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Photochromism of phenazine-2,3-diol derivatives
through excited state intermolecular proton
transfer based on keto—enol tautomerizationt
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Kumpei Kozuka, Naoki Kaneda, Masahiro Yamamoto,
and Yousuke Ooyama = *

Photochromism through excited-state intermolecular proton transfer (ESInterPT) processes based on
keto—enol tautomerization was found in phenazine-2,3-diol PD1 and its monoalkoxy derivative PD2 in a
glassy matrix at 77 K: the colorless solutions of enol forms PD1-E and PD2-E at 298 K transformed into
orange-colored solutions of keto forms PD1-K and PD2-K upon photoirradiation (1 = 385 nm) at 77 K.
Furthermore, this report is the first to achieve the single-crystal X-ray structural analyses of phenazine-
2,3-diol PD1 and its monoalkoxy derivative PD2, since the report on the synthesis of PD1 70 years ago.
Indeed, it was found that PD1 and PD2 molecules exist in the keto form (PD1-K) and the enol form (PD2-
E), respectively, in the crystal, and the neighboring PD1-K and PD2-E molecules are linked by one-dimen-
sional intermolecular NH---O and OH---N hydrogen bonding, respectively. The fact suggests strongly that
for PD1 and PD2, the formation of continuous intermolecular hydrogen bonding in aggregates such as in
a glassy matrix at 77 K is involved in the keto—enol tautomerization of phenazine-2,3-diol derivatives
based on ESInterPT. More interestingly, the color and the photoabsorption spectrum of the solids
obtained by sublimation of crystals of PD2-E are similar to those for the crystals of PD1-K, indicating that
the PD2 molecule exists in the keto form (PD2-K) in the solid of the sublimate. Therefore, this study pro-
vides a valuable insight for a greater understanding of the keto—enol tautomerization of diazaacene-diol

rsc.li/obc

Introduction

Excited-state proton transfer (ESPT)" is a fundamental process
in chemistry and biology that has gained significant attention
due to its diverse applications,” including in white light-emit-
ting diodes (LEDs),* light-driven proton pumps by bacteriorho-
dopsin,* and fluorescent protein-based biosensors for cation
detection.’ From a molecular structure perspective, the ESPT
process can be classified into intramolecular and inter-
molecular proton transfer processes (ESIntraPT and ESInterPT,
Scheme 1). In most cases, these processes are caused by tauto-
mer species possessing different electron density distributions
such as keto-enol tautomerization.® If the keto-enol tautomer-
ization based on the ESPT processes occurs in a chromophore,
such a dye molecule can induce a color change due to alterna-
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derivatives and their photophysical properties in the solution and in the solid state.

tion of the = electronic state, that is, so-called photochromism.
In addition, tautomerization in a fluorophore often induces a
significant redshift in the fluorescence wavelength, leading to
a substantial Stokes shift (SS) in the range of
6000-12 000 cm™". However, the ESIntraPT process requires
the presence of intramolecular hydrogen bonding between
proton donor and acceptor groups, that is, it is limited to
molecules containing 5- or 6-membered ring hydrogen
bonding structures, such as 3-hydroxyflavone,” 2-hydroxyben-
zophenone,? and 2-(2"-hydroxyphenyl)benzothiazole
(Scheme 1a).” On the other hand, the ESInterPT process has
been found in molecules without 5- or 6-membered ring
hydrogen bonding structures, including 3-hydroxy-2-naphtha-
nilide,'® lumazine,'" anthracen-2-yl-3-phenylurea,'* 7-hydroxy-
quinoline,”®  7-azaindole," and  2-hydroxyphenazine
(Scheme 1b and c)."> Among them, Ogawa et al. revealed that
2-hydroxyphenazine exhibits photochromic properties by
ESInterPT:"® when a 2-methyltetrahydrofuran (2-MeTHF) solu-
tion containing 2-hydroxyphenazine was irradiated with UV
light at 365 nm at 77 K, a new photoabsorption band appeared
in the long-wavelength region (ca. 450-600 nm) with a decrease
in the absorbance of the short-wavelength photoabsorption
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Scheme 1 Schematic representation of (a) ESIntraPT for 2-(2'-hydroxy-
phenyl)benzothiazole, (b) ESInterPT for 7-azaindole, and (c) ESInterPT
for 2-hydroxyphenazine.

band (ca. 400-450 nm). Indeed, the color changes from pale
yellow to purple-red with UV light irradiation. They proposed
that the color change was due to the ESInterPT from the enol
(E) to the keto (K) forms in hydrogen-bonded aggregates,
because the long-wavelength photoabsorption bands are
assigned to the keto (K) form (Scheme 1c). Moreover, it has
been reported that the keto-enol tautomerization of 7-hydroxy-
quinoline (7HQ) takes place through the ESPT along a hydro-
gen-bonded ammonia wire and a hydrogen-bonded alcohol
chain which is mediated by protic solvent molecules."®
However, studies based on experimental data for photochro-
mism through the ESInterPT process are limited.

In our previous study,'” we designed and developed phena-
zinone derivatives PZ1 and PZ2 having a similar structure to
the keto form of phenazine-2,3-diol PD1 and its monoalkoxy
derivative PD2, respectively (Fig. 1 and 2). It was found that in
THF, PZ1 and PZ2 exhibited an intense photoabsorption band
(photoabsorption maximum 4225 = ca. 480 nm and the molar
extinction coefficient (g) = ca. 11000 M™' em™") originating
from the phenazinone skeleton, while PD1 showed a weak
photoabsorption band with an & of ca. 1700 M™' cm™ at
around 480 nm which is assigned to the formation of phenox-
ide ions by the partial deprotonation of the hydroxy groups.'®

HO Ny HO Ny _o._o Ny
SO0 OO OO
PD1 PD2 PD3
oA oA
Hojij[\wj@ \o/\ojs[\wj@
PZ1 PZ2
Fig. 1 Chemical structures of phenazine-2,3-diol derivatives PD1-3

and phenazinone derivatives PZ1 and PZ2.
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Scheme 2 Synthetic routes to PD1-3.

