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Preface 

When synchrotron radiation research started in the 1960's as a 
small offshoot from high energy physics laboratories, few people 
would have predicted the rapid expansion we have withnessed 
over the past few years. The most visible evidence of this growth 
is the increasing number of synchrotrons dedicated largely or 
exclusively to the radiation particle physicists used to consider 
as an annoying by-product and a waste of energy. The advantages 
of synchrotron light become plain when considering its properties: 
High brightness, wide range of wavelengths, excellent collimation, 
polarization, and a pulsed time structure. 

Physicists provided the driving force behind many of the new 
developments in synchrotron radiation research, but other fields 
are catching up rapidly. In fact biologists interested in the structure 
and contraction of muscle were among the early users of syn- 
chrotron X-rays because this enabled them to follow the scattering 
pattern in real time. Similarly, chemists noted quickly that inter- 
atomic distances could be determined to an unprecedented 
accuracy using X-ray spectroscopy. Scattering and spectroscopy 
techniques still represent the majority of synchrotron radiation 
experiments in biology and chemistry, and this is reflected in the 
articles in this book and its companion valume to follow shortly. 

A variety of reviews on the uses of synchrotron radiation in 
chemistry and biology have appeared over the past few years. 
Many of these were published as books or in specialist journals 
that are often not easily accessible in an average library. It was 
therefore a timely decision by Springer Verlag to cover this area 
within the series of '°Topics in Current Chemistry". The hope is 
to provide outsiders or newcomers to the field with an overview 
of current activities, written by scientists who are themselves 
engaged in synchrotron radiation projects. Their topics include 
theory, technical and methodological aspects, as well as the results 
that can be obtained. The first part of this book concerns applica- 
tions in chemistry, most of which deal with X-ray spectroscopy 
(EXAFS, XANES); the second part covers biological aspects 
based mainly on X-ray scattering techniques. 

The articles were written in late 1986 and in 1987 and thus 
represent the state of the art. During that time many of the authors 
were involved in the planning or construction of new synchrotron 



radiation facilities; it was not easy for them to take time off for 
writing, and I am grateful for their willingness to contribute in 
spite of their busy schedules. Finally I would like to thank Dr. 
Stumpe from Springer Verlag for the smooth collaboration and 
my secretary, Ms. Elke Spader, whose organizational talent was 
invaluable in putting this book together. 

Hamburg, August 1987 Eckhard Mandelkow 
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and  of  extremely mild routes to unsa tu ra ted  carbenes.  1,2-Addition to the alkene 

provides flexible approaches  to a wide variety of  cis- or  trans-disubstituted cyclo- 

propanes .  The  use of  the cyclopropene r ing as a templa te  in enant iocont ro l led  synthesis 
has been largely neglected, but this may  well p rove  to be an area of  considerable future 

interest.  

16 References 

1. Closs, G. L." Cyclopropenes, in "Advances in Alicyclic Chemistry" 1, 53 (1966) 
2. Deem, M. L." Synthesis 675, 1972" ibid. 701, 1982" Billups, W. E." Acc. Chem. Res. 11, 245 

(1978)" Halton, B." Chem. Rev. 73, 113 (1973) 
3. Padwa, A." Acc. Chem. Res. 310, 1979" Padwa, A., Blacklock, T. J., Rieker, W. F." Isr. J. 

Chem. 21, 157 (1981) 
4. Binger, P., Buch, H. M." Topics in Current Chemistry 135 (1987) 
5. Closs, G. L., Krantz, K. D." J. Org. Chem. 31, 638 (1966) 
6. Koster, R., Arora, S., Binger, P." Angew. Chem. 81, 186 (1969)" Angew. Chem. Int. Ed. Engl. 

8, 205 (1969) 
7. Arora, S., Binger, P., Koster, R." Synthesis 146, 1973 
8. Koster, R., Arora, S., Binger, P." Liebigs Ann. Chem. 1219, 1973 
9. Koster, R., Arora, S., Binger, P." Angew. Chem. 82, 839 (1970)" Angew. Chem. Int. Ed. Engl. 

9,810(1970) 
10. Magid, R. M., Clarke, T. C., Duncan, C. D." J. Org. Chem. 36, 1320 (1971) 
11. Berg, A. S." Acta Chem. Scand. B34, 241 (1980) 
12. Stoll, A. T., Negishi, E." Tetrahedron Lett. 5671 1985 
13. Negishi, E., Boardman, L. D., Tour, J. M., Sawada, H., Rand, C. L." J. Am. Chem. Soc. 105, 

6344 (1983) 
14. Breslow, R., Pecoraro, J., Sugimoto, T." Organic Syntheses 57, 41 (1977) 
15. Kamyshova, A. A., Ryzhkova, T. A., Chukovskaya, E. T., Freidlina, R. K." Doklady 1370, 

1982" Kamyshova, A. A., Chukovskaya, E. T., Freidlina, R. K." Izv. Akad. Nauk. SSSR, Ser. 
Khim. 2839, 1980" Chem. Abstr. 94, 174401n (1981) 

16. McDonald, R. N., Reitz, R. R." J. Chem. Soc., Chem. Commun. 90, 1971 
17. A1-Jallo, H. N., A1-Biaty, I. A., A1-Azawi, F. N." J. Heterocycl. Chem. 1347, 1977 
18. (a) York, E. J., Dittmar, W., Stevenson, J. R., Bergman, R. G." J. Am. Chem. Soc. 94, 2882 

(1972); (b) ibid. 95, 5680 (1973) 
19. Binger, P." Synthesis 190, 1974 
20. Bovin, N. V., Surmina, L. S., Yakushkina, N. I., Bolesov, I. G." Zh. Org. Khim. 13, 1888 

(1977)" Chem. Abstr., 88, 37290 (1978)" D'yachenko, A. I., Agre, S. A., Rudashevskaya, T. Y., 
Shafran R. N., Nefedov, O. M." Izv. Akad. Nauk. SSSR, Ser. Khim., 2820, 1984" Latypova, 
M. M., Plemenkov, V. V., Kalinina, V. N., Bolesov, I. G." Zh. Org. Khim. 20, 542 (1984); 
Bertrand, M., Monti, H." C. R. Acad. Sci. Paris 264, 998 (1967) 

21. de Wolf, W. H., Stol, W., Landheer, I. J., Bickelhaupt, F." Rec. Trav. Chim. Pays-Bas 90, 405 
(1971). See also de Wolf, W. H., Bickelhaupt, F." ibid. 150 

22. Sander, V., Weyerstahl, P." Angew. Chem. 88, 259 (1976)" Angew. Chem. Int. Ed. Engl., 15, 
244 (1976); Hulskamper, L., Weyerstahl, P." Chem. Ber. 118, 3497 (1984); Hulskamper, L., 
Weyerstahl, P." Chem. Ber. 117, 3497 (1983) 

23. Breslow, R., Cortes, D. A., Jaun, B., Mitchell, R. D." Tetrahedron Lett. 795, 1982 
24. Denis, J. M., Niamayoua, R., Vata, M., Lablache-Combier, A." Tetrahedron Lett. 515, 1980; 

see also Raulet, C." C.R. Acad. Sci. Paris 287, 337 (1978) 
25. BiUups, W. E., Lin, L.-J., Casserly, E. W." J. Am. Chem. Soc. 106,3698 (1984)- Staley S. W., 

Norden, T. D." ibid. 3699 
26. Billups, W. E., Lin, L.-J." Tetrahedron 42, 1575 (1986) 
27. Henseling, K.-O., Weyerstahl, P." Chem. Ber. 108, 2803 (1974) 
28. Breslow, R., Eicher, T., Krebs, A., Peterson, R. A., Posner, J." J. Am. Chem. Soc. 87, 1320 

(1965) 
29. See also Jonczyk, A., Radwan-Pytlewski, T." J. Org. Chem. 48, 910 (1983) 

_0~ 



Mark S. Baird 

71. Formanovskii, A. A., Leonora, L. I., Yakushkina, N. I., Bakhbukh, M., Grishin, Y. K., Bole- 
sov, I. G." Zh. Org. Khim. 13, 1883 (1977)" Chem. Abstr. 88, 37289u 

72. Levina, R. Y., Avezov, I. B., Surmina, L. S., Bolesov, I. G." Zh. Org. Khim. 8, 1105 (1972); 
Avezov, I. B., Bolesov, I. G., Levina, R. Y." Zh. Org. Khim. 10, 2114 (1974) 

73. Vincens, M., Dumont, C., Vidal, M." C.R. Acad. Sci. Paris 286, 717 (1978) 
74. Ceskis, B., Moiseenkov, A. M., Rudashevskaya, T. Y., Nesmeyanova, O.A., Samenovskii, 

A. V." Izv. Akad. Nauk. SSSR, Ser. Khim. 1084, 1982" Chem. Abstr. 97, 91692u 
75. Moiseenkov, A. M., Ceskis, B., Rudashevskaya, T. Y., Nesmeyanova, O. A., Semenovskii, A. 

V." lzv. Akad. Nauk SSSR, Ser. Khim. 1088, 1982" Chem. Abstr. 97, 127827h 
76. Dumont, C., Vidal, M." Bull. Soc. Chim. Fr. 2301, 1973 
77. Schipperijn, A. J." Rec. Trav. Chim. Pays-Bas 90, 1110 (1971) 
78. Schipperijn, A. J., Smael, P." Rec. Trav. Chim. Pays-Bas 92, 1121, 1159 (1973) 
79. Schipperijn, A. J., Smael, P." Rec. Trav. Chim. Pays-Bas 92, 1298 (1973) 
80. Sorokin, V. I., Drozd, V. N., Akimova, N. P., Grandberg, I. I." Zh. Org. Khim. 13, 737 (1977) 
81. Yakushkina, N. I., Zhurina. G. R., Surmina, L. S., Grishin, Y. K., Bazhenov, D. V., Plemen- 

kov, V. V., Bolesov, I. G." Zh. Obshch. Khim. 52, 1604 (1982)" Chem. Abstr. 97, 182567 
82. Kirms, M. A., Primke, H., Stohlmeier, M., de Meijere, A." Rec. Trav. Chim. Pays-Bas 105,462 

(1986) 
83. Baird, M. S., Buxton, S. R., Whitley, J. S." Tetrahedron Lett. 1509, 1984 
84. Baird, M. S." Tetrahedron Lett. 4829, 1984 
85. Suda, M." Tetrahedron Lett. 4355, 1980 
86. Walborsky, H. M., Powers, E. J." Isr. J. Chem. 21,210 (1981) 
87. Padwa, A., Wannamaker, M. W.- Tetrahedron Lett. 5817, 1986 
88. Dowd, P., Gold, A." Tetrahedron Lett. 85, 1969 
89. Weigert, F. J., Baird, R. L., Shapley, J. R." J. Am. Chem. Soc. 92, 6630 (1972)" for related 

photochemical reactions see DeBoer, C., Breslow, R." Tetrahedron Lett. 1033. 1967" Durr, H." 
ibid. 1649, 1967 

90. Aue, D. H., Helwig, G. S." J. Chem. Soc., Chem. Commun. 604, 1975 
91. Aue, D. H., Shellhamer, D. F., Helwig, G. S." J. Chem. Soc., Chem. Commun. 603, 1975 
92. Raasch, M. S." J. Org. Chem. 37, 1347 (1972) 
93. Zotova, S. V., Bogdanov, V. S., Nesmeyanova, 0. A." Izv. Akad. Nauk. SSSR, Ser. Khim. 2706, 

1979" Nesmeyanov, O. A., Zotova, S. V., Vostokova, E. I." Izv. Akad. Nauk. SSSR, Ser. Khim. 
2639, 1976 

94. Razin, V. V,., Gupalo, V. I." Zh. Org. Khim. 10, 2342 (1974)" Chem. Abstr. 82, I11632v 
95. Birchall, J. M., Burger, K., Haszeldine, R. N., Nona, S. N." J. Chem. Soc., Perkin Trans. I 2080, 

1981 
96. Durr, H." Chem. Ber. 103, 369 (1970) 
97. Komatsu, K., Niwa, T., Akari, H., Okamoto, K." J. Chem. Res. M2847, 1985 
98. Baird. M. S., Hussain, H. H., Clegg, W." unpublished results 
99. Padwa, A., Rieker, W. F." J. Am. Chem. Soc. 103, 1859 (1981) 

100. Padwa, A., Rieker, W. F., Rosenthal, R. J." J. Org. Chem. 49, 1353 (1984) 
101. (a) Nefedov, O. M., Dolgii, I. E., Bulushheva, E. V., Shteinshneider, A. Y." Izv. Akad. Nauk. 

SSSR, Ser. Khim. 1535,1979; 1901, 1976; Komendantov, M. I., Domnin, I. N." Zh. Org. Khim. 
939., 1973" Chem. Abstr. 80~ 26540c." (b) Butler, G. B., Herring, K. H., Lewis, P. L., Sharpe 
V V. Veazey, R. L.:J.  Org. Chem. 42, 679 (1977) 

102. Schipperijn, A. J., Lukas, J." Tetrahedron Lett. 231, 1972 
103. Stechl, H.-H. "Chem. Ber. 97. 2681 (1964); Tomilov, Y. V., Bordakov, V. G., Tsvetkova, N. M., 

Shteinshneider, A. Y., Dolgii, I. E., Nefedov, O. M." Izv. Akad. Nauk. SSSR, Ser. Khim. 336, 
1983 

104. Doyle, M. J., McMeeking, J., Binger, P." J. Chem. Soc., Chem. Commun. 376, 1976 
105. Baird, M. S., Hussain, H. H., Clegg, W.- J. Chem. Soc., Perkin Trans. I, 1609, 2109 (1987) 
106. Dolgii, I. E., Tomilov, Y. V., Tsvetkova, N. M., Bordakov, V. G., Nefedov, O. M." Izv. Akad. 

Nauk. SSSR, Ser. Khim. 958, 1983 
107. (a) Padwa, A., Kennedy, G. D., Wannamaker, M. W." J. Org. Chem. 50, 5334 (1985)" (b) 

Padwa, A., i]lacklock, T. J." J. Am. Chem. Soc. 101, 3390 (1979)" Padwa, A., Rieker, W. F., 
Rosenthal, R. J. 105, 4446 (1983)" (c) Weiss, R., Schlierf, C., Kolbl, H." Tetrahedron Lett. 4827, 
1973 

108. Pincock, J. A., Mathur, N. C." J. Org. Chem. 47, 3699 (1982). Calculations at the MINDO/3 

204 



X-Ray Synchrotron Radiation 
and Inorganic Structural Chemistry 

Alain Mosset ,  Jean Galy 

Laboratoire de Chimie de Coordination du C.N.R.S. 205 Route de Narbonne, 31400 Toulouse, 
France 

Table of Contents 

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

2 Synchrotron Radiation Properties . . . . . . . . . . . . . . . . . . .  3 
2.1 Wide Spectral Range . . . . . . . . . . . . . . . . . . . . . . .  3 
2.2 Excellent Spatial Coherence and Direct ional  Propert ies . . . . . . . .  4 
2.3 Well-Defined Polar izat ion . . . . . . . . . . . . . . . . . . . .  4 
2.4 Fas t -Time Structure . . . . . . . . . . . . . . . . . . . . . . .  4 
2.5 High Intensity and Brightness . . . . . . . . . . . . . . . . . . .  4 

3 Storage Rings as Light Sources 5 

4 Applications of Synchrotron Radiation in Structural  Inorganic Chemistry . . . .  
4.1 X-Ray  Scattering . . . . . . . . . . . . . . . . . . . . . . . .  

6 
7 

4.1. I Single Crystal Studies . . . . . . . . . . . . . . . . . . . .  7 
4.1.2 Powder Studies . . . . . . . . . . . . . . . . . . . . . .  7 
4.1.3 Large Angle X-Ray Scattering (LAXS) . . . . . . . . . . . .  8 
4.1.4 Small Angle X-Ray Scattering (SAXS) . . . . . . . . . . . .  10 

4.2 X-Ray  Absorpt ion  Spectroscopies . . . . . . . . . . . . . . . . .  12 
4.2.1 EXAFS:  Theory and Appl icat ions  . . . . . . . . . . . . . .  12 
4.2.2 Coordinat ion Chemistry . . . . . . . . . . . . . . . . . . .  14 
4.2.3 Solution Chemistry . . . . . . . . . . . . . . . . . . . . .  18 
4.2.4 Oxides, Chalcogenides and Metall ic  Glasses . . . . . . . . . .  19 
4.2.5 Catalysis . . . . . . . . . . . . . . . . . . . . . . . . .  22 
4.2.6 Mineralogy . . . . . . . . . . . . . . . . . . . . . . . .  22 

4.3 X A N E S :  Applications . . . . . . . . . . . . . . . . . . . . . .  24 

5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26 

6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 

Topics in Current Chemistry. Vot. 145 
Springer-Verlag. Berlin Heidelberg 1988 



Alain Mosset and Jean Galy 

This paper aims at showing the interest of synchrotron radiation for various applications in the 
field of Inorganic Chemistry. After a short survey of the main properties of this light source and 
some characteristics of the storage rings, two main applications are reviewed. The first one concerns 
X-ray scattering techniques. The study of very tiny single crystals and the improvements in the 
field of powder structure investigations are underlined. The second field of applications deals with 
X-ray absorption spectroscopies. After a short recall of the theory, remarkably enlightened during 
the last years, the discussion is mainly centred on the EXAFS applications in the various fields of 
inorganic chemistry. Some examples of XANES results are also given. 



X-Ray Synchrotron Radiation and Inorganic Structural Chemistry 

1 Introduction 

Electromagnetic radiation is a universal probe for studying the chemical and struc- 
tural properties of matter. This is quite evident when it is considered the amount of 
information brought by the different spectroscopies in the infrared, visible and ultra- 
violet wavelength regions. This is perhaps even more obvious in the field of X-ray 
diffraction, nowadays an unvaluable analytical tool for the Chemist, the Physicist 
or the Biologist. 

Each improvement or discovery in the field of radiation sources (lasers for 
exemple) or in the field of detectors (monodimensional and area detectors) directly 
brings up new steps forwards in our knowledge of matter. 

One of the most important improvements concerning radiation sources is the 
availability of synchrotron radiation. This light is emitted when relativistic charged 
particles move along a curved path under the guidance of a magnetic field. There 
are many synchrotron sources throughout the world providing a continuous spectrum 
whose range extends from infra-red to X-ray wavelengths. The properties of this 
radiation (intensity, brightness, spatial definition) have raised up a large interest 
in the scientific community. 

The scientific activity of synchrotron radiation centres is growing very rapidly 
and covers a great number of applications and branches of knowledge. 

As an example, the scientific report of the LURE-CNRS Laboratory at Orsay 
(France) for 19851 relates that over 300 projects have been developed, two-thirds of 
which in the X-ray field and the other third in the ultra-violet and soft X-ray regions. 
50% of these experiments correspond to applications submitted by laboratories of 
Physics, viz. 12% and 38 % from Biology and Chemistry laboratories. 

The aim of this paper is to bring out the interest of synchrotron radiation, in the 
region of X-ray wavelengths, for inorganic structural chemistry. Two main types 
of applications will be presented and illustrated with recent results: 
--  X-ray scattering: structural studies of very small single crystals, phase transition 
in powders, local order in amorphous solids, g lasses . . .  
--  X-ray absorption spectroscopy: particularly, structural studies by EXAFS and 
XANES spectroscopy of coordination compounds in the solid state or in solution, 
glasses. . .  

2 Synchrotron Radiation Properties 

2.1 Wide Spectral Range 

Figure I shows the "universal" spectral curve of an electron moving in a curved path. 
The variation of intensity with wavelength depends only on the 'critical wave- 

length" (k) ,  the vertical scale of intensity being simply defined by the electron current 
and energy. The value of ~ is given by the following formula: 

~.¢ = 5.6 R/E 3 = 18.6/BE z 

1 L.U.R.E. Laboratory for Utilization of Electromagnetic Radiation. LURE-CNRS, University 
Paris-Sud, Bat. 209C, 9140'70RSAY Cedex. FRANCE. 



Alain Mosset  and Jean Galy 

,~  1011 . 

- 101o 

---,. ~ l0 g 

.~ 107 
N 10 6 

g 105 

10 -~ I 10 I0 z 10 ~ 104 

212 c 

Fig. 1. Spectral curve o f  the synchrotron 
radiation 

Where R is the magnet radius (meter) 
E is the electron energy (GeV) 
B is the bending field (Tesla) 

Taking a magnetic field of 1.2 T, a wavelength of k = 1/k can be achieved with 
an electron energy E = 3.94 GeV. The shape of the spectrum indicates that, in 
such a case, a radiation extending from the X-ray region to the far infra-red can be 
obtained. 

2.2 Exce l len t  Spa t ia l  Coherence and Directional Properties 

The radiation emitted by a single electron, for X = L c, emerges at a mean angle 
0 = 0.511/E (MeV), E (MeV) being the electron rest mass energy. For the previous 
example (E = 3.94 GeV), 0 ~ 1.3 mrad. 

2.3 Wel l -Def ined  Po la r iza t ion  

The light is linearly polarized in the plane of the electron orbit and elliptically polarized 
above and below this plane. 

2.4 F a s t - T i m e  Structure 

Because the electrons in a storage ring circulate precisely in the form of a bunch, the 
synchrotron light produced is very stable, with subnanosecond pulses repeated 
on a microsecond time scale. 

2.5 High Intensity and Brightness 

Figure 2 shows the vertically integrated flux (number of photons emitted per seconds) 
in a 0.1% band pass for the de DC1 storage ring (Orsay - -  France) compared with 
other synchrotron facilities 2~. 

The flux for I0 keV photons (1.24 A) is equal to 1.5 • 1012; this must be compared 
with 105 photons produced by a standard molybdenum target X-ray tube operating 
at 20 kV and 200 mA 3~ 
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Fig. 2. Spectral curve ['or DCI  and other synchrotron centers 

The spectral brillance (or brightness), defined as the number of photons per second 
within a 0.1% band pass per mrad 2 and mm 2, is equal to 3.3 x 10 ~1. 

3 Storage Rings as Light Sources 

In France, two synchrotron radiation sources are operational: 
- -  ACO is working in the ultra-violet and soft X-ray regions. The installation of 
two new monochromators will allow the study of the S, C, O, N edges, very important 
elements in chemistry as well as in the field of biology. 
--  DCI working in the X-ray region, is mainly devoted to absorption experiments, 
EXAFS and XANES (2/3 of all experiments) and diffraction. This ring is the only 
one in the world to be equipped with an EXAFS apparatus working in the dispersive 
mode. 

The super ACO ring, under construction at Orsay, will work in the energy regions 
extending from infra-red to 5 keV, in replacement of the ACO ring. The machine 
will be based on the use of positrons leading to a higher brightness 4). 

The European Synchrotron Radiation Facility (ESRF), which will be settled at 
Grenoble (France), will have characteristics more advanced than those of existing 
machines built for high energy physics and even more advanced than machines under 
construction for synchrotron radiation purposes 2). This machine will work in the 
X-ray region, i.e.-Xo = 1 A for the normal bending magnet and Xc = 0.25 A for the 
strong field wigglers (a device which forces the beam in a trajectory with a shorter 
local radius of curvature). 
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Table 1. Synchrotron radiation facilities in use or under construction 

NAME --  LOCATION E (GeY) R (m) 1 (rna) k c (A) 

EUROPE 

ACO --  Orsay, France 0.55 
DCI --  Orsay, France 1.8 
Super ACO -- Orsay, France 0.8 
DORIS --  Hambourg, FRG 5 
BESSY - -  Berlin, FRG 0.8 
SRS - -  Daresbury, UK 2.0 
ADONE -- Frascati, Italy 1.5 
ESRF - -  Grenoble, France 5 

1.1 150 3.7 
3.8 250-400 3.9 
1.75 500 19 

12.1 100 0.54 
1.8 500 20 
5.5 680 3.9 
5.0 100 8.3 

22.4 560 1.0 

USSR 

YEPP-2M --  Novosibirsk 0.67 2 100 37 
YEPP-3 --  Novosibirsk 2.2 6.15 80-500 3.2 
YEPP-4 -- Novosibirsk 7 I0 10 0.27 

JAPAN 

INS-SOR --  Tokyo 0.3 1.1 50 288 
P h o t o n  F a c t o r y  --  Tsukuba 2.5 8.3 500 3.0 

USA 

TANTALUS --  Stoughton 0.24 0.65 100 263 
SURF I I  - -  Washington 0.24 0.83 30 336 
SPEAR - -  Standford 4 12.7 60 1.1 
CESR --  Cornell 8 32.5 100 0.35 
NSLS I - -  Brookhaven 0.7 1.90 500 31 
NSLS II - -  Brookhaven 2.5 6.95 500 2.5 
ALLADIN --  Stoughton 1.0 2.1 500 7.3 

F o r  10 keV p h o t o n s ,  the  t o t a l  e m i t t e d  f lux will  be  equa l  to  5 • 1013 a n d  the  ave rage  

b r i l l ance  to  2.4 • 1015, c o m p a r e d  w i t h  1.5 • 1012 a n d  3.3 - 1011 in DC1. 

4 Applications of Synchrotron Radiation 
in Structural Inorganic Chemistry 

T h e  a i m  o f  this  p a p e r  is n o t  to  give a n  e x h a u s t i v e  desc r ip t i on  o f  the  a p p l i c a t i o n s  

in this  f ield b u t  r a t h e r  to  u n d e r l i n e  t h e  m a i n  poss ib i l i t ies  for  the  c h e m i s t  i n v o l v e d  

in s t r u c t u r a l  s tudies  o n  b u l k  phases .  

T h i s  m e a n s ,  fo r  example ,  the  s t u d y  o f  the  t h r ee  d i m e n s i o n a l  o r d e r  o n  ve ry  smal l  

s ingle crystals ,  p h a s e  t r a n s i t i o n s  o r  t r a n s f o r m a t i o n s  u n d e r  phys ica l  o r  c h e m i c a l  

f ac to r s  o f  c rys ta l l ine  p o w d e r s  b u t  a l so  v i t r e o u s  t r a n s i t i o n  o f  glasses,  la rge  ang le  a n d  

smal l  ang le  X - r a y  sca t te r ing  ( L A X S - - S A X S )  o f  a m o r p h o u s  phases ,  l i qu ids  o r  co-  

o r d i n a t i o n  complexes  in  so lu t ion .  
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All these topics will be gathered under the heading "X-ray Scattering". 
The second part of this illustration will concern the "X-ray Absorption Spectrosco- 

pies", mainly XANES and EXAFS the later becoming a routine structural in- 
vestigation technique of the short range order. 

4.1 X-Ray Scattering 

4.1.1 Single Crystal Studies 

Synchrotron radiation provides a number of advantages over the best high-power 
rotating anode X-ray generators: larger number of  photons per second and larger 
spectral brillance. This allows to carry out experiments on a small number of 
scattering atoms or to shorten the measuring time. These conditions are particuIarly 
interesting in biology when sufficiently large crystals of protein molecules cannot be 
grown. Mineralogy and geochemistry are also potential fields for these applications 
because a number of minerals crystallize as tiny crystals (zeolithes, clay par t ic les . . . )  
and of course the wide field of chemistry. 

A quite nice illustration of such a type of study has been published in 1985 by 
Bachman et al. on a 6 gm CaF z crystal 5). This was the smallest single crystal ever 
used for X-ray diffraction experiment. For an ideally imperfect crystal, the scattering 
power S may be defined as : 

S = (]~ooo/Ve) 2 Ve~. 3 

where Foo o and V are respectively the number of electrons and the volume in the 
elementary cell, V is the volume of the crystal and ~. the wavelength. Usually, 
crystals with S = 1~0 iv are used for standard structure determinations. 

The CaF 2 crystal, studied with ;~ = 0.91 A, had S = 1.3 - 1014. 
The structure refinements, carried out as a function of the degree of polarization K 

of the synchrotron beam (K ~ 0.93), show that the diffraction data can be con- 
sidered as quasi free of absorption, extinction and thermal diffuse scattering. The 
authors of this work conclude that this kind of experiment will allow the study of 
crystal structures on a level of accuracy unknown up to now. Moreover, with a slightly 
focussed beam and a vertical diffraction geometry it should be possible to study single 
crystals with a scattering power as low as S = 1013. This corresponds to a crystal 
of 3 p.m edge length, i.e. the size scale of a large number of mineral species such as 
clay materials. 

The high flux of synchrotron radiation allows higher data acquisition rates. This 
can be of  fundamental interest when the diffraction measurements must be very 
accurate. For example, the collection of X-ray data for charge density investigations 
by the X - -  n method, which takes more than a month with a classical source, could 
be performed within a few days. This high speed of data collection is also of tremendous 
importance in the study of single crystals such as those containing short-lived 
radio-element or corresponding to unstable phases. 

4.1.2 Powder Studies 

The advantages of the synchrotron radiation already mentioned permit excellent 
work on crystalline powders, especially accurate determination of unit cell. Moreover, 
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Table 2. Results of Rietveld refinement of powder data for Bi203 6~ 
Previously reported Cu Kc~ single crystal results are also shown for comparison. 

Atom Powder 

X 

Single crystal 

y z x y 

Bi(1) 0.526(1) 0.181(I) 0.363(1) 0.5240(1) 0.183(2) 
Bi(2) 0.042(1) 0.046(I) 0.779(1) 0.0409(2) 0.0425(1) 
O(1) 0.798(13) 0 .286(7)  0.700(10) 0.780(4) 0.300(3) 
0(2) 0.275(13) 0 .050(8)  0 .155(t0)  0.242(5) 0.044(4) 
0(3) 0.288(2) 0.043(9) 0.541(10) 0.271(4) 0.024(3) 

a 5.8480(1) A 5.8486(5) A 
b 8.1681(1) A 8.1661(10) A 
c 7.5111(I) A 7.5097(8) A 
[3 112.983( < l) ° 113.00(1) ° 

0.3613(1) 
0,7762(1) 
0.710(3) 
0.134(4) 
0.513(3) 

it should be theoretically feasible to apply the Rietveld method to solve more complex 
structures than currently possible with existing neutron or classical X-ray sources. 
Cox et al. have described such experiments performed at the Cornell CESR storage 
ring 6). The configuration adopted consists of a souble crystal Si(220) monochromator 
scattering in the vertical plane and a Philips diffractometer modified to accept a 
Si(111) analyser which is inounted before the detector and acts as a high angular 
resolution slit. Cox et at. have studied the structure of  Bi203 with a 1,5 A wavelength, 
obtaining a resolution roughly 2-4 times better than that of a conventional focusing 
diffractometer using Cu K¢~ radiation. The results of the Rietveld refinement are 
given in Table 2. 

Anyhow we believe that structural studies on small crystals, when available, should 
be preferred as indicated previously. 

Any kind of  phase transition or transformation under the influence of physical 
(T, P . . . .  ) or chemical factors can be accurately studied with synchrotron radiation. 

Bastie et al. have studied a new phase in quartz which lies between the classical ¢~ 
and 13 phases 7). This phase exists in a very narrow range of temperature around 
846 _+ 1.3 K and has been proved to be incommensurate. Using a high temperature 
furnace especially designed for such a study, the ~ and [3 transitions were investigated 
and the evolution of the satellite reflections due to the incommensurate phase has been 
observed during the heating and the cooling of the sample. 

Another example is provided by Tolocko et al., who took advantage of the high 
speed of data collection to study the recrystallization process in deformed silver by 
time-resolved X-ray diffraction s~. The sample deformation was obtained by cutting 
and the first diffraction curve has been obtained 400 m sec after the deformation. 
Another 59 diffraction curves were stored with 50 m sec time interval. These curves 
allow to follow the structural changes during recrystallization. 

4.1.3 Large Angle X-Ray Scattering (LAXS) 

This method pFovides unvaluable informations on the short and medium range order 
in disordered atomic architectures: amorphous solids, glasses but also liquids or 
complexes in solution. The fast development and the economical importance of 
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RDF 

"modern" amorphous solids, like metallic glasses or glasses prepared by sol-gel 
process, the gel themselves, have raised a renewed interest for this technique. 

In order to have accurate informations from the radial distribution function 
(RDF), it is necessary to have a good counting statistics and to extend the measurement 
as far as possible in the k space (k --- 4~ sin 0/2). This leads of course to time- 
consuming data collections. The improvement of linear detector permits to shorten.  
the collection time; anyhow, with a classical X-ray tube and Mo Kct wavelength, the 
data collection takes a few hours to go up to 17 A -~, The synchrotron beam allows 
faster experiments and the possibility to work in the hard X-ray part of the spectrum 
extending considerably the k region available. A realistic possibility for the future 
ESRF machine seems to be kma X = 100 A -1 (2). 

Such a method has been used to elucidate the gold-sulfur framework of an impor- 
tant antiarthritic drug, sodium gold (1) thiomalate (Myochrisin). Elder 9) measured 
the X-ray scattering data on a mineral oil mull of solid Myochrisin at Stanford storage 
ring, with a 1.04 A wavelength. Figure 3 shows the corresponding radial distribution 
function (RDF). 

The first peak, at 2.30 A, can be assigned as the Au--S  vector. The major peak 2 
corresponds to a second neighbour distance of 3.35 A and a gold--gold interaction. 
This Au- -Au  distance leads to an A u - - S - - A u  angle equal to 94 °. The third major 
peak 3, at 5.8 A, corresponds to the next Au.. .  Au interaction. Assuming the 
S - -Au- -S  angle equal to 180 °, the chain conformation depends only on the torsional 

Oisfance (k] 

Aul Au3 

~ Au5 
$5 

• ,. Fig. 3. RDF of myochrisin from X-ray scattering 9~ 
10 

Au6 

$4 

$6 

Fig. 4. Two possible Au--S frameworks for myochrisin 9~ 
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angle S(1)-S(2)-S(3)-S(4). The Au(1)-Au(3) distance is equal to 5.8 A when this 
angle is 90 °. Figure 4 shows two possible frameworks: a hexameric ring or an 
open-chain structure. 

An interesting modification of the LAXS method has been used by Sadoc io) to 
study the local order in amorphous metallic alloys. The scattering data of CusY and 
Cu2Y were collected successively with four wavelengths (the inflection point of the 
two absorption edges and some hundred of eV below). This allows to extract the 
partial structure factors. In the case of CusY, the Y- -Y contribution is very low and it 
was not possible to calculate the Y--Y pair distribution. The RDF, corresponding 
to the Cu--Cu pair, shows a great similarity with the distribution in the crystalline 
phase up to 10 A. But the Cu--Y pair distribution is very different in the crystalline 
and in the amorphous solids. The model proposed can be described in terms of 
disclination lines in an icosahedral packing. 

4.1.4 Small Angle X-Ray Scattering (SAXS) 

Among all the techniques listed in this heading "X-ray Scattering", the SAXS method 
is probably one of the most often used. The studies of phase separation and recrystalli- 
zation in organic polymers or polymer mixtures very often requires SAXS experi- 
ments. In the inorganic chemistry field too, this method is used to tackle a variety of 
scientific purposes: 
- -  fractal structures and ageing kinetics of AI(OH) x solutions 11). 
--  medium range order in amorphous hydrogenated Cu--Ti  alloys 11); 
--  phase separation in A1ZnAg solid solutions 13). 
--  physico-chemical studies of AICla, 6 HzO aqueous solutions 14); 
- -  phase separation in B203--PbO--A1203 glasses 15); 

An interesting application, performed at LURE-DCI storage ring concerns the 
study of the swelling properties of layered minerals 16). Pons et al. have studied the 
swelling of ornithine-exchanged and Li-exchanged vermiculites. The SAXS experi- 
ments allow to extract three order parameters : the first moment  dmoy" of the interlayer 
distance distribution; the ratio 2 2 A /(dmoy.) with A 2, the distribution variance and the 
ratio d . . . .  /dmoy. with d~a X the most probable interlayer distance. 

The SAXS diagrams show a very intricate transition: hydrated solid--* gel in the 
Li-exchanged solids. Three phases are coexisting: a hydrated solid with two water 
layer, a gel and a very disordered solid. This study should allow to elucidate the for- 
mation process of a colloidal structure in such systems. 

Pons et al. have also followed the dessication-rehydration cycle in the montmoril- 
lonite clays by the SAXS method. This is an interesting study because the swelling 
properties of clays play an important role in the structural organization of soils. 
Two main conclusions arise from this work: 
- -  during the first dessication, the clay network is distorted and, as the loss of water 

is going on, the structural units gather to form thicker particles. Water is essentially 
extracted from the interparticle porosity. 

- -  during the rehydration process, it is shown that the clay mineral partly loses its 
property to absorb water. This loss is directly proportional to the level ofdessication. 
This is due to the irreversible deformation of the network. 

10 
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As in the case of  LAXS measurements, the anomalous dispersion effects, arising 
when the energy is closed to the absorption edge, can be used with the SAXS tech- 
nique. F O N T A I N E  did ASAXS experiments, at LURE-DCI ,  to probe the distri- 
bution o f  Zn atoms in phase separated A I - - Z n  alloys i7). He measured the variation 
of  SAXS from Guinier-Preston zones when the energy is scanned below the Zn ab- 
sorption edge (Fig. 5). 

The absolute integrated intensities, scattered by an aluminum alloy at 4.4% Zn, 
allows to deduce the variation of  f~, with a good accuracy. 

SAXS data collections on these A1--Zn alloys were also performed at Stanford 18) 
to study the kinetics of  the early stages o f  decomposition (unmixing) at the ageing 
tem 9erature (400 K < T < 470 K). In this experiment, the quenching and ageing 
were )erformed in situ and the scattering curves recorded every 10 seconds (Fig. 6). 
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Fig. 6. Time -- resolved SAXS curves 
for A1--Zn alloy ~s} I 

0 1.5 

I 3 

- 2  

11 



Alain Mosset and Jean Galy 

4 . 2  X - R a y  A b s o r p t i o n  S p e c t r o s c o p i e s  

4.2.1 EXAFS: Theory and Applications 

X-ray absorption spectroscopy is a technique that depends on the absorption of the 
radiation by a selected type of atom within the material. A typical X-ray absorption 
spectrum is pictured in figure 7. The abrupt change in the absorption coefficient la, 
called absorption edge, occurs when the incident X-ray photon energy is sufficient to 
ionize an inner electron shell from the absorbing atom (K-edge when the ejected 
electron is a 1 s electron). 

Above this threshold, the absorption coefficient shows a modulation known as 
Extended X-ray Absorption Fine Structure (EXAFS). The origin of this modulation 
can be qualitatively explained as follows: 
--  the ejected photoelectron can be viewed as a spherical wave centered on the absorb- 
ing atom (Fig. 8); 
- -  this wave can be backscattered by the neighbouring atoms producing an incoming 
wave; 
- -  the interferences of the outgoing and incoming waves result in the oscillatory 
behaviour of the absorption coefficient. 

This modulation depends on the chemical nature of the neighbouring aton3s, the 
structural environment of these atoms and their distances to the absorber. 

Details of EXAFS theory and analysis are given in numerous reviews and 
books x9-22L The main features only will be recalled in this paper. 

For moderate thermal or static disorders, the modulation of the absorption coeffi- 
cient is given by: 
~((E) = (la(E) --  la0(E))/lao(E); (lax = Ln(Io/I), where I0 and I are the incident and 
transmitted X-rays intensities and x the sample thickness) 

x(k) = ~ NjSj(k) Fj(k) exp (--2c~jk 2) 
J 

x exp (--2r/X(k)) (sin (2krj + q~j(k)))/k~ 

I 
g 

Pre-edge EXAFS 

Energy 
Fig. 7. General shape of an X-ray absorption edge 

Fig. 8. Schematic picture of the extended electron wave function. The 
dotted circles correspond to the backscattering from the neighbours 

12 
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where k = 1/(2 m/h 2) (E --  Eo), E is the incident photon energy, E o is the threshold 
energy. Fj(k) is the backscattering amplitude from each of the Nj neighbouring 

atoms with a Debye-Waller factor crj at a distance rj from the absorber. ~0j(k) is the 

total phase shift, depending on both the absorber and backscatterer nature of the 
atoms. 

In strongly disordered systems (liquids-amorphous solids), the previous treatment 
is no longer appropriate. The EXAFS expression can be written" 

oo 

z(k) = F(k)/k j" g(r) exp (-2r/X(k)) (sin (2kr + q~(k)))/r 2 dr 
o 

g(r) is a continuous radial distribution function characteristic of the system. 
There are two main methods of analysis for the EXAFS data: the Fourier transform 

and the curve fitting. The first method gives a radial distribution function Q(r) versus 
interatomic distances (Fig. 9): 

k m a x .  

o(r) = 1 /1 /~  f kaX(k) exp (12kr) dk 
k m i n .  

By comparison with model compounds, this function predicts the interatomic 
distances and the number of neighbouring atoms in the studied compound. 

The curve fitting method attempts to fit by least-squares refinements the k 3. X(k) 
curves with some calculated models (Fig. 10). 

EXAFS oscillations extend from ~ 50 eV to ~ 800 eV apart from the absorption 
threshold. In this energy range, the ejected photoelectron is weakly scattered by the 
neighbouring atoms and EXAFS can be analyzed by the simple scattering theory 23L 

On the contrary, the structure which extends about 10 eV on each side of the edge, 
called X-ray Absorption Near Edge Structure (XANES), is strongly affected by 
multiple scattering effects. From this structure, it is possible to obtain information 
on the coordination geometry and the effective charge on the absorber. 

Several theoretical methods to calculate the XANES spectra have been propos- 
ed 24-26). One_of the most efficient method is that proposed by Durham et al. which 

13 
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Fig. 10. Curve fitting in the k 
space (experimental: full line; 
theoretical: dotted line) 

allows to calculate the near edge structure with the help of the multiple scattering 
theory and a muffin-tin form for the potential of each atom. The atoms are classified 
into shells surrounding the absorbing atoms and the whole multiple scattering within 
and between the atomic shells is taken into account. 

4.2.2 Coordination Chemistry 

There has been a growing interest for the structural study of disordered or amorphous 
coordination complexes in the past few years. Thus, particular situations account for 
this interest : 
- -  it is sometimes very difficult or impossible to grow suitable single crystals ; 
- -  the properties of  the amorphous phase are different from the properties of the 
crystalline phase. 

An example of  the previous situation is enlightened by the case of  the CunNing- 
oxalato chain studied by Verdaguer et al. z8). The aim of this study is to establish a 
structural model of this ordered bimetallic chain in order to explain the magnetic 
properties. As it has been impossible to obtain single crystals, the EXAFS technique 
has been used at both the copper and the nickel edges. 

EXAFS data were recorded at LURE-DC1 at room temperature and 30 K, for the 
(CuNi) and (CuZn) bimetallic chains and for the (Cu), (Ni) and (Zn) homometallic 
compounds. The Fourier transform spectra are shown in Fig. 1 I. 

The least-squares fitting on the first shell leads to the following conclusion: there 
are four neighbours around copper and six around nickel (or zinc). The authors 
assign the three first peaks to the M- -O ,  M - - C  and M - - O '  shells. Taking the stoichio- 
metry into account, this bridging network is only compatible with a chain structure. 
The magnetic properties allow to rule out the stacking of alternating ribbons of 
Cu(CzO4) and Ni(C2O4). So, the most probable model is the bimetallic chain. The 
strong peak around 4 A, observed at 30 K in the "CuOx" spectrum, can give a clue to 
build up a model of  the chain stacking. 

0 C O' 

o 

14 
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Fig. 11. Fourier transforms at 30 and 290 K of various homo- and bimetallic oxalates. 
Cuox = Cu(C204), 1/3 H20; CuNi = NiCu = CuNi(C204)2, 4 H20; 
CuZn = ZnCu = CuZn(CzO4)z, 4 HzO; Niox = Ni(CzO4), 2 H20; 
Znox = Zn(C2Oa) " 2 H20 2s~ 

Ni edge 

2 4 6 8 

Indeed,  this peak corresponds to four  copper  neighbours.  This peak is also observed, 
but  less intense (two neighbours), in the (CuNi) complex at the copper edge but not  
a t  the nickel edge. The authors conclude that  copper  "sees" two other copper atoms 
situated at  4 A in neighbouring chains and p r o p o ~  the model  shown in Fig. 12. This 
structural  model  is quite similar to that  observed by Gleizes et al. in the compound 
CuMn(C202S2) 2, 7.5 H20,  the structure o f  which has been determined by X-ray 
single crystal diffraction methods 29) 

~Cu j .~Cu~ 
W 
l 

/ C u ~  
Fig. 12. Proposed structure for bimetallic CuNi(C204) 2 
x 4 H20 oxalate 28) 
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Fig. 13. Proposed structures for Cu(C604H2) 3o) 

A very similar study, with the same motivation, has been performed by Verdaguer 
et al. on copper (II) chloranilato and bromanilato complexes 3o). Two structures were 
proposed for the compound Cu(C6OgXz), as shown in Fig. 13 for X = H. 

EXAFS data were collected at the Cu and Br edges. The fitting results give the 
following distances: Cu--O = 1.95 A; Cu- -C  = 2.6 A; Br - -  C = 1.86 A; Br- -Cu 
= 5.06 A; Br--Br = 6.55 A. These results are quite compatible with a planar ribbon 
structure. Moreover, the authors demonstrate that a planar layer structure or a bent 
ribbon structure can be ruled out as incompatible with the Cu- -O and Cu- -C  
distances. 

Synthetic zeolithes, exchanged with transition metals or rare earth ions, are of 
extreme importance in fundamental and applied catalysis. However, it is generally 
difficult to obtain suitable single crystals and, moreover, X-ray diffraction studies 
often show long-range disorder in the tunnels. EXAFS spectroscopy can be used to 
probe the local environment of metal ions or even to study coordination complexes 
formed inside the cages of the zeolithes. Morrison et al. have collected EXAFS data 
on Cu(en) 2+ exchanged Y-zeolithe at Stanford Synchrotron Radiation Laboratory 
(Fig. 14) 31). The first shell analysis of  their spectra gives: C u - - N  = 1.98 A and 
4.2 neighbours. This result shows unambiguously that the bis(ethylenediamine)- 
copper(H) complex remains unchanged in the zeolithe. 

Another important application of the EXAFS technique is the study of transition 
metal ions involved in biological macromolecules. The analysis of EXAFS data from 
gold metallothionein suggests that the gold atoms are twofold coordinated whereas 
the zinc atoms, which gold replaces, are fourfold coordinated. Eidsness and Elder 32) 
have studied several Au--S and A u - - P  type structures as models for the biological 
systems. The results of these studies are summarized in Table 3. 

The refinement of  gold sulfur complexes is quite good. Bond distances agree within 
0.01 A and the ~rror on the coordination numbers is less than 10 %. On the contrary, 
the refinement of gold-phosphorus complexes yields correct bond distances but some 
of the coordination numbers (CN) are quite wrong. The authors show that the ratio 
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Fig. 14. EXAFS of Cu(en) 2+- 
exchanged zeolithe 31) 

Table 3. Bond distances and coordination numbers for Au--S and Au--P structures 32) 

Structure xtal 

dist (A) n 

Room Temp Data Low Temp Data 

R (A) n R (A) n 

[Au(PPh2CH3),,] + 2.449 4 2.44 2.0 2.44 2.8 

[Au(dpe)2] + 2.389 4 2.40 2.7 2.39 3.3 
[Au(dpp)Br]2 2.309 2 2.31 1.8 2.31 2.0 

[Au(dte)2 ] - 2.289 4 2.29 3.9 2.29 4.1 
[Au(dtt)2 ]- 2.310 4 2.30 4.1 2.30 4.4 

[Au(etu)2 ] + 2.279 2 2.28 2.8 2.28 2.1 

Models: [Au($203)2] 3- Au--S t.l = 2.276 A 

[Au(PPh2CH3)2] + Au--P t,l = 2.316 ,~ 

dpp dte dtt 

- P  S / C F 3  S - , . . ~ x ~ C  H 3 

S - C ' - . C F  3 

dpe etu 

E X A F S ( C N ) / C r y s t a I ( C N )  is l inearly re la ted to the bond  dis tance in the crystal  
(Fig. 15). 

The i r  conclus ion is that  a rescaling o f  the C N  is necessary with  increas ing bond  

distances as indicated in Fig. 15. This  s i tua t ion  m a y  be encountered  in cases where  

meta l -coord ina t ing  a tom distances can take va lues  very different  f r o m  those  in the 

mode l  structure.  I t  is to be not iced tha t  the results  for C N  are  no t  i m p r o v e d  ei ther  
by var ia t ions  o f  the d isorder  pa rame te r  in the  curve  fi t t ing o r  by measurements  at low 

tempera ture .  
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Fig. 15. Plot of the ratio EXAFS(CN)/ 
crystal (CN) versus Au--P bond distances 321 

This study shows that the transferability of results obtained on model compounds 
to more intricate systems must be done very carefully, especially concerning the 
appreciation of  the coordination numbers. 

4.2.3 Solution Chemistry 

In recent years, many studies have been devoted to the transition metal halides in 
aqueous solution by X-ray and neutron diffraction and by EXAFS 33-36). The local 
environment of the metal ion differs greatly for the different elements and valence 
states. Thus, for the chloride solutions, Fe 3 + and Cu 2 ÷ show an important bonding 
to C1- whereas Ni 2 + and Co 2 ÷ exhibit little or no bonding. 

Sadoc et al. 37) have studied the aqueous solution ofCdBr 2 by EXAFS measurements 
on the Cd and Br K-edges at the LURE-DCI storage ring. The prospect of this work 
was to confirm the conclusion of the Raman study 38) : viz. the absence of monomeric 
Cd--Br  2 species and correlatively the existence of CdBr;  and CdBr~ z-.  

EXAFS data have been collected for six solutions whose concentration varies from 
the saturation (concentration = Cs) to 0.05 C s. The first important result deals with 
the radial distribution functions which are identical for all concentrations on both 
edges. This means a local environment of both Cd + + and Br-  ions which do not 
change over this concentration range. The refinement, on the cadmium edge, gives 
2.0(5) Br ions at 2.55(5)A and 3,0(5) oxygen atoms at 2.18 A, for the cadmium 
environment. The refinement on the bromine edge yields to 1.70(25) neighbouring 
cadmium at 2.58 •. 

In isolated CdBr n complex ions, the bromine atom "sees" only one cadmium; this 
is not in agreement with the EXAFS result which indicates 1.7. Local order consisting 
in CdBr 3 or CdBr 4 isolated units is no more correct as it leads to disorder parameters 
anomalously large. Thus, the authors propose a model, which is consistent with Raman 
results, and built up with chains of CdBr 3 pyramids or CdBr4 tetrahedra (Fig. 16). 
Such a local structure may give a correct average coordination number, the exact 
value depending on the extent of these chains. However, the chains of CdBr a units 
seem more probable as the best fit was obtained with a second subshell of three 
oxygen atoms. So, the local order should be made of corner-shared octahedra 
chains. 

A similar study has been performed by Lagarde et al. 39) on several strong I I - - I  
electrolytic solutions: CuBr2, CUClz, NiBr2, NiCI2, ZnBr 2, SrBr 2. These solutions 
show very different local orders. 
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.e ~ ~:(~ e 

O Br • Cd 

Fig. 16. Two possible models for the local order of CdBr 2 solutions: a) chain of CdBr 3- pyramids; 
b) chain of CriBS- tetrahedron 3v~ 

In the case o fCuBr  z and ZnBr 2 concentrated solutions, the authors suggest a model 
built  up with MBr 4 tetrahedral units together in a solid like structure, ressembling 
that of  the corresponding crystals. In the case o f  CuBr 2, these extended structures 
involve 50 ~ of  the metal ions and 85 ~o in the case of  ZnBr 2. The surrounding of  the 
metal ion and of  the bromine atom are given in Table 4. 

When the concentration decreases, the percentage of  metal atoms involved in these 
structures decreases too but, even at low concentrat ions (0.1 M), there is still 
evidence of  metal-halogen bonding. The local order  in the CuC12 solutions seems 
to be similar but it is rather difficult to obta in  quanti tat ive informations. 

On the opposite,  the study of  a SrBr z sa turated solution does not show any S r - - B r  
bonding. EXAFS data can be analyzed with a shell of  four oxygen atoms at 3.40 A,. 

An other example of  the interest o f  E X A F S  experiments for solution chemists 
is the determinat ion (see Yamaguchi  et al. 4o)) of  the hydrat ion structure of  silver ions 
in aqueous perchlorate and nitrate concentra ted solutions. 

3 M and 9 M solutions have been studied, at Stanford, on the Ag K-edge. The data  
analysis reveals that  the hydrat ion structure of  the silver ions consists of  three to four 
oxygen a toms provided by water molecules, the bond distance being a round  
2.31-2.36 A (Table 5). 

In the case of  9 M AgNO3 solution, the Four ie r  t ransform shows a small peak 
around 4 A which is ascribed, by the authors,  to Ag  ... Ag  interactions. This hypo- 
thesis is supported by an X-ray scattering study 4~ of  the AgNO3 melt which shows 
such metal-metal  interactions. 

4.2.4 Oxides, Chalcogenides and Metall ic  Glasses 

The number  o f  studies in this field has been growing very rapidly in the past  few 
years since there is a great demand from industry, for improved "'classical" glasses 

Table 4. Coordination numbers CN and Bond distances extracted from EXAFS experiments performed 
on CuBr 2 and ZnBr 2 solutions 39~ 

CN Distances (A) 

M--Br M--O Br--M Br--O M--Br M--O Br--O 

ZnBr 2 3.5 2.5 1,75 1.75 2.37 1.94 3.26 
CuBr 2 1.5 3.5 l-1,5 3 2.39 1.93 3.3 
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Table 5. EXAFS results issued about silver salt solutions 4o~ 

3M AgCIO 4 3M AgNO a 9M AgNO~ 

Ag--O r (A) 2.31 2.36 2.34 
N 2.9 3.9 2.6 

Ag ... Ag 3.84 (A) 

and for new materials such as glasses prepared by sol-get process or metallic glasses. 
X-ray scattering studies often lead to ambiguous answers concerning the local 

structure, especially in the case of  multicomponent glasses. As EXAFS provides 
a partial radial distribution function, this method becomes very powerful when the 
distribution relative to each atomic species can be joined up. This situation is often 
encountered in metallic glasses. 

