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Abstract: A series of novel zinc-salophen (salophen = N, N’-phenylenebis(salicylimine)) complexes
(Zn-1-4) with electron donor-acceptor (D-A) structure were synthesized and characterized using a
triphenylamine structure as the electron donor. Zn-salophen complexes with the same substituent
sites have been reported to exhibit significant CT properties. The design of the D-A structure and
the increase in the number of benzene rings to increase the length of bridging groups have led to a
reduction in the energy difference between charge separation singlet and triplet states, resulting in the
production of reactive oxygen species (ROS) under light irradiation. The ability has been enhanced
(in terms of the production of singlet oxygen (10y), compared with Zn-salophen, Zn-4 is 1.58 times
higher). This method has been reported to enhance the intersystem crossing process of compounds,
thereby enabling them to reach a triple excited state, but the generation of ROS has not been studied.
Although the enhancement is not very significant, it has expanded the medical application prospects
of these types of complexes and has provided a new strategy to enhance the production of ROS.

Keywords: Schiff base complexes; zingc; triplet state; singlet oxygen

1. Introduction

Metallosalen/salophen (bis(salicylidene)ethylenediamine and bis(salicylidene)phe-
nyldiamine) complexes have attracted considerable attention due to their versatile applica-
tions in catalysis [1-10], supramolecular chemistry [11-18], optical materials [19-21], and
biological sensors or therapeutics [22,23] because of their rich chemistry and ease of manip-
ulation of organic ligands. Among these complexes, zinc (II) salen/salophen complexes
are of particular interest due to the non-redox nature and d'° closed-shell configuration of
the Zn%* ion, making them suitable for ligand-dependent fluorescent materials [24]. How-
ever, very few Zn-salen/salophen complexes have been found to generate reactive oxygen
species (ROS), a capability which is essential to expanding their scope beyond fluorescence
imaging to theranostics, a growing field of biomedical materials that combines imaging
with therapeutics. Although charge transfer has been found in salophen complexes of
various metals [25], currently only Saumi Ray et al. have synthesized zinc complexes with
m-phenylenediamine and salicylaldehyde and found the presence of charge transfer. Cell
experiments have demonstrated the production of ROS; compared with empty ligands,
Zn complexes have a stronger ability to produce ROS [24]. This is due to the relatively
weaker “heavy atom effect” associated with the zinc ion, resulting from the less pronounced
spin-orbital coupling of this ion compared with the second and third transition metals. As
a consequence, the photophysical properties and the reactivity of the excited states of Zn-
salen/salophen complexes strongly depend on the nature and position of the substituents
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Zn-salophen

on the ligand skeleton. In this work, we report the design of Zn-salophen as fluorescent
probes capable of generating reactive oxygen species (ROS).

Light irradiation of the photosensitizer (PS) to generate the triplet state with a high
yield of intersystem crossing (ISC) is important for the sensitization of singlet oxygen
(!Oy) ora superoxide anion radical [26]. We design organic chromophore ligands with
donor-acceptor (D-A) structures, in which an intramolecular A with intrinsic ISC property
is used as a spin converter with a D, allowing the design of new triplet PSs without heavy
atoms [27-29]. Tuning the charge separation between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) of different moieties helps
reduce the electron—electron exchange energy and increase the population of the triplet
state. Thus, the fabrication of D-A structures makes it possible to promote intersystem
crossing and enhance the ability to sensitize oxygen. Hsien Hsin Chou et al. studied the
different substitution sites and electron donor substituents of Zn-salophen and found that
the charge separation properties of TPA-substituted complexes were more pronounced with
the same substitution sites. However, under the same substitution group, the effect of para-
substitution of C=N was more pronounced [30]. Our approach was to design and synthesize
a series of Zn-salophen complexes (Zn-1-4) with D-A structures (Figure 1), varying the
bridges of groups such as 1,4-phenyl or/and 2,7-fluorenyl between the electron donor
(triphenylamine, TPA) and the electron acceptor (Zn-salophen) [31,32]. The aim was to
increase the efficiency of oxygen photosensitization, which could be useful for biomedicine.

Bridge

Zn1 Zn-2 Zn-3 Zn-4

Figure 1. Molecular formula of the designed and synthesized Zn-salophen complexes. The green
part is the electron acceptor (A), the yellow part is the electron donor (D), and the red part is the
bridge group.

2. Results and Discussion
2.1. Synthesis and Characterization

We designed and synthesized a series of Zn-salophen complexes with D-A structures
(Zn-1-4, Figure 1). The compounds were easily synthesized in two steps with good overall
yields (40-90%) (Figure 2). The first step entailed Suzuki coupling reactions using 1.2-1.5
equivalents of arylboronic acid ester compounds in refluxed tetrahydrofuran in the presence
of Pd(PPhg)y, giving 5-phenyl or/and 2,7-fluorenyl bridged salicylaldehydes in a 70-90%
yield. Due to the air sensitivity of the catalyst, this first step needed to be carried out under
nitrogen conditions. This step was then followed by condensation of 1,2-phenyl diamine
and the corresponding salicylaldehydes in refluxed ethanol, which afforded Zn-1-4 after
recrystallization in yields of 50-90% (Supplementary Materials).
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Figure 2. The synthesis route of the Zn-1-4.

Compounds Zn-1-4 were characterized by TH NMR (Figures S1, S2, S6, 510, S14, S18,
S22, 526, S30 and S34) and '3C NMR spectroscopies (Figures S3, S7, S11, S15, S19, S23,
527, 531 and S35), high-resolution mass spectrometry (HRMS) (Figures 54, S8, 512, S16,
520, S24, 528, S32 and S36), and Fourier transform infrared (FTIR) spectroscopy (Figures
S5, 59, S13, 517, S21, 525, S29, S33 and S37). In the mass spectra, peaks were found at
m/s =680.15, 698.17, 848.18, and 889.49, corresponding to [Zn-1+AcOH-H]~, [Zn-2+H]*,
[Zn-3+HCI-H]~, and [Zn-4], respectively. The complexes exhibited a certain solubility in
dimethyl sulfoxide (DMSO, Tianjin, China). As the distance between D and A increased,
the solubility of the complexes in DMSO decreased. The dissolution of the complexes could
be promoted by adding a small amount of pyridine, which may have been related to the
aggregation and depolymerization of the complexes in pyridine.

