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Abstract: While the photophysics of closed-shell organic molecules is well established, much less is
known about open-shell systems containing interacting radical pairs. In this work, we investigate
the ultrafast excited state dynamics of a singlet verdazyl diradical system in solution using transient
absorption (TA) spectroscopy for the first time. Following 510 nm excitation of the excitonic Sy — S;
transition, we detected TA signals in the 530-950 nm region from the S; population that decayed
exponentially within a few picoseconds to form a vibrationally hot Sp* population via internal
conversion. The dependence of the S; decay rate on solvent and radical-radical distance revealed
that the excited state possesses charge-transfer character and likely accesses the Sy state via torsional
motion. The ultrafast internal conversion decay mechanism at play in our open-shell verdazyl
diradicals is in stark contrast with other closed-shell, carbonyl-containing organic chromophores,
which exhibit ultrafast intersystem crossing to produce long-lived triplet states as the major S;
decay pathway.
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1. Introduction

Verdazyl diradicals are open-shell molecules with tunable intramolecular electronic
and spin interactions, which determine the governing properties of organic solids used
in a variety of fields, including redox batteries and redox active polymer systems [1-4],
magneto-optics [5-8], spintronics [9,10], quantum information science [11-13], and sensing
applications [14-16]. Verdazyl diradicals are particularly unique molecular building blocks
in this space due to their stability and synthetic versatility in ambient conditions in a
variety of different solvents [17]. Their ground state energies and multiplicities may be
manipulated by replacing their substituents or by tuning the covalent linkers between
the two verdazyl units, which dramatically affect their spin delocalization and electron
coupling [18]. Building our knowledge of how the through-space (TS) and through-bond
(TB) electronic interactions [19] between the radical-radical centers control their optical
and magnetic properties is an important step for the development of diradical building
blocks for stable open-shell 7t-conjugated low- and high-spin molecules.

Ultrafast transient absorption (TA) spectroscopy is an effective technique for prob-
ing structure—function relationships in electronically interacting (excitonically coupled)
organic chromophores [20-23]. While models for electronic interactions and photophysical
pathways in closed-shell [24-26], monoradical [27,28], and ionic [13,29] organic systems
have been well established, very little is known about these behaviors and how they may
differ in open-shell molecules [30]. Due to the characteristically small Sy-T; energy gaps in
open-shell molecules [18], we anticipate that their excited state dynamics may not follow
photophysical models established for closed-shell systems, warranting further study.

Here, we use ultrafast TA spectroscopy to investigate the photophysical pathways
in two open-shell 7-conjugated verdazyl diradical model systems with different radical—-
radical distances, which are based on compounds previously developed by Brook and
coworkers [17,31,32]. In Figure 1a,b, M1 and M2 are both singlet ground-state verdazyl
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diradicals and are the focus of this study. While M1 has not been published in the literature
before, its properties are inferred from its extensively characterized counterpart, M1b [32],
which only differs in the type of alkyl substituents. We chose to study M1 over M1b because
the isopropyl groups increase the stability of the diradical in its powder form. M1b and
M2 are singlet ground-state verdazyl diradicals with a Sy-T; splitting of ~760 cm ™! [32]
and 150 cm~! [17], respectively. The verdazyl ring has a bond length comparable to other
6-oxoverdazyls and is relatively planar [31]. Although M2 is linked by a methylene bridged
spacer, there is still a relatively strong radical-radical interaction between the radical
centers compared to the directly linked compounds (M1 and M1b), which experience
greater repulsion due to the proximity of their radical centers. Unlike other singlet diradical
systems [33], we found that M1 and M2 are stable in solution at ambient conditions in light
and dark, enabling time-resolved spectroscopic investigation using TA spectroscopy.
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Figure 1. Chemical structure of verdazyl diradicals (a) 3,3"-bis-(1,5-diisopropyl-6-oxoverdazyl) (M1)
and 1,1’ 5,5 -tetramethyl-6,6’-dioxo-3,3'-biverdazyl (M1b) and (b) Methylene Bis(1,5-diisopropyl-6-
oxoverdazyl) (M2).

