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1 Introduction

Potential energy surfaces are fundamental to chemistry; if you
know the potential energy surface for a system many of its
properties can be calculated from it. The forces acting within
and between molecules are often discussed in a qualitative way
when interpreting the behaviour of molecules, such as interpret-
ing the behaviour of mixtures of liquids in terms of the interac-
tions between like and unlike molecules. A quantitative under-
standing is also possible, given appropriate measurements or
calculations, and thisis the area I intend to discuss in this review.
T am going to concentrate on simple systems, involving just a few
atoms, as it is on these systems that very detailed measurements
can be made and a complete map of the potential energy surface
can be put together. It is also possible to calculate all the
properties of such systems from first principles to compare with
experiment. Such calculations are not routine, being very time
consuming, and ones that can reproduce all the experimental
data to the experimental accuracy are few and far between. The
increase in complexity as we go to larger systems is such that we
must limit ourselves to less detailed experiments and calcula-
tions, but work on smaller systems can give guidance as to what
models will work and where approximations can be made.

Itis not possible to measure potential energy surfaces directly;
some property must be measured that depends on the potential
energy surface and a model potential is adjusted to make the
property agree with experiment when calculated from the model
potential. The measurements that yield the most detailed infor-
mation on a potential energy surface are almost invariably
spectroscopic ones, and in this review I will be giving an
overview of modern spectroscopic studies on isolated, small
molecules which have yielded important information on poten-
tial energy surfaces. In a sense this review could also have been
entitled ‘Modern Applications of Laser Spectroscopy’, because
recent developments have typically involved the use of (one, or
more often, several) lasers. The techniques used are usually not
new (though there are some important new refinements), but
over the past decade or so laser technology has become suffi-
ciently mature and stable that difficult systems can be tackled,
rather than those which are just operationally convenient. For
this reason I will concentrate on the results, rather than the
hardware, and below I hope to give the flavour of the important
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measurements that can be made today and the results that can be
obtained from them. As the topic is so wide the selection I make
must be arbitrary; areas I have completely ignored include
dynamical studies and investigations of larger molecules, as
reviews of these areas have appeared recently in this journal.!-2

2 Determining the Potential Energy Surface

As the link between spectra and the potential energy surface is
not trivial I will start by going through the process for a diatomic
molecule. This serves to illustrate the principles involved,
though a lot of extra complexity is introduced on going to a
triatomic or larger molecule. It also indicates what experiments
are required to determine the potential energy surface
completely.

First, suppose we have a well-resolved spectrum; Figure la
shows a simulation of part of the visible electronic spectrum of
I,, the B*Ily,,— X'Z; transition, with both rotational and
vibrational structure visible. A complete picture of this spectrum
can be found in the Todine Atlas? as this spectrum is often used
for calibration purposes. The spectroscopist can assign each
transition in terms of the vibrational and rotational quantum
numbers involved and then produce spectroscopic constants
that reproduce the observed transitions for each vibrational
band. In this case the procedure is straightforward, though time-
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Figure I Determination of the potential energy curve for I,. (a) Simula-
tion of a fragment of the visible spectrum; the temperature was set at
100 K so that the structure of the spectrum in clear. (b) Spectroscopic
constants derived from (a). (c) Potential energy curve for the Bstate of
I,.
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consuming, as the rotational energy levels for each vibrational
level (with quantum number v) follow the simple formula 1n
terms of the rotational quantum number J

EvJy=T,+ BJ(J+1)—DJ*(J+ 1)+ (1)

The resulting table of rotational constants (B,, D,) and band
onigins T, (Figure 1b) can be further reduced by expressing the
constants as power series 1n v + % such as

GV)=v(v+3)— xw(v+ 12+ 2)
B()=B,— ao(v+ i)+ (3)

v 1s the wibrational stretching frequency These formulae (or
tables) can be extended to cover a wide range of levels in the
exated state and provides the nput to the final stage, the
determination of the potential energy surface For diatomic
molecules the RKR (Rydberg—Klein—-Rees) method can be
used* to give the classical turning points, r. and r_, (the points
on the curve where the potential energy equals the total energy)
for each of the observed vibrational levels

oy = |t ¢ dv’ @
2n2ep” 4 \/G(V) -G

B(v)dv' o)
4 JG(V) — G(v)

These two equations give the full potential energy curve for the
excited state, as shown in Figure Ic The RKR methodisinfacta
semi-classical method but 1t 1s accurate and easy to apply, the
computer program required to evaluate equations 4 and S1s only
200 or so lines of FORTRAN? and 1s not beyond the capabilities
of a large pocket calculator

