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a  b  s  t  r  a  c  t

Complexes  of  perchloric  acid  with  interesting  physical  properties  are  investigated  in  details.  Single
crystals  of  2-hydroxyanilinium  perchlorate  (abbreviated  as  2HAP-ClO4),  3-hydroxyanilinium  perchlo-
rate (abbreviated  as  3HAP-ClO4), and  4-hydroxyanilinium  perchlorate  (abbreviated  as  4HAP-ClO4)  were
grown by  the  slow  evaporation  technique  and  vibrational  spectral  analysis  was  carried  out  using  Far-IR
and Fourier  transform  IR spectroscopy.  The  density  functional  theoretical  (DFT)  computations  were  also
performed  at  the  B3LYP/6-311++G(d,p)  level  to  derive  the  equilibrium  geometry,  vibrational  wavenum-
bers  and intensities.  The  detailed  interpretation  of the  vibrational  spectra  has  been  carried  out with  the  aid
of normal  coordinate  analysis  (NCA)  following  the  scaled  quantum  mechanical  force  field  methodology.

© 2011 Elsevier B.V. All rights reserved.

-Hydroxyaniline
ydrogen bonding
ifferential scanning calorimetry
hase transitions
T-IR spectroscopy
tructure–spectra correlation

econd harmonic generation (SHG)

. Introduction

We  paid our attention on perchloric acid because this acid forms
nteresting complexes with organic cations [1].  Some complexes of
erchloric acid exhibit such nonlinear optical properties as second
armonic generation (SHG). The example is l-arginine perchlorate
2,3]. Second harmonic generation was also found for complexes
f guanidine and l-leucine with perchloric acid [4].  The perchlo-
ate anion was the subject of crystallographic studies [5]. There are
any examples of perchlorates exhibiting structural phase tran-

itions connected with the ordering of perchlorate anions. Such
henomenon was observed in solid trimethylammonium perchlo-
ate by Stammler et al. [6].  Mylrajan [7] studied molecular motions
n tetragonal tetramethylammonium perchlorate with the help
f vibrational spectroscopy. Pyridinium perchlorate reveals two

tructural phase transitions at 233 and 345 K, the second one being
f ferroelectric type [8,9]. P–T phase diagram of this compound was
tudied by Czarnecki et al. [10].
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Among crystals comprising perchlorate anions, the most inter-
esting for us are non-centrosymmetric because of the non-linear
optical properties. For example, the pronounced second harmonic
generation was  found in l-leucinium perchlorate (SHG efficiency
d = 0.44dKDP), anilinium perchlorate (SHG efficiency d = 0.20dKDP)
and 4-nitroanilinum perchlorate [11]. Such results depend on
noncentrosymmetric crystal structures of these crystals. Systems
containing perchlorate anions exhibit structural phase transitions
due to disorder of oxygen atoms. Such systems were intensively
studied crystallographically [5] and spectroscopically [12]. Phase
transitions were discovered for three crystalline complexes of
melamine, l-leucine and l-arginine [4].  Perchlorate anions were
the subject of investigations not only in condensed phase. Quite
recently, Ji et al. [13], studied large angular jump mechanism
observed for hydrogen bond exchange in aqueous perchlorate
solution. Such studies are extremely important, as the detailed
mechanism for H-bond switching in aqueous solution remains
uncertain.

In the present work, we report the results of X-ray, theoret-
ical and experimental vibrational spectra, differential scanning

calorimetry (DSC), molecular orbital energies and molecular
electrostatic potential (MESP) of 2, 3 and 4-hydroxyanilinium per-
chlorate compounds. The electronic and spectroscopic properties,
phase transition of these have not yet been studied in detail

dx.doi.org/10.1016/j.vibspec.2011.12.001
http://www.sciencedirect.com/science/journal/09242031
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Table  1
The chain patterns of hydrogen bonds and the symmetry operation in the crystal structure of 2-, 3- and 4-hydroxyanilinium perchlorate (2HAP-ClO4, 3HAP-ClO4, 4HAP-ClO4).

Descriptor of a pattern Form Symmetry operation Position in the unit cell

2HAP-ClO4

C2
2(6) Left-handed helix ⊥ b c (glide plane) x, ½, z

C2
2(9) Left-handed helix || b 21 ¼, y, ¼

3HAP-ClO4

C(6) Left-handed helix || b 21 ½, y, ½
C2

2(6) Simple chain Translation along b
C2

2(10) Simple chain Translation along c
C2

2(10) Simple chain Translation along [0 1 1̄]
4HAP-ClO4

C2
2(6) Simple chain Translation along a

C2
2(6) Left-handed helix || a 21 x, ½, 0

C2
2(6) Right-handed helix || a 21 x, ½, 0

C1 (9) Right-handed helix || b 2 0, y, ¼

t
t
s
D
f
i
t
b

2

2

h
a
p
t
h
c

2

C2
2(11) Left-handed helix || b 

C2
2(11) Right-handed helix || c 

o the best of our knowledge. Therefore, the present investiga-
ion was undertaken to study the molecular structure, vibrational
pectra and phase transition of these compounds completely.
ensity Functional Theory (DFT/B3LYP) calculations have been per-

ormed to support our wavenumber assignments. Furthermore, we
nterpreted the calculated spectra in terms of total energy dis-
ributions (TED’s) and made the assignment of the experimental
ands.

. Experimental

.1. Preparation

The starting compounds, 2-hydroxyaniline (Aldrich, 99%), 3-
ydroxyaniline (Aldrich, 98%), 4-hydroxyaniline (Aldrich, ≥98%)
nd perchloric acid (Aldrich, 70%), were used as supplied and

repared in the ratio of 1:1. The dissolved acid was  added to
he hot solution of 2-hydroxyaniline, 3-hydroxyaniline and 4-
ydroxyaniline with the help of dropper. After the solution was
ooled to room temperature, it remained clear, without any

Fig. 1. Optimized molecular structure and atomic num
1

21 ½, y, ¼
21 ¼, 0, z

precipitants. Then, the solution was purified with the aid of active
charcoal. The solution slowly evaporated during a few days till the
crystals appeared.

2.2. Spectroscopic measurements

The vibrational measurements were carried out at room tem-
perature. Infrared spectra were taken with a Bruker IFS-88
spectrometer in the region 4000–80 cm−1 with resolution 2 cm−1.
The polycrystalline powders were achieved by grinding in agate
mortar with pestle. Samples, as suspensions in oil, were put
between KBr wafers. The powder infrared spectra were taken
in Nujol and Fluorolube emulsions to eliminate the bands orig-
inating from used oils. Far-infrared spectra in the 550–50 cm−1

region were measured in Nujol suspension between polyethy-

lene plates. The measured spectra are shown on figures. The
wavenumbers of the bands and their relative intensities are pro-
vided in tables. Bands revealed in this region were added to
tables.

bering of 2, 3, 4 hydroxyanilinium perchlorate.
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Table 2
Optimized geometric parameters of 2, 3 and 4-hydroxyanilinium perchlorate.