In this study, we use a combination of steady-state and ultrafast visible /near-infrared
(Vis-NIR) absorption spectroscopies to study the low-energy Sy — S; transition and the
resulting S; excited-state dynamics of the two verdazyl diradicals (M1 and M2) in polar
and nonpolar solvents. Consistent with a previous study [17], the ground-state absorption
spectrum was found to be sensitive to both solvent polarity and intramolecular radical-
radical geometry, which reflects the excitonic, charge-transfer character of the Sy — S;
transition. Following photoexcitation of the Sy — S; transition at 510 nm, we observed
ultrafast S; relaxation during the early picosecond timescale in all cases, with a single
exponential time constant that is sensitive to both solvent environment and bridging unit.
Spectral analysis revealed the subsequent formation of a vibrationally hot electronic ground
state (Sp*) and without population of a T; state intermediate, indicating nonradiative
deactivation of the S; state via internal conversion. Altogether, the results provide evidence
for an S; /Sy conical intersection, which explains the remarkable photostability of the M1
and M2 diradicals in solution.

2. Materials and Methods
2.1. Materials

Butanol (>99.4%, BeanTown Chemical, Hudson, NH, USA) and hexane (>99%, Thermo
Scientific, Lenexa, KS, USA) were used to make 2.0 mM and 2.4 mM solutions of M1 and
M2, respectively, for all spectroscopic measurements. The concentration of M1 and M2
were kept close to achieve similar absorbance.
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2.2. Synthesis

M1 was synthesized as detailed below, and M2 was synthesized as previously re-
ported [17].

3,3’-bis-(1,5-diisopropyl-6-oxo-tetrazane). Glyoxal sodium bisulfite addition com-
pound hydrate, (0.28 g, 1 mmol), 2,4-diisopropylcarbonohydrazide bis hydrochloride (0.5 g,
2 mmol) and sodium acetate trihydrate (0.41 g, 4 mmol) were combined in 5 mL water and
the solution heated on a hot plate for 10 min. When precipitation started, the solution was
removed from the heat and allowed to cool overnight. Filtration of the white crystalline
solid gave 3,3'-bis-(1,5-diisopropyl-6-oxo-tetrazane), 196 mg (53%). 'H NMR (CDCl3) d
4.46 (4H septet | = 6.6), 3.94 (m, 6H, CH, NH) 1.12 (d, 12 H), 1.09 (d, 12H) '*C NMR 159.9,
70.0, 47.2, 19.5, 18.7; IR (ATR) 3261 (NH), 1650 (C=0), EIMS m/z (relative abundance):
370 (4), 185 (20), 160 (19), 142 (32), 99 (45), 70 (100).

3,3/-bis-(1,5-diisopropyl-6-oxoverdazyl) (M1). 3,3'-bis-(1,5-diisopropyl-6-oxo-tetrazane)
(60 mg, 0.16 mmol) was dissolved in 5 mL toluene along with 35 mg benzoquinone (0.5 mmol,
3 equiv). The solution was heated under reflux for 2 h during which it changed from yellow to
dark brown. Upon cooling an off-white crystalline precipitate of hydroquinone was deposited
and removed by filtration. The remaining solution was evaporated and the resulting brown
solid was triturated with water and filtered. The collected dark brown solid was redissolved
in hexanes, filtered, and the solution evaporated to leave dark brown rhombs, 15 mg (25%).
IR (ATR) 1685 (C=0); EIMS m/z (relative abundance) 364 (98), 322 (25), 280 (75) 238 (100) 196
(77), 125 (30).

2.3. Spectroscopy Methods

The ground-state absorption spectra of M1 and M2 were recorded from 300 to 1100 nm
at 0.9 nm resolution using a Hewlett Packard 8453 UV-VIS spectrophotometer in a 1 mm
glass cuvette (CV1GO035AE, Thorlabs, Newton, NJ, USA). Temperature-dependent UV-VIS
spectra from 300 to 1000 nm at 0.1 nm resolution of M1 (2.0 mM) and M2 (2.4 mM) in butanol
were recorded using a dual beam constant-temperature cell holder (P/N 202-30858-44,
Shimadzu, Columbia, MD, USA) in a Shimadzu UV-2450 UV-VIS spectrophotometer in 1 cm
path length quartz cuvettes (21FLUV10, Firefly Sci, Ottawa, ON, USA) at room temperature
(RT), 40, 60, and 80 °C. The temperature was controlled by a 9500 Isotemp Refrigerated
Circulator (907997, Fisher Scientific, Pittsburgh, PA, USA) temperature controller, and the
temperatures were verified using a thermal camera (FLIR E50bx, Teledyne FLIR, Wilsonville,
OR, USA) after equilibrating the reference and sample cells for 10 min.

