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Abstract We have measured terahertz and powder x-ray diffraction spectra of D-histidine,
L-histidine, and DL-histidine. The as-received D and L material exists in two different
polymorphs: D-histidine is in the metastable monoclinic form, while L-histidine is in the
stable orthorhombic form. For both the L and D enantiomers, recrystallization of the as-
received material results in a mixture of the monoclinic and orthorhombic forms.
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1 Introduction

Polymorphism has long been an important issue in solid state chemistry and the
pharmaceutical industry. Polymorphs are different crystal structures of the same molecular
material. Within the pharmaceutical industry, important physical properties such as
solubility and bioavailability are dependent on the product’s morphology [1–6]. In turn,
the manufacturing process is governed by the physical properties of the product’s
morphology in terms of its solubility, melting point and reactivity.

Terahertz time-domain spectroscopy (THz-TDS) has become a useful tool for
morphology determination. Although other techniques exist, including x-ray crystallogra-
phy and Raman spectroscopy, THz spectroscopy is a simple and effective method that
probes the spectral region of 0.1–3 THz where the crystal librations arising from the lattice
structure are found [7, 8]. These are in addition to modes that are of mixed intermolecular
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and intramolecular character, particularly at in the higher frequency range. Despite the fact
that the THz spectrum is a direct description of the phonon modes of a crystalline state,
only limited work has been done with THz spectroscopy to explore polymorphism [9–12].
Applying THz spectroscopy to some important and well studied polymorphs demonstrates
the technique’s ability to quickly and clearly differentiate between them.

The general conclusions of previous work with amino acids are that crystals of D and L
enantiomers of a particular molecule have identical spectra while the racemate has a unique
spectrum [13]. This is because the optical isomers can crystallize in the same configuration
(with opposite handedness) and the DL racemate necessarily has a different lattice structure.
This also demonstrates conclusively that the modes found in these spectra are significantly
intermolecular in nature as any intramolecular modes would be necessarily common to both
spectra.

Polymorphs of some amino acids such as L-serine, L-cysteine and L-histidine are known
to exist under ambient temperature/pressure conditions [14], and polymorphism is a
common issue for organic solids, and thus the utility of THz spectroscopy is clearly not
limited to amino-acids or biomolecules.

In their crystallization and polymorphism study, Roeland et al. report only two
crystalline forms of L-histidine, a stable orthorhombic form and a metastable monoclinic
form [15]. Additionally, only the monoclinic [16] and orthorhombic [17] morphologies of
L-histidine are listed on the Cambridge Structural Database (CCD) [18]. From this
information, and the lack of any other reported morphology, it is presumed that only these
two polymorphs of L or D-histidine are involved in our study.

Polycrystalline samples of D, DL, and two morphologies of L-histidine are characterized
and investigated by THz spectroscopy. The atomic coordinates of the DL-histidine structure
and both of the morphologies of L and D-histidine are cataloged in the CCD. These
coordinates are used to calculate their theoretical powder patterns with Mercury 1.4.1
software [19]. Experimental powder diffraction patterns of the two L-histidine polymorphs
are compared to the calculated patterns of the two known morphologies, allowing us to
determine that the L sample is in the stable orthorhombic form, while the D sample is in the
metastable monoclinic form. We also find that the recrystallized L and D samples are an
approximate 50%-50% mixture of the orthorhombic and monoclinic forms.

2 Experimental

The THz beam is produced by a regeneratively amplified Ti:Sapphire laser with a repetition
rate of 1 kHz, center frequency of 790 nm, pulse duration of 100 fs, and pulse energy of
600 μJ. The beam is split with the majority of the power impinging on a ZnTe(110) crystal
to generate THz radiation by optical rectification [20, 21]. The remainder of the beam is
delayed using a motorized translation table and is used as a detection gate by means of free
space electro-optic sampling [22]. The THz region of the spectrometer is purged with
nitrogen to reduce ambient water vapor absorption. The time-domain of the THz electric
field is collected; the Fourier transform gives the spectral absorption and the index of
refraction. A complete description has been published previously [23].

