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Synopsis

The work reported mn this Thesis comprises of 1) fabrication of Balle-Flygare microwave
spectrometer, 2) rotational spectroscopic and ab imtio studies of several weakly bound
H,S complexes and 3) defimtion and determination of ‘Hydrogen bond radu’ for different
H-bond donors A Pulsed Nozzle FT Microwave spectrometer, having a spectral range of
2 0-26.5 GHz, has been fabricated in our laboratory for the studies of weakly bound
complexes This spectrometer 1s not commercially available. The spectrometer consists
of a Fabry-Perot cavity, pumping systems for the evacuation of the cavity, and
microwave electronics for the polarization of the molecules and detection of the signal
The molecules of mterest mixed with a carmier gas are expanded supersonically mto the
cavity to form weakly bound complexes. The microwave circuit 1s used to detect the
transition between rotational energy levels of complexes The typical line width of the
spectrum observed in this spectrometer 1s ~2 8 kHz The spectrometer 1s sensitive
enough to see the '*OCS (natural abundance 1s 0 2%) signal after averaging only 10 gas
pulses This spectrometer 1s being used routinely to study the rotational spectra of
different weakly bound complexes A systematic study on several H,S complexes has
been started in our laboratory, as the experimental data for H,S complexes are scarce In
this work, specifically Ar,-H,S and Ar-(H,S), complexes have been imvestigated
Preliminary results on Ar-H,O-H,S along with the ab initio results of this trimer and the
corresponding dimer H,O-H,S are also presented

To the best of our knowledge Ar-H,S 1s the only complex to show anomalous
1sotope effect of rotational constant. Ar;-H,S shows a normal 1sotope effect What
should be the 1sotope effect in case of Ar,-H»S? To address this question along with
some other questions, the rotational spectrum and structure of Ar;-H;S complex and its
HDS and D,S 1sotopomers have been studied The equilibrium structure has heavy-atom
Cuv symmetry with the two Ar atoms indistinguishable and H,S freely rotating as evinced
by the fact that asymmetric top energy levels with K, = odd levels are missmg The
rotational constants for the parent 1sotopomer are: 4 = 1733 098(1) MHz, B =
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1617 6570(5) MHz and C =830 2755(3) MHz Unlike the Ar-H,S complex, the Ar,-H,S
does not show an anomalous isotopic shift mn rotational constants on deuterrum
substitution The Ar-Ar and Ar-c m H,S distances are determined to be 3 820 A and
4105 A, respectively The 4 rotational constants for Ar,-H,S/HDS/D,S 1sotopomers are
very close to each other and to the B constant of free Ar,, indicating that H,S does not
contrnibute to the moment of inertia about a axis Ab mnitio calculations at MP2 level with
aug-cc-pVQZ basis set lead to a C;y mimimum structure with the Ar-Ar line perpendicular
to the H-H line and the S away from Ar, Single point CCSD(T)/aug-cc-pVTZ
calculations give a binding energy of 174 cm™ after correcting for both basis set
superposition error and zero pomt energy Potential energy scans poimnt out that the
barrier for internal rotation of H,S about 1ts  axis 1s only 10 cm™ and 1t 1s below the zero
point energy (135 cm™) n this torsional degree of freedom Internal rotation of H,S
about 1ts  and ¢ axes also have small barrers of about 50 cm™ only, suggesting that HS
1s extremely floppy within the complex

The second system, studied, 1s Ar-(H;S), complex Several ‘a’ and ‘b’ dipole
rotational transitions have been observed for Ar-(H,S); and Ar-(D,S), complexes Only
two sets of transitions have been observed The sphitting in (A+B)/2 1s ~12 3 MHz for
the parent 1sotopomer and only ~45 kHz for Ar-(D,S), However, the difference in B
between the two states for (H,S), and (D,S); are 1 2 MHz and 0 887 MHz, respectively
For Ar-(H,S),, the rotational constants for the lower and upper states are A=1810 410(6)
MHz; 1826 18(2) MHz, B = 1596 199(9) MHz, 1605 94(6) MHz and C = 848 814(2)
MHz, 847.11(1) MHz. Assuming H,S to be a sphere, the c m separation between two
H,S umts comes out to be 4.05 A, ~0 07 A less than that n (H,S), dimer The distance
between Ar and cm of (H;S); 1s 355 A and the Ar-c m (H,S) distance 15 409 A Ab
tnitio calculations at MP2 level using different basis sets result in three different mimma
including a pseudo-linear local mmimum At MP2/6-311++G(3df,2p) level of theory, the
global mminum has a structure having Ar along the ‘b’ axis of (H,S), Previous
experiments show a similar two state pattern of the rotational spectrum for (H,S),

During the course of this study, two new sets of weaker transitions have been observed
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for H,S-H™S, one for donor H,**S and the other one for acceptor H,**S Some new
series of transitions have been observed for the deuteriated 1sotopomers as well.

H,O-H,S 1s a very important system in the context of hydrogen bonding
However 1t has not been studied extensively H,O 1s a good proton donor and a good
acceptor as well On the other hand H,S 1s neither an efficient proton donor nor an
acceptor Which one will be the global mmmmum of H,O-H,S complex, H,O-HSH or
H,S-HOH? The most recent theoretical calculation determines H,S-HOH to be more
stable, though the energy difference 1s very less. Zero point vibrational energy was not
taken 1nto account n this work Ab initio calculations have been done at several levels of
theory for H,S-H,0O dimer and Ar-H,S-H,O tnimer It has been seen that the zero point
energy can play an important role in determiming the relative stability of different
mimmma Some rotational transitions for Ar-H,S-H,O have been observed Each
transition 1s split mto 3/4 lines

Today accurate expenmental structural data for many Hydrogen-bonded
complexes are available from various advanced spectroscopic methods Experimental
hydrogen bond distances, the distance from the bonding atom/center m B (H-bond
acceptor) to bonded hydrogen for different B---HX complexes (gas phase) were compiled
and analyzed This analysis shows that in hydrogen bonded complexes, hydrogen atom
does occupy some space and 1t 1s characteristic of the hydrogen-bond donor In the past,
B---X distances were analyzed and nterpreted, neglecting the hydrogen atom In our
analysis, an effective radius of hydrogen i the hydrogen-bonded complexes has been
determined and 1t 1s defined as “hydrogen bond radius (ry)” The sum of ry of a donor
(HX) and the radius of a H-bond acceptor (B), rgsp, results in the hydrogen bond distance
The rgsp for hydrogen bond acceptor B 1s taken from the theoretical results of Gadre and
Bhadane Ths 1s the distance from the bonding center n B to the mimmum i the
molecular electrostatic potential The ry values determuned for HF, HC1, HBr, HCN,
C:H; and H,0 are 0510 09 A, 0.70+0 10 A, 0770 13 A, 0 89+0 12 A, 1 07+0 08 A
and 0 75£0 09A respectively The ry decreases monotonically with the dipole moment of
H-X bond, and with the electronegativity difference between H and X In biological
system, hydrogen bonds mvolving C-H and S-H are very important HCCH 1s treated as
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the model system for C-H---B H-bonding, and H,S 1s taken as the model system for S-H-
--B H-bonding However, not much experimental data for H>S complexes are available
to determine 1ts H-bond radius Hence, ab imitio calculations have been carried out at
MP2/6-311++G** level of theory for several H,S complexes From these theoretical
structural data, hydrogen bond radius of H,S has been determined to be 1 02+0 10 A
Theoretical results at stmilar levels of calculations have given hydrogen bond radu for
HF,HCI and H;O,1n reasonable agreement with the empirical results given above

The Thesis proceeds as follows Chapter I gives a bnief introduction about the
mtermolecular interactions and various experimental techniques used for probing
mtermolecular interactions As rotational spectroscopy has been studied for weakly
bound complexes using pulsed nozzle FT microwave spectrometer mn this work,
rotational spectroscopy and the technique are introduced as well Chapter II describes the
expenimental and theoretical methods, used 1n this work, in detaill Experimental and
theoretical studies on Ar;-H,S and Ar-(H,S), complexes are presented in Chapter III and
Chapter IV respectively The ab initio studies on H,O-H,S and Ar-H,0O-H,S complexes
are discussed mn Chapter V' Chapter VI deals with the hydrogen bond radius
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Chapter | Introduction

I.1. Intermolecular Interactions: van der Waals vs Hydrogen bonding

The nature of intramolecular imteractions 1s farly well understood today '
However, our understanding about the intermolecular mteractions 1s still evolving” In
the last few decades, there have been a lot of investigations of these relatively weak
interactions between molecules *® Intermolecular mteraction ncludes the interaction
between any two or more species, which can be atoms, neutral molecules, 10ons or
radicals, without the formation of a chemical bond The energy associated may seem
very insignificant compared to the chemical energy, but this weak nteraction plays a very
significant role 1n nature Solids and iquids form because of this mteraction Most of the
biological activities depend on such interactions Probably ‘life’ would have been very
different, rather ‘impossible’ without intermolecular interactions Hence, it 15 very
important to understand the intermolecular interactions to solve a wide range of problems
in Physics, Chemistry and Biology

The mteraction energy associated with mtermolecular interactions range from a
fraction of a kcal/mol to tens of kcal/mol, whereas typical chemical bond energy 1s 1n the
range of 50-100 kcal/mol Intermolecular interactions have usually been classified as van
der Waals and Hydrogen bonding interaction.”'° Recently some other mnteractions have
also been discussed, such as Lithium bond,'"** improper hydrogen bond'*'® and halogen
bond '**! Are all these interactions fundamentally different?

To address this question we need to go to the details of the intermolecular
iteraction **?> Classically the mnteraction 1s purely electrostatic, mnteraction between the
electric charges, permanent moments and induced moments of different molecules
However, classical physics 1s not able to explain the nature of attractive forces between
neutral molecules without any permanent electric moment, such as the attractive forces
between rare gas atoms at large distance According to quantum mechanics there can be
an attractive force between molecules having no permanent moments This 1s known as
dispersion or London force, which anses due to the mnstantaneous quantum mechanical
fluctuation of the electron density of the molecule This fluctuation momentanly creates

electric moments in molecules and i turn that can mduce a moment 1n the neighbormg
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molecules Correlation between the imstantaneous moments of molecules leads to an
attractive force between them
According to Morokuma, the intermolecular interactions can be decomposed to
the contributions from electrostatic, induction, dispersion and exchange correlation %
Electrostatic 1s the strongest among them and 1s directional, whereas the dispersion 1s
weak and non-directional In case of stronger intermolecular interactions such as
hydrogen bond or halogen bond, electrostatic contributes most However, dispersion 1s
the most dominant part in case of weak van der Waals complexes, e g complex between
rare gas atoms Indeed the physical forces of all the mmtermolecular interactions appear to
be same' In hydrogen bond the hydrogen atom 1s involved and the interaction 1s through
hydrogen In halogen bond it 1s the halogen atom Considering van der Waals equation,
one could argue that all intermolecular interactions are van der Waals However, van der
Waals forces are often equated to dispersion in practice For a thorough understanding of
intermolecular 1nteractions, 1t 1s important to generate reliable experimental data on a
large number of systems exhibiting these interactions Often the pair wise potential
contributes significantly towards many-body potential Investigation on 1solated weakly
bound dimers gives an opportunity to develop two-body potential Third body effects
need to be included for quantitative agreement between theory and experiment Studies

on trimers and tetramers, would help in developing accurate many-body potentials

I.2. Different Experimental Methods for Studying van der Waals

Complexes

There are several spectroscopic techniques existing for the study of weakly bound
complexes The spectroscopic methods vary n a wide range, and depend on which part
of the potential energy surface one 1s looking at Most of the techmques use the
molecular beam method to produce the van der Waals complex of interest

Mass spectroscopy” 1s used to study the structure and reactivity of hydrogen
bonded clusters Pure rotational spectroscopy of van der Waals complexes 1s studied

using Molecular Beam Electric Resonance (MBER)*® spectrometer as well as Pulsed
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Nozzle Fourier Transform Microwave (PNFTMW)”’28 spectrometer Development of far

Infrared (THz) lasers opened up a new and important field of study of clusters The
intermolecular vibrations are probed by Vibrational Rotational Tumneling (VRT)*-°
spectroscopy High resolution IR spectroscopy’ 183 of weakly bound clusters reveals the
high vibrational region of the PES Time resolved study®* of mfrared photodissociation
of weakly bound clusters produce information about the vibrational energy flow High
resolution UV spectroscopy” of van der Waals clusters 1s also a powerful tool to study
the structure and dynamics Other methods used to study the dynamics of weakly bound
complexes include Zero Electron Kinetic Energy (ZEKE)*® spectroscopy and Resonance
Enhanced Mult: Photon Jomzation (REMPI) *” Rare gas matnx have also been used to

1solate and capture van der Waals complex for spectroscopic studies *® Nonlmear Raman

39

spectroscopic studies are also done for clusters formed m molecular beam °° Recently

weakly bound clusters are studied mn superfluid Helum nano-droplets *°** In this work, a

pulsed nozzle Fourier transform microwave spectrometer has been used and 1t 1s

discussed in more detail next

I.3. Pulsed Nozzle Fourier Transform Microwave (PNFTMW)

Spectrometer

Microwave spectroscopy with static cell was limited for the gaseous or liquid and
solid molecules with a finite vapor pressure However, the development of the pulsed
nozzle Founer transform microwave spectrometer by Balle and Flygare®’ revolutionized
the field of microwave spectroscopy, as the spectrometer offers very high resolution and
sensitivity simultaneously  This techmique 1s the combination of the microwave
spectroscopic technique and the supersonic expansion technique 34 The gas molecules
(back pressure ~1 atm ), mixed with a carner gas, are expanded mto a Fabry-Perrot (FP)
cavity kept m vacuum (10 torr) through a supersonic nozzle The supersonic expansion
cools the molecules mternally and leads to the complex formation Complex can be
formed between any two species, which are co-expanded Thus the rotational

spectroscopy of the complexes (weakly bound) can be studied Due to mternal cooling
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only the ground vibrational level and the lower rotational levels are sigmficantly
populated, resulting 1n less congestion in the rotational spectrum

A microwave pulse polanzes the expanded gas molecules 1nside the FP cavity
The polanized molecules then emit radiation, the frequency of which 1s related to the
energy difference between two rotational levels of the molecule This emitted radiation 1s
detected using double super-heterodyne detection technique and digitized for further
processing The digitized signal 1s 1n time domain and subsequent Fourier transformation
gives the frequency domain signal The whole operation consists of a sequence of events
and all the events are pulsed

We have fabricated a PNFTMW spectrometer in our laboratory for the rotational
spectroscopic studies of the weakly bound complexes The details about the spectrometer

and the experimental procedure are discussed in chapter II

1.4. Rotational Spectroscopy

Rotational spectroscopy or microwave spectroscopy* ¢ 1s basically the
measurement of the frequency difference between two rotational energy levels of the
molecule of interest Rotational spectrum can be seen only for those species, which have
permanent dipole moment The rotational energy levels depend on the moments of
mertia (inverse of the rotational constants) of the molecule and hence on the mass
distnbution  From microwave spectra of a molecule the rotational constants are
determined, after fitting the observed rotational transitions to a suitable molecular
rotational Hamiltonian (distortable rotor) The rotational constants, in turn, give the
detailed structural information (bond length, bond angle, etc) of the molecule The
distortion constants are also determimed from the fit and these contain information about
the force field of the molecule about different nertial axes Stark effect measurement
directly determines the dipole moment of the molecule

The selection rules and pattern of the rotational spectrum depend on the symmetry
of the molecule According to symmetry the molecules are categorized as linear,

symmetnic top, asymmetric top and sphencal top The pure rotational Hamiltoman
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depends on the angular momentum operator of the overall rotation and moments of
mertia
2 2 2
f= La N Ls N Le
2L 21 21

where a, b and c are molecule fixed principal nertial axes, L,, Ly and L, are the angular

momentum about a, b and ¢ respectively, I, I and I, are the moments of inertia about a,
b and c respectively For any molecule, L? (= LA+L+L2) and Lz commute with A,
where Lz 1s the angular momentum about a space fixed axis Z. If yyy 1s the common
Eigen function of L? and Ly, 1t can be written,

Ly = J+1)R? yiy J=0,1,2,3,

Lzym=Mh yim M=J,J-1,J-2, ,-]
where, J 1s the total angular momentum quantum number, and M 1s the projection of J on
the space fixed Z-axis All the J rotational levels are 2J+1 fold degenerate 1 absence of
any external field due to M quantization This degeneracy can be removed by applying

an external field

I.4.a. Linear Molecule

The linear molecule has no moment of nertia about the molecular axis and the
moments about the two perpendicular axes are identical, 1e [,=0 and [,=1, According
to the ngid rotor approximation the rotational energy expression 1s

E;=h[2BJ(J+1)]
Rotational constant, B = h/8x’Ip, h 1s Plank’s constant
The selection rule for linear molecule 1s° AJ = 0, £1 The energy difference between Jth
and (J+1)" level 1s

AEj_j+1 = h[2B(J+1)]
Real molecules are not ngid rotors As the molecules rotate, they will be distorted
because of the centrifugal force Taking this centrifugal distortion into account, the

energy difference becomes
AEj_5, = h{2B(J+1) - 4D; (J+1)° + H; J+1)°[(J+2)*-F°]}
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D, and H; are the first and second order centrifugal distortion constants, respectively If

the centrifugal distortions are small, we should observe rotational lines at about 2B

separation
1.4.b. Symmetric Top Molecule

For a symmetric top, any two of the principal moments of nertia are equal Thus
1s due to the symmetry of the system If a molecule contains a rotational symmetry axis
of order three or more, 1t 1s a symmetric top molecule Symmetric tops can be of two
types 1) prolate symmetric top, I, < I, = I, and 1) oblate symmetnic top, I, =1, <I. For
prolate top ‘a’ 1s the symmetry ax1is whereas for oblate top ‘c’ 1s the symmetry axis The
a/c axis 1s called the unique axis for prolate/oblate symmetric top In case of a symmetric
top L./L. also commutes with the rotational Hamiltomian The projection of the total
angular momentum on the symmetry axis or unique axis 1s also quantized If yjkm 1s the
common eigen function of L? L., and Lz, 1t can be wnitten,

Lyon=J0+D yw  7=0,1,2,3,
Lo wiem = Kh Yixwm K=0,%1,£2, ,&J
Lz vyxm = Mh yixm M=],6J-1,]J-2, ,=J
The energy expression for a prolate symmetric top 1s
Ej k = A[BJ(J+1) + (A-B)K?]
After addition of the first order centrifugal distortion terms,
Ej x = h([BIJ+1) + (A-B)K* — D; F*(J+1)* - Dig J(J+1)K? + Dg K*]
For oblate top (A-B) of the second term of the above equation becomes (C-B) EveryJ,K
rotational levels, except K = 0, are 2(2J+1) fold degenerate when there 1s no external
field The K degeneracy cannot be sphit by applymng any external field The selection
rules for rotational transition for a symmetric top are
Al =0, =1 AK =0
Including the second order centrifugal distortion terms, the frequency for the rotational

transition J—J+1, K—XK 15 given by the following equation
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v =2B(J+1) — 4D; (J+1)* = 2Dy (J+1)K?* + Hy (J+1Y[(+2)° - P1 + 4H (I+1)° K? +
2H (+D) K

A typical symmetric top spectrum appears hike the one shown mn Figure I1 The K lines

for the same J will be separated because of the distortion terms This separation 1s very

small compared to that between two different J The transition frequency depends only

on one rotational constant, B Hence for a symmetric top the spectral fittings give only

one rotational constant

K=0 10 2 01 3 2 10 4 3 2 10

L ;

J=0—»1 J=1—»2 J=2—»3 J=3—»4 J=4-—5

Figure I.1. Symmetric top spectrum. K lines are separated due to distortion

I.4.c. Asymmetric top molecule

For an asymmetric top, all three principal moments of nertia are different (/, # I
# 1) When I, — I, the prolate symmetric top 1s approached, and when I, — I,, the
oblate symmetric top 1s approached The behaviour of an asymmetric rotor can be
described m terms of the asymmetry parameter, defined as

= 2B-4-C
A-C

The Iimiting values for x, -1 and +1, correspond to the prolate and oblate symmetric tops,
respectively The most asymmetric top has x =0

None of L,, L; or L, commutes with the rotational Hamiltonian for an asymmetric
top rotor Thus K is not a good quantum number for an asymmetric top, only J and M are
good quantum numbers The energy levels of an asymmetric rotor are different from the

limiting symmetnic tops The K degeneracy of symmetric top 1s split due to asymmetry
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and ‘+K’ and ‘~K’ levels are separated Thus an asymmetric rotor has (2J+1) sublevels
for every J level The energy levels of the asymmetric top are correlated with that of the
limuting prolate (ic = -1) and oblate (x = +1) symmetric tops As K 15 not a good quantum
number, the energy levels are designated using the pseudo-quantum numbers K.; and K+,
as Jgax+1 (or Joo =K —K41) K 1s the K value of correlated prolate top level, and K+,
1s that of the correlated oblate top level The correlation diagram 1s shown in Figure I 2
Solving the Schrodinger equation for the asymmetric rotor 1s quite complicated
compared to that of linear or symmetric top rotors. The asymmetric rotor wave function
can be expressed as a linear combination of the hmiting symmetric top wave functions
¥ie=2 cxm Yikm
where cyxm’s are numerical constants The energies of the asymmetric rotor depend on

the asymmetry parameter and can not be expressed as a simple expression

2 0

2 1
2 3 3
3
3 2 2
2

1 0
2
1 1 1
1
0 0 O
K= -1 0 +1

Figure I2. Cortelation of the asymmettic rotor energy levels to those of the lumiting
prolate and oblate symmetnc top
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An asymmetric top molecule can have non-vamshing dipole moment components
along any of the principal axes The selection rules for rotational transitions depend on

the component of dipole moment, which causes the transition Therefore, there can be 1)

a-dipole (4, # 0), 1) b-dipole (up, # 0) and 111) c-dipole (u, # 0) transitions The selection

rules are
AT=0, £l
1) a-dipole  AK,; =0,+2, +4, AKy =1, £3,
1) b-dipole AK,;==1, £3, AK = £1, £3,
m) c-dipole AK,;==l1, %3, AK41=0,+2, +4, .

Thus, a highly asymmetric top spectrum 1s really complicated without any particular

pattern
I.4.d. Nuclear Hyperfine Structure

If one or more number of nucler 1n the molecule have nuclear spin, I > 1, nuclear
hyperfine structure 1s observed in the rotational spectrum The overall spectrum becomes

even more complicated However, this hyperfine structure gives useful information

about the molecule
The nucleus having spmn, I > 1, will have electric quadruple moment and this

moment interacts with the molecular field gradient If either of these 1s absent, there will
be no hyperfine structure in the spectrum The nuclear spimn I 1s coupled to the molecular
rotational angular momentum J to form a resultant ¥ F 1s the total angular momentum,
not J The rotational Hamiltonian commutes with F2, J? and Fy (projection of F along a
space fixed axis) The good quantum numbers are F, Mg, J and I The new angular
momentum quantum numbers are

F=(J+1),J+1-1),J+1-2), ,|J-1]

Mg=F,F-1,F-2, ,-F
The Eigen values of F* and Fz are

F? Weye=F(F+1) h? Wrme

FzYrmr= Mrgh W me

11
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The energy levels depend on F, J and I quantum numbers The additional selection rules
for rotational transitions are
AF =0, and AI=0
Therefore for each rotational transition, there will be a number of lines associated, which
anise from the transitions between different F levels
The nternal dynamics of the molecules further complicates the spectrum If
mternal rotation or tunneling motion 1s present, the rotational levels are spht, and
different sets of transitions are observed Nuclear spin statistics also plays an important
role mn spectroscopy The intensities of different transitions depend on the statistical
weights of the energy levels involved Due to the symmetry of the nuclear spin function

different transitions may be strong, weak or even forbidden

L.5. Present Investigations

I.5.a. Structure and Dynamics of Ar,-H,S

As per our knowledge Ar-H,S 1s the only species to show anomalous 1sotope
effect i rotational constants ¥ The rotational constant of pseudo-diatormic Ar-H,S 1s
smaller than that of Ar-D,S Normally the rotational constant for the heavier i1sotopomer
1s smaller However, Ar;,-H2848 does not show any anomalous effect What will be the
1sotope effect of rotational constants for Ar,-H,S complex? The rotational spectroscopy
of this complex has been studied using PNFTMW spectrometer  Several a-dipole
rotational transitions were observed for Ar;-H,S, Ar,-D,S and Ar,-HDS  The rotational
constants and the centrifugal distortion constants were determined from fitting of the
observed transitions It shows a normal 1sotope effect of rotational constants The nature
of the spectrum and the 1sotopic substitution analysis give geometry with Cpy symmetry
Thus vibrationally averaged geometry has both the hydrogen atoms directed towards Ar;
Ab mmitio calculations have been done at MP2 and CCSD(T) levels, using several large
basis sets A potential energy surface scan has been performed to understand the mternal

dynamucs of the complex This work 1s discussed mn chapter III 1n detail

12
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1.5.b. Rotational Spectra and Structure of Ar-(H,S),

Water dimer 1s probably the most extensively studied hydrogen bonded system
both theoretically and expernmentally 49-51 The rotational spectrum, rather rovibrational
spectrum 1s lighly complicated due to different tunneling motions If we move to the
analogous system of the second row hydnde, how does the rotational spectrum look like?
What 1s the nature of the tunneling motions? If one Ar atom 1s added to the (H,S), dimer,
how are the structure and tunneling motions affected?

The rotational spectral studies have been done for Ar-(H,S), and Ar-(D,S),
Simular to (H3S),, two sets of transitions were observed for the trimer, which anise due to
tunneling motion Some new sets of transitions of (H,S), were observed during this
work, as well The trimer has a T-shaped heavy atom geometry In addition to
experiment, ab rmitio calculations were done at several levels of theory to optimize the

geometry and calculate the interaction energies The details are presented in chapter IV

1.5.c. Ab Initio Studies of H,O-H,S and Ar-H,0-H,S

H,0-H,S 1s a very important system in the context of hydrogen bonding
However, 1t has not been studied extensively H,O 1s a good proton donor and a good
acceptor as well On the other hand H,S 1s neither an efficient proton donor nor an
acceptor Which one will be the global mimimum of H,O-H,S complex, H,O-HSH or
H>S-HOH? The most recent theoretical calculation determines H>S-HOH to be more
stable, though the energy difference 1s very less °> Zero pomnt vibrational energy was not
taken 1nto account in this work Ab initio calculations have been done at several levels of
theory for H,S-H,0O dimer and Ar-H,S-H,O trimer It has been seen that the zero pont
energy can play an important role in determimng the relative stability of different
mimma Some rotational transitions for Ar-H,S-H,O have been observed Preliminary
experimental data for the tnimer and the ab initio results for both dimer and trimer are

reported 1n chapter V

13
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1.5.d. Hydrogen Bond Radius

Pauling has defined covalent radius, 1omic radius, metallic radius and van der
Waals radius for different species’ Is 1t possible to define ‘hydrogen bond radius’ for
different hydrogen bond donors? The expenimental data available for several hydrogen-
bonded complexes, B HX (X = F, Cl, Br, CN, OH and C=CH), were analyzed It 1s
found that for a particular X, the ‘hydrogen bond distances’ could be expressed as the
sum of a constant and r(E) of B 3 The r(E) 1s the distance from B to the pomt at which
the molecular electrostatic potential 1s mmmum  This constant 1s the contribution of
hydrogen atom towards the ‘hydrogen bond distance’ This effective size of hydrogen 1s
defined as ‘hydrogen bond radius’ for that particular hydrogen bond donor It shows an
mverse correlation with the dipole moment of H-X bond and the electronegativity
difference between H and X As the experimental data for H,S complexes are scarce, ab
imitro and DFT calculations have been performed for several B-H,S complexes, and from
those calculated structural parameters, ‘hydrogen bond radius’ has been determined for
H,S The same procedure has been followed for HF, HCI and H,O complexes as well to
confirm our analysis Chapter VI presents the details of this work

“HF” has been used to denote ‘hydrogen fluonide’ and ‘Hartree-Fock’ throughout

the Thesis What 1s meant should be obvious from the context

14
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I1.1. Introduction

Microwave spectroscopy has traditionally been used to determine the structure of
small molecules accurately ' Only gaseous molecules or liquids and solids with fimte
vapour pressure could be studied Hence, unlike spectrometers in other region of the
electromagnetic spectrum, microwave spectrometers did not become very popular
Commercial microwave spectrometers were available during the 60s and 70s and slowly
they disappeared Development of the pulsed nozzle Fourer transform microwave
spectrometer by Balle and Flygare3, expanded the scope of microwave spectroscopy
significantly This spectrometer turned out to be almost 1deal as 1t had very high
sensitivity and resolution, simultaneously * With this, one could look at weakly bound
complexes (with non-zero permanent electric dipole moment) formed between virtually
any two chemucals, be they atoms, molecules, radicals or ions Several laboratories
around the world have built such a spectrometer, mamly 1n the last two decades >'* This
spectrometer 1s primanly a research equipment and hence 1s not commercially available

The PNFTMW spectrometer has been fabricated mn our laboratory and this chapter

describes the details

IL.2. Design of the Spectrometer

The pulsed nozzle Founer transform microwave spectrometer combines the
supersonic expansion technique with the cavity Fourier transform microwave
spectrometer It has several components 1) a Fabry-Perot cavity made of two highly
polished Aluminmum murrors (surface roughness better than microns) one of which 1s
movable, 1) supersonic nozzle source for producing a cold jet/beam of molecules, 1)
high vacuum chamber pumped by a 20" diffusion pump housing both 1 and 1, 1v)
microwave electrical circuit for polarizing the molecules and for detecting the molecular
emission The complete design of the spectrometer 1s described below mn two parts as

mechanical and electrical
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I1.2.a. Mechanical Design

The mechanical design of the vacuum chamber housing the Fabry-Perot cavity 1s
shown mn Figure 1 Itisa cylindrical chamber made of stainless steel, SS 304 1t 1s 1000
mm long and the diameter 1s 850 mm The chamber 1s directly seated on top of the 20"
diffusion pump (Vacuum Techniques, Bangalore, India) The pumping speed of the
diffusion pump 1s = 10,000 1 s and 1t 1s backed by an o1l free roots blower (Boc Edward,
EH 250) and a belt-less rotary mechanical pump (Boc Edward, E2M80) The combined
pumping speed of the backing pumping system 1s ~4000 1 min"  The chamber can be
evacuated to 10° Torr and a hquid mitrogen trap 1mproves the pumping below 10 Torr
The diffusion pump 1s water-cooled and a closed circuit water circulation facility mcludes
a water circulation pump, a cooling tower cum water reservoir to keep the water at room
temperature and a flow-switch to check the water flow Inside the chamber, two
spherical Aluminium mirrors have been mounted co-axially on 3 SS gwide rods The
mirrors were made from 65 mm thick Alumimnium disks with a diameter of S00 mm The
radwus of curvature of both the mirrors 1s 800 mm and CNC machining ensured that the
surface roughness and the radius were good to 1 micron The distance between the
murors could be vared 1n steps of microns between 630 and 730 mm We have opted for
a large murror, so that the low frequency cutoff for the spectrometer 1s about 3 8 GHz
The radius of the murror (a) and 1ts radius of curvature (R) determine the lower frequency
at which the Fresnel number 1s umty ¢

a"/RL=1 ¢))

Several laboratonies have smaller mirrors with a low frequency cutoff near 8 GHz and the
frequency range of such spectrometers 1s typically 6-18 GHz The lower frequency limit
1s important, 1f one 1s mterested in looking at larger clusters, which would have many low
J transitions below 4 GHz The Fabry-Perot cavity has been tested between 2-26 GHz
our spectrometer

The movable murror 1s fixed with a micrometer controlled fine pitch screw rod
and 1t 1s driven by a synchronized stepper motor (103H8221-5041,Sanyo Denki, Japan)
The stepper motor driver (PMM-BA-4803) 1s controlled by the PC  The linear screw rod

22




Chapter Il Expernimental and Theoretical Methods
has a pitch of 5 mm, which means that the linear distance covered by the murror for a
360° rotation 1s 5 mm The stepper motor, in high-resolution mode, takes 4000 steps for a
complete rotation and thus the murror moves 1n steps of 1 25 pm

This movable mirror has al0 mm hole at the center In addition, the backside of
this murror has a 25 mm cylinder carved out so that a pulsed nozzle (General Valve, USA,
Senies 9), connected with a stainless steel tube of ¥4 mnch OD, could be placed The
pulsed valve goes through a 4" gate valve and an ‘O’ ring seal This assembly could also

be connected at the top of the chamber through another 4" gate valve The diameter of

