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PREFACE

This thesis describes two different subjects - electronic transitions

and intermolecular forces - that are related mainly by the following ob-

servation: The wavenumber at which an electronic transition in an atom

or molecule occurs, depends on the environment of that atom or molecule.

This implies, for instance, that when a molecule becomes solvated its ab-

sorption spectrum may be shifted either to the blue or to the red side of

the original gasphase spectrum. For a long time these spectral shifts

have been explained with the help of dielectric theories, all inherently

based on a multipole-(induced) multipole approximation for the solute-

solvent interaction. This explanation may be correct when this interac-

tion is weak, but fails completely when there are strong nearest neigh-

bour interactions. An example of such a relatively strong interaction be-

tween molecules in the electronic ground state is the formation of the

hydrogen bond. For molecules in excited states we expect even stronger

interactions, especially when the electronic charge distribution becomes

more diffuse, i.e. more extended in space. This situation is found in so-

called molecular Rydberg states, observed spectroscopically in the vacuum

ultraviolet (VUV) region.

In part I we pay attention to the experimental aspects of VUV spec-

troscopy, both in the gasphase and in the condensed phase. In part II we

present a series of papers dealing with the calculation of intermolecular

forces (and some related topics) both for the ground state and for the

excited state interactions, using different non-empirical methods. The

calculations provide, among other results, a semiquantitative interpreta-

tion of the spectral blue shifts encountered in our experiments.
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INTRODUCTION

Electronic spectra have been used extensively both for qualitative and

quantitative analysis. In the gasphase the spectra often show a large

amount of structure, which gives information on the geometry of the ground

state of the molecule (in the case of emission spectra) or of the excited

state (in the case of absorption spectra). In the condensed phase, the

interaction between the absorbing molecule and its neighbours, which may

either absorb as well or may be just non absorbing solvent molecules,

generally completely destroys the finer details of the spectra. The re-

maining broad bands are therefore predominantly used in quantitative

analysis, although the position of the band maximum may give relevant

structural information.

In the study of the behaviour of polyelectrolytes in solution,ultra-

violet spectroscopy has been one of the most important tools for deter-

mining the amounts of charged and uncharged macromolecules and for

analysing the binding between polyelectrolytes and other ions of snul i

and intermediate size. Among the synthetic polyacids polymethacrylic icid

(PMA) has received most attention since it shows an interesting confor-

mational transition when the macromolecule becomes charged through the

addition of a strong base to an acidic solution [1,2]. The absorption

spectrum of PMA is closely related to that of the subunit, a short ali-

fatic carboxylic acid. For instance, the absorption spectrum of gas-

phase acetic acid shows a characteristic first band at 47000 cm with

an extinction coefficient e of approximately 37 [3]. This band is as-

sociated with the carbonyl n ->• IT transition. A second band is observed

at 57000 cm"1 with e = 2500 [3], and is believed to be associated with

the carbonyl n -»• 3s transition [4]. In an acetic acid solution the first

transition is found at 49000 cm" , the extinction coefficient in solution

is the same as in the gasphase. At the end of the sixties the second band

of acetic acid had not been observed in solution, since the expected wave-

length of the transition was well outside the range of UV solution spec-

troscopy. In a PMA solution the n -*• -n transition of the acid form is

We use decadic extinction coefficients throughout. The unit is ! mol cm .
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found at 47000 cm . In the gasphase the anionic form of acetic acid has

never been observed. The absorption of an acetate or an alkaline PMA

solution is continuously increasing with wavenumber in the 40000-50000

cm region.

It was considered worthwhile to extend the range of solution spectro-

scopy into the so-called vacuum ultraviolet (VUV) region. The main argu-

ments were the expected much higher extinction coefficient also for the

second transition of the polyacid, making it possible to deal with less

concentrated solutions, and the possibility to measure the first allowed

transition of the polyanions as well. The design of the spectrometer is

discussed in the first chapter of this thesis.

With our new equipment the recording of gasphase rpectra is relatively

easy. In order to test the experimental set-up we have measured the VUV

absorption spectra of a whole series of alcohols, ethers and amines. These

spectra also give new information on the higher excited states of small

molecules. For methanol we were able to record the spectra of deuterated

species as well. This is of great help in the otherwise rather speculative

assignment of the many bands observed. We will discuss the methanol ab-

sorption spectrum in the gasphase in some detail in chapter i.

At the time the spectrometer was designed, the extinction coefficient

of the solvent 1^0 was only known below 59000 cm"' (above 170J A) [5].

It appeared later that above 59000 cm" the extinction coefficient of

liquid HjO still increases by two orders of magnitude before a maximum

is reached around 69000 cm (1450 A). This is quite unexpected since

the gasphase maximum is at 60000 cm"1 (1665 A). Moreover, the high water

extinction coefficient causes considerable problems when studying aqueous

solutions. At first it necessitates the use of very thin liquid cells

(a layer of 0.01 nm at 67000 cm" gives already an absorption of 0.1).

Secondly, the H^O solvent absorption may easily overshadow the absorption

of the solute, unless the solute concentration is extremely high. In or-

der to determine the lower wavelength limit of solution spectroscopy we

made some preliminary experiments using for convenience acetic acid

rather than a weak polyacid. We found that with the present set-up accu-

rate measurements in solutions could not be performed above 60000 cm

At this wavelength the absorption of both acid and anion is still in-

creasing (see chapter 1). In view of this result we decided to abandon the
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measurements of polyelectrolyte solutions.

The unexpectedly large blue shift of the water spectrum, that we ob-

served when going from the gasphase to the liquid, gave rise to a search

for similar blue shifts in the pure solid and in the solid solution phase.

For these low temperature measurements the spectrometer was somewhat mo-

dified in order to accomodate for a variable temperature cryostat. The

matrix isolation technique, that has been applied extensively in IR stu-

dies of associating species [6], was used for the solid solution measure-

ments with argon as a solvent. A recent review of many aspects of this

method is given in ref. [7]. The idea behind it is the expectation that

the blue shift upon condensation must be related in some respect to the

occurr3nce of hydrogen bonds between the ground state water molecules.

These bonds break or the molecules repel after optical excitation. By di-

luting the water molecules with increasing amounts of inert, nonabsorbing

molecules or atoms, finally all hydrogen bonds should disappear. We

might expect that under these conditions the absorption spectrum will

shift gradually from the spectrum of the pure solid phase, which closely

resembles that of the pure liquid, to the gasphase spectrum. In practice

the gasphase spectrum was not recovered at high dilution. In chapter 2

we describe our measurements of the VUV absorption spectra of water in

gas and liquid phase, in ice at various temperatures and of water in

argon matrices. Theoretical considerations worked out in detail in chap-

ter 2 of the second part of this thesis [8] enabled us to find a consis-

tent explanation of our observations.
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CHAPTER 1

DESIGN AND CONSTRUCTION OF A VACUUM ULTRAVIOLET SPECTROMETER;SOME

PRELIMINARY MEASUREMENTS IN THE GAS AND LIQUID PHASE.

1. Introduction.

The construction of a spectrometer suitable for solution measurements in

the 30000-85000 cm" (1200-3000 R) region constitutes the first part of

the research reported in this chapter. Although as much as possible stan-

dard components were used, the assembly is not trivial [I]. Ordinary air

becomes effectively opaque at wavenumbers above 51000 cm , due to absorp-
3 - 3 -

tion of oxygen (the so-called Schumann-Runge E -* £ bands [2]). In a few

commercial spectrometers provisions have been made to replace most of the

air by nitrogen. This extends the region where spectra can be observed to

57000 cm . Above 57000 cm purging with nitrogen is no longer effective

and also the intensity of the commonly used continuous H_ gas discharge
_] z

drops. Above 60000 cm the continuum of H_ goes over into a many line

spectrum. The ordinary suprasil (synthetic quartz) windows loose their

transparency around 59000 cm . Measurements above 59000 cm thus require

operation in vacuum, reflectance or fluoride optics and noble gas dis-

charges as light sources.

Since in the vacuum ultraviolet (VUV) the extinction coefficient of many

materials increases steeply with increasing wavenumber, the pathlength of

liquid and solid samples has to be reduced continuously, often below 1 pm.

The construction of a variable pathlength liquid cell suitable for work

under vacuum conditions is also described in this chapter.

The two final sections give an account of measurements in the gasphase

(methanol and deuterated methanol in the 50000-80000 cm region) and in

the liquid solution phase (acetic acid solutions of different degrees of

neutralization in the 50000-60000 cm region).

I
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2. The optical components.

The spectrometer essentially consists of a series of interconnected

vacuum tight boxes (see figure 1). The first box accomodates the 4 light

sources. With the help of the cylindrical mirror Ml (radius of curvature

550 mm) the light of either the hydrogen gas discharge SI (a 150 Watt water

cooled Nes ter type lamp with a LiF window) or one of the noble gas dis-

charges S2-S4 can be concentrated on the monochromator entrance slit Sll.

The noble gas discharges are generated in 25 cm long, 1 cm o.d. pyrex

tubes,filled with 180 torr high purity xenon, krypton or argon gas and are

equipped with LiF windows. The necessary electric field is created in a

microwave cavity (C). In this way the use of electrodes inside the dis-

charge tube, responsible for inconvenient emission lines, can be avoided.

The H_ lamp can be used up to 60000 cm . The Xe, Kr and Ar lamps span the
-1 -1 -1

56500-64500 cm , 63500-72500 cm and 70000-82000 cm regions respectively.

The second box is formed by the monochromator (Jarell-Ash Company,

type no-84211). The only optical element in this monochromator is a
2

curved grating (38x38 mm , 1180 lines per mm, radius of curvature 500 mm

and blazed at 1500 % (66700 cm~ )).In this so called Robin mount [3], the

entrance and exit slits have fixed positions. They are kept on the Rowland

[4] circle by translating the grating somewhat while it rotates. A

mechanism of two linked arms, Al connected to the grating holder and A2

connected to the sine drive, takes care of this complicated movement. The

width of the entrance slit (Sll) and of the exit slit (S12) are simul-

taneously controlled in the 5-2500 pm range. The height of the slits is

adjustable from 2 to 20 mm. The resolution of the monchromator with 10 ym,

2 mm slits is better than 3 cm" at 40000 cm" and 15 cm" at 80000 cm" .

The third box contains the beam splitter/chopper. The beam splitter/

chopper is formed by a rotating spheroidal mirror M2 (radius of curvature

250 mm, diameter 80 mm). Two opposite quadrants of this mirror have been

sawed away, so on the average half of the light is reflected and the other

half is transmitted.The monochromatic light beam hits the rotating mirror

under an angle of 45°.The position of the mirror is chosen such that an

image of the grating is obtained approximately 50 mm outside the beam-

splitter box. The mirror is placed within a ball bearing and is rotated

at a speed between 15 and 30 rpm by an electric motor to which it is con-

nected via a belt. The other mirror in the box, M3, has also a radius of

19



curvature of 250 mm, but is fixed and has a diameter of 50 mm. M3 reflects,

also under a 45 angle of incidence, light that passes the rotating sector

mirror M2. The grating image is now at a somewhat further distance from the

mirror. The two reflected beams leave the box via two viewing holes that

are covered with MgF windows Wl and W2. A third opening is provided on the

continuation of the optical axis, but is normally closed by a vacuum

flange F.

On the ext. rior of Wl and W2 two identical cell compartments -Sa and Re-

can be mounted. The dimensions of these compartments are so large that they

can hold cylindrical gas cells up to 15 cm long and also the thin layer

liquid cell ( see section 5). The size of the beam in the compartment is

nowhere larger than 18 mm in diameter as long as the slit height is smaller

than 8 mm. At the position of the grating image (the most suitable position

for the thin layer in the liquid cell) the size of the beam is smaller than

6 mm. The rear of the compartments is closed with quartz windows onto which

a thin layer of sodium salicylate has been sprayed. The saiicylate serves

as a frequency s'.iifter and the quartz as support and vacuum seal. Outside

the vacuum the photomultipliers PM1 and PM2 (both EMI 6255 S) are fitted

as close as possible to the windows, in order to collect most of the sali-

cylate fluorescence. The quantum efficiency of the shifter is estimated to

be between 0.5 and 1.0 [5]. The salicylate was deposited on the window

from a saturated solution in ethanol with the help of a pharmaceutical spray

gun. The best performance was found with an average layer thickness corres-
_2

ponding to 2 mg cm (as determined by weight).

A cryostat (see next chapter) can be fitted in place of the sample

compartment Sa. The reference compartment then has to be removed in order

to make space. The reference beam can now be detected by replacing the

flange F by a sodium salicylate coated window and by mounting the photo-

multiplier PM2 behind it. Of course the mirror M3 has to be removed and the

window W2 has to be covered.

The beam splitter/chopper box and the cell compartments have been con-

structed in our laboratory according to our specifications. The mirrors

were made by 'de Telescoop' (Delft).They all have a glass support onto

which a thin layer of aluminium was evaporated. In order to prevent ageing

due to oxidation, the mirror surfaces were coated with a 200 A MgF layer

immediately after creation.

f
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3. Electronics.

The microwave power, needed for the noble gas discharge cavity, is gene-

rated by a commercial 200 Watt, 2.45 GHz magnetron (Philips 7090). Although

this magnetron is usually operated in a rather crude way in ovens or dia-

thermy units with an AC voltage, it can also work in a very stable fashion

when fed with current stabilized 1650 V DC power. For this purpose we use

a modified HVV 2500/500 power supply. Generally the input power to the

magnetron is 165 Watt. Microwave output is estimated to be 100 Watt in thai;

case. The magnetron filament is fed with 4.8 V AC from an insulating trans-

former (the magnetron body is the anode). The magnetron is mounted on a
2

0.1 m aluminium support and cooled by convection. The life time of a mag-

netron under these conditions is over 1000 hours. The microwave cavities

were obtained from Jarell-Ash. During operation they require cooling by

filtered air. The stability of the light sources is very good on short term,

on long term they show some drift ( 10 % hr after warming up).

The beam splitter mirror is driven by a Siemens electric motor (1AD50).

The Hall devices in this motor enable a highly accurate speed control

(stability better than 0.05 % ) . The motor is placed inside the beam

splitter/chopper box, the regulating electronics are kept outside the

vacuum.

The two photomultiplier tubes -for sample and reference beam- do not

have completely the same cathode sensitivity,since they have been selected

only for an equally low signal to noisu ratio. So one photomultiplier

is fed directly from a stabilized power supply (at approximately 1000 V)

and the other via a regulated network of highly stable resistors and

Zener diodes. In this way the two photomultipliers can be set to give the

same output signal for the same amount of incident light.

The signals at the photomultiplier anodes are transferred directly into

the low impedance inputs of .two identical low noise amplifiers (Brookdeal

LA 450). The last dynodes are at earth potential and the cathodes at the

negative high voltage. Since the photomultipliers are outside the vacuum

this gives no problems of sparking. The amplified and filtered (with a

small band pass around the chopper frequency)signals are send into Lock-In

amplifiers (Brookdeal LA 411). Integration times were generally between

1 and 10 seconds. In order to obtain information on the phase of the signals

metal slave sectors were sealed on the rearside of the rotating mirror. A
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100 kHz signal is emitted by a coil mounted at one side of the sectors,

a second coil, mounted at the other side, picks this signal up only if it

is not interrupted by one of tne sectors. After rectification of the 100

kHz signal a block wave remains that is exactly in-phase (out-of-phase)

with the reflected (transmitted) light beam. Phase adjustment for the Lock-

In amplifiers is obtained with two separate phase shifters (Brookdeal

LA 421).

The DC output signals of the two Lock-In amplifiers are digitized by

two digital voltmeters (Solartron LA 1450) and are stored on paper tape

with a teletype for further processing on the central computing facility.

The sampling is controlled by the clock of a Solartron Data Transfer Unit.

Since the wavelength drive of the monochromator is linear in time, it is

sufficient to know the starting wavelength,scan speed and sampling rate in

order to know the wavelength of each point measured. The DC output signals

are also fed via ratio electronics into an y-t recorder for visual display

of the transmission spectrum.

4. The vacuum system.

The main vacuum system consists of a 600 1 s oil diffusion pump

(Edwards E04) roughed by a single stage 150 1 min rotary pump (Edwards

ES 150). In order to prevent rotary pump oil vapour from reaching the

optics a 11 bulb filled with an absorber (Molecular Sieve I3X) is placed

in the roughing line. A (Edwards) thermo electrically cooled chevron

baffle is mounted directly on top of the diffusion pump,followed by a

quarter swing butterfly valve. An additional 4" slide valve (VAT) and a

liquid nitrogen filled cold trap are fitted between the pumping outlet in

the bottom of the monochromator and the main pump line. The rather small

light source housing is evacuated via the monochromator entrance slit. For
ii

thorough evacuation of the much larger beam splitter box a separate 1

shunt to the monochromator is provided. Pressure measurements were made with

(Edwards) ionization and Penning gauges. The pressure is always below 10

close to the grating and 10 torr in the beam splitter housing. The low

pressures are not only important to avoid the short wavelength^, light by

remaining air, but also to avoid contamination of the grating and mirror

surfaces by organic materials that are easily decomposed by the rather

intense VUV light.
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The sample compartments have to be opened frequently and are therefore

evacuated by means of a separate pumping unit, consisting of a 3001s oil

diffusion pump (Edwards E02), roughed by a two stage 200 1 min rotary

pump (Edwards ED 200). In order to keep the cell compartments also free of

oil, a liquid nitrogen cooled trap is inserted again.

5. The liquid aell.

The design of this cell had to meet mainly two requirements. The path-

length should be continuously adjustable between 0.5 and 100 pm while keep-

ing the windows parallel within 0.1 pm . It should be possible to allign

the windows without dismantling the cell. Figure 2 gives a cut of the ul-

timate construction. A 3 mm thick MgF„ window with a diameter of 20 mm (1)

is cemented into a stainless steel base (3) and a similar window (2) into

the partially spherical body (4). In between the base and the body is a

teflon covered viton 0-ring. The space inside the O-ring forms the sample

space. The separation between the two windows can be varied since the

body (4) can be raised and lowered with respect to the base (3) by rota-

ting the screw ring (12). The screw thread on the cylinder connected to the

base (3) has 0.98 grooves per mm, the screw thread on the slave cylinder

(9) that moves the body (4) has 1.00 grooves per mm. One whole turn of the

ring (12) therefore results in a displacement of exactly 20 ym of window

(2) with respect to window (1). The body (4) can be tilted in the sup-

porting bronze rings (6) and (7). These rings are secured by screw rings

(8) and (10), thus connecting the body (4) to the slave cylinder (9). The

screw (11) and two additional screws at + 120 regulate the tilt. The outer

mantle (13) and pins (14) and (15) prevent the rotational movement of the

slave cylinder (9) and of the body (4). Proper allignment of the windows

is reached when the interference pattern, that is easily observed when

looking into the cell under a fluorescent lamp,is circular. The distance

between the windows can be measured by recording the internal reflection

as a function of the wavelength in a UV-Visible spectrometer.

The sample liquid is most easily entered in the cell by suction after

evacuation of the sample space via the small channels (16).
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Fig. 2. Cross section of the variaole pathlength liquid cell.
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6. The absorption spectrum of methanol(g) in the 50000-80000 am region.

Methanol has been chosen for our exploring measurements since it could

have an interesting and structured spectrum that resembles the well known

(see next chapter) water spectrum. Furthermore,the methanol spectrum could

form an interesting test object for semi-empirical and ab initio methods of

quantum chemistry. In order to facilitate the interpretation of the spec-

trum, which indeed shows much structure, we have besides CH OH also studied

the deuterated species CH OD, CD OH and CD OD.

The measurements were made in a 38 mm gascell equipped with MgF„ win-

dows.The cell was filled at a small gasfilling station especially designed

for accurate pressure measurements and low loss of chemicals. The vacuum
_3

prior to filling was better than 10 torr. Pressures of the sample ( as

measured with differential mercury and silicon oil manometers) ranged from

1.0 to 150 torr. At these low pressures the spectra are pressure indepen-

dent. The necessity of changing light sources, amplifier settings and gas

pressures in the cell causes the recorded spectrum to be split up into some

20 overlapping sections. For CD OD we give the complete spectrum in figure

3. In table 1 we have summarized the main features for all the four species.

The arrangement of the data already implies a partial interpretation. The

accuracy of the peak positions is estimated to be better than 20 cm

The spectrum starts (at the low wavenumber side) with a broad continuum,

having a maximum (e=125) at 54350 cm" for CH OH and at 54750 cm" for

CH_0D and CD.OD. As in H_0 (see next chapter) (in a molecular orbital pic-

ture) a combination of a n ->3s (short for a transition from a nonbonding

oxygen orbital, perpendicular to the COH plane, to a 3s Rydberg type orbital

on oxygen) and a n-̂ a-.,. (a~u is the molecular orbital that is antibondingU UH Un

for the OH bond) transition is responsible for this broad absorption. The

Rydberg character of the excited state, i.e. a large extension of the elec-

tron density, is demonstrated by the observation that the whole spectrum of

the pure liquid appears to be shifted towards the blue with respect to the

gasphase spectrum.For the liquid we found an extinction coefficient of only

11 at 54350 cm , the wavenumber of the first gasphase maximum. Such a blue

shift or disappearance of a gasphase absorption band in the liquid is com-

mon to all Rydberg transitions [6].

It is well known that the continuum character of the first band in the
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Table 1. Peak positions in the methanol absorption spectrum

(50000 - 80000 am'1).

Continuum(maximum

First discrete
band system

First non fitting
peak

Second discrete
band system

Second non
fitting peak

Third discrete
band system

Third non fitting
peak

Last discrete
band

CH3OH

54350

62300
62860
63360

63100
63500
63600
64100

63900

65700

65140
[66I40la

66660
6714O(19O)b

67610
68140
69140

70500

71800
72300
72800

72520
73240

76600

77750
78800

CH3OD

54750

62350
62900
63400

63150
63220

63690
64230

63950
64750

65700

65160
C66150]a

66294
67140(189)°

67617
68130
69120

70500

71860
72360
72860

72510
73160
73810
74460

76740

77750
78800

CD3OH

62780
63180
63480

63320
63720
64000

64040
63860
64400
64940

66080

65550
[66450la

6695C1
67350(200)

68250
69150

70000

72120
72600
73060

72800
73460
74080
74700

CD3OD

54750

62780
63180
63480

63320
63680
64040

63860
64400
64940

66080

66550
[66450]a

6695Q
(200)
68250

69150

70000

72120
72600
73060

72800
73460
74080
74700

76700

78100
79Ö0Ü

a. very weak

D. progression with intervals of indicated number



H„0 absorption spectrum is caused by the repulsive nature of the upperstate

potential surface leading to dissociation into H and OH (see next chapter).

In methanol it will be the OH bond that breaks due to the anu contribution
OH

rather than the stronger CO or CH bonds. This conclusion is in accordance
with the observed isotope effect. The continuum of CH OD and of CD OD lies

-1
400 cm higher than that of CH,0H. This difference is slightly smaller than

the difference in zero point vibrational energy of the ground state OD and

OH stretching modes (481 cm [7]). Unlike water ,methanol does not show

any observable progression of a bending vibration superimposed on the con-

tinuum.

The second transition manifests itself as a progression in two vibra-

tional modes. In order to give tentative assignments to the vibrational

structure we look at the observed isotope effects and we make comparisons

with the vibrations of the molecules in the electronic ground state. In

doing so, one has to keep in mind that in the ground state only the OH bond

stretch and the torsional motion are nearly pure normal coordinates. Ail

the other interaal coordinates contribute significantly to at least two

normal coordinates [7], Furthermore, in the ground state the four species

have rather different L-matrices (the L-matrix connects normal and internal

coordinates). In the excited states the L-matrices may differ to a large

extent from those of the ground state. Similarities in isotope effects for

ground and excited state have therefore only limited diagnostic value.

The 0-0 (for all modes) peak in the second transition is extremely sharp.

In CH OH the main progression has a 800 cm interval (see table 1) and we

suggest that it is related to a mainly HCH bending vibration ( ;» in the

nomenclature of [7]), which appears in the ground state with a spacing of

1455 cm . Starting at the 0-0 and the 0-1 transitions in the supposed

HCH bending mode, there are anharmonic progressions. The initial spacing

is about 560 cm .It may be related to another methyl bending mode (HCO
' -I

or g in [7]), observed in the ground state at 1034 cm . Since the 0-0

transition has the highest intensity, the equilibrium methyl angles in the

excited state will not differ much from those in the ground state, only the

bending force constants must be significantly lower in the excited state.

Looking at the isotope effects we see that deuteration of the methyl

group influences the position of the 0-0 transition much more than deutera-

tion of the hydroxyl group. This can be understood if we assume indeed that
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in particular the methyl bending force constants are lower in the excited

state than in the ground state. Also, the intervals in the progressions are

very similar for CH_OH and CH~OD, just as for the pair CD OH and CD OD. The

observed DCD bending frequency (540 cm ) is 68 % of the HCH bending fre-

quency (800 cm ). The same ratio is found in the equivalent ground state

vibrations. The DCO ($ ) bending frequency in the excited state is 70 % of

the HCO bending frequency (560 cm ). A somewhat higher ratio is found in

the ground state.

We have not been able to detect in this second band any fine structure

that may be related to the CO stretch vibration that we expect to be nearly

independent of the isotope composition. The shoulder at 63500 cm could

originate from the COH (y in [7]) bending. The features at 63220 cm in

CH 0D and at 64000 cm" in CD OH lend support to this. In CD OD,the COD

bending transition could just be buried under the 63680 cm peak.

The description of the electronic character of the associated excited

state is not completely obvious. The ionization potentials corresponding
ft i i

to the n (2a ), o (7a ) and Q (6a ) molecular orbitals are 88400,
U ^"_i ^^

101780 and 122670 cm respectively [8]. The starting orbital is therefore

presumably still the n orbital. For the upper orbital we may choose between

antibonding a and Rydberg type 3s „ and 3p orbitals. The excited elec-

tronie state involved is probably formed by a mixture trom transitions rrom

n to each of the upper orbitals, with a small contribution of the n -KJ

transition for reasons to be given below.

The next large peak in the CH^OH spectrum is centered around 67140 cm
-1 . . .

Since a 190 cm progression is superimposed on this peak it cannot be

associated with a 0-0 transition. At larger wavenumbers large peaks follow

with 1000 cm intervals between the maxima. We assume that the start of

the associated progression is at the 65140 cm hump, which is still in

the tail of the previous band. The members of the 190 cm progression

observed in the 66660 to 67160 cm interval should then correspond to high-

ly excited vibrational levels. Deuteration of the hydroxyl group shows

little effect, deuteration of the methyl group shifts the band origin 410

cm to the blue, reduces the interval in the main progression to 800 cm

and changes that of the other progression to 200 cm . The 1000 (800) cm

progression may correspond to the HCO(DCO) bending motion. The 190 (200)

cm progression can only be associated with a CO stretching vibration,
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since this is the only motion for which we may expect small isotope effects.

The length of the progression shows that the bond must have been stretched

considerably. This transition is thus best labelled as n-*a -

The next two progressions start at 71800 cm . The main progression has

a 720 cm interval, the secondary 500 cm . In CD,OH and CD„OD the start
-1 -I

is 320 cm higher and the intervals are 680 and 480 cm . Since the isotope

effect is again small, these frequencies should be associated with CO

stretch vibrations. The transition could be characterized by n ->3p , where

the change ir. bond force constant for CO should be much smaller than in the

preceding n ->o transition.

In the 74700-76600 cm region there is strong but structureless absorp-

tion for all 4 species. Apparently a new dissociation channel opens above

9.3 eV. Energetically both CO and CH bond breakage is possible.

The last progression that we have been able to observe starts at 77750

cm"1 (78100 cm"' in CD30D). The vibrational interval is 950 (900) cm"
1

which could again be the CO stretching vibration. The transition may be
labelled n_-s-3d .

0 a ,

Three weak, but persistent features in the 60000 to 80000 cm interval

can not be attributed to any of the previous transitions. The hump at 65700

cm" (at 66080 cm" in CD OH and CD OD ) may be the other combined n ->3s,

n_->oriu transition. The band at 70500 cm seems to have a reverse isotope

effect, since it is found at 70000 cm" in CD»OH and CD OD. This is cnly

possible if a force constant in the excited state is larger than in the

ground state. Such a behaviour has for instance been observed in CH~ [9]

for a transition where the upper orbital is supposed to be the 3s_ orbital.
-1 L

Yet, the assignment of n_-*3sr for the 70500 cm band would be a rather
-1

speculative one. The band at 76600 cm shows again a small isotope effect
(for CD OD it is found at 76700 cm ). Clearly it does not belong to the

-1
progression starting at 77750 cm . It might be another tW>-3d transition.

In retrospect we see that we are able to give tentative assignments

to all bands in a reasonable way. The assignments differ is some respect

from those of Robin [6]. Although Robin has been aware of (hard to trace)

data for deuterated species, he has apparently not used them as extensively

as we have. Robin suggests that the band at 67140 cm should be the com-

panion of the 62280 cm band (both then nQ->-3p ), arguing that the two bands

show great similarity. Closer inspection reveals however that the similarity
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is very superficial and that there is a considerable difference in detail.

In particular in the higher wavenumber band,the larger interval in the main

progression and the additional long 190 cm progression have been disre-

garded completely by Robin. Robin also pays no attention to the absorption

starting at 71800 cm" , just as to the three weak features at 65700, 70500

and 76600 cm . Hopefully accurate ab initio calculations which include

geometry variations can help in finding what is the correct interpreta-

tion of the spectra . Our experience with extensive ab initio MRD CI calcu-

lations [II] demonstrates that an accuracy in the calculated excitation

energies of better than 0.2 eV (still 1600 cm ) is very hard to obtain.

Yet an accuracy of better than 500 cm is clearly desired.

?. The absorption spectrum of acetic acid and sodium acetate in water in the

50000 to 60000 cm" region.

The electronic spectrum of acetic acid is considered typical for ali-

fatic carboxylic acids [12]. In the gasphase it shows in the UV a broad

absorption band centered at 47000 cm and with a maximal extinction coef-

ficient of 37. When acetic acid is dissolved in water (with some HC1O

added in order prevent dissociation) the band appears to be slightly blue

shifted. The maximum now lies at 49000 cm , the extinction coefficient is

unaltered. The transition is generally described as n->ir ,where n is the

nonbonding orbital on the carbonyl oxygen and TT is the antibonding TT

orbital in the carbonyl group. In the gasphase,three more bands appear at

58000,63000 and 67000 cm" with extinction coefficients of 2500,3500 and

5000 respectively [12]. These bands are probably associated with the n->-3s,

n->3p and 7r->7r transitions [6]. For the acetic anion no gasphase data are

available. In the liquid there is a weak but increasing absorption when

going from 45000 to 50000 cm (extinction coefficients at these wavenum-

bers are 20 and 190 respectively). From theory it is expected that most

transitions in the anion are shifted to the red when compared with the acid

[13]. In the acetic acid anion the first , n->n , transition is probably

more rigorously forbidden than in the acid. This explains why this

We consider the ab initio calculations of Wadt and Goddard [10], using

the improved virtual orbital (IVO) method for the description of the ex-

cited states of methanol, too crude to form a sound basis for the assign-

ments .
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transition is not observed below 47000 cm . The UV absorption of the anion

in the 45000 to 50000 cm region is thus the tail of a higher, allowed,

transition in the VUV, for instance the n->3s.

For an acetic acid solution we may expect an absorption band with high

extinction coefficient somewhere to the blue side of 58000 cm . For a

sodium acetate solution a strong band at somewhat lower wavenumber should

be observable. If this is confirmed we have another analytic tool for deter-

mining the degree of dissociation of (poly)carboxylic acids.

The experiments in the V,UV are however complicated by the strong absorp-

tion of the solvent and of other small anions such as NO , OH and Cl ,

that may be present in the solution. For our measurements we thus used

acetic acid solutions of different concentrations and degrees of dissocia-

tion, avoiding the presence of other ions than Na and acetate. The solu-

tions were measured in fixed pathlength cells (5 and 1 mm) below 55500 cm

and in the variable pathlength cell described in section 5 above 55500 cm

The pathlength was adjusted between 100 pm (close to 55500 cm ) and 0.5pm

(in the region above 58500cm ). This is needed because of the continuous-

ly increasing absorption of the solvent (see next chapter). In the recorded

spectrum the absorption is the sum of varying contributions of the acid and

the anion. The concentrations of the two species can be found from the

known total acetic acid concentration, the amount of added sodium hydrox-

ide and the dissociation equilibrium constant. A linear least squares

matrix method was used to extract the two extinction coefficients. Figure 4

shows the results of our measurements. In the same figure we have also

indicated the extinction coefficient of the solvent H„0.It is seen that the

maxima of the two absorption bands have not yet been reached. For measure-

ments above 60000 cm the pathlength should be smaller than 0.5 urn in

order to keep the solvent absorption below I absorbance unit. Furthermore,

the concentration of acetic acid or its anion must be larger than I mole

per liter in such thin cells in order to be still observable. We have not

been able to perform accurate measurements under these circumstances.

Measurements of the absorption spectra of weak polyacids like PAA and

PMA in the VUV region were not very promising. Their relatively low solu-

-1

_2
bility (less than 5 10 mole of carboxylic acid groups per liter for

undissociated PMA) restricts the wave number to a maximum of 57000 cm

The pathlength should then still be about 20 um. The high viscosity,
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however, prevents filling our cell with such a solution. Below 55000
-1 v

cm fixed pathlength cells can be used and in principle the presence of

the anionic form of the polyelectrolyte could be detected. One has to be

careful when performing measurements on the steep slope of the absorption

band. An observed decrease in extinction at say 55000 cm may result as

well from a slight shift to the blue of the whole band, caused for instance

by conformational changes of the polyelectrolyte, as from a real decrease

in anion concentration. Certainly measurements at a number of frequencies

are advisable.

In the liquid solution phase a profitable use of VUV transmission spec-

troscopy is thus mainly hampered by the high extinction coefficient of the

solvent, necessitating the employment of extremely thin solution layers

with high solute concentration. We have set up a computer simulation study

in order to investigate the possibility of VUV solution spectroscopy with

a reflection method [14], It appears that such a method, which completely

circumvents the problems associated with the thin layers, will work if

sufficiently intense polarized monochromatic light is available. Because

good polarizers in the 50000-85000 cm region are hardly transparent and

lasers emitting polarized light in that wavelength region are not yet

available, we have not implemented the reflection method.
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CHAPTER 2

THE 1250-2000 A* ABSORPTION SPECTRUM OF WATER AS A GAS, LIQUID AND SOLID,

AND IN ARGON MATRICES.

1. Intvoduotion.

The gasphase absorption spectrum of water has been known for a long

time. The first accurate values of extinction coefficients in the 1250-

1900 A region were reported by Watanabe and Zelikoff [1]. According to

these authors there is a first broad structureless absorption band which

has a maximum around 1650 A with an extinction coefficient of 1320. A

second absorption is observed as a long progression of diffuse bands ex-

tending from 1411 to 1256 ft.

In the previous chapter we obtained a value of 180 for the extinction

coefficient of the pure liquid at 1650 A, so much lower than in the gas-

phase. It appeared that in the 1750-1900 A wavelength interval the ratio

between gasphase and liquid phase extinction coefficients,e and e , is

more or less constant with values ranging from 760 at 25 C to 108 at

90 C [2]. These ratios have been used to make a quantitative estimate of

the degree of association in the liquid as a function of temperature.

Different extinction coefficients were assigned to water molecules en-

gaged in a different number of hydrogen bonds [2]. In particular ,the

monomeric species in the liquid was attributed the extinction coefficient

of the gasphase. Later, absorption spectra of liquid H„0 at still shorter

wavelengths [3-5], showed that the observed high e /E., ratios are the re-

sult of a 150-200 A shift towards the blue of the liquid water spectrum

relative to the gasphase spectrum. The constancy of the e /e ratios be-

tween 1750 and 1900 A is then just the result of both gas- and liquid phase

In this chapter we identify peakpositions etc. by their wavelength in A

rather than by their wavenumber ii

parison with existing literature.
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extinction coefficients rising exponentially with increasing wavenumber at

the same rate in the wavelength interval considered. It should be noted,

however, that the extinction coefficients published by various authors

agree badly, in particular below 1700 A.

The pure solid, in the form of amorphous ice deposited at 77 K or in

the form of hexagonal ice deposited at 175 K, shows in the 1500-1700 A

region a spectral blue shift that is similar to that of the liquid [6].

Later, Onaka and Takahashi [3] published spectra of ice with temperatures

between 110 and 200 K and extending to lower wavelength. Their results

were somewhat surprising, since it was found that only at temperatures

between 130 and 150 K, the interval where cubic ice is the stable form,

an absorption spectrum similar to that of the liquid is observed.

The scatter in the values for the extinction coefficients of the liquid

and the unclear situation for the solid absorption spectrum stimulated

us to measure the water liquid and solid spectrum again, hopefully with

increased accuracy. Moreover,we decided to extend the temperature range

for the solid spectra down to 20 K.

In the infrared region not only the study of pure water and water in

solution [7] and of amorphous ice [8], but also rare gas matrix isolation

studies [9] had highly contributed to a consistent interpretation of the

liquid and solid structure [10]. Since we were already doing experiments

at low temperatures we have at the same time studied the absorption spec-

tra of H O in an argon matrix at 20 K. By changing the rare gas/absorber

ratio we expected to be able to test the validity of a model where the

hydrogen bond changes its energy upon electronic excitation. Because

the first excited state of the isolated water molecule has at least

partially a Rydberg character, large interactions between the excited

water molecule and the host matrix can show up as matrix blue shifts [II].

We also retneasured the gasphase spectrum, which shows somewhat more

structure than originally reported [1]. This was also observed by Wang

et al. [12],

Accurate quantum chemical calculations are of great help in the inter-

pretation of the spectra. Vertical excitation energies for the isolated

water molecule have been computed many times [13-15], but our knowledge

of the complete 3-dimensional potential energy surfaces is, even for the

lowest excited state, rather incomplete [16,17]. The interaction between

two water molecules in the ground state has been determined frequently
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by various ab initio methods [18]. Until now we [19] are the only ones

that have performed ab initio calculations for the excited water dimer

and for the excited water-neon mixed dimer. We will use the theoretical

results extensively in the later sections of this chapter.

2. Experimental.

The spectrometer that we have used is described extensively in chapter

1 of this thesis. For the measurements of the water vapour absorption

spectrum we used a 38 mm pathlength gascell consisting of a 2 cm i.d.

quartz cylinder with polished LiF windows. The pressure in the cell was

measured with differential mercury and silicon oil manometers and ranged

from 1 to 15 torr. Sample temperature was always 20^1 C.

The liquid sample was measured in various fixed and variable pathlength

cells. The thickest sample in this study had a 55 pm pathlength, the thin-

nest 0.05 ym. The pathlength was determined by measuring the interference

pattern of the empty ceil in the UV and visible region. This method is

accurate when 0.5< d/vim <250. Tae pathlength of the thinner samples

had to be estimated from the matching of overlapping sections of the

absorption spectrum studied with stepwise decreasing pathlengths. As

usual the cell was filled by suction after evacuation. This procedure

avoids contamination of the liquid sample with oxygen.

For the scudy of the solid samples we used a modified continuous flow

type cryostc.t (Oxford,CF100). The original outside mantle was replaced

by a stainless steel cylinder ending in a cube with four viewing ports

arranged in a square.Between this cryostat and the beamsplitter box of

the spectrometer a connecting piece was mounted. This coT.is5.sts of a flange

fitting over the window Wl (see chapter 1, section 2), a bellows and an-

other flange adapted to the cryostat cube. Light passing the cryostat was

detected by the sample photomultiplier. A sodium salicylate covered win-

dow was mounted directly on the cube and serves as wavelength converter

and vacuum seal. The inner side of the cryostat could rotate in the out-

side mantle over 90 . At the tail of the cryostat a copper block was

mounted to support a thin LiF window. For sample preparation the window

was rotated out of the light beam by 90 . Through one of the side viewing

ports a sliding stainless steel nozzle could be directed towards the
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window. Via a capillary tube the nozzle was connected to a Leybold varia-

ble leak attached to the gas filling system.

The cryostat was evacuated through the remaining side viewing port.

Vacuum was provided by the pumping unit normally used for the evacuation

of the sample compartments (see chapter 1, section 4). Pumping was halted

when the cryostat was cooled down below liquid nitrogen temperature and

the pressure was below 10 torr, since by cryopumping a much lower

vacuum can be reached than with the diffusion pump equipped with the

liquid nitrogen filled cold trap. Only during sample deposition it was

necessary to open the vacuum line again.

A big problem in measurements of this kind, i.e. using very thin sam-

ples, is the spurious deposition of material on the cold window. This we

have tried to minimize by carefully baking out the whole cryostat prior

to use. The many joints must be responsible for remaining slow degassing

and possibly also leakage although this could not be measured with a he-

lium leak detector. A decrease in transmission of the sample with a few

percent per hour (measured around 1500 A, where practically all materials

absorb heavily) could not be avoided.

Cooling down from liquid nitrogen temperature to 10 K and sample prepa-

ration each take approximately 15 minutes. A scan of a spectrum lasts

about 30 minutes. Use of a continuous flow cryostat is under these cir-

cumstances very economical. For the process of initial cooling down only

1 1 liquid helium is used and maintaining the sample at 10 K also takes

about 1 1 per hour. Higher temperatures are of course easily reached by

decreasing the liquid helium flow rate. Finer temperature regulation is

obtained with a heating resistor attached to the cryostat tail. The re-

sistor is powered from an amplifier using as input the difference between

the temperature setting and the temperature actually measured. For this

purpose a calibrated Cryogenic Linear Temperature Sensor (Oxford) is

mounted on the cryostat tail. The temperature stability was better than

1 K. The temperature at the window was derived from that at the tail

with the voltage over a pair of AuFe/Chromel thermocouples sealed to

tail and window. The temperature difference between tail and window was

usually less than 2 K.

The ice samples were deposited at a rate of 1 to 2 ym/hr (estimated

from the calibrated leak rate of the variable leak, the assumption of a

f
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2
1 cm sample surface and a sticking coefficient of 1 ). Deposition times

were between 1 and 3 minutes, resulting in samples with an estimated

layer thickness between 0.02 and 0.1 ym .

The matrix samples were prepared by adding argon gas to water vapour

of known pressure in 25 1 glass bulbs. The gas mixtures of composition

varying from 1:5 to 1:150 were allowed to stand at least 24 hours before

deposition. Deposition rates were the same as for the ice samples, depo-

sition times had to be increased because of the lower partial water va-

pour pressure in the mixtures, in order to measure approximately the same

absorbance as in ice.

In all liquid and solid samples we have determined the extinction

coefficients by comparing samples of different layer thicknesses. In this

way we have minimized the effects of reflection losses.

Water used in the experiments was first demineralized and later triply

distilled in an all quartz equipment. The samples were degassed prior to

use by repeated pump-freeze-thaw cycles. Argon was obtained from Air

Liquide in N57 quality and used without further purification.

3. The spectrum of water vapour in the 1250-2000 A region.

The longest wavelength absorption of water vapour is a broad band with

a maximum at 1665 A. At this maximum the extinction coefficient is 1380.

The band width is about 200 A. Closer inspection reveals some structure

in the band. A computerized band shape analysis places additional absorp-

tion features at 1769,1712,1658 and 1609 &. These numbers follow from a

fit of the 600 measured points in the 1550-1850 A region to a sum of

gaussians with adjustable origin, width and size, superimposed on a skew

baseline. The vibrational intervals that follow from these features are

1870,1910 and 1840 cm"1.

The excited state related to this absorption is best described by a

mixture of two molecular orbital configurations with B symmetry. One

configuration is the result of promoting an electron from the highest

occupied lb. molecular orbital to the vacant 4a. orbital. The other con-

figuration stems from a lb to 3sa. promotion. The lb. orbital is effect-

ively the perpendicular 2p atomic orbital on oxygen and is thus nonbon-

ding. The 4a. orbital is antibonding for the OH bond and is found as the



Table 1. Peak positions in the HO (g) absorption spectrum in the

1250-1450 A region. Numbers in parentheses indicate shoulders.

v'

1

2

3

4

5

6

7

8

9

10

11

12

A / I

1432

1411

1392

13765

1364

(13545

13485

(13375

1332

13206

(1309

13063

12936

12816

12697

, -1
a / cm

69832

70872

71839

72648

73314

73828)

74156

74766)

75075

75723

76394)

76552

77304

78027

78759

Aa / cm

1040

967

809

666

842

919

652

829

752

723

722
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lowest vacant orbital in LCAO-SCF calculations with a small basis set.

The 3sa. orbital is mainly a Rydberg type orbital on oxygen and is of

course only found in calculations where Rydberg functions are included

in the basis set. The first configuration in the excited state favours a
2 2

dissociation into H( S) and 0H( n), while the. second configuration leads

to a geometry somewhere between that of the ground state (r =0.96 A,

e„„ =105° [20]) and that of the V ion (r =1.03 A, 9U =109.4 [21]).
ttUtl J U H HUH

The overall shape of the broad band can now be understood as the re-

sult of the dissociation into H and OH. The structure corresponds proba-

bly to a progression in the bending (v„) mode (later,we will pay some

more attention to the occurrence of vibrational structure in continuum

bands). The average frequency of 1870 cm is somewhat higher than in
-1 . . 2

the ground state (1595 cm ) and also higher than in the B ion state
_ j '

(approximately 1400 cm [21]). This can be related to an increased ben-

ding force constant for the excited state.This increase should stem from

the lb.-*4a. configuration, since for the second configuration (lb.-^saj)

the bending frequency can be expected to lie somewhere between ground
2

state and B. ion frequencies. The bending in the ground state is mainly

determined by the 3a. molecular orbital that is strongly HH bonding.