This decisive result inspired us to explore the possibility of
ESPT in phenazine-2,3-diol derivatives which would offer an
important insight into the photochromism of diazaacene-diols
such as diaza-naphthalene and diaza-anthracence derivatives
with two hydroxy groups.

For this purpose, in this study, we performed photo-
absorption and fluorescence spectral measurements of phena-
zine-2,3-diol derivatives PD1-3 in solution, a glassy matrix at
77 K, and the solid state, in comparison with those of phenazi-
none derivatives PZ1 and PZ2 (Fig. 1 and Scheme 2, see the
ESIT for a detailed synthetic procedure). It is expected that PD1
and PD2 with hydroxy groups will exhibit photochromic pro-
perties based on keto-enol tautomerization similar to 2-hydro-
xyphenazine possessing ESInterPT, whereas PD3 without
hydroxy groups does not show such photochromic character-
istics. Meanwhile, this report is the first to achieve the single-
crystal X-ray structural analyses of PD1 and PD2, although the
synthesis of PD1 was reported 70 years ago and its characteriz-
ation was finally determined by NMR spectral analysis 15 years
ago.'® Indeed, it was found that the PD1 molecule exists in the
keto form (PD1-K) in the crystal, but the PD2 molecule exists
in the enol form (PD2-E) in the crystal (Fig. 2). Herein, we
report an investigation of the photochromic properties of PD1
and PD2 through the ESInterPT processes based on keto-enol
tautomerization.

Results and discussion
Optical properties

The photoabsorption and fluorescence spectra of PD1-3, PZ1,
and PZ2 in THF are shown in Fig. 3, and their optical data are
summarized in Table 1. PD1-3, PZ1, and PZ2 showed a moder-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Photoabsorption and (b) fluorescence (A°* = 390 nm for PD1,
385 nm for PD2, 385 nm for PD3, 378 nm for PZ1, and 361 nm for PZ2)
spectra of PD1-3, PZ1, and PZ2 (1.0 x 10~* M) in THF.

Table 1 Optical data of PD1-3, PZ1, and PZ2 in THF

Dye 2258 /nm (/M em™) 8 J/nm (@49 n°/ns
PD1 390 (17 500) 440, 555 (<0.02) 2.13, 3.54°
480 (1700) 558 (0.09) 2.897
PD2 385 (15 500) 443 (<0.02) 2.41°
PD3 385 (16 500) 443 (<0.02) 2.70°
PZ1° 378 (15 700) 554 (003) 3.407
478 (10 900)
Pz2° 361 (10 500) 579 (0.04) 3.267
487 (8300)

“Fluorescence quantum yields (A* = 390 nm and 480 nm for PD1,
385 nm for PD2, 385 nm for PD3, 378 nm for PZ1, and 361 nm for
PZZ) were determlned using a callbrated 1ntegrat1n% sphere system.

Fluorescence lifetimes. ©Photoexcited at 366 nm. “Photoexcited at
451 nm. ¢ In our previous study."’

ate and narrow photoabsorption band (4255 = 361-390 nm and
an ¢ of ca. 10500-17 500 M~ " em™), which is assigned to the
So — S3 (mn*) transition originating from the phenazine skel-
eton or a partial phenazinone skeleton through time-depen-
dent density functional theory (TD-DFT) calculations (Fig. 16,
Table S13, and Fig. S267%) as discussed later. Moreover, PD1,
PZ1, and PZ2 exhibited another 13’ at longer wavelength
regions: a broad photoabsorption band with an e of 1700 M™"

1 at 480 nm for PD1, an ¢ of 10900 M™* cm™ at 478 nm
for PZ1, and an ¢ of 8300 M™* cm™ at 487 nm for PZ2. The
TD-DFT calculations revealed that for PZ1 and PZ2, the photo-
absorption band in longer wavelength regions is due to the S,
— S; (nn*) transition originating from the phenazinone skel-
eton (Table S13 and Fig. S261). On the other hand, for PD1,
the weak photoabsorption band at around 480 nm is ascrib-
able to the formation of phenoxide ions by the partial deproto-
nation of the hydroxy groups (Fig. 5)."”'® Indeed, as evidence
of the formation of phenoxide ions, for PD1, an increase in the
absorbance at around 480 nm was observed with increasing
water content in the THF solution (Fig. 4a); meanwhile, when
water was added to the THF solution of PD2, a photo-
absorption band appeared at 480 nm and the absorbance
increased with the increase in water content (Fig. 4b). On the
other hand, such a photoabsorption spectral change was not

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Photoabsorption spectra of (a) PD1 and (b) PD2 (5.0 x 10> M) in
THF containing water (0-75 vol%). Fluorescence spectra (1 =
390-394 nm for PD1 and 386-387 nm for PD2) of (c) PD1 and (d) PD2
(5.0 x 1075 M) in THF containing water (0—75 vol%).

observed upon addition of water to the THF solution of PD3
(Fig. S30at). Moreover, for the DMSO solution of PD1 and
PD2, the photoabsorption band at around 480 nm increased
upon addition of NaOH aq. and decreased upon addition of
HCI aq. (Fig. S28d and S29dt), which suggests an increase and
a decrease in phenoxide ions, respectively. On the other hand,
such a photoabsorption spectral change was not observed in
the DMSO solution of PD3 upon addition of HaOH aq. or HCI
aq. (Fig. S30ct). Evidently, these results indicate that the
enhancements of the absorbance at around 480 nm upon the
addition of water to the PD1 and PD2 solutions are attributed
to the formation of the phenoxide ion species PD1-P and PD2-
P with the partially deprotonated hydroxy moiety (Fig. 5), as
discussed later in "H NMR spectral measurements. Thus, for
PD1, the reasonable reason for the appearance of the photo-
absorption band originating from the phenoxide ions in absol-
ute THF could be attributable to the contribution of PD1-P’
with intramolecular hydrogen bonding and/or intramolecular
proton transfer (Fig. 5a), leading to stabilization of the phenox-
ide species by charge dispersion.*’

