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T h e  E d i t o r s  j o i n  w i t h  h is  f o r m e r  s t u d e n t s  a n d  

r e s e a r c h  a s s o c i a t e s  i n  d e d i c a t i n g  t h i s  i s s u e  o f  

T h e  J o u r n a l  o f  P h y s i c a l  C h e m i s t r y  t o

R i c h a r d  C .  L o r d

o n  t h e  o c c a s i o n  o f  h i s  s i x t y - f i f t h  y e a r  a n d  h is  

r e t i r e m e n t  a s  D i r e c t o r  o f  t h e  S p e c t r o s c o p y  L a b o r a t o r y  

a t  t h e  M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y

“The accomplishments achieved by scientists 

through use of the spectroscope form a list 

so imposing as to leave no doubt that this 

instrument is one of the most powerful now 

available for investigating the natural universe.”

From the book “ Practical Spectroscopy” by R. 
C. Lord, G. R. Harrison, and J. R. Loofbourow, p 
1. Copyright 1948 by Prentice-Hall. Reprinted 
with the permission of Prentice-Hall.
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RICHARD COLLINS LORD

Richard Collins Lord will retire as Director of the Spec
troscopy Laboratory at the Massachusetts Institute of 
Technology on June 30,1976. For 30 years he has guided the 
laboratory with distinction and maintained it as one of the 
world’s great centers for research in spectroscopy. Although 
he will continue to teach at MIT, this event marks a milestone 
in his illustrious career and provides an opportunity to ac
knowledge his many contributions to science. It is a privilege 
to provide this account of the man and his work at the request 
of the Editor.

Lord was bom in Louisville, Kentucli  ̂on October 10,1910. 
He came from a family with a strong academic tradition. 
Dartmouth College has a Lord Hall which is named for a j 
great-great grandfather who was President there for 35 years. 
There is also a Lord Hall at Ohio State University, named for 
a relative who was Professor of Geology. During one of the 
annual Ohio State Symposia on Molecular Structure and 
Spectroscopy Dick Lord, Bryce Crawford, and one or two 
others were walking across the campus. New name plaques 
had been affixed to the buildings, and it was noted that one 
structure was designated as Lord Hall. This led to some 
joshing of Dick. He explained that actually two Lord brothers 
had been on the faculty there concurrently. One was a Pro
fessor of Astronomy and the other of Geology, and the stu
dents had referred to them as Lord of the Heavens and Lord 
of the Earth. “Well”, said Crawford, “what a shame there 
wasn’t a chair in Vulcanology for your branch of the family, 
Dick”.

His father, also named Richard Collins Lord, was chief 
chemist for the Louisville and Nashville Railroad, and then 
worked for several chemical firms. In 1922 he joined the fac
ulty of Kenyon College, Gambier, Ohio where he taught 
chemistry and served as registrar for the rest of his career. The 
family lived adjacent to the campus, and a college joke was 
that the Lord’s house was not the chapel—it was next door. 
The son got his B.S. degree from Kenyon in 1931. After 
teaching chemistry and physics for a year at Tome School in 
Maryland, he began graduate work in chemistry at the Johns 
Hopkins University. His Ph.D. degree was received in 1936 
for a thesis entitled “Vibrational Analysis and the Symmetry 
of the Benzene Molecule” done with the late Professor Donald
H. Andrews. During this period he became acquainted with 
Edward Teller, recently arrived at George Washington Uni
versity. Teller had more influence on his thinking in molecular 
spectroscopy than any other single person. The two worked 
together on a fundamental paper dealing with the theory of 
the effects of deuterium substitution on infrared and Raman 
intensities in the benzene spectrum, which was published in 
1937.

Next came 2 years as a Fellow in Chemistry of the U.S. 
National Research Council. The first year was spent at the 
University of Michigan, which at that time was an outstanding 
center for infrared spectroscopy under H. M. Randall, E. F. 
Barker, and D. M. Dennison. Lord was initiated into that field 
by Norman Wright, then a post-doctoral fellow in Physics at 
Michigan. At Teller’s suggestion the second year was spent 
at the University of Copenhagen, mainly in Professor Alex 
Langseth’s laboratory but also partly in association with Georg 
Placzek. It was a wise choice. Andreas Klit had recently pre
pared the 12 deuterated benzenes there, and Langseth had

just obtained their Raman spectra. Lord and Langseth ana
lyzed the results in a long and masterly paper.

In the fall of 1938 Lord returned to the Johns Hopkins 
University as Assistant Professor of Chemistry, and proceeded 
to build a Raman spectrograph designed around a Wood 
grating with which he began a program on the use of deuteri
um in the analysis of spectra. In early 1942, shortly after our 
entry into World War II, he went to MIT to work with George 
R. Harrison, first as Technical Aide and then as Deputy Chief 
in the Optics Division of the National Defense Research 
Committee. The work dealt with military applications of in
frared radiation, and included early efforts on guided missiles. 
Not all of his wartime work was administrative, however, He 
was the bombardier on the first drop of the prototype of the 
“Azon” guided missile at Eglin Field in 1942. On another oc
casion some naval tests of infrared equipment were being 
made that involved maneuvers of a submarine with surface 
vessels. Lord was in the submarine, and after a long, weari
some period of work he had an opportunity for a short rest. 
There was an empty bunk near the bow where he lay down, 
but he had scarcely dozed off when the submarine collided 
with a surface vessel. Lord barely escaped from the bow 
compartment before a water-tight door was automatically 
slammed shut to seal off that section. Fortunately the sub
marine ultimately was able to surface with no loss of life.

After the war Lord spent the 1945-1946 academic year at 
Johns Hopkins, and then returned to MIT in 1946 as Associate 
Professor of Chemistry and Director of the Spectroscopy 
Laboratory. He was made full Professor in 1954.

In 1943 Lord married Dr. Wilhelmina Van Dyke, a pedia
trician who has continued to practice her specialty throughout 
their married life. The fact that they share the same birthday 
(October 1 0 ) is symbolic of their happy compatibility. They 
have four daughters: Diana (Mrs. Scott Adam), Susan (Mrs. 
Charles Lundt), Margaret (Mrs. John Sacco), and Catherine. 
When the fourth child was born Lord called the laboratory to 
give his students the news. The one who took the message 
asked solicitously whether it was a girl. “Is there any other 
kind?” was the response.

Lord’s father’s Ph.D. thesis, earned at Washington and Lee 
University, was published in this journal in 1907: “An Inves
tigation of the Double Cobalt Malonates”, R. C. Lord, J. P h ys. 
C h em ., 11,173-200 (1907). Thirty years later his own thesis 
from Johns Hopkins was also published here: “Entropy and 
the Symmetry of the Benzene Molecule”, R. C. Lord, Jr., and
D. H. Andrews, J. P h y s . C h em ., 41,149-158 (1937). It is most 
appropriate that his daughter Susan has in this present issue 
a paper describing part of her Ph.D. research at Cornell Uni
versity Medical College: “ESR Studies of Neurophysin and 
Its Interaction with Spin-Labeled Peptides”, S. L. Lundt and
E. Breslow, J. P h y s . C h em ., this issue.

Richard Lord has had an exceptionally productive career. 
He has directed 11 masters and 51 doctoral theses, written 
several books and chapters, and published 133 scientific pa
pers. (See the Publications of Richard C. Lord at the end of 
this article.) It is difficult to summarize such a large and di
verse body of work, but some of the major themes can be in
dicated. His graduate study began in 1932, an exciting time 
for a physical chemist. Quantum mechanics was beginning to 
be applied to chemistry, and statistical mechanics was being

The Journal o f Physical Chemistry, Vol. 80, No. 11, 1976 5A



developed. Although infrared spectroscopy was rather 
quiescent, Raman spectroscopy was an active field. An un
derstanding of vibrational spectra and how they could be used 
to study molecular structure was developing. The discovery 
of deuterium was announced that same year, and it slowly 
became available for research. All of these topics are reflected 
in the subject matter of his first three papers: “Raman Spec
trum of Benzene-d6”, “The Entropy of Carbon Tetrachlo
ride”, and “Entropy and the Symmetry of the Benzene Mol
ecule”. These were the result of his graduate research. His 
early interest in the use of deuterium in the analysis of vi
brational spectra continued throughout his career, and was 
the subject of a paper as recently as 1975. The preparations 
of some of the compounds, and of most of the deuterium de
rivatives, were research problems in themselves. Synthetic 
methods are the topic of about half a dozen papers, and are 
an essential part of many more. He and his students were 
seldom deterred by the necessity of synthesizing the required 
isotopic derivatives.

Other early interests were the theoretical calculation of the 
heat capacity of molecular solids (four papers) and the cal
culation of thermodynamic properties from spectral data 
(three papers). In 1953 his first paper on the study of hydrogen 
bonds appeared, to be followed by a dozen more extending into 
1975.

Another major contribution was his extensive work in the 
far-infrared region (200 to 10 cm-1). Perhaps more than any 
other individual he popularized the use of this region by 
chemists. A paper with McCubbin in 1957 showed that a small 
grating spectrometer is very useful from 2000 to 50 cm '1. 
Further work extended the range and improved the perfor
mance. Later, following his design, the Jarrell-Ash Co. built 
for him a large vacuum instrument which is one of the most 
powerful far infrared grating spectrometers ever used. With 
this instrument an extensive series of important studies was 
made, dealing mainly with (a) pure rotational spectra, (b) the 
inversion (or puckering) modes of small ring molecules, and
(c) pseudorotation in nonplanar rings.

In the last 14 years Lord’s attention has turned more and 
more to large, complex molecules of biochemical interest. His 
first paper on the subject, a study of the manner in which DNA 
is affected by the absorption of water, appeared in 1962. Ini
tially infrared spectroscopy was the main tool, and attention 
centered on hydrogen bonding in these systems. In 1967 came 
his first paper using Raman spectroscopy in this field, followed 
by 17 more since then. He and his students have done the basic 
work on the Raman spectroscopy of nucleic acids and proteins, 
and these biomolecules have been the major interest in the 
latter part of his career.

Some of his papers do not fit into any of the above catego
ries. There are half a dozen dealing with spectroscopic appa
ratus or techniques, while others are concerned with the 
theory of Coriolis constants of vibration-rotation interaction, 
rotational fine structure, or barriers to internal rotation. His 
publications as a whole constitute an impressive body of re
search—large, diverse, pioneering, and thoroughly depend
able. He has always insisted on the highest standards for both 
his own and his students’ work. It is no wonder that his labo
ratory became a mecca for scientists from many parts of the 
world.

Several other professional activities deserve comment. In 
1950 he founded the MIT summer course on Infrared Spec
troscopy. This was the first of the post-graduate courses on 
applied infrared spectroscopy. It has been held every year 
since then, although in 1972 it was moved from MIT to Bow-

doin College. This year (1976) will be its 27th year. The course 
has had a tremendous impact on the practice of infrared 
spectroscopy, for over 2400 students have attended it. They 
have come from industrial, government, and academic labo
ratories in this country and many other parts of the world. In 
the earliest years most of the American manufacturers of in
frared instruments sent engineers and designers to participate. 
The give and take among staff, students, instrument builders, 
and instrument users was exhilarating and helpful to all 
concerned. The author had the good fortune to be present the 
first year. The lectures were held in a hot, noisy room. There 
was no air conditioning there in those days, and jackhammers 
were busy just outside the windows. Van Zandt Williams from 
the Perkin-Elmer Corporation, William Gallaway from 
Beckman Instruments, Bruce Billings and David Robinson 
from Baird Associates, and other very knowledgeable spec- 
troscopists were present. There were vigorous discussions, and 
it was a highly stimulating week.

Lord, together with Elkan Blout, conceived the idea of a 
Gordon Conference on Infrared Spectroscopy and organized 
the first one in 1954. These meetings have been held biennially 
ever since. From the beginning they were outstanding in 
quality and drew the leading vibrational spectroscopists. It 
was through them that many American “infrared-ers” became 
personally acquainted with prominent foreign spectroscopists.

Another major contribution was his co-authorship of the 
book “Practical Spectroscopy” with G. R. Harrison and J. R. 
Loofbourow (1948). This filled a unique role by providing an 
authoritative account of experimental methods and applica
tions across the whole gamut of optical spectroscopy. No other 
book on the subject has had quite the same useful mixture of 
fundamental knowledge and practical advice. It is now out of 
print, and there has been no adequate replacement.

While serving on the IUPAC Commission on Molecular 
Structure and Spectroscopy, Lord accepted the task of editing 
the compilation of “Tables of Wavenumbers for the Calibra
tion of Infrared Spectrometers”. Although several other in
dividuals helped greatly by contributing experimental results, 
it was he who did the detailed, judgmental work of editing. His 
name is not mentioned as editor (none is), so unfortunately 
this very useful piece of work has not brought him the credit 
that is deserved.

No list of his contributions would be complete without 
mention of one of the most important of all—the influence he 
has had through his training of people. This has been multi
faceted: through formal teaching of undergraduate and 
graduate classes, by directing graduate studies, by having 
guest workers in his laboratory, and through his summer in
frared courses. He has been eminently successful. Many of his 
students are having notable careers, and he now has some 
third-scientific-generation descendants (e.g. Lord-Lippin- 
cott-Fateley-Tuazon). His relations with his graduate stu
dents were excellent. It was his custom to eat lunch with them 
regularly at a large round table in the student refectory. This 
was a splendid educational technique, transferring a great deal 
of information informally and developing the e s p r it  d e  co rp s  
of his group. There was a fine spirit of cameraderie and a 
genuine pleasure in the work. Lord is a good teacher who 
strives to give his students understanding and insight in ad
dition to hard facts. It is interesting to watch him work his way 
out of a temporary difficulty at the blackboard, and to observe 
his method of reasoning. On at least one occasion when he 
completed the last lecture of the term in freshman chemistry, 
the students applauded thunderously to show their appre
ciation. He follows the careers of his students with keen in
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terest, and often helps them in quiet ways that open new 
professional opportunities. Many of the beneficiaries are not 
aware of his aid. His students often seek his advice on im
portant career decisions after they have left school.

These professional achievements have brought many rec
ognitions and honors. After World War II Lord served on the 
Panel on Infrared of the U.S. Research and Development 
Board (1947-1953, Chairman 1952-1953). For service to the 
government he was awarded the Presidential Certificate of 
Merit by President Truman in 1948. Since 1948 he has been 
a consultant to the Central Research and Development De
partment of E. I. du Pont de Nemours and Co. He has par
ticipated in the work of international scientific bodies, having 
served on the U.S. National Committee of the International 
Commission on Optics (1956-1959), on the Commission on 
Molecular Structure and Spectroscopy of the International 
Union of Pure and Applied Chemistry (1957-1971, Chairman 
1961-1967), and on the ICSU Inter-Union Commission on 
Spectroscopy (1967-1971). He has been active in the affairs 
of the Optical Society of America, and was its President in 
1964. He has served on the editorial advisory boards of several 
periodicals (J o u r n a l  o f  C h e m ic a l  P h y s ic s ,  J o u r n a l  o f  M o 
le c u la r  S p e c t r o s c o p y ,  J o u r n a l  o f  th e  O p t ic a l  S o c i e t y  o f  
A m e r ic a , J o u r n a l  o f  R a m a n  S p e c t r o s c o p y ,  and S p e c t r o -  
c h im ic a  A c t a ) ,  and as editor in the area of optics for the 
McGraw-Hill E n c y c lo p e d ia  o f  S c i e n c e  a n d  T e c h n o lo g y .

Kenyon College awarded him an honorary Doctor of Science 
degree in 1957. Other honors include being a Reilly Lecturer 
at the University of Notre Dame (1958), Guggenheim Fellow 
at the University of California at San Diego (1960), and Vis
iting Professor at the University of Georgia (1971). He re
ceived the Pittsburgh Spectroscopy Award in 1966, and will 
be the first recipient of the Ellis R. Lippincott Medal in 1976. 
He was made an Honorary Member of the Society for Applied 
Spectroscopy in 1967, and the Coblentz Society in 1976. He 
is a fellow of the Optical Society of America and of the 
American Academy of Arts and Sciences, and has been a 
trustee of Kenyon and Curry Colleges.

The preceding recitation of facts is sadly inadequate be
cause it fails to describe the personality and character, the 
warmth and likableness, of the man as his friends know him. 
Although he has no consuming hobbies, he greatly enjoys 
many interests. Among them are his family and home, friends, 
good food, good conversation, and travel. Socially R.C. is a 
captivating personality. Whether he is recounting an unusual

experience, sharing a limerick, or listening attentively to the 
tales of others, he makes delightful company. He has been a 
bed-time reader for years, and his diverse reading interests 
(in more than one language) bring forth some fascinating 
stories at the dinner table. His presence enlivens every gath
ering and banishes dullness. His friends, of whom there are 
legions, would describe him with terms such as warm, sincere, 
loyal, delightful—just a very fíne person.

Each of his graduate students must have a few especially 
vivid vignettes involving him which they carry through the 
years. Perhaps the author may be permitted to mention two 
of the many which he treasures. The first took place one fine 
May day during the period when I was a graduate student at 
Johns Hopkins. “Doc” (as we called him then) came into the 
laboratory and said, “It’s too nice to work inside today. Would 
you like to play golf this afternoon?” How would any graduate 
student respond to such an excellent suggestion from his 
professor? Paul Emmett, the well-known authority on catal
ysis, was enlisted, and a fourth person whom I do not recall, 
and we had a delightful afternoon on the Clifton Park course. 
That first round of golf with R.C. has been followed by many 
other pleasant ones during Gordon Conferences and the Ohio 
State Symposia, but none is etched as vividly in my memory 
as that one.

The second vignette concerns the evening before my final 
oral examination for the Ph.D. degree. Lord and a number of 
graduate students lived and ate in the student dormitory, and 
on this fine evening several of us were sitting outside on a 
bench after dinner. Final orals were quite an ordeal at Johns 
Hopkins, and I made some remark about hoping that Lady 
Luck would be on my side the next day. “I don’t know about 
Lady Luck, but there will be a Lord there”, was his quick 
reply. In retrospect I have come to realize how this short re
sponse encompasses so many of his fine personal qualities: his 
humor, his understanding of another’s concerns, and his as
surance of support. All of us who have been his students and 
research associates have counted it a very great privilege. To 
Richard Lord, our admired and beloved teacher, mentor, 
confidant, and friend, we dedicate this issue.

Foil A. Miller 
Department of Chemistry 

University of Pittsburgh 
6 February 1976
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Doctoral Theses Supervised by Richard C. Lord

1941 Foil A. Miller 1955 Dean W. Robinson*

1943 Frederick Halverson 
Alfred L. Marston

Howard D. Stidham 
George B. Wilmot

1947 Ellis R. Lippincott 1956 Allan P. Gray 
H. Shreepathi Rao

1948 Lester Corrsin 1958 Alfred Danti
1949 Maurice A. Lynch, Jr.* Monroe V. Evans

Emil J. Slowinski, Jr. 1959 Charles H. Sederholm
1950 Alvin W. Baker 

Betty Jane Fax
(Mrs. Walter Daskin)

1961 Walter J. Lafferty 
Robin S. McDowell

Elmer Nielsen 1962 James R. Durig

1951 William D. Phillips 
Raymond C. Sangster*

David W. Ellis*
Karl A. Hartman, Jr. 
Burton Krakow

1952 Robert S. McDonald 
Robert W. Walker 1965 Karl R. Loos 

L. Claron Hoskins
1953 Richard E. Merrifield 1966 Wallace C. Pringle, Jr.
1954 Donald G. Rea

* Jointly with another faculty member.

1967 George J. Thomas, Jr. 
Jaan Laane*
George 0. Neely

1969 Lionel A. Carreira 
Constantin C. Milionis 
Nai-Teng Yu

1970 Warren J. Adams 
Carl W. Wickstrom

1971 C. Scott Blackwell

1972 Richard Mendelsohn 
Tatsuya Ikeda 
Thomas C. Rounds

1973 Charles J. Wurrey 
Michael C.-C. Chen

1974 Mwindaace N. Siamwiza

1975 Christopher S. Liu

1976 Gary T. Forrest (expected)

1977 Gilbert D. Lee (expected)

Master’s Theses Supervised by Richard C. Lord

1953 Charles McHenry Steese, Jr. 1964 Albert Bigelow Harvey 1970 Terry L. Berman

1958 Thomas John Porro 1965 Diane M. Meyer 1971 Victoria Reid Sauer

1961 Louis Isaacson (Mrs. Charles) Mwindaace Siamwiza

1963 Karl Rudolf Loos 1969 Daniel Chung-Man Luk 1975 Gilbert D. Lee

Guest and Research Associates with Richard C. Lord

1949 Jean Brossel 1958 James R. Aronson 1965 Issei Harada

1951 Henry Cohn 
Andreas Klit 
Putcha Venkateswarlu

1959

Ichiro Nakagawa

Andrew R. H. Cole 
Dana W. Mayo

Thomas M. Hard 
Yoshimasa Kyogoku 
Mireille Perec de Yagupsky

1952 Johan J. Lothe 1960 Michael Falk 1966 Heinz Abplanalp

1953 R. K. Asundi 1961 Alfred J. Perkins
1967 Roger F. Lake 

Soon NgCyril G. Cannon Clive H. Perry
Antonio Foffani 
T. King McCubbin, Jr. 
Benoit Nolin

1954 Daniel R. J. Boyd 
Hans H. Günthard

1955 C. Ramasastry

1956 René Fritz Zürcher

1957 Henrik F. Van Woerden 
Peter C. Von Planta 
George L. Zimmerman

1962 Graham R. Hunt 
Baij Nath Khanna 
Samuel Schrage

1963 Richard Lumley Jones 
Ian Mark Mills 
Edward C. Reifenstein III

1964 Chadwick A. Tolman

1968 Dennis W. Wertz

1969 Anne-Marie Bellocq

1970 Thomas B. Malloy 
Toyotoshi Ueda

1972 Robert H. Larkin

1973 Evan Bayne Carew 
Michael C.-C. Chen 
David F. Eggers, Jr. 
Noel Relyea
Ralf Steudel 
Hiromu Sugeta
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Publications o f Richard C. Lord

Books, Chapters, and  Articles Published in Book 
Form

“Practical Spectroscopy”, Prentice-Hall, Englewood Cliffs,
N.J., 1948; Tenth Printing, 1968 (with George R. Harrison 
and John R. Loofbourow). Also published by: (a) Blackie 
and Son, Ltd., London and Glasgow, 1950; (b) The State 
Publishing Institute, Moscow, 1950; (c) Naucna-Rujiga, 
Belgrade, Yugoslavia, 1962.

Articles on “Infrared Radiation”, “Infrared Spectroscopy”, 
“Raman Effect”, “Physical Optics”, “Wave Optics”, and 
others in the fields of optics and spectroscopy. “McGraw- 
Hill Encyclopedia of Science and Technology”, McGraw- 
Hill, New York, N.Y., 1960, and lat(©r-editions.

“Tables of Wavenumbers for the Calibration of Infrared 
Spectrometers”, Butterworths, London and Washington, 
1961 (with R. N. Jones, E. K. Plyler and others). (Listed also 
under papers published.)

“Multilingual Dictionary of Important Terms in Molecular 
Spectroscopy”, International Union of Pure and Applied 
Chemistry, Physical Chemistry Division, Commission on 
Molecular Structure and Spectroscopy, published by the 
National Research Council of Canada, Ottawa, 1966 (with
G. Herzberg, et al.).

“Far-Infrared Spectra of Four-Membered Ring Compounds”, 
in “Vibrational Spectroscopy and Structure”, J. R. Durig, 
Ed., Marcel Dekker, New York, N.Y., 1972, Chapter 1, pp
1-24 (with C. S. Blackwell).

“Structural Studies of Nucleic Acids and Polynucleotides by 
Infrared and Raman Spectroscopy”, in “Physio-Chemical 
Properties of Nucleic Acids”, J. Duchesne, Ed., Academic 
Press, London, 1973, Chapter 10, pp 1-89 (with K. A. 
Hartman and G. J. Thomas, Jr.).

Papers

“Raman Spectrum of Benzene-dg”, J. C h em . P h y s ., 4,82-83 
(1936).

“The Entropy of Carbon Tetrachloride”, J. C h em . P h y s ., 4, 
707-710 (1936) (with E. R. Blanchard).

“Entropy and the Symmetry of the Benzene Molecule”, J. 
P h y s . C h em ., 41,149-158 (1937) (with D. H. Andrews).

“The Infrared Absorption Spectrum of Carbon Suboxide”, 
J. C h em . P h y s ., 5, 642-649 (1937) (with N. Wright).

“Structure of Benzene. Part X. Remarks on the Intensities 
of the Raman Lines in Benzene and Hexadeuterobenzene”, 
J . C h em . S o c ., 1728-1737 (1937) (with E. Teller).

“Crystalline Heat Capacities of Benzene and Benzene-tig”, 
J. C h em . P h y s ., 5, 649-654 (1937) (with J. E. Ahlberg and
D. H. Andrews).

“The Fine Structure of the Totally Symmetrical Raman Lines 
in Benzene and Benzene-dg”, J- C h em . P h y s ., 6 , 203-204 
(1938) (with A. Langseth).

“The Raman Spectra of the Deuterated Benzenes”, K . D a n .  
V id en s k . S e lsk ., M a t .-F y s .  M e d d ., 16,1-85 (1938) (with A. 
Langseth).

“The Heat Capacities of Molecular Lattices. I. Introduction”, 
J. C h em . P h y s ., 9, 693-699 (1941).

“The Heat Capacities of Molecular Lattices. II. The Structure 
of Metallic Lithium”, J. C h em . P h y s ., 9, 700-705 (1941).

“The Vibrational Spectra of Pyrrole and Some of Its Deute
rium Derivatives”, J. C h em . P h ys ., 10, 328-341 (1942) (with
F. A. Miller).

“The Raman Spectrum of Cyclooctatetraene”, J. A m . C h em . 
S o c ., 68,1868 (1946) (with E. R. Lippincott).

“The Infrared and Raman Spectra of Heavy Cyclooctate
traene”, J. C h em . P h y s ., 16, 548-549 (1948) (with E. R. 
Lippincott and R. S. McDonald).

“The Structure of Cyclooctatetraene”, J. C h im . P h y s ., 45, 
47-49 (1948).

“The Vibrational Spectra and Structures of Iodine Pen- 
tafluoride and Heptafluoride”, J. A m . C h em . S o c ., 72, 
522-527 (1950) (with M. A. Lynch, Jr., W. C. Schumb, and
E. J. Slowinski, Jr.).

“Structure of Cyclooctatetraene”, N a t u r e  (L o n d o n ) , 166,227 
(Aug 5,1950) (with E. R. Lippincott and R. S. McDonald).

“Apparatus for Low Temperature Study of the Raman Ef
fect”, J. O p t. S oc . A m ., 40,655-657 (1950) (with E. Nielsen).

“The Vibrational Spectra of Diborane and Some of Its Isotopic 
Derivatives”, J. C h em . P h y s ., 19, 1-10 (1951) (with E.- 
Nielsen).

“The Raman Spectrum of Allene-dT’, J. C h em . P h y s ., 19, 
260-261 (1951) (with J. Ocampo).

“The Vibrational Spectra and Structure of Cyclooctate
traene”, J. A m . C h em . S o c ., 73, 3370-3385 (1951) (with E. 
R. Lippincott and R. S. McDonald).

“The Thermodynamic Functions of Cyclooctatetraene”, J. 
A m . C h em . S o c ., 73, 3889-3891 (1951) (with E. R. Lippin
cott).

“Far Infrared Transmission of Silicon and Germanium”, P h ys . 
R ev ., 85,140-141 (1952).

“Notes on the Practice of Infrared Spectroscopy”, J. O p t. Soc. 
A m ., 42, 149-159 (1952) (with R. S. McDonald and F. A. 
Miller).

“Exchange Reactions of y-Pyrone and Synthesis of Deuter
ated Pyrones”, J. A m . C h em . S o c ., 74, 2429-2430 (1952) 
(with W. D. Phillips).

