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Summary

Lidocaine-HCl and procaine-HCl are local anesthetic drugs widely used in minor 
chirurgic procedures, nevertheless, physicochemical information about their volu-
metric behavior, as well as for other aqueous properties, is not complete at present. 
In this context, in this article, densities of aqueous solutions of both drugs have 
been measured as a function of concentration (from 0.0500 to 0.5000) mol kg–1 at 
several temperatures, i.e. 278.15, 283.15, 288.15, 293.15, 298.15, 303.15, 308.15, 
and 313.15 K. The apparent molar volumes and partial molar volumes at infinite 
dilution for the electrolyte drugs were calculated, whereas, the partial molar volumes 
at infinite dilution and partial molar expansibilities for the molecular forms were 
also calculated. The dependence of these properties with temperature is shown. The 
results are interpreted in terms of interaction solute-solvent.

Keywords: Lidocaine-HCl, Procaine-HCl, Apparent molar volume, Molar expansi-
bility, Solution thermodynamics.
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Resumen

Volúmenes molares aparentes de los anestésicos procaína-HCl y 
lidocaína-HCl en agua a temperaturas entre 278,15 y 313,15 K.

La lidocaína-HCl y procaína-HCl son anestésicos locales ampliamente usados 
en procedimientos quirúrgicos menores, sin embargo la información fisicoquí-
mica acerca de su comportamiento volumétrico, así como de otras propiedades 
fisicoquímicas, aún es incompleta en la actualidad. Por esta razón, en este artículo 
se presentan los valores de densidad de algunas soluciones acuosas de estos dos 
fármacos en función de la concentración (desde 0,0500 hasta 0,5000) mol kg–1 a 
diferentes temperaturas (278,15, 283,15, 288,15, 293,15, 298,15, 303,15, 308,15 y 
313,15 K). Así mismo se presentan los volúmenes molares aparentes y volúmenes 
molares parciales a dilución infinita de los fármacos como electrolitos, y de otro lado, 
los volúmenes molares parciales a dilución infinita de los fármacos moleculares y 
las expansibilidades molares, los cuales fueron calculados a partir de los valores de 
densidad y composición de las mezclas. Los resultados obtenidos se interpretan en 
términos de interacciones soluto-solvente.

Palabras clave: Lidocaína-HCl, Procaína-HCl, Volumen molar aparente, Expansi-
bilidad molar, Termodinámica de soluciones.

Introduction

Local anesthetics drugs are amphiphilic compounds that have hydrophobic and hydro-
philic domains that are separated by intermediate alkyl chains. The hydrophilic group 
corresponds to tertiary or secondary amine and the hydrophobic domain is an aroma-
tic moiety. These compounds are classified in ester type and amide type, and it depends 
on the group that is bind to the aromatic residue. The nature of this bond determines 
several of their pharmacological properties (1).

The physicochemical characterization of local anesthetics in aqueous solutions has 
been object of study due to their widespread application in treatment of pain. It is 
widely accepted that the local anesthetics exert their pharmacological action by inte-
racting with lipid molecules constituting the biological membranes of neurons. The 
mechanism of these interactions, however, is not clearly understood. The role of local 
anesthetics has been attributed to increase the surface pressure of the lipid layer that 
constitutes the nerve membrane, and therefore, closing the pores through the Na+, K+ 
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or Ca2+ ions pass (1-8). It has been suggested that local anesthetics affect permeability 
by increasing the disorder degree of the membrane (9). Thus, the volumetric properties 
of anesthetics have an important role in the mechanism of anesthesia and the deter-
mination of volumetric properties of local anesthetics in aqueous solutions provides 
information needed to understand the mechanism of anesthesia.

On the other hand, it is well know that physicochemical characterization of drugs plays 
a crucial role in all the stages associated to design and development of pharmaceutical 
dosage forms, specially those intended to parenteral administration (10). Thus, in the 
literature, a few studies on the volumetric properties of local anesthetics have been 
reported (11-14). 