2.2. NMR Spectroscopy

The 'H NMR spectrum of the Zn-1-4 complexes in DMSO-dg shows that, for Zn-1,
the single peak in the low field region of 9.03 and 9.02 ppm is H on the carbon atom in
C=N, while the hydroxyl and aldehyde peaks of its precursor 1a disappear at 10.86 and
10.23 ppm, indicating the formation of the zinc complex. For Zn-2 at 9.07 and 9.03 ppm, the
hydroxyl and aldehyde peaks disappeared at 10.87 and 10.27 ppm; for Zn-3 at 9.09 and
9.04 ppm, they disappeared at 11.15 and 9.94 ppm; and for Zn-4 at 8.72 and 8.70 ppm, the
peaks disappeared at 11.16 and 9.94 ppm. These data support the synthesis of the complex.
13C NMR is well supported by 'H NMR spectral data.

2.3. FTIR Spectroscopy Studies

The Fourier transform infrared spectrum of the complexes shows that there is no
vibration of aldehyde groups near 1660 cm ™! in the spectrum, with a peak located at
1610 cm™~! (assigned to C=N stretching). C-H stretching at N=C-H is around 2950 cm !,
and some peaks in the wavelength range of 550-700 cm~! indicate the presence of Zn-O
and Zn-N stretching. These facts determine the coordination between the nitrogen of the
aldehyde imine group and the oxygen of the phenolic hydroxyl group of the ligand with
the zinc metal center, thus supporting the formation of Zn (II) salophen complexes (Table 1).

Table 1. FTIR data of salophen ligand, 3b, and Zn-1-4.

Compounds V(O-H) V(C=0) V(C=N) V(=0 V(C-0) V(C-H)
salophen [33] 3500 1606 1566, 1497 1263 1406
3b 3450 1660 1585, 1487 1273 1377
Zn-1 1610 1579, 1498 1298 1385
Zn-2 1610 1579, 1491 1281 1385
Zn-3 1616 1589, 1487 1282 1385
Zn-4 1618 1589, 1491 1290 1367

2.4. Absorbance and Emission

The UV-vis absorption and emission spectra for Zn-1-4 are shown in Figure 3, and
relevant optical data are given in Table 2. The absorption spectra were measured in dimethyl
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sulfoxide (DMSO) due to better solubility compared with the commonly used solvents
such as dichloromethane (CH,Cl,) and tetrahydrofuran (THF). Zn-1-4 exhibited similar
absorption with an absorption peak at 370~405 nm and another peak centered at 455 nm.
The high-energy region of the spectrum (370~405 nm) of Zn-2-4 showed a significant
blueshift concerning those of Zn-1, which gradually increased the extinction coefficients
(loge = 4.65,4.61,4.92, and 4.72 M~ cm~!) with the lengths of the bridge groups increasing
(Figure S38 and Table S1). These transitions are ascribed to 7-m* transitions localized
predominantly on the Zn-salophen, which aligns with similar bands observed for other
previously reported bridge groups [34]. Next, the small redshift in the charge transfer
(CT) band (482-488 nm) of Zn-2—4 concerning the bands on Zn-1, which are part of the
principal CT band centered at 480 nm, indicates that the increased donor strength of the
diphenylamino group nevertheless narrows the energy gap between D and A, which is
supported by the calculation of the HOMO-LUMO gap (AExomo-Lumo) that decreases
with the increasing distance between D and A, except for Zn-3 (Figure S39).

12 3 12 12
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Figure 3. The absorption and emission spectra of Zn-1-4. (a) The absorption spectra of Zn-1-4
(Solvent: DMSO). (b) The emission spectra of Zn-1-4 at 298 K (Solvent: DMSO, A¢x = 405 nm). (c) The
emission spectra of Zn-1-4 at 77 K (Solvent: 2-MeTHF, A¢x = 405 nm).

Table 2. Fluorescence lifetimes of Zn-1-4.

Compounds A (nm) [ T (ns) (Rel%) [P A (nm) T (ns) (Rel%)
0.21 (35.78%) 0.22 (28.37%)

Zn-salophen 520 2.56 (64.22%) 650 2.45 (51.75%)
10.40 (19.87%)

0.33 (52.98%) 0.27 (20.16%)

Zn-1 540 2.84 (47.02%) 680 2.31 (40.50%)
14.97 (39.34%)

0.24 (56.09%) 0.27 (45.12%)

Zn-2 540 2.23 (43.91%) 680 2.48 (42.69%)
23.54 (12.19%)

0.26 (23.40%) 0.31 (17.75%)

Zn-3 550 2.43 (76.60%) 680 2.44 (75.50%)
11.85 (6.75%)

0.39 (3.13%) 0.41 (3.45%)

Zn-4 555 2.45 (96.87%) 680 2.44 (89.28%)
13.62 (7.27%)

[al Measured at emission peak (520~555 nm) and tail (650~680 nm) to make the effect of charge transfer more
significant; bi- and tri-exponential fitting due to the two or three emission components. [?] Measurement condition:
298 K, Solvent: DMSO, Aex = 405 nm. The absorption at the observed excitation position of the solution is
approximately 0.1 and the emission intensity is approximately 6000-7000 Hz, with a maximum photon count
of 3000. Fluorescence decay curve fitted with double exponential model to obtain fluorescence lifetime and
value (percentage).

