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The work assessed the physicochemical changes in p-chlorophenoxy-substituted lutetium phthalocyanine in
chloroform and tetrahydrofuran under the influence of laser radiation. For this purpose, thermal lens spectrometry
was used, as combining optical molecular spectroscopy and thermophysical analysis. A significant change in the
thermal diffusivity of the phthalocyanine was detected, which is probably a consequence of the specific solvation of
phthalocyanine macromolecules at a level of 10 nmol/L. A change in the thermal lens signal over 12—16 h indicates

photoinduced activity of the phthalocyanine.
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Thermal Lens Spectrometry of Substituted Lu Phthalocyanine
Introduction

Phthalocyanines and their tetrapyrrolic analogs are
prospective compounds for organic electronics and
medicinal chemistry. Phthalocyanines can be applied as
photoactive layers in solar cells!* and sensors,”! in light-
activated catalytic reactions,'” photodynamic therapy,"®
and fluorescent imaging.”” Unlike their analogues,
porphyrins and chlorins, phthalocyanines have higher
thermal and photochemical stability, constant chemical
composition, as well as an intense absorption maximum at
the boundary of the visible and near-IR regions. Porphyrins
and chlorins have the most intense absorption maximum in
the UV region compared to those in the visible and near-IR
ranges,'”  while the opposite is characteristic of
phthalocyanines.!""! Many applications of phthalocyanines
involve the use of lasers: nonlinear optics, photodynamic
therapy, and catalysis. Thus, studying the behavior of
phthalocyanines and especially their stability during laser
ionization is an important task.

Thermal lens spectrometry (TLS), a method of
photothermal spectroscopy, is based on recording changes
in the refractive index of a medium due to nonradiative
relaxation of excited molecules."” This provides
simultaneous analysis of the optical (light absorption,
temperature gradient of the refractive index of the medium)
and thermal parameters of the object (thermal diffusivity,
thermal conductivity, and heat capacity) under high-power
laser radiation in a broad wavelength range.*"! Wide
capabilities of this method have found application in the
analysis of biological objects, environmental science,
chemical analysis, energy, and materials science.'*'**!

Simultaneous recording of several signals in TLS has
found application in the quantitative and qualitative
analysis of complex multicomponent systems, in which
classical spectrophotometry is not always sufficient.***"!
With the advent of heat-conducting nanofluids (dispersions
of nano or microparticles), the need to measure heat
capacity, thermal conductivity, and thermal diffusivity has
increased, as evidenced by a large number of studies./***")

TLS makes it possible to record changes in
physicochemical properties of objects over time at low
absorption and analyte concentrations.”” A separate area of
application of thermal lens spectrometry is the study of
reaction kinetics, analysis of photochemical systems and
objects exhibiting photoinduced activity."”"®*'** The kinetics
of transesterification and complex formation were studied.?'**
3 InP*®! photothermal analysis of aqueous dispersions of
graphene oxide revealed the photoinduced decomposition
of graphene oxide into individual clusters and partial
reduction occurring under the action of laser radiation.

In this work, we studied the laser-based effects on the
thermal diffusivity of p-chlorophenoxy substituted lutetium
phthalocyanine in chloroform and tetrahydrofuran using
double-beam  thermal lens spectrometry at low
concentrations (10 nmol/L). TLS revealed photoinduced
activity under the influence of laser radiation. Based on the
results obtained, assumptions were made about the nature
of the existence of phthalocyanine in solutions.
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Figure 1. Schematic of a dual-beam thermal lens spectrometer.

Experimental
Photothermal measurements

Photothermal measurements were carried out on a double-
beam thermal lens spectrometer (Figure 1). High-power solid-state
laser radiation (A, = 532 nm, TEM,,) passes through a shutter,
which is controlled by an analog-to-digital and digital-to-analog
converter (ADC) connected to a personal computer (PC) and
enters the sample in a quartz cell (/ = 10.00 mm). In the sample,
due to the absorption of laser energy and non-radiative relaxation,
a temperature gradient arises acting as a scattering lens (a thermal
lens). A low-power helium-neon laser (A, = 632.8 nm, TEMyy),
which expands when passing through a thermal lens, was used as a
probe laser. This leads to a drop in the initial intensity of the probe
beam at the detector. A photodiode was used as a detector.

