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Abstract

Background and purpose: The pH-dependent solubility of imipramine, a tricyclic antidepressant, and its
hydrochloride salt was investigated in phosphate buffers and chloride-containing aqueous media using the
pH-ramp shake-flask method. It was reported that aggregation of imipramine in acidic media and its partial
degradation in alkaline media complicate the determination of its solubility. This was further investigated
with modified methods. Experimental approach: For imipramine solubility studies, the computer program
pDISOL-X was used to design experiments, process data, and refine the equilibrium constants. Isolated solid
precipitates under various conditions were characterized using thermogravimetric analysis, differential
scanning calorimetry, powder X-ray diffraction, and elemental analysis. The critical micelle concentration of
imipramine hydrochloride was determined in 0.10 mol L' NaH2PO4 and in 0.15 mol L'! NaCl by conducto-
metric titrations. Key results: A detailed analysis of imipramine pH-solubility profiles reveals complex
equilibria in the aqueous phase, as well as various solid-phase transformations. Intrinsic solubility of
imipramine, solubility products of imipramine hydrochloride and imipramine phosphate salts, and aggre-
gation constants (trimer, heptamer, and cationic complex with phosphate ions) were determined. Solid state
characterization results are in accordance with pDISOL-X analysis. Conclusion: These findings, along with our
previous solubility studies of desipramine and nortriptyline, suggest that even subtle structural variations
can lead to significant differences in the aqueous media behaviour of tricyclic antidepressants. This type of
information can be valuable in the early stages of drug discovery, in formulation optimization experiments,
as well as in in vitro and in vivo studies.

©2025 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

Imipramine (Imp, 3-(10,11-dihydro-5H-dibenzo(b,f]azepin-5-yl)-N,N-dimethylpropan-1-amine, Figure 1.) is a
well-known tricyclic antidepressant (TCAs) drug that has gained much interest in the chemical and
pharmaceutical literature because of its low aqueous solubility and surface-active properties [1]. It is a basic

doi: http://dx.doi.org/10.5599/admet.3128 1



http://dx.doi.org/10.5599/admet.3128
https://doi.org/10.5599/admet.3128
http://www.pub.iapchem.org/ojs/index.php/admet
mailto:tatjanad@chem.bg.ac.rs
mailto:olivera.markovic@ihtm.bg.ac.rs
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-5830-1445
https://orcid.org/0000-0002-1982-040X
https://orcid.org/0000-0002-3139-5442
https://orcid.org/0000-0002-2596-715X
https://orcid.org/0000-0002-6348-1644

O. Markovi¢ et al. ADMET & DMPK 14 (2026) 3128

compound with a pK, value of 9.52 (25 °C, / = 0.15 mol L%). Its aqueous log molar intrinsic solubility (log So) is
-4.30 £ 0.26 (25 °C, average of 11 reported values), which is 14 ug mL? in the free base equivalent [2,3].

N

N

Figure 1. Structure of Imp

All TCAs are known to undergo self-aggregation, and there have been extensive studies on the critical
micelle concentration (CMC) of imipramine using its hydrochloride salt (imipramine hydrochloride; ImpHCI).
The results are summarized in Table 1 [4-8], which highlight how the CMC is dependent on applied
experimental conditions like temperature, solvent used, ionic strength, pH, background electrolytes, etc.
Although multiple values for Imp CMC have been published, no data are available about the CMC in
phosphate-buffered solutions that are often recommended for use in pharmaceutical studies.

Table 1. Literature data on critical micelle concentration of imipramine HCl in aqueous media with experimental
conditions and method of determination.

Method Temperature (°C) Additional solution information cMmC Ref.
light scattering 30 N.A.2 50 mmol kg [4]
conductivity 30 N.A. 48 mmol kg! [4]
pH method 30 N.A. 42 mmol kg! (4]
conductivity 25 N.A. 56.7 mmol L? [5]
surface tension 25 N.A. 38 mmol kg? [6]
surface tension 25 acetate buffer solution, pH 4 35 mmol kg* [6]
surface tension 25 50 mmol kg NaCl 33 mmol kg* (6]
surface tension 27 0 - 400 mmol L Nacl 47.5-21.6 mmol L? [7]
dye solubilisation 27 0 - 400 mmol L Nacl 48.3 -33.1 mmol L? [7]
surface tension 27 0.25 - 1.00 mmol L'* CTAB® 37.8-3.2 mmol L* [7]
dye solubilisation 27 0.25-1.00 mmol L'* CTAB 38.0-3.8 mmol L* [7]
surface tension 27 0.075 - 0.300 mmol L™ TX-100°¢ 33.3-4.3 mmol L* [7]
dye solubilisation 27 0.075 - 0.300 mmol L' TX-100 38.4-3.2 mmol L* [7]
conductivity 25 N.A. 39.8 mmol kg [8]
conductivity 25 100 mmol kg NaCl 35.8 mmol kg [8]
conductivity 25 300 mmol kgt urea 44.0 mmol kg? [8]

aNot available; bcetyltrimethylammonium bromide, cpolyethylene glycol t-octylphenyl ether.

In our previous research, we investigated the pH-dependent solubility of desipramine (Ds) and
nortriptyline (Nor), two other TCAs, in phosphate and/or chloride-containing heterogeneous systems [9-11].
Both compounds formed cationic and anionic complexes with phosphates, resulting in increased drug
solubility. The influence of suspension composition, direction of pH change in titrations (low-to-high or high-
to-low), pH, and buffer effect on the aqueous solubility of drugs was explored. Additionally, multiple solid
phase transformations during the determination of solubility vs. pH were characterized (hydrochloride salt,
phosphate salts, and free base).

As part of our ongoing study of poorly soluble TCAs, this paper considers the solubility of imipramine as a
function of pH in the presence of multiple counterions [9-11]. Specifically, the solubility of imipramine was
investigated by the pH-Ramp shake-flask method (pH-RSF method) in the presence of chloride and/or
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phosphate counterions. Solubility data were analysed using the computer program pDISOL-X™ (in-ADME
Research) [12-14]. Different solid phases formed in equilibria with solutions were analysed using thermogra-
vimetric analysis (TGA), differential scanning calorimetry (DSC), powder X-ray diffraction (PXRD), and elemental
analyses. Critical micelle concentration of ImpHCl at 25.0 °C was determined by conductometric titrations.

