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Neutron diffraction studies of tetrachloride liquids
IV. The molecular beat effect for TiCl4/SiCl4 and TiCl4/SnCl4

mixtures

by J. R. GRANADAf, J. C. DORE
Physics Laboratory, University of Kent at Canterbury,

Kent, England

and J. H. CLARKE 
Building 521, A.E.R.E., Harwell, Oxfordshire, England

(.Received. 18 A pril 1979)

N eutron diffraction measurem ents of mixtures of T iC l4/SiCl4 and 
T iC l4/SnC l4 liquids have been made using the total scattering spectrometer 
of the Harwell Electron Linac. T he high 0 -value (5-20 Á-1) data exhibit 
a beat effect and have been analysed in  term s of summ ed molecular form 
factors. T h e  bond-length parameters are found to  be in  good agreement w ith 
other values and confirm the treatm ent adopted in the analysis of the data 
for the pure liquids.

1 . I n t r o d u c t io n

Tetrachloride liquids are of interest from the structural viewpoint as the 
molecule is non-spherical but possesses a high degree of symmetry. Various 
diffraction techniques can be used to obtain the liquid structure factor but one of 
the most effective methods is thermal neutron scattering. Previous papers in 
this series [1-3] have emphasized the two basic methods using both steady-state 
(reactor) and pulsed (linac) neutron facilities. One of the main advantages of 
the pulsed neutron method results from measurements over a wide £)-value 
region which enables the molecular form factor f^Q ) and the intra-molecular 
bond lengths to be determined to high precision. In  paper I I I ,  results were 
presented [3] for the liquids CC14, SiCl4, TiCl4, GeCl4 and SnCl4 and these 
showed that several parameters used in the fit to fi(Q ) needed to be varied in 
order to obtain satisfactory X2-minima. The structural parameters (rxcl) 
representing the bond length from the chlorine to the central atom was found to 
be relatively insensitive to the wavelength dependent parameters describing the 
vibrational motion of the molecule.

In  certain cases, it is useful to study liquid mixtures and this technique can 
be applied successfully to mixtures of tetrachloride liquids, particularly those 
involving TiCl4 as the negative scattering length of titanium leads to partial 
cancellation of some interference terms in the diffraction pattern. Preliminary 
reactor data for special TiCl4/SiCl4 and TiCl4/SnCl4 mixtures have been reported

f  O n leave of absence from  Centro Atomico Bariloche, Comision Nacional de Energía 
Atómica, Argentina.
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176 J. R. Granada et al.

separately [4] and the present paper concerns an analysis of linac data for the 
same liquid mixtures.

2. T heory

The basic theory has been presented in earlier papers and review papers by 
Powles [5] and Blum and Narten [6]. The measured cross-section is related to 
the liquid structure factor S m(Q) which may be divided into the intra-molecular 
form factor f x(Q) and the inter-molecular function DM(Q). At high ^-values 
the D m(Q ) term is negligible so that the diffraction pattern is characterized by 
the scattering from an individual molecular unit. For a tetrachloride unit 
XC14, the molecular form factor [5] may be written as

fi(Q ) — 7i 7~7T «  [ V  + 46Ci2 + 8 M c i;o (e rXci) exp ( ~  YxciQ2)

+ 12¿C12 j 0(Qrclcl) exp ( — yCici!22)]> (2-1)

where ¿>C1 and bx  are the respective coherent scattering lengths for the chlorine 
and central atoms, rxcl is the bond length with rCACi =  2 y / | r xcl for tetrahedral 
symmetry and the yxcl and yCici parameters arise from the vibrational motion. 
In the analysis of pulsed neutron data obtained for several tetrachloride liquids 
it was found that the measured cross-section required the use of wavelength 
dependent y-factors which could be represented by

y = y o (« + M ra)> (2-2)
where y0 is proportional to the mean-square amplitude of vibration. The value 
of a was approximately unity and n was 1-8 ±0-3 ; the k xci values were ap­
proximately 1-9 but the kcici values showed more variation (see table 1). The 
X2-fitting procedure gave well-defined values for the rxcl term and these were 
found to be relatively insensitive to the other parameters.

