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PHYSICAL-CHEMICAL STUDIES OF TRANSURANIUM ELEMENTS

Abstract

Major advances in our continuing program to determine, interpret, and
correlate the basic chemical and physical properties of the transuranium elements
are summarized for the period April 1, 1988, through March 31, 1991. This
program provides training for pre- and postdoctoral students in chemical research
with the transuranium eléments.' New knowledge is being accumulated in the role
of the 5f electrons in the bonding in actinide elements and compounds, the
relationships of metallic structures to metallic valence and radius, the extent
and magnitgde of the actinide contraction, the magnetic, thermodynamic,
spectroscopic, and crystallographic properties of these materials as related to
general theories, the effect of self-irradiation on chemical and physical
properties, the chemical and physical consequences of radiocactive decay in the

bulk-phase solid state, and in general, the range of validity of the actinide

hypothesis,
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INTRODUCTION

The following constitutes the technical progress report of work
performed under DOE contract number DE-AS05-76ER04447 (expired June 30, 1988)
and DOE grant DE-FG05-88ER13865 during the period April 1, 1988, through March
31, 1991. The experimental work was carried out in the Transuranium Research
Laboratory (TRL) of the Oak Ridge National Laboratory (ORNL), in the European
Institute for Transuranium Elements (EITU) in Karlsruhe, Federal Republic of
Germany (FRG), and in the National Synchrotron Light Source (NSLS) facility at
the Brookhaven Nationai Laboratory (BNL). Collaborative research efforts with
members of the ORNL scientific staff have involved Drs. G. M. Begun, R. G.
Haire, 0. L. Keller, G. F. Payne, and J. P. Young. Research involving the
structural analysis of selected lanthanide tribromides under pressure was
performed via energy-dispersive X-ray diffraction analysis and via angle-
dispersive X-ray diffraction using a position-sensitive detector in the EITU
in collaboration with Dr. U. Benedict and Mr. S. Heathman. Attempts to
identify a potentially new crystal structure of selected lanthanide
tribromides under pressure via angle-dispersive X-ray diffraction analysis
(performed at NSLS) were made by Dr. L. W. Finger of the Geophysical
Laboratory, Carnegle Institution of Washington. Research collaboration with
foreign sclentists in the TRL included Dr. J. J. Fuger, EITU and University of
Liege, Belgium. The names of these colleapues are given where appropriate in
this report. Research results already submitted in either preprint or reprint

form are not detailed again in this document, but they are to be considered an
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integral part of it and are therefore listed by their DOE document numbers at

the end of this introduction,

The following persons have received direct financial support under this

contract/grant during the report period:

10.

Joseph R, Peterson, Professor of Chemistry and Principal

Investigator; Ph.D., University of California, Berkeley,
1967; from April 1988 through March 1991,

William R. Wilmarth, Postdoctoral Research Associate; Ph.D.,

University of Tennessee, Knoxville, 1988: from April 1988
through August 1988.

George M. Murray, Postdoctoral Research Assoclate; Ph.D.,

University of Tennessee, Knoxville, 1988; from September
1988 through May 1990.

Gang Chen, Postdoctoral Research Assoclate; Ph.D., Jilin

University, Changchun (PRC), 1988; from October 1990 through
March 1991, ‘

Guillermo (Bill) D. Del Cul, Graduate Student Reseatch Assistant;

Ph.D., Unilversity of Tennessee, Knoxville, 1990; M.S., La
Plata National University, Argentina, 1977; from April 1988
through September 1990,

Gary M. Finniss, Graduate Student Research Assistant; Ph,D.

candidate, UT-Knoxville; B.S., West Virginia University,
1987; from June 1988 through July 1988,

Jean J. Fuger, Visiting Scientist/Professor of Chemistry{

Scientific Coordinator, European Institute for Transuranium
Elements, Karlsruhe, FRG; Ph.D., University of Liege,
Belgium, 1959; August 1988, August 1989, and August 1990,

Robert V. Sarrio, Graduate Student Research Assistant: Ph.D.

candidate, UT-Knoxville; B.S., Towson State University,
1985; from January 1989 through December 1989.

Jerry B. Burns, Graduate Student Research Assistant; Ph.D.

candidate, UT-Knoxville; B.A., Carson Newman College, 1988:
from May 1989 through March 1991.

G. Randy Hayes, Summer Research Assistant; B.S. candidate, UT

Knoxville; from May 1990 through August 1990,
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12,
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Norman E. Bores, Graduate Student Research Assistant; Ph.D.
candidate, UT-Knoxville; B.S., University of Tenunessee,
Martin, 1990; from May 1990 through March 1991.

Nathan A. Stump, Graduate Student Research Assistant; Ph.D,
candidate, UT-Knoxville; B.S., Huntington College, Indiana,
1987; from August 1990 through March 1991,

The following University of Tennessee, Knoxville personnel have

collaborated with and/or received training from the principal investigator and

his co-workers during the current report period but have not received direct

financial support under this contract/grant;

il

Paul G. Huray, Professor of Physics; Ph.D., University of
Tennessee, Knoxville, 1968; from April 1988 through July
1988.

Stanley E. Nave, Research Assoclate Professor of Physics; Ph.D.,
University of Tennessee, Knoxville, 1979; from April 1988
through September 1990.

- Charles W. Duke, Science Alliance Summer Research Student; B.S.

candidate, Presbyterian College, Clinton, South Carolina;
from June 1988 through August 1988.

Norman E. Bores, Sclence Alliance Summer Research Student; B.S.
candlidate, University of Tennessee, Martin, 1990; from June
1989 through August 1989,

Mary C. Bowerman, ORNL/ORAU Summer Research Participant; B.A.,
‘ Oklahoma City University, 1966; from June 1989 through
August 1989,

C.-T. Phillip Chang, Postdoctoral Research Assoclate (with Stanley
E. Nave); Ph.D., Iowa State Unilversity, Ames, 1989; from
June 1989 through August 1990,

Vanna G, Faulstich, Undergraduate Student Participant in Research
in Chemistry (Chemistry 400); B.S. candlidate, UTl-Knoxville;
from September 1989 through December 1989.