Since measurements were done by the same research group and similar experimental conditions were
applied, it is possible to compare all TCA solubility results and draw conclusions about important factors
affecting TCA solubility. It is demonstrated that specific structural characteristics can influence the aqueous
solution chemistry of TCAs. This type of information can be valuable in the early stages of drug discovery, in
formulation optimization experiments, as well as in in vitro and in vivo studies. Furthermore, our papers in
the Ds, Nor, and Imp trilogy emphasize the importance of experimental design in drug solubility research.

Experimental

Chemicals and reagents

Imipramine hydrochloride (=299 % TLC purity) was purchased from Sigma-Aldrich. All other chemicals, like
sodium dihydrogen phosphate dihydrate, disodium hydrogen phosphate dihydrate, hydrochloric acid, sodium
hydroxide, acetic acid, and phosphoric acid, were purchased from multiple reputable vendors, and they were
of analytical quality or better. Millipore-purified water was used for the preparation of all aqueous solutions.

pH measurement and conversion to the pH scale

The Crison pH-Burette 24 2S (Crison Instruments, Alella, Barcelona, Spain) equipped with the Hach 52 09
micro-combination pH electrode (Hach, Loveland, Colorado, USA) was used to measure pH values. The
electrode was calibrated by standard Hach buffer solutions (pH 4.01, 7.00 and 9.21).

Since the reported equilibrium constants are based on the concentration scale, i.e., the ‘constant ionic
medium’ thermodynamic standard state [1], the operational pH-meter values were converted to those based
on the concentration scale, pH (= -log C), using the Avdeef-Butcher equation [15]:

pH= a+ksp(cH+) +chH+ +10::A (2)
"
where a corresponds to the negative logarithm of the activity coefficient of H* at the working temperature
and ionic strength; the ks term denotes the ratio between the actual slope and the Nernst slope; Ky, is the
ionization constant of water, taken as a function of temperature and ionic strength [16]. The ju term corrects
pH readings for any nonlinearity due to liquid junction and glass asymmetry potentials in highly acidic
solutions (pH < 1.5), whereas the jou term corrects for high pH (pH > 11.5) nonideal behaviour.

Solubility determination using the pH-RSF method

Six different procedures were applied to determine pH-dependent solubility of Imp in suspensions
containing phosphate plus chloride ions (Sets 1, 2, and 4), solely chloride ions (Sets 3 and 5; phosphate-
free titrations), and solely phosphate ions (Set 6; chloride-free titrations). All measurements were
performed at 25 + 1°C. The equilibration time was 24 hours (6 hours of stirring + 18 hours of sedimentation)
and the phases were separated by centrifugation. Details of stock solution preparation, titration, and
solubility data are given in the Supplementary material (Tables S1 to S6).

Sets 1 and 2 (phosphate + chloride containing suspensions; low-to-high titrations): Acidified stock solutions
(pH 1.90 to 2.09) were prepared by mixing 7.50 to 9.50 mL of 0.15 mol L™t NaH,POQ,, 0.500 mL of 0.973 mol L' HCl,
and 0.5464 to 0.5650 g of ImpHCl). Aliquots of acidic stock solution (1.000 mL) were placed into vials and
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initial pH values were measured. Standardized 0.908 mol L' NaOH was used for sample pH adjustment within the
pH range 3.82 to 11.43 (measured after 24 hours of equilibration). All solids in the suspensions dissolved at pH <3.82.

Set 3 (phosphate-free suspensions; low-to-high titration): Samples were prepared by adding 0.15 mol L*
NaCl in vials containing weighed ImpHCli and initial pH values were measured. Then, standardized 0.908 mol L™
NaOH was used for pH adjustment within pH range 7.37 to 11.87 (measured after 24 hours of equilibration).
All solids in the suspensions dissolved at pH <7.37.

Set 4 (phosphate + chloride containing suspensions; high-to-low titration): Stock suspension (pH 6.13) was
prepared by adding 4.50 mL of 3.00 mol L' NaH,PO, and 3.50 mL of 1.062 mol L' NaOH in the vial containing
0.5287 g Imp (oil). The stock suspension was divided into vials (1.000 mL aliquots) and the pH of each sample
was adjusted using 1.073 mol L HCl within the pH range 2.67 to 6.27 (pH measured after 24 hours of
equilibration).

Set 5 (phosphate-free suspensions; high-to-low titration): stock suspension (pH 7.93) was prepared by
mixing 9.00 mL of 1.70 mol L'* NaCl and 0.6374 g Imp (oil). Aliquots of stock suspension (1.000 mL) were
placed into vials and pH was adjusted using standardized 1.073 mol L HCI within the pH range 2.62 - 8.00
(measured after 24 hours of equilibration).

Set 6 (chloride-free suspensions; low-to-high titration): stock suspension (pH 2.24) was prepared by
adding 7.00 mL of 2.00 mol L't NaH,PO, and 3.00 mL of 2.00 mol L'? H3POy, in the vial containing 0.6914 g Imp
(oil). Stock suspension was divided into vials (1.000 mL aliquots). After initial pH measurements, pH values
were adjusted using standardized 1.062 mol L™* NaOH within the pH range 2.50 to 6.37 (measured after 24
hours of equilibration).

Imp (oil) used in Sets 4 to 6 was prepared by mixing 3.00 mL of 1.062 mol L' NaOH and 0.7067 to 0.8424 g
ImpHCl) (pH 11.53 to 12.75). After centrifugation, the oil was washed 3 times with 200 pL of Millipore-purified
water.

HPLC analysis for imipramine concentration

Imp concentrations in the supernatant solutions during the solubility determination were analysed by
Agilent Technologies HPLC 1260 Infinity Series instrument with DAD detector (Santa Clara, CA, USA) and HPLC
LC2050C 3D PDA (Shimadzu, Japan). Chromatographic separation was conducted using a Hypersil Gold
50%3 mm column packed with 5 um particles at a flow rate of 0.5 mL min’, a detection wavelength of 252 nm,
and a column temperature of 25 °C. The mobile phases used for the gradient elution were the mixtures of 1 %
acetic acid in water (A) and acetonitrile (B) in the following steps: (a) from 70 % A + 30 % B to 100 % B during
5 min, (b) 100 % B for 1 min, and (c) back to 70 % A + 30 % B during 1 min. Post run: 5 min.

