
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/2

2/
20

24
 5

:2
1:

50
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Temperature-dep
aGraduate School of Natural Science a

Kakuma-machi, Kanazawa 920-1192, Japan.
bJapan Science and Technology Agency (JS

Saitama 332-0012, Japan
cSystem Instruments Co., Ltd, 776-2, Komiya
dNanomaterials Research Institute, Kanazaw

920-1192, Japan. E-mail: taima@se.kanaza

† Electronic supplementary information (
data, full details of experimental and c
compounds. See DOI: 10.1039/d0ra06273a

Cite this: RSC Adv., 2020, 10, 31348

Received 19th July 2020
Accepted 10th August 2020

DOI: 10.1039/d0ra06273a

rsc.li/rsc-advances

31348 | RSC Adv., 2020, 10, 31348–3
endent changes in the molecular
orientation and visible color of phthalocyanine
films†

Taniyuki Furuyama, *ab Shiori Uchiyama,a Tatsuki Chikamatsu,a

Takafumi Horikawa,a Hajime Maeda, a Masahito Segi,a Hiromi Takahashic

and Tetsuya Taima*d

A simple phthalocyanine zinc complex exhibits a visible color change in response to weak external stimuli,

i.e., changes in solvent and temperature. Its chromism was attributed to its controlled aggregation viaweak

interactions between the central metal and peripheral oxygen atoms. In solution, intense absorption and

fluorescence bands appeared in both the longer-wavelength and NIR region in non-coordinating

solvents, while a simple sharp Q band was observed in coordinating solvents. Variable-temperature

absorption spectra and fluorescence lifetime measurements were used to characterize the aggregation-

induced absorption and emission in non-coordinating solvents. A selective aggregation–disaggregation

process was also observed in thin films of this phthalocyanine zinc complex, and the optical properties

of the film depend on the annealing temperature. The changes in the NIR region lead to a sizable visible

color change that is recognizable by the naked human eye. The temperature-dependent control of the

aggregation process in the thin film was confirmed using operando spectroscopy techniques.
Introduction

Temperature is one of themost important analytical parameters
in all areas of science. Although thermocouples can measure
the temperatures of various substances, thermo-responsive
(thermochromic) materials have also been the subject of
intensive research, particularly in materials1 and biological
sciences.2 Organic materials have tunable structures and can be
tailored to exhibit versatile functionalities using precise
synthetic methods. This characteristic makes them suitable for
applications as stimuli-responsive chromic materials.3

However, most organic compounds melt or decompose at
temperatures above 200 �C; thus, even though high-
temperature thermochromic organic materials are very desir-
able, they remain limited.4 To achieve sensing at high temper-
ature, ‘robustness’, i.e., the ability to avoid decomposition
under heating, and ‘exibility’, i.e., the ability to exhibit
different physical properties at different temperatures, should
nd Technology, Kanazawa University,
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be combined. Phthalocyanines (Pcs) are well-known functional
organic materials with high robustness and diversity.5 Typical
Pcs are stable above 200 �C, and their phase transitions have
been studied extensively.6 However, their chromic responses are
usually modest, and the naked human eye cannot register the
temperature-dependent color changes.

Herein, we report the aggregation-induced chromic responses
of bespoke Pcs to external stimuli, i.e., changes in solvents and
temperatures. The aggregation of dye molecules plays an
important role in changing their optical properties. Explaining
their molecular orientation is important for predicting the
spectral changes due to aggregation. Head-to-tail assembly (J-type
aggregation) is known to result in red-shied peaks;7 thus, the
selective formation of J-type aggregates is required to harvest NIR
light.8–11 We anticipated that peripheral heteroatoms (X ¼ e.g. O
or S) in Pcs could be used to tune their optical properties and
their aggregation properties (Fig. 1a). Pc is a rigid square-planar
ligand, and variousmetal complexes of Pc have been synthesized.
Several of these metal complexes (M ¼ e.g. Zn or Mg) can coor-
dinate an extra ligand to give a ve-coordinated metal center.12,13