:
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Figure II.1. Mechanical Design of the PNFTMW Spectrometer
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the nozzle 1s 0 8 mm The electrical signal (trigger) to open and close the nozzle 1s fed
through a pin connector, which 1s sealed with a ‘O’ nng and a clamp

A coaxial cable runs through the supporting tube with an SMA female connector
at the murror (fixed) end This cable has a hermetically sealed SMA connector at the
other end so that the mw power can be coupled in and out of the cavity at vacuum The
SMA connector goes through a small hole at the center of the murror and an antenna (L-
shaped bent wire made from the central wire of the coaxial cable) can be placed at the
connector. Antennas of different length are used for different frequency range The
length (L) of the antenna and the wavelength ()) of the radiation are related as

L=M)4 2)

This 1s a good enough approximation to make antenna for a particular frequency region
having the range extended by few GHz on both side of central frequency corresponding
to A Using 3-4 antennas of different lengths one could cover the entire range of the

spectrometer, 2-26 5 GHz
II. 2.b. Electrical design

The microwave/rf circuit used for polanization of the molecules and detection of
the molecular signal 1s shown 1n Figure 112 The microwave source 1s a frequency
synthesizer (#1 mn Figure II2, HP 83630L, 13 dBm power), which can generate any
frequency between 10 MHz and 26 5 GHz to 1 Hz accuracy The output from the
synthesizer (at v) is routed to a single pole double throw (SPDT) switch (#7, Sierra
Microwave Technology, SFD0526-001, Isolation 60 dB), which powers either a single
side band generator (#5 Miteq, SM-0226-LC1A) or an 1mage rejection mixer (#11 Miteq,
IR-0226-LC1A) The SSBM muxes the synthesizer output at v with a synchronous 30
MHz signal (Stanford Research Systems DS345) and generates v+30 MHz signal This
signal 1s amphfied by a medium power amplifier (#6, Miteq, JS3-02002600-5-7A) with a
gamn of 24 dB  The amphfied signal goes through another SPDT switch (simular to #7)
Both switches work synchronously connecting the polarization and detection parts

(top and bottom of the SPDT switches 1n the Figure II 2), alternatively Dunng the
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polanzation pulse, the SPDT output goes through a directional coupler (#8, Narda, 4227.-
16) and a DC block (#18, HP 11742 A) to the antenna inside the chamber Thg
polarization scheme, along with the detection scheme, 1s shown i Figure II 3 as a simple
schematic, where only the frequencies of the radiations, nvolved, are shown

As the microwave radiation for the polanization of the molecule enters the cawity
through the SPDT switch for a fimte time (us), 1t will have a bandwidth associated with
the central frequency The microwave pulse length of ~ 1 s leads to a frequency width
of about 1 MHz and 1f there 1s an allowed transition within this bandwidth for the
molecules/complexes m the cavity, polanization occurs (Figure II4) The free induction
decay (FID) from the polanized molecules 1s at a frequency of v+30+A, and 1t lasts for a
few hundred microseconds The same antenna couples the molecular signal back to the
detection circuit This signal 1s amplified by a low noise amplifier (#10, Miteq JS4-
02002600-3-5P, noise 2 8 dB, gamn 28 dB) and mixed with the synthesizer signal at v in
an 1mage rejection mixer (#11, Miteq, IRO-0226-LC1A) The IRM gives only the 30+A
signal, which passes through a band pass filter (#12, Minicircuits BBP 30) and a low
noise amplifier (#13, Mimmcircuits, ZFL-500LN) The 30+A signal 1s down converted
(Figure II 3) to A by the RF muxer (#14, Mmicircuits ZAD-1) and a low pass filter (#15,
Mimcircuits, BLP-5) Thus signal (A), generally in kHz range, 1s amplified and digitized
by the virtual scope card (National Instrument, PCI 5112) and transferred to the computer
for further processing The 30 MHz signal 1s from the function generator (#23, SRS
DS345) and so we have the option of varymg the mtermediate frequency (IF) imn the
mixer This detection scheme 1s called “Double Super-heterodyne” detection In this way
the molecular signal m GHz range 1s converted to <1 MHz signal, making 1t easter to
digitize In this spectrometer the frequency offset between the polarizing and molecular
signal 1s detected, not the actual molecular frequency Adding or subtracting this offset
to the polanzing signal frequency gives the molecular frequency

During the polanization pulse, if the Fabry-Perot cavity 1s not tuned to the
particular frequency v+30 MHz, most of the mw power 1s reflected The directional
coupler routes 25 % of this reflected signal to the oscilloscope (#27, Tektronix, TDS
430A) via a diode detector (#9, Narda, 4507) The moving murror 1s moved 1 steps of
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Figure IL.3. Polatization and double Super-heterodyne detection of molecular signal
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micron until the reflected power shows a dip 1n the scope The resonant frequencies, v,

of Fabry-Perot resonator for the TEMmngq modes are °

v =¢/2d [(q+1) + (1/m)(m+n+1) cos™ (d/R)] 3)
Here, d 1s the distance between the mirrors and R 1s the radius of curvature, m, n and q
are the number of nodes 1n the three perpendicular axes Thus, within the maximum
varation of the distance between the murrors (100 mm), several resonances can be
observed for a given frequency As the mirror moves the reflected signal 1s monitored mn
the oscilloscope (Figure I 5) It 1s preferable to do the experiment with the cavity tuned
to the TEMpy, mode at a particular frequency Most of the laboratonies having a
PNFTMW spectrometer’’* employ 2 antennas, one m each murror, for tuning and
detecion This leads to an inherent reduction in the detected signal Using the
directional coupler with only one antenna 1s more advantageous. Only 25 % of the
signal 1s used for tuming purpose instead of almost half the signal
All the microwave components used i our setup are ultra-wide band The
oniginal spectrometer could be operated only in octave bandwidths and several switches
were used for going from one band to another In some cases, the components needed to
be physically changed for going from one band to another All the recently built
PNFTMW spectrometers™ use one set of components that perform reasonably well
throughout the frequency range Our spectrometer can be operated from 2-26 GHz

without changing any components
IL3. Performing the Experiment

This 1s an expenment of pulses with both the molecular sample and the
microwave source bemng pulsed Two delay generators (# 2 and 3, SRS, DG535)
generate all the iming sequence (shown 1n Figure II 6) needed for the expenment The
sequence 1s described below with typical pulse lengths and delays First a microwave
pulse 1s applied to the evacuated chamber and the background response from the chamber
1s digitized This mcludes random noise as well as coherent ringing from the cavity The

ringing typically lasts for a few microseconds The digitizer 1s triggered after a delay to

28




Expernmental and Theoretical Methods

Chapter Il
Channel 0 Time [usec)
45 10 -5 1] ] 10 15
248 . ; -0 40
10 0 - S 030
S 125- 020 o
s 2
2 B3- 8-010 3
£ o
E go- ¥ o000 >
< 3
-
- =
5 62- --010 §
£ g
[+
G -125- oS
B7- a—--030
-252~ , , --040
10 -5 b] 5
Channei T Time (psec)
(A)
Channel 0 Time (usec)
20 48 10 -5 1] 5 10 145 20 25
24 8- | 1 1 I | 1 '_040
188- madd -0 30
& 125- g-020 o
£ ! 3
§ R ‘ R mﬂw%'m»dsm g
5 62 g
E 52~ ~-010 -3
& 125- - PR
-187- -0 30
252~ -040

' 1 1
20 45 40 S5 0 5
Channet1 Time (usec)

®)

Figure II.5 Reflected signal from the cavity (A) The amplitude of reflected signal 1s
maximum, the cavity 1s not m tune  (B) The amplitude 15 munimum, the cavity s m tune

29



Chapter It Expernimental and Theoretical Methods

avoid the rnging  This delay 15 called “record delay” The pulsed nozzle 1s opened for |
ms After a delay (start delay) of 100 ps for the molecules to reach the center of the
cavity, the microwave pulse 1s applied again  The response from the molecules 15
digitized now and the background collected earlier 1s subtracted Fourier transformation
of thus time domain signal gives the frequency domain spectrum As the molecules stay
withn the cavity for ~2 ms, 1t 1s possible to collect up to 20 FIDs per gas pulse by
applying as many microwave pulses between two gas pulses The experiment can be

repeated for N number of gas pulses to improve the signal-to-noise ratio

MW Pulse l
(1ps)

10 us
Start Digiting l_l

Digitizer Clock l | l l I
(5 MHz)
Gas Pulse l

(1 ms)
MW Pulse

(1 ps) U
]

Start Digiting

Digitizer Clock
e UL

Figure I1 6. Pulse Sequence of a typical experiment
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11.4. Operation and Control: The Software

The spectrometer operation 1s fully automated CVI LabWindows (National
Instruments) software offers the backbone using which the software has been developed
The code 1s wnitten in C  The MW synthesizer, oscilloscope and the delay generators are
controlled by a GPIB (NI) interface The stepper motor driver 1s controlled by the
parallel port, which also sends the start tngger for the experiments The time domain FID
1s digitized using a virtual scope card (NI, PCI 5112), and finally transferred to a PC for

averaging and Fourter transformation

II.4.a. Design of the Program

The first step of designing a program like this 1s making a User Interface, which
will communicate between the user and the program The program 1s written such that the
main function calls the User Interface, which serves as a platform for the input and output
data The User Interface Panel calls various other functions as and when they are
required

‘User Interface panel’ 1s a graphical interface, which could be easily made by the
LabWindows/CVI User Interface Editor The ‘User Interface panels’, used for
performing the experiment and displaying the saved data, are shown 1n Figures II 7 and
II8 All the different types of Buttons, Dropdown menus, Input boxes, outputs ke
graphs, etc can be made These are then related to various call back functions and
constants 1n the program, which provide them the functionality Relating these functions
to the program 1s done automatically by the LabWindows Actually LabWindows
assigns each item 1n the User Interface Panel some number, which serves as its handle
Whenever program needs to read or write something then 1t uses these panel handles
The panel numbers are stored 1n a header file created automatically by LabWindows
There are six files required for running this whole program These files are -

1 Laibrary file for functions controlling NiScope digitizer
2 An mstrument file used by LabWindows
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3 User Interface file which contams the graphical design of the User Interface
Panel

4 Source file, containing the code written 1n C for the program
Header file contamming different panel handles, which 1s auto generated by
LabWindows Thus file needs to be included in the source file

6 Another user made file, containing declaration of variables used in the program

I1.4.b. Execution of the program

When the project 1s run, the main program 1s executed first Main program reads
data from a file, which contains all the inputs set when the program was run last time
After reading this file, main program calls the user mterface function The user interface
1s displayed on screen The user interface has been designed to control the various
equipments/components by virtual buttons and text boxes on screen On pressing these
buttons or entering new values in the boxes corresponding functions are called, which
will decide the functions of each button.

There are four basic modes of operation provided by the program These do not
differ 1n basic functionality, but differ in some features These modes are 1) Single Shot,
2) Average 3) Average multi-acquisition and 4) Auto scan mode

In single shot mode repetitive data 1s taken for the same frequency without saving
the records In this mode the noise and the signal for a gas pulse are displayed
repetitively at the upper and lower ‘graph panel’ of the ‘User Interface panel” shown m
Figure I17 This mode 1s used to optimize the experimental conditions (back pressure,
MW pulse length, relative proportion of the component species, etc ) for a particular
transition of a complex

In “Averaging” mode data 1s collected for specified number of times (gas pulses)
and averaged at a fixed frequency This mode 1s used to obtan a good S/N ratio so that
the frequency of a particular signal can be measured accurately

“Average multi-acquisition” 1s same as “Average”, except that several FIDs are

collected per gas pulse All the FIDs are averaged and 1t 1s repeated for a finite number
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of gas pulses The number of FIDs to be collected and the number of FIDs to be
averaged can be specified m the user interface panel Figure II 7 shows a typical
experiment 1n this mode where total 25 FIDs are collected and only the first 8 of them are
displayed 1n the panel

In “Auto Scan” mode, the “Average multi-acquisition” process 1s carried out for a
particular frequency, and the data are saved 1n a file Then the frequency 1s changed
automatically by the specified step size, and the mirror 1s moved accordingly to keep the
cavity tuned The acquisition and averaging are carried out for this changed frequency
This combination of events, 1e changing the frequency, adjusting the tunming and
collecting the signal, continues till a certain ‘search length’, specified by the user, 1s
covered This mode 1s used for scanning a particular frequency range to search the
transitions for a system

All the saved data, obtained 1n “Average”, “Average multi-acquisition” or “Auto

Scan” mode, can be viewed any time using the user interface panel shown in Figure II 8

ILS. Sample Preparation

A four-channel mass flow controller/reader (MKS Instruments, 647B) and four
different mass flow meters (1179A) are used for preparing the gaseous mixture on the fly
Two of them are used for the carrier gases (either Helium or Argon) and their range 1s 0 —
1000 SCCM calibrated for N, The other two are used for reagent gas(es) flow and they
have a range of 0-20 SCCM  The output from all the four flow meters are mixed and
taken to the pulsed valve The reagent flow meters are connected to 3-way valves m
order to handle gases and liquids The gaseous reagents are directly flown to the mixer
and for iquids, the carmer gas 1s bubbled through a glass reservorr containg the hiqud
The 3-way valves could be selected either for direct flow or through the hiquid bubbler
A very flexible ‘gas handling arrangement’ has been set up (shown 1n Figure II 9) so that
at any time two carrier gases (Ar and He), two reagent gases and two liquid reagents can
be used, without changing any hardware The pulsed valve feed through has a 3-way

valve as well so that the excess gases can be pumped out with a separate mechamcal
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pump This bleed line goes through a needle valve to control the outflow so that the back
pressure at the nozzle could be maintained at the required level (typically 1-2 atm )

The gas mixture (sample gas and carrier gas) undergoes supersonic expansion on
opening the nozzle The nozzle diameter (0 8 mm) 1s much larger than the mean free
path of the gas Hence, there 1s a huge number of collisions between the molecules
Due to the two-body collision the random motion of the molecules 1s converted to a

directed mass flow As a result the translational temperature of the expanded molecules

He Ar

Cl

Ch3

C3

Ch4| ]

—

c V2 RG2 V7 B vs

Figure I1.9 Gas handling system Ch1l and Ch2 are the MKS mass flow controller having
flow range of 0-1000 SCCM, and Ch3 and Ch4 are of 0-20 SCCM B 1s glass bubbler
contamning hqud sample V’s are thtee-way valves, C’s ate three-way connectots and X 1s a

four-way connector
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goes down The other degrees of freedom, rotational and vibrational, equilibriate with
the translational degree of freedom at slower rates The rotation-translation equilibrium
1s much faster than the vibration-translation equilibrium Thus the expanded molecules
become rotationally very cooled Only few lower rotational levels are populated The
rotational temperature, achieved on the expansion, 1s ~3 K The vibrational cooling 1s
efficient enough to have significant population only in the ground vibrational level The
three body collisions lead to complex formation Therefore rotationally and vibrationally

cooled weakly bound complexes are formed They are characterized by their rotational

spectra
I1. 6. Performance of the spectrometer

The time domain signal obtained from the standard OCS 1s shown 1n Figure II 10
The frequency domain spectrum shown in Figure II 11 reveals the resolution of the
spectrometer The FWHM 1s only 2 8 kHz The line center could be determined to 0 1
kHz as 1s typical for the PNFTMW spectrometers The doubling of the signal 1s due to
Doppler effect, which 1s also typical to such spectrometers The standing wave in the
cavity 1s the super-position of two traveling waves going 1n oppostte directions leading to
Doppler doubling Molecular beam 1s traveling coaxially in one direction The Doppler
doubling could be reduced with a skimmer 1f the pulsed valve 1s kept on top of the
chamber The real molecular frequency, 12162 9789 MHz, 1s the mean value of the two
Doppler peaks The signal from '*0CS at 11409 7097 MHz 1s shown m Figure 1112
The natural abundance of '30 1s only 0 2 % and this signal can be seen by averaging just
10 shots Most of the 1sotopomers of OCS (OCS, OC*S, 0C*s, 0Cs, 0'*c*s,
"®0CS) have been observed The J =0 —»1 transition for O'*CS 1s shown mn Figure IT 13
The line 1s sphit by a mere 4 9 kHz but 1t 1s well resolved The splitting 1s due to the spin-
rotation mteraction, which couples the *C nuclear spin with the rotation of the molecule

Signals from several weakly bound complexes such as (Ar),-H;0, where n = 1-3

(Ref 15-17) have also been observed ~Several naturally occurring 1sotopomers of these

36



Chapter Il Experimental and Theoretical Methods
complexes could be seen as well The J = 0—1 transitions of the para (I=0) and ortho
(I=1) states of Ar-H,O complexes are shown 1n Figure II 14 and II 15 Note the well-
resolved hyperfine interaction from the I=1 state In order to test the performance of the
spectrometer over the frequency range, Ar-H,S'® s1 gnals were observed from 3 — 20 GHz

Two different antennas were used to cover this frequency range
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11.7. Ab Initio and DFT Calculation

1923 were done for the complexes, studied with

Ab miio and DFT calculations
PNFTMW spectrometer The results of the calculations were used along with the
experimental data to understand the structure and dynamics of the complexes of interest
The methods used are MP2, CCSD(T) and B3LYP Complex geometries were optimized
mainly at MP2 and B3LYP levels For Ar,-H,S, (HzS),;, Ar-(H;S),, H,O-H,S and Ar-
H,0-H,S complexes, the equilibrium geometries were optimized at MP2 level using
several large basis sets, starting from 6-311++G** up to aug-cc-pVQZ MP2 level 1s
quite efficient for these kind of weakly bound complexes and 1s used n general
Dunning’s correlation consistent basis sets (aug-cc-pVnZ) are known to produce the best
results for the weakly bound complexes HF and B3LYP methods were tried too for the
complexes mnvolving Ar However, the results (structural parameters and interaction
energy) are far from reality, and are not included in this thesis For Ar,-H,S and Ar-
(H,S); complexes, sigle pomnt energy was calculated at CCSD(T) level, for the MP2
optimized geometnes, using the same basis sets For the determination of the ‘hydrogen
bond radn’ for HX (X = F, Cl, OH and SH) from the calculated intermolecular distances,
calculations were performed for about sixty B---HX complexes Here MP2 and B3LYP
methods were used with 6-311++G** basis set It should be noted here that our main
emphasis 1s on the structural parameters (intermolecular distances) of the complexes
Both MP2 and B3LYP methods work reasonably well for these H-bonded complexes
For all the calculations GAUSSIAN 98 suite of program?* was used

The structural parameters are obtained from the optimized geometry Frequency
calculation confirms whether the optimization gives a mmmmum or not. The frequencies
of the mtermolecular modes and those involved mn weak bond formation are of interest
Potential Energy Surface (PES) scanning was done whenever needed

The interaction energy or stabilization energy for the complex formation is
calculated 1n supermolecular approach® In this approach the interaction energy,

AEc =Ec-Z (Em) “4)
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where Ey 1s the monomer energy However, this energy 1s contaminated with a kind of
error known as Basis Set Superposition Error (BSSE) 2628 This error anses because of
the mismatch of the monomer energies while subtraction The interaction energy of a
complex AB formed from 1ts monomers A and B 1s
AEas =Exs*® ~Eo™ - Eg™® (5)

The monomer energies E, and Ep are calculated using their own basis sets, 1e {A} for A
and {B} for B However, the dimer energy Eap 1s calculated in dimer basis set {AB}
which consists of the basis set of both the monomers A and B As the intermolecular
distance decreases, the monomers A and B start using the one electron basis set of their
partner 1n the complex A will use the available orbital of the basis set of B, {B}, and
vice versa This leads to an additional artificial stabilization that has nothing to do with
the mteraction energy concerned Thus error 1s basically due to the incompleteness of the
basis set Using a complete basis set will remove the error

However, 1n our calculation the BSSE 1s corrected by using the ‘Counterpoise’
method of Boys and Bernardi?®2! According to this method, 1f the mnteraction energy has
to be obtained in supermolecular approach, all the energies (dimer and monomers) should
be evaluated within the same basis of the whole dimer, {AB}

AEA5(CP) = B 5B} _ |, 1B} _ g (AB) 6)
Where E!4®) 15 the energy of the monomer A evaluated 1n the dimer basis set {AB}
The defimtion of BSSE according to this method 1s
BSSE =E,"? + 4% _E, % _ g, @)
Equation (6) and (7), for correcting and determiming BSSE respectively, are valid only
when the monomer geometry remains mtact or nearly so on complex formation If the
monomer geometries are distorted mn the complex, the energies mvolved are different
The energy associated with the distortion 1s a part of the interaction energy, and 1t should
be taken mto account while correcting for BSSE In such cases, first BSSE uncorrected
Interaction energy 1s calculated from equation (5) This uncorrected interaction energy 18
then corrected for BSSE The BSSE 1s evaluated as
BSSE = [Ex*!A) — B, #(AB}] 4 [Eg* B} _ Ep*(ABY] (8)
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where “*’ indicates the monomer geometry to be as 1t 1s in the complex The CP

corrected interaction energy (AEAs) 1s calculated as
AEAg®® = AEap + BSSE ©)

In most of the cases, the CP corrected mnteraction energy has been corrected for the zero

point vibrational energy

43



Chapter Il Expenmental and Theoretical Methogs

References

1

10

11
12

13
14

15
16

C H Townes and A L Schawlow, Microwave Spcetroscopy, McGraw Hill, New

York, (1955)

W Gordy, and R L Cook, Microwave Molecular Spectra, Wiley, New York,
(1984)

T J Balle, and W H Flygare, Rev Sci Instrumen , 52,33 (1981)

J S Muenter, in Structure and Dynamics of Weakly Bound Complexes (Ed
Weber, A ), Reidel, Dordrecht, 3 (1987)

R D Suenram, J-U Grabow, A Zuban, and I. Leonov, Rev Sci Instrumen 70,
2127 (1999)

J-U Grabow, W Stahl, and H Dreizler, Rev Sct Instrumen 67,4072 (1996)

J L Alonso, F J Lorenzo, J] C Lopez, A Lesarri, S Mata, and H Dreizler,
Chem Phys 218, 267 (1997).

H E Wamer, Y Wang, C Ward, C W Galhes, and L Interrante, J Phys
Chem , 98, 12215 (1994)

A R Hight Walker, W Chen, S E Novick, B. D Bean, and M D Marshall, J
Chem Phys 102, 7298 (1995)

M D Harmony, K A Beran, D M Angst, and L Ratzlaff, Rev Sci Instrumen
66, 5196 (1995)

M Lida, Y Ohshima, and Y Endo,J Chem Phys , 94, 6989 (1994)

A C Legon, mn Atomic and Molecular Beam Methods vol 2, (Ed Scoles, G)
Oxford Umversity Press, New York, 289 (1992)

R E Bumgamer, and S G Kukolich, J Chem Phys 86, 1083 (1987)

K W Hilhg, J] Matos, A Scioly, and R L Kuczkowski, Chem Phys Lett 133,
359 (1987)

T C Germann, and H S Gutowsky, J Chem Phys 98, 5235 (1993)

E Arunan, C E Dykstra, T Emulsson, and H S Gutowsky, J Chem Phys 105,

8495 (1996)

44



Chapter Il Experimental and Theoretical Methods

17 E Arunan, T Emilsson, H S Gutowsky, and C E Dykstra, J Chem Phys 114,
1242 (2001)

18 H S Gutowsky, T Emulsson, and E Arunan,J Chem Phys 106, 5309 (1997)

19 Szabo and N S Ostlund, “Modern Quantum Chemistry Introduction to
Advanced Electronic Structure Theory”, Dover Publications Inc, Mineola,

(1996)
20 D R Yarkony (ed), “ModernElectronic Structure Theory”, Part 1 & II, World

Scientific, Singapore (1995)
21 F Jensen, “Introduction to Computational Chemistry”, John Wiley & Sons, New

York (1999)
22 M Springborg, “Methods of Electronic Structure Calculations” John Wiley &

Sons, New York (2000)

23 J B Foresman and A E Frisch, “Exploring Chemistry with Electronic Structure
Method”, Gaussian Inc , Pittsburgh (1996)

24 M J Fnisch, G W Trucks, H B Schlegel, G E Scusena, M A Robb, J R
Cheeseman, V G Zakrzewsk:, ] A Montgomery, Jr, R E Stratmann, J C
Burant, S Dapprich, ] M Millam, A D Dantels, K N Kudin, M C Stramn, O
Farkas, ] Tomasi, V Barone, M Cossi, R Cammi, B Mennucci, C Pomelli, C
Adamo, S Chifford, ] Ochterski, G A Petersson, P Y Ayala, Q Cw, K
Morokuma, N Rega, P Salvador, J] J Dannenberg, D K Malick, A D Rabuck,
K Raghavachari, J] B Foresman, J Cioslowsk:, J V Ortiz, A G Baboul, B B
Stefanov, G Liu, A Liashenko, P Piskorz, I Komaromi, R Gomperts, R L
Martin, D J Fox, T Keith, M A Al-Laham, C Y Peng, A Nanayakkara, M
Challacombe, P M W Gill, B Johnson, W Chen, M W Wong, J] L Andres,
C Gonzalez, M Head-Gordon, E S Replogle, and J A Pople, Gaussian 98,
Revision A 11 3, Gaussian, Inc , Pittsburgh PA, (2002)

25 F. B van Duyneveltd, ] G C M van Duyneveltd-van de Rydt and J] H van
Lenthe, Chem Rev 94, 1873 (1994)

26 B Lmwand A D McLean, J Chem Phys 59,4557 (1973)

27 M N Szczesmiak and S Schemer, J Chem Phys 84,6328 (1986)

45



Chapter Il Expernimental and Theoretical Methods

28 M Gutowski and G Chalasinski, J Chem Phys 98, 5540 (1993)

29 S F Boysand F Bernardi, Mol Phys 19,55 (1970)

30 S Sumon, M Duran and J J Dannenberg, J Chem Phys 105, 11024 (1996)
31 I Alkorta,I Rozas andJ Elguero, Chem Soc Rev 27, 163 (1998)

46



Chapter lli

Structure and Dynamics of Ar>-H>S
complex: Rotational Spectroscopic
and Ab Initio Studies



Chapter lll Structure and Dynamics of Ar>-H,S

II1.1. Introduction

Weakly bound complexes, bound by van der Waals or hydrogen bonding

1-3

interactions, have attracted enormous interest n the last few decades '~ Coupling of

molecular beam techniques with various spectroscopic methods has resulted in a wealth
of expernimental data on such complexes Rotational spectroscopic studies have been
revolutionized by the development of the Balle-Flygare Pulsed Nozzle Fournier Transform
Microwave (PNFTMW) spectrom«.eter4 Rotational spectra of these complexes can
provide direct information about the ground state structure, which 1s the starting pomnt
towards developing intermolecular potential surfaces (IPS) Accurate IPS, n turn, can
lead to detailed understanding of intermolecular interactions

Rare gas (RG)-molecule complexes have found a umique place mn this field,
starting with the very first report on the PNFTMW spectrometer > These complexes are
useful as model systems to study the effect of dispersive and inductive forces n
intermolecular interactions The RG-HX (X=halogen) complexes are particularly
mtriguing as all of them have the structure as written with the HX interacting with RG
through H This has led Bader to conclude that these are ‘hydrogen bonded’ complexes®,
though such a view would not be accepted by many Recently, Aquilanti and coworkers
have reported scattering studies of RG-H,0O’ and concluded that the mteraction m RG-
H,O attains hydrogen bonding character as the RG 1s changed from He to Xe
Expenmental® studies on Ar-H,0 complexes show only a small red-shuft (1 5 cm™) m O-
H stretching frequency, significantly smaller than what 1s commonly observed n
hydrogen bonded complexes of H,O However, today there are many examples of
hydrogen bonded complexes showimg a blue-shift m X-H stretching frequency 9
Wategaonkar and coworkers'® have recently reported theoretical results that predict a 12
cm™ blue shift m O-H stretching frequency for the ‘hydrogen bonded’ Ar-hydroquinone
complex If hydrogen bonds can have red or blue shift in stretching frequencies, logic
demands that there may be hydrogen bonds with no shift in stretching frequencies

It has been pointed out that the binding energies of hydrogen bonded complexes

of second row hydrides (HCI and H,S) have sigmficant contribution from dispersive (van
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der Waals?) forces compared to those of first row hydndes "' With the objective of
comparing the weakly bound complexes formed by first and second row hydndes, a
systematic investigation on Ar,,,-(HZO)nn']5 and Arn-(HsS),'*'® complexes have been
reported earlier ~ This chapter reports results on Ar-H,S complex and completes the
series Ar-H,X for m up to 3 and X = O and S The experiments on Ar,-H,S were
particularly interesting given the results for Ar-H;S'® and Ar;-H,S'  The Ar-H,S
showed an anomalous 1sotope effect mn rotational constants 16 The rotational constant B
for Ar-D;S 1s larger than that of the Ar-H,S complex To the best of our knowledge, this
1s the only example in the literature, showing an increase in rotational constant with
increase 1n mass of an 1sotope (Imaginary coordinates are observed if the substituted
atom 1s very close to the center of mass such as 1n N,0' or H,O-HC1'* However, Ar-
H,S does not belong to this category The substituted atom 1s more than 1 A away from
the cm It turned out to be the result of an extremely floppy intermolecular potential
surface'® leading to different zero-point averaged ground state geometries for Ar-H,S and
Ar-D,S However, an unusual trend 1n the rotational constants has been observed for Ne-
H,S complex and 1ts deuterated isotopomers, by Jaeger and coworker. Though the
rotational constants for Ne-HDS and Ne-D,S are not higher than that of Ne-H,S, but they
are quite different from what one expect for a ngid structurezo) However, Arz-H;S
showed a normal 1sotope effect '* What will be the 1sotope effect on rotational constants
for Ar,-H,S complex? What would be the ramifications of a floppy IPS on the rotational
spectra of Ar,-H>S? How, 1f at all, does the Ar-H,S distance vary in going from Ar-H,S
to Ar;-HS? These questions are addressed in this work Rotational spectra for Arp-
H,S,/HDS/D,S 1sotopomers are reported In addition, results of ab initio calculations are
reported at MP2 and CCSD(T) levels of theory with sufficiently large basis sets, up to
aug-cc-pVQZ basis set The theoretical and expenimental results are compared and
discussed

Our 1nterest 1n H>S complexes 1s strengthened by another concern Recently, we
defined ‘hydrogen bond radu’ for all the hydrogen halides, HCN, H,0 and C;H; 22
This defimition was based on expernmental distances m BeesHX complexes and the

electrostatic potential of 1solated B** Though not as strong and prevalent as OH groups,
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SH groups also 1nvolve i hydrogen bonding and they are important in the amino-acid
cysteme and 1its denvatives 25.26 Experimental data on H,S complexes are relatively
scarce compared to the other HX listed above Hence, systematic investigations on
several H,S complexes are 1n progress in our laboratory As Argon 1s typically used as
the carner gas 1n these studies, identification and assignment of Arm-(H,S), complexes

are essential to our larger objective

II1.2. Experimental Details

The rotational spectra for Ar,-H,S and 1ts 1sotopomers were observed using our
home-built Balle-Flygare pulsed nozzle FT microwave spectrometer (discussed in the
previous chapter) The Ar,-H,S complex was formed through supersonic expansion of
Ar gas seeded with 1 to 2 % of H,S The D,S or HDS was formed by flowing H,S
through several bubblers placed sequentially and filled with either D,O or 1 1 D,O/H,O
mixture, respectively The back pressure was kept typically at 0 6 atm The optimum
microwave pulse was of 2 0 ps duration Typically 1000 to 2000 shots were averaged to
obtain a reasonable signal to noise ratio The 1dentity of the complexes was established
by confirming the presence of H,S/D,S/HDS and Ar No signal was observed without
H,S When He was used as the carrier gas, no signal was observed even though H,S was
present The signal appeared again as a few % of Ar was added to the gas mixture in He
All gases were obtained from Bhuruka Gases Ltd and used as supplied, Ar (99 999 %),
He (99 999%) and H,S (99 5 %) D,0 was obtamed from Sigma-Aldrich, 99 96 atom %