To perform broadband transient absorption (TA) spectroscopy, a homebuilt ultra-
fast pump-probe spectrometer with spectral sensitivity in the visible/near-IR region
(~500-1000 nm) was used. The instrument setup is extensively detailed in our previous
reports [34,35]. TA spectra were recorded for M1 (2.0 mM) and M2 (2.4 mM) in both butanol
and hexane in a 1 mm glass cuvette (CV1G035AE, Firefly Sci, Ottawa, ON, USA). Each
molecule was optically excited using 510 nm at a 0.5 kHz laser repetition rate with excitation
fluences at approximately 300 pJ/cm?. Fluence dependence studies of each molecule in
each solvent can be found in the Supplementary Materials (Figures 52.1 and S2.2). The TA
signals were detected at the magic angle pump/probe geometry. Absorbance spectra of
M1 and M2 recorded before and after 510 nm laser irradiation in the transient absorption
measurements did not exhibit any changes, indicating a lack of photodegradation. Due to
the photostability of these diradicals, we found that a flow cell setup was not necessary.

2.4. Computational Methods

All calculations were carried out with the Gaussian 16 [36] quantum-chemistry soft-
ware. Equilibrium geometries for the ground-state triplet and open-shell singlet of the
M1 and M2 molecules were obtained using the density functional theory (DFT) with
unrestricted B3LYP [37—40] functional and the 6-311++G(d,p) basis set, i.e., the 6-311G
basis [41,42] augmented with the single set of first polarization functions on both the heavy
atoms and the hydrogen atoms (d,p) and diffuse functions [43] on both atom types (++).
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The geometry optimizations and harmonic frequency calculations were carried out in the
1-butanol solvent, employing the implicit solvation, polarizable continuum model (PCM)
with the integral equation formalism (IEFPCM) [44-59].

The optimized ground-state equilibrium structures were used to calculate vertical,
ground-to-excited-state excitation energies and corresponding oscillator strengths. To this
end, the long-range-corrected version of the B3LYP functional using Coulomb attenuation,
CAM-B3LYP [60] was employed, within the time-dependent DFT, along with the same
6-311++G(d,p) basis set that was used for ground-state geometry optimizations. Thirty
singlet and thirty triplet transitions were requested for open-shell singlet ground state,
and 50 excitation energies were calculated out of the triplet ground state. The inclusion
of solvent (1-butanol) for the vertical excitation-energy calculations was realized with the
default Gaussian 16 behavior, i.e., employing a linear response formalism in combination
with PCM [61,62]. The resulting excitation energies and oscillator strengths were used to
plot the computed spectra with a MATLAB (2022a) script.

Orbital initial guesses for the open-shell singlet species were obtained by assigning
atomic centers to different fragments and then setting appropriate spin for an unpaired
electron in those fragments. Visualization of molecular structures, orbitals, and spin
densities was performed using the GaussView software (version 6.0.16) [63]. A more
in-depth analysis is discussed in Section S1, Figure 51.1-51.9.

3. Results
3.1. Steady-State Absorption Spectroscopy

Figure 2 shows the steady-state absorption spectra of M1 and M2 in butanol and
hexane. In each spectrum, three absorption bands are seen that vary in position and relative
intensity depending on the chemical structure and solvent. The band at ~450 nm, which
is also seen in the 1,5-diisopropyl-3-methyl-6-oxoverdazyl monoradical [17], is assigned
to local excitation of the verdazyl unit. Unlike in the monoradical, additional higher and
lower energy bands are seen at ~370 nm and ~510 nm for both M1 and M2 diradicals, which
arise from symmetric and antisymmetric combinations of the Singly Occupied Molecule
Orbitals (SOMOs) of each radical unit [17]. These bands are relatively more intense in M1,
pointing to larger excitonic interactions (greater SOMO overlap) between the verdazyl
radical groups, which is expected due to their ~0.7 A shorter distance [17] compared to
those in M2. Sharpening of the vibronic structure in all three bands occurs when M1 and M2
are dissolved in the nonpolar solvent, hexane. Concentration-dependent UV-VIS spectra of
M1 and M2 in butanol suggest that the molecules do not aggregate (see Figure S3.1).
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Figure 2. Steady-state absorption spectra of M1 (2.0 mM) and M2 (2.4 mM) in (a) butanol and
(b) hexane with 1 mm pathlength.
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3.2. Broadband Transient Absorption Spectroscopy