If intermolecular M–X (central-to-peripheral) coordination
occurs, selective J-aggregation can be realized by the simple Pc
structure. Based on this concept, we developed the molecular
design principle shown in Fig. 1b. Oxygen atoms were chosen as
peripheral substituents at the a-positions because the Q band of
such Pcs appears at the border between the visible and NIR
regions (�700 nm).14 The naked human eye cannot perceive this
NIR absorption band; thus, a small chromic change could induce
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Design concept of M–X coordination-induced phthalocya-
nine aggregation. (b) Molecular design of chromic phthalocyanines
with aggregation induced by external stimuli.
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a signicant visible color change. We have previously reported
unique visible-color changes via solvatochromic behavior in the
NIR region,15 as have other groups.16 The steric bulk of the
substituents is also important to their aggregation, i.e., the
substituents on the oxygen atoms may be able to control the
aggregation via steric effects. Prior to any practical experimental
considerations, the stabilization energy of M–X coordination was
calculated to evaluate this hypothesis. The total electron energies
of a model Pc zinc complex (10(Monomer)) and its Zn–O coordi-
nated dimer (10(Dimer)), which serves as a model of the aggre-
gated state, were compared using density functional theory (DFT)
calculations. The energy of 10(Dimer) was 16.1 kcal mol�1 lower
than that of two 10(Monomer) units, indicating that aggregation
via Zn–O coordination is thermodynamically favorable (Fig. S1†).
This result motivated us to use the aggregation properties of Pcs
for temperature sensing. We also expected that this design could
be suitable to produce temperature-responsive thin lms.
Aggregation–disaggregation processes can be induced by thermal
vibrations. And although molecular vibrations are relatively
restricted in thin lms, we anticipated that the weak M–X coor-
dination could be dissociated in the thin lm by heating.
Experimental details
Materials

Unless otherwise noted, solvents and reagents were purchased
from Tokyo Kasei Co. and Wako Chemicals Co. and used aer
appropriate purication (distillation or recrystallization). 3,6-
Disubstituted phthalonitriles were prepared according to liter-
ature procedures.17,18
Synthesis of Pcs

Synthesis of a-butoxy-substituted phthalocyanine free-base
complex (3). Lithium metal (119 mg, 17 mmol) was added to
This journal is © The Royal Society of Chemistry 2020
butanol (7 mL) and stirred for 30 min under reux to afford
a solution of lithium butoxide. Then, 3,6-dibutoxyphthalonitrile
(857 mg, 3.1 mmol) was added to the solution and stirring
under reux was continued for 3 h. Aer concentrating the
mixture, the residue was dissolved in chloroform and washed
with 2 N HCl (aq), water, and brine. The organic layer was dried
over Na2SO4, ltered, and concentrated in vacuo. The mixture
was puried by column chromatography on silica gel (CHCl3/
methanol ¼ 30/1 v/v) to afford the title compound as a dark
green powder aer washing with methanol (521 mg, 61%). 500
MHz 1H NMR (CDCl3) d (ppm): 7.59 (s, 8H), 4.84 (t, 16H, J ¼ 7.5
Hz), 2.26–2.17 (m, 16H), 1.70–1.62 (m, 16H), 1.08 (t, 24H, J¼ 7.5
Hz). IR nmax/cm

�1 (KBr): 2955, 2870, 1597, 1501, 1462, 1377,
1269, 1223, 1184, 1038, 964, 883, 721. UV-vis (THF) lmax nm (3�
10�4): 762 (9.0), 738 sh (7.6), 673 sh (2.3), 328 (4.1).

Synthesis of a-(4-tert-butylbenzyloxy)-substituted phthalo-
cyanine free-base complex (5).18 The procedure described for 3
was performed using 3,6-(4-tert-butylbenzyloxy)phthalonitrile to
give the title compound as a green powder (33%). 500 MHz 1H
NMR (CD2Cl2) d (ppm): 7.60 (d, 16H, J ¼ 8.2 Hz), 7.40 (s, 8H),
7.30 (d, 16H, J ¼ 8.4 Hz), 5.78 (s, 16H), 1.24 (s, 72H). UV-vis
(THF) lmax nm (3 � 10�4): 766 (9.3), 753 sh (8.7), 677 (2.8), 330
(5.1).