Maeda et al. 42~ have prepared glassy samples of  FegoZrl0 alloy by the melt- 
quenching technique. EXAFS data were collected on both edges at Tsukuba Photon 
Factory. Results of the curve fitting are given in Table 6. 

The main conclusions of  this study are: 
- -  the nearest neighbour distances are 0.2 to 0.3 A shorter 

- -  the coordination numbers are lower, in the amorphous state, than those in the 
corresponding crystals. 

However, according to Raoux and Frank 4-3) these underestimated coordination 
numbers and too short bond distances are caused by an intrinsic limitation of EXAFS, 
i.e. the spectrum is not analysed below k = 6 A-1. These authors propose to over- 
come this limitation by a simultaneous analysis of EXAFS and X-ray scattering data. 
They have applied this method to the Cu2Y alloy. 

The EXAFS on Y-edge is very well fitted by a two shell model: 3.3 Cu at 2.83 A 
and 1.5 Cu at 3.03 A. But, in this second shell, the coordination number is extremely 
ambiguous as it can be raised to 6 by changing the Debye-Waller factor from 0.1 A 
to 0.15 A. The study of the X-ray scattering data allows to solve this problem. The 
fitting of the radial distribution functions gives evidence of Cu- -Cu interactions. 
And, finally, the only model which leads to a good reconstruction of the X-ray RDF 
and of the EXAFS spectrum implies four different subshells, two of them for Cu- -Cu 
correlations and the other ones for Cu- -Y correlations. Interatomic distances and 
coordination numbers appear in Table 7. 

The study of oxide glasses by EXAFS is not so favourable as it is very difficult 
to collect extended spectrum of the oxygen K-edge. EXAFS information is therefore 
limited to the cation environments 44~ 

For the network-forming elements, EXAFS will be used to detect some occasional 
change in coordination numbers and bonding distances, as a function of chemical 
composition or thermal treatment. For network-modifying or doping elements, two 
main problems have to be solved : (i) the nature of the coordination shell and (ii) the 
description of the second shell which characterizes the degree of local order. 

Petiau and Calas *~ have studied the zirconium surrounding in various silicate 
and borosilicate glasses where Zr is a doping element (1%). The Fourier transform 
of  the EXAFS signal clearly indicates the existence of a two-shell distribution: (i) a 
first shell of  six oxygen atoms and (ii) a second one corresponding to 2.5 silicon atoms. 
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Table 6. Results ofleast square refinements on EXAFS 
data from Fe--Zr alloys ~2~ 

(a) Zr K-edge EXAFS 

Sample ShelI R (,~)* N* 

Fe2Zr Zr±Fe  (2 .931)  (12.0) 
(crystal) Zr--Zr (3.061) (4.0) 

F%oZrlo Zr--Fe 2.62(1) 5.2(I) 
(as-quenched) Zr--Fe 2.72(1) 3.2(1) 

Zr--Zr 3.04(1) 0.9(1) 
Zr--Zr 3.29(1) 0.3(1) 

FegoZrlo Zr--Fe 2.61(I) 2.7(1) 
(annealed) Zr--Fe 2.73(1) 2.2(I) 

Zr--Zr 3.02(1) 0.8(1) 
Zr--Zr 3.26(1) 0.3(1) 

(b) Fe K-edge EXAFS 

Sample Shell R (A)* N* 

Fe2Zr Fe--Fe (2.500j (6.0) 
(crystal) Fe--Zr (2.931) (6.0) 

Feg0Zr m Fe--Fe 2.30(1) 1.8(1) 
(as-quenched) Fe--Fe 2.39(1) 2.0(1) 

Fe--Zr 2.64(1) 0.2(1) 
Fe--Zr 2.73(1) 1.4(I) 

FegoZrto Fe--Fe 2.28(1) 2.2(1) 
(annealed) Fe--Fe 2.38(1) 4.3(1) 

Fe--Zr 2.64(1) 0.4(1) 
Fe--Zr 2.76(1) 0.4(1) 

* R and N values in brackets are from crystallographic 
study. 

Thus,  the local order  is made by  Z rO  6 oc tahedra  shar ing corners  with SiO 4 te t rahedra 
with a n o n  r a n d o m  angular  dis tr ibut ion.  

The same type of  analysis  on  glasses with t i t a n i u m  as dop ing  e lement  shows a con- 
nec t ion  between SiO 4 and  TiO 4 te t rahedra  a n d  a T i - - O - - S i  angle (130 °) significantly 
different f rom the usual  value for S i - - O - - S i  angle (152 °) in silica glasses. 

A n o t h e r  s tudy of  the env i ronment  o f  ne twork  modifiers  in oxide glasses has been 
made  by Greaves  et al. 45~ at Daresbury .  This work is interest ing in the way that  the 

Table 7. Comparison between EXAFS and X-ray scattering results for Cu2Y alloy 4a~ 

R N ( + 0 . 5 )  cr R N ( + 0 . 5 )  cr 

Cu--Cu Exafs 2.47 __+ 0.02 4 0.11 3.05 ___ 0.05 2 0.11 
Scattering 2.47 + 0.05 4.5 0.15 3.03 2 0.15 

Cu--Y Exafs 2.83 _+ 0.03 3.3 0.13 3.03 __+ 0.05 1.5 0.13 
Scattering 2.84 + 0.05 3.3 0.15 3.20 1.3 0.15 

Y--Y Scattering >3.58 >5 0.15 
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used modifiers are more sensitive to structural changes in the network than the 
network-forming atoms and because few data are available on these elements for 
experimental limitations. The authors measured the EXAFS of various silicate and 
borate glasses at Na and Ca K-edges. In NazSi205, the first coordination shell of Na 
is well defined with a mean-square relative displacement in N a - - O  distances of 
0.07 A. By contrast, the O shell in NazCaSisO12 is split into two subshells with 
bonding oxygen atoms (Na- -O ~2.3 A) and non-bonding oxygen atoms (Na- -O 
~ 3  A). This situation has already been observed in crystal structures of ternary 
silicates such as Na2CaSiO 4 where the sodium environment is very irregular. 

In crystalline calcium silicates, the alkaline earth environments, with 8 or 9 
oxygen atoms in the first coordination sphere, are extremely distorted. The same 
situation is encountered in the corresponding glasses. EXAFS analysis of anorthite 
(CaAIzSiOa) and diopside (CaMgSi206) leads to a distorted surrounding with a mean 
displacement of around 0.2/~ in C a - - O  distances. The anorthite glass shows 
exactly the same pair distribution function as the crystalline phase. On the contrary, 
both glassy and crystalline diopside have different calcium sites, with Ca - -O  
distances significantly longer in the glass. 

4.2.5 Catalysis 

EXAFS is a powerful technique for the structural studies of heterogeneous catalysts. 
In these solids, the metallic atoms are often arranged in small clusters difficult to 
study by X-ray scattering. EXAFS allows to study the structural properties of  these 
metallic sites, the coordination of adsorbed molecules and, moreover, the eventual 
modification of the catalyst during a chemical reaction. 

This subject will be treated in details elsewhere in this issue and Lagarde and 
Dexpert have published an excellent review about this subject 463. The wish here is to 
mention an EXAFS characterization of intermetallic compounds before and after 
various chemical reactions: carbon oxide hydrogenation, ethane hydrogenolysis and 
propane hydrogenation 47). LaNis, LaNi4F e and LaNi3Mn 2 have been measured by 
comparison with pure Ni. The Fourier transforms for these compounds are given in 
Fig. 17. 

It is clearly seen that, after Co,H 2 conversion, LaNi5 has a different behaviour from 
substituted compounds. There is a decrease of  the first shell coordination number 
instead of an increase in the other compounds. The authors explain this phenomenon 
by the contribution of small nickel particles. In the other cases, there is an 
increase of  the main peak and a growth of two new peaks resembling to those which 
appear in the pure Ni spectrum. 

4.2.6 Mineralogy 

A l~trge variety of geological materials can be studied by EXAFS : poorly organized 
solids - -  natural glasses or gels - -  natural solutions - -  coals . . .  Apart  f rom the 
major constituents (Si, A1 . . . .  ), minerals contain minor ( ~  1 ~ )  or trace (1-100 ppm) 
elements which often are transition metal ions. The study of these elements can give 
informations-on the physico-chemical conditions during the formation of minerals. 

For example, Manteau et al. 48) have collected EXAFS data on Ni-containing 
phyllosilicates from New Caledonia. In this series of layered minerals, nickel atoms can 
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Fig. 17 a-d. Fourier transforms of intermetallics: 
a -  a = LaNis; b = LaNi4Fe; c = LaNi3Mn 2. 
b -- a = LaNi~ before reaction; b = after CO, H2; c = after C2H6; d = Ni reference. 
e -- idem for LaNi4Fe; 
d -- idem for LaNi3Mn2 47~ 

substitute magnesium atoms. Two kinds of informations have been provided by 
EXAFS experiments: 
1) Ni is substituted to Mg in the octahedral sheet of these phyllosilicates, as seen from 

N i - - O  distances (2.07(1) A) and coordination numbers.  
2) The analysis of the second atomic shell permits discussion of the M g - - N i  cation 

ordening. The studied phyllosilicates can be divided in two series: a serpentine 
series and a talc series. In the later, nickel atoms are segregated into discrete domains 
whose minimal size can be estimated roughly a round 30 A. In the former, on the 
contrary, EXAFS results are more consistent with the existence of nickel-enriched 
areas without segregation. The authors conclude that the N i - - M g  cation ordering 
is a memory of the formation mechanism of the ore mineral. Indeed, the minerals 

23 



Alain Mosset and Jea~a Galy 

of the serpentine series result from the transformation of primary serpentines by a 
Ni enrichment and a subsequent Mg loss whereas the minerals of the talc series are 
neoformed products. 

4 .3  X a n e s :  Appl ica t ions  

We have detailed the different fields of  application in the case of EXAFS because 
this technique is now routinely used. This is not yet the case of XANES though there 
is a growing interest in this field. The reason for this delay may be that, until 
recently, there was no general theory to explain the phenomenon and to allow 
accurate modelization. Anyhow, the literature gives some examples in the same fields 
as EXAFS. We selected three of them to illustrate the potentialities of the method. 

Marcelli et al. 49) have studied the XANES spectra, at the oxygen K-edge, of well 
characterized silica glasses. The aim of this experiment, performed at Frascati, was to 
show that oxygen XANES can be a probe of oxygen site geometry in glasses. Silica 
glasses are built up with SiO 4 tetrahedral clusters and the disorder leads to variation 
of the Si - -O--Si  bridging angle. The various methods, used to study this disorder 
(EXAFS, MAS NMR, Raman Spectroscopy) give contradictory results. A recent 
review of this problem has been made by Kreidl 50) 

Three samples were investigated by Marcelli et al. : - -  an ~-quartz crystal, - -  a 
"natural" glass prepared by melting - -  and a commercial silica glass Suprasil 
prepared by oxidation of SiC14. Figure 18 gives the oxygen K-XANES of these com- 
pounds. 

The differences observed in the spectra can be explained in terms ofS i - -O--S i :  angle 
variations. Indead, theoretical spectra (Fig. 19) show the sensitivity of  XANES to 
bonding angles. However, the agreement with experiment is poor, and the authors 
conclude that it is necessary to use bigger clusters of atoms. 
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Fig. 18. XANES on oxygen K-edge for 
ct-quartz and silica glasses 49) 

24 



X-Ray Synchrotron Radiation and Inorganic Structural Chemistry 

.s_ 

I i i r f I i i ~ , [ , , , , 

0 2 4 
Energy (Ryd] 

Fig. 19, Total cross section as a function of the 
Si--O--Si angle (7) (from 49) 

Table 8. Peak position in the XANES spectra of f.c.c. Cu and ~-Mn 511 

peak position (eV) 1st peak 2nd peak 3rd peak 4th peak 

f.c.c. Cu 2_4 14.0 24,8 45,6 
cx-Mn 3.6 17.0 28.2 45.8 

The application of the XANES method to metallic elements is even more demonstra- 
tive. Greaves et al. 511 have collected K-edge absorption spectra for f.c.c. Cu and 
~-Mn. The two spectra show four strong peaks in the first 60 eV of fine structure. 
But, although both metals have close-packed structures of similar size atoms, the 
positions and amplitude of the peaks are different (Ta.ble 8). 

The reconstruction of the f.c.c. Cu spectrum has been made by theoret ica l  
multiple scattering calculations. A quite good agreement with experiment is obtained 
with a four-shell 54-atom cluster, organized with 12 atoms at 2.55 A, 6 at 3.61 A, 
24 at 4.42 A and 12 at 5.09 A. The four peaks of the spectrum are only reproduced 
when the third shell, at 4.42 A, is included. The reconstruction of ct-Mn spectrum was 
not realized as either a b.c.c, or a f.c.c, packing lead to a good fit. 

Bianconi et at. 52) report a quantitative interpretation of the XANES of Fe(II) and 
Fe(III) hexacyanide complexes. XANES data show two strong and sharp peaks, 
A and B, for the two compounds v~ith slight differences in the precise positions. This 
peak shift can be associated with different Fe--C and C- -N distances as illustrated in 
Fig. 20. 

The more probable effect is the contraction of the Fe--C distance in the Fe(III) 
complex by 0.04 A. This result would be in agreement with the diffraction data 
giving a 0.026 A contraction of the Fe- -C distance. The energy separation between 
peaks A and B are respectively 16.5 eV and 17 eV in Fe(II) and Fe(III) complex. This 
increase can be attributed to a 0.02 A contraction of the C- -N  distance, in agreement 
with the 0.028 A contraction observed by X-ray diffraction. Finally, the differences of 
line shapes in the two complexes can be explained, according to the authors, by small 
distortions of  the Fe(CN)6 group. 
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Fig. 20. Calculated K-edge XANES 
of Fe(CN)6 clusters: a) C--N distance 
fixed at 1.134A, Fe--C distances 
of 1.852 A (curve 1), 1.903 A. (curve 2), 
1.958 A. (curve 3), and 2.011 A, (curve 
4). b) Fe--C distance fixed at 1.903 A, 
C--N distances of 1.134 A (curve l), 
1.164 A (curve 2), 1.191 A (curve 3), 
and 1.217 A (curve 4). (from 52)) 

5 Conclusion 

The development of  new storage rings, among which ESRF is an entigthened example, 
is directly related to the remarkable and successful contribution in Science to the 
study of new phenomena and especially to the understanding of the fine structure of 
the matter. 

Since synchrotron radition requires heavy investments, a precise and safe organiza- 
tion, it cannot be used as a tool for daily laboratory investigations but it will be 
increasingly used for thorough understanding of carefully prepared structural 
studies of various materials, chemical reactions or phase transitions. 

A wide spectrum of scattering studies is opened on single crystals or microcrystalline 
powders: (i) on the former, through the possibility of  using small crystals, of 
collecting quickly accurate data or of  playing with the wavelengths in order to use, 
at its best, the anomalous scattering phenomenon ; (ii) on the later, the intensity of 
the X-ray beam allows to follow fast phenomena occuring to materials placed under 
specific pressure, temperature or chemical factors, and also, thanks to its fine wave- 
length definition, to obtain accurate patterns extremely well defined permitting, 
eventually, structural analysis. 

In the field of  spectroscopies, joint EXAFS and LAXS investigations (especially for 
the former at different wavelengths) give a powerful tool to tackle the difficult problem 
of the structural organization of amorphous or glassy materials, complexes in solu- 
tion, metallic glasses, melts . . .  EXAFS is also a good technique to handle the 
determination-of the surroundings of  a doping element used as a probe in a material. 
SAXS and XANES further provide valuable informations, even if the later is not yet 
an easy facility. SEXAFS should know a great development since the chemistry on 
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surfaces (molecular catalysis on metal surfaces, for example) tremendously needs origi- 
nal ways for investigation of  the structural features in order to understand the 
chemical mechanisms and to master them. 

The use of  synchrotron radiation has a remarkably positive impact in the field of 
the structural inorganic chemistry. Further, it will be a reference, which is not the least 
paradox, to improve current laboratory apparatus and to create new ones (EXAFS, 
LAXS, SAXS . . . )  in order to assume daily chemical researches and to prepare the 
experiments at their best level (scientifically and technically) prior to carrying them 
out in the storage ring centres. 

Aknowledgements: The authors are grateful to Mrs. Helene Morelle for her help in 
reviewing the english of  the manuscript. 
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1 Introduction 

X-ray absorption spectroscopy concerns the study of electronic transitions from 
atomic inner shells to unoccupied states. Electronic and structural information on 
selected sites can be obtained in complex systems. 

The characteristic of x-ray spectroscopy is that by tuning the x-ray energy it is 
possible to select the atomic species in which the excitation takes place and by 
selecting different core levels in the same atom the symmetry of the unoccupied states 
(the final electronic states) can be selected. 

The spectra of atoms are characterized by a set of bound Rydberg states below the 
photoionization threshold E 0 for excitations in the continuum 1 - 31 The Rydberg states 
become very weak in molecules 4-7) and disappear in condensed systems. Review 
papers on x-ray absorption spectra for atoms 1-31 and molecules 4-8~ are available 
and these spectra will not be discussed here. 

The spectra of condensed systems show structures above the continuum threshold. 
The study of the spectra within ~ i0 eV, of the absorption edge called Kroning 
structure 9), was first performed using standard x-ray sources 10, ~1). Recently the use 
of synchrotron radiation sources has produced a rapid development of x-ray 
absorption near edge spectroscopy 12-151 

Kroning 9~ first pointed out that the fine structure above the absorption threshold 
can be assigned to unoccupied molecular orbitals. According to the Fermi golden 
rule for optical transitions the transition rate from a core level to an unoccupied 
state at energy E can be calculated in k-space, and the measured absorption coeffi- 
cient is given by ~(E) ~ P(E) - Dr(E), where P(E) is the dipole matrix element and 
Dr(E ) is the density of states of selected angular momentum 1'. The dipole selection 
rule for an electronic transition from a core level of well defined angular momentum 1 
selects the unoccupied density of states of angular momentum 1' = 1 + I. 

In a set of early experiments with synchrotron radiation 12,16) the important role 
of the atomic cross section also in condensed systems was pointed out. In fact, large 
peaks of atomic origin have been observed at the absorption edges of  condensed 
systems where the atomic cross section .has strong resonances, e.g. for 3p-- > ed and 
2p-- > ed transitions in transition elements 16,17), and for 3d-- > nf transitions in rare 
earths ~8-2ot. In fact the total absorption cross section can be factorized into an 
atomic part and a modulating part due to the crystal structure a(E) = aa(E) • %(E). 

Where the atomic factor :q(E) has no resonances as(E) is the main term. 7~ is 
determined by scattering of the photoelectron by the atoms of the condensed 
system surrounding the absorbing atom. 

In the interpretation of the x-ray absorption spectra the inelastic interaction be- 
tween the photoelectron and the valence electrons is an important process. The mean 
free paths for Au and Si are shown in Fig. 1 21-23~. Therefore, in x-ray absorption 
near edge spectra extending up to several tens of eV above the Fermi level, inelastic 
losses become highly probable. Because of inelastic scattering of the photoelectron 
and finite core hole life time only a cluster of finite size is relevant to the determination 
of the final state wave function of the photoelectron. 

It has been shown in a series of papers 2~-26) that the description of the near 
edge spectra depends mainly on the geometrical structure of a finite cluster of atoms 
around the absorbing atom. The size of the cluster changes in different systems, 
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Fig. 1. Photoelectron mean free 
path for inelastic scattering in Si 22) 
and Au z3~ in the energy range of 
interest for XANES spectra. The 
data were obtained from the me- 
asurement of electron escape depth 
in photoemission experiments 

ranging from a single shell to several shells. Therefore, neither the description of the 
final states considering an inf'lnite crystal, without including inelastic effects, nor 
simple molecular orbital calculations could explain the experimental data. An 
interpretation of the x-ray absorption near edge structure (called XANES) of 
condensed systems was proposed in terms of multiple scattering resonances of the 
photoelectron in a cluster of finite size 25~ 

The absorption cross section for core transitions can be solved in real space 
using the Green's function approach in the frame of multiple scattering theory 27-3x) 
In this approach the limited mean free path of the photoelectron determines the 
finite size of the cluster of atoms around the central absorbing atom to be considered 
in the calculations. An important feature of the solution of the absorption cross 
section in real space is that physical processes determining the unoccupied density of 
states of condensed matter appear explicitly. Moreover, the spectra of systems without 
long range order can also be solved. 

Interest in determination of higher order correlation functions of local atomic 
distribution in complex systems has stimulated the growth of XANES. In fact 
XANES is sensitive via multiple scattering, to the geometrical arrangement of the 
environment surrounding the absorbing atom. 

The generally strong scattering power of the atoms of the medium for low kinetic 
energy photoelectrons favors multiple scattering (MS) processes 24- 33). At higher ener- 
gies, such that the atomic scattering power becomes small, a single scattering (SS) 
regime is found, where the modulation in the absorption coefficient is substantially due 
to interference of the outgoing photoelectron wave from the absorbing atom with the 
backscattered wave from each surrounding atom, giving the extended x-ray absorp- 
tion fine structure (EXA.FS) 34. 35). Hence EXAFS provides information about the 
pair correlation function. By decreasing the photoelectron kinetic energy a gradual 
transformation occurs from the EXAFS regime to the XANES regime 32, 33) 

1.1  X A N E S  E n e r g y  R a n g e  

In the analysis of XANES spectra it is possible to define the absorption threshold 
in different ways. 
i) The "absorption threshold" is at the energy of the transition to the lowest 

unoccupied energy state, 
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ii) The "absorption jump edge" is at the energy at which the absorption coefficient 
is at half  the height of  the atomic absorption jump. Because the dipole selection rule 
can suppress the absorption cross section over a large energy range, the energy 
of  the absorption jump edge can be at much larger energy than the absorption 
threshold (In some cases the energy difference can be up to 100 eV 3~)). 

iii) The "continuum threshold" is at the energy at which the electron is ejected to the 
continuum, i.e. the vacuum level in atoms and molecules, the Fermi level in 
metals and the bottom of  the conduction band in insulators. 

In the XANES data analysis the first step is to remove the continuum absorption 
background due to transitions from levels of  lower binding energy. This procedure is 
generally called pre-edge background subtraction. The relative absorption ct(E)/~ is 
usually plotted, where ~a is the smooth atomic absorption above threshold determined 
by the usual EXAFS analysis. Fig. 2 shows two typical XANES spectra where the 
XANES are normalized to the atomic absorption. 

In order to give experimental evidence o f  different EXAFS and XANES regions the 
absorption spectra of  [Mn(OH2)6] 2÷ and [ M n O ~ -  are compared in Fig. 2. The 
corresponding energy scales are in the ratio (d~'/d~') z = 0.47, where d* and d* are the 
M n - - O  distances in the two complexes corrected for the linear term coefficient o f  
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Fig. 2. Comparison of normalized Mn K-edge x-ray absorption spectra of(MnO+)- and ( M n ( O H 2 ) 6 )  2 + 

ions in 50 mM aqueous solution. The respective energy scales are given in the upper and lower parts 
of the figure. A partition of the spectra in to FMS (full multiple scattering) IMS (intermediate 
multiple scattering) and SS (single scattering) regions is sketched. The irmert shows a comparison 
of the two spectra after a rescaling of the oscillating amplitudes in the ratio 4:6 
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the scattering phase shift, to eliminate the effects in the spectra arising from the 
different bond length and from the dependence of the phase shifts on the energy. 
The zero of the energy has been set at the absorption threshold (the 1 s-3d transition) 
in both spectra. In this way the two spectra (after further rescating of the oscillating 
amplitude to take into account the different number of nearest neighbors, see insert 
in Fig. 2) show a superposed sinusoidal behaviour in that energy region that contains 
information only about the pair correlation function (EXAFS). Below 160 eV 
(75 eV with reference to the [Mn(OH2)6] 2+ scale) the absorption spectrum of[MnO4]- 
clusters deviates from the spectrum of [Mn(DH2)j 2 +. This fact is a clear indication 
that below these energies multiple scattering contributes to the spectra, and that above, 
the single scattering theory is enough to predict the fine structure. Therefore, the 
energy range of multiple scattering is largely dependent on the interatomic distance 
which agrees with the physical idea that where the photoelectron wavelength is larger 
than the interatomic distance the single scattering approximation breaks down. 

We can actually distinguish three parts in a x-ray absorption spectrum: 
l) The first part extending over about 8 eV, is called "edge region", threshold 

region or low energy XANES region. The physical origin of  the absorption features 
in the edge region is different in different classes of materials: Rydberg states 
in atoms, bound valence states (or bound multiple scattering resonances) in 
molecules, core excitions in ionic crystals, many-body singularities in metals, 
bound atom-like localized excitations in solids. 

2) The region in the continuum where multiple scattering processes are relevant is 
called the XANES region. 

3) The region of single scattering at higher energies is called the EXAFS region. 
In this chapter we will discuss one electron excitations in XANES. The multiple 

scattering theory and its applications for simple octahedral and tetrahedral dusters 
will be discussed. Then some cases where larger clusters contribute to the XANES 
spectra are considered. In the second part, the band structure approach for the study 
of metals will be described. 

2 Experimental Methods 

The advances in x-ray spectroscopy are related to the development of x-ray 
sources. Limitations in energy range and intensity of radiation from conventional 
x-ray tubes were overcome by using synchrotron radiation sources for soft x-rays in 
the 1960s and high energy, E > 1 GeV, electron storage rings in the 1970s as 
stable, tunable, intense x-ray sources. A schematic view of an experimental setup for 
x-ray absorption spectroscopy is shown in Fig. 3. The experimental setup and 
detection methods depend on several factors 36). First is the energy range of the 
x-rays. It is possible to distinguish different energy ranges requiring different types of 
monochromators; soft x-ray (50-700 eV) need glancing incidence grating mono- 
chromators; the range 700-3000 eV needs special crystals like-InSb and beryl; for the 
x-ray range h~gher than 3000 eV mostly double reflection silicon crystals are used. 
Moreover, the soft x-ray range requires special beam lines and sample chambers 
because of ultra high vacuum conditions. 
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Fig. 3. Schematic view of a beam line in a synchrotron radiation facility for x-ray absorption experi- 
ments  using a wiggler as x-ray source and a fluorescence detection system. The incident radiation.flux 
I 0 is measured usually by a ionization chamber.  The absorpt ion is measured by the ratio o f  the 
x-ray fluorescence t detected by the photomultipliers and  I 0 
The optical monochromator  using a fiber optics system is used for sample characterization. 

The detection system depends mostly on the concentration of absorbing atoms in 
the material. For bulk x-ray absorption spectroscopy for concentration above 10 -3 
atomic ratio standard x-ray transmission techniques are used. Incident and trans- 
mitted flux are measured by photoionization chambers. 

The absorption can also be measured by recording core-hole decay products in 
the case of  diluted systems. The inner shell photoionization process can be described 
as a two-step process. In the first step the photon excites a core hole-electron pair, 
and in the second step the recombination process of the core hole takes place. There 
are many channels for the core hole recombination. These channels can produce the 
emission of photons, electrons or ions, which can be collected with special detectors. 
The recombination channel that is normally used to record bulk x-ray absorption 
spectra of dilute systems is the direct radiative core-hole decay producing x-ray 
fluorescence lines. In Fig. 3a beam line with an apparatus to record absorption 
spectra in the fluorescence mode is represented schematically. 

The total x-ray reflection can be measured to obtain the XANES spectra 37.381 
and surface sensitivity can be increased by detecting the x-ray fluorescence in the 
total reflection geometry 39) 

In the soft x-ray range, hv < 4000 eV Auger recombination has higher probability 
than the radiative recombination. As the energy of the Auger electrons is characteristic 
of a particular atom, it was suggested that the selective photoabsorption cross section 
of atomic species chemisorbed on a surface could be measured by monitoring the 
intensity of  its Auger electrons as a function of photon energy. An intense Auger 
line is selected by an electron analyzer, operated in the constant final state (CFS) 
mode with a energy window of a few eV. A standard experimental setup for this 
type of surface x-ray absorption measurements is shown in Fig. 4 25) 

For bulk measurements the total electron yield, which has been found to be pro- 
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Fig. 4. Experimental setup for sur- 
face XANES detection. In the soft 
X-ray region a grasshopper mono- 
chromator is often used. The absorp- 
tion is measured by detecting the flux 
of emitted electrons of energy select- 
ed by the electron analyzer 

portional to the absorption coefficient, is used. This technique measures the integral 
over the entire energy range of the emitted electrons. The advantage of this method 
is that the maximum counting rate is obtained since emitted electrons over a large 
solid angle can be collected by applying a positive voltage to the detector. The other 
detection method is the low energy partial yield, where the secondary electrons within 
a kinetic energy window around the maximum in the inelastic part of the energy 
distribution curve (EDC) are detected. Because of the long escape depth for low 
energy electrons the bulk absorption is recorded by this method. 

The surface absorption of clean surfaces can be detected by recording Auger 
electrons at kinetic energies in the range 50-100 eV 4o) which have a very short 
escape depth. 

The technique which uses the ionic emission is called photon-stimulated desorption 
(PSD) 41). The ion current due to PSD is proportional to the number of created core 
holes., i.e., to the photoabsorption cross section of  the absorbate. It is a measurement 
of  the surface absorption with a very high surface contrast in comparison with 
the previously discussed detection methods. A comparison of different techniques is 
given by Stohr et al. 42). 

Another technique used for the study of core level excitation is electron energy loss 
spectroscopy (EELS). Experimentally an electron beam is incident on a target and the 
energy loss of  the reflected 43) or transmitted ' ~  electrons is analyzed. 

High resolution is required in XANES spectroscopy, because important physical 
information can be extracted from small variations in intensity and/or from small 
energy shift of an absorption peak. For this reason, careful preparation of pin-hole 
free samples and suppression of high harmonics in the incident photon beam are 
required in XANES spectroscopy. The energy band width AE of the photon beam 
monochromatized by Bragg diffraction using a crystal monochromator is determined 
by the angular divergence and by the crystal monochromator rocking curve. The 
angular divergence in synchrotron radiation beam lines depends on the intrinsic 
vertical spread of the synchrotron radiation, which is determined by the energy 
of the electron~beam in the storage ring and by the source size, i.e., the diameter of the 
electron beam and its divergence at the emission point determined by the electron 
optics. 
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The resolution can be improved by changing either the crystal or the reflection plane. 
In a classical two crystals monochromator, two parallel reflections produce 
a monochromatized photon beam parallel to the incident one. These two reflections 
reduce the tails of the rocking curve, and consequently they increase the resolution 
but leave the harmonic content like that of a single reflection. High resolution 
crystal monochromators have been described using antiparallel reflections 45) and 
high resolution XANES spectra have been measured using higher order reflections 46). 

Harmonic rejection was achieved in devices with two crystals by detuning one 
crystal with respect to the other 47). In fact, when the two crystals are misaligned the 
intensity of the harmonics drops off much more rapidly then the intensity of the 
fundamental, because the band width con()~) is much narrower for then harmonics than 
for the fundamental. The higher harmonic content in the synchrotron radiation beam 
is due to the intense continuum of the primary beam extending towards high energies. 
Therefore the harmonic contamination of the monochromatic beam can be drastically 
reduced by lowering the kinetic energy of the electrons in a bending magnet line or by 
lowering the wiggler magnetic field in a wiggler beam line. In future X A N E S  experi- 
ments will be performed by using many pole wigglers or undulators insertion devices in 
the new high brilliance synchrotron radiation sources like the European 6 GeV storage 
ring. Recently the dispersive EXAFS system 38,48,49) has reached the same resolution 
as standard channel-cut monochromators and this opens up the field of time resolved 
XANES experiments. 

3 Multiple Scattering in XANES 

3.1 Mul t ip le  Scattering Theory 

The absorption cross section for x-rays in the range 100-20 000 eV is determined by 
photoexcitation of electrons from atomic core levels. In this energy range pair produc- 
tion is forbidden and the weakness of electromagnetic field is such that only first order 
processes are important. 

To calculate the cross section for photoionization, multiple scattering theory within 
the framework of a single-particle is presented. The multiple scattering method has 
been developed in nuclear physics to calculate nuclear scattering cross sections and in 
solid state physics to compute the electronic structure of solids. 

Here we show an extension of the bound state molecular scattering method of John- 
son and co-workers 5o~ to determine the one-electron wave function for continuum 
states. The extension of the method, formulated for the first time by Dill and 
Dehmer 5~), is one in which the continuum wave function is matched to the proper 
asymptotic solution of the Coulomb scattering states. In this way the multiple scatter- 
ing problem is changed from a homogeneous eigenvalue l~roblem (bound states) t6 an 
inhomogeneous one in which the continuum wave function is determined by an 
asymptotic T-matrix normalization condition 52). In this scheme the total potential 
is represented by a cluster of  nonoverlapping spherical potential centered on the 
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atomic sites and the molecule as a whole is enveloped by an "outer sphere". Three regions 
can be identified in this partitioning: atomic regions (spheres centered upon nuclei, 
normally called region I); extramolecular region (the space beyond the outer sphere 
radius, region III) and an interstitial region of complicated geometry in which the 
molecular potential is approximated by a constant "muffin-tin" potential. The 
Coulomb and exchange part of the input potential are calculated on the basis of a 
total charge density obtained by superimposing the atomic charge densities, here cal- 
culated from Clementi and Roetti tables 53), of the individual atoms constituting 
the cluster. For the exchange potential it is possible to use both the usual energy 
independent Slater approximation 

Vox = --6ct((3/8~z) Q(x)) 1/3 (1) 

where 0(x) is the charge density and ~, the Slater exchange factor, is obtained from 
Schwartz 54) and the energy dependent Hedin-Lundqvist 5s) potential in order to 
incorporate the dynamical effect. 

Following this theory, the expression of the photoabsorbing cross section for a 
cluster of atoms with light polarized in the vector e direction is given, in the dipole 
approximation 52), by 

o'(E; e) = k/rt(4r~Zhvc~ E [D_L(E ; ~)[2 (2) 
i. 

where L = (1, m) is the angular momentum, a is the fine structure constant, k is the 
photoelectron wave number, 

,DL(E; e) = (~F~(E) [r "el qJi,) (3) 

and ~YlJL(E) is the continuum final state wave function in T-matrix normalization with 
incoming wave boundary conditions 56), the solution of the Schr6dinger equation asso- 
ciated with the potential described above and relative to exciting wave L_. The initial 
state q~i, is the core state completely localized at the site of the absorbing atom. Within 
each atomic sphere and beyond the outer sphere the Schrodinger equation is solved 
with the usual regularity condition at the nuclear center and the scattering condition 
(unbounded states) at infinity. Hence, one function is obtained for each angular mo- 
mentum value L of each atom and for each L value of the outer sphere. Each 
function carries the wave function amplitude as undetermined coefficient. Its magni- 
tude will be found by imposing continuity of the logarithmic derivatives with the inter- 
sphere wave function, which, because of the constant potential in this region, is a 
linear combination of spherical Bessel and Neumann functions. The continuity 
requirement defines a set of secular inhomogeneous equations which depend of 
course, on the energy and geometry of the cluster 51). From this ensemble of 
equations the total wave function in the interstitial region can be interpreted as a 
sum of  the exciting wave plus the scattered wave coming from each sphere in the 
cluster. The model is therefore a multiple scattering model for several centers with 
free propagation in the interstitial region. The physical details of waves scattered by 
the various centers are contained in the phase shifts. 
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The scattering total solution ~_c(E), for the T-matr ix normalization, behaves 
asymptotically as 

WL(E ) = f~(E) Ye(f~) - -  i Y. TLL{f~(E) + ig,(E)] YL(n) 
L 

(4) 

where f~(E) and gz(E) are the regular and irregular solutions of  the radial Coulomb 
wave equation of  energy E = hv - -  Eo, where E o is the ionization potential. Because 
the initial state is a core state localized at the site of  absorbing atom, just the ex- 
pression for WL(E ) calculated at this site (referred to as 0) is needed. So Eq. (3) 
becomes 

D_L(E ; 8) = (k0o2) -~ Y. W{jl, g°}  -1 B°(L) (R°YLI 8o r [W~.) 
L 

(5) 

Here R ° is the radial part  o f  the wave function calculated inside the sphere of  the 
absorbing a tom of radius 00, J~ is the Bessel function, W{A, B} is the Wronskian 
calculated at r = 00, BI°(L-) is the vector solution of  the multiple scattering equation 
for the particular exciting wave _L and L is the final angular momentum selected 
by the dipole selection'rule. All geometrical information is included in this coefficient, 
which for the case of  an isolated a tom is simply proport ional  to 6_c e. 

To  clarify the physical implication of  the expression written above, it is better 
to make  contact the Green's  function approach by a generalized optical theorem 57) 
and to write for the cross section the expression 

o(E;  8) = --k/~(4~Zhvce E mL(8) Im {(I + Tall) -1 --aJLL'7- ~00 me.(8) (6) 
L L '  

o - '  w 0 , , R ° }  where mL(e ) is the matrix element, between the function _R ° = R 1 (kQo) 
and the corresponding function of the absorbing atom, which choses the final L by the 
dipole selection rule;T,  =  iAL,tl is the diagonal matrix.describing the process of  the 
spherical wave with angular momentum I being scattered by the a tom located at site i 
through the atomic T-matrix element which has the usual dependence on atomic 
phase shifts, H = HUe,(1 - -  8~j) is the free amplitude propagator  of  the photoelectron 
in the spherical wave state from site i with angular momentum L to site j with 
angular momen tum L'  and I is the unit matrix. As is apparent  from this last 
equation the geometrical information about  the medium around the photoabsorber  
is contained in the matrix inverse (I + YAH)-1. When the maximum eigenvalue 0(T.H) 
of  the matrix T H is less than one it is possible to expand the inverse in series 32, 33.57), 
that is absolutely convergent relative to some matrix norm, so 

where 

c(E;  8) = Z CYn(E ; e) (7) 
n = O  

CYn(E; e) = --4rchv0~k Z mL(e) Im { ( - -1 )  n if.H)" T.} °°  mL,(e) (8) 
L L '  

n = 0 represents the smoothly varying "a tomic"  cross section while the generical n 
is the contribution to the photoabsorpt ion cross section coming from processes in 
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which the photoelectron has been scattered n - -  1 times by the surrounding atoms 
before returning to the photoabsorbing site. Before showing the explicit dependence on 
the geometrical factor of  the first two contributions (n = 2 and n = 3) (besides the 
atomic one) to the total cross section it is better to average over the polarization of  the 
electric field. Therefore, the unpolarized absorption coefficient which is proportional 
to the total cross section is given by 58} 

~F = Ahv{(1 + 1)M1,1+1×1+1 + 1Ml.l-l×l-x} (9) 

where 1 indicates the angular momentum of  the core initial state (1 = 0) for K 
excitation), M L 1±1 is now the atomic dipole transition matrix element for the photo- 
absorbing atom and 32) 

×, = {(21 -I- l) sin 2 8°} -' EIm [(l + T~H)-' T }Ira.°° 1 

m 

(10) 

Here 6 ° is the phase shift of  the absorbing atom. The total absorption coefficient can 
be expanded as a series % = %(1 + E ×,) where c~ o is the atomic absorption 

n = 2  

coefficient and because cq is always zero since Htm. 1 m = 0. For  the K edge, 
neglecting the angular dependence of  the Hankel function in the free propagator, the 
following expression can be obtained for n = 2: 

c~2 = %×2 = % ~ Im {fj(k, n) exp (2i3 ° + krj)/k~} (11) 

where r. is the distance between the central a tom and the neighboring atom j and 
J 

fj(k n) is the usual backscattering amplitude. This contribution is the usual EXAFS 
signal times the atomic part and it contains information about the pair distribution 
function only. The first multiple scattering contribution is the 73 term which can be 
written s9) 

~3 = ~o i~j Im {P,(cos ¢p) f~(¢o) fj(0) exp (2i(5 ° + kR,o,))/kr,r,jrj} (12) 

EXAFS XANES 

( ~ l ~  (3) ~, (3) 

Absorbing atom = = Photoelectron pathways 

Fig. 5. Schematic view of the multiple scattering pathways in the EXAFS single scattering regime 
and in the XANES multiple scattering regime 
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Here r 0 is the distahce between atoms i and j, fi(@ and fj(0) are the scattering am- 
plitude, which now depend on the angles in the triangle which joins the absorbing 
a tom to the neighboring atoms located at sites r~ and rj and Rtot = r i + r U + rj; 
in this expression cos q~ = - - r l . r j ,  cos q0 = - - r ~ ' r ~  and cos 0 = r j ' r  U. So the 
terms with n higher than 2 clearly contain information about the n-th order 
correlation function. A pictorial view of  this interpretation is shown in Fig. 5. 

To conclude it is possible to observe that because P1 (cos q0) = cos q0 there is a 
selection rule in the pathways that contribute to the :c 3 term, in fact aI1 pathways 
where r~ is perpendicular to rj do not contribute to this term since cos q~ = 0. 

3.2 Tetrahedral Cluster 

The x-ray absorption spectra of  transition metals with tetrahedral coordination have 
attracted a great deal of  attention since the beginning of  x-ray spectroscopy using 
laboratory x-ray sources lo). The spectrum of MnO,~ in aqueous solution recently 
measured with synchrotron radiation is shown in Fig. 6. The KoXANES of  transition 
metal ions MnO~-, CrO~- and VOW- show a characteristic narrow and strong ab- 
sorption line at the K threshold which was called a white line because o f  its image 
on the photographic plates used in early experiments. Best 6o) has interpreted these 
spectra by calculating the unoccupied molecular orbitals. The fact that these spectra 
can be used to probe the geometrical coordination of  metal ions in solution was first 

1 . a  ~ T 

. .  MnO~ (soluHon) 

c :  ° 

. c ~  . . . . . .  . "  " 

* " * ' "  1 /  I ° ' ' * "  * "  . . . . . . . . . . . . . .  " ' "  . . . . . . . . . . . . . . . . . . . . . . .  " . . . . . .  ' f , , ,  , 4 . . . ; , , ,  i ,  , , , ,  I , , , , I 
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E-Eo (eV) 

Fig. 6. Manganese K-edge XANES spectrum of [MnO4]- in aqueous solution, and its derivative 
(lower panel) 
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pointed out by Lytle 61). The occupied molecular orbitals of the MnO~- cluster was 
the subject of  one of the first multiple scattering calculations in the X - - ~  multiple 
scattering theory of Johnson 50~ 

Kutzler et al. 271 have extended the Xzt multiple scattering calculations in the 
continuum for the [CrO,] 2- cluster. It was demonstrated that the white line at 
threshold is due to a dipole allowed transition to the unoccupied antibonding orbital t 2. 
This final state is in an energy region at threshold where the final states are of d-like 
symmetry and therefore the cross section is quenched by dipole selection rules. The 
absorption jump edge is about 6 eV above the white line. It is determined by the 
threshold of transitions to continuum states of p-like symmetry. Recently this system 
has been chosen to establish the role of  multiple scattering in the XANES in open 
structures, i.e., clusters with no atoms in collinear configurations. The tetrahedral 
cluster has the characteristic that there are not multiple scattering pathways with 
atoms in collinear configuration. 

The spectrum of MnO£ ion in solution is determined mainly by the multiple 
scattering from the first neighbors because of structural disorder in futher shells. 
This point has been determined by measuring the spectrum of this ion in different 
solvents 62). This is in agreement with the analysis of the EXAFS oscillations in the 
range of  wave vector k above 4 A-1 by Rabe et al. 63) where the contribution of 
only the first shell has been observed. 

Tetrahedral clusters offer a good example to test the transition from the multiple 
scattering to the single scattering regime by increasing the kinetic energy of the 
photoelectron. In Fig. 7 the results of multiple scattering calculations using the theory 
discussed above are shown. 

o= 

~ , Mn04 

/ 

/ / 

n~3 

J 
rl~5 

, , I , , , , I , , , , I  . . . .  
0 2 4 6 8 

Energy (Ryd) 

Fig. 7. Theoretical XANES ab- 
sorption spectrum for tetrahedral 
MnO 4 cluster showing (as in 
Fig. 3) the total (upper curve), 
atomic (dashed line) and 
~t = % "~n n = 2, 3, 4, 5 partial 
higher-order contribution 
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For the Mn04 cluster the condition ~(T~H) < 1 is verified for all energies greater 
then the white line, therefore the convergence of the series ~F(E) = %(1 + Z =  2 ×(E)) 
has been found over the full spectrum in the continuum. Hence the experimental 
spectrum can be analyzed in terms of contributions of successive orders of multiple 
scattering, from the EXAFS term n = 2 to the higher terms n = 3, 4, 5, 6 ... The 
experimental spectrum shown in Fig. 6 can be compared with the full multiple 
scattering calculations ofct F shown in Fig. 7 where the sum up to infinity is calculated 
by inversion of the scattering matrix. 

Using for the exchange part of the potential the usual energy independent Slater 
approximation (Xa potential) we must expand the energy scale by a factor of about 
1.1 to obtain the agreement between theory and XANES experiments. Good agreement 
with the energy pos!tions of experimental peaks has been obtained by considering 
the energy dependent exchange Hedin-Lundqvist potential. 

The atomic absorption ~o(E) coefficient is shown in Fig. 7 as a dashed curve. The 
terms ×2(E), ×3(E), ×4(E) and ×s(E) times ~o(E) are reported in Fig. 7. The ×z(E) term 
is the EXAFS signal, which is not enough to account for experimental features below 
150 eV. The ×3(E) term is due to multiple scattering paths involving the central atom 
(manganese) M o and two oxygens M o - - O - - O - - M  o. We observe a negative inter- 
ference between the higher order terms ×4(E) and ×5(E). From the figure it is clear that 
the higher-order contributions attenuate faster with increasing kinetic energy of the 
photoelectron. The approach in terms of partial contributions to the absorption 
coefficient shows the continuous merging of the multiple scattering (MS) regime 
into the single scattering (SS) regime above 150 eV in [ M n O j - .  

The general picture of an absorption spectrum that emerges from the preceding 
considerations consists of a full multiple scattering region where many or an infinite 
number of multiple scattering paths of high order contribute to the final shape of the 
spectrum. Sometimes in this region the series does not converge at all. These full 
multiple scattering resonances are followed by an intermediate region where only a 
few MS paths of low order are relevant (typically n < 4), this region merges conti- 
nuously into the EXAFS regime (SS region). The energy extent of each region is 
obviously system dependent. 

The experimental three-atom correlation a2'62) function for the [MnO 4] cluster 
in the range 20-140 eV has been extracted using the following procedure. The 
experimental modulated part Xm of the measured absorption coefficient am due 
to the photoelectron scattering is obtained as ×m = (:~m -- Zq))/~0. Neglecting higher 
order contributions ×4(E) and ×5(E) it is possible to identify ×m = ×Z + ×3 in the 
intermediate region between the EXAFS and the full multiple scattering region. There- 
fore an experimental ×3(E) can be obtained by subtracting from ×re(E) the ×2(E) 
term which can be determined by theory using spherical waves and a reliable phase 
shift down to very low kinetic energy of the photoelectron. In Fig. 8 the comparison 
between the theoretical and experimental x3 is shown. The experimental spectrum 
has been corrected for a double electron excitation ,centered at 58 eV 62~. The Fourier 
transform of both theoretical and experimental signals are shown in the lower part of 
Fig. 8. The peaks correspond.to the sum of the Mo--O--O--Mo distances corrected 
for the phase shift of the n = 3 scattering processes. 
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Fig. 8. The experimental xa(k) signal 
(solid line) obtained from the mea- 
sured g(k) as x3(k) = { (g(k) -  go)/ 
g o } -  ~2(k) is compared with the 
theoretical ~(k). In the lower panel 
the Fourier transform of the experi- 
mental (solid line) and theoretical 
~q(k) are shown 

3.30ctahedral  Clusters 

In the octahedral clusters there are O- -Mo--O atoms in a collinear configuration. 
When there are atoms in collinear configurations, the scattering amplitude is en- 
hanced due to the high probability of forward scattering. This effect is known to en- 
hance the amplitude and to modify the phase shift of the EXAFS signal of a distant 
neighboring atom; it is called the focusing effect 64.-66), The focusing effect determines 
the presence of multiple scattering contributions also at high kinetic energies of the 
photoelectron. In Fig. 9 the x-ray absorption spectrum of Mn 2 + ions in aqueous 
solution at 50 mM concentration is shown. 

The theoretical spectrum for an octahedral cluster formed by a central manganese 
and six neighboring oxygens has been calculated according to the multiple scattering 
theory described in the Sect. 3.1. The expansion of the total cross section 
ctt = ~o(1 + ~ n.) is demonstrated to be feasible above threshold. The results are 
shown in Fig. 10 where the atomic absorption % and the successive multiple 
scattering contributions ~ × ,  are reported. The muttiple scattering contributions are 
classified according to the multiple scattering pathways within the oetahedral cluster 
as shown in Fig. 5. The full multiple scattering calculation reported in the upper part 
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Fig. 9. X-ray absorption spectrum and its derivative (lower panel) o f  Mn 2+ ions in solution. The 
zero of  the energy scale is fixed at the weak ls-3d excitation at threshold 

of the figure is in good agreement with the experimental data of Fig. 9. No white line 
is observed at threshold because in the octahedral cluster the transition from the 
1 s (I = 0) level to the first unoccupied states is dipole forbidden because the first 
unoccupied states have t2~ and eg symmetry, which are I = 2 symmetries. 

The multipIe scattering pathways where the angle between the outgoing wave and 
the reflected wave is 90 ° (for example the n = 3 contribution for the M - - O - - O - - M  
pathway) has zero amplitude in the plane wave approximation as can be seen from 
formula (12) in Sect. 3.1. Therefore the pathways for atoms in collinear configurations 
provide the main contribution to multiple scattering. 

This fact explains the results in Fig. 10 where ~3(E) has as large an amplitude 
up to high energies as the EXAFS term x2(E ). Also, the attenuation of the higher 
terms ×4(E) and ×5(E) with increasing kinetic energy is much less than that observed 
for tetrahedral clusters. 

By comparing the total cross section obtained from a full multiple scattering 
calculation shown in the upper part of Fig. 10 with the EXAFS term ~0~2 we 

observe that the two spectra are very similar above 3 Rydberg. This effect is determined 
by the destructive interference between the n > 3 contributions. The negative inter- 
ference between n = 3 and n = 4 contributions is clearly shown in Fig. 10. This 
destructive interference between higher order contributions is characteristic of octa- 
hedral coordination and disappears for distortion of the octahedra. 

The main peak observed in the first 30 eV energy range is clearly a multiple 
scattering resonance. This peak has contributions from all multiple scattering pro- 
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Fig. 10. Theoretical absorption 
coefficient for a cluster formed by 
the central Mn and six oxygens. 
Going from top to bottom the 
total cross section, the atomic 
contribution (dotted-dashed line), 
the single scattering contribution, 
n = 2, (EXAFS) and the contri- 
butions of successive orders of 
multiple scattering pathways of 
orders n = 3, 4 and 5 are shown 

cesses, which, due to the particular geometrical coordination, happen to be all in 
phase at one particular energy, the resonance energy. 

3.4 Contribution of Further Shells 

In the analysis of XANES spectra of condensed systems the first step is to identify 
the size of the cluster of atoms relevant for the XANES spectrum 25, 26). The cluster 
consists of the central absorbing atom and its local environment. The size of the 
cluster can range from the smallest one, including only the nearest neighbors, to 
clusters including up to many surrounding ~hells. 

The finite size of the cluster is determined by the mean free path for elastic 
scattering of the photoelectron as shown in Fig. 1 and by the core hole life time. In the 
energy range 1-10 eV, where the mean free path becomes longer than 10 A, the size 
limitation due to the core hole lifetime becomes the relevant one. The contribution 
of  further shells can be cancelled by structural disorder as already discussed for 
transition metal ions in dilute solutions. 

Here we discuss some cases where contributions from further shells are essential 
in order to interpret the XANES spectra. The iron K edge spectra of K4Fe(CN) 6 and 
K3Fe(CN)6 crystals are reported in Fig. 11 (panel b) together with their derivative 67) 

These spectra have been interpreted by the multiple scattering approach of XANES 
developed by Durham et al. 68,69). In this approach an independent particle approxi- 
mation similar to the local density approximation (LDA) to the density functional 
theory has been used 7o). The effective one-particle Schr6dinger equation using multiple 
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Fig. 11. X-ray absorption spectra of 
K3Fe(CN)6 and K4Fe(CN)6 (panel b) and 
their derivative (panel c). In panel a the cal- 
culated XANES of Fe(CN)6 clusters are 
plotted. The solid line is obtained using the 
coordinates of diffraction experiments for the 
K3Fe(CN)6 crystal. The dashed line is ob- 
tained using the coordinates of diffraction 
experiments for the K~Fe(CN) 6 crystal. The 
dashed-dotted line is the XANES spectrum 
using the coordinates of an alternative struc- 
ture suggested by diffraction experiments 

scattering theory in real space for a finite cluster of  atoms surrounding the absorbing 
a tom has been solved. Neither translational symmetry nor site syrmTtetry of  the 
cluster are required. This aspect of  the theory makes it applicable for the extraction 
of  structural information from X A N E S  of  complex systems such as proteins and 
disordered systems. This is a full multiple scattering theory because the key quantity 
that determines the interaction of  the excited electron with the environment is the 
scattering path operator _z, which sums all scattering paths which begin and end on 
the central atom. 

The cluster is divided into concentric shells of  atoms and the multiple scattering 
equations are solved first within each shell and then recursively between the shells 
themselves and the central atom. Therefore the contribution of  successive shells can 
be easily studied'using this method. 

The key role of  the second shell in the spectra o f  ferro-cyanides is demonstrated 
in Fig. 12. The multiple scattering X A N E S  calculation for a single shell of  FeC6 is 
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Fig. 12. Calculated Fe K-edge XANES for an Fe(CN) 6 cluster (Rve_c = 1,903 A, Pc-N = 1.134 .~) 
with both C and N shells included (solid line) and with the C shell only included (dashed line) 

compared with a full cluster calculation including the second shell. It is clear that 
it is only on including the second shell that the experimental features A, B and C 
in the spectra of  Fig. 11 appear. For these systems where the C - - N  distance is short 
the full multiple scattering within two shells plays a major role in the XANES. 

