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A near-infrared oxovanadium(IV)-a,0. ’-octapentoxyphthalocyanine (oxo-V(IV)-Pc) has been synthesized and charac-
terized. Solvent-dependent optically spectroscopic and electrochemical investigations including UV-vis absorption and
magnetic circular dichroism (MCD) spectroscopy, cyclic voltammetry (CV), DPV and multi-scan rate CV electrochem-
istry measurements were carried out to give in-depth understanding of the electronic structure of this oxo-V(IV)-Pc.
Both a,0 ’-substituents and solvent polarities have large influence on the electronic structure of this NIR absorbed oxo-
vanadium(1V)-phthalocyanine.
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dichroism, cyclic voltammetry, spectroelectrochemistry.

BAMSIHME PAacCTBOPUTEAS Ha CIEKTPaAbHBIE, SIAEKTPOXUMHUYECKHE
U CIIEKTPOIAEKTPOXMMHUYECKHUE CBOMCTBA
o,0'—OKTameHTOKcu(TarOIluaHNHaTa oKcoBaHapAus(IV),
noraomamomnero B oamxkuenn UK odbaracTtm

M. Au, K. Aunanr, IO. Ajxanr, A. Key, K. JKanr, B. )Ky

Ulkona xumuu u xumuuecxou mexnonoauu, L{zancy ynusepcumem, Yoiconvyzamne 212013, Kumaii

B pabome nonyuen u oxapaxmepusosan oxcosanaouu(1V)-a,o ’-okmanenmoxcudmanoyuanun, no2rouarOuull
6 Onuoicneu UK obnacmu. C nomowbio CNeKmpanbHblX U 91EKMpPOXUMUYCKUX MeMOO08, GKII0YUAs CHeKMPOCKONUIO
INEKMPOHHO2O NONOUJEHUS U MACHUMHO20 KPY208020 OUXPOUIMA, YUKIUYECKYVIO BONbMAMNepoMempuio, oudgepen-
YUATLHYIO NYTbCUPYIOWYIO B0TbMAMNEPOMEMPUIO, DbLIO NOKA3AHO, YMO Npupood o,0. -3amecmumeneti U NOJAPHOCb
pacmeopumens 0Ka3vl8aOm 3HAUUMENbHOE GIUAHUE HA INEKMPOHHYIO CIPYKMYPY NONYYEHHO20 KOMNIEKCd.

KiaioueBnle ciioBa: q)TaJ'IOIII/IaHI/IH, KOMIIJICKCBI OKCOBaHaaus, IOITIOIICHHUC B ommkueir MK 06J'IaCTI/I, NOJIAPHOCTDH
pacTBOpUTEIIA, MarHUTHBIN prl"OBOﬁ JAUXPOU3M, HUKIIUNYCCKas BOJIbTaMIIEPOMETPUSA, CIICKTPOIJICKTPOXUMUSL.
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Introduction

