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Purpose. This report is the résumé of a comprehensive investigation on the solid-state properties and the

crystal polymorphism of the structurally homogenous class of local anesthetic drugs. The goal is to

explore the relationship between crystal polymorphism and molecular structural features.

Methods. A salt form (mostly the hydrochloride) as well as the free base of 24 local anesthetics has been

characterized by means of thermomicroscopy, differential scanning calorimetry, pycnometry, Fourier

transform infrared, Fourier transform Raman, and solid-state NMR spectroscopies, as well as X-ray

diffraction methods (single crystal, powder).

Results. Based on the thermochemical data, the relative thermodynamic stabilities of the different

crystal forms of each polymorphic system were evaluated and visualized as semiquantitative energy/

temperature diagrams.

Conclusion. This study is the first step in recognizing relationships between the structure and the solid-

state properties within this limited group of active substances with common structural elements. The

results clearly show that there are certain relationships, but, to understand the phenomenological

behavior in more detail on a molecular level, more structural information must be collected and

analyzed by computational methods.

KEY WORDS: conformational polymorphism; local anesthetics; solid-state properties; spectroscopy;
thermal analysis.

INTRODUCTION

Different solid forms that can be found on a pharmaceu-
tical compound are polymorphs, solvates (pseudopolymorphs),
desolvates, and amorphous solids. Polymorphs consist of the
same chemical composition, but they show different arrange-
ments of conformationally equivalent molecules or different
conformers (conformational polymorphism) or both within the
crystal lattice. More than 50% of drug molecules show poly-
morphism (1), and a great number of polymorphic pharma-
ceuticals are published (2,3).

Crystal solvates (pseudopolymorphs) are crystalline solid
adducts between a compound and a solvent. The solvent can
appear as a stoichiometric or nonstoichiometric related com-
ponent of the lattice. If the included solvent is water, the solvate
is named hydrate. Solvent adducts may easily crystallize be-
cause two molecules often can pack easier than single mole-
cules, possibly caused by adduct symmetry, adduct-induced
conformational changes, and the ability to form hydrogen bonds
between the solvent and the pharmaceutical compound (4).

Desolvated solvates are crystals derived from the de-
solvation of a solvate keeping the structural characteristics of
the solvate. Desolvated solvates often are less organized and

difficult to characterize. This type of solid form only can
be received from the solvate, often is unstable, and shows a
high affinity to the solvent, which was incorporated in the
crystal lattice. Dehydrated hydrates often absorb water from
the air to stabilize the crystal structure by filling the vacant
positions with water molecules. The analytic results show
them as unsolvated (anhydrous) materials, but in fact, they
own the structure of the solvated crystal form from which
they appeared (5).

Although amorphous solids (glasses) are commonly
formed by molecules of large molecular size, like polymers
and proteins, glasses of small-molecule organics are not un-
common. Pharmaceutical processes, like milling, solid dis-
persions, freeze-drying, and spray drying, are capable of
producing amorphous solids, which are generally less stable
physically and chemically, less dense, more soluble, faster
dissolving/subliming, and more hygroscopic than their crys-
talline counterparts (6).

Because of the physical differences, the solid forms show
different melting and sublimation temperature, heat capacity,
conductivity, volume, density, crystal shape, color, refractive
index, solubility, dissolution rate (7), stability, hygroscopicity,
and sometimes bioavailability (8) or toxicity (9).

In spite of the indispensability of the solid-state charac-
terization in the early development stage of a pharmaceutical
compound, there exists no reliable model to predict crystal
structures and polymorphism. Many scientists focus their re-
search on the computational prediction of crystal structures
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and polymorphism (10Y14), but none of these approaches can
make the experimental polymorph screening unnecessary at
this time.

For this study, the class of local anesthetic (LA) com-
pounds was chosen because of its conformity of structural
composition (Fig. 1) and its relatively high number of poly-
morphic representatives. The local anesthetics are separated
into three groups, named after the type of molecular linking
between hydrophilic and lipophilic moieties [the hydrophilic
group is responsible for the receptor binding, whereas the
lipophilic and the linking groups affect the duration of action

(15)]: ester type (LAE) with short duration of action, amide
type (LAA) with medium or long duration of action, and a
third group with different molecular structures, e.g., ketones
or ethers. The molecular structures of the local anesthetics
used for this study are listed in Table I.

There are several analytical methods to characterize a
distinct crystal form of a compound during processing and
different developmental stages. Information about the crystal
structure of crystalline solids is provided by single crystal X-
ray diffraction (16). Powder X-ray diffraction (PXRD) gives
a fingerprint of a distinct crystal form and sometimes can be
used for the determination of a crystal structure. For further
characterization of polymorphic and pseudopolymorphic
crystal forms, spectroscopic methods [infrared (IR), Raman,
solid-state nuclear magnetic resonance (SSNMR), UV-vis,
and fluorescence] can be applied. Thermal analytic methods
are of special interest (17) for the determination of the
thermodynamic relationship of the different polymorphs, in

Fig. 1. General formula of local anesthetics.

Table I. Molecular Structures of the Local Anesthetics of This Study

LAA: Amide-type local anesthetics; LAE: ester-type local anesthetics; POB: p-oxy-benzoic group; PAB:

p-aminobenzoic group.
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particular, differential scanning calorimetry (DSC), thermog-
ravimetric analysis (TGA), and hot stage microscopy (HSM).

