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A quantum theoretical approach, within the adiabatic approximation and taking into account a
strong non-adiabatic correction via the resonant exchange between the fast mode excited states of the two
moieties of the dimer. The intrinsic anharmonicity of the low-frequency mode through a Morse potential,
direct and indirect damping, and a selection rule breaking mechanism for forbidden transitions, is applied
to reproduce the vx-n IR line shape of cyclic dimers of moderately H-bonded species in the crystalline
phase. The results are used to gain an insight into the experimental spectral line shapes obtained by the
transmission method. This approach fits satisfactorily the experimental line shape of 2-thiopheneacetic
acid and predicts their evolution with isotopic substitution. Numerical calculations show that mixing of all
these effects allows one to reproduce the main features of the experimental IR line shapes.

Keywords: 2-thiopheneacetic acid dimer; Davydov coupling; Fermi resonance; Morse potential;
hydrogen bond; IR spectral density

TEOPETCKO MOJEJIMPAILE HA TH®PAIIPBEHUTE CIHEKTPH HA BOJOPOJHATA BPCKA
BO MOJIEKYJICKHUTE KPUCTAJIA HA 2-THO®EHOLETHA KUCEJIMHA:
PEI'MUEBA PE3OHAHIIA 1 JTABUJTOB E®EKT HA KYIIVIUPAILE

Pa3paboTeH € KBaHTHOTEOPHUCKHU MPUCTAl BO paMKHUTE Ha ajujabarcka alnpoKCUMalja, a 3eMajKu
ja mpemBua cuHATa HeaaujabaTcka KOpEKIMja MPEeKy Pe30HaHTHA pa3MeHa Mery Op3uTe MOJOBH Ha
BO30yJeHH COCTOjOM Ha JIBETE€ €AMHKH O]l AUMepoT. [IpuMeHeTa € CONCTBeHaTa aHXapMOHMYHOCT Ha
HHUCKO-(DPEKBEHIMCKUOT MOJ[ TpeKy Mop3e0B MOTEHIMjall, IUPEKTHOTO U MHAUPEKTHO MPUIYIIYBAbe U
MEXaHM3aM Ha CEJEKIMOHO TPAaBHJIO Ha MPEKPIIyBame 3a Ja ce penpoayuupa vx-+ IR mpodunor Ha
UKJIMYHY TUMEPU Ha yMEpEHO H-1oBp3aHU BUIOBU BO KpHcTainHa (asa. Pesynrature ce kopucrar 3a jJa
ce j00ujaT co3HAHM]ja 32 EKCIICPUMCHTAIHO NOOMCHHUTE NMPOQIIN HAa CIHCKTPAITHUTE JICHTH, JOOUCHH CO
TpaHcMuUCHOHUOT MeTo . Co OBOj MpHCTAl 33J0BOYBAYKH C€ YCOTIacyBa MPO(UIOT HA JEHTHTE Ha 2-
THO(EHOIIETHA KUCEIMHA U MOXe€E Jla c€ MPEIBHUIM HUBHATA €BOJIyIMja MPU M30TOTCKA CYNCTUTYIH]a.
HyMmepuukuTe HpeCMETKH MOKa)KyBaaT [IeKa MEIIAkETO Ha CHUTe OBHE e(EeKTH OBO3MOXKYyBa Ja Ce
penpoayrpaaT OCHOBHUTE KapaKTEPUCTUKH HA €KCIIEPUMEHTATHHOT Npodwt Ha IR neHTuTe.

Kayuynu 300poBu: numMep Ha 2-TroeHOIeTHA KUCEIMHA; KYIUTyBambe Ha [laBuioB;
depmueBa pezoHaHna, Mop3eoB IMOTEHIMjall; BOAOPOJHA BPCKA; CHIEKTpaiHa TycTHHa Ha IR
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1. INTRODUCTION

Hydrogen bonding (X-H...Y) is an interac-
tion between a covalently bound H atom (X-H),
with some tendency to be donated, and a region of
high electron density on an electronegative atom or
group of atoms (), which can accept the proton
[1-3]. A hydrogen bond is said to be intermolecu-
lar or intermolecular depending on whether the
atoms (or groups of atoms) X and Y belong to the
same molecule or not. It is the most important in-
teraction in chemical and biochemical systems.
Hydrogen bonds are of fundamental importance in
the structure of DNA [4, 5], in the secondary and
tertiary structures of proteins, and in many chemi-
cal and biological processes. The nature of hydro-
gen bonding can be most conveniently studied in
acid-base systems where the molecules are hydro-
gen bonded. Such systems are known as hydrogen-
bonded complexes (HY complexes). The proper-
ties of hydrogen bonds have been widely investi-
gated theoretically and experimentally, and have
been the subject of several monographs [6, 7].
Many theoretical models have been proposed to
describe the unusual features of hydrogen bond
stretching bands in IR spectra [8-14].