Conductometric titrations

Conductometric titrations were performed using Conductivity Pocket Meter Cond 330i (WTW, Germany)
equipped with TetraCon 325 (WTW, Germany) conductometric cell (cell constant 0.48 cm) calibrated with
N.L.S.T. standard KCl solution 1413 pS cm™ (25 °C). Accurately weighed portions of ImpHCl were added to 8.00 mL
of 0.15 mol L™ NaCl or 0.10 mol L'* NaH,PO, solutions at 25.0 + 0.1 °C.

Solid state characterization: sample preparation

Samples of solid precipitates that represent different Imp suspensions during the determination of solubility
were isolated for solid-state characterization, where Sample 1 was isolated from Imp suspensions containing
phosphate ions (chloride-free suspensions), Samples 2 to 5 were isolated from Imp suspensions containing
phosphate and chloride ions, and Sample 6 was isolated from Imp suspensions containing chloride ions
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(phosphate-free suspension). The equilibration time was 24 hours (6 hours of stirring followed by 18 hours of
sedimentation) for all samples, and the phases were separated by centrifugation. The solids were dried in a
vacuum chamber at room temperature for 3 days prior to analysis. The detailed procedures for the preparation
of the samples for the solid-state characterization are given below:

Sample 1 (pH 1.26) was obtained by adding 0.500 mL of 2.00 mol L'* NaH,PO4 and 2.90 mL of 2.00 mol L*
HsPOy, in a vial containing 0.1807 g Imp (oil).

Sample 2 (pH 2.67) was prepared by adding 1.000 mL of 2.00 mol L't NaH,PO, and 0.700 mL of 1.073 mol L
HCl in a vial containing 0.1971 g of Imp (oil).

Sample 3 (pH 6.21) was prepared by mixing 1.80 mL of 0.15 mol L'* Na,HPQ4, 0.05 mL of 1.073 mol L'* HCI
and 0.2367 g of ImpHCl).

Sample 4 (pH 8.28) was obtained by adding 1.30 mL of 0.15 mol L'* Na,HPO,4 and 0.200 mL of 1.062 mol L*
NaOH in a vial containing 0.2478 g ImpHCls).

Sample 5 (pH 12.55) was obtained by mixing 1.00 mL of 0.15 mol L! Na;HPO,, 1.00 mL of 1.062 mol L*
NaOH and 0.2590 g of ImpHCls).

Sample 6 (pH 12.87) was prepared by mixing 0.2741 g of ImpHCls), 0.70 mL of 0.15 mol L™ NaCl and 1.30 mL
of 1.0621 mol L'! NaOH.

Imp (oil) used for preparation of Samples 1 and 2 was prepared by mixing 0.8639 g of ImpHCl;) and 3.00 mL of
1.062 mol L'* NaOH (pH 12.89). After centrifugation, the isolated Imp (oil) was washed twice with HPLC-grade water.

Elemental analysis

The elemental analysis of the samples from Set 1 was performed using a Vario EL lll C,H,N,S/O Elemental
Analyser (Elementar Analysensysteme GmbH, Hanau-Germany) via combustion analysis. The samples from
Set 1 were air-dried for 3 days before the analysis.

Thermogravimetric analysis

The TGA Q50 thermogravimetric analyser (TA Instruments, DE, USA) was used to determine the weight
loss as a function of temperature. The samples (5.54 to 12.00 mg) were heated from approximately 25 to 400
°C at a heating rate of 10 °C min! under a nitrogen atmosphere.

Differential scanning calorimetric analysis

The thermal behaviour of solids was scanned as a function of temperature using a Q200 differential
scanning calorimeter (TA Instruments, DE, USA). Each sample (8.6 to 9.8 mg) was sealed in a Tzero pan with
a pinhole and heated to 250 °C at a rate of 5 °C min, with a modulation of +1.0 °C per minute. The results
were analysed using the Universal Analysis software version 2000 (TA Instruments).

Powder X-ray diffraction analysis

The powder X-ray diffractometer (Shimadzu 6000, Kyoto, Japan) was used to obtain PXRD patterns
at 25 + 1 °C with a monochromatic CuKa radiation source operated at 40 kV and 30 mA. The scanning rate
of 2 ° min"t was used over the 2@ range of 10 to 60°. The test materials were placed as thin layers inside glass
sample holders.

Results and discussion

Solubility analysis

The results of the determination of pH vs. solubility of Imp by the pH-RSF method, as described in Sets 1
to 6 under the Experimental section, are shown graphically in sub-figures a to e of Figure 2, where the solid
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curves represent calculated Imp solubility profiles and the dashed curves were calculated with the
Henderson-Hasselbalch (HH) equation. The detailed titration and solubility data used to generate the curves
are presented in the Supplementary material (Tables S1 to S6).

The computer program pDISOL-X was used to simulate solubility-pH profiles, guide experimental design,
process the data, and refine the equilibrium constants. All equilibrium constants were scaled to /rer =
0.15 mol L (reference ionic strength). The applications of the program and the mathematical approach
(including automatic ionic strength compensation) used in pDISOL-X log S-pH simulation-refinement were
described previously [12-14]. Refined constants are shown in Table 2.

