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Abstract

:

Tricyclic antidepressants are commonly employed in the management of major depressive disorders. The present work describes two visible (VIS) spectrophotometric techniques that utilize the formation of charge transfer complexes between four antidepressant compounds, namely, amitriptyline hydrochloride (AMI), imipramine hydrochloride (IMI), clomipramine hydrochloride (CLO), and trimipramine maleate (TRI) acting as electron donors and two p-benzoquinones, namely, p-chloranilic acid (pCA) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), serving as electron acceptors. The stoichiometry of the compounds produced exhibited a consistent 1:1 ratio in all instances, as established by Job’s method. Molar absorptivities, equilibrium association constants, and several other spectroscopic properties were determined for all complexes. The developed spectrophotometric techniques were validated intra-laboratory and successfully applied for quantitative assessment of the four antidepressant active ingredients in several commercial pharmaceutical formulations. The methods are relatively simple, fast, and use readily available laboratory instrumentation, making them easily applicable by most quality control laboratories worldwide.
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1. Introduction


Depression is a psychiatric condition that manifests through several symptoms, including but not limited to feelings of profound sadness, impaired cognitive abilities, persistent exhaustion, and contemplation of self-harm [1,2,3]. During an individual’s typical lifespan, there are three distinct phases during which this disease is most likely to be experienced. The first two phases are adolescence and early adulthood, whereas the last phase tends to emerge after the age of 60 [4]. Currently, around 300 million individuals are impacted by this phenomenon worldwide [5], which is estimated to have resulted in an annual death count of about 800,000 lives [6,7,8]. The prevalence of depression among individuals has risen as a consequence of the COVID-19 pandemic [6,9,10]. This increase can be attributed to factors such as social isolation and emotional fatigue caused by concerns about unemployment and the potential loss of loved ones [11,12].



Tricyclic antidepressants (TCAs) are pharmacological agents that are commonly recommended for the treatment of major depressive disorders and anxiety disorders [13,14]. The discovery of these compounds occurred in the 1950s [15,16]. The continued utilization of these drugs in contemporary times can be attributed to their practicality and cost-efficiency [13]. These compounds are named based on their chemical structure, which comprises two benzene nuclei fused together with a heterocycle of seven atoms [15]. A pendant alkylamine chain also connects to this heterocycle [13]. The most widely recognized examples of these compounds belong to the dihydrodibenzoheptafulvene and dihydrodibenzazepine families [17] (Figure 1).



Several analytical techniques have been developed to quantify TCAs, including high-performance liquid chromatography [18,19,20,21,22], gas–liquid chromatography [2,23], cyclic voltammetry [24], capillary electrophoresis [25,26], and ultraviolet-visible (UV-VIS) spectrophotometry [27,28,29]. UV-VIS spectrophotometry is widely regarded as a favorable method for quantifying various chemical compounds due to its many benefits such as its simplicity, cost-effectiveness, little reagent usage, and adaptability [30,31,32,33]. Tricyclic antidepressants have absorption maxima in the ultraviolet (UV) region (<400 nm), owing to their multi-aromatic structures. However, it is notable that other aromatics also display maxima at such wavelengths and thus may interfere with the determination of TCAs. By moving the absorption range of tricyclic antidepressants to the visible (VIS) domain (400–760 nm), it becomes possible to enhance the accuracy of their identification and ease their quantification. One strategy to achieve this desired outcome is the employment of charge transfer (CT) molecular complexation reactions, which result in the formation of colored compounds exhibiting absorption maxima within the visible spectrum [34,35,36]. Charge transfer molecular complexes refer to molecular associations that arise from the interaction between two distinct species, namely, an electron donor and an electron acceptor [37,38,39]. Charge migration facilitates the establishment of a linkage between the two molecules, resulting in modifications of the spectral bands of either the donor or the acceptor [39,40,41]. The significance of charge transfer complexes lies in their wide-ranging utility across multiple domains, including solar energy storage, antimicrobial investigations [36,42], photocatalysis, and microemulsion systems [43,44,45].



In this study, we present the development of two spectrophotometric techniques that rely on the visible absorptions of donor–acceptor molecular complexes formed between tricyclic antidepressants and two acceptors, p-chloranilic acid (pCA) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), respectively (Figure 2). Our research includes determinations of various parameters such as the stoichiometry of the association reaction, molar absorptivities, stability (association) constants of the molecular complexes, and the analytical figures of merit of the developed method. The present study also describes the effective use of this method for assessing the concentration of the active ingredient in various pharmaceutical formulations and preparations available on the European market, as well as comparisons with other similar spectrophotometric methods.