G. Randy Hayes, Undergraduate Student Participant in Research in
Chemistry (Chemistry 400); B.S. candldate, UT-Knoxville;from
May 1990 through August 1990,
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During the academic semesters of the current report period, the
principal investigator devoted at leﬁst 5% of his effort to the research
performed under this contract/grant. During the summer academic breaks he
devoted 100% of his effort to the research performed under this
contract/grant.

All documents produced since the last technical progress report
(DOE/ER/04447-230) produced under the prevlious DOE contract DE-AS05-76ER04447
are listed here by DOE document number, title, author(s), location, and date
of last submittal to DOE-Oak Ridge Operations or thelr present status.

1. (DOE/ER/04447-231) "Photoelectron Spectrometry of the Actinides

from Ac to Es" by M. 0. Krause, R. G, Haire, 0. Keski-
Rahkonen, and J. R, Peterson. Journal of Electron

Spectroscopy and Related Phenomena 47, 215-226 (1988) .
Three reprints submitted September 16, 1988,

2. (DOE/ER/04447-232) "Absorption Spectrophotometric and X-Ray
Diffraction Studies of the Trihalides of Promethium in the
Solid State" by W, R, Wilmarth, R. G. Halre, J. P. Young, D.
W. Ramey, and J. R, Peterson. Journal of the Less-Common
Metals 141, 275-284 (1988). Three reprints submitted
September 22, 1988,

3. (DOE/ER/04447-233) “Spectrophotometric Studies of
Californium(III) Ions in Selected Lanthanide Trihalide
Hosts" by W. R. Wilmarth, J. P, Young, R. G. Haire, and J.
R. Peterson. Journal of the Less-Common Metals 143, 183-193
(1988). Three reprints submitted November 17, 1988.

4, (DOE/ER/04647-234) “The Raman Spectra of Polycrystalline
Orthorhombic YF3, SmF;, HoF;, YbF;, and Single Crystal ThF,"
by W. R. Wilmarth, G. M. Begun, S. E. Nave, and J. R.
- Peterson. Journal of Chemical Physics '89, 711-715 (1988).
Three reprints submitted August 11, 1988,

5. (DOE/ER/04447-235) "Raman and Absorption Spectrophotometric
Studies of Selected Lanthanide, Californium-Doped
Lanthanide, and Actinide Trihalides in the Solid State" by
W. R. Wilmarth. Ph.D. Dissertation, University of
Tennessee, Knoxvlille, March 1988. Three copies submitted
April 4, 1988,
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12,

13.

14,
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(DOE/ER/04447-236) "New Ternary Transuranium Compounds:
Chalcogenide lalides" by T. L. Thevenin, W. R. Wilmarth, J.
R. Peterson, and R, G, Halre, Materials Research Bulletin
23, 851-855 (1988). Three reprints submitted September 8,
1988,

(DOE/ER/04447-237) “Raman Spectrometric Studies of Selected
Lanthanide Tribromides and Trichlorides" by J. F. Daniel.
M.S, Thesis, University of Tennessee, Knoxville, March 1988.
Three copies submitted April 5, 1988.

(DOE/ER/13865-001) "Absorption and Raman Spectrophotometric
Studies of Actinide Compounds" by W. R, Wilmarth, J. P.
Young, R. G. Haire, G. M. Begun, and J. R. Peterson.
Abstract of paper for oral presentation at the 18th Journees
des Actinides, Paris, Frapce, April 20-22, 1988, Three
copies submitted April 4, 1988.

(DOE/ER/13865-002) "Raman Spectroscopic Studles of Gadolinlum
Trichloride as a Function of Temperature" by J. F, Daniel,
W. R. Wilmarth, G. M. Begun, and J. R, Peterson. Journal of
Crystallographic and Spectroscoplc Research 19, 39-49
(1989). Three reprints submitted March 15, 1989,

(DOE/ER/13865-003) "Spectroscopic Studies of PrCly and PrBry in

the Solid State" by W. R, Wilmarth, G. M. Begun, and J. R.

Peterson. Abstract of paper for poster presentation at the
18th Rare Earth Research Conference, Lake Geneva, Wisconsin,
September 12-16, 1988. Three coples submitted May 31, 1988.

(DOE/ER/13865-004) "On the Solid State Absorption Spectra of CfI,
and CfF,, and the Stability of CfF," by R. G. Haire, J. P.
Young, J. R. Peterson, and D. D. Ensor. Abstract of paper
for poster presentation at the 18th Rare Earth Research
Conference, Lake Geneva, Wisconsin, September 12-16, 1988,
Three coples submitted May 31, 1988.

(DOE/ER/13865-005) "Raman Spectra of Selected Transuranium
Trihalides in the Solid State" by W. R. Wilmarth, G. M,
Begun, R. G. Haire, and J. R. Peterson. Journal of Chemical
Physics 89, 4666-4670 (1988). Three reprints submitted
November 28, 1988.

(DOE/ER/13865-006) "Spectroscoplc Studies of PrCl,; and PrBr, in
the Solid State" by W. R. Wilmarth, G. M. Begun, and J. R.
Peterson. Journal of the Less-Common Metals 148, 193-200
(1989). Three reprints submitted June 20, 1989,

(DOE/ER/13865-007) "The Effect of Pressuve on the Raman and
Absorption Spectra of PrCl;, PrBr,, and NdBry" by W. R.
Wilmarth, G. M. Begun, R. G, Haire, J. P. Young, and J. R.
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19.