D

II1.3. Results And Discussions

IIL.3.a. Search and Assignment
The geometry of Ar,-H,S complex was assumed to be similar to that of Ar,-H,O,

which 1s an asymmetric top having a planar structure with C;, symmetry B3 In all the
complexes mvolving Ar, moiety, the Ar-Ar distance 1s very close to 3 8214, which 1s the
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same as m Ar, dimer 2% It 1s observed that Ar/HF systems have rotational constants ang
rotational spectra very similar to Ar/H,O systems For example, the rotational constants
for Arp-H,0 (3383 MHz 1732 MHz and 1145 MHz)" and Ar,-HF (3576 MHz, 1739
MHz, and 1161 MHz)®® are quite similar The same resemblance 1s observed between
Ar/HCI and Ar/H,S systems Thus 1s because of the similarity in masses between HF and
H,0, and HCl and H,S and their interactions with Ar, A search for 202303 transition
was started from 5925 MHz downwards, as the corresponding transition for Ar,-HCI
occurs at 5924 MHz %° It was found soon at 5830 1040 MHz (However, this approach 1s
not always successful as evinced by the case of C,H4-H,S The interaction between HCl
and C,H, 1s significantly stronger than that between H,S and C;Ha) 3% The time domam
and frequency domain spectra for this particular transition are shown in Figure IIT 1
More transitions could be predicted readily and observed A total of 22 a-dipole
transitions were observed for Ar,-H;S and 21 transitions were observed for both Ar-D,S
and Ar,-HDS The search for the deutenated species was straightforward as the ngid
rotor prediction from the Ar,-H,S constants gave rotational constants very close to the
experimental values, unhike for Ar-H,S Table ITI 1 contains all the observed transitions
along with their residues for all three 1sotopomers The observed transitions were fitted
to a distorted asymmetric rotor Hamiltoman usimng Watson S reduction’ 1 ar
representation  The fitted parameters and the standard deviations are shown in Table
III 2 for all three complexes For Ar,-H,S and Ar,-HDS, rms deviations were ~ 3 kHz
However, for Ar,-D,S the rms deviation was 8 8 kHz, possibly due to the unresolved
hyperfine splitting from D atoms In all these cases, the uncertanties 1n determning the
rotational constants and the centnfugal distortion constants look reasonable The
distortion constants show sigmificant vanation with 1sotopomers (H,S, HDS and D;S)
compared to the variation observed for Ar,-H,O 1sotopomers'® Such dramatic variation
in distortion constants has been noted earlier between C¢Hg-H,S and CgHe-D2S
1sotopomers 2 4b mitio force field calculations reported later in this chapter do predict
the distortion constants reasonably well However, they do not predict the varation
observed for the different 1sotopomers It certamnly 1s a manifestation of the floppy nature

of these complexes having several large amplitude vibrations
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Figure III.1. Time domamn and corresponding frequency domamn spectra of 2,3
transition of Ar,-H,S complex at 5830 1040 MHz The MO frequency was 5830 3 MHz
1000 gas pulses (single FID) have been averaged for this signal
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Table ITL.1. Observed rotational transitions of Ar,-H,S, Ar,-HDS and Ar,-D,S complexes

—

Ar,-H,S Ar,-HDS Ary-D,S
Transitions Observed Rest Observed freq  Res Observed Res
feg ME) (z)  OMH) () freq (MHz) (ki)
O —> 1oy 24478427 09 - - - -
lo1— 202 4211 9863 12 42003178 -03 41903226  -167
202 = 303 58301040 15 5808 8030 -12 5790 6443 99
251 = 322 7341 3208 12 7291 2183 -79 7250 9890 00
303 —> 404 7484 5311 17 7455 4795 00 7430 6364 -58
Lot = 220 7614 6752 22 7597 6150 11 7586 1016 28
220> 321 8852 6162 -05 8774 4476 11 8714 1249 91
404 —> 505 9143 5875 05 9107 9423 -04 9077 4039 =21
320 > 43 9145 6587 11 9103 9619 38 9070 2738 167
505 — 606 10802 5295 05 10760 4230 03 107243530 -03
423 —> 524 10825 8807 -06 10782 6017 22 10747 0090 141
35 >4y 11040 3743 -10 11001 0151 57 109691749 101
202 3n 12255 3042 -04 12171 7410 -13 12109 8889  -46
606 = 707 12460 9390 -12 12412 3869 04 123708844 01
524 = 635 12485 4364 22 12436 2299 -03 123953050 107
437> 53 12596 0798 -57 12564 6096 -63 125375096 -4 4
441 = 542 13630 5749 -06 13503 8280 56 13397 2790 97
Too—>8g 141187037  -08 140637115  -03 140168880 23
65— T 141427369  -15 140870097 03 140404908 -88
523 —> 694 14180 7909 70 14128 7516 -09 14084 5128  -115
440 —> 541 14945 3465 00 14760 3978 -29 146131809  -38
8o — 909 15775 7315 14 15714 3046 00 15662 2745  -02

# Residue = Observed - calculated
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Table II1.2. Fitted rotational constants, centnfugal distortion constants and standard
deviations (SD) of the fits for Ar,-H,S, Ar,-HDS and Ar,D,S  Number of transitions (#)
fitted for each 1sotopomer 1s also mcluded

Parameters Ar,-H,S Ar,-HDS Ar-D,S
A (MHz) 1733 098 (1) 1734213 (1) 1735 405 (4)
B 1617 6570 (5) 1604 4189 (7) 1594 515 (2)
C 8302755 (3) 827 0251 (3) 824 0730 (9)
d; (kHz) 9269 (5) 885(1) 753(2)
d; 2558(2) 40 28 (3) 8194 (8)
D, 2220(1) 2137(1) 1820 (4)
Dk 334 4) 3326 (6) 1171 (2)
Dg 617 (8) -223(1) -1010(3)
SD (kHz) 23 31 86
# 21 20 20

The vibrationally averaged structure has C,y symmetry as all the transitions
observed are between states Jxp ko, Which have K, and K, either even-even (ee) or even-
odd (eo) Transitions corresponding to oe/oo levels could not be seen, though they could
be predicted accurately The C, axis interchanges the two 1dentical spin zero (I=0) Ar
nucle1 and 1t happens to be the ‘@’ axis for the complex According to nuclear spin
statistics, the levels with ‘0o’ and ‘oe’ will be missing The same 1s true for Ar-HCl
complex as well 2 For Ar,-HF and Ar,-H>O complexes the C, axis 1s the ‘b’ axis and
‘eo’ and ‘oe’ levels have zero statistical weights

The sensitivity of the spectrometer below 3 GHz was not good enough to get a
good S/N ratio The Og—>1o; transitions were not observed for —-HDS and -D,S
complexes and 1n the higher J transitions, the nuclear hyperfine splitting due to D atom(s)
could not be resolved Hence, quadrupole coupling constants could not be determimed
Based on the experimental results for Ar-H,S' and Arz-HZO”, two sets of transitions

were expected for Ar,-H,S/D,S, corresponding to the internal rotor/tunneling states
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involving different spin states of HS/D,S However, so far even after extensive searches
both above and below the observed lines, no transitions could be unambiguously assigned
to a second state As Ar and H,S have sumular masses, 1t 1s suspected that several
transitions of Ar-(H,S), also occur i the same region Many transitions have been
assigned for Ar-(H,S); now (see chapter IV) and 1t 1s hoped that unambiguous
conclusions about internal rotors states of Ar,-H,S will emerge However, for both Ar;-

H,S and Ar;-H,O complexes also, only one state has been found 4 Our attempts to look

for Arz-H234S were not successful either

I11.3.b. Structure

The fact that ‘oo’ and ‘oe’ levels are missing also indicates that H,S undergoes
large amplitude internal motion within the complex If H,S were to be ngid and
symmetrically bound to Ar; (as in Figure 1), the spin statistics would be stmlar to that of
C,H; and all rotational levels should be present If 1t was ngid but not symmetrncally
bound, the complex could not have a C; axis The rotational constant 4 for Ar,-H,S 1s
1733 115(1) MHz, which 1s very close to that of free Ar, dimer 2’ For the —HDS and -
D,S complexes, 4 1s within 1-2 MHz of the above value A ngid structure will have
signmificantly different A for the three complexes The 4 rotational constants for Ar,-H,S
and Ar,-HDS differ by 4-6 MHz for ngid structures and for Ar,-D,S and Ar,-H,S, this
dafference 1s about 10 MHz Clearly, the H,S umt 1s not contnibuting to the 4 rotational
constant of the complex This, again, happens due to the large amplitude internal rotation
of H,S monomer within the complex

The mtermolecular separation can be determined using the following inertial
equations As H,S does not contribute to the moments about the a axis, 1t was assumed

to be spherical 1n this analysis

L,=I(Ar) = Y%mr’ (1)
I, = pR? )
I =Y mr* + 1 .R? (3)
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Here ‘m’ 1s the mass of Ar, ‘r’ 1s the Ar-Ar- distance, ‘R’ 1s the distance between center
of masses of H>S and Ar, umt and ‘p.’ 1s the reduced mass of the complex The
structural parameters ‘r” and ‘R’ and the nertial axis system are defined in Figure II1 2

From equation (1), using the Ar,-H,S rotational constants, the ‘r’ value comes out to be
3820 A, which 1s almost 1dentical to the Ar-Ar distance 1n free Ary, 3 821 A The Ar,-
HDS and Ar,-D,S constants give this value as 3819 A and 3 818 A, respectively

Equation (2) and (3) lead to ‘R’ values of 3 620 A and 3 646 A respectively for Ar,-H,S
and 1t 1s taken as 3 633 A From these results, the distance between the cm of complex
and the ¢ m (H,S) 1s determined to be 2 549 A These values also correspond to the Ar-
¢ m (H3S) distances, Ry, of 4 093 A and 4 116 A, respectively, giving an average value of
4105 A The R; for Ar-H,S and Ar3-H,S are 4 013 A and 4 112 A, respectively Thus,
R; for Ar,-H>S appears to be very close to those of Ar-H,S and Ars-H,S and lie in
between these values For comparison, Ar,-D,S rotational constants lead to 4 052 A and

4077 A for Ry, from Equations 2 and 3, respectively The experimental mertial defect 1s
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Figure IIL.2. Expenmentally observed, vibrationally averaged geometry of Ar,-H,S The
H,S onentation cannot be determmed accurately with the experimental data and so a sphere
1s shown R 1s the distance between the centers of masses of H,S and Ar, t 1s the Ar-Ar

distance
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4650 amu A? This large and positive value supports an effectively planar structure for
this complex This, agan, 1s simular to Ar-H,O complex,13 which has an inertial defect
of352amu A’

The above structural analysis gives mamnly the distances between the three
monomers m Ar,-H,S Qualitative mformation about the orientation of H,S can be
obtamned using the rotational constants of the three 1sotopomers, Ar,-H,S/HDS/D,S It 15
qualitative because of the floppy nature of the complex and also the fact that the

substituted atoms are H/D The distance of the substituted atom from the ¢ m 1s given

by”’ |
I = [(i}w + Al + Al )T )

Here p 1s the reduced mass for substitution, MAm/(M+Am) The distances for the two
hydrogens are determmned to be 1 547 A and 1 401 A These distances may be contrasted
with the results from C,H4-H,S complex 30 1t 15 a very floppy complex as well, with both
C,H; and H,S exhibiting large amplitude motions within the complex A similar
substitution analysts led to distances of 1 034 A and 2 163 A, clearly indicating that only
one hydrogen 1s pointing towards the © center in C,H,4 01t appears that, in Ar,-H,S both

hydrogens of H,S are pointing towards Ar, It 1s also consistent with the distance between

Table IIL.3. The structural parameters for Ar,-H,S obtamed from different levels of theory
and expenment The parameters are defined mn figure II1 2 & ITI 3 The distances are given
m A and the inertial defects are given m amu A2

. 6-311++G** 6 6~ aug- aug-  aug-
Parameters 311++G  311++G  cc- cc- cc-  Expt
A B (df2p) (3df3pd) pVDZ pVIZ pVQZ
R 3584 3730 3625 3559 3638 3507 3487 3633
r 4064 4051 3820 3816 3882 3743 3730 3820
Ri 4120 4244 4 097 4038 4123 3975 3954 4105
AELLL)  -37  -131 -38 37 38 -38 38 47
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¢ m (Ar-HzS)-c m (H;S) from the imertial analysis (2 549 A) reported above The
orientation of H,S can not be determined any more accurately with the experimental data
presented here and hence Figure III 2 shows a sphere around H,S All the structural
parameters including mertial defects (A) for Ar,-H;S are given 1n Table III 3 along with

results from ab initio calculations, which are discussed next

I11.3.c. Ab Initio Calculations

The ab nitio calculations were done to determine the optimized geometry and the
stabilization energies for Ar,-H,S In addition Potential Energy Surface (PES) was
scanned to determine the barmier for internal rotation of H,S within the complex Gaussian
98 software package®® and PC-GAMESS®® were used for calculations Frequency
calculations were done to ascertain the nature of the stationary pomts The vibrational
force field from the PC-GAMESS calculations were also used to estimate the centnifugal

distortion constants using FCONV/VIBCA codes available through the PROSPE data

base 36

Initially, geometry optimization was done at MP2/6-311++G** level with single
point energy calculations at CCSD(T)/6-311++G** level of theory It led to two
different minima as shown mn Figure 3 (2) and (b) The transition state connecting these
mimima was 1dentified as well However, it was noted that the BSSE (Basis Set
Superposition Error) corrections to the stabilization energies resulted 1n artificial positive
energy Later on, calculations were done with larger basis sets such as aug-cc-pVTZ and
aug-cc-pVQZ  The complete hist of structural parameters for all the optimized
geometries 1s given in Table III A and III B The absolute energies of the complex and
the fragments are given in Table III C to Table IIIF  The rotational constants
corresponding to each optimized structure are tabulated in Table III G Tables III A to

III G are collectively given at the end of this chapter The results of all these calculations

are presented and discussed next
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gIL3.c.1. Structure at MP2/6-311++G** level

The mmtial geometry for optimization was given as a planar C,, symmetric
structure  However, optimization at MP2/6-311++G** level of theory led to a non-planar
geometry with C; symmetry as shown 1n Figure III3 (A) Frequency calculation
confirmed 1t to be a true mmmum This structure 1s very close to a Czy symmetric
geometry having H,S plane perpendicular to the Ar-Ar bond Both hydrogen atoms are
pomting towards the Ar atoms and the S 1s away from them The Ar-Ar distance, r, 15

4 038 A and the distance between the centers of masses of HyS and Arz, R, 153 609 A The

a) Structure (A) b) Structure (B)

Flg:'ure IIL.3. (2) Optunized structure of Ar,-HL,S n the MP2/6-311++G** level of theory The
H,S plane 1s perpendicular to the Ar-Ar bond Both the hydrogens are pomted towards Ar atoms
(b) Optmized structure of the mimmum B, found m the PES scan, at the same level of theoty (0)

Transiton state between structure A and B See Figure I1I 4 for the HSArAr dihedral angle for the
three structutes
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distance from Ar to the H,S center of mass 1s 4135 A, shghtly larger than the
experimental value

Expenimental results ndicate that the H,S 1s exhibiting large amplitude internal
motion within the complex Hence, 1t was decided to do a PES scan to determine the
barrier for internal rotation of H,S Scanning was done starting from the MP2 optimized
geometry (structure A) at the same level of theory (MP2/6-311++G**) In thus scan the
dihedral angle between H,S plane and the Ar-Ar-S plane was mtended to vary by 100
degrees per step Specifically, dusarar Was varied 1 steps of 10 degrees Except for the
Ar-S-Ar angle, all parameters were allowed to relax and hence the scanming did not
correspond to a simple rotation of H>S about 1ts b axis The main reason for doing the
scanming 1 this manner was the fact that the initial optimization corresponding to the
planar structure did not yield any stationary pomts, mmmum or a saddle pomt of any
order Hence, for each value of dusarar, all other parameters were optimized The mnitial

value of the dihedral angle was —64 88° and 1t was varied i both directions, 90° 1n each,

-330
-335 8 TS

340

-345

Interaction energy (cm-1)

-350

-355

-360
175 150 125 100 75 50 25 0 25 50

Dihedral angle (Degree)

Figure I11.4. Potential energy surface scan The reaction coordmnate 1s the dihedral angle
disacar (see Figure 111 3) The y-axis 1s the difference n energy between the complex and its
components (AE = E ey 2E 5 = Epps )
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to complete a total of 180° rotation The result of the scan 1s shown n Figure Il1 4 Two
equivalent mimma were found on either side of the structure ‘A’ These two minima are
labeled as ‘B’ and ‘B” These structures had only one hydrogen pointing towards the Ar-
Ar bond, asymmetrically 1 ¢ H1s close to one Ar (3 03 A) than the other (3 50 A) These
were fully optimized agan at the same level of theory (MP2/6-311++G**) to obtain more
accurate geometry and energles This second mmimum (B or B") 1s ~8 0 cm’ lower m
energy compared to A The dihedral angles dusasar are 11 78° and ~135 16” for B and B’,
respectively The Ar-Ar distance 1s almost the same as that i Structure A, 405 A
However, the H,S umt 1s shghtly away from Ar; compared to A The distance between
centers of masses of Ar, and H,S, R, 1s 373 A and Ar-cm (H,S) 1s 424 A Figure
III 3(b) shows the optimized geometry of structure B and the Figure III 3(c) shows the
transition state connecting structures A and B The transition state has also been
optimized at the same level of theory In the transition-state, one hydrogen 1s directed
towards the Ar; and the dysarar dihedral angle 1s in between those 1n the two minima, 1 e

-2611° The energy barmer (AEg) gomng from structure A to B s only 11 5 cm™ at MP2

Table III.4. The vibrational frequencies for all the munima and transition states, calculated
at MP2/6-311++G** level of theory All values are n cm*

MP2/6-311++G**

Normal modes

A B B’ TS1 TS2
Intermolecular stretching (Ar-Ar) 20 20 20 20 19
Intermolecular stretching (Ar-H,S) 28 29 29 29 28
Intermolecular stretching (Ar,-H,S) 38 39 39 42 41
Torsion about ‘b’ of H,S" 40 47 47 -40 -36
Torsion about ‘a’ of H,S 49 75 75 49 50
Torsion about ‘c’ of H,S 97 106 105 87 93

H,S bending 1230 1237 1237 1231 1232

H,S symmetric stretch 2818 2820 2820 2819 2818

H,S asymmetnc stretch 2837 2840 2840 2839 2838

*Reaction coordinate for A - B conversion
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level calculation Single pont calculations of the stationary points at CCSD(T) level
yielded a value very close to that at MP2 level, 11 8 cm’!

For all the optimized geometries (three mimima and one transition state), the
vibrational frequencies have been calculated and are given in Table III 4 All mimima had
only positive Eigen values in the Hessian However, as expected, the two transition
states had one negative value in Hessian The vibrational motion corresponding to this
imaginary frequency was confirmed to be the reaction coordinate for going from structure
A to B The vibrational frequencies for all three stationary points (Table III 4) indicate
that the zero point level 1s significantly above the barmer This supports the experimental
observation that H,S undergoes large amplitude motions within the complex However,
the nature of the PES with two different mimmma (A and B) suggests that the large

amplitude motion 1s unlikely to be simple mternal rotation of H,S about its C; axis

IIL.3.c.2. Stabilization Energies at MP2 and CCSD(T) Levels with 6-
311++G** Basis Set

The interaction energy has been calculated using the super-molecule approach
According to this approach the interaction energy 1s evaluated as
AE = Ecomplex — Ear — Ear — Enas ®
Table III 5 shows the interaction energies calculated for all five stationary points for MP2
and CCSD(T) methods using 6-311++G** basis set These values were corrected for
Basis Set Superposition Error (BSSE) using the Counterpoise method *">° The BSSE 1s

calculated as
BSSE = [Earn*(M) + Ea*(M) + Enzs*(M)] — [Ean*(C) + Ear*(C) + Enzs*(C)] (6)

where ‘*’ indicates that the monomer geometry 1s distorted and 1s same as in the
complex, (M) and (C) indicate whether the energies are calculated 1n monomer or
complex basis set respectively The CP corrected interaction energy 1s,

AES? = AE + BSSE )

Usually, the CP corrected interaction energy 1s given as'!
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AECP = Ecomp]cx - EArl* (C) - EAI‘Z*(C) —EHZS* (C) (8)
According to Eq (8),
BSSE = [Ean(M) + Ea2(M) + Exzs(M)] — [Ean "(C) + Ean'(C) + Emns” ()] ©)

The BSSE calculated from Equations (6) and (9) will be significantly different, if the
monomer geometries are distorted on complex formation It 1s important for hydrogen

bonded complexes of HF and HO, for nstance 4

For the Ar;-H;S complex, the
difference 1n BSSE calculated between Equations (6) and (9), 1s only 0 5 cm™ at MP2/6-
311++G** level calculations In any case, mn this work, BSSE has been reported using
Equation 6 only.

AEZPE 15 the imteraction energy after zero-point vibrational energy correction over
AEC?  For structure A, the stabilization energy of 347 6 cm’' 1s obtaned with MP2
method without BSSE correction The CCSD(T) value 1s again close to the MP2 result
and 1t 1s 353 6 cm™  For structure B the stabilization energies, without BSSE correction,

are 355 4 cm™ and 362 7 cm™ with MP2 and CCSD(T) methods, respectively

Table IIL.5. Interaction energles for all five stationary pomts (three mimma and two
transition states) calculated at MP2 and CCSD(T) method using 6-311++G** basis set

Energy MP2/6-31 1++G** CCSD(T)/6-311-++G**
cm™ A B B° TSI TS2 A B B° TSI 1TS2

AE  -3475 -3554 3554 3361 -3356 -3536 -3625 -3625 -3417 -3417
BSSE 3942 3953 3954 3764 3683 4079 4135 4135 3917 3831
AE 468 399 400 403 327 543 510 510 500 4l4

AE®® 1819 2037 2034 1565 1484 1900 2148 2144 1662 1571

Employing the BSSE correction using counterpoise method leads to artificial
positive stabilization energes for all cases Thus 1s due to incompleteness of the basis set

used The BSSE can be reduced sigmficantly to obtain a reliable interaction energy using

64



Chapter Il Structure and Dynamics of Ar,-H»S

higher bass sets (approach to complete basis set limit) Hence the calculations have been
performed at MP2 method using higher basis sets, 6-311++G(3df,2p), 6-
311++G(3df,dpd), aug-cc-pVDZ, aug-cc-pVTZ and aug-cc-pVQZ and these are

discussed next

I11.3.c.3. Results With Higher Basis Sets
IIL.3.c.3.a. Geometry

Structure A has been optimized at MP2 level using all the above basis sets All
calculations resulted mn a true mmmum with all positive eigen values in the Hessian
except for the calculation with aug-cc-pVDZ basis set, which resulted 1n a saddle point of
order 2 Further, CCSD(T) single pomt energy calculations were done for all MP2
optimized geometries (except aug-cc-pVQZ) using the same basis set that was used for
optimization However, Structure B and B’ could not be optimized using any of the
higher basis sets The optimizations never converged The geometry, optimized at
MP2/6-311++G(3df,2p) level 1s shown 1n Figure III 5 The figure also shows the axis
system of both the Ar,-H,S complex and H,S monomer 1n the complex The axis system
denoted as ‘g, b, ¢’ 1s for the complex and the axis system denoted as ‘a’, b’, ¢” 1s for H,S
monomer All the structural parameters for the optimized geometnies using these basis
sets are listed in Table III 3 along with the experimental and lower basis set values

The Ar-Ar and Ar-c m (H,S) distances both reduce with increasing basis size
The distances calculated at MP2/6-311++G(3df,2p) are fortuitously close to the
expermmental values Particularly, the Ar-Ar distance calculated at this level (3 820 A) 1s
very close to the R, for Ar, dimer?’, 3 822(2) A However, the R for Ar, 1s less at 3 763
A% and not surprisingly, higher basis sets give better agreement The structural
parameters do show some convergence and the basis sets used, appear to be large enough

It 1s evident from the theoretical stabilization energies as well and they are discussed

next
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a, b

b, ¢

Figure IIL5. Opumized structure of Ar,-H,S at MP2/6-311++G(3df,2p) level of
theory This 1s exactly C,, symmetric structure with all the structural parameters very
close to expertmental ones 4, 4, ¢ 1s the axis system of the complex whereas ', &, ¢’ 1s
that of H,S monomer R i1s the distance between the centers of masses of H,S and Ar,, r
1s the Ar-Ar distance, and R, (not shown) 1s the distance between Ar and ¢ m (H,S)

ITL.3.c.3.b. Interaction energy and barrier energies for internal rotation

Table III 6 shows the interaction energies calculated at MP2 and CCSD(T) level
calculations with various basis sets The BSSE 1s significant (394 cm™) at MP2 level
with 6-311++G** basis set and 1n fact 1t 1s larger than the absolute value of interaction
energy (-348 cm™), leading to net ‘destabilization’ It 1s interesting to note that single
pomnt calculations at CCSD(T) level with this small basis set, increases both AE (-354 cm’
') and BSSE (408 cm”)  As the 1ncrease m BSSE 1s more than that of AE, the results
look worse at CCSD(T) level than at MP2 level As the basis size 1s mcreased to 6-
311++G(3df,2p), AE mcreases and BSSE reduces by more than half, leading to a net
stabilization of -263 cm™  As the basis size 1s ncreased to aug-cc-pVQZ, the BSSE
reduces to 70 cm™ only, ~ 15 % of the interaction energy of - 471 1 cm™  The ZPE

correction ncreased from 103 cm™ with 6-311++G (3df.2p) basis set to 117 cm”' with
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aug-cc-pVTZ basis set  This increase could be due to the over-estimation of
intermolecular vibrational frequencies and 1t appears that these frequencies should be
scaled by 07, see next section The stabihization energy calculated at MP2 level
calculations with aug-cc-pVDZ/pVTZ/pVQZ were used to extrapolate to CBS hmut *' At
this limit, the binding energy of Ar,-H,S 1s 507 cm™ and 418 cm’, respectively without

and with ZPE corrections

Table I11.6. The interaction energies obtained from @b watio calculations * 'The values are i

cm!

6-

_ s sfe allg-CC—
Energy 6-311++G 311++G(3d£.2p) CBS

aug-cc-pVDZ  aug-cc-pVTZ pVQZ

> =

CCSD(T)
MP2
CCSD(T)
MP2
CCSD(T)
CCSD(T)
MP2
MP2

AE 3477 -3536 -4183 -3643 -3934 -3520 -4841 -4215 -4711  --
AES? 462 543 2630 -1979 -2424 -1887 -3509 -2909 -4011 -5071

AFZPE 1819 1900 -1598 -947 -1251° -714® -2336 -1736 -283 8" -4182

BSSE 3942 4079 1553 1663 1510 1633 1332 1306 700 --

4 AE“E 15 the mteraction energy after zero-pomt vibrational energy correction over AE” CBS

extrapolation was done using the aug-cc-pVnZ results (Ref 41)
® Zero pomt energy corrections used vibrational frequencies calculated at MP2/ aug-cc-pVTZ

level

As discussed 1n the previous section, experimental results do mdicate that the H>S
1s quite floppy within the complex Hence, 1t was decided to determine the barners for
internal rotation of H,S about its principal axes, within the complex by doing potential
energy scans Energies were calculated by varying the corresponding angles by 10

degrees every step, keeping the other structural parameters fixed To simplify the
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calculations, S was held fixed The results of MP2/6-311++G(3df,2p) calculations are
shown 1n Figure I[I1 6 Not surpnsingly, internal rotation about the & axis of HyS has the
lowest barrier of only 10 cm” It 1s less than the zero point energy along this torsiona]
coordnate (13 5 cm™) The barner for rotation about a and ¢ axes are also small, 53 and
47 cm?, respectively The corresponding torsional frequencies are 49 and 43 cm’,

respectively It 1s clear that the H,S can exhibit very large amplitude motions within the

complex
-360 _ - -
——&— Rotation about ¢ A A !
— @ — Rotation about b A A-. “A-.. !
-370 . A--a- . a--
- - - 4 - -Rotation about a A
5 g |
< 380 | |
@ i
o i
9 |
T
5 -390 X
£ !
v 1]
B -400 i
13
@ !
c .
w t
-410 !
!
420 : —
0 20 40 60 80 100 120 140 160 180

Degree of rotation
Figure IIL.6. PES scan for H,S mternal rotation about its mertial axes #, b and ¢ All other
coordinates have been kept unchanged dunng the scan ‘The ‘y’ axis 1s the difference

between the energies of the complex and 1ts constituting monomers.
IIL.3.c.3.c. Vibrational frequencies and centrifugal distortion constants

The vibrational frequencies calculated at MP2/6-311++G(3df,2p) and MP2/aug-
cc-pVTZ levels of theory are given in Table III 7 The only experimental result available
for companson 1s that of Ar-Ar stretching, observed 1n the free Ar, dimer?’, which 1s
3068 cm? Itis predicted to be 26 cm™ 1n An-H,S, which seems reasonable A more

stringent test would be the companson of centrifugal distortion constants from this ab
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qutio force field with the experimental values Kisiel and coworkers* have carried out
such analysis for Ar,-HF/HCVHBr and a sumilar analysis was done here for Ar,-H,S
The FCONV/VIBCA codes were used to determine the centrifugal distortion constants
from the ab mtio force field Table III 8 gives the centrifugal distortion constants and
the harmonic vibration-rotation contnibution to the inertial defect, determined from the
force field with and without scaling (It should be remembered that the equilibrium
mertial defect from the calculations (see Table III 3) 1s about -3 8 amu A2 as the out of
plane protons do contribute i the equilibrium structure In this Table, 1t has been
assumed to be zero as the H,S appears to be nearly spherical in the complex) A
frequency scaling factor of 07 gives a reasonable agreement for three of the five
distortion constants (Dj, Dy and Dx) The other two constants (d; and d;) are of smaller
magnitude 1n companison They are predicted to be of the right order of magnitude but
wrong signs For Ar, -HBr and Ar,-HCl, Kisiel and coworkers found that a frequency

Table I11.7. All the vibrational frequencies of Ar,-H,S, bending and stretching frequencies
of H,S m H,S-H,S (both H-bond donor and acceptor) and free H,S 'The values are
calculated at the MP2 level using 6-311++G(3df,2p) and aug-cc-pVTIZ basis sets. All the

values are grven m cm’*

Vibrational Modes MP2/6-311++G(3df,2p) MP2/aug-cc-pVTZ
Ar-H,S HS-H,S"  HpS  An-HpS  HpS-HoS™  HS
Intermolecular bending 26 - - 32 - -
Intermolecular
stretching (Ar-Ar) 26 - - 26 - -
Torsion about ‘b’ of H,S 27 - - 19 - -
Intermolecular
stretching (Ar;-H,S) 37 - - 4 - -
Torsion about ‘c’ of H,S 43 - - 43 - -
Torsion about ‘a’ of H,S 49 - - 63 - -
H-S-H bending 1214 1223/1215 1217 1209 1216/1209 1212

S-H symmetric stretch 2776 2741/2773 2776 2773 2729/2769 2771

S-H asymmetric stretch 2794 2786/2792 2795 2792 2783/2789 2791
*First entry 1s for the donor H,S and the second entry 1s for acceptor H,S
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scaling factor of 0 8 works better 2 Though, the scaling improves the agreement with
centrifugal distortion constants, 1t 18 obvious that the Ar-Ar stretching frequency would
become even smaller However, this appears to be a general trend with Ar,-HX clusters
as this frequency 1s estimated to be 21 cm’, 24 cm™ and 23 cm™ for Ar,-HCI®, Ar,-
0CS* and Ar,-N,O% by analyzing the respective centnifugal distortion constants

Table II1.8. Distortion constants (kFz) and mernal defects* (amu A?) from expenment

and ab vt force field

Dastortion Experiment MP2/6-311++G(3df,3pd) MP2/aug-cc-pVTZ
constants
Sf:ﬁg‘glef‘;gor 10 10 07 10 07
d; -2 26 (2) 314 629 374 7 49
d; 2565 (5) -091 -181 -0 80 -1 60
D; 41 34 (2) 19 09 3817 20 15 40 30
Dy -69 47 (6) -3135 -62 69 -32 87 -65 74
Dg 3179 (4) 1395 27 89 14 53 29 05
ol, - -1 835 -2595 -1582 -2 237
ol - -1 735 -2454 -1667 -2 358
ol, - -0 708 - 1002 - 0497 -0 703
4 4 650 2 862 4 047 2751 3 891

* Harmonic vibration-rotation contribution to mnertial defect, defined as I, = (1)« — dlat

Despute the reasonable agreement between the experimental centrifugal distortion
constants and those denved from a scaled ab imtio force field, there are at least two
experimental observations that point to the inadequacy of the ab 10 force field 1) The
distortion constants for Ar,-HDS and Ar,-D,S are predicted to be very simular to those of
Ar-H,S (within 5%) Experimental distortion constants (see Table III 2) for the three
1sotopomers vary by 60-70 % 2) The iertial defect calculated from the harmonic
vibration-rotation contribution 1s 4 047/3 891 amu A? with 6-311++G(3df,2pd) and
aug-cc-pVTZ basis sets, compared to the experimental value of 4 650 amu A? In

comparison, for Ar,-HF/HCVHBr Kisiel and coworkers®? found much better agreement
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between the experimental mertial defect and that calculated from the harmonic vibration-
rotation contribution at MP2/aug-cc-pVDZ calculations These observations highlight
the fact that the IPS for Ar,-H,S 1s floppier than the IPS for the relatively strongly bound
Ar-HX systems It 1s hoped that the experimental results reported m this manuscript
would stimulate development of more accurate IPS for Rg-H,S complexes