Bond lengths 4-Hydroxyaniline-HClO4 Bond lengths 3-Hydroxyaniline-HClO4 Bond lengths 2-Hydroxyaniline-HClO4

B3LYP X-ray B3LYP X-ray B3LYP X-ray

Cl1 O2 1.484 Cl1 O2 1.481 1.417 Cl1 O2 1.484 1.433
Cl1 O3 1.463 Cl1 O3 1.463 1.434 Cl1 O3 1.464 1.413
Cl1 O4 1.528 Cl1 O4 1.530 1.418 Cl1 O4 1.528 1.427
CI1 O5 1.529 Cl1 O5 1.530 1.435 Cl1 O5 1.528 1.432
O4 H17 1.776 O4 H21 1.772 O4 H18 1.770
O5 H15 1.765 O5 H19 1.752 O5 H16 1.774
C6 C7 1.396 1.353 C6 C7 1.395 1.386 C6 C7 1.393 1.380
C6 C13 1.389 1.383 C6 C14 1.397 1.376 C6 C14 1.392 1.374
C6 H18 1.082 0.931 C6 O16 1.361 1.357 C6 H19 1.085 0.930
C7 C8 1.397 1.368 C7 H8 1.085 0.930 C7 H8 1.083 0.930
C7 20 1.361 1.377 C7 C9 1.392 1.370 C7 C9 1.393 1.384
C8 H9 1.085 0.930 C9 H10 1.083 0.930 C9 H10 1.082 0.930
C8 C10 1.390 1.371 C9 C11 1.392 1.371 C9 C11 1.393 1.380
C10 H11 1.085 0.931 C11 H12 1.084 0.930 C11 H12 1.085 0.930
C10 C12 1.390 1.368 C11 C13 1.390 1.370 C11 C13 1.388 1.373
C12 C13 1.390 1.356 C13 C14 1.386 1.372 C13 C14 1.394 1.383
C12 N14 1.469 1.464 C13 N18 1.468 1.460 C13 N15 1.464 1.471
C13 H19 1.085 0.930 C14 H15 1.084 0.930 C14 O20 1.371 1.365
N14 H15 1.051 0.890 O16 H17 0.963 0.883 N15 H16 1.050 0.890
N14 H16 1.018 0.890 N18 H19 1.053 0.890 N15 H17 1.021 0.890
N14 H17 1.050 0.891 N18 H20 1.018 0.890 N15 H18 1.050 0.890
O20 H21 0.963 0.819 N18 H21 1.053 0.890 O20 H21 0.962 0.820

Bond  angles 4-Hydroxyaniline-HClO4 Bond angles 3-Hydroxyaniline-HClO4 Bond angles 2-Hydroxyaniline-HClO4

B3LYP X-ray B3LYP X-ray B3LYP X-ray

O2 Cl1 O3 112.6 O2 Cl1 O3 112.7 O2 Cl1 O3 112.6 109.9
O2 Cl1 O4 108.6 O2 Cl1 O4 108.7 O2 Cl1 O4 108.6 109.5
O2 Cl1 O5 108.6 O2 Cl1 O5 108.7 O2 Cl1 O5 108.6 107.5
O3 Cl1 O4 110.3 O3 Cl1 O4 110.1 O3 Cl1 O4 110.2 110.7
O3 Cl1 O5 110.2 O3 Cl1 O5 110.1 O3 Cl1 O5 110.2 110.5
O4 Cl1 O5 105.9 O4 Cl1 O5 105.8 O4 Cl1 O5 106.0 107.5
Cl1 O4 H17 108.5 Cl1 O4 H12 73.68 Cl1 O4 H18 108.5
Cl1 O5 H15 108.4 Cl1 O5 H19 108.8 Cl1 O5 H16 108.5
C7 C6 C13 119.6 119.8 C7 C6 C14 119.9 120.4 C7 C6 C14 119.4 120.2
C7 C6 H18 119.2 120.8 C7 C6 O16 123.3 123.4 C7 C6 H19 120.6 119.8
C13 C6 H18 121.0 120.0 C14 C6 O16 116.7 117.0 C14 C6 H19 119.9 119.9
C6 C7 C8 120.0 120.2 C6 C7 H8 119.9 119.8 C6 C7 H8 119.2 119.8
C6 C7 O20 117.1 118.0 C6 C7 C9 119.8 120.2 C6 C7 C9 120.7 120.3
C8 C7 O20 122.8 121.7 H8 C7 C9 120.1 119.9 H8 C7 C9 120.0 119.8
C7 C8 H9 120.2 119.8 C7 C9 H10 119.4 119.7 C7 C9 H10 120.4 120.0
C7 C8 C10 120.3 120.2 C7 C9 C11 121.2 120.5 C7 C9 C11 120.0 119.9
H9 C8 C10 119.3 119.8 H10 C9 C11 119.2 119.7 H10 C9 C11 119.5 120.0
C8 C10 H11 120.1 120.3 C9 C11 H12 121.1 121.0 C9 C11 H12 120.9 120.4
C8 C10 C12 118.8 119.3 C9 C11 C13 117.5 117.8 C9 C11 C13 118.8 119.1
H11 C10 C12 120.9 120.3 H12 C11 C13 121.2 121.0 H12 C11 C13 120.1 120.4
C10 C12 C13 121.3 120.5 O4 H12 C11 114.2 C11 C13 C14 121.4 121.3
C10 C12 N14 118.7 112.5 C11 C13 C14 122.7 123.6 C11 C13 N15 120.6 121.1
C13 C12 N14 119.8 120.2 C11 C13 N18 118.4 118.8 C14 C13 N15 117.8 117.3
C6 C13 C12 119.6 119.7 C14 C13 N18 118.8 117.4 C6 C14 C13 119.3 118.9
C6 C13 H19 119.5 120.0 C6 C14 C13 118.6 117.3 C6 C14 O20 124.3 125.4
C12 C13 H19 120.7 120.1 C6 C14 H15 119.1 121.3 C13 C14 O20 116.3 115.6
C12 N14 H15 113.1 109.4 C13 C14 H15 122.2 121.3 C13 N15 H16 113.0 109.4
C12 N14 H16 112.1 109.4 C6 O16 H17 110.2 107.4 C13 N15 H17 110.6 109.4
C12 N14 H17 113.1 109.5 C13 N18 H19 113.0 C13 N15 H18 113.0 109.4
H15 N14 H16 109.4 109.5 C13 N18 H20 112.4 H16 N15 H17 110.2 109.4
H15 N14 H17 98.74 109.4 C13 N18 H21 113.0 H16 N15 H18 98.94 109.5
H16 N14 H17 109.4 109.4 H19 N18 H20 109.5 H17 N15 H18 110.3 109.5
O5 H15 N14 144.7 H19 N18 H21 98.28 O5 H16 N15 143.9
O4 H17 N14 143.8 H20 N18 H21 109.5 O4 H18 N15 144.2
C7 O20 H21 110.4 111.4 O5 H19 N18 144.7 C14 O20 H21 111.0

Dihedral angles 4-Hydroxyaniline-HClO4 Dihedral angles 3-Hydroxyaniline-HClO4 Dihedral angles 2-Hydroxyaniline-HClO4

B3LYP X-ray B3LYP X-ray B3LYP X-ray

O2 Cl1 O4 H17 86.27 O2 Cl1 O4 H12 42.51 O2 Cl1 O4 H18 86.53
O3 Cl1 O4 H17 −149.7 O3 Cl1 O4 H12 166.5 O3 Cl1 O4 H18 −149.5
O5 ClT1 O4 H17 −30.32 O5 Cl1 O4 H12 −74.2 O5 Cl1 O4 H18 −30.16
O2 Cl1 O5 H15 −86.24 O2 Cl1 O5 H19 −88.0 O2 Cl1 O5 H16 −86.48
O3 Cl1 O5 H15 149.83 O3 Cl1 O5 H19 147.9 O3 Cl1 O5 H16 149.5
O4 Cl1 O5 H15 30.39 O4 Cl1 O5 H19 28.75 O4 Cl1 O5H H16 30.19
Cl1 O4 H17 N14 13.50 Cl1 O4 H12 C11 139.5 Cl1 O4 H18 N15 12.74
Cl1 O5 H15 N14 −13.82 Cl1 O5 H19 N18 −14.5 Cl1 O5 H16 N15 −12.90
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Table  2 (Continued)