20.
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Peterson, Appl'ed Spectroscopy 43, 1038-1045 (1989). Three
reprints submitted October 5, 1989,

(DOE/ER/13865-008) "Physical-Chemical Studies of Transuranlum

Elements" by J. R. Peterson. Progress report for the period
April 1, 1988 - March 31, 1989. Coples submitted November
29, 1988,

(DOE/ER/13865-009) "Characterization of Selected Solid-State
Actinide Compounds via Raman Phonon Spectroscopy: Another
Spectral Probe of Crystal Structure" by W. R. Wilmarth, G,
‘M. Begun, G. D. Del Cul, R, G. Haire, and J. R, Peterson.
Extended abstract of paper for poster presentation at the
international conference ACTINIDES-89, Tashkent, USSR,
September 24-29, 1989. Three coples submitted April 19,
1989, ‘

(DOE/ER/13865-010) "Laser Excited Fluorescence Spectroscopy of
Probe Tons for the Characterization of Crystal Site
Symmetries in Lanthanide and Actinide Compounds" by G. M.
Murray, R. V. Sarrio, 0. L. Keller, and J. R, Peterson,
Extended abstract of paper for oral presentation at the
International conference ACTINIDES-89, Tashkent, USSR,
September 24-29, 1989. Three coples submitted April 19,
1989, ‘

(DOE/ER/13865-011) "On the Use 'of Spectroscoplic Techniques to
Determine the Crystal Structure of the Artificial f
Elements" by J. R. Peterson. Abstract of paper for poster
presentation at the 1989 International Chemical Congress of
Paclfic Basin Socleties, lonolulu, Hawaii, December 17-22,
1989. Three coples submlitted August 11, 1989,

(DOE/ER/13865-012) "Molar Enthalpy of Formation of Californium
Tribromide" by J. Fuger, R. G. Haire, W. R. Wilmarth, and J,
R. Peterson. Journal of the Less-Common Metals 158, 99-104
(1990). Three reprints submlitted April 20, 1990,

(DOE/ER/13865-013) "Absorption and Raman Spectrophotometric
Studies of Lanthanide and Actinide Trihalides Under
Pressure" by J. R. Peterson. Extended abstract of paper for
oral presentation at the 3rd Workshop on Actinides Under
Pressure, Karlsruhe, Federal Republic of Germany, July 24-
25, 1989. Three coples submitted June 20, 1989,

(DOE/ER/13865-014) "The Effects of Hydration on the Luminescence
Spectra of Trisodium Tris(2,6-pyridinedicarboxylato)
europium(I1T) Compounds" by G. M. Murray, R. V. Sarrio, and

J. R, Peterson. ]Inorganica Chimica Acta (in press). A
preprint copy submitted July 6, 1990,
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29,
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DOE/ER/13865-015) "Raman, Fluorescence and Absorption
Spectroscopic Studies of Selected Lanthanide Oxychlorides
(Ln0OC1)" by G, D. Del Cul, G. M. Murray, G. M, Begun, and J.
R. Peterson. Abstract of paper for oral presentation at the
41st Southeast Regional American Chemical Socliety meeting,
Winston-Salem, North Carolina, October 9-11, 1989. Three
coples submitted August 10, 1989,

(DOE/ER/13865-016) "Absorption Spectrophotometric Study of CECl,
at Pressures up to 35 GPa" by J. P. Young, J. R. Peterson,
R. G. Haire, W. R. Wilmarth, and G. M, Begun. lligh Pressure
Research (in press). A preprint copy submitted February 7,
1990.. ’

(DOE/ER/13865-017) "Raman Spectra of Some Actinide Dioxides and
of EuF," by G. M. Begun, R. G. Haire, W. R. Wilmarth, and J.
R. Peterson. Journal of the Less-Common Metals 162, 129-133
(1990). Three reprints submitted November 9, 1990.

(DOE/ER/13865-018) "Characterization of Selected Solld-State
Actinide (and Related) Compounds via Raman and Absorption
Spectrophotometry” by W. R. Wilmarth and J. R, Peterson,
Handbook on the Physics and Chemistry of the Actinides,
Volume 6 (in press). A preprint copy submitted September
29, 1989.

(DOE/ER/13865-019) "Use of Absorption Spectra to Determine
Crystal Structure in f-Transition Element Compounds" by J.
R. Peterson, J. P. Young, W. R. Wilmarth, and R. G. llaire.
Applied Spectroscopy 44, 461-465 (1990). Three reprints
submitted April 19, 1990.

(DOE/ER/13865-020) "Physical-Chemical Studies of Transuranium
Elements" by J. R. Peterson. Progress report for the period
CApril 1, 1989 - March 31, 1990, Coples submitted November
27, 1989.

(DOE/ER/13865-021) "Anti-Stokes Luminescence of **®Curium(III)
Bromide" by G. M. Murray, G. D. Del Cul, G. M, Begun, R. G.
Haire, J. P. Young, and J. R. Peterson. Chemical Physics

letters 168, 473-476 (1990). Three reprints submitted July
31, 1990.

(DOE/ER/13865-022) "Correlation of Phonon Raman and Europium(IIT)
Luminescence Spectra as a Probe of Structure in Trisodium
Tris(2,6-pyridinedicarboxylato)lanthanide(III) Compounds"
by G. M. Murray, R. V. Sarrio, and J. R. Peterson. Applied
Spectroscopy (in press). A preprint copy submitted June 29,
1990.
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31.
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36.
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(DOE/ER/13865-023) "Luminescence, Absorbance, and Raman Studies
of Eu0Cl at Various Pressures" by G, D. Del Cul, G. M.
Murray, §. E. Nave, C-T. P, Chang, G. M. Begun, and J. R.
Peterson, Abstract of paper for poster presentation at the
First Intetrnational Conference on f Elements, Leuven,

Belglum, September 4-7, 1990. Three coples submitted April
11, 1990,

(DOE/ER/13865-024) "Anti-Stokes Luminescence of Selected
Actinide(I11) Compounds" by G. D, Del Cul, G, M, Murray, §S.
E. Nave, C-T. P. Chang, R. G. Halre, and J. R, Peterson,
Abstract of paper for poster presentation at the First
International Conference on f Elements, Leuven, Belgium,

September 4-7, 1990. Three coples submitted April 11,
1990,

(DOE/ER/13865-025) "The Transplutonium Elements: Reseatch

Opportunities and Challenges on the Edge of Matter" by J. R.