In the corresponding fluorescence spectra upon photo-
excitation (4°) at 361-390 nm (Fig. 3b), PD1, PD2, and PD3

(a) (b)

o — D000 — $000] el

PD1-P PD2-P

Fig. 5 Chemical structures of phenoxide ions (a) PD1-P, PD1-P’, and (b)
PD2-P.
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showed a fluorescence maximum (4% ,) at around 440 nm orig-
inating from the phenazine skeleton, and PZ1 and PZ2 showed
a A1 at around 554-579 nm originating from the phenazi-
none skeleton. It should be noted here that PD1 exhibited
another fluorescence band with A at 555 nm and its fluo-
rescence intensity increased with increasing water content in
THF solution (Fig. 4c), as in the case of photoabsorption
spectra. Similarly, for PD2, the appearance of a fluorescence
band with A at 579 nm upon addition of water to the THF
solution and the enhancement of fluorescence intensity with
the increase in water content were observed (Fig. 4d).
Furthermore, for PD1 in THF with and without water and PD2
in THF with water, fluorescence bands at 550-580 nm were
also observed with 1°* at 480 nm for PD1 and at 463-497 nm
for PD2 (Fig. S28 and S297). Therefore, based on these results,
the fluorescence bands of PD1 and PD2 at 550-580 nm can be
assigned to fluorescence emission originating from their phen-
oxide species PD1-P (PD1-P’) and PD2-P (Fig. 5). Interestingly,
the fluorescence quantum yields (&g < 0.04 for PD2, PD3, PZ1
and PZ2) for the fluorescence band originating from the phe-
nazine or phenazinone skeleton are considerably lower than
that (&g = 0.09 for PD1) for the fluorescence band originating
from phenoxide species (Table 1). Furthermore, the formation
of the phenoxide ion species PD1-P and PD2-P with the par-
tially deprotonated hydroxy moiety, that is, the existence of the
enol (PD1 and PD2)-phenoxide ion (PD1-P and PD2-P) equili-
brium is evident from the temperature-dependent photo-
absorption and fluorescence spectral measurements of PD1-3
in 2-methylTHF (2-MeTHF). For the solutions of PD1 and PD2,
the photoabsorption and fluorescence bands originating from
phenoxide species in a longer wavelength region decrease with
decreasing temperature, but for PD3, the photoabsorption and
fluorescence bands originating from the phenazine skeleton
monotonically increase with increasing temperature (Fig. S32-
S34%).

The time-resolved fluorescence lifetime measurements
demonstrated that the fluorescence lifetime (zp) values of
PD1-3, PZ1, and PZ2 were estimated to be 2.13 ns (Al =
440 nm) and 3.54 ns (A1, = 555 nm) with A" at 366 nm and
2.89 ns (A1 . = 558 nm) with A at 451 nm for PD1, 2.41 ns
(4% = 366 nm) for PD2, 2.70 ns (** = 366 nm) for PD3, 3.40 ns
(A* = 451 nm) for PZ1, and 3.26 ns (A = 451 nm) for PZ2
(Table 1 and Fig. S357). The fact clearly indicates that the phe-
nazine-2,3-diol and phenazinone derivatives in solvent at room
temperature (298 K) exhibit fluorescence emission properties
with the 7 values in the order of ns.

'H NMR spectral measurements

In order to determine the chemical species of PD1 and PD2 in
solvent, we performed "H NMR spectral measurements on PD1
and PD2 in THF-dg with and without the addition of deute-
rated water (D,0), in comparison with those on PZ1 and PZ2
(Fig. 6 and $9-S147). The "H NMR spectra of PD1 in THF-dg
both with and without the addition of D,O are broadened
(Fig. 6a). On the other hand, the "H NMR spectra of PD2 show
sharp signals in THF-dg without D,O, but they become broad
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Fig. 6 H NMR spectra of (a) PD1 in THF-dg without D,O and with
25-75 vol% D,O content and PZ1 in THF-dg and (b) PD2 in THF-dg
without D,O and with 25-75 vol% D,O content and PZ2 in THF-ds.

signals upon the addition of D,O to the THF-dg solution
(Fig. 6b). Meanwhile, the '"H NMR spectra of PD1 and PD2 are
totally different from those of PZ1 and PZ2 which show sharp
signals: the chemical shifts (5) of the proton (H,) adjacent to
the hydroxy group at 7.1-7.3 ppm and the proton (Hg) adjacent
to the methoxymethoxy group at 7.4-7.6 ppm for PD1 and PD2
show a considerable downfield shift, compared to the corres-
ponding ones (the a-proton (H,) of the carbonyl moiety at
6.1-6.3 ppm and the proton (H;) adjacent to the hydroxy group
at 6.8-7.0 ppm) for PZ1 and PZ2. Moreover, it is worth men-
tioning here that for PD1 and PD2, the ratio of the integrated
signal of H, decreases with an increase in D,O content in the
THF-dg solution (the integrated intensity of H, = 1, 0.84, 0.82,
and 0.78 for 0, 25, 50 and 75 vol% water content, respectively),
indicating hydrogen/deuterium exchange (H/D exchange)
between D,O and the enolate ion Keto 1 in a resonance
hybrid, as shown in Scheme 3, that is, phenoxide ions (PD1-P
and PD2-P), Keto 1 and the phenazinone structure Keto 2 are
present as keto-enol anion resonance structures formed
through the enol-enolate ion equilibrium. The fact indicates
that not only do PD1 and PD2 exist mainly as the phenoxide

- Enolate ions

: o ° i
H,00rD,0 GOJ;A/[/V:@ O AN o. N i
=2 RO — X0 — 000 |

| ro Sw rO”T NSy RO S H

PD1E:R=H ] Phenoxide Keto 1 Keto 2
PD2:E: R = CH,0CH; PD1P

PD2-P
oA
o N
O
RO N

— LYY R
Scheme 3 Proposed mechanism for the formation of deuterated PD1-
D and PD2-D by hydrogen/deuterium exchange through the enol-
enolate ion equilibrium.