Table 1. Parameters obtained for neutron diffraction from various tetrachloride liquids [3],

T iC l4 SiCl4 SnCl4

rx  ci/A 2-169 2-014 2-286
2>x/fm -3 -3 7 4-149 6-22
ZÜTi — 0-552 0-649
yo,x c il0 3/Á2 1-095 1-071 1-053
y„’cicil03/A2 6-486 3-882 7-284
k x c i  (150°) 2-2 1-8 1-9

(90°) 1-6 1-7 1-8
¿cici (150°) 0-7 1-4 0-6

(90°) 1-0 0-9 0-8

In the case of a liquid mixture the diffraction pattern at high ^-values will 
depend on the contributions from the separate molecular units. If there is no 
exchange or association, the effective form factor for the mixture f/^XQ) wiH be 
the weighted sum of the two components, i.e.

(2.3 a )
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Neutron diffraction of tetrachloride liquids 111

where the relative proportions of the XC14 and YC14 molecules are given by wa 
and Wp respectively with wa +  = 1. The observed cross section per tetrahedral 
unit can therefore be written as

'■ ( 2 ' 3 S )

d a  y

d Q J  gelf

We may now expand this expression using the relation (2.1) and find that the 
self-terms give

d a \ a0  1
J  =  46ci2 + « ^ x 2 + w/iby2 +  ̂  + «voy ], (2.4 a)

where a 1 represents the total bound-atom incoherent scattering cross-section and 
(after collecting corresponding terms) the interference expression becomes

d o  \ a  ̂ .

) =  8^C][®°a^X./o(QrXCl“) exP ( — Y x c f Q2) ~ w^Y jo(Q rYCl)

x exp ( -  Yyc/  Q2)] +  l2bc A wJ ¿ Q rcic\a) exP ( -  ycicia Q2)

-  Vfijo exP ( -  r c io /  0 2)]- (2-4 b)

If one of the scattering lengths bx or bY is negative we may choose the proportions 
to satisfy the conditions wJb-^ = —WpbY and the expression simplifies to

d a  . .
- jr . I =8roa6x 6Ci exp ( — y x c iS 2)[Ío (0rx c i )— io (0 rYci)]
d ^ l j  jn t

+  I Z w J j q * e x p  ( — y c i c i ! 2 2)L /o ( Q r c i c i “ ) — ^ x  /b y  J o( c  i c  / )  ] > ( 2 - 4  c )

where it has been assumed that the y-f actors describing the effects due to the 
vibrational motion of the two molecular species are of similar magnitude and have 
the same variation with incident neutron energy. The previous analysis [3] 
indicated that there was some variation in the &XC1 values for different tetra­
chloride molecules but the differences have a negligible effect on the differential 
treatment adopted here (see § 5).

The relative size of two molecules has a direct influence on the two combined 
terms. When the bond lengths are identical (i'xci =  rYCi)> the first term dis­
appears and the second term becomes 126C1 exp ( — ycici62)io(0rxci) which is 
equivalent to isomorphous replacement of the X and Y atoms with i x  =  0. 
If the bond lengths are different, the periodicity of the oscillations is unequal 
and the relative phase angle of corresponding oscillations changes as the Q-value 
increases.

