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Supramolecular complexes based on 5,10,15,20-tetraphenylporphyrin (TPP) and β-cyclodextrin (β-CD), and its dimeric 
derivative – di-6,6’-dideoxy-6,6'-(hexane-1,3-diyl diamine)-β-cyclodextrin iodide (HDβ-CD), were synthesized using the 
drop-titration method in an aqua-organic medium. N,N-Dimethylformamide was used as the organic solvent. Complex 
formation was confirmed and comparatively studied using absorption and fluorescence spectroscopy. The stability of the 
obtained supramolecular complexes and the binding capacity of the system components were assessed. The role of the 
structural features of β-CD and HDβ-CD during their interaction with TPP was investigated. 
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Супрамолекулярные комплексы на основе 5,10,15,20-тетрафенилпорфирина (ТФП), β-циклодекстрина (β-ЦД) 
и его димерного производного – ди-6,6’-дидезокси-6,6'-(гексан-1,3-диил диамин)-β-циклодекстрин йодида 
(ГДβ-ЦД) были получены методом капельного титрования в водно-органической среде. В качестве органиче-
ского растворителя был использован N,N-диметилформамид. Образование комплексов было подтверждено 
и сравнительно изучено методами абсорбционной спектроскопии и флуоресценции. Были оценены стабиль-
ность полученных супрамолекулярных комплексов и связывающая способность компонентов системы. Ис-
следована роль структурных особенностей β-ЦД и ГДβ-ЦД в процессе их взаимодействия с ТФП. 

Ключевые слова: Тетрафенилпорфирин, β-циклодекстрин, димерный β-циклодекстрин, супрамолекулярные 
комплексы, фотофизические свойства, константа связывания, константа Штерна-Фольмера, спектры погло-
щения, спектры флуоресценции. 
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Introduction 

Porphyrin derivatives attract increasing attention from 
researchers for their potential uses in a variety of fields, 
including medicine, ecology, agriculture, and optics, due to 
their diverse applications in the natural environment. Par-
ticular attention is focused on the study of assembly pro-
cesses of supramolecular systems based on natural 
porphyrins (e.g. etioporphyrins, proto-, meso-, hemato-, 
deutero-, copro-, uro-, phyllo- and pyrroporphyrins and 
their analogues such as azaporphyrins, chlorins, bacterio-
chlorins and porphyrinogens), which participate in many 
biological processes in living organisms. These natural 
porphyrins are components of pigments and transport pro-
teins that play an important role in oxygen transport and 
photosynthesis. Synthetic analogues of natural porphyrins, 
which form systems based on noncovalent interactions, 
have already led to the creation of materials for 
photovoltaics and photocatalysis.[1-8] Furthermore, natural 
porphyrins and their synthetic analogues efficiently pro-
mote the generation of reactive oxygen species (O2

−•, OH•, 
H2O2, 

1O2 and others) and can be utilized as photosensitiz-
ers for photodynamic therapy.[9-11] 

Chemical design methods allow for the deliberate 
creation of materials with predetermined properties and 
control of their physicochemical characteristics. Porphyrins 
are macrocyclic molecules of high symmetry that possess a 
wide range of optical, electrochemical and electronic prop-
erties making them promising materials for constructing 
supramolecular ensembles.[12-14] 

 Synthetic analogues of natural porphyrins, including 
the first synthesized in the middle of 20th century 
5,10,15,20-tetraphenylporphyrin (TPP, Figure 1a), possess 
a macrocyclic structure similar to that of natural 
porphyrins, including four pyrrole rings connected in the α 
position by a methine unit.[1,15,16] TPP, whose electronic 
system has been described by the four-orbital Guterman 
model,[14,17,18] is often used as a model compound in studies 
of the biochemical and physicochemical properties of 
porphyrins, because the positions and intensities of the TPP 
absorption bands depend on external factors such as tem-
perature and environment.[18] 

TPP, akin to the majority of porphyrins, exhibits a 
propensity to spontaneously form H-type aggregates and, 
under specific conditions, J-aggregates. However, obtain-
ing of functional porphyrin-based materials necessitates 
their effective stabilization in monomeric molecular form, 
given the significant influence of molecular architecture, 
morphology and size on photochemical activity. 

