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Synopsis 

The work reported m tlus Thesis comprises of 1) fabncation of Balle-Flygare microwave 

spectrometer, 2) rotational spectroscopic and ab tnttzo studies of several weakly bound 

H2S complexes and 3) definition and detemnation of 'Hydrogen bond radii' for different 

H-bond donors A Pulsed Nozzle FT Microwave spectrometer, havlng a spectral range of 

2 0-26.5 GHz, has been fabricated in our laboratory for the studies of weakly bound 

complexes Ths  spectrometer is not commercially avalable. 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 interest mixed mth a carner gas are expanded supersonically into the 

cavity to form weakly bound complexes. The microwave circult is used to detect the 

transition between rotational energy levels of complexes The typical lme width of the 

spectrum observed in tJxs spectrometer is -2 8 kHz The spectrometer is sensitive 

enough to see the 180cs (natural abundance is 0 2%) signal after averagrng only 10 gas 

pulses Ths  spectrometer is being used routinely to study the rotational spectra of 

different weakly bound complexes A systematic study on several H2S complexes has 

been started m our laboratory, as the expenmental data for H2S complexes are scarce In 

th~s  work, specifically &-H2S and Ar-(H2S)2 complexes have been investigated 

Prelimnary results on Ar-H20-HzS along with the ab znztto results of this tnmer and the 

corresponding dmer H20-H2S are also presented 

To the best of our knowledge Ar-H2S is the only complex to show anomalous 

isotope effect of rotational constant. &-H2S shows a normal isotope effect What 

should be the isotope effect m case of Ar2-H2S3 TO address this question along wlth 

some other questions, the rotational spectrum and structure of Ar2-H2S complex and its 

HDS and D2S isotopomers have been studied The equilibrium structure has heavy-atom 

Czv symmetry with the two Ar atoms indistinguishable and H2S freely rotating as evinced 

by the fact that asymrnetnc top energy levels with K, = odd levels are missing The 

rotational constants for the parent isotopomer are: A = 1733 098(1) MHz, B = 
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1617 6570(5) MHz and C = 830 2755(3) MHz Unlike the Ar-H2S complex, the Ar2-H2S 

does not show an anomalous isotop~c shft in rotational constants on deuterium 

substitution The Ar-Ar and Ar-c m H2S distances are determined to be 3 820 and 

4 105 A, respectively The A rotational constants for A.Q-H~S/HDS/D~S isotopomers are 

very close to each other and to the B constant of fi-ee AT2, mdlcatmg that H2S does not 

contribute to the moment of inertia about a axis Ab znztzo calculahons at MP2 level wlth 

aug-cc-pVQZ basis set lead to a C2, m u m  structure urlth the Ar-Ar lme perpendicular 

to the H-H line and the S away from AQ Single point CCSD(T)/aug-cc-pVTZ 

calculabons gve  a bindng energy of 174 cm-' after correcting for both basis set 

superposibon error and zero point energy Potenhal energy scans point out that the 

bamer for internal rotation of H2S about its b axis is only 10 cm-' and it is below the zero 

pomt energy (13 5 cm-') m this torsional degree of fieedom Internal rotation of Has 

about its a and c axes also have small barners of about 50 crn-' only, suggest~ng that H2S 

is extremely floppy withn the complex 

The second system, studied, is Ax-(H~S)~ complex Several 'a' and 'b' dipole 

rotational transibons have been observed for AI--(H~S)~ and AI--(D~S)~ complexes Only 

two sets of transitions have been observed The splittmg in (A+B)/2 is -12 3 MHz for 

the parent isotopomer and only -45 lcHz for AF(D~S)~ However, the difference in B 

between the two states for (H2S)2 and (D2S)2 are 1 2 MHz and 0 887 MHz, respectively 

For Ar-(H2S)2, the rotaoonal constants for the lower and upper states are A=18 10 41 O(6) 

MHz; 1826 18(2) MHz, B = 1596 199(9) MHz, 1605 94(6) MHz and C = 848 814(2) 

MHz, 847.1 l(1) MHz. Assmng H2S to be a sphere, the c m separation between two 

H2S units comes out to be 4.05 A, -0 07 A less than that in (H2S)2 dimer The distance 

between Ar and c rn of (H2S)2 is 3 55 A and the Ar-c m (H2S) distance is 4 09 A Ab 

znztzo calculations at MP2 level using d~fferent basis sets result in three different rnin~rna 

including a pseudo-linear local minimum At MP216-3 1 l++G(3df,2p) level of theory, the 

global muninum has a structure having Ar along the 'b' axis of (H2S)2 Previous 

expenments show a similar two state pattern of the rotational spectrum for (H2S)2 

D u n g  the course of this study, two new sets of weaker trans~tions have been observed 



for H ~ s - H ~ ~ ~ s ,  one for donor H ~ ~ ~ s  and the other one for acceptor H ~ ~ ~ s  Some new 

senes of transitions have been observed for the deutenated isotoporners as well. 

H20-H2S is a very important system in the context of hydrogen bonding 

However it has not been studied extensively H20 1s a good proton donor and a good 

acceptor as well On the other hand H2S is neither an efficient proton donor nor an 

acceptor Which one will be the global mmmum of H20-H2S complex, H20-HSH or 

H2S-HOH7 The most recent theoretical calculation determines H2S-HOH to be more 

stable, though the energy difference is very less. Zero point vibrational energy was not 

taken into account in ths  work Ab znztzo calculations have been done at several levels of 

theory for H2S-H20 h e r  and Ar-H2S-H20 tnmer It has been seen that the zero point 

energy can play an important role in determimng the relative stability of different 

minima Some rotational transihons for Ar-H2S-H20 have been observed Each 

transition is split into 314 lines 

Today accurate expenmental structural data for many Hydrogen-bonded 

complexes are avalable fiom vmous advanced spectroscopic methods Expenmental 

hydrogen bond distances, the &stance fiom the bonding atornlcenter in 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 it is charactenstic of the hydrogen-bond donor In the past, 

B---X distances were analyzed and interpreted, neglecting the hydrogen atom In o w  

analysis, an effective radius of hydrogen in the hydrogen-bonded complexes has been 

determined and it is defined as "hydrogen bond radius (rH)" The sum of r~ of a donor 

(HX) and the radius of a H-bond acceptor (B), ~ E S P ,  results in the hydrogen bond distance 

The r~sp for hydrogen bond acceptor B is taken from the theoretical results of Gadre and 

Bhadane Ths is the distance fiom the bonding center in B to the minimum in the 

molecular electrostatic potential The r~ values determined for HF, HCl, HBr, HCN, 

C2H2 and H2O are 0 51k0 09 A, 0.7W0 10 A, 0 7710 13 A, 0 89hO 12 A, 1 07*0 08 

and 0 75+0 09A respectively The r~ decreases monotonically with the dipole moment of 

H-X bond, and w~th the electronegativity difference between H and X In biological 

system, hydrogen bonds involving C-H and S-H are very important HCCH IS treated as 



the model system for C-H---B H-bonding, and H2S is taken as the model system for S-H- 

--B H-bonding However, not much expenmental data for H2S complexes are avalable 

to determine its H-bond radius Hence, ab znztzo calcula~ons have been carned out at 

MP2/6-311-G** level of theory for several H2S complexes From these theoretical 

structural data, hydrogen bond radius of H2S has been determined to be 1 02*0 10 A 
Theoretical results at similar levels of calculations have Bven hydrogen bond radii for 

HF,HCI and H20,in reasonable agreement with the empirical results Dven above 

The Thes~s proceeds as follows Chapter I gves a bnef introduction about the 

intermolecular interactions and vanous expenmental techruques used for problng 

intermolecular interactions As rotat~onal spectroscopy has been studled for weakly 

bound complexes using pulsed nozzle FT microwave spectrometer in thls work, 

rotational spectroscopy and the technique are introduced as well Chapter I1 descnbes the 

expenmental and theorebcal methods, used in th~s  work, in detal Expenmental and 

theoretical studies on &-H2S and Ar-(H2S)2 complexes are presented in Chapter I11 and 

Chapter IV respectively The ab znztzo studies on H20-H2S and Ar-H20-H2S complexes 

are discussed in Chapter V Chapter VI deals with the hydrogen bond radius 
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Chapter I lntroductron 

1.1. Intermolecular Interactions: van der Waals vs Hydrogen bonding 

The nature of intramolecular interactions is farly well understood today ' 
However, our understanding about the intermolecular interactions is still evolving2 In 

the last few decades, there have been a lot of investigations of these relatively weak 

interactions between molecules 3-6 Intermolecular interaction Includes the interaction 

between any two or more species, which can be atoms, neutral molecules, ions or 

radicals, without the formation of a chem~cal bond The energy associated may seem 

very insignificant compared to the chemcal energy, but t h~s  weak interaction plays a very 

significant role in nature Solids and liquids form because of this interaction Most of the 

biolog~cal activities depend on such interactions Probably 'hfe' would have been very 

different, rather 'impossible' without intermolecular interactions Hence, it is very 

important to understand the intermolecular interactions to solve a wide range of problems 

in Physics, Chemistry and Biology 

The interaction energy associated with intermolecular interactions range from a 

fiact~on of a kcallmol to tens of kcaL'mol, whereas typical chemical bond energy is in the 

range of 50- 100 kcaL'mol Intermolecular interactions have usually been classified as van 

der Waals and Hydrogen bonding interact~on.'-'~ Recently some other interactions have 

also been discussed, such as Lithium bond,"-l4 u-nproper hydrogen bond15-l8 and halogen 

bond '9'21 Are all these lnteractlons fimdamentally different? 

To address this question we need to go to the detmls of the intermolecular 

interaction 22,23 Classically the interaction is purely electrostatic, interaction between the 

electnc charges, permanent moments and induced moments of different molecules 

However, classical physics is not able to explan the nature of attractive forces between 

neutral molecules without any permanent electnc 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 is known as 

dispersion or London force, whch anses due to the instantaneous quantum mechanical 

fluctuation of the electron density of the molecule This fluctuation momentarily creates 

electnc moments in molecules and m turn that can induce a moment in the neighboring 
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molecules Correlation between the instantaneous moments of molecules leads to an 

attractive force between them 

According to Morokuma, the intermolecular interactions can be decomposed to 

the contributions fiom electrostatic, mduction, dispersion and exchange correlation 24 

Electrostatic is the strongest among them and is directional, whereas the d~spersion is 

weak and non-direchonal In case of stronger ~ntermolecular interactions such as 

hydrogen bond or halogen bond, electrostatic contnbutes most However, dispersion is 

the most dom~nant part in case of weak van der Waals complexes, e g complex between 

rare gas atoms Indeed the physical forces of all the intermolecular interactions appear to 

be same1 In hydrogen bond the hydrogen atom is involved and the interaction 1s through 

hydrogen In halogen bond it is the haIogen atom Considenng van der Waals equation, 

one could argue that all ~ntermolecular lnteractions are van der Waals However, van der 

Waals forces are often equated to dispersion m practice For a thorough understanding of 

~ntermolecular interactions, ~t 1s important to generate reliable expenmental data on a 

large number of systems exhibiting these lnteractions Often the pair wise potential 

contnbutes sxgmficantly towards many-body potentla1 hvest~gat~on on isolated weakly 

bound d~mers gves an opportunity to develop two-body potential Thlrd body effects 

need to be included for quantitative agreement between theory and experiment Studies 

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

1.2. Different Experimental Methods for Studying van der Waals 

Complexes 

There are several spectroscopic techn~ques existing for the study of weakly bound 

complexes The spectroscopic methods vary in a wlde range, and depend on which part 

of the potentla1 energy surface one is looking at Most of the techniques use the 

moIecular beam method to produce the van der Waals complex of Interest 

Mass spectroscop JS is used to study the structure and reactivity of hydrogen 

bonded clusters Pure rotational spectroscopy of van der Waais complexes is studled 

uslng Molecular Beam Electnc Resonance (MBER)~~  spectrometer as well as Pulsed 
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Noule Founer Transform Microwave (PNFTMW)~'"~ spectrometer Development of far 

Infrared (THz) lasers opened up a new and important field of study of clusters The 

lntemolecular vibrations are probed by Vibrational Rotational Tunneling ( v R T ) ~ ~ , ~ '  

spectroscopy High resolution IR spectroscop$'"3 of weakly bound clusters reveals the 

high vibrat~onal regon of the PES Time resolved study" of infrared photod~ssociation 

of weakly bound clusters produce information about the vibrat~onal energy flow HI& 

resolution W spectroscop~s of van der Waals clusters is also a powerful tool to study 

the structure and dynamics Other methods used to study the dynamics of weakly bound 

complexes include Zero Electron Gnetic Energy (ZEKE)'~ spectroscopy and Resonance 

Enhanced Multl Photon Ionization (REMPI) 37 Rare gas matnx have also been used to 

Isolate and capture van der Waals complex for spectroscop~c studies 38 Nonllnear Raman 

spectroscoplc studles are also done for clusters formed in molecular beam 39 Recently 

weakly bound clusters are studied in superfluid Helium nano-droplets 4042 In thls work, a 

pulsed nozzle Founer transform mlcrowave spectrometer has been used and lt IS 

discussed in more detall next 

1.3. Pulsed Nozzle Fourier Transform Microwave (PNFTMW) 

Spectrometer 

Microwave spectroscopy wlth statlc cell was limited for the gaseous or 11qu1d and 

solld molecules with a fin~te vapor pressure However, the development of the pulsed 

nozzle Founer transform mlcrowave spectrometer by Balle and I?lygare2' revolutionized 

the field of mlcrowave spectroscopy, as the spectrometer offers very high resolution and 

sensltlvity s~multaneously Thls technique is the combination of the mlcrowave 

spectroscoplc technique and the supersonic expansion technique 43944 The gas molecules 

(back pressure -1 atm ), mixed with a carner gas, are expanded ~n to  a Fabry-Perrot (FP) 

cavlty kept In vacuum (1 om6 torr) through a supersonlc nozzle The supersonlc expansion 

cools the molecules internally 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 internal cooling 
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only the ground vibrational level and the lower rotational levels are significantly 

populated, resulting in less congestion in the rotational spectmm 

A microwave pulse polanzes the expanded gas molecuIes inside the FP cavity 

The polanzed molecules then emit radiation, the frequency of which is 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 digtized signal is in time domain and subsequent Founer transformation 

gves the frequency domain signal The whole operation consists of a sequence of events 

and all the events are pulsed 

We have fabncated a PNFTMW spectrometer in our laboratory for the rotational 

spectroscopic stud~es of the weakly bound complexes The details about the spectrometer 

and the expenmental procedure are discussed in chapter I1 

1.4. Rotational Spectroscopy 

is basically the Rotational spectroscopy or microwave spectroscopy 

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 

inertia (inverse of the rotational constants) of the molecule and hence on the mass 

distnbution From mcrowave spectra of a molecule the rotational constants are 

detemned, after fitting the observed rotabonal transitions to a su~table molecular 

rotational Hamiltonian (distortable rotor) The rotational constants, In turn, give the 

detailed sb-uchxral information (bond length, bond angle, etc ) of the molecule The 

dlstortlon constants are also determined from the fit and these contarn information about 

the force field of the molecule about d~fferent Inertial 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 categonzed as linear, 

s~rnmetrlc top, as~mmemc top and sphencal top The pure rotational Hamiltonian 
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depends on the angular momentum operator of the overall rotation and moments of 

Inertia 

where a, b and c are molecule fixed pnncipal inertial axes, La, Lb and LC are the angular 

momentum about a, b and c respectively, I,, Ib and I, are the moments of inertia about a, 

b and c respectively For any molecule, L~ (= L:+L;+L:) and LZ commute wlth I?, 

where Lz is the angular momentum about a space fixed axis Z. If ~ J M  is the common 

E~gen function of L' and Lz, it can be wntten, 

L' ~,( IJM = J ( J + ~ ) B ~  VJM J = 0, 1,2, 3, 

L Z \ I I J M = M ~ ~ V J M  M = J, J-1, J-2, , -J 

where, J is the total angular momentum quantum number, and M I S  the projection of J on 

the space fixed Z-axis All the J rotational levels are 2J+1 fold degenerate in absence of 

any external field due to M quantization Ths  degeneracy can be removed by applylng 

an external field 

I.4.a. Linear Molecule 

The linear molecule has no moment of inertia about the molecular axis and the 

moments about the two perpend~cular axes are identical, i e I, = 0 and Ib = Ic According 

to the ngid rotor approximation the rotational energy expression is 

EJ = h[2BJ(J+l)] 

Rotational constant, B = h/8n21~, h IS Plank's constant 

The select~on rule for linear molecule is- AJ = 0, &I The energy d~fference between Jth 

and ( ~ + l ) ~ ~  level is 

AEj-.j+, = h[2B(J+l)] 

Real molecules are not ngid rotors As the molecules rotate, they will be distorted 

because of the centnfbgal force Taking this centrifugal distortion into account, the 

energy difference becomes 

AEj,j+, = h(2B(J+l) - 4Dj ( ~ + 1 ) ~  + HJ (J+ 1 )3[(~+2)3-~31} 
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DJ and Hj are the first and second order centnfugal distortion constants, respectively If 

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

separation 

I.4.b. Symmetric Top Molecule 

For a symmetnc top, any two of the principal moments of inertia are equal This 

is due to the symmetry of the system If a molecule contains a rotational symmetry axis 

of order three or more, it is a syrnmetnc top molecule Symmetnc tops can be of two 

types 1) prolate symmetnc top, I, < Ib = Icy and ii) oblate synm~etnc top, I, = Ib < I, For 

prolate top 'a' 1s the symmetry axis whereas for oblate top 'c' is the symmetry axis The 

a/c axis is called the unique axis for prolate/oblate symmetnc top In case of a symmetnc 

top L,/L, also commutes with the rotational Harn~ltonian The projection of the total 

angular momentum on the symmetry axls or unique axis IS also quantized If ~ J K M  is the 

common elgen function of L', Ld, and LZ, it can be wntten, 

L~ VJW = J(J+I)TI' VJKM J = 0,1,2,3, 

L ~ c  VJKM = Kfi VJKM K=O,Ztl,f2, , f J  

Lz VJKM = hfh WJKM M = J, J-1 , J-2, , -J 

The energy expression for a prolate symmetnc top is 

E ,  K = h [B J(J+ 1) + (A-B)K*] 

After addition of the first order centnfugal distomon terms, 

EJ, = h[BJ(J+l) + (A-B)K' - Dj J'(J+~)' - DX J(J+1)K2 + DK K4] 

For oblate top (A-B) of the second term of the above equation becomes (C-B) Every J,K 

rotational levels, except K = 0, are 2(2J+1) fold degenerate when there is no external 

field The K degeneracy cannot be split by applylng any external field The selection 

rules for rotahonal transition for a symmehc top are 

AJ=O,ztl AK=O 

Including the second order centrifugal distorbon terms, the frequency for the rotat~onal 

~ S l t l o n  J+J+l, K+K 1s gwen by the following equation 
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3 2 v = 2B(J+1) - 4Dj (J+l)' - 2DJK ( J + ~ ) K ~  + HJ(J+I)~[(J+z)) - f 4XjK (]+I) K + 

~ H K J  (J+ 1) K4 

A typical symmetnc top spectrum appears like the one shown in Figure I 1 The K llnes 

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

small compared to that between two different J The translt~on fi-equency depends only 

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

one rotational constant 

Figure 1.1. Syrnrnetnc top spectrum. K lules are separated due to dlstoruon 

I.4.c. Asymmetric top molecule 

For an asyrnrnetnc top, all three pnncipal moments of inertia are d~fferent (A # I ,  

# I )  When Ib --+ I,, the prolate symrnetnc top is approached, and when Ib --, I,, the 

oblate symmetnc top is approached The behaviour of an asymmetnc rotor can be 

descnbed in terms of the asymmetry parameter, defined as 

2B-A-C 
K =  

A-C 

The limiting values for K, -I and +1, correspond to the prolate and oblate symmetnc tops, 

respectively The most asyrnmetnc top has K = 0 

None of La, Lb or LC commutes with the rotational Harniltonian for an asymmetnc 

top rotor Thus K is not a good quantum number for an asymmetnc top, only J and M are 

good quantum numbers The energy levels of an asyrnmetnc rotor are d~fferent from the 

l~mltlng symmetnc tops The K degeneracy of symmetnc top is split due to asymmetry 
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and '-tK7 and '-K' levels are separated Thus an asymmetnc rotor has (2J+1) sublevels 

for every J level The energy levels of the asymmetnc top are correlated with that of the 

limiting prolate (K = -1) and oblate (K = +1) symmetnc tops As K IS not a good quantum 

number, the energy levels are deslgnated using the pseudo-quantum numbers K1 and K+I 

as JK-, K+.I (or Ji; T = Kl - K+l) KI is the K value of correlated prolate top level, and K+, 

is that of the correlated oblate top level The correlat~on diagram IS shown in Figure I 2 

Solving the Schrodlnger equaflon for the asymmetnc rotor 1s qu~te complicated 

compared to that of h e a r  or symmetnc top rotors. The asymmetnc rotor wave function 

can be expressed as a linear combinat~on of the llmlting symrnetnc top wave functions 

Y J ~  = C CJKM YJKM 

where cJKMfs are numerical constants The energies of the asymmetric rotor depend on 

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

F~gure 12. Cornelatton of the asymmetnc rotor energy levels to those of the b u n g  
prolate and oblate symmetnc top 
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An asymmetnc top molecule can have non-vanishing dipole moment components 

along any of the pnnc~pal axes The selection rules for rotational transitions depend on 

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

n-dipole (pa # 0), 11) b-dlpole (pb # 0) and in) c-d~pole (p, # 0) transitions The selection 

rules are 

AJ = 0, A1 

1) a-dipole A K 1  = 0, *2, k4, AK+I =&I,  A3, 

11) b-dlpole A&= k l ,  k3, AK+l= f l ,  A3, 

111) c-dipole A&= *I, * 3, AK+*= 0, *2, *4, . 
Thus, a highIy asyrnmetnc top spectrum IS really complicated without any particular 

pattern 

I.4.d. Nuclear Hyperfine Structure 

If one or more number of nuclei in the molecule have nuclear spin, I 2 1, nuclear 

hyperfine structure is observed m the rotatlond spectrum The overall spectrum becomes 

even more complicated However, t h s  hyperfine structure gives usefbl infonnat~on 

about the molecule 

The nucleus having spin, I 1 1, wl l  have electnc quadruple moment and thls 

moment interacts with the molecular field gradient If either of these is absent, there wlll 

be no hyperfine structure m the spectrum The nuclear spin I 1s coupled to the molecular 

rotatlonal angular momentum J to form a resultant F F is the total angular momentum, 

not J The rotatlonal Hamlltonian commutes w ~ t h  9, J~ and Fz (projection of F along a 

space fixed axls) The good quantum numbers are F, MF, J and I The new angular 

momentum quantum numbers are 

F = ( J + I ) ( J + I - ) , ( J + I - 2 ,  , I J - 1 1  
M F = F , F -  1 , F - 2 ,  3 -I? 

The Eigen values of 9 and Fz are 

P YF,MF = F(F+l) fi2 YF,MF 

FZ YF,MF = M ~ f i  YF,MF 



lntroductron Chapter 1 

The energy levels depend on F, J and I quantum numbers The additional selection rules 

for rotational transitlons are 

AF=O,*l andAI=O 

Therefore for each rotational transition, there will be a number of lines associated, which 

anse from the transitlons between different F levels 

The internal dynamics of the molecules further complicates the spectrum If 

internal rotation or tunneling motion 1s present, the rotational levels are split, and 

different sets of transitions are observed Nuclear spin statistics also plays an important 

role m spectroscopy The lntensltles of different transitions depend on the statistical 

weights of the energy levels involved Due to the symmetry of the nuclear spin h c t i o n  

different transitions may be strong, weak or even forbidden 

1.5. Present Investigations 

I.5.a. Structure and Dynamics of Ar2-H2S 

As per our knowledge Ar-H2S is the only species to show anomalous isotope 

effect m rotational constants 47 The rotational constant of pseudo-diatomic Ar-H2S is 

smaller than that of Ar-D2S Normally the rotat~onal constant for the heavier isotopomer 

IS smaller However, Ar3-~2s4* does not show any anomalous effect What wlll be the 

lsotope effect of rotatlonal constants for Ar2-H2S complex? The rotatlonal spectroscopy 

of this complex has been studied using PNFTMW spectrometer Several a-dipole 

rotatlonal transitions were observed for Ar2-H2S, Ar2-D2S and Ar2-HDS The rotational 

constants and the centnhgal dlstort~on constants were determined from fitting of the 

observed transitions It shows a normal lsotope effect of rotational constants The nature 

of the spectrum and the isotopic substitution analysls give geometry with Czv symmetry 

This vibratronally averaged geometry has both the hydrogen atoms directed towards At-2 

Ab znztzo calculations have been done at MP2 and CCSD(T) levels, using several large 

baas sets A potentlal energy surface scan has been performed to understand the Internal 

dynam~cs of the complex Thls work IS discussed m chapter I11 In detall 
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I.5.b. Rotational Spectra and Structure of AF(H~S)~  

Water dimer is probably the most extensively studied hydrogen bonded system 

both theoretically and expenmentally 49-5 1 The rotational spectrum, rather rovlbrational 

spectrum is highly 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 IS the nature of the tunneling motions? If one Ar atom is added to the (H2S)2 dimer, 

how are the structure and tunneling motions affected? 

