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Abstract

Recent developments in the understanding of the relative intensities

of INS bands (polycrystalline samples) are described together with the

observation of a fundamental transition at ca 38O meV (C-H stretching

mode) uncontaminated by overtone or combination bands. Recent work

( >1OO meV) on strongly hydrogen bonded complexes (CrOHO and MFHP ) which,

have high energy modes exhibiting significant dispersion, is also discussed.

INTRODUCTION

In the field of molecular spectroscopy there should be no competition

between inelastic neutron scattering (INS) on the one hand and infrared

and Raman spectroscopy on the other. The convenience of the latter

techniques ensures that neutron scattering measurements are only made

when the optical measurements cannot yield the required data. There are,

however, many situations in which this arises including (see other papers

in this conference proceedings for additional applications e.g. to surfaces

etc.):

(A) the observations of transitions forbidden by electromagnetic

selection rules;

(ii) highly fluorescing samples;

(iii) "metallic" systems;

(iv) normal modes hidden by more intense optical bands;

(v) dispersive modes where "q" data is required;

(vi) transitions for which the optical bands are associated with

complex phenomena e.g. Evans holes, restrahlen effects etc.
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The highest energy transfer of interest for fundamental transitions

is £a 550 meV. Above £a 250 meV almost all of Che modes involve

hydrogen, which is particularly fortunate since H has such a large

incoherent cross section for neutrons. The moderate fluxes currently

available over the required energy range (say >100 meV for the purposes

of this conference) have, in general, necessitated the use of large samples
2

(beam areas typically 3-4 in ) and so most work has been done on poly-

crystalline materials. The sample sizes required have been decreasing

progressively and as the new and projected pulsed sources achieve their

design specifications, samples of less than 1 g will undoubtedly be

routinely used.

Since the frequency of a transition affects not only the position

but also the intensity of an INS band the simulation of an INS spectrum

is an extremely sensitive test of a force field. In principle JNS

band intensities are simpler to calculate than those in IR or Raman

spectra. The intensity (I(v)) of an INS band due to a normal mode

v is given for a single crystal by [ l ] :

I(v) a (Q.u(v))2 exp(-2W)

where joj is the momentum transfer, |JJ(V) J is the root mean square amplitude

of vibration of the scattering atom in the normal mode v and exp(-2Wj is

the Debye-Waller factor. Orientational averaging of this expression is

required for a polycrystalline sample. An analytical expression for

this average in the case of an oscillator with just three modes orthogonal

in cartesian co-ordinates has been recently derived [2]. This enables

the anisotropy of the IWF to be easily allowed for and demonstrates the

errors inherent in contemporary approaches in which the EWF is either

(a) set to unity or (b) assumed to be isotropic.

FUNDAMENTALS AT ENERGy TRANSFERS ABOVE 300 meV

There are severa l l i t e r a t u r e r epor t s of the observat ion of fundamental

t rans ions above 350 meV using beryll ium f i l t e r de tec to r spec t rometers .

For some of these , fu l l normal co-ordinate analyses have been performed

and the experimental data compared with the ca lcu la ted spec t r a . We

consider t h a t , because the anisotropy of the DKF has been ignored, the

apparently good f i t at higher energy transfers is fortuitous. This arises
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because the calculations underestimate at high energy transfer the contrib-

ution of overtone/combination bands and overestimate fundamental band

intensit ies. This is indicated in a recent INS study of HC(Co)3(CO)g

[3]. The INS spectrum (figure 1) of this sample shows the carbon-

hydrogen bending mode {6(C-H)} at 106.5 meV (1 meV = 8.07 cm ) and i t s

f i rs t overtone at 212 meV. The second overtone i s extremely weak and

the inportant fact to note is that the fundamental of the carbon-

hydrogen stretch (v(C-H)} (expected at 377 meV from optical data) is

not observed. The low relative intensity of v(C-H) with respect to

6 (C-H) is consistent with the high Q value at v(C-H) {M.4 &~ } reducing the

anisotropic DWF to a very small value. I t has proved possible to observe

v(C-H), and a very much smaller intensity ratio of 6(C-H)/v(C-H), using a

low angle detector bank (7°) on a chopper spectrometer (figure 2). In this

case the Q value at v(C-H) i s much smaller (^8 2~ ) . The calculated intens-

xties are in good agreement with theory.
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Figure 1.
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INS spectrum (15 K) of HC(Co)3<CO) obtained using the
Los Alamos filter difference spectrometer. [3]
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Figure 2. INS spectrum (90 K) of HC(Co) (CO) obtained using the AERE
Harwell inelastic rotor spectrometer (7° scattering angle).[3]