For polyatomic molecules each step 1n the process
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taking spectra — molecular constants — potential energy surface

becomes much more complicated because of the greater number
of degrees of freedom For a triatomic molecule there are three
modes of vibration and thus three vibrational coordinates (or
four 1f the molecule 1s linear) and even plotting the potential
energy surface becomes difficult as a 3D picture can only show
two coordinates If the molecule 1s not hnear the rotational
picture will also be more complhcated as the molecule becomes a
symmetric or asymmetric top These effects make even the first
step, taking spectra, more difficult as a polyatomic molecule will
have many more states populated at any given temperature and
thus more congested and overlapped spectra The spectra will
also be weaker as the same intensity 1s shared over more
transitions

The molecular beam techmques described below are invalu-
able 1n counteracting these problems by reducing the number of
states populated The consequent reduction in the number of
transitions also helps in the next stage, assigning the spectrum
The extraction of spectroscopic constants from the spectrum 1s
also more difficult as the model Hamiltomans are more compli-
cated, but the use of computers means that this 1s not an
overwhelming problem

The final stage, the reduction to the potential energy surface,
1s much more tricky for polyatomics as there 1s no equivalent to
the RKR procedure to allow a direct inversion of the spectro-
scopic data to the potential energy surface Instead an alterna-
tive scheme must be used, outhned in Figure 2 This involves the
expression of the potential energy surface 1n terms of varous
adjustable parameters, rather than a simple numencal tabula-
tion as produced by the RKR process The experimental spectra
(or the spectroscopic constants derived from them) are then
calculated from this surface using estimated imtial values for the
parameters The results are compared with experiment and the
parameters adjusted on the basis of this companson This
process 1s repeated until a reasonable match with experiment 1s
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Figure 2 Flow diagram for determining polyatomic potential energy
surfaces by adjusting the parameters defining the surface

achieved The programs involved are large, as calculations of
energy levels on a general potential energy surface are complex
and time-consuming This 1s particularly true as we are con-
cerned with the complete potential energy surface and conven-
tional methods relying on approximations such as the harmonic
oscillator are only vahd 1n the equlibrium region In fact, most
of the molecules mentioned 1n this review have unusual features
n their potential energy surface which give calculation problems
evenn the equiibrium region We will not discuss this computa-
tional problem further here, but refer the reader elsewhere ¢ 7
We merely note that, while sigmificant computer resources are
required, they are typically much less than those required for a
complete ab intio calculation of the surface

Despite the extra complexities of polyatomic molecules the
diatomic picture does indicate which energy levels must be
measured and which experiments can probe those levels Equa-
tions 4 and 5 indicate that determination of the turning points
for a particular vibrational wavefunction requires a knowledge
of all the vibrational and rotational levels up to that level In
practice much progress can be made with only hmited rotational
information when using a model potential function with adjus-
table parameters The equihbrium geometry 1s required but the
use of physically reasonable potentials can constrain the poss-
1ible form of the potential sufficiently that the rotational infor-
mation 1s not absolutely essential Its omission can, however,
lead to ambiguities 1n the resulting potential Either way,
measurement of a wide range of vibrational levels 1s essential for
determination of the potential energy surface over a wide range
of geometries so we must consider the levels accessible to
spectroscopy For the I, example described above there were no
restrictions, starting from the lowest few vibrational levels in the
ground state that are populated at room temperature, the large
change 1n geometry upon electronic excitation means that
essentially all of the vibrational levels of the upper state can be
seen The situationis as shownin Figure 3a, where thereis a large
change 1in geometry on excitation so that the Franck—Condon
factors are favourable for large changes in the wibrational
quantum number, v On the other hand, in cases where there 1s
no change in geometry on excitation the Franck—Condon
factors will be very unfavourable for a large change in v
rendering most upper state levels inaccessible starting from the
room temperature distribution over vibrational states, as shown
in Figure 3b There are various ways round this problem, the
obvious one of heating the sample 1s a possibility though, as
indicated by our advocating the use of low temperatures to avoid
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Figure 3 Spectroscopic schemes used for the determiation of potential energy surfaces Laser-driven transitions are indicated with a thick arrow

