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Abstract

The method for determining piezoelectric coefficients based on synchrotron
radiation x-ray multiple diffraction (Avanci et al 1998 Phys. Rev. Lett. 81
5426) has been used in the case of a single crystal of the amino acid
L-histidine-HC1-H,O. The method relates the E-induced strain with the angular
shift in the multiple diffraction peak position. Thus, it allowed us to determine
all three (d14 = 2.25(9) x 10719 CN7!, dos = 4.1(5) x 107! CN~! and
dyg =2.3(2)x10719°C N piezoelectric coefficients of L-histidine-HCI-H,O,
using the (10 0 0) and (0 0 4) primary reflections.

1. Introduction

L-histidine is an amino acid that is synthesized relatively slowly in the human body, and its
deficiency can result in delayed growth and skin eczema. Histidine can exist in two isomeric
forms, L-histidine and p-histidine, in which only the L-isomer is bioactive. It can be converted to
histamine, which is a major neurotransmitter in the brain and throughout the nervous system.
It is essential for tissue growth and repair and, furthermore, it helps to store glucose in the
liver. L-histidine residue in enzymes performs a very important function in enzymatic reactions.
The dimensions and tautomeric form of the imidazole ring of the molecule are of importance
because of the role of this group in coordinating zinc in zinc insulin.

L-histidine-HCI-H,O (C¢Hy9O,N3-HCI-H,O) crystallizes in the orthorhombic system,
space group P2;2,2;, with four molecules per unit cell, and with the lattice parameters
a = 15.301(3) A, b = 8.921(2) A and ¢ = 6.846(2) A [1]; its molecule is in the zwitter
ion form.
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Figure 1. Scheme of a three-beam multiple diffraction case using the Ewald sphere.

The x-ray multiple diffraction (XRMD) technique is a very sensitive and versatile probe
with which to detect small lattice deformations, and it has been successfully applied, as a
novel method to determine piezoelectric coefficients, in the case of mNA [2] organic single
crystal. The method has also been used to provide the required piezoelectric coefficients
for other materials such as: MBANP [3], Rochelle salt [4] and also for the amino acid
L-arginine-HCI-H,O [5, 6]. The study of piezoelectric properties of amino acid crystals is
completely justified not only for the physics of crystals but also in biophysics [7].

In this study, the XRMD method was applied to an L-histidine-HCI-H,O single crystal
to obtain the all piezoelectric coefficients (dj4, das and dzg) of this amino acid crystal.
Furthermore, XRMD was also used, by adequately choosing the secondary reflections, to
provide the lattice parameters of this crystal.

2. Theory

2.1. Multiple diffraction peak position in a Renninger scan

The multiple diffraction phenomenon arises when an incident beam simultaneously satisfies the
Bragg law for more than one set of lattice planes within the crystal. For this, the plane called
primary (ho, ko, £o) is adjusted to diffract the incident beam. With the rotation (angle ¢) of
the sample around the primary reciprocal lattice vector, several other planes called secondary
(hs, ks, £s) and coupling (ho—hs, ko—ks, £o—£s), will also enter into the diffraction condition
simultaneously with the primary plane. These coupling planes establish the interaction between
the primary and the secondary reflections. In the pattern of I,y versus ¢, called a Renninger
scan (RS) [8], positive and negative (dip) secondary peaks can appear distributed according
to the symmetry of the primary vector, representing the energy transfer from the secondary to
the primary reflection (peak) and vice versa (dip), and also considering the symmetry plane
established by the ¢ rotation. The secondary peak position in the RS is given by ¢ = ¢y F B’
and the F signal defines the entrance and the exit of the secondary reciprocal lattice point of
the Ewald sphere (ES) by rotation. ¢y is the angle between H (the component of H on a plane
perpendicular to Hy) and Hg¢, the reference vector, as shown in figure 1. The secondary peak
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position equation is a function of the unit cell parameters and it is given by [9]

1 H?>-H-H
cos(Bl) = ( 0)

2 1 H}
Vi — 3/ H - H

where Hj is the primary reciprocal lattice vector, H is the secondary reciprocal lattice vector,
H, = (H-Hy)(Ho/ HOZ), X is the wavelength of the incident beam, and ¢ can be obtained from

