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Abstract. Crystals of L-histidinium(2þ) nitrate-perchlo-
rate (L-His2þ � NO3

� � ClO4
�) and L-histidinium(2þ) ni-

trate-tetrafluoroborate (L-His2þ � NO3
� � BF4�) have been

obtained by crystallization from aqueous solutions. For
both compounds, single-crystal XRD analysis as well as
ATR FTIR and Raman spectroscopy was performed to de-
termine and investigate the crystal structures, which turned
out to be closely related, albeit not isotypic, although sym-
metry (space group P212121, Z ¼ 4) and unit cell pa-
rameters of both compounds match to some extent. In
each case the asymmetric unit contains a doubly charged
L-His2þ cation with the charge counterbalanced by NO3

�

as well as ClO4
� or BF4� anions. The structural differ-

ences between both compounds are subtle, mainly ex-
pressed in different conformations of the L-histidi-
nium(2þ) cations, which leads to different hydrogen bond
networks. The L-His2þ cations form O––H � � �O hydrogen
bonds to the nitrate anions and weak N––H � � �O and
N––H � � � F hydrogen bonds. Powder SHG tests confirm
considerable second order nonlinear optical activity for
L-His2þ � NO3

� � BF4� but not for L-His2þ � NO3
� � ClO4

�,
this discrepancy being a result of the structural difference.

1. Introduction

Crystalline salts of optically active amino acids have been a
subject of intensive research in recent years. This research
has mainly focused on single salts [1, 2]. Formation me-
chanisms of single salts of L-arginine and L-histidine have
been considered [3]. This is not the case for double salts or
–more generally – salts with different cations and anions.
Among minerals and inorganic compounds, such salts are
widespread and comprehensively studied. The situation
concerning mixed salts of amino acids is different: Similar

studies are rare, although the importance of investigations
of these compounds has been emphasized [3].

Among the examples of this group are double salts of
potassium and ammonium with the glycinium cation
(Kþ � Glyþ � SO4

2�, NH4
þ � Glyþ � SO4

2�), [4–6] and am-
monium with betainium (NH4)þ � Betþ � (SO4)2�) [7].
However, there are numerous complex metal salts with
different ligands (especially of copper (II)) with inorganic
anion and a deprotonated amino acid as anion or even
with different amino acids providing the anions. The
authors of [8] patented a number of mixed fluorides-phos-
phates of L-lysine (L-Lys), L-hydroxylysine, L-ornithine
(L-Orn), L-arginine (L-Arg) and L-histidine (L-His) be-
cause of their cariostatic properties. Regrettably, the
authors did not provide any data confirming the structures
of the compounds (IR spectra, XRD analysis) and there-
fore no unit cell data, let alone any determination of the
structures. The first unambiguously established mixed salts
of L-lysine, namely (L-Lysþ � L-Lys2þ) � 2 Cl� � ClO4

� and
(L-Lysþ � L-Lys2þ) � 2 Cl� � NO3

� [9, 10] as well as L-or-
nithine (2L-Orn2þ � Cl� � NO3

� � SO4
2�) [11] were discov-

ered by the group of R. K. Rajaram.
Recently, we pointed out that the preparation of mixed

salts of amino acids can be considered as an approach for
the discovery of new nonlinear optical materials among
salts of amino acids [12]. Additionally, this research is
interesting from both chemical and crystallochemical
points of views, because it is not yet clear which amino
acids can form mixed salts with which acids. Neither for-
mation mechanisms nor structural features are in any way
predictable. In this context it is worth noting that by using
the term ‘mixed salts’ we do not mean solid solutions (see
e.g. [13–15]), but compounds with definite composition
and structure (although formation of solid solutions on
their basis cannot be excluded).

Among the numerous studies on amino acid com-
pounds, the discovery of nonlinear optical (NLO) proper-
ties of L-histidinium(+) tetrafluoroborate (L-His � HBF4)
[16] attracted great interest to the salts of L-histidine as
promising NLO materials. Consequently, many previously
known as well as newly obtained salts of singly- and dou-
bly-charged L-histidine cations (L-Hisþ and L-His2þ, re-
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spectively) were studied – see the review [1] and refer-
ences therein.