congestion, this also introduces problems An alternative
method 1s the use of a laser to excite a vibrational transition 1n
the ground state prior to the electronic excitation, as shown in
Figure 3¢ This 1s an example of double resonance, specifically
infrared—ultraviolet double resonance (IR-UV DR) and we
illustrate its apphcation below to NH; The possible transitions
within the ground state are, however, hmited and another
possible double resonance techmque 1s to go via a different
electronic state with a different geometry so the Franck—Condon
factors again become favourable for large changesin v Thisisin
fact how the ground state levels for I, can be mapped out as
shown 1n Figure 3d Starting from a single level of the upper
electromc state a wide range of lower state levels can be
measured by analysing the fluorescence emitted from this state
Such excited states can be prepared by various means, including
chemical reactions and electric discharges, but in view of the
requirement for simple spectra the use of a laser 1n the first step,
Figure 3e, will give the best results The techmque of Stimulated
Emission Pumping (SEP), Figure 3f uses the same basic energy
level scheme but stimulates the final downward transition rather
than relying on spontaneous fluorescence This gives some
important advantages, as described below Finally, 1t 1s worth
noting that, while vibrational transitions involving large
changes in v (Figure 3g) are 1n general very weak, such transi-
tions can be seen for very anharmonic vibrations of which
hydrogen stretching vibrations (C—H, O—H) are the best exam-
ple An example of work on these overtone transitions 1s
described below for HCN

3 Molecular Beams

No review of modern high resolution spectroscopy would be
complete without mention of molecular beams ® These provide
gas samples at a temperature of a few K with reasonable number
density (equivalent to 1 Torr at room temperature) Such low
temperatures make them invaluable for simphfying complex
spectra and the combination of low temperature and high
pressure make them ideal for studying Van der Waals com-
plexes, which we discuss 1n detail at the end of the review This
seemingly impossible combination 1s actually quite easy to
produce 1n practice, the basic apparatus (Figure 4) consists of a
vacuum chamber with a small hole to allow the sample gas (at
atmospheric pressure or above) to enter Providing the hole 1s
larger than the mean free path of the gas molecules the resulting
jet of gas has some unusual properties All the molecules within
the jet are moving with similar velocity, giving little relative
motion of the molecules To a molecule within the jet this 1s
equivalent to a low temperature, though 1n fact no energy has
been removed from the gas, all the random thermal motion of
the molecules has been converted into kinetic energy in one
direction This state of affairs comes about by a ‘natural
selection’ type of process — molecules that are not travelling in
the nght direction, or with a different speed to the average, are
more hkely to experience a colhsion that will change their
velocity This collisional mechanism also gives efficient rota-
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Figure 4 Schematic of a molecular beam

tional cooling though the process 1s too fast to provide good
relaxation of the more widely separated vibrational and electro-
nic energy levels These molecular beams are often referred to as
supersonic jets, as the speed of the molecules 1n the jet 1s much
faster than the local speed of sound in the jet (which 1s low
because there are so few collisions) Figure 5 shows an example
of the great ssmphfication made possible with these supersonic
Jets, showing the vast difference between a room temperature
spectrum and a 10 K spectrum It also shows another important
advantage — not only 1s the spectrum simpler, but weak features,
such as the B2242 band, that are obscured at room temperature
become clearly visible at low temperatures The importance of
the advantages of supersonic jet spectroscopy 1s shown by the
fact that most of the work described 1n this review was carried
out in a molecular beam

4 Excited Electronic States

The sample spectrum from the last section 1s from our first case
study, on the BE” state of NH, ¢ Tt 1s actually a multiphoton!?
spectrum, ansing from the simultaneous absorption of two
photons, but for the purposes of this review this can simply be
looked on as an alternative way of taking electronic spectra, as it
does not affect the Franck—Condon factors The excited state
anses from the promotion of one of the lone pair electrons on N
to a degenerate 3p, , Rydberg orbital In common with other
excited states of NH, removal of one of the lone-pair electrons
removes the factor bending the molecule and the molecule
becomes planar The interesting feature of this state 1s that 1t 1s
degenerate, and may thus be subject to a Jahn—Teller distortion
lowering the symmetry This distortionisindeed present, though
small, and toinvestigate thisin detail requires a knowledge of the
vibrational modes inducing the distortion, the degenerate asym-
metric modes vy (N—H stretch) and v, (in-plane bend) However,
as there s effectively no change in these modes on excitation they
are difficult to see 1n a conventional electronic spectrum, ¢ e for
these modes the picture 1s as in Figure 3b Figure 5 shows how a
low temperature spectrum can render visible the weak transi-
tions involving these modes, 1n this case a change of 2 quanta in
v, Note how weak this transition s 1n contrast to the neighbour-
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Figure § Electronic spectrum of NHj: (a) as seen in a molecular beam at
10 K, (b) simulation of equivalent room temperature spectrum.

ing 2% transition (the notation implies v, changes to v, = 5 from
v, = 0, with the other modes unchanged). For v,, the umbrella
motion, the picture is as in Figure 3a because of the change in
geometry to planar from pyramidal.