At low Q the C1C1 contributions are in phase and therefore give the usual 
oscillatory form but as the Q-value is increased the relative phase of the two 
terms grows until the oscillations are out of phase. This partial cancellation 
condition occurs when

QrliCl =  Qr Y C l ±  n7T

which is at a £)-value given by

mr
[ 2 oJ c ic i  =  t -  > 

a r ClCl
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178 J. R. Granada et al.

where
Ar = rxcl — rYCi

and
^ c ic i  =  2a / I  Ar-

At this point there will be a reduction in the amplitude of the composite pattern 
and the combined terms will produce a molecular beat effect due to the two 
different periodicities. A similar situation will occur for the X/YC1 contribu­
tions but these are initially out of phase due to the choice of =  WpbY and 
therefore cancel at low ^-values. The result is that both contributions have an 
oscillatory form which is modulated by a function that depends on the respective 
bond length differences. This behaviour is illustrated in figure 1 for a mixture 
consisting of rigid molecules (y =  0) of TiCl4 and SiCl4 ( A r = — 0-155 Á ; 
Ar01ci=  -0-253 Á) in the required proportions (a =  0-552). The top two curves 
show the combination of terms for the XC1 and C1C1 interference functions

0.08

004

o

0 0 4

Q i ( Q )
0 0 4

0

0 0 4

0 0  4 

0

0.04

Figure 1. Interference components of the f j a,1(Q ) form  factor for a mixture of rigid 
(y =  0) tetrachloride molecules (SiCl4/T iC l4) with zi’t í  =  0-552 (eqn. 2.4 c). T he top 
two curves show the XC1 and C1C1 contributions which sum  to give the dashed line of 
the bottom  curve ; the effect of introducing therm al vibrations (y =  y0) is indicated 
by the full line in the bottom  curve.
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Neutron diffraction of tetrachloride liquids 179

respectively and these are combined together to produce the dotted line in the 
lower curve. If the vibrational effects are incorporated by the inclusion of the 
appropriate static Debye-Waller factors, y0, (see table 1) the solid line in the 
lower curve is produced. Since the vibrational amplitude is quite large for 
tetrachloride liquids at room temperature the interference pattern is rapidly 
damped at high Q-values and the higher order modulation effects are difficult to 
observe experimentally. Measurements on TiCl4/SiCl4 and TiCl4/SnCl4 
mixtures were initially made using the reactor technique [4, 7] and gave dif­
fraction patterns which confirmed these predictions but did not have sufficient 
accuracy for a detailed analysis to be made. It was therefore of considerable 
interest, to use linac facilities to study the effect, as it is known [8] that this is the 
most efficient method for neutron data acquisition in the high Q-value region ; 
a preliminary report of the measurements has been presented earlier [7].

3 . E x p e r im e n t a l  p r o c e d u r e

The measurements were made on the total-scattering Spectrometer (TSS) of 
the Electron Linac at AERE, Harwell. The liquid mixtures were held in a thin 
walled vanadium flat plate container of 4 mm thickness mounted at 45° to the 
incident beam. The same procedure was adopted as described in the first 
paper [1] of this series and the data were taken during the same experimental 
period as the measurements on the pure liquids CC14, SiCl4, TiCl4, GeCl4 and 
SnCl4 which were presented [3] in paper I I I .  The data reduction was carried 
out in a similar manner using the L IN D A  program [8] ; the normalized cross­
sections for the 150° and 90° detectors are shown in figure 2.

Figure 2. T he observed differential scattering cross-section for T iC l4/SiCl4 (w , =  0-552) 
and T iC l4/SnCl4 f e 7 =  0-649) mixtures at 150° and 90° scattering angles.

4 . D ata  a n a l y s is

In § 3, the form factor was derived for ideal conditions but in practice the 
variations of the y-factors has an important effect on the shape of the observed 
differential cross-sections at high 0-values. The data for the mixture therefore 
provide an important consistency check on the procedures established for the
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analysis of the pure liquids. It is convenient to regard the TiCl4 as a reference 
system (X) and the beat effect arises from a variation in the molecular size which 
is represented by the parameter Ar — rTlcl — rYC1 where Y is either Si or Sn. We 
may simplify further by using the approximate value, n = 2 in equation (2.2) so 
that the damping factor now becomes

exP (-y < 2 2) = ^ exP (~ ro Q 2)> (4.1 a)
where F  is a constant for each term given by

F = exp [ -  y0(477)2 k2 sin2 0/2]. (4.1 b )

Under these conditions the interference part of the cross-section for the mixture 
can be written in a suitably parameterized form as

L ¿ ñ J lnt=8w-M c i( "íljFxol“)

io (6 rx c i)— jo[Q (rx.c\ + ^ ,-xy)]
F YCi exp Ayxclg 2

+ 12wa6cl2(^42FCici“) -j 7o(2\/|(?> 'xci) — 7o[2v/ l 0 ( rxci

^xcia exP ( — YoxciQ2) 

b.