2. Results and Discussion


2.1. Absorption Spectra of Reagents and of Resulting TCA-pCA/DDQ Complexes


Antidepressant solutions in chloroform are colorless and show absorption maxima in the UV range (Figure 3a). The spectra of the p-benzoquinones dissolved in acetonitrile exhibit their most red-shifted local absorption maxima at 435 nm in the case of pCA and at 345 nm in the case of DDQ, respectively (Figure 3b). The interaction between the four tricyclic antidepressants in their base form (acting as electron donors) and the two p-benzoquinones, pCA and DDQ (acting as π electron acceptors), in a 1:1 (v/v) mixture of chloroform-acetonitrile resulted in the formation of molecular complexes that exhibited absorptions red-shifted well into the visible range, with maxima at 530 nm for all TCA-pCA and 585 nm for all TCA-DDQ complexes, respectively (Figure 3c,d).




2.2. The Molecular Compositions of TCA-pCA/DDQ Complexes


After having identified the characteristic absorption maxima of all molecular charge transfer complexes, Job’s method [46] was used to establish the stoichiometry of these complexes formed by TCA donors and pCA/DDQ acceptors. When continuously varying the relative ratio between donor and acceptor, while maintaining the sum of their molar concentrations constant, there is a point where the absorbance of the mixture reaches a maximum because the ratio corresponds to the exact association stoichiometry between the donor and acceptor, thus maximizing the concentration of the association complex in the mixture at equilibrium. The maximum absorbance was observed at a mole fraction of 0.5 in all cases (Figure 4a–d and Figure 5a–d), suggesting that all examined complexes exhibit a 1:1 molar ratio between their donor and acceptor constituents. Consequently, it appears that the specific natures of the donor and acceptor, among the four TCAs and two p-benzoquinones studied here, did not influence the stoichiometry of their association complexes.




2.3. Molar Absorptivities of TCA-pCA/DDQ Complexes


Molar absorptivities (molar extinction coefficients) were determined as the slopes of absorbance–molar concentration linear dependencies, according to Lambert–Beer law, considering the 1 cm optical path of cuvettes in all cases (Figure 6). From these data, it can be concluded that the molar absorptivities are influenced to a greater extent by the nature of the acceptor and very little by the donor, as all TCA-pCA complexes had very similar molar absorptivities in the range 1200–1400 L mol−1 cm−1, whereas those of TCA-DDQ complexes were considerably higher, ranging from ~3600 to ~3850 L mol−1 cm−1.




2.4. Formation (Stability) Constants of TCA-pCA/DDQ Complexes


The stability constants corresponding to the formation reactions of the complexes (K) were calculated according to the defining equation for an equilibrium constant:


  K =    C C     (   C A  −  C C   )  ⋅  (   C D  −  C C   )     



(1)




where



	-

	
CC is the concentration of complex formed at equilibrium (mol/L), determined by dividing the measured absorbances of equimolar mixtures of donor and acceptor by the molar absorptivity of the complex and by the optical path length of the cuvette (1 cm);




	-

	
CD is the initial concentration of the TCA donor (mol/L);




	-

	
CA is the initial concentration of the pCA or DDQ acceptor, respectively (mol/L).







The high values of the formation constants obtained (Table 1), of the order 103 to 105, provide evidence that all ion-pair complexes possess high stability. The magnitude of this parameter is strongly dependent upon the characteristics of the acceptor employed, DDQ determining 4- to 20-fold higher K values than pCA when coupled to the same donor compound, which is likely due to factors such as the nature and number of electron-withdrawing substituents. In this sense, DDQ bearing the more electron-withdrawing cyano groups is a stronger acceptor than pCA, leading to enhanced charge transfer from the donor and greater electrostatic attraction of counter-ions and thus larger stability constants of resulting complexes.




2.5. Spectroscopic Physical Parameters of TCA-pCA/DDQ Complexes


2.5.1. Oscillator Strength and Transition Dipole Moment


The oscillator strengths (f) and transition dipole moments (µ) of each complex were determined according to the equations [47,48]:


  f = 4.32 ×   10   − 9       ε   m a x     ∆ ν     1   2        



(2)






  µ = 0.0952         ε   m a x     Δ ν     1   2           ν  ¯    m a x         1 / 2    



(3)




where




	-

	
εmax is the molar absorptivity of the CT complex at the absorption maximum;




	-

	
    Δ ν     1   2       is the band width at half of the maximum absorbance;




	-

	
     ν _    max     is the maximum absorption wavenumber.