Synthesis of a-butoxy substituted phthalocyanine zinc
complex (1).16 A mixture of 3 (254 mg, 0.23 mmol) and
Zn(OAc)2$2H2O (149 mg, 0.68 mmol) in DMSO (6 mL) was
stirred for 4 h at 100 �C. Aer concentrating the mixture, the
residue was dissolved in chloroform and washed with water and
brine. The organic layer was dried over Na2SO4, ltered, and
concentrated in vacuo. The mixture was puried by column
chromatography on silica gel (CHCl3/methanol ¼ 10/1 v/v) to
afford the title compound as a dark red powder aer washing
with hexane (258 mg, 96%). 500 MHz 1H NMR (pyridine-d5)
d (ppm): 7.89 (s, 8H), 5.13 (t, 16H, J ¼ 7.1 Hz), 2.32–2.26 (m,
16H), 1.75–1.68 (m, 16H), 1.01 (t, 24H, J ¼ 7.4 Hz). IR nmax/cm

�1

(KBr): 2959, 2870, 1728, 1597, 1497, 1466, 1377, 1308, 1269,
1200, 1065, 945, 899, 810, 737. UV-vis (THF) lmax nm (3 � 10�4):
734 (1.7), 659 (0.35), 326 (0.45).

Synthesis of a-butoxy substituted phthalocyanine titanium
complex (2).19 A mixture of 3 (141 mg, 0.13 mmol) and Ti(OEt)4
(0.413 mg, 1.8 mmol) in DMF (5 mL) was stirred for 1 h at
130 �C. Aer concentrating the mixture, the residue was dis-
solved in ethyl acetate and washed with water and brine. The
organic layer was dried over Na2SO4, ltered, and concentrated
in vacuo. The mixture was puried by column chromatography
on silica gel (CHCl3/methanol ¼ 40/1 v/v) to afford the title
compound as a dark red powder aer washing with ethyl acetate
(94.3 mg, 63%). 500 MHz 1H NMR (CDCl3) d (ppm): 7.69 (s, 8H),
5.00–4.95 (m, 8H), 4.88–4.84 (m, 8H), 2.26–2.20 (m, 16H), 1.71–
1.66 (m, 16H), 1.09 (t, 24H, J¼ 7.4 Hz). IR nmax/cm

�1 (KBr): 2959,
2870, 2542, 1597, 1501, 1466, 1377, 1304, 1269, 1207, 1150,
1123, 1061, 964, 910, 814, 748.UV-vis (THF) lmax nm (3 � 10�4):
778 (8.3), 695 sh (1.8), 466 sh (0.58), 336 (2.9).

Synthesis of a-(4-tert-butylbenzyloxy)-substituted phthalo-
cyanine zinc complex (4). The procedure described for 1 was
used with 5 to give the title compound as a green powder (73%).
500 MHz 1H NMR (pyridine-d5) d (ppm): 7.88 (d, 16H, J ¼ 5.8
RSC Adv., 2020, 10, 31348–31354 | 31349
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Fig. 2 Chemical structures of the a-oxy-substituted phthalocyanines
in this work.
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Hz), 7.58 (s, 8H), 7.37 (d, 16H, J ¼ 5.8 Hz), 6.13 (s, 16H), 1.21 (s,
72H). IR nmax/cm

�1 (KBr): 3963, 2870, 1732, 1597, 1497, 1474,
1366, 1269, 1231, 1200, 1096, 1061, 1018, 899, 818, 729. UV-vis
(THF) lmax nm (3 � 10�4): 737 (1.6), 661 (0.35), 328 (0.47).HR-
MALDI-FT-ICR-MS calcd for C120H129N8O8Zn [M + H]+:
1874.9253, found 1874.9257.

Preparation of thin lms

A solution of the Pc complex in CH2Cl2 (10 mg mL�1) was spin-
coated onto the appropriate substrate (glass or Au) at 2000 rpm
for 30 s and subsequently annealed at the desired temperature
for 30 min.