The vibrational spectra of hydrogen-bonded
dimers have been the subject of numerous experi-
mental and theoretical studies [15-18]. The inves-
tigation of the vibrational spectra of hydrogen-
bonded systems in crystalline phases is an im-
portant topic in physics and chemistry, as well as
biology. These spectra are, as a rule, complicated
as a result of significant anharmonic effects. The
problem of anharmonicity in high frequency inter-
molecular vibrations in crystals has been studied
for many years. There are two aspects that compli-
cate this problem. The first of these is Fermi reso-
nance (FR), which occurs between a fundamental
vibration and a combination (or overtone) of the
molecule. The second is splitting, which arises
from intermolecular interactions and transmission
of vibrational excitation from one molecule to
another in a crystal. As a result, according to Da-
vydov [19], one non-degenerate vibration of the
free molecule may be split in the crystal into a
multiplet of bands. The number of components is
equal to the number of molecules in the crystal unit
cell and the polarization of these bands can be
different. Such an effect was named as Davydov
splitting (DS) [20]. There have been also numerous
studies of Fermi resonance in hydrogen-bonded
complexes and crystals [21-23]. In this work, we
present a theoretical study of polarized infrared
spectra of 2-thiopheneacetic acid 2-TAA and its O-
D derivative. We compare theoretical calculations

to the experimental results. The theoretical model
was used to simulate O-H(D) stretching bands.
Recent polarized infrared spectra of hydrogen
bonded 2-TAA have been studied experimentally
and interpreted theoretically by Flakus et al. [24].

At room temperature, 2-TAA is a crystal and
its melting point is at 336-337 K. The system that
draws our attention in the present study is the 2-
TAA dimer. 2-TAA crystals are monoclinic with
space group P21/c and Z = 4. The lattice constants
at 100 K are a =27.063(9) A, b =4.452(4) A, c =
10.7811(9) A and B = 100.540(17)° [24]. In crys-
talline systems, associated molecules form hydro-
gen-bonded cyclic, centrosymmetric dimers. There
are two centrosymmetric hydrogen-bonded dimers
in each unit cell, linked by 2.669 A long hydrogen
bonds. The anharmonic coupling between the high
frequency X—H stretching and low frequency in-
termolecular hydrogen bond vibrations, described
by Maréchal and Witkowski [8], is an important
mechanism for shaping the fine structure of ns
bands in hydrogen-bonded systems. The most im-
portant mechanism influencing the fine structure of
vibrational spectra of hydrogen-bonded systems is
Fermi resonance. The theoretical model of Fermi
resonance was used by Witkowski and Wojcik [9].

In this study, we present a quantitative de-
scription of infrared spectra in the O-H stretching
region of the hydrogen-bonded 2-TAA dimer. This
work is a continuation of our previous studies of
hydrogen bonding [16]. We present a theoretical
interpretation of the fine structure of the vs(OH)
stretching band of 2-TAA and its deuterated deriva-
tive. For simulation of the fine structure, we used an
adiabatic coupling between the high-frequency O—
H(D) stretching and the low frequency intermolecu-
lar O- - -O stretching modes, linear and quadratic
distortions of the potential energies for these modes
in the excited state of the O-H(D) stretching vibra-
tion, resonance interaction between the two hydro-
gen bonds in the dimer and the Fermi resonance
between the fundamental vonp) stretching and the
overtone of the do-+(py bending vibrations. The pre-
sent theoretical approach allows for the fitting of the
experimental polarized vx-u IR line shapes of the
cyclic 2-TAA dimer and its deuterated derivative
using a minimum number of parameters.