Previous work established that in the system L-
His––HNO3––H2O the following species have been found:
L-His � HNO3, L-His � HNO3 � H2O, and L-His � 2 HNO3

[17–20]. Investigation of the system L-His––HBF4––H2O
proved that, in addition to the already known species
L-His � HBF4, two poorly crystallized polymorphs of
L-His � 2 HBF4 (a and b) with L-His2þ cation were ob-
tained [1], while in the system L-His––HClO4 – H2O only
the existence of the L-His � HClO4 salt was established [21].

In the present paper we report the results of our study
on the preparation, crystal structure determination and
characterization by means of IR and Raman spectra of two
novel L-histidinium(2þ) double salts, viz. L-histidi-
nium(2þ) nitrate-perchlorate (L-His2þ � NO3

� � ClO4
�,

compound I) and L-histidinium(2þ) nitrate-tetrafluorobo-
rate (L-His2þ � NO3

� � BF4�, compound II).

2. Materials and methods

As initial reagents L-histidine purchased from Sigma
Chem. Co., was used and “chem. pure” grade nitric, per-
chloric, and tetrafluoroboric acids, respectively. The title
compounds were obtained by slow evaporation from aqu-
eous solutions containing L-histidine, HNO3 and HClO4 or
HBF4, respectively, in 1 : 1 : 1 molar ratio at room tempera-
ture. Spontaneously formed crystals were colorless and of
good quality (Figs. 1 and 2).

Single crystal X-ray intensity data were collected at
200 K on a Nonius APEX-II diffractometer with a CCD-
area detector. The reflection data were processed with the
Nonius program suite Bruker SMART, and corrected for
Lorentz, polarization, background and absorption effects
[22]. The crystal structures were determined by direct
methods and subsequent Fourier and difference Fourier
syntheses, followed by full-matrix least-squares refine-
ments on F2 [23]. All hydrogen atoms were refined freely
in (II). In (I) some hydrogen atoms were treated as riding
on their parent atoms. Using anisotropic treatment of the
non-hydrogen atoms and unrestrained isotropic treatment
of the hydrogen atoms, the refinements converged at R
values of 0.033 and 0.049 for (I) and (II), respectively.
Details of the measurements and crystallographic para-
meters are given in Table 11.

The attenuated total reflection Fourier transform infrar-
ed (ATR FTIR) spectra were registered using a Nicolet

5700 spectrophotometer fitted with a ZnSe prism (4000–
650 cm�1; number of scans: 64, resolution: 4 cm�1), the
part of spectra from 650–400 cm�1 were taken from the
Nujol mull spectra measured on the same spectropho-
tometer (4000-400 cm�1, number of scans: 32, resolution:
2 cm�1). Fourier transform Raman spectra were registered
using a NXP FT-Raman Module of the same spectropho-
tometer (number of scans: 256, laser power at sample:
0.3 W, resolution: 4 cm�1).

3. Results and discussion

3.1 Possible formation mechanisms of mixed salts
with different anions

On the basis of formation mechanisms of simple salts [3]
and the two mechanisms described in [9–11], we have
conceived fifteen possible combinations of mixed salts of
amino acid cations with different anions [12]. More than

Mixed salts of L-histidinium 389

1 Supplementary Material: Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as sup-
plementary publication no. 767417 (compound I) and 767418
(compound II). Copies of available material can be obtained, free of
charge via www.ccdc.cam.ac.uk/data_request/cif, by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB2
1EZ, UK; fax: +44 1223 336033.
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Table 1. Crystal data and details of the refinement for (I) and (II).

(I) (II)

Formula C6H11ClN4O9 C6H11BF4N4O5

Mr 318.64 306.00

Crystal size, mm3 0.06� 0.06� 0.09 0.02� 0.04� 0.05

Crystal system Orthorhombic Orthorhombic

Space group P212121 P212121
a [�A] 6.7829(3) 7.430(2)

b [�A] 10.2466(3) 9.670(2)

c [�A] 17.1404(6) 17.072(3)

V [�A3] 1191.29(8) 1226.9(5)

Z 4 4

Dcalcd [g cm–3] 1.777 1.656

m (MoKa) [cm–1] 0.378 0.173

F(000) 656 624

Reflections measured 10669 8922

Reflections unique 3235 5249

Data with Fo > 4s(Fo) 2946 4364

Rint 0.018 0.030

Parameters refined 208 226

R(F)a (for Fo > 4s(Fo)) 0.033 0.049

wR(F2)b (all reflections) 0.087 0.140

Weighting parameters a/b 0.042/0.324 0.074/0.161

Flack parameter [24] 0.01(5) 0.02(1)

