, for a precise comment on this, higher level theoretical
calculations are necessary. This agreement between theoretical prediction and experimental
result indicates that this model based on molecular vibrations should be useful for future studies

on the effect of position dependent substitution on the ISC rate.

ACS Par%%%?P]IZS%fn%?ron ment



oNOYTULT D WN =

The Journal of Physical Chemistry

@, . (b) (c)

4 -, 4.45 — T, 4.45+ w— Ty
_ i - S - = = S
s 4.20 i S 4.40- - S, S 4.40- s
= 410 =2 =
8 3 4.35- 2 4.35-
§ 4.00 5 g
c
5 265 5 4.30- G 4301

B 4.251 a3

2 41 0 1 2 3 2 4 0 1 2 3 2 1 0 1 2 3
Adc1_| (D/II) AdC1-Br (%) AdCZ-Br (%)

Figure 8. Potential energy curves (PEC) along the Cn-X (n=1, 2; X=Br, I) bond vibration coordinate
for the (a) 1-lodo-naphthalene (1I-Nap), (b) 1-Bromo-naphthalene (1Br-Nap) and (c) 2-Bromo-
naphthalene (2Br-Nap). For better clarity only the S; and T4 surfaces for 1I-Nap and the S; and
Ts surfaces for 1Br-Nap and 2Br-Nap were plotted. B3LYP exchange correlation functional and
6-311++G (d,p) basis set for C & H and LANL2DZ basis set for Br and I were used for the TD-DFT
calculations to determine the PECs. Ad-y,—x (%) denotes the % change in Cn-X (n=1, 2; X=Br, I) bond
length (dcn-x)- Aden—x(%) = (Aden—x(B)/del_(A)) x 100%. dgl_, is the equilibrium Cn-X
bond length in electronic ground state.

We also use this approach to predict the trend of ISC and ¢ for the other possible halo-
substituted coumarin 1 derivatives, namely 5-bromo-coumarin1 (5Br-Cl), 6-bromo-
coumarin 1 (6Br-C1), 8-bromo-coumarin 1 (8Br-C1), 5-iodo-coumarin 1 (5I-C1), 6-iodo-
coumarin 1 (61-C1) and 8-iodo-coumarin 1 (81-C1). The structures of these molecules are given
in scheme S3 of the SI. The PECs along the C-halogen bond length for these halo-derivatives
are displayed in figure S7 of the SI. For all these molecules crossing of S1 and T3 states can be
found at some point of the C-X(X=Br/I) bond length variation coordinate. At this level of
theory, a precise prediction of the values of PE barrier is not possible. However, it is obvious
that the barrier height to reach the Si-T3 crossing is different for all these molecules that
depends on the position of the Br/I substitution. We expect the fluorescence quantum yields to
increase or decrease as the PE barriers decrease or increase. To check the validity of the above
results, synthesis of these molecules and the subsequent determination of their fluorescence
quantum yield is necessary, which is reserved for the future.

Present study suggests that for the molecular systems where a strong coupling between
states is present along the vibrational coordinates, Marcus theory is valid and rate constant of
ISC and free energy barrier should be correlated. We believe that with proper choice of a
molecular system one can experimentally verify this prediction. We plan to pursue this line of

of approach in the near future.
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Conclusions:

Iodo substitution of the parent coumarin C1 decreases the fluorescence quantum yield
to a large extent as expected, whereas the bromo substitution of C1 surprisingly increases the
fluorescence quantum yield. This anomalous observation could not be understood from the
viewpoint of conventional SOC constants alone. Detailed TA experiments and TD-DFT
calculations reveal that C-X bond vibration controls the ISC in these halo-coumarins and hence
dictates the whole excited state relaxation process of 3Br-C1 and 3I-C1. The time constant of
ISC for 3I-C1 is 11.9 ps, whereas it is forbidden in case of 3Br-C1. Presence of 0.12 eV PE
barrier on the C3-Br bond vibration coordinate is thought to be responsible for the slow ISC in
the case of 3Br-C1. Vibration controlled ISC was also observed for halo-naphthalenes, where
SOC approach fails to fully predict the extent of ISC, but the model based on bond vibration
does. We also have successfully predicted the position dependency of halogen insertion on
fluorescence quantum yield using the model. Overall, we propose that C-X bond vibration
plays a crucial role in ISC. It also explains the effect of heavy atom insertion in different
position of a molecule. We believe that while engineering RTP molecules using heavy atom,
one should always consider the position dependence of heavy atom insertion. PES constructed
using TD-DFT calculations for the targeted molecules, is likely to reveal the position in which
halogen insertion will give most efficient ISC. We are optimistic that Marcus inversion in ISC
will be observed in the future by examining a series of molecules chosen based the C-X
vibrational model discussed here. To achieve this goal extensive experimental, theoretical and

synthetic studies are required.
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