2. THEORETICAL FORMULATION
OF THE MODEL

2.1. Basic parameters

The 2-TAA dimer is formed by two hydro-
gen bonds that are cyclic centrosymmetric in in-
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teraction. Therefore, in cyclic symmetric dimers
of hydrogen bonds, there are two degenerate high
frequency modes (fast modes) and two degenerate
low frequency H-bond vibrations (low modes).
The two parts of the dimer are labeled asr = 1, 2.
The computation of the spectral density requires
knowledge of the following physical parameters:

®° (Q): vibration angular frequency of the
two degenerate fast (slow) mode moieties,

a°: dimensionless strong anharmonic cou-
pling parameter,

Be: dimensionless parameter characterizing
the Morse potential width,

D.: dissociation energy of the hydrogen
bond bridge,

v° (y): direct (indirect) damping parameter,

Ve: Davydov coupling parameter,

8
Yi: damping parameter of the bending
mode,
os: angular frequency of the bending mode,
fi: Fermi coupling parameter,

0
A . angular frequency gap between the fast
bending modes,
T: absolute temperature.

2.2. Computational approach

In the present approach, we treat hydrogen
bonds as three atom systems composed of two
heavier atoms, X and Y (these are usually oxygen,
nitrogen, chloride, fluoride or sulfur), and hydro-
gen or deuterium atom in between these two. We
assume that the basic physical mechanism respon-
sible for the energy and intensity distributions is an
anharmonic-type coupling between the high-
frequency X-H(D) stretching vibration and the low
frequency hydrogen bond X...Y stretching vibra-
tion in an isolated hydrogen bond.

Scheme 1 shows the geometry of the 2-TAA
dimer optimized at the B3LYP/6-311G++ level. In
this case, the two hydrogen bonds of the dimer are
related by the symmetry operation C,, correspond-
ing to the two-fold symmetry axis. Because of the
symmetry of the dimer, there is a symmetry C;
parity operator that exchanges the two moieties of
the system. This operator exchanges the coordi-
nates Qi of the two hydrogen bond bridges of the
cyclic dimer according to:

C2Q:1=Qzand C2Q2= Q1 (1)

Scheme 1: Geometry of the 2-TAA dimer optimized at the B3LYP/6-311G++ level

Within the linear response theory [25, 26],
the IR spectral density I(®) of the hydrogen bond
dimer system may be related to the autocorrela-
tion function (ACF, G(t)) of the transition dipole
momentum of the fast mode X-H, through the
following Fourier transform:

I(w) = 2Re TG (t)e ™Midt
° (2)
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The ACF of the dipole moment operator is
written, in a general way, as:

G(t) = tr{p(O) (o) u(t) } 3)

where p(0) is the equilibrium Boltzmann density
operator, p(0) is the dipole moment operator at
initial time and p(t) is the same operator at time
(t). Within the Heisenberg representation, this last
operator is given by:
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H.t _H.t
ut) < exp {— l —}H(O) eXp{l —}
n o

where H is the full Hamiltonian of the hydrogen
bonded dimer system. In the presence of direct
damping, the ACF G(t) may be written as [27]:

G(t)=G°(t)exp(-v°t) (5)

where y° is the direct damping parameter of the
fast mode and G°(t) is the time dependent ACF
without damping.

In order to obtain the spectral density (given
in Eq. (2)), we need to construct and diagonalize
the full Hamiltonian of the system.

Working within the strong anharmonic cou-
pling theory, the high frequency mode is assumed
as a harmonic potential, whereas the slow one is
described by a Morse potential. The corresponding
Hamiltonians of the slow and high frequency
modes of the two moieties of the dimer are, respec-
tively, given using dimensionless operators with
the following expressions:

[Hsow i =@/ 2)PiZhQ +D[1- e P2 MQ/h)]2 :
i=1,2 (6)

[HFast]i = (1/ 2)(p|2 +qi2)h(’)(Qi); i=1,2 (7)

where P is the dimensionless conjugate moment of
the hydrogen bond bridge dimensionless coordi-
nates Qi of the two moieties, whereas pi and q; are
the dimensionless coordinates and the conjugate
moment of the two degenerate high frequency
modes of the two moieties. Q and M are the angu-
lar frequency and reduced mass of the hydrogen
bond bridge, respectively, whereas w(Q;) is that of
the high frequency mode, which is supposed to
depend on the coordinate of the hydrogen bond
bridge. De is the dissociation energy of the hydro-
gen bond bridge.