These weak transitions provide some information on the
modes of interest, but not enough, partly because of symmetry
restrictions. The infra-red ultraviolet double resonance scheme
shown in Figure 3c can get round this restriction by exciting the
degenerate modes of interest in the ground state. The Franck—
Condon factors then act to preserve the vibrational motion on
excitation to the excited electronic state.

Figure 6 shows a typical double resonance spectrum; here an
infra-red laser (the pump laser) excites a single rotational transi-
tion within the v, + v; band in the ground state and a second
(ultraviolet) laser (the probe laser) takes an electronic spectrum
of this vibrationally excited state. The figure illustrates two
features of double resonance spectroscopy. The first feature, a
great advantage, is that the double resonance spectra are very
simple. This is because a single rotational level is prepared in the
intermediate state from which only a few transitions are poss-
ible. In the simplest cases a single rotational level will yield just
two transitions in double resonance, corresponding to the two
possible changes in J(+ 1 and — I). If the assignment of the first
transition is known, assignment of the final state quantum
numbers is trivial. The second feature of double resonance
spectroscopy is obvious from Figure 6 — ordinary (single reso-
nance) transitions induced by one of the lasers (in this case the
probe laser) provide an awkward background. Figure 6a shows
such a spectrum, produced by the probe laser only. This is a
common problem in double resonance and some ingenuity can
be required to remove these unwanted single resonances. In this
case two spectra are recorded simultaneously, using two identi-
cal sample cells with only one (shown in Figure 6b) exposed to
the first (infrared) laser beam and the difference, as shown in
Figure 6c, reveals the double resonant transitions.

The results for this study give a reasonable selection of the
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Figure 6 Infrared ultraviolet double resonance spectrum of NH;. The
three spectra are: (a) from the probe laser only, (b) from both the
pump and probe lasers, and (c) the difference between (a) and (b)
showing the double resonance transitions only.

lower vibrational levels involving v; and v,. The potential energy
surface for NH; is actually quite complicated, involving 6
vibrational coordinates, and we cannot claim that the surface is
known in its entirety. We will look at just the two coordinates
involved in v;, the doubly degenerate asymmetric stretch. These
arise from the two coordinates required to describe the three
N-H bond lengths after removing the symmetric stretch (v,)
corresponding to changing all bonds equally. In the absence of
the Jahn—Teller distortion the potential energy as a function of
these two coordinates will look something like Figure 7a, a
simple circular bowl corresponding to an identical simple har-
monic well along each coordinate. As the electronic state is
degenerate there will be two identical such bowls, one for each
component. The presence of the Jahn—Teller effect mixes the two
surfaces, with the mixing increasing linearly with the displace-
ment from the centre. This lifts the degeneracy between the two
electronic states and the lower of the pair now has a minimum
away from the centre, Figure 7b, though the potential still has
circular symmetry. Animportant conclusion from this work was
that mixing with other electronic states is as important as the
Jahn-Teller effect in determining the vibrational energy levels;
this mixing is with non-degenerate electronic states and has the
effect of destroying the circular symmetry, Figure 7c. Both these
effects are quite small in this case as the depth of the Jahn—Teller
induced well is less than the zero-point energy in this mode so the
average structure is still symmetrical.

For another example of double resonance see the work of
Crim er al. on the A4 state of acetylene.!! Here double resonance
allowed u (asymmetric) vibrations to be seen for the first time in
the excited state, prompting a significant reanalysis of the
vibrational structure.

5 Ground Electronic States

We now turn to methods of looking at ground state potential
energy surfaces. We illustrate this with work on HCN as this
provides an excellent example of work with two important
techniques. The end result” is one of the most complete determi-
nations of the potential energy surface for a triatomic molecule
available to date, covering vibrational energies up to 25000
cm ™ ! though, unfortunately, the highly excited bending states at
17000 cm ! and above (which are expected to isomerize to
HNC) have not yet been observed. As implied by the introduc-
tion, this has required the measurement of highly excited
vibrational states over a wide range of energies.
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Figure 7 Model potential energy surfaces for the B state of NH,: (a) with no Jahn-Teller distortion, (b) with a Jahn-Teller distortion, (c) including

mixing with other electronic states.