If(a,b,C,Ol,,B, )/,)»’H,HO) (1)

H,| - Hger
cos(¢pg) = ————. 2
H, - Hger
For the orthorhombic crystal, the unit cell vectors are written in an orthogonal frame as
a=(a,0,0), b=(0,b,0) and c=(0,0,¢) 3)
and the primary and secondary reciprocal lattice vectors are given by
ho. koy Lo. h, k, £,
Hy=—a+—-b+ —c and Hy = —-a+ -b+ -c. (@)
a a b c

In order to determine the lattice parameters, a primary reflection of the type (ko 0 0) and three
secondary reflections (h; ki [1), (hy kay 1) and (h3 k3 [3) have been chosen to provide three
equations of the type

h(h—h K2 2
k-

A )
2 /0w e e
RTmyprTa

where the equations (4) were substituted into (1). Then, by using these three equations, which
are function of the lattice parameters in case of orthorhombic crystals, is possible to solve the
system of equations by using a chosen mathematical program. Therefore, among the several
solutions of the system it is easy to identify the required L-histidine hydrochloride monohydrate
lattice parameters, since the values can be compared to ones published in the literature.

&)

cos(Bye) =

2.2. Application of an external electrical field

The application of a static or quasi-static electrical field to a piezoelectric crystal generates
strains in the crystal; this is the well-known converse piezoelectric effect [10]. The piezoelectric
tensor, expressed in the matrix form, for the 222 point group is given by

Exx 0O 0 O
&yy 0O 0 O
e | 0o o o ? ©
2ep. | "l ds 0 0 EY '
26, 0 ds O z
28xy 0 0 d36
So, equation (6) leads to
8)’1 = %dl4Em (7)
&x; = 2dssEy and (8)
Exy = %d%EZ. (9)
The ¢,,, &;; and &,, strains are given by
&y, = —3Aa, (10)
ex: = —1AB and (11)
Exy = —%AV (12)
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where Aa, AB and Ay are the variations in the «, B8 and y unit cell angles induced
by the electrical field application. The substitution of equations (10), (11) and (12) into
equations (7), (8) and (9), respectively, leads to the dy4, das and d36 piezoelectric coefficients:

1 1 1
d14 = —E—AO{, d25 = —E—A,B and d36 = —EA)/ (13)

X y
Equation (13) is used in the determination of the L-histidine-HC1-H, O coefficients.

As to the determination of Awx, AB and Ay values, first, the unit cell vectors (equation (3)
have to be written for a monoclinic crystal. Thus, by considering the electric field applied
in each of the [1 0 0], [0 1 O] and [0 O 1] directions, the three obtained equations (5), for the
monoclinic case, depend on the «, § and y angles, respectively. Therefore, the Ax, AB and Ay
values can be expressed in terms of the secondary peak position shift (A¢), by differentiating
the three peak position equations with respect to «, 8 and y, respectively, which gives

Aa = —% tan (B0 Adke) (14)

AB = —% tan (IBEth)) A¢(hkg) and (15)
B

Ay = —% tan(B0) Adaike) - (16)
y

Here, f = cos(ﬁéhk,)) = f(a,b,c,a, B, y, A, H, Hy) as defined by equation (1) in a general
form, and f” stands for the derivative of f with respect to each corresponding variable («, 8 or
y). Therefore, the f/f’ ratios used are given as

;o B [a + b cos(a)] sin(a)

J _ a7
1 b+ ¢ cos(w)

[ [=a’ +4c% + 3ac cos(B)]sin(B) 18
fi —3ac+ (a® —4c?) cos(B)

f [=2a®>+3c* +ac cos(y)]sin(y)

2= 19)
1 —ac + (2a* — 3c?) cos(y)

for equations (14), (15) and (16), respectively.