There are two experimental correlations [28,
29] which show that the effective angular frequen-
cy of the fast mode w(Q) and its equilibrium posi-
tion qe are assumed to be strongly dependent on the
slow mode stretching coordinate. Based on these
two correlations, a hypothesis was made in the
literature that there exists within a given H-bond, a
modulation of the angular frequency of the fast
mode w(Q) and its equilibrium position g.(Q) by
the hydrogen bond distance Q, represented by two
expansions to the second order:

o(Q) = w°+aQ+ BQ° (8)
9.(Q) =q; + f°Q+g°Q’ ©)

These two hypotheses are at the origin of the
strong anharmonic coupling theory, developed
initially by Maréchal and Witkowski [8], and in
another sense by Hofacker et al. [30]. Maréchal
and his coworker Witkowski [8] have shown that
consideration of the only parameter o (B=/°=g°=0)
allows us to reproduce the main characteristics of
the envelope of spectra, especially their widths,
asymmetry, as well as change of bands related to
the deuteration. After that, the majority of consecu-
tive works neglect the modulation of the equilibri-
um position of the fast mode and the quadratic
dependence of its frequency. On this basis, follow-
ing Maréchal and Witkowski, we consider only the
expansion to the first-order of the angular frequen-
cy of the fast mode with respect to the coordinate
of the hydrogen bond bridge, leading to:

o(Q;) = 0°+0a°QQ; (10)

where ®° is the angular frequency of the two de-
generate fast modes when the corresponding hy-
drogen bond bridge coordinates are at equilibrium,
whereas a° is a dimensionless parameter that ap-
pears to be an anharmonic coupling parameter.

In the presence of damping, the thermal bath
may be described by an infinite set of harmonic
oscillators, and its coupling with the hydrogen
bond bridge is described by terms that are linear in
the position coordinates of the bridge and of the
bath oscillators:

HDamp:Z(]-/ 2)[53 + Eirz]h(’)r +Zﬁr[Q1 + Qz]hgr
(11)

where g are the dimensionless position coordinate
operators of the oscillators of the bath. p is the
corresponding conjugate moment, obeying the
usual quantum commutation rules, o are the corre-
sponding angular frequencies and g is the coupling
between the hydrogen bond bridges and the oscil-
lators of the bath.

For a cyclic symmetric dimer of hydrogen
bonds, there are two degenerate high frequency
modes and two degenerate low frequency H-bond
vibrations, as shown in Scheme 1. The adiabatic
approximation leads to a description of each moie-
ty by effective Hamiltonians of the hydrogen bond
bridge. For a single hydrogen bond bridge, this
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effective Hamiltonian is described by an harmonic
oscillator if the fast mode is in its ground state, or
with a driven harmonic oscillator if the fast mode
is excited. When one of the two identical fast
modes is excited, then, because of the symmetry of
the cyclic dimer, and of te coupling V1, between
the two degenerate fast mode excited states, an
interaction occurs (Davydov coupling), leading to
an exchange between the two identical excited
parts of the dimer. Certainly, this interaction be-
tween degenerate excited states is of a non-
adiabatic nature, although the adiabatic approxima-
tion has been performed in order to separate the
high and low frequency motions. Therefore, within
the adiabatic approximation, the Hamiltonian of
each moiety of the dimer takes the form of the sum
of effective Hamiltonians that depend on the de-
gree of excitation of the fast mode according to:

[H adian]i ZZ[HO ‘ ><{k}‘ ;1=1,2; k=0,1 (12)
[HoW ], = @/ 2)P?hQ+ D, [1- exp(—8,Q; VMQ/ 7))
+ ko°Q; A2 + khw° (13)

An excitation of the fast mode of one moiety
of the dimer is resonant with the excitation of the
other moiety. Thus, a strong non-adiabatic correc-
tion [31], i.e., Davydov coupling occurs between
the two resonant states after excitation of one of
the two fast modes. The full Hamiltonian of the
two moieties is given by the following equations:

H =[Hagiabls +[Hadiabl2 +Vio + Hpamp (14)

with
Vi, = AVl L) ({0l |+ {0} )it [1 (15)

where V° is the Davydov coupling parameter.