5.1 Overtone Spectroscopy

HCN is one of the cases where vibrational spectroscopy can give
some high vibrational levels directly, as high overtones of the
C—H stretching vibrations have been observed. These overtones
extend into the visible and almost into the ultraviolet in marked
contrast to normal vibrational transitions which are restricted to
the infrared; for HCN, levels with up to 8 quanta of stretching
vibration at 23000 cm ~ ! have been observed.!? These overtones
are very weak; the absorptions in the visible are not enough to
make the HCN gas coloured, but they can be seen if sensitive
multi-pass methods are used. The work mentioned!? involves a
new development in long path methods, cavity ring down
absorption. This technique involves a pair of highly reflective,
parallel mirrors forming an optical cavity. A laser beam passing
through this cavity will be reflected back and forwards many
times before exiting, giving effective path lengths up to 70 km
with a one metre cell. The novel twist in this method is the
measurement of the decay time of the light exiting from the cell
rather than itsintensity. Even for a short laser pulse (typically 10
ns for the lasers used here) the output from the cell persists for
several tens of microseconds as the light pulse is reflected back
and forth within the cell. Absorption in the cell will make the
light output decay faster as more light will be removed in each
pass. Measuring this decay time is preferable to simply measur-
ing the intensity loss in the cell as lasers, particularly pulsed
lasers, have poor intensity stability making small changes hard
to see. Measuring the rate of decay for each laser shot is not
affected by any variation in intensity, so much smaller absorp-
tions can be seen. Figure 8 shows a spectrum of the v, + 6v;
overtone of HCN taken in this way.

5.2 Stimulated Emission Pumping (SEP)

These overtone transitions are, however, almost entirely res-
tricted to stretching transitions and give no information as to the
bending potential. This restriction can be removed by going
through a different electronic state using the schemes in Figure
3e and 3f. For HCN the 4 state is ideal for this purpose as not
only is the CN bond longer than in the ground state (1.3 A as
compared to 1.15 A) but also the equilibrium geometry is bent,
with an equilibrium bond angle of 125°. The two-step process
involved in stimulated emission pumping!3-14 has allowed levels
with up to 14 quanta of bending vibration'® to be observed in
HCN. The principle of this technique (Figure 3f) is as follows:
one laser (the PUMP laser) is used to prepare a single rovibratio-
nal level in the excited electronic state. The spontaneous fluores-
cence from this level is monitored while a second laser (the
DUMP laser) is scanned over the region of interest. On reso-
nance the DUMP laser stimulates emission down to ground
state levels and causes a drop in the monitored spontaneous
emission (as the stimulated emission comes out parallel to the
DUMP laser and will not reach the fluorescence monitor
mounted perpendicular to the laser beams). The spectra
obtained for HCN are similar to the simpler of the spectra
illustrated below for CH;O (Figure 9) showing the very simple
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Figure 8 Cavity absorption overtone spectrum of HCN.
(Reproduced by permission from J. Chem. Phys., 1993, 99, 6287.)
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Figure 9 Stimulated emission pumping spectra of CH,O at various
levels of vibrational excitation in the ground state.
(Reproduced by permission from J. Chem. Phys., 1994, 101, 3618.)

form we saw above for double resonance spectra. There are two
important points to be made about this technique. First, this
technique is limited by fluctuations in the pump laser intensity as
these limit the reduction in fluorescence that can be seen. Even
with the difference techniques commonly used the minimum
measurable depletion is normally no less than 1%. On the other
hand, the resolution of this technique is very good, being limited
only by the resolution of the lasers used. This is in marked
contrast to the older method of wavelength analysing the
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spontaneous fluorescence with a monochromator (Figure 3e) as
here high resolution requires the monochromator shts to be set
very narrow, giving very low signals Furthermore the laser
intensity can normally be greatly increased to stimulate very
weak transitions without problems, the modern pulsed dye
lasers used for SEP can typically offer 100-1000 times the power
required to saturate strong transitions The net result of this 1s
the measurement of a very wide range of vibrational levels of
HCN leading to the potential energy surface determination
mentioned above 7