In this first investigation into the excited state pathways of verdazyl diradicals, we
focus on exciting the lowest energy Sy — S; excitonic transition. Ultrafast transient ab-
sorption (TA) spectra following 510 nm excitation of M1 and M2 in butanol are shown
in Figure 3a,b. At the earliest time delays, both diradicals exhibit a ground-state bleach
(GSB) signal at wavelengths below 600 nm and an excited-state absorption (ESA) band
that spans the ~600-950 nm range. These signals decay together within a few picoseconds,
after which small residual signals are seen that persist on the tens of picoseconds that are
assigned to the vibrationally hot electronic ground state (see below). M1 has a redshifted
GSB compared to M2, which tracks with the respective ground state absorption spectra
(see filled gray spectra in Figures 3a,b and 4a,b). Similar results were observed for M1 and
M2 in hexane, except with slight differences in peak shape and position (Figure 4a,b).

(a)

(b)

AA x 1000

600 700 800 900 0 5 10 15 20
Wavelength (nm) Time (ps)
= 0.5 ps = 10 ps
- 1ps =— 20ps
—_— 2ps — 50ps
— 5ps

Figure 3. TA spectra from 530 to 950 nm of (a) M1 and (b) M2 in butanol with their corresponding
inverted ground state absorption spectra for reference. Exponential kinetic fits (red and blue lines)
and kinetic data (black markers) of (c) M1 ESA (700-900 nm) and inverted GSB (550 nm) and (d) M2
ESA (600-800 nm). Due to intense coherent artifacts present near the time origin, the plots (c,d) are
scaled to better visualize the signals from M1 and M2.

The TA spectra for M1 and M2 in either solvent did not exhibit nonlinear effects at
0.5 ps and later time delays (see power-dependent measurements in Figures S52.1 and 52.2).
Solvent-only signals were observed near the time origin and are attributed to coherent
artifacts due to the moderately high fluence (~300 pJ cm~2) used, which interferes with the
sample signals (see Figures S2.1 and S2.2).

To study the excited-state dynamics of the diradicals, TA decay kinetics of the ESA
and/or GSB signals are displayed in Figures 3c,d and 4c,d. To obtain the kinetics, the ESA
signals for M1 and M2 in butanol were averaged over 700-900 nm and 600-800 nm, respec-
tively, while the ESA signal for both diradicals in hexane were averaged over 700-900 nm.
Additional normalized ESA kinetic data of M1 and M2 in each solvent can be found in
Figure 52.4. The GSB kinetics for M1 were taken at 550 nm for both solvents. Due to
time-dependent overlap of positive and negative signals at the red edge of the GSB signal
of M2, these kinetics were more complicated and are thus omitted for clarity.
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Figure 4. TA spectra from 530 to 950 nm of (a) M1 and (b) M2 in hexane with their coordinating
inverted ground state absorption spectra, respectively. To take into consideration the differences in
the spectral evolution of M1 and M2 in hexane, a partner graph to Figure 4b is plotted in Figure 52.3
to show the spectral evolution of the M2 chromophore at different delay times. Exponential kinetic
fits (red and blue lines) and kinetic data (black markers) of (¢) M1 ESA (700-900 nm) and inverted
GSB (550 nm) and (d) M2 ESA (700-900 nm). Due to intense coherent artifacts present near the time
origin, the plots (c,d) are scaled to better visualize the signals from M1 and M2.

Kinetic analysis points to exponential relaxation of a single excited-state population
in both M1 and M2 solutions. Each ESA and GSB kinetic trace was fit using a single
exponential decay model offset by a small constant following Equation (1) below:

AA(t) = Ne VT 4 ¢ 1)

where N is a scaling factor, T is the time constant, and c is a constant. Note the sign of N
is negative for GSB kinetics and positive for ESA kinetics. The data were fit at 1 ps and
longer time delays due to interference of the TA signals near the time origin by coherent
artifacts. The best fit parameters are summarized in Table 1, which shows that longer time
constants are observed for M1 and M2 as the solvent polarity decreases but with overall
shorter lifetimes for M2.

Table 1. Comparison of best fit parameters ! from kinetic modeling of the transient absorption data
for M1 and M2.

