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CHAPTER 1. GENERAL fNTRODUCTJON 

§ l.l Introduction 

Solvation effects can profouncUy alter chemical and physical interactions 

between molecules. Alkali halides near the vicinity of the equilibrium structltl'e in 

the electronic grmmd state have an ionic character and are strongly bound with 

each other by their electrostatic forces (about 100 to 140 kcallmol) . In the gas 

phase, alkali halides dissociate into neutral atoms because the potential curve in 

the grm.md state changes from ionic character to covalent character as a result of 

non-crossing rule as the nuclei are separated [1]. However, it is known that, in 

aqueous solutions, most of their corresponding crystals are easily dissolved into ions. 

Understanding of the behavior of ion pairs in water is one of the fundamental and 

important issues in chemistry because association of oppositely charged ions is an 

important step in many chemical reactions. In the present work, complexes of an 

ion pair, NaCl , with up to three water molecules have been investigated in order to 

tmderstand microscopic mechanisms of solution. While this model system cannot 

be expected to predict quantitatively the solvation effects, it can provide valuable 

insights into forces controlling the arrangement of the solvent molecules around the 

Na+ and cr ions, which govern the solvation effect on the NaC! bond. In addition, 

results of this investigation will provide information on potential functions of the 

ionic exit channel in an initial process of solvation. 

A general scheme for the solvation process of an ion pair may be written as 

follows 

NaCI=Na ' ICl - =Na' IICI - =Na'+Cl-, 

where two intermediate states, Na ' I Cl - and Na + II Cl - , denotes the contact ion­

pair (CTP) and the solvent-separated ion-pair (SSIP) states, respectively. 

Existence of the two intermediate states was first proposed by Winstein et al. [2] in 

1957 to interpret the dependence of the rate constants for solvolysis of several 

electrolytes on the addition of salt. However, no detailed information on the role of 
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the two int.ermediate states has been obtained yet. 

To date, the NaCl-(H20)n system wlllcb consists of an isolated NaCl molecule 

and a few H20 molecules has been studied using several computational and 

experimental methods. 

On the experimental side, however, only one paper bas been reported for the 

system. ln 1978 Ault [3] measmed infrared spectra of several Ar matrix· isolated 

complexes, which are made up of one alkali halide (NaCl, KCl, CsCl, CsBr, or Csl) 

and one H20 molecule. On the basis of the dependence of the vibrational frequency 

shift on the change of the alkali halide in each complex, he determined the structure 

of the alkali halide-water complex to be form (l) among four possible structmes (J), 

('!), (VI), and (Vli) of Fig. 1.1. 

On the computational side, Smith and Dang [4] have performed a molecttlar 

dynamics computer simulation of NaCl in water. They calculated the potential of 

mean force (PMF) shown in Fig. 1.2, wlllcb expresses the free energy of an ion pair 

as a function of the separation r(NaCl) . The PMF showed existence of two minima 

corresponding to the two intermediate states, CIP and SSIP. They estimated from 

the PMF that the distances r(NaGI) between Na and Cl were 2.7-2.8 A and -5 A for 

the CIP and SSIP states, respectively. 

So far, several ab initio calculations have been performed on the NaCl-(.H20)n 

complexes. Kulkarni and Rao [5] have calculated several possible structures of the 

MX-H,O (M = Li, Na; X= F, Cl) complexes, (I), (ll), ('!), (VI), and (VII) as shown in 

Fig. 1.1, with low level basis functions (HF/ST0·3G). Although the most stable 

structure was calculated to be (l) for NaCl-H20 , which is in agreement with the 

experimental result of Ault, the most stable structure was determined to be (II) for 

other alkali halide-water complexes. Recently, Woon and Dunning, ,Jr [6] have 

calculated the most stable structures of four species ofM'X--(H20)n (M = Li. Na; X= 

F, Cl) from n = 1 up to 2 or 3 using the second-order M0ller·Plesset perturbation 
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method with rather high level basis functions (cc-pVDZ and aug-cc-pVDZ). They 

calculated energies for four possible structures (ll), (lll), (IV), and (VI) in Fig. l.l , 

and determined the most stable structure to be (III) for all the MX-H20 complexes. 

They explained the difference of tbe result of Kuklarni and Rao as the eiTects of 

excessive basis set superposition error andlor over estimation of the electrostatic 

properties in the smaller basis sets. Furthermore, they assumed that MX-(1-I,O), 

has 0, symmetry and the structure for MX-(H20)2 to be the one with the second 

H
2
0 located that it is rotated by 180° around the MX axis from the lirst H20. 

Similarly, MX-(J-J20)8 has 0 5 symmetry with t.he second and third water molecules 

to be located by ± 120° away from t.be first H,O, as shown in Fig. 1.3. The most 

stable structures were derived for LiX-(l-l20)n (n = 1, 2, 3) and NaX-(H20)n (n = 1, 2). 

They reported that, for all the complexes they calculated, r(MX) increases gradually 

with the increase of the number of the H20 molecules. From the fact t.bat the 

change of the distance r(LiX) from LiX-(H,O). to LiX-(H20)5 is slightly larger than 

that from LiX-H20 to LiX-(H20)2 in the LiX-(H,O)n complexes, they estimated that 

the change due to adding the third H20 molecule to NaCl will be larger than the 

change observed upon adding the second H,O molecule. As a result, r(NaCl) in 

NaCl-(H20)5 was expected to be approaching to the distance estimated for CIP in 

the simulation of Sntith and Dang. They also reported that substantial charge is 

transferred from tl1e halides to water molecules. From a comparison of the 

stability of LiCl with that of Li+ + Ct when one water was added, the energy 

required to dissociate LiCJ-H,O into Li•(H,O) + Cr was calculated to be 136 

kcallmol. The second and third waters further lower the energy to 126 and 120 

kcallmol, respectively. Although this change was dramatic, it was far from thaL 

observed in solution, where CIP is bound by only a few kcallrnol. 

In an independent study, Asada and Nishimoto [7,8] have carried out a 

Monte Carlo simulation of NaCJ-(H,O)n (n = 1 - 8) with bond-bond potential 
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functions, which were proposed by Honda and Kitaura [9] . Their optimized 

stt·uclures derived from their potential functions are shown in Fig. 1.4. The most 

stable structures for n = 1 and 2 of NaCl-(H20), are nearly the same as those of 

Woon and Dunning, Jr. They showed that, from the Monte Carlo simulation, 

average distance between Na and Cl changes monotonously with the increase oft.he 

number of water molecules. Furthermore, they have proposed a possible solvation 

model that water molecules are first hydrated with the Na ion, and then the water 

molecules are shared with the Na ion and the Cl ion. 

No study on the complexes containing ion pairs such as alkali halide 

molecules have been carried out in the gas phase. There may be two reasons. 

The first one is the difficulty of efficient production of such complexes because alkali 

halides are solid with a high melting point, being not easy to obtain sufficient vapor 

pressure of the alkali halide to produce complexes. Another reason we can 

consider is as follows. Since the first excited electronic state of alkali halides is 

very shallow or dissociative [10], the excited states of the complexes are also 

expected to be shallow or dissociative. Thus the spectroscopic methods, such as 

laser-induced fluorescence spectroscopy, which has very high sensitivity in the 

visible or ultraviolet region, cannot be applied in investigating the spectrum of the 

complex containing alkali halide molecules. 

In tllis thesis, Rg-NaCl (Rg = Ar, K.r) and NaCJ-(H20), (n = 1, 2, 3) have been 

studied by using a Fourier-transform microwave (FTMW) spectrometer coupled 

with a laser ablation source, as will be discussed in section 1.2. The characteristic 

features of this spectrometer, high sensitivity and high resolution, will give us 

detailed information on these complexes. For example, the determined rotational 

constants will be used to determine the structures of the complexes, and the nuclear 

quadrupole coupling constants of the Na and Cl atoms will be used to obtain 

information on the NaCl bond. In the present study we expect that the 
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intermolecular interactions between NaCI and H,O can be di scussed on the basis of 

the detailed information on the structures including the bond length ofNaCI. 

In chapter 2, pure rotational spectra of the Rg-NaCI complexes (Rg = Ar, Kr) 

are described in detail. The purpose of the observation of Rg-NaCI was to examine 

the possibility to detect complexes containing NaCl and, if pos. ible, to investigate 

the intermolecular in teraction between Rg ancl NaCI. Since the NaCl molecule has 

a large dipole moment as shown in Table l.Al. l of Appendix I, it may be very 

important to consider the electrostatic effects on the field arotmd Na and Cl by 

complex formation in understanding the intermolecular interaction. The Rg-NaCl 

system is one of the best systems to investigate the electrostatic efl'ects on NaCl 

because Rg does not affect the field by itself. We expect that detailed information 

on the intermolecular interaction is also very useful to discussions on NaCI-(H20)n 

ln chapter 3, pure rotational spectra of the NaCl-(H20)n (n = 1, 2, 3) 

complexes are described in detail. The main purpose of this investigation is to 

clarify how NaCl dissolves into the Na• and Cr ions microscopically by complex 

formation with a few H20 molecules, as mentioned above. The pure rotational 

spectra of the NaCl-(H,O)n complexes are observed for the first time in this work. 

We have determined the molecular structures by using the precisely determined 

rotational constants, and have obtained information on the electric field around Na 

and Cl from the nuclear quadrupole coupling constants of Na and CJ. We will 

discuss in detail how the molecular structure and the charge distribution around Na 

and Cl are changed with increase of the number of water molecules. 
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§ 1.2 Experimental Method 

1.2.1 Production of complexes 

A large number of spectroscopic studies for molecules with high melting 

points in the gas phase have been performed by means of vaporization of the 

molecules heated up at high temperatures. NaCI has been studied by this 

conventional method by heating absorption cells at about 900°C, and its detailed 

molectLiar constants have been determined, as shown in Appendix I. However, it is 

impossible to produce complexes by using the conventional method becau e the 

internal energy of the complex is larger than the binding energy between the 

constituent molecules. In principle, we can use a high temperature pulsed nozzle 

to produce a supersonic beam containing molecules with high melting points. Such 

a nozzle was used for the observations of molecu]es with relatively low melting 

points such as alkali metals. In this work, however, we used a laser ablation 

method, which easily produce complexes containing a molecule with a high melting 

point. A spectroscopic study using the laser ablation method was performed by 

Powers eta/. for the first time [11]. They vaporized the Cu metal, and observed an 

elech·onic spectrum of C~ in the visible region. Since then the method is 

extensively applied in various spectroscopic studies. As will be given below, a few 

studies have already been reported even in the microwave region, where sensitivity 

is much lower compared to optical spectroscopy. 

The laser ablation nozzle assembly used in the present work is shown in Fig. 

1.5. We attached an ablation nozzle unit in front of a commercially available 

solenoid valve (General Valve Co.) with an orifice 0.8 rnrn<P in diameter. The shape 

of the nozzle unit was selected among several units with different sizes in order to 

maximize the intensity of the signal. The fundamental or second barrn01ti.c of a 

Nd'+:YAG laser (Spectra Physics Co. Quanta-Ray GCR-3 or GCR-230) was used as a 
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laser ablation source. The laser beam (100- 200 mJ/pulse) was focused by a 50 em 

focal-length lens onto a target rod through a hole with about 1 mm in diameter. 

The rod was rotated and translated through a mechanical coupling with a 0.5 mm 

pitch screw driven by a stepping motor in order to provide a fresh surface of the 

material for each laser shot. 

I. 2. 2 Detection of complexes 

As discussed in section 1.1, we are mainly interested in experimentally 

clarifying the change of the structures of the NaCI-0'120)" (n = 1, 2, 3) complexes 

predicted by ab initio calculations. Therefore, we used an FTMW spectrometer 

which has resolution high enough to precisely determine the molecular constants of 

the complexes. 

In 1976 Ek.kers and Flygare of University of Illinois have constructed an 

FTMW spectrometer for the first time [12] . Its principle of operation is analogous 

to that of a Fourier-transform NMR. When an incident microwave pulse was 

irradiated onto molecules, the molecules are polarized coherently and a macroscopic 

polarization is produced. When the incident microwave pulse disappeared, the 

macroscopic polarization oscillates with a frequency corresponding to a rotational 

transition and decays. This emission in the time domain is called the Cree 

induction decay (FID). The FTD signal in the time domain is detected and 

Fourier-transformed to obtain a frequency domain spectrum. In order to maximize 

the macroscopic polarization, that is, to mix two levels corresponding to the 

transition with equivalent weights, the microwave pulse width (~1) must satisfy the 

condition that Rabi frequency equals to rr./2~1, 

(1.1) 

where f-l and E are the permanent dipole moment of the molecule and the intensity 
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of the electric field in the cavity, respectively. 

In 1981 Balle and Flygare reported a new type of standing wave F1'MW 

spectrometer [13]. This spectrometer has two characteristics. The first is that a 

Fabry-Perot cavity in a large vacuum chamber was used as a sample cell. It means 

that the power of the incident microwave pulse can be considerably reduced to 

simplify the electronics in the apparatus. The second is that it was combined with 

a pulsed solenoid valve as a molecular source. The use of a pulsed valve in the 

vacuum chamber, i.e ., the use of the supersonic expansion extended the 

applicability of the system by increasing the number of observable species to not 

only stable monomer species but transient species such as free radicals, ions, and 

molecular complexes. 

In 1992 Xu et al. reported a new type of FTMW spectrometer [14]. Their 

sp cb·ometer has the arrangement that the molecular beam and MW beam run in 

parallel. This parallel type of FTMW spectrometer results in a higher sensitivity 

and a higher resolution compared to the original Balle-Flygare type of setup using a 

perpendicularly mounted nozzle. 

So far, there are a few examples of the FTMW spectrometers coupled to a 

laser ablation source. For example, the group of NIST has observed rotational 

spectra of transient molecules such as SiC2 [15] or metal oxides [16] by using a 

Balle-Flygare type ofFTMW spectrometer. Our group also has observed the MgCl 

radical [17] by using the same type of spectrometer. The group of the University of 

British Columbia has observed metal chlorides [18] by using the parallel type of 

FTMW spectrometer. Although the parallel type of FTMW spectrometer is more 

sensitive, it bas a disadvantage that it was not possible to move the target rod to 

provide a fresh surface. In the present work, we used a Balle-Flygare type of 

FTMW spectrometer with perpendicular beam because the "freshness" of the 

surface was found to have a significant effect for the study ofNaCl complexes. 

9 
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A schematic diagram of the spectrometer used in the present study is shown 

in Fig. 1.6. The microwave components (mixer, amplifier, circulator and so on) 

used are listed in Table 1.1. '1\vo aluminum mirrors are located inside the chamber 

confronted with each other to form a microwave cavity. Two sets of mirrors with 

300 mm and 390 mm in diameter were used, all with the radius of cw·vature of 

mirrors, GOO mm. The Q-value of the cavity was about 104
• One of tl1e mirrors is 

fixed at the vacuum chamber, and the other can be moved by a stepping motor, 

which is controlled by a personal computer to adjust the separation to keep the 

resonance condition of the cavity with the TEMoaq mode. The resonance condition 

was checked by monitoring the reflected power of the incident microwave from the 

cavity by using a microwave circulator. The position with minimum reflected 

power corresponds to the resonance position. The vacuum chamber is pumped by 

an 18-inch diffusion p11mp (DAIAVAC LIMITED DPF-18Z; 9000 Usee), which is 

backed up by a mechanical buster pump (ULVAC Co. PMB-006CM; 167 lisec) and a 

rotary pump (EDWARDS E2M80; 25 ]/sec) which are connected in series. The 

pressure in the vacuum chamber is less than 1 X 10'6 'lbrr when a gas is not 

expanded. In the present study the direction of gas pulse emitted is perpendicular 

to the axis of the Fabry-Perot cavity. 