As a further example of what 1s possible consider the work by
Geers et al ' on the ground (X?E) state of CH,0 Like the B
state of NH; discussed above 1t 1s subject to a small Jahn-Teller
distortion, though this 1s not yet fully analysed Instead we will
discuss some other aspects of the potential energy surface that
are hkely to be important for any molecule SEP has been
performed via the A%, state, this anses from the promotion of a
C—-0 obondingelectron to a lone pair on O, giving an increase in
the C—O length of 0 2 A This gives a long progression 1n v, the
ground state C—O stretching mode, 1n the SEP spectrum The
spectrum shows some interesting features when the individual
peaks 1n the progression are examined at high resolution, Figure
9 (The energy scale 1n these figures 1s the energy of the final
ground state level reached, being the difference between the
PUMP and DUMP lasers ) At low levels of wvibrational exca-
tation a very simple spectrum 1s seen with just a few rotational
lines as we expect for a double resonance techmque Above 5000
cm™ ! there 1s a sudden increase 1n the number of hnes seen but
the observed hnewidth does not start increasing until ~ 9000
cm~! The extra hines are due to additional rovibrational
transitions indicating that the selection rules on K and v have
broken down (The selection rule on J remains rigorous )
Estimates of the density of states (around 5-10 percm ! at 6500
cm™!) indicate that these selection rules have broken down
completely and all states of the correct symmetry are seen 1n the
spectrum, but only in the neighbourhood of the expected C—O
stretching transitions This 1s typical of states with hmgh vibratio-
nal energy 1n polyatomic molecules and represents a transition
toa ‘statistical’ or ‘chaotic’ regime Here each state1s mxed with
every other state of the same symmetry by an essentially
random, small amount

The result 1s shown in Figure 10, our zero-order model 1s
shown 1n Figure 10a, consisting of two basic parts On the left 1s
a single state involving only the C—O stretching motion which
should show up strongly 1n the SEP spectrum and 1s therefore
known as a bright state There are also many other vibrational
states at this energy involving the many possible combinations
of all the other modes 1n the molecule to which no transitions are
expected, these are known as dark states Now the bright state
will have a small matrix element mixing 1t with each of the dark
states, and the net mixing will be roughly inversely proportional
to the energy separation between the bright and the dark state as
the variation in the matnx elements 1s relatively small This gives
the levels shown 1n Figure 10b, where the bright state character
has been shared out over the nearby dark states The amount of
the bright state 1n each dark state 1s indicated by the width of the
transition hine, the result matches the form of the observed SEP
spectra at high energies This mixing 1s normally only seen at
high vibrational energy where the density of states 1s hgh,
though 1t can show at low energies when there 1s a chance match
n energy between two levels, this 1s known as Fermu Reso-
nance '7 (Dense clumps of lines are not seen 1n the HCN case as
the density of states 1s much lower, <1 percm ™! even at 24000
cm~ ! ) An alternative way of looking at this 1s that the mixing
between vibrational modes 1s such that the energy only stays
localised 1n the imtially prepared C—O bond for a short time, the
width of the clumps (20—30 cm ™ !) imphes this1s ~0 15 ps At
the highest energies in the CH;O spectra the line widths change
as shown by Figure 9, from laser hmited (~0 04 cm~1) to >1
cm™! This 1s probably due to dissociation into H + H,CO as
the threshold energy for this process 1s about 8400 cm !

Several other small polyatomic molecules have been studied
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Figure 10 ‘Chaotic’ vibrational energy levels

by SEP, including C;, NCO, and C,H, Thereadersreferred to
more detailed reviews for further information 13 14 It 1s also
worth mentioning another techmque variously known as
degenerate four wave mixing or laser induced grating spectro-
scopy 18 This technique rehes on the interference between two
laser beams of the same frequency generating a transient diffrac-
tion grating 1n the sample (mamfested as a varying refractive
index of the sample) A probe beam diffracted off this provides
the detected signal Whle this technique 1s comphcated to set up
1t 1s very promusing for future work as the vanant equivalent to
SEP 1s potentially much more sensitive than SEP 1tself since
there 1s no single resonant signal, thereby removing the require-
ment for difference techmques that hmit the sensitivity of SEP

6 Van der Waals Molecules

The range and precision of the determinations of the potential
energy surface 1llustrated above can be extended to cover the
forces acting between molecules (intermolecular forces) as well
as those acting within molecules (intramolecular forces) Thiss
possible by taking spectra of weakly bound complexes held
together by the weak forces that act between normal molecules
These are known as Van der Waals molecules (after the forces
involved) and include such species as Ar,, ArHCI, (HF),, and
ArOH Itisimportant to emphasize that these molecules are not
held together by strong chemical bonds and the binding energies
are only of the order of 100 cm ! for the non hydrogen-bonded
complexes This means that the equiibrium concentration
under normal conditions 1s very low and 1t 1s only 1n the low
temperature, colhsion-free environment of a molecular beam
that significant concentrations can be prepared The weak
bonding also gives problems 1n the spectroscopy of these com-
plexes as many of the approximations normally used 1n spectro-
scopic analysis break down There 1s, however, one important
simphfying feature 1n the analysis the individual molecules
making up the complex are little changed on complex formation
and the use of the spectroscopic properties of the free molecules
(transformed 1f required to the axis system of the complex) gives
a good starting point to any analysis Perhaps the best example
of what can be achieved 1s work on the ArHCl potential'® which
has produced a very detailed map of the potential as a function
of all three internal coordinates