“The Rotation-Vibration Spectra of Aliéné and Al!ene-ri4”, 
J. C h em . P h y s ., 20, 1237-1247 (1952) (with P. Venka- 
teswarlu).

“A Vacuum-Tight Seal between LiF and Silver”, R ev . S ci. 
In s tr u m ., 23, 442 (1952) (with R. S. McDonald).

“Evaluation of the Zeta Sums for Rotation-Vibration Inter
action in Axially Symmetrical Molecules”, J . C h em . P h y s ., 
20,1348-1350 (1952) (with R. E. Merrifield).

“Strong Hydrogen Bonds in Crystals”, J. C h em . P h y s ., 21, 
166-167 (1953) (with R. E. Merrifield).

“Synthesis of Cyclobutene-dg and Cyclohutane-dg”, J. C h em . 
P h y s ., 21,378 (1953).

“Hydrogen Bonding in Crystals and the Nature of the Hy
drogen Bond”, A n a l. C h em ., 25, 527 (1953) (with R. E. 
Merrifield).

“The Vibrational Spectra of Pyridine and Pyridine-dg”, J. 
C h em . P h y s ., 21,1170-1176 (1953) (with L. Corrsin and B.
J. Fax).

“The Infrared Spectra of Propylene and Propylene-dg”, J  
O p t. S o c . A m ., 43, 1079-1085 (1953) (with P. Venka- 
teswarlu).

“The Infrared Spectra of Monochlorogermane and Mono- 
chlorogermane-d'ï”, J. C h em . P h y s ., 22, 542-546 (1954) 
(with C. M. Steese).

“Rotation-Vibration Spectra and Structure of the Aliéné 
Molecule”, J. O p t. S oc . A m ., 44, 256 (1954).

“Vibrational Spectra and Possible Structures of the Dimers 
of Cyclooctatetraene”, J. A m . C h em . S o c ., 76, 2518-2525
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(1954) (with R. W. Walker).
“Quantitative Study of the Bonding of Chloroform-ri in 

Various Solvents by Infrared Spectrometry”, J. A m . C h em . 
S o c ., 77, 1365-1368 (1955) (with B. Nolin and H. D. Stid
ham).

“Vibrational Spectra and Structure of Cyclopropane and 
Cyclopropane-de”, J ■ C h em . P h y s ., 23, 1636-1643 (1955) 
(with A. W. Baker).

“High-resolution Spectroscopy in the 3-5 Micron Region with 
a Small Grating Spectrometer”, J. O p t. S o c . A m ., 45, 
441-446 (1955) (with T. K. McCubbin, Jr.).

“Vibrational Spectra and Structure of Disiloxane and Disil- 
oxane-de”, J- Am. C h em . S o c ., 78,1327-1332 (1956) (with
D. W. Robinson and W. C. Schumb).

“Vibrational Spectra of Ethylene Oxide and Ethylene 
Oxide-cQ”, J. C h em . P h y s ., 24, 656-658 (1956) (with B. 
Nolin).

“Factors Influencing Characteristic Vibrational Frequencies 
of Molecules: Intramolecular Effects”, A p p l .  S p e c tr o s c . ,  
10,115-123 (1956) (with F. A. Miller). 

“Rotation-Vibration Spectra and the Molecular Constants 
of Cyclopropane and Cyclopropane-¿6”, J . C h em . P h y s .,  
25, 768-774 (1956) (with H. H. Günthard and T. K. 
McCubbin, Jr.).

“The Synthesis of Spiropentane-d8”, J. O rg. C h em ., 21, 
1487-1491 (1956) (with H. 0. House and H. S. Rao). 

“Vibrational Spectra of 1,3,5-Cyclooctatriene, Bicyclo[4.2.0] - 
octa-2,4-diene, and Their Dichlorides”, J. A m . C h em . S oc ., 
79, 567-569 (1957) (withE. R. Lippincott).

“Calculation of the Heat Capacity of a-Quartz and Vitreous 
Silica from Spectroscopic Data”, J. C h em . P h y s ., 26, 
230-232 (1957) (with J. C. Morrow).

“Rotation-Vibration Spectra of Methylamine and Its Deu
terium Derivatives”, J. C h em . P h y s ., 26, 690-705 (1957) 
(with A. P. Gray).

“The Vibrational Spectra and Structure of Cyclobutene and 
Cyclobutene-de”, J. A m . C h em . S oc ., 79,2401-2406 (1957) 
(with D. G. Rea).

“Infrared and Raman Spectra of the Diazines”, S p e c tr o c h im .  
A c ta , 9, 113-125 (1957) (with A. L. Marston and F. A. 
Miller).

“Infrared Spectroscopy from 5 to 200 Microns with a Small 
Grating Spectrometer”, J. O p t. S oc . A m ., 47, 689-697
(1957) (with T. K. McCubbin, Jr.).

“Etudes à Grande Résolution Dans L’Infrarouge Avec Un 
Petit Spectromètre à Réseau Plan”, Compte Rendus du 
18eme Congres, Groupement pour L’Avancement des 
Méthodes Spectrographiques, Paris, 1955, pp 349-367 (with 
T. K. McCubbin, Jr.).

“The Preparation and Vibrational Spectra of Disilylacetyl- 
ene”, S p e c tr o c h im . A c ta , 12, 147-153 (1958) (with D. W. 
Mayo, H. E. Opitz, and J. S. Peake).

“Pure Rotational Absorption of NO2 in the 50-200 Micron 
Region”, S p e c tr o c h im . A c ta , 12, 247-252 (1958) (with G. 
R. Bird and A. Danti).

“Rotational Analysis and Upper-Stage Transitions of Parallel 
Absorption Bands in Benzene, aym-Benzene-ds, Ben- 
zene-d6, and Pyridine”, S p e c tr o c h im . A c ta , 13, 180-191
(1958) (with A. Danti).

“Pure Rotational Absorption of Ozone and Sulfur Dioxide 
from 100 to 200 Microns”, J. C h em . P h y s ., 30,1310-1313
(1959) (with A. Danti).

“Infrared Emission Spectra of Ammonia-Oxygen and Hy
drazine Flames”, S p e c tr o c h im . A c ta , 15, 605-626 (1959) 
(with C. H. Sederholm).

V. Evans).
“Far Infrared Spectrum of Trimethylene Oxide”, J. C h em . 

P h y s ., 33, 294-295 (1960) (with A. Danti and W. J. Laff- 
erty).

“Far Infrared Spectrum and Structure of Disiloxane”, J. 
C h em . P h y s ., 33,1004-1007 (1960) (with J. R. Aronson and
D. W. Robinson). Erratum, ib id ., 35, 2245-2246 (1961). 

“Infrared Structural Studies beyond Fifty Microns”, A d v . 
M o l. S p e c t r o s c . ,  P r o c . I n t .  M e e t . ,  4 th , 1 9 5 9 , 49-59 (1962) 
(with J. R. Aronson, A. Danti, and W. J. Lafferty). Also 
printed as “Investigation of Far Infrared Spectra”, Wright 
Air Development Division Technical Report 59-498, Feb, 
1960.

“An Infrared Study of the Dimerization of Caprolactam by 
Hydrogen Bonding”, Z . E le k tr o c h e m ., 64, 672-676 (1960) 
(with T. J. Porro).

“Tables of Wavenumbers for the Calibration of Infrared 
Spectrometers”, P u r e  A p p l . C h em ., 1, 537-699 (1961) (with 
R. N. Jones, E. K. Plyler, and others) (Also published in 
book form).

“Synthesis and Vibrational Spectrum of Bicyclo[3.2.0] 
hepta-2,6 -diene”, J. A m . C h em . S oc ., 83, 3409-3413 (1961) 
(with M. V. Evans).

“High Resolution Raman Spectroscopy of Gases. XV. Rota
tional Spectrum and Structure of Cyclobi v,ane”, C a n . J . 
P h y s ., 40, 725-731 (1962) (with B. P. Stoiciieff).

“Infrared Transmittance and Reflectance of Beryllium 
Oxide”, J. O p t. S oc . A m ., 52,1078 (1962) (with J. R. Durig,
W. J. Gardner, and L. H. Johnston).

“Pure Rotational Absorption of Nitrosyl Fluoride and Ni- 
trosyl Chloride in the 80-250 Micron Region”, S p e c tr o c h im .  
A c ta , 19, 421-429 (1963) (with J. R. Durig).

“Hydration of Deoxyribonucleic Acid. I. A Gravimetric 
Study”, J. A m . C h em . S o c ., 84, 3842-3846 (1962) (with M. 
Falk and K. A. Hartman, Jr.).

“Hydration of Deoxyribonucleic Acid. II. An Infrared Study”,
J. A m . C h em . S o c ., 85, 387-391 (1963) (with M. Falk and
K. A. Hartman, Jr.).

“Hydration of Deoxyribonucleic Acid. III. A Spectroscopic 
Study of the Effect of Hydration on the Structure of DNA”,
J. A m . C h em . S o c ., 85, 391-394 (1963) (with M. Falk and
K. A. Hartman, Jr.).

“Far Infrared Absorption, Vibrational Spectra, and Structure 
of Tetrafluoro-l,3-dithietane”, S p e c tr o c h im . A c ta , 19, 
769-774 (1963) (with J. R. Durig).

“Infrared Spectrum of Tetrafluorohydrazine”, S p e c tr o c h im .
A c ta , 19,1877-1883 (1963) (with J. R. Durig).

“Normal Vibrations, Potential Constants, and Vibration- 
Rotation Interaction Constants in Cyclobutane and Cy- 
clobutane-dg”, J. C h em . P h y s ., 39, 2951-2965 (1963) (with
I. Nakagawa).

“Exchange Reactions of 4-Pyrone and 4-Pyrone Derivatives”,
J. Org. C h em ., 29, 2682-2685 (1964) (with D. W. Mayo, P. 
J. Sapienza, and W. D. Phillips).

“The Synthesis of Oxetane-dfi”, J. Org. C h em ., 29, 2799-2800
(1964) (with W. J. Lafferty and D. W. Mayo). 

“Vibrational Spectrum and Barrier to Internal Rotation of 
CF3CFO”, S p e c tr o c h im . A c ta , 21,119-125 (1965) (with K. 
R. Loos).

“An Infrared Study of High-Area Metal Films Evaporated in 
Carbon Monoxide”,;/. P h y s . C h em ., 69,1188-1195 (1965) 
(with C. W. Garland and P. F. Troiano).

“Infrared Spectrum of Carbon Monoxide Chemisorbed on

“ Vibrational Spectra and Structure of the Tropilidene Mol
ecule” , J. A m . Chem . S oc., 82,1876-1882 (1960) (with M.
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Evaporated Nickel Films” ,J .  P h y s .  C h em ., 69,1195-1203
(1965) (with C. W. Garland and P. F. Troiano). 

“Hydrogen-Bonded Dimers of Adenine and Uracil Deriva
tives”, S c ie n c e , 148,1734-1737 (1965) (with R. M. Hamlin, 
Jr., and A. Rich).

“Infrared Spectrum and Vibrational Potential Function of 
AsF3”, J. C h em . P h y s . , 43, 155-158 (1965) (with L. C.- 
Hoskins).

“Infrared Spectrum of Sulfur Trioxide”, J. C h em . P h y s ., 44, 
3640 (1966) (with B. Krakow).

“Far-Infrared Spectra of Four-Membered-Ring Compounds.
I. Spectra and Structure of Cyclobutanone, Cyclobuta- 
none-cG, Trimethylene Sulfide, and Perfluorocyclobuta- 
none”, J. C h em . P h y s ., 45, 61-66 (1966) (with J. R. Durig).

“Hydrogen Bonding Specificity of Nucleic Acid Purines and 
Pyrimidines in Solution”, S c ie n c e ,  f 154, 518-520 (1966) 
(with Y. Kyogoku and A. Rich). •

“An Infrared Study of Hydrogen Bonding between Adenine 
and Uracil Derivatives in Chloroform Solution”, J. A m . 
C h em . S o c ., 89, 496-504 (1967) (with Y. Kyogoku and A. 
Rich).

“The Effect of Substituents on the Hydrogen Bonding of 
Adenine and Uracil Derivatives”, P r o c . N a tl. A c a d . S ci.
U .S .A ., 57,250-257 (1967) (with Y. Kyogoku and A. Rich). 

“Vibrational Spectra of PF5 and AsF5: Height of the Barrier 
to Internal Exchange of Fluorine Nuclei”, J. C h em . P h y s .,  
46, 2402-2412 (1967) (with L. C. Hoskins).

“Two Vibration-Rotation Bands of Cyanogen Fluoride”, J. 
M o l. S p e c t r o s c . , 23, 86-93 (1967) (with A. R. H. Cole and
L. Isaacson).

“Raman Spectral Studies of Nucleic Acids and Related 
Molecules. I. Ribonucleic Acid Derivatives”, S p e c tr o c h im .  
A cta , P a r t A , 23, 2551-2591 (1967) (with G. J. Thomas, Jr.). 

“Raman Studies of Nucleic Acids. II. Aqueous Purine and 
Pyrimidine Mixtures”, B io c h im . B io p h y s . A c ta , 142,1-11 
(1967) (with G. J. Thomas, Jr.).

“Cyclic Polyolefins. XLV. c is ,t r a n s -  1,5-Cyclooctadiene”, J. 
A m . C h em . S o c ., 89, 4024-4027 (1967) (with A. C. Cope, C.
F. Howell, J. Bowers, and G. M. Whitesides). 

“Spectroscopic Studies of Molecular Interaction in DNA 
Constituents”, D e v . A p p l .  S p e c t r o s c . , 6 (1968) (with G. J. 
Thomas, Jr.).

“Application of Infrared Spectroscopy to Art Problems”, 
Proceedings of the Seminar on the Application of Science 
in Examination of Works of Art, Museum of Fine Arts, 
Boston, Mass., Sept 1965, p 222. (Published by the Muse- 

' um, Dec 1967.)
“Recent Studies in High-resolution Far-Infrared Spectros

copy”, P roc . In t. C on f. S p ec tro s c ., 1st, 1 9 6 7 ,173-180 (1967). 
“Far-Infrared Spectra of Ring Compounds. II. The Spectrum 

and Ring-Puckering Potential Function of Cyclopentene”,
J. C h em . P h y s ., 47, 4941-4945 (1967) (with J. Laane). 

“Far-Infrared Spectra of Ring Compounds. III. Spectrum,
Structure, and Ring-Puckering Potential of Silacyclobu- 
tane”, J. C h em . P h y s ., 48,1508-1513 (1968) (with J. Laane). 

“A Double-beam High-resolution Spectrometer for the Far- 
Infrared”, A p p l . O p t., 7,589-598 (1968) (with T. M. Hard). 

“Specific Hydrogen Bonding of Barbiturates to Adenine 
Derivatives”, N a t u r e  (L o n d o n ) , 218, 69 (1968) (with Y. 
Kyogoku and A. Rich).

“A High-resolution Far-infrared Study of Rotation in HN3, 
HNCO, HNCS, and Their Deuterium Derivatives”, J. M o l. 
S p e c tr o s c . , 27,148-176 (1968) (with B. Krakow and G. O. 
Neely).

“Search for Pure Rotational Infrared Absorption in Allene”,

J. C h em . P h y s ., 50,565 (1969) (with W. C. Pringle, Jr.). 
“An Infrared Study of the Hydrogen-bonding Specificity of 

Hypoxanthine and Other Nucleic Acid Derivatives”, B io 
ch im . B io p h y s .  A c ta , 179,10-17 (1969) (with Y. Kyogoku 
and A. Rich).

“Far-Infrared Spectra of Ring Compounds. IV. Spectra of 
Compounds with an Unsymmetrical Potential Function for 
Ring Inversion”, J. C h em . P h ys ., 51,2735-2744 (1969) (with
L. A. Carreira).

“Far-Infrared Spectra of Ring Compounds. V. Ring-Puckering 
Potential Functions of Some Oxygen-Containing Mole
cules”, J. C h em . P h y s ., 51, 3225-3231 (1969) (with L. A. 
Carreira).

“Low-Frequency Infrared and Raman Spectra of Some Ad
enine and Uracil Crystals”, S p e c tr o c h im . A c ta , P a r t  A , 26, 
2305-2318 (1970) (with I. Harada).

“Laser-Excited Raman Spectroscopy of Biomolecules: I. 
Native Lysozyme and Its Constituent Amino Acids”, J. M ol. 
B io l., 50, 509-524 (1970) (with Nai-Teng Yu). 

“Laser-Excited Raman Spectroscopy of Biomolecules: II. 
Native Ribonuclease and a-Chymotrypsin”, J. M o l . B io l., 
51, 203-213 (1970) (with Nai-Teng Yu).

“Far-Infrared Spectra of Ring Compounds. VI. Structure of
I, 4-Cyclohexadiene”, J. M ol. S p e c tr o s c ., 39, 340-344 (1971) 
(with J. Laane).

“Laser Raman Spectroscopy of Biological Macromolecules”, 
Special supplement to P u r e  A p p l .  C h em . on selected lec
tures at XXIIIrd International Congress of Pure and Ap
plied Chemistry, Boston, Mass., July, 1971: Vol. VII, 179
(1971) . (See P u r e  A p p l .  C h em ., 28, XIX (1971).) 

“Far-Infrared Spectra of Ring Compounds. VII. Spectra of
Chloro-, Bromo-, and Cyanocyclobutane”, J. C h em . P h y s .,  
56,1706-1711 (1972) (with C. S. Blackwell, J. R. Durig, and
J. M. Karriker).

“Far-Infrared Spectra of Ring Compounds. VIII. The Effect 
of a Finite Barrier on Pseudorotation in Five-Membered 
Rings”, J. C h em . P h y s ., 56, 1434-1439 (1972) (with T. 
Ikeda, T. B. Malloy, Jr., and T. Ueda).

“Laser-Excited Raman Spectroscopy of Biomolecules. III. 
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B io p h y s . A c ta , 257, 280-287 (1972) (with A. M. Bellocq and 
R. Mendelsohn).

“Far-Infrared Spectra of Ring Compounds. IX. Pseudorota
tion in Cyclopentanone”, J. C h em . P h y s ., 56, 4450-4466
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“Laser Raman Spectra of Aqueous Lysozyme Denatured by 
Lithium Bromide”, J. A m . C h em . S o c ., 94, 2133-2135
(1972) (with R. Mendelsohn).

“Infrared and Raman Spectra of Cyclobutane and Cyclobu- 
tane-ds”, S p e c tr o c h im . A c ta ,  P a r t  A , 28, 603-618 (1972) 
(with R. J. Capwell, F. A. Miller, and D. G. Rea). 

“Far-Infrared Spectra of Ring Compounds. X. Hindered 
Pseudorotation in Six-Membered Rings: Estimation of the 
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The binding of two nitroxide spin-labeled peptides to the protein neurophysin was studied by electron spin 
resonance. The spin-labeled peptides were shown to bind to the hormone-binding site of neurophysin with 
affinities in general accord with those found for similar unlabeled peptides by other methods, but evidence 
for direct participation of at least one of the spin labels in binding was also obtained. Additionally, neuro
physin was covalently spin labeled with a nitroxide. Comparison of the ESR spectrum of the covalently 
bound nitroxide with that of one of the spin-labeled peptide-protein complexes suggests that the peptide 
is held more rigidly on the protein than is the covalent label.

Introduction 0  0

The noncovalent interaction of the protein neurophysin
(NP) with its physiological ligands oxytocin and vasopressin 
has been investigated by several methods.2® With the aim of 
obtaining additional information about residues on the pro
tein involved in binding, we have prepared nitroxide spin- 
labeled analogues of peptides known to bind noncovalently 
to the hormone-binding site of NP and have additionally 
prepared a covalently spin-labeled analogue of bovine NP-I.

NP-I was covalently labeled at its single histidine residue. 
The two nitroxide spin-labeled peptides that have been syn
thesized are glycyl-L-phenylalanyl-4-(2,2,6,6-tetramethyl- 
piperidinyl-l-oxy) (A) andS-4-(2,2,5,5-tetramethylpyrollid- 
inyl-l-oxy)-L-cysteinyl-L-tyrosine amide (B). Both A and B
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retain the principal peptide features necessary for interaction, 
an a-amino in position 1 and an aromatic residue in position 
2 2a but, based on previous studies of neurophysin-peptide
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interaction, A can be expected to bind more weakly than B 
because of its shorter side chain at residue 1. These peptides 
have been synthesized most specifically for use in NMR 
studies, but we report here the results of ESR studies which 
indicate that they bind to the hormone-binding site of NP. 
Additionally, the ESR spectrum of the covalently bound spin 
label is compared with that of the spin-labeled peptide-pro
tein complex.

Experim ental Section

Peptide A was prepared by coupling215’3 the 1 -hydroxy- 
benztriazole ester of glycyl-L-phenylalanine with 4-amino-
2 ,2 ,6 ,6 -tetramethylpiperidine (Aldrich) followed by oxidation 
to the nitroxide with H20 2.4 Peptide B was prepared by 
treating L-cysteinyl-L-tyrosine amide with 3-(2-iodoace- 
tamido)-2,2,5,5-tetramethylpyrollidinyl- 1 -oxy (Syva). Pep
tides were isolated from smaller reactants by chromatography 
on Sephadex G-10 with 0.1 M acetic acid followed by lyophi- 
lization. Purity of the preparation was assessed at greater than 
90% by thin layer silica gel chromatography in butanokacetic 
acidiwater, 9:1:2.5, v/v/v. Neurophysin I was prepared ac
cording to the method of Breslow et al.5 Spin-labeled neuro
physin I was prepared by treating the protein at pH 7 with a 
60-fold molar excess of 4-(2-iodoacetamido)-2,2,6,6-tetra- 
methylpiperidinyl-l-oxy (Syva) at room temperature in the 
dark for 8 days. The reacted protein was isolated from the 
reactants by chromatography on Sephadex G-25 with 0.1 M 
acetic acid and lyophilized.5 After acid hydrolysis of the la
beled protein, amino acid analysis showed the loss of only the 
single histidine residue. Circular dichroism assays2® indicated 
that the modified protein retained the ability to bind peptides.

Electron spin resonance measurements were performed on 
a Varian Model E-9 spectrometer in cylindrical quartz sample 
cells of inner diameter 1.2 mm and outer diameter 5 mm 
(Wilmad Glass) .6 Most spectra were recorded at a modulation 
amplitude of 0 .2  G with a time constant of 0.3 s and a scan time 
of 8  min.

Electron spin resonance binding studies were performed 
at various concentrations of labeled peptide and a constant 
concentration of NP-I in 0.16 M KC1,1 X 10- 3  MEDTA, pH
6.2 at 23 °C. The fraction of spin-labeled peptide not bound 
was determined4 as the ratio of the height of the resonance 
signal when the solution was at pH 6.2 to the height of the 
signal when the solution was at 1.5 < pH < 2.7. In agreement 
with the known23 pH dependence of peptide binding to NP-I, 
control studies indicate that binding is negligible at these acid 
pH values relative to that at pH 6.2; i.e., spin label signal 
amplitudes at pH 3 in the presence of protein are the same as 
at pH 6.2 in the absence of protein. Other experiments dem
onstrated that, during the binding study, the free-radical 
concentration was not reduced at the acid pH. As recom
mended by Weiner,4 experiments were conducted such that 
the height of the resonance signal at pH 6.2 in the presence 
of protein was >80% of that at acid pH; under these condi
tions, the decrease in signal height when protein is added can 
be treated as a linear function of the extent of binding.4 Ad
ditionally, we have calculated, from the spectra of the bound 
species, that assumptions used in the binding calculations 
which neglect the contribution of the bound species to the 
ESR spectra are valid.

Results and Discussion

Figure 1 shows the ESR spectrum of B at pH 6 .2  in the ab
sence and presence of NP-I. The large decrease in peak height 
when NP-I is added (note the difference in gain in the two

Figure 1. Electron spin resonance spectra of peptide B. The upper curve 
shows the spectrum of 0.5 mM peptide B in 0.16 M KCI, pH 6.2; the 
lower curve shows the spectrum of the same concentration of peptide 
B with 4.7 mM NP-I in 0.16 M KCI, 10-3 M EDTA, pH 6.2. The instrument 
gain for the upper curve was 2.5 X 103, and 8 X 103 for the lower curve.

spectra) permits the binding constant of B to be obtained 
using the method of Weiner.4 Accordingly, binding isotherms 
were constructed at a constant protein concentration and 
varying concentrations of B as described above. A double
reciprocal plot7 of the binding of B to NP-I is shown in Figure
2 . Least-squares analysis of the data gives 0.91 binding sites 
per mole NP-I with a binding constant, K ° b  =  2.3 X 103 M-1. 
In the presence of a constant free concentration of the peptide 
L-phenylalanyl-L-tyrosine amide (Phe-Tyr NH2) which is 
known2® to bind to the hormone-binding site of NP-I, binding 
of B is reduced (Figure 2 ). Phe-Tyr NH2 has been shown in
dependently, using gel-filtration chromatography,® to bind 
to a single site on NP-I at pH 6.2 with the binding constant 
A°phe-Tyr nh2 = 7.2 X 103 M- 1  at 25 °C. Using this value, the 
dashed line in Figure 2 represents the exp ected , binding of B 
in the presence of Phe-Tyr NH2, assuming strict competition 
between the two peptides, calculated from the equation:

K . = _____________ _________________
1 + ff°Phe-Tyr NH2(Phe-Tyr NH2)

where K 'b is the apparent binding constant of B in the pres
ence of the concentration of Phe-Tyr NH2 used. Observed and 
calculated binding in the presence of Phe-Tyr NH2 are in 
reasonable agreement. Alternatively, a value for R°phe-Tyr nh2 

can be derived9 from the binding data in Figure 2 , again as
suming competition between the two peptides. The derived 
value for A°Phe-TyT NH2> 9-9 X 103, is within experimental error 
(±20%) of the value obtained by gel filtration. These results 
indicate that B and Phe-Tyr NH2 are competitors and can be 
interpreted with high probability as indicating that the two 
bind to the same site. We have also demonstrated indepen-
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Figure 2. Double-reciprocal plot of the electron spin resonance binding 
data for peptide B. v =  moles spin label bound per mole of protein, 
where 1 mol of NP-I = 9560 g, NP-I concentration was 0.12 mM. The 
total concentration of peptide B varied from 0.19 to 0.63 mM. Closed 
circles represent data obtained in the absence of the competitor, 
Phe-Tyr NH2; the solid line is the least-squares analysis of these data. 
Open circles represent data obtained in the presence of 0.35 mM total 
Phe-Tyr NH2. The dashed line is the theoretical binding of spin label 
calculated as indicated in the text and assuming that the free concen
tration of Phe-Tyr NH2 is equal to the total concentration of Phe-Tyr NH2; 
calculations indicate that less than 6% of the total Phe-Tyr NH2 con
centration is removed by binding to NP-I. Each data point is an average 
of results obtained from each of three nitroxide ESR lines at a single 
peptide concentration; the vertical line at each point represents the 
average of the deviations from the mean.

dently that B perturbs the circular dichroism spectrum of 
mononitrated NP-I in the manner characteristic2“ of peptides 
that bind to the hormone binding site.

Figure 3 shows the ESR spectrum of A alone and in the 
presence of NP-I; as above, the spectra indicate binding. The 
results of binding studies of A to NP-I are shown in Figure 4. 
A least-squares fit of the data gives 0.83 sites per mole with 
a binding constant K °a = 2.7 X 102 M_1. In the presence of a 
constant total concentration of Phe-Tyr NH2, A is displaced 
from NP-I, again strongly suggesting that A binds to the NP-I 
hormone-binding site. A value for K '°phe-Tyr n h2 can be derived 
from the binding data, assuming that the two peptides are 
competitive, although in this instance corrections must be 
made for the fact that the f r e e  concentration of Phe-Tyr NH2 

was not constant over the course of the binding isotherm. The 
calculated value, 9.1 X 103, is in very good agreement with that 
calculated from the competition data for peptide B and within 
experimental error of that obtained by gel filtration, sup
porting the concept that binding of A and of Phe-Tyr NH2 are 
competitive. Additionally, as with B, we have independently 
determined that A perturbs mononitrated NP-I in a manner2® 
indicative of binding to the active site.