Dr (max/min) [e �A–3] 0.50/�0.26, 0.26/�0.36

a: R1 ¼ S jjFoj � jFcjj=S jFoj,
b: wR2 ¼ ½Sw(Fo

2 � Fc
2)2=SwFo

4]1/2, w ¼ 1/[s2(Fo
2)þ (a � P)2 þ b

� P], P ¼ (Fo
2 þ 2Fc

2)/3. Note: Scattering factors for neutral atoms
were employed in the refinement.
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30 mixed salts of L-arginine, L-histidine, L-ornithine and
L-lysine [12] were found as examples for these possible
types. Both compounds presented in this paper belong to
the A2þ � X(1)� � X(2) – type.

3.2 Crystal and molecular structures of
L-histidinium(2þ) nitrate-perchlorate and
L-histidinium(2þ) nitrate-tetrafluoroborate

On a quick comparison of the crystal data, both species
appear to be isostructural, at least when judging from their
similar unit cell parameters and the same symmetry
(P212121). A closer inspection of the crystal structures re-
veals the following: both asymmetric units contain one
doubly charged L-His2þ cation as well as one NO3

� anion
and one tetrahedral anion (BF4– or ClO4

�, respectively).
Since analogous compounds of perchlorates and tetrafluor-
oborates are usually isotypic, one might expect the same
in this case. Nevertheless, the structures are not the same.
Although the packing manner of both structures is similar,
the conformations of the L-histidinium(2þ) cations are dif-
ferent (Figs. 1 and 2), which in turn leads to different
anion positions and, consequently, different hydrogen
bond networks (Table 2).

One of the common features of both structures is the
chemical state of the L-histidinium(2þ) moieties: Both the
a-amino group and the imidazole ring are protonated,

while the carboxyl group is neutral, i.e. not deprotonated.
This is reflected by the fact that the C¼O- and C––O-
bonds can be clearly distinguished via their lengths
(C1¼O12-distances of 1.202(2) �A in both compounds and
C1––O11-distances of 1.318(2) �A and 1.311(2) �A in (I)
and (II), respectively), both typical for the respective C¼O
and C––OH bond distances. These bond lengths agree very
well with the respective values of those of L-His2þ in the
structure of L-His2þ � 2 NO3

� [18, 19].
Hydroxyl groups usually form rather strong hydrogen

bonds. As can be seen from Table 2, there are hydrogen
bonds between the COOH groups and the nitrate anions in
both compounds, with O � � �O distances of 2.617(2) �A and
2.583(2)�A in (I) and (II), respectively, which are similar to
the respective O � � �O distance in the structure of L-His2þ

2NO3
� (2.621 �A) [18, 19]. Likewise, the bond lengths and

angles in the NO3
– and the tetrahedral anions also corre-

spond well to the respective values of nitrate [17–19], per-
chlorate [21] and tetrafluoroborate [26] anions reported
previously. As evident from the O––N––O- and O––Cl––O-
and F––B––F-angles (Table 3), the nitrate, perchlorate and
tetrafluoroborate anions retain their usual configurations
(planar and tetrahedral). The distance N4––O1 is signifi-
cantly longer (1.268(4) and 1.264(2) �A) than the other
two, which is probably due to the participation of the O1
atom in two hydrogen bonds (i.e. N2––H2N � � �O1 and the
stronger O11––H1 � � �O1). As can be seen from Table 2,

390 A. M. Petrosyan, M. Fleck and V. V. Ghazaryan

Fig. 1. Photograph of spontaneously
formed crystals, crystal morphology
and asymmetric part of unit cells of
L-His2þ � NO3

� � ClO4
� (I).

Fig. 2. Photograph of spontaneously
formed crystals, crystal morphology
and asymmetric part of unit cells of
L-His2þ � NO3

� � BF4� (II).
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the N––H � � �O type hydrogen bonds are generally very
weak, the majority of them being on the level of van der
Waals interactions. According to Zefirov [25], the inter-
mediate H � � �O distance range of 2.15–2.45 �A (for

O––H � � �O and N––H � � �O contacts) corresponds to the
weakest hydrogen bonds and the strongest van der Waals
interactions. Packing diagrams of compounds (I) and (II)
are shown in Fig. 3.

