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a b s t r a c t

Three new hybrid crystals of 2-aminophenol-HClO4 (2-AP-HClO4,1), 3-aminophenol-HClO4 (3-AP-HClO4, 2)
and 4-aminophenol-HClO4 (4-AP-HClO4, 3) were obtained and their crystal structures determined. The 1
crystallises in centrosymmetric space group C2/c of monoclinic system while the other two (2 and 3) crys-
tallise in the non-centro symmetric space group P21 and P212121, respectively. The oppositely charged units of
the crystals, i.e. positively charged 2-APHþ, 3-APHþand 4-APHþ and ClO4

�, interact viaweak Nþ–H/O and O–
H/O hydrogen bonds forming 3D-supramolecular network. Relative to KDP the SHG efficiencies are 0.62 for
2 and 0.33 for 3, measured at 1064 nm using the Kurtz–Perry method.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

In recent years the studies on the self-assembly of organic and
inorganic molecules in the solid state have become intense
research activity due to their physical and chemical properties as
well as due to their applications [1–5]. Crystal engineering utilises
molecules that can form multiple interactions with the neighbours
[6–8]. Many different types of hydrogen bonds, N–H/N, N–H/O,
O–H/N and O–H/O, are the main key for organisation of mole-
cules in solid, especially the molecules containing complementary
arrays of hydrogen bonding sites [9–14].

A great attention has been devoted to obtaining new molecular
materials for nonlinear optics [15–18]. One of the methods is based
on the acid–base hydrogen bond interactions and molecular
recognition [19–23]. These molecular crystals are built up of an
inorganic/organic acids and organic base. The acid part of the
molecular crystal is responsible for favourable chemical and
mechanical properties, due to the directional and strong hydrogen
bond interactions, while the organic part due to its relatively high
hyperpolarisability is mainly responsible for the nonlinear optical
properties of the crystals [24,25]. In this approach the individual
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molecules are treated as independent units and the bulk properties
can be thought of as being built up of the individual molecules with
the corresponding properties [26].

In building acid–base hybrid crystals, it is interesting to
note that perchloric acid forms molecular crystals with different
organic bases that exhibit nonlinear optical properties [27].
The present work describes three hybrid crystals formed
by perchloric acid with 2-aminophenol, 3-aminophenol and
4-aminophenol.
2. Experimental

2.1. Preparation of the crystals

All materials were commercially available (Aldrich) and used as
received. Aqueous solutions of perchloric acid and the respective
aminophenol (in stoichiometric proportions) were prepared and
left to react at 360–370 K. When the solutions became homoge-
nous, they were cooled to the ambient temperature. After several
days the crystals of the 1:1 complex were obtained by slow evap-
oration. Elemental analyses were carried out with a Perkin-Elmer
2400 elemental analyser. Infrared spectra were recorded on
a Bruker IFS-88 spectrometer at a resolution of 2 cm�1 using
samples in Nujol. Elemental analysis and IR spectra confirm the
chemical formulae of the title compounds.
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Table 1
Crystallographic data and structure refinement parameters.

Compound 1 2 3

Formula C6H8NO$ClO4 C6H8NO$ClO4 C6H8NO$ClO4

Molecular weight 209.58 209.58 209.58
Temperature [K] 295 295 295
Crystal system Monoclinic Monoclinic Orthorhombic
Space group C2/c P21 P212121

a (Å) 20.400(3) 7.309(2) 7.230(1)
b (Å) 11.666(2) 6.303(1) 7.327(1)
c (Å) 7.685(2) 9.395(2) 16.686(3)
b (�) 104.34(1) 107.78(1)
V (Å3) 1771.9(6) 412.14(16) 883.9(2)
Z 8 2 4
Dcalc [g cm�3] 1.57 1.685 1.57
Dobs. [g cm�3] 1.571 1.689 1.575
m (mm�1) 0.420 0.450 0.423
Crystal size (mm3) 0.42� 0.30� 0.22 0.40� 0.28� 0.22 0.36� 0.30� 0.22
Total/unique/observed

reflections (Rint)
9764/1974/1588
(0.010)

5588/1978/1797
(0.011)

11791/2129/1771
(0.019)