In this study, the crystal forms of 49 local anesthetic
active compounds were identified and characterized by HSM,
DSC, TGA, IR, Raman spectroscopy, PXRD, and water sorp-
tion analysis and partially by SSNMR, pycnometry, and single
crystal X-ray diffractometry (SCXRD). The relative thermo-
dynamic and kinetic stabilities of the polymorphs were deter-
mined and evaluated in a semischematic energy/temperature
diagram for each of the compounds.

MATERIALS AND METHODS

Materials

One to nine commercial samples of each compound
from various companies were available for this study. All
solvents used in this study were of Bpro-analysis^ quality.

Methods

Hot Stage Microscopy

The thermal behavior of the solid-state forms was
observed using an Olympus BH-2 polarizing microscope
(Olympus Optical Co., Ltd., Tokyo, Japan), equipped with
a Kofler hot stage (Reichert, Vienna, Austria), and linked
with a digital camera (Olympus DP50, Olympus Optical Co.,
Ltd.) using AnalySIS Image Processing software.

Differential Scanning Calorimetry

Differential scanning calorimetry thermograms were
recorded with a DSC7 system (Perkin-Elmer, Norwalk, CT,
USA) using the Pyris 2.0 software. Samples of approximately
2 mg (weights controlled to T0.0005 mg using a UM3 ultrami-
crobalance, Mettler, Greifensee, Switzerland) were weighed
into aluminum pans (25 ml) with perforated covers. Dry
nitrogen was used as a purge gas (purge, 20 ml minj1), and
the system was calibrated with caffeine (236.4-C) and indium
99.999% (156.6-C, 28.45 J gj1). Heating rates of 5 K minj1

were routinely used.

Thermogravimetry

Thermogravimetric analysis was performed with a
TGA7 system (Perkin-Elmer) using the Pyris 2.0 software.
Samples of approximately 5 mg (weights controlled to
T0.0005 mg using a UM3 ultramicrobalance, Mettler) were
weighed into aluminum pans (15 ml). Two-position calibration
of the temperature was performed with ferromagnetic
Ni (ferromagnetic transition 163-C) with respect to the standard
of Perkin-Elmer. Heating rates of 5 K minj1 were routinely used
(except isothermic runs). Dry nitrogen was used as a purge gas
(sample purge, 20 ml minj1; balance purge, 40 ml minj1).

Infrared Spectroscopy

Fourier transform infrared (FTIR) spectra were ac-
quired on a Bruker IFS 25 spectrometer (Bruker Analytische

Messtechnik GmbH, Karlsruhe, Germany). Spectra over a
range of 4000Y400 cmj1 with a resolution of 2 cmj1 (50
scans) were recorded using KBr pellets [approximately 2 mg
sample compound per 300 mg KBr]. For temperature-con-
trolled FTIR spectra, the samples were prepared on ZnSe disks
using a heating device (Bruker) and the Bruker IR microscope I
(Bruker Analytische Messtechnik GmbH), with 15� Casse-
grain objectives (spectral range 4000Y600 cmj1, resolution
4 cmj1, 100 interferograms per spectrum).

Raman Spectroscopy

Raman spectra were recorded with a Bruker RFS 100
Raman spectrometer (Bruker Analytische Messtechnik
GmbH), equipped with a Nd:YAG laser (1064 nm) as exci-
tation source and a liquid-nitrogen-cooled, high-sensitivity
Ge detector. The spectra were recorded in aluminum sample
holders at a laser power of 300 mW (64 scans per spectrum).

Solid-state NMR

High-resolution 13C spectra of the solid-state forms (or
mixtures of forms) were obtained at 75.43 MHz using a
Varian Inova spectrometer. Magic-angle spinning at rates
of ca. 4.5 kHz was employed, with a Doty probe accepting
7-mm-O.D. rotors. The dipolar dephasing (Bnonquaternary
suppression^) pulse sequence was used to select spectra con-
taining signals from quaternary and methyl carbons only to
assist in the assignment processes.

The 13C chemical shifts were referenced by replacement
to the signals for solid adamantane (high-frequency peak set
to dC = 38.4 ppm) but are quoted with respect to the standard
tetramethylsilane.

Powder X-ray Diffractometry

The X-ray diffraction patterns were obtained using a
Siemens D-5000 diffractometer (Siemens AG, Karlsruhe,
Germany) equipped with a theta/theta goniometer, a Goebel
mirror (Bruker AXS, Karlsruhe, D), a 0.15- soller slit col-
limator, and a scintillation counter. The patterns were re-
corded by CuK�<radiation, l = 1.54056 Å, at a tube voltage
of 40 kV and a tube current of 35 mA, applying a scan rate of
0.005- 2q sj1 in the angular range of 2Y40- in 2q. Temper-
ature- and moisture-controlled experiments were performed
with a low-temperature camera TTK (Anton Paar KG, Graz,
Austria) and a SYCOS-H humidity control system (Asynco,
Karlsruhe, Germany).

Single Crystal X-ray Diffractometry

X-ray diffraction data of suitable single crystals were
recorded with Smart CCD platform 3-circle diffractometer
(Bruker AXS) using graphite monochromatized MoK�<
radiation, l = 0.71073 Å, from a sealed tube operated at
50 kV/40 mA. A Kryo-flex cooling unit (Bruker AXS) was
applied where appropriate. Complete spheres of the recipro-
cal space up to qmax = 25Y28- were scanned by each four
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swings of 600 w-scan frames (Dw = 0.3-) at 8 = 0, 90, 180, and
270-. The frame data were integrated with the program
SAINT, corrected for absorption (multiscan method) and l/2
with the program SADABS, and were then analyzed with the
program XPREP. Initial structure solutions were obtained
with direct methods using the program SHELXS97. Least-
squares refinements with anisotropic displacement parame-
ters for nonhydrogen atoms were based on F 2 and the
program SHELXL97.