In this context, as a contribution to generation and systematization of physicochemical 
information about drugs’ aqueous behavior, the main goal of this study was to eva-
luate the effect of concentration and temperature on the apparent molar volume of 
lidocaine-HCl (Figure 1, LC-HCl) and procaine-HCl (Figure 1, PC-HCl) in water 
(15). Thus, the present investigation is a continuation of that reported previously (14). 
With that purpose, an interpretation in terms of solute-solvent interactions based on 
the corresponding volumetric behavior was developed. 

Figure 1. Molecular structures of lidocaine-HCl (LD-HCl) and procaine-HCl (PC-HCl).
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It is important to keep in mind that the study of molar volumes of drugs and other 
pharmaceutical compounds has been done to facilitate the design of pharmaceutical 
dosage forms as well as a useful physicochemical tool to propose possible mechanisms 
of the transfer processes of drugs across different biological membranes (16).

Materials And Methods

Chemicals

In this investigation the following chemicals were used: lidocaine-HCl and procaine-
HCl in USP quality (17) and distilled water (conductivity < 2 mS cm–1).

PPN-HCl aqueous solutions preparation

All LC-HCl and PD-HCl aqueous solutions were prepared in quantities of 30.00 g by 
mass using a Ohaus Pioneer TM PA214 analytical balance with sensitivity ± 0.1 mg, in 
concentrations from 0.0500 mol kg–1 to 0.5000 mol kg–1, in order to study nine solu-
tions. This procedure implied an uncertainty of ± 2 × 10–5 in molality.

Density determination

This property was determined using a DMA 45 Anton Paar digital density meter con-
nected to a Neslab RTE 10 Digital Plus (Thermo Electron Company) recirculating 
thermostatic water bath according to a procedure previously described (16). The 
equipment was calibrated according to Instruction Manual using air and water 
at the different temperatures studied (18). From the experimental density values and 
solution compositions all volumetric properties were calculated according to the equa-
tions presented earlier.

Results and Discussion

The experimental densities of both drugs solutions in water at (278.15 to 313.15) 
K are shown in Table 1. The apparent molar volumes (V) were calculated by using 
equation 1.




 
 V

M
m= +
−( )2 0

0

1000
 (Equation 1)

where, M2 is the molar mass of solute, 0 and  are the densities of solvent and solution, 
respectively, and m is the drug concentration in the solution expressed as molality (13, 
14).
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Table 1. Density of the aqueous solutions of lidocaine-HCl (LC-HCl) and procaine HCl (PC-
HCl) at several drug concentrations and temperatures.

Drug /
mol kg–1

 / g cm–3

278.15 K 283.15 K 288.15 K 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K

LC-HCl
0.0000 1.0000 0.9997 0.9991 0.9982 0.9970 0.9956 0.9940 0.9922
0.0500 1.0018 1.0015 1.0009 0.9998 0.9986 0.9972 0.9954 0.9935
0.1000 1.0036 1.0033 1.0027 1.0016 1.0003 0.9988 0.9972 0.9952
0.1500 1.0054 1.0051 1.0043 1.0032 1.0019 1.0004 0.9987 0.9968
0.2000 1.0072 1.0068 1.0060 1.0049 1.0036 1.0021 1.0004 0.9985
0.2500 1.0089 1.0085 1.0077 1.0065 1.0051 1.0036 1.0019 1.0000
0.3000 1.0107 1.0102 1.0094 1.0082 1.0067 1.0051 1.0034 1.0015
0.3500 1.0124 1.0118 1.0109 1.0097 1.0082 1.0067 1.0049 1.0028
0.4000 1.0141 1.0135 1.0126 1.0113 1.0098 1.0081 1.0063 1.0042
0.4500 1.0157 1.0151 1.0141 1.0128 1.0113 1.0096 1.0077 1.0055
0.5000 1.0174 1.0167 1.0156 1.0143 1.0128 1.0110 1.0091 1.0069