The rotational spectral studies have been done for k ~ r - ( H ~ s ) ~  and AI--(D~S)~ 

Similar to (H2S)2, two sets of transitions were observed for the tnmer, whch anse due to 

tunnelxng motion Some new sets of transitions of (H2S)2 were observed dunng tlus 

work, as well The hmer  has a T-shaped heavy atom geometry In addit~on to 

expenment, ab tnztzo calculations were done at several levels of theory to opt~mize the 

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

I.5.c. Ab Initio Studies of H20-H2S and Ar-H20-H2S 

H20-H2S is a very ~mportant system in the context of hydrogen bonding 

However, it has not been studied extensively H20 is a good proton donor and a good 

acceptor as well On the other hand H2S is neither an efficient proton donor nor an 

acceptor Which one will be the global minimum of H20-H2S complex, H20-HSH or 

H2S-HOH? The most recent theoretical caIculat~on detemlnes H2S-HOH to be more 

stable, though the energy difference 1s very less 52 Zero point vibrational energy was not 

taken into account in this work Ab znztzo calculations have been done at several levels of 

theory for H2S-H20 dimer and Ar-H2S-H20 tnmer It has been seen that the zero point 

energy can play an important role in detemming the relative stability of different 

minima Some rotational transitions for Ar-H2S-H20 have been observed Preliminary 

expenmental data for the tnmer and the ab znztzo results for both dimer and tnmer are 

reported in chapter V 
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I.5.d. Hydrogen Bond Radius 

Pauling has defined covalent radius, ionic radius, metallic radius and van der 

Waals rad~us for different species1 Is it possible to define 'hydrogen bond radius' for 

d~fferent hydrogen bond donors? The expenmental data available for several hydrogen- 

bonded complexes, B HX (X = F, C1, Br, CN, OH and CECH), were analyzed It is 

found that for a particular X, the 'hydrogen bond distances' could be expressed as the 

sum of a constant and r(E) of B 53 The r(E) is the distance from B to the point at which 

the molecular electrostatic potential is mmmum T h ~ s  constant is the contribution of 

hydrogen atom towards the 'hydrogen bond distance' T h s  effective size of hydrogen 1s 

defined as 'hydrogen bond radius' for that particular hydrogen bond donor It shows an 

Inverse correlahon with the &pole moment of H-X bond and the electronegativity 

Qfference between H and X As the expenmental data for H2S complexes are scarce, ab 

tnzao and DFT calculations have been performed for several B-H2S complexes, and fi-om 

those calculated structural parameters, 'hydrogen bond radius' has been determined for 

H2S The same procedure has been followed for HF, HC1 and H20 complexes as well to 

confirm our analysis Chapter VI presents the detalls of this work 

"HF" has been used to denote 'hydrogen fluonde' and 'Hartree-Fock' throughout 

the Thesis What 1s meant should be obvlous from the context 
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Chapter 11 Experimental and Theoretical Methods 

11.1. Introduction 

Microwave spectroscopy has traditionally been used to determine the structure of 

small molecules accurately ly2 Only gaseous molecules or liquids and sollds with finite 

vapour pressure could be studied Hence, unlike spectrometers m other regon of the 

electromagnetic spectrum, microwave spectrometers did not become very popular 

Commercial microwave spectrometers were available d u n g  the 60s and 70s and slowly 

they disappeared Development of the pulsed nozzle Founer transform mlcrowave 

spectrometer by Balle and ~ l ~ ~ a r e ' ,  expanded the scope of microwave spectroscopy 

sigtllficantly T h ~ s  spectrometer turned out to be almost ideal as it had very high 

sensitivity and resolution, simultaneously With this, one could look at weakly bound 

complexes (with non-zero permanent electnc d~pole moment) formed between virtually 

any two chemicals, be they atoms, molecules, radicals or ions Several laboratones 

around the world have built such a spectrometer, mainly in the last two decades '-I4 Ths  

spectrometer IS pnmanly a research equipment and hence IS not commercially avsulable 

The PIWTMW spectrometer has been fabricated in our laboratory and this chapter 

descnbes the deta~ls 

11.2. Design of the Spectrometer 

The pulsed nozzle Founer transform mlcrowave spectrometer combines the 

supersomc expansion techmque with the cav~ty Founer transform microwave 

spectrometer It has several components 1) a Fabry-Perot cavity made of two lvghly 

polished Aluminium mlrrors (surface roughness better than microns) one of which 1s 

movable, ii) supersomc nozzle source for producing a cold jetheam of molecules, 111) 

lvgh vacuum chamber pumped by a 20" d~fhsion pump housing both 1 and 11, iv) 

mcrowave electncal clrcuit for polanz~ng the molecules and for detecting the molecular 

emlssion The complete design of the spectrometer is descnbed below in two parts as 

mechamcal and electncal 
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II.2.a. Mechanical Design 

The mechanical design of the vacuum chamber housing the Fabry-Perot cavity Is 

shown in Figure 1 It 1s a cylindrical chamber made of stainless steel, SS 304 It is 1000 

mm long and the diameter is 850 mm The chamber 1s directly seated on top of the 20" 

diffusion pump (Vacuum Techniques, Bangalore, Indla) The pumplng speed of the 

d~fhslon pump a sz 10,000 1 i' and it is backed by an oil free roots blower (Boc Edward, 

EH 250) and a belt-less rotary mechanical pump (Boc Edward, E2M80) The combined 

pumping speed of the back~ng pumping system 1s -4000 1 min-' The chamber can be 

evacuated to lom6 Ton and a 11qu1d nitrogen trap Improves the pumping below Torr 

The &fhsion pump is water-cooled and a closed circuit water circulation facility includes 

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 

sphencal Aluminium rnirrors have been mounted co-ax~ally on 3 SS guide rods The 

mirrors were made fkom 65 rnm thick Alumirnurn d~sks with a dlmeter of 500 mm The 

radlus of curvature of both the mlrrors is 800 mm and CNC rnachinxng ensured that the 

surface roughness and the radius were good to 1 micron The distance between the 

mirrors could be vaned in steps of microns between 630 and 730 mm We have opted for 

a large mrror, so that the low frequency cutoff for the spectrometer is about 3 8 GHz 

The rahus of the mlrror (a) and its radius of curvature (R) determ~ne the lower frequency 

at which the Fresnel number 1s un~ty 

a2 /m = 1 (1) 

Several laboratones have smaller mirrors with a low frequency cutoff near 8 GHz and the 

frequency range of such spectrometers is typ~cally 6-18 GHz The lower frequency limit 

IS lmportmt, if one 1s Interested m loolung at larger clusters, which would have many low 

J trmslhons below 4 GHz The Fabry-Perot cavity has been tested between 2-26 GHz m 

our spectrometer 

The movable mlrror e fixed with a micrometer controlled fine pltch screw rod 

and it 1s by a synchronized stepper motor (1 03H822 1-5041 ,Sanyo Denki, Japan) 

The stepper motor dnver (PMM-BA-4803) IS controlled by the PC The linear screw rod 
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has a pltch of 5 mrn, which means that the linear distance covered by the mlrror for a 

360" rotatlon is 5 mm The stepper motor, in high-resolut~on mode, takes 4000 steps for a 

complete rotation and thus the mlrror moves in steps of 1 25 pm 

This movable mlrror has a10 mm hole at the center In addition, the backside of 

thls mirror has a 25 rnm cyl~nder carved out so that a pulsed nozzle (General Valve, USA, 

Senes 9), connected wlth a stainless steel tube of ?4 inch OD, could be placed The 

pulsed valve goes through a 4" gate valve and an '0' nng seal Thls assembly could also 

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

Id 
1- 

4" GATE VALVE , , CAJON COUPLING 
.I 

PENNING 
GAUGE 

\ s " TO 8" PORT ADAPTOR FLANGE 

- PIRANI GAUGE 

HINGED DOOR 

GASES --+ 4+ MICROWAVE SOURCE 

SCREW ROD FINE PITCW - ' lk u MOVABLE MIRROR / I II I I 
- - L a  GUIDE ROD 

WATER CIRCULATION PIPES 

ROTARY 
VACUUM PUM 

20" DIFFUSION / 5 
PUMP - !Nx 

TO COOLING TOWER +-+a 
WATER FLOW SWITCH 

Figure 11.1. Mecharucal Design of the PNF'IMW Spectrometer 
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the nozzle 1s 0 8 mm The electrical slgnal (trigger) to open and close the nozzle 1s fed 

through a pm connector, which is sealed wlth a '0' nng and a clamp 

A coaxial cable runs through the supporting tube with an SMA female connector 

at the mirror (fixed) end T h ~ s  cable has a hermetically sealed SMA connector at the 

other end so that the mw power can be coupled m and out of the cavlty at vacuum The 

SMA connector goes through a small hole at the center of the mlrror and an antenna (L- 

shaped bent wire made fiom the central wire of the coaxla1 cable) can be placed at the 

connector. A t l t e~as  of drfferent length are used for different frequency range The 

length (L) of the antenna and the wavelength (A) of the radlatlon are related as 

L - W4 (2) 

This IS a good enough approxrmatron to make antenna for a part~cular frequency reglon 

havlng the range extended by few GHz on both side of central frequency correspond~ng 

to h 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 mrcrowave/rf crrcuit used for polarization of the molecules and detection of 

the molecular signal IS shown in Figure I1 2 The mrcrowave source is a frequency 

synthesizer (#I in F~gure II2, HP 83630L, 13 dBm power), which can generate any 

fi-equency between 10 MHz and 26 5 GHz to 1 Hz accuracy The output from the 

synthes~zer (at v) is routed to a single pole double throw (SPDT) switch (#7, S1er1-a 

M~cr~wave Technology, SFD0526-001, Isolat~on 60 dB), wh~ch  powers e~ther a single 

side band generator (#5 Mrteq, SM-0226-LCl A) or an mage rejection mlxer (#I 1 Mlteq, 

IR-0226-LClA) The SSBM mixes the synthes~zer output at v wlth a synchronous 30 

MHz slmal (Stanford Research Systems DS345) and generates v+30 MHz signal This 

s l ~ a l l s  amplified by a medium power arnplrfier (#6, Mrteq, JS3-02002600-5-7A) with a 

gain of 24 dB The amplified signal goes through another SPDT swrtch (slm~lar to #7) 

Both switches work s~nchronously connectlng the polarlzat~on and detection parts 

(top i-ind bottom of the SPDT sw~tches rn the F~gure I1 2) ,  altemat~vely Dunng the 



Chapter 11 Exper~mental and Theoretical Methods 

- 

- 
h 

h - 
c 
Y 
5 
(I) 

+ D a 
(I) 

I-" 



Exper~mental and Theoret~cal Methods Chapter II 

polanzation pulse, the SPDT output goes through a directional coupler (#8, Narcla, 4227- 

16) and a DC block (#18, HP 11742 A) to the antenna inside the chamber ~b~ 

poIanzation scheme, along with the detection scheme, is shown in Figure I1 3 as a simple 

schematic, where only the frequencies of the radiations, mvolved, are shown 

As the microwave radiation for the polanzation of the molecule enters the cavity 

through the SPDT switch for a finite time (ps), it will have a bandwidth associated with 

the central frequency The microwave pulse length of = 1 ps leads to a frequency width 

of about 1 MHz and if there is an allowed transition within this bandwidth for the 

molecules/complexes in the cavity, polanzation occurs (Figure I1 4) The free induction 

decay (FID) fkom the polanzed molecules is at a frequency of v+30+A7 and ~t lasts for a 

few hundred microseconds The same antenna couples the molecular signal back to the 

detechon circuit Ths  signal is amplified by a low noise amplifier (#lo, Miteq JS4- 

02002600-3-5P, nolse 2 8 dB, gain 28 dB) and mixed with the synthesizer signal at v in 

an image rejection mixer (#11, Miteq, IRO-0226-LClA) The IRM gives only the 30kA 

signal, whch passes through a band pass filter (#12, Minicircuits BBP 30) and a low 

nolse amplifier (#13, Mimcircuits, ZFL-5OOLN) The 30+A signal is down converted 

(Figure I1 3) to A by the RF mixer (#14, Minicircuits ZAD-1) and a low pass filter (#15, 

Mimcircuits, BLP-5) Ths  signal (A), generally in kHz range, is amplified and digihzed 

by the virtual scope card (National Instrument, PC1 5 112) and transferred to the computer 

for W e r  processlng The 30 MHz signal is from the funchon generator (#23, SRS 

DS345) and so we have the ophon of varylng the intermediate frequency (IF) in the 

mxer f i s  detection scheme is called "Double Super-heterodyne" detection In this way 

the molecular signal in GHz range is converted to <1 MHz signal, making it easier to 

dl@tlze In this spectrometer the frequency offset between the polanzing and molecular 

slgnalls detected, not the actual molecular fkequency Adding or subtracting thls offset 

to the ~olanzlng signal frequency gives the molecular frequency 

the polanzatlon pulse, if the Fabry-Perot cavity is not tuned to the 

pafllcular frequency v+30 MHz, most of the mw power 1s reflected The directional 
coupler routes 2 5 % of Uus reflected signal to the osc~lloscope (#27, Tektronix, TDS 

430A) via a diode detector (#9, Narda, 4507) The moving mirror 1s moved in steps of 
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Frgure 11.3. Polanzaaon and double Super-heterodyne detecaon of molecular signal 
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micron untll the reflected power shows a dip In the scope The resonant frequencies, v, 

of Fabry-Perot resonator for the TEM,., modes are ' 
v = d2d [(q+ 1) + ( l/rr)(m+n+ 1) cos-'(d/R) J (3) 

Here, d is the distance between the mirrors and R is the radius of curvature, m, n and q 

are the number of nodes in the three perpendicular axes Thus, wlthin the rnaxnnum 

vanatlon of the dlstance between the mirrors (100 rnrn), several resonances can be 

observed for a given frequency As the mirror moves the reflected signal is monitored in 

the oscilloscope (Figure I1 5) It is preferable to do the expenment with the cavity tuned 

to the TEMoo, mode at a particular frequency Most of the laboratones hav~ng a 

PNFTMW ~pectrometer~"~ employ 2 antennas, one in each rnlrror, for tuning and 

detection T h s  leads to an inherent reduction in the detected signal Using the 

directional coupler with only one antenna xs more advantageous. Only 2 5 % of the 

signal is used for tuning purpose instead of almost half the signal 

A11 the microwave components used in our setup are ultra-wide band The 

ongnal spectrometer could be operated only in octave bandwidths and several switches 

were used for going fiom one,band to another In some cases, the components needed to 

be physically changed for golng from one band to another All the recently bmlt 

PNFTMW use one set of components that perform reasonably well 

throu&out the frequency range Our spectrometer can be operated from 2-26 GHz 

without changng any components 

11.3. Performing the Experiment 

This is an expenment of pulses with both the molecular sample and the 

microwave source belng pulsed Two delay generators (# 2 and 3, SRS, DG535) 

generate all the timmg sequence (shown m Figure 11 6 )  needed for the expenment The 

sequence IS descnbed below with typical pulse lengths and delays First a microwave 

pulse 1s applied to the evacuated chamber and the background response from the chamber 

IS digtlzed This lncludes random noise as well as coherent nnging from the cavity The 

nnglng t ~ ~ l c a l l ~  lasts for a few microseconds The dimtlzer 1s triggered after a delay to 
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Figure 11.5 Reflected srgnaI from the cavity (A) The amplitude of reflected slgnal IS 

nuxmum, the cavlty IS not m tune (B) The arnplttude IS xrummum, the cavltyls m tune 





Chapter I1 Experrmental and Theoretical Methods 

11.4. Operation and Control: The Software 

The spectrometer operation 1s fully automated CVI LabWlndows (National 

Instruments) software offers the backbone using whlch the software has been developed 

The code 1s wntten m C The MW synthesizer, osc~lloscope and the delay generators are 

controlled by a GPIB (NI) interface The stepper motor dnver is controlled by the 

parallel port, whlch also sends the start tngger for the expenrnents The time domaln FID 

IS digitized using a virtual scope card (NI, PC1 5 112), and finally transferred to a PC for 

averagmg and Founer transformation 

II.4.a. Design of the Program 

The first step of designing a program like this is making a User Interface, whch 

wlll communicate between the user and the program The program 1s wntten such that the 

maln function calls the User Interface, which serves as a platform for the input and output 

data The User Interface Panel calls vanous other functions as and when they are 

required 

'User Interface panel' is a graphcal interface, which could be easily made by the 

LabWindows/CVI User Interface Editor The 'User Interface panels', used for 

performing the expenment and displayng the saved data, are shown in Figures I1 7 and 

I1 8 All the different types of Buttons, Dropdown menus, Input boxes, outputs llke 

graphs, etc can be made These are then related to vanous call back functions and 

constants m the program, whlch provlde them the hc t~ona l i ty  Relating these functions 

to the program is done automat~cally by the LabWindows Actually LabWindows 

assigns each item m the User Interface Panel some number, which serves as its handle 

Whenever program needs to read or wnte something then lt uses these panel handles 

The panel numbers are stored in a header file created automat~cally by LabWindows 

There are six files required for running thls whole program These files are - 
1 Library file for functions controlling NiScope digitizer 

2 An instrument file used by LabWindows 
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3 User Interface file which contains the graphical design of the User Interface 

Panel 

4 Source file, containing the code wntten in C for the program 

5 Header file containing different panel handles, which is auto generated by 

Labwindows T h ~ s  file needs to be included in the source file 

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

II.4.b. Execution of the program 

When the project is m, the main program is executed first Maln program reads 

data from a file, which contans all the inputs set when the program was run last time 

After reading thls file, main program calls the user interface function The user interface 

is drsplayed on screen The user interface has been designed to control the vanous 

eqmpments/components by virtual buttons and text boxes on screen On pressing these 

buttons or entenng new values in the boxes corresponding functions are called, which 

will decide the fimctlons of each button. 

There are four basic modes of operation provided by the program These do not 

differ in basic functionality, but differ m some features These modes are 1) Single Shot, 

2) Average 3) Average multi-acquisition and 4) Auto scan mode 

In slngle shot mode repetitive data is taken for the same frequency without saving 

the records In t h s  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 in 

Figure II 7 Ths mode is used to optimize the expenmental conditions (back pressure, 

MW pulse length, relative proportion of the component species, etc ) for a particular 

transition of a complex 

In "Averaging" mode data is collected for specified number of tlmes (gas pulses) 

and averaged at a fixed frequency This mode is used to obtain a good SN ratio so that 

the frequency of a pmcular signal can be measured accurately 
LC Average multl-acqu~sitlon" is same as ''Average", except that several FIDs are 

collected per gas pulse All the FIDs are averaged and it is repeated for a finite number 
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Figure 11.7. User Interface panels for perfommg the experiment 
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of gas pulses The number of FIDs to be collected and the number of F D s  to be 

averaged can be specified in the user interface panel Flgure I1 7 shows a typical 

experiment in thls mode where total 25 FIDs are collected and only the first 8 of them are 

displayed in the panel 

In "Auto Scan" mode, the "Average multl-acqu~sition" process IS camed out for a 

particular fi-equency, and the data are saved In a file Then the frequency IS changed 

automatically by the specified step size, and the mirror is moved accordingly to keep the 

cavity tuned The acquis~tlon and averaging are camed out for this changed frequency 

This combination of events, i e changng the frequency, adjusting the tuning and 

collecting the signal, continues till a certain 'search length', specified by the user, 1s 

covered Ths  mode is used for scanning a particular frequency range to search the 

transitions for a system 

All the saved data, obtaned in "Average", "Average multi-acquis~tion" or "Auto 

Scan" mode, can be viewed any time uslng the user interface panel shown in Figure I1 8 

11.5. Sample Preparation 

A four-channel mass flow controller/reader (MKS Instruments, 647B) and four 

different mass flow meters (1 179A) are used for prepanng the gaseous mixture on the fly 

Two of them are used for the c m e r  gases (either Helium or Argon) and their range is 0 - 

1000 SCCM cahbrated for Nz 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 in 

order to handle gases and liquids The gaseous reagents are directly flown to the mixer 

and for hqu;lds, the camer gas is bubbled through a glass reservoir containing the liqud 

The 3-way valves could be selected either for dlrect flow or through the liquid bubbler 

A very flexible 'gas handling arrangement' has been set up (shown m Figure I1 9) so that 

at any time two caner 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 w ~ t h  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 maintsuned at the required level (typically 1-2 atm ) 

The gas mixture (sample gas and c m e r  gas) undergoes supersonic expansion on 

opening the nozzle The nozzle diameter (0 8 mm) IS much larger than the mean free 

path of the gas Hence, there IS a huge number of collisions between the molecules 

Due to the two-body coll~sion the random motion of the molecules is converted to a 

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

Figure 11.9 Gas handhg system Chl and Ch2 are the MI= mass flow controller havmg 

flow range of 0-1000 SCCM, and Ch3 and Ch4 are of 0-20 SCCM B 1s glass bubbler 

c o n t m g  hqud sample V's are three-way valves, C's are three-way connectors and X a a 

four-way connector 



~xper~mental  and Theoret~cal Methods 
Chapter 11 

goes down The other degrees of freedom, rotational and vibratlonal, equllibnate with 

the translational degree of freedom at slower rates The rotation-translation equillbnum 

1s much faster than the vibration-translation equilibrium Thus the expanded molecules 

become rotationally very cooled Only few lower rotational levels are populated The 

rotaQona1 temperature, achieved on the expansion, is -3 K The vibratlonal cooling 1s 

efficient enough to have significant population only in the ground vibrational level The 

three body coll~sions lead to complex formation Therefore rotatlonally and vibrationally 

cooled weakly bound complexes are formed They are charactenzed by then- rotational 

spectra 

11.6. Performance of the spectrometer 

The time domain signal obtained from the standard OCS is shown in Figure I1 10 

The frequency domain spectrum shown In Figure I1 11 reveals the resolution of the 

spectrometer The FWHM is only 2 8 kHz The line center could be determined to 0 1 

H z  as is typical for the PNFTMW spectrometers The doubling of the signal is due to 

Doppler effect, whlch is also typical to such spectrometers The standlng wave in the 

cavity is the super-posltion of two traveling waves going m opposite directions leading to 

Doppler doubllng Molecular beam IS traveling coaxially in one direction The Doppler 

doubling could be reduced with a slummer if the pulsed valve is kept on top of the 

chamber The real molecular fkequency, 12 162 9789 MHz, is the mean value of the two 

Doppler peaks The signal from "OCS at 11409 7097 MHz is shown in Figure I1 12 

The natural abundance of ''0 is only 0 2 % and this signal can be seen by averaging just 
13 34 10 shots Most of the lsotopomers of OCS (OCS, O C ~ ~ S ,  O C ~ ~ S ,  O'~CS, 0 C S, 

18 OCS) have been observed The J = 0 -+1 transition for 013Cs IS shown In Flgure I1 13 

The line 1s split by a r ~ e r e  4 9 H z  but it 1s well resolved The splitting IS due to the spin- 

rotation Interaction, which couples the 13c nuclear spln with the rotation of the molecule 

Signals ti-om several weakly bound complexes such as (Ar),-H20, where n = 1-3 

(Ref 15-17) have also been observed Several naturally occumng lsotopomers of these 
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complexes could be seen as well The J = 0+1 transrtions of the para (I=O) and ortho 

(I=l) states of Ar-H20 complexes are shown In F~gure I1 14 and I1 15 Note the well- 

resolved hyperfine interact~on from the I=l state In order to test the performance of the 

spectrometer over the frequency range, A~-H~s'~ stgnals were observed from 3 - 20 GHz 

Two different antennas were used to cover t h ~ s  frequency range 
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Figure 11.10. The FID from the OCS polanzed at 12162 7 MHz mth a microwave pulse of 
0 5 ps The backmg pressure was 1 atm 3 % OCS m Argon was used 

F ipn  11.11 The frequency d o m  spectrum of Figure I1 10 s h o m g  the Doppler 
doublets of the J - 0+1 transluon of OCS at 12162 9789 MI+ 
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Frequency Offset (kHz) 

Figure 11.12 The J=0+ 1 translaon for the observed at 11409 7097 MHz, mth the 
natural sample of OCS The MO frequency was 11409 550 MHz 

200 250 300 350 400 450 

Frequency Offset (kHz) 

Figure 1I.W The J=0+1 transmons for the 013CS observed with the natural sample of 
OCS at 12123 8388 and 12123 8437 MHz The doublmg of the h e  ~s due to the spm- 
rotanon mteracuon from the 13C The MO frequency was 12 123 6 MHz 
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Figure I1 14 The J = 0+1 transltlon of the Ar-H,O complex with H,O m the lowest para 
O,,, state showmg a sharp slnglet at 5976 1866 MHz The MO frequency was 5976 1 MHz 

Frequency Offset (kHz) 

F l p e  11.25 J = 0+1 transluon of Ar-H,O complex ~ l t h  H,O m the lowest ortho 
state she-g a triplet at 58242430, 5824 2532 and 5824 2700 nilHz The MO 
frequency was 5824 15 MHz 



Chapter 11 Exper~mental and Theoretical Methods 

11.7. Ab Initio and DFT Calculation 

Ab lnztlo and DFT  calculation^'^-^^ were done for the complexes, studied with 

PNFTMW spectrometer The results of the calculations were used along w~th the 

expenmental data to understand the structure and dynamlcs of the complexes of interest 

The methods used are MP2, CCSD(T) and B3LYP Complex geometnes were optimized 

mainly at MP2 and B3LYP levels For Ar2-H2S7 (H2S)2, Ar-(H2S)2, H20-H2S and Ar- 

H20-H2S complexes, the eqmlibnum geometnes were optimized at MP2 level using 

several large basis sets, start~ng from 6-311++G** up to aug-cc-pVQZ MP2 level is 

qu~te efficient for these hnd of weakly bound complexes and is used in 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 tned too for the 

complexes involving Ar However, the results (structural parameters and interaction 

energy) are far fi-om reality, and are not included in tbxs thesis For &-H2S and Ar- 

(H2S)2 complexes, single point energy was calculated at CCSD(T) level, for the MP2 

optimized geometnes, using the same basis sets For the detemnation of the 'hydrogen 

bond radii' for HX (X = F, Cl, OH and SH) from the calculated intermolecular &stances, 

calculations were performed for about s~xty B---HX complexes Here MP2 and B3LYP 

methods were used with 6-31 1*G** basis set It should be noted here that our main 

emphasis is 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 program24 was used 

The structural parameters are obtaned fi-om the optimized geometry Frequency 

calculation confirms whether the optimization gives a minlmum or not. The frequencies 

of the intermolecular modes and those involved m weak bond format~on are of interest 

Potential Energy Surface (PES) scanning was done whenever needed 

The interaction energy or stabilization energy for the complex formation is 

calculated m supermolecular approach2' In thls approach the interaction energy, 

AEc = Ec - C (EM) (4) 
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where EM is the monomer energy However, this energy is contaminated with a kind of 

error known as Basis Set Superposition Error (BSSE) 26-28 This error anses because of 

the mismatch of the monomer energies while subtraction The interaction energy of a 

complex AB formed from its monomers A and B 1s 

AEAB = EAB - EA{AJ - E ~ I B )  t5 )  