Water Vapor Sorption Analysis

The moisture sorption isotherms were acquired using a
SPS-11 moisture sorption analyzer (MD Messtechnik, Ulm,
Germany). The measurement cycles were started at 0% rel-
ative humidity (RH) and were increased in 10% steps up to
90% RH and then back to 0% RH. The equilibrium con-
dition for each step was set to a weight constancy of T0.007%
over 40 min. The temperature was 25 T 0.1-C.

Pycnometry

Volume and density determination were carried out on
an Ultrapycnometer 1000 (Quantachrome Corp., Syosset,
NY, USA) with helium purge, sample weights of 2Y3 g, and
calibration volume of 1.0725 ml.

Freeze-drying

Solutions were prepared at concentrations of 5 and 10%
w/w in aqueous solutions. The frozen aqueous solutions were
transferred to a Lyolab B, LSL freeze-dryer (Secfroid Lyophi-
lisator Inula, Vienna, Austria), equipped with vacuum pump
2400 A (Alcatel Cit, Annecy Cedex, France). The samples were
dried at j60-C for 50 h (0.05-mbar chamber pressure).

RESULTS AND DISCUSSION

Classification by Molecular Structure

In this study, polymorph screenings on 49 local anes-
thetic compounds (55% free bases and 45% salts) were sys-
tematically examined. Most of the salts are hydrochlorides
(88%), with the advantage of being slightly soluble in water,
two are sulfates, and one is a mesylate, which was found not
to influence the occurrence of polymorphism. For statistical
evaluation, the compounds were separated into free bases
and (hydrochloride) salts as shown in Fig. 2. In the next eval-
uation step, the compounds were separated into groups with
regards to structural aspects (Table I). The benzocaine (BZC)
group consists of the three bases benzocaine, butambene, and
isobutambene, which commonly are used as bases in phar-
maceutical topical preparations. The procaine group is char-
acterized by the unsubstituted p-aminobenzoic (PAB) group
with different moieties in the hydrophilic part of the mole-
cule (Fig. 1, A-R2), whereas the tetracaine group shows sub-
stituted PAB structure. The p-oxybenzoic (POB) esters show
structural similarities to the PAB, with the amino group re-
placed by oxygen. Ether and ketones exhibit different types
of linking between the lipophilic (Fig. 1, Ph-B-R1) and the
hydrophilic parts of the molecule. LAA strongly differ from
LAE with regards to the lipophilic and the hydrophilic parts
of the molecule.

Occurrence of Polymorphism and Pseudopolymorphism

Whereas only every fifth base was found to be poly-
morphic with a maximum of two polymorphs, two thirds of
the hydrochloride salts are able to crystallize in more than
one crystal form (with two to four polymorphs). Figure 3
shows the distribution of polymorphism and pseudopoly-
morphism with regards to the structural groups. The salts
of the tetracaine group, ethers, ketones, and bases of the

polymorphs

6 0 0 4 9 5 1 6

2 3 4 pseudo-
polymorphic�
21%

polymorphic
65%

bases
55%

HCl-salts
45%

monomorphic�
35%

monomorphic�
79%

2 3 4 pseudo-

Fig. 2. Occurrence of polymorphism and pseudopolymorphism within the local anesthetics

investigated in this study.
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benzocaine group are polymorphic compounds, whereas the
POB group in both categories (salts and bases) show less
polymorphism; however, the LAA group showed more cases
of pseudopolymorphism as compared to LAE and ethers/
ketones.

Preparation and Characterization of Different Solid Phases

The crystal forms are named according to the notation of
Kofler and Kofler (18) using roman numerals in the order of
the melting points (i.e., the form with the highest melting
point is called mod. I). A modification, which is thermo-
dynamically stable at 20-C, is marked with a superscript zero.
The polymorphs and their melting points found in this study
are listed in Table II.

New crystal phases of the compounds of this study were
found by slow or fast crystallization from the melt at different
temperatures or solidYsolid transition (HSM, DSC), from
slow or fast crystallization from different solvents, and/or
from freeze-drying. Fast crystallization mostly induced the
less stable polymorph (19), e.g., tetracaine hydrochloride
(TCHC) (20) and BZC (21). Freeze-drying mostly resulted
in the stable crystal form, and also a new polymorph [sali-
caine hydrochloride (SLCHC)] (22), a hydrate [hydroxypro-
caine hydrochloride (HPCHC)] (23), and an amorphous solid
[prilocaine hydrochloride (PRCHC)] (24) were received
from freeze-drying. The solvents routinely used for crystal-
lization experiments were ethanol, ethanol 70%, methanol,
1-propanol, 2-propanol, 1-butanol, 1-pentanol, acetone, aceto-

nitrile, methylene chloride, trichloromethylene, diethyl ether,
ethyl acetate, n-hexane, cyclohexane, 1,4-dioxane, nitrometh-
ane, ethyl methyl ketone, dimethylformamide, and toluene.
Nevertheless, solidYsolid transitions, which were induced by
moisture, could be observed by water vapor sorption studies
(PRCHC and HPCHC). Sublimation of the compounds always

Fig. 3. Distribution of polymorphism and pseudopolymorphism on

the structural groups of local anesthetics. Hatched columns mark

formation of hydrates.

