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H I G H L I G H T S

• The Raman and temperature dependent FTIR spectra of HOSA molecule have been recorded.

• Complete vibrational analyses of the molecule have been estimated from ab initio and DFT calculations.

• The explicit presence of D2 form of the molecule has been reveal by IR spectra recorded at high temperatures.

• The dynamics of hydrogen bonded complex formation or destruction as been estimated from the CPMD calculations.
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A B S T R A C T

This paper reports detail study on the Raman and temperature dependent IR spectra of hydroxylamine-O-sul-
fonic acid molecule. Complete vibrational analyses of the molecule have been reported based on ab initio cal-
culations. Raman and IR spectra captured at room temperature suggest the presence of both the dimeric D1 and
D2 forms of the molecule. However, the IR spectra of the molecule recorded at elevated temperatures mark the
explicit presence of the D2 form of the molecule. The theoretically simulated temperature dependent dynamic IR
spectra have the capability to predict the dynamics of hydrogen bonded complex formation or destruction under
external perturbation.

1. Introduction

While covalent bonds and electrostatic interactions are the key
forces that primarily hold the atoms in molecules, non-covalent inter-
actions especially that prevail in hydrogen (H) bonds play significant
roles in various biochemical processes [1–5]. These H-bond interactions
also help in promoting the necessary thermodynamic stabilities towards
the formation of supramolecular and macromolecular architectures
[6,7]. For example, the intermolecular hydogen (IMH) bonds between
the purine and pyrimidine bases not only embrace the DNA strands
following Chargaff’s rule, but also decide the orientations of the nu-
cleotide bases amid pentose sugar and phosphate backbones. Moreover
non-covalent IMH bonds also take part in the formation of molecular
complexes [8,9]. The most successful and traditional ways to perceive
IMH bonds in molecules have been the identification of the concerned
vibrational signatures, as traced from their respective Raman and
Fourier transform infrared (FTIR) spectra [10–14].

Nowadays ab initio molecular dynamics (AIMD) simulations play
significant role to substantiate the available experimental results as
obtained from Raman and FTIR spectra [15]. Born – Oppenheimer
molecular dynamics (BOMD) and Car-Parrinello molecular dynamics
(CPMD) are commonly applied ab initio molecular dynamics techniques
that have been successfully used to understand the inherent dynamics
involved in the H bonded molecular systems [16,17]. In BOMD calcu-
lations, the electronic energy of the molecular system is minimized and
then the electronic properties of the system are estimated at each step.
Within Born Oppenheimer (BO) approximation, the interaction energy
in molecular dynamics calculations represents the Kohn Sham (KS)
energy which in turn depends on the nuclear positions of the concerned
molecular system. The potential energy hypersurface of the molecular
system is thus generated from the movement of the nuclei [16].

In contrast to BOMD, the CPMD approach is based on the electronic
optimization method, where a fictitious electronic mass is assigned to
the propagating orbitals of the electrons. In this approach the
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information relating to the separation of time scales that remain in-
grained between the quick motions of lighter electrons and the slower
motions of the heavy nuclei are extracted. The inter nuclear distances
act as parameter rather than variable for respective time scales in the
simulation run at the expense of the explicit time-dependence relating
the quantum subsystem dynamics [17].

Hydroxylamine-O-sulfonic acid (HOSA) is an important organic
compound often used as a potential reagent in synthetic organic
chemistry [18].The amine group (eNH2) present in the HOSA molecule
can act both as nucleophile and electrophile in chemical reactions.
HOSA is successfully used in amination and reductive deamination re-
actions, in nitrile and in oxime formations, and in the preparation of
amides and diazo compounds [18]. Interestingly, HOSA participates as
reaction centre towards the synthesis of mono -, di – substituted hy-
drazines, trisubstituted hydrazinium salts and in nitrogen containing
heterocycles like pyridine, quonoiline, pyrazine, etc. [18]. Considering
enormous chemical applications of HOSA in organic chemistry, the
present paper reports a detail study on the IR spectra of the molecule
recorded both at room and at high temperatures. The Raman spectrum
of the molecule in the solid state at room temperature is also reported
herewith. Complete vibrational analyses of the HOSA molecule aided
by ab initio quantum chemical calculations and simulation of dynamic
IR spectra from CPMD and BOMD are reported for the first time in this
paper. The preferential existences of the different dimeric forms of
HOSA molecule at various temperature domains have also been esti-
mated from the experimental observations with the aid of CPMD
[19,20] and BOMD [16] simulation studies.