+ Ar  1̂ exP Ay c ic i6 2 ] ( A 2 \
x y )  ̂ ' FC1CI'1 exp ( — yoc[c!,(?z)J ’ ^

where the normalization constants A t and A 2 can be combined with the F a para­
meters to appear as scale factors. Unfortunately the compound expression 
involving the (rxol + Ar) terms cannot be reduced to a simpler analytic form in 
order to emphasize the modulation effect on the diffraction pattern.

The results for the pure liquids have been presented earlier (table 1) and 
the relevant additional numerical values required for analysis of data for the 
mixtures are given in table 2. The effect of the different Debye-Waller factors

Table 2. Functional constants describing the therm al vibration effects (e.g. 4.2) for special 
mixtures of T iC l4 with SiCl4 and SnCl4.

0/deg T i/S iC l4 T i/S nC l4

AlFxma 150 0-702
90 0-871

Rxc\F =  Fyci/!/Fcici'i 150 1-074 1-062
90 0-995 0-988

yx ci°/A2 1-095 x 10-*
Ayxci°/A2 + 0-024 x lO -3 + 0-042 x lO -3

A2F cici“ 150 0-512
90 0-599

Rcicif = Fcici^/Fcici" 150 0-877 1-025
90 1-267 1-053

ycici0 103/Á 2 6-486
Aycici0 103/A2 4-2-604 -0-798
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Neutron diffraction of tetrachloride liquids 181

is represented by the ratios = -^vc//-f'xcia and ^cioi F = F c i c / lF c i c f  which
differ from unity.

The X2-fitting procedure was carried out as described previously and the 
results are shown in table 3. In the first run (case (a)) only the Ar parameter was 
allowed to vary and the known values of rTKn, R xvlF and Rqici*' were used. In 
the further runs (cases (b) and (c)) the three additional parameters were also 
allowed to vary but in no case did this lead to any significant reduction of X2. 
The results for the TiCl4/SnCl4 mixtures were in good agreement with predictions 
from table 2 ; the 150° data gave consistent results to an accuracy of +0-001 A 
whereas the 90° data showed a variation of —0-004 A in Ar which was partially 
compensated by a shift of +0-006 A in rTiC1. Similar features were present in 
the SiCl4/TiC l4 results although the 150° data show a larger deviation of 
+ 0-006 A. If it is assumed the rTiC1 may be fixed at a constant reference 

value [3] of 2-169 A, which also agrees with the electron diffraction results [11], 
the values of Ar may be used to give the bond lengths for SiCl4 and SnCl4. The 
accuracy of the Ar determination is shown by the X2-variation illustrated in 
figure 3. Using a 10 per cent change in X2 as the error criteria gives the bond 
length values and uncertainties listed in table 4. The consistency of the results 
suggests that the criteria adopted here gives an overestimate of the error values.

Table 3. Parameters given by the x2-fitting procedure for data on T i/S iC l4 and T i/S nC l4 
mixtures : ^denotes a fixed value, see text for details.

e
Q Range Run mci/A Ar/A RxciF RciciF x2

150° («) 2-169*
Si/T i

-0 -149 1-0735* 0-8765* 19-48
(7-23-9 A-1) (b) 2-169* -0 -150 1-309 0-953 17-51

(c) 2-160 -0-143 1-309* 0-862 16-71

90° (a) 2-169* -0 -154 1-467 1-172 106-5
(7-17-9 A-1) 0b) 2-157 -0-145 1-467* 1-044 104-6