The values corresponding to the obtained complexes are shown in Table 1. The elevated values (0.43–0.81) of oscillator strength indicate a strong interaction and robust bond between TCA and pCA or DDQ. Moreover, the determined high dipole moment values (6.92–9.98 D) suggest very pronounced charge transfer between all donors and acceptors, but more so for DDQ complexes (9.56–9.98 D) given its stronger electron-accepting nature as compared to pCA.




2.5.2. Ionization Potential


Ionization potential (Ip) values were calculated using the following equation [40,47,49,50]:


    I   P   = 5.76 + 1.53 ×   10   − 4     ν   C T    



(4)




where νCT is the frequency corresponding to the absorption maximum.



The ionization potential may be employed to evaluate the electron-donating capacity of tricyclic antidepressants. Given that all CT complexes of the four donors with each of the two acceptors had the same maximum absorption frequency, it follows that the Ip values are the same for a given acceptor with all four donors (Table 1), so this parameter suggests equal donating ability of all TCAs.




2.5.3. Resonance Energy


The resonance energy (RN) of the CT complexes was estimated according to the next equation [38,51,52]:


    ε   m a x   = 7.7 ×   10   − 4   /   h   ν   C T   /   | R   N   | − 3.5    



(5)




where



	-

	
εmax is the molar absorptivity of the CT complex at the absorption maximum;




	-

	
h is Planck’s constant;




	-

	
νCT is the frequency corresponding to the absorption maximum.







The values of resonance energy (Table 1) suggest the formation of very stable adducts. Furthermore, in the case of TCA-DDQ, more stable complexes are obtained as compared to TCA-pCA, as resonance energies are higher.





2.6. Gibbs Free Energy Change in Complex Formation Reaction


The nature of the interaction within CT complexes was examined using the standard Gibbs free energy change (ΔG°) for the complexation reaction, calculated according to the equation [40,53]:


    ∆ G   °   = − R T l n K  



(6)




where



	-

	
R is the ideal gas constant;




	-

	
T is the absolute temperature;




	-

	
K is the formation (stability) constant of the charge transfer complex.







The very negative values of the standard Gibbs free energy change (Table 1) signify that the interaction between donors and acceptors is very strong, and adduct formation is spontaneous. Once again, somewhat more negative values were generally obtained for TCA-DDQ complexes rather than TCA-pCA complexes, indicative of a greater stability of the former in comparison to the latter.




2.7. Validation of the Spectrophotometric Methods


2.7.1. Figures of Merit


Calibration curves for determining TCAs through their reaction with pCA and DDQ, respectively, were constructed by plotting absorbances against the concentrations of standard solutions and subsequently determining the linear regression equations over the corresponding linear range of concentrations. The least squares method was employed to obtain the values of the slope and the correlation coefficients. Together with the linear range, Sandell’s sensitivity, and the limits of detection and quantification for both methods, these are reported in Table 2.



Sandell’s sensitivity was assessed as the lowest mass of complex in µg that leads to an absorbance of 0.001 in a column of solution with a cross-section equal to 1 cm2 [54].



The limits of detection (LOD) and quantification (LOQ) were determined using the formulae:


  L O D =   3.3 × σ  S   



(7)






  L O Q =   10 × σ  S   



(8)




where σ is the standard deviation of the absorbance of the blank (n = 20), and S is the slope of the calibration curve.



Both proposed methods have great sensitivity, as highlighted by their high molar absorptivity values (Table 1), low Sandell’s sensitivity, and low LOD/LOQ values (Table 2).




2.7.2. Precision and Accuracy


To evaluate the intra-day precision, the methods of analysis were replicated seven times on the same day. In order to evaluate the inter-day precision, the proposed methods were replicated five times on distinct days. Both intra- and inter-day precision were determined for three different concentrations of the TCA analytes. Precision results are represented by relative standard deviations (RSD), which were consistently below 2% both intra- and inter-day (Table 3).



The evaluation of accuracy involved determining the degree of agreement between the concentrations measured by spectrophotometry and the known initial concentrations of each antidepressant used. These are reported as percentage recoveries in Table 3 and were above 98% in all cases (Table 3).





2.8. Comparison with Other Spectrophotometric Methods Published in the Literature


Table 4 is a survey of other spectrophotometric methods published in the literature designed for the quantitative analysis of tricyclic antidepressants, along with their figures of merit and some remarks on their limitations. Our methods are simple, fast, convenient, sensitive, reproducible, and pose a number of advantages over many of the other available options.