The experimental tinllng is controlled by 'ITL pulses from a timing generator 

as shown in Fig. 1.7. Pulses to the molecular valve are repeated at 10Hz. The 

time t_, is the width of the output pulse for the pulsed valve and is fixed at 0.3 ms. 

The amplitude of the pulse to the pulsed valve is adjusted by a driver in order to 

optimize the condition of the pressure in the chamber. A gas is expanded from a 

distance about 25 em above the center of the cavity. The time td1 in Fig. 1. 7 is a 

delay time between the opening of the pulsed valve and firing the flash lamp of the 

ablation laser. The time td, is a delay time between the opening of the pulsed valve 

and the opening of a PIN diode switch 1 (PIN 1). Delay times, td1 and td,, have to 
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be adjusted to maximize the signal amplitude of the molecule to be measured. The 

velocity of the emitted gas depends on the carrier gas and that gives an estimate of 

the delay times. For example, a the velocity is about 500 m/s in Ar carrier gas, the 

time difference between td, and td, is estimated to be about 0.5 ms. A CW 

microwave ynthesizer (HP 83711B; frequency range, 1 - 20 GHz with averaged 

output power of +14 dBm) was used as a microwave source. We consider a case 

that microwave with a frequency v is emitted from the synthesizer to explain the 

operation of the detection system. The timet, represents the width of the i11cident 

microwave pul e, which is form ed by opening a PIN diode (PIN 1) switch. Both the 

pulse width (t,) and the incident microwave power are adjusted to satisfy the 

condition given in Eq. (1.1). After a timet, from turning the incident microwave off, 

the gate of another PIN diode (PIN 2) switch is opened for a time t8. The local 

oscillator (10) is phase locked using a frequency stabilizer 

(MICROWAVE/SYSTEMS INC. PLS-60) with a constant frequency difference (60 

MHz) with a fixed phase relation with respect to that of the synthesizer. The FID 

signal is mixed with the LO signal by a mixer (M2) and the IF signal out ofM2 is 

divided into two signals with n phase difference by a n·divider. These two signals 

are mixed with two 60 MHz local signals with m2 phase differences using a mixer 

(M3 & M4). As a result, we can get two signals of DC - 1 MHz and m2 phase 

difference. After a time t, from opening of PIN 2, two signals are digitized to 

digital data with 2560-points by two 8-bit analog-digital converters (THAMWAY 

AD·8H50AT) with a sampling rate of 50 ns in the personal computer (IBM Aptiva 

DX4-lOOMHz). The digital data with 2560-points for each signal is reduced to 

512-points by averaging successive 5-points. Assuming that one of the two signals 

to be a real part and the other as an imaginary part, the complex Fourier· 

transformation is performed, giving a spectrum spreading around the center 

frequency v, where a frequency range of about 1 MHz can be observed at a time. In 
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order to cancel out the background noise, two signals corresponding to the 

circumstances when the gas is emitted and not emitted are obtained and 

subtracted. 

For the mea urement above 20 GHz, the microwave radiation in the 20- 40 

GI-Iz is obtained by taking a second harmonic of the synthesizer output by using a 

coaxial frequency doubler (MJTEQ MA.X2M2G0400). The output power of the MW 

radiation is approximately 10 mW for the second harmonic. 

We observed spectra of OCS isotopes to check the sensitivity of our 

spectrometer. As shown in Fig. 1.8, we could observe a rotational spectrum of the 

"0'3C32S (natural abundance: 20.9 ppm) . But 180 13C34S (natural abundance: 0.93 

ppm) could not be observed. 
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Fig. 1.1 Various possible configurations of the NaCI-HzO structures. Structure(!) has Cs 

SYillmctry and a symmetrically hydrogen-bonded structure. Structure (II) has Cs symmetry and has 
only one interaction point between Na and the lone pair of the 0 atom. Structure (HI) i~ nonplanar. 
Only one H atom exist above plane including the Na-CI-H-0 ring. Structures (IV)-(VII) are planar. 
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Fig. 1.2 The NaCl potential of mean force in the polarizable water (filled circles) and 
the single point charge nonpolarizable water (open squares) . (cf. Smith and Dang, 
Ref. [4]) 
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Fig. 1.4 The optimized structures of the NaCl-(H20)n (n = I - 5, 8) complexes. These 
structures were calculated using their potential functions. (Asada and Nishimoto, Ref [7,8] ) 
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Fig. 1.8 A test spectrum for the sensitivity of the Fourier-transform microwave spectrometer 

observing 180 13C32S in its natural abundance. 
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Appendix I 

The Spectroscopic Studies of the NaCl molecule 

The first spectroscopi.c study of the NaCI monomer itself was reported by 

Towns and co-worker in 1957 [1]. They observed pure rotational spectra of NaCI 

with isotopes, 30Cl and 57Cl in the microwave region and determined the rotational 

constants. Seven years later, Clouser and Gordy observed the pure rotational 

spectra in the millimeter-wave region and determined the various molecular 

constants [2]. Hyperfine structure ofNaCI was observed by Cederberg et al. (3] and 

Leeuw e£ a/. [4] using a molecular-beam electric resonance method. Molecular 

constants of isolated NaCI so far obtained are shown in Table l.Al.l. 

[1] A. Honig, M. Mandel, M. L. Stitch, and C. H. Towns, Phys. Rev., 96, 629(1954) 

[2] P. L. Clouser, and W. Gordy, Phys. Rev., 134, 864(1964) 

[3] J. W. Cederberg, and C. E. Miller, J. Chem. Phys. , 50, 3547(1969) 

[4] F. H. de Leeuw, R. van Wachen, and A. Dyrnanus, J Chem. Phys. , 53, 981(1970) 
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Table l.Al.l The molecular constants of NaCI 

Na36Cl Na57Cl Ref. 

w, /em ·' 364.6880(33)6 360.7578(15) b 

B, /MHz 6537. 406(6) 6397.320(6) c 

D, /kHz 9.8540(5) 8.9630(6) c 

eQq(Na) /MHz -5.6698(60) -5.6740(9) d 

eQq(CI) /MHz -5.6468(60) -4.4470(13) d 

r, tA 2.360898(46) 

fl. ID 8.97141(7) d 

'Tbe figures in parentheses are one standard deviation in units of the last significant 

figure . 

' H. Uehara, K I-Ioriai, K. Nakagawa, and T. Fujimoto, J. Mol. Spectrosc. , 134, 98(1989) 

' P. L. Clouser , and W. Gordy, Phys. Rev. , 134, 864(1964) 

d F. H. de Leeuw, R. van Wachen, and A. Dymanus, J. Chem. Phys. , 53, 981(1970) 

24 





Chapter 2 

The Rotational Spectra of the Rg- NaCl (Rg = &·, Kr) complexes 

§ 2.0 Abstract 

§ 2.1 Experiment 

§ 2.2 Results and Analysis 

2.21 the Ar-NaCI complex 

2.2.2 the Kr-NaCl complex 

§ 2.3 Discussion 

2.3.1 the structure of the Rg-NaCl complex 

2.3.2 the induction effect in the Rg-NaCI complex 

2.3.3 the intermolecular potential energy surface of the Rg-NaCI complex 

References, Tables, Figures 

Appendixes 

26 

27 

29 

33 

41 

52 



CFIAPrER 2. THE ROTA1'10NAL SPECTRA OF Rg-NaCl 

§ 2.0 Abstract 

Rotational spectra of Rg-NaCI (Rg = AJ.; Kr) complexes have been observed for 

various isotopic sp cies in the 5 - 22 GHz region by using a Fourier-transform 

microwave spectrometer coupled to a laser ablation source. The rotational 

constant (B), the centrifugal distortion constants (D, H, and L) and the nuclear 

quadrupole coupling constants of the Na and Cl atoms have been determined 

precisely for each i otopic species. We could only observe the transitions with K= 0 

for the two complexes. Therefore, the structures of the complexes have been 

determined to be linear molecules with the Rg-Na-Cl configuration. These results 

were in agreement with those of ab initio calculations. But the determined 

centrifugal distortion constants suggest existence of a large amplitude motion in the 

complexes. We attempted to estimate the intermolecular potential energy function 

of Rg-NaCl using the close-coupling method. Furthermore, an induced effect due 

to complex formation of NaCI has been observed from the determined nuclear 

quadrupole coupling constant of Na. 
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§ 2.1 Experiment 

We ob erved Rg-NaCl (Rg = Ar, Kr) complexes using the ITMW 

spectrometer [1,2] coupled to the laser ablation source [3,4] ell:plained in section 1.2. 

In this work, as the type (a) tmit gave stronger signals for the arne 

transitions than the other units shown in Fig. 2.1, we always attached the ablation 

nozzle unit of type (a). The target rod (10 mmcj> in diameter X 20 rom in length) 

was made by compressing commercially available salt (NaCl purity 98 %), which 

was ground to fine powder before use. On an earlier experimental stage, we tried 

to use a NaCl crystal rod (JAPAN CRYSATAL OPTICS Co.) as a target rod instead 

of the compressed NaCJ rod. Since the peak intensity for Ar-NaCI was 

independent on the rods, the compressed NaCl rod was used for mo t of the 

experiments. Pure Ar gas and a mixture of 2.5 % Kr diluted in Ar were used as 

carrier gases for observations of Ar-NaCJ and Kr-NaCl, respectively. The 

vaporized NaCl together with the carrier gas at a stagnation pressure of about 7 

atm was expanded as a supersonic jet in the vacuum chamber. The optimized 

background pressure in t he vacuum chamber was typica lly kept about 3 - 4 X 10·• 

Torr. The complex produced in the supersonic expansion was polarized by an 

incident microwave pulse with 0.3 flS duration, and FID signals radiated form the 

complex were Fourier-transformed to obtain frequency-domain spectra. In orde r to 

confirm whether the experimental conditions were kept well during the scan, we 

monitored the intensity of the rotational transition, (J, F) = (1, 4)- (0, 3) of the NaCl 

monomer at intervals of 100 MHz scans. 

For a measurement of the Stark effect, two electrodes were mounted in the 

Fabry-Perot cavity (the maximum voltage apphed is 20 kV). Each electrode was 

made of copper wires of 0.3 mm in diameter with 1.5 em spacings stretched between 

frames which were made of two 30 em X 5 em J,Jlastic plates separated by 30 em by 

AJ rods. In order to avoid that electrons pattered by the laser ablation affect the 
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electric field between the two electrodes. we did not use the Q-switched mode but 

the long pulse mode. However, we were unable to observe any frequency shift due 

to the Stark effect. 

28 



CHAPTER 2. THE ROTATI ONAL SPECTR'. OF Rg-Na CI 

§ 2.2 Re ul ts and Analysis 

2.2.1 the Ar-NaCI complex 

By empirically assuming that the structure of the complex is linear with an 

Ar-Na-Cl configuration and the distance between Ax and Na is equal to the sum of 

the van der Waals radius of the Ar atom and ion radius of the Na• ion, its rotational 

constant was e tim ated to be about 900 MHz. Based on this prediction, we 

scanned the predicted region for J = 5 - 4, i.e., 8- 10 GHz. We could observe only 

two groups oflines with complicated patterns at 9507 MHz and 9770 MHz. The e 

lines disappeared when the ablation laser was turned off or when the pure Ne gas 

instead of Ar was used as a carrier gas. Therefore, we assigned these spectra as 

transitions of two isotopic species of Ar-NaCl, i.e., Ar-Na 85Cl andAr-Na37Cl. After 

measurements for other regions have been performed, we could pick up 9 and 8 

groups of lines with nearly same intervals for Ar-Na35Cl and Ar-Na37Cl, 

respectively. Although we scanned a region as wide as 2B continuously, no 

transitions corresponding to K = 1 were observed. Therefore, we concluded that 

this complex has a linear st-ructure. 

The observed spectrum of the J = 3 - 2 transition of Ar-Na36Cl has very 

complicated pattern as shown in Fig. 2.2(a). Similarly, other low-J transitions split 

into a number of hyperfine components due to the nuclear quadrupole interactions 

of both Na and Cl. On the other hand, for higb-J transitions with J numbers more 

than J = 7- 6, no splittings due to the hyperfine interaction were observed within 

the experimental resolution (10kHz). 

The Hamiltionian appropriate for Ar-NaCl may be written as a sum of the 

rotational term oflinear molecule and the two nuclear quadrupole interaction terms, 

i.e., 
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where B, D and H are the rotational constant, fourth-order, and sixth-order 

centrifugal distortion constants, respectively. The hyperfine interaction term is 

written as follows [5] , 

H hft (X) = Q(2) . y <ZJ ' (2.2) 

where Qr-1, VZ1 are the nuclear quadrupole moment tensor of rank 2 and electric field 

gradient tensor of rank 2, respectively, for an atom X. As the nuclear quadrupole 

coupling constants ofNa and Clare nearly equal in the NaCl monomer, we used the 

basis functions with a coupling scheme, I= I",+ 10 , F =I+ J, in order to simplify the 

diagonalization of the Hamiltonian matrix. The matrix elements are shown in 

Appendix I. As we assume that .! is an almost good quantum number, the 

diagonalization of the matrix was performed for each (J, F) submatrix. As the ratio 

of the mixing is very large for levels with different quantwn numbers of I and same 

F, we named the diagonalized energies as n = 0, 1, 2, ··· in increasing order of 

energies for given (J, F) levels. ln the fitting procedure, high-.! transitions without 

the hyperfine splittings were simultaneously fitted in a nonlinear least-squares 

procedure in order to determine the higher-order centrifugal distortion constants 

precisely. In this work we had to add the sixth-order centrifugal distortion term to 

the Hamiltonian in order to fit the data within the experimental accuracy. 

Furthermore, in order to determine hyperfine constants precisely, the transitions 

that do not overlap with each other were chosen and fitted in the analysis, because 

the transitions that overlap with each other were affected by the interference effect 

as will be discussed in Appendix II . The determined molecular constants of Ar­

NaCl are shown in Table 2.1, and the observed and calculated frequencies with the 

calculated relative intensities are listed in Appendix III. Standard deviations of 

the fittings are 6 and 4kHz for Ar-Na56Cl and Ar-Na87CI, respectively. Calculated 

transitions were drawn as sticks in Fig. 2.2(b). From a comparison between the 

observed spectrum and the calculated transitions, it was observed that there were 
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discrepancies for the peak positions. 

In order to confirm that the discrepacies between the observed and calculated 

peak positions are due to an interference effect, we substituted the calculated 

frequencies and their relative intensities into Eq. (2.A2.1) and assumed appropriate 

constants for 6 and -r: in Eq. (2.A2.1). Fourier·transformation of the resultant 

expression gave a calculated spectrum as shown in Fig. 2.2(b). 'rhis calculated 

spectrum was in good agreement with the observed. Therefore, we concluded that 

the molecular constants wexe determined with good accuracy and the observed 

discrepancies were due to the interference eilect. 

3.3.2 the Kr-NaCI complex 

The rotational constant ofKr-NaCJ was predicted using an ab initio program 

package, GAUSSIAN94 [6]. The 84Kr-23Na85Cl complex, optimized using the 

MP4/6-311G* method, was linear and its rotational constant was 640 MHz. 

According to this prediction, we started to scan in the 5120 - 5290 MHz region. 