Sets 1 and 2 were prepared as imipramine suspensions containing phosphate and chloride ions via
low-to- high titrations. These sets were analysed as one combined set (Figure 2a, Table 2). Equilibrium
analysis suggested that the precipitates are imipramine hydrogen phosphate at a pH range of 3.82 to 7.85
(Equation 2) and imipramine free base at pH >7.85. Elevated solubility in the pH range 7 to 10 can be
rationalized by the formation of cationic trimer and heptamer of imipramine (Equations 3 and 4).
Furthermore, there was no precipitate formation at pH <3.82. High solubility near pH 4 is consistent with the
formation of a cationic complex (Equation 5). The cationic complex ‘competes’ with the formation of
imipramine salt at the acidic pH region. Cationic aggregate formation of various bases has previously been
described in the literature [17-19], and the relevant aggregation constants are given below:

(BH),HPO,, &2 2BH'+HPO,” K *'=(c_.)’ Capo,? 2)

c .
2B+BH' &2 BBH' K %A (3)

310 2
(c)c,,

c .
BBH +4BH" = B, (BH).”" K, =—2"% _ - (4)
c .(c.)
B,BH BH
C(BH)H PO,"
BH'+H,PO, =(BH)H,PO," K, =—"—— (5)
BH*CHSPOA

Set 3 (phosphate-free) was designed for intrinsic solubility determination of Imp (Figure 2b, Table 2). In
this set, there was no precipitate formation below pH 7.37. Equilibrium analysis suggested that the solid
phase at pH > 7.37 was the Imp base. The data analysis suggested that water-soluble cationic imipramine
trimer and heptamer (Equations (3) and (4)) were also formed at pH <10. This indicates a higher aggregation
tendency of Imp in chloride-containing suspensions compared to chloride + phosphate-containing
suspensions. The aggregation constants are higher in Set 3 than in Sets 1 and 2 (Table 2).

The addition of a much higher amount of ImpHCI (¢ = 1.12 mol L'! at pH 1.9) in phosphate-containing
solution (Sets 1 and 2) only produced clear but very viscous solutions, and, therefore, the accurate
determination of solubility was not possible. To add missing data points to acidic region of log$S vs. pH
diagrams, Sets 4 to 6, were designed, where the mass-to-volume ratio remains similar as in Sets 1 to 3, but
two experimental modifications were applied: first, Imp base was used as a starting material instead of
ImpHCI, and, second, the counterions (phosphate and/or chloride) concentration was increased, whereby
the average ionic strength, /.., changed from 0.29 to 0.39, to /. 1.44 to 1.71 mol L.

It has been reported in the literature that self-aggregation of similar compounds decreases when the starting
material is a base instead of a salt [2,17,20,21]. Furthermore, it is expected that the solubility of a drug would
decrease when the counterions concentration is increased [22-25]. These modifications led to the successful
determination of Imp saturation solubility in acidic media containing phosphate and/or chloride ions.

6 (co) X



ADMET & DMPK 14 (2026) 3128 Imipramine solubility-pH profiles
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Figure 2. Solubility-pH profiles for Imp at 25 °C. (a) Sets 1 and 2 (Imp samples containing chloride and phosphate).
(b) Set 3 (phosphate-free Imp samples). (c) Set 4 (Imp samples containing chloride and phosphate). (d) Set 5
(phosphate-free Imp samples). (e) Set 6 (chloride-free Imp samples). Dashed curves were calculated with the
Henderson-Hasselbalch equation. The dotted lines represent pH regions where the solutions were subsaturated. The

unfilled circles denote outlier points assigned zero weights in the refinement. The unfilled squares denote points
where degradation was observed. In the drawings, the symbol ‘B’ represents the imipramine free base.

log (S/ mol L)

1
(&)

Set 4 (Figure 2c) was prepared as phosphate plus chloride containing Imp (base) suspensions with a raised total
phosphate ion concentration (1.69 mol L in initial stock suspension) compared to Sets 1 and 2 (0.14 mol L in
initial stock suspension). Equilibrium analysis showed that three precipitates were formed: imipramine

dihydrogen phosphate (pH <5, Equation 6), imipramine hydrogen phosphate (pH 5 to 8, Equation 2) and Imp
base (pH >8.5).

(BH)HZPO4(5) é__> BH' +H2PO;1 Ksp1 1 _CBH* CH PO, (6)
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Table 2. Summary of pDISOL-X calculations®

Set Iczg:f;” . Pk . pKsp? 1 log K310 log K75 PG o PSo
(BH)H,PO, (BH),HPO, B.(BH") Ba(BH")s BHCI B
H3PO4

125 3039 094 - - 6699 006 8735 006 8165 094 - ~ 4602

3¢ ; ; ; ; ; - 8816  0.06  9.981 0.06 2338 fixed 4.602

49 0364 058 2672 005 7045 004 8816 fixed 9981 fixed - ~ 4602

5e - - ; ; - ; 8332 013 9816 047 2338 002 4.602

6 0324 013 2829 00l 6801 001 8816 fixed 9981 fixed - ~ 4602
wtmean 0374 0016  2.823 0.00010 6.812 000009 8728 0.0017 9.970 0.0040 2.338 4.602

sd 1.56 0.11 0.18 0.26 1.00 0.02 0.02

Set lavg (M) n GOF

1,20 0.395 17 1.30

3¢ 0.288 5 0.54

49 1.709 7 1.40

5e 1518 7 0.65

6 1.440 9 0.29

aGoodness-of-fit based on assigned standard deviation, SD = 0.05 log for each point. wt mean is calculated with SD values as weights. logK with triple
index subscript refers to stoichiometric coefficients: B, H, POs

bChloride and phosphate suspensions (57 mg BHCl in 1 mL of 0.14 mol L't NaH2POa + 0.049 mol L™* HCI; decomp. pH > 10)

Chloride suspensions (52 mg BHCl in 1 mL of 0.15 mol L'* NaCl; B(oily) pH > 8)

dChloride and phosphate suspensions (68 mg B(oil) in 1 mL of 1.69 mol L't NaH2POa + 0.46 mol L'* NaOH)

¢Chloride suspensions (71 mg B(oil) in 1 mL of 1.70 mol L NaCl)

fPhosphate suspensions (69 mg B(oil) in 1 mL of 0.6 mol L H3PO4 + 1.4 mol L* NaH,POa)

Set 5 (phosphate-free) was designed for ImpHCI solubility product determination (Figure 2d, Table 2),
where the total chloride ion concentration was increased by using 1.70 mol L™* NaCl as background electro-
lyte, instead of 0.15 mol L' NaCl (used in Set 3). The ImpHCl precipitate was isolated at pHmax <7.5
(Equation 7), and the Imp base was isolated at pHmax >7.5.