These results indicate

(1) that the observation of very high energy transfer fundamentals

in complex molecules i s likely to be difficult using f i l t e r

detector techniques because of the associated high Q values

and the inportant contribution from overtones/combination

bands;

(.21 because the anisotropy of the DWF has been ignored in theor-

etical calculations of the INS spectra of molecular polycrystals

the spectral calculations available are open to significant

criticisms;

(3) that the setting of the EWF equal to unity is an unacceptably

poor approximation and

(4) recent developments in our understanding of the EWF indicate

that good quality spectral calculations are now possible.
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HYDROGEN BONDED SAMPLES

Many INS s t u d i e s of hydrogen bonded sys tems have been r e p o r t e d [4]

however, the data in several of the earlier ones has been subject to

reinterpretation sinoe i t has become possible routinely to measure at

higher energy transfers (>150 neV) .

(a) KH(CO2CF3)2

As a straightforward example of the way in which INS can contribute

to research into hydrogen bonds we consider KHfOO-CF-J- which contains

an 0 H 0 bond [5] . There were two very different sets of assignments

of the normal modes of this moiety in the literature [6,7]. Some of

these assignments are given in table 1 and the spectrum is shown in

figure 3.

Clearly the assignments of Miller are inconsistent with the INS data in

tha-. for example the intense INS band expected at ca 13O meV from his

assignments is not observed. This spectrum also i l lustrates a second

point. Hadzi was unable to assign an optical band to y(OHO) because

the intense CF, absorptions occur in the same region (14O-»-155 meV) -

This problem does not arise in the INS spectrum and y(OHO) i s easily

observed at 147.7 meV.

(b) CrOHO

This is an example of an O-—H 0 hydrogen bond in whicii the oxygens

are strongly bonded to a metal ion. I t has also been the subject of some

Mode

v (OHO)
s

v (OHO)

6 (OHO)

Y(OHO)

Hadzi [6]

1 6 . 1

9 9 . 1

183.4

-

Miller [7]

98.1

-

129.0

119.0

INS [5]

-

99.1

189.8

147.7

Table 1 Assignments of some of the normal modes of KH{O0.,CF_) (meV)
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Figure 3. INS spectra (77 K) of (a) KH(CO2CF3)2 and (b) KH(CO2CC13)2- [5]

detailed theoretical work. In view of the unusual changes which occur in

the infrared spectra of CrOHO on deuterating the hydogen bond and because

the band associated with the antisymmetric stretch is so broad te2OO meY) ,

there have been several structural and spectroscopic studies of CrOHO

and CrODO [8-11]. Starting from an early hypothesis that the hydogen

bond can be represented by a symmetric double well potential an attempt

has recently been made to unify the available data [12] using back-to-back

Morse potentials (figure 4). The spectroscopic assignments, together with

the observed oaygen-oa^gen distances, were used to obtain the parameters
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Figure 4. Calculated double Morse potential for CrOHO. [12]

of the potential. The equations only yielded solutions for an O-D bond

length in the range 0.93-O.96 A, which enabled a choice to be made between

the two different structure determinations [9,1O]. Unfortunately i t is

also not clear that, in view of i t s considerable width, the centre of the

i r band assigned to v (OHO) actually corresponds with the transition
clS

frequency.

The INS spectrum of CrOHO is shown in figure 5. The intense band

at 151 meV has been assigned previously in the i r [1] and also in an

early INS study. I t is the doubly degenerate bending mode, Y(OHO).

I ts intensity and sharpness are comparable with those observed for

similar hydrogen bonded compounds. I t is especially comparable to that

of, the isomorphous, sodium bifluoride, NaFHF [13).

If we assume that the correlations of the frequency of Y(OHO) against

O3jygen-O3«ygen separation (R(00)) e.g. [14] can be applied in this case

then a value of R(OO) of 2.47 A is obtained. This compares with the

measured value of 2.49 %. [10). The correspondence i s surprisingly good,

since the original correlations are dominated by data from the dicarboxylic

acids- we were principally interested in the region above y (OHO) and

data were collected to ca 625 meV. We observe (figure 5) a weak band
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Figure 5. INS spectrum (15 K) of Cr(OHO). The lines broken represent
the fitted cuives (Gaussians convoluted with the instrument
resolution function) to the data points and the solid line
is their sum. [18]

at ca 178.5 meV, the overtone of y (OHO) at 322 meV and a broad feature

centred at ^a 254 meV.