Because of the symmetry of the system, it is
suitable to use the following symmetrized coordi-
nates and eigenvectors [31]:

{Q1 -Q,}  (16)

ALARIGS)
(17

Qg :%{Ql +Q2} ; Qu:

[lg) = Llk) + k)]s 4ek)

E &
%\

Using the symmetry of the system (centro-
symmetric cyclic dimer), the ACF may be split
into symmetric parts (g) and antisymmetric parts
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(u). The ACF may be written using the following
expression:

G(t) = [GOL G (O], +[G™ (VL] 4

In this equation, [G(t)]g is the g ACF of the
dipole moment operator of the fast mode, which is
affected by the strong anharmonic coupling and the
indirect damping of the hydrogen bond bridge, i.e.,
the interaction of the two hydrogen bonds of the
dimer with their environment.

The reduced g ACF can be written [31], af-
ter taking into account the natural line width of the
excited state of the fast mode, in the following
closed form:

2

[G(t)]g o piot e Qt —ILFTQt _{T} [(n)-

—yt/2 _a
+1/2](2e cosQt—e )eiﬁze(mz)sinﬂt

(19)

where, <n> and [} are, respectively, the thermal
average of the occupation number and the effective
dimensionless anharmonic coupling parameter
related to a°.

Alternatively, [G*(D)]u and [G™(1)]u are the
two UACFs dealing with the corresponding (u)
part, which are affected only by the Davydov cou-
pling and the anharmonicity of the hydrogen bond
bridge. They are given by [31]:

RIS I I C Vi

b - (=)"PT x[c

+ Irut —in Ot
rw‘ ee " (20)

where 7 is a dimensionless parameter reflecting

the fact that in the real cyclic dimers, it is not pos-
sible to rigorously split the equations of the system
into g and u parts. This parameter is similar to the
breaking of the IR selection rule forbidding the Ag
transition in cyclic dimers of carboxylic acids [32].
ci, are the expansion coefficients of the eigenvec-

tors on the basis of the eigenstates |n> of the Ham-
iltonian of the quantum harmonic oscillator.

The spectral densities are computed by Eqg.
(2) after constructing and diagonalizing the full
Hamiltonian involving Davydov coupling and
damping mechanisms in a truncated basis.

The previous treatment was developed with
neglect of the Fermi resonances. Now, we suppose
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a situation where this effect is taken into account.
It results from the interactions occurring between
the first excited state of the high frequency mode
and the first harmonic of some bending modes. As
stated by Maréchal and Witkowski [8], if Fermi
resonances are taken into account, one has to con-
sider one fast mode, one slow mode and one bend-
ing mode for each hydrogen bond of the cyclic
dimer. If we take into account Fermi resonances
[33], they affect only the g state of the system. As
a consequence, the [G™(t)]u ACFs are not modified.
In the presence of Davydov coupling and Fermi
resonances, the ACF can be written as [33]:

[G(t)]g oc zﬂ:%e_ma{p,o,m}gZ[Ei{m“}guqe‘imgt o

where {w,}q are the eigenvalues appearing in Eq.
(22) and ay.omye are the expansion coefficients
defined by Eg. (18).

[Hg]g‘¢u>9=h‘¢“>g{a)“}g 22)

with

‘¢u>g: ZZ{au,l,m}WLm%

me (23)

The g states involved in the above expan-
sions are defined by:

[{Pom}e> = {1}¢>HO01}¢>([02]¢>|(M)g>, (24)
[{¥1m}e> = {0}e>H21}¢>|[02]¢>|(M)¢>, (25)

[{¥2m}e> = {0}>H{01}e>[[22]¢>|(M)g>. (26)

where the kets [{k}s>, [(m)s> and |[I]s> are the g
eigenstates of, respectively, the symmetrized high
frequency quantum harmonic oscillator, the slow
frequency quantum harmonic oscillator and the
bending frequency quantum harmonic oscillator.
The Fermi resonance mechanism, characterized by
the coupling parameter fi, is described by the fol-
lowing coupling operators /f, which express the
non-resonant exchanges between the state |[{1};> of
the jth fast mode and second damped excited state
|[2]; > of the jth bending mode. The introduction of
the Fermi resonance coupling effects in the line
shape is presented by the complex angular fre-
quency gap Ai:

Ap = A —iy} 27)
with

o _ o 5
A =—°— 2(Di (28)

|
5
where @i s the frequency of the bending modes
(i=1,2,...ng). The imaginary part in this gap is relat-
ed to the lifetime of the corresponding excited
states. Recall that the Hamiltonian of the dimer
involving Davydov coupling and Fermi resonances
between the g excited state of the fast mode and
the g first harmonics of the bending mode, together
with the damping of these excited states is:

[He] o, 1, A
nf, HO 4na,
i, H 4 7A,
[H Ferm'hLDav]g = i, H{‘)} +hA,
h.f.,;F HO
(29)
with
HO = {a+a + —}hQ
(30)
and
] = Haﬁa + 1} rafat + a)}h(ﬁ —i 1) +he® =S h0
2 2 2
(31)

In these two last equations, a* and a are the
boson operators obeying [a*, a] =1 and i? = 1.