The nature of the solvent is one of the factors that af-
fect the capacity of TPPs to aggregate, and consequently 
facilitate the rapid recombination of photoinduced electron-
hole pairs. A universal organic solvent for TPP is N,N-
dimethylformamide (DMF), an aprotic polar solvent that is 
miscible with water and is used in small quantities in 
pharmaceuticals for the synthesis of active pharmaceutical 
substances, improving solubility and accelerating the rate 
of reactions.[19-21] 

Supramolecular complexes based on TPP and its de-
rivatives with various auxiliary substances are of particular 
interest. These substances modify and, in some cases, func-
tionalize porphyrins, protecting them from degradation and 
increasing their bioavailability. Such supramolecular com-

plexes can be utilized in targeted drug delivery systems, 
where it is necessary to overcome the undesirable proper-
ties of a drug, such as its low water solubility. It is im-
portant to note that the optimal «carrier» should exhibit the 
necessary functional properties and be sufficiently simple 
and technologically easy to synthesize. 

Promising complex-forming agents are derivatives of 
β-cyclodextrin (β-CD) (Figure 1b). These unique water-
soluble nanostructures consist of cyclic oligosaccharides 
with a rigid D-glucopyranose structure. They are stabilized 
by hydrogen bonds between hydroxyl groups and their lack 
of free rotation due to α-(1-4)-bonds, possessing a hydro-
phobic inner cavity and a hydrophilic exterior.[22-26] 

Currently, TPP–β-CD inclusion complexes are being 
extensively studied as promising functional materials for 
various applications. Firstly, significant research has fo-
cused on the fundamental physical chemistry of inclusion 
complexes involving β-cyclodextrin and various tetra-
pyrroles, such as porphyrin derivatives and chlorins (e.g., 
meta-tetra(hydroxyphenyl)chlorin, mTHPC or Temoporfin). 
Such studies are crucial for understanding their dynamic 
behavior, including the comparative analysis of dissocia-
tion kinetics from both monomeric and polymeric 
cyclodextrin derivatives.[27] Specifically, the distribution of 
photosensitizers like mTHPC between β-cyclodextrin 
nanocarriers and serum proteins has been determined using 
optical methods (fluorescence anisotropy, Soret band anal-
ysis).[28,29] Based on these fundamental achievements, the 
potential applications of TPP–β-CD complexes and related 
systems in several domains are actively pursued. Data on 
their use as stable polymer nanowires, systems for effective 
detection of tumor cells, multifunctional carriers for syner-
gistic cancer therapy and emerging delivery platforms 
(nanosponges, micelles, hydrogels, nanogels, and dendri-
mers)[30,31,33,36,37] are already known. Furthermore, these 
complexes have been studied as antidotes against carbon 
monoxide and cyanide poisoning,[32,34] and as antimicrobial 
agents.[35] 

In the present work, we conducted a series of studies 
on the synthesis and photochemical properties of new in-
clusion complexes, whose composition was previously 
unknown, based on dimeric β-CD derivative and TPP. The 
aim was to synthesize and investigate the physicochemical 
and photophysical properties of these complexes, and to 
evaluate the role of the structural features of the 
cyclodextrins in the complexation process. For compari-
son, a TPP–β-CD complex was synthesized and examined 
in parallel. 