It is of interest to compare the binding constant of A and 
B with the binding constants of closely related unlabeled 
peptides. The value of 2.7 X 102 M_ 1 for A can be compared 
with values of 5.3 X 101 and 2.5 X 102 M- 1  for the binding of 
glycyl-L-tyrosine amide (Gly-Tyr NH2) and glycyl-L-tyro- 
syl-L-phenylalanine amide (Gly-Tyr-Phe NH2), respective
ly.10 The difference in binding between the latter two peptides

Figure 3. Electron spin resonance spectra of peptide A. The upper 
curve shows the spectrum of 0.35 mM peptide A in 0.16 M KCI, pH 
6.2; the lower curve shows the spectrum of the same concentration 
of peptide A with 4.7 mM NP-I in 0.16 M KCI, 10“3 M EDTA, pH 6.2. 
The instrument gain for the upper curve was 2.5 X 103, and 8 X 103 
for the lower curve.

Figure 4. Double-reciprocal plot of the electron spin resonance binding 
data for peptide A. NP-I concentration was 0.93 mM; the total con
centration of A varied from 0.59 to 3.0 mM. Closed circles represent 
data obtained in the absence of Phe-Tyr NH2; the solid line is the 
least-squares analysis of the data. Open circles are data obtained in 
the presence of 0.5 mM Phe-Tyr NH2; the dashed line delineates the 
data obtained in the presence of Phe-Tyr NH2 but has no theoretical 
significance since the concentration of free Phe-Tyr NH2 can be cal
culated to vary with the spin label concentration. For other details, see 
Figure 2.

is attributable to the apolar phenylalanine residue in position 
3 of the Gly-Tyr-Phe NH2. The similarity in binding between 
A and Gly-Tyr-Phe NH2, when considered together with the 
fact that substitution of Phe for Tyr in position 2  is known to

■ 3 \ j;. :j*'i
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Figure 5. Electron spin resonance spectrum of 0.93 mM spin-labeled
NP-I in 0.16 M KCI, 5 X 10~3 M EDTA, pH 6.2; the instrument gain was
8 X 103.

have no effect on binding,2® indicates that the tetramethyl-
piperidinyl-l-oxy group binds to a site on the protein normally
occupied by residue 3 of the hormones and is in accord with
the apparently low specificity of this site.2® The binding 
constant 2.3 X 103 M_ 1 for B is best compared with a binding 
constant of 5.1 X 103 M _1 for S-methyl-L-cysteinyl-L-tyro- 
syl-I.- phenylalanine amide corrected downward for the loss 
of position 32a to 1.3 X 103 M- 1  or to the value of 1.7 X 103 M- 1  

for L-methionyl-L-tyrosine amide. The fact that B binds 
somewhat more strongly than these peptides suggests that the 
pyrollidinoxyl in position 1 may participate weakly in binding.

The ESR spectrum of bound B (Figure 1) also indicates 
relatively restricted motion of the pyrollidinyl-l-oxy of B in 
the bound state both when compared with the spectrum of the 
unbound label and when compared with that of the covalently 
labeled protein. Figure 5 shows the spectrum of the covalently 
labeled protein. From the near equality in height of the center 
and low-field peaks and the relatively slight broadening of the 
high field peaks the correlation time for the spin label in 
Figure 5 can be approximated by known relationships11 as 
~10- 9  s. This value can be compared with rotational corre
lation times of ~ 1 0 - 8  s found for other proteins the size of 
NP-I12 and indicates that the histidine-bound spin label has 
mobility relative to the rest of the protein. The ESR spectrum 
of B in the presence of NP-I (Figure 1) represents 90% satu
ration with NP-I (as calculated from K ° b). Measurable in
equality exists between the center and low-field peaks and, 
relative to the other lines, that at high field is more broadened 
in Figure 1 than in Figure 5. Since the spectrum in Figure 1 
in the presence of NP contains a 10% contribution from free 
spin label (the peak heights of which are a factor of 4-10 higher 
than those of the bound state), the broadening of the high- 
field line in the fully bound state is probably significantly 
greater than that seen in Figure 1 . From relationships between 
nitroxide ESR spectra and correlation time,11 assuming iso
tropic motion of the label, the results indicate that the ni

troxide of B is more immobilized in the peptide-protein 
complex than is the nitroxide bound to the protein histi
dine.

We have observed no significant effect of binding peptides 
on the ESR spectrum of the spin-labeled NP-I. This obser
vation, the relatively greater mobility of the histidine spin 
label, and the fact that the histidine is found in a region of the 
molecule that shows significant variability when different 
neurophysins are compared13 are in accord with the idea that 
the histidine is not involved in important functional interac
tions. On the other hand, immobilization of the spin label in 
B and its possible contribution to the binding constant have 
no necessary parallel in previous data. It is possible that the 
immobilization of the nitroxide of B results solely from its 
close attachment to the cysteinyl sulfur which is known to 
participate in binding.28 Alternatively, some of the immobil
ization may arise from direct interactions between the 
pyrollidinyl-l-oxy and the protein, perhaps at a site normally 
occupied by a hormone residue that is not represented in the 
smaller peptides described here. Molecular models inter
estingly suggest that the pyrollidinyl-l-oxy on position 1 can 
orient itself spatially to mimic position 5 of the hormones.
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A new interpretation is proposed for the observed shifts of Raman amide vibrations in certain pyridine dinu
cleotide coenzymes. Differences in electron delocalization are proposed as the basic causes of the frequency 
shifts; comparison is made with previous interpretations in terms of solvent hydrogen-bonding effects. Con
sequences of the revised interpretation are explored briefly.

Analysis of Raman amide vibrations has played an impor
tant role in elucidation of protein conformations in solution. 
However, in cases where extended electron delocalization is 
possible, inferences from the normal coordinate analyses of 
formamide,2 acetamide,3 and iV-methylacetamide4 must be 
made with caution. A case in point is a recent report by Pat
rick, Wilson, and Leroi5 regarding the electronic structure of 
the amide residue in pyridine dinucleotide coenzymes. Con
sidering l-methyl-3-pyridinecarboxamide as a model for (i- 
nicotinamide a d en in e  d in u cleo tid e  (N A D ), th e s e  in vestiga tors  
observed a significant solvent dependence of the Raman 
amide carbonyl frequency in D2O (1667 cm-1) and dimethyl 
sulfoxide (1696 cm-1). The corresponding amide carbonyl 
frequency for NAD was 1667 cm- 1  in D2O. Similar solvent 
effects were not observed for 3-pyridinecarboxaldehyde, 3- 
acetylpyridine, their 1 -methyl derivatives, or /3-dihydroni- 
cotinamide adenine dinucleotide (NADH).

The lower amide carbonyl frequencies for l-methyl-3- 
pyridinecarboxamide and NAD in D2O relative to dimethyl 
sulfoxide were attributed to solvent hydrogen bonding. 
However, Raman spectra of l-methyl-3-pyridinecarboxamide 
and NAD in H2O do not support this conclusion. Consider
ation of the normal vibrations comprising the amide carbonyl 
vibration and electron delocalization in NAD and NADH 
provides an explanation for the observed solvent effect and 
reaffirms that significant changes in the amide charge dis
tribution occur on reduction of NAD to NADH.

Inductive effects associated with -̂substituted pyridine 
rings6 such as 3-pyridinecarboxamide are negated by qua-

0  0 "  0 "

ternization of the pyridine nitrogen. For l-methyl-3-pyridi- 
necarboxamide the carbonyl frequency in dimethyl sulfoxide 
increases by 10 cm- 1  relative to 3-pyridinecarboxamide. The 
quaternization of the pyridine ring nitrogen that exists in

* Editor’s note: The authors of ref 5 suggest that this interpretation 
may be responsible for a portion of the observed carbonyl frequency 
shift, but that it does not satisfactorily account for all of the data. Both 
interpretations indicate that amide group resonance may be impor
tant in the interactions of these coenzymes.

NAD is responsible for the relatively high value of the car
bonyl frequency in dimethyl sulfoxide (1697 cm-1).

NH,

For NADH, however, resonance delocalization of electrons 
is possible.

NH2 NH,

Consistent with this electron delocalization, x-ray crystallo
graphic stu d ies  o f  m o d e ls  fo r  p y r id in e  d in u c leo tid e  c o e n z y m e s  
suggest a significant shortening of the amide C-C bond on 
reduction of NAD to NADH.7 ’8

As expected from the extended conjugation, the Raman 
carbonyl vibration for NADH (1688 cm-1) is much more in
tense than that of either NAD (1698 cm-1) or 3-pyridinecar
boxamide in 0.25 M neutral aqueous solution. The frequencies 
in D2O are confirmed to be 1689 cm- 1  for NADH and 1667 
cm- 1  for NAD as reported.5 Since the amide carbonyl 
frequencies observed in dimethyl sulfoxide (1697 cm- 1  for 
NAD and 1696 cm- 1  for l-methyl-3-pyridinecarboxamide) 
are similar to those observed in H2O (1698 and 1697 cm-1, 
respectively), it is unlikely the changes observed for NAD and
l-m e th y l-3 -p y r id in e c a r b o x a m id e  in D 2O  resu lt  from  h yd rog en  
bonding.

Normal coordinate calculations for formamide2 and acet
amide3 indicate that the decrease in carbonyl frequency as
sociated with amide deuteration is consistent with a decrease 
in coupling between the C = 0  stretching and ND2 bending 
vibrations as compared to that between C = 0  stretching and 
NH2 bending. The absence of a solvent isotope shift for 
NADH suggests either that exchange has not occurred or that
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coupling is absent in NADH in both H2O and D2O. Raman 
spectra of NADH reveal a shift in a polarized 1085-cm“1 vi
bration in H2O to 911 cm- 1  in D20. A similar shift in the 
formamide frequency assigned to an NH2 rocking vibration 
occurs from 1098 cm“ 1 in H20  to 911 cm- 1  in D20. No such 
changes are observed with adenosine 5'-diphosphate or 
adenosine 5'-diphosphoribose, which confirms that the shift 
arises from the nicotinamide moiety. In addition, proton 
magnetic resonance spectra of 1 -methyldihydronicotinamide 
in D20  support the conclusion that exchange of the amide 
protons of NADH occurs in D20 .9

Because of the increased electron delocalization in NADH 
compared to NAD one might expect the carbonyl frequency 
of NADH in D20  to be less than that of NAD in D20  when the 
complications arising from NH2 coupling are absent. In fact 
the opposite is observed, which suggests a decrease in the 
NADH amide resonance between the forms

0  0 “

+

One consequence is a decreased electron density at the amide 
oxygen and an increased electron density at the amide nitro
gen for NADH relative to NAD. As a result decreased amide 
hydrogen bonding and electrostatic interactions may con
tribute to the decreased affinity of NADH for glyceralde- 
hyde-3-phosphate dehydrogenase compared to NAD.10 X-ray 
crystallographic studies indicate NAD is bound to glyceral- 
dehyde-3-phosphate dehydrogenase in an extended confor
mation and suggest carbonyl hydrogen bonding to an aspar
agine residue of the enzyme. 11

The absence of coupling in H20  and the increased carbonyl 
frequency in D20  for NADH are consequences of increased 
electron delocalization in the dihydropyridine ring. The 
similar carbonyl frequencies and solvent isotope shifts for 
l-methyl-3-pyridinecarboxamide, 0-nicotinamide mononu
cleotide, and NAD (Table I) indicate the amide properties of 
NAD are determined solely by the nicotinamide ring. Simi
larly, 0-dihydronicotinamide mononucleotide and NADH 
have identical carbonyl frequencies which are insensitive to 
amide hydrogen exchange in D20. Since NAD and NADH 
may exist in solution with the adenine and nicotinamide rings 
stacked, 12-14 it is significant that the carbonyl frequencies are 
independent of temperature.5 In solvents promoting un
stacking (70% methanol, 30% H20 or 70% methanol-di, 30% 
D20) the Raman carbonyl frequency of NADH is identical 
with the frequencies in dimethyl sulfoxide, H20 , and D20. 
Insensitivity of the carbonyl frequencies to concentration over 
the range 0.05-0.5 M suggests minimal intermolecular 
stacking effects on the carbonyl frequency.

The conclusions reached by Patrick et al.5 regarding the

TABLE I: Raman Carbonyl Frequencies (cm“ 1) of 0.25 M
Solutions in Dimethyl Sulfoxide, H20 , and D2Oa

Compound Me2SO h 2o d2o

3-Pyridinecarboxamide (1686) 1679 (1637)
l-Methyl-3-pyridinecarbox- (1696) 1697 (1667)

amide
NAD 1697 1698 (1667)
0-Nicotinamide 1699 1698 1670

mononucleotide
NADH (1689) (1688) (1689)
0-Dihydronicotinamide 1688 1689 (1689)

mononucleotide
Formamide 1699 1692 1658

a The results of Patrick et al.5 are indicated in parentheses.

significant contribution of amide resonance to the electronic 
structure of NAD are correct; however, the basis for the de
creased amide conjugation in NADH is the increased electron 
delocalization in the dihydronicotinamide ring and not related 
to solvent hydrogen bonding as proposed by Patrick et al. This 
leads to the significant prediction that the amide should be 
sensitive to interactions of the dihydronicotinamide ring with 
the enzyme surface to which it is exposed. An analogous in
teraction between NAD and a cysteine thiol of glyceralde- 
hyde-3-phosphate dehydrogenase has been proposed as the 
basis for the 360-nm Racker band absorption associated with 
NAD binding. 11
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The infrared spectra of CH3CH2CN, CD3CH2CN, CH3CD2CN, CD3CD2CN, and CH3CH213CN have been 
observed in the vapor phase from 4000 to 200 cm-1. Both the vapor and solid phase spectra of the -d o  and - d 5 
molecules were observed in the infrared region from 4000 to 150 cm-1. The Raman spectra of all five isotopes 
were observed in the vapor, liquid, and-solid phases from 4000 to 50 cm-1, with the exception of the solid 
phase of the 13CN isotope. An assignment of the 2 1  fundamental vibrations has been proposed, based on de
polarization values, band contours, and group-frequency correlation. A normal coordinate calculation was 
also carried out in which 19 force constants were used to fit the observed frequencies to within 1.3%.

Introduction

Much research interest over the past several years has been 
centered on the vibrational spectra and, in particular, the 
normal coordinate analysis of the ethyl halides. Using the 
frequencies determined by Miller and Kiviat3 for ethyl chlo
ride and its deuterated derivatives, Dempster and Zerbi4 

performed a normal coordinate analysis and proposed re
assignments for several modes. Similarly, ethyl bromide and 
its deuterated derivatives were investigated and a normal 
coordinate analysis was also carried out.5 More recently, 
Crowder6 and Durig et al.7 have studied the spectra of several 
ethyl iodides. Crowder used a 28-parameter force field to fit 
four isotopic species while Durig et al. used 19 force constants 
to fit three isotopic ethyl iodides.

Since the cyanide functionality can be thought of as a 
pseudo halide it was thought to be of interest to investigate 
the spectra of ethyl cyanide and a number of its isotopically 
substituted derivatives in order to help confirm assignments 
in the other ethyl halides.

Duncan and Janz8 performed the first complete vibrational 
analysis of ethyl cyanide and performed a normal coordinate 
analysis for the skeletal modes only. Yamadera and Krimm9 

used a 29-parameter force field to fit the 21 observed 
frequencies of ethyl cyanide. Klaboe and Grundnes10 also 
proposed an assignment for ethyl cyanide; however, like Ya
madera and Krimm they assign the torsion to an accidentally 
depolarized Raman peak at 226 cm-1, which is much too in
tense to be assigned to a methyl torsion. This also led to a 
misassignment of the a' in-plane CCN bending mode in both 
cases. Heretofore, no vibrational work has been done on any 
isotopically substituted ethyl cyanides. In order to help cor
roborate the assignments and make a normal coordinate 
analysis meaningful in the case of ethyl cyanide’s low sym
metry (Cs), isotopic data are virtually essential. Isotopic de
rivatives of ethyl cyanide have, however, been investigated by 
microwave spectroscopy11,12 where a Coriolis interaction be
tween the torsion and the CCN bending mode was found to 
exist in CH3CH2CN13 but not in CD3CD2CN. 14

Thus, in order to confirm the vibrational assignment of 
ethyl cyanide, especially in the low-frequency region where 
discrepancies exist, a vibrational study and normal coordinate

analysis of five isotopic species of ethyl cyanide was under
taken.

Experimental Section
Ethyl-do cyanide was obtained from Columbia Organic 

Chemicals Co. and was purified by vapor phase chromatog
raphy. Merck Sharp and Dohme of Canada supplied the 
ethyl-dr, cyanide which was used without further purification. 
Stohler Isotope Chemicals Co. supplied the ethyl-1,l-d2 io
dide, the ethyl-2,2,2 -d3 iodide, and the K13CN used in the 
preparation of the isotopically substituted ethyl cyanide 
species. The ethyl-d3 cyanide was prepared by refluxing a 
dimethyl sulfoxide solution of ethyl-d3 iodide with KCN for 
8 h. Ethyl cyanide-13C(lV) was prepared analogously using 
ethyl-do iodide and K13CN. Fractions boiling at 82 and 94 °C 
were collected separately and purified by vapor-phase chro
matography using a 15% Carbcwax 20 M on 60/80 Chromosorb 
W column heated to 105 °C. The higher boiling fraction con
tained almost pure ethyl cyanide while the lower boiling 
fraction contained a significant amount of ethyl iodide. In 
preparing the ethyl-d2 cyanide by this procedure, solvent 
exchange with the deuterated positions occurred, yielding an 
equal mixture of ethyl-d0, -dj, and -d2 cyanide. Therefore the 
preparation of ethyl-d2 cyanide was done using Me2SO-d6, 
supplied by CEA of France, as the solvent. The purification 
of the -d2 compound was also done by vapor phase chroma
tography. The isotopic purity was checked by observing the 
microwave spectrum using a Hewlett-Packard Model 8460A 
MRR spectrometer in the frequency region 26.5-40.0 Ghz. 
The observed spectrum showed the sample to be at least 95% 
isotopically pure. The pure samples were stored over activated 
molecular sieves to remove any final traces of water.

The Raman spectra were recorded on a Cary Model 82 
spectrophotometer equipped with a Coherent Radiation 
Model 53 G argon ion laser source using the 5145-Á line for 
excitation. The instrument was calibrated with emission lines 
from a neon lamp over the spectral range 0-4000 cm-1. Gen
erally 1.5 -2.5 W of power were used for gases and about 1 W 
for solids and liquids. Raman spectra of the vapor were ob
tained using the Cary multipass accessory and a standard Cary 
multipass cell which was adapted with a PTFE greaseless 
stopcock and a side-arm reservoir. The windows of the cell and
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in Tables I-IV (miniprint material, see paragraph at end of
text regarding miniprint material).

Results and Discussion

Selection Rules and Band Contours. The assignments
presented in this paper are based upon a structure with Ca

symmetry in agreement with the microwave results. Under
Cs symmetry the 21 fundamental vibrational modes are dis
tributed as 13 a' + 8 a", in which all 21 frequencies are both
infrared and Raman active. The a' vibrations will give rise to
polarized Raman bands, whereas the a" modes will be depo
larized.

For all ofthe CH3CH2X molecules, where X =a halogen or
pseudo halogen moiety, the a" modes are predicted to have
C-type band contours in the infrared spectra since the largest
principal inertial axis occurs out of the molecular symmetry

plane. The a' (in-plane) vibrations are predicted to have A,
B, or AlB hybrid contours deI:ending on the orientation of the
oscillating dipole moment. Using rotational constants of
0.90507,0.15724, and 0.140 99 em-I, the P-R separation for
type A and B band contours was calculated to be ~22 and ~21
em-I, respectively. The C-type contour was characterized by
a very strong Q branch on e. broad background absorption
which made identification 0: many a" modes very straight
forward. Many of the a' vibrations possessed well-defined
PQR or PR structures with observed P-R separations in good
agreement with the calculated values.

Vibrational Assignments

Assignments of the vibrational frequencies were made using
the data from the infrared ar.d Raman spectra of the gas phase
which are shown in Figures 1 and 2. Since many of the as-
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Figure 1. Raman spectra of gaseous ethyl cyanides. Spectra were re
corded at 40-50 °C with 5-cm_1 spectral band width: (A) CD3CD2CN, 
(B) CD3CH2CN, (C) CH3CD2CN, (D) CH3CH213CN, and (E) CH3CH2CN.

signments are rather straightforward, only a summary of the 
more interesting or difficult points will be presented. As
signment of the normal modes for the 13C(N) molecule is al
most identical with that of the -d 0 assignment.

C - H  a n d  C - D  S t r e t c h in g  R e g io n s . By combining both in
frared and Raman data of the gas phase, it was possible to 
assign the five CH stretching vibrations in four isotopic 
species. The totally deuterated species added confidence to 
our assignment of the CH region by showing similar features 
in the CD region. Our assignment is consistent with the

Figure 2. Infrared spectra of gaseous ethyl cyanides. Spectra were 
recorded at room temperature with cells of 20-cm and 1-m pathlengths: 
(A) CD3CD2CN, (B) CD3CH2CN, (C) CH3CD2CN, (D) CH3CH213CN, and 
(E) CH3CH2CN.

argument presented by Durig et al. for several isotopic ethyl 
iodides7 and the assignment by Gunthard et al. for several 
isotopic nitroethanes. 18

In the -<¿2 compound a strong A-type band centered at 3002 
cm- 1  in the infrared spectrum with a weak Raman counter
part at 2999 cm- 1  with a high depolarization ratio, 0.7, is as
signed as the douhly degenerate CH3 antisymmetric stretch, 
v\ and i>i4, assuming local C 3u symmetry. The very strong 
Raman band at 2959 cm- 1  is assigned as the totally symmetric 
a' CH3 stretch, v2.

There is an additional strong polarized band at 2900 cm- 1  

in the Raman spectrum with a B-type infrared counterpart 
centered at 2903 cm-1. Fermi resonance between v2 and the 
first overtone of the CH3 antisymmetric deformation, 
always leads to a medium intensity band in both the infrared 
and Raman. 19 This effect was observed in all of our spectra 
and we feel this assignment is correct.

A strong polarized Raman band at 2948 cm- 1  in the -d3 

compound is assigned as i>3, the CH2 symmetric stretch. A 
broad region of strong intensity in the infrared spectrum is 
observed at about 2940 cm- 1  with the only noticeable feature 
being a C-type Q branch at 2936 cm-1. Table III shows the 
assignment of this region as resulting from a binary combi
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nation. A rather weak shoulder at 2969 cm- 1  in the infrared 
with a Raman counterpart, which is depolarized, at 2965 cm- 1  

is assigned as the CH2 antisymmetric stretch, 1/15.
The CH stretching assignments of the ethyl-do cyanide and 

13CN follow directly from the -d2 and -d3 assignments. The 
i>i5 band is obscured by the R branch of i/2. However, in the 
solid phase a band of medium intensity is observed at 2973 and 
2967 cm- 1  in the infrared and Raman spectra, respectively.

The assignment of the CD region is complicated by presence 
of the CN stretch, ¡<4. However the frequency of this mode is 
rather insensitive to deuteration and is assigned between 2250 
and 2259 cm- 1  in all 12CN species. A shift to 2207 cm“ 1 for the 
CN stretch is observed in the 13CN molecule. The partially 
deuterated species provide the key to many of the assignments 
of the -ds compound. In the -d2 compound two medium bands 
appear in both the infrared and Raman spectra in the 
2 1 0 0 - 2 2 0 0 -cm“ 1 region where v3, the CD2 symmetric stretch, 
should occur. Following the same arguments as presented by 
Durig et al. ,7 the higher frequency band at 2184 cm“ 1 may be 
attributed to 2 X 1085, in Fermi resonance with v3 which falls 
at 2133 cm“1. A medium C-type Q branch is observed at 2237 
cm“ 1 in the infrared spectrum, which is therefore assigned as 
v 1 5 , the CD2 antisymmetric stretch.

In the -d 3 spectra two medium intensity bands are observed 
in both the infrared and Raman spectra at 2142 and 2099 
cm“1. Fermi resonance between 2 vlfi and v3 is postulated to 
explain their similar intensity and the abnormally large an- 
harmonicity of v16. i>2 is assigned as the strongly polarized 
Raman band at 2138 cm“ 1 whose infrared counterpart at 2142 
cm“ 1 has an A-type band contour.

The assignment of vi and v u  in the totally deuterated and 
-d 3 species is complicated by the CN stretch. In the -d 5 com
pound a Q branch shoulder appears on the very strong and 
broad CN stretch. The intensity of this band in both the -d 3 
and - d 5 compounds in comparison to the weak bands in both 
the -d o  and -d2 compounds leads us to the assignment of vi and 
v u  as almost degenerate with in in both the -d 3 and -(¿5 mol
ecules. Therefore the antisymmetric CD3 stretches in the -d 3 
and -d 3 molecules are assigned at 2254 cm“ 1. A broad weak 
band about 2235 cm“ 1 in the Raman spectrum of gaseous 
ethyl-d3 cyanide is assigned to the sum 1446 + 799 cm“1. 
There is no equivalent band in the -do compound and there 
is no evidence of an infrared counterpart which was observed 
to be very strong in the -do and -d2 molecules. The assignment 
of the other CD modes in ethyl-d5 cyanide follows directly 
from the - d 3 and -d2 assignments.

C H 3 a n d  C H j D e fo r m a t io n  R eg io n . The methyl deforma
tions are well-established group frequencies,20 which are 
demonstrated by our isotopic data. In the -d2 molecule, a 
medium intensity A-type band occurred at 1470 cm“ 1 in the 
infrared spectrum, and is assigned as vg, the CH3 a' antisym
metric deformation. A sharp, strong C-type A branch at 1460 
cm“ 1 is readily assigned to vis, the a" antisymmetric CH3 

deformation whose Raman counterpart at 1459 cm“ 1 is de
polarized. A weak B-type band centered at 1391 cm“ 1 in the 
infrared spectrum is assigned to 37, the a' totally symmetric 
methyl deformation. In the -d 3 molecule a medium band in 
the Raman liquid spectrum at 1434 cm“ 1 and at 1448 cm“ 1 in 
the Raman spectrum of the gas phase is assigned to vs, the CH2 

scissors. A B-type band centered at 1446 cm“ 1 was observed 
in the gas-phase infrared spectrum. This assignment is di
rectly applicable to the -d o  and 13CN molecules. It should be 
noted that from the potential energy distribution among 
symmetry coordinates obtained from the normal coordinate 
analysis, vg is calculated at 1456 cm“ 1 and vg at 1475 cm“ 1.

However, the calculations give very good agreement with the 
observed frequencies for vg and 1/5 for the -d2 and -d3 mole
cules. Further discussion of this point will follow in the normal 
coordinate analysis.

C H 2 M o tio n s . The assignment of the a' CH2 wag, vg, at 1313 
and 1323 cm“ 1 in the -d3 and -do, respectively, is unambigu
ous. A medium intensity A-type contour was observed in the 
infrared spectrum with weak Raman counterparts. The a" 
CH2 twist was observed at 1270 and 1258 cm“ 1 in the -d0 and 
- d 3 compounds, respectively. Depolarized Raman bands and 
sharp C-type band contours made this assignment straight
forward. C-type Q branches at 894 and 915 cm“ 1 in the -d2 and 
- d 5, respectively, are assigned as v n , the CD2 twist. The band 
at 915 cm“ 1 is almost degenerate with a B-type infrared band 
whose Raman counterpart is polarized. A band with a sharp 
Q branch in the infrared spectrum of the -d o  molecule at 784 
cm“1, with a depolarized Raman counterpart in the liquid 
phase, is assigned as the a" CH2 rocking motion. This motion 
shifts to 665 and 594 cm“ 1 in the -do and -d5 molecules, re
spectively. A C-type Q branch at 861 cm“ 1 in the -d3 molecule 
has been assigned as the CH2 rock, apparently shifted from 
the -do molecule. However, this is in good agreement with the 
calculated value of 896 cm“ 1.