The monomer energies EA and EB are calculated using their own basis sets, 1 e (A) for A 

and {B) for B However, the dimer energy EAB is calculated in dimer basis set (AB} 

which consists of the basis set of both the monomers A and B As the lntennolecular 

distance decreases, the monomers A and B start using the one electron basis set of their 

partner in the complex A will use the available orbital of the basis set of B, (B}, and 

vice versa Thls leads to an additional artificial stabilization that has nothing to do with 

the interaction energy concerned T h s  error is basically due to the incompleteness of the 

basis set Uslng a complete basis set will remove the error 

However, in our calculation the BSSE is corrected by using the 'Counterpoise' 

method of Boys and ~ e r n a r d i ~ ~ - ~ '  According to this method, if the interaction energy has 

to be obtaned m supermolecular approach, all the energies (dimer and monomers) should 

be evaluated within the same basls of the whole dimer, (AB) 
A E ~ ~ ( C P )  = E~ (AB) - E ~ ~ A B J  - E~ {ABJ (6)  

Where E A { ~ ]  is the energy of the monomer A evaluated in the dimer basis set {AB) 

The definition of BSSE according to this method is 

BSSE = EAIM) + E ~ { ~ ~ )  - EAjAI - EBiB) (7) 
Equation (6) and (7), for correcting and determimng BSSE respectively, are valid only 

when the monomer geometry remans intact or nearly so on complex formation If the 

monomer geometries are distorted m the complex, the energies involved are different 

The energy associated with the distortion is a part of the interaction energy, and it should 

be taken into account whle correcting for BSSE In such cases, first BSSE uncorrected 

interaction energy is calculated fi-om equation (5) Thls uncorrected interaction energy 1s 

then corrected for BSSE The BSSE is evaluated as 

BSSE = [E,*{*) - E**{*~'] + p B * i B I  - E~*(ABI] (8) 
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where '*' Indicates the monomer geometry to be as it is in the complex The CP 

interaction energy (AE*~") IS calculated as 

A E ~ B "  = A E A ~  + BSSE (9) 

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

point vibrat~onal energy 
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Chapter 111 Structure and Dynarn~cs of Ar2-H2S 

111.1. Introduction 

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

interact~ons, have attracted enormous interest in the last few decades '" Coupling of 

molecular beam techniques wlth vanous spectroscopic methods has resulted m a wealth 

of expenmental data on such complexes Rotational spectroscopic studies have been 

revolut~on~zed by the development of the Balle-Flygare Pulsed Nozzle Founer Transform 

Microwave (PNFTMW) spectrometer Rotational spectra of these complexes can 

provide dlrect lnformatlon about the ground state structure, whch is the starting point 

towards developing intermolecular potential surfaces (IPS) Accurate IPS, m turn, can 

lead to detaled understanding of ~ntermolecular interact~ons 

Rare gas (RG)-molecule complexes have found a u q u e  place In tlvs 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 lnductlve forces m 

intermolecular lnteractlons The RG-HX (X=halogen) complexes are particularly 

lntngulng as all of them have the structure as wntten wlth the HX interacting wlth RG 

through H T h s  has led Bader to conclude that these are 'hydrogen bonded' complexes6, 

though such a vlew would not be accepted by many Recently, Aqullanti and coworkers 

have reported scattenng studies of R G - H ~ O ~  and concluded that the interaction m RG- 

H20 attans hydrogen bonding character as the RG is changed fi-om He to Xe 

~x~enmenta l '  studies on Ar-H20 complexes show only a small red-shlfi (1 5 cm") in 0- 

H stretchng frequency, significantly smaller than what is commonly observed in 

hydrogen bonded complexes of H20 However, today there are many examples of 

hydrogen bonded complexes showing a blue-sh~ft in X-H stretchlng frequencyg 

Wategaonkar and coworkers1° have recently reported theoretical results that predlct a 12 

cm-' blue sh~ft in 0-H stretchlng frequency for the 'hydrogen bonded' Ar-hydroquinone 

complex If hydrogen bonds can have red or blue shift in stretchlng frequencies, loglc 

demands that there may be hydrogen bonds with no shift m stretchng frequencies 

It has been polnted out that the brnding energies of hydrogen bonded complexes 

of second row hydndes (HCI and H2S) have srgnificant contnbutlon fi-om dlsperslve (van 



Structure and Dynamrcs of Ar,-H,S Chapter Ill 

der Waals?) forces compared to those of first row hydndes With the objectlve of 

comparing the weakly bound complexes formed by first and second row hydndes, a 

systematic investigation on A~,-(HIo),'~-'~ and k m - ( ~ 2 ~ ) n ' ~ * ' ~  complexes have been 

reported earlier This chapter reports results on Ar2-H2S complex and completes the 

series Arm-H2X for m up to 3 and X = 0 and S The expenments on Ar2-H2S were 

particularly interesting gven the results for A ~ - H ~ s ' ~  and ~ Y H ~ S "  The Ar-H2S 

an anomalous isotope effect in rotational constants l6  The rotat~onal constant B 

for Ar-D2S is larger than that of the Ar-H2S complex To the best of our knowledge, ths 

is the only example in the hterature, showing an increase in rotational constant with 

increase in mass of an isotope (Imaginary coordinates are observed if the substituted 

atom is very close to the center of mass such as in ~ 2 0 ' ~  or H~o-Hc~'* However, Ar- 

H2S does not belong to ths  category The substituted atom is more than 1 away ??om 

the c m It turned out to be the result of an extremely floppy intermolecular potential 

surfacelg leading to different zero-point averaged ground state geometnes for Ar-H2S and 

Ar-D2S However, an unusual trend in the rotational constants has been observed for Ne- 

H2S complex and its deuterated isotopomers, by Jaeger and coworker. Though the 

rotational constants for Ne-HDS and Ne-D2S are not hlgher than that of Ne-H2S, but they 

are quite different from what one expect for a n g d  structure20) However, k3-H2S 

showed a normal lsotope effect l4 What will be the isotope effect on rotatlonal constants 

for Ar2-H2S complex? What would be the rarn~fications of a floppy IPS on the rotational 

spectra of Ar2-H2S? HOW, lf at all, does the Ar-H2S distance vary in going from Ar-H2S 

to Ar3-H2S? These questions are addressed in t h ~ s  work Rotational spectra for A r 2 -  

H2SYMCDSID2S isotopomers are reported In addition, results of ab znttzo calculations are 

reported at MP2 and CCSD(T) levels of theory with sufficiently large bass sets, up to 

aug-cc-pVQZ basis set The theoretical and expenmental results are compared and 

discussed 

OW interest in H2S complexes IS strengthened by another concern Recently, we 

defined 'hydrogen bond radii' for all the hydrogen halides, HCN, H 2 0  and C2H2Z'-23 

T h ~ s  definition was based on expenmental &stances in Be--HX complexes and the 

electrostat~c potential of isolated B~~ Though not as strong and prevalent as OH groups, 
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SH groups also involve in hydrogen bondlng and they are important In the amino-acid 

cysterne and its denvatlves 25Z6 Expenmental data on H2S complexes are relatively 

scarce compared to the other HX listed above Hence, systematic investigations on 

several H2S complexes are in progress m our laboratory As Argon is typically used as 

the carner gas in these studles, identification and assignment of Ar,-(H2S), complexes 

are essential to our larger objective 

111.2. Experimental Details 

The rotational spectra for Ar2-H2S and its isotopomers were observed using our 

home-bullt Balle-Flygare pulsed nozzle FT microwave spectrometer (discussed in the 

previous chapter) The Ar2-HzS complex was formed through supersonic expansion of 

Ar gas seeded with 1 to 2 % of H2S The D2S or HDS was formed by flowlng H2S 

through several bubblers placed sequentially and filled with either D2O or 1 1 D20/H20 

mixture, respectively The back pressure was kept typically at 0 6 atrn The optimum 

microwave pulse was of 2 0 ys duration Typically 1000 to 2000 shots were averaged to 

obtain a reasonable signal to nolse ratio The Identity of the complexes was established 

by confirming the presence of H2S/D2SMIDS and Ar No signal was observed without 

H2S When He was used as the c m e r  gas, no slgnal was observed even though H2S 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 H2S (99 5 %) D20 was obtaned fiom Sigma-Aldnch, 99 96 atom % 

D 

111.3. Results And Discussions 

III.3.a. Search and Assignment 

The geometry of h - H 2 S  complex was assumed to be similar to that of Ar2-H20, 

whch IS an asymmetric top having a planar structure with Czv symmetry l 3  In all the 

complexes involving AT2 mo~ety, the Ar-Ar dlstance is very close to 3 821& which 1s the 
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same as in AT2 dlmer 23927 It is observed that ArlHF systems have rotat~onal constants and 

spectra very s~milar to Ar/H2O systems For example, the rotat~onal constants 

for AT2-H20 (3383 MHz 1732 MHz and 1145 MHZ) '~  and k2-HF (3576 MHz, 1739 

MHZ, and 1161 M H Z ) ~ ~  are quite similar The same resemblance IS observed beheen 

Ar/HCl and &/H2S systems This is because of the similarity m masses between HF and 

H20, and HC1 and H2S and their interactions with & A search for 2o2-+3o3 transition 

was started from 5925 MHz downwards, as the corresponding transit~on for Ar2-HCl 

occurs at 5924 MHz 29 It was found soon at 5830 1040 MHz (However, thls approach is 

not always successfbl as evinced by the case of C2H4-H2S The ~nteraction between HC1 

and C2H4 1s sipficantly stronger than that between H2S and C2H4) 'O The time domaln 

and frequency domaln spectra for t h ~ s  part~cular trans~tion are shown m Figure I11 1 

More transit~ons could be pred~cted readily and observed A total of 22 a-d~pole 

transitions were observed for &-H2S and 21 translt~ons were observed for both Ar2-DzS 

and Ar2-HDS The search for the deutenated species was stra~ghtfonvard as the ngid 

rotor predlctlon from the Ar2-H2S constants gave rotational constants very close to the 

expenmental values, unl~ke for Ar-H2S Table III 1 contains all the observed transitions 

along with their res~dues for all three ~sotopomers The observed transit~ons were fitted 

to a distorted asyrnrnetnc rotor Harmltonian uslng Watson S reductlon3' m II? 

representat~on The fitted parameters and the standard dev~ations are shown in Table 

I11 2 for all three complexes For Ar2-H2S and Ar2-HDS, rms dev~ations were - 3 kHz 

However, for Ar2-D2S the rms dev~at~on was 8 8 kHz, posslbly due to the unresolved 

hyperfine splrtting from D atoms In all these cases, the uncerta~nties m determining the 

rotational constants and the centnfigal distortion constants look reasonable The 

distortion constants show significant vanat~on with lsotopomers (H2S, HDS and D2S) 

compared to the vanat~on observed for Ar2-H20 ~ s o t o ~ o m e r s ' ~  Such dramatic vanatlon 

m distortion constants has been noted earlier between C6H6-H2S and C6H6-DzS 

lsotopomers 32 Ab znztzo force field calculat~ons reported later in t h ~ s  chapter do predict 

the dlstofion constants reasonably well However, they do not predict the vanation 

~ b ~ e ~ e d  for the different isotopomers It certainly 1s a manifestat~on of the floppy nature 

of these complexes having several large amplitude vlbratlons 
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Figure 111.1. Tune do- and corresponhg frequency d o m  spectra of &+3, 
 iti ion of Ar,-H,S complex at 5830 1040 MIJz The MO frequency was 5830 3 
1000 gas pulses (smgle FID) have been averaged for thrs slgnal 
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Table 111.1. Observed rotauonal transitions of AG-H~S, Ar,-HDS and A5-D,S complexes 

Ar2-H2S Ar2-HDS Ar2-D2S 

Transitions Observed Resa Observed freq Res Observed Res 

fieq ((MHz) (Hz) (MHz) (IdJz) freq (MHz) (kHz) 

oo0 -) lo, 2447 8427 -0 9 -- -- -- -- 

lol + 202 421 1 9863 1 2  4200 3178 -03  41903226 -167 

202 + 30-j 5830 1040 1 5  5808 8030 -1 2 5790 6443 -9 9 

221 -+ 322 7341 3208 1 2  7291 2183 -7 9 7250 9890 0 0  

303 + dO4 7484 53 1 1 1 7  7455 4795 O O 7430 6364 -5 8 

lo* + 220 7614 6752 2 2 7597 6150 1 1  7586 1016 2 8  

z20+ 321 8852 6162 -0 5 8774 4476 1 1  8714 1249 -9 1 

404 -+ 91 43 5875 0 5 9107 9423 -0 4 9077 4039 -2 1 
L 

322 + 423 9145 6587 1 1  9103 9619 3 8 9070 2738 16 7 

j GO6 10802 5295 -0 5 10760 4230 0 3  107243530 -03 

423 j 524 10825 8807 -0 6 10782 6017 2 2  107470090 141 

321-+422 110403743 -10 110010151 5 7 10969 1749 10 1 

202--%321 122553042 -04 121717410 -13 121098889 -46 

606 + 707 12460 9390 -1 2 12412 3869 0 4 12370 8844 -0 1 

524 + 625 12485 4364 -2 2 12436 2299 -0 3 12395 3050 10 7 

422 + 523 12596 0798 -5 7 12564 6096 -6 3 12537 5096 -4 4 

808 -+ 909 15775 7315 1 4 15714 3046 0 0 15662 2745 -0 2 

a Residue = Observed - calculated 
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Table 111.2. Fltted rotational constants, centrifugal drstortlon constants and standard 
devia~ons (SD) of the fits for A$-YS, A$-HDS and Aq-D,S Number of transltlons (#) 
fined for each lsotopomer IS also lncluded 

Parameters &-H2S Ar2-HDS Ar2-D2S 

A (MHz) 1733 098 (1) 1734 213 (1) 1735 405 (4) 

d2 25 58 (2) 40 28 (3) 81 94 (8) 

DJ 22 20 (1) 21 37 (1) 18 20 (4) 

DJK 3 34 (4) 33 26 (6) 117 1 (2) 

DK 6 17 (8) -22 3 (1) -101 0 (3) 

SD (kHz) 2 3 3 1 8 6 

The vlbratlonally averaged structure has Cz, symmetry as all the transltlons 

observed are between states JKp,Ko, which have Kp and K,, elther even-even (ee) or even- 

odd (eo) Transltlons correspondlng to oe/oo levels could not be seen, though they could 

be predicted accurately The C2 axls Interchanges the two identical spin zero (PO) Ar 

nuclel and ~t happens to be the 'a' axls for the complex According to nuclear spin 

statistics, the levels wlth '00' and 'oe' wlll be mlssing The same 1s true for Ar2-HC1 

complex as we11 29 For Ar2-HF and Ar2-H20 complexes the C2 axis 1s the 'b' axls and 

'eo' and 'oe' levels have zero statistical welghts 

The sensitivity of the spectrometer below 3 GHz was not good enough to get a 

good S / N  ratlo The Ooo+lol transltlons were not observed for -HDS and -D2S 

complexes and m the hlgher J transitions, the nuclear hyperfine spllttlng due to D atom(s) 

could not be resolved Hence, quadrupole coupllng constants could not be determined 

Based on the expenmental results for AI--H~s'~ and &-H~O '~ ,  two sets of transltlons 

were expected for &-H2S/D2S, correspondlng to the Internal rotorltunneling states 
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involving dlfferent spin states of H2S/D2S However, SO far even after extenslve searches 

both above and below the observed lines, no transitions could be unambiguously assigned 

to a second state As Ar and H2S have slmllar masses, ~t 1s suspected that several 

transltions of Ar-(H2S)2 also occur in the same reglon Many transltions have been 

assigned for AI--(H~S)~ now (see chapter IV) and ~t IS hoped that unambiguous 

conclusions about internal rotors states of Ar2-H2S wlll emerge However, for both h3- 

&S and Ar3-H20 complexes also, only one state has been found l4 Our attempts to look 

for A ~ ~ - H ~ ~ ~ s  were not successfil either 

III.3.b. Structure 

The fact that '00' and 'oe' levels are missing also Indicates that H2S undergoes 

large amplitude ~nternal motlon wlthin the complex If H2S were to be ngid and 

symrnetncally bound to Ar2 (as in Figure I), the spln statistics would be slmllar to that of 

C2H2 and all rotational levels should be present If it was n g d  but not symrnetncally 

bound, the complex could not have a C2 axis The rotatlonal constant A for AQ-H2S is 

1733 115(1) MHz, whlch IS very close to that of free AI2 dlmer 27 For the -HDS and - 

D2S complexes, A IS within 1-2 MHz of the above value A ngid structure will have 

siguficantly dlfferent A for the three complexes The A rotatlonal constants for Ar2-H2S 

and Ar2-HDS differ by 4-6 MHz for ngid structures and for Ar2-D2S and Ar2-H2S, ths 

difference is about 10 MHz Clearly, the H2S unit is not contnbut~ng to the A rotatlonal 

constant of the complex This, again, happens due to the large amplitude internal rotatlon 

of H2S monomer wlthn the complex 

The intermolecular separation can be determined using the following inertial 

equations As H2S does not contnbute to the moments about the a axls, it was assumed 

to be spherical in thrs analysis 

I. = I (Ar2) = ?4 mr2 (1) 
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Here 'm' is the mass of Ar, 'r' is the Ar-Ar- distance, 'R' is the distance between center 

of masses of H2S and Ar2 unlt and 'p,' is the reduced mass of the complex The 

structural parameters 'r' and 'R' and the inertial axis system are defined in Figure 111 2 

From equatlon (I), uslng the Ar2-H2S rotational constants, the 'r' value comes out to be 

3 820 A, whch is almost identical to the Ar-Ar distance in fiee Ar2, 3 821 A The Ar2- 

HDS and AT2-D2S constants give thls value as 3 819 A and 3 818 A, respectively 

Equation (2) and (3) lead to 'R' values of 3 620 A and 3 646 1$ respectively for Ar2-H2S 

and it is taken as 3 633 1$ From these results, the dlstance between the c m of complex 

and the c m (H2S) is determined to be 2 549 8, These values also correspond to the Ar- 

c m (H2S) distances, R1, of 4 093 A and 4 116 A, respectively, giving an average value of 

4 105 A The R1 for Ar-H2S and k3-H2S are 4 013 8+ and 4 112 A, respectlvely Thus, 

R1 for Ar2-H2S appears to be very close to those of Ar-H2S and h3"H2S and lie in 

between these values For compmson, Ar2-D2S rotational constants lead to 4 052 A and 

4 077 A for R1, fiom Equations 2 and 3, respectlvely The expenmental Inertial defect is 

Figure 111.2. Expenmentally observed, vibratlonally averaged geometry of Ar,-H,S The 
H,S onentaaon cannot be d e t e m e d  accurately with the expenmental data and so a sphere 
1s shown R 1s the &stance between the centers of masses of H,S and Ar, r 1s the Ar-Ar 
&stance 
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4 650 a m u A2 This large and positive value supports an effectively planar structure for 

this complex This, agarn, is similar to Ar2-Hz0 complex,'3 which has an inertial defect 

of3 52 a m  u A2 
The above structural analysis glves mainly the distances between the three 

monomers in Ar2-H2S Qualitative information about the onentation of H2S can be 

obtained using the rotational constants of the three ~sotopomers, A ~ ~ - H ~ S / H D S / D ~ S  ~t 

qualitative because of the floppy nature of the complex and also the fact that the 

subsltuted atoms are WD The distance of the substituted atom from the c m is gven 

by33 

Here p is the reduced mass for substitution, MArnl(M+Am) The distances for the two 

hydrogens are determined to be 1 547 A and 1 401 A These distances may be contrasted 

with the results fiom C2&-H2S complex 30 It is a very floppy complex as well, w~th  both 

C2& and H2S exlvblting large amplitude motions within the complex A similar 

subst~tution analysis led to distances of 1 034 A and 2 163 A, clearly ind~catlng that only 

one hydrogen is polnting towards the x center in Cz& 30 It appears that, in Ar2-H2S both 

hydrogens of H2S are pointing towards AT2 It IS also cons~stent with the distance between 

Table 111.3. The structural parameters for Aq-H,S obtamed from different levels of theory 
and experiment The parameters are defined m figure 111 2 & I11 3 The &tames are p e n  
lo A and the inemal defects are given m amu A2 

6-3 1 I++G** 6- 6- aug- aug- aug- 
Parametersa 311++G 311++G cc- CC- cc- Expt 

A (3df,2p) (3df,3pd) pVDZ pVTZ pVQZ 

R 3 584 3 730 3 625 3 559 3 638 3 507 3 487 3 633 
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c m (Ar2-H2S)-c m (HtS) from the inertial analysis (2 549 A) reported above The 

onentation of H2S can not be determined any more accurately with the expenmental data 

presented here and hence Figure I11 2 shows a sphere around H2S All the structural 

parameters including inertial defects (A) for Ar2-H2S are given in Table I11 3 along with 

results from ab znztzo calculations, whch are discussed next 

III.3.c. Ab Initio Calculations 

The ab znrtlo calculations were done to determine the optimized geometry and the 

stabil~zation energes for Ar2-H2S In addition Potential Energy Surface (PES) was 

scanned to determine the bamer for lntemal rotation of H2S w i b  the complex Gaussian 

98 software package34 and PC-GAMESS~' were used for calculations Frequency 

calculations were done to ascertain the nature of the stationary points The vibrat~onal 

force field from the PC-GAMESS calculations were also used to est~mate the centrifugal 

distortion constants using FCONVNBCA codes avmlable through the PROSPE data 

base 36 

Initially, geometry optimization was done at MP2/6-3 1 l++G** level with single 

point energy calculations at CCSD(T)/6-311i-+G** level of theory It led to two 

different minima as shown in Figure 3 (a) and (b) The transition state connecting these 

minima was identified as well However, it was noted that the BSSE (Basis Set 

Superpos~tion Error) corrections to the stabilization energies resulted in artificial positive 

energy Later on, calculations were done with larger bans sets such as aug-cc-pVTZ and 

aug-cc-pVQZ The complete list of structural parameters for all the optimized 

geometries is given In Table I11 A and I11 B The absolute energles of the complex and 

the fragments are Dven in Table I11 C to Table I11 F The rotational constants 

corresponding to each optimized structure are tabulated in Table I11 G Tables I11 A to 

I11 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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L11.3.e.l. Structure at MP216-311++GX* level 

The inltlal geometry for optimlzatlon was given as a planar C ~ V  SYmlnetric 

structure However, optlmlzation at MP216-3 1 l++G** level of theory led to a non-planar 

geometry wlth CI symmetry as shown in Figure 111 3 (A) Frequency calculation 

confirmed it to be a true minimum This structure IS very close to a Czv symmetric 

geometry having H2S plane perpend~cular to the Ar-Ar bond Both hydrogen atoms are 

pointing towards the Ar atoms and the S is away from them The Ar-Ar distance, r, 1s 

4 038 8+ and the distance between the centers of masses of H2S and Ar2, R, is 3 609 a The 

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

c) Transition State (TS) 

F l p e  111.3. (a) Optmuzed structure of Xr,-H,S m the W2/6-311f-1-G** level of theory The 
H& plane is perpenchcukr to the .&-Ax bond Both the hydrogens are pointed towards iL atoms 

@) O p m e d  structure ofthe rzmmurn B, found m the PES scan, at the same level of theory (c) 

T'mnsl~on state between structure A and B See Fgure I11 4 for the HSAuir dthedral angle for the 
three smctures 
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&stance from Ar to the H2S center of mass is 4 135 A, slightly larger than the 

expenmental value 

~xpenmental results indicate that the H2S is exhibiting large amplitude internal 

motion within the complex Hence, it was decided to do a PES scan to determine the 

b m e r  for internal rotation of H2S S c m n g  was done starting from the MP2 optimized 

geometry (structure A) at the same level of theory (MP216-3 1 l++G**) In this scan the 

dlhedral angle between H2S plane and the Ar-Ar-S plane was intended to vary by 10 0 

degrees per step Specifically, ~ H S A ~ A ~  Was vaned in steps of 10 degrees Except for the 

Ar-S-Ar angle, all parameters were allowed to relax and hence the s c m n g  did not 

correspond to a simple rotation of H2S about its b axis The m a n  reason for doing the 

s c m n g  in this manner was the fact that the initial optimization corresponding to the 

planar structure did not yleld any stationary points, minimum or a saddle point of any 

order Hence, for each value of d ~ s ~ r ~ r ,  all other parameters were optimized The initial 

value of the dihedral angle was -64 88" and it was vaned in both directions, 90" in each, 

Dihedral angle (Degree) 

Figure 111.4. Potenual energy surface scan The reaction coordinate ~s the dhedral angle 
dm, (see Figure I11 3) The yam ~s the ddference m energy between the complex and its 

components (AE = Ecomplex- 2EA, - Em ) 
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to complete a total of 180" rotation The result of the scan 1s shown in Figure 111 4 T~~ 
mlnlma were found on either mde of the structure 'A' These two minima are 

labeled as 'By and 'B" These structures had only one hydrogen pointing towards the Ar- 

& bond, asynxnetncally i e H is close to one Ar (3 03 A) than the other (3 50 A) These 

were fully opt~mized again at the same level of theory (MP2/6-3 1 l++G*") to obtain more 

accurate geometry and energies This second minlmum (B or 8') 1s -8 0 cm-' lower in 

energy compared to A The dlhedral angles d ~ ~ ~ r ~ r  are 1 1 78" and -1 35 16" for B and B', 

respectively The Ar-Ar distance is almost the same as that in Structure A, 4 05 A 
However, the H2S unit is slightly away from Ar2 compared to A The d~stance between 

centers of masses of AQ and HzS, R, IS 3 73 A and Ar-c m (H2S) is 4 24 A Figure 

111 3@) shows the optimized geometry of structure B and the Figure I11 3(c) shows the 

transition state connecting structures A and B The transition state has also been 

optlmlzed at the same leveI of theory In the transltlon-state, one hydrogen IS directed 

towards the Ar2 and the dHSArAr dihedral angle 1s in between those in the two mmima, 1 e 