R [F2> 2s(F2)]a 0.025 0.020 0.036
wR [F2 all refls] 0.062 0.047 0.099
S 1.002 1.001 1.010
Flack parameter 0.07(4) 0.09(9)
Drmax, Drmin (e Å�3) þ0.176, �0.123 þ0.162, �0.198 þ0.196, �0.213

a w¼ 1/[s2(Fo
2)þ (0.00281P)2þ 0.5027P] for 1, w¼ 1/[s2(Fo

2)þ (0.0302P)2þ 0.012P]
for 2 and w¼ 1/[s2(Fo

2)þ (0.041P)2þ 0.05P] for 3 where P¼ (Fo
2þ 2Fc

2)/3.
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2.2. Single crystal X-ray crystallography

Suitable single crystals of 2-aminophenol-HClO4 (1), 3-amino-
phenol-HClO4 (2) and 4-aminophenol-HClO4 (3) were used for data
collection on a four-circle KUMA KM4 diffractometer equipped
with two-dimensional CCD area detector. The graphite mono-
chromatized Mo-Ka radiation (l¼ 0.71073 Å) and the u-scan
technique (Du¼ 1�) were used for data collection. Data collection
and reduction along with absorption correction were performed
using CrysAlis software package [28]. The structures were solved by
direct methods using SHELXS-97 giving positions of almost all non-
hydrogen atoms. The remaining atoms were located from subse-
quent difference Fourier syntheses. The structures were refined
using SHELXL-97 [29] with the anisotropic thermal displacement
parameters. Hydrogen atoms of the aromatic ring were located
from the difference Fourier maps, but in the final refinement the
positions of all hydrogen atoms were constrained: thermal
parameters and distances. Details of the data collection parameters,
crystallographic data and final agreement parameters are collected
in Table 1. Selected geometrical parameters are listed in Table 2.
Table 2
Geometric parameters (bond lengths in Å, bond angles in �).

Compound 1 Compound 2 Compound 3

Cl1–O1 1.4135(11) 1.4171(10) 1.4211(14)
Cl1–O2 1.4271(11) 1.4179(9) 1.4178(19)
Cl1–O3 1.4329(11) 1.4341(11) 1.4204(17)
Cl1–O4 1.4339(11) 1.4354(12) 1.4246(14)
C1–C6 1.380(2) 1.3756(16) 1.356(3)
C1–C2 1.3833(17) 1.3859(17) 1.368(2)
C2–C3 1.3738(18) 1.3705(18) 1.371(3)
C3–C4 1.380(2) 1.3705(19) 1.368(3)
C4–C5 1.384(2) 1.370(2) 1.354(3)
C5–C6 1.374(2) 1.3725(17) 1.383(3)
O5–Cring 1.3655(16) 1.3566(15) 1.376(2)
N1–Cring 1.4718(16) 1.4603(14) 1.4638(19)
O1–Cl1–O2 109.90(8) 110.03(6) 111.17(13)
O1–Cl1–O3 109.56(8) 108.43(7) 111.12(12)
O1–Cl1–O4 107.56(7) 109.28(8) 107.59(10)
O2–Cl1–O3 110.70(7) 109.46(6) 110.00(15)
O3–Cl1–O4 110.58(8) 109.35(8) 108.19(13)
2.3. Second harmonic generation (SHG)

Second harmonic generation properties were measured for the
solid state samples at the fundamental wavelength (1064 nm) of a Q-
switched Nd:YAG laser using the modified Kurtz–Perry method [30].

3. Results and discussion

3.1. Crystal structure of 2-AP-HClO4 (1)

The asymmetric unit of 1 with the atomic labelling scheme is
illustrated in Fig. 1a. The C–N bond linking the protonated amine
group is longer by w0.05 Å than that in neutral 2-aminophenol
[31]. The C–OH and C–C bonds within the aromatic ring are
comparable to that found in the crystal of a neutral 2-aminophenol.
b
c

a
b

c

c

Fig. 1. View of the asymmetric unit of 1 (a), 2D-layer of hydrogen-bonded o-AFHþ and
ClO4

� (b) and the 2D-layers (c).



Table 3
Geometry of the hydrogen bonds (Å, �).