Two transitions at 5242 MHz and 5287 MHz were observed with hyperfine 

splittings as shown in Fig. 2.3(a). As these transitions showed on the intensity 

ratio of c.a. 1:3, we assigned the stronger to be 84Kr-Na35Cl and the weaker to be 

86Kr-Na35CI. Finally, 11 rotational transitions were observed for three isotopic 

species, 84Kr-Na36Cl, 82Kr-Na35CI and 8'Kr-Na37CI, and 12 rotational transitions 

were observed for 86Kr-Na36Cl. 

We used the Hamiltonian that is similar to that of A.r-NaCl except for the 

eighth-order centrifugal distortion term in the Hamiltonian, 

(2.3) 

We used only the transitions that do not overlap with each other in the fitting 

procedure. Comparison of the calculated spectrum with the observed is shown in 
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Fig. 2.3(b). The determined molecular constants ofKr-NaCl are given in Table 2.2, 

and the observed and calculated frequencies with relative intensities are listed in 

Appendix Ill. The observed frequencies were fitted within the experimental 

accuracy. 
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§ 2.3 Discussion 

2.3.1 molecular structures of the Rg-NaCl complexes 

The structures of the Rg-NaCl complexes were determined to be linear from 

the pattern of the observed spectra. Furthermore, we performed ab initio 

calculations using the CCSD(T)/6-311G* method for the two Rg-NaCl complexes 

and obtained results that their equilibrium structures are linear, supporting the 

conclusion derived by the present experiments. The moment of inertia of the 

monomer, JN,o , and its complex, l ,o-Noo , are related as follow for X-AB type 

complexes, 

(2.4) 

where /1. R are the reduced mass, and the distance between Rg and the center of 

mass of NaCl, respectively. 8 is an angle from 0 up to n in the Jacobi coordinate 

system shown in Fig. 2.4. If we assume that ( cos20 ) is nearly equal to 1 in 

Eq.(2.4), which corresponds to the limit that the complex is linear and the 

constituent molecules do not vibrate with each other, we can estimate the lower 

limit of the distance, R.... The Rmm distances are 4.3107 and 4.3423 A for Ar-Na86Cl 

and Ar-Na87Cl, respectively. lf the configuration of the complex is Ar-Cl- Na, R.m. 

must shrink by the isotopic substitution from 86Cl to 37Cl. Therefore, the Ar atom is 

located on the Na-side in the complex observed. Furthermore, the difference, 

0.0316 A, between two Ram, distances is nearly equal to the variation of the center of 

mass due to the isotopic substitution in NaCl, i.e., 0.0312 A. It means that the 

assumption that 8 is nearly equal to 0 is reasonable, that is, Ram, = R, because the 

differ ence between two distances shows projection of the NaCl di.stance on the 

principle a-axis. Similarly, we derived R to be 4.4772, 4.4774, 4.4770, and 4.5090 A 

for 84Kr-Na35Cl, 86Kr-Na86Cl, 82Kr-Na85Cl and 84Kr-Na37Cl, respectively. We 
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showed the r0-structures of the Rg-NaCl complexes in Fig. 2.5 . 

For Kr-NaCI, since plural substituted species for Kr and Cl were observed, 

we could determine the r,-coordinates for both the Kr and Cl atoms using 

Kraitchman's equation [7] for a linear molecule. In addition, we determined the 

r,-coordinates for the Na atom using the ftrst-mom ent equation. We showed the 

r,-structure of the K.r-NaCI complex in Fig. 2.5. 

Comparison between the r0-structure and the r,-structure of Kr-NaCI shows 

that these two structures are nearly equal within accuracy, ± 0.01 A. Tltis result 

also implies that, since vibrational effects are partially removed in the r,-structure, 

the error due to the vibrational effects in Eq. (2.4) is small enough in U1e 

determined ro-structure. In Fig. 2.5 ion radii (Na+: 1.16 A, cl-: 1.67 A) for NaCl and 

the vdW radii (Ar: 1.91 A. Kr: 2.01 A) for Rg atoms are given. Although it can be 

concluded that the bond is essentially the van der Waals bonding, the variation of R 

is slightly smaller than the difference of the vdW radii between Ar and Kr. 

2.3.2 induction effect in the Rg-N aGl complex 

Nuclear quadrupole coupling constants are affected by the existance of 

bending motions in the complexes formed by a diatomic molecule and a rare-gas 

atom. The effect of vibrational averaging for the nuclear quadrupole coupling 

constant has been reported for weakly bound complexes, such as Ar-HCl (8] . This 

vibrational effect is related to the nuclear quadrupole coupling constants of the 

monomer, (eQq),..., .• and its complex, (eQq)oomp.• by a following equation, 

(
3cos

2 
B -1) 

(eQq) oomp. = 
2 

" · (eQq) mooo , (2 .5) 

where ()is the angle shown in Fig. 2.4. In the present work, as both the Na and Cl 

nuclei are subjected to the same effect due to the bending motion, the ratio of 

(eQq)""""' to (eQq),., must be equal for both Na and Cl. We show the ratios for the 
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Rg-NaCl systems in Table 2.3. It shows that the coupling constant of the Na atom 

is not only affected by the vibrational effect, but are also affected by other effects, 

such as the induction effect or the dispersion effect because the vibrationally 

averaged term in Eq. (2.5) should be less than one. 

We consider the induction effect due to the induced dipole moment ofRg. In 

order to estimate the induction effect arising from the induced dipole moment at Rg, 

we performed a simple calculation based on electrostatic interactions. The Na and 

Cl nuclei are assumed to have point charges of +C, - C, respectively. The electric 

field gradient, q0 ,"" at the Na atom due to the charge on the Cl atom can be written 

as 
2x (-C) 2C 

q O>Na = - --,-- =-,-' 
' NaO rNaQ 

(2.6) 

where r represents the distance between the atoms designed by the subscripts. 

Similarly, the electric field gradient, qN .. a at Cl arising from Na is written by 

2C 
q Na>O = - - ,- ' (2.7) 

' Naa 

Since the electric field at the position separated by a distance r from a point charge, 

C, is given by Clr, the induced dipole moment at Rg is written as follows, 

(2.8) 

where a,., is the polarizability of the Rg atom. The electric field gradient, qN>"" at 

the Na atom contributed by this induced dipole moment is written as follows, 

- 6 . fiind 
q At>Na - -.- · 

/'ArNa 

(2.9) 

The electric field gradient, q- 0 , at the Cl atom due to the induced dipole moment is 

also written by a similar equation to Eq. (2.9). If the vibrational effect due to Eq. 

(2.5), is ignored, a relation between the nuclear quadrupole coupling constants of 

the Na atom of the NaCl monomer and its complex, Rg-NaCl, can be obtained as 
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follows, 

(eQq).,mp. = qJV•N• +qa•N• (eQq).....,.,, 
qO>ND 

(2.10) 

where it should be noted that the value (eQq)"""'•· is independent on the charge ofNa 

and Cl. 

We estimate the induction effect for the nuclear quadrupole coupling 

constant of the Ar-Na86Cl complex using Eqs. (2.6) - (2.10). If the charge, C 

assumed to be 1.0 e, we obtain the electric field gradients, q0,N, and qN .. a , to be 

+0.1520 e!A', -0.1520 etA'. respectively. As the induced dipole moment of the Ar 

atom is 0.656 D, the electric field gradients, q,.,N, and q,.,0 are 1.17 X 10'2 etA8 and 

1.07 X 10·3 etA•, respectively. The contribution of q,.,0 to qN,a is so small that we 

can neglect the induction efiect on the Cl atom clue to the induced dipole moment of 

the Ar atom. According to Eq. (2.10), the nuclear quadrupole coupling constant of 

the Na atom is calculated to be -6.1055 MHz. For the Na atom, the calcu.lated 

value shows that the coupling constant on the Na atom in the Ar-Na56Cl complex 

will be induced by -0.4357 MHz compared with the coupling constant of the Na35Cl 

monomer. If the nuclear quadrupole coupling constant of the Cl atom is affected by 

on.ly the vibrational effect given in Eq. (2.5), we can estimate the magnitude of the 

root mean square amplitude for the bending motion to be 18.44" in the Ar-Na"CJ 

complex. Therefore, considering the vibrational effect of NaCl in the complex, the 

nuclear quadrupole coupling constant of Na is calculated to be -5.1891 MHz in the 

Ar-Na55Cl complex. Although this result reproduces only 

(eQq)~ (calc.)- (eQq) __ · ((3cos 2 B-1)12) 
--r ~- x100 

(eQq)"'""' (obs.)- (eQq)mooo. · ((3cos2 B-1)/2) 

= - 5.1891- (-5.6698) x 0.8499 xlOO _ 
38

_
5

% 

-5.7805- ( - 5.6698) X 0.8499 

of the observed coupling constant quantitatively, the change of the nuclear 

quadrupole coupling constants due to the complex formation can be concluded by 
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showing substantial induction effect due to the induced dipole moment of Ar. 'l'he 

discrepancy between the observed and calculated coupling cons tants can be 

ascribed to the fact that the adopted model is too simple; for example, the distance 

between the Ar and Na atoms is so small that we can not express the interaction 

between the particles using the lower-order multipole expansion. Furthermore, we 

must consider that charge transfer from Ar to NaCl occurs by the complex formation. 

Thus, we performed an ab initio calculation for the Ar-Na86Cl complex using the 

MP2/6-311G(2d) method. According to the ab initio calculation, atomic charges are 

changed significantly by the complex formation, as shown in Table 2.4 . In general, 

contribution to the coupling constant due to the charge transfer tends to increase 

the absolu te value of the coupling constant of the Na atom, while it decreases the 

value of the Cl atom. By considering this effect for the coupling constants, the root 

mean square amplitude should be estimated to be smaller than before, and the 

coupling constant of Na will become larger. 

2.3.3 the intermolecuillr potential energy surface of the Rg-NaCl complex 

Since the determined centrifugal distortion constants are very large, it suggests 

that there exist a large amplitude motions in the complexes. However, as we have 

discussed before for the structures and the nuclear quadrupole coupling constants of the 

complexes, there is little possibility of existence of large amplitude motions of the Rg 

atoms. We compared the stretching and bending frequencies derived in the present 

work with those calculated by the ab initio calculation, where the intermolecular 

stretching and bending force constants, k, and k., have been determined from the 

centrifugal distortion constants and the averaged bending amplitude, based on an 

assumption that the two motions are uncoupled harmonic oscillations [9], namely, 

( 47r)" li z Rz B• 
k = -'---'--'---

' 2hD 
(2.11) 
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and 

(2.12) 

where e is the angle defined in Eq.(2.5), and ;/ is the reduced mass of the bending 

motion. 

(2 .1 3) 

We show the determined intermolecular st-retching and bending force constants in 

Table 2.5. The calculated vibrational frequencies for normal species of the Rg­

NaCI complexes using the CCSD(T)/6-311G* method are also shown in Table 2.5. 

There exist large discrepancies between the observed and calculated. 

In order to examine the discrepancy, we used the close-coupling method to 

calculate the transition frequencies undergoing large amplitude motions on the 

intermolecular potential energy surface derived by considering following interaction 

terms. As discussed in Appendix IV, we can construct a potential function as a 

sum of interaction terms, i.e., 

(2.14) 

where first ,second. third. and fourth terms are the repulsion term, the electrostatic 

term. the induction term, and the dispersion term, respectively. We referred the 

potential f1mction used by Rogowska. who computed the potential energies of rare 

gases on the surfaces of alkali halide crystals [10]. The repulsion term can be 

written using the Born-Mayer expression as follows, 

(2.15) 

where A, and f3, are positive constants, which represent the magnitude of the 

interaction at distance, r between Ar and Na/CJ. The index i in the sum runs over 

Na and CJ. The electrostatic term, V.1,c(R,O) is zero, because the Ar atom has no 
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charge, no dipole moment, and so on. The induction term can be written as follows, 

)

2 
1 +C -C 

V.d (R B)= - - a (- +-
In • , 2 Ar r~a r~ 

(2.16) 

where the definitions of the parameters follow the definitions used in Eq. (2.8). 

The dispersion term between instantaneous multipole moments of Ar and Na/Cl can 

be written as follows, 

(2.17) 

where C,, c., and c, are positive constants for each atom. The index i in the sum 

runs over Na and Cl. We listed the parameters of the potential energy surface in 

Table 2.6. 

The vibration-rotation Hamiltionian [11] for the Ar-NaCl complex may be 

given by the following equation in the coordinate system as shown in Fig. 2.4, 

(2.18) 

We considered onJy the rotational term ignoring the hyperfine interaction term in 

HN.a· If NaCl is rigid, the total vibration-rotation wavefunction, lJI(R,r) can be 

written as follows, 

'I'f:' (R , r) = K 1 l; <1>~~, (A ,f)· x~:' (R) 
j 

(J)~~'(A,f)= ~{<I>:(A,f')+(-l)'<J>~~K(A,f)} (K,.O), (2.19) 

<P~~'(A,f) = <1>~~ (A, f) (K = O) 

where the function, 4>(1?,1) and x(R) are the angular and the radial wavefunctions, 

respectively, and J, K, M, j, and s denote the quantum numbers of t he total angular 

momentum of the system, the projection of J along the molecule-fixed z-axis, the 

projection of J along the space-fixed Z-axis, the quantum number of the angular 

motion of NaCl in the complex, and the parity of the total wavefunction, 
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respectively. The quantum number j in the sum runs from 0 up to 50 in tllis work. 

We confirmed that the term energy converged less than 0.03 kHz by the truncation 

of j. The function, <I>(A,f) is written in the molecule-fixed coordinate system as 

follows, 

(2.20) 

where D~',x(a,p,O) is a rotation matrix describing the orientation of the vector 

connecting the atom and the diatom in space and lf.x(O,cp) is a spherical harmonic 

describing the orientation of the NaCl in the molecule-fixed coordinate system, 

which is obtained from the space-fixed system by rotating through angles a and {3. 

In the close-coupling calculation using Eqs. (2.14) - (2.20), the potential 

parameter, A N, in Eq. (2.15) was varied to reproduce the determined hyperfine-free 

transition frequencies of J = 1 - 0 and 1 = 2 - 1. When AN, = 742.27 eV, the 

difference between the observed and calculated frequencies was minimized as 

shown in Table 2.7. The optimized potential energy surface is shown in Fig. 2.6. 

The determined potential surface could reproduce the observed rotational constant 

well, as shown in Table 2. 7. Although tl1e calculated centrifugal distortion 

constant could not reproduce the observed constant, it was closer to the observed 

constant than that obtained from the ab initio calculation. Di1Terence between the 

observed and calculated constants is still large, and we are unable to find origin of 

the large centrifugal distortion constant. 

40 



CHAPTER 2. THE ROTATIONAL SPECTRA OF Rg-NaCI 

References 

(1] T. J . Balle and W. H. Flygare, Rev. Sci. Jnstrum., 52, 33 (1981) 

(2] Y. Obshima, M. lida, and Y.Endo, J. Chem. Phys. , 95, 7001 (1991) 

[3] T. G. Dietz, M. A. Duncan, D. E. Powers, and R. E. Smalley,.!, J. Chem. Phys., 74, 

6511(1981) 

[4] D. E. Powers, S. G. Hansen, M. E. Geusic, A. C. Pulu, ,J. B. Hopkins, T. G. Dietz, 

M. A. Duncan, P. R. R. Langridge·Smith, and R. E. Smalley, J. Phys. Chem., 86, 

2556(1982) 

[5] A. R. Edmonds, Angular Momentum in Quantum Mechanics, Princeton University, 

Prinston New Jersey(l960) 

[6] M. J. Frisch, G. W. Trucks, H. B. Schlegel, P.M. W. Gill, B. G. Johnson, M.A. 