One major advantage in comparison to some of the other methods [55,56,57,58,59] is that the absorbance maxima of colored products lie in the visible range, as opposed to the UV. This eliminates the possible interference from other contaminants (e.g., aromatics) that may be co-extracted from the analyzed matrix and demands simpler analytical instrumentation, as spectrophotometers capable of measuring in the UV domain are much more expensive and not available worldwide to all quality control laboratories plus consumables (e.g., replacement deuterium or xenon lamps) bring an additional financial cost. Furthermore, absorbance measurements in the VIS domain may be performed using simple, cheap glass cuvettes as opposed to the much pricier quartz cuvettes.



A second advantage of our methods is the instant formation of highly absorbing colored products in ambient conditions. Many of the other published procedures require heating for several minutes at high temperatures with or without subsequent cooling to generate a stable color [60,61,62,63,64,65] or cooling to low temperatures due to limited stability of some of the reagents used [63,66].



Moreover, for the methods described in our work, color is generated by the direct reaction of the TCA donor with the p-benzoquinone acceptor, whereas other published methods quantify TCAs in an indirect manner, relying on deliberately added dyes that are partially bleached by the excess of a reagent not consumed in a direct reaction with the antidepressant [67,68].



Another advantage is the broad linear ranges of the two methods herein, somewhat broader in the case of the pCA option as compared to DDQ, which surpass the reported linear ranges of most other methods, as shown in Table 4.



One limitation of our described methods is linked to the fact that they require an additional pre-extraction step into chloroform, but several other methods also require extraction solvents [55,59,69]. Nevertheless, the extraction step can also be regarded as advantageous, as it constitutes a pre-purification step, eliminating insoluble possible interferences from the matrix.





 





Table 4. Other published spectrophotometric methods of analysis for tricyclic antidepressant drugs.






Table 4. Other published spectrophotometric methods of analysis for tricyclic antidepressant drugs.





	Reagent(s) Used
	TCA
	λmax, nm
	ε, L mol−1 cm−1
	Linear Range, µg mL−1
	Sandell’s Sensitivity, µg cm−2
	Remarks
	Ref.





	K2Cr2O7 + H2SO4
	IMI

CLO

TRI
	670
	3.30 × 104

1.17 × 104

2.01 × 104
	2–14

2–25

2–25
	NR *
	Requires heating at 50 °C for 25 min to achieve a stable color, narrow linear range
	[60]



	Ammonium molybdate + H2SO4
	AMI
	660
	2.41 × 103
	1–140
	NR
	Requires heating at 100 °C for at least 20 min to achieve stable color
	[61]



	Diazotized p-phenylenediamine dihydrochloride + H2SO4
	IMI

CLO

TRI
	565
	5.86 × 104

6.89 × 104

8.01 × 104
	0.1–4.0

0.1–3.6

0.1–3.2
	0.005

0.005

0.005
	Requires cooling to temperatures below 5 °C for preparation of the diazotized amine, narrow linear range
	[66]



	Niobium (V) thiocyanate + HCl+ butanol extractant
	AMI
	360
	2.17 × 104
	1–12
	NR
	Absorbance maximum is in the UVA domain, narrow linear range, extractive method
	[55]



	Molybdenum (V) thiocyanate + HCl+ CH2Cl2 extractant
	AMI
	470
	1.09 × 104
	2–30
	0.1181
	Narrow linear range, extractive method
	[69]



	Excess Br2 + Methyl red
	AMI

IMI

CLO
	520
	0.65 × 105

1.41 × 105

1.93 × 105
	0.0–2.5

0.0–1.4

0.0–1.4
	0.0048

0.0022

0.0018
	Indirect method based on partial bleaching of methyl red color by excess Br2 after TCA bromination, narrow linear range
	[67]



	Excess Br2 + Eriochrome blue black R
	IMI

CLO
	530
	1.57 × 104

1.62 × 104
	0.0–9.0

0.0–10.0
	0.0202

0.0216
	Indirect method based on partial bleaching of erio R color by excess Br2 after TCA bromination, narrow linear range
	[68]



	Fe(III) + NH4SCN + HNO3
	AMI
	460
	2.82 × 103
	1.0–10.0
	NR
	Narrow linear range
	[29]



	Ce(SO4)2 + HClO4
	TRI
	620
	3.0 × 104
	0.4–10.0
	NR
	Narrow linear range
	[62]



	KIO4 + H2SO4
	TRI
	670
	1.1 × 104
	4–42
	NR
	Requires heating at 75 °C for 30 min to achieve stable color
	[62]



	β-Cyclodextrine + PEG
	AMI
	242
	2.2 × 104
	0.1–1.0
	NR
	Absorbance maximum is in the UVC domain, narrow linear range
	[56]



	I2
	IMI
	366
	2.05 × 103
	2.0–25
	0.0141
	Absorbance maximum is in the UVA domain
	[57]