-26 11" The energy barrier (MB) golng fiom structure A to B 1s only 1 1 5 cm-' at MP2 

Table 111.4. The mbrmonal frequencies for all the and transluon states, calculated 

at MP2/6-3 11 + +G"" level of theory All values are m cm ' 
- - -- - - - - - --- 

MP216-3 1 l++G** 
Normal modes 

A B B ' TS 1 TS2 

Intermolecular stretching (Ar-Ar) 20 2 0 2 0 20 19 

Intermolecular stretching (Ar-H2S) 28 29 29 29 28 

Intermolecular stretching (AQ-H2S) 38 39 39 

Torsion about 'by of H~S*  40 47 47 

Torsion about 'a' of H2S 49 75 75 

Torsion about 'c' of H2S 97 106 105 

H2S bending 1230 1237 1237 

H2S symmetric stretch 2818 2820 2820 

H2S asymrnetnc stretch 2837 2840 2840 

"Reaction coordinate for A + B conversion 
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level calculation Single point calculations of the stationary points at CCSD(T) level 

yelded a value very close to that at MP2 level, 11 8 cm" 

For all the optimized geometries (three minima and one transition state), the 

vibrational frequencies have been calculated and are given in Table 1114 All minima 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 thls 

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 I11 4) indicate 

that the zero point level is significantly above the barner This supports the expenmental 

observation that HIS undergoes large amplitude motions withln the complex However, 

the nature of the PES with two different minima (A and B) suggests that the large 

amplitude motion is unllkely to be simple internal rotation of H2S about its Cz axis 

III.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 is evaluated as 

AE = Ecornplex - EAr EAr - EHZS PI 
Table 111 5 shows the interaction energes 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 37"9 The BSSE is 

calculated as 

BSSE = [E~I*(M)  + Ek2*(M) + EHZS*(M)I - [EA~I*(C) + EA r2* ( C) + EH~s*(C)I (6)  

where '*' indicates that the monomer geometry is distorted and is same as in the 

complex, (M) and (C) indlcate whether the energies are calculated in monomer or 

complex basis set respectively The CP corrected interaction energy is, 

A E ~ ~  = AE + BSSE (7) 

Usually, the CP corrected interaction energy is given as" 
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According to Eq (8), 

BSSE = [EArl(M) + EAQ(M) + EH~s(M)] - [EArl*(c) + EA~~*(c) + EHIS. (C)] (9) 

The BSSE calculated from Equations (6) and (9) will be significantly different, if the 

monomer geometnes are distorted on complex formation It IS important for hydrogen 

bonded complexes of HF and H20, for instance 40 For the Ar2-&S complex, the 

difference in BSSE calculated between Equations (6) and (9), is only 0 5 cm-' at MP2/6- 

31 ltt-G** level calculations In any case, in this work, BSSE has been reported using 

Equation 6 only. 

is the interaction energy after zero-point vibrational energy correction over 

h~~~ For structure A, the stabilization energy of 347 6 cm-' is obtained with MP2 

method without BSSE correction The CCSD(T) value is again close to the MP2 result 

and it is 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 111.5. Interacuon energies for all five stationary polnts (three mmma and two 
transition states) calculated at MP2 and CCSD0[3 method uslng 6-3 11 + +G"" bbas1.s set 

Energy MF'2/6-3 1 l++G** CCSD(T)/6-3 1 l++G** 

(cm-') A B B' TSl TS2 A B B' TS1 TS2 

BSSE 3942 395 3 3954 3764 368 3 407 9 413 5 413 5 391 7 383 1 

acP 468 399 400 403 327 543 5 1 0  510  500  414 

Employng the BSSE correction using counterpoise method leads to artificial 

positive stabilization energes for all cases This is due to incompleteness of the bass set 

used The BSSE can be reduced sigmficantly to obtain a reliable interaction energy using 
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higher basis sets (approach to complete basis set limit) Hence the calculations have been 

at MP2 method using h~gher 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 

III.3.c.3. Results With Higher Basis Sets 

III.3.c.3.a. Geometry 

Structure A has been optimized at MP2 level using all the above basis sets All 

calculations resulted in a true minimum with all positive eigen values In the Hessian 

except for the calculation with aug-cc-pVDZ basis set, which resulted in a saddle point of 

order 2 Further, CCSD(T) single point energy calculations were done for all MP2 

optlrnized geometnes (except aug-cc-pVQZ) using the same bas~s set that was used for 

optimization However, Structure B and B' could not be optimized using any of the 

hgher basis sets The optim~zations never converged The geometry, optimized at 

MP2/6-31 1++G(3df72p) level is shown in Figure I11 5 The figure also shows the axis 

system of both the Ar2-H2S complex and H2S monomer in the complex The axis system 

denoted as 'a, b, c' is for the complex and the axis system denoted as 'a; b; cp' is for H2S 

monomer All the structural parameters for the optimized geometnes using these basis 

sets are listed in Table I11 3 along with the expenmental and lower basis set values 

The Ar-Ar and At-c m (H2S) distances both reduce with increasing basis size 

The distances calculated at MP2/6-311++G(3df32p) are fortuitously close to the 

expenmental values Particularly, the Ar-Ar distance calculated at this level (3 820 A) is 

very close to the % for & dime?7, 3 822(2) A However, the R, for An is less at 3 763 

A27, 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 is evident from the theoretical stabilizat~on energies as well and they are discussed 

next 
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Figute 111.5. Opurmzed structure of hr,-H,S at blP2/6-311++G(3df,2p) level of 

theory This 1s exactly C,, syrnmetnc structure wlth all the structural parameters very 
close to expenmental ones a, 6, c 1s the axls system of the complex whereas a', b', r 1s 
that of H,S monomer R 1s the &stance between the centers of masses of H,S and Ar,, r 
is the Ar-Ar &stance, and R, (not shown) IS the &stance between Ar and c m (H,S) 

III.3.c.3.b. Interaction energy and barrier energies for internal rotat~on 

Table 111 6 shows the interactlon energles calculated at MP2 and CCSD(T) level 

calculations with vanous bans sets The BSSE IS slgnlficant (394 cm") at MP2 level 

wlth 6-3 1 l++G** basls set and m fact ~t is larger than the absolute value of lnteractlon 

energy (-348 cm"), leadlng to net 'destabihzatlon' It is lnterest~ng to note that single 

polnt calculations at CCSD(T) level wlth this small basis set, Increases both AE (-354 cm- 

') and BSSE (408 ern-') As the increase m BSSE a more than that of AE, the results 

Iook worse at CCSD(T) level than at MP2 level As the bass  slze 1s Increased to 6- 

31 1+-+G(3df92p), AE increases and BSSE reduces by more than half, leadlng to a net 

stablllzat~on of -263 cm'l As the basls sue  is increased to aug-cc-pVQZ. the BSSE 

reduces to 70 cm-I only, - 15 O h  of the interactlon energy of - 471 1 ern-' The ZPE 
correction ~ncreased from 103 cm-I w~ th  6-3 1 1 i-+G (3df.2~) basis set to 1 17 cm-' 1~1th 
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aug-c~-pVTZ basis set This increase could be due to the over-estimation of 

intermolecular vibrational frequencies and it appears that these fiequenc~es should be 

scaled by 0 7, see next section The stabilization energy calculated at MP2 level 

calculations w ~ t h  aug-cc-pVDZ/pVTZ/pVQZ were used to extrapolate to CBS limit 41 At 

this limit, the binding energy of &~-HzS is 507 cm-I and 418 cm-', respect~vely w~thout 

and w ~ t h  ZPE corrections 

Table 111.6. The lnteracuon energles obtamed from ab zratro calculauons " The values are m 

cm-l 

6- 
Energy 6-3 1 1 ++G** aug-cc-pVDZ aug-cc-pVTZ aug-cc- 

3 1 1 ++G(3df92p) PVQZ CBS 

BSSE 3942 407 9 155 3 166 3 151 0 163 3 133 2 1306 70 0 -- 

a AE''~ IS the interaction energy after zero-pomt v~brational energy correct~on over AE" CBS 

extrapolation was done using the aug-cc-pVnZ results (Ref 41) 
b Zero point energy correct~ons used vibrational frequencies calculated at MP2/ aug-cc-pVTZ 

level 

As discussed in the previous section, expenmental results do indicate that the H2S 

is quite floppy within the complex Hence, it was decided to determine the bamers for 

internal rotation of H2S about its pnncipal axes, within the complex by dorng potential 

energy scans Energies were calculated by varylng 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 MP216-31 1++G(3df72p) ~ a l c u l a t l ~ ~ ~  are 

shown in Figure 111 6 Not surprisingly, lntemal rotation about the b axis of H2S has the 

lowest b m e r  of only 10 cm" It is less than the zero point energy along this torsional 

coord~nate (13 5 crn-l) The bamer for rotation about a and c axes are also small, 53 and 

47 cm-l, respect~vely The correspond~ng torsional frequencies are 49 and 43 ~rn-1, 

respectively It is clear that the H2S can exh~bit very large amplitude motlons wlthln the 

complex 

---- -- - 
1̂ 1 I 

,- Rotatron about c I 
- -a - Rotatlon about b 
- - f - - Rotat~on about a 

0 20 40 60 80 100 120 140 160 180 

Degree of rotat~on 

Figure 111.6. PES scan for H,S Internal rotatron about rts mertial axes a, b and c All other 

coonhates have been kept unchanged dunng the scan The 'y'   XIS ~s the difference 

between the energies of the complex and 1ts constitutmg monomers. 

III.3.c.3.c. Vibrational frequencies and centrifugal distortion constants 

The vibrational frequencies calculated at MP216-3 1 l++G(3df,2p) and MP2laug- 

cc-pVTZ levels of theory are given in Table I11 7 The only expenmental result available 

for companson is that of Ar-Ar stretchng, observed in the free & dlmer2', which 1s 

30 68 cm-I It is pred~cted to be 26 crn-' In Ar2-H2S, which seems reasonable A more 

stnngent test would be the companson of centrifugal distortion constants from this ab 
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lnrtlo force field wlth the expenmental values Kisiel and coworkers42 have carned out 

such analysis for Ar2-HF/HCI/HBr and a similar analysis was done here for Ar2-H2S 

The FcOWNIBCA codes were used to determine the centnhgal distortion constants 

from the ab znztzo force field Table I11 8 gives the centnhgal distortion constants and 

the harmonic vibration-rotation contnbutlon to the inertla1 defect, determined from the 

force field w ~ t h  and w~thout scal~ng (It should be remembered that the equilibrium 

inertial defect from the calculations (see Table I11 3) is about -3 8 a rn u A*, as the out of 

plane protons do contnbute in the equllibnum structure In t h s  Table, it has been 

assumed to be zero as the H2S appears to be nearly sphencal in the complex) A 

frequency scaling factor of 0 7 gives a reasonable agreement for three of the five 

distortion constants (DJ, DJK and DK) The other two constants (dl and d2) are of smaller 

magnitude In companson They are predicted to be of the nght order of magmtude but 

wrong signs For AT2 -HBr and Ar2-HCI, Eslel  and coworkers found that a frequency 

Table 111.7. All the vlbratlonal frequencles of Aq-H,S, b e n b g  and stretching frequencles 
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 uslng 6-311++G(3df,2p) and aug-cc-pVrZ basis sets. All the 
values are glven m cm-' 

Vibrat~onal Modes MP2/6-3 1 1 ++G(3df32p) MP2/aug-cc-pVTZ 

Ar2-H2S H~S-H~S* H2S Ar2-H2S H~S-H~S* H2S 

Intermolecular bending 26 -- -- 32 -- -- 
Intermolecular 

stretching (Ar-Ar) 
Torsion about 'b' of HzS 27 -- -- 19 -- -- 

Intermolecular 
stretching (Ar2-H2S) 37 

Torsion about 'c' of H2S 43 -- -- 43 -- -- 
Torsion about 'a' of H2S 49 -- -- 63 -- -- 

H-S-H bendlng 1214 122311215 1217 1209 1216/1209 1212 

S-H symmetric stretch 2776 274112773 2776 2773 2729/2769 2771 

S-H asymmetric stretch 2794 278612792 2795 2792 278312789 279 1 

*First entry is for the donor H2S and the second entry is for acceptor H2S 
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scaling factor of 0 8 works better" Though, the scaling Improves the aDeement with 

centnfugal distortion constants, it is obvious that the Ar-Ar sketching frequency would 

become even smaller However, thls appears to be a general trend with Ar2-HX clusters 

as this frequency 1s estimated to be 21 cm-', 24 cm-' and 23 cm-' for A~~-HcI", Ar2- 

O C S ~ ~  and A r 2 - ~ 2 0 4 5  by analyz~ng the respective centnfugal distortion constants 

Table 111.8. Dlstortion constants (kHz) and rnemal defectsa (a m u  A? from experiment 

and ab znrtto force field 

Dlstortion Expenment MP2/6-3 1 1 ++G(3df,3pd) MP21aug-cc-pVTZ 
constants 

Frequency 1 0  1 0  0 7 1 0  
Scaling factor 

0 7 

dl -2 26 (2) 3 14 6 29 3 74 7 49 

A 4 650 2 862 4 047 2 751 3 891 

a Harmomc vibration-rotat~on contnbution to inertla1 defect, defined as I, = (I,), - 6Ia 

Despite the reasonable agreement between the expenmental centnfugal d~stortion 

constants and those denved fiom a scaled ab  tnztzo force field, there are at least two 

expenmental observations that point to the Inadequacy of the ab znztto force field 1) The 

d~stortion constants for Ar2-HDS and &-DZS are predicted to be very simllar to those of 

Ar2-HlS (wlthm 5%) Expenmental distortion constants (see Table 111 2) for the three 

lsotopomers vary by 60-70 % 2) The inertial defect calculated from the harmonic 

vlbratlon-rotation contnbution is 4 047/3 891 a m u A2 with 6-3 1 l++G(3df,2pd) and 

aug-cc-PVTZ basis sets, compared to the expenmental value of 4 650 a rn u A2 
cornpanson, for &-HF/HCl/HBr lGsiel and coworkers4' found much better agreement 
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between the expenmental inertial defect and that calculated fkom the harmonic vibration- 

rotatlon contnbution at MP2Iaug-cc-pVDZ calculations These observations hlghllght 

the fact that the IPS for h2-H2S 1s floppier than the IPS for the relatively strongly bound 

~ r ~ - H X  systems It is hoped that the expenmental results reported m th~s  manuscript 

would stimulate development of more accurate IPS for Rg-H2S complexes 

In the Introduction, we commented about the shift in vlbrational frequencies 

observed following complex formation Table 111 7 compares the mtra-molecular 

vlbrational frequencies involving H2S for Ar2-HzS, H2S-H2S, and free H2S, as well The 

S-H stretching frequencies calculated for Ar2-HzS are both wlth~n 2 cm-' of those 

corresponding to free H2S AT MP2/6-3 11++G(3df, 2p) level, there 1s a 1 cmW1 red shift 

and at MP2/aug-cc-pVTZ level there is a 1-2 cm" blue shift These results suggest that 

one needs to exercise caution in interpreting small blue shRs Interestingly, the S-H 

stretchng frequencies calculated for the acceptor H2S m (H2S)2 show a red-shift of 2-3 

cm-' compared to the monomer values The stretching fiequency for donor H2S in (H2S)2 

shows a red-shift of 42 cm-' For companson, the red-shft observed in OH stretchng 

for the strongly hydrogen bonded (H20)2 is significantly hlgher at 226 cm-' 

From the vibrational frequency shifts observed, (H2S)2 could easily be classified as a 

hydrogen bonded complex However, the same can not be concluded about Ar-Hz0 (1 5 

cm-' red-shift)8 or Ar-H2S complex Consldenng Aquilanti et a1 's recent work on Rg- 

H 2 0  complexes7, it may be expected that the frequency shifts observed m Rg-Hz0 and 

Rg-H2S would be more pronounced as Rg 1s changed from He to Xe 
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111.4. Conclusions 

The rotational spectra for &-H2S and ~ t s  isotopomers have been observed using 

PNFTMW spectrometer It exhrblts normal isotope effect unlike Ar-H2S dimer Agaq 

unlike Ar-H2S, only one set of transltlons has been observed The expenmental 

rotational constants are consistent wlth a vlbrationally averaged heavy-atom C2, 

symmetric structure wlth both hydrogen atoms polnting towards k2 The Ar-Ar and Ar- 

H2S distances are determined to be 3 820 A and 4 105 A, respectively The Ar-H2S 

dlstance falls in between those determined for Ar-H2S dlrner (4 013 r f )  and Ar3-H2S 

tetramer (4 112 A) Ab znztzo calculations have also been reported at MP2 and CCSD(T) 

levels with large basis sets up to aug-cc-pVQZ MP2 results glve a mlnimum energy 

structure, whch 1s non-planar with Cz, symmetry where H2S plane is perpendicular to the 

Ar-AT bond and both hydrogens are polnting towards AT2 The CBS extrapolation for 

binding energy of this complex is about 507 cm-' The vibrational force field from ab 

znztzo calculations could reasonably reproduce the expenmental centnfugal distortion 

constants for the parent isotopomer, but they do not predrct the changes on D substltutlon 

The harmonic-vlbratron-rotation contnbutlon to the inertral defect 1s s~gn~ficantly below 

the expenmental Inertial defect, unlike that of h - H X  (X=F,Cl and Br) 
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Table 1II.A. Op-d structural parameters of different rmntma and trans~non states of 
Ar,-H2S system at MP2/6-3 11 + +G >'level of theory 

Parameters 
A B By TS 1 TS2 
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Table 1II.B. Optmuzed s t r u c d  parameters of ddferent rnuuma and transition states of 

A&-H,S system at ddferent levels of theory 

6- 6- Aug-cc- aug-cc- aug-cc- 
Parameters 

3 1 1 *G(3dfy2p) 3 1 1 ++G(3df,3pd) pVDZ pVTZ PVQZ 
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Table 1II.E. Energy of the o p t m e d  geometries of Ax-,-H,S and the constituent 

monomen usmg ddferent basrs sets at MP2 level The monomer energles are evaluated at 
both monomer and complex bass sets to calculate the BSSE 
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Table 1II.F. Energy of the MJ?2 o p t m d  geometries of &-H2S and the constituent 
monomers us~ng ddferent basls sets at C w  level The monomer energles are evaluated 
at both monomer and complex basls sets to cah.~late the BSSE 

Table 1II.G. Rotanonal constants of the opt~rmzed structures (nmxma) of Aq-H2S at 

d~fferent levels of theory 
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IV.1. Introduction 

Water dimer 1s probably the most extenslvely studied Hydrogen bonded system '- 
" It has a Cs syrnmetnc equillbnum geometry similar to that shown in Figure IV 1 for 

(H2S)2 Water dlmer undergoes several tunneling motlons that involve the interchange of 

Identical nuclel There are malnly two types of tunneling motlons The first type 

involves a simple two-fold rotations of either or both of the two H20 molecules about its 

C2 symmetry axis, givlng permutation such as (12) (donor tunneling), (34) (acceptor 

tunnehng) or (12)(34) (donor-acceptor tunnehng) The other type, donor-acceptor 

interchange tunneling, interchanges the proton donor and proton acceptor roles m the 

dlmer by permutations such as (ab)(13)(24) in Flgure N 1 As a result of these tunneling 

motions, the rotational energy levels are spllt into six sublevels' Two of them are doubly 

degenerate and the rest four are non-degenerate The acceptor tunnellng splitting 1s -200 

GHz m (H20)2 and -9 GHz in (D20)2 The donor-acceptor interchange tunneling 

splitting 1s -20 GHz for (H20)2 and -1 GHz for (D20)z Only the doubly degenerate E 

states of (H20)2 give ngld rotor type rotatlonal spectra The other states g v e  rotatlonal 

tunnellng spectra The rotational spectra of Ar-(H20)2 have also been studled I2'l3 It has 

a T-shaped heavy atom geometry, where Ar approaches towards (H20)2 along lts b 

Inertla1 axls The 0-0 distance in Ar-(H20)2 tnmer is 2.945 A, which is 0 035 A shorter 

than that in (H20)2 dlmer. The tnmer also undergoes several tunneling motlons slmllar to 

the dimer The rotational energy levels of Ar-(H20)2 could be correlated wlth those of 

(H20)2 As the addltlon of Ar generates a dlpole moment that does not invert on donor- 

acceptor interchange tunneling, A, B and E states gwe n g d  rotor spectra The donor- 

acceptor Interchange tunnellng was determined to be -106 MHz for Ar-(D20)2, w l c h  IS 

about 11 1 oth of the (D20)2 value (-1 GHz) 

As mentioned In the prevlous chapter, systematic studles of several weakly bound 

H2S complexes have been started in our laboratory The maln goal m this study IS 

understanding weak intermolecular interactions involving second row hydndes This 

chapter reports the rotational spectral and ab znltzo studies of Ar-(H2S)2 complex 

Though (H20)2 has been investigated extens~vely, the second row analogue (H2S)2 has 
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not recelved as much attention The rotational spectrum of (H2S)2 and several 

isotopomers has been lnvestlgated by Lovas l4 Some other experimental and theoretical 

investigations have also been published 15"' Durlng the course of our investigation on 

Ar-(H2S)2 some new transltlons have been assigned for some lsotopomers of (H2S)Z 

These are presented in t h s  chapter along wlth some new theoretical results Rotational 

spectrum for ~4r-(H2S)~ 1s reported for the first tlme The spectra and the structure of A ~ -  

(H2S)2 are compared with that of (H2S)2 to g a n  maxlmurn insight about the weakly 

bound Ar-(H2S)2 trimer 

IV.2. Background: (H2S)2 Dimer 

The theoretical s t ~ d i e s ' ~ - ' ~  predlct the linear H-bonded structure to be the global 

minunum, slmllar to that of (H20)2 Expenmentally, lt has been studied by IR 

spectroscopy in matrix 20.2' The rotat~onal spectra also have been recorded by Lovas l4  

He has observed rotat~onal spectra for several isotopomers of the dimer, including H2S- 

H ~ S  and the deuterated isotopomers The pure rotat~onal speotra correspond to a 

pseudo-diatomic molecular complex For (H2S)2 a two state pattern has been observed in 

the rotational spectrum These are probably two tunneling states of (HzS)2 Hydrogen 

sulphxde dlmer 1s expected to undergo several tunneling motlons similar to (H20)2 AS 

I I 

Figure IV 1. Structure of (H,S), 
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Table IV.l. h t  of rotational and &tomon constants for different isotopomers of @*S), l4 

Upper State Lower State 
Species 

BO (MHz) Dj (kHz) BO (MHz) DJ (16-I~) 

* Present work 

Table IV.2. Lat of rotauonal transluons observed for the new deuterated species and the 
weaker states of H,S-HTS 

H ~ S - H ~ ~ S H  / Res H ~ S - H ~ ~ S H  / Res 
J J' D2SMDS Res 

H ~ ~ ~ S - H S H  (kHz) H ~ ~ ~ S - H S H  (HZ) 



Chapter lV Rotational Spectra and Structure of A~-(H,s), 

the intermolecular potential energy surface 1s expected to be shallow, the barners for 

these motions may be significantly smaller than those of (H20)2 However, in microwave 

region, no other state has been found The rotational and distortion constants for different 

lsotopomers are gven in TabIe 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 ~ 2 ~ ' s  

The splitting in B rotational constant between the Upper and Lower states of 

(H2S)2 is 1 2 MHz whereas for the two H;'S-H~S isotopomers, it is -0 84 MHz and 1 09 

MHz For (DzS)2 the splitting is -0 89 MHz From the (H2S)2 rotational constants for 

Upper and Lower states, the vibrationally averaged c m separation between two H2S sub- 

units is calculated to be 4 123 A and 4 125 A respectively 

In addition to this expenmental and theoretical information, some ab rnltlo 

calculations have been performed for the dimer at MP2 method using higher basis sets 

The geometry was optimized using different baas sets The vibrational frequencies and 

mterachon energy are calculated for the optimized geometry, and these will be discussed 

in the latter secQons With &us knowledge about the (H2S)2 dimer, the studies for the Ar- 

(H2S)2 tnmer have been c m e d  out 

IV.3. Experimental Details 

The rotat~onal spectra for Ar-(H2S)2 and Ar-(D2S)2 were observed using our 

home-built Balle-Flygare pulsed nozzle FT microwave spectrometer 22 The Ar-@2Sb 

complex was formed through supersonic expansion of Ar gas seeded with 2 to 3 % of 

H2S The D2S was formed by flowing H2S through several bubblers placed sequentially 

and filled with D20 The back-pressure was kept typically at 0 6 atm The optimum 

rnlcrowave pulse was of 0 5 ps duration Typically 1000 to 2000 shots were averaged to 

obtain a reasonable s i ~ a l  to noise ratio The identity of the complexes was established 

by confimng the presence of H2SID2S and Ar No signal was observed without H2S 

When He was used as the carner gas, no signal was observed even though H2S was 

present. The signal appeared again as a few % of Ar was added to the gas mlxture in He 
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Dmng the search for Ar-(H2S)z two new sets of transitlons for H ~ s - H ~ ~ ~ s  and a set of 

transitions for a deuterated lsotopomer of (H2S)2 were observed For the dimer the 

optlmum back-pressure was 0 5 atm and the optimum microwave pulse length was 0 5 

ps The 3 4 ~  signal was observed from natural abundance of isotope A11 gases were 

obtmed from Bhuruka Gases Ltd and used as supplied, Ar (99 999 %), He (99 999%) 

and H2S (99 5 %) D2O was obtained from Sigma-Aldnch, 99 96 atom % D 

IV.4. Experimental Results 

N.4.a. Search and Assignment of Ar-(H2S)2 and Ar-@2S)2 Spectra 

A symmetric T-shaped heavy atom geometry has been assumed for Ar-(H2S)2 

complex as a similar structure has been determined for Ar-(H20)2 complex l3  In the 

assumed geometry, whlch is an asymmetric top, the &stance between two H2S u t s  was 

taken to be the same as that in (H2S)2 The Ar  atom was placed equidistant fkom both the 