PC-HCl
0.0500 1.0025 1.0023 1.0015 1.0006 0.9992 0.9979 0.9961 0.9942
0.1000 1.0051 1.0046 1.0038 1.0030 1.0016 1.0001 0.9983 0.9962
0.1500 1.0075 1.0070 1.0063 1.0052 1.0036 1.0023 1.0004 0.9983
0.2000 1.0096 1.0092 1.0085 1.0073 1.0059 1.0042 1.0025 1.0004
0.2500 1.0122 1.0116 1.0109 1.0097 1.0080 1.0066 1.0045 1.0026
0.3000 1.0146 1.0139 1.0130 1.0116 1.0103 1.0086 1.0067 1.0046
0.3500 1.0168 1.0162 1.0152 1.0139 1.0124 1.0108 1.0088 1.0066
0.4000 1.0191 1.0181 1.0173 1.0161 1.0144 1.0128 1.0108 1.0088
0.4500 1.0213 1.0204 1.0195 1.0181 1.0165 1.0149 1.0129 1.0108
0.5000 1.0234 1.0225 1.0216 1.0202 1.0186 1.0168 1.0150 1.0129

Table 2 summarizes the results of the apparent molar volumes of LC-HCl and PC-
HCl, molal concentrations, and their uncertainties. Uncertainty values in apparent 
molar volumes were calculated according to the law of propagation of uncertainties 
(19), by means of equation 2, where the uncertainty in density measurements was ± 
0.0001 g cm–3.

   


( ) ( )
/

V
M m

= ⋅
+2

2

1000
 (Equation 2)
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Table 2. Apparent molar volumes of lidocaine-HCl (LC-HCl) and procaine HCl (PC-HCl) at 
several drug concentrations and temperatures.

Drug /
mol kg–1

V / cm3 mol–1 σ (φV) /
cm3 

mol–1278.15 K 283.15 K 288.15 K 293.15 K 298.15 K 303.15 K 308.15 K 313.15 K

LC-HCl

0.0500 234.4 234.5 234.6 238.8 239.1 241.4 243.8 246.2 2.0

0.1000 234.0 234.0 234.2 236.4 237.6 240.0 239.3 241.7 1.0

0.1500 233.6 233.6 235.1 236.7 237.6 239.3 239.6 240.7 0.7

0.2000 233.1 233.7 234.9 236.1 236.9 238.2 238.5 239.4 0.5

0.2500 233.1 233.6 234.6 236.0 237.1 238.2 238.6 239.4 0.4

0.3000 232.7 233.4 234.3 235.5 236.8 238.1 238.5 239.2 0.4

0.3500 232.5 233.5 234.5 235.6 236.8 237.7 238.3 239.6 0.3

0.4000 232.3 233.2 234.1 235.4 236.4 237.8 238.4 239.6 0.3

0.4500 232.3 233.1 234.2 235.3 236.3 237.5 238.4 239.7 0.2

0.5000 232.0 232.9 234.1 235.2 236.1 237.5 238.3 239.5 0.2

PC-HCl

0.0500 220.2 221.3 224.4 225.6 228.8 230.1 231.4 233.8 2.0

0.1000 220.2 222.7 224.9 224.5 226.3 228.6 229.9 233.3 1.0

0.1500 220.4 222.5 223.3 224.9 227.8 228.4 229.8 232.2 0.7

0.2000 222.4 223.5 223.8 225.5 227.1 229.1 229.7 231.4 0.5

0.2500 220.9 222.6 223.1 224.5 226.8 227.5 229.5 230.2 0.4

0.3000 220.7 222.3 223.5 225.6 226.2 227.6 228.7 230.1 0.4

0.3500 220.8 222.2 223.3 224.7 225.8 227.1 228.4 229.8 0.3

0.4000 220.6 222.7 223.4 224.3 225.9 227.1 228.1 228.9 0.3

0.4500 220.5 222.2 223.2 224.4 225.6 226.7 227.6 228.6 0.2

0.5000 220.6 222.2 223.0 224.3 225.4 226.6 227.2 228.1 0.2

Table 2 shows that  V  diminish for both drugs at all temperatures studied. This result 
is in opposite way to the PC-HCl behavior reported by Torres et al. (14) at 298.15 and 
303.15 K. In this context, the V  dependence with respect to drugs molal concentra-
tion, at all temperatures studied, was fitted to equations of the following type (20):