Compound 1
A–H/D d(A–H) d(H/D) d(A/D) <(AHD)
N1–H11/O3 0.89 2.24 3.0038(16) 144
O5–H1/O2i 0.82 2.05 2.8245(16) 158
N1–H12/O4ii 0.89 2.32 3.1762(18) 160
N1–H13/O1iii 0.89 2.10 2.9339(17) 156
Symmetry code: i¼�xþ½, yþ½, �zþ½; ii¼�x, �yþ 1, �z; iii¼ x, �yþ 1, zþ½.

Compound 2
O5–H5/O1i 0.88(2) 1.938(19) 2.7943(14) 163(2)
O5–H5/O2i 0.88(2) 2.557(19) 3.0008(13) 112(1)
N1–H11/O4 0.89 2.28 3.0088(17) 140
N1–H12/O3ii 0.89 2.09 2.957(2) 165
N1–H13/O5iii 0.89 2.07 2.8803(16) 150
N1–H13/O2iv 0.89 2.50 3.1288(14) 128
Symmetry code: i¼ x, y� 1, zþ 1; ii¼ x, y� 1, z; iii¼�xþ 1, yþ½, �zþ 1;

iv¼�xþ 1, y�½, �z.

Compound 3
N1–H11/O1i 0.89 2.05 2.881(2) 157
N1–H12/O3 0.89 2.12 2.862(2) 139
N1–H13/O4ii 0.89 2.10 2.951(2) 160
O5–H5O/O2iii 0.82 2.30 3.066(2) 155
O5–H5O/O4iv 0.82 2.37 2.865(2) 120
Symmetry code: i¼ x�½, �yþ½, �z; ii¼ x� 1, y, z; iii¼�xþ½, �yþ 1, zþ½;

iv¼�xþ 1, y�½, �zþ½.
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The perchlorate anion, ClO4
�, exhibits slightly distorted tetrahedral

geometry with the Cl–O distances ranging from 1.4135(11) to
1.4354(12) Å. Each 2-APHþ cation is linked by three relatively weak
Nþ–H/O and one O–H/O hydrogen bonds to the four perchlorate
anions (Table 3). Two 2-APHþ cations and two ClO4

� anions related
by an inversion center are joined together via two pairs of Nþ–H/O
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Fig. 2. The asymmetric unit of 2 (a), N–H/O hydrogen-bonded chain of o-AFHþ cati
hydrogen bonds forming dimeric [2-APHþ$ClO4
�]2 units. These

units interact to each other by the hydrogen bonds between the
phenolic hydroxyl group (donor) and one of oxygen atom (O2) of
perchlorate anions forming infinitive 2D-layers (Fig. 1b). These
layers are almost parallel to (10–1) crystallographic plane (Fig. 1c).
The neighbouring layers interact via Nþ–H/O hydrogen bonds
forming a 3D supramolecular network.

3.2. Crystal structure of 3-AP-HClO4 (2)

The asymmetric unit of 2 with the atomic labelling scheme
illustrated in Fig. 2a. The 3-APHþ cations related by a screw twofold
axis interact by a pair of Nþ–H/O hydrogen bonds between the
protonated amine group as a donor and phenolic hydroxyl group as
an acceptor forming chains running along the b-axis (Fig. 2b). The
chains interact via Nþ–H/O hydrogen bonds with the perchlorate
anions forming double layers. In the crystal the double layers are
running parallel to (100) crystallographic plane (Fig. 2c). The
double layers interact only by the van der Waals forces. In the
crystal no p–p interactions between the aromatic rings are
observed, since the closest neighbouring rings are not parallel, but
inclined by an angle of 44.4(1)�. The C–N bond linking the
protonated amine group with a distance of 1.4604(14) Å is longer
than that in the crystal of neutral 3-aminophenol (1.424(2) Å). The
C–OH and C–C bond lengths are comparable to that found in the
crystal of neutral 3-aminophenol [32].