H2S w t s  such that the Ar-c m (H2S) distance is similar to that m Ar-H2S complex 23 The 

rotational transitions, both a and b-&poles, were predcted for thzs assumed geometry 

As the principal inertial axls parallel to the S-S bond is b axis for this geometry, the b- 

dipole transitions were expected to be stronger Hence, s c m n g  was started for the b- 

dipole transltlon 202 -, 313 whch was predicted to occur at - 6025 MHz Two strong 

lines were readily found at 5964 1340 MHz and 5971 5046 MHz along wlth two other 

weaker lines at 5959 3882 MHz and 5966 6796 MHz The line at 5964 1340 MHz was 

assigned as 202-f313 transition and the weaker line at 5959 3882 MHz was asslgned as a- 

dipole 202-+303 transition for AI--(H~S)~ On the basis of these assignments, the other a 

and b-dipole transitlons were predicted and found easily Total 40 a and b-&pole 

translhons have been observed for Ar-(.K2S)2 

Even after the complete assignment of these trans~tlons, many llnes were left 

unassigned (e g 5971 5046 MHz and 5966 6796 MHz) Most of them are very close to 

the ass~gned transitlons for AI--(H~S)~ and need slmilar optlrnum conditions to be 

observed These llnes could be fitted as another set of transitions where the lines at 

5971 5046 MHz and 5966 6796 MHz are asslgned as 202-+313 and 202-303 transitions 
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respectively A total of 32 a and b-dipole transitions have been observed and asslmed 

for this senes of transitions Both sets of transitions are listed in Table IV 3 along 

the residues from the fit These two sets of transitions correspond to two different 

t-ehng/internal rotor states of AT-(H2S)z and are designated as the Lower and Upper 

states The Upper state transition frequencies are higher than the corresponding Lower 

state transitxon A similar two state pattern in rotational spectra has been observed for 

(H2S)2 dimer also (discussed in previous section) NO other set of transitions was 

obsewed even after extensxve search in both directions 

Table IV.3. List of rotat~onal transitlorn observed for both Lower and Upper states for Ar- 
( S )  The res~dues of the fits are also mcluded 

Lower Upper - - 
Transitions 

Obs Freq (MHz) Res (kHz) Obs Freq (MHz) Res (kHz) 
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Tahle IV 3 contznued 

312 -) 413 94 1 9 9420 

312 + 423 9452 4774 

220 + 331 9986 1125 

423 + 514 11015 9524 

423 -+ 524 11020 1115 

515 -f 606 1 1032 3329 

515 + 616 11 032 3329 

505 * 606 11032 3745 

505 616 1 1032 3745 

413 -+ 514 1 1048 4680 

413 + 524 11052 6015 

321 += 432 1 1702 6670 

616 * 707 12729 0515 

616 + 717 12729 05 15 

606 707 12729 0515 

606 * 717 12729 05 15 

717 * 808 14425 4752 

717 -) 818 14425 4752 

707 -+ 808 14425 4752 

707 + 818 14425 4752 

818 909 16121 5749 

818 -+ 919 16121 5749 

808 -) 909 16121 5749 

808 +- 919 16121 5749 

Residue = Observed - Calculated 
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The search for the Ar-(D2S)~ spectra was quiet straightforward as the ngld rotor 

prediction from the Ar-(H2S)2 rotational constants gave rotational constants very close to 

the expenmental values A total of 41 transitions, a and b-dipole, have been observed for 

each tunneling/internal rotor state of AT-(D2S)2 For this lsotopomer both the states are 

very close to each other and could be seen in a single window The observed transitions 

and their residues are listed in Table IV 4 The quadrupole hyperfine splitting due to four 

D nuclei could not be resolved to obtain the quadrupole coupling constants 

Table: IV.4. Observed tlSansitlons and their correspondmg residues for both Lower and 
Upper states for Ar- @,S), 

Lower Upper 
Transitions 

Obs Freq (MHz) Res (kHz) Obs Freq (MHz) Res (HZ) 
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Table IV 4 contznued 

312 -) 413 91 13 9930 0 9 

312 + 423 9128 7280 0 0  

220 -) 331 9522 5860 -0 2 

423 -' 514 10706 4090 0 0  

423 + 524 10707 8705 0 5 

413 -+ 514 10721 1480 3 3 

413 -+ 524 10722 6070 1 2  

515 + 606 10735 4942 -1 8 

515 -) 616 10735 4942 -2 5 

50.5 + 606 10735 4942 -13 3 

505 -) 616 10735 4942 -14 0 

524 + 615 12364 8730 3 5 

524 625 12364 9910 -3 6 

514 -+ 615 12366 3325 1 9  

514 -+ 625 12366 4540 -1 7 

616 + 707 12388 2940 6 3 

616 -) 717 12388 2940 6 3 

606 + 707 12388 2940 5 6 

606 -f 717 12388 2940 5 5 

717 -' 808 14040 8390 -1 8 
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For both isotopomers, the b-dipole transitions are stronger than the a-dipole ones 

This ~ndicates that the dipole moment component along the b inertial axis of the complex 

1s higher than that on the a axis Both sets of transitions for AT-(H~S)Z and Ar-(D2S), 

have been fitted independently to the Watson ~ a m i l t o n i a n ~ ~  for distorted asymmetric 

rotor with A reduction The fitted rotational and distortion constants are shown in Table 

1V 5 along with the standard deviations of the fits For all four senes of transitions the 

standard deviations are withn 7-9 kHz However, for Ar-(H2S)2 total six distortion terms 

are used in the fit, Hj being the only sextet term, whereas using five first order distortion 

terms gives a reasonably good fit for A~- (DzS)~  The uncertsllnties associated wlth the 

fitted parameters are quite reasonable The distortion constants for Lower and Upper 

states of AI--(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 AI-(D~S)~ both 

the states have very similar distortion constants 

Table IV.5. Fitted rotauonal constants and &tomon constants for Ar-(H,S), and Ar- 
@,S), The standard dematlon (SD) and the number of transiuons (#) fitted are Included 
too 

Parameters Ar-(H2S)2 A.T-(D2S)2 

Lower Upper Lower Upper 

A (MHz) 1810 410 (6) 1826 18 (2) 1725 49 (1) 1725 52 (1) 

AK 82 4 (7) 1045 (4) 26 (1) 28 (1) 

65 8 4 (2) 153 (1) 4 1 (4) 4 8 (4) 

6~ 3 8 9 (4) 746 (4) 6 3 ( 9 )  8 3 (8) 

HJ (Hz) 4 2 (1) 41 2 (6) -- -- 
SD (kHz) 8 7 7 4  7 8 7 4  

# 40 32 41 4 1 
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IV.4.b. Structure 

The rotational spectra observed and the fitted rotational constants of Ar-(H2S)2 

match very well with the assumed asymmetric top geometry, a T-shaped heavy atom 

geometry The vibratlonally averaged structure, along w ~ t h  its prlnclpal Inertial axis 

Frgure IV 2. Vlbrattonally averaged geometry of Ar-(H,S), obtamed from spectroscopic 

constants 'r' is the c m distance between two H,S umts and 'R' is the &stance between Ar 
and c m of (I-I,S), moiety R11s the &stance between Ar and c m of (H,S) 

system, is shown m Figure IV 2 Ar-(H2S)* is a weakly bound complex and the H2S units 

undergo large ampIltude internal motions in the compIex As a result the H2S molecules 
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become effectively sphencal Hence, takxng HIS to be sphencal, the lntennolecular 

separations can be determined applyng the following inertial equations 
2 I, = '/Z ~ H Z S  r (1) 

I, = r c ~ 2  (2) 

Here mHzs is the mass of H2S unit, 'r7 IS the c m distance between the two H2S unlts, pc 

the reduced mass [ 2 m ~ ~ ~ * m ~ ,  (2m~zs + m~r) ]  of the complex and 'R7 is distance 

between Ar and c m of (H2S)2 moiety From equation (I), using the Lower state 

rotatlonal constants of Ar-(H2S)2, the 'r' value xs determined to be 4 053 A The Upper 

state constants give nse to a value of 4 035 A whereas the Ar-(DzS)2 constants (both 

Lower and Upper states) give a value of 4 034 A Equation (2) leads to 'R' values of 

3 547 A and 3 536 A respectively for the Lower and Upper states of Ar-(H2S)2 The 

rotational constants for the deuterated lsotopomer give an 'R7 value of 3 543 8, These 

values correspond to a Ar-c m (H2S) (Rl) distances of 4 085 A, 4 071 A and 4 077 A 
respectxvely All the structural parameters obtained including inertlal defects (A) for both 

the states of Ar-(H2S)2 and AJ--(D~S)~ are glven in Table IV 6 The inertial defects for the 

Lower and Upper states of both the isotopomers give a very important xnsight about the 

structure of the complex in its different tumeling/mternal rotor states For Ar-(H2S)2 the 

Table IV.6. The structural parameters d e t e m e d  from the expenmental rotatlonal 
constants for Lower and Upper states of Ar-(H,S), and Ar-(D,S), The rnemal defects are 
also ~ncluded The paramten are defined m figure IV 2 The d~tances  are given m A and 
the m e a d  defects are gwen m amu A2 

Ar-(H2S)2 Ar-(D2S)2 Ar-H2S 
Parameters 

(H2SI2 

Lower upper Lower Upper 
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Lower state has a very small negative inertial defect, whereas the Upper state has a large 

positive value This indicates that probably the structure and dynamics of AI--(H~S)~ are 

very different in 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 nuclei accounts for it 

IV.5. Ab Initio Calculation 

Ab znltzo calculations were performed at different levels of theory to optlmlze the 

A.I--(H~S)~ geometry and to detennlne the interaction energy These ab znztlo results are 

combined with the rotat~onal spectral studies to understand the system in more detal 

The computation was started with the (H2S)2, the precursor of AI--(H~S)~ The global 

rmrumum of (H2S)2 has been optimized at MP2 level usmg different basis sets An Ar 

atom can approach towards (H2S)2 from several onentations to form the tnmer, Ar- 

(H2S)2 Here all possible approaches have been considered to find the global mimmurn 

and any other local minima at MP2 level using different basis sets Frequency 

calculations were performed to confirm the nature of the stationary points found 

CCSD(T) single point energies were calculated for all the MP2 opt~mized geometries 

using the same basis set All the calculations were performed usmg Gaussian 98 software 

package 25 The optimized structural parameters, the absolute energies, and the 

vibrational fi-equencies, calculated at different level, for HzS, (H2S)2 and Ar-(H2S)2 are 

tabulated in Tables IV A to TV P at the end of this chapter 

IV.5.a. Geometry Optimization 

Hydrogen sulphde dimer has been optimized at MP2 level using 6-3 1 1 ++G**, 6- 

31 l++G(3df72p), aug-cc-pVTZ and aug-cc-pVQZ basis sets The global minimum has a 

h e a r  Hydrogen bonded structure as shown m F~gure IV 3 The Ar atom can approach 

towards (H2S)2 along ~ t s  a, b or c axis to form Ar-(H2S)2 There are two ways for Ar atom 

to approach to (H2S)2 along its b ~nertial axis, from the top or bottom Approach fiom the 

top produced a saddle point with one imaginary frequency However approach from 
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Figure IV.3. Optmuzed geometry of (H,S), at hlP2/aug-cc-pVTZ level of theory 

bottom resulted in a minimum (Structure A) at MP216-3 1 1++G(3df,2p) and MP21aug-cc- 

pVTZ levels of theory However at MP216-3 1 1 U G *  * level, this geometry was not 

optimized even after 100 steps starting from the initial geometry Another geometry 

(Structure B) could be optimized where Ar lies along the c inertlal axis of (H2S)z 

Structure B could not be optimized at MP21aug-cc-pVQZ level of theory because of the 

limited allotted run time of the computers Ar approaching along a axis of (H2S)2 has 

agsun two possibilities There is no minimum where Ar is interacting with the H-bond 

acceptor H2S However, a real pseudo-linear local minimum (Structure C) has been 

found, where Ar interacts with the H-bond donor H2S moiety 

1V.S.b. Structure 

All three minima optimized at MP21aug-cc-pVTZ level of theory are shown ln 

Figure IV 4 The structural parameters calculated at different levels for all three minima 

are given m Table IV 7 In structure 'AA', two hydrogens of the acceptor H2S subunit are 

directed t c ~ ~ a r d s  the Ar Ar is closer to the donor H2S compared to the acceptor HzS, the 

Ar-S dlsta~ces being 3 658 1 A (Rl) and 3 9727 A (R2) respectively at ~~2/aug-cc-pVTZ 
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(a) Structure A 

~2.*-.. *. 

*. 
*. 

r"- 
(b) Structure B 

.,*...*.* 
, .... 

(c) Structure C 

Figure TV 4. Geometries of three rmntma oparmzed at Ml?2/aug-cc-pVTZ level of theory 



Chapter IV Rotat~onal Spectra and Structure of Ar-(N,s), 

level of theory In contrast to the structure 'A', Ar 1s closer to the acceptor HzS subunit 

In structure 'By At ~~21aug-cc-pVTZ level the Ar-S distances R1 and R2 are 4 0543 A 
and 3 6340 A respectively In pseudo-hnear local minimum, 'C', the Ar atom interacts 

with the donor H2S subunit, and the Ar-S distance R1 1s 3 6643 A at MPZlaug-CC-~VTZ 

level of theory In both geometries 'A' and 'C', the (H2S)2 UII.I~ IS not distorted much due 

to interaction with Ar However, the distortion is more in 'By Relative onentation of 

two H2S sub units is changed m presence of Ar in 'By The free (non H-bonded) H of 

the donor H2S molety is inchned towards Ar in 'B', as evident fi-om Figures IV 3 and 

IV.4 (b) The separation between two H2S sub units (r) IS similar for all three mmlma, 

the values being 4 0686 A, 4 0683 A and 4 0775 for A, B and C respectively at 

MP2/aug-cc-pVTZ level of theory The structural parameters have smilar trend at each 

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

Increasing the bass set 

Table IV.7. The s t r u c d  parameters (mtermolecular distances) and the inerual defects for 
three minma optlrmzed at dtfferent levels of theory The structural parameters are defined 
m Figure IV 4 The &taxes m in A and lnertial defects are in arnu A2 
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Table IV.8. Rotational constants (m MIj[z)  for three rnbma optimized at ddferent levels of 

theory 

6- 6- aug-cc- aug-cc- Expenment 
3 1 1 +-tG** 3 1 1 ++G(3df,2p) pVTZ PVQZ 

A -- 1959 80 1994 59 1996 43 1810 410 
B 
8 "  B -- 1646 92 1720 96 1722 66 1596 199 

rn C -- 900 85 930 21 931 09 848 814 

The rotahonal constants for all three geometnes at dfferent levels of theory, 

along with the expenmentally obtained ones, are shown m Table IV 8 The expenmental 

rotational constants can be correlated to those of structure A and B However, the values 

of the calculated rotatlonal constants should not be compared quantitatively with the 

expenmental ones The calculatxon Dves the rotahonal constants for the equllibnum 

geometry at a part~cular level, whereas rotatlonal constants of a vibrationally averaged 

structure are obtaned in expenment 

IV.5.c. Interaction energy 

The interact~on energies (AE) are calculated using super-molecule approach The 

interaction energes are corrected for Basis Set Superposit.lon Error (BSSE) using 

counterpoise m e t h ~ d ~ ~ - ' ~  to give the CP corrected interact~on energles (AE") The 

Interaction energles for all three mnlma calculated at different levels of theory are gven 

in Table IV 9 Single po~nt energy was calculated at CCSD(T) level for all three minima, 
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optimized at MP2 level using 6-311++G(3fY2p) and aug-CC-pVTZ basis sets, using the 

same basis sets Though the interaction energes for all three minima are comparable, the 

CP corrected interaction energy for structure A is more than that for B and C at every 

level of calculations However, the zero point energy corrected interact~on energy at 

htgher bass set (aug-cc-pVTZ) for mmrnum B is marginally (10 5 cm-I) higher than that 

for A This is due to the lower zero po~nt v~brational energy of B than that of A at t h s  

Table IV.9. In temon energles of all the rrmumum structures o p t m ~ ~ d  at ddferent levels 
of theory for Ar-(HZS), AEa n the mteracaon energy after BSSE correction m 
Counterpo~se method AE"~ IS the mteracuon energy after con-eclmg for zero point 
~-1br2uonal energy over AE". All the energyvalues are m cm-' 

6- aug-cc- 
w 
k 
5 

6-3 1 1 ++G(3df,2p) aug-cc-pVTZ 
ti Energy 3llWG** 
5 

PVQZ 

BSSE -- 297 3 314 8 234 3 223 8 118 9 

BSSE 783 4 304 3 321 8 230 8 220 3 -- 

BSSE 612 1 255 3 269 3 192 4 181 9 94 4 
c 

A E ~ ~  -297 3 -640 0 -5176 -786 9 -671 5 -839 4 
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particular level of calculation The CCSD(T) lnteractlon energies are -140 cm-' smaller 

than the corresponding MP2 values The stabilization energles (AE"~) 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 6-31 l++G** basls set to 

a value of 94 4 cm-' for aug-cc-pVQZ basls set 

IV.5.d. Vibrational Frequency 

Frequency calculation was performed for all optimized geometries to confirm 

the nature of the stationary points All minlma had only positive Eigen values in the 

Hessian. The frequencies involv~ng only the vibrations of H2S umts for all three 

geometries, calculated at MP2/aug-cc-pVTZ level, are listed in Table lV 10 The 

corresponding v~brational frequencies of (HzS)~ dimer and the free monomer, 

calculated at the same level of theory, are also included in the Table In (H2S)z d~mer 

the symrnetnc S-H stretch of the donor H2S sub-unlt undergoes a red-sh~f€ of -42 cm-' 

Table IV.lO. Intramolecular H,S vibrational frequencies for three rrrmuna (A, B, and for 
Ar-(H,S), along mth the (QS), cLmer and free H,S monomer frequencies calculated at 

MP2/aug-cc-pVTZ level All values are m cm-'. 

Modes H2S (H2s)2 Ar-(H2s)2 
A B C 

Acceptor bend 1209 1208 1208 1209 
1212 

Donor bend 1216 1215 1215 1215 

Donor syrnrnetnc stretch 2729 2726 2730 2728 
2771 

Acceptor symrnetnc stretch 2769 2768 2769 2769 

Donor asymmetnc stretch 2783 2782 2784 2784 
2791 

Acceptor asymmetric stretch 2789 2788 2790 2789 
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In previous IR spectroscopic study of (H2S)2 matrix, a sluft of -50 cm" was 

observed l 9  in Ar-(H2S)2 for B and C geometnes there IS a similar red shlfi in the same 

mode, whereas the structure A undergoes a slightly higher shifi, -47 cm'l Thts shift 1s 

quite significant compared to the other weakly bound complex of H2S, Ar2-H2s, 

discussed in the previous chapter There is practically no shift in the H2S v1bratlonal 

modes in Ar2-H2S In the view of thls fact, both (H2S)z and Ar-(H2S)2 can be classified 

as weak H-bonded complex The donor asymmetric stretch also undergoes a llttle red 

shft for both (H& and Ar-(H2S)2 The bendlng modes and the acceptor stretchng 

modes are almost unperturbed 

IV.6. Discussion 

The rotatlonal spectra observed for AT-(H2S)2 and k-(D2S)2 could be matched 

with both mlnlma 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 minlmum from the 

expenmental data On vibrational averaging H2S becomes effectively spherical, and both 

'A' and 'B' will be identical However, pseudo-hnear minimum could be ruled out as ~t 

wlll have totally d~fferent spectrum 

The C rotat~onal constants for Lower and Upper states are almost ldentlcal for 

both the lsotopomers The dlfference observed In (A+B)/2 between the two states for Ar- 

(H2S)2 IS 12 29 MHz, whereas the same IS only 45 W z  for AI--(D~S)~ This is in contrast 

to the very slmllar dlfference observed m B rotatlonal constants between the two states 

for (H2S)z (1 20 MHz) and (D& (0 89 MWz) Thls dlfference In rotatlonal constants 

between the two tunnelingl~ntemal rotor states IS not the real 'tunneling/internal rotor 

sphttlng However it is d~rectly related to the real 'sphtting' due to tunnelinghnternal 

rotatton This can be understood qualitat~vely fiom Figure IV 5 The ground 

vibratlonal/torsionaI mode (can not be defined unambiguously for k-(H2S)2), shown in 

the Figure, split Into two sub levels, vo and vo' due to tunnelmng/internal rotatlon There 

1s independent set of rotatlonal energy levels corresponding to each of vo and vo' 

Transltlons between the rotational levels of vo and that of vor are not observed for 



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

A ~ - ( H ~ S ) ~  and Ar-(D2S)2 These transitions may not be allowed due to symmetry I 

they are allowed, they fall certmnly out of the range of our spectrometer However, 

transitions between the rotational levels of a particular tunneling/internal rotation state 

are allowed, and that IS what is observed in the expenment Hence both the sets of 

transitions observed could be fitted independently into a serm-ngid rotor Hamilto~llan 

The vibrationally averaged geometnes 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 vol increases, the difference in average geometry for these 

states wl l  be more, and thus the difference in rotational constants The real tunneling 

splitting is much more for Ar-(H2S)2 compared to that in Ar-(D2S)2 The states vo and vof 

are very close to each other for Ar-(D2S)2, and virtually there is no difference m averaged 

geometnes for these two states As a result the difference in (A+B)/2 is very small here, 

45 kHz, than that for Ar-(H2S)2 (12 29 MHz) If transitions between the rotahonal levels 

I i 

Reaction Coordinate 

Fwse  IV.5. Schematic (cartoon) potential energy Qagram for ~ir-(H,s)~ and Ar-(D2S), 
s h o m g  the sphmg (A) of ground state of some v~braaonal mode due to tunnelmg/mternal 
rotanon From the expenmental findrngs the x-am could not be defined for Ar-(H,S)2 
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of v0 and that of vo' are allowed, the tunneling rotational spectra would be observed 

where each rotational transition would be split into two lines These spectra can not be 

fitted ~ndependently into a semi-ngid rotor Hamiltonian In turn, the mean of the two 

lines corresponding to each rotational transition can be fitted in to a seml-ngid rotor 

Hamilto~uan The splltting of each rotational line is the actual splitting due to 

tunneling/intemal rotatlon 

The tunnelrng splltting is expected to decrease going from (H2S)2 d~mer to Ar- 

(HzS)2 tnmer, as observed in case of (H2O)z and Ar-(H20)2 However, here it is -10 

times more in the tnmer compared to the dimer In the dimer the splitting for (D2S)2 1s 

reduced by -26 % of the (H2S)2 value However, for the tnrner the reduction is -273 

times more. This anomalous difference in the splitting between the dlmer and the tnmer 

can not be explamed fiom the present observations Also it is not possible to infer the 

nature of the coordxnate along wh~ch the tunneling/mtemal rotation occurs, and whether 

there are any other such states or not, fiom the expenmental data 

It is also hkely that the two states observed for the tnmer do not have 1 1 

correspondence wth the dimer states The splitting depends dlrectly on the reduced 

barner height s, defined as 29 

s=V/CF  (3) 

where V 1s the actual barner height, C is a constant, and F is the reduced rotational 

constant of the top and the fiarnework F is Bven as 

F = A (Top) + A (Frame) (4) 
If Ar is involved m the tunneling/mternal rotation of Ar-(H2S)2, 'F' for the tnmer 

becomes much smaller than that for the drmer, regardless of Ar being a part of the top or 

the kame If the actual barner height 'V' for the tnmer does not differ much from that of 

the duner, 's' should be much hgher for the tnmer Hence, the splitt~ng in the tnmer is 

expected to be smalIer than that in (H2S)2 dimer If Ar is not involved in 

tmellngilntanal rotation, and the barner height goes up for the tnmer, the splittmg 

would again be smaller in tnrner than In the dimer 

It 1s posable that the splitting observed m (H2S)2 is too small in the tnmer to be 

resolved, the splmmg observed in Ar-(H2S)2 spectra is too large in the dimer to be 
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~bserved in microwave region Experiments in THz range w~ll  help in more clear 

understanding of dynamic nature of (H2S)2 and Ar-(HzS)~ complexes 

The c m separation between two H2S sub units, r, 1s 4 053 A for Ar-(H2S)-, and 

4 123 A for (H2S)2 (Table IV 6). It should be noted here that the H2S units come closer in 

presence of a third moiety, Ar The distance between two w t s  reduces by 0 07 A Th~s 

could be attnbuted as the thrd body effect A slmilar reduction in the ~ntennolecular 

distance is observed in case of (H2O)z and Ar-(H20)~ also This result is supported by the 

ab znztzo calculation, though the reduction is much smaller At MP21aug-cc-pVTZ level 

of theory, the S-S distance is reduced by -0 01 m AT-(H2S)2 (Structure A) compared to 

(H2S)2 (Table IV 7) 

It is difficult to rationahze the huge differences between the d~stortion constants 

for two states of Ar-(HzS)z, where the distortion constants for both the states of Ar-@2S)2 

are very similar More work, both theory and expenments In different spectral range, is 

needed to address the unsolved questions for the weakly bound complex A~-(HZS)~ 
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IV.7. Conclusions 

The rotational spectra for Ar-(H2S)z and Ar-(D2S)z have been observed AT- 

(H2S)2 is an asymmetric top in the oblate limit, having the asymmetry parameter K = 0 55 

Sim~lax to (H2S)2, a two state pattern has been observed for the tnmer The splitting in 

(A+B)/2 between the two states is 12 3 MHz for Ar-(H2S)2 and 45 kHz for Ar-(D2S), 

The spectra and the rotational constants are consistent with a T-shaped heavy atom 

vlbrationally averaged geometry The distance between two H2S units in AI--(H~S)~ IS 

determ~ned to be 4 053 A, whch IS 0 07 A smaller than that in (H2S)2 The Ar-c m(H2S) 

distance is 4 085 A, almost the same as that in &-H2S complex Ab znztzo 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 

mlruma. In these three mlnima Ar approaches towards (H2S)2 along its a, b and c axis 

Ar belng along the a axis is a pseudo-linear geometry and has least stabilizahon energy 

The other two rmmma have a T-shaped heavy atom geometry The spectra, observed, are 

consistent with either of these two mimma At CCSD(T)/aug-cc-pVTZ level the 

rn~mmum having Ar along b axls has a CP corrected stab~lization energy of 769 5 cm-' 

The v~brational frequency she of donor H2S indicates that Ar-(H2S)2 is weak H-bonded 

complex 
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Table 1V.A Op-d parameters of H,S at ddferent levels of theory. 