In spite of all these similarities, the structures of (I) and
(II) have some important discrepancies. Although the
ClO4

� anion is larger than its BF4� analogue (mean Cl––O
distance 1.429 �A, mean B––F distance 1.389 �A), the unit
cell volume is smaller for the perchlorate salt
(V ¼ 1191.29(8) �A3, in contrast to V ¼ 1226.9(5) �A3 for
the tetrafluoroborate salt). This difference can be ex-
plained by the different conformations of the L-histidi-
nium(2þ) cations: In (I), the carbon backbone of the L-

Mixed salts of L-histidinium 391

Fig. 3. Packing diagrams of (I) and (II). NO3-groups displayed as
triangles, BF4- and ClO4-groups as tetrahedra, respectively. Note the
different conformations of the L-histidinium molecules.

Table 3. Selected bond lengths (�A) and angles (�) for (I) and (II).

L-Histidinium molecules

Distance (I) (II) Angle (I) (II)

C1––O11 1.318(2) 1.311(2) O11––C1––O12 124.5(2) 125.2(1)

C1––O12 1.202(2) 1.202(2) O11––C1––C2 112.8(1) 111.1(1)

C1––C2 1.519(2) 1.526(2) O12––C1––C2 122.7(1) 123.7(1)

C2––N1 1.486(2) 1.487(2) N1––C2––C1 108.2(1) 109.2(1)

C2––C3 1.542(2) 1.533(2) N1––C2––C3 108.9(1) 111.2(1)

C3––C4 1.492(2) 1.495(2) C1––C2––C3 111.9(1) 109.3(1)

C4––C6 1.352(2) 1.349(2) C4––C3––C2 111.7(1) 113.9(1)

C6––N3 1.386(2) 1.369(2) C6––C4––N2 105.8(1) 106.4(1)

N3––C5 1.315(2) 1.316(3) C6––C4––C3 131.0(1) 129.5(1)

C5––N2 1.320(2) 1.329(2) N2––C4––C3 122.9(1) 124.1(1)

N2––C4 1.381(2) 1.376(2) N3––C5––N2 107.8(1) 107.7(1)

C4––C6––N3 106.7(1) 106.9(2)

C5––N2––C4 110.2(1) 109.2(1)

C5––N3––C6 109.4(1) 109.7(1)

NO3 groups

Distance (I) (II) Angle (I) (II)

N4––O1 1.268(2) 1.264(2) O1––N4––O2 118.4(1) 123.7(2)

N4––O2 1.241(2) 1.229(2) O1––N4––O3 120.1(1) 117.6(1)

N4––O3 1.225(2) 1.231(2) O2––N4––O3 121.5(2) 118.7(2)

Tetrahedral groups

Distance (I) (II)

Cl––O4/B––F1 1.444(1) 1.401(2)

Cl––O5/B––F2 1.431(1) 1.385(2)

Cl––O6/B––F3 1.424(2) 1.380(2)

Cl––O7/B––F4 1.416(2) 1.388(2)

Angle (I) (II)

F3––B1––F2/O7––Cl1––O6 110.9(2) 108.9(1)

F3––B1––F4/O7––Cl1––O5 110.9(2) 109.7(1)

F2––B1––F4/O6––Cl1––O5 107.3(1) 110.4(1)

F3––B1––F1/O7––Cl1––O4 109.0(1) 109.1(1)

F2––B1––F1/O6––Cl1––O4 108.5(1) 108.56(9)

F4––B1––F1/O5––Cl1––O4 110.2(1) 110.17(9)

Table 2. Hydrogen bond parameters (in �A and �) for (I) and (II). The
selection of O––H � � �O, N––H � � �O and N––H � � � F contacts as hydro-
gen bonds was made based on [25].

L-His2þ � NO3
� � ClO4

–– (I)

D––H � � �A d(D––H) d(H � � �A) d(D � � �A) DHA

O11––H1 � � �O1i 0.80(3) 1.82(3) 2.617(2) 169(3)

N1––H11 � � �O6ii 0.89a 2.31 3.063(2) 142

N1––H12 � � �O2iii 0.89a 2.27 2.949(2) 133

N1––H13 � � �O1 0.89a 2.18 3.056(2) 167

N2––H2 � � �O12iv 0.84(3) 2.17(3) 2.890(2) 143(2)

N3––H3 � � �O11v 0.89(3) 2.40(3) 3.180(2) 148(2)

L-His2þ � NO3
� � BF4� (II)