Sample/Solvent N/o® T (ps) c/10? (Offset)
. 0.13 4 0.01 (ESA) 2 1.7 £ 0.1 (ESA) 0.0047 = 0.0008 (ESA)
~0.037 + 0.007 (GSB) 3 1.7 + 0.3 (GSB) 0.0028 =+ 0.0008 (GSB)
M1 /hexane 0.154 £+ 0.001 (ESA) 4.06 £+ 0.05 (ESA) 0.0070 £ 0.0003 (ESA)
—0.367 + 0.003 (GSB) 484 4 0.06 (GSB)  0.0024 + 0.0008 (GSB)
M2 /butanol 0.345 + 0.006 (ESA) 1.18 + 0.02 (ESA) 0.0057 + 0.0004 (ESA)
M2 /hexane 0.591 £ 0.008 (ESA) 1.56 + 0.02 (ESA) 0.0027 £ 0.0004 (ESA)

1 Uncertainties were taken as the 95% confidence intervals from the nonlinear regression fits. > ESA: Excited-state
absorption. 3 GSB: Ground-state bleach.

To highlight the differences in single exponential decay rates as a function of both
chemical structure and solvent, the ESA kinetics are directly compared in Figure 5, along
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with the best-fit lifetime values. Considering M1 first, there is an obvious difference in the
decay time constant between solvents, where its value changes from 1.7 &= 0.1 ps (butanol)
to 4.06 = 0.05 ps (hexane) as solvent polarity decreases. Unlike M1, M2 shows similar decay
constants for both solvents, with a slight increase in time constant from 1.18 & 0.02 ps
to 1.56 £ 0.02 ps for butanol and hexane, respectively. The matching time constants for
the ESA and GSB kinetics of M1 provides further evidence that a single excited state is
populated during the early picosecond timescale.

: ESA M1|
Th1 = 4.06+0.05 ps

Hexane

0.1] &

Bu'ganol
ESA M2

-0.1
0.3

AA x 1000

20 30 40 50
Time (ps)
Figure 5. Solvent comparison of exponential kinetic fits (red and blue lines) and kinetic data (black

markers) of M1 and M2 ESA. The data were fit at 1 ps and longer time delays due to exclude artifacts
near the time origin.

To understand the differences in the TA decay kinetics, we considered the nature
of the excited state population. We first considered whether the photogenerated S; state
rapidly intersystem crosses to the T; state on the sub-picosecond timescale prior to ground
state recovery. In this case, the ESA signal observed in Figures 3a,b and 4a,b would arise
from T; — Tp excitation. Given the small Sp-T; energy gaps in M1 and M2, we used
temperature-dependent absorption spectroscopy to independently measure the absorbance
of the thermally populated T; state in the 530-950 nm spectral window for comparison to
the TA spectra.

The temperature-dependent absorption spectra of M1 and M2 were recorded over
the 25 to 80 °C range in butanol due to its higher boiling point compared to hexane
(Figure S3.2), and the data were corrected for solvent expansion as described in Section S3.2.
To visualize the small changes in the spectrum resulting from heating, Figure 6 shows the
difference between the absorbance measured at temperature, T, and that measured at room
temperature (25 °C). As temperature increases, a GSB signal near 530 nm develops for each
molecule, indicating thermal depopulation of the singlet ground state (Sp). However, no
corresponding ESA signals are produced, suggesting that the T, state does not absorb in
this spectral window. Our quantum chemical calculations (see below) confirm that the T;
state also does not absorb in the region of the Sy GSB. Therefore, the T state is not likely
populated during excited state relaxation, but some other population is responsible for the
ESA signal shown in the TA spectra in Figures 3 and 4.

Note that the absorption spectrum for M1 and M2 did not change before and after
heating (see the roughly flat blue traces in Figure 6a,b), which suggests that the observed
absorbance signals are reversible and that neither M1 nor M2 degraded during the experi-
ments. Additionally, unlike the data in Figure 6, simulated absorption difference spectra
show thermally induced absorbance in the 530-950 nm spectral window (see Figure 54.3).
This mismatch confirms that the signals in Figure 6 do not arise from thermal population
of low-frequency vibrational modes in the S state.
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Figure 6. Temperature-dependent absorption difference spectra for T = 25 °C, 45 °C, 60 °C, and 80 °C,
where AA = A(T) — A(25 °C), of (a) M1 (2.0 mM) and (b) M2 (2.4 mM) in butanol with 1 cm path
length in the 530 to 950 nm spectral window. A concentration-independent y-axis is utilized.