2. Instrumentation

The Raman spectrum of HOSA molecule has been recorded with a
Renishaw Raman Microscope, equipped with a He-Ne laser excitation
source emitting at a wavelength of 632.8 nm, and a Peltier cooled
(−70 °C) charge coupled device (CCD) camera. A Leica microscope was
attached and was fitted with three objectives (5×, 20×, and 50×). For
these experiments, the 20× objective was used to focus the laser beam
onto a spot of 1–2 μm2. Laser power at the sample was 20 mW, and the
data acquisition time was 30 s. The holographic grating (1800 grooves/
mm) and the slit enabled the spectral resolution of 1 cm−1. The mid-
infrared spectra from 400 to 4000 cm−1 of the HOSA molecule in solid
state was recorded on a Perkin-Elmer model Spectrum 100 fourier
transform spectrometer equipped with a nichrome wire source, Ge/CsI
beamsplitter and DTGS detector. Atmospheric water vapor was re-
moved from the spectrometer chamber by purging with dry nitrogen.
The interferograms were recorded at variable temperatures ranging
from 40 °C to 145 °C with 4 scans and transformed by a Blackman-
Harris apodization function with a theoretical resolution of 1.0 cm−1.
The temperature studies were carried out in a specially designed
cryostat cell, which is composed of a copper cell with a 4 μm path
length and wedged silicon windows sealed to the cell with indium
gaskets. The temperature was monitored by two platinum thermal re-
sistors and the cell was cooled by the vapors from boiling liquid ni-
trogen. The FTIR spectrum of the annealed sample was achieved by
heating the cell in vacuum until the temperature was reached at 145 °C.
When the desired temperature was achieved, the cell was allowed to
cool down to room temperature and the spectrum was recorded.

3. Theoretical calculations

The theoretical calculations were carried out using Gaussion-09
suite of program [21]. The vibrational frequencies of the monomeric
and dimeric forms of the HOSA molecule at their respective optimized
geometries were computed by the second order Mǿller-Plesset (MP2)
[22] levels of theory. Very tight criterion has been employed in the

process of geometry optimization for fully relaxed method. All the
calculations converge and the absence of imaginary frequencies in the
calculated wavenumbers confirmed the attainment of local minima on
the potential energy surface. The theoretically estimated vibrational
frequencies, as obtained from the ab initio MP2/aug-cc-pVTZ level of
theory, were scaled by the scaling factor of 0.994. The vibrational
frequencies for the dimeric forms of the HOSA molecule are also esti-
mated from anharmonic DFT calculations at B3LYP/aug-cc-pVTZ level
of theory. The potential energy distributions (PEDs) associated with the
normal modes of vibrations for the monomeric and dimeric forms of the
HOSA molecule were estimated from the output of the ab initio and DFT
calculations using GAR2PED software [23].

Ab initio molecular dynamics (MD) simulations have been carried
out using CPMD programme [24] with the pre-optimized various
monomer and dimeric molecular structures of the HOSA molecule. Each
of the monomeric and dimeric structures of HOSA molecule is placed at
the centre of a simple cubic cell of dimension 10.0×10.0×10.0 Å3.
The NVT ensemble has been chosen to execute the simulation at room
temperature over an equilibrium time of 10 picoseconds. The time step
was set to 4.0 a.u. that corresponds to ~0.096 fs. The Nose-Hoover
thermostat [25,26] has been used to control the temperature of the NVT
ensemble. However, an electronic fictitious mass of 500 a.u. has been
used only for CPMD simulation. The gradient corrected Perdew, Burke
and Ernzerhof (PBE) functional [27] has been utilized to model the
electronic exchange and correlation factors. Core electrons were treated
with pseudo potentials (PP) of Troullier and Martins [28], while va-
lance electrons were represented by plane-wave basis set truncated at
an energy cutoff of 80 Ry.

The dynamic IR or power spectra for the monomeric and dimeric
forms of HOSA molecule at room and at high temperature domains
have been estimated from the dipole moments, as obtained from the
CPMD and BOMD trajectories. The dynamic IR spectra have been si-
mulated from Fourier transform of the dipole moments of the auto-
correlation function [DMAF].