C -C  S tr e tc h in g  a n d  C H 3 R o c k in g  R eg ion s . The assignment 
of the spectral region from 800 to 1 2 0 0  cm“ 1 is best described 
as a mixing region. Group frequencies in this region are gen
erally not well defined for the ethyl fragment. The assignment 
of this region was done by comparing similar band types and 
consistent intensities between infrared and Raman data for 
all the isotopes.

In the -d2 and -d3 molecules medium A-type bands at 1183 
and 1165 cm“ 1, respectively, were calculated to be mainly vg, 
the CD2 wagging motions. Similar B-Type bands at 1113 and 
1103 cm“ 1 in the infrared spectrum of the -d3 and -dg species, 
respectively, were calculated to be mainly 1/9, the ethyl C-C 
stretch. Polarized Raman bands were observed to support this 
assignment. A strongly polarized band at 1078 cm“ 1 in the -do  
molecule with an B-type infrared counterpart was assigned 
to vg. A similar band at 1085 cm“ 1 was observed in the -d2 

molecule. A polarized Raman band at 1 1 2 1  cm“ 1 in the -dg 
molecule was calculated to be vq, the CD3 symmetric defor
mation. This is in good agreement with the 1113-cm“ 1 band 
of the -d3 molecule, which is equally mixed between the CD3 

symmetric deformation and the carbon-carbon stretch of the 
ethyl group.

The a' antisymmetric CD3 deformation, vg, was observed 
as a very strong A-type band at 1061 cm“ 1 in the infrared 
spectrum of the -d3 molecule and was calculated to be almost 
a pure mode. It is interesting that a strong C-type Q branch 
at 1058 and 1060 cm“ 1 in the -oi5 and -d3 molecules, respec
tively, are almost degenerate with ve. Local C3v symmetry can 
be invoked to assign these bands as vi6, the CD3 a" antisym
metric deformation. A Raman band at 1030 cm“ 1 in the -d3 
molecule had a depolarization ratio of about 0.73. This band 
was then assigned as vg.

The a' CH3 rocking mode and C-C(N) stretch are highly 
mixed modes and their assignment to a particular frequency 
is highly ambiguous. Strong, polarized Raman bands occurring 
near 820 ±  2 0  cm“ 1 may be assigned as one of these funda
mentals, most likely the C-C stretch. Infrared counterparts 
are very weak in the gas phase, but are of medium intensity 
in the solid phase. A weak A-type band in the infrared spec
trum at 1008 cm“ 1 in the -d0 molecule is assigned as the last 
a' fundamental expected in this region. Corresponding bands 
are observed in the other isotopes at 1000 ±  40 cm“ 1 which
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TABLE V: Product Rule Check of Assignments and Principal Moments of Inertia (amu A2)2

Calcd Obsd A, %

CH3CH213CN/CH3CH2CN a' 0.9419 0.9404 -0.16
a" 0.9454 0.9813 3.80

ch 3cd 2cn /ch 3ch2cn a' 0.3736 0.3727 -0.26
a" 0.4094 0.4266 4.19

cd 3ch 2cn /ch 3ch2cn a' 0.1974 0.2092 6 .0 0

a "  0.2994 0.3055 2.04

cd3cd 2cn /ch 3ch2cn a' 0.0735 0.0736 0.19
a" 0.1206 0.1250 3.62

/a h h

ch 3ch2cn 18.626 107.209 119.562
ch 3ch213cn 18.642 107.761 120.131
ch 3cd2cn 23.451 109.838 123.911
cd3ch2cn 22.469 120.227 133.269
CD3CD0CN 27.632 122.468 137.568

“ Calculated from the structure presented in ref 11 which was also used in the normal coordinate analysis.

also have weak to medium intensity Raman bands. Further 
discussion of the remaining a ' fundamentals will follow in the 
discussions about the Teller-Redlich product rule analysis 
and the normal coordinate analysis.

The CH3 a "  rocking motion, jus, was observed as a medium 
intensity C-type Q branch at 1000 cm- 1  in the infrared spec
trum of the -do molecule. Similar medium intensity bands 
were observed at 712 and 834 cm- 1  in the infrared spectrum 
of the -d3 and -d5 molecules. A very weak shoulder at 1033 
cm- 1  in the infrared spectrum of the -d2 gas was also assigned 
as jus.

B e n d in g  V ib r a t io n s  a n d  T o rs io n s . The C-C-C bends, ju2, 
were assigned to peaks at 520 ±  20 cm- 1  in the various iso
topes, in good agreement with group frequencies. Both C1 3  and 
C20, the C-C-N bending modes, are weak to medium bands 
observed at 201 ±  10 and 355 ±  17 cm- 1  in all isotopes. Both 
bands have high degrees of depolarization in the Raman effect, 
a fact characteristic of G-G=N bending modes. However, 
consistent with the assignment of Durig et al.21 of isopropyl 
cyanide, the band at 371 cm- 1  in the infrared spectrum of the 
-d o  molecule has a C-type Q branch, characteristic of the a" 
mode and the jq3 band at 211 cm- 1  has a B-type contour.

The torsional mode v21 was not observed directly. Micro- 
wave splitting results from the -d o  and -d o  molecules gave 
frequencies of ~220 and ~162 cm-1, respectively. 13’14 A pos
sible 2 j/2 i  band was observed for the -£ ¿ 3  compound in the 
Raman effect at 313 cm-1, which is consistent with the mi
crowave results. The broad Raman line arising from the 
C-C-N out-of-plane bend obscures most of the 2 v2 i  region of 
the other isotopes.

T e l le r -R e d lic h  P r o d u c t  R u le  C a lcu la tio n s . An attempt to 
check the consistency of the isotopic assignments was made 
through the Teller-Redlich product rule. Generally, an 
agreement of 3-5% between calculated and observed ratios 
is sufficient to suggest the validity of the assignment. Our 
results are shown in Table V.

The product rule was used as an aid in assigning the 
“missing” fundamentals in the a' block of the -d2, -d3, and -do  
molecules. A weak Raman band at 855 cm- 1  in the gas phase 
spectrum of the -do  molecule and a medium band in the solid 
phase at 856 cm- 1  was consistent with the a '  block Teller- 
Redlich product rule calculation. A weaker Raman band at

904 cm- 1  was discounted because it placed the calculation over 
5%. The assignment of fundamentals at 915 and 671 cm- 1  in 
the -d 5 compound also gave a consistent product rule calcu
lation. The 915-cm_1 B-type band was of medium intensity 
in the infrared spectrum and weak in the Raman effect. The 
large intensity of this band in the solid phase also made us feel 
it was a fundamental, not an overtone or combination band. 
The band at 671 cm- 1  was chosen over the band at 725 cm- 1  

to be consistent with product rule calculations.
The - ¿ 3  molecule presented the greatest difficulty in our 

assignment. The strong band in the Raman spectra of the gas 
at 799 cm- 1  was considered a fundamental. This is in direct 
contrast to the prediction of the normal coordinate analysis 
which calculates this band at about 700 cm-1. A band at 743 
cm- 1  in the Raman spectrum of this gas was discounted as this 
fundamental due to lack of intensity. It should be noted that 
the 799-cm_ 1 band was observed only in the Raman effect 
which was consistent with intensity of other C-C(N) 
stretching vibrations. However the lowest frequency mode 
should be mostly the CD3 rock. However the assignment of 
both the 799- and 743-cm_ 1 bands as fundamentals made the 
product rule calculations inconsistent with the assignment 
of the other fundamentals which are believed to be correct. 
The “missing” fundamental was therefore assigned to the 
Raman peak at 938 cm-1.

N o r m a l  C o o r d in a te  A n a ly s is . As an aid in describing the 
molecular vibrations in a more quantitative manner, a normal 
coordinate analysis was undertaken. The calculations were 
carried out by the Wilson FG matrix method22 with computer 
programs written by Schachtschneider.23 The observed 
frequencies were given a weight of 1 /A in the least-squares 
fitting procedure of the force constants, and no attempt was 
made to correct for frequency shifts due to energy level in
teractions, i.e., Fermi resonance. The internal coordinates for 
ethyl cyanide are defined in Figure 3. Symmetrization was 
accomplished using the symmetry coordinates listed in Table
VI. The S14 and S15 symmetry coordinates have been defined 
as zero-coordinate four-branch redundancies. To have sym
metry coordinates which would be to a degree consistent with 
the previous literature,5’7 we use the following procedure to 
define Sg and S12. The Sg' was written as (1 / V 2 )(A 8  — Air) 
which is orthogonal to S15. The Si27 was then written as
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V - 6 ^ /

Figure 3. Internal coordinates for ethyl cyanide.

(l/v /T2)(2Aô + 2Att — A$i — A02 — A7 1  — A7 2 ) where the 
coefficients were determined by the Schmidt orthogonaliza- 
tion method to complete the orthogonal set of A' symmetry 
coordinates. However, this new set does not separate the 
contributions of Sg' and Si2' in the potential energy distri
bution. Therefore we tried the new combinations

■ 1  1  ■
V 2 V 2  [ Se'l
_ L z i  Lsw'J

.V 2  V 2 .

which were found to be separated in the potential energy 
distribution. Table VI clearly shows Sg to be mainly AS, the 
CH2 deformation, and S12 as Air, the C-C-C bend.

The calculated vibrational frequencies are listed in Tables
I-IV along with the associated symmetrized potential energy 
distribution among the diagonal elements of the F matrix. 
Using the relatively simple force field shown in Table VII, the 
average agreement between calculated and observed 
frequencies was found to be 1.27% or 11.4 cm-1. In general, the 
results of the calculation support the commonly accepted 
“group frequency” descriptions associated with the methyl 
and methylene groups for the -d0 and 13C(N) molecules.

However, the CH3 deformation region should be explained 
in more detail. It was found that very small changes in the 
force field had an effect of reversing the assignment of v5 and 
vs. In an attempt to best fit the 105 observed frequencies, the 
entire force field was allowed to vary. It was this procedure 
that reversed the assignment of <>5 and uq. However it must be 
emphasized that small changes in the force field will reverse 
the assignment, with a corresponding small increase in the 
percent error.

Since 3N  — 6  = 2 1  for ethyl cyanide, we tried to restrict the 
number of force constants to less than 21. It would have been 
possible with the amount of isotopic data we had to include 
all possible interaction constants, many of which would have 
been very small. However, we tried to find those force con
stants whose significance was such that fewer than 2 1  were 
required to reasonably reproduce the observed frequencies. 
Force constants F^p, F a ^} Frq, Fq7, Fq ,̂ F r iT , Fq _. F7$, F aa,1 
F p p , F qo, Fq,, and Fxfl were tried and found to have very little

TABLE VI: Symmetry Coordinates for Ethyl Cyanides

A ' Species

ch 3 Antisymmetric
stretch

Si = 6 1/2(2Art -  Ar2 -  Ar3)

ch 3 Symmetric
stretch

S2 = 3_I/2(Ari + Ar2 + Ar3)

ch 2 Symmetric
stretch

S3 = 2-l72(Adi + Ad2)

ch 3 Antisymmetric
deformation

S4 = 6- 172(2Aa2 — A«i — Aa3)

ch 3 Symmetric S5 = 6 ~l72(Aai + Aof2 + Ao!3 — A/3i
deformation -  Afe -  Ads)

ch 2 Deformation S6 = 24-1/2[(v/6 + 2)A5 -  ( V 6  -  
2) Aw — A7 1  — A7 9  — A0i — 
A02]

ch 2 Wag S7 = %(A7 i + A7 2  — A#i — A02)
ch 3 In-plane rock S8 = 6 -l72(2Adi -  Ada -  Ads)
C-C Stretch (ethyl) S9 = AR
C-C(N) Stretch S10 = AQ
C-N Stretch Su = AP
C-C-C Bend S12 =: 24 1/2[(\ / 6  — 2)A<5 — ( \ / 6  4 

2)À7t 4- A y i 4 Â 2 4" A$i 4-
A02]

C-C-N in-plane bend Sl3 = A p
Kedund- S14 = 6 -l72(Aai + Aa2 + A« 3 + Adi

ancy + Ad2 + Ads) = 0
Kedund- S15 = 6 - l 72(A7 i + A7 2 + Aöi + A02

ancy 4- A<5 4 A7r) = 0

A " Species

ch 3 Antisymmetric
stretch

Si6 = 2~1/2(Ar2 -  Ar3)

ch 2 Antisymmetric
stretch

S17 = 2-l72(Ad1 -  Ad2)

ch 3 Antisymmetric
deformation

Sis = 2-1/2(Aai — A as)

ch 2 Twist S19 — %(—A7 1  + A7 2  + Afli — A 82)
ch 2 Rock S20 = %(A7 i — Ay2 + AOi — A 6-i)
ch 3 Out-of-plane

rock
S2i = 2 -'/2(Ada -  Ads)

ch 3 Torsion S22 = At
C-C-N Out-of-plane

bend
S23 = Act

effect on the force field. It has been shown that the relation
ship F Ro =  — Fra exists for tetrahedral angles.24'25 Our value 
for F Ra of —0.25 is in good agreement with the Fr# values for 
ethyl iodide7 of 0.20 and for ethyl chloride4 of 0.17 mdyn/A. 
Our value for Fr7 of 0.56 is much higher than the value of 0 .2 1  

mdyn/A in the ethyl chlorides and iodides.4’7 However, this 
value is more consistent with the 0.328 mdyn/A value used by 
Yamedera and Krimm.9 The high value of this interaction 
constant with respect to other similar molecules (ethyl ha
lides) might be attributed to a much different electronic 
structure. Experimental evidence is conclusive that the C-C 
(ethyl) bond in ethyl cyanide (1.54 A) is longer than in the 
ethyl halides.1 1 1 2  A shortening of the C-C(N) bond to 1.46 A 
in ethyl cyanide has been attributed to partial double bond 
character. Our force constants H q and H r are consistent with 
approximately the 2 0% double bond character indicated. 11 

The lower methyl barrier to internal rotation in ethyl cyanide 
with respect to the ethyl halides is more evidence that ethyl 
cyanide has a very different electron distribution about the 
C-C bond than is observed in the halogens.

Various attempts were made to raise the calculated fre
quency of the CD3 rock at 691 cm-1. However, none were
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TABLE VII: Internal Force Constants for CH3 CH2 CN and
Its Deuterated Derivatives®’'’

Force
constant Coordinates involved Value

K r C-H, methyl 4.89 ± 0.02
K d C-H, methylene 4.77 ± 0..02
K  R C-C, ethyl 3.97 ± 0.17
K  Q C-C(N) 4.93 ± 0.26
K v C-N 17.52 ± 0.21
H a H-C-H, methyl 0.542 ± 0.006
H ß C-C-H, methyl 0.619 ± 0.014
Ht, H-C-H, methylene 0.611 ± 0.016
H y C-C-H, methylene 0.520 ± 0.020
Hg (N)C-C-H, methylene 0.802 ± 0.018
H „ C-C-C 1.970 ± 0.167
H „ C-C-N in-plane 0 .2 1 1  ± 0 .0 2 1

H a C-C-N out-of-plane 0.306 ± 0.019
H Tb -CH3c 0 .0 10  ± 0 .0 0 1

F n C-H, C-H 0.075 ± 0.013
F  dd C-H, C-H 0.043 ± 0.023
F rc C-C, H-C-H -0.253 ± 0.036
FRy C-C, C-C-H 0.565 ± 0.052
Fse H-C-H, C-C-H 0.128 ± 0.016

“ Stretching force constants in mdyn A-1; bending constants 
in mdyn A radian-2; stretch-bend interaction constants in mdyn 
radian-1. 6 See Figure 3.c Torsional coordinate is defined as the 
sum of three trans torsions about the C-C bond.

successful. Concluding that the -d  3 molecule was behaving 
anomalously, we did not use the -<¿3 data in one calculation. 
As was expected, the fit improved to 0.91% or 8.9 cm-1. The 
overall force field, however, did not change significantly. 
Therefore, the reported force field is the result of the calcu
lation from the data of all five isotopes.

In conclusion, we feel that our results provide a more 
complete understanding of the vibrational spectrum of ethyl 
cyanide and its -d 2, -<¿3, - d 5, and 13C(N) derivatives. The rel
atively simple force field used in this paper accounts for most

of the fundamental vibrations, and also provides something 
more than a qualitative description of these motions.
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Resonance Raman excitation profiles in the region 4579-5287 A are reported for the carotenoid molecule as
taxanthin at —162 and 23 °C. At these temperatures the visible absorption spectra are structured and un
structured, respectively. The experimental data, simulated using a simple model, demonstrate that there is 
a correlation between the development of vibrational structure in the absorption spectrum and in the excita
tion profile. For astaxanthin the excitation profiles at room temperature do not resolve the vibrational struc
ture of the broad absorption band but do show that the 0 - 0  transition occurs near 18 850 cm-1.

Introduction
Excitation profiles (variation of Raman intensity with ex

citing wavelength) have recently been suggested as a probe 
of vibrational structure in absorption spectra.2-6 This implies 
that vibrational structure which lies hidden in an absorption 
band may be resolved by measuring Raman excitation profiles. 
To date excitation profiles have been measured primarily for 
molecules with structured absorption spectra.2*5-5 Thus, it is 
not clear if any correlation exists between the resolution ob
tainable in the Raman excitation profiles and in the absorp
tion spectrum. To study this correlation, the carotenoid 
molecule astaxanthin (S '̂-dihydroxy-ft/Lcarotene^A'-dione) 
(I) was selected since its Raman excitation profiles could be

(¡1)

/3-carotene

obtained under conditions of both structured (low tempera
ture) and unstructured (room temperature) absorption 
spectra. A simple model, similar to that applied in previous 
Raman studies,2b-4 was used to analyze the intensity data and 
semiquantitatively evaluate the temperature dependence.

Experimental Section
S o lv e n ts  a n d  R e a g e n ts . Spectrochemical grade chemicals 

were used when available.
A s ta x a n th in . Astaxanthin was extracted from cleaned and 

ground lobster carapace with acetone at 5 °C. Purification and 
recrystallization from dichloromethane-petroleum ether (bp 
30-60 °C) by the method of Buchwald and Jencks6 yielded 
red-violet platelets. The crystals or solutions in dichloro- 
methane were stored at —23 °C.

The absorption spectra in different solvents were identical 
with those reported earlier.6 Thin-layer chromatography on 
silica gel 60F-254 (0.25 mm, Merck) developed with 20% ace

* Address correspondence to this author at the Division of Chem
istry, National Research Council of Canada.

tone-petroleum ether (bp 60-70 °C) gave a single band. The 
recrystallized material consists of only one isomer, and this 
is believed to be the all-trans form.7

A b s o r p t io n  S p e c tr a . Absorption spectra were measured 
with a Cary 14 spectrophotometer. Low temperature spectra 
in EPA (diethyl ether-isopentane-ethanol, 5:5:2 by volume) 
were obtained using a dewar equipped with quartz windows. 
A 2-mm quartz cell which fitted inside the dewar cavity was 
cooled by flowing cold nitrogen gas. Temperatures were 
monitored with a chromel-alumel thermocouple.

R a m a n  S p e c tr a . Raman spectra were recorded using 90° 
scattering geometry on a Jarrell-Ash Model 25-102 double 
monochromator equipped with an RCA-C31034 photomul
tiplier tube and photon counting detection. A Spectra Physics 
166 Ar+ laser provided nine excitation lines from 4579 to 5287 
A; output at 5287 A was obtained by modifying the laser op
tics. Laser powers were kept between 4 and 9 mW. The vi
brations of interest were scanned alternately with the refer
ence lines at least three times.

For room temperature measurements, the rotating cell 
technique8 was used to minimize local heating. The solution 
of astaxanthin in chloroform (Amax = 0.96) was first deoxy- 
genated and purged with nitrogen gas. Under these conditions, 
the absorbance and resonance Raman spectra were invariant 
indicating the absence of photochemical degradation or 
isomerization. The intensities of the 1524- and 1157-cm-1 
vibrations of astaxanthin (Figure 1) were measured relative 
to that of a chloroform line at 366 cm-1.

For low temperature measurements, an astaxanthin solu
tion in EPA (Amax = 1.40) was sealed in a glass capillary and 
mounted on an unsilvered, double-jacketed glass dewar.9 

Cooling was achieved by flowing a stream of cold nitrogen gas. 
The intensities of the two fundamentals at 1524 and 1157 
cm-J and of the overtone at 3045 cm- 1  were measured relative 
to the total area of solvent bands at 2808, 2874, 2938 and 2982 
cm-1. Each set of measurements with the nine exciting lines 
was obtained continuously. Intensity ratios with 5145-A ex
citation at the beginning and at the end of the measurements 
were reproducible to ±5%.

T r e a tm e n t  o f  E x p e r im e n ta l  D a ta . Intensities were mea
sured as band areas with a planimeter. An average value of 
three or more measurements on each line was taken and this 
was corrected for the wavelength dependence of the instru
ment response. The latter had previously been calibrated
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FREQUENCY SHIFT (cm'1)
Figure 1. Resonance Raman spectrum of astaxanthin in CHCI3 at +23 
°C, 4658-A excitation; 4 mW laser power, 6.5 cm-1 spectral slit width, 
scan speed 0.5 cm_1/s; full scale sensitivity 3000 counts/s.

using a standard lamp. Since the reference lines were not ad
jacent to the astaxanthin vibrations, a X4 correction3 was also 
applied. The solutions were sufficiently dilute (8.5 X 10- 6  M 
in chloroform, 1.25 X 10- 5  M in EPA) that corrections due to 
self-absorption were considered to be negligible.3

Theoretical

the excitation profiles. Simplification of the A  term occurs 
because only one excited electronic state is assumed to be in 
resonance and because under resonance conditions the second 
term in eq 1  becomes negligible.

The depolarization ratios for the vibrations studied for 
astaxanthin were about 0.3, indicating that only one term in 
the scattering tensor ( a zz ) was contributing to the observed 
intensity. In this instance eq 1 reduces to the following form;

(o22)z = constant X f a2

where

u E e u,gi E q +  l y

where the terms involving the dipole moment matrix elements 
are included in the constants. Several approximations are 
introduced to evaluate f a: (a) harmonic oscillator wave func
tions are assumed for the g and e states, (b) it is assumed that 
no change in force constant occurs in the upper state, and (c) 
it is assumed that the potential energy curves are displaced 
from each other horizontally by a parameter x  such that

x  =  {vvib ir/ h )l/2Q  (4)

Computer programs were written to calculate and plot the 
excitation profiles. The sum over v was taken up until u = 6 . 
Inclusion of higher u terms led to no change in the results. The 
parameters x  and y  were varied to obtain a good fit to the 
experimental data.

The absorption spectra resulting from a sum of progressions 
in 2  vibrations was given by the following expression:

The model used to calculate the excitation profile is based 
on the form of the scattering tensor derived by Albrecht10 and 
co-workers. The a,„, component of the tensor is given by:

( a pa)gi ,gj A  +  B

where

A = £  £

and

/ (g°l^ »1 e°)(e°|AJg°) | (g°|fip|e0)(e0|/?g|g°)\ 
pig v V E eU'gi — E o  + i y  E eUtgj  + E q + i y  /

X <i|u><4/> (1)

e ^ g  v  s ^ e  a

/ (g f̂ljeQHe^hals^sQlftpIgOh 
 ̂ E eUgi E q + i y  Ì

(¿IQajpHtjy)
E „ °  -  E °

(2 )

plus similar terms involving the interchange of i and j  and s 
and e (see ref 10). In this notation, i and j  are the vibrational 
levels of the ground electronic state g, p and a are any of the 
Cartesian coordinates x , y , or z , R  is the dipole moment op
erator, the u ’s are vibrational levels of the excited electronic 
state e with which resonance occurs, E eUigl- is the vibronic en
ergy, E o is the excitation energy, /ia is the (Herzberg-Teller) 
vibronic coupling operator, Q a is the ath normal coordinate 
of the ground state, y  is the damping factor related to the 
half-width of the absorption band, s is an excited state not in 
resonance, and finally |g°), |e°), and |s°) are wave functions 
for the indicated states.

The B  term is utilized when resonance enhancement de
velops because of vibronic coupling between two excited 
electronic states, while the A  term is applicable when only one 
state is involved in the scattering process. In the present case, 
the A  term was found to give a satisfactory representation of

d d =  £  2 > < 0 | u >2g(«.) (5 )
Ql,<?2 u

where g(p ) is a line shape function. The line shapes were as
sumed to be Gaussian with a half-width = y . As the calculated 
absorption spectra led to poor quantitative agreement with 
experiment (see text), Lorentzian line shapes were introduced 
into eq 5. No improvement was observed in the fit.

Results and Discussion
The observed excitation profiles for v\ and m at 23 and —162 

°C and for 2v\ at —162 °C are shown as triangles in Figures
2-4. The experimental points for m and m at room tempera
ture suggest an intensity maximum near 5200 A but no addi
tional resolved structure. In the intensity profiles at —162 °C, 
a resolved peak appears around 4600 A for pi and 4750 A for 
1/2 in addition to the main maximum near 5250 A. For 2 m, the 
experimental excitation profile has a peak near 4880 A and 
shows a second weaker maximum near 5200 A.

The calculated excitation profiles are shown as solid lines 
in Figures 2-4. For the purposes of calculation, the 0 - 0  fre
quency of the electronic transition was set at 18 850 cm-1. A 
reasonable fit to the excitation profiles was obtained at both 
23 and —162 °C without changing the 0-0 frequency.

The excitation profiles of m (Figures 2a and 2b) were sim
ulated by assuming a value of x  = 0.9 for both 23 and —162 °C, 
with y  =  950 cm- 1  at 23 °C and y  =  500 cm- 1  at —162 °C. The 
calculated excitation profiles show a broad shoulder at room 
temperature while structure develops at low temperature. The 
short wavelength maximum in the excitation profile at —162 
°C arises from the 0 - 2  transition (u =  2 in the excited state) 
while the 0-1 transition appears only as a shoulder. When 
smaller y  values were used, a resolved peak did occur at the 
u = l level as was found for v\ of /3-carotene.3 However, the 
overall fit was better with y  =  500 cm-1.
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4000 5000 6000

WAVELENGTH , A

Figure 2 . Observed (A ) and calculated (— ) profiles for iq (1 5 2 4  c m - 1 ) 
at (a) 2 3  °C  and (b) — 162 °C . The calculated curves w ere  each  scaled  
to equal the observed point at 4 7 2 7  A.

UJ>
f-
•-JIxJcr

WAVELENGTH, A

Figure 3. Observed (A ) and calculated (— ) excitation profiles for v2 
(1 1 5 7  cm - 1 ) a t (a) 2 3  °C  and (b) — 162 ° C . Scaled as for iq .

The excitation profiles of V2 were calculated using the same 
7  values as those for v\ at the two temperatures, while the

WAVELENGTH , A

Figure 4. O bserved (A )  and calculated (— ) excitation profiles for 2«q 
at — 162 ° C . The calculated curve w as scaled to equal the observed  
datum  at 4 8 8 0  A.

value of x  was 0.8. Again, the calculated excitation profiles 
shows a shoulder at 23 °C (Figure 3a) but a resolved structure 
at low temperature (Figure 3b). The second maximum for i>2 

at —162 °C also occurs at the o = 2  position for this mode.
The excitation profile for 2<q at —162 °C was simulated 

using identical parameters as tnose for v\ at this temperature. 
The qualitative shape (Figure 4) corresponds well with the 
observation that the intensity maximum at the 0 - 1  transition 
is greater than that at the 0 - 0  transition. The fit is considered 
satisfactory in view of the experimental error in measuring low 
intensities of the overtone.

A summary of the parameters used in the calculation for 
astaxanthin at 23 and —162 CC, as well as those previously 
reported for /3-carotene, is given in Table I. The values of x  
have been converted to changes in bond length upon excita
tion by a procedure similar to that described in ref 3. Slight 
differences are noted for /3-carotene and astaxanthin. How
ever, the approximations necessary for the calculation of x  in 
this simple model, namely, that all C=C bonds have the same 
length and all C-C bonds have the same length and further
more, that i>i and v2 are pure C=C and C-C stretching modes, 
respectively, suggest that these differences may not be sig
nificant.

