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Chapterr 5 

Somee remarks on structure determination 

fromm powder-diffraction data 

5.1.. Introduction 

Inn the previous chapter it has been shown that structure determination of large 
organometallicc complexes [up to 89 atoms and 36 degrees-of-freedom, in the case of 
[Fe(teef)6](BF4)22 on the basis of powder diffraction data is feasible and that via this route the 
knowledgee on the spin-crossover behaviour could be improved. Several approaches have been 
usedd for the structure solution and the difficulties encountered in this process point out that the 
structuree solution from powder diffraction data is far from trivial and certainly cannot be carried 
outt in a routine way. The work carried out in this thesis was focused mainly on the elucidation of 
thee crystal structures and not specifically on the systematic comparison of structure 
determinationn techniques. Nevertheless, the experience gained at the subsequent stages of 
structuree determination from powder diffraction data suggests that there is still room for 
improvement.. Therefore, in this chapter a short assessment will be given of the methodologies 
andd assumptions used at the various stages of the structure determination from powder 
diffractionn data. 

5.2.. Experimental Aspects/ Data collection 

Severall  experimental conditions should be fulfilled before a structure determination using 
powderr diffraction data can be undertaken. The synthesis and crystallization of the material 
underr study is the first important step, as a well-crystallized material is desirable and the 
presencee of an amorphous component most likely will hinder the structure determination, as 
shownn in the case of the [Fe(teeb)6](BF4)2 complex. 
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Samplee preparation, the next step, is of great importance as the data quality is often a 
decisivee factor in thee structure determination. Data used in this thesis have been collected with a 
laboratoryy Guinier camera and at two synchrotron radiation stations (ESRF and SPring8), each 
withh a different experimental set-up. In the former, a thin flat specimen was used while at the 
latterr two the sample was prepared in a capillary. 

Thee capillary size may have a decisive influence on the structure determination. In case a 
samplee contains heavy elements (with respect to the compounds studied in this thesis, elements 
likee e.g. Fe, I, Br), a relatively narrow capillary has to be used in order to avoid radiation 
absorption.. Needless to say that the wavelength should not be chosen close to or at the 
absorptionn edge of any of the elements of the compound. In the case of a two-dimensional 
detectorr (Imaging Plate, SPring8) data, the capillary used was even smaller in order to achieve a 
goodd resolution. The use of a narrow capillary intensifies directly two significant problems: poor 
particlee statistics and preferred orientation. One has to deal with the drawbacks of both effects 
duringg the structure solution and especially during the structure refinement (see below). 

AA way to eliminate the problem of a poor particle statistics is to grind the sample as much 
ass possible. This will not only decrease the average size of the crystallites, so enhancing the 
amountt of contributing crystalline particles, but also increase the probability of a better packing 
inn the capillary. Good grinding of the powder sample also helps to reduce crystallite 
conglomeratess which may be visible as spots on an Imaging Plate. These spots may introduce 
artifactss during the intensity integration as the selection of a different integration area may result 
inn a slightly different peak profile, like in the case of [Fe(teec)6](C104)2- However, a too intense 
grindingg may result in line broadening, as visible in the scan measurements of [Fe(teei)6](BF4)2, 
orr in a phase transition as in the cases of both the teec complexes. It is obvious that none of them 
iss desirable, especially a phase transition, unless this is the purpose of the study. Usually a 
compromisee needs to be made between granularity and particle statistics, as in many cases in this 
workk (perchlorate teec , teei, teeb). 

Thee use of a two-dimensional detector allows for a quick visual inspection of the quality of 
thee samples and to detect, for example, line broadening due to excessive grinding or a too coarse 
granularityy (measure of the particle statistics). A number of slightly different prepared capillaries 
mayy be tested using short exposures and finally a good quality sample may be selected for data 
collection.. Alternatively, in the cases in which an one-dimensional detector is used (as those 
usedd in BM1B, ESRF) a visual check is also possible but probably more time consuming. In any 
casee it is worthwhile to check the peak profiles before starting a final data collection. Irregular or 
anomalouss (saw-like) peak shapes are indicative of poor particle statistics. A sufficient particle 
statisticss gives a smoother peak profile and this condition, apparently, is better fulfilled in the 
casee of the SPring8 data when compared to those collected at the ESRF where no check for 
particlee statistics was carried out. 