Robb , J . R. Cheeseman, 'T'. Keith , G. A. Petersson, J . A Montgomery, K. 

Raghavacbari, M. A. Al·Labam, V. G. Zakrzewski, J. V. Ortiz, J . B. Foresman, J. 

Cioslowski, B. B. Stefanov, A. Nanayakkara, M. Challacombe, C. Y. Peng, P . Y. 

Ayala, W. Chen, M. W. Wong, J . L. Andres, E. S. Replogle, R. Gomperts, R. L. 

Martin, D. J. Fox, J. S. Binkley, D. J. Defrees, .J. Baker, J.P. Stewart, M. Head· 

Gordon, C. Gonzalez, and J. A. Pople, Gaussian 94 (Revision D.4), Gaussian, 

Pittsburgh(1994) 

[7] W. Gordy and R. L. Cook, Microwave Molecular Spectra, lnterscience Publishers, 

Inc. New York(1970) 

[8] S. E. Novick, P. Davies, S. J. Harris and W. Klemperer, J. Chem. Phys., 59, 

2273(1973) 

[9] K. R. Leopold, G. T. Fraser, F . J . Lin, D. D. Nelson,Jr., and W. Klemperer , J. 

Chem. Phys. ,81, 4922(1984) 

[10] J. M. Rogowska, J. Chem. Phys.,68, 3910(1978) 

[ll] J. M. Hutson, J. Chem. Phys.,92, 157(1990) 

41 



CHAPJ'ER 2. THE ROTATIONAL SPECTRA OF Rg-NaCl 

Table 2.1 The determined molecular constants of Ar-NaCl 

Ar-Na'"Cl Ar-Na37CI 

Obs. Calc.• Obs. 

B /MHz 977.5083(3)b 966.4637 951.2264(3) 

D /kHz 9.0897(63) 8.3699(61) 

H I Hz 4.178(32) 3.802(36) 

eQq(Na) /MHz -5.781(22) -6.770 -5.7499(198) 

eQq(O) /MHz -4.799(29) -3.855 -3.8324(194) 

a,, /kHz 6.0 3.5 

• We optimized the structure of Ar-Na35Cl with the CCSD('I')/6-311G* method using the 

GAUSSTAN94 package. 

b The figures in parentheses are one standard deviation in units of t he last significant 

figUie. 
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Table 2.3 The ratios of (eQq).,""' to (eQq)..,00 in the Rg-NaCl complexes 

Na Cl 

Ar- Na' 6Cl 1.020(5)' 0.8499(GO) 

Ar- Na87Cl 1.013(4) 0.8618(46) ------- -- -------- ----- --- ---- -- ---- -------------- ----- ---- -- --- --- --- --------- ----- ---- ------------------------ --· 
""Kr- Na85Cl 1.071(18) 0.8379(91) 
86l(r-Na85CI 1.062(25) 0.84 74(110) 
82](r-Na35Cl 1.074(25) 0.8120(135) 
8' ](r-Na87Cl 0.9980(175) 0.8696(67) 

• The figures in parentheses are one st.andard deviation in units of the last significant. 

figure 

1'able 2.4 The charge distribution in the Ar-Na35Cl complexes• 

N a ' 5Cl 

Ar-Na••c1 

Ar Na Cl 

0.0391 

0.7495 

0.7087 

-0.7495 

-0.7478 

'This charge distribution was calculated by t he CCSD(T)/6-311G* method using tlle 

GAUSSIAN94 package. 

Table 2.5 The intermolecular vibrational force constants and its vibrational frequencies 

for the normal species of the Rg-NaCl complexes 

Ar-Na35Cl 84Kr- Na85Cl 

obs.• calc. b obs. • calc. b 

k, /mdyn A-1 0.00547 0.120 0.00563 0.0819 

w, / em·' 19.81 76.32 16.69 59.00 

k, / mdyn A 0.000948 0.0106 0.000765 0.0086 

Uj, /em·' 4.94 26.69 4·.10 25. 18 

• This work 

b from ab initio calculations using the CCSD(T)/6-311G* method 
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Table 2.6 The initial potential parameters used in present. work • 

Na Cl 

A,! eV 1204.4304 6856.7088 

f3, I k• 3.2555 3.2555 -- ---c;,;;;:.;.t.·--------- --------ii279i _________ __ ________ i22.-299o ________ _ 
C2

1
/eV·A' 9.4181 150.0754 

c,' /eV·A" 16 5409 13.0586 

• These values were calculated according t.o Ref. [19]. 

Table 2. 7 The comparison of observed constants and calculated 

molecular constants using close-coupling method. 

obs. calc. 
close-coupling 

ab initio a method 
~=1·0 /MHz 1954.980b 1954.967 (0.013)' 

~=2-1 /MHz 3909.888b 3909.895 (-0.007)' ·---------------·--------------------------- -- -·-- ---- ------- -------- ------ ------- ----- ------- ------ -
B 

D 

/MHz 

/ kHz 

977.5083(W 

9.0897(63)d 

977.4865 

1.608 

'the ab initio calculation using the CCSD{T)/6-311G* method. 

966.4637 

06897 

b The hyperfme-free frequency was calculated from the detklrmined constants. 

' The figures in parentheses are differences between the observed and 

calculated frequencies. 

d The figures in parentheses are one standard deviation in units of the last 

significant figure. 
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CHAP'!'ER 2. THE ROTATIONAL SPEC'l'RA OF Rg-NaCI 

Spectrum of Ar-Na35CI J = 3 - 2 

(a) Obs. 400 shots 

noise 

(b) Calc. 

0 0.2 0.4 0.6 0.8 

Frequency Offset I MHz 

Fig. 2.2 The spectrum of J = 3 - 2 transition in Ar-Na35cl. Frequencies are offsets from 
5863.656 MHz. (a) observed spectrum (b) calculated spectrum; Sticks represent the 
calculated transition freqencies and their relative intensities. The simulated spectrum was 
obtained by Fourier-transforming the synthesized time domain signal given by Eq. (2.A2.1). 
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Spectrum of 84Kr-Na35CI J = 5 - 4 

(a)Obs. 1700 shots 

(b)Calc. 

0.1 0.3 0.5 0.7 0.9 

Frequency Offset I MHz 

Fig. 2.3 The spectrum of J = 5 - 4 transition in 84Kr-Na35CI. Frequency is offset from 
6608.000 MHz. (a) observed spectrum. (b) calculated spectrum; Sticks represent the 
calculated transition frequencies and their relative intensities. The asterisks(*) reprenet that 
these lines were used in the fitting procedure. The simulated spectrum was obtained by 
Fourier-transforming the signal given by Eq. (2.A2.1). 
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Z' 

Y' 

z 

X 

Fig. 2.4 Jacobi coodinate system for an atom-diatom van der Waals molecule. 
Unprimed axes refer to the space-fixed axes, while primed axes refer to the body-fixed 
(molecule-fixed) axes. 
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4.3107 A (r0) 

4.4980 A (r5 ) 

4.4772 A (r0) 

Fig. 2.5 The structures of the Rg-NaCI complexes. The circles represent ion radii (Na+: 

1.16 A, cr: 1.67 A) and van der Waals radii (Ar: 1.91 A, Kr: 2.01 A) for each atom. 

The distance between Na and c.m., the center of mass of Na35CI, is 1.4244 A. 
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CHAPTER 2. THE R OTATIONAL SPECTRA OF Rg-NaCl 

Appendix I. 

Matrix elements of the nuclear quadrupole interaction due to two nuclei 

For molecules with the 1l: ground state the magnetic field due to various 

electrons almost. completely cancels. However, the electric quadrupole interaction 

in molecules is still sizable and it becomes the dominating source of the hyperfine 

structure. The nuclear quadrupole hyperfine interaction arises from the 

interaction between a nuclear electric quadrupole moment and a sunounding 

charge distribution. 

The electrostatic interaction between a nucleus and all the electrons and 

other nuclei in the molecule is given by 

(2.Al.l) 

where e. is the charge of the p·th nucleus with position vector rP in the nucleus in 

question and e, is the charge of the i·th electron or proton with position vector r, in 

the remainder of the molecule. ~P is the angle between the vector r, and r,. We 

consider only the quadrupole term in the mu!tipole expansion (2.Al.l), that is I= 2. 

Eq. (2 .Al.l) can be transformed into 

2 

H 0 - + 2: ( -1)9 
e1eP ~?)(8"\');)C~!'<B P'{OP) = (V · Q) , 

i,p11 r1 

(2.Al.2) 

where 

(2.AI.3) 

by using the spherical harmonic addition theorem. c''' is the reduced spherical 

harmonics. 

The wavefunction, IIK.K,M1 ) of an asymmetric top molecule can be 

expressed in terms of a symmetric top wave function, IJKM 1 ) , that is 
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CHAP!'ER 2. THE ROTATION.~L S PECTRA OF Rg-Na Cl 

jJK. K ,M ) = _2;a1KM jJKM ) . (2.A1.4) 
K 

Therefore, we can use only the symmetric top wavefun ctions as ba is sets. Now we 

iliscuss the matrix elements of the nuclear quadrupole coupling constants due to a 

nucleus with the nuclear spin, J (1 "1 ). Using the basis set ftmctions as 

jJKIFM F). The matrix elements of the nuclear quadrupole interaction are 

(2.Al.5) 

where a, fJ represent all the relevant quantum numbers not related to the angular 

momentum . The reduced matrix element of the quadrupole moment. term is 

wl'i.tten as follow s, 

(,BTIIQ '2' IIP1) = c -1> 
21 

( ~ 1 

2 1J' 2:e. (Pnlr ;c~2' co •. rp.)jfln) 
0 I P 

=(-1)21 ( J 
2 1f .:. 2:e.(fln lr:c3cos2 o. -I)Iflu). 
0 

(2.A1.6) 
-1 I 2 • 

=(-1)21(/ 
2 Ir eQ 

-1 0 I 2 

where we used the relation between the reduced spherical harmonics and the 

spherical harmonics, 

(i) ( 4nc J& Cq (B,rp) = -- Y1q(B,rp) . 
2k +1 

(2.Al.7) 

The reduced matrix element of the electric field gradient term in (2.A1.5) is written 

as follows, 

(2.Al.8) 

The element, v,<2> can be rewritten using the sph erical harmonics addition theorem 
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CHAPTER 2. THE ROTATIONAL SPECTRA OF Rg- NaCJ 

as follows, 

yo(2J = L(-l)•C!2l(O,II') L ~!!l(Bpl/',). 
q i ~ 

(2.Al.9) 

where 8, qJ. ~. If! are the angles of the space-flxed z-axis and the position vector of 

the i-th electron respectively with respect to the molecule-fixed axes. Substituting 

Eq. (2.Al.9) for the matrix element of v.<>J, 

(aT KM 'ro<zJ jarKM) 

= t< -1)• (1 KM 'JC!2>(o,IO)jJKM )( alf ?c!!l(B,,~D;)Ia) 
= (-l)'M'+K' L(-1)• [(2.!' +1)(2./ +l))i 

q 

( 
J' 2 J ) ( J. 2 J ) ( I e, (Z) I ) 

x -M' 0 M -K' -q K af~_. (B,IO,)a 

(2.AL10) 

where the last term represents the electric field gradient for each q-value as follows, 

q=O 

because 

Similarly, 

q = ±l 

q = ±2 

(alf ?c~2J(01 ,10+) = ~ (a[f ~~ (3cos
2 
81 -1+) 

~~( ::~ ) 
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CHAPTER 2. THE ROTATIONAL SPECTRA OF Rg-NaCI 

Therefore, we can obtain the expression of the matrix elements of the nuclear 

quadrupole interaction as follows, 

(a!'K ', fJl, F'M~ IH," iaJK,fJJ,FM F } 

~ <l . <l . (-1)1-J '•K'-J•F{F I ' J'} eQ ( I 2 JJ-1 
FF M ,M, 2 J I 2 -1 0 I 

x[(21' +1)(21 +1)p~(-1) 9 
. , 

1 ( J ' 2 

• -K -q 
JJ! I e. (2) I ) K \af~-· (B,,rp,)a 

(2.Al.l5) 

Now we consider the case that the hyperfme interaction is resulted from the 

nuclear quadrupole moments of two nuclei in the molecule. It is possible lo 

consider two coupling schemes in this case, they are scheme (I), J + 1, = F,, F, + 1, = .F 

and scheme (II), 11 + I, = I, J + I = F. ln scheme (l), the matrix element of the 

interaction can be written as follows, 

(CJ71 )F1'I,F'M~ ~H •1,(1) + H •1,(2)1(Jl1)Fi2FM F) 
~ (CJJ,)F,'I,F'M ~~Hhft (l) I(Jl,)F112FM F) 

(2.Al.l6) 

The matrix element in the last term can be immecliately evaluated by referring to 

Eq. (2.Al.15). In scheme (11), the matrix element of H,1,(1) can be written as 

follows, 
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(2.A1.17) 

The reduced matrix elements in the last term of Eq. (2.Al.17) can be evaluated by 

using Eqs. (2.Al.6), (2.A1.8), and (2.A1.10). Similarly, we can obtain the matrix 

element of 11,1,(2). Therefore, the total matrix element of coupling scheme OI) can 

be wr itten as follows, 

(J'K',(//z)!', F'M~ jH hfs (1) + H hfs (2) jJK,(IJ2 )I,FM F) 
= b F'F6M',M, ( -1)J-J'+K'+Il+I2+1'+F 

! 
X [(21 ' +1)(21 +1)(2I ' +1)(21 +1)]2 r I ' J'} 

2 2 J I 

x[(-1)
1D I ' I z }( II 2 

I r ( J' 2 
; } Q(l)T•(z) (V E1) 1 };(-t)• ' 

I, 2 -/1 0 II • -K -q 

+(-1)/'f; 
I' 

I, }( 12 2 
I r ( ]' 2 

; } Q(2)T.(2
l (V E2 )] 2 };(-t)• ' 

I z 2 -I2 0 I 2 9 -K -q 

(2.Al.18) 

where 

(2.Al.l9) 

If the two nuclear spins are equal, that is, / 1 = /2 =I,, Eq. (2.A1.18) is simplified as 

follows, 
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1 

= ~~ , O , (-J)l-l'+K'+l,<f,+2l'+F [(2J' + J)(2J + 1)(2I' + 1)(2J + 1)]2 
FF M,M, 2 

x{F I' J' }{I, I' I,}( I, 2 I,)-' 
2 J I I I , 2 -1, 0 I, 

( J' 2 J) x ~(-1) 9 -K ' -q K [C-1) 1-I'eQ(l)Tq(2l(VE1) +eQ(2)Tq(2l(VE2 ) ] 

(2.Al.20) 

References 

A. R. Edmonds, Angular momentum in Quantum mechanics, Princeton, New J ersey(l960) 

R.N. Zare, Angular momentum, A Wiley-lnterscience Publishers, New York(1988) 

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

57 



CHAPrER 2. THE ROTATIONAL SPECTRA OF Rg-NaCI 

Appendix II. 

The interference effect due to our Fourier-transform microwave spectrometer 

An observed FID signal may be written as follows, 

F(t) = 2: S1 cos{2nw1 (t- J)} · e-<(•-•>', 
i 

(2.A2.1) 

where s,, cq are the relative intensity and the frequency difference between the 

resonance frequency and incident microwave frequency, respectively, for a 

transition i. The constant J is the delay between the turning off of the incident 

microwave and the start of the AiD conversion, i.e., (t2 + t,J shown in Fig. 1. 7. The 

constant'" is a suitable decay constant of the FID signal. 

