Downloaded via UNIV OF CINCINNATI on May 29, 2023 at 18:02:19 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCA

Excited-State Intramolecular Proton Transfer in Salicylidene-a-
Hydroxy Carboxylate Derivatives: Direct Detection of the Triplet
Excited State of the cis-Keto Tautomer

Geethika K. Weragoda, Nayera M. Abdelaziz, Dmitrii Govorov, - Rajkumar Merugu,J‘ Leanna ]J. Patton,
Jennifer E. Grabo,” R. A. A. Upul Ranaweera, Anna C. Ratliff, W. Dinindu Mendis, Noha Ahmed,
Katrin H. Vilinsky, Manabu Abe, Michael J. Baldwin, and Anna D. Gudmundsdottir*

I: I Read Online

Article Recommendations |

Cite This: J. Phys. Chem. A 2023, 127, 2765-2778

ACCESS |

ABSTRACT: Excited-state intramolecular hydrogen transfer on o I
o -H o H. o
the triplet surface of salicylideneaniline derivatives has received id \NW v 9 /}“/\)ﬁg ° NW

: = o
much less attention than the corresponding ultrafast process on the @2 T1 of1 ‘ of 1K

singlet surface. To enhance the understanding of this triplet 1 sc
reactivity, the photochemical properties of a series of salicylidene- J

a-hydroxy acid salts with different substituents on the phenol
moiety (1—3) were characterized. UV/vis absorption and
phosphorescence measurements in ethanol revealed that 1-3
exist as both enol and keto tautomers, with the enol form being
predominant. Irradiation of 1 at 310 nm in ethanol glass (77 K)
yielded an absorption band with a A, at ~405 nm, which was
assigned to the trans-keto tautomer (trans-1K). In contrast, laser
flash photolysis of 1—3 in methanol or acetonitrile resulted in a
transient absorption with A, at 440—460 nm. This transient, which decayed on the microsecond timescale and was significantly
shorter lived in methanol than in acetonitrile, was assigned to the triplet excited state (T;) of the cis-keto tautomer (cis-1K—3K) and
residual absorption of trans-1K—3K by comparison with TD-DFT calculations. The assignment of the T, of cis-1K was further
supported by quenching studies with anthracene and 2,5-dimethyl-2,4-hexadiene. Laser flash photolysis of 1 in the temperature
range of 173—293 K gave an activation barrier of 6.7 kcal/mol for the decay of the T, of cis-1K. In contrast, the calculated activation
barrier for cis-1K to undergo a 1,5-H atom shift to reform 1 was smaller, indicating that intersystem crossing of the T of cis-1K is the
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rate-determining step in the regeneration of 1.

1. INTRODUCTION

Hydrogen transfer reactions are of fundamental interest because
of their general importance in chemical and biological processes.
Light can be used to initiate proton transfer in the excited states
of molecules." For example, salicylideneaniline derivatives,
which are Schiff bases with an ortho-phenolic moiety adjacent
to an imino nitrogen atom, undergo excited-state intramolecular
hydrogen transfer (ESIPT). Upon excitation, the phenol proton
is transferred intramolecularly to the imino nitrogen atom,
giving the singlet excited state of the cis-keto tautomer, which
can undergo bond rotation to form the trans-keto tautomer. The
excited keto tautomers decay to their ground states by either
radiative or nonradiative processes, where the proton is again
transferred to reform the enol tautomer (Scheme 1). The cis-
keto tautomer reforms the enol via an intramolecular 1,5-H
atom shift, whereas reformation of the enol from the trans-keto
tautomer involves a solvent-mediated process.

ESIPT in salicylideneaniline derivatives has been widely
investigated.l_4 Because ESIPT on the singlet surfaces of
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salicylideneaniline derivatives is a nearly barrierless process, it
occurs on an ultrafast timescale. The efficiency and rate of
ESIPT make these molecules useful in applications such as
optical data storage, molecular processors, fluorescence cell
imaging, and chemical sensing.””~® The photophysical and
photochemical properties of salicylideneaniline derivatives that
undergo ESIPT have been characterized extensively using
various spectroscopic methods, such as femtosecond laser flash
photolysis and fluorescence, but these studies have mainly
focused on ESIPT in singlet excited states. In contrast, only a few
studies have examined ESIPT in the triplet excited states of
salicylideneaniline derivatives, and it is generally not known
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Scheme 1. Typical ESIPT in Salicylideneaniline Derivatives
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Scheme 2. Structure of the Schiff Bases 1, 2, and 3 Studied in
this Paper, Shown with and without Intramolecular
Hydrogen Bonding (Conformers A and B) and
Corresponding Keto Tautomers (cis- and trans-K)
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which derivatives intersystem cross to their triplet surface or
how efficient their rate of intersystem crossing is.”~* Although
ESIPT on triplet surfaces occurs on a much slower timescale
than that on singlet surfaces, this process has potential utility for
applications such as triplet sensitization and triplet—triplet
annihilation reactions.”*