The XANES spectra of ferro- and ferricyanide complexes have been used to solve a 
structural problem concerning these systems. The structure of these complexes is 
approximately octahedral, with six CN groups surrounding a central Fe atom, with 
the F E - - C - - N  bond being nearly linear. The difference between the structure of 
K4Fe(CN)6 and K3Fe(CN)o crystals has been the object of long standing research 
using diffraction methods. In fact the F e - - C  distances do not show large difference 
between the two complexes, and the valence electronic charge is delocalized in the 
Fe(CN)6 complex. The difference between the two structures is caused by subtle 
distortions of  the octahedral symmetry. Two structures 71.72) were published for 
K,/Fe(CN)6. Iron K-edge XANES spectroscopy has been used to solve the controversy 
over the two proposed structures. The structure of K3Fe(CN) 6 was well established. 

The Fe- -C  interatomic distance was determined by EXAFS, which gives the same 
interatomic distance for both complexes. The EXAFS signal of Fe - -N  is strongly 
affected by multiple scattering due to the focusing effects. Because of these compli- 
cations, EXAFS spectroscopy cannot solve the difference between the two samples 
because the spectra are very similar. 

The parameters of the multiple scattering theory, such as the muffin tin radii, 
were fixed by reaching a good fir of the spectrum of K3Fe(CN) 6 using the crystallo- 
graphic coordinates. The results are shown by the curve (solid line) in panel a of  
Fig. 1 I. Then the spectrum of K,Fe(CN) 6 was calculated by changing just the coordi- 
nates of  the C and N atoms according to the two proposed structures. The results 
are plotted in panel a of Fig. 11 (dotted-dashed line and dashed line). Clearly one 
calculation (dashed line) is in agreement with the experimental XANES spectrum 
while the other disagrees. The fine distortions of the structure determine the variation 
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of the line shape of the spectra and one of the two proposed structures predicts large 
distortions of the line shape (dotted-dashed curve). Therefore XANES spectra con- 
firm the proposed-structure of Ref. 72. In this way the structure of K4Fe(CN)6 can 
be solved. 

An interesting feature of XANES for structure determination in condensed matter 
is that it can be used to study the local structure both in crystalline and disordered 
materials. Therefore once a local structure has been solved for a crystalline material 
also the similar structure in amorphous, liquid or complex materials, where diffraction 
methods cannot be applied, can be solved. 

The size of the cluster for the XANES spectra of crystalline materials is expected 
to be determined mainly by the elastic mean free path, however, the focusing effect 
for crystal structures with collinear atoms enhances the contributions from further 
shells in the XANES region as well as in the EXAFS region. NiO is a good example 
of a simple cubic crystalline structure with important contribution from multiple 
scattering in collinear atoms. We show in Fig. 13 the oxygen K-edge of stoichiometric 
NiO measured by the electron yield method and a grazing incidence "grasshopper" 
monochromator 73). This spectrum has also been obtained by electron energy loss 
measurements 74,vs~. The oxygen K-edge spectrum has been calculated by the full 
multiple scattering approach and is shown in Fig. 13. To obtain good agreement 
between theory and experiment a cluster out to a radial distance of 5 A, including 
30 atoms, was necessary 76,77). The features h and f of the NiO spectrum in Fig. 13 
have been assigned to many body effects due to configuration interaction in the 
ground state of NiO 737 
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Fig. 13. Oxygen K-edge XANES spectrum (dashed line) and full multiple scattering theoretical 
spectrum (solid line). The theoretical curve has been obtained from a large cluster including up to 
five shells. The energy scale of the theoretical spectrum has been expanded to fit the experiment. 
The features b and f not predicted by one-electron theory can be assigned to many body configura- 
tion interactions 
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The single scattering EXAFS calculations disagree with the experimental data 
over a range of 30 eV above the peak a at threshold. Vvedensky and Peddry 77) 
have also divided the multiple scattering paths into two classes, those for which an 
intervening atom lies collinearly with the central atom and the backscattering atom 
(type 1), and all other types of events (type 2). The number of type 2 paths contri- 
buting to XANES is greatly reduced for a cubic crystal like NiO because there are 
several symmetry-inhibited paths where the angle between the outgoing wave and 
the incoming wave at the central atom is 90 °, as discussed in Sect. 3.3 for octahedral 
clusters. However, the type 2 multiple scattering paths, involving intershell scattering, 
contribute to the full cross section. The Ni K-edge XANES spectrum of NiO and of the 
series of  MO (M = transition metal) metals was measured by Knapp et al. 7s) and by 
Norman et at. 79). It was shown that the XANES spectra are similar and that their 
shape is determined by the crystalline structure, although they show a wide variety 
of electronic and magnetic properties. Multiple scattering calculations were performed 
for the series of MO crystals, obtaining good agreement with the experiments 79) 

3.5 The Role of Interatomic Distance 

Here we discuss the effect of bond length on XANES spectra. It is well known that 
EXAFS oscillations are determined by the interatomic distances and coordination 
numbers. Also a full multiple scattering resonance in the XANES range is strongly 
affected by interatomic distance. 

The effect of  bond distance on multiple scattering resonances was first observed 
in the carbon K-edge spectra of simple molecules like hydrocarbons so) In C2H 2 and 
C2H~ the main resonance above the continuum photoionization threshold is 
determined by the scattering from the other carbon atom. A linear relation between k r, 
the wave vector of the photoelectron at the multiple scattering resonance, and l/R, 
where R is the interatomic distance has been found. The rule k . R  = constant was 
justified theoretically by the multiple scattering theory which shows that this is a 
general feature of full multiple scattering resonances s 1, s2). This rule is valid only for a 
range of 20 % variation of the interatomic distance R where the energy dependence of 
scattering phase shifts is negligible. The rule kr.R = constant = Co has been verified 
to be valid in a large set of XANES spectra of  simple molecules measured by energy 
loss method s3-ss). 

In the XANES spectra of  condensed systems this rule has been verified for tetra- 
hedral clusters s6). In Fig. 14 the spectra of a series of transition metals with tetrahedral 
coordination are plotted. The similarity of the XANES spectra demonstrates the 
similar tetrahedral coordination. A good alignment of the peaks A and D was 
obtained by expanding the energy scales of each spectrum by a factor dsample/dref,2 2 
where the dr, f is the Cr - -O  distance (1.59 A) in Na2CrO 4, and dsample is the correspond- 
ing one for each sample, fixing the origin of  the energy scale at the energy of the 
weak 1 s to 3 d transition at threshold (often called prepeak). The peaks A and C, 
common to all spectra, are due to the first shell of  neighboring atoms, as shown by 
XANES calculations reported in Sect. 3.2, while other small features are due to 
further shells. 

In the framework of the X~-multiple scattering theory, the absorption cross section 
is determined by the multiple scattering matrix M of the photoelectron with kinetic 
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Fig. 14. The XANES spectra at the K edge of 
transition elements in tetrahedral coordination: 
(a) Na2CrO a. Cr edge; (b) CrVO~, V edge; (c) 
Ti4+-containing glass; Ti K-edge: (d) Fe3*-con - 
taining silicate glass, Fe edge. The energy scale 
of each curve has been multiplied by a factor 1/d z, 
where d is the metal-oxygen distance. The zero 
of the energy scale has been fixed at the prepeak 
maximum 

energy ('lSk)Z/2 m = Er - -  Eo + V, where E r is the energy of  the resonance, Eo the 
absorpt ion  threshold and V is the average muffin tin interstit ial potential .  The maxima 
in the absorpt ion  correspond to the condi t ion det M = 0. This gives the relation 

kr. R = Co = constant.  
In Fig. 15 the results of  multiple scattering calculations of  the Mn K-edge X A N E S  

spectra for a MnO4 cluster with different M n - - O  distances Rx = 1.73 A and 
R 2 = 1.66 ~ .  The white line at threshold is a lmost  unaffected by this sinai1 change o f  
distance and the general shape of  the spectra is conserved. The multiple scattering peaks 
clearly moves toward higher energies with decreasing interatomic distance, following 
the theoretical rule given above. Weak variat ions of  the lineshape with distance are 
observed,  as is expected because there is a var ia t ion o f  the interference pattern between 
the different multiple scattering contr ibutions.  These changes become very impor tant  
for large changes of  interatomic distance, therefore this is another  fact that  limits the 
validi ty of  the k • R = constant rule to distance variat ions smaller than 20 %. 

The extraction of  the variation of  the interatomic distances in unknown systems is 
complicated by the determinat ion of  k r = {5/2 m(E r - -  E o + V)} m because V, the 
average interstitial potential  in the muffin tin approximat ion,  is unknown. In order  
to overcome the problem of  V, which cannot  be determined experimentally,  it has 
been pointed out that  the energy separat ion of  a mult iple scattering resonance in the 
cont inuum from a bound state at threshold AEr = (Er - -  Eb) can be used to determine 
the var ia t ion of  the interatomic distance. 

A bound  resohance at the threshold o f  a X A N E S  spectrum can be determined by a 
resonance in the atomic cross section o r  by a molecular  bound  state, like the white 
line at threshold of  the K-edge of te t rahedra l  clusters, shown in Fig. 14 and 15. Multiple 
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Fig. 15. The effect of the variation of the interatomic distance on the Mn K-edge XANES 
spectrum for a MnO, cluster 

s ca t t e r ing  theo ry  s2) shows  t ha t  a s imi la r  r e l a t i on  k b • R = C b is va l id  a lso for  a b o u n d  

s ta te  a t  k b, bu t  wi th  a d i f fe rent  c o n s t a n t  Cb, if  its v a r i a t i o n  wi th  the  d i s t ance  is very 

smal l  as s h o w n  in Fig. 15. T h e r e f o r e  the  r e l a t i o n  (E r - -  E b) R 2 = C = C o - -  C b is 

val id  wi th  a d i f fe ren t  c o n s t a n t  C. N o w  this  c o n s t a n t  C can  be  der ived  f r o m  experi-  

m e n t a l  d a t a  on  a set o f  spec t ra  o f  k n o w n  c o m p o u n d s  a n d  the  i n t e r a t o m i c  d i s tance  

can  be  d e t e r m i n e d  in u n k n o w n  system.  

Th i s  a p p r o a c h  has  been  app l i ed  in a c o n d e n s e d  sys tem for  the d e t e r m i n a t i o n  o f  the  

V - - O  d i s t ance  in a silica glass. T he  overa l l  shape  o f  the v a n a d i u m  k-edge spec t rum 
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Fig. 16. Comparison of the 
K XANES of 0.1 wt.-% vanadium 
doped silica glass and of Na2CrO ~ 
documents tetrahedralcoordination 
of vanadium in the glass. This 
shows the application of XANES 
for local structure determination in 
disordered materials. The analogy 
of the overall shape of the XANES 
spectra is obtained by dilation of 
the energy scale with a factor 1/d ~ 
= 0.318 (d = 1.77 A) of the energy 
scale of the glass spectrum 
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shown in Fig. 16 o f  a vanadium doped silica glass at 1000 ppm wt shows that the metal 
ion V is tetrahedrally coordinated by comparison of  the spectrum with a spectrum 
characteristic of  tetrahedral clusters. The constant C was determined by a set of  
samples shown in Fig. 14. The interatomic V - - O  distance in the glass was determined 
by the ( E  - -  Eb) R 2 = C rule to be R = 1.77 _+ 0.05 A. 

The effects due to the variation o f  interatomic distances in a spectrum determined 
by a cluster including several shells will be discussed for the case of  ferrocyanides. 
Figure 17 shows the effects on full multiple scattering theoretical spectra of  the 
variation o f  the interatomic distance d l ( F e - - C  ) between the central atom and its 
first neighbors leaving the C - - N  distance constant 6~). The XANES spectra show 
two main peaks due to the full cluster as shown in Fig. 12. Both multiple scattering 
resonances move toward higher energy with decreasing d 1 according to the 
(E - -  V) - d 2 = constant rule where the calculated average interstitial potential V 
was about  13 eV. The energy separation AE between the two peaks remains constant 
with constant C - - N  distance as shown in Fig. 17 a. The energy separation AE depends 
on the C - - N  distance as shown in Fig. 17 b. This shows that the two multiple scattering 
peaks can be considered as arising from multiple scattering within the C - - N  groups 
and therefore their separation is strongly dependent on the C - - N  distance. 

J 

321 

4321 '~ 

J 
40 5o 60 

Energy (eV} 

Fig. 17. Calculated. K-edge XANES of Fe(CN)6 clusters: panel a) C--N distance fixed at 1.134 A, 
Fe--C distances of 1.852 A (curve 1), 1.903 A (curve 2), (1.958 A (curve 3), and 1.217 A (curve 4). 
In the panel b the Fe--C has been fixed and the C--N distance changes. The zero of the energy is 
chosen to be close to the 3d resonance on the Fe atom 
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In conclusion, when different shells contribute to the XANES spectra a detailed 
analysis of  the spectra is required and no simple relations can be used. Moreover, the 
simple relation k • R = constant cannot be used when there are changes of the 
symmetry of the cluster due to structural distortions. 

3.6 Angula r  Resolved X A N E S  

The polarized x-ray absorption spectra show a strong dichroism for anisotropic sites. 
The strong dichroism of XANES spectra of single crystals was observed experi- 
mentally by several groups for I I -VI  layer compounds 87), uranyl nitrate 88), Cu 
complexes 89-92) and in proteins such as crystalline myoglobin 93) and plastocyanin 94) 
and in vanadium sites in sol-gel crystals 95,96) and in porphyrins 97). The dichroism 
for electronic transitions is well known in the classical quantum theory of the ab- 
sorption crosg section. The system is described by N electrons in the positions r n. 
Following the interaction with the photon beam the system is excited from the initial 
state i at energy E~ to the final state f a t  energy Ef in the dipole approximation, which 
is given by 

~s(hv) ~ hv  E {Mini 2 8 ( E  i - -  Ef - -  by) 
f 

where the sum is extended over all the possible final states f and M~f is the matrix 
element involving the many body radial wave functions: 

Mif = J" q~'(rl, r z . . . . .  r )  Z.(r.  -e) Vi(rl, r2 . . . . .  r.) dr 

where e is the unitary polarization vector of the electric field. Therefore, in anisotropic 
systems the matrix element is dependent on the direction of the polarization vector 
via the terms ( r  • e). 

In the multiple scattering description of the absorption cross section in real space 
the angular dependence is predicted by formulas 2 and 3 of Sect. 3. I. The polarization 
effects are determined by the terms I(ri "e)l 2 where rl are the positions of neighboring 
atoms with the central absorbing atom at the origin. The presence of this term remains 
in the single scattering approximation which describes the polarized EXAFS spectra 98) 
in which oscillations originating at a particular scattered atom can appear or dis- 
appear depending on whether the electric field is directed towards that atom or not. 
This has been widely used in surface EXAFS studies to determine separately the 
interatomic distances parallel and normal to the surface plane 99, lOO) 

Using the polarization dependence of  the absorption cross section in the XANES 
spectra of  anisotropic clusters the multiple scattering contributions due to a set of 
atoms in a particular direction or on a plane can be selected. Therefore, the orientation 
and angular distribution of neighboring atoms can be easily determined by changing 
the relative position of the incident beam and the sample. 

In Fig. 18 we .report the vanadium K-edge XANES spectra of a spontaneously 
dehydrated sol-gel sample V205 • 1.6 H20. This sample is formed of oriented sheets 
separated by about 10 A. of water molecules. Each sheet consists of square plane 
bipyramids with the base on the xy plane and a short double bond of 1.58 A on one 
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Fig. 18. Polarized experimental XANES spectra 
V 2 0 5  • 1.6 H20 dehydrated sol-gel with the electric 
field E parallel to the normal z of the V205 layers, 
i.e., along the axis of the square pyramids (curve a); 
curve b represents the polarized spectrum with 
the elctric field E parallel to the V205 layers; the 
lowest curve is the unpolarized spectrum and 
above it the weighted spectrum from the two 
polarized spectra 

side and a long bond with the oxygen of a water molecule on the other side, in the z 
direction. The experimental spectra for the electric field E oriented along the z 
direction (E II z) and parallel to sheet planes (E .L z) are shown. These spectra are a 
good example of angular resolved XANES because the dichroism is very large and it 
appears both in the threshold region for the molecular like bound excitations, giving 
the while line, and in the continuum. The white line is completely suppressed for the 
polarization vector oriented on the plane, showing that it is produced by the short 
double V--O bond. The nonpolarized spectrum of the sol-gel in solution is reported 
and the features of the solution spectrum are reproduced by the weighted sum of the 
two polarized spectra. 

The interpretation of polarized XANES spectra in terms of multiple scattering 
allows the determination of the role of a selected group of atoms. This is shown in 
Fig. 19 where the angular resolved XANES calculations are reported for a VO6 
cluster shown in the figure. The calculation clearly shows that the white line appears 
only with the electric field along the V--O double bond. The main features of the 
experimental spectrum (E II z) are reproduced by theoretical calculations for a simple 
cluster with the vanadium atom on the xy plane. The maximum at about 40 eV in 
the continuum is caused by the closest oxygen and the feature at about 60 eV originates 
from the longest bond in the z direction. The calculated XANES for multiple scattering 
with the four oxygen atoms on the xy plane are in qualitative agreement with the 
experimental spectrum. Agreement with the experimental spectra are improved when 
the calculation is done for a cluster in which the vanadium atom is out of the plane, 
as shown in the lower part of Fig. 19. 
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Fig. 19. The theoretical angular resolved multiple scattering calculation for a square bipyramid with 
a short double V--O bond (d = 1.58/k) and with a long V--O bond (d = 2.6 A) along the z axis 
due to the oxygen of a water molecule; and four oxygens on the xy plane at 2.0 A. The upper curves 
show calculated polarized curves with the V atom out of plane by 0.5 A and the lower curves 
are the same for a similar clttster with the same distances but with the V atom in the plane 

The measurement  and multiple scattering interpretat ion of  angular  resolved X A N E S  
is very useful for understanding and interpreting the spectra of  unpolarized spectra 
in solution. In fact, some features in unpolar ized Spectra can be to assigned to multiple 
scattering with a selected number of  atoms. F o r  example, the features at about  25 eV 
and that  at 60 eV in the unpolarized spectrum in Fig. 18 can be associated with 
mult iple scattering in the plane and along the normal  respectively. 

Angula r  resolved XANES has been used to determine the orientat ion of  chemi- 
sorbed molecules on surfaces. The absorpt ion  spectra at the carbon K-edge of  CO on 
Ni(100) have been used to show that the CO molecule stands upright  on the surface 10u 
The sulfur L2, 3 edge and the carbon K-edge of  thiophene molecules on the pla t inum 
Pt(111) surface has been used to investigate thermal  decomposi t ion of  the molecules 
on the surface 102) 

The angular  resolved iron K-edge X A N E S  spectra of  carbonmonoxy-myoglobin  
single crystal and their interpretat ion have allowed the determinat ion of  the CO 
bonding angle on the porphyrin plane 93) 
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4 Band Structure Approach to XANES of Metals 

4.1 Multiple Scattering Approach 

XANES spectra in metals can be solved in real space with the multiple scattering 
approach. For f.c.c transition metals, multiple scattering calculations in real space 
have been carried out with the Durham et al. program 68,103) using a finite cluster 
approximation 1o4), and recent calculations by Kitamura et al. tos) confirm the first 
results. The size of  the cluster has been found by adding successive shells to obtain 
good agreement with experimental data. A large cluster with four shells was necessary 
to reproduce the experiment. In this calculation an energy independent broadening 
parameter has been used to take into account the effects of inelastic electron-electron 
scattering and the core hole lifetime. 

In Fig. 20 the experimental Cu K-edge XANES is reported in the upper part 
of  the figure. The multiple scattering calculations for copper clusters of different 
size are reported, in the lower part lo% The calculations began with a simple cluster 
inciuding only first neighbors (curve a), and then two shells (curve b), three shells 
(curve c) and four shells (lower curve) were included. 
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Fig. 20. K edge XANES spectrum of Cu. The experimental 
spectrum (upper curve) is compared with multiple scattering 
calculation for different cluster sizes; a) one shell; b) two 
shells; c) three shells and d) four shells 
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The great similarity to6) between the K-edge XANES spectra of transition metals 
with the same f.c.c, crystal structure shows that the experimental features of the spectra 
depend mainly on the atomic arrangements of the atoms, and the multiple scattering 
resonances are only shifted in energy depending on the interatomic distance. 

The fact that the XANES spectra are determined by a small cluster is experiment- 
ally determined by the fact that the main features of  the Cu metal K-XANES are 
present for a small metallic microcluster of 10 A. diameter in solid argon 107) 

4.2 Band Structure Approach 

The spectra of metallic crystals can be solved in k-space. Theoretical calculations 
of  the partial and projected density of states of the crystal band structure were reported 
by several groups to interpret the XANES of metals 108-~1,1. We discuss here the 
band structure approach developed by Miiller et al. H5-~7~ by which it is possible 
to calculate the absorption spectra over a large energy range. In this theory the selected 
angular moment and the local character of the final state are considered. The matrix 
element and the inelastic scattering are included in the theory, giving good agreement 
with experiments. 

The central approximation of this theory is the one-electron formalism, and the 
x-ray absorption is described by single-particle processes. Deviations of the experi- 
ments from accurate single-particle calculations may point to many-body effects. 
One such effect involves the filling of the core hole and the decay of the electron 
excited in the absorption. This effect is incorporated in this theory by convoluting 
the single particle result with an energy-dependent function which takes account of the 
lifetime of the core hole and of the excited electron. 

In the case of  metals, the core hole in the static final state potential is fully screened 
by valence electrons close to the Fermi level. The attractive interaction between the 
electron and the core hole can be considered to be zero in this approximation and 
translational symmetry is conserved. Most of the XANES spectra can be interpreted 
in the frame of the Barth-Grossman final state rule 118, ~19~, which states that the wave 
function of the excited photoelectron is determined by the final state potential of the 
core hole and the relaxed N-1 electrons. This final state rule has also been tested in 
metals in a detailed analysis of the M2.3 edges of  transition metals 12o) 

Also, in the band structure formalism, the spectra can be understood as the product 
of  an atomic like term and a solid state term as in multiple scattering formalism. This 
factorization results from the localized nature of the core state involved in the x-ray 
transition. Further, since the dipole transitions dominate the process, excitation of a 
core state having angular momentum I probes the 1 + 1 components of the conduction 
band. 

The experimental spectra are described in the following way: 

1) The overall magnitude and shape of  a particular spectrum is determined by the 
corresponding atomic transition rate. 

2) The fine structure of the spectrum is determined by a solid state factor which is 
proportional to the density of  band states with 1 _+ l orbital character. 
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The contribution of  the core level c to the absorption coefficient %(E) can be ex- 
pressed as 

%(E) = {4n=an/~} F ( E )  

where ~ is the fine structure constant, f~ is the volume of the primitive shell, n is the 
number  of  contributing atoms in the primitive shell and F ( E )  is the oscillator strength 
for unpolarized x-rays given by 116. ~7.120~ 

Fc(E) = (2m/3h 2) (rico) Y. Z [<q~cMI r IWkj>l 2 5(E - -  Ekj ) 
k j  M 

Neglecting the spin-orbit coupling for the band states F¢(E) for a core state 
c = (n, 1, J) can be written as 

F ( E )  = {co(2J + 1)}/{6 (21 + 1)} {[1/(21 - -  1)1 f , l_ l (E)  

+ [(1 + 1)/(21 + 1)1 f~,l+~(E)} 

where the partial strength f ~(E) can be factorized into 

f , , (E)  = ~,,NI(E ) 

Here Nt(E ) is the angular projected density of  states, defined by 

N~(E) = 2 E Z ]<Tim I q 'k j> l  / d(E - -  Ekj ) 
k . j  m 

where the energy band states are labeled by the reduced wave vector k and the band 
index j. The effective matrix element r , l (E  ) is given by 

r¢.~(E) = < % I  r I~0~(E)> <~p~(E)> -~/2 

where the partial wave ~0~(E) is a solution of  the radial Schr6dinger equation inside 
the muffin-tin sphere and 7~ is the core wave function. 

For  the purpose of  comparison with the measured absorption coefficient, the theore- 
tical spectra are convoluted with a Lorentzian broadening function F(E). This 
function is the sum of  two terms. The first takes account of  the core hole width and the 
second term is the width of  the excited band energy, which is a function dependent  on 
the mean free path of  the excited electrons, and takes account of  the photoelectron 
inelastic scattering which is energy dependent and varies for  each material as shown 
in Fig. 1. Note  that in this theory any broadening effect due to the experimental 
resolution and many-body effects, such as the influence of  the core hole on the band 
states, are not included. 

With this formalism, the interpretation of  the spectra in terms of  the local partial 
density of  states around a particular a tom in periodic systems is evident. The con- 
nection between the solid state effect and the atomic effect is obtained by decom- 
position of  the partial oscillator strength 

fc.,(E) = ~. ,N,(E) = Mr, ,(E) X,(E) 
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with 

M2,,(E) = (21 + 1) Nfe(E) <q)cl r [qo,(E)> 2 

and 

XI(E ) --- N~(E)/(21 + I)Nfe(E) <q0~(E)> 

where N fe is the free-electron density of states. 
In band structure formalism the spectrum is expressed in terms of the partial 

density of states, NI(E) which includes both atomic and solid state effects. Thenormali- 
zation, reported above, permits the factorization of the spectrum into a solid state 
term X l and an atomic matrix element which characterizes the effect of the central 
potential. This last term corresponds to the atomic factor % in the multiple scattering 
approach. The solid state factor X~ can be described using either a scattering or a 
band structure approach. In this formalism X~ is proportional to the density of band 
states N~ with angular momentum 1, determined by the orbital symmetry of the core 
state and the dipole selection rules. For the unoccupied states successive 1-bands arise 
from additional nodes in the wave function in the region between the coreregion 
and the cell boundary, which produce features in N~ roughly periodic in I/E. The 
amplitude of features due to specific bands are proportional to the strength with which 
they hybridize. 

The spectra exhibits deviations from the single-particle picture of the potential 
for the ejected electron, which can be divided into two categories: i) broadening of 
the spectra due to lifetime effects, and ii) energy shifts due to exchange correlation 
effects] 

4.3 Probing the Local Density of States 

XANES spectra of different systems have been interpreted with the band structure 
aproximation ~o6- i ~v). As an example for a transition metal we discuss here palladium 
absorption edges. The comparison between the K 115) and L 1 121) edge of Pd metal 
with the theoretical band approach is shown in Fig. 21. We can observe that the K 
and L~ edges present the same spectral features and therefore contain identical in- 
formation. In fact, the selection rule for electronic transitions selects the same I = 1 
projected density of states. Because the L~ edge occurs at lower energy a better in- 
strumental energy resolution is obtained and the structures are better resolved. 

In the figure the theoretical absorption coefficient before (~t(E)) and after (~t(E)) 
it has been smeared out to take account of ineleastic terms is plotted. The convoluted 
spectrum reproduces all the experimental features ~15) 

Because of  the selection rules AI = + 1, AS = 0 and AJ = + 1 the edge spectra 
select the angular momentum 1' and the total angular J of  the local density of states. 
In Fig. 22 the L 3 edge spectrum of Pd metal 17, t22) is compared with the one-electron 
band calculation of Muller 1~7). The good agreement between theory and experiment 
is evident. The total density of states is plotted in Fig. 22 to show that the total DOS 
does not explain the experimental spectra because only the local 1' = 2 and 1' = 0 
projected density of  states contribute to the spectrum. 
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Fig. 21. Palladium L1-XANES 21~ and K-XANES 1~5) are compared with the calculated theoretical 
~t(E) from the p-like partial density of states taking account of the matrix element of the Pd crystal 
before and after it has been smeared to account for lifetime effects. The difference between the 
L~ and the K-edge is due to the better instrumental energy resolution in the energy range of the L 1 edge 
and shorter core hole lifetime at the K-edge 
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Fig. 22. L3 palladium edge of Pd metal (dott- 
ed line) compared with one-electron band 
theory (solid line) taking account of the 
partial (1' = 2) local density of states, of the 
inelastic mean free path and of the core-hole 
lifetime. The dashed line shows the total 
density of states of palladium metal, which is 
quite different from the absorption spectrum. 
The zero of the energy scale is fixed at the 
Fermi energy 
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Comparison between the K (or L1) and L 3 edges shows that there is a high density 
of  d-like unoccupied electronic states at the Fermi level giving the maximum of the L 3 

white line. The absorption at the K (Lx) threshold is due to the hybridization between 
the sp conduction band and the more localized d states. In the high energy XANES 
region the difference between the spectra is due to the difference in the scattering 
phase shift excited photoelectron between the 1' = 2 and 1' = 0 channel (at L 3 or L 2 
edge) and the 1' = 1 channel (at L~ or K edge). 

The large differences at the threshold region are due to electronic structure near the 
Fermi level. For a low p-like density of  states only weak structures are observed in the 
La or K edges, that is the case for the K-edge spectra of Ti and Fe in the alloy TiFe 
measured by Balzarotti et al. ~23.124~ 

If  the density of unoccupied states above the Fermi level can be described by a 
step-like function and the core-hole as a state with width because of its lifetime, the 
absorption edge can be fitted with an arctan function 

G(hv) = A arctan {2(hv - -  Eo)/F } 

The fitting of experimental curves with this function is expected to be good in the 
low energy part of the spectrum and the inflection point determines the Fermi level 
position. This is not the case for the L 3 edges of transition metals in which a strong 
peaks appear at the edge. These strong peaks are called "white lines" and their 
large intensity is due to the atomic-like character of the d resonance. When the un- 
occupied nd states have a narrow bandwidth (the case of  Ni, Pd and Pt) the white 
line maximum corresponds to the Fermi level Ef x~5~. For elements with a wide 
unfilled nd band it is more difficult to locate the Fermi level on the rising edge of the 
experimental spectrum. This fact is clearly demonstrated by the case of the L3 edge 
of Pd where the Fermi level is at the white line maximum as obtained by comparison 
with the calculated spectrum. The changes in the shape of the white line with in- 
creasing atomic number are mainly determined by the localization and hybridization 
of  the d unoccupied states and by the progressive filling of the d band. 

Since AJ = + 1 and AS = 0, edge spectroscopy provides detailed information 
on the total angular momentum J of  the empty electronic states above the Fermi 
level. The J = 3/2 and J = 5/2 density of  unoccupied states are probed by the L 3 edge 
and the J = 3/2 density by the L 2 with the same 1' = 2. The L J L  2 intensity ratio is 
given by the statistical ratio 2:1, due to the 2j + I degeneracy of the inital core states. 
But if the number of holes in the d band is such that the ratio of holes Hs/2/H3/2 changes 
a deviation from the statistical ratio 2 to 1 is expected. In Fig. 23 the L 3 and L 2 edge 
spectra of Pd are shown where the L 2 spectrum was multiplied by the statistical weight. 
The anomalous L3/L 2 ratio 2.75 at the white line maximum of Pd 17) shows the 
predominance of the J = 5/2 total angular momentum of the empty 4d hole over the 
J = 3/2 one, not only in the spike at the Fermi level, but also in the p-like conduction 
band up to 8 eV. Above this region the L3/L 2 intensity ratio is 2.1, very close to the 
statistical ratio. 

In Ta i257, in rare earth compounds 126) where the 5d band is completely empty, in 
Ni, x09 in Fe, 1:7 and in other metals 116) the L3/L 2 intensity ratio is close to 2. 

In the early 3d elements **,128-131), a large deviation from the statistical L3/L 2 
ratio has been found. In these systems the small spin-orbit splitting is comparable 
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Fig. 23. Comparison of the L 3 and 
L 2 absorption spectra. The L 2 spec- 
tra has been multiplied by a factor 
of 2.1 to overlap the high energy 
part of the spectra. A difference 
can be observed at the white line 
over a range of about 10eV. At 
the white line maximum the inten- 
sity ratio L3/L 2 is 2.75, indicating 
a larger density of unoccupied states 
with total angular momentum num- 
berJ = 5/2 

to the exchange energy therefore the two final states are mixed and the anomalous 
L3/L2 intensity ratio can not be assigned to a different J = 3/2 and J = 5/2 density 
o f  states but to a breakdown of  the one electron picture 132-~33~. For  the L2, 3 absorp- 
tion of  the early 3d transition metals (Ca, Ti and V) a strong interplay of  the atomic 
exchange, spin orbit and solid state band structure causes the observed preculiar 
structures which are intermediate between those expected for the free atom and 
those expected for the d band density of  states. 

Multiplet splitting of  the white line of  Mn impurities in metals due to localization 
of  3d orbitals has been observed 134). Recently a theory which explains the rather 
anomalous line shape observed is emerged taking into account on an equal footing the 
atomic Coulomb and exchange interactions and the band structure ~3a). Evidence 
of  large deviation of  the L3/L2 intensity going from the Cr metal to chromium in 
alloys has been correlated with the degree of  spin pairing in the 3d band ~at~. 

In metallic compounds formed of  different atoms the XANES spectrum probes the 
local density o f  unoccupied states as has been observed in different materials 123j 
In Fig. 24 the K-edge spectra of  the .Mn site and of  the Ga or Cu site in the metallic 
perovskites Mn3GaC and Mn3CuN are shown ~35~. The absorption K-edge spectra 
probe the states with p-symmetry in these two different sites. In the case of  the Mn 
K-edge in the threshold region more spectral features have been resolved than in the 
Cu or  Ga  edges showing a complicated band structure at the magnetic Mn atom 
originating from hybridization of  the sp band with the split d band. In the case of  Cu 
or  Ga  atoms only one structure (A') is observed, motivated by hybridization o f  a 
single d empty band with the large sp band at the metal site. 

An example in which information on the unoccupied states have been deduced from 
XANES spectra is the system PdH x, x about 0.6 t36). The L 3 XANES spectrum 
of  hydrogenated 'Pd is reported in Fig. 25. Comparing this spectrum with the Pd L 3 
spectrum the presence of  a new peak at 5.9 eV from the white line is induced by hydro- 
gen. The peak at 5.9 eV can be correlated with the presence of  a high density of  the 
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local density of states at selected atomic sites. 
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Fig. 25. Pd L3-edge absorption spectrum (dotted line) of PdHo.6 compared with the Pd metal 
(dashed line)i The peak at 5.9 eV above the white line in the L 3 XANES spectrum of Pd[-Io. 6 gives 
experimental evidence for the unoccupied states formed by hydrogen 
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unoccupied states at 5.9 eV above the Fermi level. This interpretat ion is in agreement 
with band structure calculations 137,138) which predict  for the PdH system a peak 
in the toal DOS at 5.2 eV above E r 

The shift o f  the white line toward  high energy, observed in P d H ,  has been observed 
also going from Pd to Pd2Si ~39,14o~. Recent calculations o f  the XANES spectra of  
Pd2Si using a band structure approach  t4~) have shown that  the L3-edge spectra can 
be interpreted in terms of  the DOS calculated from the ground state potential  without  
any inclusion o1" many body final state effects. 

Because of  the small role of  unoccupied s states the white line intensity is due to 
empty d states. Compar ing  the origin of  the white line in Pd and in Pd2Si the nature  
of  the empty states involved in the transit ion is different. In Pd the empty states are the 
tail of  the main d band while in Pd2Si they are an t ibonding  d states well above the 
Fermi  level. 

5 Conclusion 

In this short  review of  recent advances in X A N E S  we have discussed the use of  this 
spectroscopy to probe the geometry o f  local structure via mult iple scattering effects 
in the real space and and the local part ial  unoccupied density of states in metals 
via the band structure approach.  Several impor tan t  aspects of  x-ray absorpt ion  spec- 
t roscopy have not  be considered such as the excitonic effects, the many body infrared 
singularities in free electron metals and the many body final state configurations in 
solids with high electronic correlat ion such as the valence fluctuating metals and 
correlated oxides as CeO 2 and the new high T c oxide superconsuctors.  These effects 
require to go beyond the one-electron aproximat ion  discussed here but give im- 
por tant  informat ion on the local electronic structure o f  materials.  
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The first observations of an increase of the reactivity between gases in the presence of a metal were 
made, almost one hundred years ago, by chemists like Davy or Thenard. This pioneer work led 
Berzelius and Mitscherlich to define the concept of "decomposition of species by contact under a 
catalytic force". Since then much work has been done in order to understand the behavior of 
these small transition metal clusters which are able to promote some chemical reactions. In fact, 
catalysis has become a field of enormous economical interest. It spans a wide variety of areas from oil 
reforming to the preparation of synthetic fibers or fertilizers. Theoretical research as well as chemical 
engineering are therefore deeply involved and many current studies deal with the knowledge of such 
materials. 

It is not always easy to characterize the electronic and crystallographic structures of very small 
aggregates. Their size (a few nanometers) is due to the fact that as many atoms as possible must be 
active and therefore must be at the surface. Moreover, the analysis has to be done in situ, under the 
true reaction conditions, in order to build a physical model for the role of the catalyst. Then, many 
experimental techniques have been used, including most recently electron microscopy and X-ray 
absorption. We focus our attention here on the EXAFS (Extended X-ray Absorption Fine Structure) 
technique and its possibilities for the study of supported metal catalysts. Most of the examples come 
from a collaboration between LURE and some public CNRS laboratories (Strasbourg, Meudon) 
and a private one (IFP --  Rueil Malmaison). We begin with some generalities about the technique 
and the type of catalysts studied, then move to several examples of application. 
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~! Springer-Verlag, Berlin Heidelberg 1988 



Dominique Bazin, Herve Dexpert and Piere Lagarde 

1 The EXAFS Technique in Catalysis 

X-ray absorption is not really a new technique since the first absorption spectra were 
obtained by Fricke, Hertz or Lindh at the beginning of the century, but the EXAFS 
technique appeared as a definite tool for experimentalists in the 1970s when, at the 
same time, synchrotron radiation and a new physical model became available. 

The basic model is the following : the absorption of an X-ray photon by an atom 
ejects a photoelectro n, which is scattered by neighbours. An interference process builds 
up between the wave function of the outgoing electron and its scattered parts, leading 
to a modulation of the absorption coefficient. Far beyond the absorption edge, typic- 
ally a few hundred eV, the electron is assumed to be free and thus described by a plane 
wave; the scattering is weak and involves only one neighbour atom (single 
scattering approximation). 

Within these restrictions, the modulations of the absorption coefficient above 
the edge can be expressed by the following simple expression 1,3). 

1 nj . e_R/z X(k) = - ~- ~ ~-y sm (2kRj + cp(k)) A(k) e - z~2kz  
• Rj 

where: 
k is the wave vector of a free electron with an energy E c. In our model, E is the 

kinetic energy of the photoelectron, i.e. the difference between the photon energy 
and the energy of the absorption edge; 

A(k) and q)(k) are the modulus and the phase of the scattering function of the 
electron when scattered by the neighbouring atom; 

n is the number of these scattering atoms, located at a distance Rj from the atom 
which has absorbed the photon. These distances R can be affected by a spread c~; 

2 is the mean free path of the photoelectron in the medium. It has a small value 
(a few angstroms), so the scattering process affects only the first few neighbour shells 
around the central atom. 

Between X(k) and the radial distribution function around the central atom, there is 
just a simple Fourier transform relationship. Figure 1 gives the different steps of an 
EXAFS analysis. 

Figure 1 a is the raw experimental data Log (I0/I) = f(E) with the edge step and the 
EXAFS modulations beyond. 

In Fig. 1 b, the EXAFS signal X(k) has been extracted by subtraction of the non- 
oscillatory part and by normalisation. 

Figure 1 c is the pseudo-radial distribution function obtained by Fourier trans- 
forming X(k). Exact positions of the peaks are shifted because of ~(k) ; amplitudes are 
affected by the leading terms in the above equation. 

Figure 1 d is the inverse Fourier transform of Fig. 1 c after a filtering of the signal 
coming from one give shell of atoms. This function is then simulated using the 
theoretical expression. 

We have therefore shown that EXAFS is a structural probe, sensitive only to the 
order around one given type of atom in the medium (well defined by its X-ray absorp- 
tion edge), and sensitive only to the local order around this atom (because of the mean 
free path term ~). Like other structural techniques, it allows a determination of the 
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kind, number, and distances of the neighbours of one given type of atom, but 
without any need for long-range order as in X-ray or electron diffraction. Moreover, 
since the basic process in a photon absorption, an EXAFS experiment can be done in 
situ, without any special sample preparation as in electron microscopy. 

All these features explain why the applications of EXAFS to the study of very 
dispersed materials have increased so much in the last few years. Figure 2 shows the 
tremendous growth of the number of papers on catalysits characterization by 
EXAFS coupled to the use of synchrotron light. This figure comes from the very 
detailed and exhaustive review Bart and Vlaic recently published on the subject 4). 

PUBLICATIONSI., PRE-S~ST-SR~]~][~I5~25 

1960 1970 1980 

Fig. 2. Relation between EXAFS studies 
of catalysts with the use of synchrotron 
radiation (from Ref. (4)) 
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At this point, we must recall what a supported heterogeneous catalyst is. It consists 
of  a porous oxide like alumina or silica, with a very large specific area (200 m2/g 
typically), at the surface of which are dispersed the clusters of the active metal. In oil 
reforming, the metals used are essentially transition metals of group VIII,  the main 
one being platinum, with a loading of the order of 1 wt . -~.  

Three main steps characterize the life of a catalyst: the preparation, the steady state 
and aging, and finally the regeneration. Up to now, it is mainly the first and the 
last operations which have been studied by EXAFS. The first one is divided into 
three steps: 
a) Impregnation of the active element, i.e. fixation of isolated complex ions at the 

open surface of the oxide platelets. 
b) Drying and calcination. The goal is to eliminate the water as well as many different 

anions coming from the precursor (CI-,  NO~-,  etc.) 
c) Reduction under hydrogen, which ends up with small metal clusters at the oxide 

surface. 
These three steps have been carefully studied now s), in particular for multimetallic 

catalysts which are now the most widely used (see for example 6-87). The following 
examples will show that EXAFS experiments can help to understand the structure and 

Fig. 3. STEM micrographs and EDX analysis of a dried Pd/A1203 catalyst 
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behaviour of these catalysts. Although the interesting element (active metal, e.g. Pt, 
Pd, R e . . . )  is present at a very low concentration (less than 1 ~o), the contrast between 
the atomic numbers of the heavy metal and of the Oxide support is large enough to 
allow absorption experiments with a good signal-to-noise ratio in situ within the 
reacting cell. 

Figure 3 shows two scanning electron microscopy (STEM) pictures of a 0.3 ~ of 
palladium ex-acetylacetonate (ex-acac) on alumina. On the left, the dashed rectangular 
zone has been analyzed by X-ray emission, without any evidence (lower part) of a 
palladium signal: the copper signal detected is due to the sample holder. After about 
100 s the same region is analyzed again; the impinging electron beam has heated 
the sample enough to produce the clustering of a palladium-containing particle, indi- 
cated by the arrow in the upper right part and quantitatively analyzed in the lower 
one: a microdiffraction study of this particle confirms that palladium oxide is 
formed 9). This example shows the strengths but also the limitations of STEM analysis 
for the study of very reactive systems like the catalysts. While accurate information 
can be extracted from a very localized area, any reactive experiments are practically 
impossible due to the ultra high vacuum constraints electron microscopy imposes for 
its use. 

Figure 4 shows then the role EXAFS can play in the in situ description of this 
calcination process 10). It is composed of various pseudo-radial distribution func- 
tions, uncorrected from phase shifts, obt~/ined for various loadings, various tem- 
peratures and different precursors. First of all, two successive steps are clearly 
evidenced: 

0 2 4 6 
R(,&) ,,- 

Fig. 4, Radial distribution functions of various 
Pd/AI203 catalysts 
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a) Drying at about 100 °C. The most significant result is obtained with ex-acac cata- 
lysts, for which different processes had previously been imagined. The impregnation 
breaks the palladium acetylacetonate into two parts with formation of acetyl- 
acetone. EXAFS analysis leads to an increase of the coordination number of 
palladium to oxygen, rising from 4 oxygens at 1.96 A in the acetylacetonate solu- 
tion to 5 at 1.98 A in the dried sample. The only structural model is the insertion 
of the metal into octahedral aluminium vacant sites at the alumina surface. 

b) Calcination. This step further decomposes the precursor, which loses the second 
acetylacetonate molecule. We point out here: 

(i) The growth of the oxide phase, as seen by the increase of the second Pd--Pd 
shell of the PdO oxide: the peak denoted B grows continuously from curve 4b 
to curve 4d, which show the same 0.7% Pd catalyst calcined respectively at 
300 °, 500 ° and 700 °C. This is confirmed by a quantitative analysis of the first 
shell, which gives between 4 and 4.5 atoms at 2.00 A, i.e. a tendency to a situation 
close to the oxide one (4 neighbours at 2.02 A). 

(ii) At the same calcination temperature, the catalyst ex-nitrate (4e) looks like the 
oxide while the catalyst ex-acac (4c) has only 2/3 of the overall Pd- -O amplitude. 
In this last case, a very dispersed oxide phase is present. 

(iji) The higher the metal loading, the more complete is the oxide formation. For 
instance, curves 4a and 4b are both ex-acac catalysts, but curve 4a relates to a 
0.3% while curve 4b relates to a 0.7 wt.-% palladium sample. 

We therefore see how EXAFS can precisely describe the build-up of a chemical 
phase. Seven years ago, Greegor and Lytle showed that, in some cases, the 
morphology of such clusters can even be determined 11). In our samples, looking at 
the reduced stage of an ex-HzPtC16 catalyst on different aluminas (gamma and eta), 
we have seen that the carrier can influence the final structure of the clusters 6~. In the 
case of gamma alumina, the hydrogen reduction builds tridimensional cuboctahedra, 

0.05 

T 
£ 
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Fig. 5. Radial distribution functions (uncorrected from 
phase shifts) at the nickel edge of CeNi 5 for different 
CO + H 2 reduction times 
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while the lack of a third shell in the radial distribution function of clusters 
deposited on eta alumina is thought to lead to the formation of (110) platelets. 

The quantitative aspect of the EXAFS technique is also well known and the 
literature gives several studies where chemisorption and EXAFS measurements are 
compared (see for example 121). We can illustrate this particular contribution of the 
spectroscopy by a study of rare earth transition metal catalysts prepared from 
intermetallic LaNis-type compounds. The three classical preparation steps are here 
skipped with a carbon monoxide hydrogenation reaction. The intermetallic phase is 
transformed into a rare earth oxide upon which the transition metal is left as 
metallic clusters which form the active species. This transformation has been 
followed as a function of the time reaction 13). In Fig. 5 we plot the Fourier 
transforms of  CeNi s at the nickel edge before the reaction (a), after 10 hours (b) and 
after 27 hours (c) under the CO + H 2 mixture. These are all compared to elemental 
nickel (d). The increase of the amplitude of the first peak and the growth of 
three new ones at greater distances are the consequence of the formation of nickel 
particles. A careful analysis of these four shells has allowed us quantitatively to 
estimate the fraction of extracted nickel during the reaction as 30 % after 10 hours 
and 80% after 27 hours on a CO + H 2 flux at 350 °C. 

2 The Case of Bimetallic Aggregates: 
Some Data on the Intermetallic Competition 

Bi- or multimetallic catalysts are of growing importance for the oil industry. We give 
here two cases where we have been able to build models for the role played by the 
metals versus the carrier or the reactant. These results rest on a comparison 
between a monometallic ex-HzPtC16 catalyst and two bimetallic Pt-Re and Pt-Rh 
systems. At the dried stage we have shown the existence of two fixation sites for the 
metal while the study of the reduced catalyst concludes an inhomogeneous repartition 
of the two metals inside the aggregate. 

2.1 Metal to Site Aff'mity 
In the case of the monometallic samples, the drying basically keeps the integrity of the 
complex PtC12- ion which sticks onto the support (some oxygen atoms may 
substitute the chlorine), and the calcination process in air progressively induces 
the formation of PtO2 clusters with less and less chlorine around 5). However, 
we found for a bimetallic Pt- -Rh with two chlorinated precursors that the 
metal environment looks, at the dried stage, like the platinum one at the 
calcined step in the monometallic case. Therefore, the second metal brings about 
a situation in which the chlorine is removed from the close environment of the 
platinum at a temperature several hundred degrees lower. The platinum is then 
enchored to the support by metal oxygen bonds 14). As a function of different Pt, Re, 
Rh and C1 loadings, the process can be described as if the support were offering two 
types of fixation sites: 
a) Alumina platelets enriched with so-called strong sites, where the A1--O bond is 

strong. These sites fix the PtCI 2- ion electrostatic, ally without affecting it. These sites 
are a minority. 
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b) Weak sites where the A1--O bond is less stable, e.g. in the vicinity of a kink, a hole, 
or an impurity. 

At low metal loading, it is the strong sites which intervene : the close environment 
of  the platinum in either the mono- or the bimetallic systems, stays mainly 
chlorinated. When the metal loading increases, weak sites are used and one sees a 
change of the platinum chlorine environment to a platinum oxygen one. This is clear 
in Fig. 6 where the number of first chlorine (crosses) and oxygen (circles) neighbours 
around one platinum atom has been plotted as a function of the NRh/NPt  atomic 
ratio. We see the chlorine being replaced by oxygen when the amount of rhodium 
increases since rhodium uses the strong sites first. One understands then why the 
addition of  a second metal favours the platinum dispersion onto the support and, 
consequently, its sintering properties. 

2.2 Repart i t ion of  Two Meta ls  in the Cluster 

The reduction step is a fundamental one in the catalyst preparation, and the main 
problem is to define how the catalytic function is related to the chemical relationship 
between the two metals, so that investigations on the relationship between the two 
metals inside the cluster are of great importance. 

Let us consider here the P t - -Re  case. Fig. 7 gives the radial distribution functions 
around the platinum and the rhenium atoms at two different reduction temperatures. 
One sees, first, that these treatments do not induce a complete reduction of the 
rhenium, since the corresponding Fourier transform does not look like the metal one. 
This is corroborated by examination of the amplitude of the white line at the Re L3 
edge. The widths of these Fourier transforms come from the limited energy domains 
available between the Pt L3 and Re L2 edges. The rhenium atom is still partially oxidiz- 
ed, while a quantitative analysis shows that the amount of oxygen around platinum is 
less than in the corresponding monometallic case. These results suggest that rhenium is 
partially involved in an oxidized phase linked to the carrier; this phase acts as a 
support for the platinum atoms. Therefore, the stability of the rhenium oxidized phase 

+ Chlorine 

61 0 Oxygen 

o ~ 4[-  ~ . 
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Fig. 6. Change of the platinum environment as a 
function of the NRh/NPt ratio for different Pt--Rh 
on aluminium catalysts 
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induces that  of  the plat inum clusters at the top, and the increased stabili ty to the 
s, intering of  the bimetallic catalyst compared  to the monometal l ic  one is thus 
explained 15) 

3 Kinetic Studies 

Because of  the strong dependence of  the intensity of  the white line at the L 3 edge 
of  metals like plat inum or rhenium upon the chemical si tuation of  this element, it 
is worth comparing the electronic state of  the metal  (edge region) with its 
structural situation (EXAFS) during a react ion process. This has to be done under 
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real physico-chemical conditions, and we have used at the same time either the 
conventional step-by-step method or the new EXAFS collection in dispersive 
mode. 

3.1 Direct Reduction Studies 

This new technique has been developed at Lure by A. Fontaine and E. Dartyge 16). 
Figure 8a shows the evolution of the Pt L3 edge of a dried catalyst which has been 
reduced, the rate of increase of temperature under a hydrogen flux being 6°/min: 
the decrease of the amplitude of the white line is complete after one hour. 
Figure 8 b shows the variation of the area of this white line, normalised to that of the 
elemental metal. Two points are worth mentioning here: 
a) The white line area increases during the first 20 min: this corresponds to the 

removal of  chlorine by hydrogen at low temperature, and the bonding of the 
metal to the oxygen from the support. 

b) The reduction of this last species occurs with two speeds : this may either originate 
from two different chemical, species, or it may correspond to two different sizes 
of  particles. 

3.2 Dispersive EXAFS Studies 

Schematically, the studies proceed as follows: the white synchroton radiation beam is 
at the same time focused and dispersed in energy by a curved crystal. The sample is 
located at the focus point, and the detection is done by a positon-sensitive 
detector, such as a photodiode array, that is able to withstand a very high photon 
flux. Therefore, the relationship Bragg angle-energy of the diffracted beams is translat- 
ed into a correlation energy-position in the detector. In the best cases, like an 
elemental copper foil, only a few milliseconds are needed to acquire an EXAFS 
spectrum. 

We recently went through a set of experiments to follow the activation, poisoning 
and regeneration of platinum iv) and iridium-copper catalysts is). In the latter case 
catalytic tests were done at the same time using 13C isotopic tracing in order to under- 
stand the correlation between reaction mechanisms and electronic properties. These 
experiments were undertaken either on 2~0 and 10% Pt on alumina, or on 5% Ir 
and (Ir 0.2, Cu 0.8) on alumina with a 5 % total loading. Hydrocracking, hydrolysis, 
isomerisation, aromatisation and hydrogenation reactions of cyclopentane, methyl- 
cyclopentane, hexane, heptane and benzene have been followed at a constant hydro- 
carbon pressure. Reaction products were analyzed by gas phase chromatography, 
and isotopic 13C products determined by mass spectroscopy ~3~. Some preliminary 
results are reported in Fig. 9, where the direct reduction of a monometallic 2 °/o ex-H/ 
PtCI 6 is given. With a first experiment, we have determined the temperature of the 
starting point of  the reduction process, i.e. 210 °C for monometatlic, or 85 °C for 
the P t - - R h  bimetallic system. Then, in a second run, keeping this temperature 
constant, we collected 5 s shots every 30 s without the hydrogen flux and then with the 
hydrogen flux. The white line strongly decreases from a PP+ state to the Pt ° state, 
and we have compared this evolution with the structural result coming from the 
corresponding EXAFS analysis. The characteristic peak of the Pt--C1 bonds stays 
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Fig. 9. Kinetic study of the direct reduction of a 2 % Pt on alumina catalyst. Only three steps of the 
hydrogen consumption are reported. The platinum-platinum bonds begin to occur on the right side 
of the Pt--CI amplitude only after 85 min of hydrogen flow 

constant in the absence of hydrogen, and suddenly decreases when hydrogen is 
admitted on the sample. Nevertheless, it has been observed that the white line 
area starts to decrease before hydrogen gets into the catalyst, indicating that 
EXAFS and edge changes do not have the same kinetics. At the end of the experi- 
ment, the white line is characteristic of metallic platinum while the Fourier 
transform still has some features of the Pt--C1 .bonding. In the P t - -Rh  case, we 
observed conversely a more synchronous evolution of both the white line and the 
Fourier transform. 