As s true of this paper 1n general, we cannot hope to provide
anything approximating full coverage of the spectroscopy of
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Figure 11 Outline of the apparatus for taking far infrared spectra of Van der Waals molecules

Van der Waals molecules, but can only highlight some interest-
ing and topical areas Much of the early work involved micro-
wave spectroscopy of these clusters, these of course yielded the
equlibrium structure of the complex and, to a greater extent
than microwave spectroscopy on normal molecules, infor-
mation on the bonding 1n the complex This 1s because the weak
bonds within the complex imply large zero-point motion which
shows 1n the hyperfine constants and also as large centrifugal
distortions A thorough discussion of the results that can be
obtained 1n this way 1s provided 1n reference 20

6.1 Infra-red Spectroscopy

Just as for conventional molecules the best determination of the
potential energy surface requires the measurement of a wide
range of vibrational energy levels The weak bonds imply that
there will be relatively few vibrational levels to measure but the
low frequency imphes that spectra must be taken 1n the techm-
cally difficult far infrared region For a species such as ArHCI
similar information can, in fact, be obtained from near infrared
spectra as the complex will give transitions 1n this region anising
from the H—CI stretch Combinations of this high frequency
mode and the low frequency Van der Waals modes can readily
be observed and are similar to pure Van der Waals mode spectra
as the H—CI vibration has relatively little effect on the complex

Taking infrared spectra of complexes 1s, 1n general, difficult as
the spectra has to be taken 1n absorption which is far from 1deal
for the molecular beam sources that must be used for Van der
Waals spectroscopy The short path length and relatively low
concentration of the species of interest in a molecular beam
mean that the attenuation of the laser beam 1s much too small to
measure directly In fact little infrared spectroscopy has been
performed 1n molecular beams, the standard methods of mole-
cular beam spectroscopy normally rely on detecting a side effect
of absorption, such as fluorescence or 10omzation, which occur
on a true zero background making small changes much easier to
detect These side effects are not present after infrared absorp-
tion, so special techniques must be used to enhance the sensiti-
vity, we describe here the work of Saykally and co-workers on
far infrared spectra,?! though similar techmques have been used
n the near infrared by Nesbitt and co-workers 22

An outhne of the far infrared apparatus used 1s shown in
Figure 11, the key feature 1n this experiment 1s the use of a sht
rather than a simple circular hole to produce the molecular
beam The shit used in this study 1s 10 cm long by 25 um wide, not
only does this provide a much enhanced absorption path length
but it also 1s more effective at generating Van der Waals clusters
than an ordinary molecular beam This 1s because the pressure
falls off less rapidly, being proportional to 1/x rather than 1/x2,
where x 1s the distance from the nozzle (This 1s the difference
between a point and a line source ) As formation of Van der
Waals molecules 1s a three-body process, the higher pressures
encourage theirr formation Obtaining tuneable far infrared
radiation 1s also tricky, the scheme shown here 1s to use a fixed
frequency farinfrared laser (pumped by a CO, laser) and mix the
output of this with readily tuneable microwave radiation to give
tuneable radiation 1n the far infrared The net result 1s a very
sensitive spectrometer which has been used to take spectra of
many Van der Waals molecules 2!

As an example consider work on the ArH,O complex, nine
vibrational bands have been measured for this complex in the far
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Figure 12 Schematic energy level diagram for H,O and ArH,O

infrared, together with five transitions for deuterated species
Figure 12 shows the lower vibrational levels of ArH,O This
illustrates the unusual energy level patterns often found 1in Van
der Waals complexes The H,O 1s almost completely free to
rotate within the complex (the zero-point energy 1s above the
small barrer to rotation) so, instead of using the conventional
bending vibrational quantum numbers, the asymmetric top
quantum numbers (here 1,,, 1,,, 1,4 and 04,) are used to label
the states For a free H,O molecule (Figure 12a) these define the
rotation of the molecule precisely, but in the complex the 2J + |
degeneracy 1s lifted, here giving 2 and IT components for J = |

The diagram shows that the energy changes are not that large
and so the free rotor states are providing quite a good gwide as to
where the states he Not shown on this diagram are levels
associated with stretching of the Ar--- H,O bond which behave
1n a more conventional manner Combining all the available
information has lead to the ‘AW2’ surface 23 The most recent
work 1n this area 1s now concentrating on Van der Waals
trimers,?? as these allow mvestigation of three-body forces