 
Experimental 

Host-guest supramolecular complexes were synthesized using 
5,10,15,20-tetraphenylporphyrin (Sigma-Aldrich), β-cyclodextrin 
(Sigma-Aldrich), di-6,6-dideoxy-6,6'-(propane-1,3-diyl diamine)-
β-cyclodextrin iodide (PDβ-CD), di-6,6-dideoxy-6,6'-(butane-1,3-
diyl diamine)-β-cyclodextrin iodide (BDβ-CD) and di-6,6-
dideoxy-6,6'-(hexane-1,3-diyl diamine)-β-cyclodextrin iodide 
(HDβ-CD). The synthesis process for the latter is outlined in [38]. 
Distilled water and N,N-dimethylformamide (DMF, Reakhim, 
Russia, double-distilled) were utilized as solvents. 

A TPP solution was prepared by adding pure TPP to DMF 
at room temperature with stirring. The PDβ-CD, BDβ-CD and 
HDβ-CD solutions was subjected to a temperature of 80°C for 
one hour to achieve complete dissolution. 
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The synthesis of inclusion complexes was performed by 
dropwise titration, whereby 0.1 mL aliquots of an aqueous solu-
tion of β-CD (C=2.71·10-4 mol/L), PDβ-CD (C=2.09·10-4 mol/L), 
BDβ-CD (C=2.25·10-4 mol/L) and HDβ-CD (C=2.15·10-4 mol/L) 
were added sequentially to 2 mL of a TPP solution in DMF 
(C=5.18·10-6 mol/L) 10 times. All experiments were conducted in 
triplicate, and the obtained data showed high reproducibility. 

The electronic absorption spectra in the wavelength range 
of 200–900 nm were measured using a TU-1901 UV–Vis spec-
trophotometer (Beijing Purkinje General Instrument Co., Ltd.). 
Fluorescence spectra within the wavelength range of 400–860 nm 
were measured utilizing a «Fluorat-02 Panorama» spectrofluoro-
meter (Lumex). The excitation wavelength was λ=430 nm. The 
measurements were conducted at room temperature using stand-
ard quartz cuvettes (K10) with a 1 cm optical path. 

The absorption spectra were analyzed by decomposing 
them into Gaussian components. All spectrophotometric data 
obtained following the addition of β-CD, PDβ-CD, BDβ-CD and 
HDβ-CD solutions were converted to the initial volume of TPP–
DMF by recalculation according to the following formula: 

 

,      (1)

 

where Ai and A0 are corrected and experimental optical density of 
the solution, respectively; V1=2 mL – the initial volume of the 
TPP–DMF solution; V2 – the volume of β-CD–water, PDβ-CD–
water, BDβ-CD–water or HDβ-CD–water solution added to the 
cuvette (from 0.1 to 1 mL). 
 
Results and Discussion 

 The advantage of the dimeric «host» structure is the 
presence of two linked β-CD cavities, which may lead to 
stronger and sterically favorable binding with the TPP mole-
cule. To select the optimal dimeric «hosts», several dimeric 
derivatives were investigated, differing in the length of the 
diamino cationic linker connecting the two β-CD mole-
cules (propane, butane, and hexane-1,6-diaminecationic 
linkers). The length and conformation of the linker must be 
considered to facilitate the efficient binding of the «guest».  

Preliminary experiments demonstrated that the pro-
pane PDβ-CD and butane BDβ-CD derivatives formed 
complexes with significantly lower stability; for instance, 
their binding constants KB (calculated by the Benesi–
Hildebrand equation) were less than 101.3 L/mol, and their 
Stern–Volmer constants KSV were below 101.2 L/mol. These 

values, wich are substantially lower than those observed 
for the β-CD and HDβ-CD systems, confirmed that the 
HDβ-CD has the most optimal structure for complexation. 
This can be attributed to the absence of steric hindrance, 
allowing it to encapsulate two phenyl substituents of 
porphyrin simultaneously, forming a «molecular contain-
er» that is capable of holding non-polar molecules of the 
«guest» in the inner cavity. 