4 Conclusion 

The few examples discussed here, added to the large number anyone can find in the 
literature, are definite proof of the usefulness X-ray spectroscopy has today in the 
field of catalyst characterization. We have restricted our illustrations to the EXAFS 
domain but it becomes clearer every day that the edge region is also of great 
interest: XANES (X-ray Absorption Near Edge Structure) provides information on 
the electronic states taken by the active species during the reaction. As we very 
briefly reported, the number of empty d states can be followed accurately and 
relations with the different chemical pathways of the reaction may be established (see 
for example 191). The whole will undoubtedly contribute to the development of time- 
resolved studies done under real reaction conditions, so that kinetic measurements 
will be one of the major uses of the technique in the near future. 
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1 Introduction 

Recent advancement in synchrotron radiation studies i, 2) has opened up many new 
avenues for research in Chemistry and Biology as evident from the various contri- 
butions in this two volumes. The recognition of the usefulness 31 of X-ray 
absorption spectroscopy (XAS) with synchrotron radiation is one of the important 
elements that lead to this development. It is timely to discuss here some unique 
applications of  XAS in liquid state studies. 

X-Ray absorption spectroscopy (XAS) concerns the measurement and interpreta- 
tion of the X-ray absorption coefficient of elements in various chemical situations. The 
absorption coefficient often exhibits extended X-ray absorption fine structures 
(EXAFS) 4-67. For many praticaI and theoretical reasons 37, it has been a common 
practice to divide an XAS spectrum into two regions. The first 50 ~ 80 eV above the 
edge is the near edge region or often referred to as X-Ray Absorption Near Edge 
Structure (XANES) while the oscillations beyond the XANES are the EXAFS. 
EXAFS arises from the backscattering of  the outgoing photoelectrons and can be 
adequately described by a single-particle, single scattering short-range order theory 
6-97. If  we assume harmonic motion, the EXAFS function z(k) for K edge absorption 
of an atom in a spherically average (random) sample is given by 

Ni e_2Oi2k2 
3((k) = A -sin • = -  _ ~ kr-~ If(k, rc)] e --''i/xi(k) • sin (2kr i + g~(k)) 

I 

(1) 

in Eq. (1), k is the photoelectron wave vector relative to Eo (k = 0) N i is the 
the number of  neighboring atoms of the same kind at a distance ri, cs~ is the 
mean-square relative displacement (MSRD) of the absorber-scatterer atom pair from 
their equilibrium inter-atomic distance or in molecular spectroscopy terminology, the 
mean-square amplitude of vibration 9), other terms have their usual meaning 10). 
Using standard Fourier transform and curve fitting procedures, we can derive the 
coordination number, bond length and local dynamics (MSRD) from EXAFS. 

XANES study deals with the absorption coefficient in the vicinity of the absorption 
edge. These structures can be generally regarded as measurements of the distribution 
of the density of  unoccupied states. Although many XANES discussions 3) usually 
do not distinguish between states below the vacuum level and those just above the 
vacuum level, we find it convenient to treat the energy position of the edge jump, 
the width and intensity of  the peaks (some times called whitelines) just above 
the edge as chemically sensitive parameters. Information such as the effective charge 
at the metal site and the nature of the density of  states (p, d characters for example) 
can be derived from the analysis of these parameters 11,12). XANES features above 
the vacuum level have a more complex nature and can be regarded as resonance 
states (virtual molecular orbital) 3) or in the view of electron scattering theory, multiple 
scattering s ta tes  (MS)  3,13,~4) The entire absorption spectrum in fact can be 
alternatively viewed as the result of photoelectron scattering processes of which MS is 
enhenced at low photoelectron kinetic energy (XANES region), single scattering 
(standard EXAFS formalism) predominates at higher energies (EXAFS region) and 
there is a region in between. This MS teatment of  the XANES region has been dealt 
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with by Bianconi et al. t3. :4). We only concentrate on the absorption features within 
20 eV above the edge jump. 

Two specific applications are discussed here. Both concern XAS studies of liquids. 
In one application, emphasis is placed on the determination of the structure and 
dynamic behavior of transition metal complexes in aqueous solution and their 
implication to the reactivity of metal complexes. The other application aims at the 
development of a new technique, photoconductivity measurements of XAS in 
hydrocarbon solutions. 

This article is arranged as follows : In Sect. 2, the chemical implication of EXAFS 
parameters of metal complexes in solution is discussed, this includes applications to 
ligand exchange and electron exchange reactions, correlation of XANES with 
bonding, and secondary interactions in solids vs in solution. In Sect. 3, the photocon- 
ductivity technique for X-ray absorption measurments is presented. Specific examples 
involving organometallic solutions are discussed. Finally, summary and recent 
developments in related areas are given in Sect. 4. 

2 Structure, Bonding and Reactivity of Metal Complexes 
in Solution from XAS Studies 

2.1 General Considerations 

The application of synchrotron XAS to solve structural problems in solution was 
demonstrated by several groups during the early development of synchrotron 
spectrometry 15-18). In this section, the application of XAS to the studies of a number 
of metal complexes in solution is described in connection with the structural and 
electronic aspects of chemical reactions such as substitution reactions 19) and eIectron 
exchange reactions z0-22~. The fundamental understanding of the reaction rate is 
greatly facilitated by the quantitative information about the inner-shell configura- 
tions of the metal complexes derived from EXAFS. This information, which is 
usually obtained from crystal structure of X-ray 23) and neutron 24) diffraction 
techniques, is not readily available for most complexes in solution. In addition, 
EXAFS experiment takes shorter time (typically, several minutes) to perform than 
what is required by the diffraction techniques and has a better sensitivity at dilute 
concentrations. 

XAS spectra of solution speciemens are usually recorded in a transmission mode 
in which the incoming (I0) and the transmitted (I) photon flux are monitored with 
gas ionization chambers and the absorption is expressed as 

gt(hv) = In (Io/I) (2) 

For dilute solutions (<0.0I M), fluorescence detection can be routinely used 251. 
For liquid samples, we find it very convenient to use sealable Mylar bags 
(made of mixture of Mylar and Polyethylene) as sample containers. The speciemen is 
sandwiched between two plastic holders so that the thickness and orientation of the 
cell can be easily adjusted for both transmission and fluorescence experiments. 
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Standard Fourier Transform (FT) and Curve Fitting (CF) techniques are used 
concurrently in the EXAFS analysis with either theoretical or model-compound 
phase shift and amplitude. The procedure is well established ao) and is not discussed 
here any further. We instead describe a special procedure used in the derivation 
of  the bond length difference (Ar) between two closely related systems. This Ar is a 
particularly desired parameter in the studies of the role of inner-shell configuration 
changes in the electron exchange reactions of  metal complexes ML~+/ML~ "+*)+ 
(L = ligand) in solution. Ar can be accurately determined from the phase functions 
(~(k) = (2kr + g0(k)), Eq. 1) of the M--L  pairs derived from FT. It happens that 
• (k) vs. k is nearly a straight line for low Z (atomic number) scatterers. This is 
because 2kr is much greater than go(k). This situation holds for all the transition metal 
complexes with low Z nearest neighbors. Since g0(k) is linear in k (go(k) = al + azk, 
%, and % being constant), one empirical rule can be derived for the separation of the 
maxima in z(k). 

Akma x -- (3) 
(2r + %) 

Based on Eq. (3) where k is the position of the z(k) oscillation maxima, it can max 
be generally stated that for identical absorber-scatterer pairs, the longer the bond, the 
closer the EXAFS oscillations in k space (hence energy space) and vice versa. 
Examples for the use of this rule are illustrated in Fig. 1 for absorber-scatterer 
pairs with typical (2.11-2.14 ,~, in Ru(NH3) 3 +/2 +) and extremely short (1.62-1.66 A) 
in MnO] - /a-)  bonds. With good data, this technique is sensitive to Ar = 0.01/~. 

Similarly, comparison of first shell coordination numbers and mean-square displace- 
ments along the metal-ligand bond can be obtained by comparing the amplitude 
functions A1 and A2 of the two systems (Eq. (1)) 

( A~-~z ) 1 -N~f'(~' k) r~ 1 k 2 
In = In _N2fz(=mk) • r2 j + 2 ( ~  - %2) (4) 

By plotting In (Ax/A,) vs. k 2, we should get a straight line with a slope (cy~ --  o 2) 
and an intercept, In (NI~/N2~). Such a comparison for the Fe(H20)~ 2+'z+ system, 
both in the solid (Fe(NO3) 3 • 9 H20 and Fe(NH4)z(SO4) 2 - 6 HzO where N = 6) 
and in solution indicates that within 5 ~o accuracy these complexes remain six 
coordinate in solution. This comparision, however has a greater uncertainty than 
that in the determination of Ar due to uncertainty in the experimental amplitude 
function lo) 

2.2 EXAFS Parameters of Metal Ions in Solution 
and Water Substitution Reactions 

The chemical implications of the EXAFS bond length and the mean-square relative 
displacement of the absorber-scatterer pair are best illustrated with a system of 
metal ions in aqueous solution and its correlation with the rate of water sub- 
stitution reacti6n ~9~ 

M(H20)6+ + H z O .  k l  M(H2Ojs(H2O,)n  + + H 2 0  15) 
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Fig. 1. Comparison of EXAFS 
oscillations for identical ab- 
sorber-scatterer pairs having 
a) extremely short bonds 
(MnO~/z-, 1.62-1.66 A Ref. 
21) and b) typical 
(Ru(NH3)63 +/2+, 2.11-2.14 •, 
Ref. 22) bond lengths. It can 
be seen that the progressive 
mismatch in kma x (Eq. 3) is 
quite sensitive to bond length 
difference Ar 

where H 2 0 *  denotes the water molecule from the bulk and k~ is the exchange rate 
constant. This reaction is known to proceed via a Snl-Type mechanism for most 
octahedral aquo transition metal ions. The difference in the rate constants among 
the aquo ions is largely dependent upon their dissociation activation energy E a 
which is closely related to the strength of the M - - H 2 0  bond and hence the bond 
length and the root-mean-square relative displacement (RMSRD), c~ i. 

EXAFS metal-ligand bond length and RMSRD for several M(H20)g + (n = 2, 3) 
ions are given in Table 1. There are two classes of ions: the octahedral (site 
symmetry Oh) and the tetragonally-distorted (Jahn-Teller, site symmetry D4~) 
Cr(H20)62+ and Cu(H20)~ + complexes. From Table 1, two interesting features are 
noted. First, among O n complexes, Mn(H20) 2÷ (d 5, high spin) has the longest 
M - - H 2 0  bond indicating a small E a for bond dissociation (SN1 mechanism). 
Second, the M 2 + ions have longer bonds and larger RMSRD than those of the M 3 + 

ions. cr~ in solution can be expressed 2o, 2~) as 

0.2 _~ 0-2 0.2 2 
i r i b  "}- s t a t  "Jr- O ' d y  n (6) 
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Table 1. EXAFS parameters of metal ions in aqueous solution 

Aquo Ion ~ Ionic Radius b Bond Length c RMSRD d Rate Constant b 
r(M"+), A r(M--HzO), A cs i + 0.02 A k 1 (sec -1) 

Cr(HzO)62+ 0.80 eq. 2.07(1) 0.036 7 x 109 
ax. 2.30(5) 0.15 

Cr(H20)6 ~+ 0.65 1.98 0.068 5 x I0 -7 

Mn(H20)62+ 0.91 2.18 0.078 3 x l0 T 

Fe(H z O)e 2 + 0.83 2.10 0.081 3 x 106 

Fe(HzO) 3+ 0.67 1.98 0.055 3 x 103 

Co(HzO)~ + 0.82 2.05 0.082 1 x 106 

Ni(H20) 2+ 0.78 2.05 0.070 3 x 104 

Cu(H20)62 + 0.72 eq. 1.96(1) 0.036 8 x 109 
ax. 2.60(3) 0.12 

" Room temperature measurements from Ref. 19, 20 and unpublished results, the shorter axial distance 
in Cr(H20)62+ reported in Ref. 20 was due to partial oxidation. 

h From Ref. 26, the total rate is the coordination number times k 1 , SN2 mechanism is responsible for 
the slow k~ in Cr(HzO)63+. The bond length difference Ar for the Fe(HzO)62÷;y* couple is 0.13 A 
from the phase-difference analysis; this value is used in the electron-exchange reaction analysis 
(Fig. 3). 

c Uncertainty is ___0.01 A unless indicated in the parenthesis. 
d R M S R D  = Root-Mean-Square-Relative-Displacement 

where G 2 Cr 2 and G 2 are the mean-square displacement of the equilibrium 
vib '  slat  dyn 

M - - H 2 0  distance resulting from all molecular vibrat ion modes, static disorder and 
inner-shell/outer-shell exchange between coordinated H20 and solvent H20 molecules 
respectively. In  the limit of spherical screening of the octahedral complex by the 
solvent molecules, csl,, (this may exceed 0.01 A in anisotropic solid) vanishes ; further, 
Cr~dy * is small for strong M - - H 2 0  bonds and slow ligand exchange rate constants. 
Therefore, the most significant contr ibut ion to the ~s i values of the stable octahedral 
ions in Table 1 should arise from vibrat ional  modes affecting the bond length. In the 
context of the harmonic model, cr 2 is a measure of the mean-square average of the 
relative displacement of the absorber and scatterer atom pair from their equilibrium 
position in a particular normal mode and is inversely proport ional  to the squre root 
of the force constant. From Table 1, one can infer that, for highly symmetrical 
complexes the bigger the or. the smaller the force constant  and the weaker the bond. 

1 

The fact that octahedral M 2 + ions have larger r, bigger cr~, and faster water exchange 
rate constants than M 3÷ ions is in qualitative accord with the SN1 mechanism in 
which the rate determining step requires a coordinated H 20  as a leaving group. The 
extremely slow rate for Cr(H20)63+ indicates a SN2 rather than a SNI mechanism, z6) 

We now compare the vibrational ampli tude csv~ b with EXAFS cry. Using the totally 
symmetric stretching mode of Fe(H20) 2+ (~  = 390cm -1) and Fe(H.O) 3+ (V 
= 523 cm -z) 27~ we can calculate the mean square vibrational  amplitude of the breath- 
ing motion of these complexes with 2s) 

o~ = [h/SrcZg~vs] coth (hVs/2kT) (7) 
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where gM is the reduced mass, hv s is the photon energy (v S = V c, c = velocity of light). 
The ~ calculated for Fe(H20)6 z+ and Fe(HzO)63+ at 25 °C from Eq. (7) are 0.0233 
and 0.])187 ,~ respectively. These values are small compared with the experimental 

's of 0.081 and 0.055 A, respectively for these two complexes as expected from 
Eq. (6). Quantitatively however, the vibrational contribution of the normal modes 
does not seem large enough to account for cr i, although inclusion of the anti- 
symmetric stretching motion in some cases improves the agreement somewhat 21). 
Since the EXAFS parameter in Table 1 are derived on the basis of Eq. (1) using 
theoretical phases and amplitudes and has large uncertainty in cr i this discrepancy is 
most likely due to the inadequacy of the theoretical parameters (many electron 
effects are not accounted for) and the harmonic model, the neglect of other 
vibrational modes and the ~arn term in Eq. (6), and experimental error. More 
quantiative information must be obtained from temperature dependent measure- 
ments 9). For symmetric one-distance systems however it is safe to infer systematic 
bond strengths from EXAFS bond length and RMSRD values. 

EXAFS studies of  the Jahn-Teller distorted ions Cr(H20)~ + and Cu(H20)~ + are 
worth of  mentioning. This situation is particularly interesting because it not only 
involves one short (strong) and one long (weak) bond within the same complex but it 
also shows the limitations of EXAFS. It has been reported that the presence of the 
"weak bond" is not apparent in the Fourier transform of z(k) k 2 due to the N]r  2 
dependence and the large ~ term, and more detailed modeling is needed for the 
extraction of the EXAFS parameters 19). In fact, both 4-1igand (equatorial) and 
6-1igand (2 axial, 4 equatorial) fits have been attempted in the analysis of the EXAFS 
of these ions. In turns out that the tetragonally-distorted octahedron fits the data 
best. It should be noted that while the EXAFS bond lengths of Cr(H20) 2+ and 
Cu(H20)62+ listed in Table 1 are in accord with literature values, the Cr,x and Cyeq 
values are strongly correlated with the amplitude function and the coordination 
number, their usage is at best qualitative. The axial RMSRD, Crax, in particular 
cannot be literally interpreted as the harmonic mean displacement of a weak axial 
bond; crx is better described in terms of contributions from tray n (Eq. (6)). The position 
of the loosely bonded axial ligands can in principle be treated as a non-gaussian 

distribution in distance space (e -dk2 in Eq. (1) is replaced by an integral)9, to). 
Qualitatively, however, the long axial bond, the large c r ,  the short equatorial bond, 
and the small Creq obtained in the analysis together with the fast exchange rate 
support the view that only axial tigands can be directly involved in the fast Cu 2÷ 
and Cr 2 + water exchange 29). 

2.3 Application to Electron Exchange Reactions 

The perhaps most useful application of EXAFS to the solution chemistry of 
transition metal complexes is the determination of the bond length difference Ar 
between transition metal oxidation-reduction couples. Despite the various theories 
proposed for the interpretation of the electron exchange rates there is a general 
agreement that the equilibrium nuclear configurations of  the reactants change when 
electron transfer takes place 30-33). Thus the energetics involved for the reactants to 
achieve a favorable configuration are intimately related to equilibrium bond lengths 
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r ( M - - L )  (L = ligand) of  the reactants and particularly to the bond length difference 
Ar between them. A typical electron exchange reaction for octahedral  complexes can 
be expressed as 

ML~÷ + ML~+ kob~, ML~+ + ML62 + (8) 

The rate o f  electron exchange can be described by a semiclassical model 3o-33) in which 
the observed rate kob is expressed in terms o f a  preequilibrium constant K A and a first- 
order rate constant  for electron transfer ko~ (ke~ = v × ~×n) 

kob s = KAVn×eI× n (9) 

where K A is the equilibrium constant for the format ion of reactant pairs separated by a 
distance between d and 8d (Eq. 10) 

KA 
ML 2+ + ML6 3+ , ML 2+ . . . .  ML~ + (10) 

v n is an effective nuclear frequency, × is the nuclear factor, and ×el is the electronic 
factor. Electron transfer reaction rates in general have been recently reviewed a2). 
Here, we only focus on the effects of  the inner-shell configuration changes (xn) that 
greatly influence ke~ (by nine orders of  magnitude). A pictorial representation is shown 
in Fig. 2 ~ 

The nuclear factor × contains both solvent and inner-shell contributions. 

x. = F~ exp [ -(AGL, + AG*.)/RT] 

1 
AG*, = ~- E fl]'(Ar)i/2] 2 

2a3 p i5 s. (12) 

(13) 

( ~ % ,  KA. 

'/, 2HAB / 

NUCLEAR CONFIGURATION 

Fig. 2. Pictorial representation of electron exchange reaction involving identical reactants and products. 
r* is the bond length of the activated complex. K A is the preequilibrium constant (Eq. 10) and HAs 
is the electronic coupling matrix element (Ref. 32) 
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where F z is the nuclear tunnelling factor. AG*ut and AG* n are the free energy of  
reorganization for the solvent and inner-shell contributions respectively, Aq is the 
difference in charge between the two oxidation states, a 2 and a 3 are the radii of  the two 
reactants, d = (a 2 + a3), D s and Dop are the static and optical dielectric constants 
o f  the medium respectively, fi = 2f2f3/(f2 + t"3) is a reduced force constant for the ith 
inner-sphere vibration and r z - -  r a = Ar is the corresponding bond difference in the 
two oxidation states. 

The nuclear frequency v n is related to the solvent and inner-shell reorganization 
energies as well as the corresponsing vibration frequencies. The electronic factor 
×~ can be described on the basis o f  the Landau-Zener framework and is related to 
the electronic coupling matrix element H ~ .  32~ 

We now discuss the implication of  Ar to the exchange rate in terms of  the reorganiza- 
tion o f  the inner shells (shortening and "lengthening of  the bonds) o f  the reactants 
in two redox couples Fe(H20)~+/Fe(H20) 3÷ and MnO2/MnO~-. Prior tO electron 
transfer in these systems, an activated complex in which both reactants have 
rearranged their inner-coordination shells to an identical bond length r* must be 
formed (Fig. 2). I f  we only consider the symmetrical breathing motion of  the 
first (inner) hydration shell of  the reactants, the common bond length r* in the 
activated complex forXhe Fe(H20) ~ +/Fe(H20)63 + couple is given by 

r* -- f2r2 + f3r3 (14) 

where t"2 and t"3 are the symmetric M - - H 2 0  stretching force constant.s in the 2 +  and 
3-t- complexes respectively 31~. The results are listed in Table 2 together with 
EXAFS er i and vibrational amplitudes crs calculated using Eq. (7). From Table 2 
it is evident that the reorganization ( r - - r * )  for the Fe(H20)6Z+/Fe(H20)~ + 
(0.078 A/0.043 A) couple is much greater than ( r -  r*) for the M n O 4 / M n O  ~- 

Table 2. EXAFS Bond Length a, Root-Mean-Square Relative Displacement, Reorganization and 
Symmetric Vibrational Amplitude of Fe(H20)~ ÷/3 + and MnO~/~- 

System Bond Length Reorganization Root-Mean-Square Symmetric ° 
Relative Vibrational 

Reactant Activated b Displacement Amplitude 
Complex 

r, A r*, A r* -- r, A ct~ ~,  A 

(25 °C) (100°C) 

Fe(H~ O)a- + 1.98 d 2.023 0.043 0,055 0.0187 0.0197 
Fe(H20)~ + 2.10 d 2.023 0.078 0.081 0.0233 0.0251 
MnO~ 1.624 1.644 0.020 0.054 0.0180 0.0184 
MnO]- 1.666 1.644 0.022 0.056 0.0184 0.0188 

a Uncertainty for r and ~r i is <0.01 A for MnO4 -/2-. 
b Values calculated on the basis of Eq. 14 and known frequencies (Ref. 20, 21). 
° Values calculated from Eq. 7 and known frequencies (Ref. 20, 21). 
d The bond length difference Ar of 0.13 A was obtained from the phase-difference analysis. This 

value was used in the electron-exchange reaction analysis (Fig. 3). 
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(0.020/0.022 A) couple. It is interesting to compare these values with the amplitude 
(~s) of the total symmetric breathing of the complex, because this vibrational 
mode would most likely lead to the formation of the activated complex (Fig. 2). 
It is apparent that while ~ for the Fe(H20)~+/Fe(H20) 3+ couple is considerably 
smaller than the reorganization, cr for the Mr~O~-/MnO]- couple is comparable to the 
reorganization, indicating that there is sufficient energy in the lower vibrationally 
excited state in the latter system to supply the reorganization energy even at room 
temperature while the former system requires higher vibrationally excited states. If we 
consider ×n as the dominant factor in the determinatiion of the rate, and Ar 
dominates x (Eq. 9, and Eqs. 11-t3) we have xn(Fe(H20)36+/2+)/x,(MnO,, I-/2-) ,~ 1. 
Thus the MnO~-/MnO]- exchange should proceed faster than the Fe(H20)~+/ 
Fe(H20) 3 + exchange. 21) This is consistant with the observed rate (k = 710 M- 1 sec- 1 
for the former and k = 1.1 M -1 see -1 for the latter). 

Quantitative systematics of the effect of Ar on the reaction rate have been studied 22). 
From Eq. (9) we can rearrange the logarithm to give 

[ln (kobs~ AG*,,~ AG*n 
- + - i n  ( × e l y . )  

\ KAJ RT _] RT 
(15) 
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Fig. 3. Correlation of the observed exchange rate constant (corrected for the stability of the precursor 
complex plus the outer-shell barrier divided by RT) with (Ar) 2, the square of the difference of the 
metal-ligand bond distances in the two oxidation states (Ref. 22). 

2 + / 3 +  . 2 + / 3 + .  (1) Cr(H20)62+/3+;. (2) Fe(H20)~+/B+; (3) Fe(phen) 2 - F,.3+; (4) Ru(H2O)6 , (5) Ru(NH3) 6 , 
(6) Ru(en)~ +/3+; (7) Ru(bpy)g+/3+; (8) Co(H20)~ +/3+; (9) Co(NI-I3) 62+/3÷', (10) Co(en) 32+/3÷', 
(11) Co(bpy)~+/3+; (12) Co(sep)2+/3÷; (13) Co(bpy)~ ÷/2÷, en = ethylenediamine, bpy = 2,2'- 
bipyridine and sep = "sepulchrate", phen = 1,10-phenanthroline 

90 



X-Ray Absorption Studies of Liquids 

where AG*, is a function of Ar z (Eq. 13). EXAFS study of a number of redox 
pairs shows that a good correlation exists between the exchange rate constant 
(corrected for the stability of the precursor complex and outer-shell barrier) and Ar 2 
as expressed in Eq. (15) 22'32). The results are plotted in Fig. 3. It can be seen 
from Fig. 3 that, with the exception of C0(H20)62 +/3 +, the correlation is remarkably 
good for the rate constants that span a range of 15 orders of magnitude. The 
behavior of the cobalt couple has been known to be anomalous and other mechanisms 
have been proposed for this reaction 31) 

2.4 Other Applications 

Structures of lanthanide ions in solution are also of particular interest because these 
ions are highly coordinated (coordination number n = 8 or 9)35). From the few 
existing crystal structures, it is found that hydrated lanthanide ions have two sets of 
inequivalent bond lengths (differ by 0.04 A). "No distinctly different bond lengths 
are observed from an EXAFS study of Ce(III) aquo ions 367. Smooth single oscillations 
are observed in the X-ray absorption spectrum of Ce(H20)] +. This result suggests 
that the cerous ion is more spherically symmertrical in solution than in the solid 
where lattice distortion is an important factor. A bond length of 2.50 _+ 0,02 A, has 
been obtained for Ce 3 + - H z O  and a bond length difference Ar of 0.07 + 0,02 A for 
the Ce(H20)3.+/Ce(H20)*. + couple has also been derived 36}. 

The XANES study of the mixed oxidation Ce(HzO)3+/Ce(HaO)~ + solution is also 
of great interest. It reveals the atomic nature of the 5d orbitals in lathanide com- 
pounds and the chemical sensitivity of the 2p ~ 5d transition. It is found that the 
L z and L 3 XANES of the mixture exhibit large chemical shifts (7.3-9.0 eV) between 
the 2p ~ 5d resonance ("white line") of Ce(H20)~ + and Ce(H20)~ + in different 
acidic media (Fig. 4). These values are small compared with atomic calculation but 
are slightly larger than those of mixed-valent solid systems. This study has two 
interesting implications. First the chemical shift between Ce 3+ and Ce 4+ in solution 
is given rise by a initial state effect in contrast to metallic mixed-valent systems where 
final state screening by conduction electrons may be responsible for additional white- 
line features. Second, this system is an excellent example for the illustration of the 
equivalent core approximation as applied to X-ray photoelectron spectroscopy (XPS) 
and X-ray Absorption studies. L 3 edge chemical shifts are summarized in 
Table 3 36) 

For first row transition metal complexes, XAS results are currently limited to the K 
edge absorption measurements, and the K edge XANES structure does not probe 
the d states directly. Although the XANES of these complexes can be carefully 
analyzed in terms of multiple scattering, through which structural information can be 
revealed, this approach has already been discussed by Bianconi in this volume and is 
not discussed here. Rather, we want to present an interesting example concerning the 
chemical sensitivity of the energy position of the edge jump threshold E~ to the 
local charge distribution at the metal site of complexes with and without ~ bonding 
ligands. Figure 5 shows the Fe K edge XANES of two Fe redox couples 34), 
Fe(H20)62+/3+ and Fe(phen)32+/3+ (phen = 1,10-phenanthroline) in solution. E~ 
shifts to the higher binding energy side from Fe(II) to Fe(III) in the high-spin 
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Table 3. L 3 edge chemical shifts o f  lanthanide ions in solutions and in solids 

Sample AE (eV)" Iratio a 

observed calculated h 

Liquid mixed oxidation solution 
Ce3 +/Ce 4+, 0.5 N H2Ce(CIO4) 6 9.0 11.0 0.4 

in 6 N HC104 
Ce3+/Ce 4+, 0.1 N H4Ce(SO,) 4 7.3 11.0 1.1 

in 1 N H2SO 4 

Solid mixed valence compound 
Sm2+/Sm 3+ in SmB6 ° 7 9.3 
Sm2+/Sm 3+ in Smo.vsY0 25 a 7 9.3 
TmZ+/Tm 3+ in TmSe"  7 9.3 

1.9 ___ 0.2 
1.3 + 0 . 1  
1.4 + 0.1 

The differcnce and the ratio are between high and low oxidation states. 
Irati ° is the relativity intensity of  the white line. [rat'o for solution samples 
is dependent upon the relative concentration of C ~  + and Ce 4+ (Ref. 36). 

b The calculation was done with the Herman Skillman program, for example, 
configurations 2pSS4f16d °'5 and 2p 5"5, 4f°4d °'5 for Ce 3+ and Ce 4+, 
respectively were used; only the difference in the transition energy was 
considered. 
Vainshtein EE et al (1964) Sov. Phys. Solid State 6, 2318 

a Martin R et al. (1980) Phys. Rev. Lett. 44, 1275 
" Launois H e t  al. (1980) Phys. Rev. Lett. 44, 1271 
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Fig. 4. XAS spectra of  mixed oxidation 
Ce4+/Ce 3+ solutions (a) in H2SO 4 and 
(b) in HCIO 4 (see table 3), and (c) aqueous 
Ce(NO3) 3, ~ 1 M. (Ref. 36) 
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aquo complexes and the corresponding EXAFS bond length difference is 0.13 ,~, 
whereas in the case of the low-spin pair, only a small shift and no EXAFS bond 
length difference is observed. This observation indicates that significant charge 
redistribution involving the ligand rr orbitals and the metal d orbitals takes place so 
that the effective potential experienced by the Fe atoms in the two oxidation states are 
very similar. The double peak feature at 50~ 80 eV above Eth is due to multiple 
scattering (see Bianconi, this series). 

XANES has also been applied to study secondary interactions (such as the changes 
in bonding resulting from changes beyond the first coordination shell). In a recent 
experiment 37), in which the PtL m XANES of the square planar "PtC14" moiety in 
solid K2PtC14 and aqueous solution ofK2PtC14 were measured, it was found that there 
were two visibly different XANES features between the solid and solution samples 
of K2PtC14 (Fig. 6). First, the intensity of the white line that probes the unoccupied d 
character at the Pt site increases by 20% going from solid to solution. This 
observation immediately indicates a depletion in d character (occupied) at the Pt site 
upon dissolution. Second, sharp features appearing at the XANES of the solid 
sample disappear in the XANES of the solution sample despite the fact that the 
local square planar structure of "PtC14" remains unchaged as shown by the EXAFS. 
This result can be attributed to final state effects and secondary interaction in- 
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volving Pt--Pt along the one dimensional Pt chain and Pt--K interaction in the 
solid 37). Similar phenomenon has been previously observed in solid KMnO¢ and 
its solution 21). 

3 Photoconductivity Measurements of X-Ray Absorption Spectra 

3.1 General Considerations and Experimental Techniques 

In connection with applications described in Section 2, it is natural toproceed to apply 
the technique to systems involving different solvents. One recent development is the 
investigation of the X-ray induced ionization behavior of organometallics in hydro- 
carbon solution. Since organometallics are often insoluble in H20, but are soluble in 
organic solvents, we have devised an alternative scheme to obtain XAS spectrum 
in organic solution 38-41). The objectives of this research are (a) to study the 
implication of different decay channels to the yield spectrum, particularly in the 
X-ray Absorption Near Edge Structures (XANES) region and (b) to investigate the 
ion yield of the pure hydrocarbon liquids and their solutions with the expectation that 
this study may lead to the development of liquid ionization chambers and related 
techniques for X-ray studies. 

Photoconduc'tivity measurement of X-ray absorption of a liquid involves the 
utilization of liquid ceils equipped with parallel plate electrodes. Two configurations 
have been used for these measurements 39) (with electrodes parallel or perpendicular 
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Fig. 7 a and b. Schematics of the solution cells with a) electrode surface perpendicular to the direction 
of the beam and (b) electrode surface parallel to the beam 39 ; 0. I to 0.25 mil Mylar windows were used. 
Electrode separations of  1 mm to 20 mm in case (a) and 1 mm to 5 mm in case b) have been studied. 
/ = 2 to 3 cm is commonly used in case (b) 

to the incoming beam). Schematics for the typical solution cells are shown in 
Fig. 7. Two cell parameters are important to the measurements. One is the thickness 
of the cell, the other is the separation between the electrodes. The photocurrent 
of the cell is extracted by applying a voltage to one of the electrodes. The 
field strength V/L (V = bias voltage, L = electrode separation) is an important 
experimental parameter. Since these are DC measurements and we are dealing 
with a small signal, the liquids employed in these measurements are hydrocarbons 
with very low background conductivity (picoamperes). The photocurrent signal Io 
measures the X-ray induced ionization in the solution (including primary and second- 
ary ionization) and is related to the absorption ~tt of the liquid. I c can be expressed 
as  

I¢ = Y . f ( P , h v ,  I o ) ' I o [ 1 - - e  -'t] (16) 

where Y is the ion yield per eV of photon absorbed, f, the collection efficiency of the cell, 
is a function of the cell parameters, Pc (Pc includes the electrode separation, thick- 
ness, bias voltage and the properties of the liquid), the photon energy hv and the 
flux I 0. The collection efficiency of the cell for uniform ionization can be 
expressed as 

f = [1 + (I + 2/342) 1/2] (17) 
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where 

e L4q 2 
~2 _ (18) 

~o~ V 2 p.+ 

and %, er are the permittivity of  vacuum and the dielectric cons tan t  of  the liquid 
respectively, L is the separation between the electrodes; q is the rate of  charge 
production by the incoming X-ray in ion-pairs/cm 3 sec and is proportional  to 
Io(1 - -  e-~'),  ix ± is the ion mobility. Since the incident X-ray photon flux suffers 
a rapid exponential decay as a function of the depth of penetration, the overall 
efficiency f~ in a liquid cell has to be integrated over the entire cell 39), 

i~ q(t) l  f dt 
Let  J 

f~ = (19) 

i at L~ t J  
0 

where eq/~t = ~tI o • hv • e -~'  • G • 10 -2 is a measure of the amount  of  ion pairs 
created per unit volume per second between a distance t to t + dt in the cell; 
kt is in crr~-l, i o  is in number of  photons/sec cm 2, G is the G value, a quantity 
commonly  used in radition chemistry and is a measure of  the number  of  ion pairs 
created for every 100 eV of photon energy absorbed by the system. In situations where 
the cell collection efficiency is low (this is common  for liquid studies), Eq. (19) can be 
approximately expressed as 

f = K(lalo)_l/z (I - -  e -"t/z) 
(1 - -  e -t'') (20) 

Substituting Eq. (20) into Eq. (16) we have 

I° = K ' ( I 0 / ~ )  1/~ (I - e -"v2)  (21) 

where I o is the incident flux and K '  = Y K  (K is a constant). I t  is apparent  from 
Eqs. (16)-(21) that I depends on two factors given fixed cell configurations. Ons is the 
ionization yield Y, the other is the cell efficiency which determines how effective the 
ions can be accounted for by the cell. Although most  of  the measurements are made 
under inefficient conditions (f < 1), it is possible to adjust the experimental para-  
meters such as the horizontal slit and the applied voltage so that  f is  close to unity. Let 
us consider in the following first the effect o f f  s (when f < 1) on the photocurrent  Ic, 
then the behavior  of  the yield Y as a function o f  the absorpt ion coefficient below 
and above an absorption edge under efficient conditions ( f  ~ 1). F rom Eqs. (20) and 
(21), we can consider two limiting cases. When the cell is thin, that  is txt is small, we have 

Kt 
I c = -~- (I0~t) 1/z t (22) 

96 



X-Ray Absorption Studies of Liquids 

and for a thick cell (optically black), which absorbs practically all the incident 
X-rays, we have 

I c = K'(Io/g) 1/z (23) 

F rom these considerations, it is apparent  that  the current will drop at an ab- 
sorption edge when the cell satisfies the total absorption conditions. 

When a very thin slab (~0.1  m m x  ~ 7 m m )  of  photons with a flux of  108 to 
109 photons/sec is allowed to incident upon a parallel plate cell (Fig. 7b), f -- 1 can 
be achieved 40) and Eql (16) becomes 

Io = Y ' I o ( 1 - - e - " t )  (24) 

From Eq. (24) Y can be determined f rom 

Y _ I (25) 
Io(1 - e - " ' )  

Since Y is the total ionization yield (in no. of  charges/photon),  it takes into account 
yields resulting from all the components,  (YM for the solute metal complex and Ys 
for the solvent) in solution, and 

Y = YM x + Ys(1 - -  x) (26) 

where x is the fraction of photon intensity absorbed by the metal and (1 - -  x) the 
fraction absorbed by the surrounding. I f  we label the parameters  with superscripts 
a and b for absorption above and below the edge respectively, we can write 

i b 
¢ 

yb  = y ~ x  b + Ysb(1 _ x b) Io(1 __ e_,b,) (27) 

P 
y a  = y ~ x  a + Y~(1 - -  x a) = (28) 

Io(1 - -  e -  ~"t) 

Again, we consider two limiting cases. I f  the cell is very thin (l~t being very 
small) we have 

I~ _ Y~x b + Ysb(1 - -  x b) gb (29) 

I:  Y~x" + V~(1 - -  x ~) ga 

where gb < g~ determines the ratio. Therefore the I¢ spectrum should resemble the 
absorption spectrum recorded in the transmission mode (positive edge jump).  I f  the 
cell is thick (large gt) so that all the X-rays are absorbed, we have 

Ib¢ - y~xb + Ysb(1 - -  xb) (30) 

P Y~x a + Y~(1 - -  x ~) 

Based on Eq. (30), it can be shown that  I~ > P despite the expected edge jump 
(ga > gb). 2"his is because Y > YM' (1 - -  X b) > (~ - -  X"), ybs ="~ Y~s and Y~ > Y~a" 
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The reasons are (a) the primary photoelectrons produced following the X-ray absorp- 
tion of solvent molecules have more energy than those of the metal; and (b) 
fluoresence X-ray from the metal can escape the solution. Thus, we have Ys > YM 
(we found this was true even in pure (CH3)4Sn where Sn was the metal and - -CH 3 
was the "solvent"). Similar argument can be used to infer Y~ > Y~ because, for 
absorption above the edge, more energy would escape without producing ionization 
through additional X-ray fluorescence channels. Returning to Eq. (24), it becomes 
clear that the photocurrent may increase or decrease above an absorption edge 
depending on the absorption thickness of the speciemen. 

X-ray absorption measurement of a number of liquids can be made using cells similar 
to those described in Fig. 7. Hydrocarbon liquids such as hexane, 2,2,4-TMP 
(TMP = tetramethylpentane) and 2,2,4,4-TMP, or even toluene can be conveniently 
used as solvents. Current signals from the incident and the transmitted ionization 
chambers as well as the liquid cell should be recorded simultaneously. A typical set 
of cell parameters (Electrode separation: 1 mm to 30 mm, field: 0.1-1 KV/mm are 
the usual ranges) has a background current of several to tens of picoamperes (PA) 
and a signal of  several hundred PA (with a flux of ~ 109 photons/see). Since these 
systems have very low conductivity, it is important that the measurement is made in 
a dry environment with adequate electronic shielding. The cell assembly should 
therefore be kept in a metal sample chamber with two opposing windows (Be, 
Mylar, or Kapton) all the time. Singals can be conveniently collected with current 
amplifiers. 

3.2 Applications 
Several cases are presented here to illustrate the application of the technique in 
terms of a wide range of values of relevant variables. Shown in Fig. 8 is the 
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ionization behavior of pure solvent 2,2,4-TMP 40). The most important observation 
is that for a large range of X-ray energies the ionization yield per unit energy 
absorbed (G value) is larger at higher energies. For instance, the ionization yield of 
one 20 KeV photon is greater than that of two I0 KeV photons. The implication 
is that the yield is higher for photoelectrons with higher kinetic energy (in hydro- 
carbon liquids the absorption of two 10 KeV photon produces two ~9 .7  KeV 
photoelectrons and a 20 KeV photon produces one ~ 19.7 KeV photoelectron because 
the binding energy of carbon is ~0.3 KeV). Shown in Figs. 9, 10, 11 are the 
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XAS spectra of ferrocene and rhenium carbonyl in 2,2,4-TMP recorded under low 
efficiency conditions with cell configurations illustrated in Fig. 7. The thickness of the 
cell was varied from a thin cell (not quite the very thin cell limit given by Eq. (22)) to a 
thick cell. The corresponding transmission spectra are shown for comparison. In 
Fig. 11 c, the 1/(Ic/Io) 2 spectrum which should be related to g (Eq. (23)) is also shown. 
In Fig. 12 is shown the measurement of the same Re2(CO)I o solution with high cell 
efficiency (f ~ 1) using a configuration in which the electrodes were parallel to the 
direction of the incoming beam. A very thin (0.08 mm) photon slab was used in 
recording the spectra shown in Figs. 12a and b. Relevant parameters are summarized 
in Table 4 for some typical measurements. 

Several interesting features are immediately noted from Figs. 9-11 and Table 4. 
First, in a thin cell, the current yield spectrum reproduces a spectral profile similar to a 
normal transmission spectrum. Second, the current yield edge jump is only a 
fraction of that of the tramission spectrum. Third, in the case of the thick cell, the 
transmission spectrum (Figs. 10, 11) suffers from severe thickness effect as expected. 
Fourth, the signal to background ratio increases drastically in a dry environment and 
finally, the current yield in the thick ceil drops sharply at the edge. This latest 
observation now appears to be a common phenomenon for optically black cells and 
its implication~is discussed later. 

Returning to Eqs. (21-33), it becomes apparent that the above mentioned results 
can be understood on the basis of these equations. Fig. 10 for example is very 
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Fig. 11 a--¢. Re L,,, edge spectra of 
Re2(CO),o in 2,2,4-TMP in a 20 mm 
cell: a) transmission, b) current yield 
and c) ~t ~ 1/(current yield) 2 (Ref. 
39b) 

close to the situation described by Eq. (22) because the series expansion of  e-~t/2 
converges very rapidly. It is therefore the square of  Ic/I o that is related to ~tt. In a thick 
cell (Fig. 11), the data can be conveniently expressed in terms of /~  by taking the 
reciprocal of  the square of  the current yield. This is shown in Fig. 11 c. It is clearly 
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seen that the spectral profile of Fig. 1 lc  is nearly identical to that of the normal 
transmission spectrum (Fig, 10a), any discrepancy can be attributed to Y (Eq. 16). 

When the measurements were made with an efficient cell, similar inverse appearance 
was again observed for a thick cell (Fig. 12)39). Since the thickness of the cell 
approaches the 1 - -  e -"t = 1 limit, no XANES is seen in the transmission spectrum 
except an edge jump. The current yield again shows sharp but inversed XANES 
structures characteristic of the spectrum obtained with low cell efficiency. 

We now look into the origin of these current yields. There are three processes that 
produce charges in the cell. These are (a) direct ionization, (b) X-ray fluorescence 
and (c) Auger decay [(b) and (c) produced secondary charges]. Below the Re L,I edge 
for example, a combined contribution of these processes in both the solvent and the 
solute gives rise to the current. In fact the radition chemistry G value is a mesure of 
the overall effect. At the Re L m edge, however, the fluorescence and the Auger 
decay are primarily responsible for the edge jump (no direct ionization occurs in a 
Re 2p --* 5d bound to bound transition and the slow photoelectrons produced above 
the ionization threshold do relatively little in generating secondary ionization). Since 
the fluorescence X-ray has a probability of escaping reabsorption, particularly in the 
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Table 4. X-ray photoconductivity parameters for Fe(CsHs) 2 and Re2(CO)I o in 2,2,4-TMP under 
various condition 

Sample Cell Field Absorption (~t) b Photon Current a (nanoamp) 
Configuration a Strength flux c 

V/L Below Above photon Dark Below Above 
edge edge edge edge 

Fe(CsHs) z (a) t± = 0.2 cm 200 V/0.2 cm 1.4 1.7 5.9 x 10  9 0.23 ' 0.66 0.77 
ambient, (b) t// = 3 cm 750 V/0.75cm 17.2 25.2 6.3 x 109 0.053 ° 0.64 0.47 
wide slit 

Re2(CO)I 0 (a) t± = 0.2 cm 500 V/0.2 cm 0.46 0.84 4.5 x 10 a 0.079 r 0.32 0.39 
dry, narrow (b) t:/ = 3 cm 500 V/0.3 cm 8.1 14.3 3.1 x l0 s 0.007 r 0.58 0.42 
slit 

a See Fig. 7 and Ref. 39. 
b Calculated with g from McMaster WH, Kerr Del Grande N, Mallet JH, Hubbell JH Compilation 

of X-Ray Cross Sections Nat Techn. Inform Serv, Springfield, VA, and a density of 0.693 for 
2,2,4-TMP. 
Calibrated with N 2 and Ar ion chambers in the Fe(CsHs) 2 and Re2(CO)I o experiments respectively 
(Ref. 39). 

d Current measured with Keithley amplifiers, uncertainty is ~ 5 ~o. 
In ambient environment, the high dark current is due to leakage. 

r Under dry N 2 atmosphere, dark current is significantly reduced. 

vicinity of the first window where the absorption is the highest, the absolute current 
yield edge jump is expected to be less than that in the transmission spectrum in a thin 
cell configuration (Fig. 10). In the case of Fig. 12, the efficiency f is nearly unity. 
Returning to Eq. (25), it is immediately seen that Ic/I o oc Y. Therefore the ion yield 
per eV photon absorbed in Fig. 12 drops across the edge. Bearing in mind that every 
photon is absorbed by the solution and both the solute and solvent are competing 
for the incident flux, this inversion can be understood in terms of fluorescence 
escape and relatively ineffective energy transfer through Auger cascade and photo- 
electrons above the edge where Re absorbs 75 ~ of the photons in this solution. 
As already discussed above (Eq. (30)), these processes are less effective in the produc- 
tion of secondary ions than direct ionization of the solvent. The fact that Y itself 
carries the information of 1/gt of the solute is rather interesting. It may arise from 
cell inefficiency near the window where absorption is the strongest. Further study is 
now underway. It should be noted that the observation that the conductivity measure- 
ment yields sharp XANES and EXAFS structure for a thick cell (total absorption) 
indicates very interesting possibilities. For  example, for elements of low atomic num- 
bers in compounds such as organo-phosphorus, -sulfur and -chlorine compounds, 
conventional transmission spectra are not  readily obtainable;  this technique which 
makes use of a thick cell would be a very good alternative for obtaining K edge 
XANES of S, P and C1. Another  possibility is to develop liquid ionization chambers 
and to investigate related phenomena. 
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4 Summary and Recent Developments 

Two types of  applications of  XAS in solution chemistry have been discussed here 
with one emphasis on the study of structure and bonding of transition metal com- 
plexes in solution and its correlation with reactivity• The unique application of 
EXAFS to derive Ar for closely related system can be extended to temperature- 
dependent studies of  local dynamics and the study of oxidation reduction couples in 
general. Another emphasis involves the development of a technique in measuring 
XAS of organometallics in solvents of low background conductivity. This technique 
should be applicable to a large number of situations where thin sample cannot be 
easily prepared for transmission measurements. A detail experiment has recently 
been carried out in which we showed that both Eqs. (29) and (30) are valid and the 
behavior of  the edge jump can be accurately described by these equations 41~ 

Finally, a recent development in connection with the photoconductivity technique 
should be noted. This new development involves the measurement of the X-ray 
induced optical photons (scintillation) from the sample solution of organometallics 
in toluene which contains a small amount of organic scientillators. In a recent 
experiment, the optical yield and the ionization yield of  (CH3)4Sn in toluene (contain- 
ing a small amount of anthracene) were simultaneously monitored with a photo- 
multiplier and direct DC photocurrent amplifier respectively ,~2~. The Sn K-edge 
XANES spectra recorded simultaneously in the scintillation and the photoconduc- 
tivity mode show that the scintillation yield XANES spectra are practically voltage 
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independent  and resemble those of  high efficient (high voltage f ~- 1) ionization 
yield measurements  (Fig. 13). These results +2) strongly suggest that both  the ioniza- 
t ion and the scintillation yield will have future appl icat ions in various chemical 

situations. 
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The strengths and weaknesses of EXAFS in determining the radial distribution of the first nearest 
neighbours in coordination compounds are well known. 

We point out here how local information given by EXAFS upon the first coordination sphere can 
be used to characterize short or long range order or disorder in low dimensional materials. 

Low temperature measurements, use of several absorbing species in the same compound, comparison 
between seemingly contradictory X-Ray diffraction and EXAFS data allow to solve three dimensional 
structural problems related to physical properties. 

The materials studied are insulating uni- or bimetallic magnetic chains and pure or intercalated 
MPS3 layers. 
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1 Introduction 

Low-dimensional (LD) materials are of renewed interest for chemists and phycisists. 
On the one hand, one-dimensional (1D) linear chains 1) or two-dimensional (2D) 
planar arrays 2) (Fig. 1) allow to study fundamental properties of matter more simply 
than three-dimensional (3D) lattices : much synthetic work has been stimulated by the 
search for materials with structures and properties close to the 1D and 2D theoretical 
models, simpler than the 3D ones. On the other hand, such systems present by them- 
selves new, exciting, and sometimes predictable and tunable physical and chemical 
properties. 

We are ourselves engaged in such a synthetic endeavour 3-12) and we report here 
on some typical structural problems encountered in coordination and solid state 
chemistry Of these low-dimensional materials. Indeed, the properties of these com- 
pounds are very sensitive to order and disorder, purity and defects and chemical modi- 
fications such as doping, insertion or intercalation ; their understanding needs careful 
structural characterization. Extended X-Ray Absorption Fine Structures (EXAFS) 
spectroscopy possesses some unique features which can contribute to the solution of 
well-defined cases to set up correlations between structural and physical properties. 

(1) The most frequently encountered problem is the obtention of structural local 
information on badly organized solid materials, when single crystals are not available. 

When various possible coordination sites can accomodate different absorbing 
atoms, EXAFS is able to collect independent as well as overlapping informations b y  
a multiedges study of the same material. Sect. 2.1 shows why addition and cross-check- 
ing of independent data is of the utmost interest, precisely to solve structural order 
and disorder problems beyond the first coordination sphere. 

a b 

Fig. 1. Low-dimensional materials: a) ID chain; b) 2D array 

a b 

Fig. 2. Anisotropy in low-dimensional materials: a) axial anisotropy in 1D; b) planar anisotropy in 2D 
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In microcrystalline or amorphous materials, EXAFS has proved its usefulness 
since a long time. Limits and weaknesses of the technique have also been put forward: 
variation of the EXAFS signal with temperature, occurrence of multiple scattering 
or destructive interference effects which complicate the extraction of the information. 
Sect. 2.2 presents how it is possible to overcome these apparent drawbacks and to 
obtain from them more information about the coordination site, its possible distortion 
and even about 3D organization of the material. 

(2) Another common question is the resolution of the disorder present in 1D or 
2D single crystals made up of different coordination sites with several transition ions. 
In this case, the trouble rises from seemingly contradictory results between X-Ray 
Diffraction (XRD) and EXAFS data. Sect. 2.3 discusses how short range order (SRO) 
and long range order (LRO) pictures can merge to give a more accurate description 
of the disordered structure. 

We apply these considerations to solve structural problems in real systems in Sect. 3 
(uni or bimetallic linear chains) and in Sect. 4 (bidimensional layers). 

(3) The anisotropy of 1D and 2D materials provides advantage to solve the above 
mentioned structural problems: the surroundings of  the absorbing atom is very 
different in the three crystallographic directions (Fig. 2). Generally, this does not occur 
at the first coordination sphere level but beyond this first shell. This consequence of 
anisotropy is crucial to collect information not only about local arrangement but also 
about 3D order or disorder. 

Most of the experimental work and analyses were performed at the french synchro- 
tron radiation facility, the Laboratoire pour l'Utilisation du Rayonnement Electro- 
magnetique issu des anneaux de collision d'Orsay (LURE). The appendix gives a 
short account of the recording and processing of the experimental data. 

2 EXAFS, a Short Range Order Method Used to Solve 3D Problems: 
Some Useful Features 

2.1 Introduction 

EXAFS was transformed from a laboratory curiosity to an useful structural technique 
when Sayers, Stern and Little proposed to Fourier transform the high energy oscilla- 
tory part of  the absorption spectrum z(k), function of the wave vector of the ejected 
photoelectron, k 13 - 17). 

z(k) = 
1 

j~l ~ - ~  Nj .  S~(k). Fj(k). exp - (2~2k2) .  exp (-2Rj)/X(k) 

x sin (2kRj + ~i.j(k)) (1) 

Formula (1) is the basis of the short-range-order (SRO), single-electron, single- 
scattering formulation ofEXAFS. It gives the number ofneighbours N r their distances 
from the absorbing atom i, Rj and the corresponding Debye-Waller factor ~j, when 
the amplitude factor Fj(k), the phase shift ¢Pl. j(k), the electron mean free path ~.(k), 
the many-body effects amplitude reduction factor Si(k) are known. 

EXAFS gives therefore the radial distribution function (RDF) centered at the 
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absorber and involving only pairs of atoms formed by the absorber itself and the other 
atoms. It is highly specific in giving local structural information in the immediate 
vicinity of  each absorbing centre with an accuracy of 0.01-0.03/k up to 3-4 ,~ and 
semiquantitative results up to around 5-6/k, whatever the organization of the material 
may be (crystalline, amorphous, solution . . . ) .  