00
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ion and the diol or mono-ol structure through the enol-
enolate ion equilibrium between them, respectively, but also
Keto 2 is the most minor contributor in the resonance hybrid
and thus the formation of the phenazinone structure is negli-
gible in the solutions. Not surprisingly, such H/D exchange
was not observed in the case of PD3 (Fig. S147).

ESInterPT and photochromic properties

In order to investigate the ESInterPT and photochromic pro-
perties of phenazine-2,3-diol (PD1) and its alkoxy derivatives
(PD2 and PD3), we conducted photoabsorption and photo-
luminescence spectral measurements of PD1-3, PZ1, and PZ2
in 2-MeTHF at room temperature (298 K) and in a glassy
matrix of 2-MeTHF at 77 K (Fig. 7) before and after photoirra-
diation with monochromic light at 385 nm. The photo-
absorption and photoluminescence spectral properties of
PD1-3, PZ1, and PZ2 in 2-MeTHF at 298 K were similar to
those in THF at 298 K (Fig. 3 and 7). Meanwhile, the photo-
absorption spectra of PD1-3, PZ1, and PZ2 at 77 K were
similar to those at 298 K, but they exhibited a vibronically-
structured photoabsorption band (Fig. 7a, c, e, g, and i).
Interestingly, for PD1, the broad photoabsorption band at
480 nm disappeared at 77 K (Fig. 7a), indicating a complete
shift in the enol-enolate ion equilibrium from the enolate ion
form (PD1-P) to the enol form (PD1-E) (Scheme 3). It is worth
noting here that upon photoirradiation (4 = 385 nm) at 77 K,
the photoabsorption spectra of PD1 and PD2 exhibited new
vibronically-structured photoabsorption bands in the range of
400 nm-550 nm (Fig. 7a and c) which are similar to those of
PZ1 and PZ2, whereas the photoabsorption spectra of PD3,
PZ1, and PZ2 did not undergo appreciable changes in the
absorbance and shape (Fig. 7e, g, and i). This result indicates
the formation of keto forms PD1-K and PD2-K upon photoirra-
diation at 77 K, that is, the photochromism of PD1 and PD2
through the ESInterPT processes based on keto-enol tautomer-
ization from PD1-E and PD2-E to PD1-K and PD2-K, respect-
ively (Fig. 2). Actually, upon photoirradiation (1 = 385 nm) at
77 K, the colorless solutions of PD1 and PD2 transformed into
orange-colored solutions (Fig. 8a-f), which are similar in color
to the solutions of PZ1 and PZ2 (Fig. S41 and S421). When the
orange-colored solutions were left to stand at room tempera-
ture, they recovered to their original colorless form. On the
other hand, PD3 solution remained colorless even after photo-
irradiation (4 = 385 nm) at 77 K (Fig. 8g-i).

The photoluminescence spectral measurement before and
after photoirradiation at 77 K provided conclusive evidence for
the formation of keto forms of PD1 and PD2 based on keto-
enol tautomerization. Indeed, in the corresponding photo-
luminescence spectra of PD1 and PD2, new vibronically-struc-
tured photoluminescence bands appeared in the range of
500-750 nm after photoirradiation (4 = 385 nm) at 77 K,
although they are also observed before photoirradiation (1 =
385 nm) because of the photoabsorption bands at 400-550 nm
(Fig. 7a and c) which emerged upon photoexcitation (A= =
400 nm for PD1 and 395 nm for PD2) during the photo-
luminescence spectral measurement. For PD3 at 77 K, a new

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Photoabsorption and photoluminescence spectra of (a and b)
PD1 (¥ = 389-400 nm), (c and d) PD2 (1** = 384-395 nm), (e and f)
PD3 (4°* = 385 nm), (g and h) PZ1 (1** = 379-386 nm), and (i and j) PZ2
(%% = 372-383 nm) in 2-MeTHF (1.0 x 10~* M) at 298 K (dashed line) and
77 K (solid line) before and after irradiation with monochromic light at
385 nm.
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Fig. 8 Photographs of (a)-(c) PD1 (a: 298 K, b: 77 K, and c: 77 K after
photoirradiation at 385 nm), (d)—-(f) PD2 (d: 298 K, e: 77 K, and f: 77 K
after photoirradiation at 385 nm), and (g)—(i) PD3 (g: 298 K, h: 77 K, and
i: 77 K after photoirradiation at 385 nm) in 2-MeTHF.