Dihedral angles 4-Hydroxyaniline-HClO4 Dihedral angles 3-Hydroxyaniline-HClO4 Dihedral angles 2-Hydroxyaniline-HClO4

B3LYP X-ray B3LYP X-ray B3LYP X-ray

C13 C6 C7 C8 0.001 0.55 C14 C6 C7 H8 −179.9 C14 C6 C7 H8 180.0 179.2
C13 C6 C7 O20 −180.0 178.8 C14 C6 C7 C9 0.002 C14 C6 C7 C9 0.001 0.72
H18 C6 C7 C8 −179.9 179.4 O16 C6 C7 H8 0.002 H19 C6 C7 C8 0.001 0.74
H18 C6 C7 O20 −0.006 1.13 O16 C6 C7 C9 −179.9 −178.6 H19 C6 C7 C9 −179.9 −179.2
C7 C6 C13 C12 −0.002 −0.08 C7 C6 C14 C13 −0.001 −1.29 C7 C6 C14 C13 0.007 0.60
C7 C6 C13 H19 179.9 179.9 C7 C6 C14 H15 179.9 178.7 C7 C6 C14 O20 −179.9 −179.8
H18 C6 C13 C12 179.9 179.9 O16 C6 C14 C13 −179.9 179.2 H19 C6 C14 C13 −180.0 −179.3
H18 C6 C13 H19 −0.005 −0.04 O16 C6 C14 H15 0.0007 −0.75 H19 C6 C14 O20 0.004 0.19
C6 C7 C8 H9 179.9 179.2 C7 C6 O16 H17 0.027 21.16 C6 C7 C9 H10 −179.9 −179.6
C6 C7 C8 C10 0.002 −0.67 C14 C6 O16 H17 −179.9 −159.2 C6 C7 C9 C11 −0.001 −0.33
O20 C7 C8 H9 0.002 −1.38 C6 C7 C9 H10 180.0 179.4 H8 C7 C9 H10 0.0008 −0.36
O20 C7 C8 C10 −179.9 178.7 C6 C7 C9 C11 −0.002 −0.51 H8 C7 C9 C11 179.9 179.6
C6 C7 O20 H21 −179.9 152.7 H8 C7 C9 H10 −0.0009 −0.59 C7 C9 C11 H12 −179.9 −179.2
C8 C7 O20 H21 0.002 −26.6 H8 C7 C9 C11 179.9 179.4 C7 C9 C11 C13 0.002 −0.16
C7 C8 C10 H11 179.9 −179.6 C7 C9 C11 H12 179.9 179.6 H10 C9 C11 H12 0.001 −0.12
C7 C8 C10 C12 −0.005 0.31 C7 C9 C11 C13 0.0006 −0.36 H10 C9 C11 C13 179.9 179.8
H9 C8 C10 H11 −0.001 0.45 H10 C9 C11 H12 −0.007 −0.39 C9 C11 C13 C14 −0.001 0.27
H9 C8 C10 C12 −179.9 −179.5 H10 C9 C11 C13 179.9 179.6 C9 C11 C13 N15 −179.9 177.4
C8 C10 C12 C13 0.004 0.16 C9 C11 H12 O4 155.2 H12 C11 C13 C14 179.9 −179.7
C8 C10 C12 N14 −179.9 179.3 C13 C11 H12 O4 −24.7 H12 C11 C13 N15 −0.001 2.49
H11 C10 C12 C13 −179.9 −179.8 C9 C11 C13 C14 0.0007 0.42 C11 C13 C14 C6 0.0001 0.10
H11 C10 C12 N14 0.017 0.63 C9 C11 C13 N18 179.9 177.9 C11 C13 C14 O20 179.9 179.3
C10 C12 C13 C6 −0.0007 −0.27 H12 C11 C13 C14 −179.9 −179.5 N15 C13 C14 C6 179.9 177.0
C10 C12 C13 H19 −179.9 179.6 H12 C11 C13 N18 −0.001 2.11 N15 C13 C14 O20 −0.002 −2.76
N14 C12 C13 C6 179.9 179.2 C11 C13 C14 C6 −0.0003 0.48 C11 C13 N15 H16 −55.7 −100.1
N14 C12 C13 H19 −0.005 −0.83 C11 C13 C14 H15 −180.0 −179.6 C11 C13 N15 H17 179.9 19.86
C10 C12 N14 H15 −55.34 −38.8 N18 C13 C14 C6 −179.9 −178.7 C11 C13 N15 H18 55.62 139.9
C10 C12 N14 H16 −179.7 −158.8 N18 C13 C14 H15 0.006 −1.26 C14 C13 N15 H16 124.2
C10 C12 N14 H17 55.92 81.1 C11 C13 N18 H19 −55.32 30.44 C14 C13 N15 H17 −0.04
C13 C12 N14 H15 124.6 141.7 C11 C13 N18 H20 179.9 150.4 C14 C13 N15 H18 −124.3
C13 C12 N14 H16 0.296 21.6 C11 C13 N18 H21 55.26 151.1 C6 C14 O20 H21 −0.043
C13 C12 N14 H17 −124.0 −98.3 C14 C13 N18 H19 124.6 88.2 C13 C14 O20 H21 179.9
C12 N14 H15 O5 113.1 C14 C13 N18 H20 −0.04 31.2 C13 N15 H16 O5 111.9
H16 N14 H15 O5 −121.0 C14 C13 N18 H21 −124.7 89.5 H17 N15 H16 O5 −123.5
H17 N14 H15 O5 −6.794 C13 N18 H19 O5 115.2 H18 N15 H16 O5 −7.89
C12 N14 H17 O4 −112.9 H20 N18 H19 O5 −118.4 C13 N15 H18 O4 −111.8
H15 N14 H17 O4 6.929 H21 N18 H19 O5 −4.22 H16 N15 H18 O4 8.012
H16 N14 H17 O4 121.1 H17 N15 H18 O4 123.6

Table 3
Vibrational frequencies of 2-hydroxyanilinium perchlorate.

Scaled freq.a IIR b Exp. IR TEDc (%) Assignment

�1 36 0.20 ıOHN(59) + � HNCC(41) ı(hydrogen bridge) + tor(�-NH3)
�2 42 0.00 � NHOC(66) + � HNCC(34) tor(�-NH3)
�3 52 0.08 � HOCO(68) + ıCOH(15) + � NHOC(12) tor(H O C O)
�4 64 0.43 94m � OHNC(50) + � OHNH(32) + � OCOH(18) tor(�)
�5 121 0.01 ıOHN(23) + � HNCC(22) + � NHOC(18) + �OH(12) tor(�-NH3)
�6 155 1.68 133m �OH(56) + ıNCC(21) + ıHOC(13) ı(�)
�7 183 2.18 218m � NHOC(33) + � OCCC(16) + � CCCC(15) + � OCCN(11) tor(�-NH3) + tor(�-OH) + tor(�)
�8 242 6.15 290m � HOCC(68) + � OCCC(12) tor(�-OH)
�9 278 0.50 � HOCC(21) + � NCCC(19) + � OCCC(17) + � NHOC(15) tor(�-OH) + tor(�-NH3)
�10 345 6.76 322m ıOCC(25) + �OH(17) + ıCCC(15) + ıHOC(12) ı(�-OH) + ı(�-NH3)
�11 355 1.16 ıOClO(45) + ıClOH(32) �2ClO4

−

�12 399 0.33 ıOClO(50) + ıClOH(36) �2ClO4
−

�13 415 2.85 417w ıOClO(75) + �OH(15) �2ClO4
−

�14 428 0.07 434m448w ıOCC(37) + ıNCC(21) ı(�-OH) + ı(�-NH3)
�15 438 1.39 440m � CCCC(36) + � CCCH(21) �(�)