BHCl, 22BH +CI" K "=c .c (7)

sp BH™ I

Set 6 (chloride-free) was designed for the determination of solubility products of imipramine dihydrogen
phosphate and imipramine hydrogen phosphate salts (Figure 2e, Table 2). Total phosphate concentration in
the initial stock suspension was 2.00 mol L. It is shown by equilibrium analysis that three precipitates were
formed: imipramine dihydrogen phosphate (pHmax <5.5), imipramine hydrogen phosphate (5.5 < pH < 8), and
imipramine base (pHmax >8).

These results (Figure 2) show that saturated solutions of Imp in the acidic region can be prepared under
high ionic strength experimental conditions, when the total concentration of chloride or phosphate ions is
increased as Imp base is used as the starting material instead of ImpHCI. In Sets 4 to 6, the mass-to-volume
ratio was kept similar as in Sets 1 to 3. However, special attention must be paid to all potential problems that
arise when ionic strength is high, as described previously in the white paper on solubility [26]. In this respect,
automatic ionic strength compensation and the adjustment of pH electrode parameters from Avdeef-Bucher
four-parameter equation [1,15] when the ionic strength is varied are very useful possibilities of the computer
program pDISOL-X. Furthermore, the differences between solubility-pH profiles (solid green curves) and
theoretical profiles calculated with the HH equation for pH >9 (Figure 2) are due to activity corrections made
in the pDISOL-X calculations, which have been previously described in detail [14]. The value of pSo = 4.60 is
harmonized to the selected reference ionic strength, /s = 0.15 mol L'}, in accordance with the ‘constant ionic
medium’ thermodynamic state [1] adopted in the calculations. The differences between the solid green
curves and the Henderson-Hasselbalch curve for pH >9 in Figure 2 (Sets 4 to 6) are due to activity corrections
using the Stokes-Robinson hydration theory, modified with the imipramine salting-out constant,
Ks=0.42 [14]. Sets 4 to 6 develop relatively high average ionic strengths in the alkaline solutions, ranging
from 1.44 to 1.71 mol L. In contrast, Set 3 shows alignment in the alkaline region, since the ionic strength,
/=0.29 mol L%, is much closer to the reference value, /et = 0.15 mol L.
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Conductometric titrations

Self-aggregation of Imp was observed during pH-dependent solubility experiments. As previously
mentioned, multiple data about Imp CMC were published so far [4-8], but, to the best of our knowledge, there
is no data about CMC in phosphate-buffered solutions, often recommended for use in pharmaceutical studies.

CMC values of ImpHCl were determined by conductometric titrations at 25.0+0.1 °C. Titrations were designed
to be as similar as possible to experimental conditions used in Sets 1 to 3 (pH regions without solid precipitate).
Two CMC values for ImpHCI, 35.5+8.7 mmol L in 0.10 mol L'* NaH,PO,4 and 26.2+2.3 mmol L in 0.15 mol L NaCl,
were determined as the intersection point in the titration curves (Supplementary material, Figure S1).

Sodium chloride solution (0.15 mol L) was used for Imp suspensions preparation in Set 3 (phosphate-free),
thus the same solution was used for CMC determination of ImpHCI in phosphate-free solution. Although a
0.15 mol L't NaH,PO4solution was used in Sets 1 and 2 (chloride plus phosphate containing suspensions), it was
not possible to determine the CMC value in this solution, as precipitation started before the CMC value was
reached. This was the reason for using 0.10 mol L'* NaH,PO, solution for CMC determination of ImpHCI. This
agrees with ‘competition’ between precipitation of imipramine phosphate salts and formation of Imp
aggregates in Sets 1 and 2 proposed according to solubility analysis (discussed in section Solubility analysis).

Solubility of Imp in pH range 3.82 to 4.06 in chloride plus phosphate containing suspensions (Sets 1 and 2) and
in phosphate-free suspensions at pH 7.37 (Set 3) is above CMC values, which is in accordance with the Imp complex
formation and the Imp self-aggregate formation (based on pDISOL-X analysis).

The trimer and heptamer formations were not observed in our previous studies of the pH-dependent
solubility of desipramine and nortriptyline in chloride- and/or phosphate-containing suspensions [9-11].
Instead, cationic phosphate complex formation occurred at pH <4 in desipramine suspensions containing
chloride and phosphate ions and at pH <2 in nortriptyline suspensions containing phosphate ions. An anionic
phosphate complex is formed in the chloride plus phosphate-containing alkaline media. Both desipramine
and nortriptyline have a secondary amino group at the end of the hydrocarbon chain and imipramine has a
tertiary amino group. This structural difference can be the reason for the different composition of studied
suspensions of imipramine compared to desipramine and nortriptyline suspensions.

Imipramine solid-state characterization

Solid precipitates isolated from Set 1 were analysed by elemental analysis. The results, as presented in
Table 3, are in good agreement with predictions from pDISOL-X calculations, and suggest that solid precipi-
tates are hydrated imipramine hydrogen phosphate salt in the pH range 4.06 to 6.85 and hydrated imipra-
mine base in the alkaline media.

Table 3. Elemental analysis of solid precipitates isolated from Imp Set 1 suspensions.

pH C content, % H content, % Proposed compound composition
4.06 63.64 8.17 (ImpH)2HPO4x4H,0

4.99 61.06 7.79 (ImpH)2HPO4x4H,0

5.81 65.21 7.65 (ImpH)2HPO4x2H20

6.85 64.04 7.67 (ImpH)2HPO4x2H20

8.09 66.79 8.30 Impx4H,0°

8.11 66.57 8.06 Impx4H20?

8.15 71.55 8.14 Impx2H20

apH value is near pHmax, SO solid precipitate might be a mixture of phosphate salt and Imp base

To perform TGA, DSC, and PXRD analyses, an additional six samples were prepared from chloride-free
suspension (Sample 1), chloride + phosphate-containing suspensions (Samples 2 to 5), and phosphate-free
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suspension (Sample 6). To decrease the Imp solubility in the acid region, Samples 1 (pH 1.26) and 2 (pH 2.67) were
prepared according to Sets 6 (chloride-free suspensions; higher phosphate concentration) and 4 (chloride +
+ phosphate-containing suspension; higher phosphate concentration) experimental design, respectively.
Samples 3 (pH 6.21), 4 (pH 8.28), and 5 (pH 12.55) were prepared according to the experimental design used in
Sets 1 and 2 (chloride + phosphate containing suspension), and Sample 6 (pH 12.87) according to Set 3 design
(phosphate-free suspensions).