Next, we considered the possibility that the TA signals observed in Figures 3a,b and
4a,b arise from a vibrationally hot ground electronic state (Sp*), which forms via sub-
picosecond nonradiative deactivation of S;. Weinert et al. reported a similar mechanism in
a transient absorption study of a verdazyl monoradical in solution, where the photoexcited
doublet state (D1) was found to internally convert within a few hundred femtoseconds to
form a highly vibrationally excited ground electronic state (Dg*) that then undergoes vibra-
tional cooling within a few picoseconds [27]. Following the procedure reported in that work,
we used the Sulzer-Wieland (5-W) model [64-66] to simulate the temperature-dependent
absorption spectrum of M1 and M2 in each solvent, as detailed in the Supplementary Mate-
rials (see also Figures 54.1-54.3). While the simulated thermal absorption difference spectra
did not match the corresponding TA spectra at early time delays, the TA spectra at late time
delays could be produced using this model (see Figure S4.4). Figure 7 highlights the results
of this analysis, showing that the S-W model effectively describes the TA spectra at late
time delays for M1 and M2 in each solvent. Therefore, we conclude that the excited state of
each diradical relaxes nonradiatively within a few picoseconds to form a vibrationally hot
ground electronic state.

Due to the low Sp-T; energy gaps in M1 and M2, we last considered whether the
steady-state population of ground-state triplets (T1) could be excited by the 510 nm pump
pulse in our TA experiments. The excitation energies obtained from quantum chemical
calculations of the optimized singlet and triplet ground states of M1 and M2 are displayed in
Figure 8, along with their simulated absorption spectra. The calculations predict the lowest
energy singlet transition (Syp — S1) in the visible spectrum near 550 nm for both M1 and M2,
while no triplet excitations were found in this spectral region. These results suggest that the
lowest energy bands seen in the experimental spectra near 510 nm (Figure 2) correspond
specifically to a singlet-singlet transition with charge-transfer character (see Figure S5.1).
We therefore conclude that 510 nm selectively excites the ground state singlet population in
the TA experiments. A similar observation of a spin-specific lowest energy transition was
recently reported by Shimizu et al. for a benzotriazinyl diradical compound [30].



Photochem 2024, 4

412

(a)

(b)

M lecm™)

N

€

. Butanol Hexane
0.1 {a) 0.1 J(c)
0 MM& 0 r&gmm&w
-0.1 Avg. data, 1-5ps -01 Avg. data, 1-5 ps
—— Avg. data, 5- 10 ps — Avg. data, 15— 50 ps
-0.2 -0.2

— Simulation, T=311K

M1

— simulation, T=320k M1

Avg. data, 1-5 ps
— Avg. data, 15— 50 ps

Avg. data, 1- 5 ps
Avg. data, 5- 10 ps

-0.1

=0.051 — simulation, T=313K M2 [ — Simulation, T = 309 K M2
600 700 800 900 600 700 800 900
Wavelength (nm)
Figure 7. Comparison of TA spectra at early and late time delays with simulated thermal absorption
difference spectra calculated using the Sulzer-Wieland model for (a) M1 and (b) M2 in butanol and
(c) M1 and (d) M2 in hexane. Each TA spectrum was obtained by averaging over the indicated
time delays.
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Figure 8. Theoretical UV-VIS spectra from 100 to 1000 nm in 1-butanol of the singlet ground state
and triplet ground state of (a,b) M1 and (c,d) M2, respectively. The inset graphs show a closer view
of their corresponding absorbance spectra. The absorbance bands were simulated using Gaussian
functions with 0.8 eV full width at half maxima (FWHM).

Based on the TA spectroscopy and computational results, we conclude that the early
picosecond signals in the TA spectra of M1 and M2 arise from the S; excited state. Alto-
gether, the TA results reveal the following model for the excited-state decay pathways in
the verdazyl diradicals:

5, 1P g TP g @)

where the S; population relaxes exponentially within a few picoseconds to produce a
vibrationally hot singlet ground state, which vibrationally cools on the tens of picoseconds
timescale. Global analysis of the TA data using a two-state sequential model provides
further support for this model (see Section S6 and Figure 56.1).
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4. Discussion