In this article, we report the photochemical properties of a
series of salicylidene-a-hydroxy acid salts (1—3; Scheme 2), in
which only the presence of electron-donating or electron-
withdrawing groups on the phenol moiety was varied. Using
nanosecond laser flash photolysis, absorption spectroscopy,
phosphorescence, and theoretical calculations, we demonstrated
that upon exposure to light, these molecules undergo eflicient
enol—keto tautomerization through H transfer on the triplet
surface to yield the triplet excited state (T) of the keto tautomer
(K), which has a lifetime of several microsecond in solution and
intersystem crosses to form mainly the cis-keto tautomer (cis-K).
However, the cis-K tautomer was not detectable because it
decays faster than its triplet precursor through a 1,5-H atom shift
to regenerate 1—3.

2. METHODS

2.1. Molecular Modeling. All geometries were optimized at
the B3LYP, M06-2X, or MP2 level of theory with the 6-31 +
G(d) basis set, as implemented in Gaussian16.”* " Transition
states were confirmed to have one imaginary vibrational
frequency by analytical determination of the second derivative
of the energy with respect to the internal coordinates. Intrinsic
reaction coordinate (IRC) calculations were used to verify that
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the located transition states corresponded to the attributed
reactant and product.”””° TD-DFT calculations’"** were also
performed at the B3LYP level of theory with the 6-31 + G(d)
basis set to locate the excited singlet and triplet states of the
ground state minimal energy conformer.”> We used CPCM
solvation to model the absorption of the excited state and
intermediates.”*

DLPNO-CCSD(T)*® and DFT calculations were carried out
in ORCA 4.2.1°"*% with the RIJCOSX approximation for
integrations over Gaussian-type orbitals (described in ORCA
documents). The integration grids used were finer than the
ORCA 4.2.1 default: “Grid4 FinalGridS” for RIJK and “Grid4
FinalGridS GridXS” for RIJCOSX. CPCM has been described
elsewhere.””*

2.2. Laser Flash Photolysis. Laser flash photolysis was
performed using an excimer laser (308 nm, 17 ns) or a Nd:YAG
laser (266 nm, 3 ns). The systems have been described in detail
elsewhere.*"** In a typical experiment, a stock solution of 1-3
was prepared in spectroscopic grade methanol or acetonitrile,
such that the absorption at 308 or 266 nm was between 0.3 and
0.6. Typically, ~1 mL of the stock solution was placed in a 10
mm X 10 mm, 48 mm long quartz cuvette and then purged with
argon or oxygen for S min. The rates were obtained by fitting an
average of two to three kinetic traces.

2.3. Preparation of 1—3. Compounds 1—3 were prepared
using a previously described procedure.” The compounds were
characterized by IR, 'H-, and *C-NMR spectroscopy. The
NMR spectra of 13 fit with those in the literature."’

2.3.1. Sodium Salt of 2-Hydroxy-4-[[(2-hydroxyphenyl)-
methylenelamino]butanoic Acid 1. '"H NMR (400 MHz,
CD,0D): 6 1.80 (m, 1H), 2.10 (m, 1H), 3.70 (t, 2H), 3.95 (t,
1H), 6.72 (m, 2H), 7.22 (m, 2H), 8.45 (s, 1H) ppm. *C NMR
(101 MHz, CD,0D): § 35.7, 53.8, 69.6, 117.1, 117.3, 118.1,
131.5, 132.6, 164.0, 165.7, 179.4 ppm. IR (neat): 3220, 1637,
1590 cm™.

2.3.2. Sodium Salt of 4-[[[3,5-Bis(1,1-dimethylethyl)-2-
hydroxyphenyllmethylenelamino]-2-hydroxy-butanoic Acid
2. 'H NMR (400 MHz, CD,0D): § 1.26 (s, 9H), 1.40 (s, 9H),
1.91 (m, 1H), 2.14 (m, 1H), 3.71 (t, 2H), 4.02 (t, 1H), 7.13 (s,
1H), 7.31 (s, 1H), 8.42 (s, IH) ppm. *C NMR (101 MHz,
CD,0D): §28.4,30.4,33.5,34.4,36.1, 55.3,69.7, 118.0, 125.7,
126.0, 135.8, 139.5, 157.9, 166.5, 179.7 ppm. IR (neat): 3250,
2952, 1588, 1529 cm ™.

2.3.3. Sodium Salt of 4-[[(3,5-Dichloro-2-hydroxyphenyl)-
methylene]Jamino]-2-hydroxy-butanoic Acid 3. '"H NMR
(400 MHz, CD,0D): & 2.05 (m, 1H), 2.17 (m, 1H), 3.82 (t,
2H), 4.05 (t, 1H), 7.26 (s, 1H), 7.40 (s, 1H), 8.43 (s, 1H) ppm.
3C NMR (101 MHz, CD,0D): § 34.5, 50.0, 69.6, 116.2, 117.4,
125.8, 130.2, 133.7, 165.6, 178.6 ppm. IR (neat): 3256, 2923,
1642, 1601 cm™".

