-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

provided by Online Research Database In Technology

Technical University of Denmark DTU
oo

Thermal Neutron Diffraction from the Liquids N2 and O2.
Determination of Nearest Neighbor Parameters and Angular Correlations

Pedersen, K. Schou; Hansen, Flemming Yssing; Carneiro, Kim

Published in:
Journal of Chemical Physics

Link to article, DOI:
10.1063/1.437521

Publication date:
1979

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Pedersen, K. S., Hansen, F. Y., & Carneiro, K. (1979). Thermal Neutron Diffraction from the Liquids N2 and O2.:
Determination of Nearest Neighbor Parameters and Angular Correlations. Journal of Chemical Physics, 70(2),
1051-1055. DOI: 10.1063/1.437521

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://core.ac.uk/display/13719742?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1063/1.437521
http://orbit.dtu.dk/en/publications/thermal-neutron-diffraction-from-the-liquids-n2-and-o2(21881fed-a7c8-4d6f-b757-0db7f7e32539).html

Thermal neutron diffraction from the liquids N, and O,.
Determination of nearest rieighbor parameters and angular

correlations

Karen Schou Pedersen and Flemming Yssing Hansen

Fysisk—Kemisk Institut, Technical University of Denmark, DK-2800 Lyngby, Denmark

Kim Carneiro

Physics Laboratory I, Universitetsparken 5, DK-2100 Copenhagen, Denmark

and Ris# Research Establishment, DK-4000 Roskilde, Denmark
(Received 27 March 1978)

Using a double axis crystal spectrometer, we have determined the structure factor S(x) of the liquids N,
and O, up to a maximnm wavevector k,, = |1 A~'. We derive the parameters characterizing the first
nearest neighbor shell and find that the intramolecular bond length is well determined, whereas the width
and the volume of the shell is derived with rather large uncertainties. We also demonstrate how our data
analysis program may be used to give necessary limits for k,,, dependent upon which parameters are to be
determined. Finally, we deduce the angular correlations which give a result consistent with the dominant

quadrupolar and dipolar interactions in N, and O,, respectively.

. INTRODUCTION

Neutron diffraction plays an important role in struc-
ture determinations of atomic and molecular liquids.
Until recently, the diffraction was limited to wave vec-
tor transfers not larger than a maximum of x, =10-15
A=t [k =(4n/)) sin(6/2), where 6 is the scattering angle
and A =27/k is the wavelength of the incident neutrons].
With the occurrence of epithermal neutrons, this range
has been extended significantly, which at least in
principle, improves the reliability of the structural in-
formation gained from the experiment. However, since
there are also problems involved in determining the
structure accurately from measurements with epither-
mal neutrons, it seems worthwhile investigating which
aspects of the structure of molecular liquids are well
determined by each specific technique. To elucidate
this problem, we have performed neutron diffraction
from the two liquids N, and O, using thermal neutrons
giving a k,~ 11 A1,

We have attached particular importance to the ac-
curacy that can be expected in determinations of intra-
molecular bond lengths (d) and vibrational amplitudes
(o). We shall show, using the method of analysis re-
ported by Yssing Hansen and Carneiro,! that the bond
length can be well determined.

Two extensions to the procedure of Ref. 1 were made.
Firstly, since the liquids were contained in an Al cylin-
der, particular care had to be taken in order to obtain
a reliable background subtraction. This was accom-
plished by calculating the transmission through the dif-
ferent volume elements of the sample liquid, and then
correcting the scattering from the cylinder for the
shielding. Secondly, the paramagnetic scattering was
subtracted from the scattering data in the same way as
done by Dore et al.?

il. THEORY

The relation between the scattered intensities I(A, k)
and the structure factor S(x) takes the form
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(1)
where T2, k) is the transmission coefficient; A is a
normalization constant; oy, 0., and 6, are the inco-
herent, coherent, and multiple scattering cross sec-
tions, respectively; and f,(}, k) is the Placzek correc-
tion. This latter correction may approximately be writ-

ten®

fp(’\,K)=(%’ETT- —%:-) <Mm_>+(_;_£_:_+ g%;) (1%1>2+ el
(2

where T is the temperature, k5 the Boltzmann constant,
E(=1®k%/2m) is the energy of the neutrons, m the neu-
tron mass, and M the mass of the scatterer. f,(3, k) is
shown in Fig. 1 for M=16.8 at £=3.73 and 6.74 A",
This corresponds to our experimental setup for nitrogen,
taking the effective mass* of the N, molecule to be
M=16.8m. Also shown is the Placzek correction for

an equivalent time of flight (TOF) experiment (8 =90°).