Peterson, Abstract of paper for oral presentation at the
14th Annual Actinide Separations Conference, Gatlinburg,
Tennessee, May 14-17, 1990, Three coples submitted April
20, 1990,

(DOE/ER/13865-026)  "Luminescence, Absorbance and Raman Studies
‘of EuOCl at Various Pressures" by G. D. Del Cul, G. M.
Murray, S. E. Nave, C-T. P. Chang, G. M. Begun, and J. R.
Peterson, European Journal of Solid State and Inorganic

Chemistry (in press). A preprint copy submitted August 31,
1990,

(DOE/ER/13865-027) "Anti-Stokes Luminesceuce of Selected
Actinide(III) Compounds" by G. M. Murray, G. D. Del Cul, §.
E. Nave, C-T. P. Chang, R. G. Haire, and J. R. Peterson,.
Edropean Journal of Solid State and Inorpanic Chemistty (in
press). A preprint copy submltted August 21, 1990.

(DOE/ER/13865-028) "Anti-Stokes Luminescence of Selected Curium
Compounds" by G. M, Murray, G. D. Del Cul, G, M, Begun, J.
P. Young, and J. R, Peterson, Abstract of paper for oral
prasentation at the 199th American Chemical Society meeting,
Boston, Massachusetts, April 22-27, 1990. Three coples
submitted June 22, 1990.

(DOE/ER/13865-029) "Luminescence, Raman and Absorption
Spectrophotometric Studles of Selected Lanthanlde and
Actinide Compounds in the Solid State" by G. D. Del cul,
Ph.D. Dissertation, University of Tennessee, Knoxville,
December 1990. Three copies submitted September 10, 1990,
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In addition the principal investigator has co-authored the following

documents which have been asssigned DOE document numbers based on other DOE

contracts/grants:

L.

(DOE/ER/13834-2) "Crystal-Fleld Anlsotropy in the Magnetic
Susceptibility of Single-Crystal CfCl" by J. R, Moore, S. E.
Nave, R, C. Hart, W. R. Wilmarth, R, G. llaire, and J, R. Peterson,
Physical Review B 38, 2695-2702 (1988),

(LA-UR-88-2759) "Spectroscoplic and Redox Properties of Berkellum
in Complexing Aqueous Carbonate and Citrate Solutions" by D. L.
Hobart, D. E. Morris, P. D, Palmer, R. G. Haire, and J. R,
Peterson. Radiochimica Acta 49, 119-124 (1990). Three reprints
submitted June 28, 1990.

(LA-UR-88-2760) "Voltammetric Investigation of the
Berkelium(IV/II1) Couple in Concentrated Aqueous Carbonate
Solutions" by D. E. Morris, D. E. Hobart, P. D. Palmer, R. G,
Haire, and J, R. Peterson, Radiochimica Acta 49, 125-134 (1990).
Three reprints submitted June 28, 1990,

During the current report period, research sponsored by this

contract/grant was presented in oral or poster format at the following

gatherings:

1.

18th Journees des Actinides, Paris, France, April 20-22, 1988.
One pral, one poster; both contributed.

The University of Tennessee, Knoxville, Tennessee, June 23 and 24,
1988, Two oral; both invited.

Summer School for Nuclear and Radiochemistry, San Jose State
University, San Jose, Californla, July 12, 1988. One oral;
invited,

Lawrence Berkeley Laboratory, Berkeley, California, July 13, 1988,
One oral; invited,

18th Rare Earth Research Conference, Lake Geneva, Wisconsin,
September 12-16, 1988. Three posters; all contributed,

Mercer University, Macon, Georgia, October 4, 1988, One oral;
invited.

“University of South Alabama, Mbbile. Alabama, November 11, 1988,

One oral; invited,
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11.

12.

13.

14.

15.

16.

17.

18.

20,

21.

22,

23.
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Spring Hill Ccllege, Mobile, Alabama, November 11, 1988. One
oral; invited. .

San Jose State University, San Jose, California, Deacember 8, 1988,
One oral; invited.

The Univarsity of Tennessee, Knoxville, Tennessee, June 15, 1989,
One oral; invited.

3rd Workshop on Actinides Under Pressure, Karlsruhe, Federal
Fepubilc of Germany, July 24-25, 1989. Two oral; both invited,

‘ACTINIDES-89, Tashkent, USSR, September 24-29, 1989. Two extended

abstracts only; both contributed.

Middle Tennessre State University, Murfreesboro, Tennessee,
October 5, 1989, One oral; invited.

41st Southeast Reglonal American Chemical Society meeting,
Winston-Salem, North Carolina, October 9-11, 1989, One oral;
contributed,

Arkansas State University, Jonesboro, Arkansas, October 20, 1989.
One oral; invited.

Rhodes College, Memphis, Tennessee, October 30, 1989. One oral:
invited,

The 1989 International Chemical Congress of Paclific Basin
Societies, Honolulu, Hawaii, December 17-22, 1989, One poster;
contributed,

199th American Chemical Society meeting, Boston, Massachusetts,
April 22-27, 1990. One oral; invited.

l4th Annual Actinide Separations Conference, Gatlinburg,
Tennessee, May 14-17, 1990. One oral: invited.

The University of Tennessee, Knoxville, Tennessee, June 28, 1990,
One oral; invited,

Summer School for Nuclear and Radiochemistry, Brookhaven National
Laboratory, Upton, New York, July 25, 1990. One oral; invited.

First International Conference on the f Elements, Leuven, Belgium,
September 4-7, 1990. Two posters; both contributed.