3. RESULTS

3.1. UV/Vis Absorption Spectra of 1-3. We used
absorption spectroscopy to determine whether the enol or
keto tautomers of 1—3 (Scheme 2) are predominant in
acetonitrile and ethanol. In dry acetonitrile, 1 and 2 did not
show significant absorption above 370 nm (Figure 1A),
indicating that they exist mainly in their enol forms as the
keto tautomers are expected to be absorbed at longer
wavelengths due to their higher conjugation.” In contrast, 3 in
acetonitrile exhibited significant absorption below 260 nm and
above 350 nm (4, = 425 nm), indicating that both the enol and
keto tautomers are present. However, in ethanol, absorption
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Figure 1. Absorption spectra of 1—3 (0.2 mM) in (a) dry acetonitrile I ' ' ' ' '
and (b) ethanol. 250 300 350 400 450 500
Wavelength [nm]
0.4 —
bands above 400 nm were observed for 1 (Figure 1B), ]
suggesting that its keto tautomers is further stabilized in ethanol, - ]
whereas 2 and 3 have similar absorption in ethanol and :_E' 0.3 : ZZ";?K
acetonitrile. g ] I 3A
To confirm that the absorption at longer wavelengths is due to & o2 ' 3B
the keto tautomers, we compared the electronic transitions 5 ' ]
calculated for cis- and trans-1K—3K and those calculated for 1— = g
3 with and without intramolecular hydrogen bonding (con- g 0.1
formers A and B, respectively; Figure 2). The electronic ]
transitions were calculated using time-dependent density :l 1 || Dl
functional theory (TD-DFT) at the B3LYP level of theory 0.0 S T T
with the 6-31 + G(d) basis set’*** and the conductor-like 250 300 350 400 450 500

polarizable continuum model (CPCM)**** for solvation in both
acetonitrile and ethanol. According to the calculations, the enol
forms of 1—3 do not absorb significantly above 320 nm, whereas
the cis- and trans-keto tautomers have significant absorption
above 370 nm.

3.2. Low-Temperature UV/Vis Absorbance Studies of
1. To verify that 1 is photochromic and forms its keto tautomer
1K upon irradiation, it was irradiated in ethanol glass at 77 K.
The absorption spectrum of 1 has a major absorption band at
~310 nm and a smaller one at 405 nm due to 1K (Figure 1B).
Irradiation of 1 with a 310 nm monochromatic light obtained
from a Xenon lamp (500 W) resulted in gradual growth of the
absorption band at 405 nm as the irradiation time increased
(Figure 3). We assigned this absorption band to trans-1K
(Scheme 3) because the TD-DFT-calculated electron transition
for trans-1K at 404 nm (f = 0.294) corresponds well with the
observed spectra, whereas the major electronic transition for cis-
1K is located at a shorter wavelength of 376 nm (f = 0.206)
(Figure 2). It should be noted that initially the absorbance
maximum is centered at ~420 nm, but upon irradiation, it
increasingly shifts to 405 nm. Therefore, we theorize that upon
exposure to light, trans-1K absorbs to twist or rotate to yield
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Wavelength [nm]

Figure 2. TD-DFT-calculated absorption spectra for enols 1A—3A and
1B—3B and their keto tautomers trans- and cis-1K—3K using CPCM
for solvation in ethanol.

rotamers with slightly different absorption until a photo-
equilibrium is reached. Presumably, the flexible side arm of
trans-1K is involved in forming more stable rotameters,
especially those involving solvation of the NH and CO,
moieties.

3.3. Phosphorescence. To characterize the T, of 1—3 and
the triplet precursors to the keto tautomers (T, of 1IK—3K), we
obtained the phosphorescence spectra of 1—3 in ethanol
matrices at 77 K (Figure 4). These compounds all display dual
phosphorescence, with an intense component at shorter
wavelengths and a significantly weaker component at longer
wavelengths. The phosphorescence at shorter wavelengths has
resolved vibrational features, as typically observed for triplet
excited states with (n,7*) configurations.*” This emission was
assigned to the T; of 1—3 because the energies for the (0,0)
bands fit well with the TD-DFT calculated energies (Table 1).
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We assigned the featureless phosphorescence at longer
wavelengths to the T, of 1K—3K. Because the emission is
weak; it is difficult to estimate its onset accurately. Moreover, the
TD-DFT-calculated energies for the T of cis- and trans-1K—3K
show that the cis-isomer is generally only a few kcal/mol higher
in energy than the trans-isomer (Table 1). Therefore, we could
not determine accurately whether the emission originates from
the trans- and/or cis-isomer, although the calculated energies fit
better with trans-1K—3K. Nevertheless, the phosphorescence
and absorption spectra of 1—3 demonstrate that both the enol
and keto tautomers are present in ethanol glass.