Determination of the extinction coefficient indicates that the absorption of Zn-salophen
occurred at 400 nm and as the bridge group increased. Compared with 450 nm, the
absorption at 370 nm increased and the absorption peak exhibited a blueshift, reflecting
the influence of the bridging group on absorption. Two inseparable emission peaks at
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500~520 nm and 540~555 nm occurred in the emission spectra. As the length of the bridge
group increased, there was a redshift at the emission peak. Such spectral changes may
suggest the effects of bridge substitutions that result in charge transfer. Unlike the emission
peaks at a low temperature (77 K) where the suppression in vibration at low temperature
occurred, the emission peaks at room temperature (RT) showed a significant redshift and
broadening compared with 77 K. No emission peaks with a long lifetime (>10 ns) were
detected. Compared with Zn-salophen, Zn-1-4 showed redshifts of the emission peaks as
the donor—acceptor distance increased (Figure 3c).

The lifetimes for the emission (centered at 520~555 nm) and the tail of emission
(centered at 650~680 nm) were measured and summarized in Table 2. In addition to the
first two shorter lifetime components, like those at the short wave (520~555 nm), there
was also a longer third lifetime component at the long tail wave (650~680 nm). When the
distance between the donor and acceptor increased from Zn-1 to Zn-4, the first component
of lifetimes for the emission centered at 550 nm decreased from 52.98 to 3.13%, while the
second component increased from 47.02% to 96.87%. Similarly, for the tail of emission
(measured at 680 nm), the second component of lifetimes increased from 40.50% to 89.28%,
resulting in the slower total fluorescence decay (Figure S39a). The first component of
lifetimes was the fluorescence of the locally excited singlet state (LE) returning to the
ground state, while the second component of lifetimes was the fluorescence of the singlet
charge-separated state (!CS) returning to 'LE through charge recombination and ultimately
returning to the ground state.

2.5. Air Quenches Emission

To investigate the possible quenching of oxygen, we compared the emission of Zn-
salophens (Zn-1-4) in the presence/absence of air. As shown in Figure 4, Zn-3 and Zn-4
exhibit air-sensitive emission, and Zn-4 showed half the emission intensity under air than
under nitrogen conditions. We found that as the distance between D and A increased, the
air quenching effect became more pronounced. The lifetime under nitrogen conditions also
differs from that in air (Table S2). As shown in Figure 5a, the proportions of short lifetime
(Rel1%) under air and nitrogen conditions can be fitted to the donor-acceptor distances
(rp-a); the proportion of short lifetime components decreases along with the increasing
distances between D and A, and the proportion of short lifetime components in the air is
larger. Under nitrogen conditions, good exponential fitting was obtained; in air, however,
the fitting was not good. The physical significance of each fitting parameter needs to be
explored (Figure 5b).

8
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Figure 4. Emission spectra of (a) Zn-salophen, (b) Zn-1, (c) Zn-2, (d) Zn-3, and (e) Zn-4 in deaerated
(N») and aerated (air) DMSO (Aex = 405 nm).
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Figure 5. (a) Relationship between the proportion of shorter fluorescence lifetime (Rel; %) and donor-
acceptor distance (rp.a ). (b) Schematic diagram of fluorescence lifetime; Tp; represents fluorescence
with a shorter lifetime. The green part is the electron acceptor (A) and the yellow part is the electron
donor (D).

2.6. Reactive Oxygen Species (ROS)

To verify the generation of reactive oxygen species, for type I ROS, we used a fluores-
cent probe DHE to detect superoxide anions (O,-~), which shows the fluorescence changes
when DHE reacts with O,-~ within 20 min in ethanol solution (Figure 6a). The fluorescence
intensity time was plotted and fitted at 610 nm in order to obtain the relative quantum
yield of O,-~ for Zn-1-4, using Zn-salophen as a reference (Figure 6b). The result is the
average of three statistical tests. Compared with Zn-salophen, the ratio of producing O,-~ in
Zn-1-4 was determined. As the distance between D and A increased, the relative quantum
yield of super oxide anions gradually increased from 0.77 to 1.06. This may reflect that
the energy gap between the singlet charge-separated state and the triplet charge-separated
state decreased as the bridging group increased, making the ISC process more likely to
occur and promoting O+~ production (Figure 6d and Table 3).
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Figure 6. The ROS generation of Zn-salophen and Zn-1-4. (a) The variation of emission intensity
with laser illumination time in Zn-1 with DHE, showing the generation of O,-~ (Solvent: anhydrous
ethanol, Aex = 532 nm). (b) The variation of emission intensity at 610 nm with laser illumination time
and linear fitting of Zn-salophen and Zn-1-4 with DHE (Solvent: anhydrous ethanol, Aex = 532 nm).
(c) The emission of 10, in Zn-salophen and Zn-1-4 (Solvent: CHCl3, Aex = 415 nm). (d) The
relationship between ROS relative yield and donor-acceptor distance. The vertical axis represents the
ratio of ROS quantum yields of Zn-1-4 and Zn-salophen.
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Table 3. The ROS yields of Zn-1-4.

The Ratio of Oy~ The Ratio of

Compound k¢=o (min™1) (2] Yield Relative to 10, Yield [ '0; ‘.{leld
Zn-Salophen 1l Relative to
Zn-Salophen 4]

Zn-salophen 120,478 1.00 0.019 1.00
Zn-1 93,312 0.77 0.012 0.63
Zn-2 114,845 0.95 0.020 1.05
Zn-3 110,643 0.92 0.027 1.42
Zn-4 127,420 1.06 0.030 1.58

[a] Plot the excitation peak intensities at 610 nm for 1, 2, 5, 10, 15, and 20 min and perform linear fitting. (] Digsolve
the sample in pyridine and DHE in DMSO; the testing solvent is ethanol. [) Measurement condition: 298 K.
Solvent: CHCl3. Tetraphenylporphyrin (TPP) was used as the reference (&, ,= 0.55 in CHCl3). Calculate the ratio
of peak intensity at 1270 nm. [4] Calculate the relative quantum yield of 'O, using the value of Zn-salophen as 1.