The Robert A. Welch Foundation Cornference on Chemical Research
XXXIV, Fifty Years with Transuranium Elements, Houston, Texas,
October 22-23, 1990. One oral; invited. Participation of the
principal investigator in this event had to be cancelled because
ot the 111 health of his wife,

G
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MOLAR ENTHALPIES OF FORMATION OF BaCmO; AND BaCfO,

J. Fuger® and R.G. Haire®

Introduction

Thermouynémic studies on perovskite-related complex oxides of several
tetravalent lanthunides aud actinides witﬁ barium and strontium have been
published in recent years. Quantitative data on the molar enthalpies of
forma:ion exist for BaCeO; {1,2], BaPrO; [l}, BaTb0Q; {1,7], BaUO; [3], BaPuO,
[4), BaAmO, [2], SrCe0Oy {2]), SrTbO; {2], and SrAmO; [2]. Mo?ss et al. {1,3,4]
showed that, for a number of barium compounds with the general formula BaM'O,
(M' = Ti, Mo, Hf, Zr, Tb, Pr, U, or Pu), the enthalpy change A,H° (complex),
corresponding to the formation of these compounds from the binary oxides
according to reaction (1)

‘ BaO(cr) + M'0O,(cr) = BaM'O;(cr), (1)
becomes less favorable as the Goldschmidt tolerance factor t [5] decreases.
In fact, it was shown very recently [2] that a linear relationship exlsted
between Agl°, (complex) and t that could be extended tc analogous strontium
compounds, especially those with cerium, terbium, and americium, which display
a very distorted perovskite structure.

The purpose of the present study is to extend the correlation to BaCm0O,,
and BaCf0;, 1l.e., for the heaviest actinides for which such compounds can be
prepared and t< base on the best possible grounds estimation of the molar
enthalpies of formation of other, some of them yet unprepared, homologous
MM’'0; compounds (M = Ba or Sr; M' = Th, Pa, Np, or Bk). Additionally, given

adequate auxiliary data, the results on BaCfO, will provide information on the

-
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molar enthalpy of formation of rtoichiometric Cf0, and on the Cf*'/cf
standard potential,

Experimental

The complex oxides were obtained by heating stoichiometric amounts of
BaO and 2“8Cm0, or 2°Cf0,. Two preparations of BaCmO; (I and II) and one
preparation of BaCan {I) vere carried out. ¥Y-ray powder diffraction was used
to characterize the samples,

All samples were handled in a gloved box whose helium atmosphere
contained less than i ppm water and 10-100 ppm oxygen and nitrogen,

The techniques used for handling and weighing the samples for
calorimetry have been recentlv described [7]. In each calorimetric run one to
three pieces, detached from the bulk of the preparation, were used. The
isoperibolic calorimeter, having a nominal capacity of 5 cm®, has also been
described [8], and the detalls of the verification of its performance have
been published [8-10}.

The selected dissolution medium was 1.000 * 0.005 molsdm™ HC1O,
because, based on similar experiments [2] with BaTbO,; and SrTbO,, this medium
i1s known to dissolve such compounds in a matter of a few minutes and because
the non-complexing nature of the Cl0,” ion simplifies the extrapolation of
data to an infiniteiy dilute medium.

Uncertainty limits on the mean of several calorimetric measurements are
based on the student t 95% confidence level. All measurements are reported
for 298.15 + 0.C5 K and p® = 101.325 kPa. Unless otherwise specified,

auxillary data are those recommended by CODATA [11].
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Results and Diszscussion

The X-ray powder patterns of both BaCm0; (2 preparations) and BaCfO,
exhibited only lines which were indexed in the cubic (Fm3m) symmetry although
it is well known from neutron powder diffraction and high resolution X-ray
powder diffraction that these 4f and 5f barium perovskites are
rhombohedrically or orthorhombically distorted [12-16].

The results of the dissolution of the two compounds, according to
equation (2)

BaM'O,(cr) + 5HY(soln) =

[(Ba?* + M'3 + 5/2 H,0)(soln) + 1/4 0,(g) &H, = bgopn Hyy,  (2)
where (soln) stands for 1.000 moledm™® HClO, and M’ = Cm or Cf are given in
Table 1. As can be deduced from these data, the actinide concentration in the
calorimetric solution was < 1073 moledm™®. Heat evolution upon dissolution was
complete wffhin 9-12 minutes in the case of the BaCmO, samples and within 5
minutes in the case of the BaCf0; samples. This difference in behavior, for
which we have no explanation, leads to larger uncertainties in the calculation
of the heat effect and is reflected in the larger uncertainty of the mean
BaCm0O, value as compared to that for BaCf0O;.

Although the evolution of gas (0,) could be seen as expected from
reaction (2), by observation under a microscope of the dissolution of a sample
of BaCmO; in a small quantity of 1.000 mol.dm ® HClO,, we have no proof that
thls oxygen evolution was quantitative. Such a quantitative evolution of
0,(g) would correspond to a small endothermlc effect of 0.3 kJ per mole of
dissolved oxlde, due to the saturation of the gas by the water vapor at its
equilibrium pressure [17] over 1.000 moledm™ HC10,. On the other hand,

dissolution of 20% of the oxygen released in reaction (2) would correspénd to
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an exothermic effect of 0.55 kJ per mol of dissolved oxide [18, 19]. Under
these circumstances no correction could be applied for these effects which, In
any case, lead to an uncertainty which is much smaller than the uncertainty
limits on the mean of the several identical experiments.
From the enthalpy of solution according to equation (2), the molar
enthalpy of formation accordiné to reaction (3)
Ba(er) + M'(cr) + 3/2 0,(g) = BaM'0;(cr) AHy = Agh°,(BaM'0,,cr) (3)
can be obtained through the use of the following reactions, all in 1.000
mol+.dm™ lC10,, referred to as (soln),
M’ (cr) + 3HY(soln) = M3 (soln) + 3/2 H,(g) Al (4)
Ba(cr) + 2li*(soln) = Ba*'(soln) + H,(p) Al (5)
5/2 Hy(g) + 5/4 0,(g) + [Ba?" + M'3"](soln) = [Ba?" 4 M'®
+ 5/2 H,0](soln) AHg (6)
Thus, aHy = AH°, (BaM'0;, cr) = AN, + AHs + OHg - ol (7
The standard molar enthalpies of formation of Cm®! (aq) and Cfa'(aq)
have been reported as -(615 * 5) kJemol™! [20] and -(577 * 5) kJ.mol™! [10],
respectively. Making the reasonable assumption that these enthalples change
negligibly between 1 mol-dm™® HC10, and standard conditions, we have, for ol
A (Cm®*, soln) = -(615 % 5) kJ-mol"1
and
AgHL(CE®Y, soln) = -(577 £ 5) kJemol™!
Similarly, we will take AHg = AgH,(Ba?', soln) = -(533.5 + 1.7) kJ-mol™?,
a value identical to that accepted for standard conditions [21]. Finally we
take ally = -5/2 (285.84 % 0.04) kJe-mol™! from the standard molar enthalpy of
formation of water [11] and the relative partial molar enthalpy‘of water [22]