Possibly the addition of an electron in a 4a. orbital, which has at

least some HH bonding character, makes the molecule somewhat stiffer for

bending.

Below 1450 A a second absorption starts. It consists of a long,rather

diffuse progression with increasing extinction coefficient up to 1280 A.

At this wavelength e is about 1200. The positions of the individual peaks

are given in table 1. They agree very well with those published earlier

[1]. We observe the first peak in the progression at 1432 A (this peak

is absent in the earlier spectra [1] but appears at the same position in

the spectra of Wang et al. [12]).Between the peaks labelled 5,6 and 7 in

table 1 we find two additional shoulders which disturb the regularity

of the progression. Also between the peaks 8 and 9 there is an additio-

nal shoulder.

The long progression with a relatively small spacing of approximately

800 cm points at a considerable change of the equilibrium bond angle.

The equilibrium geometry of the second excited state may very well be

linear. The diffuseness of the band shows that also this state is
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dissociative. The most obvious assignment of the second excited state is

again by a mixture of two configurations, this time of A symmetry, the

one 3a -*4a and the other 3a ->3sa . The 3a molecular orbital is, as

stated before, responsible for the bent geometry of water in the ground
2

state. Removal of an electron from this orbital results in a linear A

H-O ion L21]. The occupation of the 4a orbital leads to OH bond rupture.

In the linear geometry, the excited A state of water is the Renner-

Teller companion of the first excited B state discussed earlier. To-
1 1 ' i

gether the A and B states form the excited II state of linear water.
1 1 f 11

For this reason the transition to the v =0 vibrational level is forbidden.

The disturbances in the regularity of the bending progression point to

interaction with vibrational levels of an other electronic state. We have

not tried to deperturb the progression in order to locate the exact posi-

tions of these perturbing levels.

The rotational distribution of the OH (A Z ) radical produced by

photodissociation at 1236 A [22] indicates the presence of two dissocia-

tive states at this wavelength. One of these states produces a thermal

distribution of OH radicals and thus has probably the same equilibrium

angle as the ground state molecule. The other state produces highly non

Boltzmann OH (A L ) radicals and thus has a different geometry. For this

last state the A. state is a good candidate. Wang,Felps and Me Glynn[l2]

label the second state as a second B. state. These authors measured

besides the H O absorption spectrum also the D~0 spectrum. They observed

in D„0 similar disturbances of the long progression as in H„0. They

placed the vibrational origin of the perturbing state both in H„0 and in

D„0 at 1365 A. This is hard to understand since one would expect an iso-

tope effect when one of the normal coordinates becomes dissociative,

while the others keep more or less the same frequencies. The difference

in the v_ zeropoint vibrational energy in the ground state is about 500

cm [20]. Such a shift should easily be observed. A compensating shift

in vibrational frequencies in the v and v„ modes would certainly imply

a change in geometry. This is in contradiction to the conclusion derived

from the rotational distribution of the OH radical produced in photo-

dissociation. Recent ab initio calculations [15] put the second B state

much higher (.75 eV or 6000cm ) than the state suggested by Wang et al.

[12] at 9.1 eV. A more obvious assignment of the perturbing state around
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Table 2. Molar (decadic) extinction coefficient fov liquid HO at 20° C

in the 1350-2000 # region2.

A / X

2000

1975

1950

1925

1900

1875

1850

1825

1800

1775

1750

1725

17C0

1675

1650

1625

1600

1575

1550

1525

1500

1475

1450

1425

1400

1375

1350

This work

3.5-1

8.7-1

3.1

1.0+1

3.2+1

7.8+1

1.8+2

3.3+2

4.7+2

6.4+2

7.9+2

9.2+2

10.2+2

10.9+2

11.1+2

10.8+2

9.7+2

8.9+2

ref.[23]

3.2-3

3.2-2

3.5-1

3.0

2. 1+1

ref.[2]

5.5-4

1.3-3

2.9-3

8.9-3

2.7-2

9.0-2

3.6-1

8.3-1

3.0

ref.[3]

1.8-3

3.0+1

5.6+2

1.1+3

1.2+3

1.6+3

ref.[4]

2.5+1

2.2+2

5.2+2 ,
4.6+2

6.0+2

7.0+2

7.2+2

6.3+2

5.6+2

ref.[5]

1.1 + 2

5.0+2

8.0+2

1.4+3

1.6+3

1.2+3

1.0+3

8.7+2

ref.[241

5.9-5

1.3-4

a.the short hand notation 3.5-1 stands for 3.5 10 etc.
b.with Xe light source above 1600 A and Kr light source below 1600
c a t the triple point temperature.

s.
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1365 A is a lb ->3pb A state. Such a state is found in ab initio calcu-

lations of vertical excitation energies at 9.46 eV [13] and at 9.26 eV

[14]. The equilibrium bond angle in this state is expected to be the same

as in the ground state.

4. The spectrum of liquid water in the 1250-2000 A region.

The extinction coefficients of liquid water in the 1300-2000 A region,

collected from the literature [2-5,23,24] and from our own measurements

are listed in table 2. From 1675 to 2000 X the spectrum obeys the Urbach

rule. This means that there is an exponential increase of the extinction

coefficient with increasing wavenutnher. The rule is believed to be a

characteristic of phonon broadened absorption bands. Below 1675 A the

exponential increase of the extinction coefficient levels off and at 1450

A the maximum extinction is reached.

In figure 1 we compare the results of our measurements with literature

values which show a large degree of scatter. From the very thorough ana-

lysis of Quickenden and Irvin [24] in the 1960-3200 A region we know that

even the slightest impurity in H„0 may drastically change the value of the

observed extinction coefficient. At short wavelengths ( 1650 A) the exact

measurement of the layer thickness is extremely difficult. Also a devia-

tion of the windows from being exactly parallel changes the bandshape

(for instance an absorption that increases linearly is displayed as an

increasing absorption that levels off). The presence of straylight has

similar effects. When different slightly overlapping sections of the spec-

trum,measured with different pathlengths, are interconnected without an

independent determination of the pathlength, the extinction coefficient

of the maximum is easily underestimated. In the reflectance measurements

of Painter et al.[5] the problems associated with thin layers are of cour-

se absent. The determination of k, the imaginary part of the complex index

of refraction, from the generalized Fresnel equations, is not always pos-

sible to a sufficiently high degree of accuracy. In the case of H_0,

k(1450 X) = 0.2±0.05 [5] equivalent to e (1450 X) = 1400±350. This value

agrees within experimental error with the result we obtained from trans-

mission measurements. At other wavelengths the agreement between our mea-

surements and the reflection measurements is rather poor. To our
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1500 1600 X/X

Fig. 1. Extinction coefficients of liquid water.

Full curve: this work, • vef. [231, + vef. 141 (Xe lamp),

X ref. 141 (Kr lamp), o re f. [5] .
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knowledge no systematic comparison between extinction coefficients deter-

mined by reflectance methods and those obtained from transmission measure-

ments (for one and the same sample) has ever been made. For the liquid

benzene absorption in the 2000-2200 A region the results from reflectance

[25] and transmission [26] measurements agree rather poorly.

Notwithstanding the inaccuracy of the exact value of the extinction

coefficient in the liquid, we can state that the absorption band is con-

siderably shifted to the blue. Of course one may raise the question

whether the transition that is observed in the gasphase around 1665 A is

the same as the one observed in the liquid around 1450 A. in ref.[19] we

have shown that a ( B.) excited water molecule not only shows no more

tendency to form hydrogen bonds, but also undergoes a large exchange re-

pulsion with neighbouring molecules due to the diffuseness of the elec-

tronic charge distribution in the excited state. According to ab initio

first order exchange perturbation theory calculations, the excitation

energy of the water dimer in its most stable configuration is .5 eV

higher than that of an isolated water molecule. The experimentally obser-

ved blue shift corresponds to an increase of excitation energy of 1.2 eV.

In the liquid each water molecule has approximately 4 nearest neighbours,

instead of 1 in the dimer. This could explain the difference between the

two values. In the gasphase water spectrum the second absorption band has

its maximum around 1270 A. The excited state ( A ) has also considerable

Rydberg character. In the liquid, this transition will thus also be found

shifted to the blue and actually it may very well be responsible for the

increasing extinction observed below 1280 A [27].

Verrall and Senior [4] found that upon heating, the liquid (heavy)

water absorption band shifts towards longer wavelengths. Also from the

measurements of Stevenson [2] it follows that the long wavelength band

edge shifts towards the red with increasing temperature. In ref.[4] it was

noticed that the spectral change could not be related to breaking of the

hydrogen bond alone since extrapolation of the spectrum to the boiling

point temperature, where the number of hydrogen bonds is strongly reduced

[28] , does not nearly reproduce the gasphase spectrum. The more reason-

able explanation is that in the excited state the repulsion with neigh-

bouring molecules increases steeply with decreasing oxygen-oxygen (00)

distances. From the spectra in ref. [4] we find in the 25-65 C interval



a value of 25 cm K . The data of Stevenson [2] at somewhat higher wave-

length correspond to 20 cm K . The increase with temperature of the ave-

rage nearest neighbour 00 separation can be estimated by different means.

From the temperature dependence of the density of the liquid we find

dr /dT = 2.10~ & K~ at 40° C. By combining the results of X-ray and

neutron diffraction measurements for H90 and D„0,Narten and Levy [29]were
(2)

able to construct the oxygen-oxygen pair distribution function gnn (r).
f 21 o

From the position of the first maximum in g^ 0 (r) at 10 and at 90 C,

as given in ref. [28] we find for the liquid dr /dT = 3.10~ A" K~'. A

reasonable estimate for the increase in excitation energy with decrease

in 00 separation is thus dE ld.rnr. = - 1 0 cm A* (E = E /he ) . Of
ex 00 ex ex

course this estimate is only valid for 00 separations around 2.85 A, the

average value in the liquid. From the computed potential for the excited

water dimer [19] , we find dE /dr = -1.5 10 cm A* .When we take

again into account that we have to multiply the dimer value by the number

of nearest neighbours in the liquid, there is reasonable agreement between

experiment and theory.
5. The absorption spectrum of ioe in the 1350-1750 A region.

The spectrum of ice obtained by slowly spraying water vapour onto a LiF

window maintained at 20 K looks very similar to the spectrum of liquid

water, see figure 2. The ice band is somewhat narrower than the liquid

band, but both have their maximum at 1450 A. When we prepare the ice at

temperatures in the 80 to 120 K range, the peak maximum is always found

at 1430 A1. The band of ice prepared at 140 K is shifted to the red by 5 X,

while in the 160 K samples time dependent processes prevent accurate ob-

servation. Immediately after deposition at 160 K one can observe a spec-

trum greatly similar to that of the 140 K sample. Later,particularly in

the very thin (<0.05 jjm) samples needed in the 1350-1600 A region, the

overall absorption increases and the band becomes broadened and further

red shifted.

All ices deposited in the 20 to 130 K region are probably in the form

of the low density amorphous solid ice(as)[30]. X-ray and neutron dif-

fraction measurements at 77 K [30] indicate that the nearest neighbour 00

separation is 2.76 A, while the density is 0.94 g cm . The disorder in
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Fig. 2, Absorption speatrum of liquid water (full aurve), iae(as) at 20 K (— ) ,

water in an argon matrix at 20 K 1:6 ( ) , and water in an argon matrix

at 20 K 1:150 ( ) . Bands are sealed to give equal maxima.



the solid arises from deviations in the 000 angles from the 109.5 value,

characteristic of ice I .
c

A very careful study of the temperature dependence of the position and

shape of the 3250 cm infrared band in ice(as), revealed some very inter-

esting reversible and irreversible structural changes [31 ]. When a freshly

deposited sample is heated in the 10-80 K range, the 00 separation de-

creases. This is an annealing process. There is however no further de-

crease in 00 separation in the 80-130 K region. When an annealed sample

is recooled and warmed up again, there are the normal thermal shrinkage

and expansion. These conclusions were drawn from the known relations be-

tween the exact position of the 3250 cm band and the lattice parameters

in ice I, . When ice I is heated above 130 K an irreversible phase change

to hexagonal ice occurs. From the observed IR frequency shifts it was con-

cluded in ref. [31] that the decrease in 00 separation when going irrever-

sibly from 20 to 80 K is about 0.0025 A, while at the phase transition

(from as to cubic) it is estimated to be 0.003 X. In X-ray diffraction

studies the 00 separation in ice I is found to be 0.009 A smaller than

in ice(as)[30]. We have therefore assumed that also the irreversible de-

crease of the 00 separation upon heating is a factor 3 larger than con-

cluded in ref. [31].

The blue shift of the maximum of the ice band observed when going from

a sample deposited at 20 K to a sample deposited at 80 K can be explained

along the same lines as the temperature dependence of the absorption

spectrum of the liquid discussed in the previous section. The shortening

of the 00 separation by 0.0075 A (our assumption) when going from the 20 K

sample to the 80-120 K samples, increases the repulsive interaction be-

tween the excited molecule and its neighbours apparently by 970 cm . From•

the ice measurements we thus obtain dE /dr = 1.3 10 cm R . This

value is rather close to that found for the liquid.

The observation that there are no changes in the VUV spectrum when the

temperature of deposition is increased from 80 to 120 K, is in complete

agreement with the IR absorption measurements. It is known that the time

scale involved in the phase transition from ice(as) to ice I in the 130—

150 K region depends on experimental circumstances like sample thickness,

nature of the substrate and exact temperature of the specimen. We assume

that our samples of 140 K are still ice(as), since the spectrum is so
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similar to those of the 80-120 K region.

The time dependent processes observed in the 160 K samples are clearly

related to phase transitions. At this temperature the originally amorphous

solid form, displaying the same absorption spectrum as the lower tempera-

ture ices,changes into polycrystalline hexagonal ice I . The observed in-

crease in absorption may be related to a real increase in extinction coef-

ficient. Such an increase is very well possible when the solid becomes

more regular and the transition dipoles of the individual molecules are

well alligned. An other explanation of the increased absorption could be

an increased reflection due to deterioration of the sample surface (thin

ice samples are said to be non-scattering in the visible in the 10-130 K

range [31]).

The earlier measurements of the absorption spectrum of ice(as) at 77 K

and of ice I, at 175 K by Dressier and Schnepp [6] are not very conclu-

sive. Within the rather low experimental accuracy these authors could not

detect significant differences between the spectra of the two forms of

ice.

The spectra of ice with temperatures between 110 and 200 K, published

by Onaka and Takahashi [3] differ in a few respects from our spectra.

According to these authors ice I (130-150 K) shows a well defined ab-

sorption band with a maximum at 1450 A. In ice I, (160-200 K) and ice(as)
n

(110-120 K) they found only steadily increasing absorption when going to

lower wavelengths. For the preparation of their samples they used a sub-

limation rather than a spraying technique. We think that it is very hard

to maintain a constant layer thickness with a sublimation method. Since

as yet nobody has been able to give an explanation for the supposed dis-

appearance of the 1450 A band in ice (as) and ice I we suggest that in

the experiments of Onaka and Takahashi [3] insufficient sample material

was deposited on the substrate at those temperatures where they failed

to otserve the absorption band.
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6. The absorption spectrum of HJ3 in an argon matrix at 20 K in the

1350-1?'SO % region.

At low absorber to matrix ratio we find a maximum in the VUV absorption

band at 1530 A. When the absorber to matrix ratio is increased,the maximum

shifts gradually to the blue (see table 3). At the highest absorber con-

centration (1:5) the maximum is at 1460 A. The overall shape of the band

is greatly similar for all mixtures.

It is generally assumed that at high dilution the absorber molecules

are trapped at sites of the host molecules as long as the noble p,as ma-

trices are well grown [32]. Trapping at so-called interstitial sites

is considered less probable because of the small space available at such a

site. The nearest neighbour distance between substitutional sites in an

argon matrix is 3.83 A, for interstitial octahedral and tetrahedral sites

these distances are then 2.71 and 2.35 A respectively. In ice (as) at 77 K

the average oxygen-oxygen distance is 2.76 A [30]. For water,interstitial

(octahedral) trapping is thus not completely excluded from an argument

based on size. The observation by IR spectroscopy that water molecules

can more or less freely rotate in an argon matrix [33] is a stronger in-

dication for trapping at substitutional sites where the water molecules

occupy a large cavity.

We have determined the probability of the occurrence of a water molecule

in monomers, dimers, trimers and multimers as a function cf the water

concentration,using a lattice model with coordination number 12 and as-

suming a random distribution of the water molecules (see table 3). It is

known that solid samples of organic molecules like benzene in argon are

enriched relative to the gasphase composition by a factor 2 [11]. In

matrices composed of larger rare gas atoms like Kr and Xe there is

more enrichment [11]. Since the water molecule is smaller than the ar^ -

atom we assume that in our samples no enrichment occurs.

In the 1:5 sample, where we find 84 % multimers, the fee argon host

lattice must be considerably distorted. The distances between neighbouring

water molecules in this sample probably do not differ much from those in

ice(as). Accordingly the band maximum lies very close to that of ice(as)

at 20 K (see figure 2). The remaining small red shift of the band of the

1:5 sample when compared with that in ice (as) at 20 K and the additional
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Table ,i. Positions of the maxima in the absorption spectra of HJD in

argon matrices and probabilities'2 for the ooourrenae of the

water molecule in a monomer, dimer, trimer or multimer.

absorber to

matrix ratio

1 : 5

] : 10

1 : 25

] : 50

1 : 150

A / X of the

band maximum

1460

1470

1480

1500

1530

mono

. 1)

.32

.63

.79

.93

dimer

.04

. 13

.19

.15

.07

Prtrimer

.01

.05

.06

.03

.00

multimer

.84

.50

.12

.03

.00

a. the probabilities have been calculated according to
z

mono
(1-x)'

2z-2
p,. = zx(l-x)
dimer
p . = z(z-l)x (1-x)
'trimer
P i - = 1 — (p + p ,. + p . )
mul timer mono *aimer rtrimer

x is the molar fraction of water in the water argon mixture

z is the coordination number equal to 12 for the argon fee lattice
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broadening of the absorption band towards the red (see figure 2) can be

accounted for by the presence of the monomers.

In the 1:150 sample there are predominantly (93 %) monomers. The re-

maining blue shift with respect to the gasphase spectrum must be due to

repulsive interactions between excited water molecules and argon atoms.

In our ab initio calculations [19], we determined the increase in repul-

sion between a water molecule and a neon atom upon electronic excitation.

At an oxygen-neon separation of 3.7 A we found for the two orientations

considered, values of 0.01 and 0.3 eV (100 cm~' and 2500 cm"'1»

respectively. The repulsion between an excited water molecule and an argon

atom at the same distance will certainly be larger. The observed matrix

cage effect of shifting the gasphase water band .6 eV to the blue is

thus quite understandable.

7. Concluding .remarks.

At the end of this chapter we pay some attention to the question

whether the VUV spectroscopie behaviour of water is in any sense dif-

ferent from that of other small molecules.

In the gasphase, remaining vibrational structure superimposed on a

continuum related to dissociative states, as observed for water in the

X A ->A B and X A -s-B A. transitions, is not uncommon. Similar obser-

vations are for instance made for the dissociative A , n , Ï. and n
1 , u' g' u u

excited states of CO and for the A and IT excited states of N„0 [34],

where both progressions in symmetric stretch and in bending modes are

supposed to occur. The theory of the (quantum) dynamics on potential

energy surfaces that are repulsive in one or more coordinates has been de-

veloped recently [35-37], According to the first 3-dimensional quantum
~ 1

mechanical calculation of the photodissociation process on the H_0 B A
-1

surface, the perturbed progression in the 73500-76500 cm interval is a

series of resonances resulting from an interplay between the rotational

and vibrational levels of the fragments [37]. The normal mode picture is

considered only a qualitative aid, since the molecule in the excited

state is so short lived. Since the calculation [37] is rather incomplete,

we are not yet compelled to reject the original interpretation of the

spectrum, wh°.re the irregularities in the progression are said to be
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caused by the presence of vibrational levels belonging to an other elec-

tronic state. In diatomics such perturbations are well known. The pertur-
2 2

bation of the valence B II state by the Rydberg C n state in NO [38]

(vide infra) is a very good example.

The isoelectronic molecules HF and CH, have, according to their spec-

tra, dissociative first excited states. In the NH_ molecule the barrier

for dissociation of the first excited state is calculated to be .57 eV

[39]. In all three molecules the upper orbital in the dominant configu-

ration of the first excited state is a 3s (Rydberg) orbital.

Generally the lowest Rydberg (extravalence) excitations of molecular

impurities in rare gas solids exhibit appreciable blue shifts with respect

to the gasphase [11]. This illustrates the dominant role of short range

repulsive interactions. For example,the C n (Rydberg) state of HC1 shifts

0.56 eV to the blue in an argon matrix [40]. The vibrational spacings are

only fractionally larger in the matrix than in the gasphase, but the band-

width of the individual levels is greatly enlarged in the matrix.

This contrasts with the behaviour of valence excited states. In an
2 -1

argon matrix the 0-0 transition for the B II state of NO is found 327 cm

to the red of the gasphase value [38]. Such red shifts have been attribu-

ted to a smaller size of the molecule in the excited state, leading to a

somewhat smaller repulsion [41].We believe that rather the larger pola-

rizability of the molecule in the excited state with respect to the

ground state causes an additional stabilization of the excited molecule

in the matrix leading to a decrease in excitation energy. The perturba-
2 2

tions present in the vibrational progression in the NO X IT->-B Jl tfansi-
2

tion in the gasphase disappear in the matrix. This results from the C II
Rydberg state being shifted towards higher energy. The vibrational levels

2
of the valence B II state of NO in argon are very sharp (line width <10

cm )[38], contrary to those of the C II state of HC1 [40].

Many of the effects observed in matrices are also found in the pure

solids. For instance the N~0 Z -+ n and £ •> E transitions are in an

argon matrix blue shifted with respect to the gasphase by 0.50 and 0.26

eV respectively [42]. In the solid these shifts are 0.40 and 0.26 eV

respectively [34]. The vibrational structure of the II state is less

broadened in the matrix than in the solid, however.

Possibly, very accurate measurements would be able to detect still
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some vibrational structure in the transition to the A B state of water

in an argon matrix. The next higher, B A , excited state is a more like-

ly candidate for such an experiment, because there is more structure in

this transition already in the gasphase. The expected matrix blue shift

in the order of 0.5 eV, places the spectrum outside the region where we

can make observations.
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P A R T I I

INTERMOLECULAR FORCES.

AB INITIO AND ELECTRON GAS CALCULATIONS



INTRODUCTION

In the first part of this thesis we have observed the effect of inter-

molecular forces on the electronic spectrum of water. To be more specific,

we suggested that in water, as a liquid or a solid, the hydrogen bonding

between molecules in the electronic ground state is replaced by a strong-

ly repulsive interaction after optical (VUV) excitation. Although the

experiments are executed in a system consisting of a large number of mo-

lecules, we gave our explanation in terms of pair interactions only.

This approach is also typical for the theoretical treatment of bulk

properties of liquids and solids: the macroscopic properties are related

to molecular properties according to the laws of statistical mechanics

incorporating only (effective) pair potentials. For instance the struc-

ture and dynamics of liquid water could be predicted reasonably well

from molecular dynamics calculations with a (simple) pair potential [ I ].

The results of such calculations depend, as can be expected, heavily on

the precise form of the anisotropic pair potential. Yet the reverse pro-

cess, i.e. the extraction of accurate potentials directly from bulk, data,

is nearly impossible. The only exception is probably the direct inversion

of the second virial coefficient for a system composed of identical

spherical atoms [2],

Experiments executed in molecular beams can give much additional infor-

mation on the intermolecular potential [3]. Moreover, in the beam nonpair-

wise interactions play a minor role, so one hopes to find the real, rather

than the effective, pair potential. Yet the situation is similar to that

when dealing with bulk data, in the sense that only the parameters appear-

ing in a model potential of given form, are optimized in order to repro-

duce the experimental data.

Potential energy surfaces obtained from ab initio calculations often

differ significantly from those inferred from experiments. This can be

caused by a lack of flexibility of the trial potential used to fit the
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experimental data. Furthermore, the experiments sample different regions

of the potential energy surface with different weights. Similarly the

accuracy of the ab initio calculations depends on the intermolecular

distance. The potentials resulting from the ab initio methods should

therefore be considered as supplementary to those inferred from experi-

ments and vice versa. (Finally we must remark that there are bad ab

initio calculations, just as there are bad experiments).

Ab initio calculations of intermolecular forces are much more diffi-

cult, at least from a computational point of view, than the calculation

of intramolecular forces. With present day methods the calculation of

the equilibrium geometry, vibrational frequencies and internal potential

barriers of a four-atomic closed shell molecule with 20 electrons or less,

is more or less a routine job. The calculation of the potential surface

for the interaction between two closed shell diatomics with the same total

number of electrons is still a typical one year research project. The main

reason for the increased complexity in the calculations of intermolecular

forces is the small numerical value of the interaction energy compared

with the molecular energies. For instance, the energy that keeps the atoms

in the water molecule together is 2 orders of magnitude larger than the

energy of the hydrogen bond. For N_, the intramolecular binding energy is

even 4 orders of magnitude larger than the Van der Waals binding energy.

It has become customary to separate the computational schemes for the

calculation of the interaction energy into supermolecular (variational)

and perturbational methods.

In the supermolecular methods the interaction energy is found as the

difference between the energy computed for the dimer (supermolecule) and

the sum of the monomer energies. The use of standard molecular structure

program packages for the calculation of the energies has sometimes resulted

in potential surfaces of doubtful quality. In reliable supermolecular SCF

calculations the monomer basis sets have to be saturated in order to avoid

the basis set superposition error, i.e. a spurious energy gain in the dimer

due to the one molecule profiting from the mere presence of the basis set

of the other. Even the application of the counterpoise method, i.e. the

calculation of the monomer energies in the dimer basis Set, is only possi-

ble when the basis set is already quite large. Supermolecular SCF calcula-



tions also have the disadvantage that they give little insight in the

physical origin of the interaction energy, since electrostatic, exchange

and induction contributions are merged into one number. In order to obtain

the dispersion energy in supermolecular calculations one must go beyond

SCF calculations and include configuration interaction (Cl). In practical

Cl calculations, only a fraction of the correlation energy (.the difference

between the real energy and the best possible SCF energy) is recovered.

It is very hard to separate in supermolecular Cl calculations the intra-

molecular and intermolecular (dispersion) contributions. Since also the

percentage of the total intramolecular correlation energy actually found

may vary in the monomer and the dimer calculation, the dispersion ener-

gies resulting from the supermolecular Cl calculations often contain

considerable uncertainties.

The use of perturbational methods for the calculation of the inter-

action energy looks thus more attractive, since these methods are by na-

ture free of the aforementioned problems, but other complications arise.

In order to improve upon the convergence of the perturbation series, it

is necessary to force symmetry (related to the Pauli principle) upon the

zeroth order dimer wave function, while retaining a non-symmetric zeroth

order hamiltonian [ 4 ] . This increases the complexity of the computation

considerably. Ideally, the zeroth order hamiltonian should be the sum

of the exact monomer hamiltonians. Since the associated exact monomer

wavefunctions are generally not known, in practice nearly always appro-

ximate Hartree-Fock hamiltonians and wavefunctions are used. The accom-

panying neglect of intramolecular correlation can in principle be com-

pensated by introducing a double perturbation theory. Furthermore,

usually only terms up to second order are retained. The interaction

energy is then found as a sum of 4 individual terms: first order elec-

trostatic and exchange contributions and second order induction and

dispersion contributions (second order exchange effects are generally

neglected). The (repulsive) first order exchange interaction is supposed

to decrease exponentially with increasing intermolecular distance (R).

At large R the first order interaction energy is completely determined

by the electrostatic interactions that can then be approximated by use

of the multipolar expansion. Since the SCF values of the multipole
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moments are typically 10 % too large, due to neglect of intramolecular

correlation, the first order long range interaction energy may be over-

estimated already by 20 %. Also in the second order energy expressions,

the introduction of the multipolar expansion is common practice for large

R. In many cases the first term in the resulting series of induction and

dispersion coefficients can be compared with values derived from refrac-

tive index data. It is often found that the theoretical coefficients are

too small. This may be caused by a too small basis set used for the cal-

culation of the monomer SCF wavefunctions. Of course, also the neglect of

intramolecular correlation is of influence but it is not always obvious

in what direction.

In the first three chapters we analyse, in some detail, theoretical and

computational problems encountered in the calculation of the interaction

energy for small molecules (containing 10 to 16 electrons), using a per-

turbational approach.

In the case of the linear water dimer (chapter 1) we describe the

monomers with accurate LCAO-SCF wavefunctions. An upper bound to the se-

cond order induction and dispersion energy is obtained by applying the

Hylleraas variational principle. We are thus able to give a decomposition

of the computed hydrogen bond energy into physically meaningful terms. We

inspect the applicability of the multipole expansion for the electrostatic

component of the interaction energy. Although the conclusion of the paper

in chapter 1, that in the water dimer the use of the multipole expansion

is only justified beyond distances that are considerably larger than the

equilibrium intermolecular separation is still valid, the numbers presen-

ted in the paper (Molec.Phys. 3^, 713) contain errors. In the erratum they

are corrected.

Calculations of the interaction energies in excited dimers are rare

and very little is known on the convergence properties of the perturba-

tion series, when the zeroth order function is not obtained from the

ground state monomer functions. We assume that at short distance the

main change in the interaction energy in an excited dimer with respect

to the ground state is found in first order (chapter 2). By extending

the usual expressions of symmetry adapted perturbation theory to excited

states, we are able to give an interpretation of the solvation blue

shift of the H„0 A -> B VUV absorption band.
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We look somewhat deeper into the long range behaviour of both first

and second order energies taking the interaction between two parallel

or perpendicular ethylene molecules (in the ground state) as an example.

This system is a prototype for the interactions between larger (unsatura-

ted) organic molecules. Since computer capacity limits the accuracy of the

LCAO-SCF wavefunctions for larger molecules, we pay much attention to the

effect of limiting the basis set size. In order to improve the results of

calculations with a small basis set we propose a theoretical Unsold pro-

cedure which leads,for instance,to the well known London formula relating

the C, dispersion coefficient to monomer polarizabilities.
o *

This approach looks rather successful and we therefore apply the theo-

retical Unsold procedure also when calculating the derivatives of the

polarizability tensor with respect to the internal degrees of freedom

(chapter 4). These derivatives «determine the Raman scattering intensities.

The experience gained is not only useful in tests of two simple models

for the calculation of Raman scattering intensities, but also helps us

in future work where we will consider the dependence of the dispersion

coefficients on the intramolecular degrees of freedom.

Until here, all our calculations have been strictly ab initio. In the

formal expressions for the interaction energies, however, approximations

were introduced. For most of those, some theoretical justification has

been given, but the ultimate acceptance is effectively determined by a

comparison of numbers calculated and numbers derived from more accurate

calculations or from experiments. Notwithstanding all these approximations

computer time generally prevents the accurate determination of the complete

potential surface, even for a system consisting of two small diatomic

molecules.

In the last three chapters we describe our explorations in the Held

of the "electron gas" model. According to this, in principle, non-empiri-

cal model the energy of a system is evaluated in terms of its total elec-

tron density distribution. The basic assumption involved is the use of

the functional relation between energy and density, which is known for the

uniform electron gas at low density, in a molecular system with a non-uni-

form density. The "electron gas" model is thus a realization of the

Hohenberg-Kohn theorem [5]. In their application of the "electron gas"

\
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model to intermolecular forces, Gordon and Kim take the supermolecular

electron density as the sum of known monomer densities,that are obtained

from LCAO-SCF calculations.In this way very compact expressions for the

interaction energy result and especially for atoms and diatomics the com-

putation of interaction energies is very efficient. We assume that the

interaction energy that results from the (slightly modified) "electron

gas" model, corresponds to the first order energy in exchange perturbation

theory. The full interaction energy is thus obtained if the second order

energy,for instance found in an (approximate) ab initio calculationsis

added. For N„-N interactions we use this approach over a large range of

intermolecular distances and effectively for all orientations, by deriving

spherical expansion coefficients (chapter 5).

We verify our initial assumption that the "electron gas" interaction

energy corresponds to the exact first order perturbation theory interaction

energy, by comparing for a number of molecular systems the results of our

electron gas calculations with those of accurate ab initio calculations

published by others (chapter 6). Since the electron gas model seems to

work well, we use it also in the calculation of a detailed potential sur-

face for the interaction between nonrigid, so effectively vibrating, dia-

tomic molecules (chapter 7). Although this potential energy surface can

still be improved, it provides all essential information that is needed

in the study of inelastic collision processes.
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The hydrogen-bond energy of two water molecules has been calculated as
a sum of the electrostatic, exchange, induction and dispersion contributions,
neglecting the electron correlation within the free monomers. The last two
contributions have been evaluated by applying a variation-perturbation
procedure and making use of an extensive basis set of contracted gaussian
functions.

It has been shown that the sum of the electrostatic, exchange and induction
energies is very close to the binding energy obtained within the SCF scheme.
The dispersion contribution to the hydrogen-bond energy amounts to about
2 kcal/mole and causes substantial reduction of the equilibrium distance of the
oxygen atoms. The minimum of the total energy is attained at 2-86 A and
its depth is equal to 5-8 kcal/mole. These values are consistent with the
experimental results.

1. INTRODUCTION

Since the pioneering work of Morokuma and Pedersen [1] a great deal of
effort has been devoted to the ab initio quantum-mechanical investigations of
the interaction of water molecules [2-8]. The reason for this is quite under-
standable since water plays an important role in many physico-chemical and
most biophysical processes. It is believed that accurate knowledge of the
interaction potential between water molecules is essential for a theoretical
explanation of the structure and properties of liquid water and aqueous solutions.
This belief seems to be confirmed by the results of recent Monte Carlo [9, 10]
and molecular dynamics [11, 12] calculations.

Another reason for the interest in the interaction of water molecules is con-
nected with the fact that this interaction leads to the formation of a typical
hydrogen bond. It has been hoped that quantum-mechanical investigation

t Permanent address.
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of the interaction energy of two water molecules can help to understand the
physical nature of the bond and to explain the conditions of its formation.

Among the computational methods of quantum chemistry used for the calcula-
tion of the hydrogen-bond energy the LCAO MO SCF method [1-6] has won
the highest popularity. However, this popularity has been due to the simplicity
of the independent particle model rather than to its accuracy, for it has been
known that the effects of the electron correlation and, particularly, the dispersion
interaction energy, cannot be neglected with confidence. Rough semiempirical
estimates suggest that the dispersion energy contribution to the dimerization
energy of water can amount to 1*5 kcal/mole [13] or even to 3 kcal/mole [14]f.
Independently, recent Monte Carlo calculations [9] show that the LCAO MO
SCF pair potential [7] cannot account for the thermodynamical and structural
properties of liquid water and that inclusion of the dispersion interaction (of
the order 1-2 kcal/mole, for the equilibrium separation of the oxygen nuclei)
can improve the structural properties considerably. On the other hand, if the
dispersion energy contribution to the hydrogen-bond energy is calculated from
the semiempirical potentials used in molecular dynamics calculations [11, 12],
its value amounts to only 0-3-0*5 kcal/mole. Also small basis set perturbation
theory calculations performed recently by Daudey [7] predict for this contribu-
tion a very small value of 0-2 kcal/mole. Unfortunately, although the various
estimated values of the dispersion energy range from 0-2 up to 3 kcal/mole,
none of them cannot be rejected on a purely experimental ground since the
dimerization energy of water is not known with a sufficiently high accuracy [8, 9].

The purpose of the present article is to submit a simple variation-perturba-
tion method suitable for practical calculation of the interaction energy of closed-
shell systems and to show its effectiveness for the study of the interactions
between water molecules. The interaction energy obtained within this method
is a sum of physically clear contributions, the most important of which are the
electrostatic, exchange, induction and dispersion energies. We believe that
accurate ah initio perturbational calculations for the water dimer can help to
establish the actual influence of the dispersion interaction on the hydrogen bond
energy and on the properties of liquid water. Quantum-mechanical calculation
of various physical contributions to the interaction energy of water molecules
should also give a possibility to test the parameters of the semiempirical potentials
used in Monte Carlo and molecular dynamics calculations and, consequently,
to improve the accuracy of these potentials.

2. PERTURBATION THEORY APPROACH TO THE INTERACTION OF TWO CLOSED-SHELL
SYSTEMS

Let us consider the interaction of two ground-state closed-shell molecules,
in the following denoted by A and B. The total spin-free Born-Oppenheimer
hamiltonian H of the interacting system can be divided in the most natural way
into three terms :

(1)

where HA and HB are the hamiltonians of the free molecules and VAB is the
interaction operator. Treating HA + HB as an unperturbed operator and VAB

tkcal = 4184kj.
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as a perturbation and applying one of the existing exchange perturbation theories
[15] we can express the exact value of the interaction energy as a sum of an
infinite number of perturbation corrections. As a first approximation, one can
assume that the third and higher-order effects as well as the second-order
exchange effects can be neglected [16, 17] and the interaction energy can be
represented as

i f (2)

where

is the first-order energy including exchange and

£„„,«>= - <TAM'B |FVH/?FA15 | irul"1{; (4)

is the second-order polarization energy [15]. In the above expressions lf'A

and XVH are the ground-state eigenvectors of the operators HA and HH, -c/ is
the idempotent antisymmetrizer for all electrons of the supermolecule AB and
R is the ground-state reduced resolvent of the operator HA + Hn, i.e.

/?=[(tfA + / / H )O-£ v -£ H ] '0, (5)

where EA and EK are the lowest eigenvalues of HA and H", and O is the follow-
ing projection operator : Q = l - |TAMMi><TATH|.

To get the formula (2) one need not necessarily specify the exchange per-
turbation theory one uses, because differences between most of the existing
theories do not reveal themselves before the second-order exchange effects are
allowed for. Thus, the choice between, e.g., the MS-MA and HS methods [15]
must be done only in the case when the accuracy of the formula (2) is not
sufficient and the second-order exchange effects must be considered.

Evaluation of the matrix elements (3) and (4) requires the knowledge of
the accurate correlated wave functions TA and H'H. These functions are either
unknown or so complicated that the evaluation of Ea) or Zs1,,,,,'-1 encounters
insurmountable difficulties. However, if the internal electron correlation
within the free monomers is neglected, i.e. the functions 4-'A and T B are re-
placed by appropriate closed-shell determinants, the problem becomes much
simpler and the calculation of E{1) and EiH,i<2) can be carried out by using the
present-day computational facilities. Mathematically consistent treatment of
this internal correlation problem is possible and can be based on evaluating the
matrix elements (3) and (4) by using a suitable multiple perturbation theory
formalism.

To construct an expedient one-particle unperturbed operator let us consider
the closed-shell Hartree-Fock determinant 4-*0

A for the molecule A. This
determinant is the ground-state eigenfunction of the operator

(,-), (6)

where /A is the usual Fock operator of the molecule A, and ieA means that /
goes over the numbers of the electrons belonging to the molecule A. The
exact hamiltonian of the molecule A can now be written as a sum of the operator
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FA and a two-electron operator WA that accounts for the electron correlation
within the molecule A :

HA = FA+WA. (7)

Using the decomposition (7) and applying the usual Rayleigh-Schrödinger
perturbation theory one can express the function XVA as T0

A plus a sum of an
infinite number of perturbation corrections due to the perturbation WA. Similar
expansions can also be obtained for the function T B and for the reduced resolvent
R. When these are inserted into (3) and (4) one gets

ao ao

p(i )= y y jP(ifcj) /g\
*=0 /=0

and
00 00

p (2)_ y y p {2ki) (Q\
•'•'pol Z J L^ •'•'pol » \')

* = 0 1=0

where, e.g., the quantity Epol
&kl) is of second order with regard to the operator

VAB, of kth order with regard to the operator WA and of /th order with regard
to the operator WB.

In the first approximation the internal correlation, i.e. the corrections due
to the operators WA and WB, can be neglected and E{i) and Epol

l2) can be
approximated by E(1W)) and £poi(200). The explicit formulae for £<100) and
£pol

(200> can easily be obtained if one rewrites equations (3) and (4) by replacing
the functions T* and yYB by the closed-shell determinants *F0

A and *F0
B, and

the operator R by the reduced resolvent of FA + FB, i.e. by

Ro = [(FA + F*)Q0 - E0
A - EB]-*Q0, (10)

where E0
A and E0

B are the lowest eigenvalues of F A and FB , and

After making use of the spectral representation of the operator /?„ and summing
over the excitations of one and two molecules separately one obtains the follow-
ing expression for Epol

{200):

(200)_ £o E0
A-EK

A

, y y | < y o y o | F | y g ^ ) |

K0 L0 t^ + ta tA t a

where *¥K
A, xF i

B , EK
A and EL

B are the eigenfunctions and the eigenvalues of
the operators F A and FB, respectively :

FA*¥K
A = EK

AX¥K
A, FBXYL

B = EL
BX¥L

B. (12)

The sum of the first two terms in (11), hereafter denoted by 2?ind
 (200), corresponds

to the induction interaction and is interpreted as an effect of the mutual polariza-
tion of the molecules by their static electric fields. The third term in (11)
corresponds to the dispersion interaction and will be denoted by ̂ disp<200)-
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Thus, the second-order polarization energy undergoes the following decomposi-
tion :

P (200>_E' (200) i P (200)

The formula (11) defines the induction and the dispersion energies through
the many-electron eigenfunctions of the operators F v and Fn. However,
^in<i(200) and -E^iisi/200' c a n be expressed more conveniently via the eigenvectors
of the Fock operators ƒA and fn, i.e. via the occupied and virtual orbitals Assum-
ing that

= ̂ % (14)

and denoting the numbers of the occupied orbitals by M\ and \lu, respectively,
one can easily show that

MA A /B

D(a„bq), (15)

where

-ï , f

«Ai — I«A (16)

A similar result is obtained for the induction energy
MA A / B

2 X /(«„«-*)+ 2 I /(67-^), (17)

where, e.g.,

/(«!,«-*)= I (cp-^-c/rKflJu.»!^)!» (18)
A / l

is a contribution to E^ ( 2 0 0 ) due to the polarization of orbital ap by the electric
field of the molecule B and the operator wB is the electrostatic potential of the
molecule B, calculated by using the Hartree-Fock function *i'o

n.
As regards the first-order energy, the relevant closed-form expression for

£(ioo) ha s b e e n given in reference [18] and will not be reported here. According
to the results of this reference, E(100) can be expressed as a sum of the electro-
static energy £plstat

<100) and the first-order exchange energy Eoxch
aoo\ The

former is the result of the purely electrostatic interaction of the frozen charge
distributions in the interacting molecules while the latter is due to the distortion
of the electron clouds caused by the Pauli exclusion principle. Both contribu-
tions can be expressed by using solely the occupied orbitals and can practically
be calculated by employing the same integral file as used in a SCF calculation
for the AB system.

3. VARIATION-PERTURBATION TREATMENT OF THE SECOND-ORDER INTERACTION
ENERGY

Despite the formal simplicity the formulae (16) and (18) cannot be applied
for the practical calculations because the unoccupied orbitals of the Fock
operator belong to the continuous spectrum. Thus, the summation symbols
in (16) and (18) denote here the practically inexecutable integration over the
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continuum. In the following it will be shown that the above difficulty can be
overcome by using a suitable variational procedure. Though this is applicable
for the calculation of the dispersion as well as the induction energies, only the
former more general case will be considered in detail below.

Let us note at the beginning that the expression (16) is formally identical
with that for the energy of the dispersion interaction of two hydrogen atoms.
Thus, D{al>bll) may be interpreted as a result of the dispersion interaction of an
electron occupying the orbital afl with an electron occupying the orbital bq.
By using the analogy with the H-H interaction it can easily be shown that
D(a,fi(i) IS equal to the minimum of the following Hylleraas-type functional :

• W f W ƒ ¥<1. 2)P-Xl)PB(2)[f-Hl) + /B(2)-e | l^-e<I»]v<l, 2) drx dr2

+ 2S$y~(\,2)P\\)P«(2)-al>(\)br!(2)dTldT2, (19)

where y>(\, 2) is an arbitrary, square-integrable real trial function and the
operators PA and P" project out of the space spanned by the occupied orbitals,
e.g.

MA

^ A = i - I K><«»l- (2°)

The functional (19) may be thought of as a generalization of that used for the
H-H system as well as that applied by Pan and King [19] in their perturbation
treatment of the electron correlation in closed-shell atoms.

It is seen that the problem of evaluating the contributions Z)(a/;Af/) is formally
quite similar to the problem of calculating the dispersion energy term for the
interaction of two hydrogen atoms. The only difference between the func-
tional (19) and that for the H-H system consists in specific definitions of the
operators fA, ƒ", PA and PH. Therefore, in full analogy with the interaction
of two hydrogen atoms [17], the trial function y>(\, 2) can be constructed from
the set of N orbitals xr centred at all nuclei of the interacting system

VU2)= i Z crsXr(\)X,(2), (21)

where crs. are variational parameters to be optimized. In the following the set
Xr, r=l, 2, . . ., N, will be referred to as atomic basis. Other choices of the
basis set are also possible, but by assuming y>(ly 2) in the form given by equation
(21) we can effectively take into account the penetration and charge-transfer
contributions to the second-order polarization energy. These contributions
proved to be essential for an accurate evaluation of i?pol

(2) at short and inter-
mediate distances [17, 20].