In the Introduction, we commented about the shift in vibrational frequencies
observed following complex formation Table III 7 compares the intra-molecular
vibrational frequencies mvolving H,S for Ar,-H,S, H,S-H,S, and free H,S, as well The
S-H stretching frequencies calculated for Ar,-H,S are both within 2 em™ of those
corresponding to free HoS AT MP2/6-311++G(3df, 2p) level, there 1s a 1 cm™ red shft
and at MP2/aug-cc-pVTZ level there 1s a 1-2 cm™ blue shift These results suggest that
one needs to exercise caution in interpreting small blue shifts Interestingly, the S-H
stretching frequencies calculated for the acceptor H,S m (H,S), show a red-shift of 2-3
cm” compared to the monomer values The stretching frequency for donor H,S m (HaS),
shows a red-shift of 42 cm™ For comparison, the red-shift observed in OH stretching
frequency® for the strongly hydrogen bonded (H,0); 1s sigmificantly higher at 226 cm™
From the vibrational frequency shifts observed, (H;S), could easily be classified as a
hydrogen bonded complex However, the same can not be concluded about Ar-H,0 (1 5
cm™ red-shift)® or Ar-H,S complex Considering Aquilant1 et al ’s recent work on Rg-
H,0 complexes’, 1t may be expected that the frequency shifts observed in Rg-H,O and

Rg-H,S would be more pronounced as Rg 1s changed from He to Xe
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I11.4. Conclusions

The rotational spectra for Ar,-H,S and 1its 1sotopomers have been observed using
PNFTMW spectrometer It exhibits normal 1sotope effect unlike Ar-H,S dimer Agam,
unlike Ar-H,S, only one set of transitions has been observed The experimental
rotational constants are consistent with a vibrationally averaged heavy-atom C,,
symmetric structure with both hydrogen atoms pointing towards Ar, The Ar-Ar and Ar-
H,S distances are determined to be 3 820 A and 4 105 A, respectively  The Ar-H,S
distance falls 1n between those determmed for Ar-H,S dimer (4 013 A) and Ar;-H,S
tetramer (4 112 A) Ab 1itro calculations have also been reported at MP2 and CCSD(T)
levels with large basis sets up to aug-cc-pVQZ MP2 results give a minimum energy
structure, which 1s non-planar with C,, symmetry where H,S plane 1s perpendicular to the
Ar-Ar bond and both hydrogens are pomnting towards Ar, The CBS extrapolation for
binding energy of this complex 1s about 507 cm! The vibrational force field from ab
mitio calculations could reasonably reproduce the experimental centrifugal distortion
constants for the parent 1sotopomer, but they do not predict the changes on D substitution
The harmonic-vibration-rotation contribution to the mertial defect 1s sigmificantly below

the expenimental mertial defect, unlike that of Ar,-HX (X=F,Cl and Br)

72



Chapter Il Structure and Dynamics of Ary-H,S

Table III.A. Optimuzed structural parameters of different minima and transition states of
Ar-H,S system at MP2/6-311++G ** level of theory

6-311++G**
Parameters

A B B’ TS1 TS2
R(1,2) 41675 43294 4 3289 43054 43156
R(1,3) 4 0644 40512 40513 4 0591 40732
R(1,4) 35238 47882 3 0296 42713 31242
R(1,5) 35203 30298 47879 31071 42840
R(2,3) 41682 41588 41588 41740 41961
R(2,4) 13334 13335 13332 13335 13334
R(2,5) 13334 13332 13335 13332 13336
R(3.4) 3 5231 36217 35030 35607 35391
R(3,5) 3 5244 35016 36211 35219 35592

A(4,1,5) 175 116 116 242 241

A(4,2,5) 921 921 921 920 919

A4,3,5) 316 312 312 314 313

D(4,2,3,1) 649 1351 -11 9 1016 268
D(5,2,3,1) -647 118 -1352 -261 -1027

Arl S2 Ar3 H4 H5
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Table IIL.B. Optmized structural parameters of different minima and transition states of

Ar,-H,S system at different levels of theory

6- 6- Aug-cc- aug-cc- aug-cc-
Parameters 311++G(3df,2p) 311++G(3df,3pd) pVDZ pVTZ pVQZ
R(1,2) 4 146 4 0364 41234 40124 4 0033
R(1,3) 3 8203 3 8166 38824 37432 37301
R(1,4) 3 4868 33824 3 4661 33608 33530
R(1,5) 3 4868 33824 34661 33608 33530
R(2,3) 4 1460 40387 41234 40124 4 0033
R(2,4) 13336 13322 13497 13365 13344
R(2,5) 13336 13322 1 3497 13365 13344
R(3.4) 34868 33982 3 4661 33608 3353
R(3,5) 34868 33982 34661 33608 3353
A(4,1,5) 319 329 325837 332 332
A(4.2,5) 921 920 92 1803 919 920
A(4,3,5) 319 329 325837 332 332
D(4,2,3,1) 66 0 650 656 657 657
D(5,2,3,1) -66 0 -650 -656 -657 -65 7
Arl S2 Ar3 H4 HS
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Table IILE. Energy of the optmized geometnies of Ar,H,S and the constituent
monomers using different basis sets at MP2 level The monomer energies are evaluated at
both monomer and complex basis sets to calculate the BSSE

Energy (h) 6- aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ
311++G(3df,2p)

Ecom -1452 9184184  -1452765609  -1452 9595903  -1453 0265779
Ean*(C)  -5270117816  -526 9555517 -527 0245168 -527 0490743
Ea®(C)  -5270117816  -526 9555517 -527 0245168 -527 0490743
Ems*(C)  -398 8936559  -398 8534004 -398 9089564 -398 9265992
Ean*(M)  -527 0115495  -5269552989  -527 0242833 -527 0489519
Ea*(M)  -527 0115495  -526 9552989  -527 0242833 -527 0489519
Ems*(M)  -398 8934129 -398 853217 -398 9088164 -398 9265253

Ea(M)  -5270115495  -5269552989  -527 0242833 -527 0489519
Ems(M)  -398 8934133  -3988532189  -398 9088178 -398 9265264

77



Chapter Ill Structure and Dynamics of AryH,S

Table IILF. Energy of the MP2 optumized geometnies of Ar,-H,S and the constityep;
monomers using different basis sets at CCSD(T) level The monomer energies are evaluated
at both monomer and complex basis sets to calculate the BSSE

Energy () CCSD(T)/6- CCSD(T)/aug-cc- CCSD(T)/aug-cc-
311++G(3df2p) pVDZ pVIZ

Ecom -1453 00047 -1452 8217852 -1453 040242
Ean*(C) -527 0368457 -526 9699581 -527 048988
Ear2*(C) -527 0368457 -526 9699581 -527 048988
Euzs*(C) -398 9258759 -398 8810069 -398 9409355
Ean*(M) -527 0365992 -526 9696846 -527 0487584
Ean*(M) -527 0365992 -526 9696846 -527 0487584
Erns*(M) -398 925611 -398 8808099 -398 9407998
Ea(M) -527 0365992 -526 9696846 -527 0487584
Eras(M) -398 9256116 -398 8808119 -398 9408049

Table III.G. Rotational constants of the optimzed structures (mumma) of Ar, IS at

different levels of theory
é’ % O E x Lﬁ“ § ! E 5N
g g = © T2 .09 8 A 2 3
g ) s B e I 8 2>
3 e + 5 o ? =R
) ) A B = = © g

= = 8
A 1733098 16314 16269 17305 1724 5 16675 17932 18057

B 16176570 15226 14619 1596 2 17050 16324 17152 17219

C 8302755 7921 7715 8200 862 8 8300 8824 8872
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Chapter IV Rotational Spectra and Structure of Ar-(H,S),

IV.1. Introduction

Water dimer 1s probably the most extensively studied Hydrogen bonded system '~
1 1t has a Cg symmetric equilibrium geometry simuilar to that shown in Figure IV 1 for
(HzS), Water dimer undergoes several tunneling motions that involve the interchange of
identical nucler There are mainly two types of tunneling motions The first type
mvolves a simple two-fold rotations of either or both of the two H,O molecules about 1ts
C, symmetry axis, giving permutation such as (12) (donor tunneling), (34) (acceptor
tunneling) or (12)(34) (donor-acceptor tunneling) The other type, donor-acceptor
mterchange tunneling, interchanges the proton donor and proton acceptor roles m the
dimer by permutations such as (ab)(13)(24) mn Figure IV 1 As a result of these tunneling
motions, the rotational energy levels are split into six sublevels' Two of them are doubly
degenerate and the rest four are non-degenerate The acceptor tunneling splitting 1s ~200
GHz m (H,0); and ~9 GHz i (D>O); The donor-acceptor interchange tunneling
splitting 1s ~20 GHz for (H20); and ~1 GHz for (D;0), Only the doubly degenerate E
states of (H,O), give nigid rotor type rotational spectra The other states give rotational
tunneling spectra The rotational spectra of Ar-(H,0), have also been studied '>'* It has
a T-shaped heavy atom geometry, where Ar approaches towards (H;O), along 1its b
mertial axis The O-O distance 1 Ar-(H,0); trimer 1s 2.945 A, which 1s 0 035 A shorter
than that in (H,0); dimer. The trimer also undergoes several tunneling motions similar to
the dimer The rotational energy levels of Ar-(H20), could be correlated with those of
(H20), As the addition of Ar generates a dipole moment that does not mvert on donor-
acceptor interchange tunneling, A, B and E states give nigid rotor spectra The donor-
acceptor interchange tunneling was determined to be ~106 MHz for Ar-(D,0);, which 1s
about 1/10™ of the (D,0), value (~1GHz)

As mentioned 1n the previous chapter, systematic studies of several weakly bound
H3S complexes have been started in our laboratory The mamn goal m this study 1s
understanding weak intermolecular interactions mvolving second row hydndes This
chapter reports the rotational spectral and ab mmtio studies of Ar-(H,S), complex
Though (H,0), has been mvestigated extensively, the second row analogue (H;S), has

85



Chapter IV Rotational Spectra and Structure of Ar-(H,s),

not recertved as much attention The rotational spectrum of (H:S); and several
1sotopomers has been investigated by Lovas 4 Some other experimental and theoretical
investigations have also been published 1321 During the course of our nvestigation on
Ar-(H,S), some new transitions have been assigned for some 1sotopomers of (H,S),
These are presented in this chapter along with some new theoretical results Rotational
spectrum for Ar-(H,S), 1s reported for the first time The spectra and the structure of Ar-
(H2S), are compared with that of (HaS)2 to gain maximum msight about the weakly
bound Ar-(H;S), trimer

IV.2. Background: (H,S), Dimer

The theoretical studies’>*°

predict the linear H-bonded structure to be the global
mimumum, similar to that of (H,O), Experimentally, 1t has been studied by IR
spectroscopy 1n matnx 2*?! The rotational spectra also have been recorded by Lovas '
He has observed rotational spectra for several isotopomers of the dimer, including H,S-
H,*S and the deuterated 1sotopomers The pure rotational spectra correspond to a
pseudo-diatomic molecular complex For (H,S), a two state pattern has been observed 1n
the rotational spectrum These are probably two tunneling states of (H,S), Hydrogen

sulphide dimer 1s expected to undergo several tunneling motions similar to (H;0), As

Figure IV 1. Structure of (H,S),
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Table IV.1. List of rotational and distortion constants for different isotopomers of (FS), *

Upper State Lower State
Species 5 5
B’ (MHz) D;(kHz)  B°(MHz) D; (kHz)
H,*’S-H,*’S 17493088 (5)  14937(9) 17481088 (5) 15247 (9)
H,’S-H,**S 17011578 (2) 14016 (6) *17003210 1441 (1)
H,**S-H,*S 1700 553 (3) 1424 (6) *1699468 (1) 1452 (4)
D;’8-D,*’s 1645 295 (2) 13653 (3) 1644408(1) 1341 (2)
D,S-DSH/ HDS-D,S 1678 747 (2) 1306(6) 1677990 (1)  1290(5)
H,S/D,S/HDS 17308232(2) 12846 (6) 17283983 (3) 12.342(6)
H,S/D,S/HDS 16903701 (7)  1112(3) 16898311 12 36

H,S/D,S/HDS 1693 203 (1) 1217 (3) - -

H,S/D,S/HDS 17016852 (2) 13972 (7) ~ -

*H,S/D,S/HDS 1705 579 (5) 146 (2) - -

* Present work

Table IV.2. List of rotational transitions observed for the new deuterated species and the
weaker states of H,S-H,*S

H,S-H*SH/  Res H,S-H>*SH / Res
1 3 D,S/HDS Res
H,**S-HSH  (kHz) H,*S-HSH  (kHz)

_ _ _ - 3411 1263 269
6800 8262 34 6797 4062 24 68218393  -101
102003679  -17 10195 2443 27 102318929  -77
135988770  -17 13592 0281 09 13640.9079 41

16996 0055 10 -- - - -

W NN = o
A, TN~ VS T (S T S
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Chapter IV Rotational Spectra and Structure of Ar-(H,s),
the mtermolecular potential energy surface 1s expected to be shallow, the barriers for
these motions may be sigmficantly smaller than those of (H,0O), However, in microwaye
region, no other state has been found The rotational and distortion constants for different
1sotopomers are given 1n Table IV 1 One more set of transitions for a deuterated species
and two new weaker states have been observed for H,S-H,*S, one for donor H,*S and
the other for acceptor H,**S

The sphtting m B rotational constant between the Upper and Lower states of
(H,S), 1s 1 2 MHz whereas for the two H,**S-H,S 1sotopomers, 1t 1s ~0 84 MHz and 109
MHz For (D;S), the sphitting 1s ~0 89 MHz From the (H,S); rotational constants for
Upper and Lower states, the vibrationally averaged c m separation between two H,S sub-
units 1s calculated to be 4 123 A and 4 125 A respectively

In addition to this expenmental and theoretical information, some ab wmtio
calculations have been performed for the dimer at MP2 method using higher basis sets
The geometry was optimized using different basis sets The vibrational frequencies and
interaction energy are calculated for the optimized geometry, and these will be discussed
in the latter sections  With this knowledge about the (H,S), dimer, the studies for the Ar-

(H2S), trimer have been carried out
IV.3. Experimental Details

The rotational spectra for Ar-(H,S), and Ar-(D,S); were observed using our
home-built Balle-Flygare pulsed nozzle FT microwave spectrometer > The Ar-(H,S):
complex was formed through supersonic expansion of Ar gas seeded with 2 to 3 % of
H,S The D,S was formed by flowing H,S through several bubblers placed sequentially
and filled with D;O The back-pressure was kept typically at 06 atm The optimum
microwave pulse was of 0 5 ps duration Typically 1000 to 2000 shots were averaged to
obtamn a reasonable signal to noise ratio The 1dentity of the complexes was established
by confirming the presence of H,S/D,S and Ar No signal was observed without H,S
When He was used as the carnier gas, no signal was observed even though H,S was

present. The signal appeared agam as a few % of Ar was added to the gas mixture m He
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During the search for Ar-(H,S), two new sets of transitions for H,S-H,**S and a set of
transitions for a deuterated i1sotopomer of (H,S), were observed For the dimer the
optimum back-pressure was 0 5 atm and the optimum microwave pulse length was 0 5
ps The **S signal was observed from natural abundance of 1sotope All gases were
obtaned from Bhuruka Gases Ltd and used as supplied, Ar (99 999 %), He (99 999%)
and H,S (99 5 %) D,0O was obtained from Sigma-Aldrich, 99 96 atom % D

IV.4. Experimental Results
IV.4.a. Search and Assignment of Ar-(H,S), and Ar-(D,S), Spectra

A symmetric T-shaped heavy atom geometry has been assumed for Ar-(H,S);
complex as a simular structure has been determmed for Ar-(H,0), complex > In the
assumed geometry, which 1s an asymmetric top, the distance between two H,S units was
taken to be the same as that in (H,S); The Ar atom was placed equidistant from both the
H,S umits such that the Ar-c m (H,S) distance 1s sumilar to that m Ar-H,S complex 2 The
rotational transitions, both a and b-dipoles, were predicted for this assumed geometry
As the principal mertial axis parallel to the S-S bond 1s b axis for this geometry, the b-
dipole transitions were expected to be stronger Hence, scanning was started for the b-
dipole transition 2¢; — 3,3 which was predicted to occur at ~ 6025 MHz Two strong
lines were readily found at 5964 1340 MHz and 5971 5046 MHz along with two other
weaker lines at 5959 3882 MHz and 5966 6796 MHz The line at 5964 1340 MHz was
assigned as 2¢,— 33 transition and the weaker line at 5959 3882 MHz was assigned as a-
dipole 29;—3¢; transition for Ar-(H,S); On the basis of these assignments, the other a
and b-dipole transitions were predicted and found easily Total 40 @ and b-dipole
transitions have been observed for Ar-(H,S),

Even after the complete assignment of these transitions, many lmes were left
unassigned (e g 5971 5046 MHz and 5966 6796 MHz) Most of them are very close to
the assigned transitions for Ar-(H,S), and need similar optimum conditions to be
observed These lines could be fitted as another set of transitions where the lines at

5971 5046 MHz and 5966 6796 MHz are assigned as 2p;—313 and 29;—303 transitions
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Chapter IV Rotational Spectra and Structure of Ar-(H,S),
respectively A total of 32 a and b-dipole transitions have been observed and assigned
for this series of transitions Both sets of transitions are histed 1n Table IV 3 along with
the residues from the fit These two sets of transitions correspond to two different
tunneling/internal rotor states of Ar-(H;S); and are designated as the Lower and Upper
states The Upper state transition frequencies are higher than the corresponding Lower
state transition A simular two state pattern 1n rotational spectra has been observed for
(H,S), dimer also (discussed m previous section) No other set of transitions was

observed even after extensive search in both directions

Table I'V.3. List of rotational transitions observed for both Lower and Upper states for Ar-
(FLS), ‘'The residues of the fits are also ncluded

Lower Upper
Transitions Obs Freq (MHz) Res (kHz) Obs Freq (MHz) Res (kHz)
212 — 303 5919 5143 10 4 -- --
212 — 313 5924 2629 105 -- --
202 — 303 5959 3882 51 5966 6796 99
202 — 313 5964 1340 =78 5971 5046 111
251 — 312 7142 7020 30 7136 2504 08
313 — 4ps 7635 8962 117 7642 0509 -196
33— 4 7636 3661 129 7642 5010 29
303 — 404 7640 6394 64 7646 8630 -115
303 — 414 7641 1092 75 7647 3053 32
21— 3 7976 1100 -74 7996 1130 30
30— 443 9229 0356 -15 - —
322 = 4y 9261 5525 02 - -
414 — 505 93352010 32 9341 8420 -122
414 — Sis 9335 2426 36 9341 8820 -16
404 — S5 9335 6683 -47 9342 2920 103
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Table IV 3 continued

404 — S15 9335 7076 -74 9342 3290 179
312 — 413 9419 9420 -08 9429 0690 -16
312 — 43 9452 4774 189 9461 9275 -43
220 — 331 9986 1125 21 9998 9205 06
43— 514 11015 9524 26 - -

43— 5y 11020 1115 79 11024 9062 16
515 —> 606 11032 3329 -101 11039 8235 -02
515 — 616 11032 3329 -136 11039 8235 -14
505 — 606 11032 3745 -105 11039 8664 133
505 — 616 11032 3745 -140 11039 8664 121
413 514 11048 4680 25 - -

413 52 11052 6015 -177 - -

321 > 43, 11702 6670 03 - -

616 — 707 12729 0515 10 12737 5490 21
616 = T17 12729 0515 08 12737 5490 20
606 — 707 12729 0515 24 12737 5490 -33
60s — Th7 12729 0515 -28 12737 5490 -32
T17 — 808 14425 4752 131 14435 0073 -32
717 — 813 14425 4752 130 14435 0073 -32
707 — 8og 14425 4752 128 14435 0073 -31
To7 — 813 14425 4752 128 14435 0073 -31
818 — 909 16121 5749 53 16132 1660 16

818 — 919 16121 5749 -53 16132 1660 16
80s — 09 16121 5749 53 16132 1660 16
808 — 919 16121 5749 -53 16132 1660 16

Residue = Observed - Calculated
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The search for the Ar-(D,S), spectra was quiet straightforward as the nigid rotor
prediction from the Ar-(H;S), rotational constants gave rotational constants very close to
the expenimental values A total of 41 transitions, a and b-dipole, have been observed for
each tunneling/internal rotor state of Ar-(D2S), For this 1sotopomer both the states are
very close to each other and could be seen 1n a single window The observed transitions
and their residues are listed in Table IV 4 The quadrupole hyperfine splitting due to four

D nucle:r could not be resolved to obtain the quadrupole coupling constants

Table: IV.4. Observed transitions and their corresponding residues for both Lower and
Upper states for Ar-(D,S),

Lower Upper
Transtions Obs Freq (MHz) Res (kHz) Obs Freq (MHz) Res (kHz)

212 — 303 5764 0315 24 5764 0640 -43
21— 313 5766 1600 52 5766 1930 -52
202 — 303 - - - -

202 — 313 5789 2690 -63 5789 2990 -11
313 — 4dos 7428 3615 188 7428 3886 147
313 =41 7428 5175 112 7428 5461 88

303 — 404 7430 4981 242 7430 5244 207
303 — 414 7430 6523 147 7430 6799 127
21— 3n 7656 1790 -18 7656 2180 04

322 = 443 9001 5100 34 9001 5550 02

322 — 43 9016 2330 -9 4 9016 284 31
414 — 505 9082 4446 -36 9082 4785 -35
414 515 9082 4446 -151 9082 4785 -149
404 — 505 9082 6086 -33 9082 6429 26
404 — 55 9082 6086 -14 8 9082 6429 -140
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Chapter IV
Table IV 4 continued
32— 413 91139930 09 9114 0160 96
312 — 423 9128 7280 00 9128 7600 21
220 — 331 9522 5860 -02 9522 6550 03
43— 514 10706 4090 00 10706 4500 23
493 — 54 10707 8705 05 10707 9135 54
413 — 514 10721 1480 33 10721 182 20
413 — 54 10722 6070 12 10722 6410 55
515 — 606 10735 4942 -18 10735 5324 24
515 — 616 10735 4942 -25 10735 5324 -32
505 — 606 10735 4942 -133 10735 5324 -139
505 — 616 10735 4942 -140 10735 5324 -147
524 — 615 12364 8730 35 12364 9170 13
524 — 6,5 12364 9910 -36 12365 0390 -18
514 — 615 12366 3325 19 12366 3775 13
514 — 625 12366 4540 -17 12366 4980 -32
616 — 707 12388 2940 63 12388 3420 90
616 — 717 12388 2940 63 12388 3420 89
606 — 707 12388 2940 56 12388 3420 82
605 — 717 12388 2940 55 12388 3420 82
717 — 8os 14040 8390 -18 14040 8920 -14
717 — 813 14040 8390 -18 14040 8920 -14
Tor — 808 14040 8390 -19 14040 8920 -14
To7 — 813 14040 8390 -19 14040 8920 -14
818 — 909 15693 1205 10 15693 1790 -02
818 — 919 15693 1205 10 15693 1790 -02
808 — oo 15693 1205 10 15693 1790 -02
8o — 919 15693 1205 10 15693 1790 -02
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For both 1sotopomers, the b-dipole transitions are stronger than the a-dipole ones
This ndicates that the dipole moment component along the b ertial axis of the complex
1s higher than that on the a axis Both sets of transitions for Ar-(H,S); and Ar-(D,S),
have been fitted independently to the Watson Hamiltoman®® for distorted asymmetric
rotor with A reduction The fitted rotational and distortion constants are shown 1n Table
IV 5 along with the standard deviations of the fits For all four series of transitions the
standard deviations are within 7-9 kHz However, for Ar-(H,S), total six distortion terms
are used 1n the fit, H, being the only sextet term, whereas using five first order distortion
terms gives a reasonably good fit for Ar-(D,S),  The uncertainties associated with the
fitted parameters are quite reasonable The distortion constants for Lower and Upper
states of Ar-(H,S), have same sign However, the values for the Upper state are about an
order higher than the corresponding Lower state distortion constants For Ar-(D,S), both

the states have very similar distortion constants

Table IV.5. Fitted rotational constants and distortion constants for Ar-(H,S), and Ar-
(D,S), The standard deviation (SD) and the number of transitions (#) fitted are ncluded

too

Parameters Ar-(H,S), Ar-(D,S),
Lower Upper Lower Upper
A (MHz) 1810 410 (6) 1826 18 (2) 172549 (1) 1725 52 (1)
B 1596 199 (9) 1605 94 (6) 1566 26 (2) 1566 32 (2)
C 848 814 (2) 84711 (1) 826 818 (3) 826 814 (3)
Ay (kHz) 20 4 (4) 323 (2) 95(7) 111(7)
Ax -32(1) -399 (6) -122) -15 (2)
Ax 824 (7) 1045 (4) 26 (1) 28 (1)
8 84(2) 153 (1) 41(4) 48 (4)
8k 389 (4) 746 (4) 63 (9) 83(8)
H; (Hz) 42(1) 412 (6) - -
SD (kHz) 87 74 78 7 4
# 40 32 41 41
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IV.4.b. Structure

The rotational spectra observed and the fitted rotational constants of Ar-(H,S),
match very well with the assumed asymmetric top geometry, a T-shaped heavy atom

geometry The vibrationally averaged structure, along with 1ts principal mertial ax1s

e —— —_

Figure IV 2. Vibrationally averaged geometty of Ar-(H,S), obtamned from spectroscopic
constants ‘r’ 1s the cm distance between two H,S units and ‘R’ 1s the distance between Ar

and cm of (H,S), motety R1 1s the distance between Ar and cm of (H,S)

system, 1s shown 1n Figure IV 2 Ar-(H,S), 1s a weakly bound complex and the H,S umits

undergo large amphitude internal motions 1n the complex As a result the H>S molecules
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become effectively sphenical Hence, taking H,S to be spherical, the mtermolecular
separations can be determined applymng the following nertial equations

I="mys 1 (1)

Iy = pR? (2
Here mys 1s the mass of H,S unit, ‘r” 1s the ¢ m distance between the two H,S umts, p,1s
the reduced mass [2mpus*mar / (2muzs + mar)] of the complex and ‘R’ 1s distance
between Ar and cm of (H,S), molety From equation (1), using the Lower state
rotational constants of Ar-(H,S),, the ‘r’ value 1s determined to be 4 053 A The Upper
state constants give rise to a value of 4 035 A whereas the Ar-(D,S); constants (both
Lower and Upper states) give a value of 4 034 A Equation (2) leads to ‘R’ values of
3547 A and 3 536 A respectively for the Lower and Upper states of Ar-(H,S), The
rotational constants for the deuterated 1sotopomer give an ‘R’ value of 3 543 A These
values correspond to a Ar-c m (H,S) (R1) distances of 4 085 A, 4071 A and 4077 A
respectively All the structural parameters obtamed including inertial defects (A) for both
the states of Ar-(H,S), and Ar-(D,S); are given in Table IV 6 The inertial defects for the
Lower and Upper states of both the 1sotopomers give a very important imsight about the

structure of the complex 1n 1ts different tunneling/internal rotor states For Ar-(H;S), the

Table IV.6. The structural parameters determuned from the expenmental rotational
constants for Lower and Upper states of Ar-(H,S), and Ar-(D,S), The mernal defects are
also included The parameters are defined m figure IV2 The distances are given m A and
the mertial defects are given mn amu A2

AI'-(H28)2 AI—(DzS)z AI'-HzS (HZS)Z
Parameters
Lower Upper Lower Upper
r 4 053 4035 4034 4 034 -- 412
R 3547 3536 3543 3543 - -
R1 4 085 4071 4077 4077 401 -
A FL-L-Ty) -037 516 -4 32 -4 30 - --

96



Chapter IV Rotational Spectra and Structure of Ar-(H,S),

Lower state has a very small negative mertial defect, whereas the Upper state has a large
positive value This indicates that probably the structure and dynamics of Ar-(H,S), are
very different n these states Both the states of the per-deuterated species have a large

negative A (-4 3) Probably, the increased mass of the out of plane nucle: accounts for 1t

IV.5. Ab Initio Calculation

Ab mitio calculations were performed at different levels of theory to optimize the
Ar-(H,S); geometry and to determine the interaction energy These ab mitio results are
combined with the rotational spectral studies to understand the system in more detail
The computation was started with the (H,S),, the precursor of Ar-(H,S); The global
mummum of (H,S), has been optimized at MP2 level using different basis sets An Ar
atom can approach towards (HS), from several orientations to form the trimer, Ar-
(HS), Here all possible approaches have been considered to find the global minimum
and any other local mimmma at MP2 level using different basis sets Frequency
calculations were performed to confirm the nature of the stationary poimnts found
CCSD(T) single point energies were calculated for all the MP2 optimized geometnes
using the same basis set All the calculations were performed using Gaussian 98 software
package” The optimized structural parameters, the absolute energies, and the
vibrational frequencies, calculated at different level, for HyS, (H2S), and Ar-(H,S), are
tabulated in Tables IV A to IV P at the end of this chapter

IV.5.a. Geometry Optimization

Hydrogen sulphide dimer has been optimized at MP2 level using 6-311++G**, 6-
311++G(3df,2p), aug-cc-pVTZ and aug-cc-pVQZ basis sets The global mmmum has a
linear Hydrogen bonded structure as shown i Figure IV3  The Ar atom can approach
towards (H,S), along 1ts a, b or ¢ axis to form Ar-(H,S), There are two ways for Ar atom
to approach to (H,S); along 1ts 4 mertial axis, from the top or bottom Approach from the

top produced a saddle point with one imaginary frequency However approach from
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I

l b

Figure IV.3. Optimized geometry of (H,S), at MP2/aug-cc-pVTZ level of theory

bottom resulted 1n a mimmum (Structure A) at MP2/6-311++G(3df,2p) and MP2/aug-cc-
pVTZ levels of theory However at MP2/6-311++G** level, this geometry was not
optimized even after 100 steps starting from the mmtial geometry Another geometry
(Structure B) could be optimized where Ar lies along the ¢ ertial axis of (HaS);
Structure B could not be optimized at MP2/aug-cc-pVQZ level of theory because of the
limited allotted run time of the computers Ar approaching along a axis of (H;S); has
again two possibilities There 1s no mimmum where Ar 1s mnteracting with the H-bond
acceptor H,S However, a real pseudo-linear local mmmmum (Structure C) has been

found, where Ar interacts with the H-bond donor H,S moiety
IV.5.b. Structure

All three minima optimized at MP2/aug-ce-pVTZ level of theory are shown 1n
Figure IV 4  The structural parameters calculated at different levels for all three mimma
are given 1 Table IV 7 In structure ‘A’, two hydrogens of the acceptor H,S subunit are
directed towards the Ar  Ar 1s closer to the donor H,S compared to the acceptor H;S, the
Ar-S distances being 3 6581 A (R1) and 3 9727 A (R2) respectively at MP2/aug-cc-pVTZ
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(a) Structure A

(b) Structure B

.“.I-il

(c) Structure C

Figure IV 4. Geometries of three mmima optimized at MP2/aug-cc-pVTZ level of theory
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level of theory In contrast to the structure “A’, Ar 1s closer to the acceptor H,S subunit
1n structure ‘B’ At MP2/aug-cc-pVTZ level the Ar-S distances R1 and R2 are 4 0543 &
and 3 6340 A respectively In pseudo-linear local mimimum, ‘C’, the Ar atom interacts
with the donor H,S subumit, and the Ar-S distance R1 1s 3 6643 A at MP2/aug-cc-pVTZ
level of theory In both geometries ‘A’ and ‘C’, the (H;S), umit 1s not distorted much due
to imteraction with Ar However, the distortion 1s more in ‘B’ Relative onentation of
two H>S sub umts 1s changed 1n presence of Ar in ‘B’ The free (non H-bonded) H of
the donor H,S moety 1s mclined towards Ar in ‘B’, as evident from Figures IV 3 and
IV.4 (b) The separation between two HS sub umits (r) 1s similar for all three mimma,
the values being 4 0686 A, 40683 A and 40775 A for A, B and C respectively at
MP2/aug-cc-pVTZ level of theory The structural parameters have similar trend at each

level of theory considered However, the mtermolecular distances become shorter on

increasing the basis set

Table IV.7. The structural parameters (intermolecular distances) and the inertial defects for
three minima optimized at different levels of theory The structural parameters are defined
in Figure IV 4 The distances are in A and mertial defects are 1n amu A2