The solvent-dependent TA spectroscopy results suggest that the S; state in M1 and M2
has charge-transfer (CT) character. Previous studies showed that polar solvents can lower
the CT state energy, resulting in a faster relaxation to the ground state [29,30]. Shimizu
et al. reported this effect in a benzotriazinyl diradical system, where the excited state
lifetime decreased from 1.6 ps to 0.35 ps when increasing solvent polarity from toluene
to acetone [30]. Table 1 and Figure 5 show similar decreases in S; lifetime in M1 and
M2 when switching the solvent from hexane to butanol, suggesting that the S; state in
the verdazyl diradicals also possess CT character. This observation is also supported by
previous work suggesting that the S; state in verdazyl diradicals is ionic due to charge
transfer between the radical-radical centers [17]. Our molecular orbital analysis further
supports the assignment of Sy — S; to a charge-transfer transition for both M1 and M2 (see
Figure S5.1). Furthermore, considering the chemical similarities between the benzotriazinyl
diradical system and our verdazyl diradicals (M1 and M2), along with their analogous S;
excited-state behavior, we propose that symmetry-breaking intramolecular charge transfer
(SBCT), as discussed by Shimizu et al. [30], may be a characteristic pathway of symmetrical
diradical systems.

The drastic difference in the relaxation time for M1 in butanol (1.7 ps) and hexane
(4.84 ps), compared to the modest change seen for M2 (1.18 ps to 1.56 ps), can be understood
by considering differences in their intramolecular geometries. The large difference in
lifetime for M1 suggests that excited-state solvation plays a critical role in CT state relaxation
in this compound. On the other hand, M2 shows a short CT state lifetime irrespective of
solvent polarity, indicating that when the verdazyl units are separated by a methylene
bridge, some other factor plays a greater role in excited state relaxation. The additional
flexibility in the angle between verdazyl groups in M2 suggests that torsional motion may
facilitate access to the Sy state in this compound more than CT state stabilization. These
observations altogether suggest the presence of an S; /Sy conical intersection that mediates
ultrafast internal conversion in our verdazyl diradicals. Although excited-state deactivation
via Cl is typically barrierless, geometry and solvent dependence are known to hinder the
rate of crossing through the CI [29].

Lastly, we highlight the remarkably different deactivation pathways of our singlet
open-shell diradical molecules compared to those established in other carbonyl-containing
singlet closed-shell organic molecules, such as xanthone, benzophenone, and thioxan-
thone [24-26,67,68]. Unlike the single exponential decay seen for internal conversion of the
51 population in M1 and M2 presented in our results, closed-shell ketone-containing com-
pounds typically exhibit biexponential kinetics reflecting ultrafast intersystem crossing, in
accordance with the well-established El-Sayed rules [69]. We propose that in singlet diradi-
cals, the excitonic nature of the Sy — S; transition, in addition to the large S;-T; energy gap,
explains a different paradigm for the photophysical pathways in such open-shell systems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ photochem4040025/s1, Figure S1.1: M1, open-shell singlet ground-
state equilibrium structure; Figure S1.2: M2, open-shell singlet ground-state equilibrium structure;
Figure S1.3: M1, triplet ground-state equilibrium structure; Figure S1.4: M2, triplet ground-state
equilibrium structure; Figure S1.5: Initial guess for open-shell singlet M1 molecule; Figure S1.6:
Initial guess for open-shell singlet M2 molecule; Figure S1.7: Spin density for the initial guess for the
open-shell singlet M1 molecule; Figure S1.8: Spin density for the initial guess for the open-shell singlet
M2 molecule; Figure S1.9: Spin density for verdazyl; Figure S2.1: Power dependent TA spectra of M1
and M2 in butanol; Figure S2.2: Power dependent TA spectra of M1 and M2 in hexane; Figure S2.3:
TA spectra of M2 in hexane shown using more time delays; Figure S2.4: Normalized ESA kinetic data
of M1 and M2; Figure S3.1: Concentration-dependent absorption spectra of M1 and M2; Figure S3.2:
Temperature-dependent absorption spectra of M1 and M2 in butanol; Figure 54.1: Simulated linear
absorption spectra at 300 K of M1 and M2; Figure S4.2: Simulated temperature-dependent linear
absorption spectra of M1 and M2; Figure 54.3: Simulated linear absorption difference spectra of M1
and M2; Figure S4.4: Comparison of simulated linear absorption difference spectra with TA spectra of
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M1 and M2; Figure S5.1: Molecular orbital analysis of the lowest energy singlet-singlet transitions in
M1 and M2; Figure S6.1: Global analysis of the TA data using a 2-state sequential model for M1 and
M2; Table S4.1: Best-fit parameters for the simulated linear absorption spectra at 300 K; Table S6.1:
Lifetimes from global analysis of the TA data for M1 and M2.
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