After inserting (21) into (19) and differentiating with respect to crs one gets
a system of TV2 inhomogeneous linear equations for the optimal values of the
coefficients crs. Since in concrete calculations we assumed that N = 70, the
use of the trial function (21) would require solving the system of 4900 linear
equations. The simplest way to avoid difficulties this might present is to
follow Karplus and Kolker [21] and to make a linear transformation among the
functions Xr s o ^ n a t t n e matrix to be inverted has a diagonal form. To that
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effect we define two new basis sets <xr and j3r in the following referred to as
molecular bases:

N

N
(22)

where the coefficients Arl and 5W are chosen so as to fulfil the conditions
rl

(23)

and

(24)

Allowing for a normalization of the functions ar and j3r we assume also that
Xr

x and Ar
B can only be equal to 0 or 1. Thus, the calculation of the molecular

bases, say <xr, requires a simultaneous diagonalization of the operators Px and
PAfA within the space spanned by the atomic basis set xr- Now, if we assume
that

(25)
r = l

the matrix of the system of linear equations for crs takes a diagonal form and we
readily find that the minimum of JpQ[f] is

.v £
r = l i =

£ (v
l

v -«V-* 1 1 ) - 1
)

<«AI ~
12

(26)

It is worth noting that, from the formal point of view, the right-hand sides
of (16) and (26) look very similar. Their interpretation is, however, quite
different because <xr and j8r are the finite sets of square-integrable functions
whereas ar and br form continuous sets of unnormalizable functions.

As we have already mentioned, the procedure analogous to that described
above can be applied to the calculation of the induction energy as well. In
this case one gets the following variational approximation to I(ap*-B):

r= 1
(27)

A similar result holds for I(bQ*-A). In the following section it will be shown
how the formulae (26) and (27) can be employed in practical calculations of
the second-order polarization energy in the interaction of two closed-shell
systems.
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4. NUMERICAL REALIZATION OF THE METHOD. CALCULATION OF THE INTERACTION
ENERGY OF TWO WATER MOLECULES

According to the results of the preceding section the practical realization of
the method can be divided into four steps :

(i) choice of an atomic basis %r and the calculation of all necessary one and
two-electron integrals,

(ii) calculation of the molecular bases <zr, and j3r,
(iii) transformation of integrals from the atomic to the molecular basis set

(<*,» bf/, a,, fir),
(iv) calculation of particular energy contributions by using equations (26)

and (27) as well as equation (13) of reference [18].
Since the main purpose of our calculations was to examine the effectiveness

of the perturbation approach rather than a detailed investigation of the potential
energy surface, we decided to fix the mutual orientation of the interacting water
molecules and to vary solely their separation /?O-<>- The coordinates of the
atoms in the system under consideration are listed in table 1.

Atom

Ol
HI
H2
O2
H3
H4

X/a0

0 0
18080

- 0-4641
Ro-o

0-9551 +R0-0
0-9551 +R 0-0

Y/a0

0-0
0-0
1-7483
0-0

-0-5514
-0-5514

Z/a0

0-0
0 0
0 0
0 0
1-4338

-1-4338

Table 1. Coordinates of the atoms (in hartrees) in the system of two water molecules.
The Hartree—Fock optimized mutual orientation of molecules is assumed and only
the interoxygen distance Ro o is varied. aQ (a.u. of length) %()-529 177 x 10 l0 m.

By Ol, HI, H2 we denote the atoms belonging to the molecule A and by O2,
H3, H4 those belonging to the molecule B. The intermolecular distance Ro_o

is varied by moving the molecule B along the axis A" without any change of
orientation. The orientation chosen was that of the linear water dimer and
was determined on the basis of the LCAO MO SCF calculations [6].

All numerical calculations reported below were carried out by using the
gaussian basis (11, 7, 2/6, 1) contracted to [4, 3, 2/2, 1]. This gives 35 basis
functions for the water monomer and 70 functions for the water dimer. The
gaussian exponents and the contraction coefficients were identical to those used
in reference [6] except the exponents of the d functions that were equal to 0-4
and 1-5. The energy of the water monomer calculated using this basis equals
— 76-0576 hartree and is not far above the Hartree-Fock limit estimated at
— 76-068 hartree [22]f. Similarly, the binding energy of the water dimer
calculated using the LCAO MO SCF scheme and the same basis set is equal to
3-87 kcal/mole and is very near to the value 3-90 kcal/mole [6] obtained with
the basis set that for the monomer SCF energy gives —76-0660 hartree, i.e. the
lowest value obtained thus far.

f Hartree (a.u. of energy) = hlmea0
2 ̂ 4-359 81 aj.

7 Q



Hydrogen bond in water

It is worth noting that our Hartree- Fock binding energy differs markedly
from the value 5-14 kcal/mole published recently by Diercksen et al. [8], using
a basis for which the energy of the water monomer equals - 76-0520 hartree.
It must be stressed, however, that we have used a somewhat different method
of defining the SCP" binding energy than that employed by Diercksen and
collaborators [8]. According to the method employed by these authors, here-
after referred to as method I, from the total energy of the dimer one subtracts
the energy of the same dimer calculated by assuming an infinitely large distance
between the interacting monomers. In method 11, applied in the present work,
the interaction energy is obtained as a difference between the energy of the dimer
and the sum of the monomer energies calculated by employing the basis set
used previously for the dimer. The difference between the interaction energies
calculated by using the above methods, usually referred to as the superposition
error, results from the incompleteness of the basis set employed in the calcula-
tions. Because an improvement in the total energy of the monomer A due to
the augmentation of the basis set by the functions localized at the monomer B
ought not to be included in the interaction energy, the method 11 seems to be
more justified from the physical point of view. Since üiercksen et al. [8]
have published the numerical values of the superposition error, it was possible
to compare directly their binding energy with ours.

The results collected in table 2 show that Eh
11 is more stable than Eh

l with
respect to changes of the quality of the basis set. Thus, unless the super-
position error is very small, the method 11 seems to be preferable to the method I
also from the practical point of view.

As the atomic basis set xr
 vve have used the same 70 contracted gaussians

that formed the basis in the SCF calculations for the dimer. In this case the
evaluation of the dispersion energy requires the knowledge of only those two-
electron integrals that are needed in the calculations of the SCF binding energy.
Computation of these integrals has been carried out by using the IBMOL H
programme and has taken, depending on the intermolecular distance, from 15
to 25 min of CPU time on an IBM 370/165 computer. The IBMOL H pro-
gramme has also been used for the calculation of one-electron integrals needed
in the matrix elements of the operators / \ /H, wv and o»I!.

As regards the calculation of the molecular bases it must be remarked that
equations (23) and (24) do not define the functions ar and /?_ in a unique nay.

Diercksen et al. [8]
Present work
Popkie et al. [6]

Monomer energy
hartree

- 76-0520
- 76-0576
- 76-0660

kcal/mol

- 5 1 4
-4-02
-3-90

kcal/mol

-4-33
-3-87
-3-9f

Superposition
error

0-81
015
0-0f

t Since the SCF energy of the water monomer, calculated by using the basis of reference
[6] is very close to the Hartree-Fock limit, we assume that the superposition error con-
nected with this basis set is smaller than 0-05 kcal/mole.

Table 2. Comparison of the LCAO MO SCF binding energies of the wate dimer (in
kcal/mole) calculated by using the method I (Eh1) and the method i l (Et,11) ;

A
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This non-uniqueness, due to the existence of linear dependencies within the
basis sets PAXr a n c ' PnX» m a v ^e removed by imposing the following additional
conditions :

«r = «r )
\ for r = l , 2 , . . . , 5 (28)

and

for r = 6, 7, ..., N. (29)

In practice the conditions (29) have been fulfilled by performing the canonical
orthogonalization [23] of the bases Pxxr

 a nd P^X» a"d by diagonalizing the
Fock operators within the resulting orthonormal basis sets. The above pro-
cedure of treating the linear dependencies within the basis set has been sug-
gested by Löwdin [24].

In virtue of equations (28) and (29) the numerical realization of the formula
(26) requires the following transformation of integrals

e1 v v v v e-

l f t > I I I 1L A B ^ B \lrft I I I
' 1 2 t = \ « = I 1 = 1

(30)

This transformation is more general than the usual four-index transformation
because it uses two different matrices of coefficients. Therefore the transformed
integrals have a lower index symmetry than the primitive ones. Tn practice
the transformation (30) has been carried out by using the modification of the N5

transformation programme written previously by one of us (M.H.). Because
the number of the transformed integrals is only M2N2, M being the number of
occupied orbitals, in our case equal to 5, the transformation (30) is of the MNA

rather than of the TV5 type. Its execution has required 300 K of core storage,
about 25 000 K of direct-access external storage and 15 min of CPU time on
an IBM 370/165 computer.

i?o-o/a0

4-00
4-40
4-80
5-20
5-67
7-00
9-00

15-00

Ro-o/A

2-12

2-33

2'54
2-75
3 00
3-70
4-76
7-94

£V.Stat(l00)

kcal/mol

-43-09
-27-10
-17-07
- 1 1 1 0
-7-12
-2-79
- 1 1 2
-0-21

£Px,h ( l on>

kcal/mol

105-49
51-58
25-11
12-03
4-90
0-30
0-00
0-00

£iml<200>

kcal/mol

-49-30
-21-00
-9-30
-4-12
-1-63
-0-18
-0-02
-0-00

£dis P
( 2 0 0 )

kcal/mol

- 14-46
-8-41
-4-89
-2-85
-1-54
-0-31
-0-05
-0-00

Table 3. Particular contributions to the interaction energy of two water molecules (in
kcal/mole) calculated with the neglect of the intramolecular correlation effects.
The mutual orientation of the interacting molecules is that given in table 1.
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Ro-o/a0

4-00
4-40
4-80
5-20
5-67
7-00
9-00

15-00

-Ro-o/A

2-12
2-33
2-54
2-75
3-00
3-70
4-76
7-94

*"•> + *,„„<->
kcal/mol

1310
3-26

-1-26
-3-20
-3-85
-2-86
-1-14
-0-21

SCFf
kcal/mol

34-62
10-72
0-92

-2-77
-3-87
-2-96
-1-14
-0-21

kcal/mol

0-63
0-46
0-34
0-24
015
0-06
0-00
0-00

SCFt + iW->
kcal/mol

20-16
2-31

-3-97
-5-62
-5-41
-3-00
- 1 1 9
-0-21

t The SCF interaction energy calculated by using the method 11.
X The basis set superposition error.

Table 4. Comparison of the SCF and the perturbation theory interaction energies (in
kcal/mole) for the system of two water molecules. The mutual orientation of the
interacting molecules is that given in table 1.

energy (kcal/mole)

10

8

6

4

2

0

-2

-4

(1OO)

SCF

- E ( 1 O O ) IND

12 14 16

(a.u.)

SCF+DISP

Comparison of various approximations to the interaction energy of two water molecules.
The following abbreviations are used = £'ind<2 0 0 ) , = £tdisp<

ao<» and SCF
is the Hartree-Fock interaction energy calculated by using the method 11.
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5. DISCUSSION OF THE ACCURACY OF THE METHOD
Calculated values of particular contributions to the interaction energy of

two water molecules are listed in table 3. In table 5 the perturbation theory
interaction energy is compared with the result of the SCF calculations. The
potential energy curves obtained from our calculations are shown in the figure.

Obviously, the first question to arise concerns the accuracy of the computed
values of the SCF energy as well as the perturbation corrections. As to the
former, the only source of inaccuracy could be the basis-set effect. However,
as mentioned in the preceding section, the very large basis-set SCF calculations
performed by Popkie et ah [6] lead to the SCF binding energy of the water dimer
differing by less than 1 per cent from the value obtained in the present work.
Thus, one can expect that also for the inter-oxygen distances different from the
equilibrium separation the error connected with the incompleteness of the basis
set should not exceed a few per cent.

Far more complex is the problem of the accuracy of the calculated values of
the perturbation corrections, particularly the values of the dispersion interac-
tion energy. Besides the inaccuracy due to the incompleteness of the basis
set, these quantities suffer from errors caused by the neglect of the intra-
molecular correlation effect, i.e. from the neglect of the corrections of the £""'•"
and E(2iJ) type, where / or j is greater than zero.

As concerns the basis-set effects it seems that their influence on the values of
the electrostatic, exchange and induction energies is small. As shown in table 4
and in the figure, the sum of the above three quantities reproduces satisfactorily
the interaction energy predicted by the SCF method. Since the latter quantity
is very close to its limit one can expect that also the electrostatic, exchange and
induction energies should not be far from their respective limits. Because no
calculations going beyond the Hartree- Fock level and employing a basis set
larger than ours have been performed thus far it is not possible to ascertain to
what extent the augmentation of the basis could alter the calculated values of
the dispersion energy. However, even if these values differed by 20 per cent
from the exact ones, what seems to be the upper limit, this would not change our
conclusion concerning the importance of the dispersion interaction in stabilizing
the hydrogen bond between water molecules. This is because, in virtue of
the Hylleraas variational principle, the extension of the basis set could only
increase the absolute value of the dispersion energy.

As far as the intramolecular correlation is concerned, the quantity least sensi-
tive to its influence seems to be the electrostatic energy. Since this energy
depends solely on the first-order density matrices, all energies of the E^lsUU

 ( l l l )

and E,.]sUlt
llli) type vanish on account of the Moller and Plesset theorem [25].

Therefore, the intramolecular correlation correction to EHsta t
 (1001 is a quantity

of second order with respect to the operators Wx and Wn. At large inter-
molecular distances the above correction is expected to be positive because the
SCF dipole moment of the water molecule is greater than the correlated one.
Since the intramolecular correlation corrections to Eilul

{2im and £,|JSI><2()0) are
quantities of first order with respect to W*A and Wv' operators, both the induc-
tion and the dispersion energies are expected to be more sensitive to the influence
of the intramolecular correlation than the electrostatic energy. Keeping in
mind that these energies are closely related to the polarizabilities of the inter-
acting molecules and that the polarizabilities calculated with the neglect of the
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WA operator are always too small [26-28], one can expect that the intramolecular
correlation would increase the absolute values of the dispersion and induction
energies. The calculations of E(ii!i]t

 {'im performed recently for the interaction
of helium atoms [29] and hydrogen molecules [30] seem to confirm this con-
jecture. Particularly, for the He-He system £llis„

(2ÜO' is at large distances
about 20 per cent too small [29] compared to the exact value of Eaililt

i2>. Because
an extension of the basis set could also only increase the absolute value of the
dispersion energy one can presume that the values listed in the last column of
table 3 are the lower limits to the exact absolute values of the dispersion energy.

It is not an easy task to assess the influence of the internal correlation on the
first-order exchange energy. The only calculations performed thus far are those
of Conway and Murrell [31] for the He-He system. The results obtained'by
these authors suggest that the exact value of the first-order exchange energy
should be at most 10 per cent smaller than the value calculated by using the
Hartree-Fock functions. Since the electrostatic and exchange energies are of
opposite signs one can expect that under the influence of the intramolecular
correlation the whole first-order energv Eiim) should not change by more than
10 per cent.

6. DISCUSSION OF RESULTS

An interesting result of our calculations is that the interaction energy, which
within the SCP' scheme is calculated as a difference of two large numbers, can
be interpreted in terms of the exchange perturbation theory. As shown in
the figure, for the interoxygen distances greater than 5 0 hartree, the SCF inter-
action energy is reproduced with a very good accuracy by the sum of the electro-
static, exchange and induction energies. This result discloses a physical sense
of the SCF interaction energy and justifies improvement of this energy by
adding perturbation corrections obtained in the framework of the theory of
long and intermediate-range interactions. On the other hand, this result indi-
cates the applicability of the perturbation theory to the study of interactions of
many-electron molecules and confirms the correctness of the numerical calcula-
tions performed by us.

The observed relationship between the SCF method and the exchange
perturbation theory can be explained on the basis of a detailed perturbational
analysis of the self-consistent field equations for a dimer [32]. This analysis
shows that besides the electrostatic, exchange and induction energies the SCF
interaction energy contains also the exchange induction energy [33], the third
and higher-order induction energies as well as some corrections due to the self-
consistency on the dimer level. As can be seen in the figure the last three
effects become visible only at small intermolecular separations. As long as they
are not evaluated accurately it seems that the best approximation to the inter-
action energy of two water molecules should be the SCF-f-DISP potential,
shown in the figure, rather than the sum of the four perturbation correction
calculated up to this point.

Nevertheless, the knowledge of the above corrections enables one to get
some insight into the physical structure of the hydrogen-bond energy. The
decomposition of this energy into some physically clear contributions has long
been of interest to quantum chemists [34]. However, by contrast to our work
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all previous attempts were based either on a semiempirical scheme [34, 35] or
consisted in a somewhat formal and basis-dependent partition of the binding
energy obtained by using the SCF [6, 13, 36-38] or Cl [7] methods.

The results listed in table 3 show, in accordance with what one could expect,
that the attractive electrostatic interaction and the first-order exchange repulsion
are the most important contributions to the interaction energy. However, as
is clearly seen in the figure, in the region of the minimum their sum (corre-
sponding to the interaction of unpolarizable molecules) gives a much too weak
attraction of the water molecules. In this region it is the high polarizability
of water molecules that becomes essential. It causes the dispersion and the
induction energies to reach appreciable values and in consequence to stabilize
the hydrogen bonding. It is interesting to note, incidentally, that while at
smaller distances the induction energy is more important than the dispersion
one, at large distances the contrary is the case.

The large share of the second-order interactions in stabilizing the hydrogen
bonding explains the observed lack of correlation between the strength of the
bond and the dipole moments of free molecules. The lack of such correlation
also results from the poor convergence of the multipole expansion of £ei.stat(lü0)-
As shown in table 5, at the minimum region the dipole-dipole interaction accounts
for no more than 50 per cent of the electrostatic energy. The remaining 50 per
cent of the latter is due to the interactions of higher multipoles and to the charge-
overlap effects. Only at large distances the consideration of dipole interactions
alone would be sufficient. Table 5 shows also that an intermediate range where
a few higher multipoles are to be taken into account hardly exists.

Unfortunately, we have had no means of calculating the multipole components
of £in(1

(200) and £lliH,,<200)- However, a comparison of £(iisp
<200) at # ( )_o = 300 A

with values obtained for larger distances indicates unambiguously that at the
minimum region the multipole expansion for ^jsp'2 0 0 ' converges slowly.

i

Ro-o/a0

4-00
4-40
4-80
5-20
5-67
7-00
9 0 0

15 00

Ro-o/A

2-12
2-33
2-54
2-75
3-00
3-70
4-76
7-94

2(1)
k cal/mol

-9-33
-7-01
-5-40
-4-25
-3-28
-1-74
-0-82
-0-18

2(2)
kcal/mol

-10-92
- 8 0 6
- 6 1 2
- 4 - 7 6
- 3 - 6 3
- 1 - 8 9
- 0 - 8 7
- 0 - 1 8

2(3)

kcal/mol

-11 -04
- 8 1 7
- 6 21
- 4 - 8 3
- 3 - 6 8
— 1-91
- 0 - 8 8
-018

£elstat ( 1 0 0 )

kcal/mol

-43-09
- 2 7 1 0
-1707
-11-10
-7-12
-2-79
- 1 1 2
-0-21

A'

The quantity 2(JV) is defined as > where Tij is the interaction energy of the

permanent 2*-pole moment of the molecule A with the permanent 2J-pole moment of the
molecule B. For example, 2(1) is the dipole-dipole interaction energy.

Table 5. Convergence of the multipole expansion for the energy of the electrostatic interac-
tion of two water molecules as a function of the interoxygen distance Ro-o. The
mutual orientation of the interacting molecules is that given in table 1. Energy is
expressed in kcal/mole.
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Similarly, as in the case of E,,l!it.1t
(UW\ about 50 per cent of /t.ij.,,1201" comes

from the interaction of higher multipoles and from the charge-overlap effects.
According to the results collected in table 3 the formation of a hydrogen

bond is a consequence of the fact that the electrostatic interaction and the
effects due to the polarizability of the molecules surpass the exchange repulsion
of the closed electronic shells. Thus, the perturbation theory interpretation of
the hydrogen bond does not require one to invoke any charge-transfer interac-
tions. However, one can conjecture that the charge-transfer contribution to
the hydrogen-bond energy, discussed widely in the literature [34 38], is con-
tained in the induction energy. As it has been shown [20], the induction inter-
action due to the short-range part of the electrostatic potential of an atom
introduces an important ionic contribution into the molecular wave function.
Because, at smaller separations, the short-range induction interaction may
represent a significant part of the hydrogen-bond energy, calculation of the
latter requires a basis set which includes charge-transfer states. As a matter
of fact, 50 per cent of the basis functions used for the calculation of the induction
(and the dispersion) energy was of the charge-transfer type. Thus, although
in the perturbation theory the charge-transfer interactions cannot be well
defined, an extension of the basis set to include the charge-transfer states is
necessary for an accurate variational calculation of the second and, presumably,
higher-order perturbation corrections.

Probably the most interesting conclusion of our work is that the dispersion
interaction represents an important factor in strengthening the hydrogen bond
between two water molecules. The figure clearly shows that the dispersion
interaction deepens remarkably the H2O-H2O potential energy curve and shifts
its minimum towards smaller values of /?(,.4). Due to this interaction the
binding energy Eu increases from 3-9 to about 5-8 kcal/mole and the equilibrium
separation of the oxygen atoms /?,. decreases from 3-00 to 2-86 A. The value
of /?,. is greater than the interoxygen distance in ice, equal to 2-76 A [4], and
smaller than the value 2-98 A obtained recently [39] from the analysis of the
vapour phase rotational spectrum of the water dimer. The former discrepancy
is believed to be due to the compressive effect of the three-body interactions in
ice [4] while the latter most likely results from the asymmetry of the H.,0-H.,0
potential energy well. This asymmetry causes R(, to be always by a few per
cent smaller than the value of /?o_() averaged over the oscillatory motion of
the nuclei. Because various calculated values of the zero-point vibration
correction to the dimerization energy of water range from 0-76 kcal/mole [40]
to 1*5 kcal/mole [3, 8], and because the experimental values of the dimerization
energy itself vary from 2-9 kcal/mole [41] to 6-7 kcal/mole [42] it is not possible
at present to compare our value of Eh with experimental results. It is worth
noting, however, that according to Kistenmacher and collaborators [9] the true
binding energy of two water molecules is almost certainly encompassed by the
values 4-8 kcal/mole and 6-5 kcal/mole [9]. This observation, based on Monte
Carlo calculations for liquid water, is consistent with the results of our calcula-
tions.

It is of some interest to compare our results with those of large-scale CI
calculations for the water dimer performed recently by Diercksen et al. [8].
By employing a wave function consisting of 56 268 singly and doubly excited
configurations these authors have found that the correlation contribution to
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the hydrogen-bond energy amounts to 0-87 kcal/mole (at 7?o_o = 3-00 A). The
numerical value of the dispersion energy calculated in the present work for the
same interoxygen distance is equal to 1-54 kcal/mole and may well be as much as
20-30 per cent too small as compared to the exact value of the dispersion energy.
It should be stressed, however, that the results of Diercksen et al. [8] cannot be
directly compared with ours. The point is that besides the dispersion energy
the CI method also takes into account the second-order exchange effects as
well as the internal correlation correction to £"eiHtat

 (100', which are expected to
be repulsive. Since the experimental value of the dimerization energy of water
is not known with sufficient accuracy [8, 9] it is impossible at present to resolve i
whether the CI result of reference [8] or our value of the dispersion energy is j
a better approximation to the exact value of the correlation contribution to the '
binding energy of the water dimer.

However, if the cost and intricacy of the numerical calculations are taken
into consideration the perturbation method appears to be superior to the CI
scheme. Although the CI method takes into account the third and higher
orders of perturbation theory, the necessity of diagonalizing large matrices and
carrying out the full iV5 transformations prevents one from using sufficiently
long expansions for the trial wave function. This is why the CI method is not
able to reproduce accurately the first and second-order effects which, after all,
are the most important ones. However, if from the very beginning one dis-
regards the higher-order effects, i.e. if one replaces the Rayleigh-Ritz functional
by a set of the Hylleraas-type functionals, one can fairly easily apply very large
basis sets and calculate accurately the first and second-order interaction energies.
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ERRATUM

In table 5 of chapter 1 we listed £(n). In the calculation of this

quantity incorrect quadrupoles and octupoles have been used. Moreover,

for the inspection of the rate of convergence of the multipole expansion

one must rather consider S(n). This quantity is defined by

n
S(n) = Z C./R1

i=3 x

where C. is the total multipole expansion coefficient for all multipole-

multipole interaction terms that go as R
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In order to interpret the solvation blue shift in the 'A,—'Bt UV band in H,O (observed in liquid water, ice,
and H2O embedded in rare gas matrices) we have made ad initio calculations of the first order
electrostatic and exchange interaction energies in H2O*-H2O and H2O*-Ne dimers. after extending the usual
symmetry adapted perturbation expressions to excited state molecules. We have found this shift to be caused
mainly by the enlarged exchange repulsion between the excited H2O molecule and its neighbors,
originating from the extended (Rydberg) character of the excited 'fl, state. The orienlational dependence
of this exchange repulsion has been calculated and correlated with the spatial distribution of the Rydberg
state. The transition-dipole resonance interaction was found to be of little importance. These results were
confirmed by supermolecule MO calculations on the ground state and excited dimers which showed
moreover, an enlarged polarization of the excited H;O (compared with the ground state), as well as some
other effects that may be artifacts from the supermolecule treatment of excited dimers.

I. INTRODUCTION

The interaction energy of a molecule with its surround-
ings depends strongly on the electronic state of the mole-
cule considered. This dependence can be observed as
the different solvent shifts in the electronic absorption
spectrum for different excited states of one and the same
molecule. Both the intensity and the frequency shift as-
pects have been studied in numerous experiments.' In
some cases it has been found that a model where the in-
teraction between solute and solvent molecules is de-
scribed with the help of the multipole expansion for the
electrostatic part, retaining only the dipole-dipole term,
and a second order contribution represented by isotropic
polarizability terms, explains the experimental results
quite well.2'3 From later work4"6 it has become clear,
however, that even relatively weak interactions between
molecules at distances that occur in condensed phases,
while all these molecules are in their electronic ground
states, generally cannot be described using only (trun-
cated) multipole expansions. This is a direct conse-
quence of the occurrence of charge overlap leading to
the breakdown of the multipole expansion on the one hand
and to the so-called exchange repulsion on the other.
Therefore any approach that tries to explain the solvent
shift and confines itself to changes in multipole interac-
tion terms is liable to fail, as is frequently observed in
practice.7

As a first step towards a more complete treatment we
consider in this article the detailed first order pertur-
bation treatment of the interaction between molecules in
ground and excited state. Taking a testcase of practical
interest, we study water-water and neon-water dimers.

Although no common solvents are available where the
solvent shift for the water molecule can be observed,
there is ample related information available, when we
confine ourselves to the lowest excited singlet state.
The gas phase spectrum is known over 50 years and
well-understood.B>9 The spectrum of the pure liquid,
which can be considered as the spectrum of a water

molecule when dissolved in water, has been measured
in different ways ten years ago. tO-13 Although the re-
sults of different authors do not completely agree, in-
formation is available for ice as a function of tempera-
ture.14*15 Finally we have measured the spectrum of HjO
in an argon matrix at 15 K at a variety of concentrations,
including those where water—water interactions can be
neglepteTt46 The system then has close analogy to a
dilute solution of polar molecules in an apolar solvent.
Ttre experimental data are collected in Fig. 1.

Fipm this figure it becomes clear that there is a sys-
tematic 1 eV blue shift when going from the gasphase to
the condensed phases. This value indicates a large dif-
ference in interaction energy for ground and excited
state. Recent quantumchemical calculations indicate
that the hydrogen bond energy for the water dimer in its
most stable configuration in the ground state amounts
to 5-6 kcal/mol (0. 25 eV).">28 When we assume that the
solvent effect can be attributed mainly to dimer effects,
the interaction in the excited state has to be 0. 75 eV re-

90 70 leV)

-1500

500

U00 1600
FIG. 1. Absorption spectrum of water in different phases, g:
gasphase, 1: liquid, s: solid (1^0 K), m: water in argon
matrix (1: 50). Abscissa (decadic) extinction coefficient for the
gas phase, other phases arbitrary units scaled to give equal
maximum as in fjas phase. Values copied from Hef. 16.

5310 J. Chem. Phys. 71(12), 15 Dec. 1979
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pulsive. As is usual in the treatment of solvent effects
we take the Franck-Condon principle for granted and
consider only vertical excitation.

The solvent shift is seen to be rather independent of
the nature of the neighbors (unordered solvent water
molecules in the liquid, ordered water molecules in the
solid, and argon atoms in the matrix). Therefore, one
may assume that this large change is mainly related to
the character of the excited state of the water molecule.

The gasphase spectrum as given in Fig. 1 is due to the
1&| — 4at(3s0) transition (in a one electron picture).
Though results of ab initio calculations for the vertical
excitation to that state have been published earlier18'22

we have repeated the calculation using the SCF formal-
ism for the monomer ground state and the electron hole
potential (EHP) method of Morokuma et al}3-25 for the
'B, excited state. We investigated a small part of the
monomer potential surface, relevant for the interpreta-
tion of the gasphase absorption spectrum.

The dimers were studied by exchange perturbation
theory.ze This theory has been used until now mainly for
the treatment of the interaction between ground state
atoms and molecules. In the case of interacting closed
shell systems a formalism using interaction density ma-
trices was presented by Jeziorski et al. and applied to
the He3 system.27 The same formalism was used later
for the treatment of the water dimer.28 In the present
article the formalism has been extended to include mole-
cules described by singly excited states.

Numerical results of the application of this formalism
to the water dimer in some relevant geometries are de-
scribed. Moreover for the interpretation of the matrix
isolation studies, calculations for the mixed neon-water
dimers, replacing either donor or acceptor water by
neon have been performed. Finally some direct SCF and
EHP computations on the dimers have been performed
also.

II. EXPRESSIONS FOR THE FIRST ORDER
INTERACTION ENERGY

For a system consisting of two closed shell mole-
cules, A and B, the first order part of the interaction
energy in exchange perturbation theory is given by

Bflfro)

<*oö*o>
(1)

where <j>0 = * A * B ' S the simple product of the wave func-
tions describing the free molecules, Q is the (idempo-
tent) antisymmetrizer for all electrons in the system,
and VAB contains the Coulombic interaction between the
electrons and nuclei of A on the one hand and those of
molecule B on the other. When we adhere to the notation
that X, n stand for nuclei, i, j , k, I for electrons and
p, q, r, s lor spin orbitals, the interaction operator VAB

may be written as (in a. u.)

V A B = I

where

is the nuclear repulsion energy and

(3)

(4)

is the potential energy of electron i in the electric field
of the nuclei in molecule X, Zu are nuclear charges,
and RBI), riu, ru are distances between nuclei and elec-
trons indicated by the subscripts M> ",i,j- In Ref. 27 it
is shown how formula (1) can be evaluated for closed
shell systems A and B using suitably defined interaction
density matrices (IDM's). These IDM's differ from the
usual first and second order (reduced) density matrices
as for instance defined in Ref. 29, due to the fact that
the function *o is not antisymmetric in all its arguments.

When one o' ('ie molecules is in an e,xcited state we
meet degene: *cy as soon as the molecules are identical.
The degeneracy arises not necessarily from spatial sym-
metry. Even when there is no symmetry operation that
transforms the molecular coordinates into each other,
the zeroth order wave function denoted as <J>J' can be
given as

h C 2*A*B* , (5)

where the values of C, and C2 have to be determined yet,
using perturbation theory for degenerate states. Now
we write the exact (perturbed) wave function for the ex-
cited dimer as

<b"=a&$*+x" , (6)

where x" is a correction function that contains all high-
er order contributions. We require this correction
function to be orthogonal to all the degenerate zeroth
order functions:

<*A"*B|X"> = 0 , (*A*B*|X") = O. (7)

The Schrödinger equation for the perturbed system is

(K^-£5"+ VAB -£"t)(a4>5*+x*I) = O (8)

with

= XA + 3CB

and

(9)

(10)

In passing we may note that these expressions can easily
be generalized to a system of many identical atoms or
molecules where excitation occurs. When we indicate
the degenerate excited configurations with a single wave
function a, the zeroth order wavefunction can be written
as

a

Multiplying Eq. (8) from the left with each of the zeroth
order functions a and making a perturbation expansion,
we obtain the equation for the coefficients Ca and the
first order contribution to the interaction energy £",.

VC=£[iJSC (12)

with
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(13)

(14)
Although at first sight the matrix VaB appears not to be
Hermitian this can still bt proved, if the unperturbec.
wave functions are exact eigenfunctions of X'o. For ap-
proximate monomer wave functions (e. g., Hartree-
Fock LCAO functions) as we encounter in practical cal-
culations V is not Hermitian indeed. [Using real wave
functions we never had the problem that the eigenvalues
of Eq. (12) were complex, due to the deviations of V
from being symmetric).

Equation (12) is very similar to the well-known ex-
pression for the excitation energy in a molecular crystal
according to the exciton formalism.30 The main differ-
ence is the omission of the antisymmetrizer from the
(usual) exciton wave function. (Although sometimes in-
troduced formally, the antisymmetrizer generally dis-
appears at the time of actual calculation.) Therefore
there is no problem with the hermicity of the matrix V
in exciton theory. On the other hand, the exchange in-
teractions are lacking; they nay be implicitly taken into
account when the theory is parametrized.

When the wave functions iv are described with the help
of molecular orbitals of the different monomers, we have
to take into account that orthogonality exists generally
only between orbitals stemming from one and the same
monomer. The elements of the V and i' matrices, (13)
and (14), can then be expressed most easily in terms of
diagonal elements of first and second order transition
interaction density matrices (TIDM's) •>, and >,. In the
case of a dimer we write

* = ƒ ^A ƒ

The definition of y( and y2 i

\xt, x,) = NANBfa*ai3 dj'kl

(15)

(16)

(17)

k and / are electrons belonging to the molecules A and
B, respectively. Nx is the number of electrons in mole-
cule X (X is A or B). rfrj means integration over all
electron coordinates x, except those of electron k. Sim-
ilarly dTj, excludes * t and x, from the integration.

The main difference between the TIDM's from (16j
and (17) and the IDM's in Ref. 27 is of course the oc-
currence of a and (Ü. Since an excited state can in gen-
eral not be well-described with one determinant con-
structed from doubly occupied molecular orbitals, in
the evaluation of the TIDM's one has to take the occur-
rence of open shells into account.

When we have chosen to describe the ground state
with a SCF wave function three methods are available
to produce wave functions for the excited state on a
nearly equal level of sophistication. Of these methods
the open shell restricted Hartree-Fock approach has

the disadvantage that it produces sets of molecular or-
bitals for ground and excited states that are not all or-
thogonal among each other (unless by symmetry). The
full singly excited state configuration inleraction method
has the drawback of many expansion coefficients and the
need of a computer time consuming integral transforma-
tion. We found that an only slightly inferior wave func-
tion is produced by the EHP method23"3'' lacking the
drawbacks of the two other methods. The EHP method
uses a one configuration function for a singly excited
state, so in the case of a singulet (with no orbital de-
generacv) this wave function consists of two determinants
built from a set of orthogonal molecular orbitals. One
orbital in the set, which contains the excited electron,
is a linear combination of the virtual (ground state) SCF
orbitals, the remaining orbitals are produced bv a uni-
tary transformation of the occupied ground state SCF
MO's. (The same unitary transformation may be ap-
plied to the ground state wave function without affecting
the ground state properties.) The transformation ma-
trices are determined by the requirement of minimal
excitation energy.

The evaluation of the matrix elements of (13) and (14)
using SCF and EHP functions is described in Appendix
A. We may note that the resulting expressions for >,
and >2 can also be used in those cases where the excited
state functions are given by linear combinations of singly
excited configurations. Only computer time is a limiting
factor.

When we neglect all antisymmetrizers specified in
(13) and (14) we arrive at the expression for the elec-
trostatic contribution to the interaction energy. Of
course also the mixing coefficients will change in gener-
al. The so-called exchange contribution is found as the
difference between the total first order energy resulting
from the solution of (12) and the electrostatic contribu-
tion.

III. NUMERICAL EVALUATION

A. Properties of excited H2O

From previous calculations of the excited states of
the water molecule18"22 it has become clear that for a
reasonable description of the excited lBx (Rydberg state)
the basis set must at least contain relatively diffuse 3s
type atomic orbitals on the oxygen atom. To keep the
basis set balanced we also included 3/> functions on oxy-
gen and 2s and 2/> functions on hydrogen. Exponents
were derived from Slater's rules and converted to a sin-
gle Gaussian. The i* values so obtained (O 3s : 0. 018,
3/): 0.031; H 2s : 0.025, 2/>: 0. 038) do not differ much
from Dunning's31 suggested values. To avoid long com-
putation times we used a modest basis set for the inner
shell and valence shell electrons, taken from Clementi
and Mehl.32

With this basis set the energy of the ground state and
the lBl excited state was computed at a small part of the
potential surface, namely: varying one O-H distance
and the HOH angle, keeping the other OH distance fixed
at 1.80888 a.u. This part was chosen in accordance
with the accepted interpretation of the observed gas

\
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FIG. 2. Part of the computed potential surlace for the water
molecule in the lowest lA ' and [A " stales, (a) the OIL distance
is varied, the OK, distance and the HOH angle are kept at then-
experimental equilibrium values, (b) the HUH angle is varied
for difterent values ot the OH-, distance and constant (experi-
mental) Oil, distance. Knergie.s and distances in a. u.

phase spectrum. Integrals were generated with the
IBMOIH integrals program.33 The closed shell SCF com-
putations were performed with the IBMOIH SCF program
and the EHP excited state energies were calculated with
the help of a program based on formula (23) of Ref. 23
using the data produced by the integral and SCF sections
as input. Most computations wero performed on the
IBM 370/158 computer of the Leiden University Comput-
ing Centre. Some additional computations were per-
formed at the CDC Cyber 175 at ENR Petten, using
CDC versions of all IBM programs.34 The results are
given in Fig. 2. The continuum in the absorption spec-
trum is caused by the asymmetric dissociation into
HpS) and OH I2!!). In the SCF method the molecule does
not dissociate to the lowest states of the fragments, so
we have considered only the part of the potential energy
surface in the neighborhood of the ground state equilib-
rium geometry.

McGlynn and co-workers have recently observed some
structure superimposed on the absorption continuum.35

This was interpreted as being caused by transitions to
higher vibrational levels of the bending vibration in the
excited state. The vibrations in the excited state must
be shifted to about 20% higher frequencies with respect
to the ground state value. This increase in bending
force constant is not substantiated by our computed re-
sults. To settle this problem, computations with larger
basis sets and large CI are certainly needed. Our
ground state equilibrium angle is somewhat too large,
which is not uncommon in limited basis set calculations
(in fact, computed values between 100 and 115 deg have
been published36"38). The vertical excitation energy at
the equilibrium geometry (0.313 a.u. =• 8. 5 eV) coincides
reasonably well with the energy associated with the posi-
tion of the maximum in the absorption band at 1650 A
(7. 5 eV) observed in the gasphase and with the results
of more elaborate calculations.ls~22 Of course the con-

tributions of the zero point vibrational energy in the
ground state (^ 0. 6 eV) and the possibility of excited
vibrational modes in the electronic excited state have
to be taken into account. The latter being unknown, the
agreement could be fortuitous. Nevertheless we think
that our wave function represents both ground and ex-
cited state sufficiently well to be used as a basis for the
dimer calculations. The inclusion of both 3s, 3/; orbitals
on oxygen and 2.v, 2/> orbitals on hydrogen is justified,
since their omission would lead to a much (1 eV) higher
excitation energy. This is of course due to the Rvdberg
character of the excited 'Bf state.

Values of some computed properties, both in the
ground and in the excited state are collected in Table I.
The components of the polarizabilitv tensor have been
computed by the finite field approach,3' applied to the
SCF and EHP formalisms. The values have been de-
rived from the change in dipole moment upon application
of an electric field of strength 0. 005 a.u. .Uonn each of
the v, \ , or .' axes. The value of the polarizabilitv in
the excited state is much larger than in the ground .state.
Also the anisotropv is greater in the excited state. Part
of the anisotropv in the ground state is certainlv due to
the lack of d functions in the hasts set.3' At the present
time it seems impossible to verify bv electro-optical
experiments40 the enormous increase in polarizability
upon excitation. These properties will be used in a
later section. For completeness the vertical excitation
energy for some higher states has been computed a.«
well. Results are given in Table II.

TA1SLI. I Properties ot the H.O monomer computed lrom
SCK (ground stale) and KliP( B < excited state') uave Junctions.
Molecule m xz plane, c'. :ixis along .- axis, O largest ^ co-
ordinate. All quantities are in atomic units
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TABLE II. Singlet excited states of H2O. Vertical excitation energies (in a.u.), symmetries
in Qv and reduction in Cs (the symmetry of the dimer Ln geometry I) for molecules A and B
(see Fig. 3).

Symmetry

B,

A,

Ax

Ax

B2

B,

B2

Ax

A,

Type

16 , -

16, -
3a , -

16 , -

3a , -

3a,—

162-

16j-

4a,(n-3s)

262(n — 3px)

4a,

26,(n-3pv)

262

26,

4a,

262

l62-26.

Csl

A'

A'

A'

A'

A'

A"

A'

A'

A"

Symmetry
[A) CS(B)

A'

A"

A'

A'

A"

A'

A-

A1

A"

Computed
EHP

0.314

0.378

0.393

0.434

0.450

0.475

0.528

0.821

0. U2li

excitation energies
CI (Ref. 22)»

0.280

0.348

0.362

0.379

0.422

0.438

The missing 16,— 5a,(n — 3f,) transition found at 0. 370 a. u. in the CI calculations of ncf. 2U,
can nol be obtained with the EHP method, since it is not the lowest, of iis excitation type.

B. Dimer calculations

The numerical evaluation of formula (13) according
to the expressions given in the appendix is straightfor-
ward once the one- and two-electron integrals over
molecular orbitals are available. For this purpose the
general N* four index transformation program used in
previous studies6'28 has been modified in order to pro-
duce the about 2m1 two-electron molecular orbital inte-
grals needed in the most efficient way avoiding all mul-
tiplications with zero vector components (»M equals the
total number of molecular orbitals used for the descrip-
tion of the excited multimer, so in the case of the water
dimer m= 12). The computation of the inverses and de-
terminants of the symmetric and asymmetric overlap
matrices was executed with the help of NAG library
routines.41

In the supermolecule approach the definition of binding
energy for a complex AB in some specified state at dis-
tance R is given as

£lnt(AB,K) = £(AB,fl)-£(A)-E(B), (18)

where £(AB,fl) is the energy of the complex AB at dis-
tance R and £(A) and £(B) are the energies of the disso-
ciation products of AB. When we incorporate the correc-
tion for the basis set superposition error according to
the counterpoise method,12 this expression becomes on
the SCF level

£,.,,SCFlAB,fl) = £scr(AB,fl) - £SCF(A, R) - ESCF{B,R),
(19)

where £SCF(AB,R) is the SCF energy of AB at distance
R and £SCF(A,ft) is the SCF energy obtained for A in the
basis set of the complex at distance R and analogously
for £SCF(B,fl).

We can give a similar definition for the binding energy
in the excited dimer at the EHP level

=, £ E H „(A"B,R) - £ E H P (A", R)- ESCF(B,R). (20)

Here £ E H P (A"B,f l ) i s the energy obtained by the EHP

formalism for the excited dimer with excitation mainly
localized on A and £Eltp(A*I,fi) is the energy of excited
A when computed in the basis set for AB at distance K.
Now the excited state energies in the EHP formalism
are found as the sum of the SCF ground state energy and
the variationally minimized excitation energy A£EHP

P(A"B,fl) (21)

and

A£EHP(A",fl) , (22)

where again A£EHP(A",fl) is the excitation energy found
for the monomer A using the dimer basis set. Substi-
tuting (21) and (22) into (20) we obtain:

£lBt,EHP(A"B,fl)=E1.,,SCF(AB,fl)

+ A£EHP(A"B,fi)-A£EHP(A".fl).(23)

It must be pointed out however, that the counterpoise
method used both for the ground state and for the ex-
cited state has been justified, both theoretically*2 and
numerically,43 for the ground state only. In the excited
state extra complications may arise. The excitation on
one of the monomers may change its character or be-
come delocalized due to the presence of the neighbor.
In the latter case we must also keep in mind that the
asymptotic behavior of the dimer SCF and EHP wave
function for R - «° may be incorrect. The results of
excited dimer supermolecule calculations must there-
fore be interpreted with great care.

In practice we used the same set of computer pro-
grams as for the water monomer calculations. In the
EHP method we used the occupied SCF orbitals for the
ground state dimer and one appropriate virtual orbital
as starting vectors for the orbitals of the excited state.

IV. RESULTS OF H;O-H2O DIMER CALCULATIONS

For two sets of geometries the complete first order
interaction energy and its components have been evalu-
ated. In the first set, in the following referred to as
geometry 1. the effect of a change in intermolecular dis-
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hxaol va lues lor ttu' e o o r d m a l e s in g e o n l e l n i can he lound
in ld ' l . 2*

tance at a fixed angular orientation is considered (Fig.
3). F'or the ground state this geometry had been studied
previously using extensive basis sets.28 This nives us
the opportunity to investigate (he existence of a hydrogen
bond in the excited dimcr. Moreover we have a means
of observing the basis set effects in the ground state.
In Table III and Fig. 4 the results of our calculations-
are shown. Due to the fact that the zeroth order wave
functions tt<H*JiH and It * A * " belong to different i r re-
ducible representations (A' and A" in C's. the symmetry
group of the dimer in geometry I), no off-diagonal V'
and i> matrix elements arise. In this case the diagonal
elements of the interaction operator for the two (normal-
ized) zeroth order wave functions directly give the in-
teraction energies in the two possible states.