Comparingg the relative intensities of the data sets collected with Guinier camera and at the 
ESRFF in the case of [Fe(teeb)6](BF4)2 it was concluded that the data were affected by preferred 
orientationn of the crystallites. Preferred orientation is a difficult problem to deal with, as its 
extentt depends on the natural shape of the crystallites and on the sample loading. In the case of a 
capillaryy though there are not many alternatives in loading the sample. 

198 8 



Bothh preferred orientation and poor particle statistics can be improved upon by spinning 
thee sample, although in practice they are not completely removed. While for texture correction 
severall  techniques have been developed (e.g spherical harmonics correction), it is not easy to 
correctt for a poor particle statistics because the orientation distribution of the crystallites is not a 
continuouss function. As a result of a poor particle statistics, refilling an identical capillary with 
thee same material will result in different relative intensities, as shown in the case of 
[Fe(teec)6](BF4)22 in the diffraction patterns collected at the ESRF and SPring8 at 300K. 

5.3.. Data Analysis 

Afterr the data collection, and if the purpose of the experiment is to determine the structure, 
thee first step in the data analysis is to determine the unit cell of the material under study. There is 
abundantt bibliography dealing with unit-cell determination, and the reader is referred to Ch.2 for 
moree information and references. In the work carried out in this thesis, the main difficulty met in 
thee unit-cell determination, was in the cases where impurities were involved and/or extra peaks 
weree present because of ice formation or as remains of the HS state as in the case of 
[Fe(teec)6]]  (004)2. After neglecting the ice peaks or the peaks probably belonging to the HS 
state,, the unit-cell determination was carried out relatively straightforward. In the case of 
[Fe(teec)6](C104)22 at 140 K, it was necessary to integrate anew a rectangular area of the Imaging 
Platee record, in order to obtain an improved powder pattern. Peaks belonging to a different phase 
orr impurities may be recognized because of a different peak profile. For example, the ice peaks 
weree very sharp and, in general, easily recognizable. Also several peaks which were excluded in 
thee case of teei in the measurements at SPring8, had clearly a more round profile (moreover they 
didd not exist in the measurement at the ESRF). 

5.4.. Structure solution 

Thee structure determination techniques used in this thesis are based on different algorithms 
andd use different types of (default) settings so it is difficult to make a direct comparison. 
Nevertheless,, in all cases basic assumptions have to be made regarding the search model, its 
DOF,, the amount of data and the cost function. 

DataData resolution. If the amount of Xobs-values, or the 20 interval, used for the structure 
solutionn is too small, also the data resolution is likely to be low and a model found might be 
ratherr far from the final solution so a successful RR becomes less likely. If the amount of Xobs-
values,, or the 29 interval, is large, the computational time might be prohibitive (especially in 
casee of GS). 

Fromm the GS runs it turned out that the orientation of the Fe-N core and the position of the 
BF4""  were actually well determined using data resolution slightly better than 3 A, while the 
properr orientation of the torsion angles required data resolution better than 2.5 A 
(tetrafluoroboratee teec, teei at RT). 

Inn the case of GA application, in which the same cost function was used as in the GS, data 
til ll  2.46 A gave significantly better results than those til l 2.62 A (perchlorate teec at 300 K). 
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Alll  PT runs were carried out using Rwp as the cost function and in most of the cases a data 
resolutionn of 2.31 A. This resolution seemed to be adequate since the use of data til l dmjn= 1.66 A 
inn the case of the tetrafluoroborate teec at 200 K did not seem to have any significant effect: the 
structuree solution almost coincided with that at 180 K carried out with data til l 2.31 A. Thus, it 
cann be concluded that, to find an initial model that is suitable for RR, it is not essential to use 
dataa up to atomic resolution as this might not lead to any improvement and certainly will require 
muchh longer computation times. 

Itt was shown in case of the tetrafluoroborate teec (RT using GS) that the use of too many 
Xobs-valuess (172 XobS-values->2.23 A) had as a result that the difference in R(X) of the two 
modelss Model-1 and Model-2 became smaller than in the case in which less X^s-values were 
usedd (see 4.2.3.2). This may indicate that there might be an optimum value of X0bs-values (or the 
correspondingg data resolution) to be used at every structure solution. However, this kind of test 
wass not performed in cases in which Rwp has been used as the cost function (PT), thus it is not 
clearr whether the above observation can be considered more general or it is only related to the 
characterr of the cost function. 