The time average C t( )of DMAF is expressed as:

=C t µ µ t( ) (0) ( ) (1)

where μ(0) and μ(t) are the dipole moments of the molecule estimated
at initial and final times t respectively.

The dipole moment μ (t) is known to be strongly correlated with the
dipole moment μ (0) within a short period of time [29]. The spectral
density of the system is then calculated from the Fourier transform of
the correlation function of the dipole moment.

The dynamic IR spectrum is represented as:

=I h dte µ µ t( )
(2 )

(0) ( )i t
2

2
(2)

where I, ω, h, and β represent the IR Intensity, frequency, Planck
constant and inverse of the Boltzmann constant respectively. The dipole
moment (μ) of the molecule at successive time steps ~0.096 fs has been
obtained from CPMD and BOMD simulation studies. To get the more
accurate IR intensity, the quantum correlation factor (QCF) of the form

e(1 )
has been used [30]. The evolution of NeH stretching band

contours with time as extracted from the CPMD and BOMD trajectories
of the dimeric form of HOSA molecule at various temperatures are es-
timated using TRAVIS software [31].

4. Results and discussion

4.1. Molecular structure

HOSA molecule is known to exist in two monomeric [ca. neutral (N)
and zwitterion (Z)] and also in dimeric D1, D2 forms [32]. The
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occurrence of D1, D2 dimers may be associated with NeN, ZeZ and/or
NeZ forms of the molecule bridging through IMH bonds. The interac-
tion energies (IE) of each of these hydrogen bonded complexes have
been estimated from the following relation:

=E E E Eint D
D

M
D

M
D

i
i

i
i

j
i (3)

where ED
D

i
i represents the total SCF energy of the ith dimeric complex.

EM
D

i
i and EM

D
j
i signify the total SCF energies of the ith and jth monomeric

forms of the molecule. All the SCF energies are calculated using aug-cc-
pVTZ basis set at MP2 level of theory and are shown in Table 1. The
basis set superposition error (BSSE) for the IEs has been corrected using
counterpoise method. From Table 1, it is clearly seen that Eint for both
the dimeric D1 and D2 forms involving the Z - forms of the HOSA
molecule show minimum SCF energies. These results may signify the
dimeric D1, D2 forms associated with two Z-monomeric form of the
HOSA molecule are considered to be stable. The optimized molecular
structures and the relative changes in the MP2 energies (ΔE) of the
monomeric N, Z and dimeric D1, D2 forms of the molecule are shown in
Fig. 1. The estimated MP2 energy of the Z - form is ~6.2 kcal/mole
higher than the corresponding N - form of the molecule. The two

dimeric D1, D2 forms of the molecule are energetically separated by
slender energy gap of 0.15 kcal/mole.

4.2. Raman, temperature dependent FTIR spectrum of the HOSA molecule
and their vibrational assignment:

Fig. 2(a) shows the experimentally observed Raman spectrum of
HOSA molecule in solid state recorded at room temperature. The the-
oretically simulated Raman spectra of D1, D2 dimeric and mixed forms
of the molecule are shown in Fig. 2(b, c and d). Complete vibrational
analyses of the Raman and IR bands (which will be discussed shortly) of
HOSA molecule recorded at room temperature are presented in Table 2.
The vibrational analyses of the monomeric N- and Z- forms of the
molecule, as obtained from ab initio calculations, are also shown in
Table S1. Raman spectrum of HOSA is marked by well resolved struc-
tured bands both in low as well as in the high wavenumber windows.
The most prominent peaks in the low wavenumber region spanning
from 100 to 1700 cm−1 are recorded at ~994 and 1053 cm−1. The
former band 994 cm−1 [calcd. at 1029/1016 cm−1 (MP2/aug-cc-
pVTZ), 991 cm−1 (B3LYP/aug-cc-pVTZ) for D1 and 1029/1017 cm−1

(MP2/aug-cc-pVTZ), 1010/1011 cm−1 (B3LYP/aug-cc-pVTZ) for D2
form of the HOSA molecule] predominantly steers from ν(ON) and
νs(SO3) stretching vibrations associated with the D1 and D2 dimeric
forms of the molecule. Interestingly D1 form of the molecule belongs to
Ci point group symmetry [Refer to Fig. 1(c)], while its D2 form loses the
point of inversion [Refer to Fig. 1(d)] and settles to C2 point group.
Nonetheless, intense Raman band at ~994 cm−1 represents totally
symmetric vibrations originating from ‘Ag’ and ‘A’ irreducible re-
presentations of the D1 and D2 forms of the molecule respectively. The
other Raman band at ~1053 cm−1 [calcd. at 1045/1046 cm−1 (MP2/
aug-cc-pVTZ), for D1 and 1044/1046 cm−1 (MP2/aug-cc-pVTZ) for D2
form of the HOSA molecule] is owed to ν(ON), νs(SO3) stretching and
symmetric δsym(NH3) deformation vibrations emanating either from