This key advantage of EXAFS for investigating the structure of condensed systems 
where local informations are sought allows to deal with periodic systems where bond 
characteristics or mean square displacements modifications upon pressure, tempera- 
ture, irradiation, etc. are needed is). This applies also when investigating and modeling 
highly disordered or aperiodic systems. As a matter of fact, despite severe limitations 
(either inherent to the technique - -  loss of low momentum transfer information - -  
or related to the relative uncorrectness of the data treatment) EXAFS is unrivalled 
for the study of glasses 19~, molten salts 2o~, electrolytes 2~) or biological materials 2z~ 

In coordination chemistry also, this local probe has been used to study badly crystal- 
lized compounds. 

The first problem is of course to obtain indications, routinely given by room tem- 
perature EXAFS data to characterize coordination spheres and their possible local 
distortion by chemical modifications. As a matter of  fact, in an isolated mononuclear 
complex, EXAFS at the K edge of the metallic atom would give the RDF correspond- 
ing to the successive coordination spheres of  light atoms, while other remote mono- 
nuclear complexes would be ignored (Fig. 3). 

It is possible to go beyond this point and to gather more information by using other 
ressources of the technique. For example, in polynuclear complexes, either binuclear, 
linear or planar (Fig. 2), the picture can be enlarged since in some conditions it is 
possible to "see" also the next neighbour metal (Fig. 3). 

Ign0 0  

a b 

Fig. 3. EXAFS in mononuclear and polynuclear complexes: a) remote complexes are ignored; b) next 
nearest heavy neighbours can be seen 

2.2 Absorption at Several Edges 

The possibility for EXAFS to collect independent data using different edges is well- 
documented 23a) and is not developed at length here. 

We recall that it allows independent study of the local structure around each absorber 
and we mention a few illuminating examples of such a multiedge approach : 
(i) in a bimetallic compound where the two absorbing centres are far from each other 

(Fig. 4a), the surroundings of the two metals can be explored independently; 
a special application is the study of impurities and doping elements in a matrix; 
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(ii) in a binuclear  complex with two absorbers  close from each other an interesting 
cross-checking of  the data  allows to find out the AB distance and sometimes to 
find the ANB angles (Fig. 4b  et c); 

(iii) in a bimetall ic (A, B) material  where the spectrum displays an heavy atom peak 
a round  absorber  A:  the absence o f  an heavy atom peak at the AB distance in 
the B spectrum can be used to identify A as the first neighbour of  A 5); 

(iv) in a mononuclear  complex where the l igand bears an absorbing a tom N, metal-  
centered and ligand-centered views of  the complex become ~possible (Fig. 4d  
et e) 24,25); 

(v) in a 1D chain with rigid ligands, the possible distort ion of  the metallic site upon 
chemical modificat ion can be put in evidence (Fig. 4 f - i ) ;  this oppor tuni ty  is 
taken in the study of  copper(II)  b romani la te  chains *). 

a 

r B 
/ . " J r  

® ® 

b e 

d e 

@O 
f g 

h i 

Fig. 4. Use of several edges spectra: a) bimetallic compounds with two remote absorbers A and B; 
only nearest neighbours N are seen; b) A-centered view and e) B-centered view in a bimetallic complex 
with two close absorbers A and B; d) Metal-centered view and e) ligand-centered view in a complex; 
f-h) Metal-centered and g-i) N ligand-centered views of the local distortion in a 1D compound: 
both spectra gain new peaks; if the rigid ligand bears two N absorbers, the N--N distance remains 
unchanged 

2 .3  U n d e s i r a b l e  E f f e c t s  a t  W o r k  to  G a i n  I n f o r m a t i o n  

We turn now to effects which are commonly  considered as a complicat ion of  E X A F S  
spectra and make the structural  in terpreta t ion difficult. A m o n g  these effects which 
disturb the information,  three are o f  the utmost  impor tance :  
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a) the temperature dependence of the Debye-Waller factor 261. 
b) the multiple scattering in colinear systems z7~; 
c) the destructive interference effect 28). 
We show hereunder that they can be used to bring valuable new informations beyond 
the classical first distances and coordination numbers. 

2.3.1 Temperature Dependence of the Debye-Waller Factor 

The Debye-Waller factor can be considered to have two components ~(stat) and ~(vib) 
arising from static disorder and thermal vibrations respectively. In first approxima- 
tion (symmetric pair distribution and harmonic vibration): 

~2 = crZ(stat) + cr:(vib) (2) 

An increase of o - -  due to static disorder or to thermal motion - -  results in a loss of 
amplitude of the corresponding RDF peak rather than in a broadening of this signal. 
This well-known behaviour z3b) is due to the finite k wave vector range available, 
particularly in the absence of any signal in the 0--3 A -  ~ range 26). Moreover, when the 
Debye-Waller term is too large, the EXAFS signal completely vanishes. This has been 
considered as a serious limitation of EXAFS. In the case of  LD coordination com- 
pounds, the thermal variation of the Debye-Waller factor can be used as a significant 
advantage 

In such compounds, two kinds of EXAFS signals are observable: those coming 
from scatterers belonging to the molecule of the absorber (INTRAmolecular signals) 
and those belonging to other molecules (INTERmolecular signals). 

As the INTRAmolecular movements are largely correlated, their corresponding 
Debye-Waller terms are only slightly temperature dependent. On the other hand, 
INTERmotecutar signals (metal-metal signal from two adjacent metallic sites in a 
solid for example) are expected to be very sensitive to thermal motion. For example, 
Fig. 5 illustrates some aspects of the effect: at high temperature (Fig. 5 a) only the N 
neighbours are seen from A, with static and thermal disorder. Other neighbours 
(X, A) can be ignored if their Debye-Waller factor is too large. At low temperature 
(Fig. 5 b), static disorder can be resolved on N; the X neighbours, close to A and bound 
to it, can appear as well as remote heavy atoms A. Fig. 6 presents the simulation of 
an hypothetical molecule with a central copper atom, 4 oxygen atoms at 2 A and 4 car- 

ii ! x x 

a b 

Fig. 5a and b. Temperature dependence of the SRO picture in ordered materials: a) isolated mono- 
nuclear complex; b) appearance of new heavy atoms peaks at low temperature 
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Fig. 6. Simulation of the thermal variation of the Debye-Waller factor in the case of a mononuclear 
complex surrounded by 4 identical entities (see text) 

bon atoms at 3 A, each molecule is surrounded by 4 equidistant identical molecules 
with a Cu- -Cu distance of 4 A,. The two first Debye-Waller factors are considered 
as temperature independent (~ = 0.02 A) and ~(Cu) varies from 0.02 at "low tempera- 
ture" (Curve 6. a) to 0.2 A at "high temperature" (Curve 6. d). When c(Cu) = 0.2 A, 
the Cu- -Cu  signal is almost absent and the spectrum looks like the simulated spectrum 
free from the copper signal (Curve 6. e). 

Most of the coordination compounds EXAFS spectra reported in the literature were 
recorded at room temperature and most of the structural informations, up to the 
very recent period, is thus concentrated on the two or three INTRAmolecular coordin- 
ation shells. Thus, reported metal-metal signals are essentially those of metals directly 
bound or interacting via a monoatomic bridging ligand. By Cooling the sample at 
nitrogen or helium temperature one may expect to observe INTERmolecular metal- 
metal contributions characterizing the molecular packing (Fig. 3). Comparison be- 
tween room and low temperature data is thus a good way to discriminate between 
INTRA and INTERmolecular EXAFS contributions, and therefore to get 3D in 
formation with a local probe. 

2.3.2 Multiple Scattering Effect 

The classical EXAFS formula (1) assumes that only single backscattered photoelec- 
trons contribute to the signal. This is generally true in an energy range far from the edge 
- -  where a multiple scattering mode occurs - - ,  except in systems where two scattering 
atoms are aligned, or nearly aligned with the absorber. In such linear A - - B - - C  
systems, the EXAFS signal of C is perturbed both in phase, with an apparent decrease 
of the A - - C  distance, and in amplitude, with an enhanced intensity of the C peak. 
The effect is vet) sensitive to the A - - B - - C  angle 23c) .  Once again, multiple scattering 
is considered as an undesirable complication. A complete quantitative treatment of 
this effect needs the use of a more complicated formalism than formula (1). However, 
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it has been shown that an empirical treatment with the classical formula and with 
parameters extracted from model compounds  can account for this effect 27). Mono- 
dentate ligands such as CO, C N - - ,  pyridine, histidine, are known to produce this 
effect on the second or on the third coordination shell. Since the multiple scattering 
effect is very sensitive to angles, it can be used as a signature o f  such ligands and their 
coordination mode to the metal. Chelating ligands can also present such an effect but 
in very accute conditions: we shall see that it can be disclosed in oxalato or chloranilato 
complexes with precise configurations o f  the metallic ion and of  the ligand. 

Furthermore, in 1 D or 2D complexes the alignement of heavy atoms can be displayed 
by such an effect, as shown schematically in Fig. 7 or in Fig. 23 in the experimental 
case of  tetramethylammonium manganese chloride (TMMC), a well-known 1D 
antiferromagnetic chain. 

@•@• ~ @  Fig. 7. Multiple scattering effect in a ID linear chain 

2.3.3 Destructive Interference Effect 

When two EXAFS contributions lie at close frequencies with a phase difference close 
to ~, a partial cancellation of  both signals occurs and there is loss o f  information 2s~ 
In coordination chemistry, this effect was observed by Goulon et al. on porphyrins 2sb) 
A simulation o f  destructive interference is shown in Fig. 8: the structure is the same as 
in Fig. 6 but we add now an extra signal f rom a light atom shell called E, lying at 4.05 A 
with a constant Debye-Walter factor. When o(Cu) = 0.02 A, the C u - - C u  and C u - - E  
signals have similar amplitudes and are partially cancelled (Fig. 8a). When o(Cu) 
increases, the Cu- -Cu  signal disappears progressively as in Fig. 6, and the C u - - E  
signal apparently raises (Fig. 8d). 
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\ /  \ /  
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Fig. 8. Simulation of the destructive interference effect (see text) 
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Identification and analysis of this interference destructive effect are not obvious. 
Since the signal is partially Iost in the experimental spectrum, it cannot be recovered 
without complementary information, coming for example from other structural data 
or from chemical evidences. In the simulation presented above, any attempt to find 
by fitting procedures both the number of neighbours and the Debye-Waller factors 
for the Cu and E shells will fail. However, if these values are known for one of the 
neighbours, they can be used to extract those of the other by differential fit 28). 

Once more, an unwanted effect, properly handled, results in supplementary infor- 
mation about the first coordination sphere and beyond. 

2.4 Discrepancies in Short Range and Long Range Order Pictures 

We turn now to another very useful tool to solve disorder problems, namely the appar- 
ent discrepancy appearing sometimes between EXAFS and X-Ray diffraction data: 
--  on the one hand, as shown in Sect. 1.1, EXAFS is particularly suitable to investigate 
the various coexisting local arrangements (around dilute species in solid state solu- 
tion for example); if we ignore the near edge structures, where higher correlation 
effects are present, the EXAFS signal is a pair correlation function between the ab- 
sorber and its nearest neighbours: 

EXAFS SIGNAL = RDF ~ A~Nj (2) 
n e a r e s t  j 

where A i stands for the absorber and Nj for the nearest scatterers; 
--  on the other hand, XRD reflects the translational symmetry of the investigated 
system. It provides interatomic distances but the measured scattering amplitude le~ds 
to a Distribution Function (DF) weight-averaged over the various pairs of scattered 
atoms : 

XRD SIGNAL = DF Z Z Ai -Aj  (3) 
a l l  i a l l  j 

where A i and Aj are the various scatterers. 
Consequently, XRD wilt not be able to appreciate or even, in some cases, to suspect 

the existence of substitutional disorder or nonhomogeneous thermal disorder. 
In other words, EXAFS allows a detailed insight into the short range order (SRO) 

of the system centered at the absorbing atom while XRD assumes the existence of a 
long range order (LRO) when such order exists but gives information averaged over 
all the unit cells of the investigated system (Fig. 9). 

A wide open series of  solid solution systems, such as ionic alkali haIides KCI_ .Br 
29), binary and pseudobinary metallic or semiconducting alloys Ag--Cu 30), AI_.~Cu 3 ~)~ 
Cu--Ti 32), Ga In.~ As 33), GaAsySb.. .3,), carbides TiC 3~, intermediate valence 

x t - x )  (1 - y !  ~7 
rare earth compounds Smt~_x)YxS 36), rare gases Xe--Ar 3 ), etc. has already been 
investigated by EXAFS spectroscopy. 

In some cases, the picture of the local arrangement extracted from EXAFS data 
(SRO description) does not coincide with the picture provided by XRD experiment 
(LRO description). This puzzling feature constitutes by itself a strong indication 
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Fig. 9 a-e. Schematic comparison of SRO and LRO pictures in some ordered and disordered materials 
(see text) 

for the existence of partial disorder in the structure of the solid solution under study. 
Indeed, when the occupation of the impurity site is only statistical, XRD data contain 
information averaged over the totality of similar sites in the sample (independently 
of their occupation by impurity or diluting atoms), while EXAFS data contain infor- 
mation related only to this site when occupied by an impurity atom (Fig. 9c). On 
the contrary, when a solid system with an ordered distribution of impurity atom is 
investigated, both XRD and EXAFS techniques lead qualitatively and quantitatively 
to the same information. In such cases, of course, coincidence between SRO and LRO 
description is expected (Fig. 9 a, b). 

Turning back to the above mentioned solid solutions, the comparison between 
EXAFS and XRD results allows to establish and in several cases to solve such statistical 
disorder problems. Particularly, when the dilute species occupies one type of sites only, 
data analysis allows a detailed description of the local arrangement around impurity 
(coordination number, distances to the nearest and next nearest neighbour atoms, 
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magnitude of distortion of the site, etc.) and provides information of outstanding 
importance in the appreciation of the bulk properties. 

3 Order and Disorder in Unidimensional Compounds 

3.1 Ribbon St ruc ture  and Site Distortion in Copper  Bromani la te  Chains 

We begin with a case which can be considered as a nice example of structure elucida- 
tion in LD materials using only room temperature data but combining two edges 
results, namely copper and bromine 4) 

The first structural and magnetic properties of copper(II) chloranilate appeared in 
1960 3a~. This compound behaves as a S = 1/2 antiferromagnetic chain with a J value 
around - -24cm -x. The coupling constant J is defined by the phenomenological 
Heisenberg Hamiltonian: 

N - I  n 

IZI = - J  ~ S i - "Si+, (4) 
i = I  

Si and Si+a are the quantum spin operators related to spins i and i + 1 respectively 
The explanation of such an important coupling between paramagnetic ions with 
polyatomic ligands is not a priori evident and, in the absence of XRD data, two struc- 
tures were proposed (Fig. 10). Another magnetic feature appears puzzling: the fixa- 
tion of two ammonia molecules (or two basic ligands L) per copper(II) ion induces 
an important reduction of the J coupling constant (--3.8 cm-1 in the ammonia adduct 
Cu(C604X2) (NH3) 2 with X = C1. 

Bromanilato compounds (X = Br) present the same magnetic properties and the 
same lack of unambiguous structural determination. Nevertheless, their structure can 
be elucidated by carrying EXAFS experiments at two readily available edges (Copper 
at 9000 eV and Bromine at 13,000 eV). The modulus of the R-space spectra are dis- 
played in Fig. 11, whereas Tables 1 and 2 give the corresponding fitting results. 

O~.c, -/0 0.~. / 0  
~'0 0 ~"u'~ 0 /.Cu\ 

- . / . .  - 0  O -  ~ - 0  

~ 0 ~ 0 .  C u / O ~ O . c u / ~ O . c u /  .o o- .o o. 
O" v "0 0 ~ ' ~ ~  0 O""":~,P"% 

1 

O w O  \ / O w O  \ /0~..<~/.0 
~Cu Cu 

0 "-..."~J 07 ~0 ~-..J~-~ O/ \ 0 ~ 0  
2 

Fig. 10. Two proposed structures 
for chloranilato and bromanilato 
copper (II) complexes 

118 



Order and Disorder in Low Dimensional Materials 

P(R) 

2 

! 
P(R). 

2+3 

P(R) / 
P(R) 

P(R} 

l 
2*3 

2 /. 6 8 R(~) 

F(R) 

J 
4 6 8 R{~) 

Fig. l la-L Fourier transform spectra of chloranilato and bromanilato derivatives at copper and 
bromine edges. 
(a) Cu(C604Br2); (b) Cu(C604Br2) (NHa)2; (e) Cu(C604Brz); (d) Cu(C604Br2) (NH3)2; 
(e) Cu(C604C12), 295 K; (f) Cu(C604C12), 30 K. 
The adsorption edge is italic. 

Three distances are unambiguously determined at first sight: C u - - O  = 1.95 
__+ 0.02 A, C u - - C  = 2.67 + 0.04A both with small Debye-Waller factors and B r - - C  
= 1.86 + 0.02 A. In addition, it is possible to attribute peak 4 in spectra a and c in 
Fig. 11 to C u - - B r  or Br - -Cu  at a distance around 5 A:  the peak is intense (heavy atom 
peak); it is at the same distance at both edges; in chloranilato derivatives the corre- 
sponding peak is, as expected, slightly displaced towards shorter distances and less 
intense (Fig. 11 e); such an intense intermolecular heavy a tom peak at such a distance is 
unlikely at room temperature. From these data alone, it is therefore possible to de- 
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Table 1. Copper chloranilate and bromanilate chains at the Copper edge: 
two-shell fitting results 

Eo/eV RIA 2o'z/A 2 ~/% 

Cu(C20,) -i/a H20 
Cu--O 9002.79 1.97 0.019 ) 
Cu--C 8992.53 2.64 0.027 ] 0.57 
Cu(C204) (NHs)2 • 2 H20 
fitted as: Cu--O 8994.80 1.98 0.026 "1 

Cu--C 9001.17 2.71 0.046 )~ 0.97 
Cu(C~O4C12) 
Cu--O 9002.29 1.95 0.017 ) 
Cu--C 8992.23 2.71 0.010 )~ 0.36 
C11(C604C12) (NH3)2 
fitted as: Cu--O 8995.25 1.97 0.020 ) 

Cu--C 8999.41 2.65 0.029 f 0.68 
Cu(C~O4Br2) 
Cu--O 9002.81 1.95 0.011 ) 
Cu--C 8990.43 2.67 0.010 f 1.5 
Cu(C604Brz) (NHs)2 
fitted as: Cu--O 8993.55 1.98 0.021 

Cu--C 9000.83 2.65 0.048 1.48 

Table 2. Copper bromanilate: fitting results for shells involving bromine 
a t o m s  a 

Eo/eV R/A 2o-2/A z ~/ % 

Cu(C~O, Br~) 
Br--C2 13483.2 1.86 0.011 6.7 / -  

13477:5 Br--(C1 + O1) ~ 2.84 0.012 ) 1.3 
3.11 0.021 

Br--Cu 13476.2 4.99 0.017 2 
Br--Br 13475.3 6.55 0.010 12.5 
Cu(C604Br2) (NH3)2 
Br--C2 13484.12 1.87 0.012 8.5 

13477.42 2.84 0.009 / 
Br--(C1 + Ol + 02) 3.14 0.025 0.59 

3.17 0.018 
Cu(C604Brz) 
Cu--Br 8984.25 5.04 0.015 4 

The absorbing atom is italic 

monstrate  with simple geometrical means that  Cu(II)  must lie in the plane and that 
a layer structure is incompat ible  with the determined C u - - O  and C u - - C  distances. 

E X A F S  supports  therefore the p lanar  r ibbon structure shown in Fig. 12a for 
Cu(C604X2). Our  conclusion is confirmed by the 30 K spectrum of  copper  chloranilate,  
with its intense peak 4 (Fig. i I 0 3s~ 

E X A F S  spectroscopy, as well as magnetic  propert ies  turns to be very sensitive to 
the fixation of  two ammonia  molecules (Fig. 11 b, d):  increased complexi ty o f  the 
spectrum, part icularly for Peaks 2 and 3, at both  Cu and Br edges, reduced intensity 
of  the C u - - B r  Peak 4. These observations can be related simply to a site distort ion of 
the square CuO 4 entity, leading to a copper  surroundings with 4 short  bonds (2 C u - - N  
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Fig. 12a and b. Proposed structure from EXAFS data: a) ribbon structure for bromanilate chain; 
b) distortion of the copper site in the diammino adduct 

and 2 Cu- -O)  and two long Cu--O bonds (Fig. t 2 b). This situation was already known 
from XRD in Cu(C204) (NH3)z " 2 H20 39), The quantitative treatment of  the data 
confirms this interpretation, in particular with the enhanced values of c in all the 
ammonia adducts. This distortion can be then interpreted as the sign of an orbital 
reversal of  the magnetic orbita!s, which explains the reduced J constant by a poorer 
overlap through the bromanilato bridge 4). Two other points related to our discussion 
in Sect. 2.3.2 may be raised: first, the EXAFS determined Cu--Br  (or 'Br - -Cu)  
distance appears too weak compared to geometrical evaluations (5.06 A). This is 
naturally explained by the Cu--O1--Br  multiple scattering effect appearing clearly 
in Fig. 12a; secondly, the large Peak 5 at 6.55 A in spectra c and d at Br edge is quite 
unusual; it does not vary with the distortion of the copper site: it can be assigned to 
an intramolecular Br--Br distance (6.58 • by geometry) with, once more, an enhanced 
intensity due to a focusing effect through the alignment B r - - C . .  C--Br  (Fig. 12a). 

3.2 Copper (H)  O x a l a t e  

3.2.1 Introduction 

The structure and the magnetic properties of copper oxalate, CuC20 4 • 1/3 HzO 
has been discussed for many years. This compound cannot be obtained as single 
crystals suitable for XRD structure determination. It is not isostructural with the 
other metallic bivalent oxalates. In order to explain the 1D antiferromagnetic beha- 
viour, various structures were proposed either using powder diffraction patterns 40) 
or assuming magnetic 41) or structural 42) analogies. Such structures are shown in 
Fig. 13. The first hypothesis (Fig. 13a) is based on a similarity with the copper(II) 
acetate dimer: copper oxalate and copper acetate antiferromagnetic coupling constants 
are large and it is tempting to correlate this property with a short distance between 
the two paramagnetic ions 41,). The second one is the structure solved by powder 
diffraction data 40). The third one assumes an analogy with NazCu(C:O,) 2 "2 H20, 
the structure of  which was determined by single crystals XRD 42,). The second and 
third models d~Tfers essentially from the first one by their ribbon structure: in both, 
the copper(II) ions is bischelated by (CzO4) z-  (Fig. 13 b) and builds 1D planar ribbons. 
They differ by the packing of the ribbons in the crystal. In the structure proposed by 
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Fig. 13a-d. Proposed structures for copper (II) oxalate; a) copper acetate analog (41); b) ribbon 
structure; c) 3D structure after powder diffraction (40); d) 3D structure by extrapolation of XRD 
data of Na2Cu (C204)2, 2 H20 (42a) 

Schmitt ler  (Fig. 13 c), adjacent r ibbon planes are almost  perpendicular  and each copper  
"sees" four copper  neighbours at 4.09 A. In the structure proposed  by Gleizes 
(Fig. 13 d), the r ibbons are parallel and each copper  has 2 Cu neighbours at about  

3.5 A as in Na2Cu(C204)z. 

3.2.2 The Ribbon Structure:  Room Temperature  Data  

As the knowledge o f  CuC204 structure is necessary to explain its magnetic  properties,  
an E X A F S  analysis of  this compound  was undertaken in order  to settle the correct 
model,  since it is typically the kind of  problem that  E X A F S  can solve in 3D organized 

compounds.  
The f£rst E X A F S  study of  copper  oxalate is based upon room temperature  data  

only ~). The comparison ofCuC204 E X A F S  spectrum with those of  model  compounds  

Fig. 14a-j. Fourier transform in the R-space of Cu(C204), 1/3 H20 at 300 K a) and 30 K b); Na 2 • 
Cu(C204)2, 2H20 at 300K e) and 30K d); K2Cu(C20¢) 2, 2H20 at 300K e) and 30K f); 
Cu2(CHaCOO)4 , pyrazine at 300 K h) and 30 K g); Ni(C204), 2 H20 at 300 K i) and 30 K j) 
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(Fig. 14a, c, e, g) proves that the second shell is composed of 4 Cu- -C distances and 
cannot be attributed to Cu--Cu signals. This result rules out the copper acetate model 
and the ribbon structure is demonstrated to be the most likely (Fig. 13 b). 

3.2.3 Towards 3D Structure with EXAFS: Low Temperature Data 

In the original work 3~, the nature of the third peak (Fig. 14a) is not identified and 
no Cu- -Cu contribution is evidenced, confirming that molecular packing discussion 
cannot be performed at room temperature. 

The next step of the study is therefore the use of both 300 K and 30 K spectra of 
CUC204 • 1/3 H20 (Fig. 14a, b). These spectra are compared to those of NazCu(C204)2 
• 2 HzO (Fig. 14c, d) and K2Cu(CzO4)2" 2 H20 (Fig. t4e, f), which are two cop- 
per(II) bis-oxalato monomers. Their structures are shown in Fig. 15a, b. The 
Cu2(CH3CO2)4 pyrazine chain (Fig. 14g, h) is used as a model for the C u - C u  
contribution (one copper at about 2.58 A) and NiC204 • 2 H20 (Fig. 14i, j) as a 
model of ribbon structure with a known molecular packing. A short account was 
published 44) and a detailed analysis is to be published in Inorganic Chemistry. 

Qualitative Approach 

Models Compounds 

M(II)(CaO4)- 2 H20 
Fe(II)C204 - 2 H20 is the only bivalent metallic oxalate whose XRD structure has 

been solved 45). It is nevertheless isostructural with the Ni(II) and with the Zn(II) 
analogs. In the nickel derivative for example, the square planar NiO 4 site within the 
planar ribbons is completed with two axial water ligands. The shortest Ni - -Ni  
intermolecular contribution, computed from X-ray powder diffraction data of Ref. ,1.6) 
corresponds to 4 Ni at 5.20 A. The room temperature EXAFS spectrum (Fig. 14i, j) 
present 3 peaks. Peaks 1 and 2 are unambiguously identified as N i - -O  and N i - -C  
contributions. The third peak will be discussed later on. Upon lowering the tempera- 
ture towards 30 K, these first peaks are almost invariant while new contributions 
appear at larger distances. Therefore, the three first peaks are certainly due to intra- 
molecular contributions while the temperature dependent contributions probably 
corresponds to intermolecular N i - -Ni  distances. 

The 300 K and 30 K spectra of FeC204 • 2 H20 3) and ZnC204 " 2 H20 (Fig. 18c) 
show, as expected, the same behaviour as NiC204 • 2 H20. 

These new data allow also a better understanding of the third peak origin, in 
Fig. 14i, j. As a matter of fact, both radial position (about 3.5 .&) and amplitude 
(unexpectedly high) suggest that we are dealing with a N i - -O '  contribution. O' is 
the second oxygen atom of a carboxylate group, not directly bound to a given metal 
(Fig. 15 a). Indeed, the only intramolecular contribution at about 3.5 A corresponds 
to N i - -O '  distance. Furthermore, as the N i - - C - - O '  atoms are aligned, the observed 
enhancement of  the peak under discussion can be accounted for by a strong multiple 
scattering effect (Fig. 15 a). The effect is not only responsible for the two fold increase 
of  amplitude of the peak with respect to the contribution of four oxygen atoms at 
R ~ 3.5 A but modifies also the phase shift and the corresponding distance. The 
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Fig. 15a and b. EXAFS determined copper oxalate structure: a) ribbon structure of the chains; b) 3D 
packing of the ribbons 

N i - - O '  distance should therefore be estimated larger than 3.5 ~. A similar effect was 
also observed in K2Pt(C204)2 zT) 

This analysis about NiC204 • 2 H20 throws light into the more general problem 
of the chelation of metallic ions by oxalato anion. Two points deserved to be under- 
lined : 

(1) The three peaks structure (M- -O  around 2 ~,  M - - C  around 2.7 A, M - - O '  
at about 4 ,~ with a multiple scattering effect, is a signature of the chelating binding 
of the metal ion to the oxalato ligand (Fig. 14a, c, e, i). 

(2) Extra signals at Iow temperature are mainly due to metal-metal intermolecular 
contributions. 

Under the light of  the two previous statements, the discussion and analysis of 
EXAFS data for metallic bis-oxalate become almost straightforward as exemplified 
in the following. 
Na2Cu(C204)2 • 2 H20 and K2Cu(C204) z • 2 H20 

The latter point can be illustrated by the discussion of the EXAFS data of 
Na2Cu(C204)2" 2 H20 and K2Cu(C204)2" 2 H20. The crystal packings are signi- 
ficantly different from each other; in the sodium salt the molecular complexes stack 
with R(Cu--Cu) = 3.58/k 42")whereas in the potassium salt, the first Cu--Cu distance 
is larger than 5.5 A 43~ Fig. 16. The room temperature EXAFS spectra of the two 
compounds (Fig. 14c, e) corroborate point A. Both spectra are characteristic of  the 
metal-oxalato chelating mode identical to the one in the MC204 series. The three 
characteristic peaks (M--O, M--C,  M - - O ' )  are present and fairly independent of 
the molecular packing. The differences between the EXAFS spectra appear only at 
30 K. For the potassium salt, the three first peaks are almost temperature independent, 
whereas in the sodium salt the contribution of 2 Cu at 3.58 A considerably affects 
the spectrum in the 3-4/k range (Fig. 14d): the raising of the Cu--Cu contribution 
at 30 K results in an apparent shift of the third peak (Fig. 14c, d). Since the CzO4 
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Fig. 16a and b. Crystallographic structures of a) Naz Cu(C20~)2, 2 H20 (42A) and b) K 2 Cu(C204)2, 
2 H20 (43) 

chelation cannot be destroyed by cooling the sample, the Cu- -O '  signal should 
remain at 30 K, as in NiC204 and K2CuC204. The explanation of this apparent shift 
is that Cu- -Cu and C u- -O '  signals are partially cancelled by a destructive inter- 
ference effect, as discussed in Sect. 2.3.3. 

Copper Oxalate 

The evolution of the CuC204 spectrum from room temperature to 30 K is the most 
spectacular in the series. 

The first two peaks, already assigned to Cu- -O at 1.98 A and to Cu- -C  at 2.66/k 3~, 
are temperature independent. The assignment of the second peak to the contribution 
of the oxalato carbon atoms only is confirmed by the 30 K spectrum. Moreover, the 
third room temperature peak, which was not identified in the first paper 3~ can be 
assigned to Cu--O' .  At low temperature, an important new signal appears in the 4 A 
range, hiding the C u- -O '  third peak of the room temperature spectrum, and a fourth 
peak raises at R > 5/k. Comparing the CuC204 temperature evolution to the one 
of NiC204, it is clear that the CuC204 metal-metalintermolecular contribution involves 
more than 2 Cu at about 4/~ and more than 4 Cu in the 5-6 A range. Among the models 
discussed in the introduction, the Schmittler's structure appears to be the most likely, 
with 4 Cu at 4.09 A, and the other Cu- -Cu distances displayed Fig. 13c. 

Therefore, a simple qualitative study of the temperature variation of EXAFS 
spectra can be used to rule out molecular packing models and to select the nqore 
probable one. A quantitative approach allows then to extract quantitative information 
by curve fitting. 
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Quantitative Approach 

T h e  resul t s  o f  the  fits o f  the  f i l tered e x p e r i m e n t a l  spec t ra  to  the  theore t i ca l  f o r m u l a  (1) 

a re  r e p o r t e d  in Tab le  3 and  Fig. 17. P h a s e  shif ts  q~(k) a n d  a m p l i t u d e  func t ions  A(k)  

were  ex t r ac t ed  f rom the  spec t ra  o f  m o d e l  c o m p o u n d s  wi th  k n o w n  crys ta l  s t ruc tu res :  

C u - - O ,  C u - - C ,  and  C u - - O '  f rom N a z C u ( C 2 0 , 0 2  • 2 H 2 0  at  300 K a n d  C u - - C u  f r o m  

CUE(CHaCOO)4 • pyraz ine  at  30 K. T h e s e  p r e l i m i n a r y  fits a re  a lso p r e s e n t e d  in T a b l e  3 

Table 3. Copper oxalate and models compounds: fitting results for intramolecutar and intermolecular 
distances (see text) 

N o R/A AE o Scale Q/% 

Cu(Ac)2 pyz 30 K 
Cu--O 4 
Cu--Cu 1.02 
Cu--Cu 0.5 
Cu--Cu 2 
Cu(Ac)2 pyz 300 K 
Cu- -O 4 
Cu--Cu 0.8 
Na2Cu(C204) z 300 K 
Cu--O 4 
Cu--C 3.6 
Cu- -O '  4.6 
K2Cu(C204)2 300 K 
Cu--O 4 
Cu--C 3.8 
Cu- -O '  2.8 
CuC204. 300 K 
Cu--O 4 
Cu--C 5.2 
Cu--O'  3.3 
K2CuC204 30 K 
Cu--O 4 
Cu--C 3.75 
Cu- -O '  2.8 
NazCu(C204) 2 30 K 
Cu--O 4 
Cu--C 6.2 
Cu- -O '  4 
Cu--Cu 2,1 
Cu--Cu 1 
Cu--Cu 4 
30 K-300 K 2.5 

CuC204 30 K 
Cu--O 4 
Cu--C 4.7 
Cu- -O '  4 
Cu--Cu 4.73 
Cu--Cu 2 
Cu--Cu 6 
30 K-300 K 4.21 

0.01 1.96 --6.2 0.7 0.12 
0.005 2.58 --1.9 0.7 0.5 
0.00009 2.58 --1.5 0.7 2.6 
0.1 2.58 --1.13 0.7 2.18 

0.04 1.96 --6.5 1.09 0.2 
0.02 2.56 --1.04 1.09 0.15 

0.04 1.93 0.05 0.99 0.02 
U.03 2.69 0.04 0.99 0. I 
0.05 3.9 --0.7 0.99 0.03 

0.01 1.93 --0.3 0.99 0.4 
0.05 2.68 0.63 0.99 0.3 
0.026 3.93 0.6 0.99 0.6 

0.05 1.97 2.8 0.99 0.05 
0.09 2.69 6.9 0.99 0.04 
0.001 3.94 4.4 0.99 0.06 

0.004 1.93 1.74 1.05 0.2 
0.023 2.72 8.1 1.05 0.2 
0.008 3.89 --0.8 1.05 1.5 

0.001 1.92 --  1.6 1.04 0.84 
0.005 2.67 --6.4 1,04 1.03 
0.02 3.9 0 1.04 
0.004 3.5 --12.6 1.04 2.2t 
0.00006 3.5 --9.8 1.04 3.2 
0.1 3.5 --13.2 1.04 2.9 
0.003 3.51 --9.6 1.04 2.4 

0.03 1.98 2.7 0.98 0.18 
0.08 2.71 9.8 0.98 0.18 
0.006 3.9 --  1.2 0.98 
0.006 4.13 3.5 0.98 3.8 
0.00001 4.13 3.5 0.98 7.8 
0.03 4.13 3.5 0.98 4.5 
0.001 4.13 2.9 0.98 15 
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and Fig. 17. All the other fits were obtained in the same manner:  the first C u - - O  shell 
was filtered and fitted assuming a known coordination number 4). This fit provides 
a scaling factor. 

- -  then the first and the second shells are filtered together and a two shells fit is 
performed with all the first shell parameters settled to their previous values, in particu- 
lar the scaling factor. 

- -  the same operation is repeated for the more remote shells, up to complete filter- 
ing o f  the spectrum..When a copper shell overlaps another shell, the C u - C u  contribu- 
tion is previously fitted from the 30 K-300 K difference spectrum, and the result 
introduced in the final fit as a starting point. 

Contrary to single shell filtering and fitting, such a step by step multishells fitting 
process presents the advantage to constrain the parameters of  remote shells to be 
evaluated relatively to the previous ones. The same kind of  treatment was used also 
in the fitting of  lamellar MPS 3 in order to determine the relative Debye-Waller varia- 
tion of  the second shell (see Sect. 4.2). 

Even when the overall amplitude is incorrect - -  due to insufficient control of  
sample thickness or homogeneity, or  poor X-ray harmonic rejection - - ,  it is still 
possible to determine the ratio of  successive number of neighbours within 20 70 
error. 

For  example, in Na2Cu(C204) 2 • 2 H 2 0  at 30 K, the best fit is obtained with 4 C u - - O  
at 1.92/~ and 2.1 C u - - C u  at 3.50 A (crystallographic value: 2 C u - - C u  at 3.58 ,~). 
Any attempt to fix the number of  C u - - C u  contribution to 1 or 4 leads to a worse fit 
with abnormal ~ values (Fig. 17 i, j). With this treatment, the number of  C u - - C u  con- 
tributions in the unknown Cu(C204) structure is evaluated to 4.7 + 1. Nevertheless, the 
quantitative treatment of  Peak 4 (Fig. 14b) fails since it represents a too complex 
C u - - C u  distribution. 

Our quantitative results confirms the qualitative interpretation above and agree 
well with the X-ray powder diffraction conclusions. EPR results are consistent, also 
with the presence o f  two orientations of  the chains in the crystal 4~ b). All these experi- 
mental results converge in the structure shown in Fig. 15 b. 

To conclude this section, we can say that comparison of  room and low temperature 
EXAFS spectra may give a qualitative and semiquantitative radial image of  the 3D 
packing. The conjunction o f  EXAFS and X-ray powder diffraction provides the best 
available 3D picture of  the structure, EXAFS giving the more accurate short range 
order bond lengths and powder diffraction giving long range order. 

3.3 Bimetallic Chains 

Up to now, we described unimetallic chains. Some years ago, a new perspective was 
opened in the field of  1D magnetic systems by the synthesis and the study of  the 
magnetic properties o f  an ordered bimetallic Cu(I I ) - -Mn(I I )  chain which revealed 

Fig. 17a-j. Four-shells fits of oxalato derivatives: Na 2 Cu(C204)2, 2 H20 at 300 K a) and 30 K b); 
Cu2(CHaCOO)4, pyrazine at 300 K c) and 30 K d); K2Cu(CzO4) 2, 2 H20 at 300 K e) and 30 K f); 
Cu(C204) , 1/3 H20 with the best fit at 300 K g); Cu(C204), 1/3 H20 at 30 K, best fit h), with 2 copper 
atoms included in shell 3 i) or with 6 copper atoms included in shell 3 j) 
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1D ferrimagnetic behaviour 6~. The interest for this new field is rapidly raising 47-48). 
We report here some examples of  EXAFS analysis about badly crystallized Cu- -Ni ,  

C u - - Z n  and C u - - M n  oxalato derivatives and C u - - M n  dithiooxalato chains. 

3 . 3 . 10xa l a to  Chains 

The reaction of  bis-oxalato Cu(II) with Ni(II), Zn(II), Mn(II) yields light blue micro- 
crystalline powders. Attempts to grow single crystals have systematically failed. The 
resulting C u - - M n  and C u - - N i  compounds do not present the properties expected 

v ~ j  CuZn 290 K 
0 2 Z, 6 8 R(~) 

IF{R)I I , 

b 0 

o 0 

290 K 

L/, ~ ~ _ ~  Ni.Cu'~290 K ~- 
2 /, 6 B R(~) 

~ 30 K 

IV _T -~ \ , , - ~ / k A ~  Z~Cu 3o K 

, • , - i , , 

2 ~ 6 B R(A) 

Fig. 18a-c. Modulus of the Fourier 
transform in a series of uni or bi- 
metallic oxalates; a) at the copper 
edge; b) at the nickel edge; e) at the 
zinc edge 
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Table 4. Bimetallic oxalato chains: first-shell metal-oxygen fitting results 

Compd T/K Eo/eV R/A 2~2/f~ 2 Q/°/o 

Copper Edge 
Cu(CzO+) • x/3 H20 290 8998 1.98 0.012 1.0 

30 8998 1.97 0.005 2.0 
CuNi(CzO+)2 • 4 H20 290 8998 1.96 0.008 3.1 

30 9000 1.96 0.008 3.4 
CuZn(CzO4) 2 • 4 H20 290 9000 1.95 0.005 2.5 

30 8999 1.96 0.002 2.2 

Nickel Edge 
Ni(C20+) • 2 H20 290 8350 2.04 0.008 1.4 

30 8351 2.04 0.005 1.6 
NiCu(C20+)a " 4 H20 290 8353 2.03 0.010 1.9 

30 8352 2.04 0.006 1.2 

Zinc Edge 
Zn(C20+) " 2 H20 290 9680 2.08 0.011 2.1 

30 9680 2.09 0.006 2.1 
ZnCu(C20+)2 - 4 H20 290 9680 2.08 0.011 2.5 

30 9680 2.09 0.005 4.1 

for ferrimagnetic materials 6), whereas the C u - - Z n  derivative displays the properties 
of a very weakly coupled Cu(II) complex, as expected for an ordered bimetallic chain 
with a diamagnetic ion alternating with a Cu(II) one. The R-space spectra of Cu- -Ni ,  
C u - - Z n  are shown in Fig. 18 together with those of unimetallic chains of copper 

nickel and zinc. Quantitative results are given in Table 4. The number  of oxygen nearest 
neighbours around nickel or zinc is 1.5 times larger than around copper. This agrees 
with four nearest neighbours around Cu and 6 around Ni and Zn. 

The M - - O ,  M - - C ,  M - - O '  shells are determined as previously. If the stoichiometry 
of the compounds is taken into account, the bridging network shown above is only 
compatible with a chain structure. The X-ray powder p a t t e ~  excludes the presence 
of copper oxalate and strongly suggests an ordered structure deriving from the struc- 
ture of nickel oxalate. A 1/1 mixture of the pure microcry'stalline powders can also be 
ruled out. Consequently, a bimetallic chain structure appears to be the most likely 

(Fig. 19). 
We also performed room and low temperature experiments on the C u - - M n  deri- 

~ C u ~ - . . _ _ _  

W 

I 

I 
W 

\Cu / ~ ^  / 
Fig. 19. EXAFS proposed struc- 
ture for bimetallic copper-nickel 
oxalate 
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vative. In this case, and even though some Cu--Mn pairs have been detected by elec- 
tronic spectroscopy, EXAFS at the copper edge, at 30 K, show evidently the very 
intense peak encountered in the Cu oxalate spectrum. The Mn edge spectrum is 
identical to the one of Mn(C204) • 2 H20. It seems therefore possible to conclude here 
that in the studied samples, the Cu--Mn bimetallic oxalate contain a certain amount 
of Cu oxalate and Mn oxalate. The usefulness of EXAFS here is to reject the bimetallic 
ordered chain view of the Cu--Mn derivatives synthesized sofar. 

3.3.2 Dithiooxalato Chains 

The problem encountered here is rather different. The Cu(II)--Mn(II) dithiooxalato 
chain (CuMnDTO" 7.5 H20 ) is obtained at room temperature under the form of 
single crystals and the structure of the pure product is fully characterized, without 
any disorder (Fig. 20). It is the first 1D compound to present the ferrimagnetic beha- 
viour shown in Fig. 21 curve 1. However, the partially dehydrated compound CuMn--  
(CZO2S2) 2 • 3 H20, obtained at higher temperature, presents no longer ferrimagnetic 
properties (Fig. 21, curve 2) and its structure is not known. It exists intermediate 
hydrated materials where the magnetic properties are also very different from the 
fully hydrated material (Fig. 21, curve 3). 

The loss of 4.5 water molecules has striking consequences upon magnetic properties, 
where the ferrimagnetic behaviour is lost, as well as upon EXAFS spectra. The RDF 
at Cu and Mn edges at low temperature are displayed in Fig. 22. A qualitative discus- 
sion is sufficient to show that the loss of the water molecules affect the surroundings 
of both copper and manganese ions. At the Mn edge the molecular environment is 
modified as shown by the decrease of the first three peaks ; the peaks at large distances 
(at 5/~ and above) are no longer present, indicating both intrachain and interchain 
disorders without significant ordered bringing together of heavy atoms belonging to 
different chains. Clearly, the whole structure is modified, and the loss of ferrimagnetic 
properties upon dehydration cannot be attributed only to the closeness of neighbouring 
chains (quenching ferrimagnetism by interchain interaction). 

Fig. 20. XRD structure of the ferrimagnetic 
chain CuMnDTO 
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Fig. 21. Thermal variation of the molar susceptibility in bimetallic chains under the form XmXM • T 
vs T: 1) pure CuMnDTO with 7.5 water molecules; 2) CuMnDTO with 3 water molecules; 3) partially 
dehydrated material 

Even if the evolution is less spectacular, the spectra at copper edge confirm that 
dehydration induces the onset of disorder. In particular, the fourth peak at about 4A 
in Fig. 22a attributable to the Cu--S distances within the stack of CuS4 units (Fig. 20) 
shifts towards longer distances in the 3 H20 compound. This may be attributed to 
a disorder within these stacks. Once more no ordered bringing together of  metall ic 
ions belonging to different chains is observed. 

All these observations are consistent with the hypothesis of deep disorder in both 
the chain and the 3D structures, the first one being sufficient to explain the loss of  the 
ferrimagnetic properties. The existence of intermediate hydrated materials tends to 
support the idea of a fragile material, losing progressively water molecules initially 
located within the interchains space and coordinated to the Mn(II) ion. Thermal 
differential and gravimetric analyses confirm these views 6¢). 

3.3.3 Doped TMMC 

We want to conclude this section about 1D materials in showing another example of 
the care with which disorder problems should be handled. The structure of  tetra- 
methylammonium manganese chloride (TMMC) which is the archetype of 1D anti- 
ferromagnets and its copper(II) analog, which is an example of the 1D ferromagnets, 
are known. The consequences of doping T M M C  by Cu(II) or by Cd(II) has been 
studied. The magnetic measurements were interpreted in the frame of a random 
distribution of Cu(II) in the Mn(II) array 49c-e). Testing this hypothesis by studying 
RDF at both Mn and Cu edge was tempting: if Cu(II) is randomly distributed, Mn 
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and Cu will see mainly Mn nearest neighbours ; on the contrary, if linear clusters of 
Cu(II) ions are formed in the chain, Mn will mainly see Mn, whereas Cu will see 
mainly Cu as nearest neighbours. The spectra at 30 K are shown in Fig. 23 a and b. 
Pure TMMC displays a nice example of multiple scattering effect on the next nearest 
neighbour (the peak 4 at more than 6 A in Fig. 23a presents an enhanced intensity 
and a phase shift, leading to a M n - - M n  distance between next nearest neighbours 
which is not apparently equal to two times the M n - - M n  nearest neighbours distance). 

F(R: 

0 

iil' F(R 

2-z, 

F(R) (R) 

0 2 ~ 6 B RIA) 0 

Fig. 22a--d. RDF Fourier of bimetallic CuMnDTO at 30 K : at copper edge in CuMnDTO, 7.5 H20 (a) 
and in CuMnDTO, 3 H20 (b); at manganese edge in CuMnDTO, 7.5 H20 (e) and in CuMnDTO, 
3 H20 (d) 

This is particularly evident from the spectra including the M n - - M n  phase correction, 
following the Beni and Lee criteria (Fig. 23 d). The copper doped material (TMMC/ 
Cu) displays a slight distortion of peak 3 (Fig. 23 c) at the Mn edge and an important 
one at the copper edge on the same peak, which is not surprising with a Jahn-Teller 
ion. But, a quantitative analysis of peak 2, which corresponds to the nearest metallic 
neighbour is difficult since it involves a mixing of two metal-metal signals with un- 
known ratio, too close amplitude and phase factors, and therefore large correlation 
between the fitted parameters. This does not allow to put in evidence safely any cluster- 
ing effect of Cu(II) ions. A detailed study of Cd(II) doped materials is underway 5o). 
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Fig. 23a--d. RDF of pure TMMC without a) or with Mn--Mn phase correction d); TMMC doped with 
20 ~ of copper(II) ions at manganese edge b) and at copper edge c) 

4 Bidimensional Compounds: The MPS3 Materials 

4.1 Introduction 

There has been an increasing interest over the past  decade in pure and intercalated 
layered systems of  the MPS3 family, where M(II)  is a transition metal ion 51,52). 
Indeed, these insulating materials associate an unusual chemical reactivity (intercala- 
tion through electron transfer as well as through cation exchange 12)) to a variety of 
physical properties 53) (optical, magnetic, electrical), sometimes tunable, and to a 
large structural versatility which is illustrated by the existence of materials such as 
In(III)2/3 [:]1/3 PS3 s4) ([]  stands for a metal vacancy), Cr(III)l/2 Cu(I) m PS 3 55) or 
even mixed valence layers V(II)0.33 V(III)0.44 []0.23 PS3 56) 

Although the structure of  several pure MPS 3 have been fully solved by classical 
XRD,  EXAFS spectroscopy has recently proved to be &invaluable  help in characteriz- 
ing structural arrangement and disorder in two typical situations encountered in these 
systems: 
(i) materials having a low cristallinity, particularly those obtained upon reaction in 

the solid stale at room temperature;  
(ii) materials which cart be obtained as monocrystals ,  but which present some disorder 

so that X R D  only gives an averaged view. 
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Fig. 24a-c. Perspective view of MPS 3 along the b axis displaying the Van der Waals gap between 
adjacent layers, after Piacentini (66) a); structural models of a MPS3 layer showing the intralayer 
arrangement b) and the interlayer stacking c) 

Some examples illustrating these situations are described hereunder. The crystal 
structure of  a representative MPS 3 compound  is sketched in Fig. 24. 

The structure is related to that o f  CdCI 2, with M(II)  ions and P - - P  pairs occupying 
the Cd positions and sulfur atoms (close packed) occupying the chloride positions. 
This structure is very similar to that encountered in the wide class of  the layered 
dichalcogenides MX 2. Each MPS 3 layer can also be described as a polymetallic 
complex, which consists of  an array of  M(II)  cations coordinated to the sulfur atoms 
of  (P2S6) 4-  bridging ligands. This coordinat ion chemist 's view turns to be very useful 
to understand the reactivity of  these peculiar materials. 

4.2 Partial Disorder Into MPS3 Layers Upon Intercalation: 
EXAFS Detection and Analysis 

MPS 3 spontaneously reacts at room temperature with aqueous solutions of  a wide 
variety o f  salts such as KC1, Co(C5H5)2C1 or  various ammonium chlorides. Intercalates 
Mn~l _x)PS3(G)2x(H20)y are formed, where the positive charge of the guest cations G 
is counterbalanced by the removal o f  an equivalent amount  of  intralamellar Mn 2+ 
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cations (which are expelled into the solution) 12) .  These intercalates keep some LRO, 
as they exhibit quite sharp (hkl) XRD lines, which can be indexed in the same type of 
monoclinic cell as pure MnPS3, simply expanded in the c direction (Fig. 24c). 

However, the intercalation process induces modifications in the lattice since the 
magnetic properties of the intercalates are very different 58) from those of pure MPS 3 : 
whereas the latter orders antiferromagnetically at low temperature, a spontaneous 
magnetization takes place in the intercalates (Fig. 25). 

As crystals suitable for structure determination could not be obtained, EXAFS 
study of MnPS 3 and of several intercalates was performed to compare the SRO 
around manganese in these systems v) 

The modulus of the RDF of pure MnPS 3 and of the intercalates Mno.s9PSa((methyl- 
tris-octyl)N)o.22 (H20)~o.3, Mno.s9PS3(n-octylNH3)o.22 (H20).~o.3, Mno.sPS3Ko.4 
(H20)~ 1 and Mno.s3PS3[Co(CsHs)2](o.34)(HzO).~o. 3 (noted I, II, III, IV respectively) 
is presented in Fig. 26. 

As expected from XRD data obtained with single crystals, the two main peaks on 
the curve of MnPS 3 correspond to the Mn- -S  (peak A) and to the unresolved Mn- -Mn  
and M n - - P  distances (peak B). Two main facts are obvious from Fig. 26. Firstly, the 
amplitude of the second peak (B) of intercalates II, III, IV is dramatically reduced with 
respect to that of pure MnPS3. Secondly, the decrease of peak B is much less important 
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Fig. 26. RDF around Mn in MnPS3 and 
four intercalates: (I) Mno.89 PS 3 (methyl- 
tris-octyl-N)o.22 ; (II) Mno.a9 PS 3 (n-octyl- 
NH3)o.22; (III) Mno.8o PS3 Ko.ao; (IV) 
Mno.as PS3 [Co(CsHs)2]o.34 

in the case of  intercalate I, which contains the very bulky methyl tris oc ty lammonium 
cation. Quanti tat ive data have been extracted from the experimental  results, in part i-  
cular the distances between the manganese ions and their first and second neighbours, 
and the mean deviation value cr on these distances. Results obtained at 300 K are 
gathered in Table 5. 

Complementary  results at low temperature  on the cobalt icinium intercalated com- 
pound  show that  the disorder induced by intercalat ion is mainly structural rather 
than thermal 10, 59) 

A weak variat ion of  or is observed for the first coordinat ion  sphere on going from 
MnPS 3 to the intercalates. In contrast,  the variat ion o f o  for the second coordinat ion 
shells is significant and the ampli tude of  its increase can be used to characterize 

Table 5. MnPS3 and intercalated derivatives: structural parameters extracted from EXAFS spectra. 
The numbers of neighbours are fixed 

Compounds Bond Distances Dispersion 
R/A ~/A 

MnPS3 Mn--S 2.58 0.08 
Mn--Mn 3.50 0.08 
Mn--P 3.66 0.08 

Mno.a9PSa(methyltrisoctylN)o.22 (I) Mn--S 2.58 0.10 
Mn--Mn 3.49 0.11 
Mn--P 3.70 0.11 

Mno.s9PS3(n-octylNH3)o.22 (II) Mn--S 2.57 0.10 
Mn--Mn 3.50 0.15 
Mn--P 3.70 0.15 

Mno.soPSaKo.4o (III) Mn--S 2.57 0.09 
Mn--Mn 3.52 0.15 
Mn--P 3.73 0.15 

Mno.s3 PSa(Co(C5 H~)2)o.34 (IV) Mn--S 2.57 0.10 
Mn--Mn 3.51 0.I6 
Mn--P 3.71 0.16 
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quantitatively the local disorder around the Mn(II) cations: it can be considered as 
a parameter measuring the disorder. 