D––H � � �A d(D––H) d(H � � �A) d(D � � �A) DHA

O11––H1 � � �O1vi 0.88(3) 1.72(3) 2.583(2) 165(3)

N1––H11 � � �O12vi 0.81(3) 2.11(3) 2.898(2) 163(2)

N1––H12 � � �O3vii 0.87(3) 2.17(3) 2.859(2) 136(2)

N1––H13 � � � F3viii 0.83(3) 2.11(4) 2.901(2) 161(4)

N2––H2 � � �O1 0.84(3) 2.07(3) 2.899(2) 172(3)

N3––H3 � � � F1ix 0.80(3) 2.02(3) 2.823(2) 177(3)

a: N––H-distances constrained to 0.89 �A.
Symmetry code of A: (i) x � 1=2, �yþ 3=2, 2� z; (ii) �x, yþ 1=2,
�zþ 3=2; (iii) 2� x, y� 1=2,�zþ 3=2; (iv) x þ 1=2,�yþ 3=2,�zþ 2; (v)
x þ 1=2, �yþ 1=2, �zþ 2; (vi) 1� x, yþ 1=2, �zþ 1=2; (vii) x þ 1=2,
�yþ 1=2,�z; (viii) 1� x, y� 1=2,�zþ 1=2; (ix) x þ 1=2,�yþ 3=2,�z.
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histidinium(2þ) cation shows gauche-conformation (tor-
sion angle C1––C2––C3––C4 of 55.8(2)�), in contrast to
the nearly completely extended trans-conformation in (II)
(torsion angle C1––C2––C3––C4 of 171.3(1)�). As ex-
pected, the C––C––C–N conformation is reciprocal, i.e. the
N1––C2––C3––C4 torsion angles are 175.3(1)� and
50.7(2)�, respectively). This conformational distinction
leads to a different network of hydrogen bonds. Generally,
the hydrogen bonds in (II) are considerably stronger than
those in (I), judged by the distances, as most of the hydro-
gen bonds, except one (O––H � � �O), are at the level of van
der Waals interactions. The intramolecular bond lengths
and angles are listed in Table 3.

There are several structural similarities between the title
compounds and those of L-histidine nitrates [17], espe-
cially L-histidine dinitrate [18, 19], and L-histidine perchlo-
rate [21]. The structure of L-histidine dinitrate (L-
His2þ � 2NO3

�) is characterized by one L-histidinium(2þ)
cation, connected to two crystallographically different
NO3

– anions via an extensive hydrogen bond network. As
in (II), the L-histidinium(2þ) cation has trans-conforma-
tion (torsion angle C1––C2––C3––C4 of �179�), and the
geometry of the whole molecule is similar to that in (II)
(Fig. 4a). The compound crystallizes in the same orthor-
hombic space group as the title compounds, namely
P212121. This is also the case for L-histidinium(þ) nitrate
monohydrate (L-Hisþ � NO3

� � H2O) [17], in which there is
one moiety each in the asymmetric unit, the L-histidi-
nium(+) moiety also extended to trans-conformation (tor-
sion angle C1––C2––C3––C4 of �172.2(2)�, Fig. 4b). The
same applies to L-histidinium(þ) perchlorate (L-Hisþ
� ClO4

�) [21], the torsion angle C1––C2––C3––C4 being
176.8(2)�). This species has monoclinic symmetry (P21,
Fig. 4c).

Most interestingly, the title compounds differ also in
respect of their nonlinear optical activity. Preliminary as-
sessment of their nonlinear optical activity, employing
powder SHG tests, showed that (II) gives a relatively
strong second harmonic signal, in contrast to (I) which
does not give any noticeable signal [12].

3.3 IR and Raman spectra

The vibrational spectra of the title compounds are shown
in Figs. 5 and 6, wavenumbers are collected in Table 4.
The main characteristic vibrations of the spectra of (I) and

(II) can be assigned based on IR and Raman spectra of
aqueous solutions of L-histidine in different states of pro-
tonation [27] and vibrational spectra of L-histidine nitrates
[17], and L-histidinium(þ) perchlorate and L-histidi-
nium(þ) tetrafluoroborate [28].