Currently, there are increased research interests in
phthalocyanines (Pcs) including fundamental theories to
industrial applications.! The large m-system of phthalocya-
nines can lead to strong absorption and emission in the red/
near-infrared (NIR) region, and exhibit relatively high molar
extinction of the lowest energy m—n* band (usually referred
to as the Q band), which is considerably more intense than
the corresponding bands in the spectra of porphyrins and tet-
raazaporphyrins.”! Although the red-shift of the Q bands of
phthalocyanine can be achieved to longer wavelength region
through fused-ring-expansion with benzene rings to form
naphthalocyanine (Nc)*! and then anthracocyanine (Ac),” the
significant destabilization of HOMO level makes these com-
pounds unstable. Additionally, the absence of peripheral sub-
stituents are also issues with solubility. In contrast, Pcs with
substituents at both peripheral (B-) and non-peripheral (a-)
positions generally exhibit enhanced solubility, especially
the a-substituted Pcs revealed more satisfied results due to
its deformed molecular structures.”! On the other hand, in-
troduction of electron donating substituents at a-positions
results in a greater destabilization of the highest occupied
molecular orbital (HOMO) state relative to the lowest unoc-
cupied molecular orbital (LUMO) state leading to the red-
shift of the Q band absorption in metallophthalocyanines
(MPcs) and hence lower first oxidation potentials, since there
are large MO coefficients at these positions in the HOMO of
the m-system.[! NIR phthalocyanines have excellent light,
weather and thermal resistances, and these complexes find
use in optical recording materials, liquid crystal display
devices and IR radiation filters.”? Oxovanadium(I'V)-phtha-
locyanines, the high-valence metallo-phthalocyanines have
various potential applications such as optical active materi-
als, non-linear optical materials and catalysis,® but solvent
dependent spectroscopic and electrochemical investigations
have never been described before. In this paper, the solvent-
dependent UV-vis, magnetic cicular dichroism (MCD) spec-
tra, cyclic voltammetry (CV), DPV and thin-layer spectro-
electrochemistry will be described. The solvent-dependent
spectroscopic, electrochemical and spectroelectrochemical
properties indicate the polarities of the solvents have large
effect on the electronic structure of NIR electron-rich, high-
valence oxovanadium(IV)phthalocyanine.

Experimental

Chemicals

Analytical pure N,N-dimethylmethaneamide (DMF) for elec-
trochemical measurements was purchased from the Aladdin Rea-
gent Company of Shanghai, and freshly distilled before use. All
other chemicals and solvents were analytical pure grade and were
purchased from the Shanghai Guoyao Company. All solvents were
dried and distilled prior to use.

Materials and Instruments

'"H NMR spectra were recorded on a Bruker AVANCE 400
spectrometer (operating at 400.13 MHz) using the residual solvent
as an internal reference for 'H (8 = 5.32 ppm for CD,CL). Cyclic
voltammetry was performed in a three-electrode cell using Chi-730D
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electrochemistry station. A glassy carbon disk electrode was uti-
lized as the working electrode while a platinum wire and a saturated
calomel electrode (SCE) were employed as the counter and refer-
ence electrodes, respectively. An “H” type cell with a fritted glass
layer to separate the cathodic and anodic sections of the cell was used
during bulk electrolysis. The working and counter electrodes were
made from platinum mesh and the reference electrode was an SCE.
The working and reference electrodes were placed in one compart-
ment while the counter electrode was placed in the other. UV-visi-
ble absorption spectra were recorded with a HP 8453A diode array
spectrophotometer. All of the electrochemical measurements were
carried out under a nitrogen atmosphere. Magnetic circular dichro-
ism (MCD) spectra were measured with a JASCO J-815 equipped
with a 1.6 T (tesla) permanent magnet by using both the parallel and
anti-parallel fields. The conventions of Piepho and Schatz are used
to describe MCD intensity and the Faraday terms.!”! Spectral pure
grade o-dichlorobenzene, CH,Cl, and DMF for spectroscopic and
electrochemical measurements was purchased from the Aladdin re-
agent company of Shanghai. Other chemicals and solvents were of
analytical pure grade and were obtained from the Shanghai Guoyao
Co. which were dried or distilled prior to use.

Syntheses

Synthesis of 3,6-dipentoxyphthalonitrile.  3,6-Dihydroxy-
phthalonitrile (1.6 g, 10 mmol) was added to 20 mL of a dry acetone
solution containing 1-iodopentane (4.4 g, 22 mmol, 2.2 eq.) and
K,CO, (5.5 g, 40 mmol, 4.0 eq). The resulting mixture was gradually
heated to 60 °C, and the temperature was maintained for 4 h. After
removal of the solvent, the reaction mixture was purified by silica
gel column chromatography with CHCI, as the eluent. Recrystalli-
zation from CHCI, and MeOH provided 3,6-dipentoxyphthalonitrile
as a white solid compound in 88 % yield (2.64 g). '"H NMR (400
MHz, CDCL,) & ppm: 7.15 (s, 2H; B-phenyl), 4.04 (t, J = 8.0 Hz, 4H;
-OCH,-), 1.84 (dd, J,=12.0 Hz, J, = 8.0 Hz, 4H; -CH,-), 1.49-1.35 (m,
8H, -CH,CH.-), 0.93 (t, /= 8.0 Hz, 6H; -CH,).