vibronically-structured photoluminescence band appeared in
the range of 600-750 nm, but the photoluminescence band
remained constant in intensity and shape even after photoirra-
diation (4 = 385 nm). On the other hand, the photo-
luminescence spectra of PZ1 and PZ2 at 77 K exhibited vibroni-
cally-structured photoluminescence bands in the range of
500-750 nm (Fig. 7h and j), but they are similar in intensity
and shape before and after photoirradiation (A = 385 nm) at
77 K. Furthermore, in order to assign the origins of photo-
luminescence bands of PD1-3, PZ1, and PZ2 at 77 K, we per-
formed phosphorescence spectral measurements with an
initial delay of 100 ps and time resolved phosphorescence
decay analysis (Fig. S43-5S467). For PD3 at 77 K, a phosphor-
escence band with a long lifetime (z,; = 37.3 ms, Fig. $43 and
S441) was observed in the range of 600-750 nm which is
similar to the photoluminescence spectrum without initial
delay (Fig. 7f). Obviously, the fact reveals that for PD3 at 77 K,
the vibronically-structured photoluminescence band at
600-750 nm could be assigned to the phosphorescence emis-
sion originating from the phenazine skeleton. However, for
PZ1 and PZ2 before and after photoirradiation (1 = 385 nm) at
77 K, the phosphorescence spectrum was not observed, thus
the photoluminescence bands at 500-750 nm are assigned to
the fluorescence emission originating from the phenazinone
skeleton, as in the case of 298 K. On the other hand, PD1 and
PD2 before and after photoirradiation (4 = 385 nm) at 77 K
exhibited phosphorescence bands with long lifetimes (z, =
28.6 ms for PD1 and 32.0 ms for PD2) in the range of
600-750 nm which are different in the range of emission wave-
lengths from the photoluminescence spectrum (500-750 nm)
without initial delay (Fig. 7b and d) but are similar in that to
the  photoluminescence  (phosphorescence)  spectrum
(600-750 nm) of PD3 at 77 K (Fig. 7f). These observations indi-
cate that for the photoluminescence characteristics of PD1 and
PD2 upon photoirradiation (4 = 385 nm) at 77 K, the photo-
luminescence bands at 500-750 nm are assigned to the fluo-
rescence emission originating from the partially formed PD1-K
and PD2-K, and the photoluminescence bands at 600-750 nm
are assigned to the phosphorescence emission originating
from the residual PD1-E and PD2-E, whereas the photo-
luminescence bands before photoirradiation (1 = 385 nm) at
77 K are mainly due to the phosphorescence emission originat-
ing from PD1-E and PD2-E. Therefore, this result strongly sup-
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ports the photochromism of PD1 and PD2 through the
ESInterPT processes based on keto-enol tautomerization in
the glassy matrix at 77 K. Furthermore, the appearance of
photoabsorption bands originating from the keto forms PD1-K
and PD2-K upon photoirradiation (4 = 385 nm) at 77 K was
observed even in a low-concentration solution of 10 pM
(Fig. S40%). The fact indicates that an aggregate of the enol
form (PD1-E and PD2-E) is formed through the intermolecular
hydrogen bonding in the glassy matrix at a low temperature,
and then ESInterPT proceeds rapidly because in the excited
state, the keto form becomes more stable than the enol form,
as reported by Ogawa et al.*®

Single crystal X-ray structural analysis

One would make the assumption that the ESInterPT process
requires the presence of intermolecular hydrogen bonding
between proton donors and acceptors. Thus, to investigate the
formation of the hydrogen bonding for PD1 and PD2 in the
aggregate state, single-crystal X-ray structural analyses for PD1
and PD2 were performed, in comparison with those for PZ1
and PZ2 in our previous study'” (Fig. 9 and 10). Surprisingly,
this report is the first to achieve the crystal structural analyses
of phenazine-2,3-diol PD1 and its monoalkoxy derivative PD2,
although the synthesis of PD1 was reported 70 years ago'®*
and its characterization was fully determined by NMR spectral
analysis 15 years ago.'®” A crystal of PD1 was obtained by subli-
mation of a powdery solid, because recrystallization from solu-
tion provided the powdery solid. Meanwhile, a crystal of PD2
was prepared by recrystallization from an ethanol solution. It
is worth mentioning here that the PD1 molecule exists in the
keto form (PD1-K) in the crystal, but the PD2 molecule exists
in the enol form (PD2-E) in the crystal (Fig. 9a and b), although
the crystal structure of PD2-E has two crystallographically inde-
pendent molecules in which each molecule has slightly
different bond lengths and angles (Fig. S31). Actually, for PD1,

(a) (b)
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s ) - &
) [ 1 !

PD1 O(1)-C(2) distance = 1.272(2) A PD2 O(1)-C(2) distance = 1.3451(16) A
0(2)-C(3) distance = 1.344(3) A 0(2)-C(3) distance = 1.3623(16) A
0O(1)-0(2) distance ~ =2.577 A
O(2H(2)--O(1) angle =117.73

(c) : (d) &
o ) oM_c) 2
c@ S ) ; v >
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02)

PZ1 O(1)-C(2) distance = 1.2566(18) A PZ2 O(1)-C(2) distance = 1.2418(16) A
0(2)-C(3) distance = 1.3436(18) A 0(2)-C(3) distance = 1.3582(15) A
0(1)-0(2) distance = 2.696 A
O(2)H(2):--O(1) angle = 114.89°

Fig. 9 X-ray crystal structures of (a) PD1, (b) PD2, (c) PZ1, and (d) PZ2
measured at 100 K. Ellipsoids are shown at the 50% probability level.
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Fig. 10 Crystal packing structures of (a) PD1, (b) PD2, (c) PZ1, and (d)
PZ2 measured at 100 K. The hydrogen bonds are indicated by dotted
lines. Ellipsoids are shown at the 50% probability level.

the observed O(1)-C(2) and O(2)C(3) bond lengths are 1.272(2)
A and 1.344(3) A, respectively, which are typical C=0 double
bond and C—O single bond lengths, respectively.”* Indeed, the
C=O0 double bond and C-O single bond lengths of PD1-K are
similar to those (1.2566(18) A and 1.2418(16) A for O(1)-C(2)
bond length and 1.3436(18) A and 1.3582(15) A for 0(2)-C(3)
bond length, respectively) of PZ1 and PZ2 (Fig. 9c and d). On
the other hand, for PD2-E, the observed bond lengths of O(1)-
C(2) and O(2)-C(3) are 1.3451(16) A and 1.3623(16) A, respect-
ively, indicating C-O single bond lengths. Thus, our work first
verified the existence of keto and enol forms for phenazine2,3-
diol and its alkoxy derivative by single-crystal X-ray structural
analyses. Furthermore, it was found that the PD1-K molecule
is in the syn-conformation where the hydrogen atom of the
hydroxy group is directed toward the oxygen atom of the carbo-
nyl group, indicating the formation of intramolecular hydro-
gen bonding between them (O(2)H(2)---O(1) angle = ca. 117.73°
and O(1)---O(2) distance = 2.577 A), as in the case of PZ1 (O(2)
H(2)---O(1) angle = ca. 114.89° and O(1)---O(2) distance =
2.696 A). Meanwhile, the PD2-E molecule is in the anti-confor-
mation where the hydrogen atom of the hydroxy group faces in
the direction opposite to the oxygen atom of the methoxy-
methoxy group, indicating a lack of intramolecular hydrogen
bonding between them. As a result, syn-PD1-K molecules form
the intermolecular NH---O hydrogen bonding with N(1)H(1)
--0(1) angle = ca. 164° and N(1)---O(1) distance = 2.690 A
between the hydrogen atom of the amino moiety and the
oxygen atom of the carbonyl group (Fig. 10a). On the other
hand, anti-PD2-E molecules form the intermolecular OH:--N
hydrogen bonding with O(1)H(1)---N(1) angle = ca. 174° and
0(1)--N(1) distance = 2.722 A between the hydrogen atom of
the hydroxy group and the nitrogen atom of the phenazine
skeleton (Fig. 10b). Hence, neighboring syn-PD1-K and anti-
PD2-E molecules are linked by the intermolecular NH---O
hydrogen bonding and OH---N hydrogen bonding, respectively,
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to form one-dimensional molecular chains. Meanwhile, PZ1
molecules form a dimer by the intermolecular OH::-O hydro-
gen bonding with O(2)H(2)---O(1) angle = ca. 147° and O(2)---O
(1) distance = 2.698 A between the hydrogen atom of the
hydroxy group and the oxygen atom of the carbonyl group
(Fig. 10c). Of course, such intramolecular and intermolecular
hydrogen bonding were not observed in the crystal of PZ2
(Fig. 10d). Thus, the fact suggests strongly that for PD1 and
PD2, the formation of continuous intermolecular hydrogen
bonding in the aggregate is involved in the keto-enol tauto-
merization of phenazine-2,3-diol derivatives based on
ESInterPT.