One measurement cycle begins when the shutter opens,
continues when the shutter closes, and ends when the shutter
opens again, after which the cycle repeats. The PC receives data
from the ADC and detector, which are processed in the original
program, where they are formed, displayed and stored in the form
of transient curves of heating and dissipation of the thermal lens
(signal intensity vs. time).

To describe the behavior of the probe laser on the detector,
the Shen-Snook model for two-beam thermal lens spectrometry in
a steady state was used, described in detail in [37]. The transition
curve equation describing the intensity of the probe laser at the
detector /(f) depends on the initial intensity of the probe beam 7(0),
geometric parameters m and V, thermo-optical signal 6 and
characteristic time 7.

B 8 _, 2my \1P
””_“m[l_it‘m ([(1+3m'}1+V1]['r,/3r'}—1+3m—;1'3)] M

If for m, V and @ all coefficients and constants are, as a rule,
known in advance (measured or from reference data and optical
measurements) and the parameters are found according to the
equations specified in®” then the characteristic time f, is an
experimental parameter that is associated with thermal diffusivity
(D) according to the following equation:

t, = wly /4D, (@)

c

where w, is the radius of the inducing beam in the sample.
The stationary thermal lens signal is found using the
following equation:

_ 1(0) —I{w)

70 3)
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where /(o) is the intensity of the probe beam in a steady state,
with the thermal lens fully developed. The operating principle,
determination of thermal diffusivity and thermal lens signal by the
TLS method for complex systems are described in detail.**** The
operating parameters of the measurements are given in the
Supplementary materials, Table S1.

General

Electronic absorption (UV-Vis) spectra were recorded on a
JASCO V-770 spectrophotometer using quartz cells (1x1 cm).
High-resolution matrix assisted laser desorption/ionization time-
of-flight (MALDI-TOF/TOF) mass spectra were taken on a
Bruker Autoflex II mass spectrometer with a-cyano-4-hydroxy-
cinnamic acid (CHCA) as the matrix. '"H NMR spectra were
recorded on a Bruker AVANCE 600 spectrometer (600.13 MHz).
Chemical shifts are given in ppm relative to SiMe,. Attenuated
Total Reflection-Fourier Transform Infrared spectroscopy (ATR-
FTIR) was carried out using a Thermo Scientific Nicolet iS5 FT-
IR spectrometer; spectral resolution, 4 cm ™.

Synthesis
Method A. Approach with 4,5-(p-chlorophenoxy)phthalonitrile

Octa(p-chlorophenoxy)substituted phthalocyanine lutetium(I1l)
acetate 4. A mixture of phthalonitrile 1 (100.00 mg, 0.26 mmol),
Lu(OAc);x4H,0  (55.00 mg, 0.13 mmol) and 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU) (39 pL, 0.26 mmol) was
refluxed in isoamyl alcohol (2 mL) with stirring for 4 h (TLC-
control: SiO,, F,s4,toluene). The reaction mixture was cooled to
room temperature and MeOH:H,O (4:1, V:V) was added. The
precipitate was filtered and washed with MeOH:H,O (4:1, V:V).
This yielded 122.00 mg (54%) of compound 4. UV-Vis (THF)
Amax N (1ge): 356 (4.94), 609 (4.53), 675 (5.39). IR (diamond) v
em™': 1010-1089 (st C—Cl); 1373-1398 (y pyrrol); 1267-1282 (st
Ph-0), 1373-1484 (st COO™ sym); 1531-1583 (st COO as);
2331-2362 (residual CO,). MS (MALDI-TOF) m/z: 1695 [M-
OAc]". MS (MALDI-TOF/TOF) m/z: 1694.9857 [M-OAc]".
Calculated for CgoHyoClsLuNgOg: 1694.9885 [M-OAc]”. 'H NMR
(600 MHz, THF-dg) oy ppm: 7.11-7.39 (m, 32H, Hy,), 9.10 (s,
8H Hp,).