It is seen that the Placzek correction is smaller for the
double axis spectrometer (DAS) for small k values. At
k=3 A, it becomes constant for the TOF case while

f, continues to increase for the DAS case. This leads

in the DAS case to the dilemma that, while we want to go
to large «’s to get adequate structural information, at
such wave vectors the Placzek correction gets progress-
ively more difficult to account for. As we shall discuss
below, a consequence of this dilemma appears to be that
parts of the structural information is best illuminated at
at modest k’s, whereas other parts are clearly best
determined by larger wave vectors. The relation be-
tween the structure factor S(x) and the pair correlation
function g(r) is given by

2 (= X
dnrpylglr) -1]= ;j k[S(x) - 1] sin{k ) dx , 3)
0
where p, is the number density of the matter.
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FIG. 1. Placzek correctiontothe structure factor of N, when dou-
ble axis crystal diffraction (DAS) or time of flight (TOF) tech-
niques are used. In the case of DAS, we have taken the param-
eters from our experiments.

In order to extract information about the details of
g{r) at small »’s, in our case of diatomic liquids the
bond length d and the vibrational amplitude o of the
intramolecular bond, when S(k) is only measured up to
a finite «,, and model i)air correlation function g™ (r) is
introduced. It seems that the pair correlation function
at small »’s describes a well-defined neighbor

1 N lr -ay
gr)= Grrpg dV2rE TP T2

where the neighbor shell is characterized by N, d, and
¢. From Eq. (4), a model structure factor is obtained:

{r small) , (4)

sin{kd) e

d xp( — 30%¢%) (k large) . (5)

S™k)=1+N
Assuming that S™(k) =S(x) for the largest measured
k values, the shell parameters can be determined from
the experimental S(x). In our case with diatomic mole-
cules, we only need to consider one neighbor shell in
&"(r) since all other features of g{r) are directly deter-
mined from the measurements. To ensure that this
was really the case, we parameterized g{r) in terms of
a second and third nearest neighbor shell as prescribed
in Ref. 1, and found as expected that our conclusions
concerning d and o were not influenced by the details of
how those two neighbor shells were parameterized.

1ll. EXPERIMENTAL

The measurements were performed at a double axis
spectrometer at the DR3 reactor at the Research Estab-
lishment Risg. We employed two different incoming
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wave vectors k, =3.725 A™! (A, =1.687) and k,=6.736
A" (», =0.933) using a Ge and Be monochromator, re-
spectively, at a fixed scattering angle 26, =30°. The
scattering angle 6 was varied between 3° and 117°.

We used soller slit collimation before and after the
sample which gave an angular resolution of 1° FWHM.
The sample chamber consisted of a vertical aluminum
cylinder with an inner radius of 6.5 mm subdivided by
horizontal Cd plates in order to reduce the multiple
scattering, the distance between the plates being 5 mm.
The chamber was cooled by pumping on liquid nitrogen
contained in a double Dewar cryostat. We used o,
=11.1 and 4.23 barn for N, and O,, respectively. From
Blech and Averbach,® we calculated 0, = 0,47 and 1.5
barn in the two cases. o, was set to zero for O, and
to 0.3 barn for Nj.

IV. NEAREST NEIGHBOR PARAMETERS

The measured intensity data for nitrogen and oxygen
are shown in Fig. 2 together with the intensity data for
the empty Al cylinder. When determining S(x) from
Eq. (1), we tried several different values for the effect-
ive mass, ranging from the atomic mass to the molec-
ular mass. The corresponding change in S(x) was insig-
nificant for our purpose. The deduced structure factors
are shown in Figs. 3 and 4 together with the structure
factors determined by Dore et al.

First, it should be noted that our structure factor
does contain spurious oscillations at x=2.7, 3.1, and
4.4 A™', which corresponds to the strongest Al reflec-
tion, as seen in Fig. 2. From this point of view, it
would clearly be advantageous to use a vanadium cell,
since Va does not scatter neutrons coherently. How-
ever, for our purpose, to determine the bond length by
thermal neutrons, we want to demonstrate that our
background subtraction procedure suppresses the Al
peak to approximately 3%. Therefore, the weak struc-
ture in the empty cell data at «’s larger than 5 A7 is
not of importance for our determination of d. Further,
we want to point out that although we could have used
a Va cell to our advantage, one of the interesting appli-
cations of our method would be to investigate changes
of molecular bond length with pressure. And using
high pressure cells, one cannot avoid materials which
will give structure in the neutron diffraction pattern.

Besides this artificial structure in our S(x), the over-
all discrepancy between our results and those of Ref. 2
at smaller wave vectors is noteworthy. In this respect,
it is important that the Placzek correction f,,(:c, 1) was
not carried out in Ref. 2, and since f,{x, A) has the
same magnitude as the discrepancy, it is likely that
part of it is owing to differences in the data treatment.
The reason why f,(«, A) does not seem to influence S(x)
at larger wave vectors in Ref, 2 is that the limiting
value of S(k) -~ 1 was employed in both cases.