We confirmed to reproduce the observed spectrum as shown in Fig. 2.2 by a 

Fourier-transformation of Eq. (2 .A2.1). This result proves that the existence of the 

interference effect on the observed spectra are due to Eq. (2.A2.1). 
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CHAPTER 2. TlfE R OTATJONAL SPECTRA OF Rg-N~CI 

Appendix III. 

The observed and calculated transitions ofRg-NaCl complexes 

Only the transitions used in the fitting procedures were listed as the 

observed lines in the fo llowing tab les. Substituting the calculated fi·equencies and 

its intensities listed in the following tables into Eq. (2.A2.1), we confirmed that the 

observed spectrum was reproduced accurately, as exemplified in Figs. 2.2 and 2.3. 

Ar- Na35Cl Table 2.A3.1 

Ar- Na87Cl 2.A3.2 

84Kr- Na35Cl 2.A3.3 

84Kr-Na" Cl 2.A3.4 

86Kr- Na35Cl 2.A3.5 

82Kr-Na86Cl 2.A3.6 
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CHAPTER 2 . THE R OTATIONAL SPECTRA OF Rg-Na C I 

Appendix IV 

The Origin of the Intermolecular Force 

It is known that both the attractive and repulsive forces always exist 

between two particles and the intermolecular potential energy surface is produced 

by the sum of these two forces. Now, these two terms will be discussed separately 

2.A4.1 attractive terms 

We consider the case that molecule A and molecule B interact each other in 

the coordinate system as shown in Fig. 2.A4.1. The total Hamiltonian of the 

complex A-B is written by the sum of the Hamiltonian ll,; of molecule A, H
8 

of 

molecule B, and H ' of the perturbation, that is, 

H =H, +H8 +H', 

HA="Lp,' +l,e, ·e,., H.=l,p~ + L e;·er, H ' =l, e,·ei, 
I m1 l>i' rw i mi ; ... r ' H' i, J r;j 

(2 .A4.1) 

where the condition that H,;, H8 » H' is assumed. H,;, ll8 have wavefuntion [nA ), 

[n8 ) with energy E~·J, E~"), respectively. Now we can consider the variation of 

energy due to the interaction between [n,. = 0) of molecule A and Jn
8

- 0) ofB by 

using the perturbation method. When we use /nA ),Jn8)=[nA,n8) as basis sets, 

the variation of energy E' is written as follows. 

E'=E<1>+EC2J, 

e<'> = (0,0/H'[o,o) (electrostatic term) 

= 2, .. · + 2, ·.. (induction term) 
n,.-o n.~~ .. o 
n6 .. o n1 -0 

+ 2, · ·· (dispersion term) 
IIA•O n., .. o 
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CRAPrER 2. 'I'HE R OTATIONAL SPECTRA OF Rg-NaCJ 

To proceed with calculation, we must calculate the matrix element 

{nA,n8 jH 'jnA ,n8) . The Hamiltonian If' can expand in terms of m\llti-pole 

moments of each atom as follows, 

m ~ +1, (-1)1' (/ + / ) I Ql(m) . Q,(m) ' 
=2:2: 2: • b • , · •• 

t, -ot,-om--t[(l. +m)!(lb +m)!(l. -m)l(lb -m)!J' R~;t,.J 

(2.A4.3) 

where Q/m1 is expressed by 

Q/m1 = 2:e,r/Pt(cos0;) ·etm•,, 
i 

(2.A4.4) 

where Pt(cosB ,) is Legendre's function. This expansion become a good 

approximation for some small! when the condition, RAil» r, + r1, is satisfied. It is 

worthy of notice that Q,tml represents the m component of the total charge, dipole 

moment, quadrupole moment in spherical tensor notation for I= 0, l, 2, respectively. 

Substituted Eq. (2.A4.3) for lf of the electrostatic term in Eq. (2.A4.2), the 

electrostatic interaction energy is rewritten as follows. 

E _ Hhl. +lb)! . (OjQ1;m> jo)(O/Qt1/0) 
•~« - t.,f...,. [(l. + m)!(lb + m)!(/. - m)!(lb - m)!]t R~1·•' 

(2.A4.5) 

Now if both constituent molecules of the complex have c, or more symmetry axis, 

the dipole moment and quadrupole moment of each constituent molecule become 

/1 , "/J, /1, = 11, = 0, 

Q, = -2Q.., = -2Q)')' "Q, Q.<y = Q,, = Q, = 0, 
(2.A4.6) 

in the molecular fixed axis system (xyz). Each interaction term for (1,, 1,) in the 

electrostatic term is written as shown in Table 2.A4.1. 

Substituted Eq. (2.A4.3) for Jt of the induction term in Eq. (2.A4.2), the 

interaction energy is rewritten as follows. 
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C!iAPTER 2. THE R oTATrONAL SPECTRA OF Rg-NaCI 

Eind = E:.0 +E::.. 

A ~ (O,O IHIO,n8 )·(0,n8 1H'IO,O) 
Eind = -:-o E(O) +E(O) -E(o) -E<"•l 

11
A • a b a /1 n,a•O 

(2.A4.7) 

where 

!(
I I ) = (-1)

1
' (1. +lb)l 

12, b, m 1 

[(1. +m)!(lb +m)!(l. -m)!(lb -m)!p 
(2.A4.8) 

The matrix element (o !Q~~ In) vanishs for I = 0 because Q01°l is scalar. Therefore, 

the term of 1=1 contributes dominantly for the induced term. The term for 1=1 can 

be related to the polarization a as follows 

(2.A4.9) 

1f we consider the intermolecular interaction of complex between atom and the 

molecule with C, or more symmetry, we can estimate the energy of the induced term 

as shown in Table 2.A4.2 

Substituted Eq. (2.A4.3) for If of the dispersion term in Eq. (2.A4.2), the 

interaction energy is rewritten as follows. 

(O,OiH'inA ,n8) · (nA, n8iH '10,0) 
Edisp = 1:0 E(O) + E(O) - £<•.) - £(,,) 

11 A" • o b a b 
"JJ'"o 

__ ~ f(/ [ ) . f(/' [' ')R-(t,+t;+t1 +10+2) 
- tO b,m a' b,m A.8 

1 •• , 

~~· 

Using 
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CH.<\PTER 2. THE R OTATIONAL SPECTRA OF Rg-NaCl 

and assuming that both A and B have the isotropic polarizability and I,= z; = 1, = 1.'= 

1, we can obtain the expression of London's formula, i .e., 

E = -~ U,U, aAaB 
disp 2(U,+U,)R!

8
' 

where u. and u, are ionization energy for molecule A and B, respectively. 

2.A4.2 repulsive terms 

(2.A4 .1 2) 

We used above that the interaction energy between A and B such as Eqs. 

(2.A4.5), (2.A4.7), and (2.A4. 10) can be expressed by the expansion in series of R~. 

The expression become a good approximation for the sum of only small /-value in 

long distance, but the approximation become worse in short distance such as 

molecular complexes. Therefore, we always use the emiempirical expression 

instead of the exact expression in the short distan.ce. 

A simple physical picture of the repulsive interaction can be given in terms of 

the Hellmann-Feynman electrostatic theorem and the Pauli exclusion principle. 

According to these theorems, the repulsion term is written as following term, 

(2.A4.13) 

where the constant, A and {J, are determined by fitting as parameters to reproduce 

the experimental data. 
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Molecule A 

/flAJ 
I 

I 

CHAPTER 2. THE ROT.~TIONAL SPECTRA OF Rg-NaCl 

Molecule B 

' if 

'\ \ 

' \ Q '-..._) B 

Fig. 3.A4.1 Intermolecular interaction between two molecules. The C, f..l, and Q are 
the charge, the dipole moment, and the quadrupole moment of the constituent molecule 
in a complex. 
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C!iAPrER 3. MICROWAVE SPECTROSCOPY OF NaCI--(H20)
0 

§ 3.0 Abstract 

The rotational spectra of the NaCI-(H,O)n (n=l, 2, 3) complexes have been observed 

by a Fourier-transform microwave spectrometer combined with a laser ablation 

technique for the first time. The 4 isotopic species (normal, 37Cl, two deuterated 

species) for NaCl-H,O, 2 isotopic species (normal, 37Cl species) for NaCI-(}120)2, and 

2 isotopic species (normal, 57CI species) for NaCI-(H,O)s were observed. The 

molecular constants including the hyperfine coupling constants for each isotopic 

species have been determined within the experimental accuracy. The r0·structures 

of the NaCI-(H20)n were determined using these rotational constants. The 

determined structures are a nearly planar asymmetric rotor, an asymmetric rotor 

with C2 axis, and a symmetric rotor with c, axis for NaCl-H20, NaCl-(H20)2, and 

NaCI-(H20)3, respectively. The determined structures showed that the distance 

between Na and CJ, r(NaCl), in the NaCl-(H20)0 becomes longer with the increase 

of the number of H20 attatcbed. This tendency is in good agreement with that of a 

previous ab initio calculation. The determined nuclear quadrupole coupling 

constants of the Na and Cl atoms were perturbed by the complex formation. It is 

confirmed that the coupling constants for the Na atom are mainly dominated by the 

effect of the electrostatic interaction of H20. On the other hand, the coupl ing 

constants for the CJ atom are perturbed by other effects, such as polarization, 

electTon repulsion, and charge transfer in addition to the electrostatic interaction. 

The possibility of these effects was confirmed by a comparison between the 

experimental data and results of ab initio calculations. We could qualitatively 

confirm that the charge distributions of both Na and Cl change from the direction 

along the NaCl axis to the perpendicular direction to the NaCI axis with increase of 

the number of H20. 
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CHAPTER 3. MICROWAVE S P ECTROSCOPY OF NaCI-(H20)n 

§ 3.1 Experiment 

We used the Fourier-transform microwave spectrometer combined with the 

laser ablation method discussed in detail in section 1.2. 

The same ablation nozzle unit used in the Rg-NaCl complex (see Chapter 

3.2) was used for the present study. The target rod was made by the same method 

as explained in section 1.2 (NaCl purity 98%). Although both fundamental and 

second harmonic of a Nda+:YAG laser were used to vaporize the NaCI, intensities of 

the spectrum was not changed significantly. The sample gas was a mixture of 0.2% 

of H20 diluted in Ar.. When we observe the deuterated species, we used D,O 

(Aldrich Co.; purity 99.9%) as a precursor instead of H20. We scanned a wide 

range .from 6 to 25 GHz in a condition that the rotational transition, (J, F)= (1, 4) ­

(0, 3) of the free NaCI monomer are observed with an adequate intensity. In order 

to check weather the experimental conditions are kept well, we monitored the 

rotational transition at an intervals of 100 MHz. 

We optimized the condition for the observation of the NaCI-(H20), complexes 

as follows. The stagnation pressure was at 7-10 atm. The optimized backgroUDd 

pressure in the vacuum chamber was typically kept about 4 X 10-• Thrr in NaCl-H20 

and NaCl-(H20)8, but about 6-8 X 10-o Torr in NaCI-(H20)2• The optimum 

microwave pulse width, t " and attenuator combination was 0.3 1JS and 20 dB for a­

type transitions ofNaCI-H,O, while those of other species were 0.4 IJS and 16 dB for 

NaCl-(H20)2, 0.6 1JS and 16 dB for NaCl-(H,0)8• According to Eq. (1.1), this result 

implys that the dipole moment decreases with the increase of the water molecules, 

which is in agreement with ab initio calculations. 
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§ 3.2 Results and Analysis 

As a result of a scan in a wide region of 6 to 25 GHz, we were able to observe 

a Jot of unassigned lines. The observed lines are shown as a stick diagram in Fig. 

3.1. We confirmed that these lines require the vaporization of NaCJ by turning off 

the ab lation laser. Furthermore, these lines were not observed when we used the 

pure Ar gas as a carrier gas. Therefore, we considered that the lines belong to 

species arising from complexes containing both NaCI and H,O. Intensities of the 

observed lines shown in Fig. 3.1 have uncertainty because it is very dif!icul t to keep 

tbe best experimental conditions. 

3.21 the NaCI-H20 complex 

The transitions ofNa35Cl-H20 and Na37CI-H20 are represen ted by open and 

filled circles in Fig. 3.1 , respectively. We could observe 9 a-type, 2 b-type R-branch 

and one b-type Q-branch transitions for Na35CI-H20 and 9 a-type, one b-type R­

branch and one b-type Q-branch transitions for Na87CI-H20. Therefore, it is 

concluded that tills complex is an asymmetric top molecule. An example of the 

observed spectra of the NaCJ-H,O complex is shown in Fig. 3.2. The observed 

spech·um showed a complicated pattern because of the splittings due to the nuclear 

quadrupole interactions of the Na and Cl atoms. In the present work we could 

observe only the transitions with K, = 0 and l. 

Transition frequencies observed in the present shtdy were fitted to the 

following Hamiltonian, 

H ~H,., +H.1,(Na)+H.ft(CI) , (3.1) 

where the first , second and third terms correspond to the rotation of the molecular 

frame, the nuclear quadrupole interaction of Na, and the nuclear quadrupole 

interaction of Cl, respectively. Since NaCI- I-!20 is an asymmetric top, the 

rotational term of the Hamiltonian is expressed as Watson's A-reduced asymmetric 
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CHAPTER 3. MlCROWAVE SPECTROSCOPY OF NaCI-{I-l20 )n 

top Hammonian [ 1]. that is 

H rot = AJ: + BJ ; +a;- !1JJ4- ty,JKJ 2] ;- !1KJ: 

-2o1 J 2 (J; -J:)- oK [.r ; (J ; -1:)- (J ; -.r ;)J; ] . 
(3 .2) 

Because only the LTansiLions with K , = 0 and 1 were observed, the centrifugal 

distortion constants of A10 o" and oK could not be determined, and these constants 

were fixed to zero. The nuclear quadrupole interaction term of both atoms is 

expressed as follows. 

H.,, = Q (2J. y (2l , (3 .3) 

where Q and V are the nuclear quadrupole moment tensor and the electric field 

gradient tensor, respectively, for a nucleus. We used the coupling scheme, IN, + Ic1 

= I and then J + I = F, by the same reason discussed in the Rg-NaCl complex. 

Although the matrix elements of the byperfine interaction terms have nonvanishing 

terms with MC, = 0, 1, and 2 (see Chapter 2, Appendix I), we assmned that the term 

with MC, = 1 is so small that they can be n eglected. Therefore, the Wang 

transformation was used to simplify the diagonalization of the Hamiltoruan matrix. 

As each J component is mixed well with the elements with M = ± 2 in the 

diagonalization process like the Rg-NaCl complexes, it is impossible to assign the 

original wavefunctions after the diagonalization. Thus, an index, n, was used in 

the analysis of the Rg-NaCI complexes to discriminate different levels with same F, 

and the same method was used for the present case. To avoid the interference 

effect (see Chapter 2, Appendix ID. only the lines that didn't overlap with each other 

were given non-zero weights in the least-squares fitting procedure. The transition 

frequencies used in the least-squares fitting are listed with the calculated 

frequencies in Appendix I. We determined the molecular constants of the NaCl­

H20 precisely as shown in Table 3.1. Standard devia tions of the fittings were 

about 6 and 7kHz for Na35Cl-H20 and Na37CI-H20, respectively, both of which are 

well within the experimental accuracy. Although we tried to observe the splittings 
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due to the internal rotation of H20 in the complex, they were not observ d in the 

present work. The determined molecular constants including the nuclear 

quadrupole coupling constants are in good agreement with those of our ab initio 

calculation (MP2/6-311G(2d,p) method) using GAUSSIAN94 [2] . 