3.4. Laser Flash Photolysis. Because 1—3 and keto
tautomers 1K—3K show phosphorescence, we investigated
whether the corresponding T, could be detected using laser flash
photolysis and attempted to verify that the T, of 1-3 is the
precursor of the T of 1IK—3K. Laser flash photolysis (308 nm)
of 1 in argon- and oxygen-saturated acetonitrile resulted in
transient spectra with a major absorption peak at ~460 nm and a
shoulder at ~300 nm (Figure SA). Similar transient spectra with
a Apa at 460 nm were obtained in hexamethylphosphoramide
(HMPA), whereas in argon- and oxygen-saturated methanol,
the A, was shifted slightly to ~440 nm.

The transient absorption was assigned by comparison with the
TD-DFT-calculated spectra of 1K, the T, of 1, and the T, of 1K
(Figure SB). In the TD-DFT-calculated spectrum (acetonitrile,
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CPCM) of cis-1K, the major electron transition is located at 372
nm (f = 0.2153). Furthermore, as mentioned previously, the
absorption band with a 4., at 405 nm obtained by irradiating 1
in ethanol at 77 K corresponded well to the calculated spectrum
of trans-1K. As these calculated spectra do not correspond well
with the observed spectra, the transient absorption is not due to
cis- or trans-1K. The TD-DFT-calculated absorption spectrum
of the T of cis-1K has major electronic transitions at 305 nm (f=
0.4313), 388 nm (f=0.1608), and 463 nm (f= 0.3078), which
are in excellent agreement with the experimentally observed
spectrum (Figure S). In contrast, the TD-DFT calculations show
that the most significant electron transition for the T, of trans-
1K at longer wavelengths is located at 415 nm (f = 0.2096).
Similarly, the TD-DFT-calculated major electronic transitions
for the T'| of 1A and 1B yield broad spectra between 300 and 600
nm (Figure S1).

To further support the assignment of the observed transient to
the T of cis-1K, a kinetic analysis was performed. The transient
decays in argon-saturated methanol at 300 and 440 nm were
similar, and fitting with a mono-exponential function yielded a
rate constant of 8.5 X 10*s™! (7 ~12 ps; Figure 6A). It should be
noted that the residual absorption did not decay on the
microsecond timescale. In oxygen-saturated methanol, the rate
constant only increased slightly, whereas the yield of the
transient absorbance was smaller, indicating that the precursor
(T, of 1) to the T, of cis-1K is quenched more efficiently by
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Table 1. Phosphorescence Data and Calculated Energies for the T, of 1-3 and T, of 1IK—3K

phosphorescence shorter

phosphorescence longer

wavelength wavelength TD-DFT“(kcal/mol)
compound (nm) (kcal/mol) TD-DFT (kcal/mol) enol (nm) (kcal/mol) cis-K trans-K
1 411 70 70 645 44 S1 43
2 412 69 67 640 45 49 42
3 411 70 68 651 44 49 42

“Energies calculated in ethanol using TD-DFT (B3LYP/6-31 + G(d)) with the CPCM for solvation.
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Figure 5. Transient spectra obtained by laser flash photolysis (308 nm)
of 1 in (a) argon-saturated acetonitrile and (c) argon-saturated
methanol. (b) TD-DFT-calculated spectra of the T, of trans-1K, T, of
cis-1K, trans-1K, and cis-1K in acetonitrile.

molecular O,. It is intriguing that the lifetime of the T of 1K is
not affected more significantly in oxygen; however, to determine
accurately whether it is stable towards oxygen, it would be
necessary to form the T, of 1K directly from 1K but not from the
excitation of 1. The rate constant for the decay at 460 nm in
HMPA was 3.2 X 10°s™" (7 = 3 pis; Figure 6C), and the yield was
reduced in oxygen-saturated solution. In contrast, the decay was
significantly slower in acetonitrile (5.1 X 10° s™}, 7 ~190 us;
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Figure 6. Kinetic traces obtained by laser flash photolysis (308 nm) of 1
in argon- and oxygen-saturated (a) methanol at 440 nm, (b) acetonitrile
at 460 nm, and (c) in argon-, air-, and oxygen-saturated HMPA at 460
nm.