At large intermolecular distance (12 a.u.) the ex-
change contributions are negligibly small and the inter-
action energy is determined bv the electrostatic contri-
bution. TMs is the case, both for the ground state and
for the two excited states. In the ground state the elec-
trostatic contribution is attractive, in the two excited
states repulsive. This can be easily understood since at
this distance the electrostatic interaction is determined
largely by the first nonvanishing term in the multipole
expansion,'16 i . e . , the dipole—dipole term for tiie water
dinier. In the first excited state of the monomer the
dipole moment has about the same absolute value as in
the ground state, but its direction is reversed, as can
be seen in Table I. The results of the multipole expan-

«o a " " i
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sion compared with the unexpanded results are listed in
Table (V.

At intermediate and shorter distances (• 9 a. u. ) u*r
observe that Ihe exchange repulsion in both excited con-
figurations increases much faster when the molecules
approach than it does in the ground state. This increase
in exchange repulsion i.s most striking for the A"H con-
figuration. Clearlv the 'ii, Kvdbrrg state is not spher-
ically symmetric. The charge distribution must havo ,i
rather pronounced extension aloni, (lie direction of the
O-H blinds. Also for the electrostatic part the pene-
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TABL£ IV, Cumulative contribution of the multinoje ser ies
te rms and total unexpanded electrostatic energy. Energies in
10"'' a. u.

State

A B

A B

A B "

R/aa

4.80
5.20
5.67
7.00
9. 00

12.00

4.80
5.20
5.(17
7.00
9. 00

12.00

4.80
5.20
3.67
7.00
9.00

12.00

f J. f
Li a. IJ

T,

— 13 563
- 10 669
- K 230
- 4374
- 2058

- 8 6 8

12 2BS
9(173
7461
39(15
I8(ili
787

12 298
9673
74(11
3965
lMlili
787

T,

- Hi 569
- 12 851

-9673
- 5039
-2301

-945

IS 5:w
14 200
1011114

5344
2371

947

192(1
313d
213(1
1670
1026
521

T;

- 2 2 ( 1 1 1
- 16 90(1
- 12 301

- 5955
-25(11
- 1007

52 713
37 1(17
25 5211
10 527

:!S4I1
12911

78(18

6124
4717
2572
12K3
583

Em,,

- 35 527
- 2 3 224
- 15 160

-6363
-2(130
- 1017

- 75(il>2
- 4 7 (ill 1
- 27 70Ii

- 5hh2
111
*93

-674 3
- 1591

934
1802
11 II

5114

with Ibt contribution to the cnergv due to interaction belwet
a 2*-pole on A and a 2' pole on H.

tration effects seem to be more important for the A"B
configuration. Comparison of the full electrostatic and
the truncated muliipole expansion results (Table IV)
shows that the mult\pole expansion breaks down at about
the same distance where exchange effects become im-
portant. The inclusion of contributions of still higher

multipole components therefore does not seem to be
justified.

Next we consider (in geometry II) the effect of rota-
tion of monomer A around the O • • • O axis keeping the
O-O distance fixed at 5.67 a.u. (the equilibrium dis-
tance for the ground state).28 Rotations of 60 and 180
deg produce the nearest neighbor orientations that are
present in hexagonal ice but not in cubic ice. A rota-
tion of 120 deg produces the other orientation possible
in both cubic and hexagonal ice. In all these rotated
dinicrs (except for the 180 deg one) no symmetry ele-
ment remains and the offdiagonal h' and I' matrix ele-
ments will be nonzero. In Table V.A the diagonal and
off-diagonal matrix elements and the resulting eigen-
vectors and eigenvalues are given as a function of rota-
tion angle. In Table V. B the same is done taking onlv
the electrostatic contribution into account. The great
difference between electrostatic and total first order
results shows that the "resonance dipole contribution"
normally responsible for the first order energy is com-
pletely overshadowed by exchange effects. This can be
understood because the diffuseness of the Rydberg ex-
cited state leads to a large exchange repulsion between
the molecules already at large distances, while, on the
other n.i..d, the transition moments which determine the
dipole resonance energy are generally small for Ryd-
berg states (computed from our EHP wave function 0. 46
a.u., experimentally 0. 6 a.u.) .

The computed value of 0.46 a.u. leads to a value for
the dipole-dipole term in the off-diagonal element of the
electrostatic part of the interaction operator of 1.1
xlO"3 a.u. for the dimer with 90° rotation and 5.67 a.u.
interoxygen distance. This value is somewhat larger

TABLE V. A. Total first order interaction energy for two water molecules as a function of orientation at fixed distance (geometn
II). Energies in I0*1' a. u.

£(AB) £(A"B) E(AB") < 1 0 *

0
30
60
90

120

150
180

-8015
-7804
-7298
-6781
-6465
-636B
-6359

11090
10 740

9911
9059
8564
8440
8447

10 234
10260
10 300
10 340
10 370
101)90
10 397

0
716

1262
1488
130B
761

0

0
1677
1901
2243
1977
1153

0

0
2183
3891
4653
4149
2438

0

11 090
1143(1
11711
11 688
11355
10 787
10 397

1.0
0. 730
0. 589
0.507
0.437
0.318
0 .0

0.
0.
0.
0.
0.
0.
1.

0
685
811
864
901
949
0

10 234
9568
8510
7729
7595
8049
8447

0 .0
- 0 . 5 3 2
- 0 . 6 7 8
- 0 . 7 5 2
- 0.809
- 0 . 8 9 3

1.0

1
0.
0.
0.
0.
0.
0.

0
846
733
656
585
447
0

EJt Eu and Citi, Ctli (i= 1,2) solutions of the nonsymmetric 2x2 eigenvalue problem.

B. Electrostatic contribution to the first order interaction energy.

0
30
«0
90

120
150
180

r (AB>

- 15 160
- 14 954
-14 460
- 13 952
-13 645
- 13 552
-13 546

r-Elst >"
- 27 706
-28116
- 2 9 124
- 3 0 221
- 30 974
- 31 293
-31546

"B) £Ela,(AB'») Vl2Ela,=

934
959
1015
1070
1101
1110
1110

I)
373
652
759
661
382

0

- 2 7 706
- 28 120
- 29 138
- 30 240
-30.988
-31298
-31564

1.0
0.999
0. 999
0.999
0.999
0, 999
1.0

0.0
- 0 . 0 1 3
- 0 . 0 2 2
- 0. 024
- 0 . 0 2 1
- 0 . 0 1 2

0.0

934
963

1029
1089
1114
1114
1110

0.0
0.013
0.022
0.024
0.021
0,012
0.0

1.0
0.999
0. 999
0,999
0. 999
0.999
1.0

£ , , £ n jind C I ( f C u ( (t = 1, 2) solutions of the 2x 2 eigenvalue problem.
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004 -

-004 -

-.008 -

... I I 1 1 1 1 1
E Jn, 0 60 120 1B0

8(degrees)
FIG. 5. First order interaction energy for the water dimer
in ground (AB) and excited (I and II) states according to ex-
change perturbation theory for degenerate states for geometry
II. The values of the diagonal elements of the interaction opera-
tor are indicated by 1: A"B and 2 : AB". Also given are the
values of the overlap matrix S for the (normalized) degenerate
state functions and the of f-diagonal elements Va and V2\. Ab-
scissa: rotation angle (deg) of the plane of molecule B around
the 0- - -0 axis (ef. Fig. 3).

TABLE VI. First order Interaction energy for the water-neon
and neon—water dimers. Distances in a. u., energies in 10*r' a. u.

«Cr». «Tot (A Ne» £E 1 „ <A Ne) £T„lA'«Ne) EElst(A"Ne>

4.80
5.20
5.67
7.00
9.00

14 249
5148
1665
115
12

-5079
-2098
-768
-78
-11

37190
22030
12780
3519
714

-38 342
-24 848
- IS 308
-4677
-959

£,.„, (Ne B) J E I . I N E B ) £EIJ,(NeB")

4.50
5.20
5.67
7.00
9.00

2409
778
255
27
1

-1076
-405
-145
-13
-1

2856
1309
659
164
17

-2222
-1242
-718
-193
-15

dimers when compared with the H2O-H2O dimer, which
can be expected from the combined effect of the absence
of permanent multipole moments on neon and the smaller
van der Waals radius (yielding less charge penetration).
The decrease is largest for Ne-H2O, probably due to
the fact that the presence of the H atoms on the O-Ne
axis in the H^-Ne dimer is responsible for an earlier
onset of penetration effects. The exchange part follows
the same pattern with opposite sign. In the excited state
the situation is more complicated. For the H2O-Ne
dimer the interaction curves are shifted about 2 a.u.
outwards when compared with the ground state while for
the Ne-H2O dimer this shift is only 0. 5 a.u. This seems
to stress the importance of the extension of the Rydberg
molecular orbital towards the H atoms. It is confirmed

than we have obtained for the unexpanded off-diagonal
element (0. 76xl0"3 a.u., Table V.B), indicating the
breakdown of the dipole-dipole approximation also for
the off-diagonal elements.

In Fig. 5 we see that the A"B and AB*1 energy curves
cross. The energy of the AB" state is nearly indepen-
dent of the rotation angle, while the A"B state energy is
not. The crossing is avoided by taking the off-diagonal
elements into account. The correct zeroth order wave
function for the lowest excited state of the dimer changes
smoothly from AB" at 0° to A"B at 180°. The behavior
of the coefficients is shown in Table V.A.

V. RESULTS FOR THE WATER NEON DIMER

In order to gain more insight in the origin of the re-
sults mentioned above and as an aid for the interpreta-
tion of the matrix isolation studies16 we have repeated
the dimer calculations with either the A or the B water
molecule replaced by the isoelectronic Ne atom. We
have considered only the A"Ne and NeB" zeroth order
configurations. As a basis set for neon we used the un-
contracted 9s 5/> set from Huzinaga.44 Values of the
first order interaction energy are given in Table VI and
represented graphically in Fig. 6.

In the ground state we see of course that the electro-
static interactions are greatly reduced for both Ne-H2O

Eint

.012-

.008-

-

.004-

-

0-

-0002-

\

1
NeB\

NeB,

\ A"Ne

r e a ^

1 /*"Ne

\ /

/ANe

- . 002

-0

--004

R0ANe
RNe0B

FIG. 6. First order interaction energy for water-neon dimcrs
in ground (NeB and ANe) and excited (NeB" and A"Ne) states.
Full line: according to «xchange perturbation theory, dashed
line: only electrostatic contributions taken into account.
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TABLE VII. Binding energies [or two water molecules obtained
from supermolecule SCI' calculations for the ground state and
the EHP method for the excited state. Basis set etf<>ets have
been taken into account. Energies in 10*' a. u. Knergies in
parentheses from Hef. 28.

R/at

4.80
5.20
5.67
7.00
9.00

12.0

Eg~r

-5528 (1467)
- 1 0 042 (-4418)
-10417 (-6162)

-6340 (-4275)
-2695 (-1818)
-1030

£EHP(A"B)

-11921
- 1 0 804

-7558
- 1367

418
408

EE H P0\H">

22 384
11628

5764
1438
601
2111

by a Mulliken population analysis (Table II). We have
to conclude that a change from slightly positive charge
on H to a negative value on the same atom, accompanied
by an opposite change in oxygen charge can well-explain
a great deal of our results. Moreover we have always
to consider the increase in size of the charge cloud upon
excitation.

VI. RESULTS OF SUPERMOLECULE CALCULATIONS

In addition to the first order perturbation theory cal-
culations we have also performed supermolecule SCF
and EHP calculations for the H2O-H2O (geometry 1 only)
and HjO-Ne dimers, since dimer SCF and EHP calcula-
tions can be expected to include more different physical
effects, in particular induction. On the other hand the
problem of the basis set superposition error arises. In
the EHP method, as in SCF, basis set effects can play
an important role when the method is applied to dimers,
as can be seen in Ref. 25. We have therefore corrected
the excited state binding energies found with the EHP
method in the same way as the ground state binding ener-
gies, although some uncertainty regarding the applica-
bility of the counterpoise method to excited state prob-
lems exists (see Sec. IIIB).

In geometry I there is no need for the use of multi-
component EHP methods.45 We have found that both for
the mainly A"B excited state with A" symmetry and
the AB" state with A' symmetry no other low lying ex-
cited state of the same symmetry could be generated.
Results of the SCF and EHP computations are given in
Table VII and Fig. 7. For the ground state we find a
somewhat too low minimum which is too far inward.
This is common in calculations without very large basis
sets, even when the counterpoise procedure is used.
(Generally all multipole moments are computed with a
too high value and the charge distribution is too com-
pact leading to an overestimate of the electrostatic at-
traction on the one hand and too small exchange repul-
sion on the other). Furthermore a comparison of the
SCF and first order results learns that the induction
contribution must be somewhat too small also. This is
due to a lack of appropriate polarization functions in the
basis set.

In the excited state we find at long range (12 a. u.) for
both configurations a repulsion that is smaller than the
one found in the first order calculations. Again by sub-
traction of the first order energy the induction part can

be obtained (at least when we assume that in the EHP
method just as in supermolecule SCF28 no other contribu-
tions to the binding energy are important). This induc-
tion energy has a much larger value than in the ground
state, in accordance with our result from finite field
calculations that the computed excited state polariza-
bility is about ten times larger than the ground state
value (see Table I).

At intermediate and shorter distances thepicture is
unexpected, at least for the mainly A"B state. In the
EHP excited state molecular orbital we find an extra
large coefficient for the diffuse s orbital on the H atom
on the O • • • O axis. This coefficient points to a large
contribution from the excitation which, at infinite dis-
tance, leads to the 1A^ excited state for the A molecule.
According to symmetry this is possible since for the A
molecule both 'Bt and lA2 states reduce to a XA" state
in the dimer. For the excitation localized on the B
molecule such a mixing of states cannot occur, since
here the 'fl, and l/l2 states go over into 'A' and *A", re-
spectively. When we translate this result in terms of
perturbation theory it would mean that higher order
contributions are present and highly anisotropic. This
is certainly reflected in the values of the components
of the polarizability tensor for the 'fi, state (Table I).

Supermolecule calculations for the neon water
dimers (see Table VIII and Fig. 8) support this
point of view. Since Ihe neon atom has a spherical-
ly symmetric charge distribution no induction con-
tributions are to be expected on the excited water
molecule unless by penetration effects. It is seen from
Figs. 6 and 8 that indeed in both orientations the first
order perturbation theory result and the supermolecule

-008

008-

R o o l o u l

FIG. 7. Interaction energy for the water dimer in ground and
excited states found from SCF and EHP supermolccule calcu-
lations (geometry I).
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approach give nearly coinciding interaction energy
curves.

VIII. GENERAL DISCUSSION AND CONCLUSION

A comparison of our first order and SCF/EHP re-
sults for the water dimer with the frozen orbital and
generalized valence bond (GVB) results obtained by
Guberman and Goddard for different excited Rydberg
states of He1

i6 is enlightening. Apart from the descrip-
tion of the monomers the frozen orbital approach of Ref.
46 is practically equivalent to our complete first order
treatment.

In He2 the long range behavior is completely deter-
mined by the exchange repulsion caused by the la rue
Rydberg orbital. For the water dimer this effect is
present also, but modified by the electrostatic pffects.
At shorter distances the excited helium dimer states
appear to be repulsive or attractive depending on the
nature of the so-called core interaction, since it is as-
sumed that the electron of the diffuse Rydberg orbital
moves effectively in the field of a positivo dimer ion.
In this case the core is the system that remains after
removal of this Rydberg electron. In the case of the
water dimer the core interaction is attractive for the
A*B core, but repulsive for the AB* core, in accordance
with the preferred orientation of water molecules around
positive ions.'7 '48 The main difference with the Hef" is
that in water both the AB" and A"B states are finally
repulsive according to the total first order description,
indicating that the exchange repulsion always dominates.
This may be related to the fact that the considered state
of the (H2O)" complex is not so much a real (delocalized)
dimer Rydberg state as the He" state.

If the He atomic orbitals are allowed to relax when
the two atoms approach, as is the case in the GVB
treatment of Ref. 46, it is seen that additional potential
wells may appear. These are the result of an avoided
crossing, due to mixing of states with higher energy but
the same symmetry as the state considered. In the EHP
description of the water dimer in the A"B state the same
situation seems to arise. Whether this attraction has in
our case a real physical basis or is, at least partially,
an artifact of the excited supermolecule EHP calculation
remains to be seen.

Morokuma el «/.<9lM have analyzed the contributions
to the hydrogen bond between ground state water and
some organic molecules in different electronic states.
Using the EHP method (without basis set superposition
error corrections) they found that second order contri-

TABLE VIII. Binding energies in the water-noon and noon-
water dimers obtained from supcrmolceulu calculations.
Energies in 10'ü«a.u.

-006

- not

«/no
4.80
5.20
5.67
7.00
9.00

12.00

£ K r (A No)

12 862
5287
1796
- 2 3

- 4 0
- 4

£ E H P (A» No)

21815
14 323

9458
3056

567
132

£ ,„ (M.in

3548
1619

1144
59
12

1

1 £ E K P (Nl'B™)

.1009

1B74
(i'J'J

128
- 4 9 1

- S 9

l-'KJ. s Inler.u-ltnn IMHTJ;V lor w;iti-r-ni>oti I I U I H T S in yruund
and rxi/iU'd clutch tounil t rom SCI- and I-'HI' supernu i le r i i l r
ealculullon.s.

butions were nearly state independent, while first order
contributions varied largely. Since the dipole moments
of the molecules considered in Rets. 49 and 50 differ
considerably in ground and excited states, one would
expect at least a varying second order induction contri-
bution, in contrast to what is actually found. This
creates the impression that the second order contribu-
tions, found from the dimer EHP calculations in Refs.
49 and 50 may be contaminated on a rather large scale
with basis set deficiency contributions.

Finally, we can conclude that our calculations, par-
ticularly the first order perturbation treatment, give a
good insight in the observed spectral blue shift of "sol-
vated" water. It is mainly the large exchange repulsion
between a water molecule in the excited state and its
neighbors which is responsible. This is both the case
for pure water (liquid and ice) and for water in neon
matrices. The effects are somewhat dependent on the
orientations of the molecules, which can be explained
by thr shape of the Rydberg state.

Only at verv large distances the reversed dipole mo-
ment in the excited state causes repulsion between water
molecules which are attractive in the ground state. The
so-called transition dipole resonance mechanism seems
to play a minor role in our case. In geometry I it is
completely absent because of symmetry. In the rotated
geometries (II) there is a slight decrease in repulsion
at those orientations where the transition moments of
the two water molecules line up best.

Supermolecule calculations generally give results
that compare well with the first order results. Attrac-
tive second order (induction) contributions, that can bp
derived, are larger than in the ground state. Neverthe-
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less a blue shift, albeit sometimes small, remains in
all cases.

APPENDIX A: MATRIX ELEMENTS OF THE
INTERACTION OPERATOR

Since the interaction operator is spin free, the most
elegant evaluation of the matrix elements would be by
the use of a spin free formalism. A derivation of for-
mulas for matrix elements in the case of configurations
based on nonorthogonal orbitals, using the fractional
parentage decomposition of coordinate wave functions
has, to our knowledge, been given only for operators
that are symmetric in the electron coordinates.52 The
interaction operator, however, is not invariant under
permutation of coordinates of electrons belonging to dif-
ferent subsystems. We have therefore chosen for a
formulation in terms of Slater determinants. This
makes it possible for us to use part of the results of
Ref. 27 where interaction density matrices (IDM's) were
introduced to treat the lack of complete permutation
symmetry in operators and wave functions. In the sim-
ple case of closed shell and two open shell singlet states
the inconvenience of the use of many determinants for
each spin and symmetry eigenfunction, does not yet
count. For the ground state we have:

NA

*A = fAaATT <MvJ (AD

* B = c B a B ] J <t>j(xj). CA2)
J t B

cA= (A'A!)I/J is the normalizing constant, 8A the idem-
potent antisymmetrizer for the JVA electrons belonging to
molecule A, and 4>, are the occupied spin-orbitals of
molecule A. We will number the spin-orbitals, 1, f, 2,
2, . . . , etc. The integers correspond to the molecular
orbital number and the absence or presence of the bar
indicates u or (3 spin, respectively. The singlet ex-
cited state functions are written as:

*A'=2-|/2[*A(s-/)-*A(s-D]

and

*'B
1=2-'/2[*B(H-r)-*B&7-Dl.

(A3)

(A4)

2A

3A

^ A

& A

111

2H

3H

<•»
5a

1A 2 . 3A

1

1
1

I
1 I

1

' " )
1
1
A
1
1

1
r
L
1
t
1
1

r,
i i

! '

i' °

' . 2 3. i.. S

1

, , ,

1- ? a 3, L, %

1
1

1

\

The notation s - ( indicates that in the product function
(Al) the spin-orbital s (with a spin) has been replaced

l-'U.». Al Spinorbitul overlap matrix needed in the evaluation
ot Kq (A 17) tur the ease o\ the water dimer Hati-hing indi-
cates generally small values.

by / (with iv spin as well). The matrix elements to be
treated then have the following form:

(a) diagonal

' ' i . i - <*A"*BVa*"*B>

=-<*A(s-/)*BVa*A(.s--/)*B>

-<* A ( s - / )* B l ' a* A ( s -D* B > (A5)

(b) off-diagonal

"l,lI=(*A I*B»'a*A*B">

= (*A(."i-/)*BVa*A*B(M-r)>

- <*A(s - / ) * B Vtt*A*B( i7- F)> . (A6)_

Here we have taken into account that the s— I, s— / e le -
ment gives tte same contribution as the s - 7 , s - 7 " e l e -
ment, etc. When we insert expression (2) for V in (A5)
and (A6), omitting the contribution from WAB for the
moment, we obtain.

Vi,i= f Mb- t,s- l\xt)-vtb- t,s-T\xl)}V1A(l)<lx1+ f {rfis- t,s- <\x„A.x)-vïk- t,5- t \xSA.i)

x V I B ( W A + l ) r f x „ A . , + ƒ ƒ { v 2
A B ( s - /, s - ( | . v , i , A . , l y A E ( s / s r j ^ ) f(s - /, s - rf.v,dxSA,t

= VIA{s - /, s - /) - V",A(s - I, s - T) + yIB(.\ - /, s - /) - VtB(s - /, s - 7") + c;2AB(s - /, s - /) - G\,AB(s - /, s - 7) . (A7)

x VIB(NA A > A , i + ƒ ƒ {y2
AB(s -I,,,- r |.v, .v A j ( . t ) - - /, » - V | >, XK

= V | A ( S -I,I<~ V) - VlA(s - I, n- v) + VIB(s - I , it- <•) - \',B(s - /, « - (~) + O'2 A B(s - /, ,,-t') - G2At{s ~ I, ! 7 - fT).

Here A, is an electron coordinate on A and VA A < 1 on B. The TIDM's used in (A7) and (A8) a r e defined by

(A8)
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* A ( s - / | x , ••• x J v A )* 8 U„ i ( . r - - ; r„ )a* A ( s -Mxr ' - x>A)*B(x„A.i---x„)</x2--- dx„ (A9)

yf ( s - / , « - y|x () = AfA ƒ• • •ƒ * A ( s - / |x, • • • *»A)*B(*/«A.i • • • *«)a*A(*i • • • X , A ) * S ( H - W|X„A,, • • • x„)dx2 • • • dx„.

(A 10)
We have, of course, analogous expressions for yf(s — t,s — t)x„ ,t) etc.

V2*B(s- t,s~t\x1xllA.i) = Nl,Ns ƒ • • •ƒ * A k - ' l* t • • • * , A ) * B ( x „ A „ • • • .v,)

x a * A < s - < | x , - - - j r f f A ) * B U f f A . , ••• x„)dx2--- rfx„A dx„A.s • • • dx„ (All)

yt*(s- t, u- w|x lx»A . , ) = JVAJVB ƒ • • •ƒ * A ( s - / | x , • • • x„ A )* B (x„ A . , • • • x„)

x a # A U , • • • XA,A )*B (H- w|xj,A,i • • • x„)rfx2 - • • dxKltdxSA,2 • • • A , (A12)

(Af=NA + NB).

The TIDM's given in (A9) and (All) appear in the diagonal element, just as the analogues with ( s - l,x— I). In the
off-diagonal elements also the type with (s - /, li~ v) in (A10) and (A12) arises. Since we have so far considered ex-
plicitly spin orbital products, we can directly use the result given in equation (A9) from Ref. 27 for the first order
TIDM's and Eq. (B3) for the second order TIDM's. In our notation we obtain for instance for the first order TIDM

rtls~t,s-l\x,) = ct'£i f^' (-Dl"'<t>,(x{)<l>p(xl)ülp(s-t,s-t) (A 13)
i p

with

In (A13) the summation index i runs over the spin orbitals contained in +AU— /) and /> runs over the spin orbitals in
the combined set of *A(s — /) and *B . £^(s — I, s — /) is the first order minor obtained by removal of the ilh row and
the pth column from the overlap matrix >S(s— /, s — /) with row and column indices determined by the spin orbitals
present in *A(s — /)*B> The minor can be found from the inverse of the overlap matrix by application of Jacobi's
ratio theorem.53

(- iy>Olp(s -t,s-t) = £)(s-t,s- t)S~p\(s-t, s - / ) . (A14)

X> is the determinant of the matrix S. A condition of course is that ü is nonsingular. (If A' becomes singular, for
instance by symmetry, one has to continue the derivation in terms of minors. In actual computations, however,
such a singularity may be lifted by introducing some small perturbation causing only negligible errors in the final
results, provided the computer programs are stable enough.)

The final result for the diagonal first order TIDM is therefore
• = * ( » - ( ) < - A < a - t l , B

£ -/,s-r)<f>,(.v,)<f>,(xi) . (A15)

For the off-diagonal first order TIDM we have

y?b-t,u-v\xt) = c ~ £ ' 6 A ' ^ " " <-l)««»<j)|(x1)<j>>(xl)I>1,(s-/,M-r). (A 16)

The index p runs over a different set of spin orbitals compared with (A13). The minor Dtt{s — I, it— r) is now ob-
tained from the nonsymmetric overlap matrix i'(s — I,»— v) with the row indices given by the spin orbitals in
#A(s — / )*B a n c ' ' n 8 column indices by those in 4rA4B(i< — i) . In analogy with (A15) we obtain

trAls- i) ' A, B(ii-v)
rt{s-t,r<-v\x,) = cD(s-t,u-v) ]T V S;J(s-/, »-c)0)(x,)<J)(,(.x1) . (A17)

< p

Expressions for second order TIDM's can be found using the same reasoning. For an off-diagonal TIDM we find,
for instance

A E E f;
1 * p,«

x < C , ( x , , A . l ) 0 „ ( x I Ï A . 1 ) r f { s ; J ( s - I . H - r)S;\{s - /, i t - i'))

w i t h

rflA-;ls;iM;!s;.-s«s;!.
The tinal one and two electron contributions to the (off-diagonal) element of the interaction operator thus have the
form
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VIA(s-l,,4-r)=rüli-t,i<-v)

with

A,BCti

E

(A 19)

and

A l s - ( > < B A , B < u - t > >

J] £ V
- Als-

(A20)

with

(A21)

In all these express ions the summations run over spin o rb i l a l s . The separat ion of contributions of i» and ,i spins is
somewhat more cumbersome than for the closed shell case treated in Rof. 27, due to the occur rence of open shel l s .
To proceed we o rde r the list of spin orb i la l s in such a wav that a h <v spin orbit . i ls appear f irs t . The .s matrix in
(A17), for instance, has the form as given in Fig. Al for the case of water (S occupied molecular or ln ta ls in the
ground s ta te , the singly excited s tate + " obtained bv excitation from molecular orbital 5 la 6 on molecule A and
similar ly for * " ) . The determinant l){s — I, it- r) is thus seen to be the product of the determinants of the two not
necessar i ly symmet r ic overlap mat r i ces for <v and ,< spin. So we can write I Us — l,n- r) / / /> 'K - /. n— i), where
Ü' is a determinant of an overlap matrix based on molecular o rb i ta l s . Also the inverse of .•> is the combination of
the inverses of the it and ,1 spin orbital over lap mat r ices . The summations in (A19) and (A20) thus can be performed
separa te ly over the a and fi spin orb i ta l s . F rom here on we will consider only molecular orbi tal numbers a s l i be l s
(running indices) in the summation. When we perform the separa te summation we obtain for (A 19)

V 1 A ( s - / , H - r ) - - r / J ' / / < s - / . « - ( • ) / • E E ' - I A O - S ! 4 E E ' l A - p - S l l * - ' • < ' - < > (A22)

and for (A 20)

,{£ ZEE
\_ i k P Q

EE E E U

;l\^ EE E E
f « P g

- r)- J2J2 E E
i i p

(A23)

Here we adhered to the convention that ; runs over the ground state molecular orbitals of A unless replacement of
occupied orbitals s by an excited state orbital/ is indicated above the summation sign. Similarly k is on B. etc. ft
and q run over the combined set of ground state molecular orbitals of A and B unless replacement is indicated. Ex-
pressions for the remaining terms in (A8) can be found along the same lines, just as the formulas for the three other
matrix elements of the interaction operator. The full expressions take up much space but are nevertheless easy to
program. All one has to know are the summation ranges; they determine the composition of overlap matrices and
determinants completely.

We conclude with the remark that the i'^i, i ' I | t I , Sul, and SUiU matrix elements can be found using the standard
rules for the evaluation of matrix elements for configurations based on nonorthogonal orbitals.5 ' Also from the
derivation given before it is immediately seen that

(A 24)

(A25)

(A 26)

i'i,i = r[D'Z>'(s- l,s - / ) - i > ' ( s - /, -)D'(s~-l, - ) ]

s i , li = S n , i = r\D'D' (s -I, it- r) - D' (s - / , -)ü' {-,n - r)

S I I . I I = r\D'lf (H - r , li - r) -D'{-,u- r)ü' (-,II - r)} .
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Ah initio Studies of Long Range Interactions between
Ethylene Molecules in the Multipole Expansion*

Fred Mulder
Institute of Theoretical Chemistry. University of Nijmegen. The Netherlands

Marc van Hemert
Gorlaeus Laboratories, Department of Physical Chemistry III,
University of Leiden, The Netherlands

Paul E. S. Wormer and Ad van der Avoird

Institute of Theoretical Chemistry, University of Nijmegen, The Netherlands

The multipole moments and multipole polarizabilities of ethylene and the
long range coefficients for the interactions between two ethylene molecules
have been calculated using LCAO-SCF wave functions. Subjecting different
AO basis sets to a completeness test, we have shown that the inclusion of
polarization functions slightly more diffuse than the valence orbitals is
required for an appropriate description of the second order quantities. The
(theoretical) Unsold procedure which is introduced to approximate the
second order interaction energy, appears to be rather accurate and is prefer-
able for small basis sets.

Key words: Multipole expansion - Long range interactions - Unsold ap-
proximation - Ethylene

1. Introduction

Theoretical studies of Van der Waals forces, which play a very important role in
determining the properties of molecular crystals and liquids, have concentrated in
the past primarily on the interactions between atoms [1-5]. Most of the theoretical
work performed on forces between molecules h5s resorted to semiempirical cal-
culations. The most obvious reason for this scarcity of ab initio calculations is that
it used to be hard to obtain good wavefunctions for molecules. Another problem
typical for interacting molecules arises from the fact that, if one employs the Born-
Oppenheimer approximation, the intermolecular forces obtained by the (approxi-
mate) solution of the electronic wave equation must be averaged over the
vibrations of the monomers. (Terms which arise from the interactions between the

* Supported in part by the Netherlands Foundation for Chemical Research (SON) with financial
aid from the Netherlands Organization for the Advancement of Pure Research (ZWO).
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monomer vibrations and which give nuclear contributions to the dispersion forces,
are small [6].) This averaging process, which is far from trivial for larger systems,
has recently been performed by Meyer [7] for the H2-dimer and the He-H2

complex. Meyer has found that the averaging can effectively be taken care of by
using vibrationally averaged geometries. Fortunately, these kinds of geometries
are readily available from experiment.

When performing calculations on the interactions between molecules, one must be
aware that the potential energy surface may be strongly anisotropic. Indeed, many
properties of molecular liquids and crystals precisely depend on this anisotropy,
and so, contrary to what is commonly done for atoms, one should not perform an
a priori rotational averaging of the interactions, as this would obscure many
details of the surface that are of prime physical interest.

The ethyiene dimer, being the simplest example of a 7r n complex, constitutes an
interesting case for ah initio and semiempirical calculations alike. One of the early
analyses of the dispersion energy in this system is by Haugh and Hirschfelder [8].
Recently ah initio calculations on the ethyiene dimer have been reported by
V'ormer and Van der Avoird [9]. They employed a multistructure Valence-Bond
(YB) method, which yields simultaneously the short range repulsive JIU! rhe long
rm:^ attractive interaction energy. The connection of this method with the work
of London [10, 11] who applied Rayleigh-Schrödinger first and second order
perturbation theory has been rointed out in Ref. [9]. For large intermolecular
distances, where the exchange and the higher order perturbation energies, which
are not taken into account in London's work, are negligible, the VB results con-
verge to the perturbation results. Because all dimer integrals are calculated in the
VB method the computations of Ref. [9] were performed with a rather small
(,v, p) basis set without polarization functions.

In this paper we compare the long range part of the intermolecular energy of the
ethyiene dimer in the Rayleigh-Schrödingcr perturbation framework for different
basis sets (including the basis used in Ref. [9]) and analyze the observed basis set
dependence. Exchange contributions to the interaction will not be considered in
this paper. Also not included in this work are third and higher order perturbations
and relativistic effects. We have decided for the multipole expansion of the inter-
action operator [3, 12-17], thus enabling the treatment of large basis sets. A
similar approach has been adopted in our analysis of the He, interaction energy
[18], where optimal exponents were computed for the p and d polarization func-
tions on He using the multipole expansion, which were then used in VB calcula-
tions. The importance of polarization functions has been stated previously for
first order molecular properties like permanent multipole moments [19-21] as
well as for second order properties like polarizabilities [22-25]; their necessity for
the interaction energy has also been stressed by several authors [18, 26-28]. In
the present paper two criteria are applied to judge on the adequacy of the AO
basis: the first, which compares the permanent moments on the monomers with
the best available data, gives an estimate for the reliability of the computed first
order (electrostatic) energy. A test on the completeness of the AO basis under the

108



Long Range Interactions between Ethylene Molecules

various multipole operators provides a second criterion useful tor second order
quantities such as the (dimer) dispersion and induction energy and the (monomer)
molecular polarizabilities.

The use of the multipole expansion causes problems of convergence. This has been
investigated for the first order energy [29-33], and, to a somewhat lesser extent,
also for the second order energy. However, in the latter case only very simple
systems have been considered until now or additional approximations were intro-
duced [3, 34-36]. In this paper we look also into the convergence problem, both
in first and second order. Moreover the applicability of the point charge (mono-
pole) model, which has often been proposed as a means to improve the con-
vergence of the first order energy [29-31, 37, 38], is studied. Special attention is
paid to the so-called second order cross terms [39-46] because of their significant
influence on the convergence of the second order energy and their orientational
dependence which is far more pronounced than the anisotropy of the ordinary
quadratic terms. Also in the case of atoms these terms contribute in principle to the
interaction (that is, if the atoms are not in an 5-state). But, as it is common to
average over the magnetic quantum numbers [3], these terms have in atomic
calculations always escaped attention in the past.

Another point of interest of this paper is the validity of Unsöld's approximation
for the second order perturbation energy [47] in the manner proposed in Ref. [45],
which differs from the generally applied way [1,2, 35, 36, 39, 40, 48-53] by insert-
ing a calculated anisotropic mean energy instead of an isotropic empirical value
(e.g. the ionization energy).

Finally, the behaviour of ethylene as a ^-system is considered looking at the
polarizability and its second order interaction energy. This is of interest because a
considerable number of computations take only the n electrons into account
[36, 54-58].

2. The Long Range Interaction in the Multipole Expansion

The multipole expansion of the interaction operator for the molecules A and B
can be written as follows:

= £ X R-(U+'"+l>CTAlaQlA,mQ,H.m. (1)

Here the symbol /< indicates the smaller of/A and /„. A special choice of the co-
ordinate systems on both molecules has been made: the x and v axes are parallel,
and the z-axes coincide; R is the distance between the origins of the two co-
ordinate systems. C^,B is given by:

"1/2. (2a)
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Qt m is a component of the 2'-multipole moment operator defined on the basis of
the normalized tesseral harmonie S, „,:

/)< (2b)

where the summation over ; runs over all particles ir, the molecule (electrons and
nuclei) of charge z, and position r, (in a.u.); r, represents the angular coordinates
of? , . The multipole expansion (1) is often expressed in terms of Cartesian tensors
[14-17] which causes some redundancy, however, unless the pair traces from the
multipole tensors are removed [15, 16]. Definition of the moments in terms of
spherical or tesseral harmonics has the advantage of giving a closed expression for
the whole series [3 , 12, 13]. We have chosen (real) tesseral harmonics, since they
are computationally advantageous over (complex) spherical harmonics. Explicit
expressions for tesseral harmonics up to and including 1=6 are given in Ref. [59] .

By inserting the multipole expansion in the first and second order perturbation
formulae one obtains the first order electrostatic energy from (1) by taking the
expectation values of Q, m over the ground state, denoted by (?"",. Transition
multipole moments Q°"m occur in second order:

Za 2-i 2-i 'A'H 'A'H
' A . ' A . ' B . ' B "i= - ' < m'=-l'<

/"}OA"A ^1"A^A / * ) 0 H " | ) /^HIIOH

where En is the energy belonging to the state |0n>. Two physically different terms
can be distinguished in (3): induction energy where either «A or «B refers to the
ground state, and dispersion energy where both «A and //B refer to excited states.

The occurrence of quadratic and cross terms in (3) should be noted: we speak of
quadratic terms when /A = /A and at the same time /« = /«, cross terms arise in all
other cases. Although the cross terms have already received some attention
[39-46, 13], only a few approximate calculations have been performed to get an
insight in the real importance of these terms: Refs. [42] and [46] treat the first
induction cross term in some ion-atom systems. In Ref. [44] the first non-
vanishing dispersion cross term for molecules with axial symmetry (R~H depend-
ence) has been estimated rather crudely and in Refs. [39] and [40] an explicit
expression has been presented for the ratio of the /?~7 cross and /?~6 quadratic
terms of the dispersion energy in the case of an interacting atom and a tetrahedral
molecule. In all these calculations experimental quantities have been used (dipole
and quadrupole moment, dipole polarizability).

For the ground state monomer wavefunctions, t0A and </>0B. we have chosen the
results of LCAO-MO-SCF-computations; the singly excited monomer states are
constructed by promoting one electron from an occupied molecular orbital i to a
virtual oney. An exact zero-order Hamiltonian pertaining to this choice is com-
posed of the Hartree-Fock Hamiltonians of A and B. The energy differences
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En — E0, appearing in the denominators of (3), are then consistently given as the
differences between the orbital energies, £,-£,•, of the molecular orbitals involved.
Since this scheme completely neglects intramolecular correlation one should in
fact apply double perturbation theory [60], We have not done so, but we have
considered the same wavefunctions as the eigenstates of a different zero-order
Hamiltonian [26, 61, 62] including repulsion. In that case state energy differences
appear in the denominators: E„-Eo — E, - c, - Ju + 2KU, where J and K represent
Coulomb and exchange integrals. We shall refer to the two methods as orbital
energy difference and state energy difference method respectively'. It must be
noted that the asymptotic correspondence between the multistructure VB method
and the perturbation formalism [9] applies to the latter method.

3. Unsöld's Approximation

An approximation to the second order energy has been proposed by Unsold [47],
applying it in his calculations on H^. "Iiiis approximation can be decomposed in
two steps:

1) replacement of all energy denominators in the sum over states perturbation
formula by the mean excitation energy.

2) application of the closure relation (resolution of the identity), which is also an
approximation for a non-complete basis set, so that the remaining sum over
states reduces to an expression containing only expectation values over the
ground state of the system.

The first step of this approximation has frequently been used in order to obtain
empirical values for dispersion coefficients of various molecules [1, 2, 10, 36, 39,
40, 48]; for instance, the well-known London dispersion formula with R~6

dependence [10, 48] results directly from this procedure. But also the complete
Unsold approximation has been employed, mainly in calculations on atoms
[35, 49-53]. Sometimes different mean energies were proposed for different
quantities [50, 51], such as dipole and quadrupole excitations, but in general only
one value is employed. In all this previous work the mean energy is estimated from
experiment (i.e. it is taken to be an ionization or first excitation energy). The
following alternative approach has been proposed in Ref. [45] and applied exten-
sively in Ref. [17]: an anisotropic mean energy, obtainable from computed
polarizabilities, is introduced, the anisotropy being imposed by relating the mean
energy denominators to the corresponding multipole operators which occur in the
matrix-elements of the numerators. Expression (3), as far as the dispersion part is
concerned, now becomes:

1 In Ref. [62] the methods are called respectively Hartree-Fock partitioning and Epstein-Nesbet
partitioning. The orbital energy difference method corresponds with method c of the well-known
article of Langhoff et al. [63] on Hartree-Fock perturbation theory, while the state energy difference
method is almost similar to method b of the same article (actually it is exactly the same as the example
which has been elaborated in Ref. [63]).
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Ap(2)

This is the first step of the Unsold approximation, namely the mean energy
approximation, by which a decoupling of the energy denominators on A and B
in (3) is accomplished. The mean energies and the operators are connected in our
approach by the following weighted average formula, which renders their com-
putation possible:

(5)
Ai',m

\\m1

Thus we relate the A's to the various polarizabilities. Application of the second
step, the closure relation, to (4) now yields

'A. 'A.'B. 'B m.m'

(6)

Since, as will be shown in the sequel, the mean energies defined in (5) do not
depend very sensitively on the size of the basis set and since this is also true for the
moments appearing in (6), formula (6) is very suitable for the computation of
second order energies in small bases.

However, one must be aware that by the presence of the anisotropic mean excita-
tion energies, the formulae (4) and (6) have become dependent on the orientation
of the local systems of axes. We do not feel that this non-invariance is too strong an
objection against the applicability of these formulae, however, since the multipole
expansion itself already depends on the position of these coordinate systems.
Moreover, some test calculations have shown that the orientational dependence
is very small indeed, in any case orders of magnitude smaller than the deviations
introduced by the Unsold approximation. No profit is gained if one maintains the
rotational invariance by using an isotropic mean energy computed from the mean
polarizability, because of the larger deviations between the results of the formulas
(3) and (4), which are obtained in that case.

4. Basis Sets and Their Evaluation

Four different AO basis sets of contracted GTO's have been compared and tested
on their behaviour in first and second order.

A. a C(6, 3/3, 2), H(3/2) basis set described in Ref. [9].

112



Long Range Interactions between Ethylene Molecules

B. a C(9, 5/4, 2), H(4/2) basis set, which corresponds with basis set B from
Ref. [64], except for the /7-basis on C which is taken to be isotropic, fixed at
the pn value, instead of anisotropic.

C. the same basis as B, augmented with isotropic polarization functions on both
C and H. The exponents are intermediate between the two non-isotropic
values presented in Ref. [64]:
<xid =0.8, which corresponds with a Slater exponent (,idc of 2.45 [65]. L
«^=1-1(^-2.47 [65]). " I

D. a basis only differing from C in the values of the exponents ot the polarization
functions:
«3<fc=0.3(£3dc = 1.50),
«2PH=O.2(C2PH=1.O5).

The third basis set is expected to give a good description of the ground state of the
molecule because it has been optimized to this aim. The fourth basis set has been
chosen from our experience in calculations of the dispersion energy of He-He [ 18]
and He-H2 [27]: optimization of the p and d atomic orbital exponents by maxi-
mizing the dispersion energy yielded values somewhat lower than the exponent of
the highest occupied atomic orbital. In the present work we have applied this
recipe to the AO-basis sets of carbon and hydrogen, fixing the "Slater"" exponents
of the polarization functions at a value somewhat lower than the Slater exponents
of the 2pc and \sH orbitals of Ref. [66]. We expect these more diffuse polarization
functions to give better results for the dispersion energy than the polarization
functions of basis set C.

In Table 1 the SCF total energies of the ethylene monomer are listed, included are
also the comparable values from Ref. [64] and the best SCF total energy calcu-
lated up to now [64]. From this table it appears that the choice of an isotropic
instead of an anisotropic basis hardly affects the SCF energy, and also that the
rather diffuse polarization functions do not improve the SCF energy to a great
extent. The LCAO-SCF wavefunctions have been obtained with the integral pro-
gram of IBMOL-5A [68] and the SCF program of IBMOL-5 [69] connected by i

Table 1. Total energy (in a.u.) of ethylene in different basis sets"

Basis

A. Split valence: C(6, 3/3, 2), H(3/2)
B. Double zeta:C(9, 5/4, 2), H(4/2)
C. SCF polarization functions:

C(9, 5, 1/4,2, 1), H(4, 1/2, 1)
D. Van der Waals polarization functions:

C(9, 5, 1/4,2, 1), H(4, 1/2, 1)
Best SCF-basis

Total energy

-77.9001
-78.0155 (-78.0160)"

-78.0506 (-78.0508)"

-78.0260
- 78.0623"

* Vibrationally averaged geometry [67].
The y-axis has been chosen along the CC-bond and the z-axis perpendicular
to the molecular plane.

b Ref. [66].
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an interface program.2 Permanent multipole moments to order six and transition
moments to order three were computed with a program especially written for this
purpose; analytic formulas for these moments were derived by the differentiation
method described in Ref. [70].

4.1. First Order Characteristics: Permanent Multipole Moments

Because of the symmetry (D2h) of ethylene all odd multipole moments vanish,
furthermore, choosing the coordinate system along the principal axes the <2, m are
only non-zero for positive and even m. Table 2 shows that all basis sets yield rather
good values for the permanent multipole moments, considering the results of
basis set C being the best available, since the only experimental value available is
for just one of the components of the quadrupoie tensor [71]. Moments higher than
the quadrupoie have not been calculated at the present time in basis sets better
than our basis C. The rather limited (,v, p) basis set A compares remarkably well
with basis set C. Basis set D gives slightly inferior results, which are still quite
reasonable, however, if we keep in mind that the exponents of the polarization
functions are not chosen for first order optimization. To check the feasibility of
computations with polarization functions on carbon only, we also performed some
calculations omitting the polarization functions on hydrogen. This, however,
leads to serious deviations in the moments (for example: Q2(t becomes
— 2.1526 a.u.) and therefore we dropped this line of approach.