in 1.000 moledm™ HC10,, assuming negligible the influence of small (< 1073
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mol+dm™?) concentrations of Ba?' and M'?. Thus, we obtain a8¢H°,(BaCm0,, cr)
~ -(1517.8 % 7.1) kJ+'mol™ and agH° (BaCt0Oy, e¢r) = -(1477.9 % 5.6) kiemol™?.

From the experimental values &41°,(Ba0, cr) = -(548.0 1 2.0) kJsmol™?
{23] and agH°,(CmO,, cr) - -(911 % 6) kJ-mold, we can calculate, as we have
done [2] for analogous compounds, AM° (complex) according to reaction (1).
We obtain, for BaCmOj, AMH°p(complex) = -(588 & 9.5) kJemol !, Use of this
result together with the corresponding values published {2] for various MM'Q,
compounds (M = Ba, M' = T{, Hf, Zv, Th, Am, Pu, Ce, or U; M = Sr, M' = Ti,
Mo, 2r, Tb, Am, or Ce) in conjunction with the Goldschmidt tolerance factor t,
calculated from the lonic radil from Shannon (6], lead to relationship (8)

ale (complex) = 800.4 - 10005 t (kJemol™!) (8)
which, over the range 0.8 < t < 1, fits the experimental results for all the
above-listed compounds with an average standard deviation of 8.5 kJ.mol™!.
This result’is quite satisfactory given the uncertainties in the fonic radii,
and the slight variations In the crystal?structure of the compounds,

From relationship (8), the ionic radii [6], and the standard molar
enthalpies of formation of the various aétinide dloxides [24], of BaO, given
above, and of Sro0, as -(590.53 & 1.00) k;]-mol'2 [25), we can estimate the
molar enthalples of formation of several complex oxides for which no
thermochemical data exist; these values are given in Table 2. The data we
obtain for the & /°,(complex) Iin the case of BaThO, is distinctly more
negative than that, -20 kJemol™?, estimated by Williams et al. [3]. On the
other hand it appears there is little hope to obtain in pure form any SrM'0,

compounds for actinides lighter than neptunium, although the existence of

these compounds (Pa-Pu) has been claimed [?6}.
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Equation (8) can be used to estimate A H°,(CfO,, cr) based on the above
reported a¢H°,(BaCfOy, cr) = (-1477.9 £ 5.6) kJemol™, With rpest = 0,821 A, ¢
= 0.876 and A H°,(complex) = -(80.0 * B8.5) kJemol™, we obtain a/i°,(Cf0,, cr)
= -(850 # 10) kJemol™!, This value {s in very good agreement with that, -858
kJemol™!, estimated by Morss [27) based on interrelationships between the
molar volumes of the lanthanlide and actinide dioxides and their standard molar
enthalples of solution,

An extrapolatlon to californium of the plot (agH°,(M'0,, cr) -
adl®, (M"Y, aq)) as a function of the actinide and lanthanide tetravalent ionic
radil [25] leads to (&¢H°,(CfO,, cr) - agH°, (CE, aq)) = -(549 * 5) kJemol™?
and ylelds agi° (M'*' "aq) = -(301 % 11) kJemol™!, compared to -313 estimated
by Morss [27]. Finally, using the entropy values listed by this latter
author, accepting an uncertainty of + 20 JeKtemol ! for the differernce
(S°(CE*, aq) - S°(CE3, aq)), and S°(lly, g) = (130.571 + 0.005) J-K1.mol!
(11]), we obtain E°(C£**/C£%*) = (3.32 4 0.14) V for the standard potential of
the CE“*/CE3* couple. This value is virtually identical to that, 3.2 V, listed
by Morss [27], but is based on the first experimental thermochemical results
on a solld tetravalent callfornium compound.

The enthalpies of solution in 1.00 moledm™® HC10, of BaCmO, and BaC{O,
were measured at 298,15 10.05 K and p°® «~ 101.325 kPa as -(345.3 %+ 4.7) und -
(347.2 £1.9) kJemol™!, respectively. The resulting standard molar enthalpies
of formation, agH° (BaCmD,, cr) = -(1517.8 & 7,1) kJemol™! and agi®,(BaCi0;, cr)
= -(1477.9 + 5.6) kdemol™}, together with opher corresponding experimental
values for several lanthaunlde, actinide, and transition metal complex oxides

with barfum and strontium, are used to estimate the molar enthalples of



bl

17
formation of a number of actinide homologous compounds. The present results
also provide additional information on the standard molar enthalpy of
formation of Cf0, and on the CL*'/Cf" standard potential. .
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Table 1,

Molar enthalpy of solution of BaCmO, and BaCfO, in 5.00 cm® of 1,000 moledn™
1610, at 298.15 + 0.05 K and p°® =~ 101.325 kPa.