3. LINE SHAPE OF CRYSTALLINE
2-THIOPHENEACETIC ACID

We propose here to apply the present model
to the vo-x IR line shapes of polarized 2-TAA crys-
tal and its deuterated form in the crystalline phase.
In this study, we have supposed that the 2-TAA
forms a centrosymmetric cyclic dimer in the crys-
talline phase. In addition, due to the complex gen-
eration mechanism of the vx.4 bands in IR spectra
of centrosymmetric H-bond dimers formed in as-
sociated carboxyl groups, any structural changes in
the molecular associated should influence the band
spectral properties, intensity distribution in the
band included. For the cyclic, centrosymmetric
dimeric structure, the forbidden transition sub-band
in the proton stretching band is located in the lower
frequency part of the band. In this study, according
to which this model may apply to crystalline 2-
TAA dimers, is based on the quantum mechanisms
we have chosen to take into account the influence
of the medium on the irreversible behavior of the
2-TAA of the dipole moment operator of the fast
mode: the quantum direct damping is caused by the
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dipole-dipole interaction of one hydrogen bonded
species with the other ones, whereas the indirect
damping is related to the damping of one H-bond
bridge because of collisions. The experimental
polarized spectra of 2-TAA and its deuterated form
are obtained by Flakus [24], where it was meas-
ured for two orientations of the electric field vec-

tor E , With respect to this axis, the first one paral-
lel (Pol=0°) and the last one perpendicular to the
axis (Pol=90°). The spectral densities are comput-
ed by Eq. (2) after constructing and diagonalizing
the total Hamiltonian Hro: involving Davydov cou-
pling and damping mechanisms in a truncated ba-
sis. Before starting the reproduction of IR spectra
of 2-TAA, it is of interest to comment on the im-
portance of the parameters used to fit the experi-
mental line shapes. We have selected for the disso-
ciation energy of the H-bond bridge, values
D.=2100 cm-! and Pe = 0.189 [33]. These parame-
ters are used to describe the Morse potential. The
vxn Of the fast mode of the 2-TAA used in the
calculation is around 3000 cm-1. Note that, accord-
ing to the Maréchal and Witkowski theory [8], the
angular frequency ®® of the high frequency mode

must decrease on D isotopic substitution of the
proton involved in the H-bonds.

In the object of the study of the combined
effect of Fermi resonances and Davydov coupling
in the reproduction of the IR spectra of 2-TAA and
its deuterated derivatives dimers, we show firstly
the effect of the Davydov coupling parameter and
then the effect of multiple Fermi resonances in the
reproduction of the IR spectra. Among the myriad
of results that we found, we identify the most ac-
ceptable physically case, which led to the repro-
duction of the experimental spectra of the con-
cerned compounds. The theoretical spectra found
are compared with those measured by Flakus et al.
[24]. Note that the experimental spectra have a
complex structures and shift towards lower fre-
guencies in the case of the deuterated species. To
reproduce the experimental spectra, we proceeded
to vary the physical parameters, which will be
discussed in the following, to reach an agreement
between the theoretical and experimental spectra.
The sets of parameters used to fit the experimental
line shapes are reported in Tables 1 and 2.

Table 1
Parameters used for fitting experimental H(D)-2-TAA spectra
T(K) Pol(°) o° (cm™) Q(cm™) a® v° (Q) vy (Q) A% n

77 0 2995 80 1.25 0.35 0.12 -16 0.4

z 90 3150 95 1.45 0.22 0.15 0.8 0.25

,if 293 0 3140 95 1.45 0.19 0.015 0.8 0.2

N 90 3050 88 1.31 0.16 0.19 -1.3 0.30

77 0 2207 72 0.351 0.17 0.14 -0.78 0.72

a 90 2206 71 0.346 0.16 0.16 -0.78 0.75

< 293 0 2204 69 0.328 0.13 0.17 -0.95 0.50

N 90 2204 70 0.328 0.16 0.18 -0.95 0.50
Table 2

Fermi parameters (in cm ™) used to reproduce the theoretical H(D)-2-TAA line shapes