The presence of L-histidinium(2þ) cations is reflected
by absorption bands at 1736 and 1727 cm�1 and Raman-
lines at 1742 and 1729 cm�1, respectively, caused by
stretching vibrations of C¼O bonds in the COOH groups.
The respective values in the spectrum of L-His2þ � 2 NO3

�

[17] are equal to 1729 cm�1 (IR) and 1735 cm�1 (Raman).
In the region 3500–2500 cm�1 one can expect stretching

392 A. M. Petrosyan, M. Fleck and V. V. Ghazaryan

Fig. 4. Structure of (L-His2þ � 2 NO3
�) viewed along [1 0 0] (left, [19]), (L-Hisþ � NO3

� � H2O) viewed along [0 1 0] (middle, [17]), and
(L-His2þ � 2BF4�) viewed along [1 0 0 ] (right, [26]). Note that in all cases the conformations of the L-histidinium molecules are trans.

Fig. 5. IR and Raman spectra of L-His2þ � NO3
� � ClO4

� (I).



T
h
is
 a
rtic

le
 is
 p
ro
te
c
te
d
 b
y
 G
e
rm

a
n
 c
o
p
y
rig

h
t la

w
. Y

o
u
 m

a
y
 c
o
p
y
 a
n
d
 d
is
trib

u
te
 th

is
 a
rtic

le
 fo

r y
o
u
r p

e
rs
o
n
a
l u

s
e
 o
n
ly
. O

th
e
r u

s
e
 is
 o
n
ly
 a
llo

w
e
d
 w
ith

 w
ritte

n
 p
e
rm

is
s
io
n
 b
y
 th

e
 c
o
p
y
rig

h
t h

o
ld
e
r. 

vibrations of C–H, N––H and O––H bonds. The character-
istic stretching vibrations n(C––H) of the imidazole ring,
which are usually observed at approximately
3150(�50) cm�1 [1] are visible as sharp peaks at 3163
and 3148 cm�1 (IR) and at 3170 and 3159 cm�1 (Raman),
respectively. The peaks at higher wavenumbers (3210,
3306, 3359 cm�1 for (I) and 3235, 3282 cm�1 for (II) and
respective Raman lines) have been assigned to stretching
vibrations of N––H bonds. The displacement of the
(N––H) peaks towards lower frequencies in (II) corre-
sponds to stronger hydrogen bonds compared with the hy-
drogen bonds in (I). Additional peaks at 3020, 2977,
2949 cm�1 for (I) and at 3001 and 2969 cm�1 for (II) as
well as the respective weak bands in the IR spectrum were
assigned to aliphatic CH and CH2 groups. The O––H-
stretching vibration is most probably visible in the broad
band at approximately 2516 cm�1 due to the O � � �O
(2.617(2) �A) hydrogen bond in (I), which usually does not
appear in Raman spectra. The broadening of the band in
the region near 2500 cm

�1 (Fig. 6) may be caused by
O––H-stretching vibrations in addition to more stronger
N––H � � �O type hydrogen bonds.

The anions (NO3
� and ClO4

� or BF4�) also have char-
acteristic peaks in the IR and/or Raman spectra. The most

characteristic scattering line of the nitrate anion is the one
at 1045(�10) cm�1 [17], caused by symmetric stretching
vibration. In the Raman spectra of both title compounds,
this line is visible at 1042 cm�1. Respective lines in the
spectra of L-Hisþ � NO3

� � H2O, L-Hisþ � NO3
� and L-

His2þ � 2 NO3
� appear at 1049, 1042 and 1046 cm�1 [17].

The symmetric stretching vibration of NO3
� anions is of-

ten absent in the IR spectrum, since this vibration is inac-
tive for free anions in the absorption spectrum. However,
distortion of the NO3

� anion due to hydrogen bond may
lead to observation of this vibration. As was mentioned
above, the bond N4–O1 is noticeably longer than two
others. So bands at 1038 cm�1 and 1037 cm�1 in the IR
spectra may relate to this vibration. The strong absorption
bands in the spectrum of (I) at 1295 cm�1 and at
1331 cm�1 in the spectrum of (II) are probably caused by
asymmetric stretching vibration of the nitrate anion. Prob-
able assignment of deformation vibrations is indicated in
Table 4.

The most characteristic vibrations of the ClO4
� and

BF4� anions are asymmetric stretching in the IR spectrum
and symmetric stretching in the Raman spectrum. These vi-
brations appear in the spectra of L-histidinium(+) perchlo-
rate at 1065 cm�1 and 930 cm�1, and in those of L-histidi-
nium(+) tetrafluoroborate at 1027 cm�1 and 770 cm�1 [28].
The respective vibrations can be observed also at
1065 cm�1 (IR) and at 937 cm�1 (Raman) for (I), and at
1069 cm�1 (IR) and at 769 cm�1 (Raman) for (II), although
the latter is not as intensive as the one of the perchlorate
anion. Assignment of deformation vibrations is indicated in
Table 4.