The histidine samples were purchased from Sigma-Aldrich and crushed with a mortar
and pestle to obtain uniformity of about 5 to 15 μm grain size. The sample powder was then
pressed into a 13 mm diameter pellet at a pressure of 680 atm. Sample thicknesses were on
the order of 0.2–0.5 mm. Low temperature measurements are carried out with a Janis
optical cryostat using Mylar windows to minimize distortion of the THz pulse.
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A simple solvent evaporation is used for the recrystallization of histidine samples.
Samples are dissolved in a sufficient amount of water; occasionally the solution is modestly
heated until the samples are completely dissolved. The solutions are allowed to evaporate at
room temperature until dry. The resultant precipitate is prepared in the same fashion as the
as-received Sigma-Aldrich samples.

The powder diffraction patterns were performed on a Brucker-AXS D8 Focus. The
diffractometer uses a copper source to generate 1.54Å radiation. Samples are scanned with
a step size of 0.020°, a step time of 2 seconds, a divergence of 0.6 mm, anti-scatter of
0.6 mm, and a detector slit width of 0.1 mm.

3 Results and discussion

3.1 Enantiomeric histidine THz spectra

Figure 1 displays the zwitterionic form of L and D-histidine. The zwitterionic form is
chosen because that is the form found in the crystals. Each of the three solids (as received
from Sigma-Aldrich) results in a unique THz spectrum (Fig. 2a). Upon recrystallization of
all three solids, the spectra of D and L-histidine are different from the as-received material,
but now they each have the same spectrum as each other (Fig. 2b). The DL-histidine
spectrum remains unchanged. The fact that the D and L spectra are different from each
other has not been reported previous work with amino acids. The recrystallized sample
spectra in Fig. 2b are more consistent with previous work, in that the D and L enantiomers
have similar spectra while the DL racemate is different.

Figure 2c compares the recrystallized D and L spectra from Fig. 2b with a spectrum
generated by taking a 50%-50% linear combination of the as-received spectra. This
indicates that the two as-received samples are each a single polymorph, while the
recrystallized sample is a mixture. If one of the as-received samples were a mixture of
polymorphs and the recrystallized sample were pure, then the pure as-received spectrum
would have to be subtracted from the mixture spectrum to obtain the recrystallized
spectrum, which is clearly not the case.

Not only did Roeland’s crystallization and polymorphism study report two crystalline
forms, they also found that the ratio of polymorphs could be varied by varying
crystallization conditions [15]. Therefore, it is seen that Sigma-Aldrich uses different
crystallization conditions for their L and D material, which are both different than the
recrystallization conditions that we employed.

3.2 X-ray powder diffraction data

While the THz spectra unambiguously capture the fact that the different samples have
different polymorphs, x-ray diffraction powder patterns are needed to assign the polymorph
to each spectrum.
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It is known from the literature, that L-histidine exists either in the orthorhombic crystal
system (space group P212121) or in the monoclinic crystal system (space group P21) [15,
24, 25]. The conformations in both forms are stabilized via an intramolecular hydrogen
bond between a hydrogen atom in the amino group and a nitrogen atom in the imidazole
ring. DL-histidine crystallizes in the monoclinic crystal system, but in the centrosymmetric
space group P21/c [26].

Figure 3 displays the XRD powder diffraction data for as-received L-histidine and D-
histidine, as well as that for recrystallized L-histidine. In addition, calculated powder
patterns for the orthorhombic and monoclinic polymorphs are shown. The unit cell
parameters are given in Table 1. The stable orthorhombic form is LHISTD13, and the
metastable monoclinic form is LHISTD04.