Table II. Melting Points of Local Anesthetics Determined in this

Study by Differential Scanning Calorimetry Using Heating Rates of

5 K minj1

Compound Abbreviation

Melting point (-C)

IV III II I H

Benzocaine BZC 90 90

Benzocaine HCl 195

Bupivacaine 107

Bupivacaine HCl (RS) BPCHC 257 112

S-Bupivacaine HCl 144 255

R-Bupivacaine HCl R-BPCHC 144 255

Butacaine 37 >25

Butacaine HCl 115 131 151

Butacaine sulfate 102

Butambene BTN 56 58

Butambene HCl 187

Butoxycaine <25

Butoxycaine HCl 104 nd 148

Chloroprocaine <25

Chloroprocaine HCl 2-CPCHC nd 172

Cinchocaine 64

Cinchocaine HCl CCCHC 90

Cornecaine 78

Cornecaine HCl CCHC 133 136

Dimethocaine 53

Dimethocaine HCl 199

Dyclonine <25

Dyclonine HCl DCNHC 174 175

Hydroxyprocaine <25

Hydroxyprocaine HCl HPCHC 154 160 144

Isobutambene BTI 48 55

Leucinocaine 32 39

Leucinocaine mesylate LCCM 158 171

Lidocaine LDC 68

Lidocaine HCl LDCHC 129 77

Mepivacaine 150

Mepivacaine HCl (RS) MPCHC 265

Oxybuprocaine <25

Oxybuprocaine HCl OBPHC 146 149 160

Pramocaine 11 24 >25

Pramocaine HCl PMCHC 139 154 172

Prilocaine 37

Prilocaine HCl PRCHC 165 169

Procaine PC 51 >25

Procaine HCl PCHC 156

Proparacaine <25

Proparacaine HCl 183

Propipocaine <25

Propipocaine HCl PPCHC 165 166

Salicaine SLC 46

Salicaine HCl SLCHC 148 151 157 143

Surfacaine <25

Surfacaine sulfate 162

Tetracaine 37 42

Tetracaine HCl TCHC 136 139 142 147 88; 108

H: Hydrate; nd: not determined.
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resulted in pure crystals melting together with the high-temper-
ature form.

Thermal Analysis

Hot Stage Microscopy

All of the commercial products show highly birefringent
crystals of the pure thermodynamically stable forms except
TCHC, SLCHC, and HPCHC, which are partly contami-
nated with their hydrated form. On heating up to 60-C using
a heating rate of 5 K minj1, these crystals start to jump and
to crack intensely, which are probably caused by dehydration.
The loss of water does not cause significant change of po-
larized colors, whereas the former plane crystal shapes show
a fine lamellation (Fig. 4A) after the thermal dehydration.
Most of the compounds start to condense (25), and sublimates
with different shapes precipitate on the slide (Fig. 4BYD). On
heating, the rate of precipitation is incessantly increasing
until the temperature reaches the melting point. The sub-
limates melt together with the high-temperature modification
of the respective compound (at the same temperature). The
melting points mostly coincide with the melting points given
in the literature (26Y29). None of the compounds melt under
decomposition, but some compounds are thermally unstable
at temperatures right above their melting point (SLCHC,
HPCHC) and can only be kept in the liquid phase for a
short time (<1 min). The thermodynamically stable crystal
forms mostly crystallize shaped as spherulites from the melt
(Fig. 4E), whereas the high-temperature forms crystallize in
colored planes (Fig. 4F). All crystal phases can be received as
pure forms except butoxycaine hydrochloride from the POB
group, which crystallizes as concomitant polymorphs (30)
(Fig. 4G). In preparations with highly viscous silicone oil, the
hydrated crystals are observed to loose water (Fig. 4H) be-
tween 40 and 80-C, which indicates less stable hydrates (see
Moisture Sorption).

Differential Scanning Calorimetry

Most of the polymorphic compounds of this study (ben-
zocaine group, POB, and ether and ketones groups) show
solidYsolid transitions between the polymorphs. All com-
pounds of the tetracaine group and some of the procaine
group show inhomogeneous melting, which means that an-
other polymorph is crystallizing from the melt while one form
is melting (Fig. 5). If the stable forms of TCHC, SLCHC, and
HPCHC include some water, they melt inhomogeneously,
but if these crystals were dried in an oven before at 100-C,
they will melt without nucleation and crystallization of mod.
I. In these cases, the nucleation of the high-temperature form
is induced by moisture (see Moisture Sorption). These com-
pounds additionally form hydrates by recrystallization from
water or under moist air. The hydrates exhibit an endother-
mic melting peak in a sealed pan. In a pan with perforated
cover, the included water leaks with increasing temperature,
and only the endothermic melting peak of mod. I is reg-
istered. The enthalpy difference between the two poly-
morphic forms is about 10 kJ molj1, which is a high value
compared to the other local anesthetics. The compounds
of the benzocaine group have transition points at lower

temperatures, so the Bhigh-temperature forms^ are the ther-
modynamically stable forms at room temperature, i.e., the
transition temperatures lie below room temperature. The
compounds of all other LA groups have transition points
at higher temperatures than room temperature. Some com-
pounds [oxybuprocaine hydrochloride (OBPHC) (25) and
pramocaine hydrochloride (PMCHC)] (31) show reversible
solidYsolid transitions to a low-temperature form (mod. III)
when cooling the crystals as well as to a high-temperature
form (mod. I) when heating the crystals.