UV-visible-NIR-absorption measurements

Electronic absorption spectra were recorded using a JASCO V-
570 spectrophotometer and dilute solutions (5.0 � 10�6 M).
The reection spectra of solid and thin-lm samples were
recorded using an ISN-470 integrating sphere.

Emission measurements

Fluorescence spectra were obtained using a HITACHI F-4500
spectrouorometer. Fluorescence quantum yields were
measured using cardiogreen (FF ¼ 0.13 in DMSO) as a stan-
dard.20 Time-resolved photoluminescence lifetime measure-
ments were carried out using a time-correlated single photon
counting lifetime spectroscopy system (Quantaurus-Tau
C11367-22, Hamamatsu photonics). The decay constants and
tting parameters for the transient decays were determined
using the soware embedded in the Quantaurus-Tau system.

Powder X-ray diffraction (PXRD) analysis

PXRD data were collected using a Rigaku SmartLab diffrac-
tometer system with a CuKa source.

Infrared (IR) measurements

IR spectra of 1 in powder form were recorded with a Shimadzu
FTIR-8300 using the KBr method. The molecular orientation
was measured in situ via polarized infrared reection absorp-
tion spectroscopy (IR-RAS) measurements using a Fourier
transform infrared (FT-IR) device (FT/IR 6300, JASCO). The
infrared light generated by the FT-IR device was p-polarized and
reected at the substrate surface at a glancing angle of �80�

relative to the perpendicular of the substrate surface in
a vacuum chamber. All spectra were collected using the FT-IR
spectrometer equipped with a N2-cooled mercury cadmium
telluride detector. Each spectrum represents an average of 1024
scans obtained at a resolution of 4 cm�1.

Optical waveguide measurements

Phthalocyanine thin lms were prepared on a quartz waveguide
(960016, System Instruments Co., Ltd.). The UV-vis-NIR atten-
uated total reection (ATR) spectra of the thin lms were
recorded using a SIS-5100 (System Instruments Co., Ltd.) using
p- and s-polarized light.
31350 | RSC Adv., 2020, 10, 31348–31354
Theoretical calculations

The model complexes 10(Monomer) and 10(Dimer), in which the
butoxy substituents were replaced with methoxy groups, were
used in the interest of simplicity. Geometry optimization of all
the molecules was performed using the hybrid Becke3LYP21–24

(B3LYP) functional as implemented in Gaussian 2009.25 The 6-
31G(d) basis set was used for all atoms. Aer the geometry
optimization, vibrational calculations employing the same level
of theory were performed to predict the IR spectrum. All
stationary points were optimized without any symmetry
assumptions and characterized by normal coordinate analysis
at the same level of theory (the number of imaginary frequen-
cies, Nimag, was 0). The cartesian coordinates and total electron
energies from the output les are provided in the ESI.†
Results and discussion
Synthesis

Fig. 2 and Scheme S1† shows the chemical structures and
synthetic procedures of the Pcs examined in this work. 1,2-
Dicyanobenzene derivatives (phthalonitriles) are well-
established Pc precursors. The so-called lithium method using
lithium alkoxides is a typical procedure to synthesize free-base
Pcs from phthalonitriles.26 Aer the free-base Pcs 3 and 5 were
prepared, the corresponding zinc (1 and 4) and titanium (2)
complexes were obtained from the corresponding free-base Pcs
under typical metalation conditions. All Pcs displayed excellent
solubility in common organic solvents and were fully charac-
terized by NMR spectroscopy.
Solvatochromic effects

The highly planar Pc macrocycle can experience face-to-face (H
aggregation) or head-to-tail (J aggregation) aggregation in non-
coordinating solvents. These aggregation behavior produces
different solvatochromic responses. The absorption spectra of
the Pcs in dilute THF solution (coordinating solvent), CH2Cl2
solution (noncoordinating solvent), and the powder state are
shown in Fig. 3; spectra in other, additional solvents are
provided in Fig. S2.† The presence of sharp and intense Q bands
indicates the absence of aggregation in the dilute THF solu-
tions. The Q00 band of free-base 3 might be split theoretically
into two peaks, but they showed only broadened on peak. It is
considered that the splitting of the Q00 band is so small that the
superimposition of Qx and Qy bands. The absorption spectra of
the powder-state Pcs indicated the occurrence of aggregation.
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 UV-vis-NIR absorption spectra of 1 (a), 2 (b), 3 (c), and 4 (d) in
solution (blue and orange lines) and in the powder state (black dotted
lines).