Table 1
Calculated Interaction energies (IEs) of the hydrogen
bonded complexes of the HOSA molecule as obtained from
ab initio MP2/aug-cc-PVTZ level of theory.

Combinations Eint (kcal/mol)

D1 – N – N −1.88
D1 – ZW – ZW −2.57
D2 – N – N −1.88
D2 – ZW – ZW −2.57
D1 – N – ZW −2.25
D2 – N – ZW −2.13

Fig. 1. Optimized molecular structures and respective SCF energy changes (ΔE) of (a) N-, (b) Z-monomeric and (c) D1, d) D2 dimeric forms of the HOSA molecule as
obtained from ab initio MP2/aug-cc-PVTZ level of theory.
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D1, D2 or from both the forms of the molecule. Interestingly, the ab
initio calculations show doublet splitting of the band frequency at
~1045 and 1046 cm−1. The former mode at 1045/1044 cm−1 belongs
to ‘Au’/‘B’ irreducible representation stemming from dimeric D1/D2
form of the molecule. This mode is IR active but Raman inactive. The
other calculated frequency at ~1046 cm−1 for D1/D2 forms of the
molecule is owed to Raman active totally symmetric ‘Ag’/‘A’ irreducible
representations. Doublet splitting of normal modes in dimeric struc-
tures is a known observation in quantum chemical calculations and is
explicitly reported elsewhere [27]. However the concurrence of both
the Raman bands at ~994 and 1053 cm−1 may primarily signify the
presence of both the dimeric D1 and D2 forms of the HOSA molecule in
solid state at room temperature. The presence of either D1 or D2 or both
the dimeric forms are further confirmed by the appearance of weak but

distinct peaks at ~398, 433, 561 and 616 cm−1 in the Raman spectrum.
The high wavenumber window (2500–4000 cm−1) in the Raman

spectrum are expected to provide deeper information about the hy-
drogen bonded NeH vibrations [33–36] of the D1 and/or D2 forms of
the HOSA molecule. Many structured bands are noticed in the high
frequency region [Fig. 2(a)]. However, the most prominent among
them is recorded at ~3473 cm−1. This band ~3473 cm−1 [calcd. at
3476/3476.2 cm−1 (MP2/aug-cc-pVTZ), 3465.5/3465.7 cm−1 (B3LYP/
aug-cc-pVTZ) for D1 and 3479/3480 cm−1 (MP2/aug-cc-pVTZ), 3504/
3505 cm−1 (B3LYP/aug-cc-pVTZ) for D2 form of the HOSA molecule] is
unambiguously assigned to stretching and bending vibrations of NeH
bond linked with hydrogen bond interactions in the D1 and/or D2
forms of the molecule.

Fig. 3(a) shows IR spectrum of HOSA in 400–4000 cm−1 wave-
number window recorded at 298 K. The spectra are recorded at room
and also at high temperatures ranging from 318 to 418 K [Fig. 3(b–d)].
The corresponding annealed spectrum is shown in Fig. 3(e). The theo-
retically simulated IR spectra of the D1, D2 and mixed D1, D2 forms of
the molecule, as obtained from static ab initio calculations, are also
shown in Fig. S2. The IR spectrum of HOSA recorded at room tem-
perature is marked by the presence of distinct vibrtional signatures
centered at ~430, 588, 994, 1053 and 1230 cm−1. The vibrational
analyses [Table 2] reveal that these vibrational signatures emanate
either from D1 and/or D2 or from both the dimeric forms of the mo-
lecule. This observation may signify the presence of D1 or D2 or from
both the forms of the molecule at room temperature and is in line with
that inferred from the Raman Spectrum (vide ante). However apart
from the presence of both the dimeric forms of the molecule, weak
shoulder at ~1533 cm−1 and prominent bands at ~1204, 1290, 1400,
1624 cm−1 enmark the presence of D1 and D2 forms of the molecule
respectively. Interestingly, with rise in temperature, bands at ~1204
and 1400 cm−1 gain in intensity with the disappearance of the band at
~1533 cm−1. These results point to explicit presence of D2 form of the
molecule at elevated temperatures. The presence of D2 form is also
prevalent in the annealed spectrum shown in Fig. 3(e), signifying per-
manent irreversible deformation of the HOSA molecule with the rise in
temperature.