466w
457vw

�16 527 0.77 539w ıOClO(55) + � HOClO(22) �4ClO4
−

�17 532 0.19 544m � CCCC(25) + ıOClO(22) �4ClO4
− + �(�)

580vw
�18 535 0.70 616sh ıOClO(49) �4ClO4

−

606wsh
�19 537 1.95 627vs ıCCC(24) + ıOCC(16) + ıCCN(14) + ıOClO(11) �4ClO4

− + ı(�) + ı(�-OH) + tor NH3

�20 552 6.97 634ssh ıOClO(70) + � HOClO(17) �4ClO4
−

�21 567 0.98 ıCCC(41) + ıCCH(12) ı(�)
�22 690 0.01 714w � CCCC(48) + � CCCH(23) �(�)
�23 745 4.62 743s � CCCH(70) + � OCCH(15) ωC H
�24 745 0.12 �CC(42) + �NC(20) + �OC(10) �C C + �C N + �C O
�25 761 6.87 757s �OCl(93) �1ClO4

−

�26 825 15.24 752vs �OCl(56) �1ClO4
−
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Table 3 (Continued)

Scaled freq.a IIR b Exp. IR TEDc (%) Assignment

�27 827 1.23 834vwb ıCCC(39) + �OC(18) + ıCCH(12) + �NC(11) ı(�) + �C O + �C N
�28 840 5.72 858w ıCCCH(35) + �OC(17) + � HCCH(17) ωC  H

849m
842w
884w

�29 939 0.37 936w � HCCH(55) + � CCCH(33) �C H
932vw

�30 947 25.73 941w �OCl(90) �3ClO4
−

�31 979 0.10 980w � HCCH(59) + � CCCH(19) �(�)
1016msh
1006m

�32 1021 4.29 1041ssh �CC(55) + ıCCH(15) �C C + �C H
1030ssh
1072vs

�33 1043 15.33 1089vs �OCl(62) + �CC(11) �3ClO4
− + �C C

�34 1048 13.50 1106vs 	OCl(23) + �CC(13) + ıCNH(12) �3ClO4
− + �C C + ıaNH3, �N H· · ·O

�35 1050 0.01 ıCNH(44) + � CCNH(24) + � CNHO(14) ıaNH3, ıN H· · ·O
�36 1100 8.20 1123vssh ıCOH(30) + �CC(21) ıO H + �C C, ıO H· · ·O,  2.8245 Å
�37 1145 0.54 1157vssh ıCCH(63) + �CC(22) sciss C H + �C C
�38 1159 1.28 1172s ıCCH(64) + �CC(19) sciss C H + �C C

1195w
�39 1185 2.51 1225s �NC(32) + ıCOH(26) + �CC(22) ıO H + �C N + �C C, ıO H· · ·O, 2.8245 Å

1230ssh
�40 1252 7.52 1264w �OC(43) + �CC(22) + ıCCH(19) �C O + �C C + �C H

1280vs
1291ssh

�41 1310 2.99 1315m �CC(75) + ıCCH(10) �C C + sciss C H
�42 1321 1.88 1342s ıCCH(54) + ıCOH(20) �C H + ıO H, ıO H· · ·O,  2.8245 Å
�43 1451 2.40 1482vs ıCCH(45) + �CC(32) �C H + �C C
�44 1491 8.54 1468vs ıCCH(47) + �CC(26) �C H + �C C

1498vs
�45 1535 16.21 1522m � HNHO(37) + ıHNH(35) + ıCNH(29) ısNH3, ıN H· · ·O

1515m
1510s

�46 1572 1.92 1569w ıHNH(51) + ıCNH(17) + � CCNH(15) ıaNH3, ıN H· · ·O
1574w

�47 1591 14.41 1594m �CC(38) + ıHNH(20) + � HNCC(13) �C C + ıaNH3 + ı(�), ıN H· · ·O
�48 1594 2.09 1606m �CC(51) + ıHNH(11) �C C + ıaNH3, ıN H· · ·O
�49 1620 15.79 1635s �CC(37) + ıHNH(22) �C C + ıaNH3, ıN H· · ·O

1630msh
�50 2839 9.58 3114s �NH(96) �sNH3, �N H· · ·O
�51 2927 100 3181s �NH(98) �sNH3, �N H· · ·O
�52 3024 0.37 3016s �CH(98) �C H aromatic

2998s
�53 3028 3.99 3030s �CH(97) �C H aromatic
�54 3045 0.07 3049s �CH(98) �C H aromatic
�55 3061 0.37 3067s �CH(97 �C H aromatic
�56 3331 8.00 3229ssh �NH(100) �aNH3, �N H· · ·O
�57 3669 8.67 3441m �OH(100) �O H· · ·O, 2.8245 Å

�, stretching; a, antisymmetric; s, symmetric; ı, in-plane bending; � , out-of-plane bending, �, benzene ring; lib, librational; tor, torsional; �, twisting; ω,  wagging; �, rocking;
sciss,  scissoring.
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a Obtained from the wave numbers calculated at B3LYP/6-311++G(d,p) using scalin
b Relative absorption intensities normalized with highest peak absorption equal 

c Total energy distribution calculated B3LYP/6-311++G(d,p) level of theory. Only 

.3. Differential scanning calorimetry

The DSC measurements were performed in the temperature
ange 80–293 K on Perkin Elmer DSC 7 instrument.

. Computational details

Gaussian 09 quantum chemical software was  used in all calcu-
ations [14]. The optimized structural parameters and vibrational

avenumbers for the 2, 3 and 4-hydroxyanilinium perchlorate
ompounds were calculated by using B3LYP functional with 6-
11++G(d,p) as basis sets. The vibrational modes were assigned

n the basis of total energy distribution (TED) analysis using
caled quantum mechanics (SQM) program [15]. The calculated
ibrational wavenumbers were scaled with 0.967 (for wavenum-
ers under 1800 cm−1) and 0.955 (for those over 1800 cm−1) for
ors 0.967 (for wave numbers under 1800 cm−1) and 0.955 (for those over 1800 cm−1).
.
butions ≥10% are listed.

B3LYP/6-311++G(d,p) in order to figure out how the calculated data
were in agreement with those of the experimental ones [16,17].

4. Results and discussion

4.1. Structural remarks

The crystal structures of 2-, 3- and 4-hydroxyanilinium perchlo-
rate (2HAP-ClO4, 3HAP-ClO4 and 4HAP-ClO4) have been recently
published by Janczak and Perpetuo [18]. It seems to be worthwhile
mentioning here that the hydrogen bonding network is sometimes
important in the enhancement of the hyperpolarizability of the

hydroxyanilinium cations and can influence on non-linear opti-
cal (NLO) properties of crystals [18]. For better characterization
of hydrogen bonds in this work we  additionally focused on the
graph-set analysis of the hydrogen bond patterns [21].
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The studied compounds crystallize in centrosymmetric (2HAP-
lO4 C2/c) and non-centrosymmetric (3HAP-ClO4 P21, 4HAP-ClO4
212121) space groups. In 2HAP-ClO4, a chain pattern of hydrogen
onds, C2

2(6), is constructed parallel to the c axis (Table 1). The
ompounds create the pattern are transformed by the c-glide plane
hich is perpendicular to the main axis b in the C2/c space group.

he second binary pattern is a helical chain, C2
2(9), parallel to the

 axis. The left-handed helical chain of hydrogen bonds is wound
ound the screw axis 21 located at ¼, b, ¼ position. The second left-
anded helix is generated at ¾, b, ¼ position by the two-fold axis.
ue to the centrosymmetry, the two left-handed helixes transform

o two right-handed helixes. As a result, four helical chains C2
2(9)

round the 21 screw axes exist in the unit cell.
In the case of 3HAP-ClO4, the only one non-trivial symmetry

lement in P21 space group exists, namely 21 screw axis parallel
o the crystallographic b axis. The 3-hydroxyanilinium cations are
rranged around this screw axis resulting in the left-handed heli-
ally structured chain pattern, which is designated by the unitary
raph-set C(6). The perchlorate anions beside the organic cations
re involved in creation of the chains C2

2(6), C2
2(10) and the other

2
2(10). These three chains are formed by the organic and inor-

anic ions transformed by translation vectors along b, c and [0 1 1̄]
irections, respectively.