A B

C D

E F

G H
Fig. 4. Micrographs from hot stage microscopy. (A) Lamellation of

tetracaine hydrochloride (TCHC) dehydrated crystal. (BYD) Sub-

limates of oxybuprocaine hydrochloride (OBPHC), benzocaine, and

2-chloroprocaine hydrochloride. (E) Spherulite of OBPHC mod. II-.

(F) Plates of TCHC mod. I. (G) Concomitant polymorphs of

butoxycaine hydrochloride. (H) Dehydration of TCHC hydrate in a

silicone oil preparation.
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Thermogravimetric Analysis

From the LAE, only TCHC, SLCHC, and HPCHC
form solvates (hydrates). Thermogravimetry of SLCHC and
HPCHC shows a nearly continuous weight loss using a
heating rate of 5 K minj1 with a small bend in the curve
progression, where water desorption has stopped and de-
composition of the compound starts. The thermal stability of
HPCHC compared to procaine hydrochloride (PCHC) and
of SLCHC compared to TCHC (same molecular structures
but without hydroxylic group) is strongly reduced by the
hydroxylic moiety in the paraposition of the phenyl ring. The
water content of these hydrates ranges from 1.9 to 2.7%
(related to the weight of the hydrated form, 0.3Y0.6 mol)
at room conditions. Isothermic gravimetric investigations
showed that the compounds loose water between 30 and
60-C, and the water can entirely be removed from the crys-
tals, which shows that the water is loosely arranged in these
crystals and easily can be removed by thermal means without
thermal decomposition of the compounds. From the ther-
mogravimetric curve progression, we conclude that TCHC,
SLCHC, and HPCHC form nonstoichiometric hydrates (see
Moisture Sorption). The solvates and hydrates of the LAA
[lidocaine hydrochloride (LDCHC), bupivacaine hydrochlo-
ride (BPCHC), and PRCHC] are stoichiometric, and their sta-
bility to desolvation is evidently higher.

Spectroscopy

FTIR and Raman Spectroscopy

The IR and Raman spectra of the LA polymorphs
show generally small (because of conformational poly-
morphism) but reproducible differences. The band shifts nor-
mally average to 3Y6 cmj1, and the most striking differences
can be realized in the range of the CYH stretching vibra-
tions of the alkyl chain (3000Y2900 cmj1, Raman), probably

caused by different arrangements of the methylene groups
(asymmetric CH-stretching vibrations). Smaller differences
were found in the range of nC=O (1700Y1600 cmj1, FTIR),
the stretching vibrations of hydrogens of the NH2 moiety
and hydrogen bondings (3450Y3220 cmj1, FTIR), and the
molecule vibrations (1500Y1000 cmj1, FTIR). The polymorphs
can be easily differentiated by the lattice vibrations (200Y
50 cmj1, Raman).

The highest infrared bonds (NYH or OYH stretching
vibration, 3500Y3300 cmj1) in the infrared spectra of the
stable forms of HPCHC, 2-chloroprocaine hydrochloride (2-
CPCHC), TCHC, SLCHC, OBPHC, and leucinocaine me-
sylate lie at higher wave numbers (Table III) than those of
the respective unstable forms. This suggests higher entropy
and less stability for the forms, which are related to the free-
energy curves, the thermodynamically stable forms at room
temperature. This is contradictory to the infrared rule (IRR)
(32,33) and suggests that intermolecular hydrogen bonding
to the N1 amino function is not the driving force in the
molecular arrangements of these crystal forms. Burger and
Ramberger showed that all exceptions of the IRR have at
least one COYNH group, which is not the case in the LAE
molecules. But it is reasonable that the vinyl moiety, which
separates the CO and the NH group in the LAE molecules
(see Table I and Fig. 1, hydrophilic part of the molecules,
A-R2), causes the same structural behavior (34). Thirty-one
percent of our systematically examined LA do not fulfill the
IRR, which is a relatively high number of IRR exceptions,
whereas Burger and Ramberger expected 10% exceptions
of the IRR.

NMR Spectroscopy

13C, 1H, and 15N solid-state NMR spectra of the poly-
morphic compounds prove to be a very useful method
to qualify molecular differences between the polymorphs and
to determine the number of conformers in the asymmetric
unit. 13C CP MAS NMR spectra of HPCHC mod. II- and
hydrated mod. I (Fig. 6) clearly show two conformers in the
asymmetric unit of the hydrated mod. I indicated by doublets
of peaks. The stable mod. II- consists of one conformer, which

Table III. Infrared Frequencies (nNYH or nOYH vibrations) Indicating

Intermolecular Hydrogen Bondings of Thermodynamically Stable and

Unstable Forms of Local Anesthetics Violating the Infrared Rule

Infrared frequencies

Compound Stable form Unstable form Trs

2-CPCHC 3433 (I-) 3413 (II) M

HPCHC 3403 (II-) 3384 (I) E

LCCM 3384 (II-) 3380 (I) E

OBPHC 3469 (II-) 3464 (I) E

SLCHC 3380 (II-) 3302 (III) M

SLCHC 3302 (III) 3266 (I) E

SLCHC 3380 (II-) 3266 (I) E

TCHC 3377 (IV) 3367 (I) E

TCHC 3380 (III-) 3377 (IV) M

TCHC 3380 (III-) 3367 (I) E

Trs: SolidYsolid transition; E: enantiotropic; M: monotropic; - :

thermodynamically stable form at 20-C.