The temperature dependent IR spectra in the high frequency domain
(~2200–4000 cm−1) demand considerable attention. This frequency
region is marked by the appearance of broad band contour with mul-
tiple vibrational signatures ingrained in it. Among these vibrational
signatures, the band ~3154 and 3470 cm−1 can only be assigned un-
equivocally. Both these bands are attributed to hydrogen boned NeH
stretching and bending vibrations stemming from D1 and/or D2 forms
of the molecule. However, appearance of such band contour in the high
frequency region is primarily linked to hydrogen bonded NeH vibra-
tions, likely to appear in the dimeric configurations of the molecule
than in its monomeric form/forms [37,38]. Significantly enough, the
Full Width Half Maximum (FWHM) of the broad band contour
(~2200–4000 cm−1) decreases with rise in temperature, signifying
some orientational disorder in H – bond bridges and/or in the asso-
ciated monomers. The significant decrease in the FWHM of the broad
band contour ~2200–4000 cm−1 wavenumber window with the rise in
temperatures may primarily predict the exclusive presence of specific
dimeric form of HOSA molecule in solid state at the high temperature
domain.

4.3. Dynamic IR spectra of the dimers form the Fourier transform of DMAF:

Fig. 4(i, ii) shows room temperature dynamic IR spectra of the D1
and D2 forms of the HOSA molecule as estimated from CPMD and
BOMD simulation studies. The temperature dependent dynamic IR
spectra of the D1, D2 forms of the molecule as obtained from CPMD and
BOMD simulation studies are also shown in Figs. 5 and 6 respectively.

Fig. 2. (a) Raman spectrum of HOSA molecule in the solid state recorded at
100–4000 cm−1 region for λexc= 632.8 nm. Theoretically simulated gas- phase
Raman spectra of (b) D1, (c) D2 and d) mixture of D1, D2 forms of the HOSA
molecule using ab initio MP2/aug-cc-PVTZ level of theory.
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Table 2
Experimentally observed and theoretically simulated vibrational frequencies of the D1 and D2 forms of HOSA molecule as obtained from ab initio MP2/aug-cc-pVTZ
and also from anharmonic DFT calculations at B3LYP/aug-cc-pVTZ level of theories along with their tentative assignments.

Raman IR at Room temp. D1
(Ci)

D2
(C2)

Calcd freq. Tentative Assignment (PED%) [Symmetry
Element]

Calcd freq. Tentative Assignment (PED %) [Symmetry Element]

ab initio DFT ab initio DFT

197
(w/sh)

205 δasmSO3(28) τOSON(25) βSON(11) βONH (5) [A]

263
(vw)

268 δsymSO3(62) βSON(7) τSONH(7) [B]

307
(vvw)

300 βSON(63) δOSO(23) [A]

340
(vvw)

340 δsymSO3(78) βSON(8) [A]

365
(vvw)

355.3 363 βOSO(36) βSON(22) βONH(10) [Ag] 356 364 δsymSO3(78) βSON(8) [A]
355.6 βOSO(41) βSON(20) βONH(13) [Au] 366 βSON(67) τSONH(21) [B]

398
(vw)

393 384 δOSO(38) βSON(29) τSONH(9) [Ag] 389 382 δsymSO3(84) βSON(12) [A]

430
(vw)

431 βSON(54) 425 βSON(67) τSONH(21) [B]

433
(w)

δOSO(22) τSONH(10) [Au] 426 βSON(69) τSONH(16) [A]

565
(w)

577.2 δsymSO3(75) βSON(21) [Au] 573 δsymSO3(56) βSON(17) δNH3(10) [A]
577.4 δsymSO3(66) βSON(28) [Ag]

588
(vs)

597 δsymSO3(75) βSON(21) [Au] 594 586 δasmSO3(77) rSO3(14) [B]

616
(vw)

624 611 δsymSO3(73) νS-O[NH2] (14) [Ag] 619 624 δsymSO3(53) νS-O[NH3] (33) [A]