6-311++G** 6-311++G(3df,2p)  aug-cc-pVTZ aug-cc-pvVQZ

< r - 41164 4 0686 4 0664
£ Rl - 3 6946 36581 3 6565
2 R - 40651 39727 39709
«n A - 373 -3 74 -3 68
n r 41668 41159 4 0683 -
;;3 R1 41848 41344 4 05435 -
S R 3 8208 3 6883 3 6340 --
@ A -471 -471 -4 04 -
g r 41745 41256 40775 40840
3u RI 3 8470 3 6941 3 6643 3 6456
% A 457 431 375 =377
rm (HaS), 41725 41272 40765 40751
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Table IV.8. Rotational constants (in MHz) for three minima optimized at different levels of

theory
6- 6- aug-cc- aug-cc- Expenment
311++G**  311++G(3df2p)  pVIZ pVQZ

o A ~ 1959 80 199459 1996 43 1810 410
5
E < B - 1646 92 172096 172266 1596 199
Z C - 900 85 930 21 931 09 848 814
o A 1845 47 1971 72 2023 66 -
‘g m B 1566 47 1600 42 1663 89 -
2 C 854 03 890 72 919 83 -

O A 5022741 68620 26 4389438 4472935

g B 499 45139 46737 46863

5 C 42794 450 16 464 04 465 38

The rotational constants for all three geometries at different levels of theory,
along with the experimentally obtained ones, are shown in Table IV 8 The experimental
rotational constants can be correlated to those of structure A and B However, the values
of the calculated rotational constants should not be compared quantitatively with the
experimental ones The calculation gives the rotational constants for the equilibrium

geometry at a particular level, whereas rotational constants of a vibrationally averaged

structure are obtained n expennment

IV.5.c. Interaction energy

The mteraction energies (AE) are calculated using super-molecule approach The
mteraction energies are corrected for Basis Set Superposition Ermror (BSSE) using
counterpoise method”*® to give the CP corrected interaction energies (AECP) The
mteraction energies for all three mimima calculated at different levels of theory are given

in Table IV 9 Single pont energy was calculated at CCSD(T) level for all three mimima,
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Chapter IV Rotational Spectra and Structure of Ar-(H,S),

optimized at MP2 level using 6-311++G(3£,2p) and aug-cc-pVTZ basis sets, using the
same basis sets Though the mteraction energies for all three minima are comparable, the
CP corrected mteraction energy for structure A 18 more than that for B and C at every

level of calculations However, the zero point energy corrected interaction energy at

higher basts set (aug-cc-pVTZ) for mmmum B 1s marginally (10 5 cm'l) higher than that
for A This 1s due to the lower zero pomnt vibrational energy of B than that of A at this

Table IV.9. Interaction energies of all the minimum structures optimized at different levels
of theory for Ar-(HS), AE® 1s the mteraction energy after BSSE correction mn
Counterpoise method AE®* 15 the mteraction energy after correcting for zero point
vibrational energy over AEF. All the energy values are n cm*

- aug-cc-
g 6-311++G(3df,2p) aug-cc-pVTZ
5  Energy 311++G** pVQZ
e% MP2 MP2  CCSD(T) MP2  CCSD(T) MP2
AE - -10423  -9024  -11612  -10073  -11122
BSSE - 2973 3148 2343 223 8 1189
A AE®? - 745 0 5876 -9268 -783 4 -993 3
AEZE - 3358 -1784 4862  -34238 5526
AE -10563  -10283  -8919  -11227  -9653 -
BSSE 7834 3043 3218 2308 2203 -
2 AE®® 27238 7240 5701 -8919 -7450 -
AE#E 2413 304 3 -1504 4967  -3498 -
AE -909 4 -898 9 7869 9793  -8534 9653
. BSSE 6121 2553 269 3 192 4 1819 94 4
AE?® 2973 -640 0 5176 -7869 6715 -839 4
AEZE 143.4 2623 -1399 3917 2763 444 2
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Chapter IV Rotational Spectra and Structure of Ar-(H,S),
particular level of calculation The CCSD(T) interaction energies are ~140 ¢cm™ smaller
than the corresponding MP2 values The stabilization energies (AEZPE) for structures A,
B and C are —342 8 cm™', -349 8 cm™ and ~276 3 cm™ at CCSD(T)/aug-cc-pVTZ level of
calculation The BSSE decreases drastically on increasing the basis set For the structure

C at MP2 level, BSSE goes down from a value of 612 1 cm™ for 6-311++G** basis set to
avalue of 94 4 cm™ for aug-cc-pVQZ basis set

IV.5.d. Vibrational Frequency

Frequency calculation was performed for all optimized geometnes to confirm
the nature of the stationary pomnts All mimima had only positive Eigen values 1n the
Hessian. The frequencies involving only the vibrations of H,S umts for all three
geometries, calculated at MP2/aug-cc-pVTZ level, are histed mn Table IV 10 The
corresponding vibrational frequencies of (H,S); dimer and the free monomer,
calculated at the same level of theory, are also included 1n the Table In (H,S), dimer
the symmetric S-H stretch of the donor H,S sub-unit undergoes a red-shift of ~42 cm’

Table IV.10. Intramolecular H,S vibrational frequencies for three munima (A, B, and ©) for
Ar-(H,S), along with the (H,S), dimer and free H,S monomer frequencies calculated at
MP2/aug-cc-pVTZ level All values are n cm™.

Modes S  (HS) _ Ar (1;23)2 -
Acceptor bend 212 1209 1208 1208 1209
Donor bend 1216 1215 1215 1215
Donor symmetric stretch 771 2729 2726 2730 2728
Acceptor symmetric stretch 2769 2768 2769 2769
Donor asymmetric stretch 2791 2783 2782 2784 2784
Acceptor asymmetric stretch 2789 2788 2790 2789
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Chapter IV Rotational Spectra and Structure of Ar-(H,S),

In previous IR spectroscopic study of (H2S); mm matrix, a shift of ~50 cm™ was
observed ? In Ar-(H,S); for B and C geometries there 1s a sumilar red shift in the same
mode, whereas the structure A undergoes a shghtly lugher shuft, ~47 cm™  This shift 1s
quite sigmificant compared to the other weakly bound complex of H,S, Ar-H,S,
discussed 1n the previous chapter There 1s practically no shift i the HpS vibrational
modes m Ar-H,S In the view of this fact, both (H2S), and Ar-(H:S), can be classified
as weak H-bonded complex The donor asymmetric stretch also undergoes a little red
shift for both (HzS); and Ar-(H;S), The bending modes and the acceptor stretching

modes are almost unperturbed

IV.6. Discussion

The rotational spectra observed for Ar-(H,S); and Ar-(D,S), could be matched
with both minima A and B Both of them have a T-shaped heavy atom geometry It is
not possible to comment anything about the nature of the global mimmum from the
experimental data On vibrational averaging H,S becomes effectively spherical, and both
‘A’ and ‘B’ will be 1dentical However, pseudo-linear mmimum could be ruled out as 1t
will have totally different spectrum

The C rotational constants for Lower and Upper states are almost 1dentical for
both the 1sotopomers The difference observed in (A+B)/2 between the two states for Ar-
(H2S), 1s 12 29 MHz, whereas the same 1s only 45 kHz for Ar-(D,S); This 1s m contrast
to the very similar difference observed 1n B rotational constants between the two states
for (H>S)2 (1 20 MHz) and (D,S), (0 89 MHz) Ths difference 1n rotational constants
between the two tunneling/internal rotor states 1s not the real ‘tunneling/mternal rotor
sphtting  However 1t 1s directly related to the real ‘sphitting’ due to tunneling/internal
rotation  This can be understood qualtatively from Figure IV5  The ground
vibrational/torsional mode (can not be defined unambiguously for Ar-(H,S),), shown in
the Figure, 1s spht nto two sub levels, vo and vy’ due to tunneling/internal rotation There
1s independent set of rotational energy levels corresponding to each of vy and vo'

Transitions between the rotational levels of vo and that of vy’ are not observed for
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Chapter IV Rotational Spectra and Structure of Ar-(H,S)

Ar-(H;S)2 and Ar-(D;S); These transitions may not be allowed due to symmetry I
they are allowed, they fall certainly out of the range of our spectrometer However,
transitions between the rotational levels of a particular tunneling/internal rotation state
are allowed, and that 1s what 1s observed 1n the experiment Hence both the sets of
transitions observed could be fitted independently into a semi-rigid rotor Hamiltonian
The vibrationally averaged geometries at these two levels are different Hence the
rotational constants observed for the two states are different As the real tunneling
splitting (A) between vo and vy’ increases, the difference in average geometry for these
states will be more, and thus the difference 1n rotational constants The real tunneling
sphitting 1s much more for Ar-(H;S), compared to that in Ar-(D,S), The states v and vy’
are very close to each other for Ar-(D,S),, and virtually there 1s no difference in averaged
geometries for these two states As a result the difference in (A+B)/2 1s very small here,
45 kHz, than that for Ar-(H,S), (12 29 MHz) If transitions between the rotational levels

Potential Energy —»

Reaction Coordinate ———»

Figure IV.5. Schematic (cartoon) potential energy diagram for Ar-(H,S), and Ar-(D,S),
showmg the sphtting (A) of ground state of some vibrational mode due to tunneling/mternal
rotaion From the experimental findings the x-axis could not be defined for Ar-(H,S),
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Chapter IV Rotational Spectra and Structure of Ar-(H,S),
of vo and that of vo' are allowed, the tunneling rotational spectra would be observed,
where each rotational transition would be split mnto two lines  These spectra can not be
fitted independently nto a semi-ngid rotor Hamiltoman In turn, the mean of the two
lines corresponding to each rotational transition can be fitted m to a semi-ngid rotor
Hamiltoman The splitting of each rotational lne 1s the actual sphtting due to
tunneling/internal rotation

The tunneling splitting 1s expected to decrease going from (H:S); dimer to Ar-
(H,S), tnmer, as observed 1 case of (H20), and Ar-(H;0), However, here 1t 1s ~10
times more 1n the trimer compared to the dimer In the dimer the splitting for (D;S), 1s
reduced by ~26 % of the (H,S); value However, for the tnnmer the reduction 1s ~273
times more. This anomalous difference 1n the splitting between the dimer and the trimer
can not be explamed from the present observations Also it 1s not possible to mnfer the
nature of the coordinate along which the tunneling/internal rotation occurs, and whether
there are any other such states or not, from the experimental data

It 1s also likely that the two states observed for the trimer do not have 11
correspondence with the dimer states The splitting depends directly on the reduced
barrier height s, defined as %°

s=V/CF 3)
where V 1s the actual barrer height, C 1s a constant, and F 1s the reduced rotational
constant of the top and the framework F 1s given as
F=A (Top) + A (Frame) 4)

If Ar 1s mvolved mn the tunnehing/internal rotation of Ar-(H,S),, ‘F’ for the trimer
becomes much smaller than that for the dimer, regardless of Ar being a part of the top or
the frame If the actual barmer height “V” for the trimer does not differ much from that of
the dimer, ‘s’ should be much higher for the trimer Hence, the splhitting 1n the trimer 1s
expected to be smaller than that in (H,S), dimer If Ar i1s not involved m
tunnehng/mternal rotation, and the barner height goes up for the trimer, the splitting
would agan be smaller in trimer than 1n the dimer

It 1s possible that the splitting observed n (H2S); 1s too small 1n the trimer to be

resolved, and the splitting observed m Ar-(H,S), spectra 1s too large 1n the dimer to be
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Chapter IV Rotational Spectra and Structure of Ar-(H,S),

observed 1n microwave region Experiments n THz range will help 1n more clear
understanding of dynamic nature of (H,S), and Ar-(H,S), complexes

The cm separation between two H,S sub units, r, 1s 4 053 A for Ar-(H,S), and
4123 A for (H;S), (Table IV 6). It should be noted here that the H,S units come closer 1n
presence of a third moiety, Ar The distance between two uruts reduces by 007 A This
could be attributed as the third body effect A similar reduction in the intermolecular
distance 1s observed 1n case of (H20); and Ar-(H;0); also This result 1s supported by the
ab mitio calculation, though the reduction 1s much smaller At MP2/aug-cc-pVTZ level
of theory, the S-S distance 1s reduced by ~0 01 A 1 Ar-(H,S), (Structure A) compared to
(H,S); (Table IV 7)

It 1s difficult to rationalize the huge differences between the distortion constants
for two states of Ar-(H>S),, where the distortion constants for both the states of Ar-(D;S),
are very similar More work, both theory and experments in different spectral range, 1s

needed to address the unsolved questions for the weakly bound complex Ar-(H,S),
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1V.7. Conclusions

The rotational spectra for Ar-(H,S), and Ar-(D;S); have been observed Ar-
(H2S); 15 an asymmetric top in the oblate limit, having the asymmetry parameter k = 0 55
Smmular to (H2S),, a two state pattern has been observed for the tnmer The splitting 1n
(A+B)/2 between the two states 1s 12 3 MHz for Ar-(H>S), and 45 kHz for Ar-(D,S),
The spectra and the rotational constants are consistent with a T-shaped heavy atom
vibrationally averaged geometry The distance between two H,S umits m Ar-(H,S), 1s
determmed to be 4 053 A, which 1s 0 07 A smaller than that in (H,S), The Ar-c m(H,S)
distance 1s 4 085 A, almost the same as that 1n Ar,-H,S complex A4b initio calculations at
MP2 and CCSD(T) level have also been performed using 6-311++G**, 6-
311++G(3df,2p), aug-cc-pVTZ an aug-cc-pVQZ basis sets Calculation gives three
minuma. In these three mimima Ar approaches towards (H,S), along 1ts a, & and ¢ axis
Ar bemng along the a axis 1s a pseudo-linear geometry and has least stabilization energy
The other two mimima have a T-shaped heavy atom geometry The spectra, observed, are
consistent with either of these two mimmma At CCSD(T)/aug-cc-pVTZ level the
miumum having Ar along b axis has a CP corrected stabilization energy of 769 5 cm’

The vibrational frequency shift of donor H,S ndicates that Ar-(H,S), 1s weak H-bonded
complex
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Chapter IV

Table IV.A. Opumized parameters of H,S at different levels of theory.

Rotational Spectra and Structure of Ar-(H2S),

MP2/6- MP2/6- MP2/augcc-  MP2/aug-cc-
Parameters 311++G** 311G(3d£,2p) pVTZ pVQZ
R(1,2) 13333 13335 13366 13343
R(2,3) 13333 13335 13366 13343
A(1,2,3) 921 923 923 923
1H 28 3H
Table I'V.B. Optimuzed parameters of (H,S),at different levels of theory
Parameters MP2/6- MP2/6- MP2/aug-cc- MP2/aug-cc-
3114++G** 311G(3d£2p) pVIZ pVQZ
R(1,2) 13337 13336 13364 13341
R(2,3) 13349 13369 1 3405 13384
R(3,4) 2 8382 2 7965 27432 2 744
R(3,5) 35385 32032 31000 30991
R(3,6) 35433 3.2000 3.0949 30945
R(4,5) 13336 13339 13369 13347
R(4,6) 13336 13339 13369 13347
A(1,2,3) 923 92 4 92 4 924
A2,3.4) 177 8 1733 1727 1727
A(2,3,5) 1579 150 6 149 1 149 1
A(2,3,6) 158 1 150 3 148 9 1489
A(5,3,6) 315 350 363 362
A(5,4,6) 923 92 4 923 923
D(1,2,3,4) -179 8 1799 1799 -1799
D(1,2,3,5) -1349 -141 4 -1416 -1417
D(1,2,3,6) 1322 143 4 1440 1440
1H 28 3H 4S 5H 6H
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Table IV.C. Opumuzed structural parameters of structure “A” of Ar-(H,S), at different
levels of theory

Parameters MP2/6-311G(3df,2p) MP2/aug-cc-pVTZ MP2/aug-cc-pvVQZ

R(1,3) 13338 13366 13344
R(1,4) 13371 13408 13387
R(1,7) 3 6946 3 6581 36565
R(2,4) 2 7907 27397 27397
R(2,5) 13340 13370 13349
R(2,6) 13340 13370 13349
R(2,7) 40651 39727 39709
R(4,5) 31315 2 9984 29986
R(4,6) 31363 3 0007 3 0008
R(4,7) 3 4403 33890 33881
R(5,7) 34879 33366 33365
R(6,7) 3509 3.344 33438
A(3,1,4) 925 92 4 92 4
AG,L7) 1611 160 3 160 3
A(5.,2,6) 923 922 922
A(1,4,2) 1709 1707 170 6
A(1,4,5) 1477 146 4 146 4
A(1,4,6) 148 0 146 5 146 5
A(5,4,6) 358 375 37 4
A(1,7,2) 639 64 3 64 3
A(1,7.5) 739 733 733
A(1,7,6) 738 73.3 732
A(5.7.6) 319 335 335
D(3,1,4,2) 179 1 1795 -179 6
D(3,1,4,5) -1450 -144 5 -1445
D(3,1.4,6) 144 5 144 5 144 5
D(3,1,7,2) 03 01 02
D(3,1,7,5) -16 8 -17 4 -174
D(3,1,7.6) 16 4 176 176

1S 28 3H 4H SH 6H 7Ar
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Table IV.D. Optimized structural parameters of structure “B” of Ar-(H,S), at different
levels of theory

Parameters MP2/6-311++G** MP2/6-311G(3df,2p) MP2/aug-cc-pVTZ

R(1,3) 13337 13337 13364
R(1,4) 13350 13370 1 3405
R(1,7) 41848 41344 40543
R(2,4) 2 8326 2 7867 2 7440
R(2,5) 13337 13342 13370
R(2,6) 13336 13341 13370
R(2,7) 3 8208 3 6883 3 6340
R(3,7) 37902 3 5401 32652
R(4,5) 35312 33432 3 2960
R(4,6) 35244 31050 2 9460
R(4,7) 3 5473 35401 35057
R(6,7) 3 6338 35187 3 4348
A(3,1,4) 923 924 923
A(5,2,6) 923 92 4 92 4
A(52,7) 157 1 1592 1590
A(14,2) 1776 1725 1691
A(1,4,5) 156 9 156 3 156 5
A(1,4,6) 1591 1470 142 4
A(5,4,6) 316 345 355
A(54,7) 916 921 92 3
A(1,7,2) 625 632 636
A(1,7.6) 753 67.6 656
A(2,7.3) 717 753 775
A(3,7,4) 302 316 329
A(3,7,6) 88 2 837 822
D(3,1,4,2) -159 4 1100 88 2
D(3,1,4,5) -1509 1743 1649
D(3,1,4,6) 1157 1104 96 1
D(5,2,7,1) 2771 529 518
D(5,2,7,3) -945 671 -62 4
D(5,4,7,3) 1550 164 8 1740

IS 28 3H 4H SH 6H 7Ar
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Table IV.E. Optimized structural parameters of structure “C” of Ar-(H,S), at different

levels of theory
MP2/6- MP2/6- MP2/aug-cc-  MP2/augco-
Parameters 3I1HG*  311G(3df2p) pVIZ pVQZ
R(1,3) 13337 13337 13363 13342
R(1,4) 13349 13371 13407 13387
R(1,7) 3 8470 3 6941 3 6643 3 6455
R(2,4) 2 8433 2 7995 27439 27527
R(2,5) 13336 13339 13368 13347
R(2,6) 13341 13339 13368 13347
RG,7) 3 6743 3 5285 33262 33104
R(4,5) 3 5363 31630 3 0964 31012
R(4,6) 3.5466 32207 31058 31135
AG,14) 927 925 925 925
A@4,L7) 162 4 1647 1574 1575
A(5.2,6) 923 92 4 923 923
A(1,4.2) 174 8 1711 172 8 1726
A(1,4,5) 155 6 1471 148 9 1487
A(1,4,6) 1559 150 4 149.3 1494
A(5,4,6) 315 351 362 361
D(,1,4.2) 11699 41552 1742 11743
D(,1,4,5) 1295 1316 138 8 11401
D(,1,4,6) 1477 1575 146 6 1457
D(7,1,4,2) 1377 1453 1733 1732
D(7,1,4,5) 972 1217 1379 -1390
D(7,1,4,6) 1799 167 4 1476 146 9

1S 28 3H 4H SH 6H 7Ar
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Table IV.F. Energes of H,S-H,S

Rotational Spectra and Structure of Ar-(H,S),

MP2/6-311++G(3df,2p) MP2/aug-cc-pVIZ MP2/aug-cc-pVQZ

Energy

Ecom (h) -797 7899331 -797 8210235 -797 8562629
Ers1(C)* -398 8938573 -398 9092309 -398 9267238
Ers2(C)* -398 8937231 -398 9089928 -398 9266107
Eups1(M)* -398 8934125 -398 9088172 -398 9265259
Eras2(M)* -398 8934058 -398 9088075 -398 9265162
Eis (M) -398 8934133 -398 9088177 -398 9265264

AE (kcal/M) -1 9494 -2 1261 -2 0144

BSSE 04782 03759 01835

AEF -14712 -17502 -1 8309
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Rotational Spectra and Structure of Ar-(H,S),

Table IV.G. Energies of three muuma of Ar-(H,S), at MP2/6-311++G** and MP2 /aug-
cc-pVQZ levels of theory

Structure A Structure B Structure C (Pseudo-linear)
Energy
aug-cc-pVQZ 6-311++G** 6-311++G** aug-cc-pVQZ
Ecom (h) -1324 9070702  -1324 6549282  -1324 6542634  -1324 9062567
Ens1(C)* -398 9267597 -398 8496655 -398 8492982 -398 9267248
Enzs2(C)* -398 9266399 -398 8487843 -398 8485092 -398 9266379
Ear (C)* -527 049127 -526 9552308 -526 9550842 -527 04906
Eygsl(M)* -398 9265259 -398 8477225 -398 8477217 -398 9265258
Enas2(M)* -398 9265146 -398 8477213 -398 8477119 -398 9265138
Ear M)* -527 0489519 -526 9546706 -526 9546706 -527 0489519
Es (M) -398 9265264 -398 8477235 -398 8477235 -398 9265264
Ear M) -527 0489519 -526 9546706 -526 9546706 -527 0489519
(kcﬁ/}fnol) -318 -302 -2 60 -2 67
BSSE 034 224 175 027
AE® -284 -078 -0 85 -2 40
AE?E -158 069 041 -127
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Table IV.N. Frequencies of free F,S monomer at different levels of theory

MP2/6- MP2/6- MP2/aug-cc- MP2/aug-cc-
Modes 3114++G**  311++G(3df2p) pVTZ pVQZ
Bend 1233 1217 1211 1214
Symm stretch 2818 2776 2771 2774
Asym Stretch 2837 2795 2791 2794
ZPE (kcal/mol) 985 971 968 970
Table IV.O. Frequences of (H,S), at different levels of theory
Modes MP26-311++G** ﬁ%%gz L) MPaugcopViZ
50 40 40
_§ o 68 66 66
88 76 75 78
g g 122 86 83
g7 232 165 165
272 271 292
Acceptor bending 1230 1215 1209
Donor bending 1257 1223 1216
Donor sym stretch 2806 2741 2729
Acceptor sym stretch 2817 2773 2769
Donor asym stretch 2830 2786 2783
Acceptor asym  stretch 2836 2792 2789
ZPE (kcal/mol) 20 87 2035 20 33

121



Chapter IV Rotational Spectra and Structure of Ar-(H,S),

Table IV.P. Vibratonal frequencies of different mumma for Ar-(H,S), calculated at
different levels of theory

MP2/6-
%k
Modes MP2/6-311++G 311++G(3d£2p) MP2/aug-cc-pVTZ
Structure A
- 31 40
% - 33 40
g
8 - 42 43
)
= - 69 73
g - 76 85
ot
2 - 93 97
Q
E —~ 95 98
= - 169 175
-- 272 292
Acceptor bending -- 1212 1208
Donor bending - 1220 1215
Donor sym stretch -- 2738 2726
Acceptor sym stretch -- 2772 2768
Donor asym. stretch - 2784 2781
Acceptor asym stretch -- 2791 2788
ZPE (kcal/mol) - 2059 20 63
Structure B
27 28 6
é’ 36 36 31
8 55 41 43
Ko
E 70 67 61
= 75 69 65
Q
3 106 90 82
E 135 103 100
5 219 172 168
311 281 289
Acceptor bending 1230 1214 1208
Donor bending 1255 1222 1215
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Table I'" P continued

Donor sym stretch 2806 2740 2729
Acceptor sym stretch 2817 2771 2769
Donor asym stretch 2829 2786 2783
Acceptor asym stretch 2836 2791 2789
ZPE (kcal/mol) 2117 2060 20 50

Structure C (Pseudo-linear)
1 10 11

“8‘ 21 12 15

*§ 30 35 37

E 31 46 53

4 71 70 71

g 86 83 85

£ 132 93 94

S 232 171 171

286 286 303
Acceptor bending 1230 1215 1209
Donor bending 1255 1222 1215
Donor sym stretch 2806 2740 2728
Acceptor sym stretch 2815 2772 2769
Donor asym stretch 2830 2786 2784
Acceptor asym stretch 2835 2792 2789
ZPE (kcal/mol) 2096 2049 20 49
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Chapter V Ab inttio Studies of H,S H,0 and Ar H;S H,0O

v.1. Introduction

Hydrogen bonding is a very important phenomenon 1.2 Hydrogen bonding 1s
defined as a non-covalent interaction between a proton donor X-H and a proton acceptor
Y and 1t 1s denoted as X-H Y ? Both X and Y are typically electronegative atoms The
strength of H-bond depends on the proton donating efficiency of the donor and the proton
accepting capability of the acceptor However, which 1s more domunating between the
two? There have been many theoretical and experimental efforts to unravel the relative
importance of the proton donor and acceptor 1n hydrogen bond formation H;O-H,S 1s a
very suitable and interesting hydrogen bonded system 1n this context Depending on the
mode of participation of each monomer in hydrogen bond formation there can be two
geometries as shown 1 Figure V 1(A) and (B) One1s HoS HOH, (structure A H,O 1s
proton donor and H,S 1s the acceptor) and the other one 1s H,O- HSH (structure B H,S
1s donor and H,O acts as proton acceptor) H,O 1s a good proton donor as well as an
efficient proton acceptor, whereas H,S 1s much weaker as both donor and acceptor
Which one will be the global mimimum for H,O-H,S complex, structure ‘A’ or ‘B’?

Both structures have been observed in vibrational spectroscopic studies n
matrix.*> However, the global mmmmum could not be determined from these
expeniments Lovas has recorded the rotational spectra for H,O-H;S complex ® From
this spectrum for a vibrationally averaged geometry, 1t 1s not possible to comment on the
nature of the mimmum observed There are several theoretical papers as well on this
particular hydrogen bonded complex 10 All the previous calculations at SCF level
predict structure B to be more stable *'® However, the most recent theoretical paper of
Wang et al on this system shows structure ‘A’ to be the global mimmum """ They
optimized both the structures at MP2 level with 6-311++G(3d1f3p1ld) basis set and
calculated the energy at several other correlated methods up to CCSD(T) They
determined the structure ‘A’ to be more stable than B by ~0 27 kcal/mol In their
analysis 1t was assumed that the zero point vibrational energy would not alter the relative
stability of the two mimima, and 1t was concluded that proton donor plays a more

dommant role in hydrogen bond nteraction
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Chapter V Ab initio Studies of H,S H,O and Ar H.S H,0
Our interest 1n this particular dimer is natural As discussed in the previous
chapters, a systematic study on hydrogen bonded complexes of H>O and H.S 1s in
progress 1n our laboratory It 1s hoped that expenimental results on a senes of H,S
complexes would be valuable n understanding hydrogen bonding Detailed investigation
on H,O-H,S dimer 1s mevitable Durning the search for Ar,-H,S and Ar-(H,S),, a senes
of hines were observed which are likely to be Ar-H>O-H>S tnmer Though their
assignment 1s preliminary as of now, a detailed look at H,O-H,S becomes imperative
This chapter reports detailed theoretical mnvestigations on H,O-H,S and Ar-H,0-H,S
complexes and prelimmary observations of the rotational spectrum of Ar-H,0-H,S

V.2. Method of Calculation

Dafferent possible mimma for both the dimer and the trimer were optimized at
MP2 level of theory using 6-311++G(3df,2p) and aug-cc-pVTZ basis sets Frequency
calculations were done for all the optimized geometries to confirm the nature of the
stationary pomnt All mimima had only positive Eigen values in the Hessian The
interaction energy was calculated following supermolecule approach and the energies
were corrected for the Basis Set Superposition Ermor (BSSE) using Counterpoise
method '*'* Zero pont corrections were done to test the assumption of Wang et al All

the calculations were performed using Gaussian 98 software package °

V.3. H;O--H,S Dimer
V.3.a. Optimized Structures

The optimized structures are shown 1n Figure V 1 and are consistent with the

previous reports Structure ‘A’ has H,S as proton acceptor and H,O as proton donor

whereas 1n structure ‘B’ the donor and acceptor are interchanged The optimized
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®)

Figure V.1. Optimized structures of H,0-H,S complex (A) H,O 1s proton donor and H,S
1s proton acceptor, (B) H,O 1s acceptor and H,S 1s donot

Table V.1. Opumized structural parameters of H,S-HOH and H,0O-HSH Ar 1s the change
mn O-H/S-H distance of H,0/H,S on hydrogen bond formation

H,S-HOH (A) H,0-HSH (B)

Perameters HG(df2)  angcepVIZ 4 ++§E3 20 etz
R(O-S) 34748 3 4607 35266 35238
R(XH1) 09585 09611 13333 13360
R(XH2) 0 9634 0 9662 13382 13410
A(X1-H-X2) 167.2 1672 1778 177 4
Ar 0.0047 00048 00047 0.0044
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structural parameters are given m Table V1 Both structures have C; symmetry In
structure ‘A’ the interacting monomers are slightly closer than n structure ‘B’ At
MP2/aug-cc-pVTZ level, the O-S distances are 3 4607 A and 3 5238 A for structure °A’
and ‘B’ respectively However, the hydrogen bond 1s more linear 1n structure ‘B’ The
angle 1n question 1s ~167° 1 ‘A’ and ~177° in ‘B’ at both level of theory The H,S plane
mn structure A 1s almost perpendicular to hydrogen bond axis (intermolecular) The

change 1n X-H bond length (Ar) 1s almost 1dentical (0 005 A) for both structures

V.3.b. Interaction Energy and Vibrational Frequency

The interaction energies are calculated following supermolecule approach The
interaction energies are corrected for BSSE using counterpoise method The CP
corrected mteraction energy has been corrected for the zero point vibrational energy, as
well The interaction energies calculated at both levels for both structures are listed n
Table V2 At both levels, uncorrected stabilization energy for structure ‘A’ 1s more than
that of structure ‘B’. The values are —3 30 kcal/mol and —2.98 kcal/mol at MP2/aug-cc-
pVTZ level for ‘A’ and ‘B’ respectively Though the BSSE 1s comparatively less for
structure ‘B’ at both levels, the CP corrected interaction energy is higher for structure
‘A’ The difference m CP corrected stabilization energy between the two structures 1s
0 18 kcal/mol at MP2/aug-cc-pVTZ level This difference 1s only 0 09 kcal/mol, using
the lower basis set However, correcting for zero point vibrational energy over AE®?
leads to an nteresting finding The zero point energy corrected interaction energy
predicts the structure ‘B’ to be more stable than ‘A’ At MP2/aug-cc-pVTZ level of
theory the stabilization energy of structure ‘B’ (1 44 kcal/mol) 1s 0 08 kcal/mol higher
than that of A (1 36 kcal/mol) The difference 1s very stmular at MP2/6-311++G(3df,2p)
level also This 1s contradictory to the assumption made by Wang et al. on the relative
stability of the two structures '! This alteration 1n relative stability of structure ‘A’ and
‘B’ 1s the result of the difference 1n zero pomt vibrational energies for the two structures
At MP2/aug-cc-pVTZ level, structure ‘B’ has zero pont vibrational energy of 24 32
kcal/mol, which 1s 0 26 kcal/mol less than that of structure ‘A’
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Table V.2. Interacuon energies of H,S-HOH (A) and H,O-HSH (B) at MP2 level using 6-
311++G(3df,2p) and aug-cc-pVTZ basis sets

H,S-HOH (A) H,O-HSH (B)
Enetgy 6- aug-cc-
(kcal/mol)  6-311++G(3df,2p)  aug-cc-pVTZ 3114+G(3dE2p) VTZ
AE -3 14 =330 298 -298
BSSE 055 048 048 034
AECF =259 -2 82 250 -2 64
AEZE -113 -136 122 -144
ZPE 2472 24 58 24 54 2432