According to the thermogravimetric analysis presented in Figure 3, all samples are anhydrous, except
Sample 2 (pH 2.67), which is a hydrate having a weight loss of 5.8 % up to 100 °C.

110 110
La) L b)
100 | 100 |
X 90 + ° 90
A 80 3 80
o L o L
2 710} 2 1t
a0 3 = L
g 60 |- g 60 |
S s0f S s0
O 40t O 40 Sample 2 (pH 2.67)
o + Sample 1 (pH 1.26) o Sample 3 (pH 6.21)
30 Sample 6 (pH 12.87) 30 Sample 4 (pH 8.28)
[ — ImHCI I Sample 5 (pH 12.55)
20 1 1 1 1 1 1 2“ 1 1 1 1 1 1
50 100 150 200 250 300 350 50 100 150 200 250 300 350
ti°c t!1°c

Figure 3. TGA scans of samples (residual weight loss vs. temperature): (a) 1 (isolated from chloride-free suspension),
6 (isolated from phosphate-free suspensions), and imipramine hydrochloride as reference. (b) 2 to 5 (isolated from
suspensions containing phosphate and chloride ions)

The results of DSC and PXRD analyses of ImpHCI salt, as well as various samples prepared in this
investigation, are presented in Figure 4a and Figure 4b, respectively. The reference ImpHCI salt exhibits a
sharp melting endotherm at 175 °C (Figure 4a), and its PXRD pattern reveals a high degree of crystallinity
(Figure 4b). The other samples analysed exhibit DSC scans and PXRD patterns different then ImpHCI salt
‘reference’, and their solid-state characteristics are described below.

a) Sample 6 (pH 12.87) b)

Sample 5 (pH 12.55)

Sample 4 (pH 8.28)

Sample 3 (pH 6.21) ImHCI

Sample 2 (pH 2.67)

§ ,__.Wm | Sample 1 (pH 1.26)
[« } Sample 1 (pH 1.26) :
ﬁ/\h .
ImHCI Sample 3 (pH 6.21),
\ ) ) , ) T’ b e : Sample 4 (pH 8.28)
= 0 B AR 4 e 10 20 30 40 50 60
t/°c 20/ o

Figure 4. (a) 1 DSC scans (heat flow (Q) vs. temperature (t)) of Samples 1 to 6, and ImpHCI as reference. (b) PXRD
patterns (diffraction intensity (/) vs. diffraction angle (28)) of ImpHCI as reference, and Samples 1, 3 and 4

DSC scans of Samples 5 and 6 (Figure 4a), isolated at pH 12.55 and pH 12.87, respectively, are featureless
and without characteristic transitions, and they also do not exhibit any PXRD peaks (PXRD scans not shown),
confirming that the isolated solids are an amorphous Imp base. These results demonstrate that an
amorphous (oily) imipramine base was formed at alkaline pH conditions, which did not convert to any
crystalline solid in 24 hours of equilibration.

10 (co) X
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pDISOL-X analysis shows that Samples 1 (pH 1.26) and 2 (pH 2.67) are consistent with the formation of
imipramine dihydrogen phosphate. Sample 1 was prepared from phosphate-containing imipramine
suspension (chloride-free) and Sample 2 from phosphate + chloride-containing imipramine suspension with
increased phosphate concentration (total concentrations of phosphates and chlorides were 1.18 mol L*
and 0.44 mol L}, respectively). Therefore, it is expected that the phosphate salt will precipitate. Both the
DSC scan and PXRD pattern show that Sample 1 is a crystalline solid. Sample 2 is imipramine dihydrogen
phosphate monohydrate, according to the weight loss of 5.8 % obtained from TGA analysis.

Based on pH value of the solid phase transition between imipramine dihydrogen phosphate and
imipramine hydrogen phosphate (pHmax), it is expected that Sample 3 is imipramine hydrogen phosphate,
since it was isolated at pH 6.21 (above pHmax). The PXRD pattern of Sample 3 is different compared to the
PXRD pattern of Sample 1 (pH 1.26), so Sample 3 is probably crystalline imipramine hydrogen phosphate, but
it might also contain a small amount of imipramine dihydrogen phosphate.

Sample 4 (pH 8.28) was isolated at a pH value close to the range of solid phase transition from imipramine
hydrogen phosphate to imipramine base. An amorphous halo is observed in the PXRD pattern of Sample 4.
Hence, this sample could be a mixture of crystalline imipramine hydrogen phosphate salt and free base.

Degradation of Imp in alkaline suspensions

It has previously been reported that there could be degradation of imipramine under certain pH
conditions [27], which could influence the solubility data during the determination of solubility vs. pH.
Therefore, the equilibrated solutions in the present investigation were analysed by HPLC for the presence of
any degradation products. The HPLC analysis of solutions from Sets 1 and 2 during the determination of
solubility at pH <10 and of samples from Set 3 at pH < 9 did not demonstrate any degradation of Imp, since
only one peak was observed (Figure S2, Supplementary material). However, multiple peaks appeared in the
chromatograms at pH >10 in samples from Sets 1 and 2 and at pH > 9 in samples from Set 3 (Figures S4 and
S5, Supplementary material), implying partial Imp degradation.

It is noteworthy that partial degradation was observed by HPLC only in the saturated Imp solution when the
solid phase was present in the system (experiments for solubility determination). Degradation was not observed
after 24 hours of stirring at 25 °C in any of the Imp unsaturated solutions containing phosphates and/or chlo-
rides (data was not shown). Since an equilibrium exists between the solution phase and the oily solid phase
under alkaline pH conditions, it appears that degradation occurs in both phases. However, since, in the present
investigation, the Imp concentrations in equilibrated solutions were determined by HPLC analysis, the solubility
data at alkaline conditions were not compromised by degradation and reflected exact values.