Furthermore, we searched for the transitions of deuterated species based on 

a prediction using the result of Na""Cl-H20 and Na37CI-H20 together with the ab 

initio calculation [3]. We were able to observe 6 a-type and 2 b-type R-branch 

transitions for two deuterat.ed species, Na 86CI-DHO and Na36Cl-HDO, respectively. 

(Here the H atom closer to the Cl atom i written first in the chemical formula.) 

This result confirmed us that the observed transitions are due to NaCl-H,O. But 

no transition of Na35CI-D20 was observed in the present work. Although the 

observed spectra will be split by the nuclear quadrupole interacbons of the N a, Cl, 

and D atoms, these spectra were so weak t.bat we couldn't perform t.he least-squares 

fitting including the hyperfine interactions as have been <;lone for the Na""CI-H,O 

complex. The patterns of the observed hyperfine splittings for these deuterated 

species are similar to those of Na86Cl-H20. Therefore, it is understood that the 

nuclear quadrupole coupling constants of the D atom in the HDO are so small <x .. = 

276.45 kHz,JS,b- x., = 54.80 kHz for HDO molecule) [4] that we could not resolve the 

byperfine splittings due to the D atom. We tried to obtain hyperfine-free 

frequencies by comparisons of the hypecline patterns of the transitions of 

deuterated species with those of Na""CJ-H20, and then these hyperfine-free 

frequencies are used to a least-squares fit for Watson's A-reduced asymmetric top 

Hamiltonian, given by Eq. (3.2). The determined hyperfrne-free frequencies are 

listed in Appendix I and the determined molecular constants are shown in Table 3.1. 

Standard deviations of the fittings are about 10 and 5 kl:lz for Na""Cl-DHO and 

Na36Cl-HDO, respectively. 
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3.2.2 the NaCl-(H20)2 complex 

The observed lines of Na86Cl-(H20), and Na37Cl-(H20)2 are shown as open 

and filled squares in Fig. 3.1, respectively. According to the ab initio calculation [3], 

it was predicted that the most stable structttre of NaCl-(l-I20h is an almost planar 

asymmetric top molecule with equivalent. H20 molecules for the c, symmetry 

operation along the NaCl axis (i.e. b-axis) as shown in Fig. 1.3 or 1.4. Therefore, 

for NaCl-(H20)2, only the b-type transitions are allowed. '!'his fact is in agreement 

with om experimental results, in wb.ich we could observe only 17 b-type R-branch 

transitions. If NaCI-(1-120)2 has C, symmetry with one set of equivalent 0 atoms 

and two sets of equivalent H atoms as shown in Fig. 1.3, the total wavefunction in 

this system must obey Bose-Einstein statistics [5]. The total spin function is 

written by the product of the spin functions of these atoms. Since we can neglect 

the spin functions of the 0 atom because I= 0, the tota l number of symmetric spin 

functions becomes 

n.,m = (2I1 +1)(2I2 + 1)(2!,!2 + I 1 + ! 2 + 1) = 10 

and that of anti-symmetric spin functions becomes 

llanti.sym = (21 1 +1)(212 +1)(2!,! 2 +11 +/2 ) = 6, 

(3.4) 

(3.5) 

where I 1 and I , represent the nuclear spins of the two di.Jl'erent types of nuclei. As 

the symmetry axis is along the b-axis, the rotational wavefunction can be classified 

into two; levels with K,K, = ee, oo are symmetric and those with eo, oe anti­

symmetric. Therefore the intensity ratio of the transitions of the symmetric states 

and those of the anti-symmetric states is 10 : 6. Although we could not determine 

accurate intensity ratios because of the complicated hyperfine splittings, transitions 

between symmetric states were in general observed stronger than those between 

anti-symmetric states. We could thus confirm that the NaCl-(1-!20)2 complex has 

two sets of equivalent H atoms. 
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An example of the observed spectra is shown in Fig. 3.3. The observed 

transitions were fitted to the Hamiltonian given in Eq. (3.1). We used the ame 

method as discussed previously, where non-zero weights were given for only the 

transitions without the interference effect in the least-squares fitting procedure. 

The transition frequencies used in the fitting procedure are listed in Appendix I. 

The determined molecular constants are shown in 'Pahle 3.2. Standard deviations 

of the fittings were about 6 kHz for both Na86Cl-(H20h and Na37Cl-(I-I20)2• 'l'he 

determined molecular constants are in good agreement with those of our ab initia 

calculation (MP2/6-311G(2d,p) method) using GAUSSIAN94 (2]. 

We did not try to observe transitions of the deuterated species for NaCl­

(H20)2 in the present work. 

3.2.3 the NaCI-(I-f20)3 complex 

The observed lines of Na86Cl-(I-l20) 0 and Na37Cl-(H20)s are shown as open 

and filled triangles in Fig. 3.1, respectively. The patterns of the observed spectra 

clearly show that this species is a symmetric top. 

The observed transitions were fitted to the Hamiltonian given in Eq. (3.1). 

As the molecule is a symmetric top, the rotational term is expressed by the following 

equation, 

H ,., = 81 2 + A11~- D1 J 
4

- D1xl 21 ~ - Dx11 (3.6) 

where A 1 is (A - B ) for prolate symmetric top and is (C - B ) the oblate symmetric 

top molecules and J 1 is the projection of J along the symmetry axis_ As the 

selection rule of a symmetric top is M = 0 for pure rotational transitions, it is 

impossible to determine the constants, A and Dx in the least-squares fitting 

procedure and, therefore, these constants were fixed. We used the same method 

discussed above, where non-zero weights were given for only the transitions without 

the interference effect in the least-squares fitting. The transition frequencies used 
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in the fitting are listed in Appendix l. The determined molecular constants are 

shown in Table 3.3. Standard deviations of the fit were about 7 and 4 kHz for 

Na36Cl-(1{,0)3 and Na5' CI-0-I20)5, respectively, both of which are well witl1in the 

experimental accuracy. 

The fact that the observed species is a symmetTiC top i._ in agreement with 

the result of an ab initio calculation for NaCI-(I-120)3 (6]. However, according to the 

ab initio calculation, the most stable structure of the NaCl-(I-120), is also a 

symmetric top molecule with four equivalent H20 molecules with a C, symmetry 

axis, as shown in Fig. 1.4. Therefore, we performed ab initio calculations for NaCI-

0-:!20)3 and NaCI-(I-120)4 using GAUSSIAN 94 (6] . The rotational constants 

calculated with the MP2/6-311G(2d,p) method are 1839 MHz and 1469 MHz for the 

NaCI-(I-1,0)3 and the NaCI-(H20),, respectively. As the observed rotational 

constant, 1878 MHz, is in good agreement with the former, the observed transitions 

are assigned as those ofNaCI-0-:120)3• 

An example of the observed spectra is shown in Fig. 3.4(a). The observed 

spectrum shows a very complicated pattern due to the hyperfine splittings of the Na 

and Cl atoms together with the overlap of different K-components. As we can not 

obtain the information on the ratio of the populations between different K­

components experimentally, it is very difficult to reproduce the observed spectrum 

accurately. Because this complex is predicted to be almo t spherical (cf. A = 1858 

MHz, B = 1839 MHz) from our ab initio calculation, we supposed that the difference 

of the population between different K-components is so small that we can neglect 

the effect to reproduce tJ1e observed spectrum using Eq. (2.A2.1). A simulated 

spectrum obtained by Fourier-transforming Eq. (2.A2.1) is shown in Fig. 3.4{b). It 

is seen that the simulated spectrum well reproduces the observed spectrum. 

We did not try to observe transitions of the deuterated species ofNaCl-(H20)3 

in the present work. 
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§ 3.3 Discussion 

3.3.1 Strucrures of the NaCI-(H20)n (n = 1, 2, 3) complexes 

From a comparison between the obs rved rotational constants and the 

calcu.lated rotational constants of the ab initio calculation [3] , the s tructure of NaCl­

H,O has been confirmed to have a ring (Na-Cl-H-0 ring) structure. We ca.lcu.lated 

the inertia defects Ll (= I , -1, -1,) from the determined rotational constants of the 

isotopomers of the NaCl-H20 complex, as shown in Table 3.1. AU of the inertia 

defects have small positive values. In general, in addition to the negative 

contribution due to non-planarity, the inertia defects is contributed by the 

vibrational 4,,, centrifugal distortion Ll..n .. and electron-rotation Ll.,1.., interaction 

terms. 'rhus, 

L1 = -22,m,c1
2 + Ll~b + 4.., + L1,1"', 

I 
(3.7) 

where contribution of L\,.0 , is usually so small as to be neglected. Contribution of 

LI.J.., to Ll is also negligible because this molecule does not have out-of-plane electrons 

with low excitation energies such as delocalized ;n;-electrons. The non-planarity 

term is always negative, willie 4,b has a small positive value when contributions of 

in-plane vibrations are larger than those of out-of-plane v.ibrations. Hersch bach and 

Laurie [7] discussed the contribution of the vibration motions to 4,b. and introduced 

a following approximation for 4,b, 

4K 
Li..b " - · 

Q) 
(3.8) 

where w is the vibrational frequency of the lowest in -plane motion and K = J 6.863 

amuA2cm·'. We have calculated the vibrational frequencies of the NaCl-H,O 

complex using the MP2/6-3UG(2d,p) method and obtained a resu.lt that the lowest 

vibrational frequency of the in-plane motion is about 163 ern·'- The magnitude of 

4,, is thus estimated to be about 0.4138 amuA'. This result is in good agreement 
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with the observed inertia defects. 'I'herefore, we concluded that the NaCl- H20 

complex is a planar or slightly non-planar molecule. 

Since the rotational constants of various isotopic species are precisely 

determined, the r,-coordinates of the Cl and two H atoms in the molecule-fixed axis 

system are estimated by using of Kraitchman's equation [1], as listed ii1 'I'able 3.4. 

Although the ~I coordinate of tlJe CJ atom is fixed at zero in the calculation, this 

assumption is reasonable because the observed inertia defects are small. 'I'he ~~ 

coordinate of one H atom, which consists a four membered ring, is nearly zero, but 

that of the other H atom, which is not bonded, is about 0.199 (18) A. The non· 

planarity of this H atom is in agreement with the result of the ab initio calculations. 

When the hydrogen atom is substituted by deuterium, it is known that the 

vibrational effect is not cancelled ottt perfectly in Kraitchman's equation as a result 

of large amplitude motions involving hydrogen, producing large isotope effect of the 

H atom [8]. 'Phis means that we cannot neglect a possibility of the planar structme 

for this complex. 'rherefore, we may consider two types of structures; (I) a planar 

molecule and (II) a non-planar molecule that the H atom outside of the ring locates 

at an out-of-plane position. 

We performed a least-squares fitting for the rotational constants of four 

isotopic species and determined the r0-structmes of the NaCl-H20 complex for two 

types of the structmes. 'I'he structural parameters of the determined structures 

are listed in 'I'able 3.5. In type (II) the out-of.plane H atom was rotated by 23° 

around the axis that connects between the 0 and in-plane H atoms according to the 

ab initio calculation [3] and was fixed in the .fitting procedure. The structmal 

parameters of both (I) and (II) configurations are nearly identical and in fair 

agreement with that of the ab initio calculation within two standard deviations, as 

shown in 'I'able 3.5. From a comparison between the parameters of the complex 

and of the monomer, it is seen that the r(NaCl) is increased by 0.06(3) A, which is 
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definitely larger than one standard deviation of the fit. Tills tendency is in 

agreement with the result of Woon and Dunning, Jr. We showed the determined 

structure (I) of tills complex in Fig. 3.5, in which circles around the atoms 

represents the ion radii for NaCl and the vdW radii for H20. We can see that there 

is a large overlap of electron clouds between the Cl and H atoms. Therefore, it is 

expected that the binding energy is fairly large for the complex, willcb is consistent 

with the fact that no splittings due to the internal rotation of H20 were observed. 

In NaCl-(H,O),, the fact that tll.is complex has C2 sy=etry suggests that all 

heavy atoms in the complex lie in a plane. But, as shown in Table 3.2, the values of 

inertia defects imply that this structure is slightly non-planar. Therefore, 

although it cannot be excluded that non-bonded hydrogen atoms lie lightly out-of 

plane, we as umed that this complex is planar because the I c I coordinates of four 

hydrogen atoms cannot be determined precisely from the determined rotational 

constants in the present work. Therefore, only seven parameters hold be 

optimized to determine the structure of NaCI-(H20)2. Now, however, the only 

three independent rotational constants were obtained because of the planarity and 

the existence of the Cl atom on the b axis. According to the result of ab initio 

calculations as shown in Table 3.5, only three parameters, r(NaCl), r(ONa), and L. 

ONaCl, change significantly with the increase of the number of water. Although it 

was expected to determine these three parameters as variables among the 

structural parameters and fix other parameters at the values determined for type 

(l) of NaCI-H,O, r(ONa) and L.ONaCl were not det rmined sim ultaneously from 

the determined rotational constants. Therefore, the two parameters, r(NaCJ) and 

L.ONaCl, were optimized as variables of the molecular structure of NaCl-(1'!20)2, 

where the other parameters were fixed at the values determined for type (l) of 

NaCl-H20 . The determined parameters are 2.602 A and 76.6° for r(NaCI) and L. 

ONaCJ, respectively. This r0-structure was determined by using the three 
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rotational constants obtained from the two isotope species as shown in Fig. 3.6. 

From a comparison with the structw-e of the NaCI-H20 complex, it is seen that 

these two structw-al parameters, r(NaCI) and L:ONaCI, dramatically change their 

values. '!'he bond length, r(NaCI), increased from 2.42(3) A to 2.60(1) A. This 

result is in agreement with the ab initio calculation [3]. The angle, L:ONaCl, 

decreased from 81.1" to 76.6". When the determined structure is drawn as shown 

in Fig. 3.6, the overlap between ion radii ofNa and Cl becomes nearly zero, and the 

overlap between the Cl atom and the J-120 molecule is larger than that ofNaCl-H20. 

In order to check feasibility of the structure determined, we calculated the stucture 

when r(ONa) was changed slightly. Based on a small change of r(ONa) in the ab 

initio calculation, change of the two optimized parameters was examined when 

r(ONa) was changed by +0.01 A. The change of r(ONa) by +0.01 A yielded the 

parameters 2.619 A and 75 .6" for r(NaCl) and L:ONaCI, respectively. Thus, 

possible regions of parameters, r(NaCI) and L:ONaCI, could be set as 2.60-2.62 A 

and 76.6- 75.6 •, respectively. 

For NaCI-(H,O)s, we observed spectra of only two isotopic species. Since the 

complex is a symmetric top, there are only two independent rotational constants. 

Although it was confirmed that only two parameters, r(NaCl) and L:ONaCl, may 

change significantly like the case of the NaCl-(H20)2 complex, it is still not possible 

to determine these two parameters simultaneously because only the species with 

substituted atoms lying on the symmetric top axis were observed in the present 

work. According to our ab initio calculation shown in Table 3.5, L:ONaCl decrease 

monotonically with the increase of the number of water. Therefore, we assume the 

angle L:ONaCl of this complex to be 72.0", which is smaller by the same amount of 

angle from NaCl-H20 to NaCl-(H20)2, and the other parameters fixed at the values 

for NaCl-H20 . Under this assumption, r(NaCl) was determined to be 2.8350(3) A. 