This difference 1n zero point vibrational energy between the two structures results
from the differences in frequencies of some intermolecular vibrational modes All the
vibrational frequencies, calculated at both levels, for ‘A’ and ‘B’ are shown 1n Table V 3
Four mtermolecular vibrational modes, marked in the Table V 3, have lower frequencies
for structure ‘B’ than that for structure ‘A’ The red shifts of the donor X-H (X = O,S)
stretching modes are given in the parenthesis in Table V3 H,0 as donor undergoes a
arger red shuft than H,S as donor At the highest level of theory considered here, the
symmetric and asymmetric O-H stretches are red shifted by ~68 cm™ and ~34 cm’
espectively for structure ‘A’ At the same level for structure ‘B’ the S-H symmetrnc and
asymmetric stretches are shifted by ~40 cm™ and ~5 cm™ respectively

Without zero point vibrational energy correction, structure ‘A’ 1s lower 1n energy,
vhereas with correction structure ‘B’ 1s more stable With and without zero pomt
:orrection the interaction energies for the two structures differ by only ~30 cm™ and ~60
m* respectively  Hence i1t 1s not possible to determine the global minmimum

mambiguously
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Table V.3. Vibrational frequencies of structures A and B of H,S-H,0O at MP2 level using 6-
311++G(3df,2p) and aug-cc-pVTZ basis sets The values are n cm' The values 1n the
parenthesis are the shuft of the corresponding modes at respective levels of theor

H,S-HOH H,0-HSH
Modes 6- aug-cc- 6- aug-cc-
311++G(3df,2p) pVTZ 311++G(3df,2p) pVTZ
61 57 81 66
96 95 106 93
Intermolecular 122 115 110 101
vibrations 124 131 111 109
278 283 168 153
448 446 383 368
H,S bend 1214 1209 1227 1219
H,0 bend 1634 1635 1624 1627
H,S sym stretch 2771 2769 2734 (42) 2731 (40)
H,S asym stretch 2790 2788 2788 (7) 2786 (5)
H,O sym stretch 3797 (64) 3754 (68) 3851 3815

H,0 asym stretch 3957 (33) 3914 (34) 3979 3940

V.4. Ar-H,0O-H,S Trimer

Ar can approach towards H,S-H;O dimer from different orientation to form Ar-

H,S-H;0 trimer It can add to either structure ‘A’ or structure ‘B’ of H,S-H,O to

produce different structures for the trimer
MP2 method using both 6-311++G(3df,2p) and aug-cc-pVTZ basis sets
the structure ‘A’ of the dimer, three mimima have been found for the trimer These three
munima differ in the relative position of Ar with respect to the H,S-HOH dimer Ar is
along ¢, b or a principal nertial axis of HS-HOH to produce the structures ‘C°, ‘D’ and
'E’ respectively as shown m Figure V2 (optimized at MP2/aug-cc-pVTZ level)
Approaching Ar along ‘b’ axis could have two possibilities either from the donor H side

or from the acceptor H sitde However only the latter one could be optimized Again Ar

Geometry optimization was carried out at
Starting with
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(b) Structure D

(c) Structure E

Figure V.2. Optimized structures of At-H,S-HOH trimer where Ar interacts with structure
A of H,S-H.O, at MP2/ aug-cc-pVTZ level (a) Structure C Ar along ‘¢’ axs, (b) Structure
D Aralong ‘4 aws and (c) Structure E Ar along ‘# axss of H,S-HOH
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(b) Structure ‘G’

Figure V 3. Optmuzed structures of Ar-H,O-HSH, where Ar mteracts with structure B of
H,O-H.S, at MP2/aug-cc-pVTIZ level (2) Structure ‘F’ Ar along ¢ axs and (b) Structure

‘G’ Aralong ‘4’ axis

approaching along ‘a’ axis of H,S-HOH has two possibilities too  Only one structure
could be optimized where Ar nteracts with the donor HO Starting from structure ‘B’,
ie H>O-HSH, only two minima have been optimized These mimma are analogous to
structures *C*(F) and ‘D’(G), and the optimized geometries at MP2/aug-cc-pVTZ level
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are shown m Figure V3 (a) and (b), respectively No mimmum analogous to the

structure ‘E’ could be optimized

V.4.a. Structure

Structures ‘C’ and ‘F’ have Ar along the ‘c’ axis of the dimer In both these
structures the dimer 1s shghtly distorted The relative onentation of H,S and H,O 1s
altered 1n the presence of Ar In ‘C’ all three heavy atoms and one H of acceptor, H,S,
are almost coplanar However, mn ‘F’ all three heavy atoms and both H atoms of the
acceptor, H,O, are coplanar  Structures ‘D’ and ‘G’ have Ar along the ‘6’ axis of H,O-
H,S dimer In both structures, the H,S-H,O umt retains its Cs symmetry and the
symmetry of the trimer 1s also Cs In the structure ‘E’, Ar interacts only with the donor
H,0, to be specific, with one H of H;O In this structure one H of H,O 1s hydrogen
bonded to H»S and the other one 1s directed towards Ar The structural parameters for
structures ‘C’, ‘D’ and ‘E’ are given 1n Table V 4 and those for structures ‘F’ and ‘G’ are

Iisted m Table V 5

Table V.5. Structural parameters of three mmma of Ar-H,S-HOH (‘C, D’ and ‘E’)
calculated at MP2 level using 6-311++G(3df,2p) and aug-cc-pVTZ basis sets Ar 1s the
change in O-H distance of H,O on hydrogen bond formation

Parameters MP2/6-311++G(3df,2p) MP2/aug-cc-pVIZ
C D E C D E
R(O-S) 34667 34708 34726 34473 34553 34581
R(Ar-0) 38118 34609 36723 37475 34024 36454
R(Ar-S) 37123 40308 - 36916 39442 -
ROO-H3) 09586 09588 0958 09612 09614 09613

R(O-H4) (9635 09637 09634 0 9664 0 9666 0 9662
£0-H4S 1663 166 9 166 7 164 1 1658 165 7

Ar 00048 0 0050 0 0047 0.0050 00052 0 0048
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Table V.6. Structural parameters of three mumma of ArH,O-HSH (F’ and ‘G’) calculated
at MP2 level using 6-311++G(3df,2p) and aug-cc-pVTZ basis sets  Ar 1s the change in S-H
distance of H,S on hydrogen bond formation

Parameters MP2/6-311++G(3df,2p) MP2/aug-cc-pVTZ

F G F G
R(O-S) 35230 35277 35135 35256
R(Ar-0) 34924 37297 3 4693 37284
R(Ar-S) 41309 37056 40940 3 6507
R(S-H3) 13333 13335 13361 13362
R(S-H4) 13382 13384 13411 13412
£0-H4-S 1777 176 4 1712 176 3
Ar 0 0049 0 0051 0 0045 0 0046

The O-S distances are very similar for all three minima (C, D and E) of Ar-H,S-
HOH At MP2/aug-cc-pVTZ levels, the values are 3 4473 A, 3 4553 A and 3 4581 A for
structures C, D and E respectively The O-S distances for both structures of Ar-H,O-
HSH (F and G) are also very similar, but slightly higher than those for Ar-H,S-HOH.
The distances at MP2/aug-cc-pVTZ are 3 5135 A and 35256 A These distances are
almost 1dentical to that 1n the corresponding dimer structure The change in the length of
the hydrogen bonded X-H bond on hydrogen bond formation (Ar) is almost 1dentical to

that 1n the corresponding dimers
V.4.b. Interaction Energy and Vibrational Frequency

The mteraction energies for the three mmmima of Ar-H,S-HOH (structures C, D
and E) and the two mimma of Ar-H,O-HSH (structures F and G), calculated at MP2 level
usmg 6-311++G(3df,2p) basis set are tabulated i Table V 7 and those calculated at
MP2/aug-cc-pVTZ level, are listed in Table V8 The pseudo-linear structure (E) 1s the

least stable among all of them in both levels The CP corrected and the CP and zero point
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energy corrected interaction energies are —3 14 kcal/mol and —1 43 kcal/mol respectively
at MP2/aug-cc-pVTZ level of theory The CP corrected interaction energies predict the
other two minima of Ar-H>S-HOH (structure C and D) to be more stable than the two
mmma (structures F and G) of Ar-H,O-HSH at both levels The CP corrected
interaction energies for structures C, D, F and G are —3 47 kcal/mol, -3 59 kcal/mol, -3 29
kcal/mol and —3 30 kcal/mol respectively at MP2/aug-cc-pVTZ level However, on
correcting for the zero point vibrational energy over the CP corrected interaction energy
leads to a simular result as in case of H,S-H,O dimer At MP2/aug-cc-pVTZ level of
theory, both mimima (F and G) of Ar-H,O-HSH are more stable than the mimima C and D
of Ar-H,S-HOH However, the structures D and F have almost identical stabilization
energles, the values are —1 84 kcal/mol and —1 85 kcal/mol respectively Among the
three mimima of Ar-H,S-HOH system the structure D 1s most stable, whereas the
structure G 1s most stable (-1 92 kcal/mol) among all five mimmma at MP2/aug-cc-pVTZ
level However, the lower level results do not exactly support this At MP2/6-
311++G(3df,2p) level of theory, the structure F 1s most stable (-1 56 kcal/mol) among all
five mmmima As the differences 1n stabilization energies for the five mimma are marginal
and different levels of calculations lead to different relative stability of the minima, 1t 1s

not possible to determine the global mimimum unambiguously for Ar-H;O-H,S system

Table V.7. Interaction energies for the three munma of Ar-H,S-HOH (structures C, D and
E) and the two for Ar-H,O-HSH (structures F, G) calculated at MP2/6-311++G(3df,2p)
level of theory All the values are i kcal/mol.

Energy C D E F G
AE -396 -4 04 -3 60 -3 82 -387
BSSE 091 0 88 0.78 081 089
AE®? =305 316 282 2301 298
AE®PE -139 -145 -124 -156 -139
ZPE 2492 2497 24 84 2471 24 82
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Table V.8. Interaction energtes for three munma of Ar-F,S-HOH (structures C, D and E)
and the two for Ar-H,O-HSH (structures F, G) calculated at MP2/aug-cc-pVTZ level of

theory All the values are m kcal/ mol

Energy C D E F G
AE -4 18 -4 34 -390 -393 -3 89
BSSE 071 075 076 0 64 059
AE®? 347 359 -3 14 329 -3 30
AEZE -178 -1 84 -143 2185 192
ZPE 2481 24 87 24 83 24 56 24 50

The vibrational frequencies were calculated for all the optimized geometrnies The
vibrational frequencies for all five mmima of Ar-H,S-H;O system, calculated at MP2
method using 6-311++G(3df,2p) and aug-cc-pVTZ basis sets, are listed in Table V 9 and
Table V10  The lists include only the frequencies of intramolecular vibrations of H,S
and H,O The red shifts of the X-H frequencies on hydrogen bonding are very simular to

the corresponding dimers

Table V.9. Vibrauonal frequencies of structures C, D, E, F and G of ArHS-H,O at
MP2/6-311 ++G(3df,2p) level of theory All the values are m cm® Values 1n parenthesis

show the red shift
Modes C D E F G H,O/H,S
H,S bend 1212 1214 1214 1227 1226 1217
H,O bend 1634 1634 1632 1622 1626 1624
2734 2730
S-H sym Stretch 2772 2771 2771 (42) (46) 2776

S-H asym Stretch 2790 2790 2790 2788(7) 2786 (9) 2795

3792 3795 3796 4o 350 3861

O-
H sym Stretch (69) (66) (65)
3952 3956 3956
O-H . 9
asym. stretch (38) (34) (34) 3978 3977 3990
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Table V.10. Vibrational frequencies of all five mmima of ArH,O-H,S at MP2/aug-cc-
pVTZ levels of theory Values in parenthesis show the red shift. All the values are m cm*

Modes C D E F G H,0/H,S
H,S bend 1207 1208 1209 1218 1218 1212
H,O bend 1637 1635 1634 1623 1627 1628
2730 2728
S-H sym Stretch 2768 2768 2768 1) (43) 2771

S-H asym Stretch 2787 2787 2788 2785(6) 2784 (7) 2791
3748 3752 3756 3812 3814 3822

O-H sym Stretch (74) (70) (66)
3910 3913 3913
O-H asym stretch (38) (35) 35) 3938 3939 3948

It should be mentioned, here, that for the conformers with HO as H-bond donor
(for both H,S-HOH and Ar-H,S-HOH), one intermolecular bending mode has
sufficiently high frequency At MP2/aug-cc-pVTZ level of calculation, 1t 1s 446 cm™ for
the dimer, and remains almost unchanged in the tnmer However, the frequency of the
corresponding vibrational mode n the H,O-HSH (Ar-H,O-HSH) conformer 1s 368 cm’
(~372 cm™, see Table V H) at the same level of calculation Clearly, this mode

contributes most to alter the relative stability of the conformers, when zero point

vibrational energy 1s added to the interaction energy
V.5. Preliminary experimental results of Ar-H,S-H,O complex

Dunng the search of Ar-(H,S), complex some lines were present which require
Ar, H,S and H,O to be observed The optimum expansion condition for these lines was
smular to that for Ar-(H,S), and the microwave pulse was optimum at 03 ps Hence 1t
was thought that those signals could be of Ar-H,S-H,;O complex Rotational transitions
were predicted for this complex and the PNFT microwave spectrometer was scanned n

limited frequency region 1 search of related signals So far six transitions have been
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Table V.11. Observed transition frequencies of Ar-FLS-FL,O and their probable assignment

Probable assignment Observed Frequency Probable assignment Observed Frequency

5153 691 6738 695

0o — 111 5153 565 10— 21 6738 739
5153 520 6738 786

5153 447 6738 884

5500 431 7583 578

1 =252 5500 442 lor = 212 7583 694
5500 475 7583 743

- 7583 845

6010.793 10781 350

lor = 202 6010 826 313> 41 10781 320
6010 847 10781 240

6010 887 10781 200

Table V.12. Rotational constants for different mmima found for Ar-H,O-H,S at MP2 level
using 6-311++G(3df,2p) and aug-cc-pVTZ basis sets

6-311++G(3df,2p) aug-cc-pVTZ

C D E C D E
A 3687 57 4217 36 2303922 374663 425927 1326729
B 1888 77 1705 26 060210 192106 178355 682 08
C 1263 80 122526 58932 128483 126893 651 87

F G - F G Experiment
A 4131 93 3579 54 -- 417086 353821 3934
B 1608 42 1932 15 -- 1636 09 1986 59 1842
C 1167 80 1262 12 -- 118545 127977 1217
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observed which are likely to be for Ar-H,O-H,S complex Each of these transitions 1s a
set of three/four lines The complete list of the frequencies observed and their probable
assignments are given in Table V 11 These assignments give the rotational constants to
be A =3934 MHz, B = 1842 MHz and C = 1217 MHz The rms deviation of the fit with
only these six transitions 1s ~6 MHz Certainly more number of transitions 1s needed to
determine a more reliable set of rotational and distortion constants The rotational
constants are comparable to the values (given 1n Table V 12) calculated for some of the

ab imitio mmma found for Ar-H,O-H,S Hence, 1t 1s likely that the transitions, observed,

are for Ar-H,O-H,S complex

V.6. Conclusions

Ab ntio calculations have been done for H,S-H,O and Ar-H,S-H,O complexes at
MP2 level of theory using 6-311++G(3df,2p) and aug-cc-pVTZ basis set For the dimer,
H,S-HOH (structure A) 1s more stable on the basis of CP corrected mteraction energy
However, H,O-HSH (structure B) becomes marginally more stable on further correction
of the mteraction energy for zero point vibrational energy These two structures appear
to be very close in energy For the trimer, three minima have been found for Ar-H,S-
HOH and two munima have been found for Ar-H,O-HSH The relative stability of
different mimima for Ar-H,S-H,0 also alters on taking zero point vibrational energy mto

account Some rotational transitions have been observed which are likely to be of Ar-

H;O-H,S
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Table V.A. Optimized structural parameters of H,O and H.S at MP2 level The distances

are 1n A and angles are 1n degrees

Parameters H,O H,S
6- e 6- aug-cc-
311++GG3dE2p)  ECPVIZ  5114GGdR2)  pvIz
R(1,2) 0 9587 09614 13335 13366
R(2,3) 09587 09614 13335 13366
A(1,2,3) 104 5 104 1 923 923
ZPE
(keal/mol) 13 55 1344 971 968
1H 20/S 3H

Table V.B. Optimized parameters of the two minima for H,S5-H,O at MP2 level using 6-
311++G(3df,2p) and aug-cc-pVTZ basis sets

Parameters H>S-HOH (structure A) H,O-HSH (structure B)
6-311++G(3df2p) aug-cc-pVTZ  6-311++G(3df2p) a;\g,:f;‘
R(1,2) 0 9585 09611 13333 1336
R(2,3) 0 9634 0 9662 13382 1341
R(3,4) 25287 25118 21891 2 1837
R(3,5) 2 8337 2 8085 2 8056 28152
R(3,6) 28337 2 8085 2 8056 2 8152
R(4,5) 13343 13371 09595 09619
R(4.6) 13343 13371 0 9595 09619
A(1,2,3) 104.7 104 3 926 926
A(2,3,4) 167.2 1672 177 8 177 4
A(2,3,5) 142 0 1417 1620 162.1
A(2,3,6) 142 0 1417 1620 162 1
A(5,3,6) 397 402 315 313
A(5,4,6) 92 4 923 104 8 104 5
D(1,2,3,4) 180 0 180 0 1800 1800
D(1,2,3,5) -146 5 -146 4 118 8 1185
D(1,2,3,6) 146 5 146 4 -118 8 -118 5
Rot const 120 24037 119 65279 165 08101 165 94570
(GHz) 3 55255 3 58355 333946 334019
3 54093 3 57153 332342 3 32451

A:1H 20 3H 4S 5H 6H B: 1H 2S 3H 40 S5H ©6H
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Table V.C. Opurmized parameters for the three munima (structures C, D and E) of Ar-H,S-
HOH at MP2 level using 6-311++G(3df,2p) and aug-cc-pVTZ basis sets

Parameters Structure D Structure C Structure E
6- aug- 6- aug- 6- aug-
311++G(3df2p) pfchz 311++G(3df;2p) p{“fliz 311++G(3d£2p) psch.z
R(1,3) 09588 09614 09586 09612 0 9586 09613
R(1,4) 09637 0 9666 09635 0 9664 0 9634 0 9662
R(1,7) 3 4609 34024 38118 37475 36723 3 6454
R2,4) 25252 25099 25230 25075 25278 25137
R(2,5) 13342 13372 13343 13372 13342 13370
R(2,6) 13342 13372 13343 13371 13342 13370
R(2,7) 40308 39442 37123 36916 - -
R(3,7) - - - - 2 8424 27062
R(4,5) 2 8148 2 7691 2 7485 2 7004 28292 2 7946
R(4,6) 2 8148 2 7691 2 9909 29817 28292 27947
R(4,7) 34374 33794 3 5062 3 4950 - -
R(5,7) 33941 32868 33789 32153 - -
R(6,7) 33941 32868 - - - -
AG,1,4) 104 6 104 2 1047 1043 104 8 104 3
AG,L,7) - - 98 2 1126 - -
A(5,2,6) 922 921 925 924 92 4 923
A(6,2,7) - - 1515 146 8 - -
A(1,4,2) 166 9 165 8 166 3 164 1 166 7 1657
A(1,4,5) 1416 140 2 1375 1347 1416 140 3
A(1,4,6) 1416 1402 149 8 1499 1416 140 3
A(5.,4,6) 399 407 389 393 398 404
A(6’437) == - 98 3 97 1 -— -
A(1,7,2) 546 555 549 552 - -
A(1,7,5) 637 64 4 582 58 8 - -
A(1,7,6) 637 64 4 - - - .
A(5,7,6) 329 341 - - - -
A2,1,7) - - - - 1405 1253
D(3,1,4,2) 1800 1800 -160.0 1651 1800 -1800
D(3,1,4,5) -146 6 -1471 -155.8 -1650 -146 8 1473
D(3,1,4.6) 146 6 1471 1387 1325 146 8 1473
D(3,1,7,2) - - 1129 107 6 - -
D(3,1,7,5) - - 1379 1322 - -
D(6,2,7,1) - - 508 587 - -
10 28 3H 4H 5H 6H 7Ar
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Table V.D. Optimuzed parameters for the three munima (structures C, D and E) of ArH,O
HSH at MP2 level using 6-311++G(3df,2p) and aug-cc-pVTZ bass sets

Parameters Structure F Structure G
6-311++G(3df,2p) aug-cc-pVTZ 6-311++G(3df,2p) 2;1\%,;;
R(1,3) 13333 13361 13335 13362
R(1,4) 13382 13411 13384 13412
R(1,7) 41309 40940 3 7056 36507
R(2,4) 21854 21821 2 1909 21861
R(2,5) 09596 09622 09597 09620
R(2,6) 09596 09619 09597 09620
R(2,7) 34924 3 4693 3 7297 37284
R(4,5) 27752 26827 2 7622 2 7862
R(4,6) 2 8387 29176 27622 2 7862
R(4,7) 35282 35894 33482 33123
R(5,7) 29616 2 7738 3 7047 3 7624
R(6,7) - - 3 7047 3 7624
AG,1,4) 926 926 92 7 926
AG,1,7) 945 96 5 1569 1575
A(5,2,6) 1049 104 7 104 7 104 4
A(6,2,7) 1527 1411 811 846
A(1,4,5) 160 2 1517 160 1 160 6
A(1,4,6) 164 5 169 8 160 1 160 6
A(1,4,7) 107 4 1025 94 7 936
A(1,7,2) 543 546 567 571
A(5,4,6) 314 312 319 317
A(6,4,7) 545 811 739 756
D(3,1,4,5) 1155 1080 126 1 1247
D(3,1,4,6) -118 3 -154 5 -126 1 -1247
D(3,1,4,7) 93 7 96 0 00 00
D(3,1,7,5) -973 950 130 127
D(3,1,7,6) -96 2 -96 6 -130 -127

1S 20 3H 4H SH ©6H 7Ar
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Table V.E. Absolute energies of FH,S-HOH and H,O-HSH and their fragment monomer

and the mteraction energies
Energy H,S-HOH H,0-HSH
(h) 6-311++G(3df,2p) aug-cc-pVTZ  6-311++G(3df2p)  aug-cc-pVTIZ
Ecom 4752168719  -4752430726  -475 2166221 -475 2425634
Ews*(C)  -398 8940234  -3989093597  -398 8937818 -398 9090552
Eio*(C) -76 3186998 -76 3291814 -76 3188356 -76 3292798
Ems* (M)  -398 8934122 -398 908817 -398 8933984  -398 9088033
Eio*M) -76 3184301 -76 3289678 -76 3184491 -76 3289878
Ers(M) -398 8934133 -398 9088177  -398 8934133 -398 9088177
Enzo(M) -76 3184531 -76 3289924 -76 3184531 -76 3289924
Table V.F Energtes for two mumuma of ArH,O-HSH
Energy Structure F Structure G
(h) 6-311++G(3df,2p)  aug-cc-pVIZ 6-311++G(3df2p) 2ug-cc-pVQZ
Ecom -1002 2294992 -1002 2683564  -1002 2295744  -1002 2682884
Eims*(C)  -398 8938826 -398 909105 -398 8939248  -398 9091236
Emo*(C)  -76 3189193 -76 3293314 -76 3189844 -76 3293294
Ea*(C) -527 0118835 -527 0246455  -5270119059  -527 0245513
Ems*(M)  -398 8933985 -398 9088029  -398 8933954  -398 9083004
Emo*(M)  -76 3184468 -76 3289835 -76 3184503 -76 3289885
Ex*M)  -5270115495 5270242833  -5270115495  -527 0242833
Ews(M)  -398 8934133 -398 9088177  -398 8934133  -398 9088177
Ezo(M) -76 3184531 -76 3289924 -76 3184531 -76 3289924
EadM) -527 0115495 5270242833  -5270115495  -527 0242833
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Table V.H Vibrational frequencies for all five mumuma of Ar-H,S-FLO at MP2 level using
6-311++G(3df,2p) and aug-cc-pVTZ basis sets  All values are m cm*

MP2/aug-cc-pVTZ

MP2/6-311++G(3df,2p)
C D E F G C D E F G
26 38 5 29 34 19 43 9 28 17
39 42 21 33 43 36 43 20 41 31
42 43 36 50 49 54 47 51 56 44
73 98 74 87 102 77 99 91 79 73

100 103 95 106 111 101 106 97 95 88

124 127 125 112 121 133 130 135 111 110
145 138 129 127 123 142 138 154 132 115
280 277 280 167 190 291 285 293 164 174
444 446 446 378 394 437 447 447 371 373
1214 1212 1214 1227 1226 1208 1207 1209 1218 1218
1634 1634 1632 1622 1626 1635 1637 1634 1623 1627
2771 2772 2771 2734 2730 2768 2768 2768 2730 2728
2790 2790 2790 2788 2786 2787 2787 2788 2785 2784
3795 3792 3796 3849 3850 3752 3748 3756 3812 3814
3956 3952 3956 3978 3977 3913 3910 3913 3938 3939
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Chapter VI Hydrogen Bond Radius

V1.1. Introduction

The nature of chemical bonding, the interaction between atoms within a molecule,
1s fairly well understood ! Pauling’s classic book! talks about covalent radn, 1onmic radn
and metallic radu for various atoms which can be used to predict inter-atomic distances
between atoms forming a covalent, 1onic or metallic bond ! However, our understanding
of intermolecular mteractions 1s still evolving? Hydrogen bondng 1s one of the stronger
mtermolecular interactions, which has a great relevance 1n nature 34 Hydrogen bonding
remains a fascination for many researchers since 1ts discovery in early twentieth century
Till today a large number of theoretical and experimental studies are being carried out by
several groups and attempts have been made to unravel the actual nature of H-bond
mteraction

Ongmally H-bonding was observed between H, covalently bound to an
electronegative atom X (N, O, F), and another electronegative atom Y It 1s usually
represented as X-H*Y The intermolecular separations in these complexes have been
largely interpreted mn terms of the van der Waals radu’ of the constituent heavy atoms X
and Y There are several previous reports where crystallographic data have been
analyzed to correlate the internuclear separation with the van der Waals radu of the heavy
atoms mvolved 1n the hydrogen bond formation >~

Buckingham and Fowler® used a model of H-bonding based on electrostatic
mnteractions only The model could explain and predict fairly the radial and angular
geometries for a series of hydrogen bonded complexes Gadre and Bhadane® have made
a different approach They have calculated the molecular electrostatic potential (MESP)
for a senies of H-bond acceptors, B, and have tried to make a correlation between H-bond
distance and van der Waals radius of hydrogen in B---HF complexes

Gadre and Bhadane approach has been extended for several other senes of
hydrogen bonded, B HX complexes, where X =F, Cl, Br, CN, OH and CCH From this
empirical analysis “hydrogen bond radius” has been defined and 1t has been determined
for the above H-bond donors. Such analysis could not be carned out for SH groups as the
available experimental data are quite lmited Hydrogen bonding by SH groups 1s
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important 1n the amino acid Cystemne and 1ts derivatives * Hence, 1t was decided to use
theoretical calculations to determune the H-bond radius for SH A4b mutio and DFT
calculations have been performed for several B---HX complex (X =F, CI, OH and SH) at
MP2 and B3LYP level using 6-311++G** basis set From these structural data
“hydrogen bond radn” have been determined and compared with the empirical values
The comparison of the empirical and the ab initio results for HF, HCI and H,O reveals
that the ab initio results for H,S should be reliable Hydrogen bond radu calculated for
various donors, HX, show a strong mverse correlation with the dipole moment of H-X

bond and the electronegativity difference between X and H

V1.2. Buckingham and Fowler Model

Buckingham and Fowler model for the geometries of hydrogen-bonded
complexes, B-HX, 1s solely electrostatic ® This model considers the monomer charge
densities as a collection of different multi-poles centered at different atoms or bond
midpomts Their model satisfies most of the structural features of hydrogen bonding An
empurical observation of B F distances in B---HF complexes shows that these distances
were close to the sum of van der Waals radu of Band F Thus led Buckingham and Fowler
to conclude that H does not contribute to the intermolecular separation and 1t 1s inside the
van der Waals sphere of X Legon and coworkers obtaned structural data for several B---
HCI and B---HBr complexes '°

For some H-bonded complexes B—--HX (X = F, Cl and Br), the distance between
the heavy atoms taking part in H-bond formation, r(Z X), are compared to the sum of therr
van der Waals radu (6(Z)+o(X)) in Table VI1 Z 1s the atom in B, which 1s H-
bonded to HX For B---HF senes, r(Z F) are within 0 1 A of the van der Waals sum

1(Z X)=o(Z)+o(F) (1)
Hence, the assumption made by Buckingham and Fowler that the heavy atoms 1n H-bond
formation are 1n contact, looks reasonable

However, for B---HCI and B---HBr complexes (Table VI 1), r(Z X) differs by

~02 A from the corresponding van der Waals sum Other than the complexes with HsN,
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the mtermolecular distances are longer than the sum of van der Waals radn of the heavy
atoms for B---HC1 and B---HBr complexes It 1s likely that the extent of proton transfer
m H3N---HX complexes 1s significantly more than that mn other B---HX complexes
Moreover, 1t should be noted that in both HCN and H;N, the H-bonded atom 1s N In
HCN---HX complexes, the intermolecular distances are longer than those i H3;N---HX
complexes It 1s clear that not only the H-bonded atom 1n an acceptor determines the

distance, but the acceptor as a whole plays a significant role

Table VI.1. Expenmental distances from a reference atom (Z) 1 Hydrogen-bond acceptor
to the heavy atom (X) of the H-bond donor m a B---HX H-bonded complex These
distances are compared with the sum of the van der Waals radu [o(Z)+0(X)] of the heavy
atoms, Z and X. All the values are m A.

B-HF B-HCI B-HBr
B (Z F) o@)yto(F) 1Z Cl) o(Z)y+s(Cl) r(Z Br) o(Z)+o(Br)
H,0 2 66 275° 3215 320 3 414° 335°
ocC 305° 3 05° 3710 350 3917° 3 65°
HCN 2 80° 2 85° 3 405 330 3610° 3 45°
NH; 271° 2 85° 3136 330 3 255" 3 45°
H,S 3 246° 320° 3809 365 3991° 3 80°

Ref 8, °Ref 10, °Ref 11, *Ref1

V1.3. Gadre and Bhadane Model

Gadre and Bhadane® looked at a series of B---HF complexes Instead of looking at
B F distances they concentrated on B H They used a different approach to correlate
the hydrogen bond distance, r(Z H), with the van der Waals radws of the H-bond
acceptor They have analyzed the Z H distances in about 20 B---HF complexes (for
most of them the Z H distances were taken from rotational spectroscopic data) They
computed the molecular electrostatic potential (MESP) for the free bases B at the SCF
and MP2 levels with 6-31++G** basis set The MESP at a pomnt r 1s defined as
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v(r) =§v;z4 Nr=R,|- [p(r)a’r fjr—r| @)

where {Za} 1s the nuclear charge at {Ra} acting on r and p(r) 1s the electronic density
They noted that the MESP mummum symbolizes the site of electron localization 1n a
molecule, which attracts hydrogen The location of the MESP mimma could explain the
radial and angular geometry of the B---HF complexes Gadre and Bhadane further noted
that the following correlation existed between r(Z H) and r(E), which are defined
below
r(Z H)=[r(E)x 104]+047 3)

Here, r(Z H)isthe Z H distance in the complex and r(E) 1s the distance between Z and
the MESP mimumum, observed mn B The results obtained with HF and MP2 methods
were very similar It was pointed out that the r(E) was closer to the van der Waals
radwus of the Z atom Hence, they concluded that 0 47 A 1s the van der Waals radius of
H It1s sigmficantly smaller than the value suggested by Pauling (1 2 A) and this feature
has been noted m the literature '* The difference 1s not surpnising given the fact that H
bonding (electrostatic) interactions are significantly stronger than van der Waals
(induction and dispersion) mnteractions It should be pointed out that the effective radius

of 047 A for H 1n HF 1s larger than the covalent radius of H atom, 03 A !

VI1.4. Extension of Gadre and Bhadane approach

In this work Gadre and Bhadane approach has been extended for several other
series of B---HX complexes, where X = Cl, Br, CN, CCH and OH This extension 1s
done to look for trends in the radius determined for H 1n various HX It 1s hoped that,
such an analysis will help in developing reliable distance criteria for identifying hydrogen
bonds Table VI2 hsts the H-bond distances, r(Z H), for all six senes of B---HX
complexes mcluding HF. A few known experimental data for HI and H,S complexes are
also included 1n the Table along with the r(E) values for the corresponding free bases (B)
calculated at HF and MP2 levels using 6-31++G** basis set
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The r(E) values for different H-bond acceptors (B) calculated (by Gadre and

coworkers) at HF and MP2 methods are quite similar° The MP2 values are shghtly

higher than the HF values for most of the bases Except for CO, C3;Hg and (CH>),0, the

Table VI.2. Expenmental {Z H) values for different B---HX complexes and the r(E)
values for the corresponding H-bond acceptors (B) All values are m A.