 V V VS m= +0 1 2/   (Equation 3)
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where V V0 0= Drug-HCl, is the apparent molar volume at infinite dilution (equal to the par-
tial molar volume at infinite dilution) and SV is the experimental parameter. Values of 
VDrug-HCl

0  and SV were obtained by weighted least-squares method by using the V  nume-
rical values together with their uncertainties. These values are shown in Table 3. The 
VDrug-HCl

0  values taken from the literature are also shown in this table.

Table 3. Partial molar volumes of the molecular and hydrochloride forms of lidocaine (LC) and 
procaine (PC) at infinite dilution and SV parameters at several temperatures.

T / K VDrug HCl−
0

/
cm3 mol–1

 VDrug HCl  −( )0 /
cm3 mol–1

SV /
cm3 kg1/2 mol–3/2

 (SV)/
cm3 kg1/2 mol–3/2

VDrug
0 /

cm3 mol–1
 VDrug

0( )/
cm3 mol–1

LC-HCl LC

278.15 235.4 0.2 –4.9 0.3 220.0 0.2

283.15 234.9 0.2 –2.8 0.3 218.5 0.2

288.15 235.4 0.4 –1.7 0.7 218.3 0.4

293.15 238.4 0.5 –4.7 0.8 220.9 0.5

298.15 239.3 a 0.3 –4.5 0.5 221.5 0.3

303.15 241.4 b 0.5 –5.9 0.9 223.5 0.5

308.15 241.3 c 1.0 –4.7 1.7 223.3 1.0

313.15 242.9 1.5 –5.3 2.5 224.9 1.5

PC-HCl PC

278.15 221.3 0.9 –0.9 1.5 205.9 0.9

283.15 223.0 0.7 –1.0 1.1 206.6 0.7

288.15 224.8 0.5 –2.6 0.8 207.7 0.5

293.15 226.1 0.7 –2.4 1.2 208.6 0.7

298.15 229.5 d 0.6 –5.8 1.0 211.7 0.6

303.15 231.2 e 0.6 –6.6 0.9 213.3 0.6

308.15 233.2 f 0.4 –8.2 0.6 215.2 0.4

313.15 236.8 0.3 –12.3 0.6 218.8 0.3

a VLC-HCl
0  values reported at 298.15 K: 240.5 cm3 mol–1 (12) and 237.83 ± 0.13 cm3 mol–1 (14),

b VLC-HCl
0

 value reported at 303.15 K: 239.10 ± 0.06 cm3 mol–1 (14),
c VLC-HCl

0  value reported at 308.15 K: 240.2 ± 1.2 cm3 mol–1 (13),
d VPC-HCl

0
 values reported at 298.15 K: 225.84 ± 0.03 cm3 mol–1 (11). 225.5 cm3 mol–1 (12), and 224.45 ± 0.09 cm3 mol–1 

(14).
e VPC-HCl

0
 value reported at 303.15 K: 225.98 ± 0.21 cm3 mol–1 (14).

f VPC-HCl
0

 value reported at 308.15 K: 226.63 ± 0.15 cm3 mol–1 (13).
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According to Table 3, a good agreement is found for VLC-HCl
0  with respect to the values 

reported in the literature at 298.15 (12, 14), 303.15 K (14), and 308.15 K (13), if 
and uncertainty near to 1.0 cm3 mol–1 is considered. Oppositely, for VPC-HCl

0  values great 
disagreement is found with respect to literature values finding differences of 5.0 cm3 
mol–1. Nevertheless, no clear explanation is found for these discordances. Although it 
is necessary kept in mind that the concentration ranges studied in each case are so very 
different, which could lead to different kind of interactions.