	3-methylbenzothiazolin-2-one hydrazone + ammonium iron (III) sulfate + HCl
	IMI

TRI

CLO
	630

630

620
	8.15 × 104

7.80 × 104

4.23 × 104
	0.5–4

1–5

1–8
	NR
	Requires heating at 30 °C for 15 min, narrow linear range
	[63]



	I2
	TRI
	292
	7.1 × 104
	1–5
	0.0057
	Absorbance maximum is in the UVC domain, narrow linear range, color obtained after 30 min and stable for only 30 min
	[58]



	Chloranil
	TRI
	220
	1.6 × 104
	5–50
	0.0256
	Absorbance maximum is in UVC domain, stable color is obtained after 30 min
	[58]



	2,2′-bipyridine + CH3COOH
	IMI

CLO

TRI
	530
	6.59 × 104

6.55 × 104

6.80 × 104
	0.2–2.4

0.2–3.2

0.2–2.0
	0.0048

0.0022

0.0018
	Requires boiling the solution for 30 min to achieve stable color, narrow linear range, applicable only to dibenzazepines
	[64]



	Diazotized p-nitroaniline + HCl
	IMI

TRI

CLO
	575
	3.3 × 104

4.8 × 104

1.9 × 104
	1–10

1–10

3–20
	NR
	Requires storing the solution in ice bath and must be freshly prepared every 5 h, requires heating at 75 °C for 20 min and cooling to achieve color, narrow linear range
	[63]



	Bromocresol green + CH2Cl2 extractant
	CLO
	402
	1.11 × 104
	1.65–34.78
	0.03
	Absorbance maximum almost in the UV, extractive method
	[59]



	Ammonium molybdate + CH3COOH
	CLO
	712
	7.11 × 103
	1–250
	NR
	Requires heating at 90 °C for 35 min and cooling to achieve stable color
	[65]



	pCA/CH3CN + CHCl3
	AMI

IMI

CLO

TRI
	530
	1.21 × 103

1.22 × 103

1.25 × 103

1.38 × 103
	5–420

5–420

5–420

5–420
	0.2591

0.2601

0.2809

0.2985
	Extractive method
	This work



	DDQ/CH3CN + CHCl3
	AMI

IMI

CLO

TRI
	585
	3.80 × 103

3.62 × 103

3.72 × 103

3.95 × 103
	5-100

5–120

5–80

5–140
	0.0826

0.0875

0.0944

0.1039
	Extractive method
	This work







* NR: not reported.












2.9. Application of the Proposed Spectrophotometric Methods


The two spectrophotometric approaches were employed to determine the tricyclic antidepressants under investigation from pharmaceutical dosage forms. The procedure was conducted in triplicate. Following the extraction process using chloroform and subsequent conversion to the base form, the general determination procedure was implemented. The results are presented in Table 5 and are in very good agreement with the amounts reported by the manufacturers. Both methods performed equally well, retrieving 98 to 100% of the expected amounts from all pharmaceutical products tested.





3. Materials and Methods


3.1. Chemicals


Amitriptyline hydrochloride (AMI, ≥98%), clomipramine hydrochloride (CLO, ≥98%), imipramine hydrochloride (IMI, ≥99%), trimipramine maleate salt (TRI, ≥98%), p-chloranilic acid (pCA, ≥98%), 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ, ≥98%), sodium carbonate (≥99%), and sodium sulfate (≥99%, anhydrous) were acquired from Merck (Darmstadt, Germany). Acetonitrile (≥99.9%, HPLC grade) and chloroform (≥99.8%, GC grade) were acquired from Scharlab S.L. (Barcelona, Spain). Doubly distilled water from an in-house distillation setup was used for the preparation of aqueous solutions.




3.2. Pharmaceutical Products


The various pharmaceutical formulations comprising the aforementioned antidepressants as active ingredients were purchased from local drug stores in Romania and France. They are denoted as “Commercial form” 1–4 throughout the paper. The dosage forms consisted of film-coated tablets in all cases, with different active substances and different declared concentrations, as shown in Table 6, which also includes listings of all other excipients contained according to the commercial labels of the products.




3.3. Analytical Instrumentation


An analytical balance Kern ABD 200-4 (KERN Gmbh, Düren, Germany) was used for weighting samples with a precision of ±0.0001 g. An Evolution 220 (Thermo Scientific Inc., Waltham, MA, USA) double-beam UV-VIS spectrophotometer, with a spectral range 190–1100 nm and equipped with quartz cuvettes with a 10 mm path length, was used for all absorbance measurements.