These forces alter the interaction between two molecules when a
third molecule 1s present, and are thought to be wital for the
correct calculation of hquid and sold properties

6.2 Open Shell Complexes

The final topic to be considered 1s that of Van der Waals
molecules where one of the partners s an open shell molecule or
radical This 1s potentially very interesting as the open shell
species introduces effects not present 1n closed shell molecules
For example, 1if the uncomplexed molecule has an unfilled =
orbital then the presence of another molecule can lift the =
degeneracy giving two different electronic states

Spectra of Van der Waals radicals have mainly been taken by
electronic (ultra-violet or visible) spectroscopy This was one of
the methods used 1n early work on Van der Waals clusters, but it
1s only recently that 1t has become possible to take spectra of
complexes of unstable species This 1s because of difficulties 1n
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preparation — high concentrations of the unstable species must
be produced in the presence of a large excess of inert gas.
(Supersonic expansions typically work with < 5% of the species
of interest in 1—20 atmospheres of inert gas.) This excludes
some of the traditional methods for producing radicals, such as
flames and microwave discharges. However these production
difficulties have now been overcome and several open shell
clusters have thus been studied.

The most fruitful work has been on ArOH. This was first
made by photodissociating HNO, with a laser either just inside
the supersonic nozzle (by Lester and coworkers®*) or just
outside the supersonic nozzle (by Heaven and co-workers??).
The key point in these experiments is that the radical must be
prepared in the high pressure region of the expansion where
cooling collisions are frequent so that the energy released by the
photodissociation process can be removed and the clusters
formed. The apparatus is indicated schematically in Figure 13;
the probe laser will typically be located 1 cm downstream of the
nozzle. It has also been possible to prepare ArOH using an
electric discharge operating in the high pressure region.?® A
spectrum of ArOH is shown in Figure 14; it is typical of
electronic spectra of Van der Waals molecules in that it shows
very strong signals due to the uncomplexed radicals, in this case
from the A2X+ — X?IT transition in OH and much weaker
signals from the complex. The small shift from the uncomplexed
signal is typical as the electronic energy is not much affected by
complex formation.

In fact ArOH has an unusually large change in the Van der
Waals bond for this type of electronic excitation. The ground
state binding energy is ~ 100 cm !, typical for Ar complexes,
but this increases to ~ 1000 cm ~ ! in the excited state, suggesting

Photolysis Probe

Laser Laser

Figure 13 Apparatus for preparing Van der Waals complexes of tran-
sient species.
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Figure 14 Spectrum of ArOH adjacent to the 42X+ — X217 transition
on OH. The OH signal, even on the lower trace, is strongly saturated.
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some incipient chemical bonding. This implies a change in the
Van der Waals bond length and consequently a long progression
in the excited state Van der Waals stretch. Enough bending
levels are also observed to allow a reasonably complete determi-
nation of the excited state potential. The ground state has also
been studied extensively, making use of stimulated emission
pumping?* which, as we saw above, has been so successfully
applied to bound molecules. The change in geometry in the
excited state of ArOH has allowed nearly all the bound vibratio-
nal levels in the ground state to be observed and the SEP
measurements, combined with microwave spectra, has lead to
the detailed determination?®” of the ground state potential shown
in Figure 15. The minimum is at the linear Ar—H-O configu-
ration, with a secondary minimum (44 cm ~ ! higher) at the other
linear configuration. Unfortunately the details of the most
interesting feature, the lifting of the = degeneracy in the ground
state is still unclear, but it seems that there is a difference of ~ 10
cm ™! between the energies of the ArOH molecule with the odd
electron in the in-plane and out-of-plane orbitals.?®

53 A

2 47650

Figure 15 Potential energy surface for the X211 state of ArOH, showing
how the energy changes as the Ar atom moves round the OH sub-unit
for fixed O—H bond length.

Several other open shell complexes have been studied by
similar methods;?® one recent experiment3® on the A'[7-X' X
transition in ArAlH found, in contrast to the ArOH case, the =
degeneracy very strongly lifted in the excited state. The in plane
and out of plane orbitals differ in energy by > 100 cm =1 and the
complex has a completely different equilibrium geometry
depending on which of the two = orbitals is populated.

7 Conclusion

I hope I have given a flavour of the variety of experiments that
can be performed in order to measure a wide variety of vibratio-
nal levels of a molecule, and the quality of the potential cnergy
surfaces that can be extracted from such data. One very general
comment can be made: the best determinations come from
combining data from several sources; it is rare that a single
experiment can provide all the required data.
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