Figure 6B). H-bonding solvents such as methanol and viscous
solvents such as HMPA generally impede 1,5-H atom
shifts;* ™ therefore, the observation that the lifetime does
not increase in methanol or HMPA supports the assignment of
the transient absorption to the T of cis-1K rather than cis-1K. In
addition, as trans-1K in methanol is stable at ambient
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Figure 7. Transient spectra obtained by laser flash photolysis (308 nm)
of (a) 2 and (c) 3 in argon-saturated methanol. TD-DFT-calculated
spectra of (b) the T, of trans-2K, T, of cis-2K, trans-2K, and cis-2K and
(d) the T, of trans-3K, T, of cis-3K, trans-3K, and cis-3K. Laser flash
photolysis of 2 and 3 in acetonitrile and kinetic traces in methanol and
acetonitrile are displayed in Figures S2—S5.
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Table 2. Transient Absorption Lifetimes for the T of cis-1K—
3K in Argon-Saturated Methanol and Acetonitrile

methanol acetonitrile
compound Amax (nM) 7 (us) Ammax (nm) 7 (us)
1 440 12 460 194
2 460 151 460 184
3 460 4 460 13
2) 0.16 5 - Isoprene 0.00 M
] . " 032"
] 062 "
0.12 .
Q 1 141"
% ] 165 "
= 187 "
£ 0087 167
g 247 -
< 004 '
0.00
0 1 2 3 4 5X10_5
Time [s]
4_
b) ] +
3
< h
< 27
1 EL Ag/A = 1.06 x [Isoprene] + 0.76
1 To=1.0-10ns
0_
e e e e e e NS B N B e
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[Isoprene] mol/L

Figure 8. () Kinetic traces at 440 nm obtained by laser flash photolysis
(266 nm) of 1 in argon-saturated methanol with various isoprene
concentrations and (b) corresponding Stern—Volmer plot, where A,
and A are the absorption intensities in the absence and presence of
isoprene, respectively.

temperature and has an absorption band with a 4, at 405 nm,
we assigned the residual absorption to trans-1K.

The transient absorption spectra obtained by laser flash
photolysis of 2 and 3 in argon-saturated acetonitrile and
methanol were similar to those of 1, with a 4, at 440—460 nm
(Figure 7). Furthermore, the observed transients were in
excellent agreement with the TD-DFT-calculated spectra of the
T, of cis-2K and cis-3K. The 4, and lifetimes of the T, of 1K—
3K in various solvents are summarized in Table 2. The lifetime
of T of cis-2K is not affected by solvent, as observed for T of cis-
1K and T of cis-3K, and thus, we theorize that it is stabilized by
both the steric and electron-donating effects of the alkyl
substituents and therefore does not show significant solvation
effects.

3.4.1. Quenching Studies and Stern—Volmer Analysis. To
confirm that the T, of cis-1K is formed from a triplet precursor
(i.e,, T; of 1) rather than by direct excitation of trans-1K or cis-
1K, laser flash photolysis (266 nm) of 1 was performed in the
presence of isoprene as a triplet quencher. The triplet energy of
isoprene has been estimated to be approximately 60 kcal/mol.>"
Therefore, based on the energy levels indicated by the
phosphorescence results, isoprene is expected to quench the
T, of 1 but not the T, of cis- or trans-1K.

The addition of isoprene decreased the absorption intensity,
whereas the lifetime of the T of cis-1K was not significantly
affected (Figure 7A), indicating that isoprene quenches the

https://doi.org/10.1021/acs.jpca.3c00543
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Figure 9. (a) Kinetic traces at 440 nm obtained by laser flash photolysis
(308 nm) of 1 with various anthracene concentrations and (b)
corresponding quenching plot. (c) Kinetic traces at 440 nm with
various 2,5-dimethyl-2,4-hexadiene concentrations and (d) corre-
sponding quenching plot.

precursor (T, of 1). The Stern—Volmer plot yielded a straight
line with a slope of 1.06 M™" (Figure 8). Based on this slope and
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cis-1K (0 kcal/mol)

trans-1K (9 kcal/mol)

Figure 13. Optimized structures of cis-1K and trans-1K (B3LYP/6-31
+ G(d)).
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Table 3. Selected Bond Lengths in the Optimized Structures of 1 and T, of 1 (B3LYP/6-31 + G(d))

} Y e P ’ PY p 3
}f 9 D@2 Ji‘ 9 9 °
LYK J 3 ° : 9 ° s J: 9,
x““) "?11 ] J‘J"‘s 29
,“ba 1&4 ¥ J“J, OJJ‘,
2 2 i »2 @ 9 9
9
Bond lengths S, of 1A T, of 1A T, of cis-1K T, of trans-1K
A)
Oy—Hjy 1.00 0.99 2.00 1.42
0,-C, 1.34 1.36 1.27 1.27
C-C, 1.40 1.39 1.43 1.43
Cs;—Cs 1.41 1.43 1.41 1.41
C—C, 1.42 1.44 1.49 1.49
Ci—Ny; 1.28 1.39 1.36 1.36
Ni;—Hjo 1.72 1.80 1.02 1.01
95
S, of cis-1K
S; of 1A 76
62
59 (70
A 71
TS 46 S, of trans-1K
T,of 1A
T, of cis -1 S, of trans-1K
7
0 2
Soof 1A S of cis-1K

Figure 14. Calculated stationary points on the triplet surface of 1. The calculated energies are in kcal/mol. The energies of the S; and T, (70) of 1 and
the S, of cis- and trans-1K were obtained from TD-DFT calculations, whereas the energies of the Sy and T} (59) of 1, S, of cis- and trans-1K, and the
transition state (TS) were obtained by optimization using B3LYP/6-31 + G(d).

assuming that the quenching is diffusion controlled (k, of 10° to
10"°M~'s71), the lifetime of the T, of 1 can be estimated as 1.0—
10 ns.