T

105) (Z H)
HF |MP2 |X=F| Cl | Br | I | CN | OH |CCH, SH

HF 127 132 i18613 208° | -- - - - - -
H,0 127 128 ,174'%)193° 199" |213%| 208" |202% 223" ..
HCN . 136| 140 ' 187° | 213° | 219° (229%|224% | - 1242 ..
H;N 125|127 [ 178 | 185 | 183°| -~ |216*|203% 2336°l5 -
OC '154| 149 ]212* 241° | 249° |265|261% | 2419 2716" -
CH, 160|162 {220°|242° | - | — |2597] — [272% - .
. CHy 162 163 | 222% | 244° | 249° | ~ |264%% 2485 | 278 !289“.
HS 179 181 2300 | 253 | 257 | ~ |275°| - | 2798
CH;CN 134 138 3 183 (2012078 - |221%]207% 23759J -
G (152|161 210° | 228°| - | - |241%|234%) - & -
80, 132] 133|189 |210°] —~ | - | - | - | - ¢ -
; CeHe '133] 139 12650 [ 271° [272%) 279" 265%| - ‘ -
| BaHg 208! 213 2507 [269°| ~ | ~ | —~ | ~ | - | -
' CO  146] 161 1 191° |215%°| - -~ 1235%) - -
NO '140, 144 ' 104 |208%'| — | — | - | - | i -
HCO 126, 131 | 173 | 197 | —~ | — |221%|201%|239% -
N 1570158 216 |242% | 2527 | ~ |255% | 24% 26O°5£ -
' 1
:

PH; 185" 185° 238%|260%|263%|276%|2852 | -- -
(CH.S 167°' 167° 219'61233%| - —~ |262%| - - -
(CH;,0 122° 130° 170" 11847 18923[ —~ 197711927 - -

*Reference 9 ,°S R——éadre, private communication; ‘Reference 10
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differences between HF and MP2 r(E) values are well within 005 A For C3H¢ and
(CH,),0 thus difference 1s close to 01 A However, CO 1s the only acceptor for which
the r(E) value at HF level 1s higher (by 0 05 A) than that calculated at MP2 level

V14.a. r(Z H) vsr(E)

Following Gadre and Bhadane, the experimental r(Z H) values, listed 1n Table
VI 2, have been plotted against r(E) values for all six series of B---HX (X =F, Cl, Br,
CN, CCH and H;0) complexes The HF and MP2 r(E) values were plotted separately
The linear fit of the scatter points give rise to an equation similar to equation (3) for
every series of complexes Figure VI1 (a) and VI 1 (b) show the plots of r(Z H) vs
r(E) at MP2 level for all six senies of complexes The results of the HF and MP2
methods are sumilar The results of the fits are tabulated in Table VI 3 The correlation
coefficients of the fits are within 0 90 to 0 94 at HF level, whereas they are within 0 85
to 0 89 at MP2 level The slopes (m) of the fitted lines are very close to unity for HF,
HCI and H,O at both HF and MP2 level. However, for HBr, HCN and HCCH they are
somewhat higher, the values being 1 20, 1.17 and 1 21 respectively in HF level The

Table VI.3. Results of the lnear fits of Z H) vs 1(E) plot for different B---HX
complexes ‘A’ is the intercept and ‘m’ 1s the slope for a particular line, and their values are

m A

Level Parameters HF HCl HBr HCN H,O HCCH

A 0 45 067 0 49 066 066 078
- m 106 104 120 117 109 121
R? 094 091 090 0.92 0.94 0 90
SD 007 008 011 008 006 007
A 0 43 066 0 46 065 066 066
VP2 m 105 102 1.20 116 106 128
R? 089 085 0385 084 087 087
SD 0.092  0.11 013 011 010 008
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Figure V1.1 Plots of Z H) vs t(E) for B---HX complexes A constant (C) has been
added to the Y values of the complexes for clanty; G = 00, Gyq = 10, G, = 2.0, Go=
00,Gyy=10and Cucar=20 The line through the points shows the best fit.
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MP2 level values are also sitmilar The intercepts (A) vary from a value of 045 A for
HF to 0 78 A for HCCH at HF level, and from 043 A to 0 66 A at MP2 level According

to Gadre and Bhadane interpretation, the effective size of hydrogen vanies within the

above range
V1.4.b. [((Z---H) - 1(E)] vs E) and “Hydrogen Bond Radius”

To obtain a more meaningful effective size of the hydrogen m H-bonded
complexes, [r(Z---H) — r(E)] has been plotted as a function of r(E) for all the B---HX
complexes The results of the plots at MP2 level are shown 1 the Figure VI2 The
scattered points for a particular senies of complexes were fitted to a straight ine The slope
was fixed to be zero so that the mtercept of the fit could be related to the effective size of
the hydrogen of HX 1n H-bonding The intercepts from Fig VI 2 are quite enlightening
Theyare 051 +009A,070+0104,077+013A,089+012A,075+009 A and

Table VI.4 ‘Hydrogen Bond Radu’ of different HX. Empirical analysis was carried out for
HF, HQ, HBr, HCN, H,0 and HOCH, taking experimental Z H) and the r(E) values
from calculation at HF and MP2 level For HF, HQ, H,O and H,S, the r(H) values have
been determined from theoretical (b i, DFT) analysis as well

Empincal ab imitio (MP2) DFT (B3LYP)
1(E)* HF* MP2* MP2* HF? MP2*
HF 054007 051009 050+£006 048004 046+005
HCI 073008 0.70+010 0.69+010 067+011 063010
HBr 0.79+£011 077+013 - - -
HCN 092+008 0.89+012 -- - -
H,0 078+006 075+009 076+008 077007 075+008
HCCH 108+007 107+008 - - -
H,S - - 102010  105+012 103+013

*The level of theory at which the r(E)’s are calculated
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Figure VI.2. Plots of [r(Z H) - r(E)] vs r(E) at MP2 level for B---HX complexes A
constant (C) has been added to the Y values of the complexes for clanty; G = 00, Gyg =
10, Gy, = 20, Cpo= 00, Cyoy= 1.0 and Gyoqy=20. The line through the pomts shows
the best fit assuming the slope to be zero The mtercepts are shown m parenthesis
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107 + 0 08 A for HF, HCI, HBr, HCN, H,O and HCCH respectively The HF Intercepts
are also similar to the MP2 values

As 1s evident from Fig VI 2, one should be able to get a reasonable estimate for
intermolecular separation for B---HX just by adding r(E) for B to the intercept for HX
These 1ntercepts are the effective sizes (radu) of Hydrogen of HX in H-bonded
complexes, and defined as “Hydrogen Bond Radu (r(H))” of the H-bond donors HX
Hence for a particular H-bond donor, the H-bond distance, r(Z --H) can be estimated

within the error limit as
r(Z --H) =r(E) + r(H) .4

H,0---HF

H,0---HCl

Figure VI1.3: Models of H,0O- HX Hydrogen in HX has certamn effective size (5;) and 1t
changes with HX Here X1s F, Cl or Br Figures are not to the scale
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The “H-bond radn” for all the H-bond donors, analyzed empincally here, are
tabulated 1n Table VI4, along with the r(H) values obtamed from pure theoretical
analysis, which 1s discussed latter The r(H) values at HF levels are 0 03 A higher than
that at MP2 values for all the H-bond donors except HCCH. However, the differences
between the two levels are well within the error limits For HCCH they are 1 08 and 1 07
A for HF and MP2 level respectively For three hydrogen-halides, the r(H) value
mncreases from HF (0 51 A) to HC1 (070 A) to HBr (077 A) This is shown
schematically in Figure VI 3

Hence, 1t 1s seen that the effective size (r(H)) of hydrogen of H-bond donor 1n
H-bonding depends on the nature of the donor This analysis shows that a hydrogen bond
radius can be defined for each donor and 1t will be applicable to all acceptors L1 Bian
has shown that the proton donor plays a dominant role in determining structures and
energetics of H-bond formation than the proton acceptor  The dependence of r(H) on

several properties of HX has been explored too, and they are discussed 1n latter sections

VL.5. “H-bond radius” of H,S: ab initio analysis

It has been already mentioned that in biological system, hydrogen bonds
mvolving C-H and S-H are very important 3* HCCH 1s treated as the model system for
C-H---B H-bonding, and H,S 1s taken as the model system for S-H---B H-bonding
However, not much experimental data for HoS complexes are available now to determine
its H-bond radius Hence, ab imitio calculations have been carnied out at MP2/6-
311++G** and B3LYP/6-311++G** levels of theory for several H,S complexes From
these theoretical structural data, hydrogen bond radius of H,S has been determmed The
analysis described i the previous sections regarding “H-bond radius” 1s based on
experimental H-bond distances [r(Z H)] and ab o r(E) values Hence a pure
theoretical analysis has been carried out for HF, HCI and H,O complexes as well, where
both i(Z- H) and r(E) are obtamned from ab o calculations. The r(H) values obtamned
from this analysis are compared with the previous analysis [t should be mentioned here

that our prime interest 1s obtamning the intermolecular distances from calculations for
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determining the hydrogen bond radin  Hence, no attempts have been made to correlate
the energetics to the distances or the vibrational frequencies, for the above complexes
(though they could be obtained from the calculations) However, there are several reports

where the 1nteraction energy has been correlated to different properties of H-bond donor

and acceptor 69-71

V1.5.a. Method of calculation

The geometries for almost sixty B---HX complexes (X =F, Cl, OH and SH), ~15
each, have been optimized at MP2 and B3LYP levels using 6-311++G** basis set
Though the r(E) values are available at HF level, the intermolecular distances, calculated
at this level, were not analyzed The calculations at HF/6-311++G** level for several B--
-HF and B---HCI complexes have been carmied out as well However, the intermolecular
distances at this level differs sigmificantly (~02 A or more) from the corresponding
expennmental values In general HF method 1s known to produce results (structure and
interaction energy), which are far from reality for these kind of weakly bound complexes

Frequency calculation has been done for every optimized complex to confirm the
nature of the stationary point For most of the complexes, the H-bonded structure 1s the
global mmmum However for some complexes, the H-bonded structure 1s a local
mimumum, e g SO;-H,0 The optimized geometries of the B-HX (X = F and Cl) and B-
H>X (X = O and S) complexes are shown n Figures VI A and VI B respectively The
complete lists of the optimized structural parameters are tabulated in Tables VI A and
VIB for B-HX and B-H;X complexes respectively Tables VIC to VIF give the
absolute energies of the complexes and the corresponding fragments for HF, HCl, H,O
and H,S complexes, respectively Tables VLG and VIH hst all the vibrational
frequencies, calculated at both levels of theory, for B-HX and B-H,X series of
complexes, respectively Figures VI A and VI B and Tables VI A — VI H are collectively
given at the end of this chapter The H-bond distances, r(Z H), obtained from these

optimized geometries have been compiled with the r(E)’s of the corresponding bases to
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obtan the H-bond radu  Gaussian 98 software package’> was used for all the

calculations

V1.5.b. r(Z H) and r(H)

The calculated H-bond distances, r(Z---H), for B---HX (X = F and HCI)
are tabulated 1n Table VI 5 and those for B---H,X (X = O and S) are listed 1n the Table
VI6 The H-bond distances for B---HX complexes at B3LYP method are slightly

smaller than that in MP2 method and the experimentally observed distances are in

Table VI.5 Hydrogen bond distance [r(Z H)] for B---HX (X = F and () calculated at
MP2 and B3LYP method using 6-311++G** bass set  All values are m A.

HF HCl

B MP2 B3LYP MP2 B3LYP
HF 1 8708 18261 20839 20271

N, 2 1364 20762 - -
ocC 21314 2 0585 24314 2 3681
HCN 18876 1 8366 21035 2 0606
H,0 17312 17028 1 9054 18552
H,S 23186 22709 2 5400 2 4430
H;N 17042 16732 18196 17263
H;P 2 3899 23213 2 6037 25016
H,CO 17591 17174 1 9440 18971
CH, 21856 21514 24375 24082
CH, -- - 2 4388 24311
CH;CN 18338 1 7840 2 0348 19813

S0, - - - -
(CH,),0 16772 16618 17874 17792
(CHz),S 21751 21541 22647 22250
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Table VI.6 Hydrogen bond distance [r(Z---H)] for B---H,X (X = O and S) calculated at
MP2 and B3LYP method using 6-311++G " ¢ basis set  All values are m A.

H,O H,S

B MP2 B3LYP MP2 B3LYP
HF - - 23417 23133
N; 2 3869 2 4060 26913 2 8109
oC 24594 24151 27809 2 8199
HCN 21635 21377 24238 24404
H,O 1 9500 19318 21788 21569
H,S - - 28382 28394
H;N 19739 19605 22266 21727
H;P 2 6478 26369 2 9491 29575
H,CO - - 23101 22612
CH; 24443 24711 26741 27780
CH;CN 2 1064 20809 23537 2 3605

SO; 2 0602 20618 -- -
(CH2),0 19129 19016 2.1482 21414
(CH):S 2 4076 24221 2.6404 2 6427

between the two However, for B---H,X complexes, there is no particular trend In most
of the cases the distances at both levels are quite close The r(Z H) obtained from MP2
level calculations for HF, HCI, H,O and H,S complexes are plotted separately against
MP2 level r(E) values These plots and their linear fits are shown n the Figure VI 4

The results of the fits are stmilar to that of the empirical analysis The slopes of the fitted
lines are 1 10, 1 15, 1.14 and 1 15, and the mtercepts are 0 36 A, 046 A, 055 A and 080
A for HF, HCI, H,0 and H,S complexes respectively Figure VI 5 shows the plots of
[r(Z:--H) — r(E)] vs 1(E) for all four series of complexes The straight lines are their
lmear fits, forcing the slopes to be zero Thus the H-bond radn determuined from this
analysis are 050+ 006 4,069+ 010 4,076+ 008 A and 1.02 = 0 10 A for HF, HCI

H>0 and H,S respectively (Table VI 4)
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Figure VI.4 Plot of r(Z---H) vs r(E) and thewr lnear fits for HF, HQ, H,0 and H,S
complexes at MP2 level. A constant (C) has been added to the Y values of the four

complexes for clarity; G =00, Gyq =10, Gpo=20, and Gps=30
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Figure VL5. Plot of [(Z---H) - r(E)] vs (E) and their linear fits, forcing the slopes to be
2ero, for HF, HCl, H,O and H,S complexes at MP2 level. 'The constants (C) are same as in
Figure VL4 The mtercepts are shown m parenthesis
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Similar analysis with the structural data from B3LYP calculations produces
similar results As the r(E) values are not available at B3LYP level, both HF and MP?
r(E) values were taken separately in the analysis The r(H) values obtained are included
in the Table VI4 The r(H) (from B3LYP calculation) for HO and H,S are similar to
that obtained from pure MP2 and empirical analysis whereas for HF and HCI, they are
slightly smaller However, the r(H) for HF, HC1 and H,O from this ab initi0 analysis are
quite similar to that obtamed from empincal analysis The hydrogen bond radius (1 02 +
0 10 A) obtained for H,S 1s validated by the known experimental data for C,H,-H,S8% and
H,S-H,S% complexes, the distances bemng 1 26 A and 0 98 A respectively

In both empinical and ab nitio analysis, 1t has been seen that CO 1s a unique H-
bond acceptor Regardless of the H-bond donor, 1t 1s bonded to, the C H distances are
quite larger than the average value for a series of complexes The [r(C H) —r(E)] values
for OC--H,0 and OC--H,S complexes at MP2/6-311++G** level are 097 A and 129 A
whereas the average (r(H)) for the corresponding hydrogen bond donors are 0 76 A and
102 A respectively It 1s clear from the plot that the deviation m general 1s very similar

for each acceptor Hence, the deviation 1s not random, but shows the distribution 1n

acceptor properties

VI1.6. How does r(H) depend on different properties of the H-bond
donor (HX)?

The effective size or radius of hydrogen of HX 1n H-bonding, r(H), depends on
several properties of the H-bond donor Here, attempts have been made to correlate the
r(H) of different donors (HX) to the dipole moment and the electronegativity difference
of HX The dipole moment of the H-X bond and the difference in electronegativity
between H and X for different HX are listed in Table VI 7

The r(H) values obtained from the empirical analysis ( r(E) values from MP2
level calculation) for HF, HCI, HBr, H,O and HCCH, and that of H,S obtained from pure
MP2 analysis, were plotted as a function of the dipole moment of the H-X bond The r(H)
for C;H, 15 also mncluded 1n the plot A value of 1 33 + 0 11 A has been evaluated from
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available ab o results, at a sufficiently high level, of four B---C,H,; complexes The
r(Z H) distances for the complexes of C;Hy (C-H B nteraction) with NH;, H2O, PH;
and H,S are 2608 A, 2454 A, 3268 A and 3187 A respectively at MP2/6-

311++G(3df,2p) level of theory "

Table VI.7 Dipole moment of H-X bond and the electronagatwity difference between H
and X for different H-bond donors (HX)

Reference  E(X) — E(H)* (Paulin Reference
Dipole moment (D) (X)—E(H)" (P g

Scale)

F 182 74 19 1
Cl 108 74 09 1
Br 078 74 07 1

I 045 74 04 1
CN 113 75 166 77
OH 151 74 132 77
SH 070 74 04 1
CCH 094 76 119 78
HCCH; 069 76 065 78

*E(H) = 2 1 1n Pauling Scale

The results of the plot are shown 1n Figure V1.6 As the H-X dipole moment
mcreases, the r(H) decreases The straight line 1s the linear fit of the scattered points and
the bars show the rms deviation of the fit This correlation predicts the r(H) value of HI,
having H-X bond moment of 0 448 D, to be 1 19 = 0 18 A The extrapolation of this line
to zero dipole moment gives a value of 1.40 +0 18 A

A similar mverse correlation 1s observed between the r(H) of the donors (HX) and
the electronegativity difference between H and X (AE) Figure V1.7 shows the plot of
1(H) as a function of AE. On extrapolation of the straight line, the linear fit of the data
points, to zero AE value produces a radius of 1.18 + 0 23 A This correlation predicts the
hydrogen bond radius of HI to be 1 07 + 023 A These predictions are validated by the
limited expertmental data available on HI complexes The distances observed are O 86 A,
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Figure VI.6. Plot of r(H) of different H-bond donors (HX) agawnst the H-X bond
moment The solid line is the linear fit The bars show the rms deviation of the fit
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093 4,111 Aand 091 A for the H,0*°, HCN*’, OC*' and PH;*? complexes with HI
These extrapolated radu (140 and 118 A) can be thought as the radius of
Hydrogen when the donor has zero dipole moment, 1€ H; for example Hence, these
radn should be similar to the van der Waals radius of Hydrogen It 1s in very good
agreement with Pauling’s estimation of 1 20 A ! Though 1t has been trnied to establish a
linear correlation between r(H) and the H-X dipole moment, there 1s no particular
fundamental basis for that It should be mentioned here that the correlation coefficients
(R?) of the fits are quite small (0 6 for Figure VI 6 and 0 3 for Figure VI 7) The actual

correlation could be much complex, and a more detailed analysis 1s needed to reveal that

V1.7. Distance Criterion for H-bonding

Generally the cniteria used for the existence of H-bonding 1s that the distance
between the heavy atoms [r(Z X)] should be less than the sum of their van der Waals
radi1 [o(Z)+o(X)] This 1s the default criterion for H-bonding given in the documentation
for the Mercury software mn Cambridge Crystal Structure Database

have been numerous reports of H-bonding at much longer distances For instance,

However, there

Desiraju and Stemer’ pomnt out 1 their recent book that even a conservative C-O distance
threshold of 3 25 or 3 3 A may still not be long enough to rule out the presence of C-
H -O hydrogen bonds In case of H-bond donors ike HCCH or HCN, the distances
mvolved are longer (more than the sum of van der Waals radn) but the interaction
energies are quite significant Defining a hydrogen bond radius has shown that the heavy
atom distances could be significantly larger than the sum of their van der Waals radu It
1s suggested that hydrogen bond radu of donor and r(E) for acceptor are used instead of
the van der Waals radu of heavy atoms For a particular B---HX complex, the r(Z H)
distance should be same as the sum of r(E) of B and r(H) of HX, within the error limit
Recently, a similar analysis has been done for different H-bond donors from the
condensed phase structural data available in Cambndge Crystal Structure Database 80
Tus analysis also resulted m a very simular ‘hydrogen bond radu’ for OH and C=CH
groups, as found here for H,O and HCCH After the completion of this work, we have
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come across a paper titled “Hydrogen bond radn”, published by Wallwork 1n 1962 % He
had mentioned the heavy atom distances, ((Z X), as the sum of van der Waals radius of
Z and ‘hydrogen bond radwus’ of HX However, he was disappointed not to find a

general correlation between his hydrogen bond radius and the hydrogen bond length (Z-X

distance)

V1.8. Conclusions

The H-bond distances for different series of complexes have been compiled and
analyzed In hydrogen bonding, hydrogen does have some effective size or radius and 1t
has been defined as “hydrogen bond radius”, r(H) This radius 1s the charactenstic of the
H-bond donors The sum of r(H) of a donor and r(E) (close to van der Waals radius) of
an acceptor results mnto the H-bond distance for a H-bonded complex “Hydrogen bond
radn” have been determuned for HF, HCI, HBr, HCN, HCCH and H;O empirically The
same have been evaluated for HF, HCI, H,O and H,S from pure ab niti0 analysis These
values are close to the empinical one The “hydrogen bond radius” has an inverse
correlation with the H-X dipole moment and the electronegativity difference between H

and X A more rehiable distance criterion for H-bonding has evolved from the present

analysis
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H2

(1) HF-HX

(3) OC--HX

(5) H,0--HX

O 0

N4

(2) Np--HX

X4

(4) HCN--HX

X1
(6) HoS--HX
H2 :
X1
(8) HsP--HX

Figure VI.LA. Geometnies of B—-HX complexes optimuzed at MP2/6-311++G** level of

thcory
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Figure VI 4 continued

(11) C;H4-HX (12) CH;CN--HX

(13) (CH2),0--HX (14) (CHp),S--HX
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H3

C=X a)s

F2

(1) HF--HX

(3) OC--HX

56—+

(2) No--H,X

-, S g T =0
9 ?@ ®
H5 HS
(5) Hzo--HzX (6) HZS"HZX
H3 H7
H3 \
s N T H3 1
H4 H4
(7) H3N--HzX (8)H;P--H,X
Figure VI.B. Optimized geometries of B-—-H,X complexes optumzed at MP2/6-
311++G** level of theory
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Figure VI B continued

Hydrogen Bond Radis

H3 C2
0l

Ha

(9) HoCO--H,X

H7

(11) CH;CN--HX

~.. Hs

(13) (CH2)20--H2X

X9

H10

(12) SO-HoX

Hl

(14) (CH2:S—-HoX
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Hydrogen Bond Radius

VI.A. Opumized Parameters of different B-HX complexes at MP2 and B3LYP methods
using 6-311++G* basis set  (Figure VI A)

1 HF---HX
Structural X=F X=Cl
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 09210 09287 12761 12921
R(2,3) 18708 18261 2 0839 20271
R(3,4) 09195 09253 09185 09243
A(1,2,3) 1800 1800 1800 1800
A2,3,4) 128 5 1258 136 8 1300
D(4,3,2,1) 00 00 00 0.0
X1 H2 F3 H4
2 N;-HX
Structural X=F X=Cl
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 09193 0926 - -
R(2,3) 21364 20762 - -
R(3,4) 11195 1 0946 - -
A(1,2,3) 1800 1800 = -
AQ2,3,4) 1800 1800 - -
D(4,3,2,1) 00 00 - -
X1 H2 N3 N4
3. OC-HX
Structural X=F X=Cl
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 11371 11241 1.1384 1 1255
R(1,3) 21314 2.0585 24314 2 3681
R(3,4) 09222 09302 12766 12921
A(2,1,3) 1800 1800 180.0 180.0
A(1,3,4) 1800 180 0 180.0 1800
D(4,3,1,2) 00 00 00 00
Cl 02 H3 X4
179
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Chapter VI
4 HCN-HX
Structural X=F X=Cl
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 1168 11459 11697 11471
R(L,5) 1 0685 10675 1 0686 10674
R(2,3) 1 8876 18365 21035 2 0606
R(3,4) 09273 09363 1.2826 12987
C1 N2 H3 X4 H5
5 H,0-HX
Structural X=F X=Cl
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 0932 0942 12876 13085
R(2,3) 17312 17028 19054 1 8552
R(3.,4) 09615 09639 09615 09638
R(3,5) 09615 09639 0.9615 09638
A(1,2,3) 1800 1800 1800 1800
A(4,3,5) 103 8 1053 1032 1051
A(2,3,4) 1147 1133 1151 1135
A(2,3,5) 1147 1133 1151 1135
D(5,3,2,4) 1200 120.0 1200 1200
X1 H2 03 H4 H5
6 H,S-HX.
Structural X=F X=Cl
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 09256 09363 12806 13032
R(2,3) 23185 22709 254 2443
R(3,4) 13337 13493 13338 13485
R(3,5) 13337 13493 13338 1 3485
A(1,2,3) 1795 176 8 177 2 1777
A(4,3,5) 927 928 924 928
A(23,4) 1054 98 9 108 4 993
A(2,3,5) 1055 98 4 108 0 994
D(4,3,2,1) 1002 -776 1417 -489
D(5,3,2,1) -162 4 16 6 -1193 456
X1 H2 03 H4 H5
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7 H;N-HX-
[ Structural X=F X=ClI
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 09477 09613 13118 13497
R(2,3) 17042 16732 18196 17263
R(3,4) 10155 1016 10157 1016
R(3,5) 10155 1016 10157 1016
R(3,6) 10155 1016 10157 1016
A(1,2,3) 1800 1800 1800 1800
A4,3,2) 1121 1112 1121 1109
A(5,3,2) 1121 1112 1121 110.9
A(6,3,2) 1121 1112 121 1109
D(5,3,2,4) 1200 120 0 1200 1200
D(6,3,2,1) -1200 -1200 -1200 1200
X1 H2 N3 H4 H5 H6
8 HsP-HX
Structural X=F X=Cl
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 0 9266 09371 1.2818 13037
R(2,3) 2.3899 23213 2 6037 2 5015
R(3,4) 1 4054 14174 1 4069 1419
R(3,5) 1 4054 14174 1 4069 1419
R(3,6) 1 4054 14174 1 4069 1419
A(1,2,3) 1800 1800 1800 1800
A(4.3,2) 1210 1211 1214 1215
A(5,3,2) 1210 1211 121 4 1215
A(6,3,2) 1210 1211 121 4 1215
D(5,3,2,4) 1200 1200 1200 1200
D(6,3,2,1) -120 0 -120 0 -1200 -1200
X 2 P3 H4 H5 H6
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9 H,CO---HX
Structural X=F X=Cl ]
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 09304 0 9406 12855 13052
R(2,3) 17591 17174 1944 18971
R(3,4) 12179 1208 12167 12064
R(4,5) 11011 11034 11023 1 1047
R(4,6) 11011 11034 11023 1 1047
A1,2,3) 1800 1800 1800 1800
A@4,3,2) 1202 1223 1203 1230
A(5,4,3) 1214 121 4 1215 1216
A(6,4,3) 1214 1214 1215 1216
D(4,3,2,1) 00 00 0.0 00
D(5,4,3,2) 00 00 00 00
D(6,4,3,2) 1800 1800 1800 1800
X1 H2 03 C4 HS5 H6
10. C;H,---HX.
Structural X=F X=Cl
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 1.0664 1 0645 1 0659 1 0640
R(1,5) 12175 12008 12172 12003
R(5,6) 1 0664 1 0645 1 0659 1 0640
R(3.,4) 09233 09322 12783 12959
R(1,3) 22688 22336 25123 2 4819
R(5,3) 22688 22336 25123 2 4819
A(2,1,3) 1055 1055 104 0 103.9
AB3,1,5) 74 4 74 4 759 76 0
A(6,5,3) 1055 1055 104 0 1039
AB,5,1) 74 4 74 4 759 76 0
D(4,3,1,2) 00 00 00 00
D(4,3,5,6) 00 00 0.0 00
Cl1 H2 H3 X4 Cs H6
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11 CHy--HX
Structural X=F X=Cl
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) - - 12794 12971
R(2,3) - - 25293 25143
R(2,4) - - 30475 2 875
R(2,6) - - 25301 25209
RQ2,7) - - 30485 2 8858
R(3,4) - - 10855 10851
R(3,5) — — 1086 1085
R(3,6) - - 13412 13315
R(6,7) = - 1 0855 10851
R(6,8) - - 1086 1085
A(1,2,3) - - 164 1 164 4
A(1,2,4) - - 1475 1472
A(1,2,6) - - 1642 164 8
A(1,2,7) - - 1475 1477
AQ3.2,7) - - 43 4 45.4
A(4,2,6) -- - 434 455
A(4.2,7) - - 478 508
A(2,3,5) - - 885 982
A(4,3,5) - - 1172 1165
A(4,3,6) - - 1213 1217
A(5,3,6) - - 121 4 1217
A(2,6,8) - - 885 98 4
A(3,6,7) - - 1213 1217
A(3,6,8) - - 121 4 1217
A(7,6,8) - - 1172 1165
D(1,2,3,5) - - 702 -59.9
D(7,2,3,5) - - -148 8 147 4
D(1,2,6,8) - - -70.3 600
D(4,2,6,8) - - 148 8 -1473
D(4,3,6,7) - - 00 00
D(4,3,6,8) - - 179.2 -1792
D(5,3,6,7) - - -1792 1792
D(5,3,6,8) - - -0 0081 -0 008

Xt H2 C3 H4 H5 C6 H7 HSB
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12 CH;CN---HX
Structural X=F X=a :
Parameters MP2 B3LYP MP2 B3LYP |
R(1,2) 0 9307 0 9405 1.2854 1304 |
R(2,3) 18338 1784 2 0348 19813
R(3,4) 11702 11497 11719 11508
R(4,5) 14609 14535 14614 14545
R(5,6) 10913 10917 10914 10917
R(5,7) 10913 10917 10914 10917
R(5.8) 10913 10917 10914 10917
A(1,2,3) 1800 180 0 180 0 180 0
A(2,3,4) 1800 180 0 1800 180 0
A(3,4,5) 1800 1800 1800 180 0
A(4,5,6) 109 6 1099 109 7 110 0
A(4,5,7) 109 6 109 9 109.7 110 0
A(4,5,8) 109 6 1099 109 7 1100
D(4,3,2,1) 00 00 00 00
D(5,4,3,2) 00 00 00 00
D(6,5,4,3) 00 00 00 00
D(7,5,4,6) 1200 1200 1200 1200
D(8,5,4,6) -1200 1200 1200 -1200

Xl H2 N3 C4 C5 H6 H7 HS8
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13 (CH;),0--HX

[ Structural X=F X=Cl
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 1 4444 14432 14427 14415
R(1,3) 1 4444 14432 14427 14416
R(1,8) 16772 16618 17874 17792
R(2,3) 1 4680 1 4664 1.4679 1 4664
R(2,6) 10850 1 0855 1 0854 10859
R(2,7) 10850 10849 1 0854 10851
RG,4) 10850 1 0848 1.0854 10851
R(3,5) 10850 1 0854 10854 10859
R(8,9) 0 9365 0 9466 12965 1.3168
A(1,8,9) 1754 1709 172 0 1719
A(2,1,8) 1200 1170 1182 1170
A(3,1,8) 1184 1169 1159 1170
A(1,2,6) 1141 1145 1142 1146
A(1,2,7) 1141 1140 1142 1142
A(3,2,6) 1193 1194 119.3 119.4
A(3,2,7) 1193 1197 1193 1198
A(6,2,7) 116 8 116 2 116 6 116.1
A(1,34) 1141 114 0 1142 1142
A(1,3,5) 1141 1145 1142 1146
AQ2,34) 1193 1197 1193 1198
A(2,3,5) 1193 1194 1193 1194
A(4,3,5) 116 8 1162 116 6 116 1
D(8,1,2,6) 30 35 51 3.3
D(8,1,2,7) -1410 -1410 -143 2 -140.8
D(8,1,3,4) 138 4 140 7 1395 140 8
D(8,1,3,5) 04 33 14 33
D(6,2,3,4) -1553 -1552 -1550 -1549
D(6,2,3,5) 00 00 00 00
D(7,2,3,4) 00 00 00 00
D(7,2,3,5) 1553 1552 1550 1549
D(2,1,8,9) 900 360 900 347
D(3,1,8,9) -187 335 203 349

0l ¢ C3 ©4 ©5 H6 ©7 ®H8 X9
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14 (CHy),S—HX