T Pol° A1 A2 A3 Aa f1 f2 fs fa }/f }/f 7/2 V4 j

0° 100 70 30 70 25 25 25 10 02 018 015 001

T 7 900 65 -110  -200 55 20 5 10 20 002 001 001 001
<

= 0° 75 100 200 75 20 10 20 10 002 001 001 001

o 293 90° 110 45 30 60 10 12 25 05 02 04 035 001

_ 0° 67 50 30 90 32 6 9 05 005 005 006 01

@) 7 90° 66 50 30 90 30 9 10 05 009 005 006 0.1
<

R 203 O 65 40 25 90 24 20 12 10 02 009 008 01

90° 65 40 20 90 24 20 9 10 002 009 005 01

Maced. J. Chem. Chem. Eng. 35 (2), 157-168 (2016)
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Before going very far in the reproduction of
the experimental spectra, it is more appropriate to
have an idea about the effect of the Davydov cou-
pling parameter. In Figure 1, we present the evolu-
tion of spectral density function of Davydov cou-
pling parameter Vp. In this figure, we show the
effect of the increase of this parameter (from O to
+1.6). One may see that when this parameter be-
comes stronger, the intensity of the theoretical line
shape changed and became more and more intense
in the tails of the spectra. The intensity became

—Exp
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more intense in the tail of haut frequencies when
these parameters take a negatives values and in-
versely when this values became positive. The
analyses of these spectra show that there is good
agreement between the whole features of the theo-
retical and experimental line shapes when this
parameter is close to the unity with a negative val-
ue. Such findings for the important effect of the
Davydov coupling parameter in reproducing the
fine structure of the IR spectra have been recently
showed by Rekik et al. [34].
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Figure 1: Davydov coupling effects on the IR SD of perpendicular polarized 2-TAA (Pol=90°) at 77 K when the slow modes
were described by a Morse potential and Multiple Fermi resonances were taken account. The experimental (black line) and theoreti-
cal (colored lines) spectra. The corresponding parameters are given in Tables 1 and 2.

To precisely study the effect of Fermi reso-
nances on the theoretical line shapes of crystalline
2-TAA, we performed numerical experimentation
by increasing progressively the number of Fermi
resonances ng. The number of Fermi resonances nr
increases from zero (without Fermi resonances) to
4 (ne=0,1, 2, 3and 4). Figure 2 shows that when
the number of Fermi resonances increases, the
effect of Fermi resonance coupling becomes mini-
mal. This may be explained by the fact that the
Fermi resonance mechanism may involve the O-H
bond in-plane bending vibrations in their first over-
tone states. Thus, the coupling between the elec-
tronic systems with the electrons of the associated
carboxyl groups implies a stabilization of the di-
mers. Alternatively, each deformation of the di-
mers provides a destruction of this stabilization
mechanism. This is the most probable source of the
anharmonic coupling involving the proton stretch-
ing and proton bending-in-plane vibrations in the
dimers of carboxylic acids.

In order to obtain good agreement with the
experimental line shapes, we have taken into ac-
count some breaking of the IR selection rule for the

centrosymmetric cyclic dimer, via a large amount
(m=0.65...0.95) of forbidden Ay transition. Recall
that in a general way, the quality of the fitting is
weakly improved by taking small values for n
which lying between 0 and 1. This assumption was
initially introduced by Flakus [35]. This is a general
trend which has been observed recently in the cases
of the centrosymmetric cyclic dimers of gaseous
acetic acid [12]. Note that according to the Flakus
hypothesis, the lack of a "forbidden" transition
ought to be stronger in the solid state than in the
gaseous one, and we must keep in mind that the
Flakus assumption has been seen by this author to
be unavoidable in diverse crystalline H-bonded
carboxylic acids, such as for cinnamic acid [35], and
particularly in centrosymmetric H-bonded dimers,
such as 2-hydroxybenzothiazole [36]. The problem
of the "selection rule breaking" in the spectra is, in
our opinion, a real problem. Flakus [37] found a
predictable correlation in the spectra of diverse car-
boxylic acid crystals, between the forbidden transi-
tion probability and the electronic structure of car-
boxylic acid molecules. If carboxyl groups are
linked directly with aromatic rings, or with other

Maced. J. Chem. Chem. Eng. 35 (2), 157-168 (2016)



Theoretical modeling of hydrogen bond infrared spectra in molecular crystals of 2-thiopheneacetic acid...