3.3. Crystal structure of 4-AP-HClO4 (3)

The asymmetric unit of 2 with the atomic labelling scheme is
illustrated in Fig. 3a. The C–N bond linking the protonated amine
O1

Cl1

O2

ons (b) and the arrangement of 2 in the unit cell showing the double layers (c).
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Fig. 3. The asymmetric unit of 3 (a), packing of 3 in the unit cell showing N–H/O and O–H/O hydrogen bonds (b) and 1D arrangement of p-AFHþ cations in chain (c).
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group is longer by w 0.03 Å than that found in the crystal of neutral
4-aminophenol [33]. The C–OH bond and C–C bonds within the
aromatic ring are comparable to that found in the crystal of a neutral
4-aminophenol. The protonated amine group NH3

þ interacts via Nþ–
H/O hydrogen bonds with three different perchlorate anions. The
phenolic hydroxyl group as a donor is involved in the bifurcated
hydrogen bonds with two perchlorate anions as acceptors (Table 3).
The oppositely charged units, i.e. 4-APHþ and ClO4

�, interact to each
other forming the hydrogen bonded 3D-supramolecular network
(Fig. 3b). It is interesting to note that the 4-APHþ cations related by
a screw twofold axis are forming 1D-polymer along the crystallo-
graphic c axis (Fig. 3c). The oppositely polarised groups of 4-APHþ

(OH and NH3) may interact electrostatically since the distance
between the O and N atoms is relatively short (N1/O5# 2.898(2) Å #
�xþ 0.5, �yþ 1, z�0.5).
3.4. Second harmonic generation (SHG) properties

The second harmonic generation properties were measured on
crystalline samples that were irradiated at 1064 nm and the second
harmonic beam power diffused by the samples at 532 nm were
measured as a function of the fundamental beam power. The SHG
efficiency relative to KDP was found to be 0.62 for 2 and 0.33 for 3. The
sample of 1 was optically inactive, since this 2-aminophenol-HClO4

hybrid complex crystallises in the centrosymmetric C2/c space group.
3.5. Infrared spectroscopy

The FT-IR spectra of the o-, m- and p-ammoniumphenol
perchlorate complexes were recorded at room temperature
(Fig. 4a,b and c). In all spectra there are observed the bands for
perchlorate anion. For an isolated ClO4

� group with Td symmetry
nine normal modes manifested as four bands (n1, n2, n3 and n4) can be
expected. According to the literature data [34] the frequencies are:
n3 (F2)¼ 1119 cm�1 (antisymmetric stretching), n1 (A1)¼ 928 cm�1

(symmetric stretching), n4 (F2)¼ 625 cm�1 (in-plane deformation)
and n2 (E)¼ 459 cm�1 (out-of-plane deformation). The similarity of
spectroscopic behaviour between tetrahedral ClO4

� and SO4
2� was

noted [35,36]. There is no band observed in the spectra of 1, 2 and 3
at about 890 cm�1 (Cl–OH stretching). This corroborates the slightly
distorted conformation of ClO4

� from ideal tetrahedral symmetry
with Cl–O distances ranging from 1.4135(11)–1.4354(12) Å (see
Table 2). Due to the lower symmetry of ClO4

� from Td, the splitting
can be observed for the doubly degenerate n2 and triply degenerate
n3 and n4 modes. The assignment of the bands corresponding to
particular modes of ClO4

� anion is given in Table 4. Besides the
characteristic bands of ClO4

� anion, the majority of the bands
observed in the infrared spectra of the title compounds belong to
aromatic ring modes of o-AF, m-AF and p-AF isomers. Additionally,
only some of the bands may be assigned to the NH3

þ and OH groups
of ammoniumphenol isomers, as well as for the Nþ–H/O and O–
H/O types of hydrogen bonds. For the assignment of the phenyl
ring modes the classical works of Herzberg [37] and Miller [38] are
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Fig. 4. Room temperature FT-IR spectra of o-ammoniumphenol perchlorate (a),
m-ammoniumphenol perchlorate (b) and p-ammoniumphenol perchlorate (c).

Table 4
Wavenumber (cm�1) and relative intensitiesa of the bands in infrared spectra of
1, 2 and 3.