Method B. Approach via octa(p-chlorophenoxy)substituted
phthalocyanine

Octa(p-chlorophenoxy)substituted ~ magnesium  phthalo-
cyanine 2. A mixture of phthalonitrile 1 (200.00 mg, 0.53 mmol),
Mg(OAc),x4H,0 (28.50 mg, 0.133 mmol) and DBU (20 pL,
0.133 mmol) was refluxed in isoamyl alcohol (2 mL) with stirring
for 4 h (TLC-control: SiO,, Fys4,toluene). The reaction mixture
was cooled to room temperature and MeOH:H,O (4:1, V:V) was
added. The precipitate was filtered and washed with MeOH:H,O
(4:1, V:V). This yielded 199.00 mg (97%) of compound 2. UV-
Vis (THF) M. nm (Ige): 358 (4.71), 607 (4.32), 673 (5.10). MS
(MALDI-TOF/TOF) m/z: 1545 [M+H]". MS (MALDI-TOF/TOF)
m/z: 1545.0428 [M+H]". Calculated for CgoH,oClsMgNgOs:
1545.0400 [M+H]". "H NMR (600 MHz, THF-dg) 8y ppm: 7.16—
7.40 (m, 32H, Hy,), 9.10 (s, 8H Hp,).

Octa(p-chlorophenoxy)substituted ~ phthalocyanine 3.
Magnesium complex 2 (100.0 mg, 0.065 mol) was dissolved in
concentrated sulfuric acid (10 mL), kept in an ultrasonic bath for
1-2 min. The resulting solution was poured on ice. The resulting
green precipitate was filtered and washed with water (to a neutral
pH), and then MeOH. This yielded 74.00 mg (75%) of compound
3. UV-Vis (THF) Apn.x nm (lge): 348 (4.78), 664 (5.00), 698
(5.04). MS (MALDI-TOF/TOF): m/z 1525 [M]". MS (MALDI-
TOF/TOF): m/z Found: 1525.8541 [M]". Calculated for
C3,H ClsNg: 1525.8534 [M]". '"H NMR (600 MHz, THF-ds) 8y
ppm: 7.58-7.90 (m, 32H, Hy,), 10.26 (s, 8H Hp,).

Maxpoecemepoyuxnvt / Macroheterocycles 2024 17(3) 205-212

V. R. Khabibullin et al.

Method A: 4 (54%)
Method B (total yield):4 (51%)

Method A RO

RO. cN Lu(OAc)3><4H20 \Q
e S
RO N DBU, i-AmOH, A &N%\
R=p-CICcHs 4 RO OR
4

Lu(OAc); x 4H,0,

Mg(OAc), x 4H,0,

i-AmOH, DBU, A 0-DCB, DBU, A
RO
S N\ N
LNH  Ns
1) H,SO, sat.
N\ 4
2)ice [\l HN
N\ N/ Y
RO OR
RO  2(97%) OR MethodB RO 3(75%) OR

Scheme 1.

Octa(p-chlorophenoxy)substituted phthalocyanine
lutetium(Ill) acetate 4. A mixture of ligand 3 (100.0 mg, 0.066
mmol), Lu(OAc);x4H,0 (55.0 mg, 0.132 mmol) and DBU (7 pL,
0.046 mmol) was refluxed in o-dichlorobenzene (o-DHB) (2 mL)
for 4 h (TLC-control: SiO,, Fjs4,toluene). The reaction mass was
cooled to room temperature and MeOH:H,O (4:1, V:V) was
planted. The precipitate was filtered and washed with MeOH:H,0O
(4:1, V:V). This yielded 81.0 mg (70%) of complex 4. The
characteristics were identical with those obtained by Method A.

Results and Discussion

p-Chlorophenoxy substituted lutetium phthalocyanine 4
was prepared by two methods: a template method starting
from a dinitrile and a multi-stage approach to phthalocyanine
ligand including metalation (Scheme 1). The template
method was slightly more effective for complex 4. In order to
avoid the formation of a by-product of the sandwich
structure, lutetium acetate was taken in excess both with
respect to the nitrile (Method A) and with respect to the
phthalocyanine ligand (Method B).