The absorption spectrum of astaxanthin at room temper
ature, shown in Figure 5a, is devoid of fine structure. /3-Car
otene (II), on the other hand, has three resolved peaks in the 
visible region.7 The broad absorption band of axtaxanthin is 
typical for carotenoid molecules which contain one or more 
conjugated carbonyl groups.11 At low temperatures, however, 
fine structure develops (Figure 5b). Absorption in the visible 
region is known to arise from t- 7t* transitions of the polyene 
chain and the fine structure is due to transitions from the 
ground state to various vibrational energy levels in the first 
excited state. 12

An attempt was made to simulate the observed absorption 
spectra by assuming that it is composed of a sum of progres
sions in and The results are presented in Figures 6 a and 
6 b. The parameters used for each mode were the same as those 
for the excitation profiles. Qualitatively, the development of 
structure observed in the absorption spectrum is reproduced 
by decreasing the half-width from 950 cm- 1  at room tem
perature to 500 cm- 1  at 162 °C. However, the quantitative 
agreement is quite poor. There are several possible reasons 
for this discrepancy:

(1) Previous studies on /3-carotene have shown that the tq 
vibration contributes in significant fashion to the absorption
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TABLE I: Parameters Used in the Calculation of
Excitation Profiles of vu  V2, and 2n of Astaxanthin

T,° C v, cm 1 7 , cm 1 x , A

Astaxanthin
23 (in CHCI3) 1524 950 f

-162 (in EPA) 1524 500 +0.023
-162 (in EPA) 3045 500 '

23 (in CHCI3) 1157 950 1-0.025
-162 (in EPA) 1157 500 l

/3-Carotenea
— 150 (in isopentane) 1520 250 +0.0 20

— 150 (in isopentane) 1157 250 -0.031

“ Reference 3.

4630 Â.

spectrum.3 As the excitation profile for this mode was not 
measured, no value of x  necessary for inclusion in the ab
sorption spectrum calculation was available. A calculation was 
attempted in which the value of x  for vs was taken from the 
/3-carotene work,3 and the calculated absorption spectrum 
resembled the observed much more closely.

(2 ) Other weak vibrations in the Raman spectrum (Figure 
1) were not included in the calculations. The extent of their 
contributions to the absorption spectrum is unknown.

(3) The room temperature absorption spectrum is compli
cated by the presence of molecules which are not in their 
ground vibrational states prior to excitation.

(4) The n-ir* transitions of the carbonyl groups may appear 
in the visible region whereas only the 7r-7r* transition has been 
considered in the calculated absorption spectrum.

The value of y  used in the excitation profile calculation 
provides a measure of the width of the absorption band for the

WAVELENGTH, A
Figure 6. Calculated absorption spectra for astaxanthin. Gaussian line 
shapes were used: (a) y  =  950 cm-1; (b) y  = 500 cm-1 .

0-0 level in these molecules. The larger value of 7  for astax
anthin compared to /3-carotene (500 cm- 1  in EPA at —162 °C 
and 250 cm- 1  in isopentane at —150 °C ,3 respectively) is un
doubtedly due to the presence of carbonyl groups in astax
anthin. The hydroxyl groups cannot be responsible for the 
broadening since crustaxanthin (3,4,3',4'-tetrahydroxy-/3- 
carotene) shows vibrational structure in its room temperature 
absorption spectrum. The carbonyl groups impart polarity 
to the molecule as shown by the reduced solubility of astax
anthin in nonpolar solvents. Greater interactions of solvent 
molecules with astaxanthin in the ground and excited states 
lead to increased broadening13 of the 0 - 0  level compared to 
/3-carotene.

X-ray crystal studies have shown that the presence of car
bonyl groups in the /3-ionone rings enhances the noncopla
narity of the rings with the polyene chain. 14'15 In solutions, the 
greater noncoplanarity of astaxanthin compared to /3-carotene 
may cause a greater distribution of angular conformations 
about the bond joining the ring and the polyene chain for as
taxanthin. This would lead to broadening of the 0-0 transition 
for the latter molecule.

The decrease in width of the 0-0 transition from 950 cm- 1  

at 23 °C to 500 cm“ 1 at —162 °C may be explained by a tem
perature effect on solvent organization around the solute 
molecules. In a more rigid environment such as in a glassy 
medium at low temperatures, slower solvent rearrangement 
leads to narrowing of the 0 - 0  transition.

Conclusion

It is clear that in circumstances where an unresolved ab
sorption spectrum is composed of more than one vibrational 
progression and the 0 - 0  energy cannot be obtained, the res-
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onance Raman excitation profiles may provide an estimate 
of this quantity. However, for astaxanthin the spacing between 
the 0- 0, 0- 1 , 0- 2,. . etc. transitions cannot be resolved from 
the excitation profiles at room temperature. A comparison of 
the experimental excitation profiles at 23 and —162 °C shows 
that the development of structure in the resonance Raman 
excitation profiles parallels its development in the absorption 
spectrum. It seems apparent for the molecule studied here 
that Raman excitation profiles depend in a fundamental way 
on absorption spectral line width and that excitation profiles 
will not be a general method for resolving vibrational structure 
of an unresolved absorption spectrum.
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The microwave spectra of 1,2,3,6-tetrahydropyridine and its N-d analogue have been studied in the R-band 
(26.5-40 GHz) and X-band (7-12.4 GHz) regions with a Hewlett-Packard 8400C Stark-modulated micro- 
wave spectrometer. Transitions for two distinct conformers have been assigned and the change in the rota
tional constants on deuteration has allowed identification of the conformers as half-chair axial and half- 
chair equatorial. Half-chair refers to the conformation of the ring skeleton and axial-equatorial to the orien
tation of the N-H. For the do compound the rotational constants are (in MHz) A = 4897.47 ±  0.01, B = 
4709.16 ±  0.01, C = 2641.48 ±  0.01 for the axial conformer and A = 4950.50 ±  0.01, B = 4743.05 ±  0.01, C = 
2647.82 ± 0.01 for the equatorial conformer. Measurement of the relative intensities of a number of lines 
yields an estimate of the rather small difference in stability of the two forms of 50 ±  30 cm-1  (~0.15 kcal/ 
mol), the equatorial form being the more stable. Because of the distribution of the dipole moment among the 
principal axis components and the selection rules, the most prominent lines by far are due to the less abun
dant axial conformer. Under conditions of high resolution several of the lines exhibited resolvable splitting 
which can be attributed to quadrupole coupling from the nitrogen nucleus. Analysis of the observed hyper- 
fine structure gave Xcc = 1-32 ±  0.02 MHz; ?;xcc = 0.72 ±  0.02 MHz for the axial conformer and Xcc = —4.48 
±  0.04 MHz; r¡xcc = 0.09 ±  0.09 MHz for the equatorial conformer. The drastic difference in the coupling 
constants for the two conformers is attributed to the difference in the relative orientations of the principal 
axes of the inertial and quadrupole coupling tensors, respectively.

Introduction
As part of a continuing effort in the study of the confor

mations and low-frequency vibrational modes of cyclic mol
ecules, we undertook an investigation of the microwave 
spectrum of 1,2,3,6-tetrahydropyridine, C5H9N, which is an 
analogue of cyclohexene. Microwave, far-infrared, and/or 
Raman studies of cyclohexene, 1,4-dioxene, A2>3-dihydropy- 
ran, and A3>4-dihydropyran have been reported.2-8 These

studies indicate that the stable conformation is a twisted, or 
half-chair form. In addition, the barriers to planarity of the 
rings range from ~19 to 25 kcal/mol and the interconversion 
of the two equivalent stable twisted forms occurs via a bent 
(half-boat) form with barriers to interconversion ranging from 
~6  to 10 kcal/mol. No direct evidence of the existence of a 
minimum corresponding to the less stable bent form has been 
found. It was expected that 1,2,3,6-tetrahydropyridine would 
also exist with a half-chair ring skeleton. The presence of the 
imino hydrogen, however, renders the two twisted forms 
nonequivalent, there being two distinct conformers, half-chair 
axial and half-chair equatorial, respectively. In addition, the
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possibility existed o: finding two bent forms depending on the 
orientation of the imino hydrogen (Figure 1).

In this work, the microwave spectra of 1,2,3,6-tetrahydro- 
pyridine and it’s N-d derivative are reported. Transitions 
arising from two conformers have been assigned for both the 
normal and the deuterated species. A study of the Stark effect 
has yielded the dipole moment components in the principal 
axis system for the two conformers and these data, along with 
the shift in the rotational constants on deuteration, have al
lowed identification of the conformers. A determination of the 
quadrupole coupling constants has been made from the ob
served splittings of some of the lines.

Experimental Section
The sample of 1,2,3,6-tetrahydropyridine was purchased 

from Aldrich Chemical Co., Inc. and used without further 
purification. The N-d derivative was prepared by successive 
exchange with NaOD in D20. The separation of these miscible 
solutions was effected by increasing the concentration of 
NaOD until two layers formed. The spectra were obtained in 
both the R-band (26.5-40.0 GHz.) and X-band (7-12.4 GHz.) 
frequency regions with a Hewlett-Packard Model 8400C 
Stark-modulated phase-stabilized microwave spectrometer. 
Measurements were made both at room temperature and with 
the Stark cell packed in dry ice. Methylacetylene (m = 0.7837 
D) and carbonyl sulfide frt = 0.7152 D) were used to calibrate 
the Stark cell in R-band, and the 0 — 1 transition of OCS was 
used for calibration in X-band.9 The cell was saturated with 
D20  before the introduction of the N-d derivative to prevent 
back-exchange with adsorbed H20  in the cell. The observation 
of the relative intensities of D20  and HOD lines in X  band was 
quite helpful in monitoring the saturation process.

Assignment
A survey scan of the spectrum of 1,2,3,6-tetrahydropyridine 

in the R-band region is shown in Figure 2. The spectrum is 
characterized by three groups of rather prominent perpen
dicular Q-branch transitions of a near oblate symmetric top. 
The beginning of these series is marked “a” , indicating that 
the complete analysis led to the identification of these tran
sitions as arising from the half-chair axial conformen Not 
immediately obvious are three much weaker groups of Q- 
branch transition marked “ e” , which correspond to the half
chair equatorial conformen This spectrum may be compared 
to that of A3’4-dihydropyran which was reported earlier from 
this laboratory.5 The prominent transitions are the same and 
the asymmetry parameter, k, is ~ + 0.8 in both cases, but the 
present spectrum is considerably denser due to the presence 
of the second conformen It is also noteworthy that the most 
prominent lines (marked “ a” ) are due to the less abundant 
conformer, their prominence being due to the selection rules 
and the relative magnitudes of the a components of the dipole 
moments.

Shown in Figure 3 is a survey scan of the spectrum of the 
N-d derivative. Again there are three prominent groups of 
lines assigned as perpendicular Q-branch transitions of an 
oblate near symmetric top molecule. These series are one K i 
higher than the corresponding transitions in the lighter 
compound reflecting the smaller values of the rotational 
constants on deuteration. Similarly, the corresponding series 
for the equatorial conformer are indicated on the figure with 
an “ e” .

After Q-branch assignments were made, it was quite simple 
to locate the (J + l ) o , j+ i  and (J + l ) i , j + i  — J i , j  a type
transitions which were coincident in frequency, where J = 4,

N - H

Figure 1. Nonplanar conformations for 1,2,3,6-tetrahydropyridine: (a) 
half-chair equatorial; (b) half-boat axial; (c) half-chair axial; (d) half-boat 
equatorial. The arrows indicate possible interconversions by analogy 
with other cyclohexene analogues.2-8

30 35 40GHz
6 —7 7-8 8—9 Kj-1—

Figure 2. Survey scan of the R-band spectrum of 1,2,3,6-tetrahydro
pyridine at a Stark field of ~300 V/cm. “ a”  indicates the beginning of 
perpendicular Q-branch transitions for the axial conformer. "e ”  indi
cates the same series for the equatorial conformer.

Figure 3. Survey scan of the R-band spectrum of 1,2,3,6-tetrahydro- 
pyridine-W-dat a Stark field of ~300 V/cm. “ a”  and “ e” denote series 
due to axial and equatorial conformers as in Figure 2.

5, or 6, and the corresponding b type transitions, (J + l)i,j+i 
— J 0,j ; (J + D o , j+ i  — J\,j also having the same frequency. 
This assignment, however, left rather large uncertainties in 
the rotational constants. Due to the density of the spectrum, 
it was rather difficult to extend the assignment to lower Ki 
lines. This difficulty was finally overcome by extending the 
measurements to X-band and locating the 1 — 0 transitions. 
The other lines were then predicted rather well from the ro
tational constants. Measurements were made on a number of 
the lines in R-band and X-band up to J  = 7. Higher J lines 
exhibited noticeable effects of centrifugal distortion.

Tables I~IV indicate the transitions measured, assignments, 
and the rigid rotor fits for both the axial and equatorial con
formers for the normal and for the N-d compound. The values 
of the rotational constants determined from fitting these 
transitions are summarized in Table V. Some additional high 
J lines were measured. These transitions exhibit distortion 
effects and were hence not included in the analysis for the
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TABLE I: Transitions Used in the Determination of the Rotational Constants for 1,2,3,6-Tetrahydropyridine 
(Equatorial Conformer Y

Obsd — calcd, Obsd — calcd,
Transitions Obsd, MHz MHz Transition Obsd, MHz MHz

a Type b Type
5o,s ^0,4/ 28 674.77 -0.01 34,2 h3)3 11 118.84 -0.14
-51,S 41,4) 0.01 3S,1 34,2 8 202.69 -0.13
3̂,3 * 43,2 37 381.27 —0.06 60,6 -  5 .J 33 970.34 —0.02

33,2 33,3 10 630.64 -0.11 61,6 50’5) -0 .02
60,6 5„,J 33 970.34 —0.02 61)5- 5 2>4 38 364.06 -0.07
61,6 5,,5) —0.02 64,2 -  63,3 10 366.42 —0.10
®2,S ®2,4 38 364.04 —0.10 65,2 ^ 64-3 11 248.10 —0.22
64,2 ^  64,3 10 312.85 —0.13 66 , l ^  65,2 8 859.51 —0.31
70,7 <- 6o,d 39 265.89 —0.08

-0 .08
7 .,? -  6,,4

• 71j7 •<- 60;6) 39 625.89 -0 .08
-0.087 <— 7 1 5 2 * 5,3 9 858.76 -0.19

b Type f 1,0 D0,o
c Type 

9 693.61 0.06
1̂,1 0̂,0 7 598.27 -0 .05 3i,2 20)3 29 022.64 0.12
3̂,1 ^2,2 7 228.25 0.14 32,2 21,2 29 080.74 0.09

^2,2 3̂,1 31 342.35 -0.05 32)1 -  2,,, 28 779.06 0.08
3̂,2 ^2,1 32 801.82 0.22 33, „ -  22,0 29 138.97 0.18
4̂,1 3̂,0 37 576.20 0.15 33,i ■<- 22j1 29 400.94 0.25
3̂,2 2̂,3 11 042.57 0.04 42,2 31,2 38 643.39 0.09
4̂,1 ■*“ "̂ 3,2 7 658.98 -0.09 43,1 32,1 38 390.75 0.12

50 ,5 -4 1)4) 28 674.77 0.01 4 3,2 32,2 38 785.63 0.01
5l,S **“ 40,4 ) —0.01 44,0 ■*“ 33)0 38 916.46 -0 .08
3̂,2 52?3 10 648.67 -0 .10 66,0 ^  65,2 9 622.55 -0.02
«Standard deviation of the least-squares fit is 0.12 mHz. Observed frequencies have been corrected for the effects of quad

rupole coupling.

TABLE II: Transitions Used in the Determination of the Rotational Constants (in MHz) for 1,2,3,6-Tetrahvdropyridine-iV-d 
(Equatorial Conformer)«

Obsd — calcd, Obsd—calcd,
Transition Obsd, MHz MHz Transition Obsd, MHz MHz

a Type
1̂,3 ^1,2 27 139.63
2̂,3 ^2,2 26 993.37
0̂,5 0̂,4 l

5i, 5 - 4 1)4{
27 918.96

5 4-4u2,3 2,2 36 742.53
r. A*-'3,3 3̂,2 36 333.74
60,6 -  50,Si 
6!,4 -  5.,Si

33 073.27

64,2 -  64,3 9 386.52
7 ..  , - 6 0 J
7.. 7- 6 I>tÇ

38 227.46

76,2 74,3 12 129.71
b Type

42 ,3 012 27 154.89
44,1 33,0 37 132.75
44,1 4 3,2 8 044.43
5o,5 -4  , J
5l,s 40,4 J

27 918.96

64,2 63,3 9 563.62

—0.10 66,i 65j2
—0.07 30,6 - 31,5

0.13 6 ., .« -5 0,s
0.25 7'i,7 •*- 60i6

—0.06 7o,7 61,6
-0 .0 8 7s, 2 - 7 4,3

0.08
0.09
0.19 1 1,0 ^0,0

-0 .20 33,0 22,0
-0 .2 0 3 2,1 21,1
-0 .16 33,1 22j.

3 1 ,2 20,2
32,2 2 1 ,2

-0 .17 44,0 ‘ 33,0
0.21 44,1 ^  3 3 , !

—0.21 43,1 3 2,1
0.26 42,2 3 1 ,2
0.13 43,2 3 2,2

-0 .14 42,3 ■*“ 3 1 ,3

b Type
9 846.08 0.09

33 073.27 0.09
0.08

38 227.46 - 0.20
- 0.20

9 015.26 - 0.21
c Type

9 457.50 0.05
28 501.21 0.03
27 933.18 0.13
28 853.06 0.14
28 243.67 0.12
28 372.44 0.08
38 137.54 -0.06
38 504.05 0.00
37 287.70 —0.04
37 547.71 -0.04
37 855.36 -0.05
37 770.33 0.02

«Standard deviation of the least-squares fit is 0.14 MHz. Observed frequencies have been corrected for the effects of quad
ruple coupling.

rotational constants; however, some were used in the analysis 
of the nuclear quadrupole coupling effects.

Stark Effect and the Dipole Moment
With the possibility of three nonzero components of the 

dipole moment for each of the two conformers, it was neces
sary to measure the Stark displacements for a number of lines. 
Due to interference in the X-band region from rather strong 
HOD and D2O lines, as well as the presence of impurity lines 
of the normal compound, the measurement of the Stark effect

for the N -d  compound was abandoned and only the Stark 
effect of the parent molecule was measured.

The calculation of the necessary Stark coefficients was ac
complished by the method of Golden and Wilson.10 Several 
levels involved in the transitions were near other interacting 
levels and it was necessary to treat these using degenerate 
perturbation theory. The transitions used, |M| components, 
and, where applicable, second-order Stark coefficients de
termined for the two conformers are given in Table VI. The 
calculated values of the Stark coefficients represent those
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TABLE III: Transitions Used in the Determination of the Rotational Constants of 1,2,3,6-Tetrahydropyridine 
(Axial Conformer)°

Transition
Obsd — caled,

Obsd, MHz MHz Transition
Obsd — caled,

Obsd, MHz MHz
a Type b Type

!o,i °o,o 7 350.76 0.11 4 4— 43̂,2 2̂,3 10 849.38 0.06
^1,2 3l,3 10 755.55 0.01 44,i 43,2 7 448.19 0.11
^2,2 * 2̂,3 10 668.52 0.09 3̂,2 2̂,3 10 515.66 - 0.02
3̂,2 * 1̂,3 10 852.91 0.09 54,2 53j3 10 913.76 -0.04

41,3 — 312 27 644.37 0.00 5S,1 54,2 7 940.36 0.06
^2,2 32 326.82 0.11 5_ , 4, „ | 28 574.64 —0.054 * ^ 4■*4,1 2,2 7 629.08 0.12 u0,5 1 ,4

5, t 4rt 4 —0.07
43,i — 33 0 35 296.18 0.03 1,5 0,4 

1̂,4 2̂,3 32 894.14 0.245- . í 5 •-> 10 501.66 —0.06'-’3,2 3,3 
4̂,2 * 2̂,3 10 927.75 - 0.02 2̂,4 — 1̂ ,3 32 897.45 - 0.11

50,S *̂ 0,4 / 
5j 5 ■*— 4j 4 f 28 574.64 -0 .07

—0.05
2̂,3 ’ *13,2 
3̂,3 + ^2,2

37 132.77 
37 327.63

0.06
0.07

51>4 *«- 4j*3 32 897.45 0.04 64,2<- 6 3,3 10 271.16 - 0.01
5 ’ «_ 4 32 894.14 0.08 65,2^64;3 11 023.36 0.09
Pi * «_ 4'J2,3 ^2,2 37 313.59 - 0.00 66,1 <“ 65,2 8 535.21j -0 .0 3
u3,3 3̂,2 37 146.63 -0 .0 4 ®0,6 ■*“ 5i,s(

6 , , . - 5 0„ !
61,S -  4 j C C l

33 857.65 0.02
64,2 ^  64,3 10 229.54 -0 .0 8 1 0.02

65,2 63,3 11 064.71 - 0.11 - 38 177.84 - 0.00
66?1 4-  64j2 9 328.91 0.02 62,5 -- 5,,4i -0 .16

0.02
0.02

-0 .1 6
- 0.01
-0 .03
-0 .03
-0 .18

75,2 74,3 9 938.35 - 0.01U0,6 ü0,5 f
6 .. 6 -  51>SJ
6 ., s - 5 1;4
6 2,5 52,4)

33 857.65 

38 177.84

71,6 7 0,7 
7 2,6  ̂ 7 1 ,7
76,2 ■*“ 75>3
7 7,1 7 6,2

| 28 071.38
11 191.00 

9 231.70

-0 .03
-0 .03
-0 .23
- 0.1272,6 70,7?

7. 4 -7 . ,77 4-7 ‘ 5,3 1 5,2

28 071.38 
9 835.70

7 7,7 ■*“  ®0,6¡ 
7 0,7 67,4) 39 140.55 -0 .03

-0 .03
7 „ , , - 6 0;6) 39 140.55 —0.03 c Type
7 1,7 -  6 ,,6Ç -0 .03 7i ,0 O0l0 

3̂,0 23j0
9 606.78 0.14

76,2 — 74,3 11 293.47 -0 .24 28 868.60 - 0.11
33i, 7-  22j1 29 109.90 0.08b Type 44,0 ' 33i0 38 546.50 0.13

11 ,i — 0o o 7 539.11 0.15 ^4,1 < ^3,1 38 826.40 0.09
Si,* — 30;3 10 756.23 0.19
2̂,2 1̂,3 10 672.01 0.07
2̂,2 33>1 31 197.41 0.07
“ Standard deviation of the least-squares fit is 0.10 MHz. Observed frequencies have been corrected for the effects of quad- 

rupole coupling.

TABLE IV: Transitions Used in the Determination of the Rotational Constants (in MHz) for 
1,2,3,6-Tetrahydropyridine-iV-d (Axial Conformer)“

Transition
Obsd — caled, Obsd — caled.Obsd, MHz MHz Transition Obsd, MHz MHz

a Type b Type
4 <- 4^2,2 ^2,3 10 220.41 0.05 2̂,3 ^1,2 27 182.71 —0.19
^3,2 ^1,3 10 417.32 0.10 4 4-4^3,2 ^2,3 10 413.11 —0.16
4i,3 ■*- 31>2 27 179.03 0.08 10 481.85 -0 .0 5
2̂,2 2̂,1 31 679.52 0.20 28 232.03 0.08
3̂,2 3̂,3 10 043.48 -0 .0 2 0.06
4̂,2 2̂,3 10 497.55 -0 .09 52, 4 - 4 1>3 32 379.32 —0.08
0̂,5 ^0,4/ 28 232.03 0.06 64.2 -  63,3 9 803.71 0.14

5i ,5— ^1,4) 0.08 6 5,2 -  54)3 10 598.24 0.10
5 ,,4 -4 ,,3  
«5 *— 4tJ2,4 2̂,3

32 379.32 
32 375.62

0.11
0.18

60 ,6 -5 , J
61,6 -  50,s\ 33 463.95 0.04

0.045 ■<— 4^2,3 ^2,2 
^3,3 ^3,2

36 625.44 
36 448.28

0.11
0.12

6 1, s -  52 J
62,5 -  5i ,4) 37 608.32 -0 .07

-0 .2 6
65,2 -  63j3 10 644.80 —0.12 9 460.57 -0 .0 4
64,2 -  64,3 9 756.74 -0 .05 7 6,2 * 7 5,3 10 775.79 -0 .2 3
60,6 -  5„,s) 33 463.95 0.04 7 7,1 — 76,2 9 007.05 0.08
61,6 -  51]5Ç
61 ,5 -  5j,4 ) 37 608.32

0.04
-0 .25

7 0,7 -  61,<¡)
7 1,7 -  60;6Ç 38 695.83 -0 .0 6

62,5 -  5, f -0 .08
7 7* 5,2 * 5,3 9 345.40 0.01 c Type
7 6 ,2 — 74,3 10 891.08 -0 .15 1 ,0 0̂,0 9 379.98 -0 .20
70 ,7 -& c,6/ 38 695.83 -0 .0 6 33,o-  22i0 28 192.41 —0.23
71,7 * 61j6 j —0.06 33,1 — 22,t 28 434.77 0.25

4̂,0 3̂,0 37 648.59 0.18
44,I — 33!, 37 926.94 0.20.
2̂,3 1̂,3' 37 495.93 —0.15

a Standard deviation of the least-squares fit is 0.14 MHz.
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TABLE V: Rotational Constants for 1,2,3,6-Tetrahydropyridine«

Equatorial (N-H) Axial (N-H) Equatorial (N -D ) Axial (N -D)
A 4950.50 +0.01 4897.47 ±0.01 4882.41 ±0.01 4785.44 ± 0.01
B 4743.05 +0.01 4709.16 +0.01 4575.05 ±0.01 4594.74 ±0.01
C 2647.82 + 0.01 2641.48 +0.01 2577.26 + 0.02 2616.00 ± 0.01
K 0.819 814 0.833 056 0.733 329 0.824 201
h 102.0856 103.1910 103.5095 105.6070
h 106.5508 107.3177 110.4635 109.9901
h 190.8649 191.3230 196.0904 193.1865
ol Rotational constants in MHz and moments of inertia in u A2. Conversion factor 505 376 MHz p A2 from ref 9 .

TABLE VI: Stark Coefficients (in MHz cm2/V 2) for 1,2,3,6-Tetrahydropyridine

Transition
Axial
\M\

Av/E* ©tHX

Transition
Equatorial

\M\
Av/E2 x 10‘

Obsd Caled“ Obsd Caled“

1 11 Ooo 0 10.2 10.2 ^-li °o o 0 +8.43 +8.20
0 13.5 13.5

^2 1 ^ 1 1 2 +31.8 +32.1
@06 ■*"" 5 0sb 5

4
1 +7.94 +7.99

3
2 ^30 2 j 0 2 —3.97 -3 .9 8
1 1 -1 .2 5 -1 .2 6

0 -0 .364 -0 .356
7 -53 .2 -55 .8
6 -39 .5 -41 .0 6 +- 6„ 6 -28 .4 -28 .3
5 -28 .4 -28 .5 5 - 20.1 —19.6
4 -1 8 .0 -18 .2 4 —11.2 -12 .5
3 -10 .5 - 10.2 3 -6 .3 6 -7 .0 4

862 8<¡3 8 -18 .9 —19.1
7 -14 .8 -14 .6
6 - 11.0 -10 .7
5 -7 .9 2 —7.45
4 —5.16 -4 .7 6

“ Calculated using the appropriate Stark coefficients and the dipole components obtained frcm a least-squares analysis of 
all the data. See Table VII. * 606 interacts with 616 and 50S interacts with 51S, both interactions with a \lc connection.

calculated employing dipole components obtained from a 
least-squares fit to all of the measured displacements, in
cluding those for transitions which did not exhibit second- 
order Stark effects. In the case of the axial conformer, 132 
measured displacements were fit with a root mean square 
deviation of 0.38 MHz. The fit to 45 displacements for the 
equatorial form gave a root mean square deviation of 0.24 
MHz. The dipole moment components for each of the con- 
formers are given in Table VII along with the total dipole 
moments. It is interesting to note the rather dramatic change 
of the components for the two conformers, while with 99% 
confidence intervals (approximately three standard devia
tions) the total dipole moments essentially overlap for the two 
conformers.