Conclusions

Detailed investigation of aqueous solubility-pH behaviour of tricyclic antidepressant Imp using pH-Ramp
shake-flask method is presented in this study. High solubility of Imp in phosphate and chloride-containing
suspensions at pH <4 and in phosphate-free suspensions at pH <7 prevented the preparation of saturated
solutions. Solubility in these pH ranges is above the CMC value of ImpHCl determined by conductometric
titrations. It is shown that Imp solubility can be diminished if the total concentration of counterion
(phosphate or chloride) is increased or if Imp base is used instead of salt. It is observed that phosphate or
chloride Imp salts precipitate in the acidic region, depending on the total counterion concentrations. Partial
degradation of imipramine occurred at pH >10 in phosphate and chloride-containing suspensions and at pH >8.5
in chloride-containing suspensions (phosphate-free). This study emphasizes the importance of experimental
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design in drug solubility research and provides information that can be valuable in the early stages of drug
discovery, in formulation optimization experiments, as well as in in vitro and in vivo studies.

Supplementary material

Additional data are available at https://pub.iapchem.org/ojs/index.php/admet/article/view/3128, or
from the corresponding authors on request.

Acknowledgements: This research was financially supported by the Ministry of Science, Technological
Development and Innovation of Republic of Serbia (Contract Nos. 451-03-136/2025-03/200168; 451-03-
136/2025-03/200026). This research aligns with the United Nations Sustainable Development Goal 3 - Ensure
healthy lives and promote well-being for all at all ages.

Conflict of interest: The authors declare no conflicts of interest.

Author contributions: All authors contributed to the study conception and design and the interpretation of
the results. Material preparation, data collection and analysis were performed by Olivera Markovi¢ and
Tatjana Verbic. Alex Avdeef and Tatjana Verbic supervised all phases of the study. Olivera Markovic prepared
the original draft of the manuscript. Milos Pesic, Alex Avdeef, Abu Serajuddin, and Tatjana Verbic¢ reviewed
and edited the manuscript. All authors read and approved of the final manuscript.

Data availability: Data will be made available on request.

References

[1]  A. Avdeef, Absorption and drug development. Solubility, permeability, and charge state, 2" edition,
John Wiley & Sons, Inc., Hoboken, New Jersey, USA, 2012, p. 31-318. ISBN: 978-1-118-05745-2.

[2] A. L. Green. lonization constants and water solubilities of some aminoalkylphenothiazine
tranquillizers and related compounds. Journal of Pharmacy and Pharmacology 19 (1967) 10-16.
https://doi.org/10.1111/j.2042-7158.1967.tb07987.x

[3] A. Avdeef, Predicting Solubility of New Drugs - Handbook of Critically Curated Data for
Pharmaceutical Research. CRC Press, 2024. https://doi.org/10.1201/9781032625256

(4] D. Attwood, J. Gibson, Aggregation of antidepressant drugs in aqueous solution. Journal of
Pharmacy and Pharmacology 30 (1978) 176-180. https://doi.org/10.1111/j.2042-
7158.1978.tb13192.x

[5] E. Junquera, J. C. Romero, E. Aicart. Behavior of tricyclic antidepressants in aqueous solution: Self-
aggregation and association with B-Cyclodextrin. Langmuir 17 (2001) 1826-1832.
https://doi.org/10.1021/LA000819Q

[6] M. Gutiérrez-Pichel, S. Barbosa, P. Taboada, V. Mosquera. Surface properties of some amphiphilic
antidepressant drugs in different aqueous media. Colloid and Polymer Science 281 (2003) 575-579.
https://doi.org/10.1007/500396-002-0817-6

[7] M.S. Alam, A.Z. Naqvi, K. Din. Surface and micellar properties of some amphiphilic drugs in the
presence of additives. Journal of Chemical and Engineering Data 52 (2007) 1326-1331.
https://doi.org/10.1021/je700045r

[8] M.A. Rub, D. Kumar. Micellization behavior of antidepressant imipramine hydrochloride drug and
hydrotrope (sodium tosylate) mixtures at different compositions and temperatures in different
media. Journal of Chemical & Engineering Data 65 (2020) 2659-2672.
https://doi.org/10.1021/acs.jced.0c00038

[9] 0.S. Markovi¢, M.P. Pesi¢, A.V. Shah, A.T.M. Serajuddin, T.Z. Verbi¢, A. Avdeef. Solubility-pH profile
of desipramine hydrochloride in saline phosphate buffer: Enhanced solubility due to drug-buffer
aggregates. European Journal of Pharmaceutical Sciences 133 (2019) 264-274.
https://doi.org/10.1016/j.ejps.2019.03.014

[10] 0.S. Markovi¢, N.G. Patel, A.T.M. Serajuddin, A. Avdeef, T.Z. Verbi¢. Nortriptyline hydrochloride
solubility-pH profiles in a saline phosphate buffer: drug-phosphate complexes and multiple pHmax

domains with a Gibbs phase rule “soft” constraints. Molecular Pharmaceutics 19 (2022) 710-719.
https://doi.org/10.1021/acs.molpharmaceut.1c00919

12 (co) X


https://pub.iapchem.org/ojs/index.php/admet/article/view/3128
https://doi.org/10.1111/j.2042-7158.1967.tb07987.x
https://doi.org/10.1201/9781032625256
https://doi.org/10.1111/j.2042-7158.1978.tb13192.x
https://doi.org/10.1111/j.2042-7158.1978.tb13192.x
https://doi.org/10.1021/LA000819Q
https://doi.org/10.1007/S00396-002-0817-6
https://doi.org/10.1021/je700045r
https://doi.org/10.1021/acs.jced.0c00038
https://doi.org/10.1016/j.ejps.2019.03.014
https://doi.org/10.1021/acs.molpharmaceut.1c00919

ADMET & DMPK 14 (2026) 3128 Imipramine solubility-pH profiles

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

0.S. Markovic. Study of equilibria in tricyclic antidepressant heterogeneous systems: influence of
aggregation and the solid phase composition on solubility, Doctoral Dissertation, University of
Belgrade - Faculty of Chemistry, June 17, 2022.
https://nardus.mpn.gov.rs/handle/123456789/21245

G. Volgyi, A. Marosi, K. Takacs-Novak, A. Avdeef. Salt solubility products of diprenorphine
hydrochloride, codeine and lidocaine hydrochlorides and phosphates - Novel method of data
analysis not dependent on explicit solubility equations. ADMET and DMPK 1(4) (2013) 48-62.
https://doi.org/10.5599/admet.1.4.24