Fig. 4 Fluorescence spectra of 1 (a), 2 (b), 3 (c), and 4 (d) in THF (blue
lines) and CH2Cl2 (orange lines). Excitation wavelength (lex): 650 nm.

Table 1 Fluorescence parameters of 1–4 in THF and CH2Cl2
a

Compound Solvent FF sf/ns (lem/nm)

1 THF 0.50 1.74 (760)
CH2Cl2 0.03 1.47 (760)

0.74 (840)
2 THF 0.10 1.61 (810)

CH2Cl2 0.03 1.56 (810)
3 THF 0.07 0.75 (790)

CH2Cl2 0.10 0.04 (790)
4 THF 0.40 1.89 (770)

CH2Cl2 0.06 1.76 (770)

a lex ¼ 650 nm.
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Two intense absorption bands were observed in the visible-to-
NIR (700–900 nm) region for all the Pcs. The shorter-
wavelength bands were assigned to the monomeric state,
whereas the longer-wavelength ones were assigned to the
aggregated state. Although changing the central element or the
substituent on the oxygen atoms had only a small effect on the
spectra of the dilute Pc solutions in THF, 1 exhibited signicant
solvatochromism in CH2Cl2 solution with an intense absorption
band at 812 nm. In other noncoordinating solutions of 1,
a longer-wavelength band was observed. The spectral changes
of 1 correspond to a solvent-dependent visible color change
(from red and yellow to green) that could be perceived by the
naked eye (Fig. S3†). THF molecules can coordinate to the
central zinc atoms of 1 and 4; the resulting ve-coordinate zinc12

could hinder the subsequent aggregation of the Pc macrocycles.
The aggregation of 4 in noncoordinating solvents was prevented
by the bulky substituents on the oxygen atoms. Typical sol-
vatochromic effects are caused by solvent polarity, while the
spectral changes in 1–4 solutions did not depend on solvent
polarities (Fig. S2†). Thus, the NIR band of 1 was assigned to J-
aggregated species, and the combination of a central zinc atom
and small alkyl chains on the oxygen substituents is crucial for
the formation of aggregates.

To obtain further insight into the excited states of the Pcs in
solution, their uorescence spectra in THF and CH2Cl2 were
recorded (Fig. 4). The uorescence peaks were obtained in the
NIR region due to electron-donating oxygen atoms at a positions
of Pcs.14 No uorescence was observed in the powder state due to
the severe aggregation of the Pcs. Typical sharp emission bands
were observed in the NIR region, except in the case of 1 in CH2Cl2,
which exhibited a weaker uorescence intensity than the other
solutions. The intensity of the longer-wavelength (835 nm) peak
in this spectrum was higher than that of the shorter-wavelength
(758 nm) peak. Fluorescence lifetime (sf) measurements were
This journal is © The Royal Society of Chemistry 2020
conducted to assign the uorescence bands (Table 1). The life-
times of 2–4 did not depend on the solvent or emission wave-
length (sf ¼ 1–2 ns), while those of 1 in CH2Cl2 did exhibit
wavelength dependence. The lifetime of the band at 760 nm (sf¼
1.47 ns) was longer than that of the band at 840 nm (sf¼ 0.74 ns).
The different lifetimes indicate that at least two different species
are present in solution. The emission wavelength/lifetime rela-
tionships are shown in Table S1;† the relative intensity of the
shorter-lifetime band increased with increasing emission wave-
length. The short lifetime supports the presence of uorescent J-
aggregates27 in the CH2Cl2 solution of 1. A weak shoulder was also
observed at the longer-wavelength side of the main peak in the
THF solution of 1 and the CH2Cl2 solution of 4. This shoulder
was assigned to the simple vibrational structure of the emission,
because the lifetime of these bands does not depend on the
emission wavelength.
Powder and thin-lm spectroscopy measurements