Sample and Sample Mass | ane Dyorn N,

Preparation Number (ng) (J) (kJemol™t)

e et A e s e o e 2 g e e i o At e i 4@ e e

BaCm0,
I 568.0 0.45063 -348.2
1 5320 0.4184 -340.9
II 1144 0.9312 -352.8
11 1463 1.1539 -342.1
11 2112 1.6734 -343.3
11 1402 1.1148 =344, 6
Mean —E;;gT; £ o4.7)b
BaCfo,
I 869 .7 0.6934 -346.3
I 566 .7 0.4539 -347.9
1 908.3 0.7249 -346.7
1 | 622.0 0.5020 -350.6
1 753.0 0.6005 -346.4
I 1001.9 o 0.7969 -345.5
Mean ~E§Z;f£ 4 1.9)b
a

Corrected for ampoule breaking and evaporation of solvent {uto the

helluwn gas in the ampoule.

b

95% confidence level.
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Table 2.

Estimated molar ehthalpies of formation for a number of barfum and strontium
complex oxides with actinides,

e e,

BaM'0, (cr)

!

o, (M'0,, cr) Al (complex) belH° L (BaM!' 04, cr)
M’ (kJemol™d) t (kJemol 1) (kJemol™1)
[from ref, 24] [from equation (8)]
Th -(1226.7 £ 1.7) 0.831"° -34.8 ‘ -(17399 £ 8,9)
Pa (1109 + 15) 0.845 48.8 - (1608 + 17)
U -(1084.9 % 0.8)
Np -(10/4.0 + 2.,5) 0.857 -60.9 -(1561.1 L 9.1)
Pu -(1056.2 + 2.7)
Cm -(911 & 6)

Bk -(1026 £ 9) 0.872 -76.0 -(1498 + 13)

StM'0, (er)

[ — e

S S B

— e e e i 4 o e et s

aH° (complex) AgH® (StMoy, cr)
t (kJemol™Y) (kJemol™1)
[from equation (8)]
'Hi 0.780 +16.5 -
Pa 0.793 +3.4
U 0.797 -0.6
Np ).804 -7.6 -(1656.9 * 8.9)
Pu 0.807 -10.6 -(1636.1 * 9.0)
Cm 0.811 -14.7 -(1487 L 10)

Bk 0.818 -21.8 -(1595 + 12)
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LUMINESCENGCE, ABSORBANCE. AND RAMAN STUDIES OF EUROPIUM OXYCHLORIDE
AT VARTIOUS PRESSURES

G. D. Del Cul, G, M. Murray, S. E. Nave,®
C-T. P. Chang," and G. M. Begun®

Introduction

The use of lanthanide compounds as phosphors has produced a conslderable
literature concerning thelr optical properties. These propertles are strongly
fnfluenced by the crystal structures of the respective compounds which
normally change across a éerles of homologous lanthanide compounds, owing to
the change in the lanthanlde ion’s size. The nature of the changes in the
coordination polyhedron and crystal fleld parameters is normally obtalned by
observing a spectroscoplc probe lon dispersed In spectroscoplcally inactive
compounds. An alternative way of observing and examining Qtructural changes
Is by the application of pressure. The application of pressure causes
structural .changes analogous to those produced by the substitution of
differlng lanthanide ions without the ambigulty of probe fon assimilation,.
Pressure studles can also be used to Investigate new synthesis methbds and the

delocallzation of £ electrons,

=3

xperimental

The single crystals of EuOCl were prepared by flux growth from a melt of
anhydrous EuCly; {1]). The crystal structure of each sample examined {in this
work was verlfied by X-ray diffraction and by a Raman crystal phonon technlique
[2]. The instruments used for the luminescence, absovbance and Raman
spectroscopic‘studies have been describéd previously [3,4]. Luminescence from

the 5D&3 levels in Eu®" was obtained by resonaﬁée enhanced two-photon

o
v
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excltatlon in the game manner as H&lsa [5]. The equipment and methodolopy for

the pressure studies have been described previously [4].

Results and Discugsion

The UV-VIS spectra of lanthanlde fong in solld compounds conslst of waal,
narrow, intra-4f level transitlons at low energles and strong, broad, inter-
level or charge transfer transltions at higher energles., The positions of
these two spectral forms, relative to visible light, are dependent on the
oxidatlon state of the lanthanide lon. Normally Ln®' fons exhibit narrow
lines in the entire visible wavelength region, while Ln?t fons have broad
features in the blue to green and perhapé some narrow features In the far red.
When a lanthanide fon is placed in a crystal fleld, the atomlc free ion levels
will spiit into a number of sublevels that can be characterized by the
frreducible representation of the appropriate point group describing the
crystai fleld symmetry about that ilon. In this manner the narrow, Intra-4f
transitions are split into groups, or manifolds, whose pattern reflects the
coordination polyhedron about the lanthanide ion,

The crystal structure of EuOCl is the PbFCL type (Pyjpumi D) with the fu’f
fons reéiding in sites with C,, point symmetry [6). The relatlive intensities
of the lines in a glven wanlfold will be roughly equal to the degeneracy of
the irreducible repregentation characteristic of the respective transition,
For C,, site symmetry the transitlons of the Eu®' fon are elther gingly or
doubly degenerate, The luminescence spectrum exhibited by the Eu®' {on in
EuOCl, under ambient to low applled pressure, corresponds very well to the
spectrum expected from an Eu®' ifon in a crystal fleld of C,, symmetry. The:
predominant lumlnescence produced by the Eu®" fon results from transitions

originating in the °D, excited electronic gstate relaxing to the lower 7Fm5
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..

levels. The luminescence spectrum exhibited by Eu®’ in EuOCl at ambient ot

low applied pressure ls {llustrated in Figure 1,

7F
2 CEuOCl 5.5 kbar
: 7
B , F
= |
= 7
= F

Fo 7F3 kﬁ
,l_.kf ..&,_,n—J \_/\MMLL__‘,\__A. N
manuti et R e S H

17000 168000 15000 14000
WAVENUMBER (CM— 1

Fig. 1. Luminescence spectrum of EuOCL showing emission from the °D, level to
the 'Fy., levels. :