Quenching studies were also performed using anthracene,
which is a triplet quencher with a lower triplet energy (43 kcal/
mol*”). As observed with isoprene, the addition of anthracene
decreased the absorption intensity because the precursor of the
T, of cis-1K was quenched (Figure 9a). Furthermore, the
lifetime of the decay was shortened because anthracene could
directly quench the T of cis-1K with a quenching rate constant
on the order of 9.9 X 10’ M™" s™'. However, the quenching
reached a plateau (Figure 9b), indicating that the residual
absorption was not quenched and thus can be attributed to
trans-1K. As fluorescence from anthracene interfered with the
decay on shorter timescales, we also used 2,5-dimethyl-2,4-
hexadiene as a quencher, which has an estimated triplet energy
of 42 kecal/mol.*" As expected, both the T, of 1 and the T of cis-
1K were quenched (Figure 9c), and the quenching rate constant
for the T, of cis-1K with 2,5-dimethyl-2,4-hexadiene was 1.5 X
10" M™' s7! (Figure 9d), which is comparable to that with
anthracene. Thus, the quenching studies provide additional
support to the hypothesis that the transient absorption is mainly
due to the T, of cis-1K as well as a small amount of trans-1K.

3.4.2. Arrhenius Plots. To determine the activation barrier for
the decay of the transient absorption, temperature-dependent
laser flash photolysis experiments (266 nm) were performed in
ethanol. Based on the kinetic traces at 440 nm, the lifetime of the
T, of cis-1K increased as the temperature decreased from 293 to
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173 K. The Arrhenius equation gives the dependence of the rate
constant k of a chemical reaction on the absolute temperature T
(K), where A is the pre-exponential factor, E, is the activation
energy, and R is the universal gas constant:

k= A B/RT

Thus, by plotting In(kypservea) Versus 1/T, the activation
energy can be determined from the slope. The activation
energies determined from the kinetics at 440 nm was 6.7 kcal/
mol (Figure 10). We assigned the measured activation energy to
the barrier for intersystem crossing from the T of cis-1K to cis-
1K, that is, the rotation required to obtain a conformer of the T,
of ¢is-1K that can undergo intersystem crossing.

3.5. Calculations. We performed DFT calculations to
support the formation mechanism for the T, of 1K—3K and
1K—-3K from 1-3 and to verify the suggestion that the rate-
determining step is the intersystem crossing of the T, of K to
form cis-K as cis-K undergoes an efficient 1,5-H atom shift to
regenerate 1—3. All the structures were optimized using
Gaussian16 at the B3LYP level of theory with the 6-31 +
G(d) basis set.” >

The optimized ground state (S,) of 1 has several minimal
energy conformers (Figure 11). Conformer 1A, which is the
minimum energy conformer, has an intramolecular hydrogen
bond between Ph-OH and the imine moiety. There are several
other conformers with intramolecular hydrogen bonds because
the alkyl side chain of 1 is flexible. Conformer 1B, which does
not have an intramolecular hydrogen bond, is 18 kcal/mol less

https://doi.org/10.1021/acs.jpca.3c00543
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Figure 15. Calculated (B3LYP/6-31 + G(d)) rotational barriers
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Scheme 4. 1,5-H atom shift to regenerate 1 from cis-1K

OH OH

. (0]
o H\N/\/l\ﬂ/o OH N/\)\H/
1,5 H shift (0]

Table 4. Calculated Transition State Barriers for
Regenerating 1—3 through a 1,5-H Atom Shift

B3LYP-
calculated transition B3LYP/ D3/ DLPNO-
state barrier for 1,S-H ~ 6-31 + def2-  CCSD(T)/
atom shift (kcal/mol)®  G(d)  TZVP® CBS” M062X MP2
cis-1K 2.4 1.7 4.3 0.7 0.4
cis-2K 2.5
cis-3K 3.3

“With zero-point energy corrections. ®Methanol solvation.

Table 5. Relative Energies (kcal/mol) of cis-1K, trans-1K, and
1 Calculated Using the CPCM for Solvation in Acetonitrile

method cis-1K trans-1K 1
B3LYP-D3BJ/def2-TZVP 0 5.6 1.1
DLPNO-CCSD(T)/CBS 22 7.7 0

stable than conformer 1A, highlighting the importance of
intramolecular hydrogen bonding for stabilizing 1 in the gas
phase. However, in solvents such as methanol, intermolecular
hydrogen bonding with the solvent molecules is expected to
stabilize conformers that do not have intramolecular hydrogen

bonds.
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a)

Figure 16. (a) 1 and (b) trans-1K with attached solvent (methanol)
molecules.