Table 2. Non-zero permanent multipole moment components (in a.u.) of ethylene in different basis
sets"

Permanent
moment11

02.<r°
Ö2.2

04.0

Ö4.2

Ö4.4

Ö6.0

Ö6.2

Ö6.4

06.6

A

- 2.7408
-0.2506

20.8510
4.4576

-34.1917

-213.1945
- 58.2723
312.0751
206.0902

B

-2.7290
-0.0352

18.7802
4.5630

-29.1431

- 189.0803
- 53.2508
268.7805
167.8440

C

-2.7409
-0.0905

19.2296
3.2289

-31.3733

-207.5108
-49.8621
307.9053
165.1558

D

- 2.5463
-0.1355

18.3647
0.3977

-31.0946

- 204.3627
-39.0053
322.3411
164.6217

a v-axis along CC-bond; z-axis perpendicular to molecular plane.
b According to definition (2b) in Sect. 2.
c Equivalent to Q.. from the definition of Ref. [15].
d Experimental value: -2.75 a.u. [73].

2 HTVSYM, a program which transforms the one- and two-electron integrals produced by IBMOL-
5A to integrals over symmetry orbitals adapted to the format of IBMOL5-SCF; written by C. Meerman-
Van Benthem, W. van Doorn, and M. C. van Hemert, Leiden (1975).
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4.2. Second Order Characteristics: Closure Relation

Strictly speaking Unsöld's approximation requires the closure relation to hold. By
observing as to how far this fits LCAO-SCF orbitals one can judge the adequacy of
a particular orbital set in second order. More specifically, we compare the sum
over transition moments (STM) formula

n0

and the closure moment (CM) formula

(f) n \Q0 — n00 noa

for different /, m, I', and m'.

(7a)

(7b)

Fig. 1 exhibits for the three dipole operators the strong basis set dependence of
the STM, whereas it can be seen that the CM, which is an upper bound of the
STM for (/, m) = (/', w'), is hardly influenced. The r-operator is the most pro-
nounced example of this behaviour with the ratio STM/CM varying from 0.25 to
0.94. This rather dramatic effect, which is also demonstrated in Figs. 2 and 3 for
the quadrupole and octupole operators, can be explained as follows.

The CM contains only expectation values over the ground state, which is rather
well described in all basis sets as we have already found in Sect. 4.1. For the
calculation of the STM, on the contrary, the virtual orbitals are also required.
Now, Figs. 1 to 3 show that the set of occupied and virtual molecular orbitals can
only reach near completeness when polarization functions a. e included. Also, the
values of the exponents of the polarization functions are very important (compare
basis sets C and D).

The consequences of this observation for the use of sum over states formulae are
obvious. Although the ratio STM/CM in a finite basis set must not necessarily be

a.u

12

10

Fig. 1. Completeness test of basis sets
A, B, C and D under the dipole
operators. The shaded area denotes the
value of the sum over transition mo-
ments (formula (7a)), the open area of
the closure moments (formula (7b))
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equal to one for an optimal result, since one must optimize numerator and de-
nominator in the sum over states formula simultaneously f 18], one should aim at
a value almost equal to 1 for all different multipole operators. So, we can be sure
that basis set D is adequate for the calculation of second order quantities, because
the STM/CM ratio is close to 1 for those multipole operators that contribute
significantly, and because the upper bound CM is not expected to be improved
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much by enlarging the AO basis set still more. On the other hand, the other three
basis sets (in particular A and B) will greatly underestimate the dispersion and the
induction energy as well as the molecular polarizabilities. although the results for
some components may be satisfactory.

5. First Order Results and Discussion

The first order electrostatic energy has been computed with the non-expanded
interaction operator VAR using basis set A for the same two geometries as in Ref.
[9] (Fig. 4). The first order exchange contribution can explicitly be obtained by
subtracting the first order electrostatic energy from the total first order interaction
energy tabulated in Ref. [9].3 Exchange and electrostatic energies are listed for
both geometries in Table 3, which also contains the electrostatic energy computed
in the two approximate models: the multipole expansion and the point charge
(monopole) model.

Fig. 4. Geometries of the ethylene
dimer considered in this work

3 It must be noted that the first order energy of Ref. [9] is computed according to a definition which
is slightly different from the one obtained from symmetry-adapted perturbation theory, applied, for
instance, in Ref. [60] (formula (3)). t
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Table 3.

R
(Bohr)

First order

Exchange'1

Geometry 1

4.0
5.0
6.0
7.0
8.0

10.0
13.0
16.0

Geometry

6.0
7.0
8.0
9.0

10.0
11.0
13.0
16.0

28541.20
5315.58
942.44
148.56

17.46
0.07
0.01
0.00

' I I

6879.24
1122.76
162.21
18.57

1.54
0.09
0.01
0.00

interaction energy in

l b Exact11

- 10436.61
-1069.77

110.13
136.99
85.18
32.60
9.91
3.74

-2071.78
-258.04
- 57.50
- 26.62
- 16.98
- 11.44
-5.54
-2.15

10 s a.u. Geometries given

Electrostatic"

Point
charge11'1

1110.82
509.46
262.73
146.08
84.76
32.58
9.97
3.76

-94.57
-70.88
-47.34
-31.00
-20.48
-13.76
-6.62
-2.55

Multi-
pole0

44332.28
2461.10
427.10
168.25
89.23
32.86
9.93
3.75

124.94
- 34.00
- 35.20
- 24.89
-16.82
-11.41

-5.54
-2.15

F. Mulder el at

in Fig. 4

Electrostatic1

Multi-
pole*

43965.29
2553.94
456.28
178.31
93.32
33.79
10.09
3.79

138.02
-25.52
- 30.36
-21.98
-14.98
-10.21
-4.97
- 1.93

a Basis set A used. b From Ret'. [72]. c Basis set C used.
d Charges from a fit to Q20: -0.3966 a.u. on C, +0.1983 on H.
c Up to and including 26-pole interactions: Cli'3(6A, 6H).

By virtue of the D2h symmetry of ethylene only terms depending on an odd power of
R contribute in the multipole expansion to the first order electrostatic energy:

(even)

electrostatic (8)

where

;(6A, 2B)

Ce,', =C1',(4A> 6B) + Cf,(6A , 4B) + CC,'1(2A, 8B) + CC
1
1,(8A, 2B), (8a)

etc.,

where C7 | + / n + ,(/A , /B) represents the interaction of a 2'A-pole on molecule A with
a 2'B-pole on B.
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Having a program to compute molecular multipole moments up to and including
the 26-pole, we are able to employ the multipole expansion to a CLj', term; how-
ever, the C|' term is the last term in the expansion that is complete (e.g. in Cfi the
terms Ce

1',(2A, 8B) and Cf,(8A, 2B) are missing).

The molecular charge distribution needed for the point charge model calculations
has been fixed by a fit to the Q2.o component of the quadrupole moment, which in
geometry I contributes more than 99°O to the quadrupole-quadrupole interaction
energy. The resulting point charge on carbon is - 0.3966 a.u., whereas the Mulliken
gross atomic charges are —0.3734 and —0.2346 a.u. for basis sets A and C re-
spectively. This difference for basis set A and C is an illustration of the fact that the
Mulliken population analysis loses its significance for extended basis sets.
Furthermore, one can observe from Table 3 that this one-parameter (point charge)
fit is of rather different quality for both geometries; improving the results for
geometry II by assuming another point charge would cause a deterioration for
geometry I. In addition to this problem Table 3 shows that the point charge
(monopole) model is not an alternative to the multipole expansion as far as the
convergence is concerned, at least in the case of the ethylene dimer: both start to
diverge at approximately the same R.

To get an insight in the convergence of the multipole series in first order one can
consult Figs. 5 and 6, where ratios of the cumulative contributions of the successive
multipole series terms and the total electrostatic energy without using the multi-
pole expansion, are plotted. The large deviations from the unexpanded result which
appear if one only takes into account quadrupole-quadrupole interactions are

16
R(Bohr)

Fig. 5. Ratios of the cumulative contributions of the Fig. 6. Ratios of the cumulative contributions of
multipole series terms and the unexpanded energy the multipole series terms and the unexpanded
first order for geometry I in basis set A energy in first order for geometry II in basis set A
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substantially reduced by inclusion of higher order terms. For instance at a distance
of 9 Bohr the multipole energy of geometry I rises from 49% to 98% of the total
electrostatic energy, taking into account terms up to and including Cn -contribu-
tions. The same figures are for geometry II 69% and 98%, respectively.

The question whether it is better to cut off the multipole expansion after the last
term which is complete (C9R~9 in this case) or after the highest term which can be
computed with the multipole moments available (C13/?~13) cannot be answered
unambiguously. For geometry I the latter procedure appears to be the better,
whereas for geometry II the former leads to a better agreement, but actually a
cut off after CnR~n yields the best results in both cases.

6. Second Order Results and Discussion

6.7. Static Polarizabilities

Because of the evident relationship between the polarizability and the dispersion
energy, which for example is expressed in London's dispersion formula [10, 48]
and formulae (5) and (6), we start by considering this second order molecular
property. As a general definition for the static polarizabilities we have adopted in
this paper the second order perturbation formula (compare (5)):

E0), (9)

which differs from the one of Dalgarno [73] in that tesseral harmonics instead of
spherical harmonics are used4. In Table 4 the three dipole polarizability com-
ponents are listed. Both orbital energy differences and state energy differences
were used as denominators, the former systematically yielding smaller results by a
factor lying between 0.69 and 0.74 for all basis sets and components. The latter
values appear to approximate the experimental polarizabilities much better, in
correspondence with the conclusions of Refs. [26] and [63].

It appears from the closure relation that the z-component of the polarizability
depends most critically on the basis set; naturally, the best results are obtained
with basis D. The bracketed values of Table 4 show that it is possible to annihilate
the strong basis set influence to a large extent by applying the Unsold approxima-
tion as described in Sect. 3 (where the mean excitation energies A are defined by
(5)). This is caused, on the one hand by the almost invariant closure moment, and
also by the only moderate influence of the basis set on the mean excitation energies
(Table 5). Table 6 exhibits the same feature for the higher order poiarizabilities;
furthermore, Table 6 gives an insight in the deviations from the closure relation
for all multipole operators that enter the calculations.

4 Another definition employing Cartesian tensors and a varying factor instead of a constant factor
of 2, which is equivalent to ours for the dipole polarizability only, is extensively established in Refs.
[39], [40] and [74].
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Table 4. Static dipole polarizability components (in a.u.) of ethylene in different basis setsa

Ac

Bc

Cc

Z>d

Dc

D , T T ' "

Experimental'
Calculatedg

«(1,1:1 .1)"

20.75(26.91)
20.81 (28.12)
22.20(25.34)
19.53(20.33)
26.50(27.59)

5.21
26.1
24.5

a ( l , - 1 ; 1. - 1

37.03(41.30)
40.48 (45.06)
40.96 (42.34)
28.51 (29.32)
41.08(42.25)
22.20
36.4
32.8

)h 2(1 .0 . l.0)b

4.96(19.76)
9.69 (23.05)

12.83(17.79)
16.80(17.94)
23.16(24.72)
11.96
22.9
19.4

ah

20.91
23.66
25.33
21.61
30.25

28.5
25.6

" Between brackets the values obtained with Unsold's approximation.
h a (1, 1; 1, l) = aA,, a (1, - 1; 1, - ! ) = »„., 2 (I, 0; 1, 0) = *... similar to the definition of Rel'. [39]:

a = (a>v + avv + a..)/3.
c State energy differences used.
d Orbital energy differences used.
c 7t-polarizability contribution: the contribution of only x > n* to*,, is99.6",,ot the total n-contnbu-

tion to avv.
f a is taken from Rel'. [76]; in Ref. [75] this at is used to determine the ani.sotropy of x.
9 Ref. [24] (calculated with bond polarizabilities).

Table5. Calculated mean excitation energies for the dipole and quadrupole operators (in a.u.) in
different basis sets"

(I, m;

(1,0;
(1 .1 ;
(1, -
mean

(2,0;
(2,0;
(2 ,1 ;
(2, -
(2,2;
(2, -
mean

; 1', m')h

1,0)
1, 1)
1; 1, - I )
value1-"

2,0)
2,2)
2. 1)
1;2, - 1 )
2,2)
2; 2, - 2 )
value'

A

0.87
0.73
0.56
0.64

0.90
1.09
0.70
0.78
1.16
0.75
0.83

B

0.77
0.70
0.51
0.60

0.81
0.89
0.56
0.71
0.91
0.70
0.75

C

1.00
0.76
0.53
0.67

0.86
0.95
0.89
0.95
1.09
0.73
0.86

D

0.70
0.71
0.53
0.63

0.84
0.90
0.81
0.77
0.96
0.73
0.80

" Based on state energy differences; compare:
first ionization energy (experimental): 0.39 a.u. [77].
first excitation energy, singlet n -» n* (calculated):
0.28 a.u. [78].

b According to definition (5) for J|/„™ .
c Obtained from the mean polarizability and the mean

expectation value of the operators concerned.
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Table 6. Higher order polarizability components in (a.u.) of ethylene in two basis sets"

(/,m;/',m')b

(2,0; 2,0)
(2,0; 2, 2)
(2,1; 2,1)
(2, -1;2, -1)
(2, 2; 2, 2)
(2, - 2 ; 2, -2)
mean value

(1,0:3,0)
(1,0; 3, 2)
(l,l;3,l)
(1,1; 3, 3)
(1, -I;3, -I)
d,-l;3, -3)
mean value

(3, 0; 3, 0)
(3,0; 3, 2)
(3,1; 3,1)
(3,1; 3, 3)
(3, -1;3,-I)
(3,-1; 3,-3)
(3,2; 3, 2)
(3, - 2 ; 3, -2)
(3, 3; 3, 3)
(3, - 3 ; 3, -3)
mean value

A

86.43
30.68
29.45
69.29
79.51
320.80
117.10

-24.44
-22.79
-121.21
-183.86
-59.13
-12.60
0

206.25
204.66
855.76
1398.44
1505.63
-724.45
304.79
340.60
2652.90
1834.50
1100.06

D

155.78
53.04
116.96
234.85
215.19
404.03
225.36

-80.67
- 75.05

-108.76
-186.72
-76.23
-53.37
0

1690.22
565.22
1412.25
1696.99
2893.51
-572.50
1079.07
2478.90
4791.96
3768.29
2587.74

/l(Unsold)1

151.72
46.09
152.00
253.48
188.37
389.14
226.94

-92.44
-69.26
-101.94
-166.19
-78.87
-39.51
0

1938.19
800.98
1821.64
1519.50
3256.36

31.54
1897.94
2553.73
5171.66
4079.22
2959.82

D( Unsold)1

172.23
56.87
143.01
293.76
238.30
415.08
252.48

-86.27
-77.72

-104.11
-180.94
-80.53
-59.18
0

2285.71
796.68
2094.41
1692.89
3509.21
-55.37
2311.13
3050.76
5403.58
4460.68
3302.21

a State energy differences used.
b According to definition (9).
c Unsold's approximation is applied as described in Sect. 3.

Finally, it can be observed from Table 4 that the a and n contributions to the
dipole polarizability are of the same order of magnitude in the y- and the z-
direction; in the x-direction the 7r-system does not contribute more than about 20%.

6.2. Dispersion and Induction Energy

We can write the following tnultipole expression for the dispersion energy

(
dispersion

/^disp
V I , 4. I* IR1' (10)

In the case that both monomers are of Z)2h-symmetry, only even powers of \/R
appear in the expression:
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C f p ( l A 3 A , 1B1B)

Cf o
s p (2 A 2 A , 2B2

£"iop(lA3A, 1B3B) +other cross terms,

A 1 A , 1B3B)

A 3 A , 3B1B)

(2A2A. 1B3B)

etc., [10a)

where Cffitw+la+rn+2{lArA, /B/B) represents the interaction of the simultaneously
induced 2'A and 2'A poles on molecule A with the simultaneously induced 2'" and
2'" poles on molecule B. Employing an interaction operator containing all dipole,
quadrupole and octupole interactions, one obtains multipole terms with maximum
/?~14 dependence. However, only the CjJisp and C^"p terms are complete: for
example, missing non-zero cross terms in C*^p are arising from (11,24) and
(11, 15) interactions. Moreover, to be consistent, one should include also higher
order perturbation effects, because these give rise to non-vanishing terms which
start off with an R~ n dependence (a third order contribution).

- / V

It 6 6 10 12
R(Boltr)

Fig. 7. Ratios of the cumulative contributions of
the multipole series terms and the unexpanded
energy in second order for geometry I in basis set
A; state energy differences are used

12
R {Bohr)

Fig. 8. Ratios of the cumulative contributions'of
the multipole series terms and the uncxpanded
energy in second order for geometry II in basis set
A; state energy differences are used
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As in first order, the convergence behaviour has been investigated and compared
with unexpanded results for basis set A (Figs. 7 and 8). The expanded as well as the
unexpanded results are obtained with state energy differences, since from the
experience of the polarizability calculations these are expected to yield better
values than orbital energy differences. Use of the latter would reduce the results
systematically, as in the case of the polarizabilities, with an almost constant factor
of 0.70-0.75. No very general conclusions can be drawn from Figs. 7 and 8:
C6/?~6 by itself gives deviations of not more than 13% down to a distance of
6 Bohr for geometry I, but it deviates to a maximum of 54% for geometry II, con-
sidered over the same range. On the other hand, C6/?~6 + C8/?~8 differs by 42%
and 16% from the unexpanded result for geometries I and II respectively, at a
distance of 6 Bohr again. Nevertheless it seems to be evident that it is not very
worthwhile to go up to such high order terms as given in Figs. 7 and 8, certainly
not when these terms are incomplete. One must be cautious, though, in drawing
general conclusions about the convergence in second order merely on the basis of

a.u.
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-100

0

;11)

c
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B C
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S

^ /

•
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B

isp(11;13)

a.u.

-20000
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-12000

-8000
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0
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Fig. 9. Basis set dependence of C$*p and Cjisp for geometry I, using state energy differences. The
left hand scale of the figure belongs to Cfsp, the right hand scale to Cfsp

C?1"(11; 22) = Cd
8
isp „ l a lB)

For each basis set three bars are plotted, representing computations with the sum over states formula
(3), the mean energy formula (4), and the Unsold formula (6) respectively
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computations with basis set A. This can be deduced from Fig. 9 which shows the
strong basis set dependence of the C^'sp and CjJisp constants for geometry I. and
also the basis set influence on the C$*p cross and quadratic terms separately: for
basis set D both terms almost cancel each other, whereas for basis set A the
repulsive cross term exceeds the attractive quadratic term.

The divergence of the multipole expansion at short distances, as well as the fact
that exchange contributions are not considered, makes the present treatment only
useful at intermediate and long range. At very long range there is a limitation
because of relativistic retardation effects. For instance the R " dependent dis-
persion term should be multiplied with a retardation factor, which continuously
modifies this term into an R~7 term at very long distances [80. 81]. Using our
calculated mean dipole excitation energy (0.63 a.u.) one can estimate /.. the reduced
wavelength of a characteristic allowed transition in the interacting molecules, at
about 215 Bohr (A = (xd)~ ', where x is the fine structure constant). This yields a
retardation factor of 0.9 at a distance of 30 Bohr and 0.5 at 125 Bohr [81]: how-
ever, in practical calculations, for example on crystals, this is of little importance,
because the absolute values of the interactions are already very small at those
distances.

From Fig. 9 one can also observe that the mean energy approximation (formula
(4)) leads to rather small deviations from the sum over states formula (3) (not more
than 7%); and that, quite similarly to the polarizability calculations, the Unsold
approximation (formula (6)) yields results much more stable under basis set
modifications: in the Unsold approximation the values of C(, and CH computed
with basis sets A, B and C differ from those obtained with basis set D by not more
than 20"o, whereas for the sum over states formula this difference can amount to a
factor of 5.

Table 7 shows all the O'isp values computed with our best basis set D. using the state
energy denominators for both geometries I and II. Some induction energy
coefficients (C'ml) are also included to demonstrate the unimportance of the
induction energy in comparison with the dispersion energy. From Table 7 one can
get an impression of the anisotropy of the dispersion energy: the quadratic terms
show some anisotropy. the cross terms however behave much more anisotropically.
just as the first order electrostatic energy. The quadratic terms are always attractive,
while the cross terms can be either attractive or repulsive and vanish when averaged
over the orientations of molecule A for a fixed orientation of molecule B in the case
of/A^/^(and thereversefor/B^/^); theoretically this has been proven in Refs. [42]
and [13]. Still, the cross terms cannot be neglected because they arc of the same
order as the quadratic terms; for the two geometries considered they improve
greatly the convergence of the multipole series, in particular for geometry I. where
quadratic and cross terms in Cf*11 and Cfop almost cancel each other [82].

A comparison of the results with those obtained by Haugh and Hirschleider [8]
many years ago, shows that the latter are only smaller by a factor of 2/3, at a
distance of 10 A. The orientational dependence of the dispersion energy reported
by these authors exhibits trends also obtained by us in some preliminary calcula-
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Table 7. Second order energy coefficients for basis set D, using state energy differences'1

/""disp/i 1 1 1 \
* - 6 y1AlA' lBiB>

C^(\AlA,2s2Bf
C 8 \£A*A* 1B1B)
C?%lA\A, 1,3.)
CftlA. IBIB)
C'ni(l 1 2 1
' - 8 V 1 ^ 1 / ) ! *-B'f-nnd/o 1 | \

C io^-AïA,2^.B)
^ 10 \lAlA' J B J B /

10 V 4 /4 * *• B B J

C?3\\A3A. 1B3B)
Cfisp(2^2 /<) 1B3B)

/-^ind/"> ^ o \

C lOA-^/4» •^B-'B^ ^

Cï'^2,2,, 3B38)!
cK s p (3^3^ 2B2B) 1
C^P(}A3A, 3B3B) 1

C ï ï - O ^ , , 1B3B)J

(a.u.)"

•(a.u. x

•(a.u. x

• (a.u. x

(a.u.x

10"2)

10~4)

„

10"8)

Geometry I

-340.83

-58.951
-58.951

54.640
54.640

-6.757
-6.757

-21.1034
-13.0542
-13.0542
-4.5828

-13.2519
16.3938
16.3938

-1.8291
-1.8291

-7.3162
-7.3162

5.6068
5.6068

-3.8307

Geometry II

-394.61

-97.932
-66.328
-72.504

63.720
-2.015

-11.984

-30.1105
-21.3878
-14.1406

6.1638
16.3131

-20.7730
27.5163

-0.6858
-2.6947

-10.5476
-10.3801

9.0564
-7.0157

-5.1929

"The dispersion coefficients are denoted according to (10a); in the
induction coefficients the permanent moments are represented by
one instead of two numbers.

b For comparison: a recently calculated mean value: — 321.0a. u. [79].

Table8. n-* n* contribution to Cjj"p(ll; 11) and C^5 p(l l ; 13), in a.u., for geometry I in two basis
sets, using state energy differences.

A D

(n-+n* -19.75
, , l , l 8 ) }y-f -87.80

[total -135.65

(JI-+71* -606.60

y-y' 2062.46
total 4585.45

-21.26
-102.07
-340.83

-792.32
2851.93
10928.07

The n-*n* contribution is part of the y-y component, arising in C6 from
Qi^,on both molecules, in C8 from Qx _, on the one, and Q} _, and Q3% _3

on the other molecule.
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tions on other geometries. The relative n-n contribution to the dispersion energy
for geometry I, which was found to be about 15% in Ref. [8] and somewhat larger
in Ref. [9], appears to be rather dependent on the AO basis set (Table 8). Our best
calculations yield a value of not more than 7%. From Table 8 it also appears that
the assumption of Ref. [9] that the ratios of the different contributions are of
correct magnitude, even if the total second order energy may be underestimated,
is not confirmed; the contribution of the y-y component to Cf*p is 65°O for basis
set A, but only 30% for basis set D.

Finally, we have tried to compose a total interaction energy curve from the total
first order VB energy (electrostatic + exchange) of Ref. [9] and the second order
energy computed in the multipole expansion, as we found this to be a rather
successful procedure in our He-He calculations [18], even down to the minimum.
However, choosing the multipole expansion results of basis set D, being the best
available for the second order energy, we obtain an interaction curve for geometry I
which we think not to be correct: it starts being repulsive at short range, goes
through an attractive minimum and a repulsive maximum to stay repulsive at long
range. This artifact could be caused by the exchange energy being underestimated
in basis set A, or by the use of the multipole expansion. If we, for instance, suppose
the lacking cross terms in C%sp to be repulsive and of the same magnitude as the
cross terms which are taken into account in this term, the minimum in the inter-
action curve disappears. We also tried to remove the artifact by cutting off the
multipole expansion in different ways, but none of these was successful. And
indeed, it may be impossible to obtain a reasonable interaction energy in the region
of the Van der Waals minimum, using the multipole expansion, because of
penetration effects [60].

f

7. Conclusions

1) The first order criterion (values of the permanent multipole moments) shows
that the smallest basis set used, the split-valence (s, /?)-basis set A from Ref. [9], is
sufficiently good to compute the first order electrostatic energy.

2) From the second order criterion (deviations from the closure relation), we know
that inclusion of polarization functions is absolutely necessary for calculation of
molecular polarizabilities and dispersion and induction energy. Choosing the
value of the exponent of an atomic polarization function slightly smaller than the
exponent of the valence atomic orbital, thus employing polarization functions
which are more diffuse than for optimal SCF computations, seems to be a suitable
recipe.

3) In so far as experimental values are available, they compare very well with our
best calculated properties (Tables 2 and 4). From the experimental dipole polariz-
ability values we may conclude that the use of state energy differences instead of
orbital energy differences in the second order perturbation expression is to be
preferred.
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4) Figs. 5 to 8 show that, taking into account only the first term of the multipole
series, the quadrupole-quadrupole and the induced dipole-induced dipole inter-
actions respectively, is insufficient, even at rather large R. No unique prescription
for cutting off the multipole series could be deduced from Figs. 5 to 8 because of
the apparent geometry dependence. Our calculations do not provide numerical
evidence for the asymptotically divergent (semiconvergent) character of the
multipole expansion which has been proven theoretically [14, 83-85].

5) The point charge (monopole) model has the same limitations as the multipole
expansion: it breaks down for small intermolecular separations (Table 3). Mulliken
gross atomic charges from extended basis sets cannot be trusted to be used in point
charge calculations.

6) From Table 7 one can observe that the so-called cross terms in the second order
interaction energy, which are averaged out in the gas phase, are certainly not
negligible in a fixed geometry. Because of their large anisotropy shown in Table 7
they could play an important role in rotational phase transitions in crystals.

7) The Unsold approximation as introduced in this paper and in Ref. [ 17] appears
to be very satisfactory for second order computations, as can be observed from
Tables 4, 6 and Fig. 9. Its principal advantage for practical computations is the
insensitivity to the basis set, so that one can use a small basis. The resulting
London-like formula contains anisotropic mean energies unlike most applications
of Unsöld's approximation. Note from Table 5 that the mean energies, which are
calculated from the theoretical polarizabilities in this work, differ by a factor of
1.3-2.6 from the ionization energy, which is often substituted as the one isotropic
mean energy.

8) From our polarizability calculations (Table 4) as well as from our dispersion
energy calculations (Table 8) we should conclude that the 7t-syslem of ethylene does
not play the dominant role over the cr-system that has been assumed sometimes in
the past.

9) From Tables 3 and 7 it follows that both first order electrostatic and second
order dispersion energy contribute substantially to the total energy, whereas the
induction energy is much less important. The exchange energy from Table 3
shows an almost exponential distance dependence, which may be a basis for
further simplification of the intermolecular potential applied in lattice dynamics
calculations for example. The result we obtained for the total energy by adding the
long range second order interaction energy in the multipole expansion to the
"exact" first order energy is disappointing, particularly in the region of the Van der
Waals minimum, and does not support the use of the multipole expansion for this
purpose. This applies to computed as well as empirical estimates of C6 and C8 and
is a stimulus to restart our multistructure VB calculations. The basis set can then
be chosen on the basis of the information obtained from this paper.

Acknowledgement. We like to thank Mattie Backus for performing the point charge model computa-
tions and for calculating the "exact" first order electrostatic energy.
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For a series of ten electron molecules (HF, H2O, NHa, CH4) the molecular
polarizability tensor and the derivatives with respect to the symmetry co-
ordinates have been calculated from ab initio SCF wavefunctions using the
finite field method as well as perturbation theory approaches. Raman
intensities and degrees of depolarization derived from the finite field results
agree well with the available experimental data.

The zeroth order bond polarizability model and the atom dipole inter-
action model have been analysed. Both models can be used to describe the
computed static polarizabilities and the derivatives with respect to bond
stretching, but fail for the derivatives with respect to the bending coordinates.

1. INTRODUCTION

In recent years Raman intensities and depolarization ratios have been used
as additional sources of experimental information in the determination of the
potential energy surface of polyatomic molecules [1, 2]. The relation between
the intensities and depolarization ratios on the one hand, and the force constants
and polarizability derivatives on the other, is in principle straightforward and
generally formulated in terms of the Placzek polarizability theory of the Raman
effect [3]. Previously, a two step procedure was usually followed : firstly, the
force constants (and eigenvectors) were determined and afterwards the polariza-
bility derivatives were adjusted (using the eigenvectors from the first step) to
match calculated intensity data with the experiment. Nowadays in a more
refined single step procedure, all the experimental quantities together (v'.brational
frequencies, infrared and Raman intensities, isotope shifts, Coriolis coupling
constants, centrifugal distortion constants, etc.) are employed as input data that
have to be reproduced by the parameters (force constants, dipole derivatives and
polarizability derivatives) in a least squares sense [4]. In the harmonic ap-
proximation the adjustable parameters are the complete harmonic force field,
the (static) dipole moment and polarizability tensor of the molecule, and the first
derivatives of the dipole moment and the polarizability with respect to all sym-
metry coordinates. For small symmetrical molecules, it is possible to determine
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all harmonie parameters from the experimental data. In many cases, however,
it is necessary to employ a model to reduce the number of independent para-
meters.

In the past, several models have been proposed for reducing the number of
independent terms in the harmonic force field : e.g. UBFF [5], OVFF [6],
HOFF [7]. Also selected terms were transferred from similar molecules or
simply put equal to zero [8]. More recently, ab initio SCF force constants, being
more easily available now [9] have been combined with experimental data in
various ways [10].

When the infrared intensities were also taken into consideration, the model
was extended with the concept of (transferable) bond dipoles in the so-called
valence optical theory [11], with atomic polar tensors [12, 13], atomic effective
charges [14] or with bond charge parameters [15]. The extension of the bond
concept to describe the Raman intensities is obvious [16]. The second rank
tensorial character of the bond polarizability makes this extension a little more
cumbersome from a mathematical point of view, but, just like the bond dipole
[17], the bond polarizability tensor can be defined in a unique way [18] using
localized orbitals. The derivatives of this quantity with respect to displacements
(length and orientation) play a central role in the model. Because the derivatives
are not necessarily local (bond) quantities, the model is somewhat suspect.
Up to now, its reliability has only been thoroughly tested in very few cases where
ample experimental data were available.

Another, much less frequently used, model for molecular optical properties
is based on the atom interaction dipole concept [19, 20], and is in essence an
extension of Landolt's ideas of additivity of atomic polarizabilities in molecules
[21 ]. The model is very attractive because of its simplicity and has in some cases
provided valuable information [22]. Although, in the standard form, this model
is less flexible than the bond polarizabilities, a thorough analysis of the merits and
limitations of the atom dipole interaction model is certainly warranted.

In the course of our research it became clear to us that, up to now, reliable
experimental (Raman) intensity data are too scarce to make such an analysis
possible. On the other hand, the methods of quantum chemical computations
have evolved to such a degree that the accurate computation of the required data,
i.e. the molecular polarizabilities as functions of the molecular geometry is,
certainly for small molecules, within reach. Our strategy has therefore been to
compute by ab initio methods the value of the polarizability as a function of
molecular geometry for four ten electron molecules (HF, H2O, NH3 and CH4).
The results of these calculations have then been used to predict absolute intensi-
ties and depolarization ratios. Comparison with the available experimental
results generally showed a good agreement. Rather than use the experimental
material as a test for the two models to be analysed, we have used the much more
abundant computed results, though representing in a sense model molecules, as
input for a description with either the bond polarizability me ';1 or with the
dipole interaction model.

As neither of the two models is completely satisfactory and the quantum
chemical methods, as used up to now, are completely prohibitive for the computa-
tion of the polarizability of large molecules, we have also tested which simplifica-
tions could be made in the standard ab initio techniques to obtain a drastic
reduction of computer times.
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2. REVIEW OF THE RELEVANT THEORY

In the following we review briefly the equations governing the Raman effect,
the bond polarizability and atom dipole interaction models, and comment on the
procedures that are generally used in quantum chemical calculations of the
polarizability tensor. Finally we describe which simplifications in the quantum
chemical treatment we have tested.

2.1. Raman scattering

The Raman intensities Iq and degree of depolarization pq for a band as-
sociated with a transition in the q\h normal coordinate Qq are related to the
derivative of the molecular polarizability tensor a with respect to the normal
coordinate involved [3]. In our notation

v-(l
i,j = x, y or z in an arbitrary coordinate system and re stands for the equilibrium
geometry. In the super tensor <x° (of dimension 3,3,3iV-6) we collect the a '
tensors for all q. It is possible to express Iq and pq in terms of the following
quantities, viz. the trace, given by

* 9 = * I « Ü « (2)
i

and the anisotropy defined by

=h I [M—tfr+Ktffl. (3)

For freely rotating molecules the equations are (polarized incident light and
scattering under an angle of 90°)

Iq = const g [45(59)2
 + 7(y«)2] = const S, (4)

^ = 3(y*)2/[45(S<02 + 4 ( y W (5)
Here const is a numerical factor depending on the frequency of the incident and
scattered light and g is the degeneracy of Qq. Thus, from simultaneous measure-
ments of Iq and pq the (absolute) values of öfl and yq can be derived. To proceed
further, it is often useful to connect the normal coordinate derivatives with the
symmetry coordinate derivatives «o

s of a (hypothetical non rotating) reference
molecule [23]

aO = aSL = (a o
s-aRS)L. (6)

Here

is the derivative of the i,j component of the polarizability tensor of the reference
molecule with respect to the sth symmetry coordinate. Again, in the super
tensor oto

s the derivative tensors for all symmetry coordinates iSs are collected.
The («R8)y terms account for the changes in the polarizability tensor of the
actual molecule with symmetry coordinate iSs, that are the consequence of a
libration type motion that the molecule may have to make in order to satisfy the
Eckart conditions (no acquirement of net angular momentum [24]). So this
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term only contains orientational contributions, directly related to the static
polarizability tensor. The L matrix finally connects symmetry and normal
coordinates according to

S = LQ. (8)

It is clear that, even if the L matrix and the static polarizability components
are known, it will be possible only in those cases where symmetry supplies a
sufficient number of constraints on OL0

S to find the unique ot's components from
the experimental IQ and pq data. Isotopic substitution can provide additional
information, smce cto

s is isotopically invariant (the aQ are not, since L and oK
s

depend on the atomic masses).
Comparison of the number of independent intensity data with the number of

independent <ts components for actual small molecules shows that in those cases
where suitable isotopically substituted species are available, information remains
that can be used for a refinement of other parameters like those occurring in the
F-matrix [1, 2].

2.2. The bond polarizability model

It is often regarded as profitable to express a and a6' in terms of bond
polarizabilities and their derivatives. Even in those cases that the o s values can
be fully determined from the experimental data, the bond polarizability model
can be used to understand the results in a series of molecules. Furthermore,
this model has been employed for the prediction of intensity data for more com-
plicated molecules such as polymethylene [25].

In the zeroth order bond polarizability approach, the molecular polarizability
and its derivatives with respect to the symmetry coordinate are expressed as
tensor sums of contributions due to all bonds of the molecule. From [26, 1] we
cite the following general and compact matrix formulation

3 _ bonds

<«•) «7TÖ- I T,+{a'x, a'v, « ' .} , . %lsTl (9)

which will be explained briefly.
Each bond has its own bond polarizability tensor with—in a local space fixed

axis system where the z axis is parallel to the direction of the bond in its equili-
brium position—only diagonal elements (a, /} and y)t. The deformation of
bond / in symmetry coordinate Ss is given by the displacement vector §fo. Since
this deformation consists of a change in orientation and length of the bond,
%ls is given in local polar coordinates, {a'̂ ., a'y and a'j.}j are the tensor derivatives
of the bond polarizability with respect to a rotation of the bond / around the
local y and x axis and with respect to the bond length of bond / respectively.
The {a'j., ot'?/}, are determined completely by the static parameters (a, j8 and y),.
The diagonal {«',,}, tensor is composed of the derivatives with respect to the
bond length of the two perpendicular and the parallel components of the bond
polarizability tensor, (a, fi and y)t. The symbolic dot product {a',., o'y, a's}j.
%ls thus gives the change in the bond polarizsbility of bond / with symmetry
coordinate £s. This change, still expressed in the local axis system, is trans-
formed to the molecular axis system with the help of the matrix T,, composed of
the direction cosines between the local and molecular axis systems. For many
bonds a and /S and also a and $ can be assumed to be equal (cylindrical symmetry
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around the bond). The remaining parameters arc only dependent on the type of
bond (i.e. C-H, C-C etc.) and thus they are supposed to be (more or less)
transferable among different molecules.

For highly symmetric molecules the number of parameters is generally much
smaller than the number of observables. A test of the internal consistency and
adequacy of the zeroth order bond polarizability model then can be made. In
order to compensate for the discrepancies that have been found [26, 27],
equation (9) can be extended to include the so-called first order terms, where the
effect of the stretching of one bond on the polarizability of the other bonds is
taken explicitly into account. Since this introduces a flood of hardly transferable
parameters, we shall not consider this aspect any further here.

2.3. Atomic dipole interaction model

In the atomic dipole interaction model, proposed by Silberstein [19] and
recently revived by Applequist [20], the molecular polarizability is thought to be
built up from atomic contributions, rather than from bond polarizabilities.
Another important difference with the zeroth order bond polarizability model is
that the entities (atoms) are allowed to interact by their (induced) dipolar fields.

Let us assume that e ' is the field at atom A due to a light wave or external
charges. The induced dipole moment [x-1 in atom A is given by

where ttA is the isotropic polarizability tensor of atom A with components a,,/1 =
^S (ju, v = x, y, s) and TAli is the dipole field tensor

rAli

with I the unit tensor, rAU the distance between atoms A and B with direction
vector \AJi. The expression in brackets in equation (10) is the total electric field
at atom A, containing both the external field and the fields originating from all
other N— 1 (induced) atomic dipoles in the molecule. Equation (10) may be
rearranged to read

(aA)~1
it.

A+ V jAiipB = eA ( 1 2 )
B*A

or in compact matrix form

e. (13)

A is a 3iV x ZN matrix constructed from NaA tensors in diagonal blocks and
N(N—\)TAB tensors in non-diagonal blocks; (A and e are 'column vectors
composed of the 3N components of the induced atomic dipole moments and of the
external electric fields at the atoms, respectively. The induced moments \J. can
be found by inversion of equation (13)

f*=Be with B^A- 1 . (14)

BAB is called the relay tensor since it expresses the dipole moment relayed to atom
A by the external field applied to atom B. This tensor can thus be found, just as
the A tensor, from the atomic polarizabilities and the molecular geometry
solely.
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For the total moment induced in the molecule we find
atoms

f*ind = I f^=I S ^ V . (15)
A A B

When the molecule is in a uniform external field so that eB = e for all atoms we
find from the definition

fx ind=ae (16)

«=IIB^. (17)
A B

To obtain the derivative of the molecular polarizability tensor a with respect
to a specific normal coordinate Oq we can apply the theory of matrix functions.
Realizing that B = A"1 we find

I II I (18)
A B C D

where now A9>BC is determined by

!£ (20)
and

dtBC

r«-BC = ~ - , rBC = tB-tc. (21a)

Both r9<B and afl*1* can be expressed in terms of derivatives with respect to the
internal coordinates with the help of the matrices connecting normal with
symmetry coordinates (L) and symmetry with internal coordinates (U). Thus,
in addition to the static atomic polarizability parameters, we need only atomic
derivative parameters, ar'A, defined by

dacA

<22>

with Rr the rth internal coordinate. In practice [22] these parameters have
always been assumed to depend only on the length of the bonds attached to atom
A and not on the character of such a bond.

2.4. Perturbation theory and finite field expression for a

Among the many methods for the ab initio computation of molecular polariza-
bilities, the finite field SCF (FFSCF) method, which is equivalent to the coupled
Hartree-Fock method [28], and the uncoupled Hartree-Fock (UCHF) perturba-
tion method [29] seem the most frequently used.

In the FFSCF method an additional one electron term is added to the
Hartree-Fock hamiltonian to account for the applied external field. In the
case of a homogeneous electric field e, this term is equal to (using atomic units)

el nucl

- e J r H e £ Znr* (23)
e n
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with the Zn the nuclear charge of atom n and r° and rn the position vectors of the
electrons and nuclei respectively. To the one electron part of the Fock matrix,
h, a term directly derived from the dipole moment operator has to be added.
When we label the basis functions X with p, a etc. we have

with

*V=J Wr(l)X.(l)^i- (25)

The value of the polarizability can now be found in two ways. When we use a
Taylor expansion of the energy E(e) as a function of the field e we have

dE
_ p . j _ i V V. or s),

(26)

where fi° is the permanent molecular dipole moment vector. So for instance a
plot of [E(e) — E(0)]jei versus e; for all i and / provides both jx0 and a.

Alternatively we can make a Taylor expansion for the expectation value of the
dipole moment as function of the field

t

iml de,

(27)

In the limit of zero field again \L° and a will be found. For a molecule described
by a wavefunction satisfying the Hellman-Feynman theorem, i.e. the exact or the
exact Hartree-Fock wavefunction, both methods should provide the same result.

In order to obtain the derivatives of a with respect to some internal co-
ordinate generally finite differences have been used. It was suggested some
years ago [30] and worked out numerically very recently [31], that the derivatives
of (j. and a can also be obtained as the first and second order contributions to the
potential energy gradient of a molecule in the presence of a finite perturbing
electric field. This means that all calculations are performed at a single nuclear
geometry. Though the results of this approach are very promising from the
point of view of computer time, especially for large molecules with low symmetry,
not all numerical accuracy problems seem to have been solved completely. We
have therefore retained the finite differences approach.

From a computational point of view (see the next section) the use of the
UCHF method is much less elaborate. According to second order perturbation
theory the polarizability is given by

f*0
(28)

Pi is the x, y or z component of the electronic part of the dipole moment operator
and AEfo = Ef — E0 the difference between the energies of the excited state ƒ and
the ground state 0. The expression is exact when the wavefunctions are eigen-
functions of the complete molecular hamiltonian. In the UCHF method the
eigenfunctions of the approximate Fock operator (expressed in the subspace
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spanned by a finite atomic orbital basis set) are used. In that case the polariza-
bility is given by

occ virt

«tf = ~ 4 S 2 MO T*AV ^ W " 1 » ( 2 9 )

where now p and <y are occupied and virtual molecular orbitals respectively.
ti,1)q

l is the i component of the dipole operator matrix element as defined in (25)
using now molecular orbitals iff instead of atomic orbitals X. .The energy
denominator AEpq depends on the partitioning of the hamiltonian. In the
Meller-Plesset case [32],

A^,9 = 6 r - e 9 (30)

in the Epstein-Nesbet approach [33]

= €P ~ *<i ~ J
v<i (31)

Jpqand Kpqare the usual two electron exchange and Coulomb integrals and e]t and
€q are orbital energies. The Epstein-Nesbet approach leads to larger values
than the Moller-Plesset formula. Actually only a complicated double perturba-
tion treatment [45], also incorporating the correlation- aspects, can produce
highly accurate polarizabilities.

2.5. Possible simplification of the UCHF expression

In order to obtain sufficiently reliable values of the polarizability tensor in
actual calculations, relatively large basis sets including appropriately chosen
diffuse, so-called polarization, functions are needed [34]. The same problem
arises when computing relatively weak interactions between molecules. There
it has been found that the associated longer computer times can be avoided and
at the same time the problem of the choice of polarization functions can be
circumvented by the use of a non-empirical form of the Unsold approximation
[35].

When the denominators in equation (28) are replaced by a mean excitation
energy A -̂ that may be different for different components, we obtain

(32)

In [35] it is shown that a good choice for the Atj in finite basis calculations (n
states), is given by

J
(33)

which is nearly basis set independent. Applying the closure relation (resolution
of the identity), which is also an approximation for a finite basis, we arrive at the
non-empirical Unsold expression for the polarizability

ij- (34)
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In (34) Cjj can be interpreted as a factor correcting for the incompleteness of
the basis set. After this correction a" becomes nearly basis set independent. As
expected the factor C approaches unity for a complete basis set. In accordance
with [35], where these factors were introduced, we will call 1/Cthe completeness
factor.

Using again the Hartree-Fock functions for the unperturbed system the a,;
are the ones already given in equation (29). In the evaluation of the CtJ the
term <0||U(^J|0> deserves some comment. Applying the standard rules for the
evaluation of matrix elements over 1 and 2 electron operators between determi-
nantal wavefunctions, we find that

occ occ occ

<0 \Nfij\Qy = 2 1 QJi + 41 fi,,,? tij - 2 £ vj JV/' (35)

Q})q* stands for the i, j component of the ƒ>, q matrix element of the non-traceless
(cartesian) quadrupole operator.