HPCHC

LCCM

TCHC

SLCHC

CCHC

100 120 140 160 180

Temperature (°C)

H
ea

t f
lo

w
 e

nd
o 

up

Fig. 5. Differential scanning calorimetry curves of the stable mod-

ifications of compounds of the procaine and tetracaine group. Heating

rates, 5 K minj1.
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is consistent with the crystallographic results. 1H NMR (not
shown) provides information about the strength of (inter-
molecular) hydrogen bondings. All of the compounds show
relatively weak hydrogen bondings [a chemical deviation of
11.2 ppm (SLCHC mod. II-) is the maximum value, which com-
plies with the comparison of NYH and OYH stretching vibrations
(infrared spectra) and the poor applicability of the IRR].

X-ray Diffractometry

Powder X-ray Diffractometry

The powder diffractograms best allow a clear and fast
identification of the LA crystal forms because the conforma-
tional polymorphs differ a lot in their powder patterns. Most
of the time, a record of the first small angles (2Y8- 2q) suf-
ficiently identifies a distinct crystal form, which makes
PXRD the method of first choice for fast differentiation
between the crystal forms within a distinct LA polymorphic
system. The patterns of TCHC, SLCHC, and HPCHC mods.
I nearly show identical patterns to the respective hydrated
forms (Fig. 7), so these crystal phases may be classified as
isomorphic desolvates according to Stephenson et al. (35).

Single crystal X-ray diffractometry

During this study, single crystals of TCHC mod. IV,
OBPHC mod. III, II-, I, PRCHC dioxane solvate, SLCHC
mod. II-, hydrated mod. I, and SLC hydrate suitable for
SCXRD could be produced, and the crystal structures were
determined. The crystal structures of local anesthetics, which

were known before this study [BZC (36,37), procaine (PC)
(38), PCHC (39,40), dyclonine hydrochloride (DCNHC) (41),
LDCHC hydrate (42), BPCHC (43), BPCHC ethanolate,
R-BPCHC (44), and mepivacaine hydrochloride (MPCHC)
(45)], gave no indication on conformational polymorphism
(Table IV) because they all show just one conformation of
the molecule [except the monomorphic LAA compounds li-
docaine (LDC) (46) and cinchocaine hydrochloride hydrate
(CCCHC) (47,48), which consist of two conformers in the
asymmetric unit]. The polymorphic crystal structures of this
study confirm that the crystal polymorphism of these com-
pounds is caused by the conformational flexibility of the mo-
lecules (see Structural Aspects).

Pycnometry

Seventy-five percent of the examined polymorphic
systems violate the density rule (DR) (32,33), which means
that the crystal form with the higher density is not the more
stable form. Any characteristic coherence between the
molecular structure and the applicability of the density rule
could not be found in this class of compounds.

Moisture Sorption

Moisture sorption was ascertained to be a useful tool to
differentiate and identify the forms or rank polymorphic
forms by their relative thermodynamic stability (with regard
to surface area and crystal transformations). Representative
sorption/desorption isotherms of LA crystal forms at 25-C
are shown in Fig. 8. Mod. II-, the thermodynamically and
kinetically most stable form of SLCHC, adsorbs the smallest
amount of water. A mixture of mod. II- and I, as present in
one of the commercial samples, sorbs an amount of water
being commensurate with the pure forms. At relative

Fig. 6. 13C solid-state nuclear magnetic resonance spectra of

hydroxyprocaine hydrochloride (HPCHC) mod. I (hydrated) and

mod. II- (both at ambient temperature) demonstrating the doublets

of peaks (left) caused by the two molecules in the asymmetric unit of

mod. I while mod. II- has only one.

Fig. 7. Powder X-ray diffraction patterns of HPCHC, salicaine

hydrochloride (SLCHC), and TCHC hydrates (H) and desolvated

hydrates (I). Patterns of mod. I were recorded after recrystallization

from the melt at 140-C under dry N2 atmosphere. The differences in

the peak intensities are attributed to preferred orientation. Recrys-

tallization from the melt and from the dehydration of the hydrate

results in the same pattern.
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humidities between 10 and 90% RH, a content of the
hydrated form of 42Y45% can be calculated for this
commercial product from the sorption isotherms. In this
case, the determination of the water content can be used as a
fast and reliable method to quantify the degree of the mod.
I impurity.

In the case of HPCHC, the stable mod. II- shows a
significantly higher water uptake between 50 and 60% RH.
At relative humidities above 60% RH, it sorbs nearly the
same amount of water as the hydrate. The desorption curve
of the former mod. II- proceeds according to the desorption
curve of the hydrate. This clearly shows that above 50% RH,
the increasing water vapor pressure induces a phase tran-
sition to the unstable mod. I, which is accompanied by a
significantly high step in the sorption isotherm. The crystal
system does not retransform to mod. II- on subsequent low-
ering of the relative humidity. This irreversible transforma-
tion was proved by moisture-controlled PXRD experiments.
The hydrates of both compounds are characterized as non-
stoichiometric hydrates being isomorphic with mod. I.