3. Experimental details

L-histidine-HC1-H, O single crystals were grown by a slow evaporation method using a good
seed crystal keeping a constant temperature of 23 °C. In order to characterize the powdered
samples well, x-ray diffraction data were collected with a Philips X’Pert MRD diffractometer
operating at 40 kV/40 mA, using Cu Ko radiation and a pyrolytic graphite diffracted beam
monochromator. The diffraction patterns were obtained with a step size of 0.02° (26) and
with a counting time of 12 sstep~'. A sample oscillation condition was used to minimize
preferred orientation effects. The Rietveld refinement program DBWS9807 [11] was used and
the measurements were carried out in the angular range 10°-55° (20). The refined parameters
were as follows: scale factor, 26-zero point, four coefficients to describe the functional
dependence of the background, three cell dimensions (a, b and c), three half-width parameters,
two parameters to describe the 26-dependence of the pseudo-Voigt (pV) profile shape function,
asymmetric factor, 39 atomic coordinates and 13 isotropic atom displacement (temperature)
parameters. Table 1 shows the refined values for the atomic coordinates as well as the isotropic
thermal parameters. The last variable to be refined was the preferred orientation parameter.
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Figure 2. The final Rietveld refinement plot. The R-factors are Ry, = 8.05%, Rpragy = 3.88%
and S = 2.06.

Table 1. vL-histidine-HCI-H,O atomic coordinates and isotropic thermal parameters obtained from
the Rietveld refinement.

X y z B

C(1) 0.374(2) 0.183(2) 0.476(3)  2.9(8)
C(2) 0411(1) 0.098(3) 0.295(4)  3.3(9)
C3) 0.459(1) 0.219(3) 0.179(2) 0.0

C(3) 0.4027(4) 0.3658(9) 0.141(2) 9.409)
C(5) 0.3428(4) 0.5300(9) 0.940(2) 6.909)
C(6) 0.3680(4) 0.4798(9) 0.248(2) 2.1(8)
N(1) 0.324(1) 0.038(2) 0.218(2)  5.8(7)
N(2) 0.3846(4) 0.400009) 0.949(2) 3.1(7)
N@3) 0.3313(4) 0.5804(9) 0.124(2) 6.1(7)
Oo(l)  0.291(1) 0.193(2) 0.539(3)  8.5(7)
O(2) 0415(1) 0.275(1) 0.623(2)  9.3(6)
O@3) 0.0868(7) 0.108(1) 0.404(2)  7.9(7)
Cl 0.1743(5)  0.2256(5)  0.025(1)  7.8(3)

Figure 2 displays the comparison between the observed and the calculated diffraction patterns
and the R-factor values Rppgs = 3.88%, Ryp = 8.05% and § = 2.06 (goodness of fit) were
obtained from the refinement.

Three single crystals were cut, from the same piece, into parallelepipeds to apply the
electric field in the a, b and ¢ directions, with dimensions of 1.6 mm x 4.4 mm x 3.0 mm,
3.2 mm X 2.4 mm x 7.5 mm and 2.5 mm x 4.5 mm x 2.2 mm, respectively. Also, in this
case, the versatility of the XRMD method for piezoelectric coefficient determination was not
used since the samples were cut in specific directions (a, b and c-axes), which facilitates the
sample preparation very much. The electric field was applied in the larger face and the x-ray
incident beam reached the smaller sample face. The electric field was generated by a variable-
voltage low-current DC power supply. Silver electrodes were painted on the larger face of the
crystal and the field was applied via wires running from the power supply to the sample [6].
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Figure 3. Rocking curve for the (0 0 4) reflection of the L-histidine-HC1-H,O sample.
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Figure 4. Portion of the (10 0 0) RS around the ¢ = 0° symmetry mirror of L-histidine-HCI-H;O.
Inset: details of two of the three multiple diffraction cases (dips) involved in the lattice parameter

determination.

RSs for all samples were carried out at station XRD1 of the National Synchrotron Light

Source (LNLS), Campinas, SP,

Brazil.

The wavelengths used in the two beam times of

our experiments were 1.5387(1) A and 1.7667(1) A for lattice parameter determination and
electrical field application (piezoelectricity). A beam size of the order of 1.0 mm x 1.0 mm
was defined on the sample surface. The Huber three-axis diffractometer used in the experiments
is mounted at station XRD1 of the LNLS, and provides high-resolution measurements with step
sizes of 0.0002° (¢-axis) and 0.0005° (w-axis).
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Figure 5. Angular shift in the (044)(040) secondary peak position as a function of the applied
electric field.