630 δsymSO3(70) βSON(13) [Au] 628 δsymSO3(52) νS-O[NH3] (32) [B]
686

(vw)
690
(vs)
860
(w)
994
(s)

1029 νON(55) νsymSO3(35) [Au] 1029 1010 νON(56) νsymSO3(37) [B]

994
(vs)

1016 991 νON(54) νsymSO3(35) δsymNH3(4) [Ag] 1017 1011 νON(55) νsymSO3(36) [A]

1053(vs) 1045 νON(45) νsymSO3(29) δsymNH3(5) [Au] 1044 νON(52) νsymSO3(34) [B]
1053

(vvs)
1046 νON(53) νsymSO3(34) δsymNH3(5) [Ag] 1046 νON(54) νsymSO3(35) [A]

1171
(vvw)

1176 δasmNH3 (79) [Ag]

1204
(vs)

1188 δasmNH3 (86) [Au] 1200 1220 δasmNH3(52) νsymSO3 (33) [B]

1230
(vs)

1232 1237 δasmNH3 (86) [Au] 1239 1234 δasmNH3(72)νasmSO3(12) [B]

1240
(vw)

1248 1238 δasmNH3(64) νasmSO3(24) [Au] 1236 δasmNH3(69) νasmSO3(24) [A]
1249 δasmNH3(65) νasmSO3(17) [Ag] 1242 δasmNH3(59) νasmSO3(27) [A]

1290
(vvs)

1294 δasmNH3(48) νasmSO3(42) [Au]

1308
(w)

1307 νasmSO3(54) βONH (31) [Ag]
1309 νasmSO3(65) βONH(29) [Au]

1533
(sh)

1538 1549 δsymNH3 (71) βONH (25) [Au]

1537 δsymNH3(81) βONH (9) [B]

1534
(w)

1541 1553 δsymNH3 (69) βONH (26) [Ag] 1529 δsymNH3(79) βONH (11) [A]

1624
(s)

1624 rNH3 (87) [B]

1631
(vvw)

1627 rNH3 (93) [A]

2744 2723 νNH(62) δHNH(24) [Au]
2801

(vw)
2803 2785 νNH(57) δHNH(27) [Ag] 2789 νNH(72) δHNH(19) [B]

2870
(vvw)

2884 νNH(67) δHNH(22) [A]

3110
(w/sh)

3127
(s)
3154
(s)

3148 3173 δHNH(71) νNH(29)δONH(7) [Au] 3161 δHNH(49) νNH(36)δONH(15) [B]

(continued on next page)
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The dynamic IR spectra of mixed D1 and D2 forms of the molecule at
room temperature, as estimated from CPMD and BOMD calculations
[Fig. 4(i, ii) c] both qualitatively reproduce closely with experimentally
recorded spectrum [cf. Fig. 3(a)]. The noted discrepancy between the
experimental and theoretically estimated dynamic IR spectra may be
accounted partly due to the anharmonicity of the vibrations. However,
the other probable explanation may be the effect of finite fictitious
electronic mass parameters that is considered in the CPMD simulation
run [29,37,38]. Moreover, the dynamic IR spectrum of the mixed di-
meric D1 and D2 forms exhibits structured bands in the low wave

number region (0–1700 cm−1) with a broad band envelop in the higher
wavenumber window ranging from 2700 to 3000 cm−1. This broad
band envelop is explicitly linked with the hydrogen bond interaction
and can only be evinced in the D1, D2 and mixed D1, D2 forms of the
molecule [Fig. 4(i, ii)]. This is further corroborated from the calculated
dynamic IR spectra of the monomeric N- and Z- forms of the HOSA
molecule, shown in Fig. S3. Both the spectra, as shown in Fig. S3 feature
structured band in the low wavenumber window with no trace of broad
band contours in the high wavenumber region. The dynamic IR spec-
trum, as calculated from the dipole moment of the auto correction

Table 2 (continued)

Raman IR at Room temp. D1
(Ci)

D2
(C2)

Calcd freq. Tentative Assignment (PED%) [Symmetry
Element]

Calcd freq. Tentative Assignment (PED %) [Symmetry Element]

ab initio DFT ab initio DFT

3264
(vvw)

3295 δHNH(49) νNH(36)δONH(15) [B]
3299 δHNH(43) νNH(36)δONH(15) [A]