It is thus hoped that from a small basis set calculation through the use of the
CfjS (equation (34)), from each component of the UCHF a tensor an improved
value a" can be obtained. In contrast to a, a" is not a real tensor since C lacks
the correct transformation properties.

It is enlightening to look at the derivatives of a" with respect to a normal
coordinate, Qq. When we use (34) we find

9C + C* with Ci = ~ . (36)
dQ

The first term is what we should expect intuitively, a derivative corrected for
basis set deficiencies. The second term, however, represents the change in the
polarizability due to the change in basis set deficiency with the normal coordinate.
We shall see later that both terms are important.

3. COMPUTATIONAL ASPECTS

3.1. Computerprograms

The finite field calculations were performed with the following chain of
programs:

(i) the integrals program of IBMOLVA, producing one and two electron
integrals over cartesian gaussian functions [36] ;

(ii) the IBMOLVA closed shell SCF program, slightly modified to include
in the Fock matrix the additional terms as given in equation (24);

(iii) the IBMOLVA properties package to compute the dipole moment
integrals.

For the computation of the UCHF and Unsold polarizabilities a program was
written using the dipole and quadrupole moment integrals routines from the
IBMOLVA properties program and the eigenvectors resulting from the field
free SCF run. Since only the Moller-Plesset partitioning was considered, just a
simple two index transformation of the one electron integrals was needed.
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3.2. Basis sets
A small and a large basis set were used throughout all our calculations. As a

typical example of a frequently used small basis set we chose the one known as
4-31 G from the gaussian 70 program [37] (4s contracted core orbitals and 3s(p) +
ls(p) valence contracted orbital per atom). When the wavefunction has to be
optimized for maximal polarizability by the inclusion of polarization functions in
the basis set, these functions should not contribute to the wavefunction of the
unperturbed system ; this follows from the Hylleraas variational principle [45].
Therefore it was considered important to obtain a low energy by using the large .
basis set without polarization functions. To keep the basis set nevertheless r
within practical limits, we used the 9sj5p source set of Van Duyneveldt [38], |
contracted to 4-s/2p for the C up to F atoms and the 4s set contracted to 2s with a
scale factor of 1-2 for the H atom. To this basis set two 3d functions for the C
through F atoms and two 2p functions per H atom were added. The exponents
were (0-72, 0-09), (0-8, 0-1), (0-96, 0-12), (1-2, 0-15) for C to F and (0-75, 0-15)
for H. These values are very close to those suggested by Werner and Meyer [34]
and b" Dunning [39]. The dfunction with the highest exponent is mainly active
in lowering the energy, the second is a pure polarization function.

Table 1. Equilibrium geometries, symmetry coordinates and orientation of 4 molecules
studied. Orientation is given by the position of the hydrogen atoms, fixed by the
sign of their x, y and z coordinates. Heavy atom is in the origin ; ya—

H F : re = 1-7323 a0 ; H = (0,0, +) .

H2O: rc=l-8142a0, y12 = 106°; ^ = (4-, 0, - ) , H2 = ( + , 0, +) , x dipole axis ;
S1(a1) = 2-1/"-(,1 + r2)> S2(ai) = Yli, S . & ^ - ^ i - r , ) .

NH3 : re = 1-9132 a0, yM = 106-67° ; H1 = ( - , 0, - ) , H2 = ( + , +, - ) ,
H3 = ( + , - , - ) , z dipole axis ;

5,(ai) = 3-V->, + r2 + r,), 52(a,) = 3-V*(yl2 + Yl3 + Yli),
S3(e) = 2-v» (r, - r3), St(e) = 2~v-(yl3 - y „) .

CH4: re = 2-0610a0; H, = ( + , + , +) , H2 = ( - , - , +) ,
H. = ( + , - , - ) , H 4 = ( - , + , - ) ;

S,(a) = 2~1(r1 + r2 + r3 + rt), S2(e) = 12-»/*(2yls - y , , - yu + 2y31 - y24 - y23),
53(/2) = 2-Hri + r»-r3-r<), S4(fa) = 2~^Yu~ Yu)-

3.3. Geometries and symmetry coordinates

In table 1 the equilibrium geometries and the relevant symmetry coordinates
are summarized. In order to give the correct sign to the polarizability derivatives
it is further necessary to know the precise molecular orientation in the cartesian
coordinate system used to label the tensor components. Therefore we have also
indicated the sign of the cartesian coordinates for the hydrogen atoms, the heavy
atom is located at the origin.

The actual variations in the symmetry coordinates used to obtain the deriva-
tives were about plus and minus 1 per cent in the bond length and plus and minus
2 degrees in the bond angles.
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3.4. Further details

The field strengths used in the finite field calculations were 5 and 10 x
10~3 Eh e - 1 «o"1. When the field was not perpendicular to a symmetry axis of
the molecule both the positive and negative sign were considered. We found
that in this way an acceptable balance between numerical accuracy (highest with
high field strength) and minimal contributions from hyperpolarizabilities (less
with lower field strength) could be obtained. We also found that the SCF
procedure had to converge to very small differences between successive iteration
steps (less than 10~10 Eh in the total energy) before sufficiently accurate results
could be derived. The expression based on the expectation value of the dipole
moment operator was found to be the most stable and we therefore used this
exclusively.

In order to find the parameters used in the two approximate models con-
sidered (see §2.2 and 2.3), least squares fits of the values predicted by the
model to the ab initio finite field results were made. For the bond polarizability
model both the computed polarizability at the equilibrium geometry and the
computed polarizability derivative tensors could be used directly to make a fit via
equation (9). For the atom dipole model the cumbersome evaluation of the
gradient in equations (21) and (21 a) was avoided. At the various geometries
the polarizability was calculated according to equation (17). The static and
derivative parameters needed in the relay tensor were adjusted so as to reproduce
best—in a least squares sense—the ab initio finite field values.

The L and U matrices needed to compare computed results based on sym-
metry or internal coordinates with experimental data were derived from the
harmonic force constants given in [40,41 ]. In order to exclude sign arbitrariness
problems in the calculation of da/dQ (table 4) the largest element of each eigen-
vector in the L-matrix was taken positive.

The rotational corrections as defined in equation (6) were found with the
help of the formulae given in the appendix of [1]. The B and 6 matrices (from
Wilson's GF formalism) needed, are fixed by the cartesian and symmetry
coordinates defined in table 1.

4. DISCUSSION

4.1. Ab initio finite field results

The computed values for the static polarizability tensors using the finite
field SCF method with the large basis set are given in table 2 for all four molecules.
Generally the numbers are quite acceptable but some comment is in place. For
all molecules and all components the values are too small when compared with
those observed experimentally or computed with the best available methods (see
also table 2 ) ; the reasons are obvious. The basis sets used contained insufficient
polarization functions, this aspect emerges most markedly in the components
perpendicular to the molecular bond or molecular plane in HF and H2O
respectively. A second reason for the low polarizability is the neglect of electron
correlation in the SCF method. From the accurate analysis of Werner and
Meyer [34] and also from Zeiss et al. [42] it appears that this neglect leads to an
underestimate of the polarizability. This also becomes obvious from a com-
parison between the best SCF and the experimental values. However, we have
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Table 2. Static polarizability tensors a (in e8 aa
2.

Molecule

H F

H2O

NH 3

CH4

Component

xx, yy
zz

XX

yy
zz

xx, yy
zz

xx, yy, zz

This work

4-04
5-56

8-15
7-12
903

12-25
11-88

15-66

Finite field SCF
[34]

4-47
5-75

8-62
8-06
9-04

13-98
13-03

16-00

[44]

I
8-15
7-50
9-11

15-88

Experimental

5-10t
6-59t

9-62J
9-26J

1001 %

16-11§
1417§

17-28||

t MUENTER, J. S., 1972, J. chem. Phys., 56, 5409 ; [34].
% [42], derived from the experimental value of 5. (ZEISS, G. D., and MEATH, W. J., 1977,

Molec. Phys., 33, 1155) and the component ratio determined by MURPHY, W. F., 1977,
J. chem. Phys., 67, 5877.

§ BRIDGE, N. J., and BUCKINGHAM, A. D., 1966, Proc. R. Soc. A, 295, 334.
|| AMOS, R. D., 1979, Molec. Phys., 38, 33.

to realize that the experimental data refer to values averaged over the zero point
vibrations and that our computed values, listed in table 2, are for the equilibrium
geometry. In [34] it is shown that the averaging by itself also leads to an increase
in a and explains at least part of the differences.

When the manuscript was nearly completed we became aware of the calcula-
tions by John, Backsay and Hush [44]. For H2O and CH4 these authors also
computed the Raman scattering activities with the help of the ab initio finite field
method. We have added their results in our tables. The small differences
between the two sets are caused by the differences in basis sets used. Also, by
considering the effect of the vibrational averaging as given in [34], it is possible
to estimate the values for the symmetric stretch coordinates. These estimates
where we have assumed that there is no contribution from bending motions, are
also given in table 3. There is fair agreement, taking into account that a still
somewhat larger basis set was used in [34].

The experimental data are generally not very accurate (CH4 excepted). The
agreement between the intensities and depolarization ratios derived from our
computed values (taking also the rotational correction into account) and the few
data observed experimentally is not at all bad (see table 4). Some general
trends can be summarized immediately. With increasing bond lengths the
polarizability component parallel to the bond always increases. The perpendicu-
lar component, as can be observed in HF and H2O varies only little. In the
bending mode, that can be observed most purely in H2O the perpendicular
component again hardly changes, for the two in-plane components the increase
in the one (zz) is accompanied by a decrease in the other (xx).

4.2. Analysis of the bound polarizability model (BPM)

From the (finite field) molecular polarizability tensors a (table 2) and the
derivatives <xo

s (table 3) we have derived the zeroth order bond polarizability
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Table 3. Molecular polarizability derivatives tensors o0
s (e2 a0Eu~l) and rotational

correction terms <*RS (ea a0
2 En~l rad"1) for symmetry coordinates as defined in

table 1.

Finite field SCF
Estimated

Molecule Symmetry Component^ This" work [44] from [24] Experimental!

HF St

H2O 5 ,

N H ,

xx, yy
zz

XX

yy

ZZ

XX

yy
zz
xz
xz§

xx, yy
zz
xx, yy
zz
xy
yz
yz§
xy
yz

y*§

xx, yy, zz
xx, yy, -zz/2
xy
xy

0-93
5-30

4-48
1-59
7-48

-1-15
0-23
1-29
3-87
0-16

7-57
3-41
0-39

-0-34
-4-04

2-30
-0-04
-1-21
- M 4
-0-05

7-50
118
5-20
0-17

4 1 3
1-68
7-85

-1-00
0-34
112
4-14

8-24
1-17
5-31
0-02

0-8
6-5

4-0
1-9
8-8

7-9
4-2

CH4 S, xx, yy, zz 7-50 8-24 8-11
0-85
4-90
0-22

t MONTERO, S., and BERMEJO, D., 1976, Molec. Phys., 32, 1229.
% Component of «0

5 unless indicated.
§ Rotation correction a.ws.

parameters aHY = ^H Y , yH Y , aHX = £H Y ( a H X = d<xnxjdrnx) and yH Y using
equation (9). In the trivial case of HF, the four bond parameters are determined
exactly by the four molecular quantities : aHY and yHA- equal <xxx and <xzs,
whereas <xnx and yHA- are identical to dx^/dSi and dx^/dS^

For the other molecules, the number of equations (i.e. molecular quantities)
exceeds the number of zeroth order bond parameters, and the latter were adjusted
in a least squares sense to fit the a and o 0

s values. We discuss the four parameter
BPM (i.e. assuming cylindrical symmetry for the bond polarizabilities and their
derivatives) throughout this paper because of two reasons. Firstly, the atom
interaction dipole model is also a four parameter model, and secondly our
calculations showed that release of the cylindrical constraint did not substantially
improve the fit to the finite field values.
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Table 4. Molecular polarizability derivatives tensors «* (e2 a0
2 Eh~l A"1 u"1'8) for normal coordinates,

scattering coefficients 5 (N 10"3' m4 kg"1) and depolarization ratios p.

Normal
Molecule coordinate

HF 0!

H2O 0x

0a

03

NH3 0!

02

03

04

CH4 Ql

02
03
04

Component

xx, yy
zz

XX

yy

ZZ

XX

yy
zz
yz

xx, yy
zz
xx, yy

zz
xy
yz
xy
yz

xx, yy, zz
xx, yy, — izz
xy
xy

a«

1-80
10-24

8-62
3-06

14-40
-2-23

0-19
1-17
7-27

14-30
651
1-39
0-02
7-86

-4-44
-1-70
-1-83

14-12
1-87

10-33
-0-14

S
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30-3
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9 1
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0-2
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0-750
0-750
0-750

Experimental
S

54f
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0-9J

19J

175§

223||

n
128||
<0-25||

P

0-1 If

0-034J

0-736J:

0-750J

0-00
0-75
0-75
0-75

t Computed from data given in : LE DUFF, Y., and HOLZER, W., 1974, J. chetn. Phys.,
60, 2175.

J [27].
§ HOCHENBLEICHER, J. G., 1977, Diss. Univ. Munich.
II [43] .

For H2O, there are six molecular parameters (txxx, ayy, azz, doc^jdS^ da.uyjdS2

and dxzJdS2) that determine aHO and yHo . The remaining four molecular
quantities da.xxldSv docyy/BS^ da.zzjdSx and dtxxJdS3) are related to aHO and yH O .
Figures 1-3 show how accurate the molecular a and o0

s values are reproduced
using only four BPM parameters. The a values (figure 1) are very close to the
finite field values, but also all derivatives are of the correct order of magnitude.
Note that the use of the zeroth order BPM implies d<XyVjdSs = 0, but the finite
field value for this derivative is also small.

For NH3, aHN and yHN have been adjusted to fit six quantities (two indepen-
dent components of a and four derivatives with respect to bending), whereas
aHN and yHN were derived from the four derivatives with respect to the stretching
coordinates. Figures 1 and 2 clearly display that again a and the derivatives for
stretching coordinates are reproduced quite nicely using the BPM parameters.
However, for the bending derivatives the agreement is poor.
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Figure 1. Comparison of the molecular polarizability tensors o calculated using the finite
field SCF-method (cross-hatch), and from BPM (open) and ADLM (hatch) para-
meters, respectively, (a in e2 a0" EtT1.)
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Figure 2. Comparison of the molecular polarizability derivative tensors ao
s (es a0 Eh'1) for

the stretching coordinates, calculated using the finite field SCF-method (cross-hatch),
and from the BPM (open) and ADIM (hatch) parameters, respectively.

In the present series CH4 is an exception. The aHC and yHC are not in-
dependently fixed by a alone. The best values of aHC and yHC, computed from
«„( = <x,n/ = azz), dtxxJdS2 and dacxJdS4t describe the derivatives with respect to
the bending coordinates (figure 3) very badly (in one case even the sign is
incorrect). Of course, employing dHC and yHC, the two molecular quantities
doixxldS1 and dxTUldS3 are reproduced exactly (figure 2).

Summarizing the results for the four molecules, it is clear that for the
prediction of the static a values, and the components of ao

s for stretching co-
ordinates the four parameter BPM is sufficient. However, for derivatives with
respect to bendings the inclusion of first order terms in the BPM is necessary.
In the case of CH4 Bermejo et al. [43] came to the same conclusion from their
experimental data.
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Figure 3. Comparison of the derived molecular polarizability tensors ao
s (e2 a0

2 Eh~* rad"1)
for the bending coordinates, calculated using the finite field SCF-method (cross-
hatch), and from the BPM (open) and ADIM (hatch) parameters, respectively.

Table 5. Zeroth order bond polarizability model parameters from least squares fit to ab
initio finite field method results. Numbers in parentheses : zeroth order BPM
parameters without the assumption of cylindrical symmetry for the bond polariza-
bilities and their derivatives (in ca «0" ̂ h"1 and e2 a0 Eir1)-

HF
H..O

NHa

CH4

yil.Y a

5-56
4-94
4-49
4-39

:„.Y^H.Y

4-04
3-60
3-83
3-69

(yn.Y

(4-94
(4-58

aiIA-

3-65
3-95

Pax)

3-56)
3-51)

yux a

5-30
7-24
8-24
8-95

•ux = 8u.i

0-93
1-17
1-14
1-51

: (ynx

(7-22
(8-23

«HX

1-24
1-11

/JH.Y)

1-13)
1-22)

It is interesting to compare the BPM parameters in the present series of
molecules (table 5). The perpendicular component of the bond polarizability
tensor (a1IA) is rather constant (3-8 ±0-25 e

2 a0
2 Eh~

l). The parallel component
is always larger and increases gradually going from CH4 (4*39 e2 a0

2 E^1) to
HF (5*56 e2 o0

2 Z?),"1). For the derivatives of the bond polarizabilities with
respect to the bond length a regular trend is also found : the derivative of the
parallel component is always much larger than that of the perpendicular com-
ponent (1 -2 + 0-3 e2ö0 E,,"1) and decreases from CH4 (8-95 e2 Ö0 £,,-*) to
HF (5-30 e* a9 Eh-

1).

4.3. Analysis of the atom-dipole interaction model {ADIM)

In the case of HF we can determine directly (even analytically) the two
atomic ADIM parameters av and a1( from the ab initio finite field values for the
parallel (a.,) and perpendicular (<*„) component at the equilibrium geometry
(rHl, = 1-7323 «„). It is undetermined which parameter belongs to which atom.
Intuition suggests that the larger value should belong to the atom with the larger
number of electrons. Both at a larger (riu-= 1*7523 a0) and at a smaller (rH|.< =
1-7123 a„) internuclear distance we have finite field values for aXJ and aw. In
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principle, we can derive the aH and aF values from the polarizability components
at rH P = 17523 a0 or from those at r H F = 1-7123 a0. The two sets of aH and aF

values appear not to be equal for the smaller and larger HF distance. This
indicates that the electrical anharmonicity predicted by the model is different
from that found in the ab initio calculations. It is nevertheless worth pointing
out that, in contrast to the BPM, the ADIM is in principle able to predict such
an electrical anharmonicity. The derivative parameters aH and dv obtained by
a least squares fit from the polarizabilities at r H F = 1-7523 and r H F = 1*7123 a0

are given in table 6. In figures 1 and 2 the ab initio finite field and ADIM
values for a and oco

s are indicated. I-
For H2O the three diagonal components of the polarizability tensor at the J

equilibrium geometry (rx = rz = 1-8142 a0> 0=106°) and at the tvvo geometries
(r1 = r2= 1-8142 a0 with 0=104° and 108°, respectively) that have been used
for the analysis of the binding derivatives, have to be reproduced using only two
static ADIM parameters ao and aH. Nevertheless a satisfactory fit on the ab
initio results is possible (figures 1 and 3). Also the use of two parameters aH

and ao appears to be sufficient to describe ao
s components for the stretching

coordinates properly (figure 2). It is worth noticing that the ADIM model is,
because of its form, also unable to produce a non-zero d<x.mJdSt value (see § 4.2).
In more complicated molecules, where such an isolated orthogonal component is
not present, this lack will be masked by other non-zero contributions.

It is clearly seen in figures 1 and 3 that for NH3 the two static parameters
aN and <xH cannot describe simultaneously the static axx and a,, and the derivative
values for the bending modes correctly. The discrepancy is largest in the
asymmetric bending mode. For the derivatives with respect to the stretching
coordinates, the fit to the finite field values is much better. For CH4 a similar
behaviour is observed. It is impossible to describe «„ , d<xxxISS2 and dx^JcS^
properly with the two ADIM parameters ac and aH. The derivative parameters
aH and ac are exactly determined by the two independent polarizability derivatives
daLgxIdSi and daxy/dS3. In figure 2 therefore the ab initio and ADIM values are
identical.

When we now consider the complete result, we observe that for each molecule
a set of ADIM parameters can be found which describes the a and o 0

s for
stretching coordinates quite well. Like the zeroth order bond polarizability
model, the ADIM fails to predict the o0

s components for bending coordinates.
From table 6 it is clear that a Y increases from HF (4-031 e2 a0

2 Eu~*) to CH4

(13-66 e2«o*-Eh"1)» «H is much lower (0-022-0-205 e2 a0
2 E^1) and shows no

Table 6. Atom-dipole interaction model parameters obtained from least squares fit to
polarizabiiity values obtained with the ab initio finite field method. Values in
parentheses : [20] for static parameters and [22] for derivative parameters.

«H/e2 a<? Ewx «x/e2 V fir1 «We1 a* fir1 «*/e2 a0 fir»

HF 0-205 (0-912) 4-031 (216) 0-75 0-96
HSO 0-113(0-912) 7-123(3-14) 0-66 1-14
NH3 0-022(0-912) 11-671(3-58) 0-43 0-93
CH4 0-077(0-912) 13-660(5-913) 0-54(2-67) 0-97(0-082)
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obvious trend. The Ax and aH are always of the same order of magnitude, but
also for these derivatives no clear trends were observed. Our parameters differ
considerably from those given in [20] and [22]. We noticed that these older
values produce absolutely unacceptable anisotropies (for instance for water we cite
[20] : 6-76, 3-38 and 12-36 e2 ao

a I?!,"1 for the xx, yy and zz components respec-
tively, while we know that HaO has a nearly isotropic a). Also the polarizability
derivatives for the bending modes, using only the static parameters, are found to
be too high by a factor of 5 to 10, when we use the older values. We conclude
therefore that the parameters are rather mathematical fit parameters than para-
meters with a physical background as has been suggested [22].

4.4. Ab initio results from perturbation theory

In this section we discuss simultaneously the results obtained from perturba-
tion theory, using both large and small basis sets, and the effect of the use of the
non-empirical Unsold approximation. For completeness the results from finite
field calculations using the small basis set are also given here.

a

10-

5-

XX.YY

L S

HF
zi

L S

XX

L S

YY

s

H20
zz

Figure 4. Static molecular polarizability tensors a (e2 a0
2 Eu~l), determined with the finite

field SCF-method (cross-hatch), the sum over states equation (open) and with the
Unsold formula (hatch). (All results with large (L) and small (S) basis set.)

Figure 4 shows the static polarizabilities computed according to (30) when
orbital differences are used in the denominator. We compare these values with
the finite field results. They are displayed only for HF and H2O, the results for
NH3 and CH4 are very similar. From this figure it is seen that for the large
basis set the sum over states formula gives only 80 to 85 per cent of the finite
field value for all components of the static polarizability. The lowest percentage
is found for the perpendicular components. By consequence, a somewhat too
large anisotropy and somewhat too small mean value are predicted. The use of
an even more extensive basis set will certainly improve the anisotropy, the mean
value will probably remain somewhat too low. (This could be improved by the
use of the Epstein-Nesbet partitioning; this always produces higher, but
sometimes even too high polarizabilities.)
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The importance of good basis sets is clearly demonstrated by the finite field
calculations for a in the small basis set (see also figure 4). The perpendicular
components are too small by a factor of 4 or more. The sum over states formula
with the small basis set gives only 70-75 per cent of the finite field value obtained
with the same basis set. Again the lowest percentage is found for the per-
pendicular components.

The quality of the basis set can be characterized by its completeness factors
(1/C.y, see equation (34)). For the large basis set these factors range from 0-91 to
0*98, the smallest value of course for the component that is described worst, i.e.
the perpendicular one. The static polarizabilities calculated according to the
Unsold approximation (34) are between 85 and 90 per cent from the finite field
values, with a remarkable improvement in the anisotropy when compared with the
sum over states results. For the small basis set the completeness factors are
between 0-18 (perpendicular components) and 0-6 (parallel components). The
polarizabilities obtained when the sum over states values are multiplied by these
factors, are to be compared with those obtained with the large basis set using the
same approximation. Only in the perpendicular components the difference is
larger than 4 per cent. We can conclude that the Unsold method for the com-
putation of the static polarizability tensor with a small basis fails when the
completeness factor is smaller than about 0-5.

t

HF : H?0

1 0 . XX.YY 21

L S L S f l

s-
YY zz -XX

S

YY 11

S L S L EJS

Figure 5. Molecular polarizability derivative tensors ao
s, calculated with the finite field

SCF-method (cross-hatch), the sum over states equation (open), ane with the
Unsold formula (hatch), fourth bar (dots): sum over states value divided by com-
pleteness factor for the equilibrium geometry. (All results with large (L) and small
(S) basis sets ; Units : e2 a0 Eh'1 for stretching, e2 ao

a Eh*1 rad"1 for bending co-
ordinates.)

The results for the polarizability derivatives are given in figure 5, again only
for HF and H2O. When the large basis set is used, where the completeness
factors are close to unity and appear to vary little with geometry changes, the
sum over states value, the Unsold value and the value obtained directly by
dividing the sum over states result by the completeness factor are nearly equal
(the latter is in fact the first term in (36)). In the stretching modes they are
15-20 per cent below the finite field results. In the bending modes, especially
in NH3 (not shown) the difference is much larger.

When the small basis set is used, the Unsold approximation does not produce
the accurate polarizability derivatives we had expected after the successful
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application to the static polarizabilities. For HF the parallel component is
much too large, the perpendicular one even has the wrong sign. From the
difference between the Unsold result (third bar) and the product of incomplete-
ness factor with sum over states value (fourth bar) it is obvious that the contribu-
tion due to the change in basis set completeness during a vibration is also
important (second term in (36)). In most cases neglect of this quantity gives
rise to a much too high polarizability derivative. Since no systematic trends in
the erroneous results have been found, we have to admit that the Unsold ap-
proximation which is useful for static polarizabilities and dispersion coefficients
[35] does not work for polarizability derivatives. The only use of our approach
is to check systematically whether the basis set is sufficiently good for the compu-
tation of polarizability derivatives.

5. CONCLUDING REMARKS

The experimental data available for comparison with our computed results
refer mainly to static polarizabilities, except for CH4 where accurate experimental
polarizability derivatives have also been reported. The finite field method on the
SCF level with a large basis set, gives rather realistic results.

The static polarizabilities are systematically too small by 10 to 20 per cent.
In order of relative importance the error is due to a still somewhat too small basis
set, neglect of correlation energy and neglect of vibrational averaging. The
derivatives also suffer from basis set deficiencies probably. According to [34]
ihe effect of correlation, at least on the stretching modes, should be minor. The
total errors will probably be in the same order of magnitude as for the static
polarizabilities.

For both the zeroth order bond polarizability model and the atom dipole
interaction model it is easy to derive parameters that accurately reproduce the
ab initio static polarizability tensors. Because the number of adjustable para-
meters is mostly (except for H..O) equal to, or (in case of CH4) even larger than
the number of independent static polarizability components, we cannot assess the
quality of the models from the static polarizabilities alone. In the description
of the polarizability derivative tensors for the stretching coordinates both models
behave equally well, but also in these cases the number of parameters (2) is never
much smaller than the number of values to be reproduced (HF and CH4 : 2 ;
NH3 and H2O : 4).

Therefore the relative merits of the models must in principle be judged on the
basis of their ability to describe the bending modes correctly. In that case both
models are equally bad! Probably, the changes in the polarizability during
vibration are caused largely by changes in hybridization. The models should
have adjustable parameters that account for this aspect both in stretching and in
bending modes. Both models lack such parameters for the bending derivatives.
The bond polarizability model can easily be extended with parameters that
depend explicitly on the bending. For the atom dipole interaction model we
could, of course, add angle dependent variables, though this is rather contradic-
tory to the philosophy of the model. We have not analysed this possibility.

As to the aspect of transferability of parameters our results form only an
indirect measure. Especially for the atom dipole interaction model we have the
idea that the parameters are just mathematical fit parameters, with little physical
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background. Probably every molecule will need its own set. In the bond
polarizability model the static and derivative parameters for the perpendicular
components are not too different for the four molecules, in the parallel components
there is a rather regular trend. Probably in other molecules the parameters will
fall within a narrow predictable range.

The perturbation theory approach gives, when the Moller-Plesset sum over
'states formula is used with a large basis set, values that are somewhat too small.
Partial correction is possible using the Unsold approximation. When a small
basis set is used, the Unsold approximation can still produce acceptable static
polarizabilities, but for the polarizability derivatives it only clearly indicates the
deficiencies in the basis set. Unfortunately, only the computer time consuming
finite field calculations with a large basis set seem to be able to produce correct
Raman parameters.

The authors wish to express their gratitude to Professor Van der Avoird for
many helpful discussions and for carefully reading the manuscript. They are
indebted to Drs. Escribano and Montero for bringing some experimental data to
their attention.
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ABSTRACT

A detailed potential for the interaction between two rigid N_ molecules

is given in the form of a spherical expansion. The interaction energy is

found as the sum of the so-called Hartree-Fock part of the electron gas

expression including the Rae correction and the "ab initio" dispersion

energy in the multipole expansion. Potential surface cuts computed with

this expansion agree to a large extent with a similar potential completely

based on ab initio calculations. Comparison of the experimental second

virial coefficient curve with the curves obtained from a four dimensional

quadrature using both "ab initio" and electron gas potentials demonstrates

the usefulness of these potentials, and underlines the importance of the

anisotropic contributions.
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I. INTRODUCTION

It has recently been shown that it is possible to construct a detailed

reliable anisotropic potential for the interactions between two N„ mole-

cules by means of ab initio calculations [I]. Crystal properties>such as

structure,cohesion energy and lattice vibration frequencies, derived with

this potential were found to be in close agreement with the experiment [1,2].

In order to construct this potential, perturbation theory was applied

including exchange in first order. The first and second order long range

parts were based on the multipole expansion,where orientation and distance

dependence are uniquely defined in the form of a spherical expansion [3].

Also the short range part of the first order energy, containing the pene-

tration and exchange contributions, was represented by a (distance dependent)

spherical expansion. The individual coefficients in this expansion were deter-

mined by numerical integration of.the interaction energy for a number of

judiciously chosen orientations. The distance dependence was assumed to

be equal for all short range terms and was adjusted so as to reproduce the

potential curves for six typical orientations.

The procedure used is clear; the actual computation of accurate energies

requires enormous amounts of computer time,,however. The bottleneck is the

computation of the a. 1/8 N (N equals the total number of basisfunctions used

for the ab initio description of the two molecules) two electron integrals
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that are needed in the (short range) expressions for the first order energy

for each configuration. When one also wants to determine the influence of

internal degrees of freedom on this potential -as is needed for the descrip-

tion of many inelastic collision processes- computer time will be prohibi-

tive. Also the ab initio calculation of detailed anisotropic potentials for

polyatomics will be an enormous labour. Interest in cheaper, but still

accurate methods, is therefore very vivid.

A promising method in this respect is the one based on the expressions

in the electron gas theory of atoms and molecules. With the original formu-

lation of the theory for the special case of the interaction between closed

shell atoms and ions, as given by Gordon and Kim [4|, in many cases very

realistic potential curves could be obtained [5], in other cases the results

were poor [6].

From the many critical comments that have been given, Rae's analysis of

the consequences of the neglect of the so-called self exchange terms [7]

appears to have been the most valuable. In the accordingly corrected treat-

ment all noble gas pairs could be described very accurately [81. In

the case of molecules there has been considerable discussion with respect to

the applicability of this so-called Rae correction. On some occasions it was

found that the potential surface cuts computed with ab initio techniques

differed largely from the electron gas results [6] and that the inclusion

of the Rae correction factor did not diminish the discrepancies [6,9]

It has to be noted, however, that also the ab initio results were not

always completely reliable. Improper treatment of the basis set superposition

error and neglect or severe underestimation of dispersion contributions are

the most notorious. The accurate N„-N? potential referred to in the begin-

ning forms a very attractive test for the electron gas approach and for

the importance of the Rae correction.

In the following section we will describe the results of the computation

of the interacti-n energy for two N„ molecules at a large number of orien-

tations and distances. Again the results are presented as a spherical

expansion. The distance dependence of each term will be given. As we will

see that also in the N„ case the correlation energy part in the electron

gas formulation gives rather unrealistic results, we just copy the second

order energy from the ab initio calculations[10] in order to get a complete

potential. The correctness of the expansion and fitting procedures will be



shown by comparing the predicted results and the directly computed

values for a few interesting potential surface cuts. During the preparation

of this paper we became aware of the work of Ree and Winterfll], who also

compared ab initio and electron gas results for the interaction between two

nitrogen molecules. Their study was however meant for very short intermolecu-

lar distances only; long range dispersion terms were neglected.

We have not repeated the structure and lattice dynamics calculations that

have been performed with the ab initio potential. Rather we have compared the

ab initio and electron gas potentials with respect to their ability to pre-

dict the temperature dependence of the second virial coefficient over the

75-700 K range.

II. THEORETICAL AND COMPUTATIONAL ASPECTS

a. Monomer_eleetron_densities.

Input to the computer program for the Gordon-Kim(GK), or when the Rae

correction is included (GKR),type energy terms (see below) is a Hartree-

Fock type wavefunction for the monomer, where the molecular orbitals are

given as a linear combination of Slater type atomic orbitals (STO's). In the

ab initio calculations we want to compare our results with, contracted carte-

sian gaussian type atomic orbitals (CGTO's) were used. We therefore preferred

to compute a Hartree-Fock wavefunction starting from a basis set that did not

differ too much from the one used in the ab initio calculations[I,10]. For

the description of the core and valence shell we chose as many STO's as there

were CGTO's in the ab initio calculations for the first order energy. The

exponents were copied from ref.[I2]. In order to get a proper description of

the permanent multipole moments we added a 3d and a 4f STO with exponents 2.0

and 2.4 respectively. The total SCF energy, found at the experimental inter-

nuclear distance of 2.034 Bohr, was -108.9830 Hartree, compared to -108.9732

in ref.flO] and -108.9929 in the supposed Hartree-Fock limit[13]. The compu-

ter program used for the Hartree-Fock calculation was the Alchemy program[14].

Apart from the energy also the permanent multipole moments were computed with

the help of this program. The results are included in Table I.

b. The_interaction_energ2_in_the_eleetron_gas_ap_£roach.

In the electron gas approach the energy of a system is found as the sum

of a potential (Coulomb), kinetic, exchange and correlation energy term.
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Each of these contributions is completely determined by the charge density

distribution in the system. In the formalism of Gordon and Kim |4] the

interaction energy between two systems A and B, E. , defined by

Eint - EAB(PAB> " EA ((V " W ' (1)

is obtained by using the electron gas formulae. The densities p and _< of

the two interacting molecules are taken from ab initio SCF or CI calculations

and p,H, the density in the interacting system, is taken as the sum,of i'
AD rV

and n_. In this way also the interaction energy can be obtained as the sum

of four terms. The expressions for the separate terms are given in many

papers [4,15] and will not be repeated here. The electrostatic term is

rigorously equal to the electrostatic part of the first order interaction

energy according to perturbation theory.

It has often been stated [16), that the kinetic energy part should equal

the difference between the expectation value of the kinetic energy operator

using the first order (anti-symmetrized product) wavefunction and the sum

of the monomer kinetic energies. In the few cases where a numerical com-

parison has been made,great differences are observed [16,17]. Also the

exchange part in first order perturbation theory -that should be defined

ap~the difference between the complete first order energy and the sum

of Coulomb and kinetic energy- appears to differ from the exchange contri-

bution in the electron gas approach. We therefore adhere to a more pragmatic

point of view and only require the sum of Coulomb, kinetic and exchange

terms, also often referred to as the Hartree-Fock part of the electron gas

binding energy, to be equal to the first order perturbation theory results'

In order to correct the exchange term for spurious self exchange contribu-

tions, it is sufficient -as shown by Rae [7] - to multiply the original

exchange term in the Gordon-Kim formulation by a factor that depends only

on the total number of electrons in the system. The factor approaches zero

for two electrons and becomes unity only in the limit of a very large

number of electrons. Although in a later paper [ 8 ] Rae has suggested that

it would be better to set the number of electrons in this factor equal to

f This definition of the exchange energy is not the one usually encountered

in the first order energy expression in exchange perturbation theory.
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the number of valence shell electrons in the isolated molecule, we have

nevertheless in our calculations based the factor on 28 electrons. We

found that with this factor the best agreement with the ab initio results

was obtained.

The expression for the correlation energy contribution in the original

Gordon and Kim (GK) formulation [4] is somewhat questionable and produces

unrealistic results. In the complete potential we have therefore, as

others [18]» replaced the correlation contribution by the second order dis-

persion energy from perturbation theory. In the case of N„ it was shown

that for all relevant distances the use of the multipole expansion for

this term was justified [1]. However, since the individual molecules are

described with the help of accurate, but uncorrelated, LCAO-SCF wavefunc-

tions, a scaling in the second order energy is necessary, as is demonstrated

in [10], where also the values of the scaling factors are derived.

The program used for the computation of the GK (or GKR) interaction ener-

gies has been written by Parker and Pack and was obtained from QCPE [19],

Details of the program can be found in [15]. In the first part of the

program the monomer charge distribution, as determined from the Hartree-

Fock wavefunctions for the monomers, is approximated by a sum of STO's.

The coefficients of this expansion are found from a weighted linear least

squares procedure. In total 43 expansion functions were used, of which

7 were located on the centre of mass and the remainder on the two nuclei.

The exponents were chosen as the sums of the exponents of those pairs

of basisfunctions in the Hartree-Fock calculation that correspond to the

largest elements in the density matrix. For the least squares fit 50

radial and 40 angular points were considered. The largest distance (with

the centre of mass as the origin) was 12 Bohr. The standard deviation was

.019 (the relative standard deviation was .0069). With the hel, of this

approximate charge density we also (analytically) computed the multipole

moments (see Table I). The difference with the values obtained from the

original Hartree-Fock density is rather large and indicates that the

approximate charge density is not completely correct. We were not able to

obtain significant improvement with other expansion sets. Probably the

restriction to a maximum % value of 2 for the expansion functions is

responsible.

In the second part of the program, which calculates E^nt> the numerical

integration -a 3 dimensional Gauss-Legendre quadrature- over the charge
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. aTable I. Permanent muliipoU' momenta j'oi' .V.,L .

. a b . b
ïnitio

Q2 -4.

Q4 -9.

0, -6.

.487

233

129

initio

-4

-9

-5

.952

.442

.228

from , from
d e

approx.p approx.p

-5 .231

-9.843

-5.035

-5.199

-9.830

-5.026

- 4 0 2
10 Cm

l(f6 0Cm4

io-8oc»6

1}
a. multipole moments are defined by: Q. = <-01X Z.r. P.

i

b obtained with CGTO wavefunction (ref•[10 I,table ID)

c. obtained with STO wavefunction, this work.

d. computed analytically from expansion for charge density used in

electron gas energy expressions.

e. computed by numerical integration using expansion for charge

density.
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density functionals is executed. Here we used 48 integration points for each

of the two angle variables and 45 integration points for the radial variable.

Using the same integration grid also the permanent multipole moments are

determined numerically. The results (see Table I) differ only slightly from

the ones computed analytically from the same approximate charge distribution.

This difference must be attributed to the numerical integration procedure.

In order to give an accurate analytical representation of the anisotropic

potential we have used a spherical expansion technique (see next section).

For this purpose we computed the intermolecular potential for 105 orienta-

tions at 6 intermolecular distances. The computation of the energy at the

630 points required three hours of cpu time on a Cyber 175/100 (actually

the GK and GKR approach costs around one hundredth of the computer time

needed in the ab initio approach for the same number of points).

c. Representation in ^erms of a sp_herical_exp_ansion.

Since the spherical expansion technique has been formulated in great

detail in refs.[1,10,20], we only summarize the main aspects for clarifica-

tion of our computational procedure.

For two linear molecules in E states the distance and orientation depen-

dence of the interaction energy can be written as

A B A B

Here r.=(OA,(j).) and r =(0R,<fO define the orientationsof the molecular axes

and Rf(R,Q,<fr) is the vector which connects the molecular centres of mass

(pointing from A to B). All variables are measured relative to the same

arbitrary coordinate system. The expansion coefficients V , that are
LA LB L

functions of distance only, completely determine the orientational dependen-

ce of the potential.

Because the interaction energy is invariant under rotation of the arbi-

trary coordinate system, we may choose a special coordinate system where we

need only consider the three internal angles 0., 9R, cpA (6=(j)=<l>.=0).

The angular functions then can be expressed as:
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min(L ,L )

X A V M=O A L B L '' L A A L B '

M
The P a r e a s s o c i a t e d L e g e n d r e f u n c t i o n s a c c o r d i n g t o t h e d e f i n i t i o n i n

+
[ 2 l ] . T h e n u m e r i c a l f a c t o r X^ . . . . i s g i v e n b y

L A L B L -1

X,
(2LA+I)(2LB+I)(2L+1)

A B I- 64TT

(LA-M)Ï(LB-M)Ï

The symbol I [stands for a 3-j coefficient.

Once the interaction potential is known, the expansion coefficients can

be found from .-,

' ̂ V/VV^int^'V-'A'^
_, -i 0 A B

(5)

For the interaction between two identical homonuclear molecules the lower

integration limits for cosO. and cosO can be replaced by 0 .in..' the upper

limit of the <J> integration can be lowered to •". (the final result then has

to be multiplied by 8 of course). In that case also only even values of

L ,L and L have to be taken into account, furthermore V is symmetric
. . . A B

in the first two indices.

As the interaction energy can be decomposed into short range and first <ind

second order long range contributions, the V can be analyzed in the
LA B

same terms:

„R 1 mult. 2 disp.
V (R) = V, (R) + V. UO + V (R) (6)

A B A B A B A B

For the long range first and second order contributions both the orien-

tation and distance dependence can be calculated directly:

1 mult. L L L -(L.+L.+1)
VL L L ( R ) = CL +L +1

 R a n d (7a)
A B A B

2 d i s p . L A L R L

(R) = E A B

A B n=6 ,8 ,10
V T (R) = E C A B R"n

 f 7 . ,
L.LRL , n ( ' b )

A B n = 6 8 1 0

+
In r e f . f l ] the factor (-1) has been accidentally omitted.
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The relation between the multipole moments and the coefficients
L L L

C " K . is given in ref.122]. In ref.flO] it is shovm how the dispersion
LA + LB + 1 LALBL _ S R

coefficients C can be found. The short range coefficients VT T . are
n LA LB L

thus obtained by subtracting the long range contributions from V .
LA LB L

For the description of the distance dependence of the short range coeffi-

cients a relation of the form:

LA LB L LA LB L

was used in ref.H 1, with necessarily the same b and c for each L >L_ and

L. Others have used interpolation methods instead of a fit in comparable

cases [211. In this paper each short range component is fitted separately

to a relation of the form of eq.(8).

The numerical integration of eqn.(5) was, as in [|J, performed with a

Gauss - Legendre quadrature of the potential computed at six 8 and six 6
A a

angles and with a Gauss-Chebyshev quadrature for the five <t>̂  angles.

Because of symmetry only 21 Q , 6 pairs have to be considered. The

standard deviation of the spherical expansion (using the first 18 terms

and derived from the recalculated potential at the integration grid) was

less than 0. 5% at the shortest Rvalue and increasing to about 10/J at the lar-

gest R value. At this largest R value the short range contribution is al-

ready small when compared with the long range contributions.

d. The second virial coefficient

For a system consisting of general molecules the second virial coeffi-

cient B„ is given by:

B2(T) = NA J...J [l-exp(-E.nt(RA,RB,a;A,a)B)/kT)] d R ^ d a ^ (9)

Here R stands for the position vector of the centre of mass of molecule A

in a space fixed coordinate system, u) determines the orientation of the
A

molecule by the three eulerian angles.

For identical homonuclear diatomic molecules this expression can be

simplified considerably by the removal of redundant coordinates and by

the use of symmetry. When we introduce the spherical expansion (2) for

the intermolecular potential we obtain:
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I 1 TT M

B2(T) = 2NA f f f f l-exp{-(4w)3/2 X E. E
0 0 0 0 L V LB L

dcosB. dcos6D d<j).R dR (10)
A a A

In the case of an isotropic potential (all V are zero but V „_)
A B

expression (10) becomes identical to the formula for B_ for the monoatomic

gaS ( A000 ( 6A'W = «^~3/2 >
oo

B2(T) = 2TTNA j [l-exp{-V000(R)/kT}] R
2dR (11)

0

In the numerical evaluation of eq.(10) the integral was replaced by a

four dimensional Gauss-Legendre quadrature. Since the behaviour of the

interaction energy, when expressed as in (6), is incorrect at very short

distances (the potential becomes negative again) we had to set a lower

limit of 2.3 A for the R integration (within this distance the molecules

were considered as hard spheres, small variations of this limit showed

little influence on the final results). At the long distance end above

25 A no more significant contributions were found. In this interval only 60

radial integration points were needed. The angular integration was already

stable at 6 GA, 6 0_ and 6<J>Aangles. Since at all distances the same set of

angular functions A. T T(0.,9_,<|> ) is needed, much computer time can beX AL BL A B A

saved when both the radial functions V T , (R) and the angular functions
A B

A, T T (0. ,0_,<j) )are computed before the actual integration is performed.
L.u-L A o A

Although the potential is rather complicated the integration of eq.(10) with

12960 points for 20 temperatures in the 75 to 700 K interval required only

4 seconds on the Cyber 175/100.

t
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1

n.'jiscussioN

In table II we have summarized the results of the spherical expansion

for the short range part of the electron gas interaction energies. The

spherical expansion coefficients based directly on the ab initio calcula-

tions [l],are only available for one distance (0.3 nm). At that distance

we see that the leading term, the isotropic one, is nearly equal in the

ab initio and the electron gas approach,if the Rae correction is included

in the latter (GKR). The anisotropic components are somewhat smaller, in

general, in the GKR than in the ab initio calculations. At this stage we

are not able to decide whether the difference in the anisotropy is caused

by the difference in the monomer wavefunctions used in the ab initio and

electron gas expressions, or by the electron gas model itself, or by the

numerical procedures used in this method. It is clearly seen that omission

of the Rae factor causes -because of a much too large negative exchange

contribution- a far too weak repulsion.