Table 2. The obtained L-histidine-HC1-H, O lattice parameters.

ad) b (A) cA)
Oda and Koyama  15.301(3) 8.921(2) 6.846(2)
Rietveld 15.3067(7) 8.9266(4) 6.8499(4)
XRMD 15.3143(9) 8.931(2) 6.857(8)

Secondary reflections used to calculate the lattice parameters (A = 1.5387(1) A)

hkl 430)1430) (210)1210) (321)(1321)
¢ (deg) 21.313(1) 24.054(2) 4.576(2)
B (deg) 1313 24.054 37.6782

4. Results and discussion

Regarding the experiments with the L-histidine-HCI-H,O single crystals, figure 3 shows the
rocking curve for the (0 0 4) primary reflection and the FWHM obtained was 31 arc sec, which
indicates a good crystallographic quality. The FWHM obtained for a (2 2 2) standard Si sample
was 15 arc sec.

Figure 4 shows a typical ¢ = 0° symmetry mirror region of the RS for
L-histidine-HC1-H,O (10 0 0), although all regions around ¢ = 0° and 90° symmetry mirrors
have been measured in the experiments. The indexing of the secondary peaks was made using
the UMWEG program [12]. The three secondary reflections used in the calculation of the
lattice parameters were the four-beam cases (4 3 0)(14 3 0), (21 0) (121 0)and (3 2 1) (13
2 1). These reflections were chosen since they have small 8’ values within the measured RS
range, i.e., the adequate condition for lattice parameter determination using this wavelength
(1.5387 A).

The lattice parameters obtained by the XRMD method and the 8’ values for the secondary
reflections detected in the measured Renninger scan region that were used are given in table 2.
Also, this table shows the values obtained from the Rietveld method as well as those obtained
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Figure 6. L-histidine-HCI-H, O lattice strain as a function of the applied electric field to provide the
piezoelectric coefficients. Reflections used for XRMD: (a) primary (0 0 4) and secondary (0 4 4)
for dy4 coefficient, (b) (10 0 0) and (2 0 2) for d»5 and (c) (10 0 0) and (4 4 0) for d3¢.

from the literature for comparison purposes. Prior to the electric field measurements, the
L-histidine-HCI-H, O lattice parameters were redetermined for the wavelength used (1.7667 A).
Even though the conditions were not adequate for the lattice parameter determination, the
values presented in table 2 for each unit cell parameter are within the larger standard deviation
of the redetermined values.

For the field applied towards the b-axis and the c-axis, the (10 0 0) primary reflection and
the (2 02)(8 02) and (4 4 0)(6 4 0) secondary reflections were used, respectively, whereas
for the field applied towards the a-axis, (0 0 4) and (0 4 4)(0 4 0) reflections were used as
primary and secondary, respectively. These secondary reflections were measured in the two
sides of the symmetry mirror, allowing for the correction of the symmetry mirror position.
The shifts, due to the E application, in the peak positions of the three above-mentioned
four-beam cases were transformed into lattice strains through equations (14), (15) and (16),
respectively. In figure 5, as an example of this shift, the effect of the applied electric field in the
(0 4 4)(0 4 0) peak position is presented. Using equations (13) is possible to obtain the d;4,
d>s and ds¢ coefficients.

Figure 6(a) shows the graph of —Aa« versus E,, which yields the coefficient |di4] =
2.25(9) x 10710 C N7, Figure 6(b), —ApB versus E, gives rise to the coefficient |dos| =

4.1(5) x 1071 ¢ N7! and figure 6(c), —Ay versus E,, provides the coefficient |ds3s| =
2.3(2) x 1071°C N,
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Figure 7. Complete piezoelectric tensor of L-histidine-HCI-H,O obtained by the x-ray multiple
diffraction method in this work.

Finally, the complete piezoelectric tensor obtained for L-histidine-HCI-H,O using the
XRMD method is presented in figure 7.

5. Conclusions

The method of determining the piezoelectric coefficients based on the XRMD technique
using synchrotron radiation was successfully applied to L-histidine hydrochloride monohydrate
crystal. As far as we know, this is the first determination of all piezoelectric coefficients of
this amino acid and it represents a useful contribution to its piezoelectric characterization since
quantitative data are required for technological applications and also for theoretical modelling.
Furthermore, the technique was also used in the sample lattice parameter determination with
adequate choice of the secondary peaks in the Renninger scan, and the results are in very good
agreement with those published in the literature.
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