All the compounds obtained were identified using high
resolution mass spectrometry. Figure S1 shows the mass
spectrum of the lutetium complex measured in the positive
ion mode. There is one peak that can be assigned to the
cleavage of axial acetate during laser ionization. High-
resolution spectra of complexes demonstrate good agreement
between the observed and calculated masses. Additionally,
calculated and experimentally obtained isotopic pattern
coincides well.

To prove the presence of axial acetate in the
synthesized monophthalocyanine complexes, IR spectra were
measured. As an example, Figure S3 shows the IR spectrum
of target complex. Stretching vibrations of C—CI bonds were
observed in the range of 1089-1010 cm'. Vibrations
corresponding to aryloxy fragments were observed in the
range of 1282-1267 cm . Skeletal vibrations of pyrrole
fragments were detected in the region of 1398-1373 cm .
Bands at 1583-1531 and 1384-1373 cm ' were assigned to
carboxylate antisymmetric and symmetric stretching
vibrations, respectively. Also, in the region of 2362-2331
Cm'l, residual CO, vibrations were observed.
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Figure 2. UV—Vis spectra of lutetium complex 4.

UV-Vis spectrum of the lutetium complex 4 is
presented in Figure 2. Two main absorption bands were
observed which are typical for phthalocyanine
complexes:*** the most intense Q band in visible region
and a Soret band in the UV region. Both B and Q bands
originate from the m—m* transition and belong to the
molecular orbitals of the phthalocyanine macrocycle. In
addition, two Q band satellites were observed at
wavelengths of 600—650 nm. Chloroform and THF were
selected as solvents, in which the target complex shows
good solubility. When using chloroform instead of THF as
a solvent, a bathochromic shift of the Q band was observed.
The concentration dependences of absorption for complex 4
obey Beer's law in the concentration range up to 2.5-10° M
(Figure S4). The loge values for the Q band are 5.42 and
5.39 for chloroform and THF solutions, respectively.

Despite the fact that the optical properties of phthalo-
cyanines are very commonly presented in the literature,*'™*!
examples of studying their properties using thermal lens
spectroscopy have not been described. For thermal lens
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spectrometry, the issue of the correctness of photothermal
measurements occupies an important place. To confirm the
correct operation of the spectrometer and measurement
conditions, as a rule, measurements of the thermal
diffusivity of a pure solvent (ethanol, toluene, acetonitrile,
water, efc.) are carried out. In our case, measurements were
carried out for chloroform and THF. Figure 3 shows
transient curves for chloroform and THF on linear and
logarithmic scales.

In the analysis of thermal characteristics, the most in-
formative part of the transient curves is the first 100—150 ms,
in the range of which the thermal diffusivity is found. In this
range, any deviations from the model transition curve have a
physical meaning and indicate side thermal effects in the
system (convection, thermophoresis) caused by physico-
chemical, optical, and/or morphological changes.**! As
noted previously,”® the form of representation of transient
curves on a logarithmic scale (Figure 3,b) allows one to
distinguish thermal effects with a bias of less than 0.01%.

It was found that the experimental transient curves
correlate well with the model (Figure 3), which indicates
the absence of accompanying thermal and optical effects.
The found average (n = 3) thermal diffusivities for chloro-
form and THF were 0.089, 0.091 and 0.115 mmz/s, respec-
tively, which is in good agreement with reference data.*”!
The relative standard deviation in all cases did not exceed
2%. Thus, the thermal lens spectrometer operates under the
optimum measurement parameters.

Next, photothermal measurements of p-chlorophenoxy
substituted lutetium phthalocyanine with a concentration of
10 nmol/L. were carried out in chloroform and THF. The
dynamics of the development of transient curves for
solutions of phthalocyanine in chloroform and THF have
similar shapes. Figure 4 shows normalized transient curves
for a solution in chloroform. In all cases, slow heating of
the irradiated zone is observed. The thermal diffusivity
found for the phthalocyanine in chloroform and
tetrahydrofuran was 0.040 and 0.069 mm?/s, respectively,
which is 40-50% lower than the values for pure solvents.
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Figure 3. Experimental and theoretical transient thermal-lens heating curves for chloroform and THF in (a) linear and (b) logarithmic

coordinates (laser power, 62 mW).
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Figure 4. Transient thermal-lens heating curves for complex 4 in chloroform (10 nmol/L, laser power, 62 mW) in linear (a) and

normalized logarithmic coordinates (b).