TD-DFT calculations using CPCM for solvation in
acetonitrile located the first excited singlet state (S;) of 1A at
95 kcal/mol and the T, of 1A at 70 kcal/mol above the S;. We
also optimized the T of 1A and found that it is located 59 kcal/
mol above its S,. Similarly, TD-DFT calculations located the S,
of 1B at 100 kcal/mol and the T of 1B at 72 kcal/mol above the
So, whereas the optimized structure was 49 kcal/mol above the
Sy of 1B. Spin density calculations demonstrated that the
unpaired spin is mainly localized on the N atom, with a smaller
amount on the C=N carbon atom and the phenyl group
(Figure 12). Thus, the spin density calculations indicate that the
T, of 1 has an (n,7*) configuration, which is consistent with the
phosphorescence results. It is well documented that B3LYP
underestimates the energies of triplets with (nz*) config-
urations;>" thus, it is reasonable that the energies obtained by
optimization were lower than those obtained from the TD-DFT
calculations.

The optimized S, of cis-1K and trans-1K were located at —2
and 7 kcal/mol relative to the S, of 1A (Figure 13). Thus,
although cis-1K is stabilized by intermolecular hydrogen
bonding, the energy difference between the tautomers with
and without intramolecular hydrogen bonding is less than that
between 1A and 1B, presumably because of the steric demand of
the cis alignment, which is also reflected by the intramolecular
hydrogen bond being longer in cis-1K than in 1A (Table 3). For
cis-1K and trans-1K, TD-DFT calculations located the S, at 76
and 71 kcal/mol, respectively, and the T, at 51 and 43 kcal/mol,
respectively, above the S,

The optimized structures of the T, of cis-1K and the T, of
trans-1K are both located at 46 kcal/mol above the S, of 1.
These calculations imply that intramolecular hydrogen bonding
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Scheme 5. ESIPT on the Triplet Surface of T, of 1 to Form cis- and trans-1K
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is significantly weaker in the T of cis-1K than in 1A and cis-1K,
as further highlighted by the hydrogen bond length of 1.99 A.
Spin density calculations showed that the unpaired electrons in
the T, of cis- and trans-1K are delocalized over the keto C=0
group, the imine moiety, and the aromatic ring.

The calculated stationary points on the triplet surface of 1 for
the formation of the T of 1K, cis-1K, and trans-1K are displayed
in Figure 14. The transition state for intramolecular H-atom
abstraction in T; of 1 to form the T, of 1K was located 62 kcal/

2774

mol above the S, of 1; hence, the transition state barrier to form
the T, of cis-1K is ~3 kcal/mol. It should be noted that
optimized structure of S, of cis-1K is 1.57 kcal/mol more stable
than S, of 1A; however, the energy difference is within
uncertainty of the calculations.

We calculated the rotational barriers for rotation around the
C,—C;—C,,—N,; dihedral angle of cis-1K and the T of cis-1K
(Figure 15). For the T, of cis-1K, the maximum rotational
barrier was 19 kcal/mol, which corresponds to breaking of the
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intramolecular hydrogen bond. The rotational barrier for cis-1K
was considerably higher (29 kcal/mol), indicating that rotation
in the triplet excited state is more efficient than in the ground
state.

Finally, we calculated the transition state of cis-1K to
regenerate 1 through a 1,5-H atom shift (Scheme 4). The
B3LYP/6-31 + G(d) calculation located the transition state at
2.4 keal/mol (with zero point energy correction). Although this
energy is lower than the measured activation barrier for the
decay of the T, of cis-1K, which is consistent with the decay
being due to intersystem crossing, it is within the estimated error
of the calculations. We attempted to use different theories and
basis sets to improve the accuracy of the transition state barrier
calculation (Table 4). The M062X/6-31 + G(d) calculation
placed the transition state barrier for cis-1K at 0.7 kcal/mol
above the S of 1, whereas MP2 placed the transition state at 0.4
kcal/mol.