We now turn to our major concern in this paper,
namely, how well d and ¢ can be determined from our
measurements. In Table I are shown our parameters
from a best fit obtained as described above for the
liquids N, and O, and they are compared to “expected”
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FIG. 2. Measured intensity data from the empty cell and the cell filled with liquid O, and liquid N,.

values as deduced from other measurements or calcu-
lations. The expected value for the bond length d is
taken from optical data,® ¢ is taken to be the value cal-
culated by Cyvin,” whereas N is taken to be

-1
N=<1+g> ,

z (6)
which ensures that the number of nearest neighbors is
unity. We found that the fit was sensitive to d but only
weakly dependent on ¢ and N, and accordingly it appears
from Table I that d is well determined for both liquids
by our procedure, whereas the agreement for the pa-
rameters ¢ and N is poorer. Apart from their influ-
ence on the fit, we would like to point out how well a

given parameter in Eq. (4) is determined given a maxi-
mum experimental wave vector k,. By inspection of
Eq. (5), we see that d enters via the expression

sin{kd)/xd . (7)
Since, in principle, it requires one half-period to deter-
mine a sine function, the critical maximum wave vector
in this respect is k, =n/d=3 A"l. Therefore, it is not
astonishing that we get a good determination of d with
our k,=11 A"', If we similarly inspect Eq. (5), ¢ is
determined by the term

o~ 1/2)%2 ,

(8)

and if we require that the argument should be unity for
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a good description of the experimental function, we get
here a critical value k, =0"v2~ 50 A"}, much larger
than our maximum wave vector. Finally, regarding
the accuracy of the determination of N, it is easiest to
look at Egs. (4) and (7), which demonstrate that the
area of the first neighbor peak gives this number after
correction for the small ratio ¢/d. Consequently, arti-
ficial effects in g(r) originating from small insufficien-
cies in our data treatment can give rather large errors
in N.

Our model analysis, as well as our fitting procedure,
therefore shows that the bond length is well determined,
whereas accurate values for o and N requires appre-
ciably more elaborate experiments and data treatment.
We find that this is in accordance with earlier experi-
ments where a reliable value for o was found using
K,=35A".®

V. ANGULAR CORRELATIONS

An interesting difference between the interaction be-
tween N, and O, molecules is that, in N, quadrupole
forces dominate as opposed to O, where dipolar forces

TABLE I. Molecular bond lengths d and vibrational amplitude
o for the liquids N, and O,, as determined from neutron dif-
fraction with 2 maximum wave vector k,=11 A™'. N is defined

by Eq. (4). The origins of the expected values are described
in the text.
N, 0,
Expected Expected

This work values This work values
d 1.082 1.094 1.219 1,207
44 0.1007 0.032 0.0222 0.037
N 0.9056 0.97 0.7880 0.96

are most important. Therefore, N, crystallizes in the
Pa3 structure where the molecules are predominantly
perpendicular, whereas O, has its molecules aligned in
the low temperature o and 8 phases. To see whether
this difference in angular correlations prevails in the
liquid, Dore et al.? analyzed the structure factor in
terms of different form factors for the different orien-
tational correlations, but in this way no clear difference
between N, and O, was seen.

By analyzing the pair correlation functions in terms
of a maximum likelihood principle, we are, however,
able to see distinct differences between the two liquids
in accordance with their expected behavior. In Table
II, we show the positions of the second and third maxi-
mum in g(r) (r, and »,;, respectively, for the liquids N,
and O,). The values are taken from a fit for the second
and third neighbor shell similar to what is described
above for the first neighbor shell. Our values are in
reasonable agreement with those obtained by J. Dore
et al.® Based on the data of Table II, the positions most
likely for the second and third nearest neighbor are
shown in Figs. 5 and 6 for nitrogen and oxygen, re-
spectively, and the shaded area indicates the volume
within which a neighboring molecule is most likely to be
situated with respect to the center molecule in the fig-
ures. Accordingly, we show some possible position of
neighboring molecules with their nuclei placed on a

TABLE II. Second and third nearest
neighbor distances in liquid N, and O,,
determined by the corresponding maxi-
ma in the pair correlation function.

Liquid N, O,
dy (37) 3.8 3.3
dy (&) 4.9 4.3

J. Chem. Phys., Vol. 70, No. 2, 15 January 1979
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FIG. 5. Possible angular correlations in liguid N,, .The cir-
cles indicate loci of maximum probability for the positions of
neighboring nuclei with respect to the two nuclei of the center
molecule. The shaded area indicates the volume within which
a neighboring molecule must be situated. Some examples of
possible configurations are shown, as discussed in the text.

maximum probability circle. This reveals the following
difference between N, and O,. Perpendicular to both
types of molecules (above and below in the figures),
there is space for either parallel or perpendicular con-
figuration; but only in the case of nitrogen can one place
a neighbor molecule along the molecular axis of the
center one, and that has to be oriented perpendicularly.
This difference implies that if a most probable orienta-
tion between molecules exists, it must be perpendicular
for nitrogen and parallel for oxygen, consistent with our
picture of the dominant interactions., Thus, our analy-
sis indicates that different angular correlations between
the two types of molecules prevail in the liquid phase.

We find it interesting that our analysis, in case of
liquid N,, agrees quantitatively with the more rigorous
resulis for the angular correlations obtained by Barojas
et al.®
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FIG. 6. Possible angular correlations in liquid O,, as shown
for liquid N, in Fig. 5
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