Although Pc 1 was designed to selectively form J-aggregates in
solution, we also carried out PXRD analyses of the Pcs in order
RSC Adv., 2020, 10, 31348–31354 | 31351
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Fig. 6 (a) Photographs of thin films of 1 annealed at various temper-
atures. UV-vis-NIR absorption spectra of thin films of 1 (b) and an o-
dichlorobenzene solution of 1 at various temperatures ([c] ¼ 5.0 �
10�6 M) (c).
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to determine their molecular orientations in the solid powder
state (Fig. 5). A lm of unsubstituted phthalocyanine titanium
complex has previously been reported to show an ordered J-
aggregate-type orientation;28 thus, the PXRD analysis of the a-
butoxy substituted Pc titanium complex 2was also carried out. A
characteristic peak (2q ¼ 22.7�; d ¼ 3.92�A) was observed in the
PXRD pattern of 2, indicating that the macrocycles of 2 are
aligned in an orderly fashion. Two peaks (2q ¼ 22.8�; d ¼ 3.89�A
and 2q ¼ 26.1�; d ¼ 3.42 �A) appeared in a similar region for 1,
while no intense peaks were obtained for 3 or 4. These inter-
planar distances are consistent with the Zn–O coordination
distance (3.64 �A) of the optimized structure of 10(Dimer).

Then, we prepared a thin lm of 1 on a glass substrate using
a spin-coating technique. While the powder of 1 is dark red, the
cast lm is pale yellow; regardless, the absorption spectrum of
the lm is similar to that of the powder. Aer subjecting the
lm to 30 min of annealing, its color changed. Interestingly, the
color aer annealing depends on the annealing temperature
(Fig. 6a), i.e., it changes from yellow to red to green upon
increasing the annealing temperature from 150 to 250 �C. In the
absorption spectra of the annealed lms, the longer-wavelength
band diminishes with increasing temperature, while the
shorter-wavelength band becomes more intense (Fig. 6b). This
type of temperature-dependent change in the absorption
spectra was also observed in solution (Fig. 6c). The decrease in
the longer-wavelength band (822 nm) with increasing temper-
ature indicates the disaggregation of 1 due to greater molecular
motion. THF was used to peel the annealed lm off of the glass
substrate, which resulted in partial dissolution of the lm in
THF. The spectrum of the solution was identical to the
absorption spectrum of the THF solution of as-prepared 1,
which suggests that 1 did not undergo any decomposition
during annealing at 250 �C (Fig. S4†). The spectral changes
observed for the thin lm due to annealing paralleled those
observed in solution at various temperatures, indicating the
molecular orientation of 1 on the lm changed upon heating.
Operando spectroscopy measurements of thin lms of 1

Based on the temperature-dependent spectroscopic changes of
the thin lm of 1, we attempted to rationalize the molecular
orientation of the phthalocyaninemacrocycles on the lm using
operando polarized optical waveguide spectroscopy and polar-
ized IR-RAS.
Fig. 5 Powder X-ray diffraction (PXRD) patterns of 1–4.

31352 | RSC Adv., 2020, 10, 31348–31354
Optical waveguide spectroscopy is a technique based on total
internal reection. When polarized incident light is used, the
linear dichroism spectra provide information regarding the
molecular orientation at the interface.29–31 According to previous
studies, intense visible-to-NIR bands of Pcs are effective for
determining their molecular orientation on thin lm by polar-
ized optical waveguide spectroscopy.32,33 Optical waveguide
spectra of the thin lm of 1 obtained using non-polarized, s-
polarized, and p-polarized light at various temperatures are
shown in Fig. 7. Aer heating the lm, the changes in the
waveguide spectra using non-polarized light paralleled those in
the reection spectra (Fig. 6b). The decrease in the intensity of
the longer-wavelength band under heating indicated disaggre-
gation. Using s-polarized light, a stronger absorption at 760 nm
was observed. The ratio of the intensities of the spectra ob-
tained using s- and p-polarized light decreased with increasing
the annealing temperature from room temperature to 200 �C,
indicating that monomers of 1 adopt a random orientation.
Subsequently, the ratio increased when the temperature was
further raised from 200 �C to 250 �C. The increasing s-polarized
light ratio beyond 200 �C indicated that the orientation of
monomeric 1 changed to perpendicular relative to the wave-
guide surface.