Nuclear Quadrupole Coupling
Several of the lines of the equatorial conformer under 

conditions of high resolution showed resolvable splitting which 
can be attributed to nuclear quadrupole coupling from the 
nitrogen nucleus. Some of the low J lines showed resolvable 
quadrupole fine structure along with some of the higher J 
Q-branch transitions. The quadrupole hyperfine structure can 
be conveniently treated for an oblate asymmetric rotor in 
terms of the two coupling constants Xcc, and rjxcc = Xbb ~ Xaa- 
Except for a few low J transitions, which were observed as 
triplets, the remaining lines were observed as doublets. The 
best values of the quadrupole coupling constants obtained 
from a least-squares analysis of the observed splittings are

Xcc = — 4.48 ±  0.04 MHz, r/Xcc = 0.09 ±  0.09 MHz

TABLE VII: Dipole Moment Components (in Debye) for 
the Two Conformers of 1,2,3,6-Tetrahydropyridine“

Axial
H
I

Equatorial
1

N N— H

/̂ a 0.757 ±0.008 0.293 ± 0.003
Mb 0.530 ±0.015 0.428 ± 0.005
Me 0.401 ±0.002 0.843 ± 0.005
Mtotal 1.007 ±0.006 0.990 ± 0.005

“ Errors listed are twice the standard deviations obtained 
from a least-squares analysis.

The uncertainties quoted for the coupling constants represent 
one standard deviation. The observed fine structure was pri
marily dependent on Xcc and the coupling constant tjxcc is not 
well determined. Similar hyperfine structure was observed 
for the weaker spectrum of N-d derivative of the equatorial 
form. Most transitions were observed as closely spaced dou
blets which could be accounted for with a value of xCc close to 
that found for the hydrogen compound

Xcc = -4.51 ±  0.06 MHz

On the other hand, the hyperfine structure for the axial 
conformer was quite different from the equatorial form. The 
high J Q-branch lines, which were particularly sensitive to Xcc, 
did not show any hyperfine structure under similar conditions 
of resolution. This is illustrated in Figure 4. The lack of ob-
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Figure 4. The symbols A and E refer to axial and equatorial. Each line 
is comprised of four transitions which are coincident in frequency. The 
separation between the frequency markers is 1 MHz. Transitions in the 
equatorial form under these conditions of resolution show a splitting 
while there is no observed splitting for the same transition in the axial 
form. The quadrupole splitting is primarily dependent on Xcc- (a) The 
1Û2.8 -*■ 103 7 transition. The equatorial line is split by 0.69 MHz. (b) The 
1 0 2 8 —*■ IO 3  7 transition showing the same quadrupole pattern as in (a) 
for the light compound, (c) The quadrupole pattern of the 93-7 - *  946 
transition. The equatorial line is split by 0.73 MHz. (d) The 937 —»• 94-6 
transitions showing the same quadrupole pattern as in (c) for the light 
compound.

served splitting indicates for this conformer a value of | Xcd 
with a magnitude less than 3 MHz. Furthermore, during the 
course of the analysis of the spectrum it became apparent that 
the line width for the equatorial and axial forms were different 
and consistent with smaller quadrupole coupling in the axial 
form. A more careful look at the Q-branch transitions under 
conditions of maximum resolution revealed they were dou
blets split by approximately 0.2 MHz. Measurements of a 
number of other transitions all with relatively small splittings 
gave the following coupling parameters for the axial form

Xcc = 1-32 ±  0.02, „xcc = 0.72 ±  0.02

These coupling constants are quite different from those ob
tained for the equatorial conformer. The origin of this result 
is in the rather different orientations of the principal qua
drupole coupling axes with respect to the principal inertial 
axes in the two conformers. This point is discussed further in 
the last section.

Intensity Measurements
Knowing the dipole moment components, it was possible 

to estimate the relative abundance of the two conformers by 
measuring the relative intensities of a number of lines. This 
was complicated by the effect of quadrupole splitting or 
broadening of the lines and the fact that, with a few excep
tions, the line widths for the same transition were quite dif
ferent for the axial and equatorial forms. The identification 
of the lines corresponding to the different conformers is dis
cussed in the next section. Also, due to the density of the 
spectrum, it was rather difficult to find lines free from inter
ference by nearby lines.

The intensities of some nine different pairs of lines for the

two conformers were measured. The pressure was adjusted 
to ensure that we were in the pressure broadened region and 
the crystal current was matched for the pairs of lines. Also low 
microwave power was employed to prevent saturation effects. 
Since the line widths were usually different for a given pair 
of lines, the ratio of the area under the absorption line was 
used rather than the line heights. The line area or integrated 
absorption coefficient is proportional to the product of the line 
height and the half-width of the line. Despite this there was 
still a fair spread in values of the energy difference deter
mined, the final result being that the equatorial form is more 
stable by 50 ±  30 cm-1  (~0.14 kcal/mol). The quoted uncer
tainty is twice the standard deviation. The temperature de
pendence of a few pairs of lines was also studied and the re
sults were consistent with the equatorial form being the lower 
energy conformer in that lines attributable to the equatorial 
conformer invariably increased relative to the lines of the axial 
conformer when the temperature was lowered to that of dry 
ice.

This result was somewhat surprising based on the survey 
spectra (Figures 2 and 3) in which the lines due to the less 
abundant axial form are by far the most prominent. Exami
nation of the dipole components in Table VII, however, yields 
an explanation. The most prominent transitions are perpen
dicular Q-branch transitions of a near oblate top —
For low J, each line is actually four overlapped lines, two a 
type and two b type. As J increases, these split into doublets, 
each being an overlapped a,b pair. Further increase in J splits 
the lines into a quartet. From Table VII, it is noted that the 
b components of the dipole moments of the two conformers 
are comparable, while the a component of the axial form is 
considerably larger than that of the equatorial form. This 
accounts for the greater intensity of the prominent Q-branch 
transitions of the axial form.

Results and Discussion
From* the analysis of the microwave spectrum, lines at

tributable to two distinct conformers of 1,2,3,6-tetrahydro- 
pyridine have been assigned. It is possible to put the identi
fication of the conformers on a firmer basis by demonstrating 
that the experimental data can be reproduced using structural 
parameters that are quite reasonable based on the values re
ported for related molecules. In particular, we used as starting 
values for the calculations, the structural parameters reported 
for propylene11 and dimethylamine.12 In addition to the six 
rotational constants for each conformer, three for each of the 
isotopic species, the dipole moment components gave us ad
ditional information (Table VII). As was noted earlier, the 
dipole moment for A3>4-dihydropyran (1.28 D)5 is virtually 
identical with that in dimethyl ether (1.30 D)13 and the com
ponents are quite consistent with the molecular dipole mo
ment almost parallel to the C-O-C bisector, which is, of 
course, the direction of the dipole moment in dimethyl ether. 
As seen from Table VII, the dipole moments of the two con
formers of tetrahydropyridine are extremely close to that of 
dimethylamine (1.01 D).12 By assuming that the dipole mo
ment was oriented halfway between the N-H bond and the 
CNC bisector, i.e., essentially along the lone pair on the ni
trogen, we were able to calculate the principal axis components 
of the dipole moment, as well as the rotational constants for 
the various assumed structures. The direction chosen for the 
dipole moment vector is within 2.5° of the direction of the 
dipole vector in dimethylamine.12

We were not attempting a rigorous structure determination 
with the limited data and in this spirit assumed equality be-
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TABLE VIII: Structural Parameters Used for 
1,2, 3,6-Tetrahy dropyridinea

Parameter Uncertainty
Axial

conform er*
Equatorial

conform er*

C = C  1.34 A ±0.01 A 1.337 A 1.336 A
= C —C 1.51  A ±0 .02 A 1.512 A 1.505 A
C -N  1.47 A + 0 .03 A 1.467 A 1.471 A
- C - C  1.53 A ±0.02 A 1.532 A 1.534 A
¿ C -C = C  122° ±3° 122.3° 122.7°
Z .C -C -N  113° ±3° 114.1° 109.7°
r  30° * ±5° 28.1° 33.2°

a The hydrogen parameters are not varied in the fit but 
fixed so that = C —H = 1.09 A and lies on the LC—C = C  
bisector; —C—H = 1.10 A , Z.HCH = 109° 28' and shares a 
com m on bisector with the interior ring angle. N—H = N—D 
= 1.02 A and makes an angle o f  125° with the bisector o f  
ZC—N—C in a plane perpendicular to  the C—N—C plane.
* These do not represent the true structural parameters but 
represent a set which reproduce the experimental data with 
a minimum distortion o f  the original set based on the esti
mated uncertainties. CT is the angle between the plane con 
taining the nitrogen atom , carbon 2, and the m idpoint o f  
the C3—C6 line, and the C3—C4—Cs—C6 plane.

tween certain structural parameters that are not symmetri
cally equivalent. For example, the two nonequivalent C-N 
distances were assumed to be equal. This considerably re
duced the number of adjustable parameters. In addition, since 
the hydrogen parameters have only a minor effect, we fixed 
their values at the assumed values. With all of these as
sumptions, we were fitting nine experimental data for each 
conformer, three rotational constants for each of the two 
isotopic species and three dipole moment components for the 
light compound, with seven adjustable parameters. In prin
ciple the parameters are over determined and may be adjusted 
by least-squares fitting the data. In fact, the matrix of coef
ficients of the normal equations was very nearly singular in
dicating that the data are not sensitive to some of .the pa
rameters. There are other causes of difficulty arising from the 
fact that the assumption of equality between symmetrically 
nonequivalent parameters and the fixing of the values of other 
parameters might have required artificially large adjustments 
in the other parameters to compensate and reproduce the 
experimental data. A procedure which avoids these pitfalls 
has been described by Curl.14 In this procedure, the parame
ters are weighted by the inverse of their estimated uncer
tainties, the matrix of coefficients of the normal equations 
diagonalized, and the eigenvalues compared to an estimated 
standard deviation for the experimental data. Only the ei
genvectors for those eigenvalues greater than the squared 
standard deviation are used to compute the shift in the pa
rameters. In the calculations on tetrahydropyridine only four 
of the seven eigenvectors were used for each of the conformers. 
This is equivalent to fitting the experimental data not with 
seven parameters, but with four linear combinations of the 
seven parameters which are sensitive to the experimental data. 
The assumed parameters and their estimated uncertainties 
are given in Table VIII. Also indicated in the table are the 
values of the parameters adjusted by the procedure described 
above to reproduce the experimental data for the axial con- 
former and for the equatorial conformer. Only minor adjust
ments in the parameters have been made to fit the data. Table 
IX indicates the observed and calculated values of the rota
tional constants and dipole moment components. It is seen 
that all of the data are quite adequately reproduced with the 
possible exception of m, and, to a lesser extent, for the

TABLE IX: Observed and Calculated Rotational
Constants and Dipole Moment Components for
1,2,3,6-Tetrahydropyridine

Axial Equatorial
Obsd Caled Obsd Caled

N --H N --H
A 4897.47 4894.99 4950.50 4954.37
B 4709.16 4712.58 4743.05 4741.53
C 2641.48 2642.55 2647.82 2651.74
¿¿a 0.757 0.706 0.293 0.278
Mb 0.530 0.561 0.428 0.169
Me 0.401 0.431 0.843 0.946

N --D N --D
A 4785.44 4787.99 4882.41 4882.29
B 4594.74 4590.36 4575.05 4576.23
C *2616.00 2617.09 2577.26 2580.37

a Rotational constants in MHz; dipole com ponents in 
Debye units.

equatorial conformer. This can be remedied by a more flexible 
model, i.e., one in which the two nonequivalent C-N -H  angles 
are adjusted independently while the dipole vector follows the 
direction of the lone pair. However, considering the nature of 
the approximation involved in transferring the dipole moment 
from dimethylamine in the first place, it was felt that the 
discrepancy was not serious and that little was to be gained. 
The major features for the two conformers, i.e., the dramatic 
change in /±a and nc between the two is quite well represented.

Much more difficult to describe is the fact that the data 
cannot be adequately reproduced by bent (half-boat) con
formations. Much of the discussion for A3'4-dihydropyran5 
applies in this case and will not be repeated here. Suffice it to 
say that it is not possible to reproduce the rotational constants, 
much less the dipole moment components, by transferring 
structural parameters from dimethylamine and propylene 
with half-boat forms and restricting the range over which the 
parameters are allowed to vary. Aside from attempting to 
reproduce the experimental data, a few calculations quickly 
show that it is impossible to fix the C =C -C  angles near 120°, 
maintain normal bond distances, and have the other interior 
ring angles anywhere near their expected values. This is par
ticularly true of the C-N-C angle and the N -C 2-C 3 angle.

Several other interesting points arose in considering the 
data for 1,2,3,6-tetrahydropyridine. Table VIII indicates the 
similarity of the structural parameters which reproduce the 
experimental data for each conformer, with the exception of 
zC-C-N and the twist angle r (~28° as opposed to ~33°). 
These differences in the ring structure lead to some interesting 
comparisons of the data for the two conformers and these are 
summarized in Table X. Figure 5 indicates the approximate 
orientation of the c principal axis in the molecule. The prin
cipal z axis of the quadrupole tensor is also indicated. The 
orientation of the latter is assumed to be the same as in di
methylamine and lies essentially along the nitrogen lone pair.

One thing that was found was that the change in the C ro
tational constant between the conformers for the light com
pound was not a reliable criterion for distinguishing between 
the conformers. Examination of Figure 5 indicated that the 
imino hydrogen is much closer to the c axis in the axial form 
and that, if the ring structure is invariant, the C rotational 
constant for the axial conformer should be larger. The first 
entry in Table X indicates the range of values for the differ
ence in C rotational constants calculated for a series of ring 
structures. The observed shift in C is in the opposite direction,

The Journal o f Physical Chemistry, Vol. 80, No. 11, 1976



1148 S. Chao, T. K. Avirah, R. L. Cook, and T. B. Malloy

TABLE X: Comparison of Data for the Two Conformers of 1,2,3,6-Tetrahydropyridine

(C-dx Ceq)>a MHz
Calcd

+45 to +60
Obsd

-6 .3 3

Axial Equatorial

Calcd Obsd Calcd Obsd

(C H ~  CD ),“ MHz +27.5 to +19.2 +25.48 +68.5 to +73.0 +70.56
C f i  A 1.30 1.29 0.21 0.24

Xcc,b MHz +1.03 +1.32 -4 .5 3 -4 .4 8
T?Xcc,b MHz +1.47 +0.72 +0.25 +0.09

“ Calculated values are for dimethylamine and propylene structural parameters for a range o f twist angles, T = 25—35° 
in 2.5° increments. b Calculated values for the parameters in Table VIII.

Figure 5. Approximate orientation of the c principal axis for the axial 
and equatorial conformers. The approximate orientation of the principal 
z axis of the quadrupole coupling tensor is also included.

indicative of the change in ring structures between the con
formers (Table VIII).

On the other hand, the change in the C rotational constant 
on deuteration or the c substitution coordinates derived for 
the imino hydrogen by applying the Kraitchman equations15 
clearly allow identification of the conformers (Table X). The 
agreement is quite reasonable, particularly considering that 
the N-H parameters were fixed in the adjustment procedure.

Consideration of the relative orientations of the c principal 
inertial axis and the z principal quadrupole axis shown in 
Figure 5 clearly shows that one expects quite different values 
of xcc for the two forms. A detailed calculation has been made 
assuming the principal axis coupling constants (x** = 3.04 
MHz, Xyy = 2.01 MHz, Xzz = —5.05 MHz) and principal qua
drupole axis orientation of (CHs^NH.12 Transforming the 
coupling tensor to the principal inertial axis system for the two 
conformers yields the calculated values in Table X. Consid
ering the nature of the approximations involved in transfer
ring the principal axis coupling constants from dimethylamine 
and the uncertainties in these constants,12 it is gratifying that 
quite reasonable agreement in sign and magnitude is obtained 
using structural parameters adjusted on the basis of data in
dependent of the quadrupole coupling (Table IX). This 
agreement is consistent with the electronic environment or 
bonding to the nitrogen atom being basically the same in both 
conformers and very similar to that in dimethylamine.

Another qualitative consideration leads to the same con
clusion as to the identity of the conformers. Referring again 
to Figure 5 and considering the dipole moment components 
in Table VII, it is seen that the relative magnitudes of the c 
components of the dipole moments for the two conformers are 
consistent with the identification of the conformers. One 
would expect the c component of the dipole moment of the 
equatorial conformer to be quite large considering the position 
of the electronegative nitrogen relative to the other atoms. 
Alternatively, in the axial form, the imino hydrogen is on one 
side of the nitrogen while the rest of the ring is on the other 
side and, due to partial cancellation, a small c component is

Figure 6. Alternate pathway for interconversion of the stable con
formers of 1,2,3,6-tetrahydropyridine via the N-H rocking motion. 
Compare this with the path indicated in Figure 1.

expected. These observations are quite consistent with the 
components listed in Table VII and with the identification of 
the conformers.

In summary, two conformers of 1,2,3,6-tetrahydropyridine 
have been found, both with half-chair ring skeletons: one with 
the imino hydrogen axial, the other equatorial. The rotational 
constant data indicate the ring structures are slightly differ
ent. On the other hand, the total dipole moments are virtually 
identical, and the same as in dimethylamine, although the 
distribution among the principal axis components is markedly 
different. This is consistent with the orientation of the prin
cipal axes and the electronegativities of the atoms. In addition, 
the principal axis quadrupole coupling constants for di
methylamine12 account reasonable well for the coupling 
constants determined for the two conformers, taking into 
account the relative orientations of the principal axes of the 
inertial and quadrupole coupling tensors, respectively.

Consideration of alternate pathways for interconversion 
of the two conformers leads to several interesting points. One 
way this may be accomplished is through a path similar to that 
found for cyclohexene and some of its oxygen analogues and 
is illustrated in Figure 1. In this path, interconversion proceeds 
via intermediate half-boat forms. Interconversion via the 
planar form for the ring skeleton for the cyclohexene analo
gues involve barriers of 19-25 kcal/mol, while interconversion 
via the half-boat conformers involve barriers of 6-10 kcal/mol. 
On the other hand, the interconversion may occur via the 
rocking motion of the N-H, illustrated in Figure 6. Barriers 
for this in other N-H compounds range from 4 to 10 kcal/ 
mol.12-16 It is not clear which of these paths is the lowest energy 
path for tetrahydropyridine. If the N-H rocking is the lowest 
energy path, this is certainly accompanied by some mixing of 
the other motion since the experimental data definitely in
dicate some relaxation of the ring between the axial and 
equatorial conformers.

By analogy with the other molecules studied, we are prob
ably safe in putting a lower limit of 3000 cal/mol on the in
terconversion process. The energy difference between the two 
conformers is only 140 cal/mol. Thus we have two conformers 
differing only slightly in energy separated by a high (but un
known) barrier. If the barrier to interconversion is ~5 kcal/mol 
or higher it should be possible to determine it by line shape
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R am an S pectrum  and Tors iona l P o ten tia l F unc tion  o f A c ro le in

L. A. CarreiraT

Department o f Chemistry, University o f Georgia, Athens, Georgia 30601 (Received October 28, 1975)

A series of six lines in the Raman spectrum of acrolein has been observed and assigned as torsional overtones. 
The data have been analyzed using a potential function of the form V(<j)) = 2i(V{/2)(l — cos i<p). The less sta
ble species is found to be in the cis configuration with a cis-trans energy difference of 584 ±  180 cm-1. The 
barrier for trans —► cis interconversion was found to be 2236 ±  135 cm-1. An analysis as to the origin of the 
potential terms is attempted.

Introduction
Acrolein has been the subject of a great many conforma

tional studies. Both microwave 1 and electron diffraction2 
studies have shown the trans conformer to be the most stable. 
The ultraviolet investigations of acrolein by Alves3 et al. and 
Bair4 et al. have shown the existence of a second conformer 
660 ±  40 cm-1  less stable than the trans conformer but these 
studies could not determine whether the less stable species 
was in the cis or gauche conformation. De Groot and Lamb5 
studied the trans-cis (gauche) isomerism in the liquid state 
and found the less stable species to lie 720 cm-1  above the 
ground state with a barrier for trans-cis (gauche) intercon
version of 2460 cm-1.

In principle, if one could accurately determine the potential 
function governing the torsion about the C-C single bond, the 
twist angle of the second conformer, its height above the 
ground state, and the barrier separating it from the ground 
state could be determined. The potential function hindering 
internal rotation about the C-C single bond is of the form

V(<f>) = £ ~ ( 1  -  cos i<t>)
i 2

where </> = 0 corresponds to the stable trans configuration. 
Fateley6 et al. and Harris7 have attempted to obtain the con
stants, Vi, by observing the torsional transitions in the far- 
infrared spectrum of acrolein but, under their experimental 
conditions, were only able to observe the fundamental at 157

cm-1. This allowed them to calculate the quantity V* = 2;i2 V, 
= 21.2 kcal/mol. More recently Cole and Green8 have inves
tigated the infrared active torsion of acrolein under higher 
resolution and observed the fundamental and several excited 
state transitions associated with the trans well. They were 
unable to see any torsional transitions in the less stable well 
and were only able to calculate the quantities V* = 2p2Fj- = 
21.7 kcal/mol and V,j = 2),i4 V/ = 31.3 kcal/mol. The V, pa
rameters cannot be calculated separately since the second 
differences (after perturbation correction8) were all about the 
same.

In light of the success of gas phase Raman spectroscopy in 
the determination of the torsional potential function in 1,3- 
butadiene9 an investigation of the low frequency gas phase 
Raman spectrum of acrolein has been undertaken.

Experimental Section
The freshly distilled sample of acrolein was obtained from 

Chemical Samples Co. The sample was contained at its vapor 
pressure in a standard gas cell with Brewster angle windows. 
The Raman spectra were recorded with a Spex Ramlog 
spectrophotometer equipped with a Spectra Physics 164-03 
argon ion laser which produced 1 W of power in the 4880-A 
line at the sample. At room temperature the sample was stable 
for long periods. Decomposition was a problem at elevated 
temperatures but produced no new lines in the spectral range 
of interest, causing only a decrease in Raman signal.
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TABLE I: Observed and Calculated Raman Overtone
Transitions for the Torsional Mode of Acrolein

Transition“
Inferred8 

from ir
Obsd Raman, 

cm“ 1 (ir)
Obsd -  
calcdc

Calcd rei 
Intensity

0T-2T 314.8 315.8 0.7 1.0
1T-3T 312.4 311.8 - 1.2 1.4
2T-4T 311.2 311.8 + 1.2 1.3
3T-5T 308.5 308.0 0.4 0.9
4T-6T 303.4 0.2 0.7
0C-2C 273.0 0.1 0.2
1C-3C 264.0 - 0.1 0.2
0T-1T (158.6) 0.0
1T-2T (156.2) -0.3
2T-3T (156.2) -0.3
3T-4T (155.0) 0.2
4T-5T (153.5) 0.7

a 0T designated the lowest energy level whose wave function 
is confined to the trans well, 0C the lowest in the cis well. b Ob
tained from sums of single jump frequencies (peak maxima) found 
in ref 8. c Calculated using the potential function V  = (306.1/2) (1 
-  cos 0) + (1918.5/2)(1 -  cos 20) + (338.0/2)(l -  cos 30) -  
(96.2/2)(l -  cos 40) -  (57.6/2)(l -  cos 50) and a perturbation 
correction of 1.2 cm-1 see text and Figure 2.

Figure 1. Low-frequency Raman spectrum of acrolein recorded with 
a special slit width of 2 ,0  cm- 1  at its vapor pressure at room temper
ature. The intensity is in arbitrary units. Spectrum A taken at 30 °C.

Results
The low frequency Raman spectrum of the torsional over

tones in acrolein is shown in Figure 1. The spectrum is very 
similar to that obtained for 1,3-butadiene. There are two 
“ clumps”  of lines. A stronger series beginning at 315.8 cm-1 
and a weaker series beginning at 277.4 cm-1. At elevated 
temperatures the higher vapor pressure of acrolein allowed 
an enhancement of signal in the region below 280 cm-1, but 
rapid decomposition did not allow a reliable temperature 
study to be made. The first few A V = 2 torsional transitions 
observed in the Raman spectrum compare favorably with 
sums of the A V  = 1 transitions observed by Cole and Green.8 
The V13 bend appears at 327 cm-1. All frequencies reported 
here are the Q branch maxima and may be displaced some
what from the true band center.8'9

Discussion
The preliminary analysis of the observed spectrum is 

straightforward in light of the analysis of the 1,3-butadiene 
spectrum.9 The first few Raman lines in the strong series 
compare favorably with the appropriate sums of the AX = 1 
torsional transitions observed by Cole and Green8 and are

INFRARED
unperturbed

INFRAREDPERTURBED

RA MANUNPERTURBED

RAMANPERTURBED

------V
Figure 2. Pictorial representation of perturbation effects on the infrared 
and Raman spectrum of the torsional mode in acrolein.

assigned as AV = 2 torsional transitions associated with the 
stable trans species. The weaker series has been assigned as 
A V  = 2 overtone transitions associated with the less stable 
species.

The Fermi resonance effects observed by Cole and Green8 
have been confirmed in the Raman spectrum of acrolein. 
Brand10 first suggested a possible Fermi resonance between 
Uis = 2 {0,2} and Xi3 = 1 {1,0} and was later invoked by Cher
niak and Costain1 to explain anomalies in the rotational 
constants of torsionally excited molecules. Torsional levels 
Vis = 2 and above will be slightly perturbed by interactions 
of the sort {1,0} ** {0,2}, {1,1 } *+ {0,3}, {1 ,2} *•* {0,4}, etc. Cherniak 
and Costain found all torsional satellite lines except the first 
were displaced equally implying Fermi resonance affects all 
torsional levels above ¡0,1} equally. This was shown to be the 
case in the infrared spectrum and is confirmed here. The levels 
above ¡0,1} appear to all be shifted to lower frequency by
1.2-1.6 cm-1. In the far-infrared spectrum this shows up as 
an apparent “missing line” since the second differences are 
about 1.4 cm-1  (see Figure 2). In the Raman spectrum the 
second differences are twice as large and the effect is to make 
one line appear as an unresolved closely spaced doublet (see 
Figure 2). The spacing of this doublet can be roughly predicted 
from the results of Cole and Green8 to be about 1.2 cm "1. 
Before fitting the observed Raman lines to a potential of the 
form V(4>) = S;(X,/2)(1 — cos¿0) t h e a n d t r a n s i t i o n s  
in the trans well were corrected for perturbation effects by 
adding 1.2 cm-1 to the observed frequencies.