4. Conclusion

In the present work, we have reported the preparation, crys-
tal structure and vibrational spectra of L-histidinium(2þ)
nitrate-perchlorate and L-histidinium(2þ) nitrate-tetrafluor-
oborate. Both crystals are apparently formed via a similar
mechanism and exhibit similar unit cell dimensions with the
same symmetry (P212121). Although the packing manner of
both structures is also similar, the conformations of the L-
histidinium(2þ) cations are different, which leads to differ-
ent hydrogen bond networks and – more remarkable – dif-
ferent nonlinear optical activity. Interestingly, among the ti-
tle compounds and the related salts of L-histidine dinitrate
(L-His2þ � 2 NO3

�) [18, 19], L-histidinium(þ) nitrate mono-
hydrate (L-Hisþ � NO3

� � H2O) [17], and L-histidinium(þ)
perchlorate (L-Hisþ � ClO4

�) [21], species (I) is the only one
where the carbon backbone of the L-histidinium(2þ) cation
shows gauche-conformation. In all other cases, the confor-
mation is trans.

With this contribution, we have extended the knowl-
edge of the solid state chemistry of mixed salts of ami-
no acids, which are not only interesting from a chemi-
cal point of view, but might also serve as a source of
materials with interesting physical properties, as has
been shown before for various other amino acid salts
[29, 30].

Mixed salts of L-histidinium 393

Fig. 6. IR and Raman spectra of L-His2þ � NO3
� � BF4� (II).
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Table 4. Wavenumbers and assignments in the IR and Raman spectra of the title compounds (Im – imidazole, n – stretching, d – deformation,
w – wagging, r – rocking, sh – shoulder).

L-His2þ � NO3
� � ClO4

� (I) L-His2þ � NO3
� � BF4� (II) Assignment

IR Raman IR Raman

3359 3363 3282 3287 n(NH)

3306 3314 3235 n(NH)

3210 3212 sh 3190 sh n(NH)

3163 3170 3148 3159; 3151 n(CH) Imþ

3121 3123 sh n(NH)

3084; 3045 3095 Sum tone?

3019 3020 3031 3009; 3001 n(CH) CH

2977; 2887 2977; 2949; 2874 2970 2969 n(CH) CH2

2790; 2644 2934; 2875 2876 Sum tone

2516 n(O––H)

2448 Sum tone

2186; 2019 2624 Sum tone

1867 Sum tone

1736 1742 1727 1729 n(C¼O) COOH

1623; 1600; 1574 1624; 1579 1627; 1612; 1589 1628 das(NH3
þ); n(C¼C); n(C¼N) Imþ

1522; 1492 1512 1526 1529 ds(NH3
þ)

1466 1472 1486; 1457 1488 d(CH2)

1447 1447 1445 1442

1413 1430 1422

1387 sh 1385 1397

1335 1350 1365 1367 ring stretching

1304; 1295 1300; 1298 1331; 1326 nas(NO3
�)

1292 sh 1288

1266 1265 1264 1266 n(C––OH)

1234 1239 1235 w(CH2)

1185 1187 1190; 1172 sh 1187 r(NH3
þ)

1177 1173 1125; 1098 sh 1131 r(NH3
þ)

1158; 1145 1156 r(NH3
þ)

1093 sh; 1081 sh 1078 1085 1092 n(C-N)

1069 1070 nas(BF4�)
1065 nas(ClO4

�)
1042 1042 ns(NO3

�)
1038 1037 ns(NO3

�) ?
987 990 1009

937 ns(ClO4
�)

926 919 sh 937; 919; 902 936;903

884 890 844 850

833; 816 835 sh; 818 827 sh; 808 822 ds(NO3
�)

767 771; 760 775; 768

769 ns(BF4�)
731 734

712 715 730 731 das(NO3
�)

665 667 703 707 ring deformation

664 640

624;617 628 das(ClO4
�)

624 626 sh

508 511

536; 529; 519 531 das(BF4�)
464 ds(ClO4

�)
464 390 412 413; 367

353 ds(BF4�)
346; 245 346; 309; 218
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