150° (a) 2-169* 0-119 0-991 1-298 8-31
(7-23-9 A '1) (b) 2-167 0-20 0-991 1-358 8-27

90° (a) 2-169*
Sn/T i

0-125 0-798 1-312 50-21
(7-17-9 A”1) (b) 2-174 0-122 0-798* 1-170 49-98

The final fit to the 150° data for the TiCl4/SnCl4 mixture is shown in figure 4 
which also includes the data points for the summed diffraction patterns [3] of 
the two pure liquids with appropriate weighting factors. The agreement 
between the two data sets is excellent and, although the quality of the fit is very 
good, it shows that there are some regions where significant systematic deviations 
from both experimental measurements can be observed ; the 12-5-15-0 A range 
shows the differences most clearly. This suggests that a further refinement of 
the analysis procedure may be possible when a more comprehensive theoretical



D
ow

nl
oa

de
d 

by 
[N

an
ya

ng
 

Te
ch

no
lo

gi
ca

l 
U

ni
ve

rs
ity

] 
at 

06
:53

 
15 

Ju
ne

 
20

16

182 J. R. Granada et al.

^ xcl/ a

Figure 3. T he x2-variation for the relative bond length param eter Ar in the fits to

Table 4. A comparison of bond length values for SiCl4 and SnCl4 obtained using different
techniques.

Sample r s i c i j k Reference rsnCi4/Á Reference M ethod

Pure liquids 2-018
±0-003

[8] 2-281
±0-004

[10]

2-014 [3] 2-284 [3]

oOLOTe

±0-004 ± 0-006
2-013 [3] 2-289 [3] n¡ 90°

±0-009 ±0-011

Liquid mixtures 2-015 This 2-284 This n/150°
±0-009 paper ±0-009 paper

2-013 This 2-292 This nj 90°
±0-018 paper ±0-019 paper

treatm ent of the neutron scattering process is established. T he agreement of 
param eter values and observed diffraction patterns for the m ixtures and pure 
liquids provides a satisfactory confirmation of the analysis procedures adopted in 
the earlier papers [1, 3], The accuracy of the bond length determ ination is 
finally limited only by the low statistics in the high-£) region of the diffraction 
pattern. T he availability of new pulsed neutron facilities [12] should enable the
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Neutron diffraction of tetrachloride liquids 183

Figure 4. Comparison of the fitted curve, { ^ ( Q )  to the experimental data at 150° for 
the T iC l4/SnC l4 mixture and the combined measurements for T iC l4 and SnCl4 pure 
liquids [3].

counting statistics to be greatly improved with a consequent reduction in the 
error values. The reference treatment therefore enables the bond lengths to be 
put on an absolute scale without some of the problems associated with recoil 
corrections that were discussed earlier [1],

5 . C o n c l u s io n s

The measurements have demonstrated that diffraction studies of mixed 
molecular systems can be undertaken and that modulation effects in the diffraction 
pattern are produced if the molecules are of similar structure. The present 
experiments have been conducted on samples containing nuclei with negative 
scattering lengths (Ti) and this has resulted in a simplified diffraction pattern due 
to cancellation effects in the coherent scattering. The extraction of structural 
information in the form of bond length differences has been shown to give results 
that are in agreement with data obtained from a full analysis of the diffraction 
measurements of the pure liquids. This procedure minimizes the problems 
encountered in accurately characterizing the energy dependence of the vibrational 
damping factor and the possible recoil corrections. The method is likely to have 
wider applications, particularly in the study of more complicated molecular 
structures where the two components are of very similar structure. The use of 
materials with negative coherent scattering lengths is not essential for the success­
ful application of the method as difference function procedures, more often 
applied to isotopic studies, can also be used for the high <2~value region if adequate 
counting statistics are achieved. It is anticipated that this method will be of 
relevance to systems where the molecular conformation is more variable and may 
possibly be used to study structural change caused by temperature and pressure 
variation. The method may also be applied to chemical systems in which struc­
tural changes due to solvent interactions are important.
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