The 4HAP-ClO4 crystallizes in P212121 space group and there-
ore the patterns of hydrogen bonds existing in the crystal structure
re wound round these screw axes. Six binary graph-sets designate
he patterns constructed by the 4-hydroxyanilinium cations and
erchlorate anions, e.g. three C2

2(6), one C1
2(9) and two C2

2(11).
he only one pattern is formed by the translation vector along the
rystallographic a axis.

In the studied SHG active compounds, 3HAP-ClO4 and 4HAP-
lO4, helically structured patterns of hydrogen bonds occur.

nterestingly, in the 2HAP-ClO4 complex one hydrogen bonding
attern is constructed in a helical manner. Unfortunately, the exis-
ence of the inversion centre in the structure excludes the second
armonic generation in such a case. It is worth noticing that in the
tudied non-centrosymmetric structures, the twist of the particular
elix is changed in the enantiomorphic crystal, i.e. the left-handed
elix changes to the right-handed one and vice versa. NLO proper-
ies remain unchanged in such situation.

.2. Molecular geometries

The optimized structures of 2HAP-ClO4, 3HAP-ClO4 and 4HAP-
lO4 are shown in Fig. 1. The optimized geometric parameters of
hese compounds are collected in Table 2. These optimized geo-

etric parameters of these compounds are compared with X-ray
ata [18].

.3. Vibrational analysis

The spectroscopic properties of 2HAP-ClO4, 3HAP-ClO4 and
HAP-ClO4 have not yet been studied in detail to the best of our
nowledge. These compounds consist of 21 atoms, which have 57
ibrational degrees of freedom. The 57 normal modes of these com-
ounds have been assigned according to the detailed vibrations of
he individual atoms. These compounds belong to C1 symmetry
roup. Scale factors were used to fit the calculated wavenum-
ers with observed. Fig. 2 presents the FT-IR spectra of these
ompounds, respectively. The experimental Far infrared and FT-
R wavenumbers are tabulated in Tables 3–5,  together with the
alculated wavenumbers. As it can be seen in tables IR absorption

ntensities of these compounds are in consistency with the TED
esults.

Nine normal modes of perchlorate anion of Td symmetry are
anifested by four bands (�1, �2, �3 and �4) in vibrational spectra.
Fig. 2. FT-IR spectra of 2-hydroxyanilinium perchlorate (a), 3-hydroxyanilinium
perchlorate (b) and 4-hydroxyanilinium perchlorate (c).

The �1 and �2 modes Raman active, whereas �3 and �4 vibrations
are active in both infrared and Raman spectra. The frequencies
corresponding to above vibrations are as follows: �1 = 928 cm−1,
�2 = 459 cm−1, �3 = 119 cm−1 and �4 = 625 cm−1. X-ray data show
that the perchlorate anions occupy a position of C1 symmetry.
Since of this, the degeneracy of doubly degenerate bending (�2)
and triply degenerate stretching and bending (�3 and �4) modes
should be observed. �1 vibration one can expect in infrared and
Raman spectra. Therefore, nine bands due to internal vibra-
tions of perchlorate anion should be observed in the vibrational
spectra. 1119 cm−1 and 928 cm−1 peaks were assigned to the
antisymmetric and symmetric stretching vibrations, respectively.
625 cm−1 and 459 cm−1 peaks were assigned to the in-plane and
out-of-plane deformation vibrations, respectively [19,20].

It is reduced to C1 symmetry from Td symmetry. Under this
circumstance, all of the vibrations are active in both FT-IR and FT-
Raman spectra. The very board band at approximately 1100 cm−1 is
characteristic for all spectra. These vibrations were assigned to the
antisymmetric stretching mode (�3 = 1119 cm−1). These absorp-
tion is divided into three different submaxima. The antisymmetric
stretching modes of perchloric acid are observed at 1106 cm−1,
1089 cm−1 and 947 cm−1 for 2HAP-ClO in the FT-IR spectra.
4
These modes are observed at 1147 cm−1 (1172 cm−1), 1106 cm−1

and 1080 cm−1 for 3HAP-ClO4 and 1087 cm−1, 1013 cm−1 and
1037 cm−1 for 4HAP-ClO4. In-plane deformation vibrations of
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Table 4
Vibrational frequencies of 3-hydroxyanilinium perchlorate.

Scaled freq.a IIR b Exp. IR TEDc (%) Assignment

�1 26 0.28 � CCNH(60) + ıNHO(37) ı(hydrogen bridge) + lib (3-aminophenol)
�2 41 0.02 � ClOHN(45) + ıNHO(26) + � CCNH(24) lib ClO4

− + tor(�-NH3)
�3 44 0.15 � OClOH(53) + ıClOH(13) + � HNHO(12) lib ClO4

− + tor(�-NH3)
�4 61 0.50 � OClOH(57) + � OHNH(41) tor �
�5 116 0.06 ıNHO(27) + � CCCH(15) + �OH(13) + � NCCH(10) tor(�-NH3)
�6 163 1.71 �OH(55) + ıCCN(20) + ıHOCl(15) ı(�-OH) + ı(�-NH3)
�7 222 0.20 � OCCC(48) + � CCCC(18) �(�)
�8 232 0.78 � ClOHN(39) + � CCCN(30) + � CCCC(17) tor(�-NH3) + �(�)
�9 325 7.93 � CCOH(99) �O H
�10 340 5.27 ıOCC(30) + ıCCN(22) + �OH(14) ı(�-OH) + ı(�-NH3)
�11 355 0.60 ıOClO(58) + ıClOH(30) �2ClO4

− + tor NH3

�12 400 0.24 ıOClO(46) + ıHOCl(42) �2ClO4
− + tor NH3

�13 413 1.69 409w ıOClO(78) + ıOCC(10) + �OH(10) �2ClO4
− + ı(�-OH)

�14 439 0.37 425w429w � CCCH(71) �(�)
�15 456 0.70 448s ıOCC(38) + ıCCN(26) ı(�-NH3) + ı(�-OH)

467w
478w

�16 508 0.08 520m ıCCC(47) + ıCCH(10) ı(�) + ıC H
�17 527 1.14 537w ıOClO(42) + ıCCC(11) �4ClO4

− + ı(�)
�18 534 1.03 549m ıOClO(22) + ıCCC(21) �4ClO4

− + ı(�)
555msh

�19 534 0.68 569m ıOClO(72) + �OCl(15) �4ClO4
−

�20 555 8.63 623vs ıOClO(60) + � OClOH(35) �4ClO4
−

629vs
�21 559 0.20 683s � CCCH(20) + � CCCC(17) + � NCCC(10) �(�)

699vw
�22 662 1.46 735m � CCCC(52) + � CCCH(36) ωC H

784vs
832vw

�23 720 0.70 846vw ıCCC(28) + �CC(21) + �NC(14) ı(�) + �C C + �C N
�24 758 7.00 861m �CCl(90) �1ClO4