3470
(vs)

3476.0 3465.57 νNH(63) δHNH(19)δONH(6) [Au] 3479 3504 νNH(52) δHNH(25)δONH(17) [B]

3473 (vs) 3476.2 3465.78 νNH(63) δHNH(19)δONH(6) [Ag] 3480 3505 νNH(51) δHNH(25)δONH(17) [A]

Key: vss, very very strong; vs, very strong; s, strong; w, weak; vw, very weak; vvw, very very weak; sh, shoulder; τ, torsion; β, bending; δ, deformation; δsym,
symmetric deformation; δasm, asymmetric deformation; r, rocking; ν, stretching; νsym, symmetric stretching; νasm, asymmetric stretching; ω, wagging; only con-
tributions >5 are reported.

Fig. 3. The FTIR spectra of the HOSA molecule in solid state recorded at (a) 298 K, (b) 318 K, (c) 373 K, (d) 418 K and (e) annealed sample.
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function indeed has the potential to reproduce vibrational signatures of
the molecule involved in hydrogen bond interactions [39,40].

Interesting observation may be drawn from the dynamic IR spectra
of the dimeric D1 and D2 forms of HOSA molecule calculated at various
temperatures [Figs. 5(a–c)] and 6(a–c)]. The broad band contour in the
high wavenumber region is of considerable interest. From Figs. 5(a–c)
and 6(a–c), it is seen that with increase in temperature the broad band
envelop in the IR spectra of the D1 form of the molecule almost dis-
appear with the appearance of structured bands of reduced line widths.
In contrast, calculated IR spectra of the other dimeric D2 form of the
molecule [Figs. 5(a–c) and 6(a–c)] still exhibit broad band envelop with
rise in temperature.

The evolution of NeH stretching band contours with time for the D2
form of HOSA molecule at various temperatures are estimated from the
trajectories so obtained from CPMD and BOMD calculations. They are
shown in Fig. S4(a) and (b) respectively. The band contours re-
presenting the N-H stretching vibrations of the D2 form of HOSA mo-
lecule as shown in Fig. S4(a), (b) also exhibit similar broad band en-
velop as reflected in Fig. 5(a–c) and 6(a–c) (vide supra). These results
may justify both CPMD and BOMD calculations reproduce the

experimental observations [Fig. 3(b–d), vide supra] reasonable well
and can explain the explicit presence of the dimeric D2 form of HOSA
molecule at high temperatures. The disappearance of broad band en-
velop in the calculated IR spectra of the D1 form of molecule with rise
in temperature may auger extirpation of the hydrogen bonded D1
complex at higher temperatures. The temperature dependent dynamic
IR spectra thus have the capability to predict the dynamics of hydrogen
bonded complex formation or destruction under external perturbation.

5. Conclusion

The Raman and temperature dependent FTIR spectra of HOSA
molecule have been recorded. Complete vibrational analyses of the
molecule have been estimated for the first time from ab initio and an-
harmonic DFT calculations at MP2/aug-cc-pVTZ and B3LYP/aug-cc-
pVTZ level of theories respectively. Both ab initio and anharmonic DFT
calculations suggest the presence of dimeric D1 and D2 forms of the
molecule. The interaction energies ( Eint) signify the existence of stable
dimeric D1, D2 forms of the molecule. The vibrational signatures of the
HOSA molecule, as obtained from the Raman and FTIR spectra, also

Fig. 4. Simulated gas-phase dynamic IR spectra at 298 K of (a) D1, (b) D2 and (c) mixture of D1, D2 forms of the HOSA molecule as obtained from (i) CPMD and (ii)
BOMD calculations.
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Fig. 5. Simulated gas-phase temperature dependent dynamic IR spectra of D1 and D2 forms of HOSA molecule at (a) 318 K, (b) 373 K and (c) 418 K using CPMD
calculations.

Fig. 6. Simulated gas-phase temperature dependent dynamic IR spectra of D1 and D2 forms of HOSA molecule at (a) 318 K, (b) 373 K and (9c) 418 K using BOMD
calculations.
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suggest the presence of both the D1 and D2 dimeric forms of the mo-
lecule at room temperature. Temperature dependent experimentally
observed FTIR in conjunction with dynamic IR spectra, as estimated
from CPMD and BOMD calculations, however predict the exclusive
presence of D2 dimeric form of HOSA molecule at the high temperature
domain.
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