It is known that the formation of an inclusion com-
plex with β-CD results in the stabilization of the «guest» 
molecule and an increase in its solubility in aqueous and 
physiological solutions. This is an essential step in the de-
velopment of pharmaceuticals for biomedical applica-
tions.[39] Moreover, the utilization of β-CD as a «molecular 
container» facilitates the synthesis of microcrystalline 
powders from solutions, while simultaneously preventing 
the interaction between drug components, thereby reducing 
the potential for irritation of the gastrointestinal tract. 

Figure 2 illustrates the absorption spectra of the TPP–
DMF system during titration with aqueous solutions of β-
CD (a) and HDβ-CD (b). The original TPP absorption 
spectrum is characterized by an intense Soret band with a 
maximum at λ≈397 nm and weaker Q bands in the region 
of 500–700 nm. As successive aliquots of each cyclodex-
trin solution are added, a consistent drop in the intensity of 
the Soret band is observed, without a significant shift in its 
maximum. This indicates the absence of TPP aggregation 
in the presence of water in solution. In both the β-CD and 
HDβ-CD cases, the interaction with TPP and the subse-
quent complex formation manifests as stabilization of the 
porphyrin molecules and changes in their spectral charac-
teristics. 

To determine the stability and binding strength of the 
obtained supramolecular complexes, their binding con-
stants Kb were determined using the Benesi-Hildebrand 
equation (2):[40-44] 

 
,    (2)

 

where A0, Ai, Af are the optical densities of the solution in 
the absence, at an intermediate concentration, and at satura-
tion of the quencher, respectively; C is the intermediate 
equilibrium concentration of the added quencher; Kb is the 
binding constant. 

 

 
a    b     c 

 
Figure 1. Structures TPP (a), β‐CD (b) and HDβ‐CD (c). 
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Figure 2. Absorption spectra of TPP upon titration with β-CD (a) and HDβ-CD (b). In system a: 1 – TPP without any quencher; 2–11 – 
TPP + β-CD (0.1 mL × n, n ∈ [1; 10]); in system b: 1 – TPP without any quencher; 2–11 – TPP + HDβ-CD (0.1 mL × n, n ∈ [1; 10]). 

 
 

  
 
Figure 3. Linear Benesi–Hildebrand plots (Equation 2) for TPP titrated with β-CD (a) and HDβ-CD (b). 
 
 
 

The values of Kb were determined by plotting linear 
dependences of lg((Ai–A0)/(Af–A0)) versus lg[C] (Figure 3). 
In this instance, Kb, which is a measure of complex stabil-
ity, indicates the equilibrium between the bound and un-
bound forms. The magnitude of Kb is directly proportional 
to the strength of the interaction. 

The approximation function f(x)=1.28x+4.65, ob-
tained for the TPP–β-CD system (coefficient of determina-
tion R2

adj=0.998), was utilized to calculate the logarithm of 
the binding constant, lgKb, which was found to be 4.65. 
This value indicates a strong binding between the TPP and 
β-CD molecules. A similar function f(x)=1.15x+4.29 (coef-
ficient of determination R2

adj=0.997) and logarithm of the 
binding constant lgKb=4.29 were obtained for the TPP–
HDβ-CD system. This value is comparable to that observed 
for the TPP–β-CD system. The similarity of these values 
for both complexes indicates that the structural change of 
cyclodextrin from β-CD to HDβ-CD did not have a signifi-
cant effect on the strength of TPP binding. This finding 
indicates that, in both cases, the interactions of the com-
pounds are driven by the same fundamental binding forces, 
including Van der Waals interactions, π–π stacking, and 
the hydrophobic effect. Alternatively, HDβ-CD compen-

sates for the alterations in structure compared to β-CD, 
thereby maintaining a constant overall binding energy. 

Figure 4 shows the fluorescence spectra of the corre-
sponding TPP complexes with β-CD (a) and HDβ-CD (b). 
The fluorescence spectrum of free TPP comprises two 
principal bands at wavelengths of λ≈653 nm and λ≈716 nm. 
The sequential addition of cyclodextrins leads to a decrease 
in the intensity of the porphyrin fluorescence maxima, which 
is characteristic of the formation of a non-fluorescent or 
weakly fluorescent supramolecular complex. 