The fact that less disorder is induced by the methyl(tris-octyl) ammonium cation 
has been interpreted in term of  a very low charge/volume ratio for the cation with 
respect to the other ones studied 59). Two final remarks can be presented: 
(i) the increase of  disorder qualitatively parallels the extent to which the magnetic 

properties are modified : whereas no spontaneous magnetization occurs in MPS 3, 
a small one appears in the methyl tris octyl ammonium intercalate and strong 
ones in the three other intercalates. Disorder is probably associated to a differen- 
ciation of  neighbouring manganese sites, which produces the observed weak 
ferromagnetism ; 

(ii) To our knowledge, very little work has been performed to study the influence of  
intercalation over the disorder o f  other host lattices. A study of  the influence of  
rubidium insertion into NbSe 2 (60a) has led to the conclusion that only very 
little effects occurred: only slight flattening of  the layer and very small variation 
of  the bond distances were observed. 

4.3 Disorder Induced Into MPS3 Layers Upon Substitution: 
Resolution of Structural Disorder in Mn(l - x)Cu2xPS3 Systems Through 
Complementary EXAFS and XRD Analysis 

As exposed in the previous paragraph, MPS 3 systems can lead to series of  intercalated 
compounds presenting relatively important  concentrations of intralamellar metallic 
vacancies. At  the present stage, no evidence for any superstructure was ever found in 
the X-Ray powder diffraction patterns of  these Mct_x)[]xPS3 (G)2x (HzO)y inter- 
calates and no order is expected either on the intralamellar vacancies or on the inter- 
lamellar cations G + . During the course of  our search for ordered intercalated systems, 
several lamellar compounds were prepared, of  general formula M~I_x)M'2 PS3; 

\ \ 

\ 

. 3 3  16 0 "~, 
~ ~.. 0 

Fig. 27. Projection of the struc- 
ture of Mntt_x~ Cut2x) PS3 
(x = 0.13) along [010]. Small, 
medium and large open circles 
indicates sulfur, copper and man- 
ganese positions, respectively. 
Solid circles indicates phosphorus 
positions. Numbers represent 
relative position (x 1000) along 
the b direction 
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M(II)  = Mn and Cd; M'(I )  = Cu or Ag monocat ions  were supposed to be dis t r ibuted 
in an ordered manner  over the interlamellar sites. In the part icular  case of Mno.sT-- 
CUo.26PS 3, suitable crystals (0.30 • 0.25 • 0.05 mm) were grown and a complete X R D  
analysis could be carried out at room temperature.  Also low and room temperature  
E X A F S  spectra were recorded at both manganese and copper K edges s). 

The apparent  discrepancies between the results of  the two studies gave rise to an 
interesting discussion which led to a deeper insight in the structure of  the compound.  
We repor t  the arguments hereunder. 

XRD Analysis 

Single crystal Weissenberg studies shows that  Mno 8vCuo 26PS3 system is monoclinic 
and belongs to the B 2/m, B 2 or B m space group. Fur thermore ,  some spots present 
a b road  and diffuse character and no superstructure can be found. The cell parameters  
a = 6.090(4) /~, b = 10.539(8) A, c = 6.815(4) A, and [3 = 107.11(3) • are closely 
related to those of  the FePS 3 pure system sva) and the refinement of  the structure 
resulted relatively easy to perform and led to the X R D  picture given as a project ion 
in Fig. 27. 

This unambiguously  reveals that  the studied system has a layered structure built  on 
the same ABC stacking scheme that FePS3, i.e. an "empty"  layer (or Van der Waals  
gap) al ternat ing with a "fi l led" layer containing phosphorus  pairs and manganese and 
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Fig. 28 a--d. RDF at 15 K at manganese edge in MnPSa a) and in Mn(l _ x) Cu(2,~ PS3 5) and at copper edge 
in Mn(t-x) Cu(2,) PS3 and in KzCu(C204)2 d) 

140 



Order and Disorder in Low Dimensional Materials 

copper atoms. According to this analysis, each monoclinic cell is made up of two 
[PzS6] and two [Mn,_x)CU2xS6] octahedra, these last entities being simultaneously 
occupied by 0.85 + 0.02 Mn in central positions and 2 (0.12 + 0.01) Cu atoms located 
on two eccentric positions close to the sulfur layer planes. It is obvious however that 
the same octahedron cannot accomodate both the two copper and the manganese 
atoms even with the above reported occupancy probabilities. This XRD picture rather 
reflects the disordered distribution of 85 + 2 ~ of [MnS6] octahedra, very similar to 
those encountered in the MnPS 3 or FePS 3 structure, together with 12 _+ 1 ~o of a 
new type of [S3Cu. . .  CuS3] octahedra. 

The calculated Mn--S distances are close to (although slightly larger than) the 
corresponding distance (2.60/k) found in MnPS3 lo) but the Cu--S distances are 
abnormally short compared to values estimated from the literature on Cu(I)-sulfur 
compound 61) Finally, the P--S bond length agrees with the values usually encounter- 
ed in the MPS3 family. 

E X A F S  Analysis 

Several qualitative conclusions are readily accessible from the EXAFS radial distribu- 
tion functions gathered in Fig. 28. 
(i) The Mno.sTCUo.26PS 3 spectra at the manganese edge seem very similar to those 

of  MnPS 3. The observed peaks and temperature dependence are analyzed in 
terms of Mn--S  distances (first peak) and of a mixture of M n - - M n  and Mn- -P  
distances (second peak). As this latter peak is extremely sensitive to any change 
in the local structure around the Mn centre (a sensitivity well illustrated by the 
dramatic reduction of this peak upon intercalation, see Sect. 4.2), its constancy 
demonstrates that the partial substitution of some Mn(II) ions b.y Cu(I) pairs 
does not significantly affect the symmetry of the remaining manganese sites. 

(ii) The RDF at the copper edge (Fig. 28c) differ strongly from those obtained at 
the manganese edge. However, the intense first peak compare well (modulus 
and imaginary part) with the Cu--S  peak (2.28 A) of the model compound 
K2Cu(S2C202)2 (Fig. 28 d) and a first estimation of 2.19-2.20 A can be proposed 
for the corresponding distances in Mno.sTCuo.26PS3. Another striking feature 
of these spectra is the strong temperature dependence of the complex structure 
observed above 2.5 A and not reproduced here. 

Table 6. Mno.sTCuo.26PS ~ and MnPS 3 Three-shell fits of EXAFS spectra at Mn edge 

Compound T/K Mn--S Mn--P (a) (b) 
Mn--Mn Q/~/o 

MnPS 3 300 0.08 2.58 0.08 3.66 0.08 3.50 1.8 
15 0.05 2.60 0.02 3.66 0.02 3.49 1.6 

Mno.87Cuo.26PS3 300 0.08 2.59 0.08 3.66 0.08 3.51 1.5 
15 0.05 2.61 0.02 3.65 0.02 3.51 1.3 
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Table 7. Mno.sTCuo.26PS 3 and model compound: single shell fits 
of EXAFS spectra at Cu edge 

Compound T/K Cu--S Q/~o 

~/A R/A 

K2 Cu($2C202) 2 300 0.07 2.28 a 1.5 
15 0.05 2.28 1.9 

Mno.87 CUo.26PS 3 300 0.08 2.21 2. 
15 0.06 2.22 2.5 

" d XRD (Cu--S) = 2.28 A 

(iii) Clearly, Mn and Cu ions are located at  the centre of  very different types of  sites 
and any occupancy o f  the Mn(II)  vacancies (at the centre of  S 6 octahedra) 
by a significant amount  of  Cu(I) can be definitively ruled out. 

The least square fitting results are summarized in Tables 6 and 7. Only the first shell 
was fitted for spectra recorded at the copper  edge, while, as previously done on MPS 3 
- -  see Sect. 3.1.2 - - ,  a two-steps fit over three shells has been performed and has 
proved satisfactory for the manganese K edge spectra. 

In  order  to prevent from any error  due to a fit on a false minimum, several at tempts 
using different Eo starting values and R (Cu- -S )  values were carried out. Besides 
M n - - S  distances indicative of  the existence o f  a manganese site very similar indeed 
to the manganese site in the model  compound  MnPS 3, the C u - - S  fitted distance is 
found to be 2.22 A i.e. very close to the first quali tative estimate but  extremely different 
from the crystal lographic value o f  2.07 A p roposed  after the above X R D  analysis 
(Table 8). The origin of  such an enormous and surprising discrepancy was investigated 
with very careful consideration at each stage of  the experimental  procedures and data  
analysis. No  step, neither in X R D  nor in E X A F S ,  could be incriminated to account 
for this difference as well as for other serious divergences (on the C u . . .  Cu distances 
for example),  lying between X R D  and E X A F S  data.  The solution of  this apparent ly  
puzzling problem arose finally from the following basic considerat ions:  
(i) observing inconsistencies between sets of  da t a  obtained by methods based on 

fundamental ly  different probing modes is not  surprising at all, as shown in Sect. 2. 
Indeed, radial  distr ibution function R(r)  and all subsequent structural informat ion 
provided by ) ( R D  experiments are averaged over all pairs of  a toms in the investi- 
gated sample of  Mrlo.sTCuo.23PS 3 and lead to a L R O  description. This gives an 
unrealistic picture of  the structure with indist inguishable [Mn(1-x Cu2xS6] octa- 
hedra interpreted upon further considerat ions by means of  a disordered di tr ibu- 

Table 8. Mno.sTCUo.26PS 3 Metal-sulfur distances as obtained by EXAFS 
and XRD. The EXAFS values are those obtained at 15 K since the 
thermal vibration at 300 K is responsible for a systematic error of 
(--0.01) to (--0.02) h 

M--S XRD distances/A. Exafs distances/A 

Cu--S 2.075 __+ 0.007 2.22 __. 0.02 
Mn--S 2.643 + 0.009 2.61 _ 0.02 
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tion of [MnS6] and [SaCu. . .  CuSa] octahedra. In contrast, EXAFS allows to 
access to individual R(Mn(r)) and R(Cu(r)) RDF and leads directly to a SRO 
description with the detailed and separated local environments seen by Mn and 
Cu atoms respectively; 

(ii) there is no a priori reasons for expecting identical sizes in the S 6 skeletons of 
the [MS6] and [S3Cu ... CuS3] octahedra. As a matter of fact, the XRD experiment 
averages not only the "atomic" content of each octahedron but also its dimensions, 
yielding finally "indistinguishable" entities where "distinguishable" ones do exist. 
Fig. 29 compares the dimensions and the atomic arrangements of the two octa- 
hedra discerned by EXAFS with those averaged by XRD. 

The presence of two Cu(I) ions in 13 ~o of the octahedra (Fig. 29 c) induces an expan- 
sion of these latter with respect to the 87 ~ of more usual [MnS6] entities (Fig. 29 b). 
This relative dilatation is responsible for the weak but significant increase (0.03 A) 
observed on the Mn--S distances upon averaging the centre to apex distances over all 
the octahedra. Correspondingly, as 87 ~o of the octahedra are smaller than the 
[S3Cu. . .  CuS3] ones, upon averaging, the XRD Cu--S distances drop dramatically 
from their local EXAFS value of 2.22 A (Fig. 29c) to the abnormally short value of 
2.075 A 3°L Turning now to the problem of the C u . . .  Cu distances which are also 
underestimated by XRD analysis, a simple calculation based on an homothetic 
correspondence between XRD averaged (Fig. 29 a) and EXAFS isolated octahedra 
(Fig. 29c) gives a value of 3.003 " 2.22/2.075 -- 3.21 A which compares well with the 
EXAFS estimation. 

Clearly, the separation between the two kinds of octahedra with their true (un- 
averaged) dimensions and all the subsequent quantitative considerations, is allowed 
only by the EXAFS data, collected at both the Mn and Cu edges, whereas the unam- 
biguous location of the Cu(I) in the Mno.a7PS 3 framework is given only by the XRD 
picture. It is necessary to add two sets of'data harvested by the means of two methods 
to understand the apparent mismatch between XRD and EXAFS data for the man gan- 
ese and copper environments in the Mno.svCuo.26PS3 compound and to obtain a 

S 2.075 S ~ p ~""'~C u ~ S  ~ p/.,~,,, ,~s 

P m.~ / /, /P 

a 

~,.,o P ~  ~ "  / / P ~  P- "~,-/ ~ p ~  
s-s" ~ s  s ~ - - s  s-g ~ ~ s ' - s , C ~ s ~ "  ~ s  

b e 

Fig. 29a-c. Schematic representations of the Mn and Cu sites in Mntl -x) Cutzx~ PS3 (x = 0.13): a) XRD- 
averaged site; h) manganese site; c) copper site. The centre to sulfur distance of 2.83 A is calculated 
with the assumption that the three types of sites, [MnS6], XRD-averaged octahedron and [S3Cu ... 
CuS3] are homothetic 
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" t rue"  image of  the reality. Still better, we consider now, that such discrepancies 
observed between raw XRD and EXAFS can constitute, after a thorough critical 
check of  the validity of  the experimental and analysis procedures,  the signature of  a 
part ia l  disorder  among XRD averaged sites. As disorder  exists in a wide variety of 
low dimensional  coordinat ion solids such a result deserves to be emphasized. 

Therefore,  the complementary nature o f  the E X A F S  and X R D  techniques should 
be highly profi table  for getting detailed insight into the structure o f  such disordered 
solids if  (i) the disorder occurs over a reasonable,  detectable, number  of  sites; (ii) 
each kind of  site is associated with a par t icular  type of  a tom and local structure and 
(iii) E X A F S  measurements can be performed at the corresponding edges. 

Fur ther  works illustrating the power of  the E X A F S  and the X R D  techniques when 
used in conjunction on disordered layered systems of  the MPS 3 family were recently 
reported (11) or  are in progress 62) 

4.4 EXAFS Site Selectivity as a Tool for Characterizing Heterometallic 
Mn.  _x~NixPS3 Layers Obtained by Mild Chemistry 

The ability of  MnPS 3 to react under mild condi t ions  leads to the possibility of facile 
syntheses in the solid state at room temperature ;  this unfortunately yields micro- 
crystalline powders  which cannot  be fully characterized by X-Ray  powder  diffrac- 
tion. In such cases, EXAFS can bring complementary  informat ion which may  be 

Table 9. Structural parameters extracted from EXAFS spectra. In Mn1_ Ni PS 3 at nickel edge, two 
different compositions of the second shell were tested: 3 (P--P) and 3 Mn (a), 3 (P--P) and 3 Ni (b). 
Fit (b) represents the case ofa mechnical MnPS3--NiPS3 mixture. Since the fit yields'a similar residue, 
the actual environment of Ni in Mn a _xNi PS3 cannot be solved by EXAFS alone, but the mechanical 
mixture possibility has been ruled out by XRD. 

Compounds Bond Distance Dispersion Residual 
R/A ~/A factors 

MnPS 3 Mn--S 2.59 0.08 
Mn--Mn 3.49 0.07 
Mn--P 3.66 0.07 

1.7% 

Mn 1 _xPS3K2x M n - - S  2.57 0.09 
Mn--Mn 3.52 0.15 
Mn--P 3.73 0.15 

3.4% 

Mn x _ xNixPS3 M n - - S  2.58 0.09 
Mn--Mn 3.45 0.07 
Mn--P 3.69 0.07 

1.2% 

Mnt -~Ni~PS3 Ni--S 2.42 0.1 
Ni--P 3.60(a) 0.08 0.82(a) % 

3.62(b) 
Ni--Mn(a) 3.38 0.08 
Ni--Ni(b) 3.34 0.08 0.95(b) % 

NiPS 3 Ni--S 2.41 0.09 
Ni--Ni 3.35 0.06 
Ni--P 3.55 0.06 

1.7% 
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essential to the description of the obtained material, as illustrated in the following 
example. 

The potassium ions inserted in the Mntl_,~PS3K2x(H20)_ x intercalate are solvated 
by a monolayer of water molecules and are therefore highly mobile. Treating this 
intercalate with an aqueous NiCI~ solution results in the replacement of the K + ions 
by [Ni(H20)6] 2 + species. Upon drying, the nickel get rid of the aqua ligands and an 
anhydrous Mn o_,)Ni PS 3 (x = 0.72) compound is formed, in which the layers are 
back in Van der Waals contact (according to the value of the measured interlamellar 
distance -~ 6.45 A). X-Ray powder diffraction shows that the sample is monophasic: 
the parameters of Mn0.72Ni0.2sPS a are intermediate between those of MnPS a and 
those of NiPS 3 (Table 9), a fact which rules out the possibility that the mixed material 
might be a mechanical mixture of MnPS 3 and NiPS 3, and which is further confirmed 
by the study of its magnetic properties 9) 

The structural problem which then arises is to determine on which sites (intra or 
inter lamellar) the nickel ions are located. EXAFS gave a definite answer to this ques- 
tion by comparison of the local environment of manganese and nickel in the mixed 
material with their respective environment in pure MnPS 3 and pure NiPS 3. 

The RDF of MnPS s, Mn~I_x~PSaK2x(H20), NiPS 3, Mn o_x)NixPS3 (at both Mn 
and Ni edges) are shown in Fig. 30. 

Comparing the curves of the potassium intercalate and of Mno_x)Ni,PS 3 at the 
manganese edge immediately shows that the second peak, which is very small in the 
potassium intercalate (because of the disorder discussed in Sect. 4.2, reappears with 
a strong amplitude in the mixed anhydrous material. Therefore, a decrease of the 
local disorder around the Mn(II) ions accompanies the chemical process. Furthermore, 
careful study of the spectra shows that the environment of manganese in the mixed 
Mn~l _ x)NixPS3 compound is quasi identical to that of Mn in pure MnPS 3. Similarly, 
comparison of the radial distribution curves of  NIPS3 and Mn v _ x)NixPS3 at the nickel 
edge shows that the surroundings of nickel is quasi identical in both cases. Therefore, 
Ni(II) ions as well as Mn(II) ions in Mn o _,)Ni PS 3 are located on intramolecular sites, 
at the centres of the sulfur octahedra. If  manganese or nickel ions were located in the 
Van der Waals gap, they would not have a second neighbour shell consisting of three 
metallic ions and three P - -P  pairs, and the second shell peak in the mixed material 
would not be identical to that in the pure ones. Quantitative structural data extracted 
from the experimental spectra are gathered in Table 9. 

We wish to emphasize here that these data provide a second example of the way in 
which EXAFS site selectivity can be used to obtain local distances in a material in 
which X-ray data would only lead to an average picture. 

5 Conclusion 

We would like to draw up three comments to conclude. 
(1) Properly handled, EXAFS can be of invaluable help in solving order and dis- 

order structural problems in low-dimensional materials. 
(2) Up to date, exploration of a given compound at different edges and low tempera- 

ture data have not been used systematically. The availability of inexpensive liquid 
nitrogen cryostats and of X-ray spectrometers in an expanded energy range, specially 
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Bild 30 a--e. RDF around the absorbing metallic atom at 300 K : a) MnPS 3 ; b) Mnrl _ x)PS3 K~2,) (H20) : 
c) Mn(~-x) Ni(,) PS3; d) Mn(1 _x) Ni(x); e) NiPS 3 (absorbing atoms are italic) 

in the soft X-ray part where a ligand-centered view (O, P, CI, S) can be expected, would 
allow new useful insights to solve structural problems in materials. We got promising 
preliminary results in this direction at sulfur and phosphorus edges in the MPS 3 
series. 

(3) We have said as manybody, before to become synchrotron radiation users, that 
nothing was better that single crystal X-ray diffraction crystallographic structure. 
Our  story tells that when order and disorder problems are inv.olved, this settlement 
should be tempered and that SRO techniques have an irreplaceable interest. Indeed, 
instead o f  opposing SRO and LRO pictures, we show that it is the comparison of  both 
views which is fruitful in low-dimensional materials, where anisotropy makes the 
problem easier to solve. We guess that a more systematic combined LRO and SRO 
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approach of 3D solids, though more difficult, would give new and sometimes surpris- 
ing results when applied to some materials considered as perfectly ordered. 

Appendix: Data Collection and Analysis 

The X-Ray absorption spectra presented here were recorded at LURE, the french 
synchrotron radiation facility, on the DCI EXAFS I, II  or III  spectrometers described 
by Raoux et al. 63), and J. Goulon et al. 64) 

The spectra were recorded within a period of several years, but with analogous 
operating storage conditions: 1.72 eV energy, 100-250 mA current intensity. 

We used channel-cut Si 220 or Si 400, or double crystal Si .311 monochromators, 
and air ionization chambers detectors. Most of the spectra were recorded with a step 
of 2 eV on a range of 800 to 1000 eV. 

The samples were well-pounded microcrystalline powders uniformly spread between 
two close-fitting non absorbing ribbon tapes of controlled thickness. 

The low temperature measurements used an helium continuous-flow cryostat, 
allowing work at fixed temperature down to 15 K. Most of  the experiments were 
performed at 30 K _ 5 K. 

The data analysis was performed with use of the classical EXAFS formula (I) 
within the plane-wave approximation. The amplitude and phase shifts ofTeo et al. 65) 
were used except when otherwise specified in the text. When tabulated and experimen- 
tal parameters are used on the same data, slight differences appear in the final results 
(Tables I and 3 for CUC204 for example). 

The classical analysis way was followed: extraction of EXAFS signal k*z(k), 
Fourier transform of k ~ -z(k) in the R space, filtering of one or more shells, fitting of 
the filtered inverse Fourier transformed signal in the k space. The figures represent 
either the modulus of the Fourier transform or the imaginary part (dotted line) and 
the modulus (full line). 

The quantity minimized in the fit is the weighted residual factor R or 6: 

R = ~ w(k)(~(i¢×p Z c a l c d )  • w(k) - -  Xexp 
i 

w(k) is the weighting factor: w(k) = 0 for k < 3/k-a and = k 5 for k :~ 3/k -1. 
The programs were written by Michalowicz after a first version by Goulon. All these 
FORTRAN 77 programs are available in free-access at the Paris-Sud informatique 
centre. 
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1 Introduction 

Resonant (or anomalous) X-ray scattering is a non-destructive labelling technique of 
X-ray structure analysis. Heavy atom derivatives are used for the determination of 
protein structures and other biomolecules. These crystals would also lend themselves 
to direct structure determination by resonant X-ray diffraction. This technique is 
discussed in many textbooks of protein crystallography 1'2). A review of X-ray 
resonant scattering of non-crystalline macromolecular structures is given in 3). This 
acticle will concentrate on recent developments leading to the use of native label 
atoms, e.g. sulfur in proteins and phosphorus in nucleic acids and polar head groups 
of lipids. 

Resonant scattering is highly selective. The chemical element of interest will 
give rise to strong anomalous dispersion only in a few narrow energy bands very 
close to the absorption edges. Gold, for instance, shows strong dispersion of X-ray 
scattering at its K edge (L = 0.153 A), at its L 3 edge (k = 1.040 A) and at its 
M 5 edge (L = 5.584 A). The dispersion at the K and L 3 edges is most easily measured 
with open air diffractometers. The X-ray spectrum near the M 5 edge is strongly absorb- 
ed by air. This absorptiori edge would not be an easy candidate for anomalous X-ray 
scattering experiments. 

With light elements like sulfur and phosphorus we do not have the choice demon- 
strated in the case of gold. The only absorption edges which could be of any use 
in anomalous X-ray diffraction work are the K absorption edges, and these are at 
wavelengths near 5.0185A 'and 5.784A, respectively. The use of anomalous 
scattering of light elements for macromolecular structure determination needs a new 
concept for the construction of the diffractometer and in particular of the sample 
environment. The considerations concerning the technique start with the relation 
between the total cross-section and the cross-section of resonant X-ray scattering. 

2 Scattering by a Single Atom 

When the wavelength of the incident X-ray beam is close to the absorption edge 
of an atom, the atomic scattering factor becomes complex to a greater extent: 

f = fo + e + if" (i)  

fo is the short-wavelength limit of the scattering amplitude. Following the convention 
of X-ray diffraction, f is given in electrons, e.g. fo(0) of iron is 26. The scattering 
length of one electron is 2.8 x 10 -12 mm. f' and f" exhibit a wavelength dependence 
(dispersion). The absorption edge for X-rays represents the threshold frequency above 
which an inner electron can be ejected into the continuum. The resonance ab- 
sorption, which is also known as photoelectric absorption, is an inelastic channel. 
The optical theorem for X-rays is then 

e 2 

O ' p h o t o e l e c t r i  e = 29~ - -  f" (2) mc 2 
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S i n c e  (5"photoelectri c exists only in the short wavelength region of  the absorption edge, 
so also does f"(0). The dispersion of  f"(0) is fully controlled by Crpho,oe~oc,ric. For the 
K edge, Crphotoelee t r i  c is represented fairly well by the empirical formula 

O'photoelectri c = (3"photoelectric(fl)k) ((t) > (J)k) (3j 

Since for photons co = 2nc/)~, if(0) should vary with frequency roughly as 1/co 2. 
Figure 1 shows that the dispersion off"(0) is slightly more complicated, because ioniza- 
tion o f  p and d,electrons will give rise to additional abrupt changes of  f. 

In fact, the schematic representation of  the absorption edge in Fig. 1 has to be 
replaced by a more structured dispersion profile at higher frequency resolution, as is 
shown in Fig. 2. 

The absorption coefficient ,u (in mm -1) and density 1 Mg/m 3 is 

2N L ~. e 2 f,, 337. l&f,, 
g = - M -  m-~ - M ( 4 )  

(N = 6.02x l023, M = atomic weight, ea/mc z = 2.8 x I0 -12 ram). 
Of the numerous empirical formulae used for the computation of  X-ray absorption 

coefficients we just mention 

ix = 0.016)~3Za'94/M )~ < ) ~ .  (5a) 

/a = 0.000529).3Z4"3/M ~ > )~K (5b) 

Z is the atomic number. 

6 0 ' ' ' 1  . . . . . . . .  I 

/'0 t M~ 

J 

'b., 0.2 i 
x(h) -- 

Fig. 1. Dispersion of the imaginary part f" 
of the atomic form factor of uranium, f" 
(in units of electrons) reaches nearly two- 
thirds of the non-resonant atomic form fac- 
tor fo = 92. The schematic representation 
has been taken from The International Tables 
of Crystallography IV. The dispersion of f" 
shows strong peaks at the M~v and M v 
absorption edges 4) 
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Fig. 2. Dispersion of fo + f' of europium in 
Eu(PhAcAc) at the three absorption edges, 
after 5). The f' values were calculated by using 
the Kramers-Kronig relation, Eq. (7). The 
absolute scale (in electrons) relies on values 
off" and f' which were taken from The Inter- 
national Tables of Crystallography IV 

On crossing the X-ray K absorption edge from lower to higher frequencies the 
absorption coefficient g will increase by the factor 63.868/Z °62°7. Since the spatial 
distribution of  the core electrons is confined to a very small volume near the nucleus, 
f" (and f') shows a relatively weak dependence on the scattering angle. Few 
experiments have been done to confirm theoretical predictions, e.g. on Barium 6) 
with M o K  0 radiation where 

ff = 2.40(5)--0.59(11) sin 2 0/22 (6) 

The measurement of  the total cross-section determines completely the dispersion 
o f  f". The dispersion of  the real part is not  independent of  that of  f", because 
there is a general relationship between them, which is known as the Kramers-Kronig 
relation: 

2 ; 0)'r'(0)') 
f'(0)) . . . . .  do)' (7) 

K 0)2 - -  0 ) ' 2  
to=O 

Thus a knowledge of  if(c0) over a sufficiently wide frequency region permits the 
evaluation off(co). With X-rays the frequency interval of  strong anomalous dispersion 
may be very narrow. Then Eq. (7) simplifies to 

a 

l f r'(0)+ e) f'(0)) = - - de (8) 
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where 6 is of the order of 0.01. Approximation of the integral by a sum of the integrand 
at --fi and +5 yields 

I f"(c0 + 5 )  - f" (m - 5 )  2 Af" (o~ )  

6 ~ Am 
(9) 

The f' dispersion looks like the first derivatives of f". 
The interplay of f' and f" becomes clearer when the amplitude f is represented 

in the plane of complex numbers (Argand diagram). As is shown in Fig. 3, f of iron in 
ferritin, an iron-storing protein, follows two-thirds of a circular line at wavelengths 
near its K'absorption edge at k = 1.743 A 7). In the case of nuclear resonance a nearly 
closed circle would be observed. Anomalous X-ray scattering at the L 3 edges of rare 
earth atoms very often shows a strongly enhanced peak at the absorption edge, 
yielding an Argand diagram very similar to nuclear resonance. The strong variation 
of the resonant amplitude of these elements has gained considerable importance in 
X-ray resonant diffraction 8.9) 

Z K = 1 . 7 4 3  
44 

~ I -0 .01  

Z_~,K / ~ - -  
AK //  / /  / /~. ~ 0  

/ / / / / 
// / . . I ~ -  

t / / /  / /  / / 
I / / -0.01 j 0 i 

0.8 , , 8F 

0.6 

0"2 I 

0 ; ~ " ~ ' " *  

: R(~) 
43 42 

"l,b° 

% 

-~o -B -6 -4 
F I i 

L ~ t ~ . . . % , ° , , . .  I 

.,,__-..-- f, 

l 

Fig. 3. Construction of the Argand diagram from the dispersion of f' and f". f '  is taken from the dis- 
persion of apparent radius of gyration, R, of ferritin, f" is proportional to the absorption of the 
ferriton solution at the K absorption edge of iron at k K = 1.743 A 
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3 Scattering by Oriented Macromolecules 

The description of  resonante scattering starts f rom an assembly of M atoms, each 
having fixed coordinates r with respect to an origin. Of  these, a smaller number  N of 
atoms is assumed to have strong resonant scattering. The structure Q(r) is then 
represented by 

M N 

Q(r) = ~ f o , , 5 ( r -  rn) + (f' + if") ~ 5 ( r -  rn) 
r l = I  n = l  

= u(r) + (f' + if") v(r) (10) 

It  has been assumed that all strongly resonant scatters have the same dispersion, 
i.e. they represent the same chemical element and they are assumed to have the same 
chemical environment. With U(r) and V(r) as the real and imaginary parts of 
Q(r) respectively, we obtain the scattering ampli tude of the structure ~(r) as 

F(h) ~ S [U(r) + iV(r)] e a ' "  d3r (11) 

where h is the scattering vector and h = Ih[ = 4re sin O/L. The multiplication of 
F(h) with its complex conjugate 

F*0a) ~ J" [U(r) - -  iV(r)] e - ~ ' '  d3r (12) 

yields the scattering intensity S(h) 

S(h) = A(h) A*(h) 

= J'[ [U(r) + iV(r)] [U(r') - -  iV(r')] e ~" (r-r') d3r d3r , 

= I I  [U(r) U(r ' )  + V(r) V(r')] cos [h. (r - -  r')] d3r d3r ' 

+ SI" [U(r) V(r') - -  V(r) U(r)] sin [h. (r - -  r3] d3r d3r ' 

Separating the resonant real part  we obtain 

S(h) = S J" u(r) u(r') cos [h.  (r - -  r')] d3r d3r ' 

+ 2f' I I  u(r) (r') cos [h.  (r - -  r')] d3r d3r ' 

+ (f,z + f,,2) IS v(r) v(r3 cos [h.  (r - -  r3] d3r d3r ' 

+ f" IS [u(r) v(r ') - v(r) u(r')] sin [11 • (r - r')] d3r d3r ' 

= Su(h ) + f, Suv(h) + (f,2 + f.2) Sv01 ) _j_ f'kp(h) 

03) 

This is the dispersion of  the geometrical structure factor in crystallography. The 
overall effect o f  resonant scattering is to cause the breakdown of  Friedel's law so that 
the Bijvoet pairs of  reflections S(h) and S(--h)  are unequal (see e.g. t~). The difference 

S(h) - -  S(--h)  = 2f"q0(h) (15) 

is used to determine the absolute configuration 1o) 
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4 Scattering by Free Molecules 

A first step towards the consideration of free, randomly oriented molecules (or 
microcrystals) is the superposition of  S(h) on S(--h). Only the cosine terms in 
Eq. (12) are conserved. Introducing the wavelength dependence of f' and f" 
explicitly, we obtain by integration of  S(h) over the solid angle 3j 

I(h, L) = I S(h, k) dO 

= J'j" u(r) u(r') sin h [r - -  r'l/lr - -  r'l d3r dar ' 

+ 2f%) II u(r) v(r') sin h Ir - -  r'l/lr - -  r'[ d3r d3r ' 

+ [f,2(~.) + f '%)l II v(r) v(r') sin h Ir - -  r'l/Ir - -  r'l d3r d3r ' 

= I ( h )  + f'Q.)Iuv(h ) + [f,2(~.) + f,,z(k)] Iv(h) (16) 

Macromolecules in solution as described by Eq. (10) give rise to three basic 
scattering functions. Iu(h) is the off-resonance scattering, I V originates from the struc- 
ture of  the resonant scatterers alone, and I v(h ) is a cross term, containing the 
influence o f  both u(r) and v(r) as their convolution. In many cases the resonant 
scattering terms in Eq. (16) may be much smaller than Iu(h). The quadratic term in 
Eq. (16) can then be neglected and we obtain 

I(h, ~.) = I ( h )  + f'(~,) I (h) (17) 

This equation stresses the dominant role of f' in resonant scattering of  non- 
crystalline structures. As can be deduced from Fig. 3, resonant scattering in this case 
will be observed very close to the absorption edge. This is quite different from 
diffraction by non-centrosymmetric unit cells where the f" dispersion according to 
Eq. (14) allows resonant scattering measurements even at much shorter wavelengths 
than that of  the absorption edge n~. The ability to tune synchrotron radiation to the 
narrow regions of  strong dispersions of  f' near the absorption edge created for the 
first time the conditions necessary for successful measurements for resonant scattering 
from disordered systems, which is basically linked to f'(~.) I v(h ). 

The analysis of  the resonant solution scattering data demands a different re- 
presentation of  the Debye equation (16). If  the macromolecular structure had a 
spherical appearance, then the formalism of isomorphous replacement in single 
crystal diffraction outlined in the preceding section would apply. This is not surprising 
as the rotation of  a spherical structure could not be noticed anyway. In more 
complicated, asymmetric macromolecular structures it is the spherical average of  the 
structure which must be subjected to the phase analysis described above. As this 
statement is less trivial, we shalt extend the description o f a  macromolecular structure 
beyond its spherical average by introducing an expansion of  Q(r) as a series of spherical 
harmonics YI~(~) 12, 13). 

1 

Q(I*) = ~, 2 Qlm(r) ~lm(0)) (18) 
I=0 m=-I 
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where 

Qlm(r) = I o(r) Y*m(C0) dco 

co is a unit vector in physical space. 
The amplitude F(h) is again represented as a sum of  partial waves: 

I 

F(h) = ~ ~ F!m(h ) Y!m(fl) (19) 
1=0 m = - I  

where the radial function are uniquely related by Hankel transformations 

Flm(h ) = i Q!m(r) jl(hr) r 2 dr 

r=O 

(20} 

Q,m(r) = X/~.(-i) '  F,m(h) j ! (hr )h  2 dh 
h=O 

(21) 

On averaging F(h)F*(h)  with respect to alt orientations (f~) in reciprocal (or 
momentum) space we obtain 

1 
I(h) = 2n-" ~ ~ F,m(h ) F,m(h ) (22) 

l :O  m = - I  

This is the form of  a scalar product, which can be written as I = (F  I F) .  Each 
multiple Qlm(r)Ylm(C0) has its own scattering function ]Fire(h)] 2. In particular, the 
scattering of  the average structure appears as the monopole scattering ]Foo(h)l 2. 

This representation of the scattering from randomly oriented particles is of con- 
siderable importance, as it opens up a general method of  separating the various 
multipole contributions to I(h). In fact, Svergun have proposed an algorithm which 
allows one to distinguish between groups of  multipoles with the same index 1 14) 

1 1 
Q1m(r) Y1m(c.O) ~ ~ IFlm(h)l z (23) 

m= --I ra=--I 

This means that there is a way to separate the monopole scattering (1 = 1) from 
the scattering of  the three dipoles Px, Py, Pz (1 = 1 ; m = --1,  0, 1) and the five 
quadrupole functions (1 = 2; m = --2, - -  1, 0, I, 2) and increasingly larger groups of 
higher multipoles. To combine this mathematical analysis of  I(h) with the method of 
resonant scattering we modify Eq. (18) 

1 

Q(r) = Z E [Lllm(r) -k ( f '  + i f" )  Vim(r) ] Ylm(C0) (24) 
1=0 m = - I  

! 
F(h) = ~ ~ [A,m(h) + (f' + if") Blm(h)-I Y~m(fi) (25) 

I = O  m = - I  
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The dispersion of I(h) then reads 

I 

I(h) = ~ ~ A~m(h ) + f'[A,..(h) B~'m(h ) + Bt~.(h) A*m(h)] 
1=0 m=-I 

+ (f,2 + f,,2) B2m(h) 

More explicitly and omitting (h) we obtain 

I(h) = AooAoo + 2f, AooBoo + (f,2 d- f.z) BooBoo 

126) 

AloAlo + 

Aa_IAI_ 1 + 

AxlAll + 

2f, AloBlo + (f,2 q_ f,,2)BloBlo 

f,(Al_xB._x + Ba_IA._I ) + (f,z + f.2)BllB. 1 

f,(AllB~ 1 + B l l A . )  + (f,2 + f.2)BllB. 1 

m20A20 -b 2f'm20B20 d- (f,2 + f.2) B2oB2o 

A2_IAE_. + f,(Az_~B._. + Bz_~A~_I ) + (f,2 + f,,2)BzlB. 1 

A21A21 q_ f,(A21B~ 1 + B21A~,l) q_ (f,2 jr_ f,,2) B2tB. 1 

Az_2A22 +.f,(Az_2B~_ 2 + -B2_zA~_I ) + (f,z + f.z) B2zB._2 

A22A22 q_ f,(A22B~ 2 + B22A~2 ) q_ (f,2 -I- f,,2) B22B~2 

(27) 

More blocks with 21 + 1 lines may follow. 
Methods from data analysis can now be used. Contrast variation determines the 

columns of Eq. (27), whereas groups of rows of 21 x 1 terms can be identified by the 
Svergun method 14). 

For 1 = 1 the monopole structure can be determined completely ifBoo(h ) is known. 
In fact, the phase problem of Foo reduces to the determination of the sign of Foo. This 
is usually not too difficult a task for Boo, as plausible arguments can be made 
concerning the corresponding radial mass distribution Voo(r ) of the resonant label 
atoms. Once, the signs of the sinusoidal function B2o(h) are known for each peak, the 
phases of A02o(h) can be determined directly by using the cross term. 

If the structure is elongated the quadrupole terms (d-functions) have to be consider- 
ed. Of the five terms three can be elimated by rotation of the structure through 
the Eulerian angles ~, [3 and Y- Thus we are left with 15) 

I2(h) = A2~(h)A2~(h) + A22(h ) A22(h ) (28) 

I2v(h ) = A2.(h)B2.(h) + A22(h ) B22(h ) (29) 

I2v(h ) = B2~(h) B2~(h) + B22(h ) B22(h ) (3o) 

12 denotes the basic scattering functions for 1 = 2. It is also assumed that the 
complex radial functions have been converted to real functions A2 and B2 by 
forming appropriate linear combinations of the Azm and B2m. Again it is assumed that 
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the spatial distribution of the resonant atoms is simple enough to allow the signs of 
B21(h ) and B22(h) to be guessed. Then A2t(h ) and A22(h ) can be found by the 
following geometrical construction, which has to be made for each h-interval. In 
the (A21, A22)-plane Eq. (28) represents a circle which is intersected by a straight line 
defined by Eq. (29). There will be two pairs (A2 v A22) as solutions of Eqs. (28-30). 
Approximating the radial function by just a few members of a series of polynomials 
a correlation between the solution in various h-intervals can be achieved. Laguerre 
polynomials are of particular interest because of their simple transformation proper- 
ties 13.15) 

The evaluation of the three A,m leads to a construction in three-dimensional 
space. The solutions are found as the intersection line of a plane with the surface 
of a sphere. With increasing index 1 of the multipoles the correlation between the 
resonant structure and the whole structure through the basic scattering function 
Iuv(h) usually gets weaker and weaker. 

As an important result of this joint use of resonant scattering and advanced 
multipole analysis we note that a partial structure Ig ulm(r) Ytm(¢0) can be split into 

r n  

its constituents by the introduction of the known resonant label structures 
v~(r) Y~m(o~). In the case of the quadrupole structure, one obtains the relative orienta- 
tion of the main axes between the resonant structure and the total molecule. If  a 
different resonant structure can be used, more information can be obtained, as the 
non-resonant structure is convoluted with another reference structure as a probe. 
This procedure should find considerable application in ribosome structure work 16) 

Very often it is not possible to obtain all basic scattering functions with the same 
accuracy. In resonant scattering we are often left with the cross term Iuv(h) only. This 
is still quite an acceptable situation, if the resolution to a monopole approximation of 
the structure is required, as Aoo(h) and Boo(h ) may be determined completely from 
the two remaining functions Iu(h) and Iu,(h ). However, a straightforward method for 
the evaluation of higher multipoles in the sense of  the above calculation then no longer 
exists. The analysis of resonant scattering in this case has to resort to models. 

5 Instruments 

Diffraction is a process controlled by a reciprocal law: The scattering angle is 
smaller, the larger the dimensions of  the scattering object in comparison to the 
wavelength. Colloidal structures with characteristic dimensions of some I00 A, 
irradiated by X-rays of 1.5 A wavelength will give rise to scattering into a cone 
with about 0.1 ° opening angle. The directional spread of the incident beam must be 
considerably smaller than that which can be achieved with common devices (powder 
camera, rotation camera, etc.). The design of an appropriate camera is essential 
for the experimental detection of any X-ray small-angle scattering. Collimation of 
a sufficiently narrow beam penetrating the sample is a basic prerequisite for 
recording at very small angles. 

5.1 Collimators and Monochromators 

The easiest way to produse a collimated beam is to combine two narrow pinhole 
diaphragms in a line. For reasons of intensity, however, line-shaped primary beams 
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(i.e. with a band-like dross-section) have been preferred in nearly all fields of 
X-ray small-angle scattering research 17). A wavelength of 1.54 .~ ( C u - - K  radiation) 
is used most frequently. 

Small-angle scattering experiments using X-ray synchrotron radiation have to take 
into account the unique features of this radiation source. The spectrum of syn- 
chrotron radiation does not show any discrete lines as does the spectrum from 
X-ray tubes; it is continuous. It exhibits high brilliance, directionality and polarisa- 
tion in a wide range of wavelengths extending from the visible region to hard X-rays. 
Synchrotron radiation is emitted in the plane defined by the closed path of the 
electrons circulating at a speed very close to that of light. The off-plane radiation 
vanishes within small fractions of 1 o 18.19). The restriction of the emitted light to the 
plane of the orbit facilitates the construction of X-ray scattering instruments 
considerably. The continuous spectrum introduces a new element into the design of 
diffractometers, because very efficient monochromators become necessary. 

X-ray small-angle instruments using synchrotron radiation look quite different 
from common laboratory instruments. They always use crystal monochromators at 
least and their resolution relies on rather long distances between collimators. The 
instruments are larger. Very often much effort is put into a focussing system. The 
following arrangements are presently in use: 

a. Ben t  crys tal  monochromator .  The beam is deflected by the angle 20 in the 
horizontal plane, yielding the wavelengths 

n)~ = 2d sin 0 (31) 

The 111 plane of germanium (2d = 6.53 A) or silicon (2d = 6.32 A) is often used 
as the 222 reflection is forbidden. The monochromatic beam is convergent, resulting 
in a line at the focus of the bent crystal. This simple setup can be used because 
the incident white spectrum does not provide wavelengths of the third- and higher- 
order harmonics so) 

b. Ben t  mirror  - -  bent  c ry s ta lmonochromator .  (Fig. 4) Grazing incidence of the beam 
on the horizontal mirror cuts off the short wavelength part of the X-ray spectrum. 
With quartz the range of reflected wavelengths starts of roughly 

)~(A) = 0.380 (mrad) (32) 

Using a bent mirror the cross-section of the premonochromated beam converges 
towards a horizontal line. The selection of a narrow wavelength band is achieved as 
described under a. The X-ray photon flux in the point-like focus (typically of the 
order of 0.5 x 0.5 mm) can amount to about 1011 photons/second. This setup is used 
for time-resolved measurements 2o). 

c. Ben t  mirror  - -  double crys ta l  monochromator .  This system provides rapid tun- 
ability to a desired wavelength 2~,22). The mirror acts as described in b. The parallel 
faces of the two crystals shift the beam in the vertical plane. This may be corrected 
for by independent rotation and displacement of the axis of the second crystal 2a). 
A very attractive alternative is to use a toroidal mirror, which concentrates the 
incident beam into a point-like focal spot v). It is used for resonant X-ray diffraction. 
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F 

Fig. 4, Schematic diagram of the double focussing camera XI3 of the EMBL Outstation at 
DESY Hamburg. Synchrotron radiation (SR) is focussed in the vertical plane by eight plane quartz 
mirrors (=  S, 20 cm length each) at 20 m distance from the source point. A bent, triangular 
crystal monochromator (length: 5 cm) focusses the beam in the horizontal plane onto the sample at F. 
The focal distance can be varied from 3 to 6 m (i.e. the end of the optical bench) by a bending force 
at P and by realigning the mirrors. The convergence angle of the beam is larger than the divergence 
of the beam accepted by the optical components. The size of the beam is typically tess than 1 mm 2. 
This kind of X-ray instrument is now used at many synchrotron radiation laboratories 
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Fig. 5. Double mirror - -  single crystal optics for soft X-rays (d). SF = gold-coated double focussing 
mirror. SQ = plane quartz mirror. One half of it is coated with gold (SG). MI M2, M3 are the 
crystal monochromators which can be used alternatively. P = sample exchanger. I1, I2 = ionization 
chambers. D1, D2, D3 are position-sensitive area counters. The upper inserts show the actual 
synchrotron radiation spectrum. The lower inserts show the diffraction pattern of bacteriorhodopsin 
as it would appear on the three detectors using 5 A. photons. This instrument is installed at 
beam AI of HASYLAB 
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d. Double mirror - -  single crystal monochromator. This system (at DESY, Fig. 5) 
provides rap id  tunability over a still wider range o f  wavelengths than described in c. 
Wi th  0 = 7 mrad the first gold-coated mir ror  reflects wavelengths from about 
1.2 A onwards.  The two halves of  the second mirror  surface have very different 
electron densities due to gold and quartz. The reflectivity of  the latter starts at 
wavelengths a round  3 A. Lateral displacement of  this mir ror  will tailor the spectrum 
to the needs of  monochromat isa t ion by the single crystal monochromator  over a wide 
range of  wavelengths extending from 1.2 to about  8 A. As the reflectivity of  crystals 
decreases significantly (about 0.15 at k = 6 A from 111 reflection of  Ge 24)) only one 
crystal is used. This means that the scattering instrument has to be turned around 
the axis o f  the crystal monochromator .  Rota t ion  in the vertical plane is preferred in 
order  to avoid losses due to the polarisat ion of  synchrotron radiat ion from a bending- 
magnet  section of  the electron storage ring 25). This instrument extends the use of 
resonant  X-ray  scattering experiments to the near  soft X-ray spectrum (Fig. 6). 

1 

'd X /" a 

. 0 ° "-'1 

il !:4 .... ~'.. 

. 

• , /::.. 

" "  , ,  " A U  

. . . . . .  "~- z - - -~ . . .~ ;~  . . . . .  / ' W  ....... _%, A" k. 
I ~ :e -~  ~',', ..."'~---a L~:÷_:=~" I , / ~ / . ~  / Lu 
Jl:a I~1 (,;?:-~:" .2. I I Y .  7 2  Z "Fe  / 

• " Cr  

i~ Y P ~ 

K ~sn;b 
Pt S C l  ~ In 

Pb Bi 

Fig. 6. The wavelength range of the diffractometer at beam line A1 of HASYLAB. Using the 111 plane 
of a germanium single crystal, wavelengths up to 6.4 A, can be reached by rotating the crystal by 
0 = 80 ° and the camera by 20 = 160 °. Thus the K absorption edges down to phosphorus (Z = 15), 
the L 3 absorption edges down to Yttrium (Z = 39) and the M 5 absorption edges down to iridium 
(Z = 78) can be used. Peplacing the germanium crystal by indium antimonide as the monochromator 
extends the wavelength range to 7.3 A, hence including the K absorption edge of silicon (Z = 14) as 
well 26) 

5.2 Sample Environment 
Liquid samples are usually kept in thin-walled glass capillaries of  appropr ia te  
diameter. The optimal sample thickness o f  aqueous solutions i r radiated with 
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1.5 ,~ X-rays is 1 mm. It depends strongly on the wavelength. With 3 A X-rays the 
thickness has to be adjusted to 1/23 = 1/8 mm and at 6 A it further decreases to 
1/8 x 8) = 1/64 = 0.016 mm. Glass capillaries are then no longer useful. They have 
to be replaced by plastic windows a few micrometers thick. 

As the beam path in small-angle instruments may have a length of several metres, 
absorption by air will reduce the intensity considerably. 1 m of air absorbs X-rays to 
nearly the same extent as 1 mm of water. Then only 1/e = 36% of 1.5 A X-rays are 
transmitted. Soft X-rays are strongly absorbed in air. The penetration depth of 6 A 
X-rays in air is only 16 mm. 

This is the reason why the X-ray beam path has to be filled with helium or 
evacuated, which reduces the scattering from gas. X-ray small-angle instruments are 
either put into a large vacuum vessel (camera) or they are made of a series of 
evacuated tubes with very thin windows at the entrace and exit of the beam. Large 
windows for the connection to area detectors are either made of beryllium or, 
more recently, of a thin plastic foil supported by a steel grid 23) 

5.3 Detectors 

In most cases X-rays are detected by xenon-filled proportional counters. In the last 
15 years position-sensitive counters have come into use 27). The spatial resolution of 
linear position-sensitive counters may reach 0.05 mm. Two-dimensional multiwire 
proportional counters (MWPC) with a sensitive area of  200 x 200 mm usually resolve 
2 mm in the x and y directions 23). The detector is based on the delay line 
method 27-29). When an X-ray photon traverses the gas of the detector chamber it 
loses energy due to ionisation of gas molecules. In a X e - - C Q  mixture this is 1 electron- 
hole pair for about 27 eV of energy loss. By means of thin anode wires at high 
voltage ( + 4  kV) one produces a region of high electric field in the gas. In the 
proximity of  the wire the charges are amplified (x  I0000) in an avalanche-like 
fashion. On the cathode sides in front and behind the anode wire plane, one 
makes these charges propagate along the delay line. The differences in time of 
arrival at the respective ends of the delay line corresponds to the position at which 
the photon arrived. The area detectors we use are equipped with 300 ns total delay 
which means that about 3 x l0 s positional determinations/second can be performed 
with less than 20 % coincidence or dead time loss. 

The electronics associated with the detector have to digitize the differences in time 
of arrival at the ends of the delay line. Classical methods have relied on time-to- 
pulse-height conversion followed by pulse height analysis. A considerable improve- 
ment in speed is achieved by direct time digitization 30). The system is capable of 
handling about 3 x 105 events/s. 

A further increase in speed of data taking is expected by segmentation of 
detectors, i.e. each detector segment has its own read-out system. A linear position- 
sensitive detector develop recently at EMBL consists of 128 anode wires, with each 
of them acting as an individual counter. The integral count rate is 10 MHz of 
statistical events. A similar development has been started for area counters. The 
new diffractometer for X-ray resonance scattering in HASYLAB is equipped with 
three area counters (Fig. 5). This system can handle nearly a million statical events 
per second 26). 
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High spatial resolution of about 0.1 mm on a smaller area of 80 mm diameter is 
achieved by a vidicon camera (e.g. from Westinghouse) 31). The X-ray are converted 
to electrons on a screen (10 gm thick layer of  GdzS20:Tb or 30 gm ZnS(Ag) from 
Proxitronic, Germany) located on the surface of a 7 mm thick and 80 mm wide 
fiber optics plate (Galileo, USA). The charge pattern is created on the silicon 
target of  the vidicon and is read out in the fast scan standard technique (25 frames 
per second). This system is very convenient for handling very high count rates of 
l0 s or so. For low intensity applications, which is the case in small-angle scattering 
studies, the charge may be integrated on the target for up to 999 frames before it is 
read out. The signal-to-noise ratio is of critical importance for such applications. The 
noise mainly results from the dark current and can be reduced by cooling the 
target. 

The present modern positon-sensitive counters in general cope with the scattering 
i n t e n s i t y  produced at the present synchrotron radiation sources. As an increase of 
the brilliance of synchrotron radiation by 1000 to 10000 is expected with planned 
electron storage rings, considerable effort has to go into the development of area 
detectors and their read-out ~.y~tems. 

In a typical experiment we want to record the scattering pattern as a function 
of 5-30 different wavelengths near an X-ray absorption edge. Using three position- 
sensitive area counters shown in Fig. 5, 65 536 data items represent one scattering 
pattern. One scan typically produces 20 × 65 536 = 1310720 data items in about one 
hour. On-line data reduction then becomes necessary. 

6 Recent Advances in Contrast Variation 

Neutron diffraction in H20/D20 mixture is probably the most  often used technique 
of contrast variation. The exchange of the mother liquor of protein crystals or of 
solutions does not present any problems in general. In a similar way heavy metal 
atoms are introduced, particularly into protein crystals, without any apparent change 
of the molecular structure. Both methods are presently extended by 
- -  anomalous scattering of native labels, e.g. sulfur and phosphorus, and 
- -  nuclear spin dependent coherent neutron scattering. 

The use of  native labels avoids the difficult task of finding isomorphous derivatives. 
Sulfur is present in the amino acids methionin and cystein. The latter very often 
form disulfide bridges between adjacent protein chains. It is an important constituent 
of rubber and it is also found in fossile fuels and many minerals. Phosphorus is 
present in ribonucleic acids and in polar head groups of membranes. 

The isotopic exchange of hydrogen in subcellular structures has made considerable 
progress 16). Labels of nearly any size can be introduced into any site of  a large 
biological structure. This is the preparative basis for the use of nuclear spin dependent 
neutron scattering. 