MP216- MP216- MP21aug-cc- MP21aug-cc- 
Parameters 3 1 1 ++G** 3 1 1 G(3df,2p) pVTZ PVQZ 

Table 1V.B. Op-d parameters of fH2S)Z at different levels of theory 

MP216- MP216- MP21aug-cc- h4P2/aug-cc- 
Parameters 31 l++G** 3 1 1 G(3 df,2p) pVTZ PVQZ 
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Table 1V.C Optmuzed structural parameters of s t ~ ~ c t u r e  "A" of Ar-(Hs), at dtfferent 
levels of theory 

Parameters MP2/6-3 1 1 G(3df,2p) MP2/aug-cc-pVTZ M P ~ / ~ U ~ - C C - ~ V Q Z  

R(1,3) 1 3338 1 3366 1 3344 

R( I& 1 3371 1 3408 1 3387 

R( 1,7) 3 6946 3 6581 3 6565 

R(2,4) 2 7907 2 7397 2 7397 

R(2,5) 1 3340 1 3370 1 3349 

R(2,6) 1 3340 1 3370 1 3349 

R(2,7) 4 0651 3 9727 3 9709 

R(4,5) 3 1315 2 9984 2 9986 

R(4,6) 3 1363 3 0007 3 0008 

R(4,7) 3 4403 3 3890 3 3881 

R(5,7) 3 4879 3 3366 3 3365 

R(6,7) 3 509 3.344 3 3438 

A(3,1,4) 92 5 92 4 92 4 

A(3,1,7) 161 1 160 3 160 3 

A(5,2,6) 92 3 92 2 92 2 

A(1,4,2) 170 9 170 7 170 6 

A(1,4,5) 147 7 146 4 146 4 

A( 1 ,4,6) 148 0 146 5 146 5 

45,4,6) 35 8 37 5 37 4 

A( 1 ,7,2) 63 9 64 3 64 3 

A( 1,7,5) 73 9 73 3 73 3 

A( 1,7,6) 73 8 73.3 73 2 

A(5,7,6) 31 9 33 5 33 5 

D(3,1,4,2) -179 1 -179 5 -179 6 

D(3,1,4,5) -145 0 -144 5 -144 5 

D(3,1,4,6) 144 5 144 5 144 5 

D(3,2,7,2) -0 3 0 1 0 2 

DC3,2 ,7,5) -16 8 -17 4 -17 4 
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Table 1V.D. Optumzed structural parameters of structure "B" of Ar- (H,S), - - at different 
le~els of theory 

Parameters MP2/6-3 1 1 *G** MP2/6-3 1 1 G(3d62p) MP2Iaug-cc-pVTZ 

R( 173) 1 3337 1 3337 1 3364 
R( 174) 1 3350 1 3370 1 3405 
R(1,7) 4 1848 4 1344 4 0543 
R(2,4) 2 8326 2 7867 2 7440 
R(2:5) 1 3337 1 3342 1 3370 
R(2,6) 1 3336 1 3341 1 3370 
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Table 1V.E. Optlrmzed structural parameters of structure "(3" of Ar-(H,S)? at &ffeEnt 

levels of theory 

MP2/6- MP216- MP2laug-cc- MP2/aug-cc- 
Parameters 3 1 l++G** 3 1 lG(3df,2p) pVTZ PVQZ 
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Table 1V.F. Eneqies of H2S-H,S 

Rotational Spectra and Structure of Ar-(H2S,12 

Energy 

Ecom (h) 

Emsl(C)* 

EH~s~(C)*  

E H Z S ~  (M)* 

EH~s~(M)*  

E H ~ S  (M) 

AE (kcal/M) 

BSSE 

A E ~ ~  
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Table 1V.G. Energles of t h e  rnuuma of h ( H , S ) ,  at MP2/6-3 1 1 + +G ' ' and MP2/aug- 
cc-pVQZ levels of theory 

Structure A Structure B Structure C (Pseudo-hear) 
Energy 

aug-cc-pVQZ 6-3 1 1 ++G** 6-3 1 l++G** aug-cc-pVQZ 

Ecom (h) 

EH~s~(C)*  

E~zs2(C)* 

EAT (C)* 

EHZS~(M)* 

EHZS~(M)* 

E A ~  (MI* 

EMS (M) 

EAr (MI 
AE 

(kcal/mol) 

BSSE 

A E ~ ~  

A E ~ ~ ~  
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chapter IV Rotat~onal Spectra and Structure of Ar-(ff2S)z 

Table 1V.N. Frequencies of free H,S monomer at different levels of theov 

MP216- MP2/6- MP21aug-cc- MP2/aug-cc- 
Modes 3 1 1 ++G** 3 1 1 +G(3 df,2p) pVTZ PVQZ 

Bend 1233 1217 121 1 1214 

Syrnrn stretch 2818 2776 2771 2774 

Asyrn Stretch 2837 2795 279 1 2794 

ZPE (kcaVmol) 9 85 9 71 9 68 9 70 

Table IV.0. Frequencies of (H2S), at ddferent levejs of theory 

Modes MP2/6- MP216-3 lHG** 
3 1 1 ++G(3df,2p) MP2Iaug-cc-pVTZ 

Acceptor bendmg 1230 1215 

Donor bending 1257 1223 

Donor syrn stretch 2806 274 1 

Acceptor syrn stretch 2817 2773 
Donor asyrn stretch 2830 2786 

Acceptor asyrn stretch 2836 2792 
ZPE Ikcallmol) 20 87 20 35 
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Table 1V.P. Vibrational frequencies of ddferent for Ar-(H,S), calculated at 

different levels of theory 

MP2/6- 
Modes MP216-3 lUG* * 3 1 1 ++G(3 df,2p) MP2/aug-cc-pVTz 

Structure A 

Acceptor bendmg 

Donor bending -- 1220 1215 

Donor sym stretch -- 2738 2726 

Acceptor sym stretch -- 2772 2768 

Donor a s p .  stretch -- 2784 278 1 
Acceptor asym stretch -- 279 1 2788 

ZPE (kcaymol) -- 20 59 20 63 

Structure B 

27 28 6 

2 
$2 

3 6 3 6 3 1 
Y 

r! 55 41 43 
2 > 70 67 6 1 
2 
-.( a 
0 

75 69 65 
02 - 106 

B 
90 82 

P) 
U 

135 103 100 
r= 
3 219 172 168 

311 28 1 289 
Acceptor bendlng 1230 1214 1208 
Donor bend~ng 1255 1222 1215 
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Table II ' P contznued 

Donor syrn stretch 2806 2740 2729 

Acceptor sym stretch 2817 277 1 2769 
Donor asym stretch 2829 2786 2783 

Acceptor asym stretch 2836 279 1 2789 

ZPE (kcal/mol) 21 17 20 60 20 50 

Structure C (Pseudo-linear) 

1 10 11 
rn 
FI 
0 

2 1 12 15 
3 
2 30 35 3 7 
9 3 1 46 53 
8 
d 

1 7 1 
0 

70 71 
0 - 86 83 85 z 
$2 

132 93 94 
C 

C( 232 171 171 

Acceptor bendlng 1230 1215 1209 

Donor bend~ng 1255 1222 1215 

Donor sym stretch 2806 2740 2728 

Acceptor s y m  stretch 2815 2772 2769 

Donor asyrn stretch 283 0 2786 2784 

Acceptor asym stretch 2835 2792 2789 

ZPE (kcaVmo1) 20 96 20 49 20 49 
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V.1. Introduction 

Hydrogen bonding 1s a very Important phenomenon Hydrogen bonding is 

defined as a non-covalent interaction between a proton donor X-H and a proton acceptor 

y and it is 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, whlch is more dominat~ng between the 

two3 There have been many theoretical and expenmental efforts to unravel the relatrve 

importance of the proton donor and acceptor m hydrogen bond formation H20-H2S is a 

very suitable and interesting hydrogen bonded system m this context Depending on the 

mode of participatron of each monomer in hydrogen bond formation there can be two 

geometnes as shown m Figure V 1(A) and (B) One is H2S HOH, (structure A H20  is 

proton donor and H2S is the acceptor) and the other one is H20. HSH (structure B HIS 

i s  donor and H20  acts as proton acceptor) H 2 0  is a good proton donor as well as an 

efficient proton acceptor, whereas H2S is much weaker as both donor and acceptor 

W c h  one will be the global mirumurn for H20-H2S complex, structure 'A' or 'B'? 

Both structures have been observed In vibrational spectroscopic stud~es in 

matrix." However, the global mirumurn could not be determined &om these 

expenments Lovas has recorded the rotational spectra for H20-H2S complex From 

th~s spectrum for a vlbrationally averaged geometry, it is not possible to comment on the 

nature of the mlnimurn observed There are several theoretical papers as well on t h s  

particular hydrogen bonded complex 7'10 All the previous calculations at SCF level 

predict structure B to be more stable '-I0 However, the most recent theoretical paper of 

Wang et crl on t h ~ s  system shows structure 'A' to be the global rninlmum l 1  They 

optlrnrzed both the structures at MP2 level with 6-31 l++G(3dlf,3pld) 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 

m l ~ l s  lt was assumed that the zero point vibratronal energy would not alter the relative 

sai l r ty  of the two minima, and it was concluded that proton donor plays a more 

hmlnant role in hydrogen bond interaction 
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Our Interest In this particular d~mer rs natural As d~scussed in the previous 

chapters, a systematic study on hydrogen bonded complexes of Hz0 and H2S 1s m 

progress In our laboratory It is hoped that expenmental results on a senes of H ~ S  

compIexes would be kaluable m understanding hydrogen bondlng Deta~led lnvestigatlon 

on H20-H2S dmer IS ~nevitable Dunng the search for Arz-HzS and Ar-(H2S)2, a series 

of Ilnes were observed whch are lrkely to be Ar-H2O-H2S tnmer Though their 

assignment 1s preliminary as of now, a detailed look at Hz0-HzS becomes imperative 

T h s  chapter reports detaled theoretical lnveshgations on H2O-H2S and Ar-H20-H2S 

complexes and prelm~nary observahons of the rotational spectrum of Ar-H20-H2S 

V.2. Method of Calculation 

Different possible minlma for both the d~mer and the tnmer were optimized at 

MP2 level of theory uslng 6-31 lUG(3df,2p) and aug-cc-pVTZ bas~s  sets Frequency 

calculations were done for all the optimized geometries to confirm the nature of the 

statlonary point All mlnima had only posihve Eigen values in the Hessian The 

lnterachon energy was calculated followrng superrnolecule approach and the enerBes 

were corrected for the Basis Set Superposition Error (BSSE) using Counterpoise 

method 12-14 Zero pomt corrections were done to test the assumpbon of Wang et a1 All 

the calculahons were performed usmg Gauss~an 98 software package l5 

V.3. H20--H2S Dimer 

V.3.a. Optimized Structures 

The optimized structures are shown in Figure V 1 and are consistent wlth the 

previous reports Structure 'A' has H2S as proton acceptor and H 2 0  as proton donor 

whereas in structure 'B' the donor and acceptor are interchanged The optimized 
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Frgure V.1. Op-ed structures of H,O-H,S complex (A) H20  is proton donor and H2S 
IS proton acceptor, (B) H,O 1s acceptor and H2S IS donor 

Table V.1. Optamzed structural parameters of H,S-HOH and H1O-HSH 1s the change 

m 0-H/S-H &stance of H,O/H,S on hydrogen bond formatton 

H2S-HOH (A) H20-HSH (B) 
Parameters 6- aug-cc- 

6-3 uG(3df,2p) aug-cc-pVTZ 3 1 1 ++GO df,2 ) pVTZ 
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structural parameters are gven in Table V 1 Both structures have C, symmetry In 
structure 'A' the interacting monomers are slightly closer than In structure 'B' ~t 

MPZIaug-cc-pVTZ level, the 0 - S  distances are 3 4607 A and 3 5238 A for structure 'A' 

and 'B' respectively However, the hydrogen bond is more linear in structure 'B' The 

angle in question is -167' in 'A' and -177' m 'B' at both l e ~ e l  of theory The H2S plane 

in structure A is almost perpendicular to hydrogen bond axls (intermolecular) The 

change in X-H bond length (Ar) is almost identical (0 005 A) for both structures 

V.3.b. Interaction Energy and Vibrational Frequency 

The interaction energes are calculated following supermolecule approach The 

interaction energies are corrected for BSSE uslng counterpoise method The CP 

corrected interaction energy has been corrected for the zero point vibrational energy, as 

well The interaction energies calculated at both levels for both structures are listed m 

Table V 2 At both levels, uncorrected stabilization energy for structure 'A' is more than 

that of structure 'B', The values are -3 30 kcaVmol and -2.98 kcal/mol at MP2/aug-cc- 

pVTZ level for 'A' and 'By respectively Though the BSSE is comparatively less for 

structure 'B' at both levels, the CP corrected interaction energy is lugher for structure 

'A' The difference in CP corrected stabilization energy between the two structures is 

0 18 kcaI/mol at MP2/aug-cc-pVTZ level Ths  difference is only 0 09 kcal/mol, using 

the lower basis set However, correcting for zero point vibrational energy over AE" 

leads to an ~nteresting findlng The zero point energy corrected interaction energy 

predicts the structure 'By to be more stable than 'A' At MPZ/aug-cc-pVTZ level of 

theory the stabilization energy of structure 'By (1 44 kcal/mol) is 0 08 kcal/mol higher 

than that of A (1 36 kcallmol) The difference is very similar at MP2/6-3 1 I ++G(3df,2p) 

level ako Ths  is contradictory to the assumption made by Wang et al. on the relative 

stability of the two structures 'lks alteration in relatwe stab~lity of structure 'A' and 

'B' IS the result of the difference in zero point vibrational energies for the two structures 

At W2laug-cc-pVTZ level, structure 'B' has zero point vibrat~onal energy of 24 32 

kcai,'mol, whlch 1s 0 26 kcaVmol less than that of structure 'A' 
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Table V.2. Interacuon eneGies of 3S-HOH (A) and H,OHSH (B) at MP2 level usmg 6- 
3 1 1 + +G(3df,2p) and aug-cc-pVTZ bass sets 

- 
Energy 

H2S-HOH (A) H20-HSH (B) 

(kcal/mol) 6-3 1 l++G(3df,2p) aug-cc-pVTZ 
6- aug-cc- 

3 1 I++-G(3df,2p) pVTZ 

BSSE 0 55 0 48 0 48 0 34 

A E ~ ~  -2 59 -2 82 -2 50 -2 64 
AEZPE -1 13 -1 36 -1 22 -1 44 

ZPE 24 72 24 58 24 54 24 32 

This difference in zero point vibrational energy between the two structures results 

&om the differences m frequencies of some lnterrnolecular vibrational modes All the 

vibrahonal frequencies, calculated at both levels, for 'A' and 'B' are shown in Table V 3 

Four intermolecular vibrational modes, marked in the Table V 3, have lower frequencxes 

for structure 'By than that for structure 'A' The red slvfls of the donor X-H (X = 0,s) 
stretchng rnodes are Bven in the parenthesis in Table V 3 H20 as donor undergoes a 

arger red shft than H2S as donor At the highest level of theory considered here, the 

syrnmetnc and asyrnrnetnc 0-H stretches are red shifted by -68 cm-' and -34 cm" 

espect~vely for structure 'A' At the same level for structure 'B' the S-H symrnetnc and 

~ ~ e t n c  stretches are shifted by -40 cm-' and -5 cm-' respectively 

Without zero polnt vibrat~onal energy correction, structure 'A' is lower m energy, 

whereas with correction structure 'B' IS more stable With and without zero point 

mrrection the interaction energes for the two structures differ by only -30 cm-' and -60 

:m-' respect~vely Hence it is not possible to determine the global minimum 

marnb~guousIy 
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Table V.3. Vibrational frequencies of structures LA 2nd B of H2S-H20 at hfP2 level using 6- 
311++G(3df,2p) and aug-cc-pVTZ basis sets The values are m c m '  The values m the 
parenthes~s are the shft of the correspondmg modes at respecat-e levels of theon 

6- aug-cc- 6- 
Modes 

aug-cc- 
3 1 1 ++G(3df,2p) pVTZ 3 1 1 U G ( 3  df,2p) pVTZ 

96 

Intermolecular 122 
v~brat~ons 124 

278 
448 

H2S bend 1214 

H20 bend 1634 

H2S sym stretch 277 1 

H2S asyrn stretch 2790 

H20 sym stretch 3797 (64) 

H20 asyrn stretch 3957 (33) 3914 (34) 3979 3 940 

V.4. Ar-H20-H2S Trimer 

Ar can approach towards H2S-H20 dmer from d~fferent onentatlon to form Ar- 

H2S-H20 tnmer It can add to e~ther structure 'A' or structure 'B' of H2S-H20 to 

produce different structures for the tnmer Geometry optimization was carned out at 

kfP2 method using both 6-3 11+-tG(3df,2p) and aug-cc-pVTZ bass  sets Starting w ~ t h  

the structure 'AA' of the d~mer, three mlmma have been found for the tnmer These three 

mlruma d~ffer in the relahve pos~t~on of Ar w ~ t h  respect to the H2S-HOH d~mer  Ar is 

along c, b or a pnnclpal lnert~al axls of H2S-HOH to produce the structures 'C', 'D' and 

'E' respectively as shown m F~gure V 2  (optlm~zed at MP2Iaug-cc-pVTZ level) 

Approach~ng Ar aIong 'by  axls could have two p o s s ~ b ~ l ~ t ~ e s  e~ther from the donor H side 

or from the acceptor H slde H o ~ e v e r  only the latter one could be opt~mlzed Aga~n Ar 



Chapter V Ab /nltlo Stud~es of H2S H20 and Ar H2S H20 

(b) Structure D 

Fiffure V.2. Optmuzed structures of Ax-H,S-HOH tnrner where Ar mteracts with structure 
A of NS-H,O, at h i P Z / a ~ ~ - c c - ~ v T Z  level (a) Structure C Xr along 'c' a m ,  @) Structure 

-3r along 'b' avrs and (c) Structure E Ar along 'a' asus of H,S-HOH 
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& * -. .. -. -* 

0 (a) Structure 'F7 

-8 
0 

(b) Structure ' G7 

Figure V 3. Optuntzed structures of Ar-H,O-HSH, where Interacts w ~ t h  structure B of 
H,O-H,S, at XfP2/aug-cc-pVTZ level (a) Structure 'F' Ar along '2 axls and @) Smcture 
'G' -b dong 'b' asts 

approaching along 'a' axis of H2S-HOH has two possibilities too Only one structure 

could be optrmlzed where Ar tnteracts with the donor H20 Start~ng from structure 'B', 

i e &0-HSH, only two minima have been opt~rnlzed These mlIurna are analogous to 

structures 'C'IF) and 'D7(G), and the opamized geometries at MP2/aug-cc-pVTZ l e d  
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a e  shown m Figure V 3 (a) and (b), respectively No minlmum analogous to the 

smcture 'E' could be optimized 

V.4.a. Structure 

Structures 'C' and 'F' have Ar along the 'c' axls of the dlmer In both these 

structures the d~mer is slightly distorted The relative onentation of H2S and HzO is 

altered m the presence of Ar In 'C' a11 three heavy atoms and one H of acceptor, H2S, 

are atmost coplanar However, in 'F' all three heavy atoms and both H atoms of the 

acceptor, HzO, are coplanar Structures 'D' and 'G' have Ar along the ' b y  axls of H20- 

H2S dmer In both structures, the H2S-H20 u t  retans its Cs symmetq and the 

symmetry of the tnmer 1s also Cs In the structure 'E', Ar Interacts only with the donor 

H20, to be specific, with one H of H20 In this structure one H of H20 IS hydrogen 

bonded to H2S and the other one IS dlrected towards Ar The structural parameters for 

structures 'C', 'D' and 'E' are gven in Table V 4 and those for structures 'F' and 'G7 are 

hsted m Table V 5 

Table V.5. Structural parameters of three rmtllma of Ar-H,S-HOH ('(2, 'D' and 'E') 
calculated at MP2 level uslng 6-311 ++G(3df,2p) and aug-cc-pVTZ basls sets Ar 1s the 

change in O H  drstance of H,O on hydrogen bond formation 

Parameters MP216-3 1 1 ++G(3 df,2p) MP2Iaug-cc-pVTZ 

C D E C D E 

R(0-S) 3 4667 3 4708 3 4726 3 4473 3 4553 3 4581 

R[k-0) 3 81 18 3 4609 3 6723 3 7475 3 4024 3 6454 

R(k-S) 3 7123 4 0308 -- 3 6916 3 9442 -- 

R(o-H3) 0 9586 0 9588 0 9586 0 9612 0 9614 0 9613 

R(0-H4) 0 9635 0 9637 0 9634 0 9664 0 9666 0 9662 

LO-HCS 166 3 166 9 166 7 164 1 165 8 165 7 

Ar 0 0048 0 0050 0 0047 0.0050 0 0052 0 0048 
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Table V.6. Structural parameters of three LTUUTU of Ar-H,OHSH ('F' and 'G3 calculated 
at m2 level uslng 6-311++G(3df,2p) and aug-cc-p17TZ baas sets Ar IS the change m S-H 
&stance of H,S on hydrogen bond formation 

Parameters MP216-3 1 1 ++G(3df,2p) MP21aug-cc-pVTZ 

F G F G 

R(0-S) 3 5230 3 5277 3 5135 3 5256 

R(Ar-0) 3 4924 3 7297 3 4693 3 7284 

R( Ar-S) 4 1309 3 7056 4 0940 3 6507 

R(S-H3) 1 3333 1 3335 13361 1 3362 

R(S-H4) 1 3382 1 3384 1 3411 13412 

LO-H4-S 177 7 176 4 171 2 176 3 

Ar 0 0049 0 0051 0 0045 0 0046 

The 0 - S  distances are very s~milar for all three minima (C, D and E) of Ar-H2S- 

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 0-S distances for both structures of Ar-H20- 

HSH (F and G) are also very s~milar, but slightly higher than those for Ar-H2S-HOH. 

The distances at MP2/aug-cc-pVTZ are 3 5135 A and 3 5256 8, These distances are 

almost identical to that In the correspondrng d~mer structure The change m the length of 

the hydrogen bonded X-H bond on hydrogen bond formatron (Ar) is almost identical to 

that In the corresponding dimers 

V.4.b. Interaction Energy and Vibrational Frequency 

The lnteract~on energes for the three mimma of Ar-H2S-HOH (structures C, D 

and E) and the two rmmma of Ar-H20-HSH (structures F and G), calculated at MP2 level 

using 6-31 l++G(3df,2p) basis set are tabulated ~n Table V 7 and those calculated at 

MP2iaug-cc-pVTZ level, are Ilsted m Table V 8 The pseudo-linear structure (E) IS the 

least stable among all of them in both levels The CP corrected and the CP and zero pant 
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energy corrected Interaction energes are -3 14 kcal/mol and -1 43 kcal/mol respectively 

at ~~2faug-cc-pVTz level of theory The CP corrected interaction energies predict the 

two mlnlma of Ar-H2S-HOH (structure C and D) to be more stable than the two 

minima (structures F and G) of Ar-H20-HSH at both levels The CP corrected 

interaction energies for structures C, D, F and G are -3 47 kcal/mol, -3 59 kcaymol, -3 29 

kcal/mol and -3 30 kcallmol respectively at MP2/aug-cc-pVTZ level However, on 

correcting for the zero po~nt vlbratlonal energy over the CP corrected interaction energy 

leads to a slrn~lar result as In case of H2S-H20 dlmer At MP2/aug-cc-pVTZ level of 

theory, both mlmma (F and G) of Ar-HzO-HSH are more stable than the mlnima C and D 

of Ar-H2S-HOH However, the structures D and F have almost Identical stabrl~zation 

energes, the values are -1 84 kcallmol and -1 85 kcal/mol respectively Among the 

three minima of Ar-H2S-HOH system the structure D IS most stable, whereas the 

structure G is most stable (-1 92 kcal/mol) among all five rnlnlma at MP21aug-cc-pVTZ 

level However, the lower level results do not exactly support t h s  At MP2/6- 

31 f*G(3df,Zp) level of theory, the structure F is most stable (-1 56 kcdmol) among all 

five minima As the differences in stabilizat~on energes for the five mlnima are margmal 

and different levels of calculat~ons lead to different relatlve stability of the mimma, it IS 

not possible to determine the global minimum unamb~guously for Ar-H20-H2S system 

Table V.7. Interaction energles for the three ~lluvma of Ar-H,S-HOH (structures C, D and 
E) and the two for Ar-H,OHSH (structures F, G) calculated at MP2/6-311 ++G(3df72p) 
level of theory AU the values are m kcal/mol. 