As in 1,3-butadiene, resonance stabilization is expected to 
play a major role in determining the torsional potential 
function of acrolein. This would lead to stabilization of the 
planar trans and cis conformations and introduce a large V 2 
term into the torsional potential function. One would also 
expect nonbonded interactions in the cis configuration to be 
larger than in the trans configuration. This type of interaction 
will introduce a V i  term into the torsional potential function. 
If one uses the Pauling11 model of a double bond as two bent 
single bonds, then the symmetry about the single bond in 
acrolein would be essentially trigonal introducing a sizable V3 
term into the torsional potential function to represent the 
bond-bond interactions. Therefore, it is expected that the first 
three terms will be the largest and as a first approximation the 
torsional potential function was chosen as V(<j>) = 2 1=13 (V,/
2)(1 — cos The Hamiltonian would then be of the form

The Journal o f Physical Chemistry, Voi. 80, No. 11, 1976



Raman Spectrum of Acrolein 1151

TABLE II: Cartesian Coordinates Used for the 
Calculations of the F  Number for the Cis Configuration 
of Acrolein

Atom X y Z

0 0.0 0.505 939 1.376 529
C 0.0 -0.513 442 0.719 814
C 0.0 -0.600 367 -0.756 873
c 0.0 0.529 089 -1.492 349
H 0.0 -1.497 393 1.239 378
H 0.0 -1.567 709 -1.270 153
H 0.0 0.484 450 -2.584 422
H 0.0 1.513 193 -1.020 917

d d s v
h  = z -^ a -c o s i d ,)d<f> d</> i=i 2

where F = h/8ir2cly and Iy is the reduced moment of inertia 
as defined by Pitzer.12 The F  value changes dramatically as 
the torsional angle (4>) is increased. In order to better represent 
the potential function9*13 F was not taken as a constant but 
represented as a cosine series of the form F{4>) = Fq + ZlFl cos 
icj>. The series converges rapidly yielding (in cm-1) Fq = 3.586, 
F: = -0.7674, F2 = 0.3882, F3 = -0.1192, and F4 = 0.0584. 
The structures used in calculating the F numbers at several 
values of the torsional angle were obtained from the molecular 
mechanics program of Allinger.14 This program reproduced 
the trans structure well and opened the C =C -C  and 0 = C -C  
angles 1.5 and 1.4°, respectively, as the torsional angle in
creased to 180°. The C-C bond was slightly longer at a tor
sional angle of M tt/ 2. The structure used in determining the 
F number at 180° is given in Table II.

A computer program modeled after that of Lewis13 et al. was 
written to calculate the energy levels and wave functions as
sociated with the above Hamiltonian. The Hamiltonian ma
trix was set up in a plane rotor (exp(il<j>)) basis and rotated to 
the symmetry adapted sin-cos basis. Seventy basis functions 
were used in the calculation. The program was written to 
handle potential terms up to V6 and kinetic terms up to F6. 
The potential constants were iterated in a least-squares 
manner in order to fit both the observed AV = 2 torsional 
transitions and the A V = 1 transitions observed by Cole and 
Green.8 After this preliminary determination of the potential 
function higher order terms up to Vq were added to see if they 
would improve the fit. The addition of small V4 and Vs terms 
very slightly improved the fit and were allowed to remain. The 
potential constants thus determined are Vi = 306 ±  100 cm-1, 
V2 = 1919 ±  70 cm“ 1, V3 = 338 ±  13 cm“ 1, V4 = -96  ±  5 cm "1, 
and Vs = —57 ±  9 cm~1 where the error limits were estimated 
from the variance covariance matrix generated in the least- 
squares procedure and the uncertainties in the F  numbers. 
The calculated and observed frequencies are listed in Table
I. This potential leads to minima at 0 (trans) and 180° (cis). 
Therefore the less stable species of acrolein is calculated to 
be in the cis rather than the gauche configuration. The large 
uncertainty in Vi is due to the fact that this term has little 
affect on the first or second differences observed. A more 
lengthy explanation using the results of first-order pertur
bation theory is given in ref 9.

Recently Durig15 et al. have reinterpreted the torsional 
overtone progression observed9 in the gas phase Raman 
spectrum of 1,3-butadiene. In attempting to reproduce the F 
number given for the cis configuration of 1,3-butadiene Durig 
et al. opened only the C =C -C  angles while leaving all other 
internal parameters fixed at the same values as in the trans 
configuration. This led them to believe that the opening of the

C =C -C  angles used in ref 9 were “ exaggerated”. Actually the 
C =C -C  angles used in ref 9 were only opened 3.5°. This is in 
good agreement with the theoretical calculation of Radom and 
Pople16 and is similar to the behavior found experimentally 
for glyoxal by Ramsay and Zauli.17 In calculating the F 
numbers for 1,3-butadiene and acrolein all internal parame
ters were varied for each angle, <j>, and these relaxed geometries 
were used in calculating F(cf>). It is felt that the geometries 
used in ref 9 were more realistic than those generated by Durig 
et al.

By using only a frequency fit to the observed transitions, 
Durig et al. were able to find two other potential functions 
which reproduced the spectroscopic frequency data. Unfor
tunately when one uses the wave functions calculated for these 
two other potential functions to calculate relative intensities, 
the calculated values deviate greatly from the observed values. 
For their potential function where the second stable form is 
the cis conformer, the calculated intensity ratio of 
is off by a factor of 3. For their potential function where the 
second stable form is the gauche conformer, the calculated 
intensities for the i*f—ihe and j*f—fhe are nearly the same but no 
1*3—.5 transition was observed although the 1*2—4 transition was 
easily seen. Therefore when dealing with asymmetric potential 
functions relative intensity data are often useful in alleviating 
this type of uniqueness problem.

Most of the uncertainty in the conformational energy dif
ference comes from the uncertainty in the Vi term. In order 
to alleviate any uniqueness problems due to the insensitivity 
of the Vj term, the relative intensities at room temperature 
were used as additional data in fitting the potential constants. 
The relative intensities of the af'™ and i*§2.2 transitions are very 
sensitive to the magnitude of the V4 term and were used in the 
fitting procedure. The fact that the cis configuration is found 
to be more stable than the gauche configuration is related to 
the result that the quantity 1, (—1 )ii2Vl is positive. This 
quantity remains quite positive at all extremes of the error 
limits.

Since the peak maxima for the Raman A V = 2 transitions 
compare favorably with sums of the appropriate peak maxima 
for the AV = 1 transitions the band centers for the AV = 2 
transitions are expected to be about 1 cm“ 1 displaced from 
their peak maxima. This correction could have been made for 
the trans lines but the correction (both magnitude and sign) 
is not known for the cis lines. In the above analysis peak 
maxima were always used and the uncertainty in frequencies 
was taken as 2.0 cm-1 and the uncertainty in second differ
ences as 0.5 cm '1.

As in the case of 1,3-butadiene, the relative intensities 
cannot be explained by a simple Boltzmann factor argument 
since the ¡*o—2 transition in the cis well is considerably weaker 
than the 1*3—5 transition in the trans well although they both 
occur from roughly the same energy (see Figure 3). As in the 
case of 1,3-butadiene the relative intensities of these transi
tions can be calculated using the equation

I cc c -(<vS/*t)(^v|aop|̂ ,v<)

where the polarizability operator (aop) used9 transforms like 
cos <!>■ The calculated relative intensities are given in Table I. 
Unfortunately, a temperature study of the relative intesities 
was impossible since at higher temperatures the acrolein po
lymerized rapidly.

A comparison of the potential constants of acrolein with 
those of 1,3-butadiene is given in Table III. For 1,3-butadiene9 
and acrolein the V2 terms are quite large (2068 and 1919 cm '1, 
respectively) and of nearly the same magnitude. The second
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TABLE III: Comparison of Potential Constants Obtained for Acrolein and 1,3-Butadiene

Vi V2 v 3 V4 V5 Ve Barrier trans-cis ECM -  Etrana

1,3-Butadiene 600 2068 273 —49
Acrolein 306 1919 338 -96

Figure 3. Potential function, energy levels, and observed transitions 
for the torsional vibration in acrolein. (0 ° corresponds to the trans 
configuration.)

term in the even expansion representing the resonance con
tribution is V4. The V4 terms for 1,3-butadiene and acrolein 
are —49 and —96 cm-1, respectively. These are down by more 
than an order of magnitude from the leading V2 term, showing 
a fast convergence for the even series. The nearly identical V2 
terms indicate that the resonance stabilization in these two 
molecules is large and nearly identical.

For 1,3-butadiene the first two terms in the odd expansion 
are V\ = 600 cm-1  and V3 = 273 cm-1. The large value of the 
second term (V3) relative to the V\ term suggests that the 
magnitude of this term may have significant contribution from 
bond-bond interactions whose leading term would be V3 using 
the Pauling model.

In going to acrolein one would expect less steric interactions 
since the 1,4 hydrogens in 1,3-butadiene are very close in the 
cis configuration whereas in acrolein there are no close hy
drogen-hydrogen interactions but only a more distant hy
drogen-oxygen interaction. Since the steric terms should be 
smaller for acrolein one might expect all terms in the odd ex
pansion for acrolein to be smaller than the corresponding 
terms for 1,3-butadiene if there is little contribution to the odd 
series (to V3 in particular) from the bond-bond interactions.

2504 873
-57 2236 584

One finds that the Vi term in acrolein is 306 cm-1  which is 
considerably lower than the 600-cm -1 value found for 1,3- 
butadiene. But the magnitudes of the V3 terms in the torsional 
potential functions of acrolein and 1,3-butadiene are com
parable and suggest that the leading term in the bond-bond 
interactions is V3 and that this term may be a transferable 
potential constant for torsions in conjugated dienes.

Conclusions
The observation of several torsional overtones in both the 

cis and trans wells of acrolein has allowed an analysis of the 
torsional potential function to be carried out. The less stable 
conformer of acrolein is found to have the cis configuration 
and lies 584 cm-1  above the stable trans conformer. The 
barrier to interconversion (trans —► cis) is found to be 2236 
cm-1. The magnitudes of the V 3  terms in the torsional po
tential functions of acrolein and .1,3-butadiene are comparable 
and suggest some trigonal symmetry about the C-C single 
bond, and a possible transferability of the potential constant 
V3, representing bond-bond interactions in the torsions of 
conjugated dienes.
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Raman spectra are reported of aqueous solutions of neurotoxins, erabutoxins a and b and Laticauda semifas- 
ciata III, and denatured neurotoxins, reduced and S-carboxymethylated erabutoxin b and tryptophan-mod
ified erabutoxin b. The molecular structures as revealed by the analyses of Raman spectra are discussed in 
relation with toxicities.

Introduction
About 40 neurotoxic and cardiotoxic proteins have been 

isolated from the venoms of Hydrophiidae and Elapidae 
snakes and sequenced.2® Neurotoxins are classified into two 
groups, namely, the short-chain toxins, containing 60-62 
amino acid residues with four disulfide bridges, and long-chain 
toxins, containing 71-74 amino acid residues with five disul
fide bridges.2b The secondary structures of the neurotoxins 
are considered to be quite similar to each other and fifteen 
amino acids including the eight half cystines that are found 
in common at the same positions for these neurotoxins may 
be particularly responsible for their lethal activity.2®’3 Car- 
diotoxins that are less lethal to animals than are neurotoxins 
also consist of 60-62 amino acid residues with four disulfide 
bridges.4 Four of the fifteen amino acid residues found in 
common for neurotoxins are replaced by other amino acids 
in cardiotoxins and this may be related to the lack of neuro
toxicity.2®’3 It has been known that the reduction of disulfide 
bridges or the chemical modification of the tryptophan residue 
causes almost complete loss of toxicity.5'6

Erabutoxins a, b, and c (Ea, Eb, and Ec) are the neurotoxic 
proteins from the venom of a sea snake, Laticauda semifas- 
ciata, and their amino acid sequences are known.7' 10 They 
belong to the short-chain toxins and each Ea and Ec differs 
from Eb only at one position, i.e., Ea contains asparagine in
stead of histidine 26 of Eb and Ec contains asparagine instead 
of lysine 51 of Eb, respectively. The same venom contains also 
a weakly neurotoxic component, Laticauda semifasciata III 
(component Ls III), consisting of 66 amino acid residues with 
five disulfide bridges. Component Ls III has some neurotox
icity (about one-eighth that of erabutoxins) but no cardio- 
toxicity.2® Component Ls III is considered as a fossil compo
nent preserved in the venom.2®

The Raman spectra of snake toxins have been investigated 
including cobramine B and toxins isolated from venoms of sea 
snakes Lapemis hardwickii and Enhydrina schistosa.U’12 In 
the present study, Raman spectra are observed of aqueous 
solutions of erabutoxins a and b, Laticauda semifasciata III, 
reduced and S-carboxymethylated erabutoxin b (RCM Eb), 
and tryptophan-modified erabutoxin b (Trp-modified Eb)

and the relationships between the structures and toxicities 
are discussed.

Experimental Section
Ea, Eb, and component Ls III were isolated from the venom 

of Laticauda semifasciata as previously described.2®’7' 9 RCM 
Eb was prepared as described by Sato and Tamiya.9 Trp- 
modified Eb was obtained through the treatment of erabu
toxin b with 2-hydroxy-5-nitrobenzyl bromide.6

The Raman spectra were obtained on a Spex 1401 spec
trophotometer with the 647.1-nm line of a Spectra Physics 
Model 166-01 krypton ion laser as the exciting line.13 A quartz 
tube cell 2 mm in diameter with a quartz plate on one end and 
about 15 pi of the solution were used for each measurement. 
Ea, Eb, and Trp-modified Eb dissolved in water easily. RCM 
Eb was dissolved in aqueous 0.5 M pyridine solution. Com
ponent Ls III was dissolved in aqueous 0.1 M pyridine solu
tion. The protein solutions were prepared at concentrations 
of 100-200 mg/ml. All spectra were recorded with a laser power 
at the sample of about 400 mW and a spectral slit width of 7 
cm-1  in about 2.5 h.

Original charts of Raman spectra of the proteins are shown 
in Figures 1-5.

Results and Discussion
1. Erabutoxin b. The amide I line is strong and sharp at 

1674 cm-1  (Figure 1), which indicates a large fraction of (i- 
pleated-sheet conformation.14’15 The amide III mode is ob
served as a broad and strong band in the region 1252-1235 
c m '1; scattering peaks are found at 1252 and 1236 cm 1 in
dicating the predominant coexistence of random-coil and 
/f-pleated-sheet structures.14’15 The weak shoulder at 1266 
cm-1  may be assigned to the minor a-helical form.14’15

According to the study on the correlation of SS stretching 
frequency with the disulfide conformation, the gauche-gauche 
(G-G), gauche-trans (G-T), and trans-trans (T-T) structures 
of the CC-SS-CC linkage exhibit Raman frequencies at about 
510, 525, and 540 cm-1, respectively.16’17 The SS-stretching 
Raman lines of Eb molecule are observed at 511 (strong) and 
524 cm-1  (shoulder) with an approximate intensity ratio of
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1500 1000 500 cm"

Figure  2. Raman spectrum of erabutoxin a in water.

3 to 1 . This shows that three out of four cystine bridges of Eb 
take the G-G structure and the remaining one takes the G-T 
structure with respect to the C^Cg-SS-CgC,, linkage. The CS 
stretching vibration is observed as a broad band at 657 cm-1 
indicating the existence of trans form about HCa-CgS 
bond.16-18

According to the recent study on the doublet at 850 and 830 
cm-1  due to the tyrosyl residue, the intensity ratio of the two 
peaks is found to be sensitive to the nature of the hydrogen 
bonding of the phenolic hydroxyl group or its ionization, but 
much less so to the environment of the phenyl ring and the 
conformation of the amino acid backbone.19 The peaks due 
to the single tyrosyl residue of Eb molecule are strong at 835

Figure 3. Raman spectra of Laticauda semifasciata III in aqueous 0.1 
M pyridine solution (upper) and aqueous 0 .1  M pyridine solution (lower). 
Each +  indicates the possible overlap with the band due to pyridine.

Figure 4. Raman spectra of reduced and S-carboxymethylated erabu
toxin b in aqueous 0.5 M pyridine solution (upper) and aqueous 0.5 M 
pyridine solution (lower). Each +  indicates the possible overlap with 
the band due to pyridine.

cm-1 and weak (shoulder) at 847 cm '1. This is interpreted to 
indicate that the single tyrosine at 25th position (Figure 6) is 
buried in the interior of the molecule and is forming a hy
drogen bond with a strong proton-acceptor such as CO2“ or 
NH2.19

The lack of a distinct peak at 1361 cm' 1 due to tryptophan 
residue indicates that the single tryptophan residue at the 
29th position is exposed to the solvent.20,21
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Figure 5. Raman spectra of Trp-modified erabutoxin b in water (upper) 
and 2-hydroxy-5-nitrobenzyl bromide in water (lower).

2. Erabutoxin a. The Raman spectrum of erabutoxin a is 
essentially the same as that of erabutoxin b (Figure 2). The 
main features of the typical peaks are as follows: amide 1,1673 
cm-1; amide III, 1255-1236 cm-1  with a shoulder at 1265 
cm-1; j/ss, 510 and 524 cm-1  with an intensity ratio similar to 
Eb; res, 658 cm“ 1; Tyr, 834 cm-1 (strong) and 850 cm-1 (weak 
shoulder); and Trp, 1344 cm-1. The replacement of a single 
amino acid residue at the 26th position (see Figure 6) does not 
seem to cause appreciable changes to the Raman spectrum.

3. Component Ls III. The amide I peak at 1667 cm-1  is 
broad (Figure 3) as compared with those of erabutoxins a and
b. The amide III band has its maximum at 1250 cm-1 with 
shoulders at 1260 cm-1  (weak) and 1236 cm-1  (medium, ov
erlapped by a band of pyridine). These facts indicate that the 
random-coil structure is dominant in the molecule and that 
the /3-pleated-sheet and «-helix exist to some extent.14'15 The 
strong peak at 510 cm-1 and the weak shoulder at 524 cm-1 
are assigned to the SS stretching vibrations of the G-G and 
G -T  structures, respectively.16'17 The intensity ratio of the 
two bands is about 4 to 1, indicating that four out of the five 
disulfide linkages of the molecule take the G-G structure and 
the remaining one takes the G-T structure. If we assume that 
the local structures of the four disulfide parts that are common 
to Ea, Eb, and component Ls III are analogous, the structure 
of the Cys 30-Cys 34 part must be taking the G-G structure 
(Figure 6). The strong peak at 656 cm-1  is assigned to the CS 
stretching vibration of the trans form with respect to the 
HC„- C,jS linkage.16’18 Component Ls III contains three ty- 
rosyl residues, Tyr 4, Tyr 25, and Tyr 70 (Figure 6). Tyr 25 is 
at the same position as the tyrosyl residues in Ea and Eb, i.e., 
next to the disulfide linkage. The tyrosine peaks are at 855 and 
828 cm-1  with equal intensities. This is interpreted to indicate 
that one out of the three tyrosyl residues is forming a strong 
hydrogen bond as a proton-donor and the other two are in the 
state of moderate hydrogen bonding at most.19 From a simple 
analogy to the cases of Ea and Eb, it is possible that Tyr 25 
corresponds to the former. This point will be discussed again 
in the final section. Two tryptophan residues, Trp 29 and Trp

Ea and Eb

Ls 111

Figure 6 . Primary structures of erabutoxins a and b (upper) and Laticauda 
semifasciata III (lower). The amino acids in the 26th position of Ea and 
Eb are asparagine and histidine, respectively: (O) invariant in neuro
toxins; (O) common to Ea, Eb, and component Ls III; (O) lacking in some 
neurotoxins.

33, are both exposed to the solvent as indicated by the weak 
intensity of the shoulder at 1360 cm- 1 .20’21

4. Reduced and S-Carboxymethylated Erabutoxin b. The 
SS stretching band is not observed in the 500-cm“ 1 region 
indicating that the breakage of the disulfide bonds has pro
ceeded as intended (Figure 4). The relative intensity of the 
amide III peak at 1251 cm-1  to the peak at 1236 cm-1  has in
creased compared with the case of erabutoxin b. The amide 
I band has shifted from 1674 to 1667 cm-1  and has broadened 
considerably. These facts indicate that the (¡-pleated-sheet 
region of erabutoxin b has changed, at least in part, to the 
random-coil structure.

The effect of chemical denaturation is also seen for the 
peaks due to the aromatic side chains. The tyrosine bands 
have changed significantly in intensities and the weak peaks 
appear at 853 and 827 cm“ 1. This is interpreted to indicate 
that the breakage of the disulfide bond of Cys 3-Cys 24 has 
caused a great change in the environment of Tyr 25, simul
taneously breaking the strong hydrogen bond.19 The trypto
phan peak at 1363 cm-1  has emerged as a shoulder indicating 
the small change in the environment of Trp 29.

5. Tryptophan-modified Erabutoxin b. Most of the peaks 
due to the tryptophan residue are missing entirely (the peak 
at 1550 cm-1) or observed with much reduced intensities (the 
peaks at 882 and 758 cm“ 1) indicating that the chemical 
modification of tryptophan by 2-hydroxy-5-nitrobenzyl 
bromide has proceeded (Figure 5). On the other hand, no 
significant change seems to have occurred in the main-chain 
structure and in the environment of the tyrosyl residue. The
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amide I peak is at 1673 cm-1. The amide III band is observed 
in the 1251-1237-cm_1 region though it is obscured by the 
partial overlap with the bands of the modifying group. The 
SS and CS stretching vibrations are at 509 and 657 cm-1  with 
band shapes similar to those of erabutoxin b. The tyrosine 
peaks are strong at 830 cm-1  and weak (shoulder) at 849 cm-1, 
being overlapped on the lower-frequency side by the bands 
of the modifying group. Except for the peaks due to the 
tryptophan residue the spectral features remain essentially 
unchanged by the modification of tryptophan. This suggests 
that the tryptophan residue is exposed to the solvent, since 
otherwise the modification should have caused the structural 
changes observable in the Raman spectrum. This is consistent 
with the results of the dependence of the relative intensity of 
the fluorescence on the concentration of ethylene glycol in the 
solvent6 and of the Raman spectra of Ea and Eb described 
above.

6. Relationships between Toxicities and Structures as 
Revealed by Raman Spectra. The complete loss of toxicity 
of Ea by the modification of the single tryptophan residue at 
the 29th position has been known and the tryptophan residue 
is considered to be essential to the toxicity on the post-syn
aptic membrane.6 It is of interest to see whether the modifi
cation is localized in tryptophan moiety or if it causes addi
tional structural changes that might also be responsible for 
the loss of toxicity. As is described above, the present analysis 
of the Raman spectra of Eb and Trp-modified Eb indicates 
that the conformations of the main-chain and four disulfide 
bridges and the environment of Tyr 25 of the Eb molecule are 
not affected by the modification. Therefore, it is evident that 
the loss of toxicity by the modification of the tryptophan 
residue is primarily due to the local change, and that the 
tryptophan plays the role of the key to the key-hole of ace
tylcholine receptor in the lethal activity of erabutoxins.

The loss of toxicity by the reduction and carboxymethyla- 
tion of the disulfide bridges is correlated to the drastic de
formation of the overall structure as well as the change of the 
local environment. This is seen in the Raman spectrum, where 
the conversion of the fl-pleated-sheet to the random-coil 
structure and the breakage of the strong hydrogen bond of Tyr 
25 are evident. The proper locations for Trp 29 and certain 
basic amino acid residues to block the acetylcholine receptor 
sites on the post-synaptic membrane6 would have been de
stroyed through the above-mentioned process of dénaturation.

The neurotoxicity of component Ls III is about one-eighth 
that of erabutoxins.2® This may be related to the fact that Asp 
31, which is one of the 15 common amino acid residues in 
neurotoxins, is replaced by asparagine in component Ls III. 
This point will be discussed further in the next section. The 
Raman spectrum of component Ls III shows that the ran
dom-coil structure is more dominant over the /1-pleated-sheet 
structure as compared to the cases of erabutoxins while the 
local structures of the disulfide bridges are similar to those of 
erabutoxins. It is probable that the random-coil-rich structure 
precludes the tryptophan residue from the optimum posi
tioning.

7. Search for the Proton Acceptor of the Hydrogen Bond 
of Tyr 25. Tyr 25 is found in common for the neurotoxins se
quenced so far and is known to be buried in the interior of the 
molecule from the result that it is not iodinated under the 
same condition as His 26 of Eb.22 From the above facts, Tyr 
25 is considered to play an important role in the construction 
of the tertiary structures of neurotoxins.3

Present study shows that the hydroxyl group of Tyr 25 in 
each of the erabutoxins is forming a hydrogen bond with a

strong proton-acceptor like CO2-  or NH2.19 The Raman 
spectrum of the toxin of Enhydrina schistosa (a neurotoxin 
of known sequence) gives quite similar patterns to those of 
erabutoxins.12 The only tyrosyl residue, Tyr 25, of this toxin 
is also considered to be buried and strongly hydrogen-bonded. 
If we assume that the position of the proton-acceptor site is 
common to erabutoxins and the toxin of Enhydrina schistosa, 
one of the candidates as the strong proton-acceptor in era
butoxins, Glu 22, is eliminated because the 22d position of the 
toxin of Enhydrina schistosa is serine instead of glutamic acid 
of erabutoxins.

It is probable that this strong hydrogen bonding found in 
erabutoxins and the toxin of Enhydrina schistosa is an es
sential factor for the construction of the tertiary structures 
of neurotoxins in general and that all the neurotoxins with 
different sequences have Tyr 25’s in a condition common to 
those in erabutoxins. A closer inspection of the primary 
structures of neurotoxins suggests several positions as the 
candidates of the strong proton-acceptor site. All of the 28 
neurotoxins (excluding component Ls III) so far sequenced3 
possess NH2 groups at the 37th and 53d positions and an NH2 
or C02-  group at the 68th position in common. Furthermore, 
they possess a CO2“  group at the 42d position in common with 
one exception (Asn in Ophiophagus hannah B23). From the 
point of view of the invariant residues-toxicities relationships, 
however, the proton acceptor for the hydroxyl group of Tyr 
25 is probably Asp 31 since this is the only candidate available 
as a strong proton acceptor among the 14 common amino acid 
residues (excluding Tyr 25) in neurotoxins. Possibly Tyr 25 
of component Ls III is forming rather weaker hydrogen 
bonding than the Tyr 25’s of erabutoxins because the 31st 
position of component Ls III is asparagine instead of aspartic 
acid. This, in turn, might result in lack of the definite tertiary 
structure that is optimum for strong neurotoxicity.

Investigations of the Raman spectra of other neurotoxins 
and cardiotoxins are necessary for more detailed clarification 
of the problem.
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Laser-excited Raman spectra of a plant virus, the turnip yellow mosaic virus (TYMV), reveal vibrational 
frequencies characteristic of both the nucleic acid (RNA) and coat-protein components. The prominent 
Raman lines of the virus were assigned to specific subgroups of the constituent macromolecules and were ex
amined as a function of temperature for both H2O and D2O solutions. The Raman data indicate the following 
structural features of aqueous TYMV. Amide I and III frequencies of the coat-protein molecules exclude the 
presence of appreciable amounts of both a-helical and antiparallel-/3-sheet structures and suggest that the 
polypeptide chain is mostly in an irregular conformation. All of the four cysteine residues of the coat-protein 
molecule have SH groups and no S-S linkages exist in TYMV. All SH groups are accessible to the solvent, 
as evidenced by their deuterium exchange. A tentative finding is that many or all of the carboxyl groups of 
aspartic and glutamic acid residues in the coat protein are ionized at pH 7. Tryptophan residues are exposed 
to solvent H2O molecules, whereas tyrosine residues are apparently not in contact with the solvent and form 
strong hydrogen bonds between the tyrosyl -OH donor and negative acceptor groups within the virion. 
These structural properties of TYMV are unchanged over the temperature range 0-54 °C, above which the 
virus structure collapses. The encapsulated RNA molecule of TYMV contains an unusually low amount of 
ordered secondary structure (~60%), in comparison with those other single-stranded RNA species which 
have been studied (—85%). The secondary structure of encapsulated RNA is also largely resistant to changes 
in temperature up to 54 °C. The cytosine residues of TYMV RNA are not protonated at pH 7, either for pro
tein-free RNA or for RNA encapsulated within the virus. It is therefore unlikely that specific hydrogen 
bonding interaction between cytosine residues of RNA and carboxyl groups of coat proteins are a major 
source of stabilization of the native TYMV virion, at pH 7.

Introduction
Considerable progress has been made recently in the ap

plication of laser-Raman spectroscopy to the elucidation of 
the structures of biological molecules.3’4 Raman spectra of the 
constituents of nucleic acids were first observed in the labo
ratory of Professor R. C. Lord in the early 1960’s (for a dis
cussion of this work see ref 3-5). More detailed investigations 
of polynucleotides and naturally occurring nucleic acids soon 
followed6“9 as more powerful laser sources became generally 
available.