The difference ofr(NaCI) from NaCl-(}120)2 to NaCI-(H20)8, which is about 0.233 A. 
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is in agreement with that of our ab initio calculation shown in Table 3.5. A part of 

the structure is given in Fig. 3.7. In Fig. 3.7 we can see that r(NaCl) is now large 

enough that charge clouds of Na and Cl do not overlap with each other. As the 

angle L:OHCl is nearly equal to 180°, it is expected that relatively strong bonds 

between OH-Cl are produced. Based on the results of om· ab initio calculation, we 

examined the change of the optimized parameter r(NaCl) when r(ONa) was changed 

about +0.03 A and/or whenL:ONaCl was changed about --4.3° from that of NaCl­

(H20)2. By the changes of these parameters, a possible r(NaCI) region was 

estimated to be 2.80 - 2.84 A. 

3.3.2 Intermolecular Interaction in the NaCl-(H20)n (n = 1, 2, 3) complexes 

We consider in detail how the nuclear quadrupole coupling constants of the 

Na35CI-H,O complex change by the complex formation. The determined nuclear 

quadrupole coupling constants for the Na and Cl atoms are remarkably different 

from those of the monomer. In the weak coupling limit that the electric field 

gradients at the Na and Cl nuclei are not perturbed by the complex formation, the 

observed coupling constants are obtained by rotating the free NaCl coupling 

constants x;, to the principal axes of the complex and averaging over the ground 

vibrational state. So far, this effect of the complex formation on the coupling 

constants has been reported for various systems, and are related to the following 

equation [9). 

(1-icos
2

a ) ( -%cosasma) 0 

[ x:. X~b x'] a< 

( -%cosasma) (3 2 1) X~ X~ X~ = Xo 2
cos a- 2 0 (3.9) 

X~o X~b X" 1 
0 0 - -

2 

where a is the angle between the b-axis of the complex and NaCI axis. Since angle 
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a is determined to be 55.5° from the determined structure of the NaCl-H,O complex, 

the zero-order quadrupole coupling constants x~ (x, y =a, b, c) are derived as shown 

in Table 3.6. Regardless of the fact that x"' does not depend on the vibrational 

average, tbe experimental value is different form the calculated x~, for both Na and 

Cl. This result suggests that the electric field gradients of both Na and Cl atoms 

are perturbed by the complex formation. ln the case ofRg-NaCl. it has been seen 

that perturbation due to the induced effect plays an important role only for the 

electric fi eld gradient of the Na atom in Chapter 2. In general, there can be 

following five effects [10] which can perturb the electric field gradients of the Na 

and Cl atoms, i.e., 

(I) gradients induced by the multi pole moments of H,O, 

(II) gradients induced by the induced dipole moment of H20 arising from NaCI, 

(Ill) polarization of the Na and Cl atoms by the electr.ic field arising form H20, 

(IV) overlap of the electron distributions ofNaCl and H20, 

(V) charge transfer between NaCI and H20. 

At first, the magnitude of the effect (1) is estimated using a simple 

electrostatic model (see Appendix ll) as the first-order correction term, because we 

can predict empirically that this effect is the most dominant among the five effects. 

The coordinate system as shown in Fig. 3.8 is used and only the dipole moment ).1. is 

used as the contributing term of the multipole moment.s of the H,O molecule in the 

present analysis. In this coordinate system the electric field gradients due to ).1. 

along the a- and b-axes at any point (r, 8), which are symboU ed by q .. and q,., 

respectively, can be written as follows, 

q •• =-
3~ [cosB{:lsin \B- a) -1}+ sin B sin 2(0- a)] , 
r 

(3.10) 

and 

(3.11) 
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Similarly, q~ and q" due to a charge C at any point (r , (J) in the coordinate system 

shown in Fig. 3.8 is written as follows, 

c •e q •• - -,(3cos - 2) , 
r 

and 

(3.12) 

(3.13) 

The dipole moment of H.20 in the complex is assumed to lie at the center of mass 

along the direction of the 0 atom and its magnitude is the same as the monomer. 

The angle a was then estimated to be 19.3° from tJ1e determined structure ofNaCI­

H,O. Using Eqs. (3.10) and (3.11), the firs t-order corrections of the electric fie ld 

gradients due to the dipole moment (p = 1.8546 D) of l:-!20 at Na (r = 2.3123 A. (J = 

224.1° ) and Cl (r = 3.0388 A. fJ= 275 .6°) are estim ated as follows, 

Na:q~. =+7.734x10-3 e / A' ,q;, =+2.136x10 -2 e/ A3
, 

Cl:q;. = +3 .793x10"3 e/A 3 ,q~ - -5.119x10-3 e/A3
, 

where the superscripts represent the first-ord r correction term of the electric field 

gradients. Using Eqs. (3.12) and (3.13), the zero·order electric field g1·adients at 

Na (r=2.4148 A, fJ= -55 .5°) arising from the cbargeofCJ (C=-0.750e) and at CJ (r 

= 2.4148 A, (J= 124.5°) arising from the charge ofNa (C = +0.750e), respectively, 

were estimated as follows. 

Na:q~. = +5.522x10-2 e / A 3 , q~, = -1.999x 10-3 e/ A3
, 

Cl : q~. = -5.522xlo-z e/ A', qz, = +1.999x10-3 e/ A3
. 

If we assume that the first-order coupling constants are, 
0 1 

X' = x" q •• + q •• 
aa aa 0 ' 

q .. 
(3. 14) 

and so on, the corrected nuclear quadrupole coupling constants to the first order are 

obtained as shown in Table 3.6. Although the determined coupling constants ofNa 

are rather in good agreement with the observed constants, the calculated coupling 
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constants of Cl are fairly far from the observed constants. Therefore we must 

consider the induction effect as discussed in Ar- NaCI. That is, the influence of the 

induced dipole moment of H20 on the coupling constants of Na and Cl must be 

considered as the second-order correction. The induced dipole moment arising 

from the charges of each Na and Cl i~ estimated to be about 1.01 D (a= 6.9') using 

the electrostatic model as discussed above. Using Eqs. (3.10) and (3.11), the 

second-order corrections of the electric field gradients due to the induced dipole 

moment (}1.= 1.0113 D) ofH,O atNa (r = 2.3123 A, 8= 214 .0°) and Cl (r = 3.0388 A, 8 

= 263.7°) are estimated to be, 

Na:q;. =+3.107x10-3 e!A' ,q;b =+L521x10-1 e / A3
, 

Cl:q~. = +4.722x10-3 e!A',q;b- -3.959x10-' etA' , 

If the corrected coupling constants to the second order are written as , 

2 0 q~o+q;a+q:a 
Xaa = Xaa 0 

q •• 
(3.15) 

and so on, the nuclear quadrupole coupling constants were obtained as shown in 

Table 3.6. Although the calculated constants x:. (Na) and x;b (Na) , are still in 

agreement with the observed within one error, all the coupling constants of the Na 

atom slightly go away from the observed constants. Although the calculated 

coupling constants of the Cl atom come closer to the observed constants, the 

difference between the observed and calculated is still very large. Therefore, we 

must consider the other effects, (IlD- 01). It is seen that there exists large overlap 

between the van der Waals radius of H and the ion radius of Cl in the NaCl- H20 

complex as seen in Fig. 3.5. Therefore, sizable contribution of the effect (IV) is 

suggested. Futhermore, it is considered that charge transfer suggested by Woon 

and Dunning, Jr. also plays an important role in the intermolecular interaction. 

Since quantitative estimation of these contributions based on a simple model is not 

possible to explain the discrepancy of the coupling constant for Cl, we performed ab 
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initio calculation to obtain eQq values to compare the experimental values ai the 

MP2 level of calculation. lt is expected that at MP2 level all the contribution given 

above may be taken into account. The calculated values are given in Table 3.1, 

where good agreements are obtained even for those of the Cl atom. 

Estimation of the induced effect are performed similarly for both the NaCl­

(H20)2 and NaCl-(H20)3 complexes. Although the difference between the observed 

and calculated values is gradually increases, the calculated coupling constants of 

Na are quantitatively close to the observed ones by considering only effect (I), while 

the coupling constants of Clare relatively far from the observed ones by the simple 

model calculations. On the other hand, ab initio values, given in Tables 3.2 and 8.3, 

show fair agreement with the observed. In Fig. 3.9 we showed the charge 

distribution of the NaCl-(I-!20)0 complexes calculated by the GAMESS [11) MP2/6-

311G** method. It is seen that the charge distribution around the Cl atom is 

perturbed by the weak bond between the in-plane H atom and the Cl atom for all 

the NaCl-(H20)n (n = 1, 2, 3) complexes. On the other hand, the overlap between 0 

and Na is so small that it is understood that the coupling constants of Na are little 

affected by the complex formati on in the NaCI-H20 complex. As the overlap 

becomes gradually larger with. increase of the number of H20, it is possible that 

differences between the observed coupling constants and the calculated coupling 

constants, in which we considered only the efiect (I) becomes gradually larger. lt is 

also seen that the overlap between Na and Cl almost disappears for the NaCI­

(H,0)3complex. This result is in good agreement with the determined structure in 

Fig. 3.7. 

3.3.3 Microsolvation Process on N aCl 

In general, we can obtain the information on the distortion of the electric 

field around a nucleus by using a nuclear quadrupole coupling constant. Now we 
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examine a relation between the nuclear quadrupole coupling constant of ilie 85Cl 

atom and the charge distribution nrotuld its nucleus [5]. As shown in Tab! 3. 7, if 

the coupling constant is smaller, the ionic character of the Cl atom in the molecule is 

larger. For the NaCl molecule, 6 electrons are almost filled in the 3p orbitals of the 

Cl atom, but not entirely so because of slightly covalent character with the NaCJ 

bond in the 3p. orbital. Therefore' electric field gradient at Cl bas an intermediate 

value between the two limits of 1 he perfectly covalent bond and the perfectly ionic 

bond, and 
q0 =-(1-x)q310 +(x)0=-(1-x)q310 , (3.16) 

where q
310 

represents the electric field gradient of Cl in the covalent bond limit that. 

only one electron exists in the 3p" orbitnl , and x represents the fractional in1portance 

of the ionic character. Therefore, when an electron in the 3p. orbital of the Cl a tom 

is drawn towards the Na region by a covalence bond character between Na and Cl, 

the charge distribution arountl the Cl nucleus is distorted, and therefore the 

coupling constant of Cl atom increases to have a non-zero value. By a similar 

consideration, when one electron is drawn towards the CI region, the coupling 

constant ofNa approaches to zero inversely. 

We showed the variations of the nuclear quadrupole coupling constants of the 

Na, 85CJ, and "CJ atoms in Fig. 3. 10. As the X,, constant of the NaCl-H20 complex 

could not be determined in the present wo1·k, we used a X.., constant by scaling the 

parameter [12] calculated by Lhe MP2/G -311G(2d,p) method to estimate the coupling 

constant X11 along the NaCl axis. In Fig. 3.10(a) are plotted the components of the 

coupling constants along the clirection of the NaCl axis. We can see in Fig. 3.10(a) 

that the coupling constants increase almost monotonically with the increase of the 

number of the H20 molecules. This tendency means that the charge distributions 

of the Na and Cl atoms gradually change with the number of H20 from a 

distribution along the NaCl bollll to a tlistrihution perpendicular to the NaCI axis. 
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This result is supported by looking at the coupling constants perpendicular Lo the 

NaCl axis shown in Fig. 3.10(b). For NaCl-(1-120). the determined coup lmg 

constants suggest that a charge distribution spreads along the a-axis and hrinks 

along the c-axis. Similarly, since the coupling constants along the axis 

perpendicular to the NaCl axis are negative for NaCl-(f-I20)3, il is expected that a 

charge distribution spreads alon~,; Lhe axis perpendicular to the NaCl axis. 

The dependence of the di stance r(NaCl) on Lhe number of H20 is plotted in 

Fig. 3.11. It is seen that r(Na Cl) becomes substantially longer with the number of 

H20 . This dependence of r (NaCl) is qualitatively in good agreement witJJ the 

dependence predicted by ab initio calculations. Although we have to note that the 

determined r(NaCl) of the NaCI- (f-120)8 complex has uncertainty depending on the 

value assumed for LONaCI, JL is slill possible to conclude u:om Fig. 3.11 thal 

r(NaCl) of the NaCl-(l-120)3 conlplex exc eels the re~,;ion of r(NaCl) predicted lor the 

contact ion pair state in the silllulations of Smith and Dang [13]. 
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CI-LoJ'TER 3. 1ICROWAVE SPECTROSCOPY OF NaCl-(I-120). 

Table 3.2 The moJecuJar constants of the NaCl-(l'I,O), complexes 

Na35Cl-(H,0)2 Na37CJ-(H,O), ab initiod 

A IMRz 4316.6230(7)
8 4178.0294(47) 4224.0346 

B /MHz 2773.4123(19) 2773.4 4 54 (138) 2739.6711 

c /MHz 1698.8422(9) 1676.9485(66) 1661.8258 

Ll; /kHz 2.35(11) 1.59(65) 

Ll;K /kHz -4.88(26) -2.41(210) 

LlK /kHz 15.38 (16) 15.38 b 

6; /kHz 0.7 9(48) OA45(275) 

OK / kHz 3 44(43) 3.44b 

x •• (Na) /MHz -4. 346(14) -4 .34G(23) -4.5149 

x,,(Na) /JviHz -0.247(16) -0.243(21) -0.0090 

x)Na) IMRz 4 592(16) 4.589(21) 4.5239 

x~(CI) I MHz -4 704(14) -3 738(23) -3.7799 

x .. (cJ) /MHz -0.0971(183) -0.0236(268) -0.1859 

x)CJ) IMHz 4.801(18) 3.762(27) 3.9658 

Ll ' /uA2 -1.81 58(3) -1.8135(22) 

r.m.s /kHz 5.58 5.80 

' The figures in parentheses are one standard deviatjon in units of the last significant 

figure. 

hThis value is fixed. 

' Ll = 1, -I,- l b 

dour ab initio calculation using the MP2/6-3llG(2d,p) method for Na3°C1-(H20 )2 

Table 3.3 The molecuJar constants of the NaCl-0-:120)3 complexes 

Na35Cl-Q.:r20)3 Na37Cl-(l-!,O)s ab initiod 

B IMHz 1878.4716(9/ 1845.6714(7) 1838.5796 

D; /kHz 3.0303(775) 2.8803(374) 

D;K /kHz -4.1478(2450) -3.9256(1019) 

eQq(Na) /MHz 2.6457(123) 2.6510(172) 

eQq(Cl) /MHz 1.5487(244) 1.2727(367) 

r.m.s I kl-J.z 6.59 6.35 

• The figures in parentheses are one standard deviation in units of the 

last significant figure . 