For type II ROS, by utilizing the characteristic emission of singlet oxygen at 1270 nm,
the singlet oxygen (10) quantum yields of Zn-salophen and Zn-1-4 were measured in
trichloromethane (Figure 6¢) using tetraphenylporphyrin (TPP) as a reference (Table 3).
The emission peak at 1240 nm may be referred to as the frequency multiplication of zinc
complex luminescence since there are emission peaks at approximately 620 nm at 77 K.
The quantum yield of 1O, for Zn-1 is lower than that of Zn-salophen. It was observed that
when the bridging group increased, the ability of Zn-1-4 to produce 'O, was enhanced;
the quantum yield of 'O, increased from 1.2% to 3.0%; and Zn-4 was 1.58 times that of
Zn-salophen—which is consistent with the results of the air quenching effect on emissions.

The relative quantum yield of 'O, and the distance between D and A were plotted
(Figure 6d), and the results showed that as the bridging group increased, the ability of
Zn-1-4 to sensitize oxygen to produce O,-~ and 'O, was enhanced. The changes in the
quantum yield of 'O, were more significant than those of the superoxide anion. As the
distance between D and A increased, the triplet CS state become more stable, and the ability
to sensitize oxygen was enhanced.

Based on the experimental results, we conclude that Zn-1-4 in their ground states
are excited to form a locally excited singlet state (LE), which undergoes a photoinduced
electron transfer to form a singlet charge-separated state (!CS). Due to the generation of
the charge-separated state, the energy gap between the singlet state and triplet state is
decreased [32]. Some parts of the !CS undergo an ISC process to form a triplet charge-
separated state (?CS) and ultimately interact with oxygen to produce ROS, while another
part undergoes charge recombination to return to the 'LE and returns to the ground state
in the form of fluorescence. This process may be related to RP-ISC. Previous studies on
the ISC process in charge transfer (CT) excited states showed us that the triplet formation
could undergo a radical-pair intersystem crossing (RP-ISC) mechanism in donor-acceptor
(D-A) molecules, which required rapid formation of a radical pair upon charge separation
and occurred through quantum mechanical mixing of the singlet and triplet state under
hyperfine coupling effects [35]. As the distance between the electron donor and acceptor
increases, the energy gap between 'CS and 3CS decreases, making ISC more likely to occur
and the quantum yield of ROS to increase (Figure 7).

1LE i wCR
1 CTN\\ RP-ISC ,
i —_ cs ——
! cs es N\ I I g
hv| FL|'FL(bCR) - 3cs
! SLE ROS
: Zn-1 Zn-2 Zn-3 Zn-4
Te |1 TR,
1
1
1
0,
S t

Figure 7. Proposed mechanism.
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3. Materials and Methods

All reagents were commercially purchased with a purity >97% (Bide Pharmatech Ltd.,
Shanghai, China and Konoscience, Beijing, China). Commonly used solvents purchased
from Concord Technology (Tianjin, China). The use of boric acid or boric acid ester com-
pounds was 1.2-1.5 equivalent, and the dissolution of 2,2’-(9,9-Dimethyl-9H-fluorene-2,7-
diyl) bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) required the addition of a small amount
of DMF in toluene. Based on different solubility, the compound characterization of 'H
NMR was performed using a 400 M nuclear magnetic resonance spectrometer (Fillanden,
Switzerland), while a 400 M or 600 M nuclear magnetic resonance spectrometer was se-
lected for 3C NMR (Fallanden, Switzerland). Fourier transform infrared spectroscopy
(FTIR) was measured using a Spotlight200 Fourier transform infrared spectrometer in
the range of 4000400 cm !, with 2200 cm~1-1800 cm~! being the inherent noise of the
instrument—which was artificially removed; a wavenumber accuracy of <0.4 cm ! was
obtained (PerkinElmer, Waltham, MA, USA). Mass spectrometry was characterized using a
Bruker Solarix XR FTMS (Fourier Transform Ion Cyclotron Resolution Mass Spectrometer,
Karlsruhe, Germany).

3.1. Synthesis of Zn-1

A quantity of 5 mL toluene was mixed with 330 pL Nap;COj3; aqueous solution
(2 mol L~1) as solvent, and triphenylamine 4-boric acid (173.48 mg 0.6 mmol), 4-bromo-2-
hydroxybenzaldehyde (100.51 mg 0.5 mmol), phase transfer catalyst: tetrabutylammonium
bromide (TBAB) (80 mg), and catalyst: tetrakis (triphenylphosphine) palladium (Pd(PPhs3),)
(10 mg) were added together to a Schlenk tube (Figure 8). Three repetitions of air exchanges
with nitrogen under the cryogenic liquid nitrogen cooling were performed. Afterwards,
the prepared solution was placed in a dark place at 80 °C and allowed to react overnight.
The solvent was evaporated under reduced pressure and extracted three times with DCM
and saturated salt water. The organic phase was collected and passed through a silica gel
column with PE:DCM = 4:1 (v/v). The yellow product a was collected and dried, producing
a yield of 168.37 mg (92.15%). 'H NMR (400 MHz, DMSO-dg) & 10.86 (s, 1H), 10.23 (s, 1H),
7.72(d,] =82Hz 1H),7.63 (d,] =8.7 Hz, 2H), 7.36 (t,] = 7.8 Hz, 4H), 7.26 (d, ] = 8.3 Hz,
1H), 7.22 (s, 1H), 7.11 (m, 6H), 7.03 (d, ] = 8.6 Hz, 2H).

O Q ; E
Z —N N=
B(OH), on MNN= 2
/
5 < o)
OH
THF, reflux h-salophen
LY Dnen e &
Pd(PPh;), Zn(OAc),
- EtOH, reflux N_©
SAs @
a

Zn-1

Figure 8. Zn-1 synthesis route.