3.4. Preparation of Stock Solutions


Stock solutions (2 g/L) of antidepressants in their as-received (i.e., protonated/salt) forms were made by accurately weighing the corresponding amounts of TCAs on the analytical balance, followed by dissolution into chloroform as solvent. DDQ (0.05%, by weight) and pCA (0.20%, by weight) solutions were prepared similarly using acetonitrile as solvent. A sodium carbonate aqueous solution (0.6 M) was prepared using doubly distilled water.




3.5. Preparation of Antidepressant Base form Standard Solutions


In a typical procedure, a volume of 25 mL from the stock solution of the antidepressant salt form was carefully poured into a separating funnel. Subsequently, 50 mL of the aqueous sodium carbonate solution (0.6 M) was added to the separating funnel. The funnel was vigorously shaken for a duration of three minutes. The two immiscible phases were allowed to separate, and then the chloroform layer was collected and dried over anhydrous sodium sulfate, thus yielding the standard solution of the TCA base form. Further dilutions provided standard solutions with various concentrations of TCA base.




3.6. Extraction of Pharmaceutically Active Ingredients from Commercial Tablets and Preparation of Their Base form Solutions


Commercial film-coated tablets were first weighed, then the film was removed completely by scratching it off with metal blades. The number of tablets used in a typical extraction experiment differed based on their expected active compound content: four tablets in the case of AMI and CLO, ten tablets for IMI, and two tablets in the case of TRI. Subsequently, the uncoated tablets were ground to a fine powder using an agate mortar and a pestle. The resulting powder was weighed and subjected to extraction of the active compound using 25 mL of chloroform. Insoluble excipients from the ground tablet were filtered off and washed on the filter with an additional 25 mL of chloroform, which were pooled together with the first 25 mL of filtrate. To obtain the base forms of commercial TCAs, half (25 mL) of the chloroform extract was added to a separation funnel and the procedure in Section 3.4 repeated, yielding the base form solutions in chloroform of TCAs retrieved from commercial pharmaceutical formulations. Such a protocol would be expected to yield chloroform extracts with TCA concentrations around 1.6–2.0 g/L, similar to the stock solutions of antidepressant standards mentioned above.




3.7. General Procedure for Spectrophotometric Measurements


A precise quantity of antidepressant solution in its base form was introduced into a 5 mL volumetric flask. Subsequently, 1 mL of pCA or DDQ and 1.5 mL of acetonitrile were added into the solution, followed by filling the remaining volume with CHCl3 up to the mark to ensure, for consistency purposes, equal volumes of chloroform and acetonitrile in all experiments. Then, the flask was well homogenized. The UV-VIS spectrophotometer was used to measure the absorbances of the resulting colored solution at the characteristic wavelengths for pCA and DDQ complexes, i.e., 530 nm and 585 nm, respectively, against blanks prepared using only the same amounts of either pCA or DDQ, equal volumes of acetonitrile and chloroform, but no TCA.




3.8. Molar Ratio Determination for the Charge Transfer Complexes TCA-pCA and TCA-DDQ


The stoichiometric combination ratio of molecular charge transfer complexes between TCAs and pCA and, respectively, TCAs and DDQ was determined by applying Job’s method, also known as the continuous variation method [46]. This method consists of the preparation of a series of solutions in which the mole fraction of the TCA in base form was gradually increased from 0 to 1, in 0.1 increments, whereas the mole fraction of pCa or DDQ decreased simultaneously at the same pace, from 1 to 0. The absorbances were measured at the wavelengths corresponding to the absorption maxima, specifically 530 nm for TCA-pCA and 585 nm for TCA-DDQ.