IR-RAS is regarded as a useful method to evaluate the
molecular orientation of thin lms of phthalocyanines.34–37

Although the vibrational modes of unsubstituted phthalocya-
nine zinc complexes have been well-studied,38 it was necessary
to assign the out-of-plane and in-plane vibrational modes of 1
before analyzing its spectra. For that purpose, we compared the
experimental IR spectrum of KBr-dispersed 1 (as a model of the
non-oriented state) and the theoretical (gas phase) spectrum of
1 obtained using DFT calculations (Fig. S5 and Table S2†). The
theoretical spectrum reproduced the experimental one, allow-
ing the peaks at 810 cm�1 and 1065 cm�1 to be assigned to the
out-of-plane and in-plane vibrational modes, respectively. Fig. 8
shows the IR-RAS spectra of the thin lm of 1 on an Au substrate
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Optical waveguide spectra of thin films of 1 annealed at room
temperature (a), 150 �C (b), 200 �C (c), and 250 �C (d) using non-
polarized light (black lines), s-polarized light (red lines), and p-polar-
ized light (blue lines).
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aer annealing at various temperatures; this substrate was used
because the reection peaks of the thin lm on a glass substrate
were too weak. The molecular orientation parameters are
summarized in Table S3.† The UV-vis-NIR absorption spectrum
of the thin lm of 1 on an Au substrate demonstrated that the
optical properties in the UV-vis-NIR region were not affected by
the change of the substrate (Fig. S6†). The out-of-plane/in-plane
vibrational peak intensity ratio changed with increasing
annealing temperature. The trend in the spectral changes par-
alleled that of the polarized optical waveguide spectra in the UV-
vis-NIR region. At 250 �C, the in-plane vibrational mode was
enhanced, and the orientation parameter S was increased,
indicating that annealing altered the molecular orientation of
the Pc on the lm. The change in the molecular orientation on
the thin lm affected the optical properties of the UV-vis-NIR
region and induced a signicant visible color change that
could be detected by the naked human eye.
Fig. 8 IR-RAS spectra of 1 on a gold substrate for different annealing
temperatures.

This journal is © The Royal Society of Chemistry 2020
Conclusions

In summary, we have investigated the chromic responses of
phthalocyanines functionalized with oxygen atoms at the a-
position in response to solvent and temperature. Although the
central-metal effect and the substituent effect of the groups on
the oxygen atoms are weak in dilute THF solution, a-butoxy Pc
zinc complex 1 in non-coordinating solvents shows a signicant
visible color change accompanied by spectral changes in the
NIR region. A uorescence lifetime analysis of 1 revealed that
the selective J-aggregation mode of 1 induces an intense
absorption band in the NIR region (>800 nm), which was not
observed for the Pcs with other metals or substituents. More-
over, these spectral changes were also observed in the thin lm
of 1 upon increasing the annealing temperature of the lm.
Operando spectroscopy techniques (optical waveguide spec-
troscopy and IR-RAS) showed a dynamic change in the molec-
ular orientation upon heating the lm. Typical Pcs show high
thermostability; however, the changes in their spectra upon
heating are usually small. In our system, the ‘weak’
coordination-induced aggregation allows the molecular orien-
tation to be changed even in the thin lm. The fact that its
solvatochromic behavior involves ‘invisible’ NIR properties is
useful, as this leads to a visible-color change recognizable by the
naked human eye in response to small external stimuli. Fine-
tuning both the single-molecule optical properties and aggre-
gation properties of Pcs thus allows the design of a thermo-
chromic organic device with a wide (>200 �C) temperature
range. The simplicity of the synthetic procedures of the Pcs can
be expected to facilitate further screening of this type of
compounds for practical applications.
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