Solid-state optical properties

In order to explore the expression of chromism based on the
keto-enol tautomerization of PD1-3 in the solid state, we per-
formed UV-vis diffuse reflectance-absorption and fluorescence
spectral measurements of the solids before and after photoir-
radiation (4 = 385 nm) at 298 K and 77 K and differential scan-
ning calorimetry (DSC) of the solids after heating and cooling.
The colors at 298 K were dark red for PD1-K, yellow for PD2-E,
and white for PD3 (Fig. 11a, e, and i). Thus, the color of PD1-K
is similar to those of PZ1 and PZ2 which is attributed to the
formation of the keto form in the crystal (Fig. 11m and n).
Indeed, the photoabsorption band of PD1-K in the solid state
is significantly broadened in a longer wavelength region with
an onset of ca. 650 nm (Fig. 12a) compared with those in THF

Fig. 11 Photographs of (a)—(d) PD1-K (a: 298 K, b: 298 K after photoir-
radiation at 385 nm, c: 77 K, and d: 77 K after photoirradiation at
385 nm), (e)-(h) PD2-E (e: 298 K, f: 298 K after photoirradiation at
385 nm, g: 77 K, and h: 77 K after photoirradiation at 385 nm), and (i)—(l)
PD3 (i: 298 K, j: 298 K after photoirradiation at 385 nm, k: 77 K, and L:
77 K after photoirradiation at 385 nm).
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Fig. 12 Solid-state UV-vis diffuse reflectance-absorption spectra of (a)
PD1-3 before and after irradiation with monochromic light at 385 nm at
298 K and (b) PZ1 and PZ2. Insets in (b): photographs of the solids of
PZ1 and PZ2.
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(Fig. 3a), but it is similar to those of PZ1 and PZ2 in the solid
state (Fig. 12b). On the other hand, the photoabsorption
maximum wavelengths (4305594} of PD2-E and PD3 in the
solid state appeared at around 385 nm, which are similar to
those in THF (Fig. 3a). It was found that for PD1-3, there were
no changes in their colors and photoabsorption spectra before
and after photoirradiation (A = 385 nm) at 298 K and 77 K
(Fig. 11b-d, f-h, j-i, and 12a), although we could not obtain
the photoabsorption spectra at 77 K due to technical difficul-
ties. Meanwhile, the precise observation of fluorescence
spectra for PD1-3, PZ1, and PZ2 in the solid state was difficult
due to their feeble solid-state fluorescence properties.

The DSC analysis of PD1-3 provided a valuable insight into
the chromism of phenazine-2,3-diol derivatives based on the
keto-enol tautomerization (Fig. 13a). The DSC curves of PD1-3
showed that in the cooling process from 25 °C to —80 °C, there
is no observable peak for the DSC traces. In the heating
process from 25 °C to 250 °C, the DSC trace of PD1-K has no
observable peak; meanwhile, the DSC trace of PD3 has only
one sharp endothermic melting (7,,) peak at 137 °C. On the
other hand, the DSC trace of PD2-E shows an endothermic
peak associated with sublimation (75) at 181 °C, and then an
exothermic oxidative decomposition (74)** at 188 °C which is
also supported by thermogravimetry and differential thermal
analysis (TG-DTA) (Fig. 13b and S56%). Interestingly, for PD2, a
wire-like solid was obtained as the sublimate (Fig. 14d and e)
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Fig. 13 (a) DSC curves (heating process from 25 °C to 250 °C at a scan
rate of 1 °C min™) and (b) TG curves (heating process from 25 °C to
500 °C at a scan rate of 10 °C min™) of PD1-3.

(b)

1004m

A
)

-

N

Normalized Absorbance / a.u.

-

— PD2_recrystallizati

o
®

= PD2_sublimation

=4
o

(d)