Ethanol (5 mL) as a solvent, a (18.28 mg 0.05 mmol), h-salophen [36] (10.62 mg 0.05
mmol), and zinc acetate (11.75 mg 0.06 mmol) were added to a Schlenk tube, and the
reaction was carried out overnight at 82 °C. After reaction, the solid was obtained by
centrifugation, recrystallized with ether three times, and dried to obtain the yellow product
Zn-1, producing a yield of 26.88 mg (80.68%). 'H NMR (400 MHz, DMSO-d¢) § 9.03 (d, ] =
5.2 Hz, 2H), 7.91 (dd, ] = 5.0, 2.6 Hz, 2H), 7.68 (d, ] = 8.7 Hz, 2H), 7.48 (d, | = 8.4 Hz, 1H),
7.45-7.28 (m, 7H), 7.27-7.22 (m, 1H), 7.16-6.96 (m, 9H), 6.85 (dd, ] = 8.3, 1.7 Hz, 1H), 6.71 (d,
] =8.4Hz, 1H), 6.52 (t, ] = 6.9 Hz, 1H), 1.80 (s, 3H). 3C{'H} NMR (101 MHz, DMSO-dg) &
172.66, 163.25, 162.50, 147.78, 147.42, 145.36, 139.95, 139.80, 137.24, 136.70, 134.78, 133.74,
130.13, 128.16, 127.75, 127.60, 124.89, 123.93, 123.57, 123.18, 120.03, 119.95, 118.92, 116.94,
116.86,113.48,112.09. IR (cm~1): 3058.55 (Ar C-H), 2911.99 (H-C=N), 1610.27 (C=N), 1579.41
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(Ar C=C), 1498.42 (Ar C=C), 1428.99 (Ar C=C), 1297.86 (C-0O), 752.10 (Ar C-H), 696.18 (Ar
C-H). MS (ESI-, DMSO-dg): m/z caled for C3gHy7N30,Zn (+AcOH 681.16), found 680.15450
(IM — H]™). The amount (wt%) of zinc metal in the Zn-1-4 was determined by atomic
absorption spectroscopy (AAS); zinc (wWt%): 8.35%.

3.2. Synthesis of Zn-2

Reference la for the synthesis process of 4-(diphenylamino) phenylboronic acid
(119.75 mg 0.33 mmol), 4-bromo-2-hydroxybenzaldehyde (65.91 mg 0.33 mmol), TBAB
(40 mg 0.12 mmol), and catalyst: Pd(PPhs)4 (50 mg 0.04 mmol) (Figure 9). The solvent was
evaporated under reduced pressure and extracted three times with DCM and saturated
salt water. The organic phase was collected and pass through a silica gel column with
PE:DCM = 2:1 (v/v). The yellow product a was collected and dried, producing a yield of
137.00 mg (94.63%). '"H NMR (400 MHz, DMSO-dg) 6 10.87 (s, 1H), 10.27 (s, 1H), 7.77-7.75
(m, 5H), 7.68 (d, ] = 8.0 Hz, 2H), 7.36-7.32 (m, 5H), 7.30 (s, 1H), 7.11-7.05 (m, 8H). 3C{'H}
NMR (101 MHz, DMSO-dg) 6 191.71, 161.36, 147.85, 147.57, 147.44, 147.04, 140.33, 137.49,
133.37,130.13, 128.08, 127.93, 127.19, 124.80, 123.89, 123.53, 121.71, 118.38, 115.11, 99.98. MS
(ESI+, DMSO-dg): m/z calcd for C31Hp3NO; (441.17), found 442.18006 ([M + H]*).

/O (; E)
OH
B(OH), O Q =N, N=
Zn
o e S
(o]
/ oH HO!
THF, reflux O
—_— —_—
* O Pd(PPh3), Zn(OAc),
O EtOH, reflux

br ! A
TY o pev

Figure 9. Zn-2 synthesis route.

Ethanol (7 mL) as a solvent, a (60 mg 0.14 mmol), h-salophen (32 mg 0.15 mmol), and
zinc acetate (32.92 mg 0.15 mmol) were added to a Schlenk tube, and the reaction was carried
out overnight at 82 °C. After reaction, the solid was obtained by centrifugation, recrystal-
lized with ether three times, and dried to obtain the yellow product Zn-2, producing a yield
of 88.26 mg (90.17%). 'H NMR (400 MHz, DMSO-dg) & 9.07 (s, 1H), 9.03 (s,1H), 7.90-7.94
(m, 2H), 7.80 (d, ] = 8.0 Hz, 2H), 7.75 (d, ] = 8.0 Hz, 2H), 7.69 (d, ] = 12.0 Hz, 2H), 7.44-7.32
(m, 7H), 7.26 (dd, 1H), 7.10-7.05 (m, 9H), 6.92 (d, ] = 8.0 Hz, 1H), 6.72 (d, ] = 8.0 Hz, 1H),
6.52 (t,] = 8.0, 8.0 Hz, 1H). 13C{'H} NMR (101 MHz, DMSO-dg) 5 177.28, 172.60, 163.31,
162.60, 147.49, 147.37, 145.45, 139.89, 139.85, 139.55, 138.70, 137.32, 136.73, 134.82, 133.77,
130.10, 127.97, 127.79, 127.67, 126.97, 124.71, 123.79, 123.69, 123.57, 120.65, 119.97, 119.28,
116.90, 113.57, 112.39, 31.42, 23.06, 22.53. IR (cm™'): 3027.69 (Ar C-H), 1610.27 (C=N),
1579.41 (Ar C=C), 1490.71 (Ar C=C), 1280.50 (C-O), 750.17 (Ar C-H), 694.25 (Ar C-H). MS
(ESI+, DMSO-dg): m/z caled for C44H31N30,7n (697.17), found 698.17362 (M + H]*). Zinc
(Wto/o)i 8.01%.