Synthesis  of  a,a-n-octapentoxyphthalocyanine  (H,Pc).
Lithium (56 mg, 8.0 mmol) was added to 6 mL of freshly distilled
1-butanol, and the solution was stirred and heated at 150 °C under
an N, atmosphere until the lithium was completely dissolved. 3,6-Di-
pentoxyphthalonitrile (300 mg, 1.0 mmol) was then added and the
resulting mixture was gradually heated at 160 °C, and the tempera-
ture was maintained for 2 h. After removal of the solvent, the re-
action mixture was purified by silica gel column chromatography
with CHCI,:MeOH (100:3) as the eluent. Recrystallization from
CHCI, and MeOH provided the target compound, as a green solid
in 63 % yield (2.64 g). MALDI-TOF-MS: m/z=1203.78 (Calcd. for
C, H,N,O, [M+H]"= 1203.70). 'H NMR (500 MHz, CD,Cl,) 5 ppm:
7.49 (m, 8H; B-phenyl), 4.82 (m, 16H; -OCH,-), 2.19 (m, 16H; -CH,-),
1.64-1.48 (m, 32H, -CH,CH_-), 1.09-0.85 (m, 24H; -CH,).

Synthesis of oxo-V(IV)-0,0 -octapentoxyphthalocyanine (oxo-
V(IV)Pc, 1). Following the method reported by Leznoff!!” and Ka-
sugal'l! cyclic tetramerization of o,0’-pentoxyphthalonitrile, and
a metal insertion reaction with V,O, in molten urea gave oxo-V(IV)
Pc quite easily in a yield 35.6 %, and the structure was confirmed
by MALDI-TOF-mass and 'H NMR spectra (Figure 1). MALDI-
TOF-mass: m/z = 1269.13 (Calcd. [M+H]" = 1269.52). '"H NMR
(CD,CL,, 298 K) & ppm: 8.52 (br s, 8H; B,p’-H), 4.94 (br s, 16H;
-OCH,-), 2.29 (br s, 16H; -CH,-), 1.69~1.52 (br s, 32H; -CH,-),
1.02 (br s, 24H; -CH,).

Results and Discussion
Solvent Dependent Spectroscopy

The spectroscopic properties of oxo-V(IV)Pc in both
low-polar solvent CH,CI, and polar solvent DMF are shown
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in Figure 2. The UV-vis spectra of 1 is characteristic sharp of
metallo-phthalocyanines, but the Q bands lic at a significant-
ly longer wavelength than those of normal oxo-V(IV)Pcs
without substituent groups (A = 695 nm in chlorobenzene).['”
In the low-polar solvent CH,CI, (Figure 2, left, bottom), the
Q-band absorption of 0xo-V(IV)Pc exhibits main absorption
bands at 788 and 703 nm. The Soret band of 1 appears at 338
nm, and an extra band at 479 nm can be assigned as intramo-
lecular charge-transfer band. In the case of oxo-V(IV)Pc in
DMF (Figure 2, right, bottom), the Q-band absorption ex-
hibits a mirror red-shift to 792 nm. Similarly, the Soret band
appears at 349 nm and the charge transfer band appears at
473 nm. On the other hand, the magnetic cicular dichroism
(MCD) spectra of oxo-V(IV)Pc is also typical of metallo-
phthalocyanines,['*! showing a clear Faraday A-term type of
curve associated with the Q_, absorption peak at A = 788 nm
in CH,CI, (Figure 2). In the Soret band region, three bands
were observed at A= 336, 358 and 498 nm, and the additional
band at around 490 nm can be plausibly assigned to a transi-
tion involving the ether oxygen lone pairs n-n* transition.!'¥
Similar shape of the MCD signals of oxo-V(IV)Pc in DMF
were observed, but slightly shifted to the longer wavelength
region. The assigned Faraday A4-term type of curve associ-
ated with the Q,, absorption peak at A = 792 nm in DMF
was detected (Figure 2), and Soret bands were appeared at
A =323, 369 and 410 nm, respectively. Solvent dependent
UV-vis measurements (Figure 3) were also carried in various
organic solvents containing different solvent polarities, in-
cluding CH,Cl,, toluene, ethylacetate, DMF and benzonitrile
in order to further insight understand the solvent dependent
spectroscopic properties of this oxo-V(IV)Pc 1. It is known
that the red-shift of the Q-band absorptions is a function of
the solvent’s refractive index,!' and Table 1 also shows the
red-shift of the Q-band absorptions based on the increase of
the solvent polarities.