Polymorphs

A very useful tool for the comparison and evaluation of
the polymorphic compounds is the semischematic energy/
temperature diagram (49), which displays the thermodynamic
relationship of the polymorphs of one system. Figure 9 shows
a scheme of the possible transition pathways between all
solid-state forms including the hydrates of TCHC along with
the semischematic energy/temperature diagram of TCHC
(four polymorphs). The energy/temperature diagram is based
on the thermal analytical results and shows the relative
thermodynamic stabilities of the polymorphs. Mod. III- is
the most stable form between j273-C and its temperature
of transformation to mod. I (TIII-I). Mod. I has the lowest
stability at temperatures below the transition temperature

TIV-I and the highest stability at temperatures above TII-I

(semischematically).
The isostructural compounds of the ketone group (DCNHC

and PPCHC) (50) show analogy in their thermal analytical
behavior, vibrational and NMR spectra, powder X-ray diffrac-
tion patterns, and even in their polymorphic behavior.

Polymorphs derived from solidYsolid transitions were
found to be kinetically less stable (31) than polymorphs
crystallized from the melt or from a solvent.

Sixty-seven percent of the solidYsolid transitions be-
tween the LA polymorphs are reversible, which is called
enantiotropic. Thirty-three percent of the solidYsolid tran-
sitions are monotropic, i.e., the higher melting phase is ener-

Table IV. Space Groups and Number of Conformers in the

Asymmetric Units of Local Anesthetics

Compound Mod. Space group Conformers

BPCHC P21/n 1

BPCHC Ethanolate P21 1

R-BPCHC P21 1

BZN P212121 1

CCCHC Hydrate P21/c 2

DCNHC P21/a 1

LDC P21/c 2

LDCHC Hydrate P21/c 1

MPCHC P212121 1

OBPHC a III P21/a 2

OBPHC a II- P21/n 2

OBPHC a I C2/c 1

PC P21/a 1

PCHC Pcab 1

PRCHC b Dioxanate Pj1 1

SLC a Hydrate Pj1 2

SLCHC a II- P21/n 1

SLCHC a I hydrated Pj1 2

TCHC a IV Pj1 1

a Crystal structure solved in this study.
b Jetti, personal communication.

Fig. 8. Moisture sorption isotherms of SLCHC and HPCHC crystal

forms at 25-C. The thermodynamically most stable form (mod. II-)

sorbs the lowest amount of water, whereas the least stable (mod. I-)

sorbs the most. HPCHC II- between 50 and 60% relative humidity

(RH) shows a significantly higher water uptake. The desorption

curve of the former mod. II- proceeds according to the desorption

curve of the hydrate. The mass change is corrected for the minimum

mass value at 0% RH. The measurement cycle started and ended at

0% RH.
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getically not able to transform to the lower melting phase. In
these cases, the highest melting crystal form is the thermo-
dynamically stable form in the entire temperature range be-
low the melting point. The most number of monotropically
related polymorphs was found in the group of POB. Other
monotropic transitions appear in the procaine, tetracaine, and
ether groups, where, respectively, the lowest melting poly-
morph (TCHC, SLCHC, OBPHC, PMCHC) is monotro-

pically related to the next polymorph, but both polymorphs
are enantiotropically related to the highest melting polymorph.
The polymorphs of the benzocaine and ketone group consis-
tently are enantiotropically related. Any distinct coherence
between the molecular structure and the reversibility of the
transition between polymorphs could not be ascertained.

All of the compounds fulfill the heat of transition rule
(32,33) or the heat of fusion rule, whereas a great number of

Fig. 9. Flow chart of TCHC crystal forms with transformation temperatures under

ambient pressure conditions (above) and semischematic energy/temperature diagram

of the polymorphs (bottom).
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exceptions of the DR (75%) and the IRR (59%) clearly dis-
charge both rules from applicability in this class of compounds.

The rate of moisture sorption reliably indicates the
thermodynamic ranking of the LA polymorphs. In all of the
examined representatives, the thermodynamically less stable
forms absorb higher amounts of water vapor than the more
stable forms, even on compounds that show a very low af-
finity to water or do not tend to form hydrates. Moreover,
the different moisture sorption rates of the polymorphs are
independent of the factors whether a transition is enantio-
tropic or monotropic or whether the differences of melting
enthalpies or the transition enthalpies are large or small. This
conclusion is a first insight into the coherence between the
stability of a crystal form and its water vapor sorption and
should be further examined with respect to crystal size and
surface area characteristics.

Solvates and Hydrates

Our systematic investigations on the solid-state proper-
ties of numerous local anesthetic drugs showed that in

contrast to LAA [e.g., PRCHC (51), LDCHC, and BPCHC],
the LAE tend to form polymorphic crystal forms but less
hydrates and solvates. Formation of hydrates was observed
with both the free bases and the hydrochlorides. The multiple
occurrence of solvated forms within the LAA was likely a
result of the ability to form intermolecular hydrogen bonds
with the N1 amide group (replaced by the ester group in the
LAE). Just three compounds of the commonly known LAE
with closely related structural features were also able to
form hydrates: TCHC, SLCHC, and HPCHC. Freeze-drying
of aqueous solutions of these compounds (10% w/w) led to
fine powders of the hydrates.

Desolvated solvates

Desolvation of a solvate can lead to the solvent-free
stable crystal form (BPCHC) (52), to another polymorph
(PRCHC), to an isomorphic desolvate (TCHC, SLCHC, and
HPCHC) (53), or to an amorphous solid (LDCHC) (54). All
types of desolvated solvates were found within the LA, but
the number is too small to draw a reliable conclusion on the
structureYproperty relationship.

Amorphous Solids

Amorphous solids (glasses), which can be derived from
a solution (e.g., evaporating solvent), from fast annealing
of the melt, or by desolvation of a solvate, were only found
with a few local anesthetics from the amide type (LAA):
PRCHC, MPCHC, and LDCHC (53). These compounds
form amorphous solids by lyophilization of aqueous solutions
(10% w/w). Stable crystal forms occur on heating these
glasses above 60-C (proved by PXRD). No relationship be-
tween molecular structure and formation of amorphous
solids was found in this study.