The results of the fit of the exponential distance dependence of the

short range expansion coefficients according to eq.(8), are given in

table III. Both the linear and the quadratic term in R are rather different

for the various coefficients. We have also tried to fit the short range

components without the quadratic term. This fit was in most cases much

worse. Although the leading components have an about equal linear term., the

use Jof only one equal linear term in formula (5) for ail components produces

an incorrect potential. In ref.[l] it was found, however, that when besides

an equal linear term, also an equal quadratic term for all components was

included, rather accurate potential curves for six specific orientations

could be obtained (see below).

The first order long range coefficients,based on the multipole moments

given in the 4th column of table I, are included in table III. For com-

pleteness we also copied in this table the second order long range terms

from the ab initio calculations [10],

In order to compare the ab initio and GKR results somewhat more in

detail, we have reconstructed from the spherical expansion and distance

dependence fit of the coefficients»potential surface cuts at six different

orientations (see Fig.l). At the same time we have directly computed the

(GKR) first order energy at six distance points and added the second order
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2. Potential surface cuts for six different orientations. Solid lines

based on spherical expansion of GKR results; dashed lines based on

spherical expansion of ab initio calculations (ref. LID;

0 computed directly with GKR method; • computed directly with

ab initio method (ref.
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Table II. Spherical expansion coefficients v,

interaction energy1.

TT(R) of the nhovt

R(nm)

LALBL

0,0,0

2,0,2

2,2,0
2,2,0
2,2,4

4,0,4

4,2,2
4,2,4
4,2,6

4,4,0
4,4,2
4,4,4
4,4,6
4,4,8

6,0,6

6,2,4
6,2,6
6,2,8

. . a b b )
mit io

0.300

44.258

23.871

2.947
-4.734
13.154

4.309

0.314
-0.732

3.151

0.005
-0.006

0.026
-0.131

1.035

0.389

0.011
-0.057

0.399

GKc)

0.300

22.048

13.270

1.259
-2.243
6.769

2.068

-0.053
-0.109

1.163

-0.072
0.083

-0.091
0.083
0.148

0.252

-0.033
0.033
0.150

0.300

41.156

20.606

1 .636
-3.013
9.855

2.851

-0.059
-0.153

1.636

-0.075
0.087

-0.095
0.083
0.252

0.302

-0.034
0.032
0.186

0.331

14.618

7.908

0.830
-1.384

3.836

1.242

0.026
-0.112
0.666

-0.025
0.030

-C.O33
0.023
0.107

0.189

-0.011
0.015
0.092

GKR

0.357

5.813

3.416

0.434
-0.678

1.681

0.604

0.021
-0.059

0.301

-0.014
0.017

-0.019
0.013
0.047

0.107

-0.013
0.017
0.040

0.384

2.145

1.376

0.185
-0.284

0.674

0.277

0.002
-0.017

0.120

-0.009
0.01 1
0.013
0.01 1
0.014

0.070

-0.012
0.017
0.019

0.410

0.747

0.549

0.076
-0.114

0.262

0.137

-0.004
-0.001

0.046

-0.006
0.007

-0.008
0.008
0.003

0.051

-0.009
0.015
0.010

0.437

0.248

0.229

0.030
-0.044

0.099

0.077

-0.006
0.005
0.017

-0.004
0.005

-0.006
0.006

-0.001

0.038

-0.008
0.013
0.006

a. Units are kJ/mol.

b. Copied from ref.[l].

c. Hartree-Fock part of the electron gas expression for the interaction
energy minus first order long range contributions.

d. As c, but with Rae correction included in the exchange contribution.
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Table III. Spherical expansion of the intevaation energya' 'c'.

0,

2,

2,
2,
2,

4,

,LBL

0,0

0,2

2,0
2,2
2,4

0,4

h

.c

1

1

1
-2
4

9

LB L

L L

a

.742

.802

.611

.262

.009

.159

104

104

1

103
103

.o4

VE

b

- 8.

-15.

20.
10.

-10.

-39.

i

L
i
I

1

32

01

39
05
64

67

bw R

LB L

-39

-25

-67
-55
-31

17

"8
 +

c

.50

.25

.71

.85

.32

.50

+

C

C

2

LALB
10

VLB

-

-

-
-
.449

BLR

L
R

+ 1

io3

10

-4

-1

-3
-4
-3

LAL1

C6

.231

.815

.764

.505

.638

lö3

lö4

lö*
10?
1Ö6

rj

tv

-2

-5

-6
1

LA+L1

C8

.946

.277

.098

.026

.638

3 + 1 )

lö4

lö5

löj

1Ö6

-2

-5

-2
-3
-1

C10

.239

.974

.256

.692

.219

lö5

iö6

1Ö7

iö7

4,2,2 - -
4,2,4 -2.729 10, -17.24 -22.00 _
4,2,6 8.071 10 1.19-47.32 9.177 10

4,4,0 -2.322 io! -16.74 - 9.39
4,4,2 1.373 10 -13.23 -13.57
4,4,4 -8.066 -10.20 -16.89
4,4,6 5.754 , - 9.99 -16.14
4,4,8 3.774 10 73.41 H47.10 6.594 10

6,0,6 3.558 IO3 -41.75 35.43

6,2,4 -2.853 10? - 8.42
6,2,6 1.063 10' - 4.94
6,2,8 3.583 10 36.99 14.28 7.486 1Ö'

a. derived from short range GKR coefficients (Table II), multipole moments

(Table I, column 4) and dispersion coefficients from ref.[10].

b. short range coefficients valid for 0.23 <_ R <_ 1.2 nm

c. V in kJ/mol, R in nm.
LA LB L
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. 2. Coulomb part of the interaction energy for six different orienta-
tions. Solid lines based on spherical expansion of the Coulomb
contribution in the electron gas expression for the interaction
energy; • computed directly in electron gas program; x computed
directly iHth ab initio program (ref. [11).
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energy from the multipole expansion. We see that generally a good agreement

is found between ab initio and GKR curves. Also the agreement between the

points that have been computed directly and the curves that are based on

the spherical expansion and distance fit is good, except for the T configu-

ration (90, 0, 0 in Fig.1).For this T configuration the differences occur

principally at the larger distances.We believe that this is caused by

strongly orientation dependent errors introduced during the numerical

integration used for the GK or GKR energies. From the observed increase with

R of the standard deviation forr the spherical expansion (see part IIIc), we

conclude that the errors in the GK or GKR energies become more important at

large R. Since we expect the orientation dependent errors to average out to

a large extent by the use of eq. (5), the results predicted by the analytical

representation should be the more accurate. Indeed for the T configuration,

the curve based on expansion and fit for GKR lies closer to the ab initio

curve than the points that are calculated directly in GKR.

In Fig.2 we compare the coulombic part of the first order energy obtained

from the ab initio calculation (ref.fl]) on the one hand and from the GKR

approach on the other. We look for the latter both at the results of direct

calculations and at the results predicted by the spherical expansion made

at the various distances (no fit of the distance dependence of the expan-

sion coefficients for the coulombic energy was made). We see that the dis-

agreement between ab initio points andGKR points is again largest for the T

configuration. As before, use of the spherical expansion reduces the diffe-

rence betweenGKR and ab initio values.

From the spherical expansion analysis of the electron gas correlation

energy we found that at all distances the value for the isotropic component

was about three times smaller than the value obtained from the ab initio

dispersion coefficients (Ct /R +CQ /R +C._ /R ) . Also the anisotropic

terms in the electron gas correlation energy differ from the ab initio

dispersion energy terms. Furthermore they do not have the Correct distance

dependence.

Although the second virial coefficient certainly does not form the most

stringent test of the anisotropy of a potential, we believe that it does

give an additional indication of the correctness or shortcomings of a

potential. In Fig.3 we compare the predictions based on the ab initio and

on the GKR potential with the experimental results[24], Since the GKR and

the ab initio potential are not very different, it is not surprising that
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Fig. 3. Temperature dependence of the second viriai coefficient. # experi-

mental points with spread taken from ref. [23]. Solid line obtai-

ned with formula (10) and data from table III. Dashed line obtai-

ned with the ab initio expansion (ref. HI). Curves marked iso

obtained with isotropic Wnnn) potential (formula (ID).
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they predict similar curves. It is, however, very encouraging that both

curves are so close to the experimental one, taking into account that no

adjustable parameters appear. The GKR potential does slightly better over

the whole range, this may be caused by the more detailed description of the

distance dependence of the short range spherical expansion coefficients.

We have tried to trace the origin of the remaining discrepancies -the too

low Boyle temperature and the too large slope at low temperature- by

scaling the short range isotropic component and all dispersion terms by

small amounts. This leads only to minor improvements, however, and it is

contrary to the philosophy of a non-empirical potential. Since the ab

initio and the GKR potentials are so similar we tend to the conclusion that

neglect of intramolecular correlation in the determination of the monomer

electron densities and possibly still some minor inaccuracies in the dis-

persion terms are responsible for the small differences.

Finally we want to comment on the isotropic potentials frequently used

to generate second virial coefficients. From Fig.3 we see that the isotropic

part of the ab initio or GKR potential produces B_ curves rather far away

from the experimental one. In ref.[25], the same conclusion was reached in

an analysis of model potentials for the construction of B 2 curves for N2»

Also the neglect of some first and second order long range coefficients in

the expansion leads to incorrect B„ curves. We do not share the conclusion

of ref.[25], that "quadrupole-quadrupole interaction makes a negligible

contribution to B (T) for N„". In ref.[25] temperatures below 273K were not

considered. It is exactly in the low temperature range that the effect of

a nonzero quadrupole moment shows up. At 75K the B„ value found with the

GKR + dispersion potential is -273.2 cm mol (experimental value -274 cm

mol ). Neglect of the contribution due to quadrupole-quadrupole interaction
224 3

(the C,. coefficient from Table III is chosen to be zero) gives -287.9 cm

mol

For diatomic and larger molecules, the so-called inversion, i.e. obtaining

the intermolecular potential from experimental B„ curves, seems to us

impossible. For instance,the minimum of the isotropic part of the GKR +

dispersion potential is found at 0.422 ran (ab initio, ref.fl], 0.417 nm).

This value is larger than the value used in model potentials that have been

adjusted especially to reproduce the B~ curves (0.388-0.404 nm in ref.[26]).

Also the isotropic well depth of the GKR + dispersion potential of 0.709 kJ
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mol" (~ 85.3 K, the ab initio value in ref.fl] was 0.750 kJ mol" ~ 90.2 K)

is smaller than in these model potentials (95-175 K in refs.[26,27] ).It

is clear that if, moreover, these model potentials are assumed to be

isotropic,the resulting parameters are void of any physical meaning.
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INTRODUCTION

The ab initio calculation of the interaction energy with an accuracy

sufficient to reproduce many experimental observations appears to be

possible only for systems with very few electrons. The recent potential

energy surfaces for the He-H„ [l]and H„-H„ [2] systems,obtained by Meyer

and coworkers, clearly form a landmark. For systems with more electrons

there are many difficulties to overcome. A common problem in all ab initio

calculations is the computer time needed, that goes up steeply with the size

of the basis set, which is itself more or less proportional to the number

of electrons in the system.

The need for potential surfaces for systems containing many electrons

and having many internal and external degrees of freedom, has therefore

resulted in the use of simpler methods. Among these methods the electron

gas approximation (EGA),as introduced by Gordon and Kim [3], has gained

popularity. The attractive aspects of this method are that it is 100 to

1000 times faster than ab initio methods and that it does (at least in

principle) still not contain adjustable or empirical parameters.
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The EGA potential energy surfaces did however not always compare well with

experimental or ab initio surfaces. Part of the discrepancies could be re-

moved by making improvements in the formalism. Furthermore, also the gener-

ally somewhat older experimental or ab initio surfaces were not always re-

liable. Therefore, it is useful to analyse once more the results of the

EGA, by making comparisons with the most recent accurate ab initio poten-

tial energy surfaces, necessarily still for systems with a limited number

of electrons.

In the next section we will briefly review the theory of the original

EGA and discuss some of the improvements. Since in its present form the

EGA uses the undeformed charge distribution for the monomers, as obtained

from ab initio SCF wavefunctions, we expect that the EGA potential without

its (statistical) correlation contribution should equal the potential ob-

tained from first order exchange perturbation theory, also using SCF wave-

functions for the monomers. He will give a series of examples where this

proves to be the case, both for the isotropic and for the anisotropic

part of the potential. We will show that useful complete potentials can

be obtained by replacing the (statistical) correlation energy contribution

by a dispersion term obtained from a multipole expansion. This procedure

is, in principle, limited to the intennolecular distance region where the

multipole expansion is applicable. The applicability can be extended to-

wards shorter distances, however, by the inclusion of well chosen damping

functions.

THEORY

In the statistical theory of atoms [4] and molecules (i.e. the elec-

tron gas approach) the energy of a system is expressed as the sum of

Coulomb, exchange, kinetic and correlation energy contributions. Each

of those terms is completely determined by the charge density distribu-

tion p(r) for that syste». The Coulomb energy expressions can be easily

derived from the assumption that in every part of the charge distribution

(the electron gas) the behaviour of the electrons is represented by plane

waves filled up to the Femi level.
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dr (1)

EZ

As usual R^ indicates the position of a nucleus with charge Zfc.

The exchange term stems from the requirement that in the homogeneous electron

gas the Pauli principle should also be satisfied. At low density the ex-

change energy can be approximated by

E . = -C ƒ p/3(r)dr , C = r (-) lz (2)
exch ex ex 4 ir

It should be noticed that (1) and (2) contain the so-called self Coulomb

and self exchange contributions respectively. These two terms have equal

absolute values but opposite sign, so in the sum of (1) and (2) the self

interactions are properly discarded. The use of the relation between the

value of the momentum vector and the momentum of the electron (p=k h/2Tr)

leads in the electron gas model to the expression for the kinetic energy

E . = C . ƒ p (r)dr C . = — (2TT2) (3)

kin k m kin 10

For the correlation energy a rather general expression is used:

Ecorr= f P ^ 8corr ( p ( ? ) ) d ? (4)

Here gcorr(p) can be considered as the correlation energy density, for

which different forms have been suggested for low and high density re-

gions (see [4]).

In order to find the density and thus the energy, the energy has to

be minimized as a function of p(r). The resulting equation for p(r) is

known since long under the name of the Thomas-Fermi-Dirac(TFD) equation.

*
This equality only holds exactly when no approximation is made for the

exchange term.
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Application of the electron gas model to the total interacting system

using the TFD solutions, seems unsuitable for the determination of the

interaction energies, since especially the tail of p(r) appears to be

badly represented in the solution of the TFD equation. Gordon and Kim

E3J therefore used known Hartree-Fock densities instead of the TFD den-

sities in the statistical expression for the energy. They defined the

interaction energy by

A E E G = EAB(pA,SCF+PB,SCF> " EAG<PA,SCF> " EBG(pB,SCF> ( 5 )

It is assumed that the charge density distribution in the supermolecule

AB is equal to the sum of the undeformed charge densities of the monomers

A and B. For the various contributions to the interaction energy one thus

has (we omit the subscript SCF in the following)

AEcoul= f [ PA(h ~ Z ? V J ? ?

keA

In (6) V stands for the potential resulting from the electrons and nuclei

of molecule B. The computational efficiency of this electron gas approach

for the interaction energies of molecular systems, which is called the

Gordon-Kim(GK) method, results from the possibility of computing the

integrals (6)-(9) in a highly efficient way using a 3-dimensional

quadrature [5].

When the interaction energy obtained from the GK method is compared

with experimental results, it becomes obvious that the potential is

insufficiently repulsive at short range and not attractive enough at

long range. We will show this later for He2 and Ne2 (figures 2 and 3).
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Of the terms that contribute predominantly at short range the Coulomb

part is, of course, correct, since it is exactly equal to the equivalent

term resulting from perturbation theory. Rae [6], however, stated that in

the sum of Coulomb and exchange terms as given by equations (6) and (7)

A no proper cancellation of self interaction occurs. According to Rae, the

exchange contribution of each species (A,B and AB) should be scaled by a

factor Y that depends only on the number of electrons N in that species.

Rae obtained this factor by comparing the exact statistical expression

for the exchange energy of an electron gas, given as a discrete sum over

momentum vector pairs with the approximate integral expression appearing

in (2). For the exchange contribution to the interaction energy one thus

writes

AEexch= " Cex / C^VV ( PA + PB ) 7 3- Y (V PA / 3 " ^ V ^ J d ? (l0)

In order to avoid problems associated with incorrect asymptotic behaviour

of this expression, Rae originally used the same correction factor

ÜL) for all terms in the integral of (10). This has the effect of multi-
Is

plying the exchange energy from the GK method by a factor depending only

on the total number of electrons in the supermolecule. The curve of the

correction factor as a function of the number of electrons is given in

figure 1. Rae [7l has later argued, using the theory of plasma oscilla-

tions, that it would be better to choose the value of Y(N.) for all Y ' S
A

in (10) whenever N = N and replace Y ( N
A
+ N

R ) by a sort of geometric mean

of Y(N,) and Y(Nfi) otherwise.

Later also Waldman and Gordon modified the expression for the exchange

contribution [8]. Like Aae, they used a scaling factor that depends on

the number of electrons in the supermolecule. The expression for the

scaling factor, however, was found by determining the fraction of self

exchange (per valence electron) in the exchange energy, as obtained from

Hartree-Fock calculations for a series of atoms and ions. The correction

factors for a few systems are indicated in figure 1. It should be noted

that Waldman and Gordon used the exchange correction in conjunction with

a gradient correction for the kinetic energy.
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Quite recently Gazquez and Ortiz T9] derived a refined expression for

the exchange potential. This potential has the correct asymptotic behav-

iour since it explicitly describes the separate exchange and self exchange

portions. Furthermore it accounts for the finite number of electrons. The

derivation was based on the properties of the one and the two particle

density matrix. In the resulting expression for the exchange energy one

recognizes an explicit self exchange term, while the remaining electron gas

term has to be scaled. In order to obtain a practical formula for the ex-

change contribution to the interaction energy, when starting from this

expression, we still have to assume the same scaling factor for A, B and

AB. At this level of approximation the self exchange corrections cancel

and the remaining scaling factor for the GK exchange energy (7) is com-

pletely due to the finiteness of the charge distribution. The scaling

factor is given by

11°
243

2/3
(11)

where N is the total number of electrons in the supermolecules (see

figure 1).

. He He He Ne

0 5 - -

0 0-1— -' 4- —-
20 N

Fig. 1. Exchange factors C as functions of the total number of electrons
sec

in the system (N). according to Rae [£}, according to eq.(ll),

0 according to Waldman and Gordon [8]. Horizontal lines are the li-

mits for an infinite number of electrons.
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The correlation density functionals g(p(r)) have in the past been de-

rived with the intention of improving the single determinantal wave-

function picture underlying the derivation of expressions (I)-(3). In

practice it appears that none of the suggested functionals is able to

describe the intermolecular correlation, i.e. the dispersion energy,

correctly. We therefore decided to omit this contribution completely.

Since the Hartree-Fock densities are used for the monomers and no

deformation is allowed when forming the supermolecule (so there is no

equivalent of induction), we assumed that the sum of the Coulomb, exchange

and kinetic energy terms (6)-(8) should equal the first order energy from

(exchange) perturbation theory. In order to obtain a complete potential,

of course, a second order energy has to be added.

In the next section we will analyse the results that we have obtained

when making use of the modifications to the GK method as outlined above.

We have used for all our calculations a slightly modified version of the

Parker-Pack program [10]. The SCF charge distributions were always de-

rived from the best LCAO-SCF wavefunctions with very large Slater type

basis sets.

POTENTIAL ENERGY SURFACES

Atom-Atom interactions; He* and Ne„.

In figures 2 and 3 we compare potential curves for the He„ and Ne„ sy-

stems respectively. In the left most pictures (a) we focus on the com-

parison between various first order values. The data for the first order

exchange perturbation theory curve for He. have been taken from refs.

[11,12], where the zeroth order wave function was obtained as the pro-

duct of highly accurate Hartree-Fock wavefunctions for the atoms. The

curve resulting from the original GK expression (without correlation

contributions) is completely incorrect since it is negative for R smaller

than 4.8 Bohr. The modifications in the exchange energy contribution, as

suggested by Rae, make the curve (R) somewhat too repulsive, it is over-

corrected. The Waldman and Gordon corrections (curve W) are clearly in-

accurate for R greater than 5 Bohr. Only the use of the exchange correc-

tion factor as defined by equation (11) gives good results over the whole

distance range considered (curve M(modified)).
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5 RIBohil E

Fig. 2. First order (a) and total (b) interaction energy for He .
ó

PT: ah initio perturbation theory; M: electron gas using eq. (11);

R : electron gas with Eae correction; W: electron gas with Waldman-

Gordon correction; GK: original Gordon-Kim electron gas approxima-

tion; Exp: experimental.

5 R(Bohr) 6

Fig. 6. First order (a) and total (b) interaction energy for bleom

Abbreviations as in fig. 2.
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For Ne„ we used the data of ref.Cl3] for the first order perturbation

theory curve. The first order electron gas curve (GK) is again insuffi-

ciently repulsive when only the original GK terms are summed. On the av-

erage the correction factor from eq.(ll) (curve M) is more effective

than the Rae correction (curve R). The corrections from Waldman and

Gordon lead to a curve (not drawn) between the GK and M curves. In the

case of He„ the complete potential (figure 2 right hand side) is found

by adding to the first order energy a second order energy term, approxi-

mated by a multipole expansion using the ab initio C, and CQ coefficients
o o

(taking also into account the correlation in the subsystems) from ref.

[14]. At R = 5.6 Bohr this multipole expansion still accounts for 92%

of the dispersion energy. The neglect of correlation in the first order

energy does not matter much in the case of He„ [14], so it is not sur-

prising that the curve, computed as described above, agrees very well

with the experimental curve [15]. For Neo empirical C,, Co and C,n coef-
Z D O 1U

ficients have been taken from ref.[16]. Here also the complete potential

energy curve obtained from the modified electron gas method (curve M)

agrees nicely with the experimental curve [17]. The remaining differ-

ences are largely caused by the use of the (severely truncated) multi-

pole expansion at distances where the expansion is clearly no longer

permitted.

Atom-(rigid)-diatom interactions; He-il , iJe-d , He-CO.

In order to be able to analyse in a systematic way both the distance

(R) and the orientation (6) dependence (the anisotropy) in the two di-

mensional potential energy surfaces, we expand the interaction energy

in the usual form

E(R,6) = I VA(R) PA (cosO) (12)
A

* After the completion of the manuscript we have also computed the dis-

persion energy with theoretical C,, Co and C,n values from [33]. At the
D O IU

same time we included a damping function as given in [34].In the region

shown in figure 3b the differences with our earlier results are smaller

than 1%.
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where P^ is a Legendre polynomial. Thus, our comparison will

be concentrated on the expansion coefficients V^, which we obtain

from a numerical integration procedure [18], rather than from the usual

least squares fit. Since no extremely accurate first order perturbation

theory data are available for these systems, we assume that a very good

approximation is given by the results from SCF calculations, provided

that they use extensive basis sets and take the basis set superposition

error into account. For all 3 systems the induction contribution will

probably be negligibly small.

In figures 4 through 6 we compare only the first order energy results.

The V_ and V„ SCF curves for He-H„ and for Ne-H„ have been obtained from

data in refs. [1] and [19] respectively, under the assumption that the

potential is completely determined by these two coefficients. Again the

modified electron gas curves (M) agree best with the ab initio results,

especially for the anisotropy. In order to get an impression of the im-

portance of the remaining discrepancies, we have included in the figures

the absolute value of the dispersion energy. For He-H„ we used the un-

expanded dispersion energy from ref.[l].

10'

6 R(Bohr) 7 6 RlBohrl 7

Fiy. 4, 6 and 6. Expansion coefficients for the first order energy.
ab initio SCF; electron gas using eq.(11);
electron gas using Rae correction; absolute

value of the dispersion energy.
Fig. 4 for He-H^ fig. 5 for Ne-H2 and fig. 6 for He-CO.
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From the summation of the modified electron gas term and the dispersion

energy the following characteristic values for the well of the \r of He-H

are found: R = 5.73 Bohr, R = 6.48 Bohr, e = 44 yH, all within 1% of the

suggested experimental values in ref. [1J. For V„: R = 6.2 Bohr, 1^= 6.8

Bohr, e = 4.4 yH, also very close to the values from ref. [1J. In passing

we mention that the use of the multipole expansion coefficients from

ref. [20] reduces RQ and Rj,, by only a few percent and makes the well

also a few percent deeper. Only for R values below 6 Bohr, the multi-

pole expansion results differ by more than 10% from the unexpanded dis-

persion energy term. For Ne-t^ we used the Cg, Cg and CJQ coefficients

derived from frequency dependent polarizabilities [21]. For the combined

potential (using the first order contribution M) we find for V„: R = 5.35

Bohr, Rm= 6.0 Bohr and e = 149 yH. Compared with the values from ref.

[21], Rm is too small and the well is too deep. This is partially caused

by a somewhat insufficiently repulsive electron gas potential at long

range, partially by a too large dispersion contribution due to too large

^6,8,10 coefficients and the neglect of penetration effects in the

multipole expansion. For V£ the combined potential curve gives charac-

teristic values (RQ= 6.05 Bohr, R ^ 6.80 Bohr and e = 10.5 yH) that are

in very good agreement with those listed in ref. [21]. Clearly penetration

effects in the dispersion term start to become important forR values below

6.5 Bohr.

For He-CO the SCF curves for V_, V. and V„ from ref. [22] are clearly

best reproduced when the Rae correction, curve (R) is used. The use of

the exchange correction factor from eq.(ll) results in molecules that are

about 0.1 Bohr smaller than the SCF molecules. However, when an isotropic

dispersion term, derived from Cg and Cg coefficients (based on the fre-

quency dependent polarizability [23]) is added to the first order energy,

i.t is only with the M curve that one reproduces the V_ curve referred to

as experimental in ref. [22]. (we find R„= 6.3 Bohr, RJn= 7.1 Bohr, e =

85 ]JH). For the V„ with A = 3 to 6 the agreement between the R and the

SCF values is similar to that for the lower X values.
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Interactions between diatomio moleaules; Hn-Hni Nn-N0, H0-CO.

A very suitable way to describe the 4-dimensional (or 6-dimensional if

the internal degrees of freedom are also considered) potential energy

surface is given by the use of a spherical expansion in terms of the

angles describing the molecular orientations (0 , 6 and <j>. see fig.7).

According to ref. [18] we can write

AE(R,eA,8B,(J>) = (4TT)A B
E £ E V
L, L- L

(R) A.
LA LB L X

(0 ,0 ,<
A B

(13)

The orthonormal functions A^ are defined by
X A L B L

min(L ,L )
A T T T < 9 A ' 0 R ' < * > > = E X T

LALBL A B M=0 L

PT
L

The expression for the numerical constants X

. ) P , ( c o s 6 )cosM<D ( 1 4 )
A L B B

T is given in ref. [24].

Fig. 7. Definition of internal coordinates.

When the potential has been calculated at a set of well-chosen orien-

tations, the expansion coefficients can be obtained by numerical inte-

gration methods [18].

For Ho- H_ interactions a number of very accurate V . T (R) curves1 2 W
is published in ref. [2]. It is, however, hard to make a comparison with

our electron gas results, since in [2] only the CI values are given, and

no decomposition into first and second order contributions has (yet) been

published. The long range part of the SCF curve for Vnf1f. in figure 8 has

therefore been approximated by the difference between the CI values from
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ref.[2] and an estimate of the dispersion energy obtained from a multipole

expansion with correlated C,, C„ and C.Q values from ref. [20.]. Of course,

this estimate will, in the case of H»- H2,be good only for R values larger

than 7 Bohr, so only the long range behaviour of the approximated SCF curve

in figure 8 will be correct. Somewhat less accurate SCF and CI calculations

(from a smaller basis set and less configurations) had been published be-

fore, only valid for the short range [25J. We have used these SCF data for

Vn„_ in the 2.5 to 5 Bohr range. The two SCF curves in figure 8 cannot be

connected by a straight line and probably the short range part is already

insufficiently repulsive at R = 5 Bohr. Our electron gas results were ob-

tained from calculations at 12 R values ranging from 2.5 to 8 Bohr. The

first 14 unique (non zero) expansion coefficients at each R were deter-

mined from the computed energies at 30 unique orientations. With unique

we mean that no two expansion coefficients (or orientations) are related

to each other by the symmetry present in the interacting system. Just as

for the He-He and He-H„ interactions, use of the exchange correction fac-

tor from eq.(ll) gives a Vnnr. curve that agrees well with the ab initio

results for R<7 Bohr. Although a guess could also have been made for the

other ab initio SCF expansion coefficients, the results would not have

been very accurate. In particular the anisotropic dispersion coefficients

are only available from ab initio calculations which neglect correlation

[26], and it is well known that correlation may significantly alter the

dispersion anisotropy. The remaining modified electron gas expansion

coefficient curves in figure 8 are given as a prediction. In order

to obtain a curve for V__, that has an approximately exponential distance

dependence, we have, as in previous studies [24], subtracted the electro-

static quadrupole-quadrupole contribution. The three t lefficients V__o,

already determine the first order potential with a relative

standard deviation of less than 5%. This appears also to be the case for

the ab initio potential from ref. [2]. Inclusion of V-„_ and V„„„ brings

this figure to 1%. The expansion coefficients with L.(or L_) > 4 are
A D

thus unimportant.

For N„- N„ extensive ab initio first order calculations have recently

been performed. The complete first order potential energy surface was

represented in the form of the spherical expansion of eq.(!3).
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Fig. 8. Dominant expansion coefficients for the first order energy for

H0-H9. For explanation see fig. 4.

Fig. 9. Dominant expansion coefficients for the first order energy for

N -N„. 0: ab initio first order values at .3nm. First line: dis-

tance dependence of ab initio results; dashed line; results of

electron gas method with Rae correction.
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Since the detailed anisotropy of the potential was only determined at one

intermolecular distance, it was assumed in [18 1 that all expansion coeffi-

cients had the same distance dependence, which was determined from the

energies for a few selected orientations at other distances. In figure 9

we have indicated the distance dependence only for the ab initio first

order V_Q„ coefficient. For a few other coefficients we have given the

ab initio value at R =.3nm (5.67 Bohr). Electron gas calculations have

been made for 6 distances and 105 orientations. Details are given in

ref. [24]. When we used the Rae correction we found that the ab initio

Vofj„ curve was very well reproduced. Furthermore, we noticed that the

distance dependence of the various expansion coefficients in the modi-

fied electron gas method is rather different. At the time we performed

these calculations, eq.(ll) was not yet available; its use would have

resulted in somewhat less repulsive curves. In ref. [J8J a complete

potential was obtained by adding second order contributions from a scaled

ab initio multipole expansion [27 J to the ab initio first order energy.

In the case of N„- N» interactions, penetration effects in the dispersion

energy show up only at relatively short distances [18J. This complete ab

initio potential worked very well in describing crystal properties

[18,28]. This potential and the potential found by adding the dispersion

to the electron gas potential (including the Rae correction) were used

in the calculation of the temperature dependence of the second virial coef-

ficient[24]. As is seen from figure 10, the agreement with experiment is

very good, especially for the curve based on the electron gas potential.

' For the interaction between CO and H„ we have recently completed the

calculations of the 6-dimensional potential energy surface using the

electron gas formalism [29]. R values ranged from 3.5 to 8.5 Bohr and

a series of intramolecular distances of CO and H. (r. and r ) was chosen

in such a way that the potential can be used in theoretical studies of

vibrational energy transfer. We found that the inter- and intramolecular

distance dependence of the expansion coefficients can be accurately repre-

sented by

\LL ( R' rA' rB ) = aLALr
(rA'rB)exp[bLALpL

(rA'rB)R+CLALL
(rA'rB)R2l
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Fig. 10. Temperature dependence of the second virial coefficient.

• : experimental points. Solid line: from electron gas potential;

dashed line: from ah initio potential. Curves marked iso are ob-

tained using the VQQ0 part only.

with

L L L(rA'rB)
LA B

o A
a L L L + aT L L

A L B L L A L B

AB
L L L

A L B L AV
(15)

and similar expressions for b and c. Since there is no accurate ab initio

information in the form of a spherical expansion of first order or SCF

energies, we have given in figure 11 a comparison between SCF results for

a few representative cuts of the potential surface and the electron gas

results with the Rae correction, using in the last case the expansion

(13) and fit (15). The electron gas results agree reasonable well with

the most recent SCF values [303. The earlier SCF results L313 clearly

suffer from basis set deficiencies at the larger R values.
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510'

Fig. 11. Cuts through the first order potential energy surface for JO-h"0.

Full line electron gas results using expansion (13) and fit fib).

Ab initio SCF results: o 1301 and 0 131].

CONCLUDING REMARKS

From the examples shown, we gain the impression that the electron gas

method provides a means to obtain rather accurate first order interaction

energies. A prerequisite is a modification of the original expression for

the exchange contribution. For systems with few electrons the new correc-

tion factor (eq.ll) seems to be appropriate. For other systems the Rae

correction works better. Possibly slightly more complicated corrections,

announced in ref. [93, will merge the two approaches. The question how

to obtain the additional accurate dispersion (and sometimes also induc-

tion) contributions is left unanswered. The existing electron gas formulae

for the correlation [3] and the Drude model [32] do not yet provide ac-

ceptable values for the dispersion contribution.
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ABSTRACT

The electron gas model is employed to compute the first order part of

the potential for the interaction between CO and H„. The intra-and inter-

molecular distances were varied over the range considered important for

vibrationally inelastic scattering. The potential consisting of 4158

points is represented analytically by a spherical expansion for the

angular part. The distance dependence of the expansion coefficients is

given by polynomials. The isotropic second order dispersion energy was

estimated from dipole oscillator strength distributions and sum rule ratios

for CO and H„. The isotropic part of the complete potential thus obtained

agrees better with results derived from molecular beam scattering data

than previous potentials.
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1. INTRODUCTION

The interaction between CO and H? molecules has drawn much attention,

particularly since collisions between these molecules are held responsible

for the excitation of the CO rotational lines in dense interstellar clouds

[1]. A series of cross sections for these rotationally inelastic collisions

processes has been measured in the laboratory [2-4], but only collisions

with relatively low j value have been studied theoretically until now [4].

In the potential energy surfaces that were used in these studies, the intra-

molecular degrees of freedom could be frozen, since under the circumstan-

ces considered the molecules are in their vibrational ground states and the

centrifugal distortion is still negleglibly small.

In the oldest "theoretical" CO-H. potential,the H„ molecule was treated

as being spherical [I]. Effectively this 2-dimensional potential was a C0-

He potential, calculated from th electron gas model (see below) and scal-

ed to reproduce pressure broadening data correctly.

Later a complete potential(4-dimensional i.e. allowing for all CO and H.

orientations and all intermolecular distances)was obtained from ab initio

calculations [5,6]. Experimental cross section ratios cJuld be reproduced

satisfactorily with this potential, but discrepancies remained for the

total inelastic cross sections [4], These discrepancies can be attributed

to a basis set of inadequate size in the ab initio calculation.

The envisaged study of collisions that induce vibrational energy

transfer [7], requires a 6-ditnensional potential surface: apart from

the intermolecular distance and the three angles that define the relative

molecular orientations, also the two intramolecular distances vary during

a collision. The description of the potential energy surface in such a way

that the anisotropy, which is known to be appreciable [5, 6], is accurately

represented, requires the calculation of very many points. Very accurate

ab initio calculations of the SCF-CI type, as performed recently for H„-H„

[8],would be extremely costly for CO-Hj because of the larger number of elec-

trons. Preliminary cheaper and more approximate calculations are certainly

justified.

Recently we have demonstrated that the electron gas method [9] can

correctly reproduce the first order (i.e. electrostatic and exchange) part

of the interaction energy if the so-called statistical exchange contribu-
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tion is treated carefully [103. The amount of computer time required, when

compared with accurate first order ab initio methods,is between two and

three orders of magnitude smaller.

Although the vibrational inelasticity is predominantly determined by the

(repulsive) short range part of the potential, where we expect the (first

order) electron gas potential to be sufficiently accurate, one cannot ne-

glect the second order long range (induction and dispersion) contributions

completely. The electron gas method in its present form is not able to pro-

duce these contributions correctly. If one wants to obtain the second order

energy in a relatively easy way, damped truncated multipolar expansions

[11-13] are currently the most reliable means. The coefficients in such

multipolar expansions can, at least in principle, be obtained from expe-

rimentallydetermined dipole oscillator strength distributions [14] com-

bined with theoretical sum rule expressions [15J for the higher multipoles.

Thus many of the difficulties that are encountered in ab initio calcula-

tions that have to account simultaneously for inter-and intramolecular

electron correlation effects, can be avoided. In practice, due to the

scarcity of the required data we have been able to use this approach ^ nly

for the isotropic dispersion energy. The neglect of the complete induc-

tion energy and of the anisotropy in the dispersion energy is not thought

as too serious a simplification, however. The induction energy will be

small, just as for H.-H. [16,17] and N2-N„ [18] interactions, even though

CO has a permanent dipole moment responsible for a long range dipole

induced-dipole term. This term is negligible, however, because the dipole

moment is very small. The dispersion anisotropy is expected to be smaller

than the first order anisotropy, at least in that part of the potential

which is most relevant for the vibrational inelasticity. Moreover, at

very high rotational quantum numbers all anisotropy effects average out,

leading to the so-called breathing sphere approximation for vibrationally

inelastic collisions,where only the isotropic part of the potential is

present in the close coupling equations [19]. Our potential is particular-

ly appropriate for this approximation.

The representation of a detailed multidimensional potential energy

surface in analytical form is far from trivial. At long range, the orien-

tation and inter-and intramolecular distance dependence of the potential
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is determined by relatively simple formulae that result from the appli-

cation of the multipole expansion. We have used the spherical expansion

method [20, 21] to cast the orientation dependence of the short range

potential in the same form as the long range potential. This method will

be discussed in some detail in section 2.1. The closely related choice

of the points calculated on the hypersurface is explained in section 2.2.

The analytical representation of the dependence of the expansion coeffi-

cients on intra-and intermolecular distance is dealt with in section 2.3.

In section 2.4 we outline the electron gas method that is used for the

calculation of the short range part of the potential and in section 2.5 we

describe how to estimate the isotropic dispersion energy. The intramolecular

distance dependence of the potential is often described with vibrational

coupling parameters [22]. In section 2.6 we analyse in some detail the short

and long range components of these quantities.

2. THEORETICAL AND COMPUTATIONAL ASPECTS

2.1 Angular dependence of the potential; the spherical expansion

In order to express the potential explicitly in terms of radial and

angular variables we use the spherical expansion method [20,21]. For

two linear (diatomic) molecules in E states the distance and orienta-

tion dependence of the interaction is written as

A B Ï 1 Z \rL
(R'VrB> V L L ^ ' B ' " <»

Here f = (ö.»*)"») and r = (0 ,<p ) define the orientations of the molecular

axes, r. and rB are the diatom bond lengths and R = (R,9,(j>) is the vector

which connects the molecular centres of mass (pointing from A to B).

All variables are measured relative to the same arbitrary coordinate

system. The expansion coefficients VT are functions of distance only,
A Band completely determine the orien- tational dependence of the

potential.

Because the interaction potential is invariant under rotation of the

arbitrary coordinate system, we may choose a special coordinate system

where we need consider only the three internal angles 6.,6 ,<j) (choosing
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0 = <j) = <{> = 0). The angular functions can then be expressed as:

A =
LA LB L

min(L ,L
Z A

M=0

)
P L ;

LA LB L M LA
( c O S 0 B ) C 0 S M<t>AB ALB

The PT are associated Legendre functions according to the definition in

[22]. The numerical factor X
L

is given by

LA LB L M

(2LA+1)(2LB+1)(2L+1)

64ir

(LA-M)I

(LA+M):(LB+M)!

vM

,M-M0/

(3)

The symbol I J stands for a 3-j coefficient.

Once the interaction potential is known, the expansion coefficients can

be found from

, 1 1 2ir
V (R, r , r ) = TT~2 ƒ d cosQ ƒ d cosö ƒ d<}>A ^«W
T B I 1 0 W A B A

(4a)

T B -I -1

2ir
ƒ
0 W

In practice (4a) can be evaluated numerically if V is known at a given

set of geometries (angular points 0 . ,8-, .><f>. , )
AtL U9J A»K

A B 1 j k ,i B,j rA,k

V(eAfi'
eB.j'*A,k'R*rA'rB) (4b)

The weights wfi etc. and the angles 9. . etc. must be chosen care-
A i

fully. It seems'most natural to use the (possibly scaled) zeros of the

Legendre polynomials in the Gauss-Legendre quadrature for 0. and 0n and

the corresponding weights [23]. For the <() integration,a transformation

from <() to cos <f>j»ives an expression that resembles the Gauss-Chebyshev

quadrature. Here all points have equal weights and the angles are easily
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found [24].

The symmetry of the system at hand can be used to reduce the number of

expansion coefficients and to reduce the size of the angular space. The

following relations hold: L.+ L + L must always be even, L.(L ) must be
A D A D

even for homonuclear A(B) and V T T = V for identical molecules.
LALB LBLA

For two different heteronuclear molecules the three angles range from

0 to TT. For two different molecules one of which is homonuclear, either

the associated 9 interval or the <£ interval can be reduced by a factor

of two. For two different homonuclear molecules both 9 intervals can be

halved, etc. In all cases the coefficients obtained from (4) should be

divided by the fraction of the original angular space that is actually

covered.

Since the interaction potential can be decomposed into short range (SR)

and first and second order long range contributions, the V can be
A B

analysed in the same terms:

V (R,r,,r ) = VSR (R,r ,r )+ V 0 ) TR.V ,r )
i,,lj_ij A Ü L.Li L A D L.Li L A a

A,r ) (5)

For the long range first and second order contributions both the orientation

and distance dependence can be calculated directly from perturbation theory

using monomer wavefunctions and the multipole expansion for the interaction

operator:

LA LB L " ( L A + L B + 1 )

and

(2)mult. , » _ _ • > _ y C A B fr r 1 R" n CfiN
VT I T ( > A' R') n ^ A' B' '° 'LA LB L A B n=6 n A B

The relation between the permanent multipoles of the monomers and the

coefficients in (6a) is copied from [20]:
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LA LB L LA f ( 2 LA + 2 LB ) L

=A? ., (rA,O = (-1)
 A ' A B

6 Q (r )Q (r )
LA + LB' L LA A LB B

apart from the normalization for which we refer to [18].

Here Q (r) is the permanent 2 -pole moment of a molecule(A or B) with

bond length r. As usual in the theory of inelastic collisions, we assume

a linear dependence of the multipole moment upon bond length (this assump-

tion must be verified, however). This leads to the following formulas for

the first order long range interaction coefficients:

C
LA LB L , j _ C

LA LB L e e (1) (1)
CL,+Ln+1

 U A ' V ~ CL.+L_+l
 (rA'rB} fA ( r A K B ( rB }

A a A B ( g )

4 ( rX> = ' + d - r T ~ r X and r X = r X - r X X=A'B

A

Formal expressions for the second order (i.e. induction and dispersion)

coefficients C in (6 ) are given in [16] for rigid linear molecules for

n from 6 to 10. For a discussion of the intramolecular distance dependence

of the isotropic dispersion coefficients see section 2.5.

When the formulae of this section are applied to the interaction between

CO and H„ we always take CO for A and H„ for B.

2.2 Choice of inter-and intra molecular geometries

In practice the expansion (2) is always truncated after certain L ,L
A 15

and L values. The highest L.»L, and L values then determine the values of

9.,6_ and <j) at which the potential must be computed. A prior knowledge

of the anisotropy of the potential is thus required. The anisotropy at long

range follows from the multipole moments and dispersion coefficients. For

the short range region we constructed first a model potential with the help

of (repulsive) atom-atom parameters, according to

SR,model _ S'° HlfH2 A exp(-B R ) (9)
V - L L IJ IJ 1J

1 J

In [21] it was shown for N„-N„ that the first order short range (i.e.

exchange and penetration) contributions to the interaction potential can be
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Fig. I. Inter- and intramolecular distance dependence of the isotropic

part of the first order interaction potential of CO and H„.

The order of the curves (top to bottom) at R = 7 a is:

0+ +0 3 00 } -0 , o- 0 and - stand
for the larger3 equilibrium and smaller intramolecular distance

of CO and H~ respectively (for values see text).
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rather well represented by a relation of this form. We have used the follow-

ing parameters:ACH=75 E^, A ( ) H = I 0 2 E h, BCH=2.228 a^
1, B ^ . S O a ^ 1 [25].*

For H„ the centres were chosen at 0.8 a distance [26]. We found that at
2. o

R=5 a a 24 term expansion (largest L =6, largest L =2 and largest L=7)
O LU rirt

was sufficient. Such an expansion can be obtained from the interaction

potential values at a 7,3,2 grid (7 9 n, 3 0U and two <b values) and it
lAJ H„ CO

reproduces the atom-atom model potential at tne 441 points of a 9,7,7 grid

with a relative standard deviation smaller than 1%. A preliminary electron

gas calculation, also with this 7,3,2 grid at R=5 a , showed a similar rate

of convergence in the spherical expansion and a similar anisotropy. This

7,3,2 angular grid was subsequently used for the calculations at all other

inter-and intramolecular distances.

Since the potential energy surface is meant to be used in studies of

inelastic collisions including vibrational (de-)excitation, we considered

interaction energies up to 2.5 eV. The smallest R value was accordingly set

to 3.5 a . Beyond a distance of 8.5 a the short range energy is small com-

pared with the first and second order long range contributions. Furthermore

the electron gas method becomes inaccurate at large distances(low electron

densities) due to the numerical procedures used. Therefore R=8.5 a was set

as the upper limit. Intermediate points were chosen with 0.5 a intervals.