A. Avdeef. Phosphate precipitates and water-soluble aggregates in re-analyzed solubility-pH data of
twenty-five basic drugs. ADMET & DMPK 2(1) (2014) 43-55. https://doi.org/10.5599/admet.2.1.31

A. Avdeef. Often neglected steps in transforming drug solubility from single measurement in pure
water to physiologically-appropriate solubility-pH. ADMET and DMPK 13(1) (2025) 2626.
https://doi.org/10.5599/admet.2626

A. Avdeef, J.J. Bucher, Accurate measurements of the concentration of hydrogen ions with a glass
electrode: Calibrations using the prideaux and other universal buffer solutions and a computer-
controlled automatic titrator. Analytical Chemistry 50 (1978) 2137-2142.
https://doi.org/10.1021/ac50036a045

F.H. Sweeton, R.E. Mesmer, C.F. Baes Jr. Acidity measurements at elevated temperatures. VII.
Dissociation of water. Journal of Solution Chemistry 3 (1974) 191-214.
https://doi.org/10.1007/BF00645633

A. Pobudkowska, C. Rafols, X. Subirats, E. Bosch, A. Avdeef. Phenothiazines solution complexity -
Determination of pKa and solubility-pH profiles exhibiting sub-micellar aggregation at 25 and 37 °C.
European Journal of Pharmaceutical Sciences 93 (2016) 163-176.
https://doi.org/10.1016/j.ejps.2016.07.013

E. Fuguet, X. Subirats, C. Rafols, E. Bosch, A. Avdeef. lonizable drug self-associations and the
solubility dependence on pH: detection of aggregates in saturated solutions using mass
spectrometry (ESI-Q-TOF-MS/MS). Molecular Pharmaceutics 18(6) (2021) 2311-2321.
https://doi.org/10.1021/acs.molpharmaceut.1c00131

M.P. Pesi¢, V.S. Zivanovi¢, E. Fuguet, C. Rafols, I.N. Cvijeti¢, A. Avdeef, T.Z. Verbi¢. Terfenadine
solubility - MS studies of pH dependent aggregation, 53" Meeting of the Serbian Chemical Society,
June 10-11, 2016, Kragujevac, Serbia, Book of Abstracts, 12. https://www.shd.org.rs/wp-
content/uploads/2023/09/SHD53 Book of abstracts.pdf

G. Zografi, I. Zarenda. The surface activity of phenothiazine derivatives at the air-solution interface.
Biochemical Pharmacology 15 (1966) 591-598. https://doi.org/10.1016/0006-2952(66)90026-8

S-T Liu, A. Hurwitz, The effect of micelle formation on solubility and pKa determination of
acetylpromazine maleate. Journal of Colloid and Interface Science 60(2) (1977) 410-413.
https://doi.org/10.1016/0021-9797(77)90302-2

J.B. Bogardus, R.K. Blackwood Jr. Solubility of doxycycline in aqueous solution. Journal of
Pharmaceutical Sciences 68 (1979) 188-194. https://doi.org/10.1002/jps.2600680218

A.T.M. Serajuddin, M. Rosoff. pH-Solubility profile of papaverine hydrochloride and its relationship
to the dissolution rate of sustained-release pellets. Journal of Pharmaceutical Sciences 73 (1984)
1203-1208. https://doi.org/10.1002/jps.2600730905

G. Volgyi, E. Baka, K.J. Box, J.E.A. Comer, K. Takdcs-Novak. Study of pH-dependent solubility of
organic bases. Revisit of Henderson-Hasselbalch relationship. Analytica Chimica Acta 673 (2010) 40-
46. https://doi.org/10.1016/j.aca.2010.05.022

S. Li, S.M. Wong, S. Sethia, H. Almoazen, Y. M. Joshi, A.T.M. Serajuddin. Investigation of solubility
and dissolution of a free base and two different salt forms as a function of pH. Pharmaceutical
Research 22(4) (2005) 628-635. https://doi.org/10.1007/s11095-005-2504-z

A. Avdeef, E. Fuguet, A. Llinas, C. Rafols, E. Bosch, G. Volgyi, T. Verbi¢, E. Boldyreva, K. Takacs-
Novak. Equilibrium solubility measurement of ionizable drugs - consensus recommendations for

doi: https://doi.org/10.5599/admet.3128 13



https://doi.org/10.5599/admet.3128
https://nardus.mpn.gov.rs/handle/123456789/21245
https://doi.org/10.5599/admet.1.4.24
https://doi.org/10.5599/admet.2.1.31
https://doi.org/10.5599/admet.2626
https://doi.org/10.1021/ac50036a045
https://doi.org/10.1007/BF00645633
https://doi.org/10.1016/j.ejps.2016.07.013
https://doi.org/10.1021/acs.molpharmaceut.1c00131
https://www.shd.org.rs/wp-content/uploads/2023/09/SHD53_Book_of_abstracts.pdf
https://www.shd.org.rs/wp-content/uploads/2023/09/SHD53_Book_of_abstracts.pdf
https://doi.org/10.1016/0006-2952(66)90026-8
https://doi.org/10.1016/0021-9797(77)90302-2
https://doi.org/10.1002/jps.2600680218
https://doi.org/10.1002/jps.2600730905
https://doi.org/10.1016/j.aca.2010.05.022
https://doi.org/10.1007/s11095-005-2504-z

O. Markovi¢ et al. ADMET & DMPK 14 (2026) 3128

[27]

improving data quality, White paper. ADMET and DMPK 4(2) (2016) 117-178.
https://doi.org/10.5599/admet.4.2.292

H.N. Deepakumari, K.B. Vinay, H.D. Revanasiddappa. Development and validation of a stability
indicating RP-UPLC method for analysis of imipramine hydrochloride in pharmaceuticals.
International Scholarly Research Notices 2013 (2013) 913765.
https://doi.org/10.1155/2013/913765

©2025 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article distributed under the terms and
conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/) |Hec) i

14

(co) X


https://doi.org/10.5599/admet.4.2.292
https://doi.org/10.1155/2013/913765
http://creativecommons.org/licenses/by/4.0/