1 (o-AFHþ)ClO4
� 2 (m-AFHþ)ClO4

� 3 (psAFHþ)ClO4
� Assignments

3443sb 3359sb 3429sb NH3
þ asym stretch

3169sb 3196sb 3182sb NH3
þ sym stretch

2676w 2668w 2681w
2576w 2574w 2578w
1637m 1617m 1640s
1609m 1611m Ring stretch
1575m 1580m 1582sh NH3

þ asym def; N–H/O
in plane def

1508sh 1510sh 1510sh NH3
þ asym def

1497s 1494s 1496s Ring stretch
1466s 1466s 1466s Nujol
1418sh 1420sh 1418sh
1377m 1377m 1377m Nujol
1343s 1344sh 1345s
1316m 1317m 1318m N–H/O and O–H/O

in plane def
1281s 1289s 1287s N–H/O and O–H/O

in plane def
1225m 1249m 1235m N–H/O and O–H/O

in plane def
1195sh 1196sh 1195sh N–H/O and O–H/O

in plane def
1166sb 1168sh 1167sh N–H/O and O–H/O

in plane def
1148sh 1147sh 1147sh ClO4

� asym stretch, n3 (F2)
1100sb 1100sb 1100sb ClO4

� asym stretch, n3 (F2)
1047sh 1039sh 1042sh ClO4

� asym stretch, n3 (F2)
1016sh 1018m 1020s 6(A1) mode of phenyl ring
1000sh 999sh 1000sh ring C]C sym stretch
940w 939s 938w ClO4

� sym stretch, n1 (A1)
849s 861m 853s
752s 784s In plane ring def
742s 734m 742s In plane ring def
628s 629s 628s ClO4

� asym def, n4 (F2)
616sh 619sh 617sh ClO4

� asym def, n4 (F2)
544m 541w 544m ClO4

� sym def, n2 (E2)
455w 460sh 470m ClO4

� sym def, n2 (E2)

a Abbreviations: s – strong, m – medium, w – weak, sh – shoulder, b – broad.
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helpful. The sharp strong bands at w3380 and w3300 cm�1 for o-AF
and m-AF and at w3355 and w3285 cm�1 for p-AF in the spectra of
aminophenol isomers corresponding to amine group (i.e. antisym-
metric and symmetric stretching) are broaded and shifted in the
spectra of perchlorate salt due to intermolecular interactions
through hydrogen bonds. According to the X-ray data, all three
protons of NH3

þ group are involved in weak hydrogen-bonding
interactions (Table 3). A broad and intense absorption in the range
3600–2700 cm�1 can be assigned to antisymmetric and symmetric
stretching vibrations of NH3

þ and OH groups interacting through
hydrogen bonds with oxygen atoms of perchlorate anions. The
several bands at w150, w1318, w1289 and w1166 cm�1 which
originate from in-plane deformations of the hydrogen bonds are
observed in the spectra of 1, 2 and 3. The strong infrared band at
about 744 cm�1 can be assigned to the in-plane ring deformations.
The very broad band at w1100 cm�1 is characteristic for all spectra
and are assigned to the asymmetric stretching n3 mode that splits in
three overlapped bands (w1147, w1100 and w1170 cm�1).
4. Conclusion

The hybrid acid–base crystals of three isomers of aminophenol
with perchloric acid have been prepared and their crystal struc-
tures determined. Protonation of the amine group leads to elon-
gation of the Car–NH3 bond by w 0.05 Å in relation to the neutral
molecule. The acid–base hydrogen bonding interactions lead to
a self-assembly organisation forming the 3D supramolecular
architecture. Two crystals of perchlorate salts of 3-AP and 4-AP
isomers exhibit interesting nonlinear properties. The perchlorate
salt of 2-AP isomer is optically inactive since it crystallises in the
centrosymmetric space group. The organic parts of perchlorate
salts, i.e. 3-APHþ and 4-APHþ, are mainly responsible for these NLO
properties due to the presence of both electron donor and electron
acceptor groups in the p-electron system. The influence of the
hydrogen bonding on the enhancement of the hyperpolarisability
of the cationic parts of the crystals as well as the contribution of
vibrational hyperpolarisability to the nonlinear optical properties
should be taken into account.
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Supplementary material

The X-ray crystallographic data for the structures reported in
this paper have been deposited at the CCDC as supplementary data,
CCDC Nos. 705365, 705366 and 705367. Copies of the data can be
obtained on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK. E-mail: deposit@ccdc.cam.ac.uk.
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