Fromm the above it can be concluded that in order to obtain a sufficiently positioned model, 
aa resolution of ~ 2.5 A was required. However, in the case of teeb, although data till 2.25 A were 
usedd both for GS and GA runs and till 2.31 and 1.87 A at 300 and 90 K respectively for PT runs, 
thee model could not be located correctly but this can be attributed to the relatively poor quality of 
thee sample used. Although this conclusion does not necessarily hold in general, it is suggested to 
checkk the resolution of the data before performing any attempt to solve a structure in order to 
assuree an adequate data resolution but also to avoid unnecessary large computational times. 

DOFDOF number, sequence of variation. The definition and amount of degrees-of-freedom 
(DOF)) is a key point in the direct-space methods. The larger the amount of DOF, the larger the 
parameterr space to be explored and the more the possible combinations of all parameters. In the 
casee of GS it is obvious that many DOF imply extra computational time. The usual compromise 
iss to split the search into sub-searches and/or to use larger steps, both having the disadvantage 
thatt a correct solution may be overstepped and that the possibility to find the solution decreases. 

Whenn not all DOF defining the structural model under search can be varied 
simultaneously,, it is possible that incorrect values are found. For example, a missing solvent or 
counterr ion may lead to incorrect values for the other DOF as they may try to compensate for the 
excesss of scattering power in their vicinity. In the GS technique used in this thesis it was 
unavoidablee to have missing DOF as the program allowed only the use of one structural 
fragmentt per search. Thus, the counter ion has been neglected in the beginning of the searches. 
Thee importance of the absence of a part of the structural model depends on its scattering power 
itselff  but also seemingly on its scattering power in relationship to that of the structural fragment 
inn its close vicinity. Thus, it seemed that in the cases of the GS in tetrafluoroborate teec and teei, 
thee relatively heavy halogens at the edges of the molecule could be well located even though the 
BF4""  was missing, while in case of teef, with F not being heavy relative to its environment, it is 
estimatedd that, the absence of the counter ion as well as the rigidity of the ligands (in some 
searches)) had a larger impact. 
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SearchSearch model. The quality of the initial search model is important in the case of GS 
especiallyy if sub-searches are applied. If the differences between the initial and the final 
structurall  model are not large, GS has a high probability to end successfully. If those differences 
aree larger, the success rate drops and becomes a matter of time invested and luck. 

Forr the sophisticated non-exhaustive algorithms such as PT and GA, the initial model 
theoreticallyy seems to affect only the first run of the search (in cases the program uses the model 
ass inserted for the first run), while in the beginning of every next run, all parameters are 
randomised,, thus the model is actually not related to the initial any more. This holds for 
differencess concerning the positional and translational parameters of the fragment comprising the 
searchh model and the possible torsion angles that describe its flexibility . However, if interatomic 
distancess and angles are not allowed to vary (as in all cases in this thesis), their initial choice 
mayy also be important. In the case of teei at 90 K, in which by accident the Fe-N had not been 
adjustedd to a typical LS value and the C - I distances at both RT and 90 K were left at the C-Cl 
values,, the incorrect bond distances did not seem to have affected the structure solution, as the 
successivee RR has been carried out successfully. Obviously, this will not always happen and one 
iss advised to use typical interatomic distances and angles. For example, in case of the 
perchloratee teec at 90 K, an incorrect Fe-N bond length (to its value at 3 00K) was likely to be 
onee of the reasons that the structure solution exhibited several undesirable close contacts. 

Thee symmetry of the molecule, three identical and interchangeable ligands aggravated the 
searchh problem by creating a rather shallow R(X) or Rwp hypersurface with many equivalent local 
minima,, which in general is a difficult problem to deal with. As pointed out above the presence 
off  relatively heavy halogens at the edges of the molecule in the cases of teec and teei has reduced 
thiss problem, in contrast to the case of teef in which the relatively light F atoms could not be 
locatedd easily. These facts underline the particular character of each new structure solution and 
thee difficulty to establish generally applicable rules and to draw firm conclusions. 

AlgorithmAlgorithm comparison. Theoretically, an exhaustive procedure like the GS is preferable in 
thee sense that if the parameter space is properly defined and the step size is reasonable, the 
structuree solution is certainly found. In practice, however, this would require very long 
computationall  times especially in the cases of a large amount of DOF. If one decides to use the 
GSS method, one has to consider splitting the search into sub-searches in order to reduce the 
computationall  time. In such a case, the user needs to continuously steer the search into the 
parameterr space. Another way to avoid long computational times is to use larger increments of 
thee parameters but with the obvious danger to overstep a minimum, especially in the cases of 
shalloww minima in the R(X)/Rwp hypersurface. 