3.1724 

1.5218 

dour ab initio calculation using the MP2/6- 3UG(2d,p) method for Na3°Cl-(l-:l20)8 
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CHAPTER 3. MJCROWAVE SPECTROSCOPY OF NaCl-(H20)n 

Table 3.4 The r,-coordina tes of each atom in the NaCl-H20 complexes 

Ia I lbl lei 
Cl 1.308(7). 0.222(7) ob 

H(in-plane) 0.761(22) 1.189(22) 0 070(22) 

H(out-of-plane) 2132(18) 1.676(18) 0.199(18) 

• The figures in parentheses are on.e st.<mdard deviation in units of the 

last significant figure. 

bThis value is fixed at 0. 
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CHAPTER 3. MicROWAVE S PECI'ROSCOPY OF NaCl-(H20)0 

Table 3.6 The observed and calculated nuclear quadrupole coupling 

constants of Na and Cl in the Na3"Cl-H,O complexes (i n MHz) 

obs. calc. 

xo X' x• 
x,,(Na) -3.380(21)' -2.941(100) -3.353(114) -3.514(11 9) 

A;,b(Na) -0 413(33) 0.107(97) -1.032(936) -1.842(1670) 

X.,(Na) 3.792(33) 2.835(3) 4.385(5) 5.356(6) 

x,.(Cl) -1.634(23) -2.929(104) -2 724(97) -2.478(88) 

A;,b(Cl) -2 .298(33) 0.106(97) -0.165(151) -0.375(343) 

X.,(Cl) 3.932(33) 2.823(3) 2.889(3) 3.119(3) 

• The figures in parentheses are one standard deviation in units of the 

last significant figure. 

Table 3.7 Nuclear quad rupole coupling constants of 
36Cl in a few typical molecules 

Molecule eQq 

C! -109.6 (-eQq31 .;J 

F Cl -146 

I CJ -82.5 

CH3Cl -74.8 

CLCN -83.3 

HCJ -68.0 

TJCl -15.8 

NaCJ -5.6 

CJ- (ionic) 0 
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14223.4 

CHAPTER 3. MICROWAVE S PECTROSCOPY OF NaCl-{l-!20)0 

400 shots 

noise 

1 

14224.2 

frequency I MHz 

14225.0 

Fig. 3.2 The observed spectrum ofJ = 202 - 101 of the Na35CJ-H20 complex. The sticks 

represent the hyperfine splitting pattern calculated from the determined molecular 

constants by the least -squares fitting . 
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11222.8821 

CHAPTER 3. MJCROWAVE SPECTROSCOPY OF NaCJ-(H,O)n 

7000 shots 

noise 

\ 

11223.6821 

Frequency I MHz 

11224.4821 

Fig. 3.3 The observed spectrum ofJ = 3o3 - 212 of the Na35ct-(H20h complex. 

The sticks represent the calculated frequencies. 
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CHAPTER 3. MICROWAVE SPECTROSCOPY OF NaCJ--(H20), 

Spectrum of Na35CI -(H20) 3 J = 3 - 2 

(a)Obs. 7500 shots 

(b)Calc. 

11270.0855 11270.4855 

Frequency I MHz 

11270.8855 

Fig. 3.4 The observed spectrum ofJ = 3-2 of the Na35Cl-(H20)3 complex. (a) observed 

spectrum. (b) calculated spectrum; sticks represent the calculated transition frequencies and its 
intensity without considering the nuclear spin statistical weight. The simulated spectrum was 
obtained by Fourier-transforming the synthesized time domain signal by using Eq. (2.A2.1). 
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CHAP'!'ER 3. MICROWAVE S PECTROSCOPY OF NaCI-(H.O)n 

The Structure of the NaCI-H20 Complex 

a 

Fig. 3.5 The structure of the NaCI-~0 complex (structure I), assuming the planarity. 

Circles represent the ion radii around the NaCI and the vdW radii of the H20 molecule. 
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CHAPTER 3. MICROWAVE SPECTROSCOPY OF NaCI-(H20)n 

The Structure of the NaCI-(H20)2 Complex 

,__ __ H __ -.~. 

o.9o A/ 
~ ,' sso H 

Fig. 3.6 The structure of the NaCl-(H20)z complex. The numbers without errors were 

fixed at the values of the NaCl-H20 complex in the fitting procedure. 
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CHA!"rER 3. M icROWAVE SPECTROSCOPY OF NaCJ--(H20),. 

The Structure of the NaCI-(H20)3 Complex 

Fig. 3.7 A part of the structure of the NaCl-(H20h complex. The remainding H20 

molecules attach symmetrically around NaCI. The arrow represents one of the principal 
axes of the complex. All parameters except for r(NaCl) are fixed in the fitting procedure. 
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CIL>..P'PER 3. MICROWAVE SPECJ'ROSCOPY OF NaCI--{f-120)0 

b 

(a) 

b 

(b) b 

Fig. 3.8 Coordinate systems used in the electrostatic interaction model. The C, iJ. are 
the charge, and the dipole moment of the constituent molecule in the complex. 
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CHAPTER 3. MICROWAVE S PECTROSCOPY OF NaCl--(H20)n 

The dependence of r(NaCI) on number of H20 

.--. 
() 

I 

ct:l z -

3.00 

2.80 

,__ 2.60 

2.40 

0 1 

0 this wo rk 

D Woon and Dunning, Jr. 

6 CCSD(T}/6-311G 

3 

Fig. 3.11 The dependence of the distance r(NaCI) on the number of HzO. The circle, 

square, and triangle represent the distance between Na and Cl determined by the microwave 
experiments (this work), the ab initio calculation of Woon and Dunning, Jr. (Ref. [3]), and 
our ah initio calculation using CCSD(T)/6-3110 method, respectively. The shaded region 
represnets the distance of CIP suggested by Smith and Dang (Ref. [13]). 



CHAPTER 3. MICROWAVE SPECTROSCOPY OF NaCI-(H20)n 

Appendix I. 

The observed and calculated transitions of the NaCI-0-120). complexes 

'l'he transitions used in the fitting procedures are listed in the following 

tables. The transitions affected by the interference effect discussed in Chapter 2 

are not listed in the tables. Tbe1·efore some lines, especially those for bigh-J 

transitions, with rela tive ly strong intensities, which He close to thei!· center 

frequencies, are not listed. 

Na55Cl-H20 Table 3.Al.l 

Na5' Cl-H20 3.Al.2 

Na56CI-DHO 3.Al.3 

Na55Cl-HDO 3.Al.4 

Na55Cl-0-J,0)2 3.Al.5 

N a 57 Cl-0-J,O), 3.Al.6 

N a 55Cl-(H20)a 3.Al.7 

N a37Cl-(l-I,O)s 3.Al.8 
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CB.Wl'ER 3. MICROWAYE SPECTROSCOPY OF NaCJ-o-I,O)n 

Table 3.A l.3 The observed frequencies of the Na35Cl-HDO complex used 

in the fitting procedure (in MH z) 

J ' K,' 1<.,' -]" Kall Ke_n obs.• calc. obs. - calc. 

1 0 1 0 0 0 6913.1360 6913.1323 .0037 
2 0 2 1 0 1 13658.0356 13658.0406 -.0050 
2 I 2 1 1 12633.3245 12633.3221 .0024 
2 1 1 1 1 0 15018.9692 15018.9692 .0000 
3 0 3 2 0 2 20087.6012 20087.5993 .0019 
3 l 3 2 1 2 18851.2949 18851.2958 -.0009 
1 1 1 0 0 0 12621.8630 12621.8616 .0014 
2 2 1 0 1 18342.0499 18342.0513 -.0014 

' These frequencies were obtained by a comparison with the hyperf'me 

pattern of the Na36Cl-H20 complex 

Table 3.Al.4 The observed frequencie of the Na36Cl-DHO complex used 

in the fitting procedure (in MHz) 

] ' K,' 1<.,' -]" Ka" l<..c.n obs. • calc. obs.- calc. 

1 0 1 0 0 0 7141.1703 7141.1650 -.0053 
2 0 2 1 0 1 14103.4066 14103.4159 .0093 
2 1 2 I 1 1 13039.2665 13039.2607 -.0058 
2 1 1 1 1 0 15525.1782 15525.1781 -.0001 
3 0 3 2 0 2 20731.0745 20731.0709 -.0036 
3 3 2 1 2 19454.0197 19454.0214 .0017 
1 1 0 0 0 12953.7309 12953.7270 -.0039 
2 1 2 0 1 18851.8270 18851.8310 .0040 

' These frequencies were obtained by a comparison with the hyperfine 

pattern of the Na35C!-H20 complex 
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CHAPTER 3. MICROWAVE SPECTROSCOPY OF NaCI--(H20)n 

Table 3.Al. 7 The observed frequencies of the Na36Gl-(H20)8 complex 

used in the fitting procedure (in MHz) 

]' K' n' F' J" K'' n" F'' obs. calc. obs,- calc. 
2 0 3 5 0 3 4 7513.699 7513.700 -0.001 
2 0 3 4 1 0 3 3 7513.626 7513.623 0.003 
2 0 1 3 1 0 3 3 7512.975 7512.980 -0.006 
2 0 0 2 1 0 3 3 7512.459 7512.452 0.007 
2 0 3 3 1 0 3 2 7513.995 7513.997 -0.002 
2 0 1 1 1 0 3 2 7512.626 7512.628 -0.002 
2 1 3 5 1 3 4 7513.552 7513.552 0.000 
2 3 4 3 4 7513.928 7513.942 -0.015 
2 3 4 2 3 7514.373 7514.371 0.002 
2 2 4 1 3 3 7513 .777 7513.782 -0.004 
2 3 3 1 2 3 7514.436 7514.436 0.000 
2 3 3 1 1 2 7514.319 7514.315 0.004 
2 2 2 1 1 2 7514.019 7514.009 0.010 
2 l 1 1 1 1 3 2 7513.033 7513.035 -0.002 
3 0 3 6 2 0 3 5 11270.463 11270.452 0.012 
3 1 3 6 2 1 3 5 11270.409 11270.414 -0.005 
3 l 3 5 2 1 3 4 11270.572 11270.580 -0.008 
3 2 3 6 2 2 3 5 11270.305 11270.302 0.003 
3 2 3 3 2 2 3 2 11269.915 11269.912 0.003 
3 2 2 3 2 2 2 2 11270.119 11270.118 0.002 
3 2 1 2 2 2 1 1 11271.088 11271.059 0.029 
3 2 3 1 2 2 3 1 11269.843 11269.845 -0.002 
4 1 3 7 3 1 3 6 15026.974 15026.965 0.009 
4 1 3 6 3 1 3 5 15027.017 15027.020 -0.002 
4 1 2 6 3 1 2 5 15027.017 15027.015 0.002 
4 1 3 5 3 1 3 4 15027.066 15027.088 -0.022 
4 1 2 4 3 1 2 3 15027.109 15027.140 -0.032 
4 2 2 5 3 2 2 4 15027.153 15027.154 -0.001 
4 3 2 6 3 3 2 5 15027.662 15027.666 -0.004 
4 3 1 5 3 3 1 4 15027.875 15027.872 0.003 
4 3 1 4 3 3 1 3 15027.494 15027.494 0.000 
4 3 0 4 3 3 0 3 15027.797 15027.796 0.000 
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CI-L<\P'I'ER 3 . MICROWAVE SPECTROSCOPY OF NaCl- 0-1.,0)0 

Table 3.Al.8 The observed frequencies of the Na57Cl-(H20)s complex 

used in the fitting procedure (in MHz) 

.!' K ' n' F J'' K'' n" F' obs. calc. obs.- calc. 

2 0 3 5 0 3 4 7382.510 7382.509 00010 
2 0 2 4 1 0 2 3 7382.572 7382.573 -0.0012 
2 1 3 5 3 4 7382.377 7382.371 0.0063 
2 1 3 4 3 4 7382.745 7382.747 -0.0022 
2 1 2 4 1 1 3 3 7382.572 7382.568 0.0034 
3 1 3 6 2 1 3 5 ll073.636 11073.636 0.0003 
3 1 3 5 2 1 3 4 11073.805 11073.800 0.0044 
3 2 3 6 2 2 3 5 11073.537 11073.531 0.0059 
3 2 2 5 2 2 2 4 11074.284 11074.283 0.0004 
3 2 1 4 2 2 1 3 11074.389 11074.392 -0.0031 
3 2 3 3 2 2 3 2 11073.128 11073.129 -0.0004 
3 2 0 3 2 2 0 2 11074.348 11074.359 -0.0112 
3 2 1 2 2 2 1 1 11074.254 11074.259 -0.0048 
4 1 3 7 3 1 3 6 14764.610 14764.607 0.0030 
4 2 3 7 3 2 3 6 14764.610 14764·.617 -0.0065 
4 3 2 6 3 3 2 5 14765.289 14765.287 0.0011 
4 3 1 5 3 3 1 4 14765.473 14765.460 0.0131 
4 3 3 4 3 3 3 3 14764.360 14764.369 -00084 
4 3 0 4 3 3 0 3 14765.395 14765.395 0.0003 
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C HAPTER 3. MICROWAVE SPECTRa COPY OF NaCl-{H20)0 

Appendix]!. 

The calculation of the electric field gradient using the electrostatic model 

Now we consider that there is a charge with magnitude Cat the origin in the 

coordinate system as shown in Fig. 3.8. The electric field at the point (r, 6) arising 

from the charge is written as the stun of following two components, 

c . () E, - 2 sm , 
r 

and 

As we can relate the variables (a , b)to (r , 6) as following equations, 

(a ,b)-(rsinB,rcosB). 

(3 A2.1) 

(3.A2.2) 

(3 .A2.3) 

Therefore , we can calculate the electric field gradients at the point (r, B) as follows, 

aE. _ aE • . ~+ aE •. ae 
aa ar aa aB aa 

c 28 - 3 (3cos - 2) 
r 

and, similarly, 

aEb _ aEb .~+ aEb .ae 
ab ar ab aB ab 

c ( 2 ~ - - 3cos B -1) 
' 3 

(3 .A2.4) 

(3 .A2.5) 

Next we consider that there is a dipole moment with magnitude 1.1. at the 

origin in the coordinate system as shown in Fig. 3.8. The electric field at the point 

(r, 6) arising from the dipole moment is written as the sum of following two 

components, 

and 

2p 
E, ~ 3 cosB , 

r 
(3.A2 .6) 
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I' . Ll £ 8 - 3 smu , 
r 

CHAPTER 3. l\1J.CROWA\'E S PEC'l'ROSCOP'I' OF NaCl-(1-1 20), 

(3 .A2.7) 

where E, and £ 8 r epresent the radi al part and the angular part of the electric field, 

re pectively. Therefore, the partial differentials of two components of the electric 

field on the variables, r and 8, are written as follows, 

aE, -- 611 cosO aE, - - 21' sin 8 aE. = - 31' sin B, and 
ar r 4 • ae r 3 

• ilr r 4 
aE. - LcosB. 
ae r 3 

(3.A2.8) 

As the angle between the direction of component E, and b-axis is (8 - a) , the 

projections along a- and b-axis at the point (r, 8) are written as follows, 

E, = E, sin(8 - a)+ E8 cos(B -a) , (3 .A2.9) 

Eb = E, cos(B- a) -E8 sin(B- a) . (3.A2.10) 

As we can relate the variables (a, b)to (r, 8) as following equations, 

and 

a 
tan(B- a) = b , 

we obtain the following relations, 

(3.A2.11) 

(3.A2.12) 

~ = sin(B-a), ~=cos(B-a) aB _ cos(8-a) and a8 = sin(8-a) 
aa ab . aa r • ilb r . 

(3.A2.13) 

Therefore, we can calculate the electric field gradients at the point (r, 8) as follows, 

aE, = aE, -~ + aE • . a8 
ila ar ila ae aa 

= -
3~ [cosB{3sin 2 (8- a) -1}+ sin Bsin 2(8- a)] ' 
r 

and, similarly, 

aEb = aEb -~+ aEb. ae 
ab ilr ab ae ab 

= -
3~' [cose{3cos2 (B - a) -1}- sin B sin 2(0- a)] 
r 
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(3 A2. 14) 

(3 .A2.15) 
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