It i s immediately apparent that the centre of the broad i r feature

at 205 meV corresponds to a minimum in the INS spectrum. We asscciate

the broad feature (INS) at £a. 254 meV with v ^ (OHO) {|O>+j2>, |l>-*|2>}.

Our results are therefore different from those obtained in the i r studies.

In the i r , the band associated with v (OHO) {|l>+|2>} i s even broader,
aS

starting at about 125 meV. A similar situation occurs in the ir spectra
v (JBF) band s tar t s at 1300 and extends uptoasof NaHFH. Here the

2O0O cm" (there i s also some structure due to combinations of the type

v + nv , n = 1,2 . . . ) . The INS spectrum of NaFHF shows a much narrower
35 S

as
(FHP) (full width half height £a. 18.5 meV) , and no combinations [133.

I t has already been suggested that the great width of the i r bands in the
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isomorphous COOHO, and NaFHF, are partly due to strong reflection processes

[15] associated with dispersed modes. Our spectrum leads us to believe

that this is probably the case for CrOHO, and only that part of the i r

band above 200 meV is due to a true absorption process.

This has immediate implications for the work of Lawrence et al [5]

since i t imples that the value of v (OHO) {|l>-|2>J used by them in their

calculations (2O5 meV) was too low. These authors state that their model

for calculating i r bandwidths is very sensitive to the value of this

parameter. I t is also conceivable that using higher value for v (OHO)
3S

a rather different range of solutions for the O-H(D) distance would be

obtained.

The observed width of the INS band centred at £a 254 meV may

be due to one or more of the following:

(i) the band is composed of unresolved components arising from

|O>—|2> and |l>-|2> transitions. The levels |o> and |l>

are separated by ca_ 25 meV [12]. I t has been suggested

that the population of level |l> i s maintained at low

temperature by strong proton-proton interactions 112];

(ii) v (OHO) is probably dispersed;

(i i i) v (OHO) may be kinematically coupled to v (OCrO). Thisas s

involves the change in the separation of the energy levels

as the oxygen-oxygen distance changes. In view of the

harmonic nature of the well in NaFHF this coupling does

not occur in this compound.

A plot of 0-H stretching frequency versus oa^gen-hydrogen distance, for

a range of hydrogen bonded complexes, has been given by Novak [16J. The

data point for CrOHO is far from the given straight line. Novak used

values of 1650 cm and 1.24 A (half R(00) distance) for the parameters.

Using our value of £a 2050 cm for v (OHO) and the measured O-H

distance of 1.16 X [9] better agreement with the correlation is obtained.

If the 0-H distance predicted by Lawrence et al [12] (O.97 %) i s used

then once again the agreement is very poor.
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Because of the extreme difficulty in obtaining single crystals of

CrODO more detailed work on high energy transfer dispersed modes in this

material is unlikely. However NaFHF is isomorphous to i t and also shows

indications of dispersion.

NaFHF

NaFHF and KFHF have been ex tens ive ly s t ud i ed and although they are

often quoted as being examples of the s imples t form of hydrogen bonded

systems there are s t i l l a number of unexplained fundamental f ea tu res of

t h e i r s p e c t r a and p r o p e r t i e s . The large width of v (FHF) 175 meV has
as

been discussed in terms of (a) e l e c t r i c a l anharmonicity and (b) mechanical

anharmonicity and (c) r e f l e c t i o n p r o c e s s e s . Molecular dynamics s imul-

a t ions have been performed using Lippincot t -Schroeder and model

anhannonic p o t e n t i a l s . The ca l cu la t ed S(Q,W) shows considerable s t r u c t u r e ,

however, there is relatively l i t t l e data available against which to test

them.

Previous work [17] has shown that in the INS spectrum (polycrystalline

sample) the band-shape of v (OHO) in NaFHF is markedly asymmetric, which
as

indicates that the dispersion curve of this mode is not flat. I t is

intriguing to note that the INS spectra of NaFHF and KFHF are identical

but that their structures are very different ^^A an<^ D4h r e s P e c t i v e l y ) '

In view of this i t appears that the coupling mechanism is the same for

both samples and consequently dipolar coupling on i t s own cannot explain

the observations.