The sign of parameter SV in equation 3 could be associated with the influence of the 
solute upon water. This structural influence can be described in terms of structure pro-
motion or structure breaker effects of the solute on the surrounding water medium 
(21, 22). Negative values of SV were found for some solutes such as tetraakylamonium 
salts, which are typical ionic surfactants, characterized by their water-structure promo-
tion effect (22-25). In this type of solutes the hydrophobic effect become dominant 
compared with hydrophilic effect, therefore solvation around of the ionic moiety dimi-
nishes. According to Table 3 the value of SV is negative for both drugs at all temperatu-
res. These observations could be interpreted in terms of the structure promotion effect 
of both electrolyte drugs on the water-structure at temperatures. On the other hand, 
as it was already said, Torres et al. (14) reported positive SV values for PC-HCl, which 
clearly is opposite to values showed in Table 3.

On the other hand, negative values of SV were also found in aqueous solutions of pro-
pranolol and acebutolol (26), thioridazine hydrochloride (27), phenalalkylamines 
(28), n-alkylamine hydrobromides (29), and tetraalkylammonium bromides (20, 30).

On the other hand, by using the principle of volume additivity, the apparent molar 
volume at infinite dilution of Drug-HCl can be separated into individual ionic contri-
butions according to the following expression (13, 31):

V V VDrug HCl Drug HCl− = +0 0 0   (Equation 4)

where V VDrug HCl and 0 0  are the partial molar volume of free base and of HCl, respectively. 
Data of VHCl

0

 were taken from the literature (32). The values of  VDrug
0  obtained from 

equation 4 at each temperature are also shown in Table 3.

The variation of VLC
0  with temperature, without consider the value at 278.15 K (Fig. 

2), was adjusted by method of weighted least squares to the following linear empiric 
equation (with r2 equal to 0.88),
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Figure 2. Variation of  V
0 of LC as free base (molecular form) with temperature.

V TLC
0 154 6 0 228 0 019= ± + ± ⋅( ) . ( . )  (Equation 5)

where T is the temperature in Kelvin. Whereas, the variation of VLC
0  with temperature 

(Fig. 3) was adjusted by method of weighted least squares to the following parabolic 
empiric equation (with r2 equal to 0.98),

V T TPC
0 3 2737 105 3 9 0 7 7 3 1 2 10= ± − ± ⋅ + ± ⋅ ⋅−( ) . ( . ) . ( . )  (Equation 6)

On the other hand, the partial molar expansibility at infinite dilution, E
0, can be calcula-

ted by differentiating equations 5 and 6 with respect to temperature, E V T
0 0= ∂ ∂Drug . The 

obtained E
0

 value for LC is 0.228 ± 0.019 cm3 mol–1 K–1, while the respective values 
for PC are dependent on temperature, being as follows, 0.11 cm3 mol–1 K–1 at 278.15 
K, 0.26 cm3 mol–1 K–1 at 288.15 K, 0.40 cm3 mol–1 K–1 at 298.15 K, and 0.55 cm3 mol–1 
K–1 at 308.15 K.
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Figure 3. Variation of V
0 of PC as free base (molecular form) with temperature.

In Figures 2 and 3, it can be seen that tendency is such that VDrug
0  values for both drugs 

increases when the temperature increases. This result could be attributed to the breakage 
of solvent structure, which causes an increase in the structural molar volume (24). As 
was already said, E

0 is positive which could be explained according to formation of 
“clathrate-like” structures as described by Wen and Saito (22). In this way, when the 
concentration of Drug-HCl increase the water cluster surrounding the ions tends to 
join with their neighbors and form flickering cages forcing the ions to get inside these 
cages. On heating these structures would breakdown, leading to the expansion of the 
whole system (25).

Conclusion

From all topics discussed previously it can be concluded that the volumetric behavior 
of LC-HCl and PC-HCl in aqueous media is dependent both on drug concentra-
tion and temperature. Based on the negative signs of the SV term obtained it could be 
proposed that these drugs act as water-structure promoter due to hydrophobic effect 
around its non-polar moieties. Ultimately, it can be said that the data presented in this 
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report expand the physicochemical information about electrolyte drugs in aqueous 
solutions.
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