Similar to the correlation-consistent composite approach,”*>*
DLPNO-CCSD(T)/CBS single-point energy calculations were
carried out for structures optimized using the B3LYP*/def2-
TZVP” method. B3LYP/def2-TZVP zero-point energies and
Grimme dispersion corrections™® with Becke—Johnson damp-
ing*® were used. The extrapolation of the DLPNO-CCSD(T)
energies to the complete basis set was performed as follows:

3 3
CBS E(ny)n{ — E(n,)n;
Ege = (‘):7&’1 for the Hartree—Fock energy,”” and
n—
PR _ yPp(r)
Bs _ X'EX) _v/E . .
EccmS = S en T Zen for the correlation energy®® using 4 = 3.05

x/ —y?
as advised in the ORCA 4.2.1 reference manual.’”** Augmented
triple- and quadruple-exponent correlation-consistent basis
sets’’ were used in conjunction with the corresponding auxiliary
sets’” supplied with ORCA 4.2.1.°7°¢

Thus, our approach demonstrates that the 1,5-H atom shift is
nearly barrierless as the barrier height is comparable to the
intrinsic approximation error of the DFT or DLPNO-CCSD-
(T)/CBS methods. Furthermore, the calculated transition state
barrier for the T, of cis-1K to reform 1 is on the same order as
those reported by Ortiz-Sanchez et al. and Sporkel et al. for the
cis-keto tautomer of salicylideneaniline.”*®*

Furthermore, coupled cluster calculations (Table 5) indicated
that 1 is 2.2 kcal/mol more stable than cis-1K, which makes the
enol form more favorable in solution. Although the calculations
show that trans-1K is higher in energy than 1, we theorize that
trans-1K is better stabilized by solvents because it has an
additional hydrogen bonding site (Figure 16).

4. DISCUSSION

The photolysis of 1—3 results in intramolecular H-atom
abstraction on the triplet surface to form the T, of the
corresponding cis-K (Scheme S). The T, of cis-K presumably
intersystem crosses to cis-K, but the rate of intersystem crossing
is slower than the rate of the 1,5-H atom shift; thus, cis-K is not
observed by laser flash photolysis. Similarly, it can be theorized
that the T, of cis-K can rotate and intersystem-cross to form
trans-K, although trans-K can also be formed via the singlet
reactivity of 1—3. The substituents on the phenol ring in 1-3 do
not significantly affect their photochemistry or keto tautome-
rization. However, it can be theorized that the T, of cis-3K
decays more efficiently because chlorine as a heavy atom
promotes intersystem crossing.

The phototautomerization of 1—3 is similar to that of ortho-
hydroxyacetophenone derivatives, which undergo phototauto-
merization on the triplet surface upon direct irradiation.”* In
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Scheme 7. Photoenolization of S and 6
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addition, the phototautomerization of 1—3 shows some
similarity to the photoenolization of o-alkyl-substituted
arylketones (Scheme 6).*% Intramolecular H-atom abstraction
on the single surface of o-alkyl aryl ketones yields the
corresponding cis-photoenols, which are short-lived and reform
the starting material through an efficient 1,5-H atom shift. In
comparison, H-atom abstraction on the triplet surface generally
yields biradicals that intersystem cross to yield both cis- and
trans-photoenols. It should be noted that these triplet biradicals
can also be referred to as the triplet excited states of the
photoenols. Because trans-photoenols are long-lived, they have
various applications in synthesis and as photoremovable
protecting groups.6 ’

Furthermore, the intersystem crossing of the triplet excited
state of some photoenol derivatives has been reported to be
slower than the 1,5-H atom shift of the corresponding cis-
photoenols. In detail, the triplet excited states of cis- and trans-
photoenols (T, of SE and 6E), formed by intramolecular H-
atom abstraction in ketones 5 and 6, are longer-lived than the
corresponding cis-photoenols (cis-SE and cis-6E), which decay
through an efficient 1,5-H atom shift (Scheme 7). Laser flash
photolysis of ketones 5 and 6 allows for the direct detection of
trans-SE and trans-6E but not cis-SE and cis-6E in solvents such
as methanol and acetonitrile.” However, in more viscous
HMPA, the 1,5-H atom shift in cis-SE and cis-6E becomes slower
than the intersystem crossing of the T, of SE and 6E. For the T
of SE, the activation barrier for intersystem crossing was
measured to be 4.7 kcal/mol, which is on the same order as that
for the T, of cis-1K.

Finally, the transient absorption obtained by laser flash
photolysis of 1—3 on nanosecond timescales is similar to that
reported for Schiff base derivatives®® in terms of both absorption
maxima and lifetimes. These transients were assigned to twisted
enols as they are not quenched by molecular oxygen; however,
because the absorption of the T, of 1K is directly quenched by
triplet quenchers, it does not correspond to a twisted conformer
of 1.

5. CONCLUSIONS

Upon irradiation, 1—3 form the corresponding T, which
undergoes efficient intramolecular H atom transfer to form the
T, of cis-K. The T, of K decays by intersystem crossing to mainly
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form cis-K, which cannot be detected directly because an
efficient 1,5-H atom shift occurs to reform 1—3. The T of cis-1K
is not quenched efficiently by molecular oxygen, but its triplet
character was verified by quenching studies with triplet
quenchers. Thus, Schiff bases, such as 1—3, have the potential
to be used as triplet sensitizers or photocatalysts, although it is
still not well-established which Schiff bases undergo ESPIT on
their triplet excited state.
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