−

�25 764 1.33 888w � CCCH(60) + � OCCH(17) + � NCCH(10) ωC H
892w

�26 811 9.04 939s �OCl(49) + � CCCH(10) �1ClO4
− + �C H

�27 831 11.46 943s � OCCH(22) + �OCl(21) + � CCCH(19) + � NCCH(18) �C H + �1ClO4
−

�28 872 1.00 974w � CCCH(37) + � HCCH(23) + � NCCH(13) �C H
1001s

�29 926 2.85 1038vs �CC(31) + �NC(19) + �OC(15) �C C + �C N + �C O
�30 950 22.68 1080vs �OCl(87) �3ClO4

−

�31 963 0.04 � HCCH(59) + � CCCH(23) �C H
�32 980 0.48 �CC(42) + ıCCC(35) �C C + ı(�)
�33 1039 0.01 ıCNH(42) + � CCNH(28) ıaNH3, ıN H· · ·O
�34 1045 30.29 1106vs �OCl(78) �3ClO4

−

�35 1056 1.62 1147vs ıCNH(32) + �CC(21) + � OHNH(20) + �OCl(11) ıaNH3 + �C C + �3ClO4
− , ıN H· · ·O

1172m
�36 1090 0.05 1210w ıCCH(35) + �CC(32) sciss C H + �C C
�37 1130 4.60 1247s ıCCH(41) + �NC(22) + �CC(13) + �OC(12) ıC H + �C N + �C C + �C O
�38 1152 4.01 1277m ıCOH(38) + ıCCH(30) + �CC(23) ıO H + sciss C H + �C C, ıO H· · ·O, 2.7943 Å
�39 1167 3.13 1289s ıCCH(48) + �CC(20) + ıCOH(19) ıO H + sciss C H + �C C, ıO H· · ·O, 2.7943 Å
�40 1264 4.30 1317m �OC(40) + �CC(17) + ıCCH(10) �C O + �C C + sciss C H
�41 1309 1.58 1343w ıCCH(78) �C H

1352m
�42 1318 1.47 1364m �CC(65) + ıCOH(17) �C C + ıO H, ıO H· · ·O, 2.7943 Å
�43 1473 2.79 1480vs ıCCH(35) + �CC(28) �C H + �C C
�44 1475 6.64 1494vs ıCCH(45) + �CC(33) �C H + �C C
�45 1539 32.30 1503s ıHNH(39) + � HNHO(30) + ıCNH(26) ısNH3, ıN H· · ·O
�46 1567 1.74 1540w ıHNH(51) + ıCNH(19) + � ClOHN(15) ıaNH3, ıN H· · ·O
�47 1590 4.62 1560msh �CC(61) �C C
�48 1598 21.17 1580vs ıNHN(35) + �CC(30) + � HNHO(15) + � CCNH(14) �C C + ıaNH3, ıN H· · ·O
�49 1620 3.61 1617m �CC(30) + ıHNH(27) + � CCNH(14) �C C + ıaNH3, ıN H· · ·O
�50 2796 9.25 3102s �NH(98) �sNH3, �N H· · ·O
�51 2896 100 3110s �NH(99) �sNH3, �N H· · ·O
�52 3021 0.78 �CH(99) �C H aromatic
�53 3038 2.18 3053s �CH(95) �C H aromatic
�54 3040 0.13 �CH(96) �C H aromatic
�55 3054 0.45 3064s �CH(99) �C H aromatic
�56 3361 4.05 3169s �NH(99) �aNH3, �N H· · ·O
�57 3660 6.63 3357m �OH(100) �O H· · ·O, 2.7943 Å

�, stretching; a, antisymmetric; s, symmetric; ı, in-plane bending; � , out-of-plane bending, �, benzene ring; lib, librational; tor, torsional; �, twisting; ω, wagging; �, rocking;
sciss,  scissoring.

a Obtained from the wave numbers calculated at B3LYP/6-311++G(d,p) using scaling factors 0.967 (for wave numbers under 1800 cm−1) and 0.955 (for those over 1800 cm−1).
b Relative absorption intensities normalized with highest peak absorption equal to 100.
c Total energy distribution calculated B3LYP/6-311++G(d,p) level of theory. Only contributions ≥10% are listed.
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Table  5
Vibrational frequencies of 4-hydroxyanilinium perchlorate.

Scaled freq.a IIR b Exp. IR TEDc (%) Assignment

�1 37 0.41 ıNHO(58) + � CCNH(32) lib ClO4
− + tor NH3

�2 43 0.03 � ClOHN(52) + � CCNH(47) lib ClO4
− + tor NH3

�3 52 0.32 � OHNC(31) + � OHNH(29) + � OClOH(26) lib ClO4
− + lib (4-aminophenol)

�4 59 0.47 � OClOH(52) + � OHNH(33) lib ClO4
− + lib (4-aminophenol)

�5 94 0.04 ıNHO(38) + � ClOHN(35) + � NCCC(12) + �OH(10) �2ClO4
− + tor NH3

�6 163 0.29 � ClOHN(54) + � CCCO(20) + � CCCC(17) tor NH3

�7 177 2.79 �OH(64) + ıCCN(18) ı(�-NH3) + �O H
�8 319 0.24 � ClOHN(24) + ıClOH(24) + � CCNH(16) + � OCCC(13) �O H + tor NH3

�9 332 7.27 ıClOH(25) �O H
�10 347 3.73 � CCOH(92) ı(�-NH3) + ı(�-OH)
�11 355 2.79 ıOCC(32) + ıNCC(28) + �OH(10) tor NH3

�12 396 0.37 ıOClO(47) + � NCCC(13) �2ClO4
− + tor NH3

�13 409 0.62 411s ıOClO(61) + ıClOH(30) �2ClO4
−

�14 409 0.07 429m ıOClO(73) + ıOCC(16) �(�)
�15 434 1.38 448s � CCCC(53) + � CCCH(22) ı(�-NH3)
�16 461 3.59 460m477s ıOCC(28) + ıNCC(26) + ıCCC(11) ı(�)
�17 499 2.13 507s ıCCC(37) + ıCCN(15) + �OH(10) �(�)
�18 529 1.93 � CCCH(39) + � CCCC(19) + � CCCO(10) �4ClO4

−

�19 535 1.07 ıOClO(63) + ıClOH(22) �4ClO4
−

�20 553 7.09 625vs ıOClO(69) + �OCl(15) �4ClO4
−

�21 634 0.30 635vs ıOClO(66) �4ClO4
− + ı(�)

�22 674 0.00 747w ıCCC(45) + ıCCH(13) �(�)
�23 728 0.35 826vs � CCCC(57) + � CCCH(20) ı(�)

847w
�24 760 6.58 929m �OCl(98) �1ClO4

−

�25 794 0.11 941w �NC(30) + ıCCC(19) + �OC(14) ωC  H
�26 807 0.51 948m � CCCH(55) + � OCCH(17) + � NCCH(13) ωC  H
�27 829 0.94 954m �CC(56) + �OC(14) �C C + �C O
�28 831 24.80 1037vs �OCl(53) �3ClO4

− + ωC  H
�29 913 0.08 � HCCH(40) + � CCCH(24) �C H
�30 948 25.38 1013vs �OCl(90) �3ClO4

−

�31 954 0.28 � CCCH(64) + � NCCH(16) �C H
�32 994 0.14 ıCCH(35) + ıCCC(34) + �CC(32) �C C + �(�)
�33 1040 0.77 ıCNH(31) + �OCl(28) + � CCNH(17) ıaNH3 + �3ClO4

− , ıN H· · ·O
�34 1042 26.83 1087vs �OCl(37) + ıCNH(22) �3ClO4

− + ıaNH3, ıN H· · ·O
�35 1051 8.81 1139vs �OCl(28) + ıCNH(28) + � HNHO(21) + �CC(11) ıaNH3 + �C C + �3ClO4