The spectral data were transformed into coordinates 
of the Stern–Volmer equation to calculate the correspond-
ing constant KSV,[45] both for the TPP–β-CD complex (Fig-
ure 5a) and for the TPP–HDβ-CD complex (Figure 5b). 

 
,     (3)

 

where I0 and Ii are the fluorescence intensities in the ab-
sence and at intermediate the quencher concentration of 
quencher in the solution, respectively; [C] is the intermedi-
ate equilibrium concentration of the added quencher; KSV is 
the Stern-Volmer constant. 
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Figure 4. Fluorescence spectra of TPP upon titration with β-CD (a) and HDβ-CD (b). In system a: 1 — TPP without any quencher; 2–11 
— TPP + β-CD (0.1 mL × n, n ∈ [1; 10]); in system b: 1 — TPP without any quencher; 2–11 — TPP + HDβ-CD (0.1 mL × n, n ∈ [1; 10]). 
 

  
 
Figure 5. Stern-Volmer plots (Equation (3)) for TPP titrated with β-CD (a) and HDβ-CD (b). 
 
 

For the TPP–β-CD system, the Stern-Volmer constant 
KSV (coefficient of determination R2

adj=0.988), was deter-
mined to be approximately equal to 1.46·104 L/mol, thereby 
confirming the formation of the inclusion complex. 

In a similar manner, the TPP–HDβ-CD complex 
demonstrated a comparable KSV (coefficient of determination 
R2

adj=0.991), which was equal to 2.7·104 L/mol. The close 
values for both systems further confirm that the binding 
strength of the obtained complexes is similar. 

Apparently, the binding mechanism of the obtained 
complexes is based on a typical «host» and «guest» interac-
tion, where the hydrophobic effect prevails. The phenyl sub-
stituents of the porphyrin, being hydrophobic functional 
groups, are encapsulated from the polar aqueous environ-
ment into the hydrophobic cavities of the cyclodextrins. 

The stoichiometric composition of the complexes was 
determined from the slope (a) of the Benesi-Hildebrand plot 
(Equation (2)). For the TPP–β-CD system, the calculated 
slope (a=1.28 ≈ 1) confirms the formation of a simple 1:1 
complex (β-CD:TPP), where the single β-CD cavity encap-
sulates one phenyl substituent. 

The structure of the HDβ-CD with two linked cavities 
is optimized to form a 1:1 supramolecular container (HDβ-
CD:TPP) by utilizing two cavities to encapsulate two phenyl 
substituents of a single TPP molecule. This interpretation is 

supported by the slope of the Benesi-Hildebrand plot (a = 
1.15 ≈ 1). 

The observed parallels in the obtained Kb and KSV val-
ues for both systems may indicate that, although the dimeric 
«host» has the capacity for more complex binding, the initial 
stage of encapsulation of the first phenyl functional group is 
the decisive factor in the complexation process. The contri-
bution of binding the second phenyl substituent is either 
negligible or compensated by steric hindrances. 

 
Conclusions 

This study successfully obtained supramolecular inclu-
sion complexes based on the model porphyrin TPP, β-CD, 
and HDβ-CD, as confirmed by the absorption and fluores-
cence spectra of the complexes. It has been demonstrated 
that supramolecular systems, characterized by non-covalent 
interactions, exhibit high binding constants and enhanced 
stability. The cyclodextrin oligosaccharide functions as a 
protective shell for the porphyrin and as a solubilizer, thus 
enhancing the solubility of TPP in an aqueous environment. 
This method is promising for future targeted drug delivery 
applications of active tetrapyrrole derivatives, and creates 
new opportunities for increasing bioavailability and over-
coming various barriers, such as the blood–brain barrier. 
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