Clearly in order to fully understand the coupling mechanism in these

materials more information on the dispersion of v (OHO) must be obtained.
as

We are planning to make these measurements on the constant Q spectrometer

at Los Alamos in the near future.CONCLUSION

Even with the l im i t ed f a c i l i t i e s ava i l ab le t he re have been a number

of successful molecular spectroscopic studies on polycrystalline samples

at high energy transfers (>1OO meV). Significant progress has been made

towards a quantitative understanding of the correct form of Debye Waller
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i
isomorphous CoOHO, and NaFHF, are partly due to strong reflection processes

[15] associated with dispersed modes. Our spectrum leads us to believe

that this is probably the case for CrOHO, and only that part of the i r

band above 2OO meV is due to a true absorption process.

This has immediate implications for the work of Lawrence et al [5]

since i t imples that the value of v (OHO) {|l>-|2>} used by them in their

calculations {2O5 meV) was too low. These authors state that their model

for calculating i r bandwidths is very sensitive to the value of this

parameter. I t is also conceivable that using higher value for v (OHO)

a rather different range of solutions for the O-H(D) distance would be

obtained.

The observed width of the INS band centred at j;a 254 meV may

be due to one or more of the following:

(i) the band is composed of unresolved components arising from

|O>—]2> and |l>-|2> transitions. The levels |o> and jl>

are separated by ca_ 25 meV [12]. I t has been suggested

that the population of level |l> is maintained at low

temperature by strong proton-proton interactions [12];

(ii) v (OHO) is probably dispersed;

(iii) v (OHO) may be kinematically coupled to v (OCrO). Thisas s

involves the change in the separation of the energy levels

as the oxygen-oxygen distance changes. In view of the

harmonic nature of the well in NaFHF this coupling does

not occur in this compound.

A plot of 0-H stretching frequency versus oxygen-hydrogen distance, for

a range of hydrogen bonded complexes, has been given by Novak 116]. The

data point for CrOHO is far from the given straight line. Novak used

values of 1650 cm and 1.24 A (half R(00) distance) for the parameters.

Using our value of ^a 2050 cm for vgs(OHO) and the measured O-H

distance of 1.16 A [9] better agreement with the correlation is obtained.

If the O-H distance predicted by Lawrence et al [12] (O.97 A) i s used

then once again the agreement is very poor.
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Because of the extreme difficulty in obtaining single crystals of

CrODO more detailed work on high energy transfer dispersed modes in this

material is unlikely. However NaFHF is isomorphous to i t and also shows

indications of dispersion.

NaFHF

NaFHF and KFHF have been extensively s tud ied and although they are

often quoted as being examples of the simplest form of hydrogen bonded

systems there are s t i l l a number of unexplained fundamental features of

t h e i r spec t ra and p r o p e r t i e s . The large width of v (FHF) 175 xneV has
as

been discussed i n terms of (a) e l e c t r i c a l anharmonicity and (b) mechanical

anharmonicity and (c) r e f l e c t i o n p rocesses . Molecular dynamics simul-

a t ions have been performed using Lippincott-Schroeder and model

anharreonic p o t e n t i a l s . 3he ca lcu la ted S(C,W) shows considerable s t r u c t u r e ,

however, there is relatively l i t t l e data available against which to test

them.

Previous work [17] has shown that in the INS spectrum (polycrystalline

sample) the band-shape of v (OHO) in NaFHF is markedly asymmetric, which
as ,

indicates that the dispersion curve o±" this mode is not flat. I t is
intriguing to note that the INS spectra of NaFHF and KFHF are identical

5 18

but that their structures are very ciifferent (D-j, and D.u respectively):

In view of this i t appears that the coupling mechanism is the same for

both samples and consequently dipolar coupling on i t s own cannot explain

the observations.

Clearly in order to fully understand the coupling mechanism in these

materials more information on the dispersion of v (OHO) must be obtained.

We are planning to make these measurements on the constant Q spectrometer

at IJOS Alamos in the near future.
CONCLUSION

Even with the limited facilities available there have been a number

of successful molecular spectroscopic studies on polycrystalline samples

at high energy transfers (>100 meV). Significant progress has been made

towards a quantitative understanding of the correct form of Debye Waller
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factor to be used in normal mode calculations. Newer facilities and

spectrometers will significantly enlarge the scope of possible measure-

ments and in particular more single crystal work on high energy dispersive

modes is to be expected.
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