− , ıN H···O
�36 1108 1.09 ıCCH(55) + �CC(21) sciss C H + �C C
�37 1154 12.44 ıCOH(58) + �CC(21) + ıCCH(14) ıO H + �C C + ıC H, ıO H· · ·O,  2.865 Å
�38 1168 1.41 ıCCH(70) + �CC(14) sciss C H + �C C
�39 1177 0.32 �NC(41) + �CC(23) + ıCCH(13) �C N + �C C + ıC H
�40 1254 8.93 �OC(52) + �CC(22) �C O + �C C
�41 1314 0.06 1308w �CC(51) + ıCCH(27) �C C + �C H
�42 1328 2.64 1343m ıCCH(45) + �CC(25) + ıCOH(20) �C C + �C H + ıO H

1363s ıO H· · ·O, 2.865 Å
�43 1440 2.87 1440ssh �CC(33) + ıCCH(24) �C C + sciss C H
�44 1497 17.75 1506vs ıCCH(55) + �CC(27) �C C + �C H
�45 1543 13.87 1516ssh ıHNH(38) + � HNHO(35) + ıCNH(30) ısNH3, ıN H· · ·O
�46 1567 1.95 1526s ıHNH(50) + ıCNH(18) + � CCNH(14) ıaNH3, ıN H· · ·O
�47 1591 2.46 1592s �CC(53) + ıHNH(10) �C C + ıaNH3, ıN H· · ·O
�48 1602 4.61 1609s �CC(64) + ıCCH(16) �C C
�49 1618 27.55 1627m ıHNH(42) + � CCNH(24) + �CC(12) ıaNH3 + �C C, ıN H· · ·O
�50 2830 11.09 �NH(100) �aNH3, �N H· · ·O
�51 2921 100 3106vs �NH(99) �sNH3, �N H· · ·O
�52 3023 1.14 �CH(98) �C H aromatic
�53 3024 1.05 �CH(99) �C H aromatic
�54 3033 2.99 3037vs �CH(99) �C H aromatic
�55 3062 0.03 3075vs �CH(96) �C H aromatic
�56 3360 4.60 3179vs �NH(99) �aNH3, �N H· · ·O
�57 3658 7.05 3490vs �OH(100) �O H· · ·O, 2.865 Å

�, stretching; a, antisymmetric; s, symmetric; ı, in-plane bending; � , out-of-plane bending, �, benzene ring; lib, librational; tor, torsional; �, twisting; ω, wagging; �, rocking;
sciss,  scissoring.

a g fact −1 −1

to 100
contri
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i

Obtained from the wave numbers calculated at B3LYP/6-311++G(d,p) using scalin
b Relative absorption intensities normalized with highest peak absorption equal 

c Total energy distribution calculated B3LYP/6-311++G(d,p) level of theory. Only 

erchloric acid (�4 = 625 cm−1) are shown degenerate peaks.
39 cm−1, 544 cm−1 and 616 cm−1 peaks are assigned to the in-
lane deformation peaks for 2HAP-ClO4 in FT-IR spectra. 537 cm−1,
49 cm−1 (555 cm−1), 569 cm−1 and 623 cm−1 (629 cm−1) peaks

re determined as in-plane deformation vibrations for 3HAP-ClO4.
n-plane deformation vibrations of 4HAP-ClO4 are observed at
25 cm−1 and 635 cm−1 in the FT-IR spectra. Symmetric stretch-

ng vibrations (�1 = 928 cm−1) of perchloric acid are observed at
ors 0.967 (for wave numbers under 1800 cm ) and 0.955 (for those over 1800 cm ).
.
butions ≥10% are listed.

757 cm−1 and 752 cm−1 (2HAP-ClO4), 939 cm−1 (3HAP-ClO4) and
929 cm−1 (4HAP-ClO4) in the FT-IR spectra. Out-of-plane defor-
mations vibrations (�2 = 459 cm−1) of perchloric acid are observed
at 417 cm−1 (2HAP-ClO4), 409 cm−1 (3HAP-ClO4) and 411 cm−1
(4HAP-ClO4) in the FT-IR spectra.
The non-hydrogen bonded or free hydroxyl group absorbs

strongly in the 3700–3584 cm−1 region while the existence of
intermolecular hydrogen bond formation can lower the O–H
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Fig. 3. DSC diagram for 2HAP-ClO4 (a)

tretching wavenumber to the 3550–3200 cm−1 region [21]. The
and observed at 3441 cm−1 (2HAP-ClO4), 3357 cm−1 (3HAP-
lO4) and 3490 cm−1 (4HAP-ClO4) vibrations are assigned to the
–H stretching vibrations. Theoretically computed frequencies
ere determined as 3669 cm−1(2HAP-ClO4), 3660 cm−1 (3HAP-
lO4) and 3658 cm−1 (4HAP-ClO4) by BLYP/6-311++G(d,p) method.
his difference should be appeared, because experimental results
elong to solid phase and theoretical calculations belong to gaseous
hase. Moreover, the peak width, intensity and position of OH

nfrared bands are all affected by the extent of hydrogen bonding
n a sample. The O–H stretching bands move to lower wavenum-
ers usually with increased intensity and band broadening in the
ydrogen-bonded species [36].

The antisymmetric stretching vibration of aromatic primary
mines was observed around 3500 cm−1, while the symmetric
ne around 3400 cm−1 [22]. The theoretically computed values at
839 cm−1 and 2927 cm−1 were assigned to the N–H stretching
ibrations. 2839 cm−1 is assigned to the antisymmetric stretch-
ng vibration and observed at 2857 cm−1 in the FT-IR spectra.
927 cm−1 peak is assigned to the symmetric stretching vibra-
ion and observed at 2924 cm−1 in the FT-IR spectra. The N–H

tretching vibrations values in crystal environment are increas-
ng, because of the hydrogen bonding effect through the perchloric
cid. In the infrared spectrum, the bands observed at 1635 cm−1,
t 1630 cm−1, at 1606 cm−1, at 1594 cm−1 and 1574 cm−1 were
-ClO4 (b) and 4HAP-ClO4 (c) crystals.

assigned to antisymmetric bending vibrations of the NH3 group
of 2HAP-ClO4. Symmetric bending vibrations of 2HAP-ClO4 are
observed at 1522 cm−1, at 1515 cm−1 and 1510 cm−1 in the FT-IR
spectra. These peaks are observed at 1617 cm−1 (antisymmetric),
at 1580 cm−1 (antisymmetric), at 1540 cm−1 (antisymmetric), at
1503 cm−1 (symmetric) for 3HAP-ClO4. Three bands observed at
1627 cm−1, and 1592 cm−1 and 1526 cm−1 in the infrared spectrum
were assigned to antisymmetric NH3 bending vibrations. Symmet-
ric bending vibration is observed at 1516 cm−1 in the FT-IR spectra.

The bands occur in the region 3000–3010 cm−1 and are strong to
medium intensity is due to the aromatic C–H stretching wavenum-
bers [23]. In the 2HAP-ClO4 compound, the strong band in FT-IR
at 3016 cm−1, 3030 cm−1, 3049 cm−1 and 3067 cm−1 is assigned
for C–H stretching wavenumber. The CH stretching vibrations are
observed at 3053 cm−1 and 3064 cm−1 (3HAP-ClO4), 3037 cm−1

and 3075 cm−1 (4HAP-ClO4) in the FT-IR spectra. The calculated
corresponding values fall the same region. In the high frequency
region, the TED calculations show that all the C–H stretching vibra-
tions are pure modes.

4.4. Differential scanning calorimetry (DSC)
The DSC curves for 2-hydroxyanilinium perchlorate, 3-
hydroxyanilinium perchlorate and 4-hydroxyanilinium perchlo-
rate crystals recorded upon heating and cooling are displayed in
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Table  6
Values of energetic effect for observed phase transitions.