I
IS

e
N

0

300 400 500 600 700 800
Wavelength / nm

100um \¢

Fig. 14 (a) Solid-state UV-vis diffuse reflectance-absorption spectra of
the crystals of PD2 and the solids of the sublimate obtained by heating
the crystals of PD2 at 133 °C under vacuum. Photographs of (b and c)
the crystals and (d and e) the solids of the sublimate for PD2.
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by heating the needle-like crystal (Fig. 14b and c) of PD2-E at
133 °C under vacuum. The wire-like solid of the sublimate for
PD2 shows a red color and a broad photoabsorption band in a
longer wavelength region with an onset of ca. 600 nm
(Fig. 14a), which are similar to the colors and the photo-
absorption spectra of the crystals of PD1-K as well as PZ1 and
PZ2 (Fig. 12); meanwhile, for the solid of the sublimate, the "H
NMR spectrum in DMSO-d, was assigned to the enol form of
PD2 and the HRMS analysis demonstrated the presence of a
PD2 base peak (Fig. S57, S62, and S63%). Furthermore, the
solids of the sublimate for PD2 have a different DSC trace and
X-ray powder diffraction (XRD) pattern from the crystals of
PD2-E; the sublimate of PD2 showed Ty at 169 °C and then T4
at 181 °C and different diffraction peaks in the range of 26 =
20-30° from the crystals of PD2-E (Fig. S58 and S597). Thus,
this result suggests that the PD2 molecule exists in the keto
form (PD2-K) in the solid of the sublimate, while unfortu-
nately, we could not perform X-ray structural analysis due to
an insufficient size of the wire-like solid (Fig. 14d, and e) and
it was also difficult to characterize the sublimate as PD2-K by
FT-IR spectral analysis (Fig. S49f). It is worth mentioning
again that the needle-like crystal of PD1, which was obtained
by sublimation of the powdery solid, is composed of the PD1-K
molecule in the keto form (Fig. 9a and 10a). Meanwhile, for
the keto-enol tautomerization in the solid state, Ogawa et al.
have reported that salicylideneanilines show solid-state ther-
mochromism which is ascribed to the tautomeric equilibrium
between the enol and cis-keto forms; the cis-keto form exists in
the crystal at 298 K, but at a low temperature (77 K), the cis-
keto form shows a decrease in pollution due to the formation
of the enol form.*® Thus, although PD1 and PD2 did not show
thermochromism as well as photochromism in the crystalline
state, we believe that this interesting result provides a valuable
insight for a greater understanding of the keto-enol tautomeri-
zation of phenazine-2,3-diol derivatives and their photo-
physical properties in the solution and in the solid state.

Theoretical calculations

The thermodynamic stabilities of PD1-E, PD1-K, PD2-E, and
PD2-K were estimated using density functional theory (DFT)
calculations at the B3LYP/6-311G(d,p) level,>* where for the
convenience of calculations, the methoxymethoxy group of
PD2-E and PD2-K was replaced with the methoxy group
(Fig. 15). In order to compare with the conformers syn-PD1-K
and anti-PD2-E in the crystals, we included the conformers for
PD1-E, PD1-K, and PD2-E in the DFT calculations; for the enol
form PD1-E, anti-PD1-E and syn-PD1-E are in the anti-confor-
mation and syn-conformation, respectively, where the two
hydrogen atoms of hydroxy groups face in the opposite direc-
tions for the former but in the same direction for the latter.
For the keto form PD1-K, anti-PD1-K and syn-PD1-K are in the
anti-conformation and syn-conformation, respectively, that is,
the hydrogen atom of the hydroxy group faces in the direction
opposite to the oxygen atom of the carbonyl group for the
former but is directed toward that for the latter. On the other
hand, for the enol form PD2-E, anti-PD2-E and syn-PD2-E are

This journal is © The Royal Society of Chemistry 2024
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Fig. 15 Gibbs free energy diagram for optimized geometries of conformers and tautomers for (a) PD1 and (b) PD2 estimated using DFT calculations
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groups of anti-PD2-E, syn-PD2-E, and PD2-K were replaced with the methoxy groups.

in the anti-conformation and syn-conformation, respectively,
where the hydrogen atom of the hydroxy group faces in the
direction opposite to the oxygen atom of the methoxy group
for the former but is directed toward that for the latter. Based
on the optimized geometries, understandably, there is no for-
mation of intramolecular hydrogen bonding between the two
hydroxy groups, the hydroxy group and the carbonyl group, or
the hydroxy group and the methoxy group for anti-PD1-E, anti-
PD1-K, anti-PD2-E, as well as PD2-K. On the other hand, the
angles of O(2)H(1)---O(1) for syn-PD1-E and syn-PD1-K and O(2)
H(1)---O(1) for syn-PD2-E, which involve the formation of intra-
molecular hydrogen bonding, are ca. 115°, ca. 121°, and ca.
116°, respectively. The fact indicates the existence of intra-
molecular hydrogen bonding between the two hydroxy groups
for syn-PD1-E, and the hydroxy group and the carbonyl group
for syn-PD1-K, and the hydroxy group and the methoxy group
for syn-PD2-E.

Meanwhile, the Gibbs free energies (G) for anti-PD1-E and
anti-PD2-E are set as zero in each category to estimate the
difference (AG) in the G between anti-PD1-E or anti-PD2-E and
the other conformer or the tautomer (Fig. 15). The obtained
AG values of syn-PD1-E, anti-PD1-K, and syn-PD1-K were esti-
mated to be —14.1 k] mol™, 14.0 k] mol™}, and —25.3 k]
mol ™", respectively (Fig. 15a). This result indicates that syn-
PD1-E and syn-PD1-K are thermodynamically stabilized by the
formation of intramolecular hydrogen bonding, compared to
anti-PD1-E and anti-PD1-K. Thus, this result reveals that of the
conformers and the tautomers of PD1, syn-PD1-K, which exists
in the crystal (Fig. 9a and 10a), is thermodynamically the most
stable. For PD2, on the other hand, the obtained AG values
showed that the enol forms anti-PD2-E and syn-PD2-E are
thermodynamically more stable than the keto form PD2-K,
and also indicated that anti-PD2-E, which exists in the crystal,