Structural Aspects

The LAE molecules like TCHC show a high flexibility
caused by the alkyl side chains in paraposition of the planar
phenyl ring (Fig. 10). The rotational flexibility of the side
chains additionally is increased by the N2 alkyl chains on the
hydrophilic side of the molecule. A substituent in the me-
taposition of the phenyl ring like in the OBPHC molecule
reduces the flexibility by an intramolecular hydrogen bond
(N1YH.. .O3) and intramolecular interactions of the phenyl
hydrogens (C2YH, C6YH) with the oxygen atoms O1 and O2.
Thus, the atoms O1, N1, C7, O2, and O3 form a rigid plane
motif with the phenyl ring in all three modifications of
OBPHC. This planar structure unit allows a 180- rotation
around the C1YC7 bond, maintaining the same interactions as
mentioned above. If there is a substituent of the phenyl ring
in the orthoposition (SLCHC, HPCHC, and 2-CPCHC) of
the benzoic acid function, an additional intramolecular
hydrogen bond (O3YH...O1) reduces the conformational
flexibility and also the number of polymorphs.

The up-to-now structurally known LAE compounds
(34Y46) crystallize in monoclinic (64%), triclinic (21%), or
orthorhombic (15%) space groups, but the organization or
molecular packing in the crystals shows pronounced simi-

Fig. 10. Rotational flexibility of LAE molecules. The flexibility of

the side chains of the OBPHC and SLCHC molecules (each three

polymorphs) is reduced by different substituents of the planar phenyl

ring compared to the TCHC molecule (four polymorphs). The crystal

structures of SLCHC (Schmidt and Mereiter, unpublished data),

OBPHC, and TCHC (unpublished data) were solved by SCXRD in

this study.

2131The Role of Molecular Structure in the Crystal Polymorphism of Local Anesthetic Drugs



larities. Moreover, the protonated drug molecules in all cases
(LAE and LAA) are linked by hydrogen bonds via the
chloride anions forming parallel-orientated, infinitive hydro-
gen-bonded chains. All triclinic crystal forms consist of two
molecules in the asymmetric unit; all orthorhombic crystal
forms show just one.

Whereas the molecules of the hydrochlorides (e.g.,
SLCHC) are arranged in chains connected by the moderately
strong hydrogen bondings between N1YH and the chlorine
atom (Cl1) to the N2YH of the neighbored molecule, the
molecules of the free bases (e.g., SLC) are connected by
weak hydrogen bondings between HYN1YH and the O1 of
two neighboring molecules.

A missing flexible butyl side chain in molecules like
HPCHC compared to SLCHC (also PCHC compared to
TCHC) reduces the number of possible conformations, which
is relevant for the formation of different (conformational)
polymorphs like in many representatives of the LAE. Be-
cause of the missing butyl side chain, the HPCHC molecule
forms less polymorphs, but the formation of a hydrate is not
affected by the reduction of the flexibility of the molecule.

CONCLUSIONS

Crystal polymorphism: Local anesthetics of PAB show classic

conformational polymorphism. The number of polymorphs in-

creases with the increasing length of the alkyl chain in the para-

position of the acid functional group. The p-oxy-substituted

compounds (POB) form substantially less polymorphs, which is

likely to be a result of a reduced conformational flexibility (stronger

hydrogen-bonding effects). The water-soluble salts (mostly hydro-

chlorides) of the LA show more cases of polymorphism than the free

bases, which are often liquid at 20-C. The hydrochloride salts form

between two and four polymorphs on average.

Stability: The thermodynamic transition temperatures of the
enantiotropically related modifications lie between 90 and
120-C with transition enthalpies of 3Y4 kJ molj1. Only those
PAB that form hydrates show unusually high enthalpies of
transition (õ17 kJ molj1). The compounds with a hydroxyl
substituent in the C3 or C4 position of the phenyl ring are
thermally labile. These compounds frequently show poly-
morphism and additionally nonstoichiometric hydrates, i.e.,
isomorphic desolvates. Benzocaine-like bases form enantio-
tropically related pairs of polymorphs with transition points at
low temperatures. The ketones also crystallize in two enantio-
tropically related modifications and show similar melting
properties to the ethers, which also can crystallize in a low-
temperature form. The rate of moisture sorption reliably
indicates the thermodynamic ranking of the LA polymorphs,
which is a first insight into the coherence between the stability
of a crystal form and its water vapor sorption, but should
be further examined with respect to crystal size and surface
area characteristics.

Molecular structure: The substitution of the C1 acid function
does not influence the number of existing polymorphs.
However, the substitution of the amino group in C4 position
has a significant impact on the formation of different crystal
forms. Formation of hydrates and solvates is a result of mo-
lecular level mechanisms (hydrogen bonding) different to the

mechanisms of polymorphism (conformational flexibility). In
spite of different space groups, the organization or molecular
packing in the crystals of all groups follows the same scheme
(chains linked by hydrogen bonds).This study is the first step
in recognizing relationships between the structure and the
solid-state properties within this limited group of active sub-
stances with common structural elements. The results clearly
show that there are certain relationships, but, to understand
the phenomenological behavior in more detail on a molecular
level, more structural information must be collected and ana-
lyzed by computational methods.
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