Energy C D E F G 

AE -3 96 -4 04 -3 60 -3 82 -3 87 

BSSE 0 91 0 88 0.78 0 81 0 89 

AEcP -3 05 -3 16 -2 82 -3 01 -2 98 
m Z P E  -1 39 -1 45 -1 24 -1 56 -1 39 

ZPE 24 92 24 97 24 84 24 71 24 82 
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Table V.8. Inreractlon energles for three mumm of Ar-H2S-HOH (structures C, D and E) 
and the two for Ar-H20HSH (structures F, G) calculated at ~ / I P ~ / ~ U ~ - C C - ~ V T L  level of 

theory the values are m kcumol 

Energy C D E F G 

BSSE 0 71 0 75 0 76 0 64 0 59 

ZPE 24 81 24 87 24 83 24 56 24 50 

The vibrat~onal frequencies were calculated for all the opbmlzed geometnes The 

vibrational frequencies for all five mruma of Ar-H2S-Hz0 system, calculated at MP2 

method using 6-31 1ttG(3df,2p) and aug-cc-pVTZ basis sets, are listed in Table V 9 and 

Table V 10 The llsts include only the fkequencies of ~ntramolecular vibrations of H2S 

and H20 The red shifts of the X-H frequencies on hydrogen bonding are very similar to 

the corresponclmg dimers 

Table V.9, Vibrational frequencies of structures C, D, E, F and G of Ar-H2S-H20 at 
MP2/6-311 ++G(3df,2p) level of theory All the values are m cml Values m parenthesis 
show the red shsft 

Modes C D E F G H20/H2S 

H2S bend 1212 1214 1214 1227 1226 121 7 

Hz0 bend 1634 1634 1632 1622 1626 1624 

S-H sym Stretch 2772 277 1 2771 2734 
(42) 

2730 2776 
(46) 

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

0-H sym Stretch 3 792 3795 
(69) (66) 

3796 3849 
(65) 

3850 386 1 

0-H asp .  stretch 3952 3956 
(38) (34) 

3956 3978 
(34) 

3977 3990 
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Table V.lO. Vibrational frequencies of d five rxxuma of Ar-H,OWS at m2/aug-cc- 
p t ~  levels of theory Values m parenthesis show the red shrfr. All the values u e  m cm ' 

- 
Modes C D E F G H20/H2S 

H2S bend 1207 1208 1209 1218 1218 1212 

H20 bend 1637 1635 1634 1623 1627 1628 

S-H syrn Stretch 2768 2768 
2730 

2768 (41) 2728 2771 
(43) 

S-H a s p  Stretch 2787 2787 2788 2785 (6) 2784 (7) 2791 

0-H s p  Stretch 
3748 3752 
(74) (70) 

3756 3812 
(66) 

3814 3822 

0-H asym stretch 3910 3913 
(3 8) (35) 

3913 3938 
(3 5) 

3939 3948 

It should be mentioned, here, that for the conformers with H20 as H-bond donor 

(for both H2S-HOH and Ar-H2S-HOH), one intermolecular bendlng mode has 

sufficiently high frequency At MP2/aug-cc-pVTZ level of calculat~on, it is 446 cm-' for 

the dimer, and remains almost unchanged in the tnmer However, the frequency of the 

corresponding vibrational mode in the H20-HSH (Ar-H20-HSH) conforrner 1s 368 cm-' 

(-372 cm-', see Table V H) at the same level of calculation Clearly, t h s  mode 

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

vlbrat~onal energy is added to the Interaction energy 

V.5. Preliminary experimental results of Ar-H2S-H20 complex 

During the search of Ar-(Hz$)2 complex some lines were present whch require 

Ar, H2S and H20 to be observed The optlmum expansion condit~on for these l~nes was 

smilar to that for A,I--(H~S)~ and the microwave pulse was optimum at 0 3 ps Hence it 

was thought that those signals could be of Ar-H2S-H20 complex Rotat~onal transitions 

w m  predicted for this complex and the PNFT microwave spectrometer was scanned m 

limited frequency region In search of related slgnals So far SIX transitions have been 
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Table V.11. Observed tnnsltlon frequencies of Ar-H2S-H20 and theu probable aslg-nl 

- 

Probable assignment Observed Frequency Probable assignment Observed Frequency 

Table V.12. Rotaaod constants for dtfferent rmnkna found for Ar-H20H2S at MP2 level 
usmg 6-3 1 1 + +G(3df,2p) and aug-cc-pVTZ basls sets 
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observed which are likely to be for Ar-Hz0-H2S complex Each of these transitions 1s a 

set of threelfour lines The complete list of the frequencies observed and their probable 

are gven in Table V 11 These assignments g v e  the rotational constants to 

be A = 3934 MHz, B = 1842 MHz and C = 12 17 MHz The rms deviation of the fit with 

only these six transitions is -6 MHz Certainly more number of transitions is needed to 

determine a more reliable set of rotational and distortion constants The rotational 

constants are comparable to the values (gven in Table V 12) calculated for some of the 

ab znztzo minuna found for Ar-H20-H2S Hence, ~t is likely that the transit~ons, observed, 

are for As-HzO-H2S complex 

V.6. Conclusions 

Ab znztzo calculations have been done for H2S-H20 and Ar-H2S-H20 complexes at 

RIP2 level of theory using 6-3 11++G(3df,2p) and aug-cc-pVTZ basis set For the dimer, 

H2S-HOH (structure A) is more stable on the basis of CP corrected interaction energy 

However, H20-HSH (structure B) becomes rnargmally more stable on further correction 

of the interaction energy for zero point vibrational energy These two structures appear 

to be very close in energy For the tnmer, three rnlnima have been found for Ar-H2S- 

HOH and two minlma have been found for Ar-HzO-HSH The relatlve stability of 

d~fferent mimma for Ar-H2S-H20 also alters on talang zero point vibrational energy Into 

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

HzO-H~S 
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Table V.A. Optmuzed structural parameters of H20 and H2S at hIP2 level The distances 
are in 3 and angles are m degrees 

Parameters H20 H2S 
6- aug-cc-pVTZ 6- aug-cc- 

3 1 1 ++G(3df,2p) 3 1 1 UG(3  df,2p) pVTZ 
R( 12)  0 9587 0 9614 1 3335 1 3366 

ZPE 
(kcaVmo1) 

13 55 13 44 9 71 9 68 

1H 201% 3H 

Table V.B. Optlmtzed parameters of the two m a  for H,S-H,O at MP2 let-el uslng 6- 
31 1 ++G(3df,Zp) and aug-cc-pVTZ bass sets 

Parameters H2S-HOH (structure A) H20-HSH (structure B) 

aug-cc- 
6-3 1 1 ++G(3df,2p) aug-cc-pVTZ 6-3 1 1++G(3dfy2p) pvTz 

R( 1 2 )  0 9585 0 961 1 1 3333 1 336 

R(3,6) 2 8337 2 8085 2 8056 2 8152 

R(4,5) 1 3343 13371 0 9595 0 9619 
R(4,6) 1 3343 13371 0 9595 0 9619 

A(1,2,3) 104.7 104 3 92 6 92 6 
A(2,3,4) 167.2 167 2 177 8 177 4 
A(2,3,5) 142 0 141 7 162 0 162.1 
A(2,3,6) 142 0 141 7 162 0 162 1 
A(5,3,6) 39 7 40 2 31 5 31 3 
A(5,4,6) 92 4 92 3 104 8 104 5 

D(1,2,3,4) 180 0 180 0 180 0 180 0 

D(1,2,3,5) -146 5 -146 4 118 8 118 5 
D(1,2,3,6) 146 5 146 4 -1 18 8 -118 5 
Rot const 120 24037 1 19 65279 165 08101 165 94570 

( GHz) 3 55255 3 58355 3 33946 3 34019 
3 54093 3 57153 3 32342 3 32451 

A: 1H 2 0  3H 45 5H 6H B: 1H 2 s  3H 4 0  5H 6H 
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Table V.C. Opt-d pameten  for the three muuma (structures C, D and E) of Ar-H2s- 
HOH at MP2 level usmg 6-3 11 + +G(3df,2p) and aug-cc-pVT2 basls sets 

parameters Structure D Structure C Structure E 
aug- 6- 6- aug- 

fi- aug- - - " 
CC- 

3 1 1 ++G(3df,2p) VTZ CC- 3 1 1 ++G(3df,2p) VTZ CC- 3 1 1 *G(3df,2p) VTZ 

R( 1,3) 0 9588 0 9614 1 0 9612 0 9586 0 9613 
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Table V.D. Optirmzed parameters for the three rimma (structures C, D and E) of &-H,o 
B H  at MP2 level using 6-3 11 ++G(3df,2p) and aug-cc-pVT;S bass sets 

Parameters Structure F Structure G 

6-3 1 1 ++G(3df,2p) aug-cc-pVTZ 6-3 1 1 ++G(3df,2p) aug-cc- 
pVTZ 

R(1,3) 1 3333 13361 1 3335 1 3362 
Rf 1,4) 1 3382 1 3411 1 3384 13412 
R( 1,7) 4 1309 4 0940 3 7056 3 6507 
R(2,4) 2 1854 2 1821 2 1909 2 1861 
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Table V.E. Absolute eneqles of H2S-HOH and HQHSH and theu fragment monomer 
and the ~nteracuon energies 

Energy H2S-HOH H20-HSH 

Table V.F Energles for two rruruma of Ar-H,OHSH 

Energy Structure F Structure G 

(h) 6-3 1 l*G(3df,2p) aug-cc-pVTZ 6-3 1 1++G(3df,2p) aug-cc-~VQZ 

&om -1 002 2294992 - 1002 2683564 -1002 2295744 -1002 2682884 

EH~s*(~)  -398 8938826 -3 98 909 105 -398 8939248 -398 9091236 

E H ~ O * ( ~ )  -76 3 189 193 -76 32933 14 -76 3 189844 -76 3293294 

EA~*(C) -527 01 18835 -527 0246455 -527 01 19059 -527 0245513 

Ems*(M) -398 8933985 -398 9088029 -398 8933954 -398 9088004 

EH~o*(M) -76 3 1 84468 -76 3289835 -76 3 184503 -76 3289885 

Eh*(M) -527 01 15495 -527 0242833 -527 01 15495 -527 0242833 

Ewzs(M) -3988934133 -398 9088177 -398 8934133 -398 9088177 

ENZO(M) -76 3 18453 1 -76 3289924 -76 3 18453 1 -76 3289924 

EAXM) -527 01 15495 -527 0242833 -527 01 15495 '527 0242833 
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~ ~ b l e  V.H Vrbratronal frequencies for all five muvma of A~-.~?&s-H,o at ~2 level usxng 
6-31 1 ++G(3df,2p) and aug-cc-pVTZI bass sets All values are m cm ' 
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W.1. Introduction 

The nature of chemical bonding, the interaction between atoms w~thin a molecule, 

Is farly well understood Pauling's classic book1 talks about covalent radi~, Ionic radii 

and metallic radii for vanous atoms whch can be used to predict inter-atomic d~stances 

between atoms forming a covalent, Ionic or metallic bond ' However, our understanding 

of ~ntermolecular interactions is still evolving2 Hydrogen bonding 1s one of the stronger 

interactions, whch has a great relevance in nature 3'4 Hydrogen bond~ng 

remams a fascination for many researchers since its discovery in early twentieth century 

Till today a large number of theoretical and expenmental studies are being carned out by 

several groups and attempts have been made to unravel the actual nature of H-bond 

Interaction 

Ongmally H-bonding was observed between H, covalently bound to an 

electronegative atom X (N, 0, F), and another electronegative atom Y It 1s usually 

represented as X-Hn**Y The ~ntermolecular separations m these complexes have been 

largely interpreted m terms of the van der Waals radill of the constituent heavy atoms X 

and Y There are several previous reports where crystallographc data have been 

analyzed to correlate the ~nternuclear separation with the van der Waals radii of the heavy 

atoms Involved in the hydrogen bond formation '-' 
Buckingham and ~owler'  used a model of H-bonding based on electrostat~c 

rnteractions only The model could explan and predict fsurly the rad~al and angular 

geometries for a senes of hydrogen bonded complexes Gadre and ~ h a d a n e ~  have made 

a kfferent approach They have calculated the molecular electrostatlc potential (MESP) 

for a senes of H-bond acceptors, By and have tned to make a correlation between H-bond 

Qstance and van der Waals ra&us of hydrogen In B---HF complexes 

Gadre and Bhadane approach has been extended for several other senes of 

byhogen bonded, B HX complexes, where X = F, C1, Br, CN, OH and CCH From this 

mpmcal analysis "hydrogen bond radius" has been defined and it has been determined 

fix above H-bond donors. Such analysis could not be carned out for SH groups as the 

avafable expenmental data are quite limited Hydrogen bonding by SH groups is 
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important in the ammo acld Cystelne and its derivatives ' Hence, it was decided to use 

theoretical calculations to determine the H-bond radlus for SH Ab znrtzo and DFT 

calculations have been performed for several B---HX complex (X = F, C1, OH and SH) at 

MP2 and B3LYP level using 6-311++G** basis set From these structural data 

"hydrogen bond radn" have been determ~ned and compared with the emplncal values 

The companson of the emplncal and the ab znitzo results for HF, HCl and H20 reveals 

that the ab znztzo results for H2S should be reliable Hydrogen bond rad~i calculated for 

vanous donors, HX, show a strong mverse correlation with the dipole moment of fI-x 

bond and the electronegativlty difference between X and H 

VI.2. Buckingham and Fowler Model 

Bucklngham and Fowler model for the geometnes of hydrogen-bonded 

complexes, B-HX, is solely electrostatic This model considers the monomer charge 

dens~tres as a collection of different multl-poles centered at different atoms or bond 

mdpornts Their model satisfies most of the structural features of hydrogen bonding An 

empmcal observabon of B F &stances rn B---HF complexes shows that these distances 

were close to the sum of van der Wads radn of B and F Ths  led Buckingham and Fowler 

to conclude that H does not contribute to the intermolecular separahon and it IS inside the 

van der Waals sphere of X Legon and coworkers obtarned structural data for several B--- 

HCI and B---HBr complexes lo  

For some H-bonded complexes B---HX (X = F, C1 and Br), the &stance between 

the heavy atoms talung part in H-bond fornabon, r(Z X), are compared to the surn of the~r 

van der Waals radi~ (o(Z)+o(X)) in Table VI 1 Z is the atom in B, which IS H- 

bonded to HX For B---HF senes, r(Z F) are withln 0 1 A of the van der Waals surn 

r(Z X) - o(Z) + o(F) (1) 

Hence, the assumption made by Buck~ngharn and Fowler that the heavy atoms in H-bond 

formation are m contact, looks reasonable 

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

-0 2 A &om the correspond~ng van der Waals sum Other than the complexes with  HI^, 
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the lntennolecular distances are longer than the sum of van der Waals radil of the heavy 

atoms for B---HCl and B---HBr complexes It IS likely that the extent of proton transfer 

H~N---HX complexes is significantly more than that in other B---HX complexes 

Moreover, ~t should be noted that m both HCN and H3N, the H-bonded atom IS N In 

HCN--HX complexes, the intermolecular distances are longer than those in H3N---HX 

complexes It xs clear that not only the H-bonded atom In an acceptor determines the 

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

Table VI.1. Expenmental btances from a reference atom (2) m Hydrogen-bond acceptor 
to the heavy atom (X) of the H-bond donor m a B---HX H-bonded complex These 
&stances are compared mth the sum of the van der Waals radu [o(Z)+o@?] of the heaty 

atom, Z and X All the values are m A 

B-HF B - H C ~ ~  B-HBr 

r(Z F) o(Z)+o(F) r(Z C1) cr(Z)+o(Cl) r(Z -Br) o ( ~ ) + o ( ~ r )  

Hz0 2 66" 2 75" 3 215 3 20 3 414' 3 3sd 

OC 3 05" 3 05" 3 710 3 50 3 9 1 7 ~  3 65b 

HCN 2 80" 2 85" 3 405 3 30 3 610b 3 45b 

m3 2 71b 2 85b 3 136 3 30 3 2 ~ 5 ~  3 45" 

H2S 3 24fjb 3 2ob 3 809 3 65 3 991b 3 8ob 

'Ref 8, !Ref 10, Ref 1 1, d ~ e f  1 

W.3. Gadre and Bhadane Model 

Gadre and ~ h a d a n e ~  looked at a senes of B---HF complexes Instead of looklng 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 WaaIs radius of the H-bond 

meptor They have analyzed the Z H distances in about 20 B---HF complexes (for 

m t  of them the Z H d~stances were taken from rotational spectroscopic data) They 

computed the molecular electrostatic potential (MESP) for the free bases B at the SCF 

MP2 levels w~th  6-31++G** basis set The MESP at a point r is defined as 
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where (ZA) IS the nuclear charge at (RA} acting on r and p(r) IS the electronic density 

They noted that the MESP minlmum symbolizes the site of electron localizat~on In a 

molecule, whlch attracts hydrogen The location of the MESP rmnlma could explaln the 

radial and angular geometry of the B---HF complexes Gadre and Bhadane fbrther noted 

that the followrng correlation exlsted between r(Z H) and r(E), which are defined 

below 

r(Z H) = [r(E) x 1 041 + 0 47 (3) 

Here, r(Z H) is the Z H dlstance in the complex and r(E) is the distance between Z and 

the MESP mimmum, observed m B The results obtalned with HF and MP2 methods 

were very similar It was po~nted out that the r(E) was closer to the van der Waals 

radlus of the Z atom Hence, they concluded that 0 47 A IS the van der Waals rad~us of 

H It is sigmficantly smaller than the value suggested by Pauling (1 2 A) and t h s  feature 

has been noted in the literature '' The difference is not surpnslng gven the fact that H 

bonding (electrostatic) interactions are sipficantly stronger than van der Waals 

(mductlon and dispersion) interactions It should be po~nted out that the effect~ve radlus 

of 0 47 A for H m HF 1s larger than the covalent rad~us of H atom, 0 3 A ' 

VI.4. Extension of Gadre and Bhadane approach 

In t h ~ s  work Gadre and Bhadane approach has been extended for several other 

senes of B---HX complexes, where X = CI, Br, CN, CCH and OH T h ~ s  extens~on 1s 

done to look for trends in the rad~us determined for H m vanous HX It is hoped that, 

such an analysls will help m develop~ng rellable distance cntena for ldent~fylng hydrogen 

bonds Table VI 2 hsts the H-bond distances, r(Z H), for all six senes of B---HX 

complexes lnclud~ng HF. A few known expenmental data for HI and H2S complexes are 

also Included in the Table along w ~ t h  the r(E) values for the corresponding free bases (B) 

calculated at HF and MP2 levels uslng 6-3 l++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 qulte similar The MP2 values are sl~&tly 

hl&er than the HF values for most of the bases Except for CO, C3H6 and (CH2)20, the 

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

B 
i r(z H) 

H F ~ M P ~ ! x = F /  C1 Br I I CN OH ~ C C H ~  SH 
i 

i 

-- I -- -- , 

-- I -- 

I 

-- 
I 

1 
2 7226 -- 1 2 7ge2 2 65" -- -- I 

i ! 
i 

; B$& j 2 08 i 2 13 2 50' 2 69'' -- -- -- I 

, 
-- I j -- -- 3 

' c02 146 1 161 191' 2 1 5 ~ '  -- 1 -- 1235" I -- I 
I 

Nfi  : 1 40 : 1 44 1 94a / 2 0 8 ~ '  
, 

HzCO ' 1 . 2 6 )  131 / 1 7 3 ~  197' 20155!?3g64:  -- 
I / 

4 157 118  2 16' 2 4 2 "  242" 2 6 0 ~ ' :  -- ' 
I i pH3 1 85b 1 8sb ' 2 38'' 1 2 60" / 2 6323 / 2 7632 1 2 8532 1 -- 1 I -- -_ 

I I I i 1 
tCH2)2S 1 67b 1 67b 2 1916 1 2 33" 1 -- j -- / 2 6 2 " ,  -- i -- -- 

i i I 

fcH&O 1 2zb 1 3ob 1 7017 j 1 8425 1 1 8gZ8 1 -- i 1 9747 1 9257 / -- -- ----_- --b-- - -;I-- -. -A_-- - --1 ---i-- -L. 

Nki-ence 9 ,  S R Gadre, pnvate commun~cation; 'Reference 10 
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differences between HF and MP2 r(E) values are well within 0 05 A For C;H6 and 

(CH2)20 this difference is close to 0 1 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 

Following Gadre and Bhadane, the expenmental r(Z H) values, llsted m Table 

VI 2, have been plotted aganst r(E) values for all six senes of B---HX (X = F, C1, Br, 

CN, CCH and HzO) complexes The HF and MP2 r(E) values were plotted separately 

The h e a r  fit of the scatter polnts g v e  nse to an equatlon similar to equation (3) for 

every senes of complexes Figure VI 1 (a) and VI 1 (b) show the plots of r(Z H) vs 

r(E) at MP2 level for all six senes of complexes The results of the HF and MP2 

methods are similar 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, 

HC1 and H20 at both HF and MP2 level. However, for HBr, HCN and HCCH they are 

somewhat hgher, the values being 1 20, 1.17 and 1 2 1 respectively rn HF level The 

Table VI.3. Results of the hear fits of r(Z vs r(E) plot for drfferent B---HX 
complexes 'A' is the rntercept and 'm' IS the slope for a part~cular h e ,  and theu: values are 
m k  

Level Parameters HF HCl HBr HCN H20 HCCH 
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F@E VI.1 Plots of r(Z El) vs r Q  for B---HX complexes A constant (C) has been 
to the Y values of the complexes for clan% & = 0 0, & = 1 0, G, = 2-0, Go' 

m, &= 1 0 and &= 2 0 The h e  through the p o w  shows the best fit. 
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MP2 level values are also similar The ~ntercepts (A) vary from a value of 0 45 A for 

HF to 0 78 A for HCCH at HF level, and fiom 0 43 A to 0 66 A at MP2 lebel Accordlng 

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

above range 

VI.4.b. [r(Z-0-H) - r(E)] vs r(E) and "Hydrogen Bond Radius" 

To obtan a more m e m @  effective size of the hydrogen m H-bonded 

complexes, [r(Z--H) - r(E)] has been plotted as a fimcbon of r(E) for all the B---HX 

complexes The results of the plots at MP2 level are shown in the Figure VI 2 The 

scattered polnts for a part~cular senes of complexes were fitted to a strsught line The slope 

was fixed to be zero so that the Intercept of the fit could be related to the effective size of 

the hydrogen of HX m H-bondmg The intercepts fiom Fig VI 2 are qu~te enl~ghtenlng 

~ h e ~ a r e 0 5 1  i 0 0 9 A ,  070*0  10& 0 7 7 5 0  13 A, 0 89k  0 1 2 4  075k009Aand 

Table VI.4 'FIydrogen Bond Radd of Merent HX Empirical analysis was carried out for 
HF, HCI, EIBr, H a ,  H,O and HCCH, tallnng experimental r(Z H) and the r(E) values 
from cakulaaon at HF and MP2 level For HF, HQ, H,O and H,S, the r(H) values have 
been d e t e m e d  from theoreacal (ab apa4 DFT) analysis as well 

Empirical ab znltzo (MP2)  DFT (B3LYP) 

HCl O73fO08 0.70hO10 0.69fO10 O67*011 O63fO10 

HBr 0.79fO 11 077kO13 -- -.. -- 

HCN 0 92 i O  08 0.89kO 12 -- -- -- 

HCCH 108kO07 107ztO08 -- -- -- 

H2S -- -- 1 0 2 i O  10 105=50 12 103*0 13 

'The level of theory at which the r(E)'s are calculated 
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- 

Figue M.2. Plots of [r(Z H) - r(E)] vs r@) at M.2  level for B---HX complexes A 
constant fQ has been added to the Y values of the complexes for clanty C& = 0 0, C& = 

1.0, %, = 2 0, Go= 0 0, &= 1.0 and 2 0. The h e  through the polnts shows 
best fit assurmng the slope to be zero The Intercepts are shown m parenthesis 
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1 07 & 0 08 A for HF, HCl, HBr, HCN, Hz0 and HCCH respectikely The HF intercepts 

are also similar to the MP2 values 

As is ev~dent from Frg VI 2, one should be able to get a reasonable estlmate for 

intermolecular separation for B---HX just by adding r(E) for B to the intercept for HX 

These intercepts are the effective slzes (radli) of Hydrogen of HX In H-bonded 

complexes, and defined as "Hydrogen Bond Radii (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 

wthln the error limlt as 

r(Z -43) = r(E) -t r(H) - (4) 

Fwre M.3: Models of H,O- H S  Hydrogen m HS has certam effectwe slze (r,J and It  

changes wth Here S IS F, C1 or Br Figures are not to the scale 
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The "H-bond radil" for all the H-bond donors, analyzed empincally here, are 

tabulated in Table VI 4, along with the r(H) values obtained from pure theoretlcal 

analysrs, which is 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 wlthln 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 

Increases from HF (0 5 1  A) to HC1 (0 70 A) to HBr (0 77 A) This is shown 

in F~gure  VI 3 

Hence, it IS seen that the effectwe size (r(H)) of hydrogen of H-bond donor in 

H-bonding depends on the nature of the donor This analysis shows that a hydrogen bond 

rad~us can be defined for each donor and ~t will be applicable to all acceptors Li Bian 

has shown that the proton donor plays a domlnant 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 in latter sections 

M.5. ('H-bond radius" of H2S: ab initio analysis 

It has been already mentioned that in biological system, hydrogen bonds 

lnvolvlng C-H and S-H are very important 3'4 HCCH is treated as the model system for 

C-H---B H-bonding, and H2S is taken as the model system for S-H---B H-bondmg 

However, not much expenmental data for H2S complexes are available now to determine 

I ~ S  H-bond radius Hence, ab rnztzo calculations have been carned out at MP2/6- 

31 l*G** and B3LYP16-31 lUGX*  levels of theory for several H2S compIexes From 

these theoretlcal structural data, hydrogen bond radius of H2S has been determined The 

analysis descnbed m the prevlous sections regarding "H-bond radius" 1s based on 

expenmental H-bond distances [r(Z H)] and ab znrtzo r(E) values Hence a pure 

tkm-et~cal analysis has been carned out for HF, HCI and H20 complexes as well, where 

r(Z. H) and r(E) are obtalned from ab znztro calculatrons. The r(H) values obtalned 

firam this analysis are compared with the prevlous analysis It should be mentioned here 

our pnme Interest is obtsun~ng the ~ntermolecular distances from calculat~ons for 
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determining the hydrogen bond radi~ 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 interaction energy has been correlated to different properties of H-bond donor 

and acceptor 69-7' 

V1.5.a. Method of calculation 

The geometnes for almost srxty B---HX complexes ( X  = F, C1, OH and SH), -15 

each, have been optrmized at MP2 and B3LYP levels using 6-311*G** basis set 

Though the r(E) values are avalable at HI? level, the intermolecular distances, calculated 

at thls level, were not analyzed The calculations at W/6-3 1 l++G** level for several 8-- 