This journal is © The Royal Society of Chemistry 2024

is thermodynamically less stable than syn-PD2-E with a AG
value of —15.7 k] mol~" which is stabilized by the formation of
the intermolecular hydrogen bonding (Fig. 15b). Thus, based
on this result, it is suggested that the formation of one-dimen-
sional intermolecular hydrogen bonding by the most stable
tautomer syn-PD1-K constructs a thermodynamically stable
crystal structure. For PD2, anti-PD2-E can form intermolecular
hydrogen bonding because the hydrogen atom of the hydroxy
group faces in the direction opposite to the oxygen atom of the
methoxy group, but it is difficult for syn-PD2-E to form inter-
molecular hydrogen bonding due to its structure with intra-
molecular hydrogen bonding. Consequently, it was suggested
that the crystal structure constructed by anti-PD2-E is thermo-
dynamically stabilized by the formation of one-dimensional
intermolecular hydrogen bonding (Fig. 9b and 10b), although
anti-PD2-E is thermodynamically less stable than syn-PD2-E.
To further understand the optical properties of phenazine-
2,3-diol derivatives, time-dependent DFT (TDDFT) calculations
were performed for the conformers and the tautomers PD1-E,
PD1-K, PD2-E, and PD2-K and PD3 (Fig. 16, Fig. S26 and
Table S137%). All the enol tautomers, anti-PD1-E, syn-PD1-E,
anti-PD2-E, and syn-PD2-E, and PD3 showed S, — S; (nn*) tran-
sitions at around 360 nm with oscillator strengths (f) =
0.25-0.30 (Fig. 16b and f, e.g, syn-PD1-E and syn-PD2-E),
which are mainly attributed to the transitions (ca. 85%) from
the HOMO-1 to the LUMO, where both the HOMO-1 and
LUMO are delocalized over the phenazine skeleton including
the hydroxy and the methoxy group. On the other hand, for
the keto tautomers, the differences in transition characteristics
were observed depending on the direction (anti- or syn-) of the
hydrogen atom of the hydroxy group. All the keto tautomers,
anti-PD1-K, syn-PD1-K, and PD2-K, showed S, — S; (nn*) tran-
sitions at around 440 nm with the oscillator strengths (f) of
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Fig. 16 Calculated photoabsorption spectra of (a) anti-PD1-E, (b) syn-
PD1-E, (c) anti-PD1-K, (d) syn-PD1-K, (e) anti-PD2-E, (f) syn-PD2-E, (g)
PD2-K, and (h) PD3 derived from TDDFT calculations at the B3LYP/6-
311G(d,p) level. For convenience of calculations, the methoxymethoxy
groups of anti-PD2-E, syn-PD2-E, PD2-K, and PD3 were replaced with
the methoxy groups.

0.13 for anti-PD1-K and PD2-K, and 0.039 for syn-PD1-K, which
are mainly attributed to the transitions from the HOMO to the
LUMO for anti-PD1-K and PD2-K (ca. 75%), and the transition
from the HOMO-1 to the LUMO for syn-PD1-K (71%). Both the
HOMO and LUMO of anti-PD1-K, syn-PD1-K, and PD2-K are
delocalized over the phenazinone skeleton including the
hydroxy group or/and the methoxy group, and the HOMO-1 of
syn-PD1-K is delocalized on the partial phenazinone skeleton
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and the hydroxy group, excluding the carbonyl moiety.
Moreover, these keto tautomers showed S, — S; (nrn*) tran-
sitions at around 360 nm with oscillator strengths (f) =
0.30-0.32 for anti-PD1-K and PD2-K, and the S, — S, (nn*) tran-
sitions at around 380 nm with the oscillator strength (f) =
0.40 for syn-PD1-K, which are mainly attributed to the tran-
sitions from the HOMO-1 to the LUMO (72%) for anti-PD1-K
and PD2-K, and the transition from the HOMO to the LUMO
for syn-PD1-K (65%). Such transition characteristics were also
observed between anti-PZ1 and syn-PZ1 (Fig. S23, S24, and
S25t). Consequently, the TDDFT calculations revealed that for
PD1 and PD2, the keto forms show photoabsorption bands in
a longer wavelength region, compared to the enol forms, and
thus are in good agreement with the photoabsorption spectra
of PD1, PD2, and PD3 in 2-MeTHF, indicating the existence of
the enol form at 298 K and the existence of the keto form in a
glassy matrix at 77 K (Fig. 7a, ¢, and e). Therefore, our work
first verified that phenaznine-2,3-diol and its monoalkoxy
derivative exhibit photochromism through the ESInterPT pro-
cesses based on keto-enol tautomerization.

Conclusions

In this study, we verified that phenazine-2,3-diol PD1 and its
monoalkoxy derivative PD2 exhibit photochromism through
the ESInterPT processes based on keto-enol tautomerization
in a glassy matrix at 77 K. Indeed, it was found that the color-
less solutions of enol forms PD1-E and PD2-E at 298 K and
77 K transformed into orange-colored solutions of keto forms
PD1-K and PD2-K upon photoirradiation (4 = 385 nm) at 77 K.
In a glassy matrix at 77 K, PD1 and PD2 exhibit phosphor-
escence emission originating from the enol forms before
photoirradiation but exhibit fluorescence emission originating
from the keto forms after photoirradiation, confirming the
ESInterPT processes based on keto-enol tautomerization.
Furthermore, it is worth mentioning that PD1 and PD2 mole-
cules exist in the keto form (PD1-K) and the enol form (PD2-E)
that construct the one-dimensional intermolecular NH::-O
hydrogen bonding and OH---N hydrogen bonding, respectively,
in the crystal. More interestingly, based on the photo-
absorption spectrum, the DSC trace, and the XRD pattern of
the solid obtained by sublimation of the crystals of PD2-E, it
was suggested that the PD2 molecule exists in the keto form
(PD2-K) in the solid of the sublimate. The facts indicate
strongly that for PD1 and PD2, the formation of continuous
intermolecular hydrogen bonding in aggregates such as in a
glassy matrix at 77 K is involved in the keto-enol tautomeriza-
tion of phenazine-2,3-diol derivatives based on ESInterPT.
Therefore, this study not only provides a valuable insight for a
greater understanding of ESInterPT based on the keto-enol
tautomerization of phenazine-2,3-diol derivatives but also
offers an important insight into the photochromism of diazaa-
cene-diols such as diaza-naphthalene and diaza-anthracence
derivatives with two hydroxy groups. Indeed, the investigation
of the expression of thermochromism as well as photochro-
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mism of phenazine-2,3-diol derivatives in the solid state is
ongoing in our laboratory.
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