Solvent Dependent Electrochemistry

Electrochemical measurements were performed to give
further in-depth understand of the electronic properties of this
a,0’-substituted phthalocyanines, since it is well established
that the HOMO and LUMO energies of phthalocyanine de-
rivatives correlate well with their first oxidation and reduc-
tion potentials. Electrochemical measurements were carried
out in low-polar solvent o-dichlorobenzene and polar solvent
DMF containing 0.1 M TBAP to gain further insight into
the electronic properties, and the redox potentials £, values
derived cyclic and differential pulse voltammetry (CV and
DPV) measurements. The voltammograms for oxo-V(IV)
Pc in low-polar o-dichlorobenzene (Figure 4) contain two
reversible one-electron reduction steps at £, = -0.71 V for
[ox0-V(IV)Pc]/[oxo-V(III)Pc], and at £, = -1.06 V for the
ring reduction [oxo-V(IIT)Pc]/[oxo-V(III)Pc]*, respectively,
under these experimental conditions. One more irreversible
reduction at £, =-1.85 V derived from DPV measurement
can be assigned as further ring reduction [oxo-V(III)Pc]*/
[oxo-V(III)Pc]*. Additionally, two reversible one-electron
oxidation curves are also observed at £, =0.64 and 1.03 V
assigned as the ring oxidation [oxo-V(IV)Pc]/[oxo-V(IV)
Pc]" and [oxo-V(IV)Pc]"/[ox0-V(IV)Pc]** for 1% and 2™ oxi-
dation steps, respectively. More interesting, the voltammo-
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grams for oxo-V(IV)Pc in polar solvent DMF (Figure 4) ex-
hibit similar shape of the spectra, but the oxo-V(IV)Pc com-
plex is more easily reached the 1* oxidation and 1% reduction
processes, at 0.58 V and -0.67 V, respectively. The energy
difference between the 1* oxidation and 1* reduction in polar
DMF solution is smaller than that in low-polar o-DCB dur-
ing the CV measurements (Scheme 2), that is also reflected
in the red-shift of the main absorption band in polar solvents
during the optically spectroscopic measurements. Compared
with other vanadium phthalocyanines reported previously,
this oxo-V(IV)Pc 1 with electron donating substituents intro-
duced at a,0’-positions, is easily oxidized than the complex-
es without electron donating groups at a,0’-positions (Table
2). The i " and i ** values, determined from CV measure-
ments of 1 made at various scan-rates from 10-500 mV in
both low-polar CH,Cl, and polar DMF (Figure 5), provide
an insight into the reversibility of the system on an experi-
mental time-scale. The good linear correlations observed for
plots of peak current versus v% for oxo-V(IV)Pc (Figure 6)
confirm that all of the oxidation and reduction processes are
diffusion controlled.