-HF and B---HC1 complexes have been carned out as well However, the intermolecular 

distances at this level differs significantly (-0 2 A or more) from the corresponding 

expenmental values In general HF method IS known to produce results (structure and 

rnteraction energy), whch are far from realrty for these hnd  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 is the 

global mnimurn However for some complexes, the H-bonded structure is a local 

mimmurn, e g SO2-H20 The optrmized geometnes of the B-HX (X = F and C1) and B- 

H2X (X = O and S) complexes are shown m Figures VIA and VI B respectively The 

complete llsts of the optun~zed structural parameters are tabulated in Tables VIA and 

VI B for B-KX and B-H2X complexes respectively Tables VI C to VI F grve the 

absolute energies of the complexes and the corresponding fragments for HI?, HCI, Hz0 

and HtS complexes, respectively Tables V1.G and VIH list all the vibrational 

frequencies, calculated at both levels of theory, for B-HX and B-H2X senes of 

complexes, respectively Flgures VI A and VI B and Tables VI A - VI H are collectively 

gven at the end of this chapter The H-bond distances, r(Z H), obtaned from these 

optrmized geometnes have been compiled w ~ t h  the r(E)'s of the conesponding bases to 
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the H-bond radii Gaussian 98 software package72 was used for all the 

calculat~ons 

Vl.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 in Table VI 5 and those for B---H2X (X = 0 and S) are listed in the Table 

VI 6 The H-bond distances for B---HX complexes at B3LYP method are sltghtIy 

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

Table VI.5 Hydrogen bond chtance [r(Z H)] for B---HX (X = F and Cl) calculated at 
MP2 and B3LYP method uslng 6-3 11 + +G-" bass set All values are m k 

OC 2 1314 2 0585 2 4314 2 3681 

HCN 1 8876 1 8366 2 1035 2 0606 

H20 1 7312 1 7028 1 9054 1 8552 
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Table M.6 Hydrogen bond h t a n c e  [r(Z**.H)] for B---Hx (X = 0 and S) calculated at 

MP2 and B3LYP method us~ng 6- 3 1 1 + +G ' baas set  All values are m A 

HF 

N2 
OC 

HCN 

H20  

H2S 

H3N 

H3P 
H2CO 

C2H2 

CH3CN 

so2 
(CH2)20 

(CH2)2S 

between the two However, for B---H2X complexes, there IS no particular trend In most 

of the cases the distances at both levels are quite close The r(Z H) obtalned from MP2 

level calculations for HF, HC1, H20 and H2S complexes are plotted separately agalnst 

MP2 level r(E) values These plots and then llnear fits are shown m the Flgure V14 

The results of the fits are slrn~lar to that of the emplncal analysls The slopes of the fitted 

llnes are 1 10, 1 15, 1.14 and 1 15, and the intercepts are 0 36 A, 0 46 A, 0 55 A and 0 80 

A for HF, HCI, H@ and H2S complexes respectlvely Ftgure VI 5 shows the plots of 

[r(Z*-H) - r(E)] vs r(E) for all four senes of complexes The stra~ght lines are their 

linear fits, forc~ng the slopes to be zero Thus the H-bond radll determined from this 

a n a l y s ~ s a r e O 5 0 i . O 0 6 ~ , 0 6 9 ~ 0  1 0 A , 0 7 6 & 0 0 8 ~ a n d  1.02+.010AforHF,Hci 

Hz0 and H2S respectlvely (Table VI 4) 
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Figure VI.4 Plot of r(Z---El) vs @) and thelr hea r  fits for HF, HCI, H20 and H,S 
corrglexes at MP2 level. A constant (9 has been added to the Y values of the four 
complexes for clariry; C, = 0 0, = 1 0, Go= 2 0, and &= 3 0 

W.5. Plot of [r(Z-.-H) - r@)] vs r(E) and thelr linear fits, forcmg the slopes to be 
am, for J3F, HH, H,O and H2S complexes at MP2 level. The constants (C) are same m 
F-w VI.4 The mterccepv, are shown m prenthesis 
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Similar analysis with the structural data from B3LYP calculat~ons produces 

slmllar results As the r(E) values are not available at B3LYP level, both HF and ~ p 2  

r(E) values were taken separately m the analysis The r(H) values obtained are included 

m the Table VI 4 The r(H) (from B3LYP calculation) for Hz0 and H2S are similar to 

that obtained fiom pure MP2 and empincal analysis whereas for HF and HCI, they are 

slightly smaller However, the r(H) for HF, HC1 and H20 from t h s  ab znztzo analysis are 

quite s~milar to that obtamed from ernpincal analysis The hydrogen bond radius (1 02 A 

0 10 A) obtaned for H2S is validated by the known expenmental data for c ~ H ~ - H ~ s ~ ~  and 

H ~ S - H ~ S ~ '  complexes, the distances belng 1 26 A and 0 98 %L respectively 

In both ernpincal and ab znrtzo analysis, it has been seen that CO IS a mque  H- 

bond acceptor Regardless of the H-bond donor, it is bonded to, the C H distances are 

qulte larger than the average value for a senes of complexes The [r(C H) - r(E)] values 

for OC--H20 and OC--H2S complexes at MP2/6-3 11UG** level are 0 97 A and 1 29 8, 

whereas the average (r(H)) for the corresponding hydrogen bond donors are 0 76 18, and 

1 02 A respectively It 1s clear from the plot that the dewation in general 1s very similar 

for each acceptor Hence, the deviation IS not random, but shows the distribution in 

acceptor properties 

VI.6. How does r(H) depend on different properties of the H-bond 

donor (HX)? 

The effective size or radius of hydrogen of HX m H-bondmg, 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 FIX The dlpole moment of the H-X bond and the difference m electronegat~vity 

between H and X for different HX are llsted in Table VI 7 

The r(H) values obtalned fiom the emplncal analysxs ( r(E) values fkom MP2 

level calculation) for HF, HCI, HBr, H20 and HCCH, and that of H2S obtained from pure 

MP2 analysrs, were plotted as a funct~on of the dipole moment of the H-X bond The r(H) 

for C2I-4 IS also included In the plot A value of 1 33 rt 0 1 1 A has been evaluated from 
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abrallable ab tnztto results, at a sufficiently high level, of four B---C2H4 complexes The 

r(Z H) distances for the complexes of C2H4 (C-H B interaction) with NH3, H20, PH3 

and H2S are 2 608 A, 2 454 A, 3 268 A and 3 187 A respectively at MP2/6- 

3 1 li-+G(3df,2p) level of theory 73 

Table VI.7 Dipole moment of H-X bond and the electronagauvity ddference between H 
and X for ddferent H- bond donors (HXJ 

F 1 82 74 1 9  1 
CI 1 08 74 0 9 1 

Br 0 78 74 0 7 1 

I 0 45 74 0 4  1 

CN 1 13 75 1 66 77 

OH 151 74 1 32 77 

SH 0 70 74 0 4 1 

CCH 0 94 76 1 19 78 

HCCH2 0 69 76 0 65 78 
'Em) = 2 1 m Pauling Scale 

The results of the plot are shown m Figure V1.6 As the H-X &pole moment 

mcreases, the r(H) decreases The straght line IS the llnear fit of the scattered points and 

the bars show the nns dewahon of the fit Thrs correlahon predicts the r(H) value of HI, 

hawng H-X bond moment of 0 448 D, to be 1 19 ~t 0 18 A The extrapotahon of ths line 

to zero &pole moment gwes a value of 1.40 * 0 18 %, 

A slrmlar Inverse correlation is observed between the r(H) of the donors (HX) and 

eIectronegat~vlty difference between H and X (hE) Flgure VI.7 shows the plot of 

r(H) as a funGt~on of AE. On extrapolation of the stralght line, the linear fit of the data 

pi*, to zero AE value produces a radlus of 1.18 & 0 23 I f  Thls correlation predicts the 

b*gen bond radius of HI to be 1 07 i 0 23 A These predictions are validated by the 

b t e d  expenmental data ava~lable on HI complexes The distances observed are 0 86 A, 
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Figure M.6. Plot of r o  of Merent H-bond donors a g m t  the H-X bond 

moment The soLd h e  is the hearfit The bars show the rms devlauon of the fit 

Figure V1.7. Mot of (Hj of ddferent HX against the electronegauwty difference bemeen 

and X, BE The sohd h e  is the linear fit. The bars show the rms devlat~on of the fit 
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0 93 A, 1 11 A and 0 91 A for the ~ 2 0 " ~  HCN~', 0c3' and P H ~ ~ *  complexes with HI 

These extrapolated radii (1 40 and 1 18 A) can be thought as the radius of 

Hydrogen when the donor has zero dipole moment, i e Hz for example Hence, these 

radix should be slmilar to the van der Waals radius of Hydrogen It is in very good 

agreement wtth Pauhng7s estimation of 1 20 A ' Though it has been tned to establish a 

linear correlation between r(H) and the H-X dipole moment, there is no particular 

hdarnental basis for that It should be mentioned here that the correlation coefficients 

(R2) of the fits are qulte small (0 6 for Figure VI 6 and 0 3 for Flgure VI 7) The actual 

correlation could be much complex, and a more detsuled analysis is needed to reveal that 

V1.7. Distance Criterion for H-bonding 

Generally the cntena used for the existence of H-bondmg is that the distance 

between the heavy atoms [r(Z X)] should be less than the sum of their van der Waals 

radii [o(Z)to(X)] Ths is the default cntenon for H-bonding Bven in the documentation 

for the Mercury s o h a r e  in Cambndge Crystal Structure Database 79 However, there 

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

Desiraju and sterner3 point out in their recent book that even a conservative C-0 distance 

threshold of 3 25 or 3 3 A may still not be long enough to rule out the presence of C- 

H -0 hydrogen bonds In case of H-bond donors like HCCH or HCN, the distances 

rnvoIved are longer (more than the sum of van der Waals radii) but the interaction 

energies are qute slgmficant Defmng a hydrogen bond radius has shown that the heavy 

atom distances could be sigmficantly larger than the sum of their van der Waals radii It 

1s suggested that hydrogen bond radii of donor and r(E) for acceptor are used instead of 

the van der Waals radii 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, witlvn the error l~mit 

Recently, a similar analysis has been done for different H-bond donors fi-om the 

mndensed phase structural data avalable in Carnbndge Crystal Structure Database 

analysis also resulted in a very similar 'hydrogen bond radn' for OH and C=CH 

grPWS as found here for HzO and HCCH After the completion of this work, we have 
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come across a paper titled "Hydrogen bond radii", publ~shed by Wal l~ork In 1962 SE He 

had mentioned the heavy atom distances, r(Z X), as the sum of van der Waals radius of 

Z and 'hydrogen bond radius' of HX However, he was drsappointed not to find a 

general correlation between h s  hydrogen bond radius and the hydrogen bond length (z-x 
dlstance) 

VI.8. Conclusions 

The H-bond distances for different senes of complexes have been compiled and 

analyzed In hydrogen bonding, hydrogen does have some effective size or radius and it 

has been defined as "hydrogen bond radius", r(H) T h s  radius is 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 lnto the H-bond dlstance for a H-bonded complex "Hydrogen bond 

radi~" have been deterrmned for HF, HCl, HBr, HCN, HCCH and H20 empirically The 

same have been evaluated for HF, HCI, H20 and H2S fi-om pure ab mztzo analysis These 

values are close to the empirical one The "hydrogen bond ra&us" has an Inverse 

correlation with the H-X dipole moment and the electronegatlvity difference between H 

and X A more reliable distance cntenon for H-bonding has evolved fi-om the present 

analysis 





Hydrogen Bond Radius Chapter V1 



Chapter Vl Hydrogen Bond Rad~us 

F'&ure V1.B. Op-zed geometries of B---H,S compleses o p m e d  at hlP2/6- 

31 I++G** level of theory 
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v1.A. Opumtzed Parameters of ddferent B-HX complexes at MP2 and B3LYP methods 
using 6-3 1 1 + +G9' basls set (Figure VI A) 

I 
- -  

Structural X = F  X=C1 
Parameters MP2 B3LYP MP2 B3LYP 

R( 1 ,2) 0 9210 0 9287 1 2761 1 2921 

X = F  X = C 1  
Parameters MP2 B3LYP MP2 B3LYP 

3. OC-HX 

Structural X = F  X = C1 
Parameters MP2 B3LYP MP2 B3LYP 

R(1,2) 1 1371 1 1241 1.1384 1 1255 
R(1,3) 2 1314 2.0585 2 4314 2 3681 
R(3,4) 0 9222 0 9302 1 2766 1 2921 

A(2,1,3) 180 0 180 0 180.0 180.0 

A(1,3,4) 180 0 180 0 180.0 180 0 
W4,3,1,2) 

-. 
0 0 0 0 0 0 0 0 
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4 HCN-HX 

X = F  X = C 1  Structural 
Parameters MP2 B3LYP MP2 B3LYP 1 

R(1,2) 1 168 1 1459 1 1697 1 1371 
R( 1,5) 1 0685 1 0675 1 0686 1 0674 
R(2,3) 1 8876 1 8365 2 1035 2 0606 1 

X = F  X=C1 
Parameters MP2 B3LYP MP2 B3LYP 

Structural X = F  X = C1 
Parameters MP2 B3LYP MP2 B3LYP 

R( 1,2) 0 9256 0 9363 1 2806 1 3032 
R(2,3) 2 3185 2 2709 2 54 2 443 
R(3,4) 1 3337 1 3493 1 3338 1 3485 
R(3,5) 1 3337 1 3493 13338 1 3485 

A( 1,2,3) 179 5 176 8 177 2 177 7 
A(4,3,5) 92 7 92 8 92 4 92 8 
Af2,3,4) 105 4 98 9 108 4 99 3 
A(2,3,5) 105 5 98 4 108 0 99 4 

D(4,3,2,1) 100 2 -77 6 141 7 -48 9 
D(5,3,2,1) -162 4 16 6 -1 19 3 45 6 

X1 H2 0 3  H4 H5 
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r structural X = F  x = CI 
I parameters MP2 B3LYP MP2 B3LYP I 

Structural X = F  X=CI  

Parameters MY2 B3LYP MP2 B3LYP 
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Structural X = F  X = C1 
Parameters MP2 B3LYP MP2 B3LYP 

X = F  X=C1 
Parameters MP2 B3LYP MP2 B3LYP 
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Structural X = F  X = C1 
Parameters MP2 B3LYP MP2 B3LYP 

R( 1 32) -- -- 1 2794 1 2971 

R(2,3) -- -- 2 5293 2 5143 
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Structural X = F  X = C1 I 

Parameters MP2 B3LYP MJ?2 i 

B3LYP 

R( 1 2) 0 9307 0 9405 1.2854 1304 1 
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Structural X = F  X = C1 
Parameters MP2 B3LYP MP2 B3LYP 
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Structural X = F  X = C I  I 

Parameters MP2 B3LYP MP2 B3LYP , 
1 

R(1,2) 1 8223 1 8451 1 8204 18433 j 
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Table M.B. Q t k d  stmctural parameten of driferent B-3X complexes calc&ted at 
~2 and B3LYP levels ~ m g  6-3 11 + +GW bass set Both H20 and H2S complexes have 

veryslrmlar optmmed geometries Atom labels are shown m Flgure VI B 

Structural X = O  X = S  

Parameters MP2 B3LYP MP2 B3LYP 

R(H 1 -F2) -- -- 0 9177 0 9234 

Structural X = O  X = S  
Parameters MP2 B3 LYP MP2 B3LYP 
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Structural X = O  X = S  I 

Parameters 
4 

MP2 B3LYP MP2 B3LYP i 
R(lY2) 1 1385 1 1259 1 1393 1 1268 1 
R(L3) 2 4594 2 4151 2 7808 2 8199 

1 

R(3,4) 0 961 0 9642 1 3339 1 3485 
I 

R(4,5) 0 9592 0 9618 1 3336 1 3481 1 
A(2,1,3) 171 2 172 8 167 4 175 1 
A(lY3,4) 174 2 174 5 160 6 

i 
1704 / 

A(3,4,5) 103 5 105 2 92 2 92 6 
D(2,lY3,4) 42 7 43 7 2.0 

X = O  X = S  
Parameters B3LYP MP2 B3LYP 

Structural X = O  X = S  
Parameters MP2 B3LYP MP2 B3LYP 

R(lY2) 0 9586 0 961 1 3334 1 3478 
R(2,3) 0 9655 0 9698 1 3367 1 3533 
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Structural X = O  X = S  
Parameters MP2 B3LYP MP2 B3LYP 

R(I72) -- -- 1 3337 1 348 
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Structural X = O  X = S  
Parameters MP2 B3LYP MP2 33LYP 1 

I 

R( 1 ,2) 1 9739 1 9605 2 2266 2 I727 ' s 
R( 1,3) 10151 10156 10151 10156 1 

Structural X = O  X=S 
Parameters MP2 B3LYP MP2 B3LYP 

R(IY2) 2 6478 2 6369 2 9491 2 9575 

R( 1 3  1 4074 1 42 1 4084 14214 
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I Structural X = O  X = S  I 
Parameters MP2 B3LYP MP2 B3LYP 

R( 172) -- -- 12153 1 2043 
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X = O  X = S  Structural i 

i 

Parameters 4 

MP2 B3LYP MP2 B3L'kTP 

Structural X = O  X = S  
Parameters 

1 
MP2 B3LYP MP2 B3LYP i 
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Structural X = O  X = S  
Parameters MP2 B3LYP MP2 B3LYP 
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Structural 
Parameters 

R( 1 72) 
R( 1 73) 
R( 178) 
R(2Y3) 
R(276) 
R(2,7) 
R(374) 
R(3,5) 
R(8,9) 

R(9,lO) 
A(2,178) 
4 3 7  138) 
A(17276) 
A( 1,277) 
A(37276) 
A(3Y2,7) 
A(6,2? 7 )  
At 17374) 
A(1?3,5) 
A(27374) 
A(27375) 
14(47375) 
A(1,8,9) 

A(879,lO) 
D(87 1,236) 
D(87 17297) 
D(8,1,3Y4) 
D(891Y375) 
D(2,I ,8,9) 
D(371,8,9) 
D(6,273,4) 
D(6?2,3,5) 
D(7727374) 
Df 7,27375) 
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Structural X = O  X = S  
Parameters MP2 B3LYP MP2 B3LYP 

R( 1 2) 18218 1 8447 18178 1 8404 
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Table V1.G Frequency of B---HX complexes calculated at MP2 and B3LYP method 

6-3 I 1 + +G:":$ basls set 

HF HCI i 

B i 
MP2 B3LYP MP2 B3LYP 

151 162 104 112 

HCN 
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Table VI G contznued 

3485 3247 2525 2130 I 1 

3524 3476 3515 3473 1 
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Table VI G contrnued 

375 417 205 260 
47 1 498 3 13 340 

541 662 532 660 

58 1 706 534 685 

770 778 768 776 

785 801 774 793 

1957 2055 1958 2057 

3444 3408 3016 2801 

3534 351 1 3448 341 1 

4039 3866 3538 3515 

-- -- 73 63 
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Tuhle L7 G corztrnzted 

-- 186 112 11 J 
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Tahle 1 4  G contrnued 
, 

1527 1500 1528 
1499 

1560 1533 1560 
1532 

3166 3 106 2750 2530 
3173 311 I 3161 3101 
3271 3196 3168 3107 
3284 3210 3264 31 90 
3 743 3559 32 77 3204 
40 5 8 42 52 
74 75 71 69 

1 74 191 128 141 
665 614 487 526 
676 637 514 569 
677 658 667 615 
702 693 698 644 
848 840 846 839 
954 918 95 1 915 
1000 962 997 960 

(cH2)2S 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 2 742 243 I 
3180 3131 3172 3126 
3274 3215 3175 3 127 
3286 3229 3268 32 10 
3 789 3561 3280 3225 

I 



Hydrogen Bond Radius Chapter Vl 

Table V1.H Frequencies of B---H,X complexes calculated at MP2 and B3LYP 
u1.g  6-3 11 ++G :'::' bass set 
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Table VI H contmued 
r 3985 3899 3541 3518 

6 16 7 20 
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VII.1. Conclusions 

A pulsed nozzle Founer transform microwave spectrometer has been fabncated in 

our laboratory successfully Tlus spectrometer 1s being used routinely to study the 

weakly bound complexes Several weakly bound H2S complexes have been studied 

Theoretical calculations have also been performed along with the expenment to enhance 

our understanding 

The first system studied uslng the spectrometer, Ar2-H2S complex, 1s an 

asymmetric top with Czv symmetnc heavy atom geometry Only one set of rotat~onal 

transitions have been observed, though two sets of transitions are expected corresponding 

to ortho and para H2S in the complex. Several a-dipole transitions are observed for AT2- 

HzS, AT2-HDS and Ar2-DzS compfexes Due to the presence of Cz symmetry axis 

mnterchangmg two identical Ar nucler (I = O), transitions are observed only between 

rotational levels JKp,Ko, whlch have Kp and K, elther ee or eo The AT-Ar drstance in the 

complex is 3 820 If, whch is almost identical to that m free & dmer The AT-c m(HzS) 

separation is 4 105 A, which is in between the Ar-c m(H2S) d~stances in Ar-H2S and h- 

H2S. H2S undergoes a large amplitude mnternal motion m the complex A Potential 

energy surface scan startrng itom a CZv symmetnc geometry has been performed at 

MP2/6-3 1 lt+G(3df,2p) level for lntemd rotatlon of HzS about its three principal ~nertial 

axes. It has a very floppy potential energy surface The zero point energy is comparable 

to the barrier height for the mnternal rotatlon, making H2S virtually a free rotor 

Rotational spectra for AT-(HzS)~ and Ar-(D2S)z have been observed Both a and 

bdipole transitions are observed The b-dipole transitions are relatrvely stronger 

suggesting that the drpole moment on 'b' axis, the H2S-H2S axis, IS more For both 

isotopmers two sets of trans~tions have been observed, whlch correspond to two 

tunnelrng/~ntemal rotor states Both sets of transitions could be fitted rnto a ngd rotor 

Hamiltonian. The spl~tting m (A+B)/Z between the two states IS -12 3 MHz for Ar- 

(H2S)z a d  -45 lcHz for h--@2S)2. A similar two states pattern in rotatlonai spectra has 

ban obsnved for also, but the sphttlng 1s very chfferent ' It is unlikely that the 

dimer states and the tnrner states have 1.1 correIation The distortion constants for the 
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tuo states of ,~I--(H:S)~ are tery d~fferent n hereas those for the tuo states of &-(D2S)_. 

are \ ery close The .k-(H2S)2 tnmer has a T-shaped h e a ~ y  atom geometr?, f he ,\r-H-S 

distance IS 4 09 A, and the c m separation bemeen the fit o H2S units 1s 4 05 .A, ti hleh 1s 

0 07 A shorter than that In (H2S)2 duner Thls is attnbuted to the third bod] effect .jb, 

rnztro calculations at several levels of theory predict three mlnima, incIuding a pseudo 

h e a r  one, for the tnmer The other bvo minima hake T-shaped heavy atom geometry 

and are very close in energy Both of them could be correlated to the rotational spectra 

observed 

Ab znztzo calculatrons were performed for H20-H2S dimer and Ar-H20-H2S 

tnmer H20-H2S can have two structures H2S-HOH and H20-HSH Most recent 

theoretical results predict H2S-HOH (H2S acceptor and H20 donor) to be the global 

rninlma It was assumed that the zero polnt correct~on of the energy a ould not alter the 

relabve stability of the mlruma. Calculat.lons at hIP2 level using 6-3 1 1++G(3df,2p) and 

aug-cc-pVTZ basis sets show that H20-HSH becomes slightly more stable than H2S- 

HOH, on zero pomt energy correction However, the energy difference between the ttco 

structures is quite small Total five mmma could be optirmzed for Ar-H20-H2S tnmer 

Three of them having Ar attached to H2S-HOH and the other two have Ar bound to HzO- 

HSH W~thout zero polnt correction, one minima of Ar-H2S-HOH 1s most stable 

However, correctmg for the zero pomt energy, predicts Ar-H20-HSH to be more stable 

It shows smllar results as H20-H2S dimer The zero polnt correct~on IS very important 

fox such weakly bound complexes Some rotational trans~tions have been observed 

whch are IikeIy to be for Ar-H20-H2S 

Hydrogen bond radix have been defined and detemned for several hydrogen 

bond donors HX (HF, HCI, HBr, HCN, HCCH and H20) The expenmental data 

avalable for drfferent senes of complexes @-FIX) were compiled and analyzed to 

determine an effectwe slze of hydrogen in these complexes Th~s radxus is charactenst~c 

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 d~stance (B H d~stance) for a H-bonded 

complex 3-EX. The r(E) is the d~stance betureen center or atom in B wh~ch IS bonded ta 

H and the minimum in moIecular electrostatlc potentiai of B, As the expenmental data 
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on H2S complexes are scarce, hydrogen bond radius for H2S has been determined from 

the ab znztro structural parameters The hydrogen bond radlus shou s a Inverse correlat~on 

w~th  both the d~pole moment and the electronegatrvlty difference of HX 

VII.2. Future Directions 

The future directions of th~s  research could be many-fold Firstly, a stark cage 

can be rncorporated to the spectrometer so that the stark effect could be observed 

M e a s m g  stark effect would gve  the dlpole moment of the system directly From the 

exact d~pole moment data, rmportant structural features could be obtaned 

For AT2-H2S and Ar-(H2S)2 complexes rotational spectra of the isotopomers with 

3 4 ~   soto ope should be pursued The experimental data on 3 4 ~  species would agaln 

produce valuable structural information of the complexes Extensive theoreQca1 studles 

are necessary to explam the hfference m &stortlon constants between &-H2S and &- 

D2S, and between the two states of AI--(H~S)~. Prelrmrnary data for Ar-H20-H2S 

complex are obtauned in this work The predlcbons for the rotational transltlons could be 

refined on the basls of those data By solvrng the complete rotatronal spectra, valuable 

structural and dynamical mfonnabon could be obtained for the tnmer The sp11ttrng of 

each transit~on into 3/4 11nes is enough indications for a complicated dynamrc nature of 

the complex. As menhoned, the expenmental data on H2S complexes are rare Already, 

a systematx study on several HzS complexes has been started In our laboratory 

Generating sumc~ent expenmental data would lead to successful deterrn~nation of 

hydrogen bond radius af H2S fiom the expenmental distances 
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