For the internal coordinates we chose r = 1.898,2.132 and 2.336 a
and r =1.0, 1.4 and 1.8 a . These distances span the motion in the

n>\ o
vibrational levels with vjf 2 in CO and with v_< l in H„

2.2 Inter-and intra molecular distance dependence of the short range

expansion coefficients.

Looking at the results of our calculations (see below) we have found

that a plot of the logarithms of the short range expansion coefficients as

a function of R, for different r and ru values, shows curves that are
2 SR

not far from linear and nearly parallel (for V see Fig.l). This suggests
ooo

the following analytical form

— 18
* In this paper we have used atomic units throughout: E.=4.35981 10 J,

a =0.529177 10~'° m.
o
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SR

w
with

A B A T A B A T A B

Similar expressions hold for b,c and d. This form does not account for the

probably small, non-linear terms in r. and r_. The small cross term is ex-
A J5

plicitly included, however, since it may contribute significantly to the

v-v energy transfer. We determined the coefficients in (10) and their

dependence upon ~r_ and r (11) simultaneously in a polynomial least
L»U kin

squares fit of the logarithms of the spherical expansion coefficients.

2.4 The interaction potential in the electron gas approach.

In the electron gas approach the energy of a system is the

sum of potential (Coulomb), kinetic, exchange and correlation energy

terms. Each of these contributions is completely determined by the charge

density distribution in the system. In the formalism of Gordon and Kim [9]

the interaction energy between two systems A and B, E. , defined by

Eint = EAB<PAB) " V P A ) ~ EB<PB> ' (12)

is obtained by using the electron gas formulae. The densities p. and p_ of
A o

the two interacting molecules are taken from ab initio SCF or CI calcula-

tions and PAB> the density in the interacting system, is approximated

by the sum of p and pfi. In this way also the interaction energy can be

obtained as the sum of four terms. The expressions for the separate terms

are given in many papers [9,10] and will not be repeated here. The electro-

static term is rigorously equal to the electrostatic part of the first

order interaction energy according to perturbation theory. In previous

papers [10,27] we have argued that the sum of Coulomb, kinetic and exchange

terms, often referred to as the Hartree-Fock part of the electron gas

binding energy, should equal the first order exchange perturbation theory
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results.In order to correct the statistical exchange term for spurious self-

exchange contributions, it is a convenient approximation - as indicated by

Rae [28] - to multiply the original exchange term in the Gordon-Kim (GK)

formulation by a factor that depends only on the total number of electrons

in the system.

The expression tor the correlation energy contribution in the original

GK formulation [9 1 is somewhat questionable and produces unrealistic results.

At short range the statistical correlation energy contribution can very

well be omitted, while at long range it can be replaced by the second or-

der dispersion energy from perturbation theory [10].

The program used for the computation of the GK interaction energies was

obtained from QCPE 129]. Details of the program can be found in [30]. In

order to achieve a rapid evaluation of the Coulomb contribution, the

potential due to the H~ charge distribution is put into an analytical

form. This is done by approximating the H« electron density, as determined

from a Hartree-Fock type wavefunction, by a sum of Slater type functions

[30]. The coefficients of these expansion functions are found from a

linear least squares procedure. In total 36 expansion functions were used,

6 of those were located at the centre of mass and the remainder on the

two nuclei. The exponents of the expansion functions were chosen to be

the sums of the exponents appearing in those pairs of basis functions

used in the Hartree-Fock calculation, that produced the largest elements

in the first order density matrix. For the least squares fit the density

was computed at a grid consisting of 20 azimuthal angles and 49 radial

points. The largest distance with respect to the centre of mass (the

centre of the grid) was 9 a . The standard deviation of the fit was 4.10""^,

the relative standard deviation 1.9 10~3.

In table 1 the quadrupole and hexadecapole moments of H2, as computed

from the Hartree-Fock wavefunctions, are compared with the values derived

from the approximated charge density. The results illustrate the accuracy

of the fit. For rjj = 1.4 a0 the Hartree-Fock wavefunction was copied from

[31]. For the other two intramolecular distances we performed ALCHEMY [32 3

SCF calculations using the basis set from [31]. At all three distances the

approximate charge density was described with one and the same set of

expansion functions. The charge density for CO was derived directly from
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Table 1. Computed quadrupole and hexadeaapole moment for h' at different
intramoleeular distanaes.

c

1.0

1.4

1.8

a. derived analytically from Hartree-Fock wavefunction

b. derived numerically from fit to charge distribution
2 4

c. in units of ea and ea respectively
o o

quadrupole

a

.2674

.4939

.7592

b

.2680

.4952

.7606

c
hexadecapole

a

.0936

.2857

.6891

b

.0933

.2907

.7055

Table 2. Computed multipole moments for CO at three intramolecular'

rco

1.

2.

2.

898

132

366

distanoes

dipole

.1240

- . 1066

- .3688

quadrupole

- 1.824

- 1.617

- 1.374

octupole

3.817

4.406

4.872

hexad

- 9

- 10

- 12

ecap

.439

.940

.356

a. derived numerically from Hartree-Fock wavefunction
2 3 4

b. in units of ea , ea , ea and ea respectively
o o o o r

212



f:he Hartree-Fock wavefunctions listed in L33J.

The numerical integration over the charge density functions, needed to

obtain the electron gas energy for a given geometry, was performed on a

grid consisting of 58 radial points with respect to the centre of mass and

of 48 angles with respect to the intramolecular axis (for each of the two

molecules) and 12 angles around the intermolecular axis (for details of

the numerical integration procedure see [30]). The multipole moments for

CO as computed by numerical integration with this grid are given in table

2. As is well known, the small dipole moment of CO at the equilibrium dis-

tance is found to have the wrong sign if Hartree-Fock densities are used.

This will of course influence the V^-^ " term. This term will prove to

be rather unimportant however (the quadrupole-quadrupole interaction

V22^mUlt'dominates for all R £ 25 a 0 ) .

The first order electron gas potential, defined as the sum of Coulomb,

kinetic and statistical exchange contribution (including the Rae correc-

tion [28]), obviously contains the first order long range multipole-multi-

pole interaction also. The spherical expansion coefficients for the total

first order energy follow directly from equation (4b). The short range

spherical expansion coefficients, for which we expect an exponential

dependence on the intermolecular distance (10), are obtained from the

differences between the total first order coefficients and the first

order long range coefficients that follow from (6a) and (7).

2.5 Isotropic part of the dispersion energy.

The accurate quantumchemical calculation of the unexpanded dispersion

energy for a system with as many electrons as CO + H„ is still very com-

plicated. At long range the multipole expansion can be applied and leads to

a series expansion of the form (6b). For pure compounds the isotropic

C, coefficient in this series can be obtained to a high degree of accuracy

from dipole oscillator strength distributions, constructed from experi-

mental data [14]. In order to obtain the higher and non-isotropic disper-

sion coefficients a number of approximations is generally made. Often

the exact wavefunctions for ground and excited states of the mono-

mers are replaced by their Hartree-Fock equivalents. (Non-) empirical

mean excitation energies are introduced and the closure relation is
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applied. In fllJ it is shown how these tools can be used for the construc

tion of a damped truncated multipolar dispersion energy series that cor-

rectly represents the essential parts of the attractive isotropic poten-

tial. For CO-H- we obtained Cg from the known polarizabilities a and C^

values for the pure components (see table 3) according to

C6(CO,H2)=
acoC6(CO,CO)aH2C6(H2,H2)

aCO C6 ( H2' H2 ) + aH 2
C6 ( C°' C O )

(13)

This combining rule is based on the London formula [34, 35J

"A "B (14)

where A„ is the mean excitation energy for molecule X. (X = A, B)

In the case of He-H?, where precise data are available for comnarison

[36], this rule is somewhat more accurate than the well known

geometric average formula [37]. Once Cg(CO,H2) is known, the higher dis-

persion coefficients can be estimated with the help of sum rule ratios

if one assumes equal, mean excitation energies for dipole, quadrupole and

octupole transitions. From !15J we cite

Cg(CO,ll,)= T C6(CO,H2)

C,0(CO,H2)= ~ C6(CO,H2)

(15)

(16)

The S»(-l) are sum rule values obtained by introducing the closure rela-

tion into the 2 -pole oscillator strength distribution S.(-l) - ï T„ .

(i) . I n*°
where T^ is a rotationally averaged 2 - pole transition moment. The

values that we have used are summarized in table 4.

Ln the very accurate ab initio calculation of the dispersion coefficient
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Table 3. Isotropic polavizabilities, dispersion coefficients and mean exci-

A c ' f

.690

.563

.552

coa

H2(r=l

H2(r=l

tattson

.401 a

.449 ao

energtes

•

13

) 5

) 5

for CO and #„.

d

.07

.194

.409

88.

11.

12.

4

40

12

a. experimental values for a and C, [15]
o

b. computed values for a and C, [17]
A A

c. derived from the London relation (17) A = -̂  —^

• 2a 2 E"1

o h
d,e,f. units are e an Eu', a" E and E, respectively

6
a L,
o h

I

Table 4. 2 -pole oscillator strength distribution S (-1) for H~ and sum

rule values S.(-1) for CO (in atomic units).

S£(-1)(H2) '

S£(-1)(CO)1

I

3.108

12.1

2

12.64

71.9

3

102.0

692

a. computed values averaged over v=0 [17]

b . computed value at r„ =2.132 a [15]
CO o
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for He-H„ [36] it was found that these coefficients all depend nearly

linearly on rH„. If we derive this linear intramolecular distance depen-

dence of Cg(CO,H2) from the London formula (14), it is obvious that not

only a change in polarizability, but also a change in mean excitation

energy contributes to a change in C,. In the case of He-H2> where we

verified our ideas with the help of the ab initio data of [36], we found

that the (negative) contribution resulting from the change in mean exci-

tation energy accounts for 30% of the total rate of change of C,. In order

to find the rate of change of Cg and CJQ we have to know also the deri-

vatives of the sum rule values with respect to the bond length. Since

these derivatives are not known (at 1- ast to our knowledge), we assume

that their ratios appearing in (15) and (16), do not depend on their

intramolecular distance. This implies that Cg and CJQ depend on the intra

molecular distance to the same measure as C,. We find some justification

for this conclusion in the H e " ^ data [36]. Thus, in the long range we can

write for the isotropic dispersion energy ..y.

(2)disp. r
Vooo (R'rCO'r
ooo r

CO'rH2
C0 ( rCO ) fH 2

6 6 6
where 0^,0^. and Cin are the dispersion coefficients for CO and H„ at their

D o 1U 2.
equilibrium bond length and

co
dry

(18)

The Taylor series expansion (17) contains apart from the terms linear in the

intramolecular distances, also a significant part of the bilinear term.

The polarizability derivatives are known for H„ and CO from accurate ab

initio calculations. The mean excitation energy derivatives can only
(2)

we were therefore forced tobe determined for H„(see table 3), in f

omit the last term in (18).

Expression (17) can be extended for use at intermediate distances by
(2)

multiplying the right hand side with a damping function f„ (R) [11].
K
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f^2)(R) = exp[ -Y (1.28R/R - 1) ] for R < 1 .28 RR m m (]9)

1 R > I.28 R
— m

For Y we choose the value 0.7 since this value gives the best fit for the

He-H„ data of [36], where a comparison between accurate expanded and unex-

panded dispersion energy values was made.The distance R at which the

minimum appears in the complete isotropic potential has, of course, to be

determined selfconsistently. The damping function prevents the complete

potential from becoming negative at very short distances, it thus compen-

sates for the errors introduced by truncating the multipole series (6b)

after C._ terms and for the neglect of penetration (and possibly also ex-

change) contributions in the expanded dispersion energy.

We conclude this section with a few remarks on the possibility of deter-

mining the anisotropic dispersion and the induction coefficients along

similar lines. The application of the mean energy approximation and the

closure relation in the standard multipole expansion coefficients for the

induction and dispersion energies provides expressions for these coeffi-

cients in terms of the moment of the oscillator strength distributions

S,.tm(k), k = -1,-2 or their sum rule equivalents. Recently»numerical va-

lues for these quantities have been produced [39]. Work is in progress to

compute the missing induction coefficients and dispersion anisotropic

factors.

2.6 The vibrational coupling parameter.

The vibrational coupling parameter |3 plays an important role in the

theory of vibrationally inelastic collisions [22]. We define 3 by

/8 1n(V (R)+2e,)\
5-4 ^ ƒ e e = rr

1

«. = """̂
CO' H2

A stands for the three quantum numbers L.,L »L.In (20) 8, refers to an
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interaction potential that has been shifted by an (in principle arbitrary)

amount 2e, in order to make the potential always positive. The quantity e,

is often chosen to be the well depth of the X-spherical component of the po-

tential. Since we have analysed the potential in short range (SR> and long

range (LR) parts so far, we write

where now

i x , 8 VJgJ»A = -4 ( j—* )re ^ i = SR, LR (22)

Here we assumed that the individual V-, are never equal to zero.

From (10) and (II) we immediately find

3, ' = a,X + b, R + c* R^+ d^ RJ (23)
A A A A A

For the long range part we can only consider the isotropic component

(24)

LR X
In our approach 3 ' is independent of R due to the approximations made

for V L R ((17) and (18)). Substituting these results into (21), we ob-ooo °
serve that the behaviour of $ as a function of R should, according to

(21) resemble the isotropic potential in the sense that 3 must be ne-
ooo

gative at large R and positive at short R since we found that (23) and (24)

give positive values. This says that at large R the bondlength of X will

increase, while at short R the effect is the reverse. So in a collision

process the target becomes a forced oscillator when the projectile passes

by [40].
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3. RESULTS

In table 5 we list the parameters that we obtained for the analytical

representation of the short range part of the potential (see (10) and (II)).
CD

Terms in the spherical expansion that have a very small value (<l%ofV )

at all distances have been discarded. With the remaining 224 parameters,

the short range part of the potential, calculated at 4158 points,is

accurately described (the relative standard deviation is 1%). In order

to obtain the complete first order energy, the first order long range

contributions have to be added again (of section 2.4). The spherical

expansion coefficients for the multipole-multipole interaction are also

given in table 5, for the two molecules being at their equilibrium dis-

stances.For the other intramolecular distances the coefficients can be

found with the help of (8) and the data from tables 1 and 2 with d Q /d r =
Li

(Q (r ) - Q (r ))/(r -r ). (r and r_ are the largest and smallest intra-
L "•* L — + " ~ + —

molecular distances considered).The assumption of a linear distance depen-

dence of the permanent multipole moments appears not to be completely cor-

rect. The neglect of the nonlinearity does not introduce appreciable er-

rors into the potential, however. The long range term, which is perhaps

slightly incorrect, is first subtracted from the first order coefficient

in order to find the fit parameters that describe the inter-and intra-

molecular distance dependence of the short range contribution. Later,exact-

ly the same long range term is added again to the short range expansion

coefficient, that is now found from the fit. The inclusion of a small

contribution that does not depend exponentially on the intermolecular

distance may just decrease the accuracy of the fit somewhat.

From table 5 we observe that all terms with L = 6 are absent, so a

shorter expansion length and thus a smaller grid of orientations might

have been used. We expect, however, that the use of the larger grid still

increases the accuracy of the remaining coefficients. The numerical pre-

cision of the electron gas procedures is rather limited (5 10 E, ), par-

ticularly so when calculating small interactions at large R. In that case

the electron gas results contain (random) errors, that are averaged out

in the further expansion and fit procedures. Furthermore the expansion

coefficients with L < L_.+ L„ can be neglected for L„. > 3.
uu «2 w« —
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I

Table 5. Parameters used in Eqs. (6 )3 (11) and (12) for the description
of the inter- and intramolecular distance dependence of the sphe-
riaal expansion coefficients for the first order potential .

LA LB L

0,0,0
0,2,2
1,0,1 •
1,2,1b-
1,2,3
2,0,2
2,2,0 •

2,2,2b-
2,2,4
3,0,3 -
3,2,5
4,0,4 -
4,2,6
5,2,7c-

.3389+1

.4884+1
-.3737+1
.5940+0
.5447+0
.1235+1
,1197+2
.3764+1
.7390+1
.2508+1
.8578+1
.2687+0
.8974+1
.1936+1

CO
a

-.1294+1
-.2792+1
.3828+1
.7494+1
.5815+1
-.1285+1
-.4246+1
.7690+0
-.3127+1
.8553+0
-.3175+0
.7675+0
.1396+0
.3945+1

a H2

-.2787+0
.2208+0
.6190+1
.8748+1
.3071+1
.1413+1
.7189+1
.2555+1
.1164+0
.2581+1
.3402+1
.3678+1
.2776+1
.4750+1

a C 0 H 2

.5055+0

.2219+1

.2617+2

.8309+1

.2719+1

.2183+1

.2007+2

.1496+1

.9232+1

.2975+1

.1296+1

.3376+1

.3128+1

.3874+1

.1843+1

.3832+1

.3622+0

.2786+1

.2047+1

.1143+1

.2893+1

.3139+0

.5257+1

.3741+0

.6375+1

.1436+1

.6333+1

.1608+1

b c o

.7871+0

.2436+1
-.2514+1
-.3843+1
-.2654+1
.6835+0
.1308+1

-.3212+0
.2912+1

-.6706+0
.1309+1

-.6719+0
.9762+0

-.2488+1

b H 2 b C 0 H 2

.2572+0

.8756-1

.3635+1

.4475+1

.1256+1

.2609+0

.3263+1

.8228+0

.6692+0

.6259+0

.1206+1

.9392+0

.5532+0

.1165+1

-.3007+0
-.1284+1
-.1527+2
-.4507+1
-.1508+1
-.1209+1
-. 1042+2
-.8312+0
-.5757+1
-.1410+1
-.6390+0
-.1542+1
-.1804+1
-.1723+1

LALBL

0,0,0
0,2,2
1 , 0 , 1 -
1,2, lb

1,2,3
2,0,2 -
2,2,0 -
2,2,2b-
2,2,4
3,0,3 -
3,2,5
4,0,4
4,2,6
5,2,7a

.9654-1

.4414+0

.1598+0

.3138+0

.8436-1

.2105-1

.6298+0

.1734+0

.6737+0

.9517-1

.8473+0

.3009-1

.7851+0

.8438-1

CO
c

.1253+0

.4447+0

.5038+0

.7026+0

.4953+0

.1128+0

.3446-1

.1317+0

.6109+0

.1304+0

.3294+0

.1405+0

.2503+0

.4482+0

c H 2

.2978-1

.1836-1

.7053+0

.7513+0

.1633+0

.3943-1

.5289+0

.1275+0

.1733+0

.8622-1

.2018+0

.1306+0

.6406-1

.1693+0

.4931-1

.2344+0

.2885+1

.7661+0

.2880+0

.2209+0

.1713+1

. 1425+0

. 11 74+1

.2193+0

.1033+0

.2350+0

.3490+0

.2586+0

.9360-2

.2897-1

. 1600-2

.2015-1

.3151-2

.1504-2

.3102-1

.8523-2

.4193-1

.1417-2

.5001-1

.3514-2

.4491-1

.6808-2

dC0

.8422-2

.2798-1

.3011-1

.3878-1

.2891-1

.8145-2

.3947-2

.8953-2

.4403-1

.5859-2

.2805-1

.7125-2

.2216-1

.2375-1

d H 2

.1301-2

.1604-2

.4434-1

.4206-1

.5454-2

.2560-2

.2852-1

.7265-2

.1311-1

.4677-2

.1176-1

.6856-2

.2479-2

.9278-2

d C0H 2

-.2553-2
-.1371-1
-.1775+0
- .4233-
- .2042-
- .1324-
-.9054-
-.7770-2
-.7868-
-.1101-
-.5503-2
-.1167-
-.2259-
-.1267-
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Table 5 (continued).

123d 4C. = .5279-1 a E.4 oh

224d 5Cf = - . 1340+1 a E,5 oh

„325d = -.5344+1 a6 E,L- on
D

„426d = -.1797+2 a 7 E,
C? oh

a. With these parameters equation (11) is valid in the region 3.5<R/a <8.5.

b. These short range spherical expansion coefficients have negative sign.

c. Total v\2i coefficient, including the contribution due to CO 2 -pole and

H„ quadrupole interaction.

d. Value obtained from equation (7), with the numerically determined multi-

pole moments for CO and H„ at the equilibrium distance (see table 1).

Linear distance dependence of the multipole moments is assumed; the

derivatives are obtained: dQT/dr=(QT(r )-Q (r ))/(r -r ) with r and r

the largest and smallest distances from tables 1 and 2 respectively.

Table 6. Parameters used in Eqs.(17) and (19) for the isotropio dispersion

energy.

b
8

10

= 31.6

= 790

= 22200

6

8
a
0

10a
0

Eh

Eh

Eh

4 =

Rf =
m

1

1

7

+ 0.

+ 0.

.55 a

391

636

o

rco

H2

a. Derived from (13) with data from table 3.

b . Derived from (15) with data from table 4.

c. Derived from (16) with data from table 4.

d. Derived from (18) with data from table 4. and - j ^ - = 5.11 e a E~' [38],
CO °

e. Derived from (18) with data from table 3.
f. Determined self consistently.
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In figure 2 we show the first 10 spherical short range expansion coeffi-

cients as functions of distance. Even more markedly than in the case of

N„-N„ interactions [10,27] , the slopes of the curves are different for

different L—.L,, and L values. Furthermore, the departure from linearity of

the curves justifies the analytical form (10) including coefficients for the

second and third power of the intermolecular distance. We observe that, as

far as the short range interaction is concerned, H„ is nearly spherical,

since all terms with Lu =2 are always small. We expect that the terms with
2L„ =4, that are neglected,are again one order of magnitude smaller. The

2
relatively small value of terms with odd L show that the charge

distribution of CO must be nearly symmetric with respect to the centre of

mass, which observation is in accordance with the small dipole moment. The

even multipole moments of CO are negative, like those of N?. It was

observed in [41] that this leads to a rather early breakdown of the multi-

pole expansion for the first order electrostatic interaction due to pene-
SRtration effects. Indeed the V_9, coefficient still has a large value at

SR
large R,and terms that vanish in the multipole expansion such as V

are still important.

The parameters in table 5 that describe the intramolecular distance

dependence of the spherical expansion coefficients do not show trends that

are immediately obvious. The related short range coupling parameters $

(see(22)), however, have a quite regular behaviour, as can be seen for a

ew s
SR

few spherical components in figure 3. Generally $ increases with R,only

2 forms an exception that we cannot yet explain.

The data relevant for the determination of the isotropic second order

energy are summarized in table 6. The dispersion coefficients nearly satis-

fy the rule 1.23 < x < 1.37 [15] with X = c6 C J O / C 8 (X=1-12>- Probably

C.~ is still somewhat too small, which happens if S-(-l) is too small.

This could be the case for CO, since the basisset used in [15] is probably

still too small. On the other hand the Cg/C, ratio is considerably higher

than that suggested for CO-rare gas interactions [42]. Our values are based

on the relation (15) and should be rather reliable (the errors in (15) and

(16) for He-H_ interactions [17] are only +11 and +18% respectively).

Adding the isotropic dispersion energy to the first order energy we

obtain a V (R) curve that shows a minimum at R =7.55 a and has a wellooo _-- mo
depth e of 150 10 E. (see figure 4). These values differ significantly
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,SR

Fig. 2. Intermolecular distance dependence of spherical expansion coeffi-

cients for the short range part of the interaction potential.

2* = 2.132 a_ , rn = 1.4 a .
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2.5

2.0
SR

(a"»1

1.5

1.0

.5

-.5

022
000 ^ H2
202

8 R(a0)

101 H 2

Fig. 3. Vibrational aoupling parameter for isotropio and anisotropia

oomponents of the short range interaction potential (equation 23).
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from the ab initio results (R =7.0 a , e =360 10~ Eu) reported in [6].
m ol m h

Our prediction for R • e =1132 IO~ a E, agrees much better with the
mm oh ,

measured value of this quantity for the CO-D„ system (1230 10 a E, [2]).

The neglect of the basis set superposition error in the ab initio SCF cal-

culations can easily explain a too deep minimum which is too far inwards.

Furthermore the isotropic dispersion coefficient C, in [6], obtained from

the second order energy at very large distances,is 17% greater than our

values. Since C, values for pure compounds are currently derived from

experiments, with an accuracy of better than 1% and because the combining

rule (13) that we have used has about the same accuracy, one might assume

that the higher value of [6] is due to neglect of intramolecular correla-

tion effects.

The intramolecular distance dependence of the complete isotropic poten-
X

tial can be seen from the B (r) curves (X=C0 or H„) in figure 5. Both
ooo I

curves show the expected behaviour :a tendency to increase the bond length at

large R and to decrease it at small R. The critical distance R , i.e. the

distance where the net force vanishes is rather different for H„ and CO.

For the larger molecule R is larger . A similar observation can be made

from the g curves in [22],

Among the potential expansion coefficients only the V. T terms
LA LB LA + LB

exhibit a minimum. Those minima are caused by the opposite effects of

(short range) penetration and long range multipole-multipole interactions.

Inclusion of the small induction and the anisotropic dispersion terms will

probably produce shallow minima in all V. T . terms at large R values.
LA LB L

4. CONCLUDING REMARKS

We have presented a 6-dimensional potential energy surface in a form that

is suitable for the calculation of cross sections for rotationally or

vibrationally inelastic collisions. The anisotropy in the second order energy

contribution is not incorporated. It is expected, however, that most cross

sections are largely determined by the short range anisotropy.

A judgement of the accuracy of the first order potential can be made by

comparing our results (obtained by substituting the parameters for the

expansion coefficients (table 5) into the formulae (10,11) and (1)) with

results of Diercksen and Kraemer [43]. These authors recently performed
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CO H2

R(a„

Fig, 4. Short range, long range and total isotropia interaction potential

(rCQ= 2.132 ao, r =1.4 aQ ) .

-0.5 -

Fig. 5. Vibrational coupling parameter for the complete isotropic

potential (equation 21).
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very accurate ab initio SCF calculations for a few significant cuts of the

potential energy surface. As shown in [10], our electron gas results agree

much better with their data, than with the older ab initio SCF results of

[5], which clearly suffer from the neglect of the basis set superposition

error.

Our first order (electrostatic and exchange) potential favours a linear

orientation of CO-H„(with 0 closest to H) with a minimum of -94 10 E, at

R=8.2 a . This linear configuration is already the most stable when we

consider only the interactionrbetween two permanent quadrupoles with

opposite sign. The parallel configuration is only slightly less stable

in first order. When we include the isotropic dispersion energy the

minimum of the linear configuration shifts inwards to R = 7.3 a and

-6 °
then has a depth of -323 10 E, . The parallel configuration is even better

stabilized by the inclusion of the dispersion energy, since in this orien-

tation the exchange repulsion is smaller than in the linear configuration,

at somewhat shorter distance. We found a minimum at R=6.25 a with a depth

of -525 10 E, . Inclusion of the dispersion anisotropy will probably favour

a stable linear structure again. The complete potential curve for two

(rigid) parallel molecules gives rise to at least one bound state, which

should make it possible to observe a stable CO-H- complex.
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SUMMARY

This thesis consists of two separate parts. In the first part the ex-

perimental observation of electronic transitions in the vacuum ultraviolet

(VUV) region is discussed. In the second part - mainly a series of re-

prints of papers published earlier - attention is paid to the theory and

calculation of intermolecular forces. The relation between these two sub-

jects will become clear later on.

UV spectroscopy is frequently used in quantitative analysis. In prac-

tice an upper wavenumber limit of 50000 cm is set by many technical

difficulties. The original purpose of the research reported in part I was

the extension of this wavenumber limit for solution spectroscopy to 80000
-1

cm .

In chapter 1 the assembly of a spectrometer with suitable noble gas

discharge light sources, reflectance optics,double beam facilities,detec-

tion electronics and vacuum systems is described. As an example of explo-

ring measurements in the gasphase , the absorption spectra of CH_0H, CH OD,
-1

CDJDH and CD„0D in the 50000-80000 cm region are discussed. The observed

isotope shifts are of great help in making tentative assignments of the

many bands. The excited states are supposed to be mainly molecular Rydberg

states. Early measurements of the absorption spectrum in the 50000-60000

cm r.egion of acetic acid solutions of different degrees of neutraliza-

tion - prototypes of polyelectrolyte solutions that are subject of ongoing

research in the department of physical chemistry - were hindered by the

unexpectedly high absorption of the solvent water in this wavenumber

region. With a pathlength of I um, water is effectively opaque at wave-

numbers above 60000 cm

In chapter 2 of part I water is therefore considered as the absorber.

In the liquid and in ice at 20 K it is found that the maximum of the first

absorption band is shifted over 10000 cm to the blue with respect to the

gasphase spectrum. In a dilute argon matrix this shift is still 5000 cm ,

and increasing with the fraction of water in the argon matrix. Clearly,

the interaction between a water molecule and its neighbours changes the

energy of the optical excitation. Not only are hydrogen bonds broken, but



instead strong repulsive interactions must arise. Calculations of the in-

teraction energies as functions of intermolecular distance in the water-

water dimer and water-neon dimer, both for water in the ground state and

in the excited state, provide a basis for these ideas and put them on a

semiquantitative footing. The temperature dependence of the blue shift in

liquid water and in ice can also be explained in this approach.

Further work on the calculation of intermolecular forces, or to be more

precise of potential energy surfaces,is described in the other chapters of

part II.

In chapter I of part II symmetry adapted perturbation theory is applied

in the ab initio calculation of the hydrogen bond energy in a linear water

dimer. The second order induction and dispersion energy prove to contri-

bute significantly to the binding energy, indicating the failure of purely

electrostatic models. Also it is shown that the multipole expansion for

the (first order) electrostatic interaction energy is no longer valid at

distances around the equilibrium nearest neighbour distance.

In chapter 2 the expressions for the first order energy according to

symmetry adapted perturbation theory are extended to include interactions

between molecules in excited states. In the water dimer the change of hy-

drogen bonding into a repulsive interaction after optical excitation is

then seen to be caused mainly by an enlarged exchange repulsion rather

than by the changes in the electrostatic term. The increase in repulsive

interaction in the mixed water-neon dimer can be explained in a similar

way. The enlarged exchange interaction is related to the diffuseness of

the electronic charge distribution for the first excited state of water,

which has a large Rydberg character. The orientational dependence of the

exchange repulsion has been calculated and correlated with the spatial

distribution of the Rydberg state.

In chapter 3 the behaviour of the interaction between two ethylene mole-

cules at long range is inspected, using the multipole expansion in the

first and second order energy expressions. In particular the requirements

the atomic orbital basis set has to meet for a proper description of the

multipole moments and multipole polarizabilities are investigated. The

use of the non-empirical Unsold procedure for the calculation of second

order properties is shown to be a rather accurate alternative in the case

t
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of small basis set calculations.

In chapter 4 the derivatives of the polarizability tensor with respect

to the internal coordinates are discussed. These derivatives determine

the Raman scattering intensity. The values obtained from ab initio finite

field calculations using a basis set size that is suggested in the pre-

vious chapter, predict scattering intensities that agree quite well with

the few that are observed experimentally. Such ab initio calculations

thus provide also a means to test some models that are frequently used

for the prediction of Raman scattering intensities in large molecules. It

is shown that the bond polarizability model and the atom-dipole interac-

tion model can only be used for scattering intensities that are related

to stretching modes but will fail when bending motions are involved.

Finite field SCF calculations with small basis sets predict incorrect in-

tensities. The use of perturbation theory for the calculation of polariza-

bilities is somewhat less successful than the finite field SCF method,

when large basis sets are used. The non-empirical Unsold approximation

applied to small basis set calculations, that is successful for the calcu-

lation of the static polarizability, is found to fail for the determina-

tion of polarizability derivatives.

The last three chapters all deal with calculations of very detailed

anisotropic potential energy surfaces for the interaction between diatomic

molecules, with the help of the, slightly modified, electron gas approxi-

mation (EGA).

In chapter 5 it is shown that for the interaction between two (rigid)

N„ molecules the 4-dimensional EGA potential energy surface agrees very

well with the surface resulting from accurate, but less detailed, first

order ab initio calculations reported in the literature. The EGA surface,

presented in the form of a spherical expansion for the orientational de-

pendence with a polynomial fit for the distance dependence of the expan-

sion coefficients, predicts the temperature dependence of the second

virial coefficient very well. The complexity of the potential shows that

inversion of virial coefficient curves to anisotropic potentials must be

impossible.

In chapter 6 a systematic comparison between EGA and ab initio poten-

tial energy surfaces is made for a series of atoms and molecules, using

ab initio results from the literature. The reasonable agreement between

t
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ab initio and EGA surfaces appears to be quite general.

In chapter 7 the 6-dimensional EGA potential energy surface for CO-H

interactions is presented, suitable for the study of inelastic collisions.

This surface, also given in terms of a spherical expansion with a somewhat

more complicated fit for the intra- and intermolecular distance depen-

dence, reproduces quite well the first order interaction energy availa-

ble from ab initio calculations for a few orientations and distances.

An estimate of the isotropic second order energy has been made.
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SAMENVATTING

Dit proefschrift bestaat uit twee delen. In het eerste deel wordt de

meting van elektronen overgangen in het vakuura ultraviolette (VUV) gebied

besproken. In het tweede deel - voornamelijk een reeks van eerder gepubli-

ceerde tijdschriftartikelen - wordt aandacht besteed aan de theorie en de

berekening van intermolekulaire krachten. Het verband tussen deze twee

onderwerpen zal verderop duidelijk worden.

Spektroskopie in het ultraviolette gebied wordt veelvuldig toegepast

in de kwantitatieve analyse. In de praktijk stellen vele technische pro-

blemen een bovengrens van 50000 cm~' aan het golfgetal. Oorspronkelijk

was het doel van het onderzoek, behandeld in het eerste deel, deze grens

voor spektroskopie van oplossingen te verleggen tot 80000 cm~'.

In hoofdstuk 1 wordt de opbouw van een spektrometer met geschikte edel-

gasontladingslichtbronnen, reflektie optiek, "dubbele bundel" mogelijk-

heden, meetelektronika en vakuum systemen beschreven. Als voorbeeld van

verkennende metingen in de gasfase worden de absorptiespektra van CH-jOH,

CH3OD, CD3OH en CD3OD in het 50000-80000 cm"1 gebied besproken. De waar-

genomen isotoop verschuivingen vormen een goed hulpmiddel bij de toeken-

ning van de vele banden. Verondersteld wordt dat de meeste aangeslagen

toestanden molekulaire Rydberg toestanden zijn. De eerste metingen van

de 50000-60000 cm"1 absorptiespektra van waterige azijnzuur oplossingen

met verscheidene neutralisatie graad - prototypen van polyelektroliet-

oplossingen die het onderwerp vormen van onderzoeksprojekten binnen de

vakgroep fysische chemie - werden ernstig bemoeilijkt door de onverwacht

hoge absorptie van het oplosmiddel water. Bij een weglengte van 1 t/m is

water feitelijk ondoorzichtig boven 60000 c m .

In hoofdstuk 2 van deel I wordt derhalve water als de absorberende

stof beschouwd. In vloeibaar water en in ijs bij 20 K blijkt het maximum

van de eerste absorptie band 10000 cm naar het blauw verschoven verge-

leken met het gasfase spektrum. In een verdunde argon matrix is deze ver-

schuiving nog 5000 cm"1 en neemt toe met de fraktie water in de argon

matrix. Kennelijk verandert de wisselwerking tussen een water molekuul
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en zijn buren de energie nodig voor optische aanslag. Bij excitatie worden

waterstofbrug bindingen verbroken, bovendien komt er een sterke afstotende
*

wisselwerking voor in de plaats. Berekeningen van de wisselwerkingsener-

gie als funktie van de intermolekulaire afstand in het water-water dimeer

en in het water-neon dimeer, zowel voor water in de grond toestand als in

de aangeslagen toestand, zoals beschreven in deel II, hoofdstuk 2, leve-

ren de basis voor deze opvattingen en geven ook een semi-kwantitatieve

grondslag. Ook de temperatuurafhankelijkheid van de blauw verschuiving

in vloeibaar water en in ijs kan zo worden verklaard.

Verder onderzoek op het gebied van intermolekulaire krachten, of juis-

ter van potentiële energie oppervlakken, wordt besproken in de overige

hoofdstukken van deel II.

In hoofdstuk 1 van deel II wordt "symmetrie aangepaste" storings-

theorie toegepast in de ab initio berekening van de waterstofbrug

bindingsenergie in het lineaire water dimeer. De tweede-orde induktie

en dispersie energie blijken in belangrijke mate bij te dragen tot de

bindingsenergie. Dit toont aan dat een zuiver elektrostatisch model niet

juist kan zijn. De multipool expansie voor de (eerste-orde) Coulomb wis-

selwerking blijkt niet te gelden bij afstanden die overeenkomen met die

van naaste buren bij evenwicht.

In hoofdstuk 2 zijn de uitdrukkingen voor de eerste-orde energie vol-

gens de "symmetrie aangepaste"storingstheorie uitgebreid, zodat ook de

wisselwerking tussen molekulen in de aangeslagen toestand beschreven

kan worden. In het water dimeer blijkt de overgang van een waterstofbrug

gebonden toestand naar een repulsieve toestand eerder veroorzaakt te

zijn door een vergrote "exchange" afstoting dan door een verandering in de

Coulomb term. De toename in repulsieve wisselwerking in het gemengde

water-neon dimeer kan op soortgelijke wijze worden verklaard. De vergrote

"exchange" wisselwerking kan in verband gebracht worden met de uitgebreid-

heid van de elektronen verdeling in de eerste aangeslagen toestand van

water, die in grote mate een Rydberg karakter heeft. De oriëntatie afhan-

kelijkheid van de "exchange" wisselwerking is bepaald en in verband ge-

bracht met de vorm van de ladingsverdeling.

In hoofdstuk 3 wordt het gedrag van de wisselwerking tussen twee

ethyleen molekulen op grote onderling afstand onderzocht. Hierbij wordt
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gebruik gemaakt van de multipoolexpansie in de uitdrukkingen voor de eer-

ste-en de tweede-orde energie. In het bijzonder wordt nagegaan aan welke

eisen de atomaire orbital basis moet voldoen voor een korrekte beschrij-

ving van de multipool momenten en de multipool polariseerbaarheden. Het

gebruik van de niet-empirische Unsold benadering bij de berekening van

tweede-orde eigenschappen met behulp van een kleine basis blijkt een re-

delijk nauwkeurig alternatief te zijn.

In hoofdstuk 4 worden de afgeleiden van de polariseerbaarheidstensor

naar de interne koordinaten beschouwd. Deze afgeleiden bepalen de intensi-

teit van Raman verstrooiing. De waarden verkregen met behulp van ab initio

berekeningen voor het molekuul in aanwezigheid van een elektrisch veld,

voorspellen verstrooiingsintensiteiten die goed met experimentele waar-

den overeen komen. Gebruik is gemaakt van een atomaire basis die volgt

uit het vorige hoofdstuk. Dergelijke ab initio berekeningen geven dus

ook de mogelijkheid modellen die regelmatig gebruikt worden voor de voor-

spelling van Raman intensiteiten in grote molekulen te testen. Aangetoond

wordt dat het band-polariseerbaarheidsmodel en het atomaire dipoolinter-

aktie model slechts gebruikt kunnen worden indien de intensiteit verband

houdt met strekvibraties. Wanneer verbuigingen in het spel zijn, zullen

beide modellen niet meer opgaan. Het gebruik van storingstheorie voor de

berekening van de polariseerbaarheid voldoet minder goed dan de methode

met het elektrische veld. De niet-empirische Unsold benadering blijkt

niet toegepast te kunnen worden wanneer met een kleine basis afgeleiden

van de polariseerbaarheid worden berekend.

De drie laatste hoofdstukken hebben betrekking op berekeningen van

zeer gedetailleerde anisotrope potentiële energie oppervlakken voor de

wisselwerking tussen twee-atomige molekulen. Hierbij is gebruik gemaakt

van de elektronen gas benadering (EG3).

In hoofdstuk 5 wordt aangetoond dat voor wisselwerking tussen twee

(stijve) stikstof molekulen het 4-dimensionale potentiële energie opper-

vlak zeer goed overeenstemt met het oppervlak dat volgt uit nauwkeurige,

maar minder gedetailleerde ab initio berekeningen uit de literatuur.

Het EGB oppervlak, voorgesteld door een spherische expansie voor de

oriëntatie afhankelijkheid met een polynoom aanpassing van de afstands

afhankelijkheid, voorspelt de temperatuurafhankelijkheid van de tweede

viriaal coefficient zeer goed. De ingewikkeldheid van de potentiaal laat
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zien dat de inversie van de viriaal coefficient grafieken naar de aniso-

trope potentiaalkurven onmogelijk moet zijn.

In hoofdstuk 6 wordt voor een reeks atomen en molekulen een systema-

tische vergelijking gemaakt tussen EGB- en ab initio potentiële energie

oppervlakken. Hierbij is gebruik gemaakt van literatuur gegevens voor de

ab initio oppervlakken. Geconstateerd wordt dat de overeenstemming in

het algemeen redelijk is'.

In hoofdstuk 7 wordt het 6-dimensionale EGB potentiële energie opper-

vlak voor de wisselwerking tussen CO en H2 gegeven. Dit oppervlak,weder-

om voorgesteld met een spherische expansie en een iets ingewikkelder

polynoom aanpassing voor de afhankelijkheid van intra-en intermolekulaire

afstanden, komt op een aantal relevante punten goed overeen met de eerste-

orde energie die volgt uit ab initio berekeningen. Een schatting is ge-

maakt voor de isotrope tweede-orde energie. Het totale oppervlak is ge-

schikt voor de bestudering van inelastische botsingsprocessen.
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STELLINGEN

Het onderzoek, van quasiperiouiek en stochastisch gedrag (zowel klassiek

als quantummechanisch), waarbij uitsluitend gebruik gemaakt wordt van de

Henon-Heiles potentiaal, behoeft niet alle fysisch relevante aspekten van

zulk gedrag op te leveren.

M.Henon, C.Heiles, Astron.J. 69_, 73 (1964)

S.A.Rice in: Quantum Dynamics of Molecules,

NATO ASI Series B, Vol. 57, R.G.Woolley, Editor,

Plenum, New York (1979)

II

Het verschil in relatieve stabiliteit van [18]-annuleen met gelijke band-

lengten ten opzichte van [1 8]-annuleen met afwisselend enigszins verkorte

en verlengde banden zoals dat volgt uit tot nu toe uitgevoerde quantum-

chemische berekeningen, is een artefact van de gebruikte methodiek.

H.Baumann, J.Am.Chem.Soc. 100, 7196 (1978)

R.C.Haddon, Chem.Phys.Lett. 7£, 210 (1980)

III

Hutson en Howard wijzen het gebruik van de multipool parametrizering voor

het potentiële energieoppervlak van Ar-HCl op onjuiste gronden af.

J.M.Hutson, B.J.Howard, Mol.Phys. 43_, 493 (1981)

IV

In tegenstelling tot de slotopmerking van de auteurs, is in het artikel

van Segev en Shapiro de weg naar een volledige verklaring voor het optre-

den van diffuse banden in het water absorptie spektrum nog niet geplaveid.

E.Segev, M.Shapiro, J.Chem.Phys. 73, 2001 (1980)

t

De totale computercapaciteit van de Rijksuniversiteit te Leiden is de af-

gelopen 6 jaar met 300% toegenomen, het universitaire gebruik steeg met

150%. Er is sprake van een ontkenning van de relevantie van het gebruik

van de computer in chemisch onderzoek, wanneer men ziet dat het rekenwerk

van de subfaculteit scheikunde in die periode slechts met 20% in omvang

mocht toenemen.



VI

Borden en Radin stellen ten onrechte dat een verklaring voor de voorkeur

voor een fcc rooster boven een hcp rooster voor de edelgaskristallen ge-

vonden kan worden in een beschouwing van de oppervlakte energie van een

groeiend kristal.

B.Borden, C.Radin, J.Chem.Phys. Tb_, 2012 (1981)

I.Jansen, Phys.Rev. JJ35, A1292 (1964)

VII

De door Haque opgestelde rekenschema's RCNDO en RINDO voorspellen ten kos-

te van veel computertijd onjuiste evenwichtsgeometrieën, aanslagenergieën

en ladingsverdelingen.

W.Haque, J.Chem.Phys. 67^ 3629 (1977)

W.Haque, 372 QCPE JJ_ (1979)

VIII

Veelal kunnen de effekten van het oplosmiddel op de ligging van elektronen

spektra niet verklaard worden met behulp van continuum modellen. Een zoda-

nige verfijning van die modellen dat alleen de elektrostatische wisselwer-

king tussen de opgeloste stof en het oplosmiddel in meer detail wordt

beschreven is echter weinig zinvol.

R.Cimiraglia, S.Miertus, J.Tomasi, Chem.Phys.

Lett. 80, 286 (1981).

Dit proefschrift, deel II, hoofdstuk 2.

IX
2 2 +

De waarde voor de absorptie oscillatorsterkte voorde X ü->-C E overgang

in het OH radicaal, zoals door Smith en Stella afgeleid uit de levensduur
2 +

van de C E toestand, is onjuist.

W.H.Smith, G.Stella, J.Chem.Phys. 63[, 2395 (1975)

X

De veronderstelling van Silva, Tate en Woolfson dat de door hen afgeleide

fase - relaties zouden leiden tot een overbepaaldheid van de fasen, die

groter is dan volgt uit de Sayre vergelijking, is onjuist.

A.M.Silva, C.Tate, M.M.Woolfson, Acta Cryst. A37,

548 (1981); W.J.Vermin, Proefschrift, Leiden (1981)

M.C.van Hemert Leiden, 7 oktober 1981
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