6.1 Anomalous Scattering of Sulfur 

The use of  5 ,~ X-rays near the K absorption edge of sulfur has to overcome several 
technical difficulties, which are due to the strong absorption by nearly any kind of 
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matter. Biological samples have to be very thin. The optimal thickness is about 30 p.m. 
The detector still has to be efficient and the monochromator  system should transmit 
only the fundamental wavelength (n = I in Eq. (31)). Using synchrotron radiation 
the quality o f  the premonochromator  as shown in Fig. 5 is of  utmost importance. 
In view of  these problems a first at tempt has been made with two-dimensional 
bacteriorhodopsin crystals a2). The unit cell dimensions of  the hexagonal arrangment 
of  this membrane protein are 63 A. A sample of  appropriate thickness is easily 
prepared by sedimentation of  the small membrane sheets onto the surface of  a thin 
plastic foil. As the water content of  the sample is very low it can be introduced into the 
vacuum of  the instrument (Fig. 6) without major  damage to the crystals. The choice of  
a crystalline structure offers several advantages: 
- -  Possible contamination o f  the monochromat ic  beam by higher order wavelengths 

(k/n, n = 3, 4 .. . .  with Ge(11 I)) would lead to additional diffraction rings. 
- -  The spatial resolution o f  the position-sensitive area counters can be characterised 

more readily. 
- -  Finally, the successful experiment should reveal the spatial distribution of  the seven 

sulfur atoms among the seven helical rods of  this membrane protein. This 
structural information would help to find the N- and C-terminals of the the 
protein chain. 

The performance of  the imstrument at the beam line A1 of  HASYLAB was quite 
satisfactory. Apart  from the expected energy resolution of  1 eV (Fig. 7) at the 
K absorption edge of  sulfur, E = 2470 eV, the main results were: 
- -  The contamination by third-order harmonics is small. It does not affect the 

diffraction pattern of  the 5 A photons. 

2500 2490 2480 2470 
Photon energy (eV) 

2;60 

Fig. 7. The X-ray absorption spectrum of sulfur 
near the K edge at X=5.018A or at 
E = 2470 eV. The solid points indicate the two 
wavelengths which were used by Munk et al. a2) 
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- -  The multiwire proportional counter filled with Ar/CO 2 (7/3) is still active. The 
spatial resolution increased slightly to about 4 mm (2 mm at ~ = 1.5 A). 

The count  rate was rather low: several thousand counts per second were 
measured. This is due to various plastic windows which add up to 100 gm 
thickness. 

The diffraction pattern o f  bacteriorhodopsin was measured at two wavelengths 
where the change of  X-ray absorption by sulfur (Fig. 7) is strong and hence a large 
difference in f' can be expected (compare Fig. 6). 

Anomalous  scattering of  sulfur was found in the 1,1 reflection of  the hexagonal 
bacteriorhodopsin lattice 32). The contribution of  anomalous scattering to the 
intensity o f  the other reflections falls within the error bars o f  the present data 
(Fig. 8). 
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Fig. 8a--e. First measurement of 
the anomalous scattering of sulfur 
near the K absorption edge of 
sulfur 32). a X-ray diffraction of 
bacteriorhodopsin at ~. = 5 A. 
b Anomalous X-ray diffraction 
obtained as difference between 
measurements at two wavelengths 
indicated in Fig. 7. e Difference 
between the intensity profiles ta- 
ken at the same wavelength 

6.2 Polarised Neutron Scattering by Dynamic Polarised Targets 

The technique of  polarised neutron scattering at dynamic polarised targets saw a 
renaissance in small-angle neutron scattering in 1985 33). Polarised targets as used in 
high-energy physics experiments may be o f  considerable interest in biological 
structure research 34, 3s). So far this promising technique has been facing difficulties 
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in getting reasonable polarisation of target nuclei. Intense beams ofpolarised neutrons 
become available with the development of "super mirros" 36) around 1980. We report 
on some experiments which were carried out at the research reactor of  GKSS, 
Geesthacht, in collaboration with ILL, Grenoble, and CERN, Geneva 33) 

Spin contrast variation primarily applies to hydrogen nuclei 34,35). The basic 
scattering functions are obtained by scattering polarised neutrons from samples with 
nuclear spins polarised to a known degree P. In a schematic way we may write 

I (h ) - -  Io(h) + n ' P I  (h) + p 2 I ( h )  (33) 

where n and P describe the polarisation of the incident neutrons and the target 
nuclei 35,37). Using the super mirros of Sch/irpfthe polarisation of the thermal neutron 
beam is nearly unity 36). The polarisation direction of the neutron beam is easily 
inverted by a flat coil spin flipper. Measurements of  the neutron scattering from a 
polarised target at opposite neutron spin directions yields Iuv(h) as a difference 
pattern. 

Among the nuclear spins, those of  the protons are most easily polarised. 
Nevertheless, the proton spin polarisation reaches only P(H) = 0.25 % in a field 
of  2.5,Tesla at T = 1 K in about one hour. The time to reach more favourable 
equilibria at lower temperatures increases dramatically to days and weeks. Proton 
spins are most easily aligned by dynamic nuclear polarisation (DNP), which is 
achieved by irradiating the sample with 4 mm microwaves at helium bath temperatures 
at 0.3 K in a magnetic field of 2.5 T in the presence of an organic radical (e. g. 
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Fig. 9. Polarised neutron scattering by bovine 
serum albumin at P(H) = 0.63. Changing the 
polarisation direction of the neutron spins to 
the opposite direction leads to a large change 
of small-angle scattering a3 
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Cr(V)) 35). The polarisation of the protons is measured by continuous-wave nuclear 
magnetic resonance (NMR), calibrated by measurments of the NMR signal in 
thermal equilibrium with the helium bath around 1 K. 

The proton spins of biological macromolecules in a deuterated solvent can be 
nearly as easily polarised as the best frozen spin target materials in high- 
energy physics research. Lysozyme in a mixture of D20 and deuterated 1,2°propande- 
diol reached a polarisation of 77 % after two hours of microwave irradiation at 
T = 0.3 K. Figure 9 shows neutron small-angle scattering of bovine serum albumin 
at P(H) = 63 % for opposite spin directions of the incident neutron beam. The 
uncorrected data (no background subtraction) show a drastic change of small- 
angle scattering by a factor of four. • 

Several proteins, tRNA and ribosomes have been investigated in the same way. 
At T = 0.4 to 0.5 K proton polarisations around 50 % were achieved. Higher nuclear 
polarisations are expected at lower temperatures. 

Spin contrast variation will probably bear fruit in in situ structure determinations 
of arbitrary parts of biological structures. For this purpose a selected region of the 
macromolecular structure has to have the usual hydrogen isotope t H whereas the larger 
remainder is preferably completely deuterated. This technique of specific isotopic 
labelling is now well established with ribosomes and other subcellular particles 
which allow in vitro recombination of the constituents 16j 

7 Comparison of Non-Destructive Labels 

Although both nuclear spin dependent neutron scattering and resonant X-ray 
scattering are non-destructive, reversible, labelling techniques, their use in macromole- 
cular structure research is complementary. 

Nuclear spin dependent neutron scattering relies on polarisation variation, i.e. 
on a change of the order of the nuclear spin system. Resonant (or anomalous) 
X-ray scattering is a concomitant feature of core electron ionisation (Eq. (2)). The 
dispersion of the resonant coherent scattering is very small compared to the rise of 
absorption (and fluorescence) due to electronic excitation. It typically amounts to 
0.001 3). Usually, resonant X-ray scattering wins because of the f' dispersion of the 
cross term Iuv(h) due to coupling of the resonant scattering amplitude with the usually 
much larger non-resonant amplitude 3) 

The latter fact also applies to Iv(h) from spin contrast variation in neutron 
scattering. However, the variation of coherent scattering is relatively large and is 
comparable to the change of absorption. In fact, incoherent scattering is converted 
to coherent scattering, when the target is polarised completely and in the same 
direction as the incident polarised neutrons 34, 35,37). Spin contrast variation suffers 
much less from absorption corrections than does the measurement of resonant 
scattering. 

Another important point is radiation damage. Thermal neutrons appear to destroy 
protein crystal structures much less than X-rays do. This is so at room temperature. 
Recently, it has been found that cooling of ribosome crystals to liquid nitrogen 
temperature makes the crystal structure extremely resistant to the intense synchrotron 
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X-rays 38). Low temperatures appear to overcome radiation damage problems in 
general. The production of frozen crystals of biomolecules is of interest for the prepara- 
tion of polarised targets which are always used at temperatures below 1 K. 

The new techniques reported here are the result of collaborations with C E R N  in 
Geneva, ILL in Grenoble,  EMBL in Heidelberg and HASYLAB at DESY, Hamburg.  
The construction of the diffractometer for the use of soft. X-rays at HASY .LAI3, and 
the polarised target project at GKSS are supported by the Bundesministcrium ffir 
Forschung und Technologic (Grants No. 05 353 FAI and 01-I-21E05). 
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Current views on the structure and function of biological membranes imply a great variety of 
dynamical aspects. These range from the dynamic phase behaviour of phospholipids and conforma- 
tional variations of membrane proteins during membrane-associated processes, to the interactions 
between membrane.~ in fusion and pore formation. The structural description of these processes, 
many of which imply the possibility of intermediate structures, calls for fast time-resolved diffraction 
methods, i.e. the cinematographic approach. The present article gives first an overview on the 
specific problems and the theories for their solution in X-ray diffraction on membranes, and then 
reviews the present possibilities of time-resolved structural studies using synchrotron radiation on 
phospholipid model systems and functional membranes (sarcoplasmic reticulum membrane). It is 
shown that such studies bear great promise in entering the millisecond time domain and bridging the 
existing gap between static structural information and the wealth of dynamic data derived from 
spectroscopic methods. 
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1 Diffraction Approaches to  M e m b r a n e  Structure 

Biological membranes are supramolecular systems consisting of various types of 
phospholipids and different proteins as the major constituents; in many cases they 
also contain other lipidic constituents such as cholesterol, and carbohydrates 
attached either to protein or lipids. The most general structural feature of membranes 
is the phospholipid bilayer, but also other morphologies, such as spherical micelles 
or cylindrical rods can occur either transiently or permanently. The proteins may be 
either penetrating the bilayer ("integral" proteins) or be attached to the membrane 
surface ("peripheral" proteins). Of considerable structural and functional importance, 
in addition to their internal structure, is the interaction of membranes with their 
aqueous surroundings. From this complexity it is obvious that the question of 
membrane structure is among the most demanding problems of molecular bio- 
physics. 

Notwithstanding this complexity, the need for three-dimensional, structural 
information at the atomic level of resolution is central and indispensable to bio- 
membrane science. X-ray, and to a lesser extent neutron-diffraction, as the most 
important sources for such information have, therefore, been widely used in this 
field (for reviews, see Refs. 1-4). The success of this approach, however, has generally 
been less spectacular than for instance in the cases of protein or nucleic acid 
structure. The reasons for this lie in the very nature of biological membranes: with 
few, notable exceptions (such as the purple membrane of halobacterium halobium, 
which can be viewed essentially as a two-dimensional crystal ofbacteriorhodopsin with 
only little lipid, Refs. 5, 6, 25) biological membranes are characterized by highly com- 
plex and variable molecular compositions, and by the structural dynamics, "'fluidity", 
which is in many cases essential for enzymatic, or other, functions of membranes. As 
a reflection of this most natural membranes do not crystallize, and a full, three- 
dimensional atomic structure analysis seems out of reach. 

Despite these limitations, there are ways to obtain highly useful structural informa- 
tion on membranes by diffraction techniques, which cannot be gained using other 
methods. In at least three important biological systems, namely nerve myelin (for 
reviews, see Refs. 3, 7), retinal rod membranes (see, for example Refs. 8, 9), and 
chloroplasts a. 10), the membranes are naturally arranged in multilayer stacks with 
considerable degree of one-dimensional order in the direction vertical to the membrane 
planes. The diffraction pattern then consists of discrete Bragg-reflections spaced at 
integral multiples the reciprocal lamellar repeat distances. From the intensities of the 
reflections, structural information in terms of an electron density profile can be 
obtained. The majority of cell- and plasma membranes, however, does not exist in 
such stacked arrays but are obtained, upon isolation from the cells, in the form of 
large membrane vesicles. Artificial stacking can be obtained by centrifugal deposition 
onto a flat surface, a method which has been first applied with some success to 
erythrocyte membrane ghosts 11~ and subsequently to several other types of natural 
membranes as e.g. sarcoplasmic reticulum membranes from muscle 12,13), rat liver 
mitochondrial membranes 1~), and intestinal brush border membranes ~5) 

However, also completely unoriented specimens of membrane preparations give 
a diffraction pattern, in this case a diffuse, continuous one, which allows important 
structural conclusions. Wilkins et al. 16~ have first identified this pattern with scattering 
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caused by the electron density profile of the individual membranes. This approach 
lacks in resolution since the diffuse pattern fades out already at relatively small 
scattering angles, but has the advantage that no drastic measures for orientation and 
pelleting have to be applied. It is also an advantage that the membranes are freely 
accessible to solvent, which allows structural changes upon specific reactions to be 
studied without preparative complications. 

An alternative strategy, most widely used in membrane biophysics, is the study of 
isolated membrane components. A wealth of information has been obtained from 
X-ray diffraction on pure lipids either unhydrated or in aqueous environment, 
notably by the group of Luzzati and colleagues (for his own account of this work, see 
Refs. 17. ts)). This approach still continues to provide important basic insight into the 
thermotropic and lyotropic mesomorphism of biologically important lipids, an area 
of highest actual research activities. This domain begins also to be conquered by 
classical X-ray crystallography as is demonstrated by several examples of phos- 
pholipids for which the crystal structure has been analyzed to atomic resolution (for 
a review, see Ref. 19)). 

More difficult, but also.promising to be honoured with success proves the isolation 
of pure, integral membrane proteins and their structure analysis by diffraction 
techniques. One avenue is given by defined solubilization with detergents and the 
evaluation of the small-angle (particle) scattering pattern from dilute solution (for 
reviews on this method, see Refs. 20) and 21)). This has so far been attempted with 
bovine rhodopsin, the major protein component of  retinal rod outer sement mem- 
branes 22,23), with the Ca2÷-dependent ATPase from sarcoplasmic reticulum z4) 
and with the Na/K-ATPase of plasma membranes 25). These studies have provided, for 
the first time, unambiguous data for the molecular shape and dimensions of two inte- 
gral proteins. The other possibility, i.e. crystal structure analysis of membrane 
proteins has recently been successfully verified with the reaction center complex of 
photosystem II in chloroplast membranes 26) 

2 Special Tasks for Synchrotron Radiation 

In the context of this review it is necessary to evaluate specifically those problems of 
membrane structure research which carry an essential requirement for the character- 
istics of synchrotron radiation. In other words, what problems are there which cannot, 
or only with great difficulty, be solved with the much cheaper facilities of an ordinary 
X-ray diffraction laboratory? 

The most obvious and also most demanding task which tries to capitalize on the 
enomaous X-ray intensity of synchrotron radiation is the cinematographic, time- 
resolved analysis of structural changes associated with membrane-specific processes. 
With conventional X-ray sources, even considering high-power rotating anodes, the 
exposure times for obtaining a standard quality diffraction pattern from a stacked 
membrane sample do normally not reach below the order of minutes, which is too slow 
for enzymatic processes under biologically meaningful conditions. Synchrotron 
radiation, by present standards of performance, provides a gain factor of about 
103-104 in useful intensity, and, therefore, the exposure times could theoretically reach 
the ms-range, a time-domain which becomes already very interesting biologically, 
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thus bridging the present gap between the static, time-average structure information 
from conventional X-ray diffraction and spectroscopic methods, which are extensively 
used in this field, with their much faster time scale but often restricted information 
content. 

One example, which demonstrates the feasibility of this approach, is a time- 
resolved study on sarcoplasmic reticulum membranes during active transport; 
this will be reviewed in some detail in the following paragraphs. Other important 
applications are the studies on the kinetics of lipid phase transitions, where only 
optical turbidity methods and certain spectroscopic relaxation techniques are able to 
provide useful information on the rates, however not on the actual structural 
processes and possible intermediates. 

Another type of application for synchrotron radiation is based upon the possibility 
to continuously vary the wave-length and perform diffraction experiments close to the 
absorption edge of a specific element. This approach, termed "anomalous dispersion" 
or "resonant scattering" is in principle well suited to obtain spatial information on 
certain groups of  atoms within a membrane assembly, notably bound metal ions, but 
has so far not found broader use in this field. For a review on this technique, see the 
chapter by Stuhrmann in this volume. 

3 O u t l i n e  of the T h e o r y  

The essentially lamellar nature of membranes bears certain theoretical aspects which 
are not explicitly stated in general treatments of diffraction analysis. Therefore, a 
brief recollection of the theory is warranted. 

As indicated in the introduction, both the diffuse scattering from individual, 
randomly oriented membranes and the discrete diffration from ordered stacks of 
many membranes have to be considered. Conceptually, this involves the theories of 
diffuse scattering as well as crystallographic aspects• From an experimental point of 
view, it has become customary to distinguish between low-angle and wide-angle 
diffraction, since quite different instrumental requirements exist for these two 
domains• The low-angle domain extends from several hundred .~ to about 10 A~ (with 
a wave-length of I•5 A. this corresponds to diffraction angles 20 between about 
10 minutes and 10 degrees); within these limits lies normally the resolution (i.e. 
the Bragg's spacing at the highest angle where diffraction is observed), of data 
pertaining to the electron density profile vertical to the membrane plane, although in 
come cases of very well-ordered specimens better resolution has been achieved• The 
wide-angle domain is centered around the 4 A. region (angles of about 22 degrees), 
where discrete reflections arising from an ordered lateral packing of the lipid hydro- 
carbon chains is often observed. 

The following symbols will be used in this section: 

~. wavelength of  X-rays ; 
20 angle between incident and diffracted beam; 

4re . 
h-=--~-sin 0 angular argument; in the literature one frequently finds also the 

notation by s, which corresponds to the reciprocal Bragg's spacing 
and is related to h by: h = 2re • s; 
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n 

I(h) 
F(h) 
r 
Q(r) 
y(x) 

order of  reflection (=  O, 1, 2 .... ); 
diffracted iiatensity at h; 
structure factor or amplitude at h; 
real space distance of a volume element from an arbitrary origin ; 
electron density distribution relative to the solvent electron density; 
autocorrelation function of Q(r) ; 

For comprehensive treatments of diffraction theory and experimentation, the 
reader is referred to monographs (Refs. 27, 28)). 

3.1 Small-Angle Scattering from Unoriented Membranes 

A random assembly of infinitely thin planes would give a diffuse scattering pattern, 
which is isotropic around the primary beam position in the plane of registration and 
which decays with the square of the scattering angle 29, 30) according to 

I(h) = h -2 (1) 

This term is often called "'Lorentz factor of the plane", in analogy to a geometrical 
correction made in crystallography. For thin leaflets with finite thickness, the total 
scattering intensity is given by 

I(h) = It(h ) • h -2 (2) 

where It(h ) is the scattering of the electron density profile along a line perpendicular 
to the plane, often called "thickness factor" or, in parts.of the membrane literature 
(c.f. Ref. 4) and references therein), the "corrected intensity". For a membrane with 
no regular structure over its surface, or with motional averaging in the membrane 
plane (a condition which is met in many cases), this thickness factor contains all the 
available structural information and is obtained by multiplying the measured 
intensity I(h) with h z. 

The corresponding structure factors (amplitudes) of the lamellae are, therefore, 
calculated from the observed intensities according to 

IFt(h)I = / I t (h  ) = h" l / ~  (3) 

These are related to the electron density distribution across the membrane by the 
Fourier transform pair 

and 

F,(h) = c 1 f°Q(r) exp (-ihr) dr (4a) 
0 

¢o 

Q(r) = cz f Ft(h) exp (- ihr)  dh (4b) 
0 

where c 1 and c 2 are normalization factors, which are omitted in the following for 
brevity. 
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If  a center of  symmetry is present, i.e. Q(r) = Q(--r), which is frequently the case with 
bilayers (at least at low resolution), the phase factor exp (--ihr) reduces to the 
symmetric cosine term, by omitting the sine term in the identity 

oo oo co 

f ~o(r) • exp (- ihr)  dr = f Q(r) - cos (hr) dr - i • j" Q(r) sin (hr) dr 
0 0 0 

The sine transform becomes zero in this case since the sine function is antisymmetric. 
Therefore, one can write the Fourier transforms in the simpler cosine forms 

oo 

• Ft(h) = S Q(r) cos (hr) dr (5a) 
0 

and 

oo 

Q(r) = f Ft(h ) cos (hr) dh (5 b) 
0 

Equation 5b would allow the straightforward evaluation of  the desired electron 
density profile Q(r), were it not for the complication of  the a priori unknown signs of 
the structure factors F (h) which are only known in their absolute magnitude from the 
experiment (see Eq. 3). This is the wellknown phase problem. In the centrosymmetrical 
case the problem of  finding the phase angle o~ reduces to the choice between a plus or 
minus for Ft(h ) since only the real (cosine) part of  the structure factor is non-zero, 
according to 

Ft(h) = tFt(h)l cos ~ - -  i • IF~(h)[ sin o~ 

and sin ~ -- 0, so that ~ -- 0, n, 2n ... 
An additional constraint is given by the fact that the signs can only change when the 

amplitude, and hence the intensity, goes through zero. The sign and magnitude of  Ft(h ) 
at h = 0 is determined by the net electron density contrast between the membrane and 
the solvent, since at zero angle all diffracted waves are in phase and, therefore 
(from Eq. 5 a) 

F(o) = J" Q(r) dr (5 c) 

Even with these constraints there remain 2 m- 1 possibilities to be chosen from, with m 
being the number o f  maxima in the corrected intensity curve. 

With three or four maxima usually observable in the low-angle region (Fig. 1) this 
leaves between four and eight choices. Chemical knowledge on the possibility or 
impossibility of  a given result often allows to further reduce this ambiguity. In 
particular the sign of  the second, strong maximum has drastic effects on the result, 
so that a reasonable selection can be made in many cases. 

For  asymmetric Q(r) profiles, which neither show zeros nor have simple periodicities 
in Ft(h ), this approach is not applicable. In this case the only source of  information is 
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Fig. l a-d. Small-angle scattering from a dilute, random dispersion of membranes (vesicles). 
a: corrected intensities or thickness factor obtained from the experimental intensity distribution 
I(h) by multiplication with h 2. b: Structure factor (amplitude function) with arbitrarily chosen signs 
( +,-- ,  +,--,). c: Autocorrelation function of the electron density O(x) profile across the membrane ob- 
tained by cosine transformation of It(h ) (Eq. 5a); the insert shows the profile obtained by de- 
convolution, d: Centrosymmetric electron density profile obtained by cosine transformation 
(Eq. 5b) of F,(h). From a study on lipoprotein X, an assembly of unilamellar vesicles (Ref. 84, 
with permission) 

the autocorrelation function 7,(x), frequently also termed Q(x), which is obtained by 
Fourier transformation of  the thickness factor It(h) according to 

7(x) = ~o It(h) . cos hr dh (6) 
0 

This autocorrelation function is the convolution product  (symbolized by *) of  Q(r) 
and is defined by 

y(x) = Q(r) * Q(-r) = 2 ~ Q(r) - o(r - x) dr (7) 
- 0  

It is a symmetric function and has its maximum at the origin, and determines the 
probability o f  finding an excess electron at a distance of  x along a line perpendicular 
to the membrane plane, starting from any arbitrary origin within the membrane. 
One important  piece of  information can be directly obtained from 7(x) : the membrane 
thickness, from the point where 7(x) -~ 0. A further, unambiguous analysis is generally 
not possible, however, the 7(x) function is often better suited for trial-and-error 
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modeling of structures than the intensity distribution itself since it is accessible to 
real-space imagination. 

An important advantage of the autocorrelation function lies in the possibility of 
deconvolution which can lead to a unique solution, if the electron density profile is 
centrosymmetric 31). Despite stringent requirements on the precision of th~ data to be 
analyzed this method in principle overcomes the phase problem. Special methods for 
this deconvolution have been developed by several authors 32-3,*) however most of 
them suffer from the fact that they are reliable only with exact input data and do not 
take account statistical errors. This has been overcome in more recently developed, 
numerical methods 35, 36) which allow for all systematic and statistical errors. 

Completely different methods, involving the analytical expansion of the thickness 
factor I,(h) in the complex plane, have been proposed independently by King 37) and 
Mitsui 38). These methods, too, can lead to unique solutions for Q(r). 

3.2 Small-Angle Diffraction from Stacked Membranes 

The diffraction pattern of stacked membranes typically consists of a number (up to a 
dozen or more) regularly spaced sharp reflections, which can be indexed as the 
integral orders of Bragg diffraction lines from a one-dimensional crystal with the 
lattice periodicity along the stacking axis. 

A useful quantity to be evaluated without further assumptions in the lamellar 
repeat distance d, which follows directly from Bragg's law 

n . ~  
d - -  (8 )  

2 sin 0 

In cases where the single membrane and the adjacent water layer form the repeating 
unit, the membrane thickness d ,  can be estimated from the knowledge of the weight 
fraction of water, f ,  and the respective partial specific volumes of water and 
membrane, 7 ,  and V w, according to 

Vm(1 --  f )  (9) 
din= d ' V w . f  + V m ( 1 - - f )  

Furthermore, if the membrane can be assumed to be a lipid bilayer, the molecular 
surface can be calculated by the formula 

2V m ' M  1024 (10) 
S ~ - -  " 

d m • N L 

where M and N L a r e  the molecular weight and Loschmidt's number, respectively. It 
should be noted, however, that these are but crude estimations since they imply the 
assumption that membrane and water are separated by a discrete border plane 
which, of course, is unrealistic. 

A more detailed analysis follows the evaluation of the intensities of the Bragg 
reflections. Similarly to the continuous scattering from single membranes, the 
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intensities have first to be multiplied by the Lorentz factor, which for small angles 
is proportional to n;. Generally, the structure factor is given by 

IF I = sin 20 " ~ .  (11) 

The structure factors are related to the electron density distribution of the unit cell 
in the stacking direction. A necessary condition for the analysis of such a system 
is the existence of centrosymmetric units: this can either originate from centro- 
symmetrical membranes, in which case the unit cell consists of  the single membrane 
electron density profile plus two halves of  the intermembrane water space; alternative- 
ly, a centrosymmetrical unit cell may arise from flattened vesicles so that each pair 
of  adjacent membranes is arranged in mutual mirror-symmetry (Fig. 2). 

The relation to the electron density distribution, o(r), of the unit cell is given by the 
Fourier series, rather than a transform as in Eq. 5b, 

~(r) = 22 F cos (2nnr/d) (12) 
i1 n 

The electron density profile is, therefore, represented by the sum of cosine functions 
with their individual amplitudes given by the structure factors. Since the higher order 
reflections lead to smaller wave-lengths of the cosine functions, the resolution of 
details in Q(r) increases as more of the higher orders are included in the sum. Again 
the resolution is determined by the Bragg's value of the highest order reflection. As 

Phospholipid 

CENTRIFUGAL PELLETTING 

~MEMBRANE STACK 
projection 

r 
stacking 
axis 

Fig. 2. Schematic representation 
of the centrosymmetric unit cell 
and its electron density distribu- 
tion, obtained by stacking of 
asymmetric membrane vesicles 
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stated in Eq. 5c the first term F(o ) in Eq. 12 is given by the mean value of o(r) 
relative, to the solvent background. 

The main problem is solving the Fourier series in Eq. 12 is again the indeterminany 
of the signs of F ,  i.e. the phase problem. An important aid to the correct assignment 
can be obtained from the continuous structure factors F t determined from experiments 
with random, unstacked samples provided, of course, that the membrane structures 
are the same in both cases. This has been discussed in detail recently by Blaurock 4) 
Many other methods have been described in the literature, most of them, however, have 
to rely on trial-and-error searches involving information from other sources 1,3) 

Another approach which also leads to the corttinuous structure factors of the 
membrane uses the fact that the regular stacking periodicity can be changed by 
varying the water content between the membranes. The structure factors from a series 
of swelling states should fall on the continuous Ft(h) curve of the single membrane, 
and therefore the latter function can be found and, in particular, the zeros 
identified where phase changes should occur. An example for this approach is shown 
in Fig. 3. This swelling method relies on the assumption, that the membrane structure 
does not change with varying hydration. Discontinuous changes can be excluded 
directly from the diffraction data if, after proper scaling by the condition 

Z It(n ) = d / d m i  n (13) 

where d=i" is the minimum spacing in the swelling series 39), the intensities fall on a 

smooth curve. 
Continuous structural changes can also be detected if the data points for the 

individual reflection orders fall on smooth lines, but these lines cannot be inter- 
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Fig. 3. Approach to the continuous structure factor of a membrane obtained by plotting the 
properly scaled discrete amplitude values of a membrane stack at different degrees of swelling. (From 
Ref. 41, with permission) 
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polated by one continuous function. The problem of possible structural changes may be 
seen as a weakness of the swelling approach but, nevertheless, the method continues 
to find use in this field. 

There exist also methods which do not require a whole series of swelling 
experiments to evaluate the continuous structure factors. Shannon's sampling theorem 
from information theory 4o, 41~ implies that only two sets of discrete structure factors 
are sufficient. More specifically, this theory states that the complete continuous 
structure factor F(s) can be reconstructed by Fourier interpolation from just one 
set of  observed F n 

.& sin [~(sd n)] 
F(s) = ~ F, (14) 

- .  rc(sd - n) 

with the chosen signs of F,. Only the correct combination of signs for two inde- 
pendent sets of data (with different d) will lead to the same continuous transform. 
However, it has to be kept in mind that, again, this implies that the structure is the 
same in the two swelling states. Furthermore, the method is critically affected also 
by termination effects and by the precision of the data. In practice, therefore, the use 
of more than only two data sets is recommended. 

The heavy atom labeling method (isomorphous exchange) which is a standard 
procedure for phase determination in protein crystal structure analysis has found 
relatively limited use in this field. This is due to the fact, that generally the data from 
membranes are of lower resolution, which means that the data are insufficient to 
specify the position of a single atom. Nevertheless, it has been shown that in 
favourable cas& where good resolution can be achieved, the benefits of heavy atom 
labeling could be verified even leading to electron density information on an absolute 
scale. This was first demonstrated on the important membrane model system di- 
myristoyllecithin:cholesterol, with iodine or bromine bound to cholesterol in 
position C-26 42) 

In analogy to the Fourier transformation of  the continuous intensity pattern 
leading to the autocorrelation function 7(x) (see Eq. 6 and 7), the intensities of the 
discrete reflections from stacked samples can be used to construct a Fourer series 
according to 

P(x) = E It(n/d) cos (2xnx/d) (15) 

where P(x) is the one-dimensional Patterson function. However, the interpretation is 
less straightforward than that ofT(x), since P(x) is in fact the latter convoluted with the 
lattice function (which ideally is a series of  delta functions spaced at regular distances d, 
the unit cell size). This can lead to an overlap between neighboring autocorrelation 
functions sampled at the lattice points d, 2d, 3d, etc., unless d can be made larger than 
twice the membrane thickness by swelling (see Fig. 4). It was also suggested that the 
7(x) function can be extracted if the lattice function is not well developed, for instance 
by keeping the n-umber of repeat units small within any one stack 4a). This approach, 
however, seems not really productive, since it counteracts the purpose of forming 
large regular stacks, i.e. to achieve high resolution. Moody ~ has suggested an 
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Fig. 4a-d. Scheme of diffraction patterns and Fourier transforms arising from a lamellar stack 
with centrosymmetrical unit cell. (a) The discrete maxima at the reciprocal spacings s = n/d sample 
the continuous scattering function of one lamella, which would be observed without stacking 
(dotted line). (b) The structure factor or amplitude function. (e) The Patterson function obtained by 
Fourier transformation ofI (s). (d) The electron density profile obtained by Fourier transformation of 
Ft(s ). Adapted from Ref. 3, with permission 

alternative method to obtain 7(x) from P(x), but again this either requires the measure- 
ment of  a swelling series, or is of  low resolution. 

Finally, a note on disorder of  the membrane stacks and on attempts to correct 
for it in the analysis of  diffraction data. Generally, two kinds of  disorder are being 
discussed in crystal structure: Disorder of  the first kind refers to displacements of  the 
structural elements (for example the one-dimensional unit cell of  a membrane stack) 
from the ideal positions prescribed by the periodic lattice. The effect on the 
diffraction pattern is indistinguishable from that of  thermal vibrations and may, 
therefore, be expressed as a Debye-Waller temperature factor so that the structure 
factor, expressed as a cosine series, includes a Gaussian term, according to 

F n = E. bj cos (2rmrjd) -exp (--nZB/4d 2) (16) 
J 

where bj is the scattering amplitude o f  the a tom at coordinate rj, and B is the exponent 
in the temperature factor adjusted to get agreement with the intensities o f  the 
observed reflections. Disorder o f  the first kind is often referred to frozen-in 
thermal displacements. This type of  disorder leads to a progressive decay in the in- 
tensities o f  a series of  reflections but not to broadening. 

Disorder of  the second kind, originally characterized by Zernike and Prins 45) and 
by Kratky 46~ in the discussion of  the structure of  liquids, refers to a situation, 
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Fig. 5a--c. Diffraction patterns of lamellar stacks with perfect stacking order (a), with disorder of the 
first kind (b), and disorder of the second kind (e). For details of the model parameters, see Ref. 4. 
(From Ref. 4, with permission) 

where each lattice point (or the width of the unit cell) varies only in relation to its nearest 
neighbors rather than to an ideally periodic lattice. Thus the absolute magnitudes of 
the displacements from an ideally periodic lattice increase with the square root of the 
distance. The effect of this type of disorder is both diminuition and broadening of the 
reflections. The two types of effects are shown tbr the case of point-scatters in 
Fig. 5. 

The significance of disorder has been largely neglected in membrane studies. 
Worthington, in a recent work 47) has taken up again this problem and proposed a 
solution based upon quantitative analysis of the line broadening 47). It is necessary 
to observe, however, that such an analysis has also to take into account all kinds of 
instrumental broadening as it may arise from finite beam geometry and departures 
from monochromasy 4,48). 

3.3 Wide-Angle Diffraction 

In most cases, the wide-angle diffraction pattern of membranes or phospholipid model 
systems shows more or less well-defined peaks which relate to the mutual packing 

186 



X-Ray Studies on Biological Membranes Using Synchrotron Radiation 

of the hydrocarbon chains, for instance within the bilayer. In samples of biological 
membranes, where the lipids are in a "fluid" state, this signal is broad and diffuse, 
centered around 4.5 A -1. Sharper peaks are observed with lipids below the gel-to- 
liquid-crystal transition, often around 4.0-4.2 A - l ;  there, the peak positions can 
be used to infer the crystallographic subcell dimensions and the mutual positions of 
the chains 49, 50). In cases where the long chain axes are positioned within a defined 
lattice, but the chains are still free to rotate about this axis, hexagonal packing is fre- 
quently observed, and the nearest neighbor distance a can be readily calculated 

from the diffraction spacing s, according to a = s - (2/1/~). 
Of course, if only one single diffraction maximum is observed, a strict assignment of 

a certain lattice type cannot be made. The assignment of triclinic, ortho- 
rhombic, monoclinic or hexagonal lattices, as they are frequently found in 
lipids, requires the indexing of several reflections, which in practice, however, are 
often rather obscure. The analysis can be aided considerably by the comparison to 
the diffraction from single crystals 51) 

4 Results Obtained with Synchrotron Radiation 

Most of the diffraction work with synchrotron on membranes done up to now 
can be grouped into one of the following two categories: Firstly, studies on 
thermotropic phase transitions of phospholipid model systems. These investigations 
are aimed at the kinetics and structural mechanisms of the transitions, and are 
beginning to close the gap between the wealth of existing data from spectroscopic 
techniques, with their inherent time resolution and the detailed structural data from 
static X-ray diffraction. 

The second domain, where significant progress has been achieved is that of 
time-resolved studies on membrane processes during active transport. So far this 
type of studies has been restricted to the calcium transport system ofsarcoplasmic reti- 
culum membranes, but the work shows the great potential of  such studies also for 
other functional membrane species, and shall, therefore, be reviewed here in some 
detail. 

4.1 Phospholipid Phase Transitions 

Of the large number of phospholipid phases that have been identified under 
different environmental conditions (i.e. type of phospholipid, degree of hydration, 
temperature, pH, ionic strength) there are three major types of phases which are most 
relevant to "physiological" conditions. A schematic representation of the structures 
in these phases is given in Fig. 6. According to their symmetries they are called 
"lamellar" (L), "hexagonal" (H) and "cubic" (C) phases (for general reviews on 
lipid polymorphism, see Refs. S2'53)). Lamellar phases, furthermore, show an 
important thermotropism between gel and liquid-crystalline forms, commonly denoted 
by the subscripts 13 and c~. So far, only the lamellar [3 ~ ~ transitions, with the so- 
called pretransition preceding .the main transitions, and the transition between 
lamellar and hexagonal phases L ~ H have been studied by time-resolved diffraction 
methods. 
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Fig. 6. Schematic depiction of various thermotropic phospholipid phases 

4.1.1 Temperature-Jump Studies 

Since the aforementioned transitions can be most easily effected by temperature 
changes, practically all time-resolved studies in, this field have so far been performed 
by using different T-jump techniques. The limiting factor in the time-resolution has 
been the time required to heat (or cool) the sample through the transition. Apart 
from the specific heat conductivity of the sample and the latent heat of transitions, 
this depends on the geometry of the sample cell and of the irradiated volume. Further- 
more it depends on the rate by which the temperature of the heating (or cooling) 
elements in contact with the sample can be changed and on the heat conductivities 
of the materials involved. For cylindrical capillaries heated by air flow (the method 
used in Caffrey's studies; for details, see Ref. s¢)), the characteristic times can be 
calculated 6m. It was shown that the relevant time limits are, for this arrangement, 
approximately 0.8 s for an L~ ~ L transition, and 0.5 s for the L ---, H n transition. 
With other sample geometries, and heating media not homogeneously surrounding the 
sample, the calculation becomes difficult so that direct measurement of the sample 
temperature in the vicinity of the X-ray beam has to be performed which, however, 
is also affected by errors due to the finite response times of temperature sensors. 
Owing to the unavoidable temperature gradient across the irradiated sample, 
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the time resolution of such experiments can hardly be pushed below about 0.5 s, 
with todays instrumentation. In view of the fact that the primary intensities and 
detectors now available are sufficiently powerful to perform measurements with good 
statistics within the order of one millisecond, it is clear that future efforts in T-jump 
cell design will determine progress in this field. Alternatively, pressure jump or rapid 
mixing methods may become important as trigger methods for the transitions. 

4.1.1.1 Lamellar Phase Transitions of Phospholipid Multilayer Dispersions 

Fully hydrated samples of dipalmitoylphosphatidylcholine (DPPC, 1,2-Dipalmitoyl- 
sn-glycero-3-phosphocholine), the lipid used in the first studies with synchrotron 
radition 54, 55) show a series of three well-defined transitions in the temperature range 
between 15 and 45 °C which are termed sub- (around 17 °C), pre- (around 33 °C) 
and main transition (41,4 °C): for a detailed investigation of the static X-ray 
diffraction behaviour of this system, see Refs. 56, 57). The underlying structures are 
schematically depicted in Figure 6a. The transition parameters, temperature and 
enthalpies, are constant only above a limiting value of full hydration (25 moles HzO 
per mot DPPC, i.e. approximately 38 weight- ~o H20), and are sensitive also to the ionic 
environment. 

Although the equilibrium properties of these transitions have been extensively 
studied and are well documented relatively little information is available on kinetic 
and mechanistic aspects and the data appear to depend both on the nature of  the 
experiment (among the methods used are T-jump, p-jump, dielectric relaxation, 
ultrasonic relaxation) and the detection method (e.g. turbidity, label fluorescence). 
For the main transition, characteristic time constants between 1 ms and 1 s have gene- 
rally been reported 58,59) and were assigned to a sequence of  events from fast, 
noncooperative motional changes of individual molecules to much slower cooperative 
processes, such as nucleation, growth and fusion of clusters, and changes in solva- 
tion. Both the pre- and the subtransition of DPPC are much slower and show a strong 
hysteresis. Their transition half-times are generally strongly temperature dependent 
and vary from minutes to many hours within a few degrees of the equilibrium 
transition temperature 60-62). Particularly in the cooling direction, the pretransition 
appears to proceed via metastable states 61). All these kinetic features call for a 
better analysis in terms of the structures involved, and this is certainly a potentially 
very fruitful area for time-resolved X-ray diffraction studies. 

A representative result of a time-resolved temperature jump experiment on a fully 
hydrated sample of DPPC is shown in Fig. 7a. The experiment was performed at 
DORIS II  (operating at 3.7 GeV, 4 bunch mode, 70 mA beam current) with the 
X-33 camera of the European Molecular Biology Laboratory, Hamburg Outstation, 
using a four-quadrant position sensitive detector 64~ at a sample-to-detector distance 
of 130 cm. Heating of the sample was performed by perfusing the brass sample 
holder with thermostat fluid through a 4-valve .servo-system 65j. The temperature 
jump was from 10 to 47 °C, of which the section between 30 and 47 ° is shown 
in the graph. Scattering patterns were recorded in time slices of 0.25 s. 

The first two orders of the lamellar lattice are clearly resolved throughout the 
experiment, arid in the low temperature L~ phase even the third order can be 
discovered above the noise. The peak intensities in the first order maxima are in 
the order of 10 4 counts. This demonstrates that the time resolution of such an 
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experiment could be extended into the millisecond region, considering merely the 
available intensities. 

Both the three-dimensional intensity plot and the contour plot show quite 
clearly that the two transition, the pretransition centered around 35 °C and the main 
transition at about 42 °, appear not isothermal under these conditions. For the 
intrinsically faster main transition the patterns indicate a half-width of about 2 s 
(or 3 °C) where the peaks of the P'~ and L phases coexist. This width is considerably 
larger than that expected from precise isothermal diffraction experiments 63) and is 
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Fig. 7a. Time-resolved small- 
angle diffraction from a multi- 
lamellar aqueous dispersion 
(eli * ~ 0.2) of dipalmitoyl-phos- 
phatidytcholine (DPPC) during a 
temperature-jump and -drop ex- 
periment. The respective temper- 
ature courses are shown in the 
inserts, b Contour-line plot of 
the intensities obtained in the 
heating-experiment, e Temper- 
ature-dependence of the recovery 
rates of the L' B phase, on the equi- 
libration temperature, upon cool- 
ing from 37 °C. (From Ref. 74, 
with permission) 

l imitat ion is caused to a large extent by the heat  conductivity of  the aqueous sample. 
in good agreement with theoretical estimates for the range o f  thermal variations 
throughout  the sample under these heating conditions.  Thus, the effective time resolu- 
tion o f  this experiment is equal to or  slightly less than 2 s, a ra ther  disappoint ing 
value if  compared  to the possibilities given by the intensities and the detector. This 
Quite similar experiences were made with an air-flow heating device as reported by 
Caffrey 54, 66)  

While the main transit ion occurs close to the expected temperature and is merely 
broadened,  the pretransit ion temperature (35 °C) lies by about  2 °C higher than the 
value found at slow heating rates 60, 6 t ,  6 7 ) .  This is a reflection of  the kinetic hindrance 
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of the pretransition involving the long-range rearrangement of a planar to a rippled 
bilayer structure so> in addition to changes in solvation 57> 

The most striking anomaly in the thermal transitions of DPPC, however, is the 
extremely slow reversibility of the pretransition. Upon heating through the pre- 
transition to 38 °, the first order peak of the P'~ phase develops to its final maximum 
within less than 15 minutes. However, in the reverse direction, the recovery of the 
ordered lamellar arrangement of the L'~ phase takes much longer. This rate is slow 
enough to be followed by time resolved experiments on a laboratory X-ray 
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generator. Figure 7c shows the dependence of the recovery rates on the final quenching 
temperature. The rates show a negative temperature coefficient such that they grow 
exponentially with the difference between quenching and equilibrium transition 
temperature (~33 °C) which indicates that the rates are governed by nucleation 
kinetics 68, 69). It is also possible that the reformation of a partly ordered hydration 
shell requires time and low temperatures. A complete, kinetic analysis, however, 
must include also the short-time limits of the process and will require a broad 
overlap in time-ranges between synchrotron and coventional X-ray techniques. 

4.1.1.2 b) Lamellar/Hexagonal Phase Transition 

The question of  intermediate structures around a phase transition has caught 
particular attention in the case of the lamellar-to-inverted hexagonal transition of 
ethanolamine phospholipids, since this involves a major topological change (see 
Fig. 6). Inverted micellar structures were proposed as intermediates on the basis of 
31p-NMR and electron microscopic results 70, ~x~, and also rationalized in a theoretical 
m e c h a n i s m  72,73). On the other hand, first results of time-resolved X-ray diffraction 
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Fig. 8a. Time-resolved small-angle diffraction from a dispersion of a hexagonal-phase forming lipid 
(l-hexadecyl-2-oleoyl-phosphatidylethanolamine, HOPE) in the presence of excess water (%p ~ 0.2), 
during a heating- and cooling experiment. The temperature course are shown in the inserts. 
b contour-line plots of the intensities. (From Ref. 74, with permission) 
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studies by Caffrey 66) were interpreted in terms of a triggered growth mechanism 
involving no appreciable amounts of intermediates. As these latter results are 
described in more detail in the chapter by Caffrey, we will concentrate here on the more 
recent results of our own 7,). 

Figure 8 shows a pair of heating and cooling scans of fully hydrated 1-hexadecyl-2- 
oleoyl-phosphatidylethanolamine (HOPE), in the presence of  excess water, between 
I0 and 69 °C. The experiment resolves very clearly the two lamellar phases L~ and L 
at low temperatures and the hexagonal phase at high temperatures. In the heating 
scan, the L~ --, L~ transition appears centered around 31 °C and is as sharp as can 
be expected for an isothermal transition under the conditions of an external heating 
experiment: the maximum range of coexistence is about 2 s, or 5 °C, reflecting 
again the limit of  time resolution given by the inhomogeneous sample temperature. 
Very notably, however, the lameltar-to-hexagonal transition is tess sharp and shows 
a broader range of phase coexistence: while the onset o fH n formation appears at 45 °C 
and coincides with the initial decay of the L phase, the latter coexists with growing 
amounts of hexagonal phase for more than 12 seconds. Allowing for an instrumental 
time-smearing of about 2 s leaves still about 10 s for coexistence, spanning the 
temperature range of 50-60 °C. According to the phase rule such a coexistence 
cannot be in equilibrium, with the given system of 2 components, 3 phases (excess 
water plus two lipid phases), and with (atmospheric) pressure freely chosen as one 
independent variable. 

The cooling behaviour is very similar: again the three phases appear within the 
time-scale of the experiment. The reciprocal decay and growth of H H and L phases, 
respectively, is similar to the heating experiment, and spans the same period of time 
(with similar heating and cooling rates). Notably, however, there appears a structural 
hysteresis : the inflection of the three Hu-maxima towards smaller angles during in the 
coexistence region is considerably more pronounced upon cooling. The last coexisting 
hexagonal structures have a first order spacing (the 10]0 reflection) of 73 ,~ while on 
heating, the respective value is 68 A. This indicates that the first cyclindrical tubes 
formed upon heating are smaller in diameter than the last ones that disappear upon 
cooling. 

The above example is only one out of a series of similar experiments with various 
lipid system showing the lamellar-hexagonal transition. In combination they allow 
a number of important conclusions regarding the mechanism and kinetics of this 
processes: 

1) The L ~ H I transition is a two-state process, i.e. it proceeds directly from one 
structure to the other. It neither involves detectable amounts of intermediates such 
as spherical micelles or other particles which would generate a broad continuous 
scattering background in the transition range, nor does it involve the loss of long 
range order before or within the transition. 

2) The process is readily reversible, with a minor but noticeable hysteresis in the 
limiting lattice parameters. 

3) L and H n phases coexist over relatively broad temperature intervals, both i n  
heating and cooling scans, with a third phase of excess water. This indicates that 
equilibration is slower than the time constant in such experiments, which is 
approximately 2 s. 
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It  should  be noted  that  the t rans i t ion  rates are expected to be temperature  dependent .  
Therefore it is no t  surprising that  shorter t rans i t ion  times have been observed with 
faster heat ing and  cool ing rates as used e. g. in the work of  Caffrey 66) and  R anck  
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Fig. 9. Time-resolved small-angle diffraction from a mixture of 1-palmitoyl-2-oleoyl-phosphatidyl- 
choline and 1-hexadecyl-2-oleoyl-phosphatidylethanolamine. Two minutes after mixing of the 
aqueous dispersions (c]~p ~ 0.2) the temperature was raised from 10 to 70 °C, where the latter lipid 
species forms a hexagonal H a phase, while the former stays lamellar. Fusion of the two phases and 
reformation of a lamellar phase is evident from the decay of the hexagonal 1120 reflection. (From 
Ref. 74, with permission) 
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et al. 75). Furthermore, in natural lipid mixtures, which have to be considered as 
multi-component systems, coexistence between lamellar and H u phases can obviously 
be an equilibrium phenomenon over wide temperature spans. In the light of the 
results obtained with pure tipids, this is probably the situation given in phosphatidyl- 
ethanolamine from egg yolk which we previously interpreted as a single-lipid-phase 
system 5s~ 

4.1.1.3 Fusion of Lipid Phases 

Fusion of membranes is a very important biological event which, in its detailed 
mechanisms, is still poorly understood 76, 77). Also here, time-resolved X-ray diffrac- 
tion offers attractive possibilities. This shall be illustrated by the first study that has 
recently been undertaken in this direction 74~. 

If  two phospholipid species, one favouring lamellar structures and the other 
tending to form hexagonal phases are mixed, their two profoundly different X-ray 
small-angle diffraction patterns are very well suited to follow the ensuing changes 
with time, and thus to directly monitor the process of fusion. In particular the 

(1120) reflection of the hexagonal phase, appearing at a spacing of 1/~. s 1, where 
s 1 is the prominent (I0]-0) reflection, is well suited for this purpose, since it lies 
well separated from any lamellar phase reflections. In the experiment shown in 
Fig. 9 the system starts from two separate lamellar phases (at low temperature); 
heating through the L --* H transition of the ethanolamine lipid leads to a situation 
where the hexagonal phase (as clearly evident by the 1020 reflection) coexists 
with the lamellar L phase of the choline lipid. Fusion of the two phases proceeds 
with a half-time of about 3 minutes and leads to the expected lamellar phase of the 
equimolar mixture. 

The important conclusion to be drawn is that the process has a clear two-state 
character, i.e. the structures go directly from one into the other, without involving 
noticeabIe amounts of irregular intermediary structures: once the local concentration 
of the choline lipid exceeds a critical value, the entire domain transforms from a well- 
ordered hexagonal to the lamellar state, without loosing long-range order as 
evident from the relatively constant width of  the lamellar (002) reflection which is rather 
sensitive to lattice distortions. 

Clearly, this experiment demonstrates the high potential of synchrotron radiation 
studies in this important field of membrane biophysics, and a wealth of very relevant 
results can be expected from future improvements in the design of the experiments, 
particularly from isothermal rapid mixing experiments, where the time resolution can 
be enhanced probably by two orders of magnitude. 

4.2 Time-Resolved Diffraction Studies on Membranes 
During Active Transport Processes 

A very attractive candidate for structural studies on biological membrane are 
vesicles of sarcoplasmic reticulum from striated muscle. It is characterized by a high 
degree of homogeneity, both from the compositional and from the functional point 
of view 78,79): more than 90% of the total protein is constituted by the Ca 2+- 
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ATPase (MW 10 s) which is responsible for the active transport/ 'unction of  Ca 2 + ions 
across the membrane;  about 40 70 of  the total membrane dry mass is lipid, 
mainly phosphatidylcholine, in a typical bilayer arrangement, as has been confirmed 
by static X-ray small-angle diffraction o f  stacked vesicle preparations 12,13). 

By a combination of  X-ray and neutron scattering methods involving contrast 
matching techniques through selective deuteration, the separate profile structures of 
the lipid bilayer and the Ca2+-ATPase molecule within the membrane have been 
determined to low ( ~  10 A) resolution so). A representative diffraction pattern ob- 
tained with synchrotron radiation is shown in Fig. 10. 

The kinetics o f  Ca2÷-transport, as studied by spectrophotometric techniques, 
show a fast and a slow phase; the latter, lying in the range of  seconds, can be 
identified with the translocation of  Ca 2+ across the membrane 81). Synchronous 
triggering of  the ensemble of  Ca 2 +-ATPase molecules within a oriented multilayer 
of  membranes can be achieved by flash photolysis of  caged ATP 82). The time-scale 
of  the effective synchronization of  the ensemble depends on the duration of  the UV- 
light flash required to produce a sufficient quantity of  ATP and is ultimately 
limited to the millisecond range due to the kinetics of  the dark-reaction of  the 
photolytic process. 