4. Conclusions


The charge transfer reaction between several compounds belonging to the tricyclic antidepressant class and pCA or DDQ was investigated with the aim of developing two new VIS spectrophotometric methods that are simple, fast, precise, and accurate. The experimental results indicated that all of the complexes studied exhibited a stoichiometry of 1:1 between TCA and pCA or DDQ, respectively. The molecular complexes were produced spontaneously and provide remarkable stability, as evidenced by their high values of equilibrium formation constants and oscillator strengths, as well as the negative values of Gibbs free energy of formation. The developed analytical methods were characterized in terms of their characteristic figures of merit and were successfully applied for the determination of TCA active ingredients found in some commercial drug formulations typically tested by quality control laboratories in the pharmaceutical industry. The same methods hold promise for applicability in the analysis of other types of real-world samples that may contain TCAs, for example, wastewaters or aqueous biological fluids.
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Figure 1. Classification of tricyclic antidepressants. 
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Figure 2. Association reactions of TCA base forms with pCA (a) and DDQ (b) in CHCl3:CH3CN 1:1. 
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Figure 3. UV-VIS absorption spectra of the four TCA base forms in chloroform (a), pCA and DDQ in acetonitrile (b), TCA-pCA (c), and TCA-DDQ (d) complexes in chloroform-acetonitrile. 
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Figure 4. Job plots obtained for the charge transfer complexes of pCA acceptor with the base forms of amitriptyline (a), imipramine (b), clomipramine (c), and trimipramine (d) as donors. 
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Figure 5. Job plots obtained for the charge transfer complexes of DDQ acceptor with the base forms of amitriptyline (a), imipramine (b), clomipramine (c), and trimipramine (d) as donors. 
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Figure 6. Lambert–Beer plots obtained for the charge transfer complexes of pCA (a) and DDQ (b) with the base forms of the four TCAs. 
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Table 1. Thermodynamic and spectroscopic physical parameters of TCA-pCA and TCA-DDQ complexes.
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TCA

	
ε, L mol−1 cm−1

	
K, L mol−1

	
f

	
µ, Debyes

	
Ip, eV

	
RN, eV

	
ΔG°, kJ mol−1






	
AMI

	
1211.5

	
10,108.47

	
0.43

	
6.92

	
8.64

	
0.035

	
−22.86




	
IMI

	
1218.2

	
10,669.97

	
0.43

	
6.92

	
0.035

	
−22.99




	
CLO

	
1250.7

	
9209.99

	
0.44

	
7.01

	
0.036

	
−28.63




	
TRI

	
1375.2

	
3108.26

	
0.49

	
7.35

	
0.039

	
−19.93




	
AMI

	
3800.7

	
41,929.36

	
0.78

	
9.79

	
8.37

	
0.090

	
−26.38




	
IMI

	
3622.5

	
211,733.40

	
0.74

	
9.56

	
0.086

	
−30.40




	
CLO

	
3721.9

	
84,317.50

	
0.76

	
9.69

	
0.089

	
−28.12




	
TRI

	
3952.4

	
65,812.46

	
0.81

	
9.98

	
0.093

	
−27.50











 





Table 2. Figures of merit for the two spectrophotometric methods developed.
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Parameters

	
AMI

	
IMI

	
CLO

	
TRI






	
TCA-pCA




	
λmax, nm

	
530

	
530

	
530

	
530




	
Linear range, µg∙mL−1

	
5–420

	
5–420

	
5–420

	
5–420




	
R2

	
0.9971

	
0.9966

	
0.9985

	
0.9953




	
Slope S, mL∙µg−1

	
0.0039

	
0.0038

	
0.0036

	
0.0033




	
Sandell’s sensitivity, µg∙cm−2

	
0.2591

	
0.2601

	
0.2809

	
0.2985




	
LOD, µg∙mL−1

	
0.83

	
0.85

	
0.90

	
0.98




	
LOQ, µg∙mL−1

	
2.52

	
2.58

	
2.73

	
2.97




	
TCA-DDQ




	
λmax, nm

	
585

	
585

	
585

	
585




	
Linear range, µg∙mL−1

	
5–100

	
5–120

	
5–80

	
5–140




	
R2

	
0.9946

	
0.9928

	
0.9981

	
0.9915




	
Slope S, mL∙µg−1

	
0.0121

	
0.0114

	
0.0106

	
0.0096




	
Sandell’s sensitivity, µg∙cm−2

	
0.0826

	
0.0875

	
0.0944

	
0.1039




	
LOD, µg∙mL−1

	
0.39

	
0.41

	
0.44

	
0.19




	
LOQ, µg∙mL−1

	
1.18

	
1.28

	
1.34

	
1.48











 





Table 3. Recoveries and intra- and inter-day precision data for the two spectrophotometric methods at three TCA concentration levels.
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TCA

	
Concentration, mg/L

	
Intra-Day (n = 7)

Recovery ± RSD, %

	
Inter-Day (n = 5)