3.3. Synthesis of Zn-3

Using toluene:DMF:water = 10:5:1 (v/v/v) as the solvent, with toluene at a quantity
of 5 mL, the following were added to a Schlenk tube: (4-Bromophenyl) diphenylamine
(140 mg 0.43 mmol), 2,2-(9,9-dimethyl9H-fluorene-2,7-diyl) bis (4,4,5,5-tetramethyl-1,3,2-
dioxaborolane) (245 mg 0.55 mmol), K,COj3 (2 mol L~1), TBAB (30 mg 0.09 mmol), and
Pd(PPh3), (60 mg 0.05 mmol) (Figure 10). Three repetitions of air exchanges with nitrogen
were performed, and the solution was reacted at 90 °C overnight in dark. The solvent
was evaporated under reduced pressure and extracted three times with dichloromethane
and saturated salt water. The organic phase was collected and passed through a silica gel
column with PE:DCM = 3:2 (v/v). The white product a was collected and dried, producing
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a yield of 173.43 mg (71.61%). 'H NMR (400 MHz, CDClg) & 7.89 (s, 1H), 7.83 (d, ] = 8.0 Hz,
1H), 7.78 (d, J = 8.0 Hz, 1H), 7.74 (d, ] = 8.0 Hz, 1H), 7.62 (s, 1H), 7.56-7.53 (m, 3H), 7.27
(t, ] = 8.0, 8.0 Hz, 4H), 7.17-7.14 (m, 6H), 7.04 (t, ] = 4.0, 7.3 Hz, 2H), 1.54 (s, 6H), 1.38 (s,
12H). 13C{'H} NMR (101 MHz, CDCls) 5 154.99, 153.00, 147.72, 147.18, 141.98, 140.43, 137.82,
135.55, 134.01, 129.30, 128.76, 127.89, 125.73, 124.43, 124.00, 122.95, 120.96, 120.75, 119.36,
83.77, 46.96, 29.73, 27.21, 24.95. MS (ESI+, CDCls): m/z caled for CsoHzgBNO, (563.30),
found 564.30421 ([M + H]*).

Zn(OAc),

THF, reflux EtOH, reflux

é O.
X ool e 7

J QO
o0C g'o

Figure 10. Zn-3 synthesis route.

Reference 1a for the synthesis process of a (173.43 mg 0.36 mmol), 4-bromo-2-hyd-
roxybenzaldehyde (72.41 mg 0.36 mmol), TBAB (24 mg), and catalyst: Pd(PPh3)4 (50 mg)—
this product was passed through a silica gel column with PE:DCM = 3:1 (v/v). The yellow
product b was collected and dried, producing a yield of 173.08 mg (83.21%). 'H NMR
(400 MHz, CDCl3) & 11.15 (s, 1H), 9.94 (s, 1H), 7.80 (t, ] = 8.0, 4.0 Hz, 2H), 7.69 (s, 1H),
7.65-7.63 (m, 3H), 7.58 (dd, ] = 8.0 Hz, 1H), 7.55 (d, ] = 8.0 Hz, 2H), 7.35 (dd, ] = 4.0, 4.0 Hz,
1H), 7.28 (m, 5H), 7.16 (m, 6H), 7.04 (t, ] = 8.0, 4.0 Hz, 2H), 1.58 (s, 6H). 13C{'H} NMR
(101 MHz, CDCl3) b 191.97, 164.94, 161.54, 160.42, 155.16, 155.00, 148.72, 148.55, 147.54,
147.14, 146.51, 139.46, 138.25, 137.31, 137.24, 134.96, 130.58, 130.09, 128.30, 126.71, 125.90,
124.52,123.96, 123.69, 121.92, 121.55, 121.43, 121.25, 118.81, 115.38. MS (ESI+, CDCl3): m/z
caled for C4H31NO, (557.24), found 558.24387 (IM + H]*).

Ethanol (6 mL) as a solvent, b (39 mg 0.07 mmol), h-salophen (14.86 mg 0.07 mmol),
and zinc acetate (15.37 mg 0.07 mmol) were added to a Schlenk tube, and the reaction was
carried out overnight at 82 °C. The post-processing method was the same as before, and the
solution was dried to obtain the yellow product Zn-3, producing a yield of 37 mg (68.50%).
1H NMR (400 MHz, DMSO-dg) & 9.09 (s, 1H), 9.04 (s, 1H), 7.94 (m, 5H), 7.86 (s, 1H), 7.74
(d,J=8.0Hz, 1H),7.70 (d,] =8.0 Hz, 2H), 7.65 (d, ] = 8.0 Hz, 1H), 7.54 (d, ] = 8.0 Hz, 1H),
7.41-7.32 (m, 7H), 7.26 (t, ] = 8.0, 8.0 Hz, 1H), 7.16-7.07 (m, 9H), 6.98 (d, ] = 8.0 Hz, 1H),
6.72 (d,J = 8.0 Hz, 1H), 6.53 (t, ] = 4.0, 4.0 Hz, 1H), 1.57 (s, 6H). 13C{'H} NMR (151 MHz,
DMSO-dg) 6 172.78, 163.30, 162.59, 155.15, 154.84, 147.57, 147.05, 146.32, 139.94, 139.85,
139.55, 139.40, 138.76, 137.57, 137.52, 137.20, 136.74, 135.09, 134.94, 134.85, 134.83, 130.10,
128.30, 127.76, 127.67, 126.36, 126.32, 125.85, 124.51, 124.03, 123.68, 123.58, 121.66, 121.25,
121.01, 120.93, 119.94, 119.91, 119.19, 117.00, 116.92, 113.45, 112.61, 112.60, 47.25, 27.33. MS
(ESI-, DMSO-dg): m/z calcd for Cs53H39N30,Zn (+HCI 849.21), found 848.17725 (M — H] 7).
Zinc (Wt%): 6.71%.