165

large pi-electronic systems, the forbidden transition
is three times higher intensity than in the case when
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the same pi-electronic systems are separated from
carboxyl groups by methylene groups.
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Figure 2: Multiple Fermi resonance effects on the IR SD of polarized 2-TAAwhen the slow modes were described by a Morse
potential. The number of Fermi resonances nr increases from zero (without Fermi resonances) to four. Comparison between the
experimental (black line) and theoretical (colored lines) spectra. The corresponding parameters are given in Tables 1 and 2.

The effect of the symmetry breaking param-
eter 1 is illustrated in Figure 3. In this figure, we
present the evolution of the spectral densities of 2-
TAA with the symmetry-breaking parameter m.
The lower spectral density represents the situation
where 1 is zero, and then the parameter increases
going upwards. The examination of Figure 3
shows the important role played by the parameter
n in the reproduction of the polarized IR spectra.
Finally, we can say that to obtain a good agreement
with the experimental line shapes, we must take
into account some breaking of the IR selection rule
for the centrosymmetric cyclic dimer, via a large or
a small amount (n=0.2...0.75) of forbidden Ag
transition.

Consider now the general physical situation
in which Davydov coupling and Fermi resonances
occur and for which the spectral density is given by
Egs. (2, 18 and 20). The procedure we have used is
the fitting of the experimental line shapes by opti-
mizing the values of the basic parameters. We have
performed numerical experimentation by increasing
progressively the number of Fermi resonances.

Maced. J. Chem. Chem. Eng. 35 (2), 157-168 (2016)
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Figure 3: Effect of the forbidden transition parameter n on the
SD of perpendicular polarized 2-TAA(Pol=90°) at 77 K.
Theoretical SDs: red line shapes. Experimental SDs: black
line. The corresponding parameters are given in Table 1.
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We have observed that the quality of the fit-
ting increases progressively with this number. We
have observed that a good compromise between
this number and the accuracy of the fitting may be
the use of three Fermi resonances.

The numerical simulation shows that this
model reproduces satisfactorily the main features
of the experimental IR line shapes the of crystal-
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line of 2H(D)-TAA dimers for two different tem-
peratures of 77 and 293 K. Figure 4 deals with the
comparison of theoretical and experimental line
shapes for hydrogenated vo.n and deuterated vp-+
crystalline 2-TAA at 0° and 90° polarizations and
77 and 293 K, when it is assumed that Fermi reso-
nances are missing and when they are taken into
account.
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Figure 4: Effects of temperature and isotopic substitution on the spectral densities of 2-TAA at different polarizations without (a)
and with four Fermi resonances (b). Experiment: black line spectra. Theoretical: red line spectra. The corresponding parameters are
given in Tables 1 and 2
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The comparison in Figure 4 shows good
agreement between theory and experiment when
Fermi resonances are taken into account. It shows
that the introduction of multiple Fermi resonances
improves the resolution of the fine structure of the
spectra of 2-TAA dimer, in particularly in the high-
frequency bands. In addition, Fermi resonances and
Davydov coupling appear to play an important role
in reproducing the theoretical infrared spectra of 2-
TAA dimer and its deuterated derivative, especially
when the slow modes are described by anharmonic
potentials (Morse potential).

4. CONCLUSIONS

In the present work, we have reproduced the
IR spectrum absorption of the O-H(D) stretching
vibration of the 2-TAA dimer, involving two hy-
drogen bonds in interaction, with a quantum theo-
retical approach. This approach was developed
within the strong anharmonic coupling theory be-
tween the high frequency modes and the slow fre-
guency modes taking into account multiple Fermi
resonances, Davydov coupling and the direct and
indirect damping. It appears that this quantum ap-
proach satisfactorily reproduces the main features
of the experimental IR line shapes of crystalline
hydrogenated and deuterated 2-TAA. The inability
to reproduce some more details of the fine struc-
ture has yet to be dealt with for precedent ap-
proaches using similar models and dealing with
other more complex molecules. This may be ex-
plained by the fact that the model used ignored the
guadratic dependence of the angular frequency of
the fast mode and its equilibrium position on the
H-bond bridge elongation and some of another
important approximations, especially the electrical
anharmonicity.
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