The results o f  a typical time-resolved X-ray experiment on a stack of  sarcoplasmic 
reticulum membranes is shown in Fig. 11. In frame a, the intensity function o f  the 
lamellar stack obtained within 0.5 s before the UV flash, is shown; it displays the 
typical appearance of  the first four orders o f  the lamellar diffraction pattern with 
d ~ 200 A. Immediately after the 0.25 s photolysis flash, the intensity recorded 

h=l 

h=l h=3 h=/, h=7 

a 

h=t, 

b S - 

Fig. 10a and b. Small-angle diffraction pattern from an oriented, stacked sample of sarcoplasmic reti- 
culum vesicles, obtained in 1 s with synchrotron radiation at Stanford Synchrotron Radiation Labor- 
atory. The peaks correspond to the first seven orders of a lamellar diffraction pattern with a lattice 
periodicity of ~ 200 A and exhibit the significant effects of lattice disorder of the second kind. The 
intensity distribution in (b) was obtained by integration of the two-dimensional pattern (a) between the 
limits indicated in (a). (From Ref. 85, with permission) 
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Fig. 11 a-c. Left: Small-angle diffraction patterns of sarcoplasmic reticulum membranes before (a l) 
and immediately after flash photolysis (0.25-s UV flash) of caged ATP (bl) with a 0.5-s exposure; 
pattern (cl) shows the result of a 0.5-s exposure 1 min or more after the UV flash. 
Right: Refined step-function models (a2). The solid line corresponds" to the membrane profile 
before photolysis of caged ATP and the dashed line to that immediately after. (b2) The differences of the 
electron density levels in regions 1-4 of the two profiles shown in a; these differences correspond to 
the protein profile and indicate changes in protein structure upon phosphorylation of the ATPase. 
(From Ref. 85, with permission) 

over a per iod of  0.5 s shows significant differences in the relative intensities o f  the 
lamellar  diffraction orders h = 1, 3, 4, which reverse to the original s i tuat ion within 
about  1 rain. The analysis o f  the results indicates a redistr ibution of  electron densities 
within the unit cell while the mult i layer  lattice periodici ty stays constant.  The 
electron density profiles calculated from the da ta  by Four ier  analysis (see Chapt .  3.2) 
show this redistr ibution to involve about  8 ~o of  the mass of  the ATPase,  which is 
moved from the extravesicular surface to  the l ipid hydrocarbon  core and intravesicular 
surface regions of  the membrane profile within 0.2-0.5 s after triggering of  the Ca 2+ 
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Fig. 12 a--e. Schematical representation of 
the structural changes of the sarcoplasmic 
reticulum ATPase. (From Ref. 85, with 
permission) 

pump cycle (at 7-8 °C). In terms of a low resolution structural model this can be 
represented as shown in Fig. 12. 

The example of this study on a functional membrane system shows the present 
possibilities in this field. To those used to viewing biological systems at atomic 
resolution this may seem a rather modest progress, but this would be neglecting 
the inherent problems posed by the complex nature of membrane structure. In view 
of the numerous and largely hypothetical proposals for transport mechanisms from 
other physico-chemical and biochemical sources, however, results like those obtained 
on the Ca2+-ATPase system gain strong importance. 

An avenue which is of high potential for further progress seems to be the study 
of detergent-solubilized ATPase under different conditions resembling those of 
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individual, transient steps of the transport cycle. A crucial question for such studies 
is the time required for a single exposure to obtain a continuous small-angle 
scattering curve with sufficient precision to allow an analysis in terms of structural 
parameters, such as the radius of gyration. Preliminary experiments in that 
direction 83) have shown that a stopped-flow experiment with a 1% solution of ATPase 
can provide statistically significant results in the low-angle Guinier region within 
about 0.1 s. 

5 Concluding Remarks 

Membrane-associated processes, both in the lipid and protein domains, bear many 
kinetic aspects which require a cinematographic approach for their full, structural 
understanding. While spectroscopic data on many different natural and model 
membranes are plentiful, such is not the case with time-resolved X-ray data. This field, 
therefore, carries great prospects for synchrotron radiation studies. It was the aim 
of  this review to outline the specific problems posed by the very nature of 
biological membranes to  structure analysis, and the theoretical and present experi- 
mental feasibilities. The application of synchrotron radiation has entered this field only 
within the past four years, and therefore the available experience is still limited. 
Nevertheless, particularly in the field of  lipid polymorphism, the work published so 
far has already provided essential new results, and the continuing efforts promise to be 
of  central importance to an understanding of membrane functions such as fusion 
and transitory structures. Greater difficulties are involved, naturally, in the investiga- 
tion of functional, biological membranes, but also there the few approaches taken 
so far have shown that this will be not only a worthwhile but necessary area of 
future activities. 
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1 Introduction 

In  euka ryo t i c  o rganisms  the genetic processes  o f  D N A  repl ica t ion  and  R N A  

synthesis  a re  isolated by the nuc lear  enve lope  f r o m  t rans la t ion  which occurs  on  the 

r ibosomes  in the cytoplasm.  In the nucleus,  D N A  forms a c o m p a c t  comp lex  with 

var ious  proteins ,  known  as chromat in .  Pack ing  o f  ch roma t in  into the nucleus  is 
achieved th rough  several orders  o f  fo lding as i l lustrated schemat ica l ly  in Fig. 1. 

N u c l e ~  

/ ~ ~ ~  "- '~'\ E Chromosome 

~,E-~ ~ , . _ ~ / /  "-: o i  • -" -- - " 

e , ,  ? ~ 

30nmO g i ~  ~" e L2 0 o 
~= ~ w"~ ~11U L'~ ~J" t E'E-'~-~_.. Condensed section 

~J U I~ ~ otchromosome 

Looped dom'~in o ~ 

3Ohm chromatin fibre A 

3-D zigzag ~ 11 nm 

er  . , .  

! 
Nucleosome care particle 

Fig. 1. Hierarchy of chromatin folding: in the nucleus, during interphase, chromosomes are spread 
in a diffuse form and the nucleoli appear as dense structures. During metaphase chromosomes which 
consist of condenaed sections of chromatin are formed. Chromatin in interphase nuclei and in the 
condensed sections of chromosomes contains looped domains which are lbrmed by the 30 nm 
chromatin fibre. In vitro it is possible to further unfold the 30 nm fibre to a 3-D zig-zag structure reveal- 
ing the nucleosomes that consist of histone H 1, the core particle and the linker DNA 
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Changes occur in the chromatin folding pattern throughout the cell cycle. While 
during metaphase chromosomes form unique and compact structures, during inter- 
phase the chromosomal structure is reorganized and extended into a diffuse form. 
Although the degree of compaction of the latter is lower, it still allows the packing 
of the total length of DNA (about 1 m) into a nucleus of about 10 Ima in diameter. 
The volume of  one meter of D N A  fibre with a diameter of 2 nm would, however, 
occupy only about 0.6 ~o of the total nuclear volume, and DNA-binding proteins 
would represent another 1 ~ of the total nuclear volume. 

In the hierarchy of chromatin folding the largest structures are the chromosomes 
seen in metaphase cells. These are about 5 I~m in length and t400 nm in width 
and consist of condensed sections of chromatin which are 700 nm in thickness. 
The condensed sections, in turn, result from the compaction of looped domains 1) 
which are present in interphase nuclei as well. In the latter, chromatin is also 
organized in less compact regions which appear to be correlated with gene expression 
and DNA replication 2,3). The structure which folds to form the looped domains is 
known as the "30 nm chromatin fibre" and represents the lowest form of  folding 
that has been observed by electron microscopy in cell nuclei 4.5). In vitro at low 
ionic strength, the 30nm fibre further unfolds to give a "beads-on-a-string" 
appearance in electron micrographs 6, ~). The "beads" of the fibre (i.e. the nucleosome 
core particles) are connected by the linker DNA. 

1.1 The Nucleosome Core Particle 

Prolonged enzymatic digestion of chromatin gives the nucleosome core particle: 
about 146 base pairs (bp) of DNA coiled around a globular protein octamer 
consisting of two of each of the histones H2A, H2B, H3 and H4. The histones 
are relatively small basic proteins and are among the most conserved of all 
proteins 8,9. lo). This strongly suggests that the conserved regions are involved in 
specific interactions. Both the slightly lysine-rich histones H2A and H2B and the 
arginine-rich histones H3 and H4 are composed of two domains: the amino-terminal 
region where the net positive charge is clustered, and the globular carboxyl- 
terminal region, that is rich in the highly conserved hydrophobic residues. NMR 
studies indicate that these hydrophobic regions are involved in histone complex 
formation ix, 12) Enzymatic digestion experiments suggest that histones with amino 
terminal regions cleaved retain the structural elements necessary for protein-protein 
association as well as the ability to organize DNA into a nucleoprotein complex 
resembling chromatin core particles 13,14). The historic octamer aggregate, free of 
DNA, has been isolated in 2 M NaC1 from both cross-linked 15,16) and non-cross- 
linked chromatin 17, is). The radius of gyration of the histone octamer measured by 
neutron scattering is 3.0-3.3 nm 19, 2o). Burlingame et al. 21,22) have proposed a prolate 
ellipsoid with dimensions 11.0 x 7.0 x 6.5 nm 3 for the shape of the histone octamer in 
about 5 M ammonium sulfate on the basis of crystallographic data extending to 
0.33 nm resolution. 

The structure of the nucleosome core particle has been determined by X-ray 
crystallography at a resolution of 0.7 nm 23) and 1.5 nm 24) and by neutron 
diffraction in conjunction with contrast matching at 2.5 nm resolution 25): The core 
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particle can be described as a flat disc of  diameter about 11 nm and thickness 
5.7 nm, with 1.8 turns of DNA of pitch 2.8 nm coiled around the octamer. The 
X-ray crystallographic analysis 231 suggests that the right-handed B-DNA superhelix 
on the outside contains several sharp bends and makes several interactions with 
the histone core. The central turn of  superhelix and H3-H4 tetramer have dyad 
symmetry but the H2A and H2B dimers show deviations. 

1.2 The Nucleosome 

Mild enzymatic digestion of chromatin yields two types of particles: chromatosomes 
and nucleosomes. Chromatosomes are metastable particles consisting of 165 bp 
of DNA, the core histone octamer and the histone H1 26) The H1 histones, 
HI ,  H 1 o, H5 and their variants, constitute a group of lysine-rich proteins of which 
there are several different but closely related varieties. H1 is found in all cells 
except yeasts, H1 ° is found in high amounts in some quiescent cells and H5 is 
only found in avian erythrocytes 27, 28, 29) H 1 is evolutionarily the most variable class 
ofhistones. The basic amino and carbonyl termini constitute the highly variable regions 
whereas the globular central region has a conserved sequence 10) 

The nucleosomes 3o), the basic repeating units of chromatin structure, consist of 
about 150 bp of DNA, the core histone octamer, the histone H1 and a length of 
linker DNA usually in the range 30 to the 50 bp. The length of linker DNA 
is not only variable within one nucleus but is also species dependent 31) Chromatin in 
avian or amphibian erythrocyte nuclei has 210 bp nucleosomal repeat, whereas in 
nuclei of  yeast or neuronal cells the repeat is 163 bp 32,33,34,35) 

The radius of  gyration of the nucleosome is 4.0 to 4.5 nm as determined by neutron 
scattering 36.37, 38) and X-ray scattering 39). The model proposed for the nucleosome 
structure based on the histone octamer crystal structure 22) differs from that 
resulting from the crystal structure studies of  the nucleosome core particle 23). This 
controversy ~0,41,42,43) will be resolved when higher resolution structures become 
available. 

1.3 Higher Orders of Chromatin Folding 

Higher orders of  chromatin folding i.e., the modes of packing of nucleosomes, can 
be visualised by electron microscopy. These are the "beads-on-a-string" or the 
"10 nm nucleofilament", and the 30 nm diameter chromatin fibre 44,45,7,46). 

The "beads-on-a-string" appearance of nueleosomes in electron micrographs has 
been observed only at very low ionic strength or when the structure has been 
stretched out 47, 7, 46). In this form nucleosomes display a more or less regular zig-zag 
structure with linker DNA extending in between. 

Fairly uniform fibres or threads of  nucleosomes, "10 nm nucleofilament", have 
also been reported for the low ionic strength chromatin structure 44) 

In interphase nuclei, metaphase chromosomes or in solutions of  isolated 
chromatin fragments at ionic strength above 40 mM monovalent salt, the 30 nm fibre is 
observed. This structure is generally described as resulting from the condensation of 
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the "10 nm nucleofilament". Electron microscopy 7,46) and chemical cross-linking 
experiments 48'~9) indicate that histone H1 molecules are involved in the folding 
of nucleosomes into the 30 nm fibre. 

Comparison of the structure of intact chromatin with that of HI-depleted 
chromatin shows that the presence of H1 prevents unraveling of the DNA from 
the nucleosomes at very low ionic strength and in chromatin with H1, DNA 
enters and leaves the nucleosome on the same side. Based on these observations 
it is suggested that H1 is located at the site where D N A  enters and leaves the 
nucleosome. 

Arrays of  neighbouring H 1 molecules can be cross-linked with bis-imidoesters and 
as the ionic strength of the chromatin solution is increased from 0 to 20 mM NaC1 
and above, the largest product of  cross-linking changes from (H1)4 to (HI)6 
oligomers. The lack of any strong dependence of the H 1 cross-linking pattern on ionic 
strength has been interpreted in the framework of the solenoid model (for chromatin 
fibre structure) as an indication that the major H I - H  1 interactions are lateral i.e. the 
HI-H1 interactions would be stronger between the molecules in one turn of the 
solenoid than between successive turns. 

Enzymatic digestion and chromatin reconstitution experiments indicate that the 
globular domain of H 1 can interact with the core histones but the end domains of 
both HI  and the core histones are necessary for the correct positioning of 
H1 with respect to the nucleosome 50, 26, sl, 52) 

The exact location of the H1/H5 histories and the organization of linker DNA in 
the higher order structure of chromatin remain, however, unknown. 

Table 1 summarizes some of the techniques that have been used to investigate the 
higher order structure of  chromatin. There is substantial agreement that the 30 nm 
chromatin fibre has a structure with about 6 nucleosomes/ll nm and that the 
nucleosomes are arranged with their flat faces oriented approximately parallel to the 
fibre axis. There are, however, still significant differences between the models 
proposed for the detailed structure of  the chromatin fibre which will be discussed 
separately. 

Among various methods which can be used for structural investigations on 
chromatin X-ray diffraction and scattering play a central role. The resolution range 
(3 to 100 nm) of these methods makes it possible to obtain information about 
the chromatin structure at several levels: nucleosomes, chromatin fibre and whole 
nuclei, as well as about the changes in the higher order structure with ionic 
strength. In the following sections the use of  synchrotron X-ray solution scattering in 
studies of  chromatin folding will be presented and some recent results will be 
discussed in the context of the existing models of  the fibre structure. 

2 Methods 

The principle of a small angle X-ray scattering experiment using synchrotron 
radiation (SR) is illustrated in Fig. 2. The optical system selects X-rays with a 
wavelength of0.15 nm and a narrow band-width (AL/L) 5 • 10 -3. This beam is focused 
on the detector with an adequate cross section at the sample position. The 
incident beam intensity Io, which follows the slow decay of the current in the storage 
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Fig. 2. The layout of synchrotron XTray small angle scattering measurements. The optical system 
selects X-rays with a narrow band-width from the continous wavelength distribution of synchrotron 
radiation. Intensity of the primary,beam at the sample I o is monitored by an ion chamber. Ir is the trans- 
mitted beam, and, I(s), the scattered in:ensity is recorded with a position sensitive detector. 
Scattering patterns of fibres are presented as Log (sI(s)) vs s plots where s = 2 sin 0/~. is the 
scattering vector. 20 is the scattering angle and k is the wavelength. 

ring, is monitored using an ion chamber. I T is the intensity o f  the beam transmitted 
through the sample and IT = Io e-gt, where the factor e -m represents the absorbance 
of  a solution of  thickness t. I(s) is the scattered intensity which depends on the 
scattering vector s defined as s = 2 sin 0/L, where 20 is the scattering angle and ~, the 
wavelength. For  fibres, the scattering pattern is usually presented as log (sI(s)) vs 
s and within the range of  20 used, the approximations sin 0 = 0 and cos 0 = 1 are 
valid. 

Before the recorded patterns can be interpreted, background scattering is subtracted 
and they are normalised according to the following equation: 

e m FIx(s) I~s!7 
l(s) = ~ L Io Io / (1) 

where I ( s )  is the scattered intensity of  the sample solution and IB(s) is that of  the 
corresponding buffer solution. In experiments on chromatin the absorption of  the 
buffer and the sample solution is the same and can be neglected, however when one 
deals with concentrated salt solutions absorption factors need to be taken into account. 
D(s) refers to the detector response which is determined separately by exposing the 
detector to a homogeneous source of  radiation (usually a 55Fe source) and c is the 
concentration o f  the sample. 

2.1 Synchrotron Radiation 

The characteristics of  synchrotron radiation have been described in several books 
and reviews (e.g. 23)). 
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A light source is characterized by its spectral brilliance: 

number of photons/s 
B =  (2) 

(mrad) 2 (m~ 2) 0.1 ~ (A~,/~,) 

where (mrad) z refers to the horizontal and vertical divergence, i.e., to the solid angle of 
emission of a source of unit area, (mm) 2 to the horizontal (cr) and vertical (cry) 
source size and (A~,/~.) to the relative band-width. The high spectral brilliance of SR 
coupled with wavelength tunability,_illustrated in the insert in Fig. 2, and the pulsed 
time structure make storage rings a unique source for X-ray experiments. The 
good collimation of SR offers the possibility of using crystal monochromators and 
total reflection mirrors to achieve a high flux of monochromatic photons at the 
sample. 

The high flux compensates for the poor scattering power and the short life 
time of the biological samples. Since rapid experiments are possible, systematic 
investigations more akin to those say on a conventional spectrophotometer can be 
performed. High intensity also allows time-resolved studies of structural inter- 
mediates of systems in solution. 

The narrow band-width obtained with crystal monochromators allows the 
resolution of  bands in the solution scattering patterns which would not be possible 
with neutrons, where high fluxes can only be achieved by using a large bandpass 
( ~  ~ 0.08). 

2.2 Instrumentation and Data Acquisition 

The experiments on chromatin solutions were performed on the X33 camera in 
HASYLAB on the storage ring DORIS of  the Deutsches Elektronen Synchrotron 
(DESY) in Hamburg. The double focusing monochromator-mirror cameras and the 
detector and data acquisition systems developed for small angle scattering and 
diffraction experiments on biological samples using SR are discussed in various 
publications 54. 5s, 56, 57. ss, 59, 60) 

Data were recorded using a quadrant detector; a proportional gas chamber with 
delay line readout (Hendrix, Gabriel and Boulin, unpublished). 

The optical system of X33 yields a near point focus which dispenses with the need for 
correction for beam size, wavelength distribution etc. With various sample-detector 
distances the range of s-values from 0.01 nm -~ to 0.5 nm - t  can be covered, and 
studies of  higher order structures are thus possible. 

The thermostatized multicompartment sample cell used in the experiments is 
shown in Fig. 3. 

2.3 Biochemical Methods 

Most of the results given in the following sections were obtained using nuclei and 
chromatin fragments isolated from chicken erythrocytes (CE). Rat liver nuclei and 
chromatin, calf thymus and yeast nuclei were also used in some experiments for 
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Fig. 3. The thermostatized multicompartment cell used 
in chromatin experiments. Each compartment has a 
volume of 100 gl and a thickness of 1 ram. The windows 
of the cells consist of thin (25 Ixm) mica sheets. A 
compartment can be filled from the top using a syringe 
fitted with a hypodemic needle. Temperature is moni- 
tored by means of a sensor placed in the first 
compartment 

comparison. The preparation methods are 61,62,63) described in detail elsewhere. 
Briefly CE nuclei (at A260 = 100) in 150 mM NaC1, 10 mM Tris. HC1, 0.5 mM CaC12 
and 0.5 mM phenylmethylsulfonyl fluoride (PMSF), pH 7.5, were digested for 1 min 
at 37 °C with MicrococcaI Nuclease (15 Boehringer units/mg DNA). Digestion was 
terminated by adding ethylene diaminetetraacetic acid (EDTA) to 2 mM and 
cooling on ice. The nuclear pellet was washed once in the above digestion buffer 
without Ca 2 +, but supplemented with 1 mM EDTA. Washed nuclei were resuspended 
in 5 mM Tris. HCI, 1 mM EDTA and 0.5 mM PMSF, pH 7.5, (TE buffer) which 
facilitates the release of chromatin fragments. The fragment solution, clarified by a 
final centrifugation, was dialysed extensively against TE buffer and was used without 
further fractionation. Chromatin fragments had a length distribution of 50-150 
nucleosomes and the presence of the full historic complement was monitored by 
electrophoresis. Samples of nuclei and chromatin fragments refered to as nuclei- 
EDTA and chromatin-EDTA were kept in TE buffer. TE buffer or buffers below 
20 mM NaC1 are refered to as low ionic strength buffers and modifications in the 
ionic conditions are given when necessary. Chromatin concentration was determined 
by measuring the absorbance at 260 nm and a concentration of 1 mg chromatin/ml, 
or 0.52 mg DNA/ml corresponds to A26 o = 10.4. 

Radiation damage on chromatin samples was monitored and within the exposure 
times (typically 3 minutes per sample) no significant effect on the scattering pattern 
was observed. 

2.4 Theory and Data Interpretation 

Small angle X-ray scattering from a solution of macromolecules results from inhomo- 
geneities in the electron density due to the macromolecules dispersed in the uniform 
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electron density, Go, of the solvent. The scattering pattern of the system is thus 
determined by the excess electron density of the solute G(r) 

G(r) = (Op -- Go) Gc(r) q- Gs(r) 

= ~G¢(r) q- Gs(r) 
(3) 

Gp is the average electron density of the particle, and ~ is thus the average electron 
density of  the particle above the level of the solvent, i.e. the contrast. Go(r) is a 
dimensionless function which is independent of the contrast and has a value of 1 inside 
the boundaries of the particle and zero elsewhere. It thus describes the volume of the 
particle. Gs(r) is also independent of the contrast and describes the fluctuations of 
electron density inside the particle above and below its mean value Gp 64~ 

For a solution of chromatin G0 would represent the average electron density of 
the buffer, about 330 e/nm 3 for pure water, Gp would be the weighted average 
electron density of the DNA and the histones in the fibre and has a value of 
484 e/nm s for the nucleosome in pure water. Gc(r) depends on the shape of the fibre 
and Gs(r) represents the deviations from the average electron density of the fibre 
due to the presence of regions containing the linker DNA and the regions with the 
nucleosome core particles. Calculations show that the excess scattering mass of the 
linker DNA is about 7 • 1 0  3 electrons against 4 .104 electrons for the nucleosome. 
The features of  the scattering patterns at low angles are thus dominated by the 
contribution of  the nucleosome 62~ 

In ideal solutions all solute particles are (assumed to be) identical and randomly 
positioned and oriented in the solvent. The scattering pattern thus contains informa- 
tion only about the spherically averaged structure of the solute, which is described 
by a distance probability function, p(r). p(r) is the spherically averaged autocorrelation 
function of  G(r) and r2p(r) is the probability of finding a point inside the particle 
at a distance between r and r + dr from any other point inside the particle. 

As illustrated in Fig. 4 p(r) for a globular particle (e.g. a protein) has two main 
regions: 
a) A region of sharp fluctuations due to neighbouring atom pairs (0.I nm < r 

< 0.5 nm) and of damped oscillations corresponding to structural domains (e.g., 
s-helix in proteins) for which 0.5 nm < r < 1 nm. 

b) A smooth region corresponding to larger intramolecular vectors. Beyond a certain 
value of  r (r = Dmx), p(r) vanishes and all vectors correspond to the solvent. 
The scattering intensity and p(r) are related by a Hankel transformation: 

I(s) = 4n f rZp(r) sin__2nsr(2nsr) dr 14) 

0 

As a result, the scattering curve also contains two regions: a) a region at small 
angle containing mainly information about the long range organization of the 
particle (e.g., its shape); b) a large angle region where the internal structure of the 
particle, i.e., deviations from Qp, dominates. The specific features of the scattering 
pattern are determined by the symmetries of the particles, i.e. the fact that certain 
distances occur with greater frequency. This can be best understood when the 
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Fig. 4. Correspondance between the structural features and the scattering patterns of globular 
molecules. The distance distribution function p(r) contains information about neighbouring atoms, 
Region a, and structural domains, Region b. These regions appear in reversed order in the 
scattering patterns. The probability of finding a point inside the particle (r2p(r)) vanishes beyond 
the largest distance in the particle. The equation shows the transformation relating the distance 
distribution function and the scattered intensity 

structure is described in terms of spherical harmonics 6s). Experimental conditions 
however, impose limitations on the data evaluation since I(s) for very small angles 
can  only be obtained by extrapolation and the signal to noise ratio at large angles 
is poor. 

The scattered intensity is also obtained by Fourier transforming Eq. (3) and 
multiplying with the complex conjugate: 

I(s) = ~2Io(s) + ~Ics(s) + Is(s) (5) 

The three functions I(s), Is(S ) and I ( s )  are the basic scattering functions or the 
characteristic functions corresponding to the shape (I) ,  the internal structure (I) 
and the convolution of the two (Ic) 6+) 

At small angles a simplified form of  the Debye formula 667 for scattering from 
randomly oriented systems can be used to describe the scattering pattern because the 
absorption factors for the incident and the scattered beam are assumed to be the same 
and multiple scattering can be neglected. Then, 

sin (2rrrmnS) 
I(s) = ~ ~ f~(s) f.(s) (6) 

m n 2/l;rmnS 
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Where f~ is the form factor for the m th atom and the summations extend over all 
atoms (No). The rmn are the distances between pairs of atoms m and n. 

The simplest interpretation of the scattering curves for globular particles is based 
on the Guinier approximation 67). At very low angles, the scattering curve can be 
described by the following equation: 

I(s) = I(0) exp (--4n2Rg2s2/3) (7) 

I(0) is the extrapolated zero angle intensity and Rg is the radius of gyration of the 
particle. I(0) is proportional to the molecular weight of the particle. Thus, it can easily 
be seen that even small amounts of larger non-specific aggregates will strongly 
distort the scattering pattern at low angles. For particles which have nearly homogene- 
ous scattering density, i.e., in which Qs(r) can be neglected, interpretation usually 
proceeds using simple models in a best fit calculation. 

In the case of rod-like particles, fibres in solution, the plot log (sI(s)) vs s 2 is used 6s) 
The radius, of gyration of the cross-section (Rx) for the particle is obtained from the 
equation: 

sI(s) = I(0)~ exp (--4~R2s2/2) (8) 

and lim (sI(s)) is proportional to the mass per unit length (M/L). Since chromatin 
s~0 

solutions are polydisperse with respect to the length of the fragments but 
homogeneous as far as the cross sections are concerned the formula is readily 
applicable. 

The systems discussed so far were assumed to be dilute and the interparticle 
interactions were neglected. However, in concentrated systems the correlation in 
orientation of the particles cannot be neglected, e.g., the fibres are roughly parallel 
to each other with solvent gaps in between. The particles no longer scatter 
independently and the small angle scattering patterns display interference effects. 
The influence of a finite set of structural units whose orientations have a spread is 
observed as a decrease of the scattered intensity at the origin and the appearance of 
interference bands at higher angles 69, 70)° These features appear when, for instance, 
studying scattering by gels or intact nuclei. 

3 Small Angle Scattering Patterns of Chromatin 

3.1 Scattering Patterns from Cell Nuclei 

The 30 nm chromatin fibre in intact nuclei of several types of cells has been 
investigated by small angle scattering 61,62, 71,72, 73.74). The results which help to gain 
an insight into the packing of chromatin in vivo can be used for comparison 
with the patterns of isolated chromatin fibres in solution. Features of the scattering 
patterns of  CE nuclei-EDTA (a) and nuclei in TE buffer with I00 mM NaC1 (b) are 
illustrated in Fig. 5. 
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Fig. 5. Scattering patterns of CE nuclei, a Scattering pattern of nuclei-EDTA. Bands indicated by 
arrows are the 0.025 nm- t interfibre interference, the 0.06 nm- ~ internucleosomal interference and 
the 0.156, 0.27 and 0.36 nm -1 bands which are due to the contributions from the nucleosome core 
particles, b Scattering pattern of nuclei at high ionic strength (150 mM NaCI). The 0.05 nm -1 band 
is no longer visible but a weak band at 0.045 nm -t is detected. Arrows indicate the interfibre inter- 
ference and the intranucleosomal bands as well as the 0.083 nm -1 and 0.15 nm -~ bands which 
result from the close approach of nucleosomes in the condensed chromatin fibre (Fig. 3a) from 
Bordas et al., 1986a) 

Notice that the scattering bands in the patterns of nuclei are superimposed on a high 
background which makes the determination of their exact position difficult. Most 
patterns have an interference band near s = 0.025 nm -x. Correlating the scattering 
patterns with electron micrographs of whole cell nuclei shows that this band  results 
from the side by side packing of  the 30 nm fibres in the nucleus. The position of the 
band is dependent on the cell type; ranging from (40 nm)-1 in chicken erythrocyte 
nuclei to (32 nm) -1 in mouse lymphocyte nuclei 72) 

A theoretical analysis of the scattering by an array of fibres 69) indicates that the 
intensity and position of the interference band are determined by the parameter ?, 
which is the ratio of the centre-to-centre distance between fibres to the fibre 
diameter. The variation in the position of  the interference band from different types of 
nuclei under similar ionic conditions can thus be attributed to differences in the 
chromatin fibre diameter 72} 

With decreasillg ionic strength the band  shifts to smaller s-values and its intensity 

increases probably because the increased repulsion between fibres results in a 
larger value of the centre-to-centre distance ~2, 73) 
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The interfibre interference band is not observed in sperm cell nuclei 727 or when 
the chromatin in CE nuclei is condensed in 10 mM Tris • HC1, pH 7.5, with 3-4 mM 
MgCI~ 61). Sperm cell nuclei display densely packed condensed chromatin in electron 
micrographs vs) and it is suggested that the interference band moves to larger s-values 
or disappears because of the loss of  contrast between fibres. 

The main features of the low ionic strength CE nuclei-EDTA patterns, besides the 
interence peak, are: a broad and strong band at 0.06 nm -1 which is absent in the 
high salt patterns, a prominent band at 0.156 nm -1 and bands at 0.27 and 0.36 nm -1. 
In high salt conditions one observes a weak band at about 0.045 nm -1, a band at 
0.083 nm -1, a prominent band at 0.15 nm -1 and the bands at 0.275 and 0.37 nm -1. 
The trough observed at 0.22 nm -1 is present in all the patterns independently of  the 
ionic strength, and is attributed to the mononucleosome transform. 

The band at about s = 0.045 nm -1 in the high salt patterns 61,74~ would correspond 
to the equatorial first side maximum of the fibre transform, if the 30 nm fibre is 
considered as a solid cyclinder. Its position would depend on the fibre diameter. 
A variation in the position of this band in nuclei patterns from different cell 
types has been reported and correlated with the differences in fibre diameter due to the 
differences in the length of linker DNA 74) 

As discussed below scattering patterns of  (partially) oriented chromatin fibres and 
chromatin gels can be used to determine the origin of the various bands observed 
from nuclei. 

3.2 Scattering Patterns from Oriented Chromatin Fibres, 
Concen t r a t ed  Solutions and Gels  

Patterns from (partially) oriented condensed chromatin fibres allow to identify the 
origin of  some of the bands seen in the patterns of intact nuclei. Some insight into 
the behaviour of  chromatin in nuclei under different ionic conditions can also be 
gained by studies on gels obtained by concentrating isolated chromatin frag- 
ments. 

On the (partially) oriented fibre patterns the bands at 0.025, 0.175, 0.27 and 
0.37 nm -1 appea r mainly as equatorial whereas the 0.09 nm -1 band is meridional 
76, 77) Observation of  bands as opposed to reflections in these patterns indicate 
the limited degree of order in the structure. 

The 0.045 nm -1 band attributed to the fibre transform in the nuclei patterns 72, 61, 74) 
is absent in the oriented fibre patterns. This could be due to the aggregated state 
of chromatin in the oriented gels; Bordas et al. 61) report that the 0.045 nm-1 band is 
lost at ionic strengths higher than I00 mM NaCI (or >5  mM MgC12) where the 
chromatin fibres in solution begin to precipitate. 

The appearance of 0.025 nm-1 band mainly as equatorial verifies that it arises 
from the lateral packing of the fibres. Parallel to the observations on whole nuclei 
the interference band is absent in the patterns of  fibres prepared from sperm chromatin. 
This feature is attributed to the loss of  contrast due to close packing 77) 

Unoriented gels obtained from chromatin-EDTA fibres and chromatin fibres 
condensed in the presence of 100 mM NaC1 also contain the interfibre interference 
band, as can be seen from Fig. 6 (a) and (b). However when condensation is 
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Fig. 6. Scattering patterns illustrating the interfibre interference band in chromatin gels. a chromatin 
gel in TE buffer, b chromatin gel condensed in the presence of 100 mM NaC1 and c chromatin gel 
condensed in the presence of 3 mM MgC½. Note that the interfibre interference band is not 
observed in the MgCI z patterns (Fig. 4 from Bordas et al., 1986a) 

induced by 3 mM MgC12, figure 6 (c), the 0.025 nm -1 band is no longer visible in 
accordance with the observations on intact nuclei. Studies on chromatin gels 
isolated together with non-histone nuclear scaffold proteins indicate that at least 
during the initial stages of  condensation the effect of  say Na + cannot be replaced 
by Mg z+ and vice versa 78). The effects of  mono- and multivalent cations on the 
condensation of  chromatin are different and will be discussed in the .following 
section. 

Figure 7 illustrates the features of  scattering patterns, obtained in the region 
0.01 < s < 0.1 nm -1 from low ionic strength chromatin solutions at 3 (a), 12 (b) 
and 16 (c) mg DNA/ml. With increasing concentration an interfibre interference 
band develops at very low angles. This interference band cannot be made to move 
beyond 0.033 rim-1 even for the most concentrated uncondensed chromatin prepara- 
tions 7 9 , 6 1 ) .  The appearance of the interfibre interference band indicates that the 
uncondensed chromatin fibres can be packed in a similar fashion to the condensed 
fibres in the nuclei and that the effective diameter of the uncondensed fibre is 
comparable to that of the condensed one. The prominent s = 0.05 nm -1 band is 
present in all patterns and, as discussed in the next section, arises from the inter- 
ference of internucleosomal distances in the extended fibre at low ionic strength. 

The 0.27 and 0.37 nm -1 bands arise from the internal contrast of  the nucleosome 
core particle; the former has contributions from both the DNA and the protein 
organization whereas the latter is due to the separation between turns of  D N A  in the 
core particle. The equatorial 0.175 nm-1 and the meridional 0.09 nm-1 band, on the 
other hand, are due to the organization of the nucleosomes in the condensed 
fibre. The kinetics of  the condensation process in gets have been studied 61) 
Even in very compact gels the condensation is fast (half-time about 5 s) independently 
of  the use of  mono-or divalent cations. Most, i f  not all, Of the lag time appears 
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to be due to the dilution and diffusion of the condensing agent. As the condensation 
proceeds, the interfibre interference peak shifts to smaller angles and vanishes, the 
0.05 um-~ band shifts to larger angles and looses intensity. 

I f  the intensity changes in different regions of  the scattering curves are compared, 
it is seen that the transition from uncondensed to condensed structure proceeds 
through a series of  intermediate states. 

3.3 Scattering Patterns from Chromatin Fragments in Solution 

Some of the modifications in the structure of  chromatin which are dependent on 
ionic conditions can be studied on isolated fragments in solution. The fragments 
prepared by mild endonuclease digestion of nuclei have been distinguished according 
to their solubility in NaCI solutions 8o,81,73) Soluble chromatin (S) refers to the 
fragments that remain in solution at 150 mM NaC1 concentration whereas insoluble 
chromatin (I) is already precipitated above 10 mM salt. Using very low ionic 
strength buffers containing EDTA (e.g. TE buffer) fragments can be further 
extracted from nuclei after the S and I fractions, these constitute the EDTA- 
extractable chromatin (E). The three fractions, I, S and E, appear to be biochemically 
identical and it is suggested that the lower solubility of some fractions is due to a 
larger proportion of the linker DNA being in association with the nucleosome 
core 81). The chromatin fragments used in the experiments below are extracted 
from digested nuclei in low ionic strength buffers containing EDTA as described in 
Sect. 2.3. 

Solution scattering patterns of  chicken erythrocyte chromatin fragments in 
buffers of  increasing ionic strength are shown in Fig. 8 (a-c). A detailed description 
of these patterns is given in 61). Comparison between Figs. 8 and 5 reveals that in the 
region s > 0.03 n m -  1 the features of  the solution scattering patterns are very similar 
to those obtained from whole nuclei. The only band which is observed in nuclei 
patterns and is absent in the solution patterns is the 0.025 nm -1 interfibre inter- 
ference maximum. 

Since the maximum dimensions of the core particle are 11 • 11 • 5.7 urn3 features 
in the region s < 0.09 nm -1 ((11 urn)-1) are mainly associated with the distribution 
of the nucleosomes in the fibre. The region of featureless decay (s < 0.025 nm-1) 
in the scattering patterns can be used to determine the radius of gyration of the 
cross section (R x) and the extrapolated forward scattering intensity (I(0)x) which is 
proportional to the mass per unit length (M/L). 

In TE buffer, R, is about 10.0 um for chicken erythrocyte chromatin and 7.5 nm 
for rat liver chromatin. These values would yield equivalent solid cylinder diameters 
'o f  28 nm and 21 nm respectively. Under these conditions, the mass/unit length for 
chicken erythrocyte chromatin determined relative to F-actin is 21.6 _. 2.0 x 103 
Daltons/11 nm corresponding to 0.8 + 0.1 nucleosomes/11 nm 82,62) 

A prominent and specific feature of the scattering patterns at low ionic strength 
( < 2 0 r a M  NaC1), as seen in Fig. 8 (a), is the band at 0.05 nm -1. This band 
disappears at higher ionic strength. Its presence indicates that significant contrast 
exists in the uncondensed fibre and that even at low resolution the structure cannot 
be regarded as a solid cylinder. The band corresponds to an interference due to an 
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Fig. 7. Appearance of  the interfibre interference band in the scattering patterns of chromatin-EDTA 
with increasing chromatin concentration, a 3 mg DNA/ml,  b 12 mg DNA/ml  and e 16 mg DNA/mt.  
Development of the interfibre interference band at high chromatin concentrations indicates that the 
uncondensed and the condensed fibre have comparable diameters (alter figure 6 from Bordas 
et al., 1986a) 

average internucleososomal distance of about 20 nm. This assignment is verified by 
experiments where the enzymatic digestion of chromatin fragments is monitored by 
X-ray acattering. During micrococcal nuclease digestion a chromatin solution con- 
tains, at any given time, fragments of  different lengths and the scattering of such a 
polydisperse system can be expressed in terms of the scattering of nucleosomes (the 
total number of which remains constant) and the interference which is a function of the 
(decreasing) number of links and the average distance between the nucleosomes in the 
fragments. As a first approximation the interference function can be obtained by 
dividing the scattering pattern of  the undigested sample by that of the fully digested 
one. The amplitude of the maxima of the interference function is a direct measure of 
the number of  internucleosomal links and the average internucleosomal distance can 
be determined from the position of the maxima and minima. Digestion with 
micrococcal nuclease results in a progressive decrease in intensity of  the 0.05 nm -.1 
band. From the interference function an average internucleosomal distance of 23 nm 
is obtained 6a). 

Model calculations based on a helix-like structure with 9.3 nm radius, a pitch 
of  3.3 nm and with about 2.9 nucleosomes per turn where the internucleosomal 
distance is about 20 nm have provided good agreement with the experimental data 
for uncondensed chromatin 83). 

An alternative approach is to consider the extended fibre as a convolution of a 
wormlike chain with spherically averaged nucleosomes. At the resolution of  solution 
scattering experiments the features of  the patterns are dominated by the contribution 
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Fig. 8 a-c. Scattering patterns from a solution ofchromatin fragments at 6.2 mg DNA/ml. a chromatin- 
EDTA, 5 chromatin fragments in TE buffer supplemented with 5 mM Mg z+ (similar patterns are 
obtained when ionic strength is raised with 75-100 mM NaC1) and c chromatin fragments 
in TE buffer supplemented with 8 mM Mg z +. At this concentration of the cation chromatin begins 
to precipitate slowly however, due to the data acquisition with synchrotron radiation, patterns can be 
recorded before precipitation. Arrows indicate in a the 0.05 nm -1 band, the shoulder at 0.145 nm -~ 
and the high angle bands at 0.27, 0.365 and 0.47 nm -1. b the weak band near 0.04 nm -1, the bands 
developing at 0.075 and 0.16 nm -1 and the high angle bands, e the bands at 0.09 and 0.17 nm -~ 
characteristic of the condensed state of chromatin and the high angle bands (after figure 2 from 
Bordas et al., 1986a) 

o f  the nuc leosomes  since the l inker D N A  represents  only about  20 ~o o f  the excess 

scat ter ing mass, and at low ionic strength,  as a first a p p r o x i m a t i o n  the cor re la t ion  

be tween  the or ien ta t ion  o f  nuc leosomes  can  be neglected.  Mode l  calculat ions  in 
which the  segment  length  is cons t ra ined in the range  18-22 nm and the angle between 

the segments  is larger  than 60 ° with no cons t ra in ts  on the d ihedral  angles involving 
three successive segments have been carr ied  out.  The  average  o f  100 confo rma t ions  

o f  a worml ike  chain with  70 segments  ob ta ined  by a M o n t e  Car lo  ca lcula t ion is 
suff icient  to reproduce  the features observed  exper imenta l ly  62) 
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The 0.05 nm-1 band can be used to monitor changes in the unfolded chromatin 
structure. Upon removal of  HI /H5 histories the band is displaced to lower s-values 
(i.e. the average distance between successive nucleosomes increases) showing the 
requirement for H1/H5 for maintaining the structural scaffolding of the low ionic 
strength fibre. Similarly when ethidium bromide, which partly intercalates between 
the bases, is bound the structure of uncondensed chromatin fibre is further extended. 
In parallel to the shift in the position of the 0.05 nm -x band the R x and the 
M/L decrease. At 0.5 mM ethidium bromide with 3.5 mg DNA/ml, M/L is about 
2.5 times less than in the "native" uncondensed chromatin, and R x = 3.5 nm which 
corresponds to that expected from a fully extended fibre 61) 

Increasing concentrations in the range 0-10 molecules/100 bp, of  both Distamycin 
and Netropsin-antibiotics which bind in the minor groove of DNA without inter- 
calation - -  lead to a broadening of the 0.05 nm -x interference band, reflecting a 
broadening of the distribution of internucleosomal distances. A parallel decrease in the 
M/L is also observed. Above 20 molecules/100 bp denaturation takes place 62~ 

Increasing the ionic strength of chromatin solutions results in two apparently 
successive processes: condensation and aggregation of the fibres. Condensation can be 
monitored by the changes in the scattered intensity at very low angles, i.e., 
by changes in the M/L and by the presence and the position of the 0.05 nm -~ band. 
The fully condensed state of  the fibre can be determined by the absence of the 
0.05 nm -~ band and the appearance of the 0.09 nm -1 ((11 nm) -1) and 0.175 nm -~ 
((5.7 nm) -~) bands which indicate close approach of the nucleosomes. Figure 8 (b) 
and (c) represent patterns of  condensed chromatin and precipitating chromatin 
respectively. 

The presence of aggregates in the solution can be inferred from the trends in the 
variation of R X and I(0) x, however, whenever possible, the onset of this process is 
monitored also by other techniques such as light scattering and solubility measure- 
ments so) (Koch et al. unpublished). 

With increasing ionic strength the 0.05 nm -1 band shifts to higher angles and 
decreases in intensity as expected from an interference band. The cemral scatter 
shows a continuous increase whereas . R  decreases up to a critical concentration of 
the cation used for condensation, beyond which it starts to increase due to 
aggregation. The change in the position of the 0.05 n m -  x band together with values 
of  R and I(0), for rat liver chromatin at NaCt concentration below the aggregation 
point are given in Fig. 9. 

Although similar trends of changes are seen in the scattering patterns when chroma- 
tin condensation is induced by different cations, the efficiencies of mono- and 
multivalent cations in inducing condensation are quite different. Systematic studies 
on the effects of  mono- and multivalent cations on chromatin condensation using 
X-ray scattering have been carried out s4, 62). Results of these studies show that the 
efficiency of  a cation for inducing condensation increases with its valence and the 
condensation results mainly from the neutralization of negative charges on the DNA 
in the chromatin. In the case of monovalent cations (Li +, Na + , K + , Cs+), at every 
bulk salt concentration the number ofcounterions bound to chromatin is independent 
of  their nature and there are no major changes of  hydration. Over the range 
0-70 mM, M/L of chicken erythrocyte chromatin increases by a factor of  up to 8, 
independently of  the nature of  the cation 62) 
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Fig. 9. Changes in the scattering pattern of rat liver chromatin fragments (3.5 mg DNA/ml) as a 
function of NaC1 concentration and corresponding values of R x and relative M/L. As the fibres 
condense the 0.05 nm -~ band shifts to larger s-values and R x and I(O)x progressively increase (after 
figure 5 from Koch et al., 1987a) 

In the case of divalent cations significant differences between various cations are 
observed. In all cases however, the condensat ion process, as monitored by the 
disappearance of the 0.05 nm -1 band appears to be completed before precipitation 
sets in. Precipitation occurs at concentrations of 3.5 mg DNA/mI and 2.5 mM MgC12, 
or at about  0.5 Mg2+/bp. The M/L at a given salt concentration follows the expected 
sequence for the alkali earth chlorides, Ba 2÷ > Sr 2÷ > Mg 2÷ but Ca 2+ is more 
efficient. Cu 2 ÷ and Cd 2 ÷ and the trivalent complex Co(NH3) 3 ÷ induce condensation 
at lower concentrations than Mg 2 ÷, Co(NH3)63 + being more efficient than any of the 
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divalent  cations. Effects on condensat ion o f  spermine ( +  4), spermidine ( +  3), Gd  3 + 
and Cr 3+ have also been investigated (Koch et al., unpublished). Again  the conden- 
sat ion behaviour is similar to mono-  and divalent  cations and at about  0.6 mM 
concentrat ion of  the cation (at about  3.0 mg DN A /ml )  precipi tat ion sets in. 

I f  the condensat ion takes place in the presence o f  more  than on~ type o f  cation, e.g., 
in a buffer containing both NaC1 and MgC1 z, trends of  changes in the R x and 
I(0)x are similar to the case of  single cation, but  the concentrat ions at which conden- 
sat ion and precipitat ion occur are different. I t  has been reported that the two types of  
cat ions act in an antagonistic manner  s,~). It appears  that NaCI delays the condensa- 
t ion induced by MgC12 but no longer affects the point  o f  precipi tat ion above 
10 m M  NaC1 s4), Koch et al., unpublished).  Electric dichroism studies, on the other 
hand,  have been interpreted as the the effects of  two cations being synergistic rather 
than competit ive 85). Preliminary X-ray  and light scattering studies (Koch et al., 
unpublished) show that the si tuation may  be more complex.  

4 Models of Higher Order folding of Chromatin 

Studies o f  the condensed chromatin fibre structure and the condensation mechanism 
have resulted in basically two classes of  models :  models  based on a helical 
a r rangement  o f  nucleosomes along the fibre and those based on a l inear a r ray  of  
g lobular  nucleosome clusters (superbeads) along the fibre. The first class includes 
the solenoid, twisted ribbon and crossed linker models  whereas the latter are the 
superbead models and related layered structures. Schematic representations o f  some 
models  are shown in Fig. 10. 

In  the original solenoid model  44) the low ionic strength structure of  the chromatin 
fibre is  described by a cylindrical 10 nm nucleofi lament which shows no internal 
contras t  for the nucleosome arrangement  neither on the electron micrographs  ~)  
nor  in the small angle diffraction or  scattering pat terns 86,87). Condensat ion is 
achieved by the winding of  the 10 nm nucleofi lament into a solenoid, or contact  
helix, with about  6 nucleosomes per turn, a pitch o f  11 nm and a helical diameter  
o f  25-30 nm. Linker D N A  in the condensed fibre has been modelled as kinked into 
the centre o f  the fibre 88) or  in a helical pa th  between the nucleosome cores leaving 
a central hole 89) 

In the twisted r ibbon models 9o,91~ the low ionic strength structure of  chromat in  
is described by a flat r ibbon consisting of  two parallel stacks of  nucleosomes 

,~ Fig. 10a-f. Schematic representation of models of higher order folding of chromatin, a I. The solenoid 
• model from Thoma et al., 7~, Figure 14. II. A possible path of DNA in the fibre from McGhee et al. s9) 
Figure 5, for clarity only three nucleosomes on the front surface of the fibre are shown, b The 
twisted ribbon model from Woodcock et al., 91), Fig. 8. For clarity, linker DNA is shown only in 
the first turn of the condensed structure, c The low ionic strength 3-D zigzag structure of 
chromatin (I) and the end-on view of a complete turn of the condensed fibre making contact 
with the first nucleosome in the next turn (II) from Bordas et at., s3), Fig. 5. For clarity the linker is 
shown fully stretched, d The longitudinal cross section (I), cross section (II) and side view (III) of 
the crossed linker model with DNA linking number --2 from Williams et al., ~4), Fig. 2. e The 
extended triple nucleosome structure at low ionic strength (I) and the triple helix model at high ionic 
strength (II) from Makarov et al., 94~, Fig. 2. fThe layered structure from Subirana et al., 93), Fig. 10. 
The two planes at the fight indicate how the nucleosomes would be arranged in the condensed fibre, 
proceeding to the left, the fibre unfolds as it would upon decreasing the ionic strength 
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connected by the linker DNA in the form of an open zig-zag. In the condensed state the 
distance between alternating nucteosomes decreases by the collapse of  the zigzag and 
the ribbon is wrapped on the surface of a cylinder to form a fibre in which 
linker DNA runs up and down the helical axis between the adjacent nucleosomes. 
In this model the helical pitch would be about 20 nm or more depending on the 
length and the orientation of the linker. 

The crossed linker models are based on the nonsequential arrangement of 
nucleosomes in the condensed fibre. Nucleosome cores are connected by the 
linker D N A  running across the central part of the fibre. Such arrangements of nucleo- 
somes are discussed by Staynov 92). 

In the model proposed by Bordas et al. 83) at low ionic strength the chromatin 
fibre already has a 3-D zig-zag superstructure with an outer diameter com- 
parable to that of the condensed fibre. Upon condensation the distance between 
successive nucleosomes diminishes and the structure collapses in a way similar to 
the folding of an accordion, resulting in about a 10-fold decrease in the pitch and an 
8-fold increase in the mass per unit length. In the semi-condensed state the 
structure would be very similar to that observed by Subirana et al. 93) by electron 
microscopy. 

In the crossed linker model v4) the odd and even nucleosomes form a double 
helical structure with the linker DNA criss-crossing the condensed fibre transversely. 
The double helical pitch is about 26 nm and the fibre diameter would depend on the 
length of the linker. A model in which a repeating unit of a trinucleosome forms a 
3-D zig-zag has also been proposed 94). Twisting and compression of the zig-zag 
would result in a triple helix structure for the condensed fibre. 

The superbead models and related layered structures 95,75, 93) are based on the results 
of  digestion experiments, the beaded appearance of chromatin fibres at intermediate 
ionic strength as well as the tendency of the 30 nm fibre to fragment into globular 
domains of  variable size. In one of the models 93~ at low ionic strength domains of 
5-6 nucleosomes are arranged in zig-zag planes which, upon increasing the ionic 
strength, fold by a decrease in the distance between the planes. The path of 
the linker DNA cannot be modelled in a unique way directly from the electron 
micrographs. 

In order to be acceptable models of chromatin structure need to be consistent with 
observations made by different methods as summarized in Table 2. Due to the lack of 
direct information on the exact location of histones H1/H5 and disposition of the 
linker D N A  the results do not lead to a unique model however, they provide 
evidence to rule out some of the existing models. 

The twisted ribbon model of Worcel et al. 9o) and the superbead model of 
Zentgraf and Franke ~5) can be ruled out on the basis of X-ray diffraction studies of 
oriented chromatin fibres 76). The former model predicts the 0.175, 0.27 and 0.37 n m -  1 
band to be meridional whereas they appear as equatorial, and the latter predicts a 
meridional band at 0.03 to 0.02 nm - I  due to repeating supranucleosomal units along 
the condensed fibre which is not observed. The triple helix model of Makarov et al. 94) 
can also be ruled out since it would not give rise to the observed 0.175 and 0.09 n m -  
bands. 

The twisted ribbon model of  Woodcock et al. 9~) is ruled out because it would in 
contradiction with experiment, give rise to a very negative value of the electric 
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dichroism of condensed chromatin since all DNA would be oriented parallel to the 
fibre axis. 

The double helical model of Williams et al. v~) predicts a helical pitch which is not 
detected by X-ray diffraction or scattering and other evidence given by the authors in 
support of  this model, e.g. optical diffraction patterns from electron micrographs, 
need further clarification. 

Currently the solenoid model ~) and the model of Bordas et al. 83) provide descrip- 
tions for the structure of the 30 nm fibre which are consistent with most of the 
observations. The parameters of the solenoid and of the model of Bordas et al. 
are similar. The two models differ in the path of the linker DNA: in the 
former the linker connects the adjacent nucleosomes but in the latter nucleosomes 
which are not packed adjacently are connected. 

Observations on chromatin fragments from different types of eukaryotic cell nuclei 
thus indicate that at low ionic strength fibres are predisposed with an irregular 
helix-like superstructure in which the linker D N A  is extended. The increased 
flexibility of  the linker at increasing ionic strength facilitates the rapid transition 
to the condensed form. T h e .  condensed fibre is an irregular structure which 
can accommodate different lengths of linker DNA. Here the nucleosomes are stacked 
radially with their flat face at about 30 ° to the fibre axis. Details of the condensed 
structure and the condensation mechanism can be determined only when the exact 
path of  the linker DNA and the position of histones H1/H5 are known. It should 
be stressed that in any of the existing models both of these crucial features are 
speculative. 

The high flux on SR small angle X-ray scattering instruments has made it 
possible to carry out systematic static and kinetic investigations of chromatin 
structure in various conditions with minimum damage or perturbation on fresh 
samples. The point focusing achieved in SR cameras facilitated resolving features like 
the 0.05 nm -1 band unambigously. These results provide strong evidence for a 
preformed 3-D zig-zag structure at low ionic strength which folds instantaneously 
into the "30 nm filament" upon increasing the ionic strength. The extent of folding at 
a given ionic strength depends on the nature of  the cations and can be influenced by 
other substances which bind to DNA. 

Complementary use, in future, of small angle solution synchrotron X-ray scattering 
methods with electron microscopy could contribute to the clarification of the path 
of  the linker DNA. Thus further experiments seeking a universal model for the 
chromatin fibre structure need to be undertaken although the existence of such a 
universal structure is questionable. More importantly future investigations need to be 
aimed at understanding what relevance the structure of the fibre has to the control of 
DNA transcription and replication. 
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