As stated above, Ln?' jons can be expected to exhibit strong, broad
transitions in the visible wavelength region. In the case of Eu®*' fon, the
peak of the band in the visible region occurs at about 18C00 cm™', The
lumlnescence spectrum of a representative Eu®*' compoun¢, BEuCl,, 1s shown in
Figure 2. Also seen in Figure 2 are luminescence spectra of EuOCl at moderate
pressures, 48 and 112 kbar, The f+f transitions are red-shifted with
incpeased pressure due to eompressién of the electroni: cloud and,
concelvably, increased covalency. It is apparent in Figure 2 that the narrow,
intra-4f transitions are becoming obscured by a broad, strong, emission band
In the energy reglon for Eu?" {on emission. Examination of the sample at
elevated pressuve, by light mlcrﬁscopy, showed the ctystals becoming hrown and

.
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.
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Fig. 2. Luminescence spectra of EuOCl at elevated pressure and of EuCl, at
ambient pressure. ‘

slightly opague. The incremental application of pressure was repeated with
simultaneous measurement of luminescence lifetimes. The results of these
measurements are given in Table 1. Concurrent with the rise in broadband
emission there is a decrease in the radlative lifetime. All these
observations are reversible with pressure.
Table I
Radilative Lifetlme Versus Pressure for EuOCl

Pressure (kbar) Lifetime t,,, (us)

0.0 15.5
3.2 12.6
6.6 7.8
12.6 7.2
53.6 5.6

The absorption spectra obtained from EuOCl at elevated pressures still
showed the characteristic Eu®' peaks, although they were weakened because of

the shorter light path due to gradual thinning and diminishing transparency of
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the sample with increased pressure. The absorption peaks are also broadened
by the application of pressure. Thus, the presence of Eu?t fons in an EuOC1
sample under pressure cannot be determined preclsely from the absorption
spectra obtained using our single-beam microscope spectrophotometer.

In addition to the luminescence and absorbance studies, an attempt was made
to acquire further Information from analysis of the Raman phonon spectra of
EuOCl under pressure, but these spectra were too weak and broad to be useful.
Because a measurement of the magnetic moment or the Méssbauer spectrum at
elevated pressure remains as yet unfeasible, it is uncertain whether the
apparent reduction of Eu®" to Eu?' is a bulk process or a surface phenomenon.
This apparent red..tlon, reversible with pressure, is probably the result of
shifting electron density from the anionic environment toward the Eu®' fons

with Increased pressure.
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ANT1-STOKES LUMINESCENCE OF SELECTED ACTINIDE(I11) COMPOUNDS

G. M. Murray, G. D. Del Cul, S. E. Nave,®
C-T. P. Chang,® and R. G. Haire®

Introduction

Anti-Stokes luminescence from lanthanide and lanthanide-doped cowpounds has
been studied extensively [1]. The mechanisms described for these processes
involve simultaneous, two photon absorption [2], ion-ion interactions (2}, and
sequential or resonance-assisted two photon absorption [3]. The sequential or
resonance-assisted route may employ one or more colors for excitation,

The present work is the result of a search for a technique to observe weak
luminescence from a large number of different lanthanide and actinide exclted
states. Such luminescence is often weak due to efficient, non-radiative decay
from closely spaced exclted levels. However, because of the low background
produced by-sequential two photon excltation, the energies (and poiarizntions)
of many more levels can be obtalned. These energy values are useful in
calculating crystal field parameters and in determining lanthanide and

actinide ion site symmetries.

Experimental

The actinlde isotopes used in this work were produced in the High Flux
Isotope Reactor and were processed and purified using standard solvent
extraction and/or lon exchange techniques [4]. The anhydrous compounds were
prepared by milcrochemical technigues that have been described elsewhere [5].
The crystal structure of each sample examined in this work was verifled by a
Raman crystal phonon technique [6]). The instrumentation used to acquire the

Raman and luminescence spectra has been described previously [7].
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Results and Dlscussion

A group theoretical analysis predicts that the various free jon electronic
levels will be split Into (J + 1/2)‘Stark components for all Kramers lons In
non-cubic symmetry [8). Since the ground state of the Cm® 1on is, in
Russell-Saunders notation, an S state, it is not expected to exhibit a
significant crystal field splitting (values obtained for LaCly:Cm¥" show
components split by less than 1 ecm™) [9]. Therefore the Cm(I1I) ion spectra
will normally consist of groups of two or more lines, the intragroup lines
separated about 100 ecm™! and the groups of iines separated about 1000 cm*;
beginning at about 16500 cm™! and extending to higher energy. An example of
anti-Stokes luminescence from a curium compound (*'®CmI,) is shown in Figure 1.
In the case of CE(III) ion, the ground state is QQﬁm and the ground state
splitting is about 300 em™l. The CE(III) lon luminescetce spectra are
composed of complex groups of lines, with band spreads at least 306 em™? and
the bands themselves separated by about 1000 cm™'. An example of anti-Stokes
luminescence from CF(II1) ilon (=5% CE°* in LuCly) 1is given in Flgure 2,

The mechanism for the two photon, sequentlally excited, Cm(III) lon
luminescence 1s as follows. A large energy gap between the ground state and
the first excited Stark manifold results in the excited state possessing a
relatively long lifetime (=10.0 psec). This long lifetime facilitates the
absorptlon of a second photon, Ffurther exciting the Cm®' ion to a high lylng,
intra-5f level. The absorption of the second photon is followed by rapild
multiphonon de-excitation to lower lying exclted states which luminesce.

Since excitation by two photons is very speci”iec to the Cm®' ion, background
from scattered radiation and matrix luminescence are virtually eliminated,.
Therefore, the two photon absorption process allows observation of Cm®" ion

luminescence from excited states which previously were seen only by absorbance

—
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measurements, In CFf(I1I) ion there exist many more low lying levels than
there are in Cm(III). Therefore, exciting Cf(III) ion as a dopant to reduce
Cf(II1) ion-ion interactions facilitates the observation of anti-Stokes
luminescence in the visible wavelength range. The demonstration of anti-
Stokes 1uminescenge from CE(111) ion and Cm(III) ion suggests that anti-Stokes

luminescence should occur from other An(III) ions as well.
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