Recovery ± RSD, %






	
TCA-pCA




	
AMI

	
5

	
99.85 ± 0.70

	
99.78 ± 0.82




	
210

	
99.93 ± 0.25

	
99.89 ± 0.35




	
420

	
99.96 ± 0.18

	
99.91 ± 0.43




	
IMI

	
5

	
99.94 ±0.85

	
99.97 ± 0.41




	
210

	
99.98 ± 0.15

	
99.87 ±0.35




	
420

	
99.97 ± 0.52

	
99.82 ±0.73




	
CLO

	
5

	
99.13 ± 0.81

	
99.18 ± 0.61




	
210

	
99.27 ± 0.64

	
99.01 ± 0.95




	
420

	
99.63 ± 0.93

	
99.72 ± 0.87




	
TRI

	
5

	
99.90 ± 0.33

	
99.32 ± 0.39




	
210

	
99.83 ± 0.67

	
99.02 ± 0.81




	
420

	
99.87 ± 0.78

	
98.99 ± 0.98




	
TCA-DDQ




	
AMI

	
5

	
100.02 ± 0.38

	
99.18 ± 0.95




	
50

	
99.75 ± 0.57

	
99.23 ± 1.02




	
100

	
99.88 ± 0.39

	
99.61 ± 0.99




	
IMI

	
5

	
99.81 ± 0.43

	
99.56 ± 1.13




	
60

	
99.16 ± 0.87

	
99.40 ± 1.65




	
120

	
99.03 ± 0.99

	
99.71 ± 0.72




	
CLO

	
5

	
98.39 ± 0.72

	
99.01 ± 1.34




	
40

	
99.09 ± 0.93

	
99.23 ± 1.72




	
80

	
99.13 ± 0.55

	
99.41 ± 1.06




	
TRI

	
5

	
98.77 ± 1.12

	
98.32 ± 1.21




	
80

	
99.19 ± 1.28

	
99.05 ± 1.04




	
160

	
98.36 ± 0.93

	
99.12 ± 0.97











 





Table 5. Results obtained for TCA quantifications from pharmaceutical dosage forms using the two spectrophotometric methods.






Table 5. Results obtained for TCA quantifications from pharmaceutical dosage forms using the two spectrophotometric methods.





	
Commercial Form

	
Active Substance

	
Amount Expected, mg/Dosage Form

	
Amount Found ± SD,

mg/Dosage Form

	
Recovery ± RSD, %






	
TCA-pCA




	
Commercial form 1

	
AMI

	
25.00

	
24.95 ± 0.08

	
99.80 ± 0.32




	
Commercial form 2

	
IMI

	
10.00

	
9.91 ± 0.02

	
99.12 ± 0.19




	
Commercial form 3

	
CLO

	
25.00

	
24.94 ± 0.16

	
99.77 ± 0.64




	
Commercial form 4

	
TRI

	
40.00

	
39.17 ± 0.08

	
97.93 ± 0.21




	
TCA-DDQ




	
Commercial form 1

	
AMI

	
25.00

	
24.98 ± 0.35

	
99.92 ± 1.40




	
Commercial form 2

	
IMI

	
10.00

	
9.97 ± 0.05

	
99.70 ± 0.50




	
Commercial form 3

	
CLO

	
25.00

	
24.89 ± 0.27

	
99.56 ± 1.08




	
Commercial form 4

	
TRI

	
40.00

	
40.03 ± 0.04

	
100.07 ± 0.16











 





Table 6. Active ingredient content and excipients of commercial pharmaceutical dosage forms analyzed.






Table 6. Active ingredient content and excipients of commercial pharmaceutical dosage forms analyzed.





	Commercial Form
	Active Substance
	Amount of Active Substance Declared, mg/Dosage Form
	Excipients





	Commercial form 1
	AMI
	25.00
	Film: hypromellose, hydroxypropyl cellulose, talcum, lactose, stearic acid, titanium dioxide, carmoisine aluminum lake 20–26%, quinoline yellow aluminum lake 20–24%

Core: lactose, polyvinylpyrrolidone K30, starch, talcum, magnesium stearate



	Commercial form 2
	IMI
	10.00
	Film: hypromellose, pyrrolidone-vinyl acetate copolymer, microcrystalline cellulose, macrogol 8000, polyvinylpyrrolidone K30, talcum, sucrose, titanium dioxide, red iron oxide dispersed in titanium dioxide 30/70

Core: anhydrous colloidal silica, anhydrous glycerol, lactose, magnesium stearate, starch, talcum, stearic acid



	Commercial form 3
	CLO
	25.00
	Film: hypromellose 2910, pyrrolidone-vinyl acetate copolymer, talcum, sucrose, macrogol 8000, polyvinylpyrrolidone, yellow iron oxide, titanium dioxide

Core: lactose, glycerol 85%, magnesium stearate, starch, silica, talcum, stearic acid



	Commercial form 4
	TRI
	40.00
	Film: hypromellose, pyrrolidone-vinyl acetate copolymer, talcum, sucrose, macrogol 400, polyvinylpyrrolidone, yellow iron oxide, titanium dioxide

Core: lactose, glycerol, calcium hydrogen phosphate, magnesium stearate, starch, silica, talcum, stearic acid
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