This effect on thermal parameters is typical for hetero-
geneous solutions.”* In most cases, under the influence
of laser radiation, the nanophase overheats and accelerates
the heat transfer in solution, which increases obtained
thermal diffusivity.”?’*"! In this case, positive thermo-
phoresis (the Soret effect) and thermal diffusion are
observed, which manifest themselves as a larger intensity of
the probe beam after 100-300 ms of development of the
transient curve.””" Less commonly, the presence of a
nanophase reduces thermal diffusivity. In this case, the
dispersed phase accumulates heat and slowly dissipates it.
Previously, such behavior was discovered for an aqueous
dispersion of graphene oxide."®’ With increasing
concentration, the thermal diffusivity passed through a
minimum value, which was 0.036 mm?/s.

Transient dissipation curves for solutions of p-
chlorophenoxy substituted lutetium phthalocyanine 4 in
chloroform and tetrahydrofuran also have similar behavior.
For solutions, slower cooling is observed than for pure
solvents. Figure 5 shows transient dissipation curves for
complex 4 in chloroform and pure chloroform.

The observed behavior is not typical for true solutions.
On the other hand, such dynamics of transient curves is not
typical for systems with photoinduced activity. As a rule,
for such systems thermal diffusion is observed, which
manifests itself in the transient curves after 100 ms of
irradiation as an increase in intensity. The shape of the
transient curve in this case has an extremum at 50—100 ms,
with a subsequent increase in the intensity of the probe
beam and reaching an equilibrium value, which is not
observed in our case.!"*?**?

The dynamics of the development of the thermal field
are significantly influenced not only by the processes of
aggregation/disaggregation  that are  observed in
heterogeneous systems,”***>* but also by structure-forming
and structure-destructive effects caused by the components
of the solution.”” The content of substances in micro- and
large quantities can lead to changes in the solution
properties (changes in mass diffusion, density, thermal
diffusivity, etc.).”® This has been repeatedly shown for
aqueous-organic solutions” ™" and solutions containing
surfactants, ®%? salts, %% polymer compounds,”®" 7 erc.
Photothermal studies have shown that the main causes of
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the observed effects are solvation (polarization of
molecules, changes in the temperature refractive index of
the medium, changes in the expansion coefficient).l>64681 1t
is known that phthalocyanines in small
significantly affect the optical properties of the medium.
This may be due to the fact that phthalocyanines can change
the structure of the solvent, which manifests itself at
distances comparable to the size of the formed structures.
Previously,'*” it was established that the degree of influence
of a component on the structure of the solvent also depends
on the nature of the solvent. The content of Tartrazine dye
above 10~ mol/L and Rhodamine 6G above 10 ° mol/L also
led to a change in the thermal properties of the
solution.”®”" The distance between Tartrazine molecules at
a concentration of 10”7 mol/L"” (d4, = 0.735¢ ) is ca.
160 nm, with a molecule volume of 5 nm’.’* In our case,
for 10® mol/L p-chlorophenoxy substituted lutetium
phthalocyanine, the average distance between the molecules
was ca. 340 nm. In this case, the volume of a
phthalocyanine molecule, according to [73] is about 10
nm’. A comparison of the results using the size:distance
ratio showed similar values: for Tartrazine and
phthalocyanine 1:32 and 1:34, respectively, indicating a
possibly similar nature of the influence of substances on the
solvent.
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Figure 5. Normalized transient thermal-lens dissipation curves for
complex 4 in chloroform (10 nmol/L, laser power, 62 mW).
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Figure 7. Optical spectra of p-chlorophenoxy substituted lutetium
phthalocyanine in chloroform (10 nmol/L).