Solvent Dependent Spectroelectrochemistry

In order to confirm further the effect of the solvent polar-
ities on the spectroelectrochemistry properties, thin-layer
UV-visible spetra during the first and second reduction and/
or oxidation of oxo-V(IV)Pc 1 were carried out in both low
polar solvent o-dichlorobenzene and polar solvent DMF. The
comparison of spectral changes at different potential values
for reversible processes were shown in Figure 7. During the
first reduction process, the electroreduced oxo-V(IV)Pc 1
reveals the significant decrease of the main absorption band
(Q-band), but the further increase of the additional bands
in the visible region in the DMF solution. In addition to
measure the spetral changes of further electroreduced oxo-
V(IV)Pc 1, the changes were only observed in the DMF
measurements, and this clearly show that the solvent effects
have large influence on the electroreduced spetral changes.
The electrooxidazed spetral changes were also measuremed
in both o-dichlorobenzene and DMF, no significant difference
was observed based on the different solvent measurements.
Since the 2" oxidation process of 1 in DMF is irreversible,
thus the spetroelectrochemistry was not further proceded
under this experiment conditions.

Scheme 1. Molecular structure of oxo-V(IV)Pc.
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Figure 2. UV-vis absorption and MCD spectra of 1 in CH,Cl, (up) and DMF (bottom).
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Scheme 1. Energy difference of electrochemistry measurements in
low-polar 0-DCB and polar DMF of oxo-V(IV)Pc.
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Figure 3. Q-band absorptions of UV-vis spectra of oxo-V(IV)Pc
in various organic solvents.
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Figure 4. Cyclic voltammetry (CV) and DPV measurements of oxo-V(IV)Pc in o-dichlorobenzene (left) and DMF (right).
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Figure 5. Multi-scan rate of cyclic voltammetry (CV) measurements of oxo-V(IV)Pc in o-dichlorobenzene (left) and DMF (right).

Table 1. Values of Q-band UV-vis absorptions of oxo-V(IV)Pc in various solvents.

CH,CI, Toluene Ethylacetate DMF PhCN
Oxo-V(IV)Pc 1 788 nm 787 nm 789 nm 792 nm 810 nm

Table 2. Electrochemistry measurements of various oxo-V(IV)Pc derivatives.

Reduction Oxidation

Molecular Structure
Solvent ~ V"Pc¢?/ VIIP¢3  VUPc?/ VIIPe3  VIIPe3/ VIPe* VIPe3/ VIPe+ VIPe-3/ VIlpe+ Ref.

Oxo-V(IV)Pc 0-DCB -1.85 -1.06 -0.71 0.64 1.03 This work
OV[Pc(Bu),] CH,CI, - -1.08 -0.58 0.94 - 6]
OV(PcF ) CH,CI, -1.41 -0.62 -0.29 0.85 - 17
OVI[Pc(SCHI11),] CH,CI, -1.14 -0.89 -0.54 0.68 1.02 18]

Oxo-V(IV)Pc DMF -1.88 -1.05 -0.67 0.58 0.84 This work
OV[Pc(OCH,(#-Bu),),] DMF -2.07 -1.12 -0.62 0.76 1.21 19
OV[Pc(CH,)),] DMF -1.94 -0.97 -0.51 0.94 1.34 (]

a: irreversible processes
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Figure 6. The dependence of square root of the scan-rate (v**) on the peak current (ip) for the all oxidations and reductions of oxo-V(IV)Pc
in o-dichlorobenzene (up) and DMF (bottom) containing 0.1 M TBAP.
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Figure 7. Thin-layer UV-visible spectral changes obtained during the second reduction and/or oxidation of oxo-V(IV)Pc in

o-dichlorobenzene and DMF.

Conclusions

A o0x0-V(IV)Pc having main absorption band at NIR
region has been synthesized and characterized. Solvent
dependent spectroscopy, electrochemistry and spectro-
electrochemistry studies were carried out including UV-
vis, magnetic cicular dichroism (MCD) spectra, CV, DPV,
multi-scan rate CV and thin-layer spectroelectrochemistry
to give detailed understanding the effect of the substituents
and solvent polarities on the electronic structures of this
near-infrared oxo-V(IV)Pc. Considered NIR phthalocya-
nines have a wide range of potential applications in various
high-tech fields, such as NIR optical recording materials and
in IR radiation filters. The studies about solvent dependent
electronic structure provide useful information for future
rational molecular design, characterization, and potential
applications.
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