Hydrogen Bond Radius

Structural X=F =Cl f
Parameters MP2 B3LYP MP2 B3LYP |
R(1,2) 18223 1 8451 18204 18433 |
R(1,3) 18223 1 8452 1 8204 1 8434
R(1,8) 21751 2 1541 22647 2225
R(2,3) 14825 14758 14833 14762
R(2,6) 10843 1 0833 10847 10839
R(2,7) 1 0843 10832 10847 10832
R(3,4) 1 0843 10832 10847 10832
R(3,5) 1 0843 10833 10847 10839
R(8,9) 09335 09458 12953 13238
A(1,8,9) 1750 165 4 1718 166 8
A2,1,8) 950 930 88 6 919
AG,L,9) 937 928 872 918
A(1,2,6) 1146 114 4 114 8 1144
A(1,2,7) 1146 1139 114 8 1141
A(3,2,6) 1179 118 4 1179 1183
A(3,2,7) 1179 1186 1179 1186
A(6,2,7) 1159 1154 1157 1153
A(1,3.4) 1146 1139 114 8 1141
A(1,3,5) 1146 1143 114 8 1144
A(2,3,4) 1179 1186 1179 1186
A(2,3,5) 1179 118 4 1179 1183
A(4,3,5) 1159 1154 1157 1153
D(8,1,2,6) =206 207 235 210
D(8,1,2,7) -1583 -156 6 -1615 -1570
D(8,1,3,4) 1554 156 3 1582 156 8
D(8.1,3,5) 177 204 203 207
D(6,2,3.4) -1473 -148 4 -146 9 -148 2
D(6,2,3,5) 00 00 00 00
D(7.2,3,4) 00 00 00 0.0
D(7,2,3,5) 147 3 148 4 146 9 1482
D(2,1,8,9) -90 0 238 -90.0 240
D(3,1,8,9) 418 233 419 232 |
St C2 C3 H4 H5 H6 H7 H8 X9
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Table VI.B. Optimized structural parameters of different B-H,X complexes calculated at
MP2 and B3LYP levels using 6-311++G™ basis set  Both H,0 and H,$ complexes have
very stmilar optimized geometries  Atom labels are shown in Figure VI B

1 HF--H;X
Structural X=0 X=8
Parameters MP2 B3LYP MP2 B3LYP
R(H1-F2) - - 09177 09234
R(F2-H3) - - 23417 23133
R(H3-X4) - - 13337 13489
R(H5-X4) - - 13334 13479
A(H1-F2-H3) - - 136 0 1258
A(F2-H3-X4) - - 169 6 1670
A(H3-X4-H5) - - 923 926
D(H1-F2-H3-X4) - - 224 24
D(F2-H3-X4-H5) - - 1382 1118
D(H1-F2-X4-H5) - - 116 7 1135
H1 F2 H3 X4 H5
2 Np—H,X
Structural X=0 X=S
Parameters MP2 B3LYP MP2 B3LYP
R(N1-N2) 11200 10951 11202 10954
R(N1-H3) 23869 2 406 26913 28109
R(H3-X4) 09601 0 9629 13336 13479
R(X4-H5) 9594 09619 13336 13481
A(N2-N1-H3) 1657 169 6 1758 1793
AN1-H3-X4) 176 0 1790 148 0 166 6
A(H3-X4-H5) 103 4 1050 921 925
D(N2-N1-H3-X4) 00 00 -156 2 00
D(N1-H3-X4-H5) 180 0 1800 -104 8 1800
| D(N2-N1-X4-HS5) 180 0 1800 1172 1800
N1 N2 H3 X4 H5
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3 OC---H:X
Structural X=5 T
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 11385 11259 11393 11268
R(1,3) 2 4594 24151 2 7808 28199
R(3.,4) 0961 09642 13339 13485
R(4,5) 09592 09618 13336 13481
A(2,1,3) 1712 1728 167 4 1751
A(1,3,4) 1742 1745 1606 1704
A(.4.5) 1035 1052 922 926
D(2,1,3,4) 427 437 2.0 93
D(1,3,4,5) 1358 1345 1141 178 7
C1 02 X4 H5
4 HCN---H;X
Structural X=S
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 11698 11476 11708 11484
R(1.,4) 2 1634 21376 24238 24404
R(2,3) 1 0684 10674 10683 10672
R(4,5) 09633 09667 13352 13500
R(5,6) 09589 09614 13336 1 3480
A(4,5,6) 103 2 104 9 92.5 92 690
A(2,1,4) 166 6 169 8 1735 174 2
A(1,4,5) 1792 1792 166 4 1757
D(3,2,1,4) 07 23 38 09
D(2,1,4,5) 73 1757 14 -08
D(1,4,5,6) 172.4 43 178 9 -178 9
N1 C2 H4 X5 H6
5 HzO---HzX:
Structural X=8
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 09586 0961 13334 13478
R(2,3) 09655 09698 13367 13533 |
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 R(,4) 195 19318 21788 21568
R(,5) 25314 25023 28127 27782
R(3,6) 25314 25023 28127 27782
R(4,5) 0 9606 09628 09604 0 9624
R(4,6) 0 9606 09628 09604 09624
A(1,2,3) 103 5 1051 925 92 7
A(2,3,5) 1586 1580 1618 1615
A(2,3,6) 1586 1580 1618 1615
A(5,3,6) 348 357 312 320
A(5,4,6) 1040 1057 1039 105 7
A(2,3,4) 176 9 176 8 176 6 1772
D(1,2,3,5) 1250 1249 1208 119 4
D(1,2,3,6) -1250 -1249 120 8 -119 4
D(1,2,3,4) 1800 1800 1800 1800
D(2,3,4,5) -619 -620 -68 8 -68 4
D(2,3,4,6) 619 620 68 8 68 4
H1 X2 H3 04 H5 H6
6 H,S---H,X
Structural X=0 X=8
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) - - 13337 1348
R(2,3) - - 13349 1.3517
R(3,4) - - 28382 2.8394
R(3,5) - - 3 5385 3.3751
R(3,6) - - 35433 3.3749
R(4,5) - - 13336 13481
R(4,6) - - 13336 1.3481
A(1,2,3) - - 92.3 926
A(2,3,5) - - 1579 1540
A(2,3,6) - - 1581 154 1
A(5,3,6) - - 315 336
A(5,4,6) - - 923 927
A(2,3,4) - — 1778 1759
D(1,2,3,5) - - -1349 -1405
D(1,2,3,6) - - 1322 136 8
D(1,2,3,4) - - -1798 179 4
D(2,3.4,5) - - 489 46 2
| D@234.,6) -- - -522 -49 0
H1 X2 H3 S4 H5 H6
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7 HN-—-H:X
Structural X=0 X=8 N
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 19739 1 9605 22266 21721 |
R(1,3) 10151 10156 10151 10156
R(1,4) 10155 10161 10152 10158
R(1,5) 10151 10157 10151 10156
R(2,3) 25997 25725 2 8082 27361
R(2,4) 24129 2 4044 27172 2 6745
R(2,5) 2 5866 25597 27965 27288
R(2,6) 09716 09767 13426 13627
R(6,7) 09584 0 9609 13336 13479
A(3,1,4) 106 5 1073 106 5 107 4
A(3,1,5) 106 6 1075 106 6 1076
A(4,1,5) 106 6 1073 106 5 107 4
A(3,2,4) 377 382 342 352
AB3,2,5) 366 372 338 349
A(3,2,6) 1625 162 4 164 0 1621
A(4.2,5) 37.8 383 343 352
A(4,2,6) 146 8 1473 1520 154 8
A(5,2,6) 1609 160 2 1619 161 1
A(2,6,7) 1039 1055 927 930
A(1,2,6) 1710 1716 1728 1759
D(3,2,6,7) 846 835 793 68 6
D(4,2,6,7) 176 8 1793 1790 178 3
D(5,2.6,7) 929 -883 -858 2750
D(1,2,6,7) 1797 -1759 1755 -176 3
NI H2 H3 H4 H5 X6 HI
8 H;P-—-HgXZ
Structural X=0 X=8
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 2 6478 26369 29491 29575
R(1,3) 14074 142 14084 14214
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R(1,4) 1 4068 14195 1 4082 14214
R(1,5) 14074 142 1 4084 14214
R(2,6) 09629 0967 13352 1.3514
R(6,7) 09593 09617 13336 13481
A(2,1,3) 1258 126 1 1256 1252
A(2,1,4) 1132 1133 1163 1178
A(2,1,5) 1250 1256 1236 123 6
A(3,1,4) 952 94 7 94 7 94 1
A(3,1,5) 95 0 94 6 947 942
A(4,1,5) 952 94 7 94 6 94 1
A(2,6,7) 1036 1050 922 925
A(1,2,6) 1714 1707 1757 1777
D(3,1,6,7) 65 4 66 6 66 2 621
D(4,1,6,7) 1795 -1797 -176 7 -179 8
D(5,1,6,7) 672 -66 8 -61.9 -638
D(1,2,6,7) -175 3 -174 4 -165 8 -1552
Pl H2 H3 H4 H5 X6 H7
9. H,CO--H,X
Structural X=0 X=S8
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) - - 12153 12043
R(1,5) - - 23101 22612
R(2,3) - - 11036 1 1064
R(2,4) - - 11038 11067
R(5,6) - - 13367 13527
R(6,7) - - 13335 1348
A(2,1,5) - - 104 1 1109
A(1,2,3) - - 1216 1216
A(1,2,4) - - 1216 1218
A(32,4) - - 116 7 1165
A(5,6,7) - - 92 4 927
A(1,5,6) - - 1499 158 6
D(5,1,2,3) - - -179 0 -178 3
D(5,1,2,4) - - 09 16
D(2,1,6,7) - - -1079 -103 8
D(2,1,5,6) - - 19 04
D(1,5,6,7) -- — -1115 -105 3

Ol C2 H3 H4 HS X6 H7
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10 CpHa—HoX
Structural X=0 X=8 f
Parameters MP2 B3LYP MP?2 B3LYP |
R(1,2) 10657 10638 1 0655 10636
R(1,3) 29727 29917 31609 3 2469
R(2,3) 2519 2 5431 27425 2 8422
R(2,4) 12171 12001 12169 11999
R(3.4) 25146 25358 27398 2 8355
R(3.5) 29598 29728 31533 32298
R(3.6) 09614 09652 13343 13497
R(4,5) 10658 10639 10655 10636
R(6,7) 09593 09618 13337 13481
A(1,3,4) 48 3 474 448 430
A(1,3,5) 687 678 640 618
A(1,3,6) 146 6 146 4 1475 1500
A(2,3,5) 484 476 448 431
A(2,3,6) 166 9 166 1 165 2 168 6
A4,3,6) 1650 165 1 164 3 166 9
A(5,3,6) 1446 1452 146 5 148 1
AG,6,7) 103 4 104 8 922 925
D(1,3,6,7) 908 -820 -103 1 911
D(2,3,6.7) 928 -70'3 1231 933
D(4,3,6,7) 936 74 4 1213 933
D(5,3.6,7) 920 851 102 8 914
HI C2 H3 C4 H5 X6 HJ
11 CH;CN-H,X
Structural X=0 X=S
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 11722 11513 11732 1152
R(1,7) 21064 2 0809 23537 2 3605
R(2,3) 14617 14549 14622 14556

192



Hydrogen Bond Radius

Chapter VI
R34 10914 10918 10915 10918
R(3,5) 10914 10917 10915 10918
R(3,6) 10914 10917 10915 10918
R(7,8) 0 9647 09684 13365 13514
R(8,9) 09588 09612 13336 1348
A(2,3,4) 109 8 1100 109 8 1101
A(2,3,5) 109 7 1100 109 8 1101
A(2,3,6) 109 7 1101 109 8 1101
A(4,3,5) 109 1 108 8 1091 108 8
A(4,3,6) 109 1 108 8 109 1 108 8
A(5,3,6) 109 1 108 8 109 1 108 8
A(7,8,9) 1030 104 7 925 927
D(4,3,8,9) -10 1521 34 14
D(5,3,8,9) 1216 911 1172 122 6
D(6,3.8,9) -123 3 325 -126 7 1197
NI C2 C3 H4 H5 H6 H7 X8 HY
12 SO»-H,X
Structural X=0 X=S8
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 14707 14619 - -
R(1,4) 2 0602 20618 - -
R(2,3) 1 4669 1456 - -
R(4,5) 09615 0 9649 - -
R(5.,6) 0 9591 09616 - -
A2,1,4) 1395 1411 - -
A(1.2,3) 118 8 1182 - -
A(1,4,5) 164 6 164 3 - -
A(4,5,6) 103 5 105 1 - -
D(4,1,2,3) 66 6 711 - -
, D(2,1,4,5) 346 276 - -
. D(1,4,5.6) -148 8 -1442 - -
d o1 S2 03 H4 X5 H6
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13 (CH2),0-HX

Hydrogen Bond Radjus

Structural X=0 X=8 T
Parameters MP2 B3LYP MP2 B3LYP |
R(1,2) 14428 14392 14387 14355
R(1,3) 14427 14392 14381 14359
R(1,8) 19129 19016 21482 21414
R(2,3) 14673 1 4663 14674 14668
R(2,6) 10857 1 0859 10865 1 0865
R(2,7) 10852 10858 10855 10861
R(3,4) 10852 1 0858 10856 10861
R(3,5) 10857 1 0859 1 0865 10864
R(8.9) 09684 09718 13398 13551
R(9,10) 09588 0 9609 13338 13477
A(2,1,8) 1049 1118 106 7 1226
AG3,1,8) 104 8 1119 109 6 119.9
A(1,2,6) 1142 1146 1145 1150
A(1,2,7) 1142 114 4 1145 1147
A(3,2,6) 1188 1193 1188 1195
AG2,7) 1194 1197 1195 1197
A(6,2,7) 1170 116 1 116 6 1157
A(1,3,4) 1142 1144 1145 1147
A(1,3,5) 1142 1146 1146 1149
A(2,3,4) 1194 1197 1195 1196
A2,3,5) 1188 1193 1188 1195
A(4,3,5) 1170 116 1 116 6 1158
A(1,8,9) 1515 160 1 1502 1706
A(8,9,10) 1042 1055 923 927
D(8,1,2,6) 113 70 65 -18
D(8,1,2,7) -149 8 -144 8 -1453 -1398
D(8,1,3,4) 1497 1449 150 0 1356
D(8,1,3,5) 113 71 113 24
D(2,1,8,9) -32.0 330 293 -506
D(3,1,8,9) 314 335 355 226
D(6,2,3,4) -1550 -1546 1542 -1539
D(6,2,3,5) 00 00 00 01
D(7,2,3,4) 0.0 00 00 00
D(7,2,3,5) 155.0 154 6 1542 154 1
D(1,8,9,10) -178 9 179 4 -102 262 -1229
01 C2 H4 H5 H6 H7 H8 X9 HIO
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15 (CH2):S-H,X

Structural X=0 X=S
Parameters MP2 B3LYP MP2 B3LYP
R(1,2) 18218 1 8447 18178 1 8404
R(1,3) 18219 1 8446 18176 1 8404
R(1,8) 2 4076 24221 2 6404 2 6427
R(2,3) 14828 14761 14837 14773
R(2,6) 10844 10835 10849 1 0841
R(2,7) 10843 1 0835 10844 1.0836
R(3.4) 10843 1 0835 10844 1 0836
R(3,5) 10844 1 0835 1.085 10841
R(8,9) 09672 09715 13398 1.3574
R(9,10) 09595 09613 13341 13479
A(2,1,8) 824 849 833 905
A(3,1,8) 824 851 845 910
A(1,2,6) 1147 1142 1152 1148
A(1,2,7) 1144 1142 114 8 1144
A(3,2,6) 1172 1179 1173 1181
A(3,2,7) 1181 1186 1181 1185
A(6,2,7) 1163 1157 1158 1151
A(1,3,4) 1144 1142 1149 114 5
A(1,3,5) 1147 1142 1152 114 8
A(2,3,4) 1181 1186 1181 1185
A(2,3,5) 1172 1179 1172 1181
A(4,3,5) 1163 1157 1158 1152
A(1,8,9) 146 9 148 2 1528 1600
A(8,9,10) 103 8 1055 922 926
D(8,1,2,6) 2371 -233 -21.4 =205
D(8,1,2,7) -1620 -159 8 -1601 -157 1
D(8,1,3,4) 1620 160 1 162 8 158 1
D(8,1,3,5) 237 236 241 215
D(2,1,8,9) -24 2 235 201 -235
D(3,1,8,9) 242 238 283 237
D(6,2,3,4) -147 4 -148 2 -146 2 -147 2
D(6,2,3,5) 00 00 00 00
D(7,2,3,4) 00 00 008 00
D(7,2,3,5) 147 4 148 2 146 3 147 3
D(1,8,9,10) -1799 179 8 -102 1 -106 0

S1 C2 C3 H4 HS H6 H7 H8 X9 HIO
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Table VI.G Frequency of B---HX complexes calculated at MP2 and B3LYP method using
6-311++G** basis set

HF HCl
B MP2 B3LYP MP2 B3LYP
151 162 104 112
208 204 130 159
- 425 432 232 288
529 543 314 362
4108 3961 3060 2870
4162 4057 4172 4068
53 64 - -
53 64 - -
105 117 - -
N, 272 329 - -
272 329 - -
2183 2455 - -
4141 4012 - -
92 94 45 64
92 94 45 64
118 135 79 79
oC 460 475 221 283
460 475 221 283
2148 2245 2136 2231
4067 3906 3043 2854
77 83 59 61
77 83 59 61
HON 167 185 115 118
598 634 318 423
598 634 318 423
736 779 738 778
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Table VI G continued

Hydrogen Bond Radius

736 719 738 778
2048 2224 2031 2212
3481 3452 2968 2774
3957 3788 3478 3451

- 240 158 168
-- 263 186 213
- 331 277 287
- 751 512 534
H,O - 890 596 646
- 1628 1649 1622
-- 3661 2887 2646
-- 3808 3867 3804
-- 3900 3975 3901
131 147 85 97
181 208 141 162
227 223 173 178
574 576 376 420
H,S 609 612 419 444

1221 1206 1226 1205

2817 2672 2816 2672

2836 2688 2835 2689

3979 3767 2976 2695

H3;N 264 277 180 194
281 289 235 266
281 289 235 266
987 1010 739 841
987 1010 739 841

1190 1144 1169 1121

1644 1662 1637 1660

1644 1662 1637 1660
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Table VI G continued

Hydrogen Bond Radius

3485 3247 2525 2130
3524 3476 3515 3473
3657 3592 3655 3593
3657 3592 3655 3593
129 145 83 93
157 151 108 112
157 151 108 112
592 568 386 409
592 568 386 409
1054 1013 1054 1010
HsP
1151 1137 1144 1137
1151 1137 1144 1137
2537 2419 2527 2412
2547 2431 2537 2423
2547 2431 2537 2423
3955 3748 2955 2685
- 70 32 49
- 196 135 159
- 234 147 159
- 680 370 479
- 715 448 509
H.CO - 1211 1210 1208
- 1265 1282 1261
- 1528 1557 1528
- 1794 1753 1797
- 2934 2909 2676
- 3016 3004 2922
- 3687 3087 2997
C:H, 101 99 76 74
121 137 88 87 |
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Table VI G continued

Hydrogen Bond Radius

o 375 417 205 260
471 498 313 340
541 662 532 660
581 706 534 685
770 778 768 776
785 801 774 793
1957 2055 1958 2057
3444 3408 3016 2801
3534 3511 3448 3411
4039 3866 3538 3515
- - 73 63
- - 87 86
- - 98 110
- - 286 303
- N 322 312
- - 829 835
- - 881 973
- - 977 993
- - 1070 1063
CoHs - - 1238 1239
- - 1381 1376
- - 1482 1473
- N 1669 1677
- - 2997 2779
- - 3173 3124
- - 3189 3139
- - 3264 3198
- - 3290 3226
CH,CN - 49 28 37
- 49 28 37
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Table VI G continued

Hydrogen Bond Radius

== 186 112 117
- 389 348 385
- 389 348 385
- 698 376 491
- 698 376 491
- 939 938 935 '
- 1060 1069 1061 :
- 1060 1069 1061 *
- 1411 1424 1411 |
- 1470 1496 1471
- 1470 1496 1471 |
- 2387 2225 2376 |
- 3049 2923 2701 ’
— 3122 3101 3049
- 3122 3197 3121 !
- 3694 3197 3121 |
(CH,),0 65 72 44 54
83 81 65 65
242 255 177 181
813 805 552 594
821 810 569 601
843 829 838 821
843 835 841 823
902 880 898 877 |
1073 1050 1072 1048 {
1178 1147 1177 1143
1192 1171 1190 1167
1193 1174 1191 1171 |
1202 1180 1200 1178 ‘
1320 1298 1319 1297
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Table VI G continued

Hydrogen Bond Radus

[ 1527 1500 1528 1499 ]

1560 1533 1560 1532

3166 3106 2750 2530

3173 3111 3161 3101

3271 3196 3168 3107

3284 3210 3264 3190

3743 3559 3277 3204

40 58 0 52 |

74 75 71 69

174 191 128 141

665 614 487 526

676 637 514 569

677 658 667 615

702 693 698 644

848 840 846 839

954 918 951 915

1000 962 997 960

(CH,),S 1089 1055 1085 1054
1137 1088 1138 1087

1175 1150 1174 1149

1208 1201 1205 1199

1500 1474 1500 1473

1529 1501 1529 1499

3177 3130 2742 2431

3180 3131 3172 3126

3274 3215 3175 3127

3286 3229 3268 3210

B 3789 3561 3280 3225
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Table VLH Frequencies of B---H,;X complexes calculated at MP2 and B3LYP methods

using 6-311++G ¥ basis set

B H,0 H,S !
MP2 B3LYP MP2 B3LYP |
- - 69 6o
- - 81 o1 |
~ - 92 105
- - 124 129
°F - - 228 260
_ - 1247 1214
_ - 2820 2676
- - 2839 2691
- - 4183 4081
21 25 28 38
51 40 56 42
85 76 70 45
108 116 97 108
N» 148 211 187 162
1635 1607 1240 1216
2178 2449 2175 2446
3884 3815 2818 2677
3998 3917 2837 2694
52 52 304 33
61 60 41 38
86 87 63 46
180 186 90 98
oC 298 309 197 156
1636 1605 1242 1214
2135 2228 2128 2219
3874 3797 2815 2674
3991 3906 2834 2690
45 55 26 36
56 62 43 38
125 128 85 75
227 248 162 138
416 455 169 273
HCN 735 774 732 771
738 775 734 771
1652 1624 1254 1217
2031 2208 2021 2201
3480 3450 2806 2663 |
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Chapter VI
Table VI H continued
F——"_ 3849 3767 2829 2683
3979 3897 3480 3451
— 135 130 87 78
170 157 108 113
176 169 115 119
202 193 131 121
385 362 195 187
H,0 669 671 395 418
1638 1612 1252 1220
1664 1630 1633 1610
3807 3708 2790 2628
3877 3816 2828 2682
3973 3893 3875 3815
3990 3917 3992 3920
38 - 49 60
101 - 68 71
145 - 76 94
173 - 122 98
305 - 231 197
H,S 454 - 272 304
1227 -- 1230 1205
1654 - 1256 1218
2815 - 2806 2636
2835 - 2817 2673
3853 - 2829 2684
3980 -- 2836 2690
42 17 25 42
173 180 121 128
201 205 122 163
207 215 142 166
470 476 305 330
733 738 441 502
1143 1091 1120 1063
H3N 1644 1636 1268 1239
1648 1664 1641 1663
1673 1665 1644 1664
3518 3474 2706 2503
3658 3564 2823 2684
3661 3591 3517 3472
3680 3594 3660 3593
3965 3887 3662 3594
H;P 38 20 17 54
90 84 60 59
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Chapter VI
Table VI H continued
111 89 63 64
116 107 82 80
273 254 170 158
450 402 269 256
1057 1015 1056 1017
1149 1138 1143 1139 |
1154 1139 1145 1139
1647 1612 1249 1215
2525 2406 2518 2398 ‘
2533 2414 2526 2406 ‘
2536 2418 2527 2409 ?
3841 3746 2801 2639 |
3976 3892 2828 2685 ‘
- — 67 42 ;
- - 98 80 ;
- - 109 110 g
- - 114 113 “
- - 173 183
- - 291 325
- — 1210 1206
H.CO - - 1244 1218
- - 1282 1261
- - 1557 1528
- - 1755 1804
- - 2789 2631
- - 2828 2681
- - 2987 2901
- - 3067 2969
C-H, 42 39 51 39
98 95 73 56
119 114 82 85
154 162 118 98
370 367 240 230
533 658 529 659
542 679 536 669
767 776 763 776
770 786 767 781
1636 1609 1244 1208
1958 2058 1959 2059
3450 3413 2812 2661 |
3540 3516 2831 2685 !
3865 3782 3452 3415 |
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Chapter VI
Table VI H continued
E 3985 3899 3541 3518
6 16 7 20
25 31 8 21
43 47 19 54
128 132 84 76
252 272 129 160
356 384 181 315
360 388 357 385
466 512 358 386
937 934 935 931
1069 1060 1069 1061
CH;CN 1070 1061 1069 1061
1424 1411 1251 1219
1497 1472 1424 1411
1498 1472 1498 1473
1662 1632 1498 1473
2223 2373 2214 2367
3101 3048 2794 2648
3196 3119 2827 2685
3196 3120 3100 3047
3829 3740 3195 3118
3974 3894 3195 3118
28 25 - -
40 38 - -
75 76 - -
140 136 - --
242 236 -- -
429 425 - --
S0z 498 509 - -
1078 1133 - -
1284 1306 - -
1651 1618 -- -
3870 3793 - -=
3988 3904 - --
(CH,),0 67 47 49 20
69 50 61 40
138 92 103 69
203 199 134 112
389 385 190 210
608 602 357 360
839 823 838 820
- 843 826 845 831
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Chapter VI
Table V1 H continued
899 880 901 831
1075 1048 1072 1044
1177 1145 1175 1142
1190 1165 1184 1159
1191 1170 1186 1167
1202 1178 1195 1174 T
1320 1298 1249 1228
1524 1499 1320 1298 |
1558 1532 1524 1501 |
1656 1633 1557 1535 *
3160 3096 2751 2603
3166 3102 2823 2687
3263 3184 3153 3090
3277 3198 3159 3097
3745 3664 3254 3175
3966 3894 3267 3190
85 53 63 40
97 70 72 46
142 84 9% 88
148 148 104 98
306 328 179 191
509 481 326 332
665 614 669 618
696 643 699 648
854 844 847 839
960 918 948 909
1004 964 998 958
1092 1056 1081 1049
(CH:),S 1143 1089 1136 1082
1175 1150 1172 1147
1212 1203 1201 1196
1494 1470 1241 1216
1525 1497 1492 1473
1645 1617 1521 1498
3175 3126 2744 2564
3177 3126 2822 2685
3274 3211 3172 3121
3286 3225 3173 3122
3761 3660 3267 3203
3960 3889 3278 3218
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Chapter Vil Conclusions and Future Directions

VI11.1. Conclusions

A pulsed nozzle Fourier transform microwave spectrometer has been fabricated in
our laboratory successfully This spectrometer 1s being used routinely to study the
weakly bound complexes Several weakly bound H,S complexes have been studied
Theoretical calculations have also been performed along with the experiment to enhance
our understanding

The first system studied using the spectrometer, Ar,-H>S complex, 1s an
asymmetric top with C,, symmetric heavy atom geometry Only one set of rotational
transitions have been observed, though two sets of transitions are expected corresponding
to ortho and para H,S 1n the complex. Several a-dipole transitions are observed for Ar;-
H,S, Ar,-HDS and Ar,-D,S complexes Due to the presence of C, symmetry axis
mterchanging two 1dentical Ar nucler (I = 0), transitions are observed only between
rotational levels Jk, xo, which have K, and K, either ee or eo The Ar-Ar distance 1n the
complex 1s 3 820 A, which 1s almost 1dentical to that 1n free Ar, dimer The Ar-¢ m(H,S)
separation 1s 4 105 A, which 1s 1n between the Ar-c m(H,S) distances in Ar-H,S and Ar;-
H,S. H,S undergoes a large amplitude mternal motion m the complex A Potential
energy surface scan starting from a C,, symmetric geometry has been performed at
MP2/6-311++G(3df,2p) level for internal rotation of H,S about 1ts three principal inertial
axes. It has a very floppy potential energy surface The zero point energy is comparable
to the barrier height for the internal rotation, making H3S virtually a free rotor

Rotational spectra for Ar-(H,S), and Ar-(D,S), have been observed Both a and
b-dipole transitions are observed The b-dipole transitions are relatively stronger
suggesting that the dipole moment on ‘b’ axis, the H3S-H,S axis, 1s more For both
isotopomers two sets of transitons have been observed, which correspond to two
tunneling/internal rotor states Both sets of transitions could be fitted mnto a ngid rotor
Hamiltonian. The sphtting in (A+B)/2 between the two states 1s ~12 3 MHz for Ar-
(H2S), and ~45 kHz for Ar-(D,S);. A similar two states pattern in rotational spectra has
been observed for (H,S); also, but the splitting 1s very different ' It 1s unhikely that the
dimer states and the trimer states have 1-1 correlation The distortion constants for the
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two states of Ar-(H.S): are very different whereas those for the two states of Ar-(D,S}»
are very close The Ar-(H:S); tnmer has a T-shaped heavy atom geometry The Ar-H-S
distance 1s 4 09 A, and the c m separation between the two HaS umits 1s 4 05 A, which 1s
0 07 A shorter than that in (H;S); dimer This 1s attnibuted to the third body effect 454
mitio calculations at several levels of theory predict three mimima, including a pseudo
linear one, for the tnmer The other two mumma have T-shaped heavy atom geometry
and are very close in energy Both of them could be correlated to the rotational spectra
observed

Ab mio calculations were performed for H,O-H,S dimer and Ar-H,O-H,S
timer H>O-H,S can have two structures H,S-HOH and H,O-HSH Most recent
theoretical results predict H,S-HOH (H2S acceptor and H,O donor) to be the global
mimma > It was assumed that the zero pont correction of the energy would not alter the
relative stability of the mimma. Calculations at MP2 level using 6-311++G(3df,2p) and
aug-cc-pVTZ basis sets show that H,O-HSH becomes shghtly more stable than H,S-
HOH, on zero point energy correction However, the energy difference between the two
structures 1s quite small Total five mimima could be optimized for Ar-H>O-H,S trimer
Three of them having Ar attached to H,S-HOH and the other two have Ar bound to H,O-
HSH Without zero poimnt correction, one mimma of Ar-H,S-HOH 1s most stable
However, correcting for the zero pont energy, predicts Ar-H,O-HSH to be more stable
It shows simular results as H,O-H,S dimer The zero point correction 1s very important
for such weakly bound complexes Some rotational transitions have been observed
which are likely to be for Ar-H,0-H,S

Hydrogen bond radn have been defined and determined for several hydrogen
bond donors HX (HF, HCI, HBr, HCN, HCCH and H,0) The expenmental data
available for different senes of complexes (B-HX) were compiled and analyzed to
determine an effective size of hydrogen in these complexes This radius 1s charactenstic
of the hydrogen bond donor Sum of the hydrogen bond radius of a donor and the r(E) of
an acceptor results into the hydrogen bond distance (B H distance) for a H-bonded
complex B-HX. The r(E) 1s the distance between center or atom 1n B which 1s bonded to

H and the mimmum in molecular electrostatic potential of B. As the expenmental data
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on H,S complexes are scarce, hydrogen bond radius for H,S has been determined from
the ab 1mitio structural parameters The hydrogen bond radius shows a inverse correlation

with both the dipole moment and the electronegativity difference of HX

VI1.2. Future Directions

The future directions of this research could be many-fold Firstly, a stark cage
can be incorporated to the spectrometer so that the stark effect could be observed
Measurnng stark effect would give the dipole moment of the system directly From the
exact dipole moment data, important structural features could be obtained

For Ar,-H,S and Ar-(H,S), complexes rotational spectra of the isotopomers with
s 1sotope should be pursued The experimental data on S species would agamn
produce valuable structural information of the complexes Extensive theoretical studies
are necessary to explamn the difference in distortion constants between Ar,-H,S and Ar,-
D,S, and between the two states of Ar-(H.S);. Preliminary data for Ar-H.O-H;S
complex are obtamned 1n this work The predictions for the rotational transitions could be
refined on the basis of those data By solving the complete rotational spectra, valuable
structural and dynamical mformation could be obtained for the tnmer The sphitting of
each transition mto 3/4 hnes is enough indications for a complicated dynamic nature of
the complex. As mentioned, the expenimental data on H,S complexes are rare Already,
a systematic study on several H,S complexes has been started in our laboratory 3
Generating sufficient expenmental data would lead to successful determmation of

hydrogen bond radius of H,S from the experimental distances
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