Moree sophisticated algorithms that explore the parameter space in a selective manner, 
seemm preferable, although, a non-exhaustive stochastic algorithm cannot warrant the structure 
solution.. Both the GA and PT have been successfully used in this thesis but it cannot be stated 
thatt one algorithm performed more efficiently than the other. For example, in case of the 
perchloratee teec at 300 K, the solution finally accepted was found by GA (dmj„= 2.46 A) while 
thee one found by PT (dmjn= 2.31 A) was considered not satisfactory. In contrast, in case of teei at 
RT,, PT seemed to have found a slightly better model than the solution of GA. Use of different 
settingss might have led to different results. It seems that in articles found in the literature, 
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concerningg applications of the algorithms in other research fields though, many of the results are 
alsoo case-dependent and in some cases one algorithm performs better that the other. In practice, 
thee criteria to choose an algorithm come down to selecting the one that is available or the one 
incorporatedd in the most user-friendly program. 

CostCost function. In the methods used in this thesis, both integrated intensities and profile 
fittingg was used in order to solve the structures, being used in the cost functions R(X) and Rwp 

respectively.. There were no clear indications that the type of cost function used may have had a 
decisivee influence on the results, although it cannot be excluded either. 

Thee values of R(X) and Rwp should not be compared as they are defined differently. Also, 
ann R-based comparison of data sets collected from different compounds is only possible in case 
off  the same conditions. For example, the data sets of different compounds collected at SPring8 
cann be compared as the same set-up was used and, likewise, the data sets of the same compound 
att different temperatures can be compared directly. The chemical similarity of the compounds 
measuredd at the SPring8 allows for a comparison on the basis of Rwp but still this must be 
cautiouslyy done. However, data sets collected with a different experimental set-up, e.g. at the 
ESRFF and SPring8, should not be compared on the basis of Rwp's even if they concern the same 
compound.. For example, a common characteristic of the data collected at the SPring8 was the 
significantt background contribution, which artificially lowered the Rwp when compared to the 
ESRFF data in which the background contribution was relatively smaller. Concluding, the success 
off  a structure solution should not be based on the Rwp values alone. 

5.5.. Structure refinement 

Thee Rietveld method has been used to refine all the crystal structures discussed in this 
thesis.. Although the method is the same, its implementation in thee various programs may lead in 
generall  to different results. It is expected, though, that the RR of a structure carried out with, for 
example,, two different programs will lead to structural parameters, which can be considered the 
samee within certain limits. In this thesis, two programs have been used which led to complete 
finall  RR, MRIA and GSAS. However, in none of the cases a structure has been refined with both 
programs,, thus they cannot be compared directly. 

Thee RR's carried out with MS were not considered satisfactory in any of the cases because, 
ass explained, the program allowed only the use rigid bodies or the completely unrestrained 
refinementt of atomic coordinates. The former option has been used in this work, as the latter 
failedd completely, and afterwards in several cases those refined models were processed in the RR 
off  GSAS. The structures before and after RR with MS were in general not very different, though 
inn some cases there was some considerable move of the rigid bodies, while structural models 
beforee and after RR with MRIA or GSAS differed more. 

Thee low intensity in the case of X-rays as well as the heavy peak overlap at high angles are 
veryy important obstacles in the structure refinement. An unrestrained refinement of the atomic 
coordinatess was considered not realistic in all cases in this thesis and experience showed that 
withh any of the programs used, it always led to a largely distorted structural model. Therefore, 
geometricall  restraints have been used as explained in Chapter 3 and with the considerations 
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discussedd in Chapter 4.2.3.3. The correction for preferred orientation proved to be another useful 
tooll  in the structure refinement. Both the application of geometrical restraints and texture 
correctionn are quite often the most decisive points in the structure refinement but they should not 
bee seen as panacea. It seems imperative to work towards the definition of general rules and 
criteriaa that both the application of geometrical restraints and the texture correction methods 
shouldd obey. This can only be obtained by systematic work and realistic expectations about what 
cann be achieved with X-ray powder diffraction data. 

Itt is in general recommended to proceed slowly with refining the parameters and releasing 
thee geometrical restraints, if any, in order to avoid refinement divergence. It is not rare that one 
needss to restart from the beginning a RR procedure because of divergence. This fact makes the 
RRR a rather time-consuming procedure, especially in the cases of relatively large structures, 
whichh is a considerable drawback. This is the main reason for which not all the structures found 
duringg this work have been refined completely. 
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