2-Hydroxyanilinium perchlorate 3-Hydroxyanilinium perchlorate 4-Hydroxyanilinium perchlorate

Heating
Peak from [K] 205.76 210.41 208.31
Peak  to [K] 226.23 222.87 224.17
Onset  [K] 214.97 213.26 212.07
Peak  [K] 222.94 215.27 214.10

J/g  1.07 0.98 1.11
Sample weight [mg] 11.514 11.921 2.424
Scanning rate [K/min] 20 20 20

Cooling
Peak  from [K] 207.81 199.77 206.92
Peak  to [K] 215.89 211.73 216.70
Onset  [K] 214.45 209.77 209.37
Peak  [K] 212.77 207.95 213.63
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J/g  −0.72 

Sample weight [mg] 11.514 

Scanning rate [K/min] 20 

ig. 3. All three crystals demonstrate analogous behavior. Per-
ormed measurements revealed that they undergo fully reversible
nd discontinuous phase transitions at similar temperatures (close
o 215 K), see Table 6 for details. Taking into account the value
f energetic effect (ca. 1 J/g) these phase transitions should be
egarded as “order–disorder” type. It is worthwhile mentioning
ere that on DSC runs registered during cooling of the samples,
nly one peak is observed, while for heating, two components are
learly visible. It is suggested that mechanism of observed phase
ransitions, being similar for each studied crystal, is complex and is
ikely two step process.

.5. HOMO, LUMO analysis

The atomic orbital compositions of the frontier molecular
rbitals of 2, 3 and 4-hydroxyanilinium perchlorate are shown in
ig. 4. The HOMO–LUMO energy gap of these compounds was  cal-
ulated at the B3LYP/6-311++(d,p) level. The HOMO represents the
bility to donate an electron, LUMO as an electron acceptor repre-
ents the ability to obtain an electron.

According to the Koopman theorem, the energies of LUMO and
OMO can be described to a good approximation as [24]:

∼= −1
2

(EHOMO + ELUMO) (1)

∼= −1
2

(EHOMO − ELUMO) (2)

Several important molecular properties such as chemical hard-
ess (�) and electronegativity (
) have been defined based on
ensity functional theory [25–27].  Chemical hardness has been
sed as a tool to understand the chemical reactivity and some other
roperties of a molecular system [28]. It has also been shown that
tability of molecules is related to its chemical hardness [29]. The
oncept of electronegativity has been introduced as the power of
n atom in a molecule to attract electrons onto itself [30]. Chemical
ardness (�), and electronegativity (
) are defined in Eqs. (1) and
2).  As a result, when the gap is large (other things being equal),
ne expects high stability and low reactivity. When it is small, one
xpects low stability and high reactivity [31].

The low value of HOMO–LUMO gap 5.767 eV (Fig. 4)
n 3-hydroxyanilinium perchlorate while comparing to 2-
ydroxyanilinium perchlorate (5.867 eV) and 4-hydroxyanilinium
erchlorate (5.865 eV) reflects the chemically reactive nature. The

ecrease in the HOMO and LUMO energy gap explains the even-
ual charge transfer interaction taking place within the molecule
hich is responsible for the activity of the molecule. Conse-

uently, the lowering of the HOMO–LUMO band gap is essentially a
−0.57 −0.84
11.921 2.424
20 20

consequence of the large stabilization of the LUMO due to the strong
electron-acceptor ability of the electron-acceptor group.

4.6. Molecular electrostatic potential

The molecular electrostatic potential (MESP) is the most useful
electrostatic property to study the relation between structure and
activity. The MESP has been also employed as an informative tool
of chemistry to describe different physical and chemical features,
including non-covalent interactions in complex biological system.

The electrostatic potential created by the nuclei and electrons of
a molecule in the surrounding space is well established as a guide
to the interpretation and prediction of molecular behavior. It has
been shown to be a useful tool in studying both electrophilic and
nucleophilic processes, in particular, to be well suited for studies
that involve the identification of key features necessary for the
“recognition” of one molecule by another. The molecular surface
electrostatic potential (MSEP) is rigorously defined as the first order
interaction between a positive unit charge at any point in the vicin-
ity of a molecule and its charge distribution contributed by both
electrons and nuclei. The potential V(r) can be calculated through
Eq. (3)

V(r) =
∑

A

ZA

|RA − r| =
∫

�(r′)dr′

r′ − r
(3)

where ZA is the charge on nucleus A; at a distance RA; and �(r) is
the electronic density function defined by the 0.001 a.u. contour.

The electron density isosurface on to which the electrostatic
potential surface has been mapped is shown in Fig. 5 for 2, 3 and 4-
hydroxyanilinium perchlorate compounds. The different values of
the electrostatic potential at the surface are represented by differ-
ent colors; red represents regions of most negative electrostatic
potential, blue represents regions of most positive electrostatic
potential and green represents regions of zero potential.

It is seen in Fig. 5 that 2, 3 and 4-hydroxyanilinium perchlo-
rate compounds have almost similar isosurfaces. A negative energy
region (red color) is located over the perchloric acid. The posi-
tive energy area (blue color) is observed over the NH3 group of
aminophenol ring. The red regions refer to an area that would
favor interactions with approaching electrophiles. V(r) minima are

in lone pair region in a plane bisecting the H–N–H angle predicting a
site of hydrogen bonding acceptors. The blue regions interact exten-
sively with incoming nucleophiles and thus the sites of hydrogen
bond donor groups [32–35].
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Fig. 4. HOMO–LUMO plots of 2-hydroxyanilinium perchlorate (a), 3-hydroxyanilinium perchlorate (b) and 4-hydroxyanilinium perchlorate (c) compounds.

Fig. 5. B3LYP/6-311++G(d,p) calculated 3D molecular electrostatic potential of 2-hydroxyanilinium perchlorate (a), 3-hydroxyanilinium perchlorate (b) and 4-
hydroxyanilinium perchlorate (c) compounds. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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. Conclusion

Recently reported complexes of perchloric acid (with 2-
ydroxyaniline, 3-hydroxyaniline and 4-hydroxyaniline) were

nvestigated in details. The energies, geometric parameters and
ibrational frequencies for the title compounds were calculated
sing B3LYP with 6-311++G(d,p) basis set. Comparison between
he calculated geometric parameters and the X-ray structure show
ood agreement. The calculated frequencies were scaled with 0.967
nd 0.955 for wavenumbers under 1800 cm−1 and over 1800 cm−1,
espectively.

Characteristic bands originating from vibrations of perchlo-
ic anions and hydroxyanilinium cations are assigned taking into
ccount the results of TED calculations with additional help of
isual inspections (MOLDEN). Comparison between the vibrational
avenumbers obtained in this manner, and the measured FT-

R spectra shows that they are in good agreement and support
ach other. The influence of intermolecular interactions (hydrogen
onds) on differences between experimental (solid phase) and the-
retical (gaseous phase) frequencies are noticed and explained. On
he basis of differential scanning calorimetric (DSC) measurements
t is suggested that mechanism of observed phase transitions, being
imilar for each studied crystal, is complex and is likely two step
rocess.

The decrease in the HOMO and LUMO energy gap explains
he eventual charge transfer interaction taking place within the

olecule which is responsible for the NLO activity. It is worth-
hile to mention here that the X-ray structures for two of

he studied crystals (3-hydroxyaniline with perchloric acid and
-hydroxyaniline with perchloric acid [18]) were solved in non-
entrosymmetric space groups (P21 and P212121, respectively).
ppropriate regions related to electrophilic and nucleophilic reac-

ivity were determined and depicted for the studied compounds on
he basis of molecular electrostatic potential (MESP) calculations.
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