3.4. Synthesis of Zn-4

Reference 3a for the synthesis process of 4’-bromo-N, N-diphenyl-[1,1’-biphenyl]-4-
amine (180 mg 0.45 mmol), 2,2'-(9,9-dimethyl9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolane) (268.93 mg 0.60 mmol), TBAB (30 mg 0.09 mmol), and Pd(PPh3),
(63 mg 0.05 mmol)—this product was passed through a silica gel column with PE:DCM = 3:2
(v/v) (Figure 11). The white product a was collected and dried, producing a yield of 118 mg
(41.03%). 'H NMR (400 MHz, CDCl3) & 7.89 (s, 1H), 7.83 (d, ] = 8.0 Hz, 1H), 7.78 (d, ] =
8.0 Hz, 1H), 7.74 (d, ] = 8.0 Hz, 1H), 7.62 (s, 1H), 7.56-7.53 (m, 3H), 7.27 (t, ] = 8.0, 8.0 Hz,
4H), 7.17-7.14 (m, 6H), 7.04 (t, ] = 4.0, 7.3 Hz, 2H), 1.56 (s, 6H), 1.39 (s, 12H). 13C{'H} NMR
(101 MHz, CDCl3) b 155.03, 153.06, 147.70, 147.31, 141.90, 140.46, 139.96, 139.55, 138.28,
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134.57, 134.03, 129.33, 128.80, 127.68, 127.56, 127.00, 126.07, 124.51, 123.91, 123.01, 121.28,
120.82, 119.46, 83.80, 47.01, 29.73, 27.21, 24.96. MS (ESI, CDCl;): m/z caled for C45HgpBNO,
(639.33), found 639.33198.

H
Q {j:o'z"\
eali=od

Br

o,
o
D doCro-tk e O

<

<

Zn(OAc),
EtOH, reflux

: N : THF, reflux

Figure 11. Zn-4 synthesis route.

Using Tol:THF:water = 5:2:1 (v/v/v) as the solvent, with toluene at a quantity of
5 mL, the following were added to a Schlenk tube: a (118 mg 0.18 mmol), 4-bromo-2-
hydroxybenzaldehyde (38.19 mg 0.19 mmol), TBAB (15 mg), and catalyst: Pd(PPhs)y
(25 mg).The post-processing method was the same as before, and the organic phase was
collected and passed through a silica gel column with PE:DCM = 3:1 (v/v). The yellow
product b was collected and dried, producing a yield of 53.86 mg (46.07%). 'H NMR
(400 MHz, CDCl3) 6 11.16 (s, 1H), 9.94 (s, 1H), 7.83 (d, ] = 8.0Hz, 2H), 7.75-7.63 (m, 9H), 7.54
(d,J =8.0Hz, 2H), 7.35 (dd, ] = 4.0, 4.0 Hz, 1H), 7.31-7.26 (m, 5H), 7.18-7.15 (m, 6H), 7.05
(t,]=8.0,8.0 Hz, 2H), 1.60 (s, 6H). 3C{'H} NMR (101 MHz, CDCl3) 6 195.93, 161.97, 154.72,
150.21, 147.68, 147.27, 140.48, 139.85, 139.71, 139.61, 138.22, 137.65, 134.39, 134.09, 129.32,
127.66, 127.54,127.02, 126.64, 126.25, 124.51, 123.87, 123.02, 121.62, 121.31, 120.71, 120.53,
119.49, 118.93, 115.73, 47.15, 37.45, 37.09, 32.76, 31.95, 30.08, 29.72, 29.35, 27.28, 22.71, 19.70,
14.14. MS (ESI+, CDCl3): m/z caled for C46H35NO; (633.27), found 634.27029(IM + HJ").

Ethanol (5 mL) as a solvent, b (25 mg 0.04 mmol), h-salophen (8.37 mg 0.04 mmol),
and zinc acetate (8.78 mg 0.04 mmol) were added to a Schlenk tube, and the reaction was
carried out overnight at 82 °C. The post-processing method was the same as before, and
the yellow product Zn-4 was obtained, producing a yield of 17 mg (48.35%). 'H NMR
(400 MHz, DMSO-dg) 6 8.70 (s, 1H), 8.67 (s, 1H), 7.80 (dd, ] = 4.0, 4.0 Hz, 2H), 7.72 (s, 1H),
7.64 (s,2H), 7.58 (s, 1H), 7.56 (d, ] = 8.0 Hz, 2H), 7.48 (t, ] = 8.0, 8.0 Hz, 1H), 7.42-7.37 (m,
3H), 7.30-7.27 (m,7H), 7.16 (t,] = 8.0, 8.0 Hz, 6H), 7.04 (t, ] = 8.0, 4.0 Hz, 3H), 7.00 (s, 1H),
6.94 (t,] = 8.0, 8.0 Hz, 1H), 1.58 (s, 6H). 1*C{'H} NMR (151 MHz, DMSO-dg) & 150.09, 147.51,
130.12, 128.02, 127.76, 127.09, 124.66, 124.41, 123.78, 121.50. MS (ESI, DMSO-dg): m/z caled
for C59H43N3022n (889.26), found 889.49449. Zinc (Wto/o): 5.88%.

3.5. Measurement
3.5.1. Measurement of Absorption Spectrum and Extinction Coefficient

Determination of the UV-visible absorption spectrum was completed using the Agi-
lent8453 UV-visible absorption spectrometer (Santa Clara, CA, USA). The test optical path
was 1 cm, and the sample concentration and solution volume were determined based on
the maximum absorption of the compound, with a maximum absorption of 0.8~1.2. The
sample absorption value was divided by the sample concentration to obtain the sample
extinction coefficient.

3.5.2. Measurement of Excitation and Emission Spectroscopy

Measurements of excitation and emission spectroscopy were completed using the
Edinburgh FLS980 steady-state transient fluorescence/phosphorescence spectrometer (Ed-
inburgh, UK), with a 450W Xe lamp as the light source and a visible region photomultiplier
tube (R928 PMT) or near-infrared photomultiplier tube (R5509 NIR PMT, cooled to —80 °C
in liquid nitrogen 2 h in advance) as the detector. The absorption at the observed excitation
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position of the solution was approximately 0.1, and the width of the slit was adjusted to
increase the luminescence intensity sufficiently while the maximum number of photons
was below 10°.

3.5.3. Measurement of the Fluorescence Lifetime

Measurement of the fluorescence lifetime was completed using the Edinburgh FLS980
steady-state transient fluorescence/phosphorescence spectrometer and Time Correlated
Single Photon Counting (TCSPC), with a short-lived pulse laser (EPLED) EPL-405 (Edin-
burgh, UK) as the light source. The slit was adjusted so that the emission intensity was
approximately 6000-7000 Hz, with a maximum photon count of 3000. The corresponding
emission wavelength was scanned for photon decay, and exponential fitting was performed
using F980 software (version 1.3.1) for FLS980 load to obtain the lifetime.