Thus, the observed thermal effects in a complex 4
solution may be associated with significant solvation of the
molecule, which leads to a change in the structure of the
solvent and, hence, a change in the physicochemical pro-
perties of the system.”*”! Particular specific solvation con-
tributes to the formation of ordered structures in solution: in
a number of cases, the tendency of phthalocyanines to com-
plex formation'”® and self—association,m was observed;
spontaneous dimerization and aggregation were recorded.
Sulfonic phthalocyanines of cobalt(Il) exhibit structuring
properties in the solvent.”® But to study this phenomenon
completely, additional experiments are required that are
beyond the scope of this work.

Figure 6 shows a change in the photothermal signal
over 16 h. In this case, complex dynamics of changes in the
thermal lens signal is observed, which can be divided into
two stages. During the first 1.5 h, a significant increase in
the signal is observed, after which the signal slowly
decreases, and after 12 h reaches a constant value corre-
sponding to the initial state. This behavior is characteristic
of a chemical reaction, where a change in the concentration
of components leads to a change in absorption, which
affects the thermal lens signal.****

In our case, p-chlorophenoxy substituted lutetium
phthalocyanine demonstrates photoinduced activity. An
initial increase in the signal indicates an increase in the
number of absorbing particles and, thus, in the rate of the

210

photoinduced reaction. Previously, this behavior was
observed in[79], where, as a result of the reaction of potas-
sium persulfate with potassium iodide, iodine was released,
which absorbs the radiation of the excitation laser and
enhances the power of the thermal lens. Over time, the
release of iodine stopped, and the thermal lens signal
reached an equilibrium value.””!

Next, the concentration of the complex 4 in solution
decreases. Previously, similar results were obtained in®%,
where the authors observed a decrease in the thermal lens
signal for the chromium 1,2-diphenylcarbazide complex
(Cr-DPC) with every subsequent irradiation cycle. The
authors explained this effect by a photochemical reaction
occurring in the area of irradiation with the exciting beam,
which decomposed Cr-DPC particles and led to a decrease
in the concentration of absorbing particles.””! At the same
time, signal changes with a period of 40 min, which are
observed already at the initial stage of analysis, may relate
to the stabilization of the concentration gradient.” Here,
the irradiation zone is periodically updated with unreacted
phthalocyanine from the volume adjacent to the irradiated
zone due to thermally induced convection.!"” This occurs
until most of the original complex 4 reacts with radiation.
Thus, phthalocyanine undergoes photooxidation under the
influence of laser radiation, which is also confirmed by a
change in the shape of the spectra of complex 4 in chloro-
form, taken before and after long-term irradiation (Figure 7).

Similar results were obtained for oil oxidation,[”]
photobleaching of Eosin Y, and photochemical reaction of
Cr(VI)."™ Previously, a change in the shape of the spectra
was also observed for a dispersion of graphene oxide in
water, which indicated the reduction of graphene oxide under
the action of laser radiation with a wavelength of 532 nm."®

Research into the nature of the discovered photo-
chemical and morphological processes of complex 4 is
beyond the scope of this paper and is not considered here.
Further research in this area is necessary and should be aimed
at studying the stage of photochemical and morphological
transformations, as well as studying the final form of p-
chlorophenoxy substituted lutetium phthalocyanine. These
studies are useful both for biomedical and pharmaceutical
applications and for the development of photothermal spec-
troscopy in the analysis of biologically active compounds.

Conclusions

p-Chlorophenoxy substituted lutetium phthalocyanine
in tetrahydrofuran and chloroform at a low concentration of
10 nmol/L was investigated using thermal lens spectro-
metry. A substantial change in thermal diffusivity indicates
a change in the mechanism of heat release. A possible
reason may be the occurrence of specific solvation and
mutual influence of solvated phthalocyanine molecules,
leading to structuring of the solvent. The dynamics of the
thermal lens signal indicates the occurrence of photo-
oxidation of phthalocyanine under the action of laser
radiation. Photothermal methods as thermal lens spectro-
metry makes it possible to expand the understanding of the
processes occurring in phthalocyanines and identify physi-
cochemical changes at concentrations below 0.01 umol/L.
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