A difficulty with powder XRD spectra is that the intensities depend strongly on sample
preparation and are not quantitative. This is seen most strikingly in the right panel of Fig. 3
where a linear scale is used for the intensity. However, when plotted using a logarithmic
intensity scale (left side of Fig. 3), it becomes possible to assign the measured spectra to the
calculated ones, keeping in mind that peak positions are more important than peak intensities.
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Fig. 2 THz spectra of enantiomers and polymorphs of histidine. Data from the Sigma-Aldrich samples
shows three unique morphologies (part a). The black solid line is D-histidine, the red long-dashed line is L-
histidine, and the blue short-dashed line is DL-histidine. Part b) Upon recrystallization, the D and L sample
have identical spectra, while DL has not changed (colors and line styles are the same as in part a). Part c)
compares a spectrum comprised of a 50%-50% linear combination of the D and L-histidine spectra in part a),
shown with the black solid line, with the spectra of recrystallized D and L-histidine (red long-dashed and
blue short-dashed lines, respectively).
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Parts a) and c) of Fig. 3 are the spectra of the as-received L and D-histidine, respectively.
Parts b) and d) are the calculated powder patterns for the stable orthorhombic and
metastable monoclinic polymorphs, respectively. Clearly, the as-received L-histidine is the
orthorhombic polymorph and the as-received D-histidine is the monoclinic polymorph.
Part e) is the powder XRD spectrum of recrystallized L-histidine. It is known from the
THz work that it is a 50%-50% mixture of the two polymorphs, but that is not readily
apparent in part e) of Fig. 3. However, Fig. 4 presents the experimentally measured
spectrum from Fig. 3, along with a 50%-50% linear combination of the as-received spectra
(parts a) and c) in Fig. 3). Within the limits of powder XRD data quality, there is a very
good match which further supports the conclusions from the THz work.

3.3 Low temperature THz spectra

The THz spectrum of L-histidine is reported by Rungsawang et al. and is identified as the
orthorhombic polymorph [27]. This agrees with our assignment of the morphology.

Fig. 3 Left side shows XRD powder patterns of a) L-histidine, b) the calculated spectrum of the
orthorhombic form of L-histidine (LHISTD13), c) D-histidine, d) the calculated spectrum of the monoclinic
form of L-histidine (LHISTD04), and e) recrystallized L-histidine. They are plotted on logarithmic scale.
Spectra have been offset in increments of 3.5 for clarity. Right side shows the same spectra plotted on a linear
scale.

Table 1 Unit cell parameters for DL-histidine and two L-histidine polymorphs.

Cambridge
Database Identifier

Temp. Space Group Cell Lengths (Å) Cell Angles

a b c α β γ

LHISTD04 295 P21 5.166 7.385 9.465 90 98.16 90

LHISTD13 295 P212121 5.175 7.315 18.750 90 90 90

DLHIST 295 P21/c 8.983 8.087 9.415 90 97.65 90

J Infrared Milli Terahz Waves (2011) 32:691–698 695



Low temperature data were collected to investigate the peak positions and shapes
(Fig. 5). Most spectra have the same general behavior at low temperature; the peaks tend
to blue-shift relative to room temperature. D-histidine demonstrates this trend well at low
temperature, all peaks shift about 0.04 THz to higher frequency (Fig. 5b). L-histidine
does not have such a pronounced shift at low temperature (Fig. 5a) but DL-histidine
shows a moderate shift of all three peaks in its spectrum (Fig. 5c). These shifts may be a
result of an anharmonicity in the potential energy surface, but are most likely dominated
by changes in the potential energy surface due to thermal contraction or expansion. As in
a harmonic oscillator, a more highly curved potential surface results in a higher transition
frequency.

4 Conclusions

The THz spectra of polycrystalline L and D-histidine enantiomers and the DL-histidine
racemate are reported. The fact that each sample has a unique spectrum (prior to
recrystallization) demonstrates the strength of THz spectroscopy in the area of
polymorphism. Samples of the polymorphs are recrystallized using simple solvent
evaporation to convert the stable orthorhombic form of L-histidine into an approximate

Fig. 4 XRD powder patters for
recrystallized L-histidine (thick
black line) and 50%-50% linear
combination of L-histidine and
D-histidine (thin red line).
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Fig. 5 THz spectra taken at
290 K (black solid lines) and
78 K (red dashed lines) for a) L-
histidine (orthorhombic poly-
morph), b) D-histidine
(monoclinic polymorph), and c)
DL-histidine. Sets a) and b) have
been vertically offset by 500 and
250 cm−1, respectively.
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50%-50% mixture of the metastable monoclinic and stable orthorhombic forms. The
commercial D-histidine sample, in the metastable monoclinic form, also changes to an
approximate 50%-50% mixture upon recrystallization. Low temperature (78 K) and room
temperature (290 K) spectra are compared for all samples. At low temperature, peaks tend
to sharpen and blue-shift.
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