For multi-exponential fitting, calculate multiple lifetime components:

E(t) = Y. Awel/T (1)

t: decay time
F(t): fluorescence emission intensity
Ti, A;i: the lifetime and amplitude of the i-th lifespan component

Calculate the proportion of lifetime:

R L @)
] i Ait

3.5.4. Measurement of the Low Temperature (77 K) Emission Spectroscopy

The emission spectrum was measured at low temperature (77 K), and the sample was
placed in a nuclear magnetic tube. The tube was immersed in liquid nitrogen to freeze the
solution, and the solvent was 2-methyltetrahydrofuran (2-MeTHF).

3.5.5. Freeze Extraction Deoxygenation

A specially designed deoxygenated fluorescence sample cell was used. The solution
was placed on one side of the circular bottom sample cell and immersed in liquid nitrogen
to freeze completely. The system was connected to a single row of pipes and underwent
vacuum pump degassing for 30 min; liquid nitrogen was used to provide a cold trap.

After 30 min, the sample cell was completely thawed, injected with nitrogen gas, and
then immersed again in liquid nitrogen. A vacuum pump was used to extract air; this was
repeated 4 times, extracting air for 10 min each time. Finally, the plug was tightened; the
deoxygenated fluorescence sample cell was thawed, removed, and tilted onto one side of
the quartz fluorescence cell for absorption or emission spectrum measurement.

3.5.6. Measurement of the ns-TA

The nanosecond transient absorption spectroscopy was measured using the Edinburgh
LP980 transient absorption spectrometer (Edinburgh, UK), with a 355 nm OPO laser as
the excitation source, a 450 W Xe lamp as the detection source, and a photomultiplier
tube (PMT) as the dynamic detector. The transient spectroscopy was measured using
an enhanced charge-coupled device (ICCD). After subtracting the dark background and
detector background, the steady-state transient absorption spectrum difference was scanned
at 550 nm as the central wavelength. Degassing was performed prior to testing.

3.5.7. Measurement of Superoxide Anion Radical

Using DHE as a probe for the superoxide anion radical, the relative yield of the super-
oxide anion radical was measured based on the rate of change in product luminescence at
532 nm and 610 nm excitation.
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The sample was dissolved in 1-2 mL of pyridine and a 1 mM (or 0.5 mM) concentrated
solution was prepared for storage. During measurement, the DHE was weighed and then
dissolved in 1-2 mL of DMSO in order to prepare a 1 mM concentrated solution. A pipette
of 10 uL (or 20 pL) of the concentrated sample solution was added to 2 mL of anhydrous
ethanol and diluted to 5 pM. The absorption spectrum was measured, and the absorption
value was recorded at 405 nm. A quantity of 20 uL of DHE concentrated solution was
added, thus being diluted to 10 pM.

The solution was illuminated with a 405 nm laser, and an irradiance meter was used
to detect a light intensity of approximately 10.0 mW/cm? at the center of the solution.
After being illuminated for a certain period of time, the illumination was stopped, and the
solution was excited at 532 nm. The emission spectrum was scanned, and the variation of
the emission intensity was recorded with time at 610 nm. Use linear fitting:

Al =kt + b 3)
AI the variation of emission intensity at 610 nm relative to the initial moment

t: total illumination time of 405 nm laser

The yield of superoxide anions in each sample was compared by comparing the slope
k, which is the initial rate of product production k.

3.5.8. Measurement of Singlet Oxygen

Quantum yields of singlet oxygen in trichloromethane were determined based on the
emission at 1270 nm. Tetraphenylporphyrin (TPP) was used as the reference (@, , = 0.55
in CHCI3). All samples were excited at 415 nm. Quantum yields of singlet oxygen (@, )

were calculated by equation:
_ Sy Abs,
¢A,x— @A,r<sr><Absx> (4)

where Sy and S, are the integration of the emission peak at 1270 nm of the samples and the
reference, respectively. Absy and Abs, are the absorbance of the samples and reference at
415 nm.

3.5.9. Computations

Computations were carried out with Gaussian16 [37]. Geometry optimizations of the
ground states were performed using the B3LYP [38] functional with “D3BJ” dispersion
corrections in density functional theory (DFT) calculations. The 6-311G(d) basis set [39]
was used for all atoms except the Zn atom, which was described by the LanL2DZ [40]
pseudopotential and its accompanying basis set, respectively. The solvent effects were
considered using the integral equation formalism of the polarizable continuum model
(IEFPCM) for solvation in DMSO [41].

4. Conclusions

In summary, we synthesized Zn-1-4 complexes and characterized them in terms of
photophysical properties. By designing the Zn-salophen complex as a D-A structure, it
generates a charge-separated state and has the ability to sensitize oxygen. By increasing
the distance between the electron donor and acceptor by adding benzene, the energy gap
between the singlet and triplet state of the complexes is smaller; the triplet state is more
stable; and the sensitivity to oxygen is stronger. In comparing Zn-4 with Zn-1, it was
found that the quantum yield of singlet oxygen in Zn-4 is 2.51 times that of Zn-1, and
the superoxide anion is 1.38 times that of Zn-1. Compared with Zn-salophen, which can
produce ROS (with only about 1.2 times the change in ROS) [25], this strategy has a better
effect on enhancing ROS generation. The experimental results indicate that increasing
the distance between D and A has a more significant impact on the production of ROS.
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Further exploration is needed to improve the structure of these complexes and expand
their application in phototherapy.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com /article/10.3390/inorganics12040108 /s1, TH NMR, 13C NMR, MS, FTIR of Zn-1-4,
Extinction coefficient, Fluorescence decay, Lifetime of Zn-1—4 (in nitrogen), and DFT calculations.
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