Lord and Yu10 next began the modern era of laser-Raman 
spectroscopy of proteins, by assigning spectral lines of the 
amino acids and successfully utilizing their results in an 
analysis of the enzyme, lysozyme. In addition to the study of 
other proteins, Chen and Lord11 in 1974 produced a correla
tion between the chain conformations of model polypeptides 
and their corresponding Raman lines. This work suggested 
the use of conformationally sensitive Raman frequencies of 
the peptide group, the so-called amide frequencies, as a means 
of estimating protein conformation without necessitating a 
detailed and laborious crystallographic analysis.

In 1973 enough data had been accumulated to allow Hart
man, Clayton, and Thomas12 to initiate the use of laser- 
Raman spectroscopy in nucleoprotein research by obtaining 
spectra of the bacterial virus, R17, and assigning its individual 
Raman lines to vibrations of specific subgroups of viral RNA 
and coat protein. In 1975, Thomas and Murphy13 and 
Thomas, Prescott, Ordzie, and Hartman14 studied the DNA 
viruses, Pfl and fd, and the RNA virus, MS2, respectively.

Several structural properties of the nucleic acid and protein 
components of these viruses were revealed by the Raman data.

The advantages of laser-Raman spectroscopy in investi
gations of viruses and other nucleoproteins are that small 
amounts of sample are required, that a wealth of information 
is available from the many vibrational scattering lines as
signable to subgroups of both nucleic acid and protein com
ponents, and that the entire vibrational spectrum is open to 
analysis for aqueous (H2O and D2O) solutions of viruses. 
Structural information of the kind obtained from Raman 
spectra of viruses is difficult or impossible to obtain by other 
means. It is for these reasons that we have undertaken struc
tural studies of viruses, including the turnip yellow mosaic 
virus (TYMV), using laser-Raman spectroscopy.

A single TYMV particle (virion) contains about one-third 
by weight nucleic acid (one molecule of RNA of molecular 
weight, mol wt = 1.91 X 106) and about two-thirds by weight 
protein (180 molecules of “ coat” protein, each of mol wt = 
20 133, which together form the capsid).15

TYMV has been extensively studied by x-ray crystallog
raphy, electron microscopy, and various chemical and hy
drodynamic methods.15 These analyses reveal the gross 
morphological properties of the capsid, but indicate virtually 
nothing about the locus or conformation of the encapsulated 
RNA. The finer details of the capsid structure are also un
known. For example, the x-ray diffraction data are accounted 
for by an icosahedral capsid assembled from 20 hexamers and 
12 pentamers of the coat-protein monomer. However, the 
conformations of the coat-protein molecules and the nature
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of the interactions between them in the assembled capsid are 
questions still unanswered.

Evidence suggests that the RNA of the virion laces in and 
out between the coat-protein molecules. In a model proposed 
by Kaper15 the RNA is considered to be bound to the capsid 
protein by hydrogen-bonding interaction between protonated 
cytosine residues of the RNA and protonated carboxyl groups 
(of aspartic and/or glutamic acid residues) of the protein (pH 
< 6). However, direct evidence of the existence of such ionized 
groups and interaction between them within native TYMV 
has yet to be obtained.

It is anticipated that Raman spectra of TYMV may help 
to shed further light on these questions by addressing the 
following: Are the potentially interacting cytosine residues 
and carboxyl groups of TYMV ionized or not ionized? Does 
bonding occur between specific subgroups of RNA and pro
tein? Does coat protein contain chain segments with a-helical, 
(¡-sheet, or other types of structure? What is the extent of 
ordered secondary structure in the viral RNA molecule? Are 
base-stacked and base-paired configurations of RNA stabi
lized by the coat protein? Are the SH groups of the coat-pro
tein molecules sufficiently exposed to exchange with deute
rium atoms of D2O solvent? Are other amino-acid residues 
(protein side groups) exposed to the solvent or buried in hy
drophobic regions? How do the structural features of TYMV 
change as a function of biologically relevant parameters, such 
as temperature?

Methods and Materials

Raman spectra were recorded on a Spex Ramalog instru
ment equipped with a Coherent Radiation, Model CR-2, 
argon-ion laser. In the present experiments the laser was op
erated at 488.0 nm with radiant power at the sample usually 
in the range 200-400 mW. Raman cells were thermostated to 
±0.5 °C using a device described previously.16 Further details 
of instrumentation and accessories for Raman spectroscopy, 
as well as sample-handling procedures, are as discussed else
where.14 Raman frequencies reported here are accurate to ±2 
cm-1  for intense or sharp lines and to ±4 cm-1 for weak or 
broad lines as well as for poorly resolved shoulders. Raman 
intensities were reproducible to ± 10%, among spectra re
corded independently on the same or similar sample prepa
rations.

The virus used in this study was generously provided by Dr. 
J. M Kaper of the United States Department of Agriculture, 
Agricultural Research Service, Beltsville, Md. It was of suf
ficient purity to yield fluorescence-free Raman spectra of high 
signal-to-noise ratio.

Solutions of the virus in H2O were prepared for Raman 
spectroscopy as follows. The aqueous solution received from 
Dr. Kaper (containing 14 mg in 1 ml of H2O) was centrifuged 
for 1 h at 153 000g in a Beckman L5-50 ultracentrifuge with 
a Model 65 rotor. The pellet formed was then dissolved in 100 
til of 0.75 M KC1 in H2O to produce a solution containing 90 
tig of TYMV/id. Aliquots of this solution were loaded into 
capillary tubes (Kimax no. 34507) from which spectra were 
recorded. Solutions containing TYMV in D20  were prepared 
by pelleting the virus as above and then dissolving the pellet 
in the required DgO-salt solution. D2O solutions prepared in 
this manner generally contained appreciable amounts of HDO 
as the spectra below indicate. Aliquots of the D2O solution 
were introduced into capillary tubes and spectra recorded. For 
both H20  and D2O solutions of TYMV, spectra were mea
sured at temperatures ranging from 0 °C to the temperature

at which the sample degraded, i.e., precipitated from solution 
(about 60 °C).

RNA was extracted from TYMV by treatment with phenoL 
The RNA was precipitated from the separated aqueous phase 
by adding cold ethanol. The pellet formed by centrifuging this 
precipitate (10 OOOg for 10 min in a Sorval RC-2B centrifuge 
with an SS-34 rotor) was then dissolved in 0.2 M KAc and 
reprecipitated with ethanol. After several reprecipitations to 
remove phenol, the pellet was dissolved in 100 pi of 0.375 M 
KAc in H2O, yielding a solution containing 30 pg of TYMV 
RNA/jul. Capillary tubes were filled and spectra obtained.

Sucrose-gradient sedimentation of virus was performed 
using 5 to 20% (w/v) sucrose solution made in 0.75 M KC1. 
Samples (0.2 ml) were layered on 4.8 ml gradients which were 
centrifuged at 49 000 rpm in an SW 50.1 rotor in the Beckman 
L5-50 centrifuge (4 °C). Tubes were then fractionated and 
absorbance values of the diluted fractions were determined 
with a Beckman DBG spectrophotometer.

Electrophoresis was performed using 3% polyacrylamide 
gels as previously described.17

Results and Conclusions
(a) Integrity of the Virus and Its Components. The in

terpretation of the Raman spectra of viruses in terms of the 
secondary structures of and interaction between component 
molecules requires that samples of the virus and its isolated 
components should have as little degradation as possible. The 
extent of any degradation or inhomogeneity in the sample 
should be measured and considered when interpreting the 
spectra.

Such degradation exists and appears to be to some extent 
unavoidable, in the case of TYMV. Even fresh samples of this 
virus contain some virions with partially hydrolyzed RNA. In 
older samples, each virion is likely to contain several fragments 
of the single molecule of RNA which was originally present 
in the native particle (J. M. Kaper, private communication). 
We therefore extracted the RNA from TYMV and estimated 
the polydispersity by obtaining the sedimentation profile (by 
sucrose gradient centrifugation) and the electrophoretic 
profile (using polyacrylamide gels) for this RNA. As expected, 
we found the RNA to be polydisperse with an average mo
lecular weight of about 10 000. Nevertheless, despite the ex
istence of numerous chain scissions in the encapsulated RNA, 
the resultant fragments are expected to retain some of the 
secondary structure which exists in the native virus.

The integrity of the virus was also estimated by obtaining 
sedimentation and electrophoresis profiles. Both profiles gave 
a sharp peak at the positions expected for intact virions which 
suggests that the virions had not unfolded to larger particles 
and had not released a significant portion of RNA or protein. 
The latter conclusions were also supported by the ultraviolet 
spectrum which was as expected for an RNA-protein particle 
of the composition of TYMV. Therefore, even when the viral 
RNA is partially degraded, the fragments remain encapsu
lated and the overall hydrodynamic properties of the capsid 
are unaffected.

(b) Raman Spectrum of TYMV. Raman spectra of TYMV 
in H2O and D2O solutions, each containing also 0.75 M KC1, 
are shown in Figures la and lb, respectively. KC1 is required 
for stabilization of the capsid structure15 and does not con
tribute to the Raman scattering spectrum. The assignment 
of Raman lines to amino-acid residues of the coat protein and 
nucleotide residues of the viral RNA (Table I) is facilitated 
by use of the spectrum of protein-free RNA shown in Figure 
lc, as well as by reference to our previously published as-

The Journal o f Physical Chemistry, Vol. 80, No. 11, 1976



Studies of Virus Structure by Laser-Raman Spectroscopy 1159

Figure 1. Raman spectra of TYMV and protein-free TYMV RNA. (a) TYMV in H20  (containing 0.75 M KCI) at 32 °C: pH 7, slit width 10 cm-1 , scan 
speed 50 cm-1 /min, rise time 3 s, relative amplification (A) =  1 (300-1800 cm-1 ), A =  3 (2500-2600 cm-1 ), A =  % (above 2800 cm-1 ). The 
reference marks above the spectrum indicate respectively 1535, 1362, 1255, 879, 856, 825, and 812 cm-1 , (b) TYMV in D20  (0.75 M KCI, pD 
7) at 32 °C: same as in part a, except the 2500-2600-cm-1 region is not shown. The reference marks above :he spectrum indicate respectively 
1535, 878, 860, 825, and 812 cm-1 , (c) RNA in H20  (0.75 M KCI, pH 7) at 32 °C: same as in part a, except spectrum not shown above 1800 cm-1 .

signments for compositionally similar RNA and caps
ids.6’8’12’14 Since sufficient quantities of virus were not avail
able to permit repeated isolation of RNA for obtaining spectra 
of its D20  solution and for obtaining reproducibly accurate 
spectra of RNA-free capsids, we have not included in Figure 
1 the scant data obtained for them. In the subsequent dis
cussion we therefore give emphasis to the data collected from 
H2O solutions of TYMV and TYMV RNA, with occasional 
reference to the data of deuterated samples and capsids, as 
appropriate.

The structural implications of the Raman spectra of Figure 
1 are as follows. In the conformationally sensitive amide I and 
amide III regions of the Raman spectrum (usual intervals 
1625-1675 and 1225-1300 cm-1, respectively), TYMV exhibits 
intense lines centered at 1669 and 1248 cm-1  (Figure la). 
Comparison with Figure lc shows that these features are due 
predominantly to the coat protein rather than to the encap
sulated RNA, although the solvent (H2O) is primarily re
sponsible for the broad shoulder to the amide I line near 1645 
cm-1. This is confirmed by the Raman spectrum of the 
RNA-free capsid which also shows one line with a maximum 
near 1243 cm-1 and no “ shoulders” or small lines nearby 
(unpublished data). Lord and co-workers11 have shown that 
a-helal polypeptides give amide I and III lines near 1650 and 
1275 cm-1, the latter weak, whereas /'(-sheet structures give 
lines near 1660 and 1230 cm-1, both intense. Polypeptides in 
extended or “ random-chain” structures, such as (low pH) 
poly-L-lysine and denatured proteins, generally exhibit amide 
I and III lines near 1670 and 1248 cm-1, again both intense.11 
Accordingly, the present results indicate that the coat-protein 
molecules of TYMV contain neither a-helical nor d-sheet 
structures to any appreciable extent. The implications of these 
results will be dealt with in the Discussion section.

The absence of Raman scattering near 500 cm-1 for TYMV

(Figures la and lb) and the appearance of a broad Raman line 
centered near 2569 cm-1  (Figure la, insert) assignable to SH 
stretching vibrations indicate that S-S bridges are absent from 
the virion and further that the four cysteine residues per 
coat-protein molecule (Table II) are indeed present in the 
reduced form. Therefore the Raman spectra confirm previous 
conclusions drawn from chenucal studies.15 In Figure la, the 
Raman scattering in the region 2500-2600 cm-1 was recorded 
with a threefold higher amplification than was employed for 
either the lower frequency range (below 1700 cm-1) of the 
same spectrum or the spectrum of Figure lb. Accordingly the 
Raman line near 1868 cm-1 in Figure lb, due to SD stretching 
of deuterated cysteine residues, appears with about a sixfold 
lower intensity, as expected if all SH groups are exchanged by 
deuterium. (Theoretical considerations suggest that 7s_d is 
about one-half Is-H-) We found the exchange was complete 
at the time the spectrum was first recorded after the virus had 
been placed in D20  (elapsed time of several days). A more 
complete determination of the kinetics of deuterium exchange 
of the S-H groups is planned.

Many lines in the spectrum of TYMV can be assigned to 
aromatic amino acids which are sparingly present or to non
aromatic amino acids which are abundantly present in the 
TYMV coat protein (Tables I and II). Here we draw attention 
to several of these which are useful in predicting structural 
features.

The environment of the hydrophobic side group of tryp
tophan has been correlated with its Raman line at 1362 cm-1, 
due to a vibration of the indole ring.18 If tryptophan residues 
are, on the average, buried in hydrophobic regions within the 
protein, the indole vibration near 1362 cm-1 is characteristi
cally intense and sharp in the Raman effect. This can be 
clearly seen in the Raman spectrum of lysozyme (first part of 
ref 11) in which the sharp line at 1362 cm-1 is nearly as intense
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TABLE I: Raman Frequencies, Relative Intensities, and 
Assignments for TYMV in H2O and D2O Solutions (0.75 M 
KC1) at 32 °C

TYMV-
Assignments“ TYMV H20 TYMV D20 RNA H20

phe, U, C
598 (0.11) 
626 (0.10)

602 (—) 
625 (0.14) 625 (0.26)

Tyr 644 (0.17) 645 (—)
G 671 (0.17) 668 (0.16) 668 (—)
C-S 703 (0.13) *
C-S, A 726 (0.35) 723 (0.32) 725 (—)
Trp, C 759 (0.27) 762 (0.31) *
C, U, Thr 785 (1.48) 778 (—) 786 (1.65)
P 812 (0.71) 812 (0.69) 812 (0.98)
Tyr 825 (0.29) 825 (0.20)
Tyr 856 (0.17) 860 (0.15)
Trp, C-C str 879 (0.20) 878 (0.19)
r 919 (0.16) * 918 (0.14)
C-C str * 938 (0.15)

AIIT
962 (0.13) 
* 994 (—)

phe, A, U, C 1005 (1.0) 1005 (1.0) 1000 (—)
r, Phe 1045 (0.18) 1041 (—) 1050 (0.07)
C-N, P 1100 (0.72) 1102 (0.66) 1100 (0.72)
C-N, C, U 1127 (0.24) 1132 (0.23) *
C-N 1159 (0.09) *
Tyr, phe 1178 (0.09) *
Tyr, phe * 1214 (0.64)
AIII, C, U 1248 (1.57) 1252 (1.15) 1249

C, A, U 1296 (0.29) 1305 (0.64)
(0.96)h 

1302 (0.49)
G, (CHdef) 1319 (0.33) * 1321 (—)
Trp, A, (CHdef) 1339 (0.61) 1341 (0.62) 1338 (0.50)
Trp, (CHdef) 1362 (0.05) 1361 (—)
U, A, G, (CO 2' 1395 (0.19) 1390 (—) 1384 (0.34)

sym str) 
(CHdef) 1458 (0.99) 1460 (1.51) 1468 (—)
A, G 1481 (0.95) * 1484 (0.88)
C, A, G * 1521 (—) *
C 1535 (—) *
Trp 1553 (0.11) 1559 (—)
Trp, A, G, phe, tyr 1577 (0.59) 1577 (0.64) 1578 (0.5)
Tyr, phe, trp 1625 (—) 1634 (—)
AI, AI' 1669 (—) 1669 (1.49)
S-D Cys 
S-H Cys
Aliphatic C-H str

2569 (—) 
2900 (—)

1868 (—) 

2900 (—)
Aliphatic C-H str 2941 (—) 2937 (—)

Aliphatic C-H str 
Aromatic C-H str

2975 (—)
2965 (—) 

3062 (—)
0 Standard three-letter symbols for amino acids and one-let

ter symbols for RNA bases. Also r = ribose, P = phosphate, 
C-S, C-N, C-C denote atoms bonded together as usual. AI and 
AIII mean amide I and III. Primes mean those modes for deu- 
terated amide groups. Sym = symmetric, str = stretch, def = 
deformation. Numbers in parentheses are relative intensities 
with a value of 1.00 assigned to the 1005-cm“ 1 line of phenylal
anine. A dash in a parentheses shows that the intensity value 
was not reproducible to ±10%. An asterisk means lines too 
weak for accurate measurement. b An unresolved doublet.

as the line at 760 cm-1  (also due to tryptophan). At least four 
of the six tryptophan residues in lysozyme appear to be in 
hydrophobic regions of the molecule. If these residues are, on 
the other hand, exposed to solvent, the intensity of the 
1362-cm“ 1 line is diminished and the line is broadened as a 
consequence of hydrogen bonding interactions. The com-

TABLEII: Amino-Acid Composition of the Coat-Protein 
Molecule of TYMV“

Amino acid No. Amino acid No.

Glutamic acid 7 Cysteine 4
Aspartic acid 7 Methionine 4
Glutamine 7 Glycine —
Asparagine 4 Valine 14
Lysine 7 Alanine 15
Arginine 3 Isoleucine 16
Tryptophane 2 Leucine 17
Tyrosine 3 Serine 17
Histidine 3 Proline 20
Phenylalanine 5 Threonine 26

Total 189
‘ Reference 15.

panion Raman lines of the indole ring, near 760 and 879 cm-1, 
are insensitive to this effect, and are clearly visible for indole 
in either environment.11*18 The spectrum of TYMV, which 
shows distinct lines at 760 and 879 cm-1, but little intensity 
at 1362 cm-1, indicates that most of the side groups of tryp
tophan in the coat protein are exposed to the solvent (compare 
with spectra of ref 11 and 18 which show limiting cases). This 
conclusion does not agree with inferences drawn from the lack 
of reactivity of tryptophan residues with N-bromosuccinim- 
ide.15

A correlation has also been found between the relative in
tensities of the pair of lines near 856 and 825 cm-1, due to 
tyrosine residues, and the nature of hydrogen bonding of the 
tyrosyl OH group in proteins.18*19 The intensity ratio of the 
doublet (7856^ 825) should be between 1.25 and 1.4 when the 
tyrosyl OH group is exposed and hydrogen bonded to solvent 
H2O molecules. However, when tyrosyl OH groups are inac
cessible to solvent water molecules and are instead involved 
in much stronger hydrogen bonding interaction with the OH 
group as donor to more highly negative acceptor groups (e.g., 
-COO“ ), the ratio I sse-'fszs ls expected to approach the value
0.30. In the case of TYMV (Figure la), we observe the com
ponents of the tyrosine doublet at 856 and 825 cm“ 1 (to ±2 
cm-1), and with intensity ratio of 0.55 ±  0.10, reasonably ap
proximating the extreme case of very strong hydrogen bonding 
to negative acceptor groups. In the spectrum of Figure 1, note 
that the 825-cm“ 1 component appears as a shoulder on the 
much stronger line at 815 cm“ 1. This ratio is as small as has 
yet been reported in any protein,19 and its possible significance 
will be reviewed in the Discussion section. This conclusion is 
in agreement with interpretation of spectroscopic titration 
curves (see p 269 of ref 15).

Of special significance in TYMV is the state of ionization 
of its many carboxyl groups. Each coat protein contains a 
minimum of 7 glutamic and 7 aspartic acid residues (Table
II) as well as a terminal carboxyl group on the polypeptide 
chain. With 180 coat-protein molecules per capsid, the re
sultant 2700 carboxyl groups may be expected to play an im
portant role in stabilizing the assembled virion. Interest in the 
ionization states of these groups is further heightened by the 
possibility that, if protonated, they may interact specifically 
with protonated cytosine residues of capsulated RNA15 (see 
Discussion). The number of cytosine residues in TYMV RNA 
is close to 2100. We have carefully examined the Raman 
spectra of TYMV and TYMV RNA to explore these questions.

For carboxyl ions in proteins, the symmetric stretching 
vibration of the -CO2“  group is expected near 1415 cm“ 1,10 
although the frequency may be lowered somewhat (ca. 1400
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cm-1) by strong hydrogen bonding to an acidic donor group. 
Nonionized carboxyl groups of proteins (-COOH) are recog
nized by their carbonyl stretching vibration normally ap
pearing at 1715 cm- 1 .10 By examining the Raman spectra of 
dilute solutions of sodium acetate and acetic acid we have 
established that the 1415- and 1715-cm-1 lines should be just 
barely detectable over the background of scattering by other 
molecular subgroups and solvent, for the case of aqueous 
TYMV. This may seem surprising in view of the large number 
of carboxyl groups present in TYMV, but it happens that the 
Raman intensities of these group vibrations are much weaker 
than the characteristic group frequencies of aromatic rings, 
such as the ring modes of the tyrosine and tryptophane resi
dues mentioned earlier. Moreover, the frequency intervals 
under consideration are precisely those in which strong 
Raman scattering also is expected from either amide I vibra
tions (ca. 1670 cm-1) or CH deformations (ca. 1450 cm-1), and 
the molar percentages of these groups exceed that of the car
boxyl group. Finally, in the case of the whole TYMV virus, 
some scattering in these intervals is expected from the RNA.5’6 
Taking all these factors into consideration, we have concluded 
the following: If all carboxyl groups of TYMV are protonated 
(i.e, exist in the -COOH form) a very weak Raman line should 
appear near 1715 cm-1  in the spectrum of TYMV in D2O so
lution. This line should be a clearly recognizable shoulder on 
the high-frequency side of the strong amide I line. (The latter 
is centered near 1660 cm-1  where D2O replaces H2O as the 
solvent and more properly is called the amide F line; see Table
I.) However such a shoulder would be impossible to detect in 
a spectrum of TYMV in H2O solution because of the greater 
interference from amide I in that case. If all carboxyl groups 
of TYMV are ionized (i.e., in the COO-  form), a weak Raman 
line should appear near 1400-1415 cm-1, over and above the 
Raman background generated by other protein and RNA 
groups in this region. Such a feature should be discernible in 
spectra of TYMV in either H2O or D2O solution. If compa
rable amounts of ionized and protonated carboxyl groups exist 
simultaneously in TYMV, it would be virtually impossible to 
detect either the 1415- or 1715-cm-1 components in relation 
to their respective strong backgrounds.

Thus the data shown in Figure 1 indicate that for TYMV 
at pH 7, not all of the carboxyl groups of TYMV are proton
ated. Spectra recorded at higher resolution and with greatly 
increased amplification (not shown in Figure 1) consistently 
lack evidence of a 1715-cm-1 shoulder assignable to -COOH 
groups. Beyond this point the situation is less clear-cut. The 
Raman spectra of TYMV do not contain a recognizable fea
ture between 1400 and 1415 cm-1 that would confirm con
clusively a predominance of ionized carboxyl groups. However, 
spectra of TYMV always reveal a very weak line near 1395- 
1398 cm-1  (Table I and Figures la and lb). This line is not due 
to RNA, but to the protein fraction of TYMV, as verified by 
its absence from the spectrum of protein-free RNA (Figure 
lc) and its presence in the spectrum of RNA-free capsids (not 
shown in Figure 1). We are, however, yet unable to decide 
whether the 1395-1398-cm-1 line is to be assigned exclusively 
to carboxyl groups, or exclusively to other functional groups 
(CH deformations and ring modes of aromatic residues10), or 
partly to both. We are therefore unable to state whether the 
vast majority of carboxyl groups of TYMV are ionized or 
whether comparable amounts of both ionized and protonated 
residues coexist simultaneously. It is clear, however, that not 
all carboxyl groups are protonated (-COOH) and therefore 
those which are ionized (-COO- ) can be considered as po
tential sites for interaction with other molecular subgroups

of the coat protein or of RNA. In this regard, it is worth noting 
that the position of the Raman line in question (1395 ±  4 
cm-1) is below 1415 cm-1  (the frequency of acetate in D2O 
solution), so that if it is due in whole or in part to COO-  
groups, then the hydrogen bonding interactions involved must 
be stronger than those between D2O and -COO-  in aqueous 
solutions of acetate.

Our next concern was to evaluate the possibility that the 
cytosine residues in TYMV RNA are protonated.15 Fortu
nately, nonprotonated cytosine residues have a very different 
spectrum in the 1250-1600-cm-1 region than do protonated 
cytosine residues. The pKa value of the ring nitrogen in cyti- 
dine (the model compound in this case) is near 4.5 so in neutral 
solutions the cytosine residue will be nonprotonated. Neutral 
solutions of cytidine exhibit strong lines at 1245 and 1295 cm-1 
and a moderately intense line at 1530 cm- 1 .5 Protonated cy
tidine (in solutions with pH <3) exhibits an extremely strong 
line at 1255 cm-1  and a weak line at 1546 cm-1  (all values for 
H2O solutions5). No other constituents of TYMV give sig
nificant lines between 1525 and 1550 cm- 1 .5'10 Also, no com
parably intense Raman scattering from ribonucleosides or 
protein residues occurs near 1255 or 1295 cm-1 and the amide 
III line (centered near 1248 cm-1  for TYMV and at 1243 cm-1 
in the RNA-free capsid) would not prevent the detection of 
a line at 1255 cm-1  if protonated cytidine residues predomi
nated in TYMV. This is reinforced by the fact that the 
1255-cm-1 line of protonated cytidine is the most intense 
Raman line ever observed for any nucleotide base.5 Moreover, 
the present analysis is advanced by the fact that TYMV is 
particularly rich in cytidine residues as compared with other 
nucleosides (the nucleoside composition in mol % is A, 22.4; 
G, 17.2; C, 38.3; and U, 22.1 : ref 15). Therefore the presence 
of a strong line at 1295 cm-1, a weak line at 1530 cm-1, and no 
line or shoulder at 1255 cm-1 in the spectra of TYMV and of 
TYMV RNA (Figures la and lc) show that a large majority 
of the cytosine residues are not protonated in solutions at pH
7. We plan to reevaluate this question for solutions below pH 
6 in the future. It should be noted that the cytidine line at 1530 
cm-1  is much weaker in the spectrum of TYMV (Figure la) 
or TYMV RNA (Figure lc) than anticipated from its coun
terpart in the spectra of nucleoside and nucleotide monomers.5 
This is a Raman hypochromic effect resulting from the or
dered secondary structure of the RNA molecule, evident for 
both encapsulated and protein-free states. Large hypochro- 
micity in the 1530-cm-1 line is found whenever cytosine 
residues are in base-stacked configurations, as occur in neutral 
GpC,20 in polyribonucleotide complexes,7 and in ribosomal 
and transfer RNAs.8 The “ lost” intensity is recovered when 
the RNA secondary structure is eliminated by heating to 90 
°C .20 A further indication of the absence of protonated cy
tosine in TYMV RNA can be seen by comparison of the 
present results with spectra of a dinucleoside monophosphate 
containing protonated cytosine, namely GpC+.20 The above 
conclusion is also confirmed by a similar analysis of the 
available D2O solution spectra of TYMV (not shown) and 
model compounds.

Many other Raman lines in the spectrum of TYMV are 
assigned to one or more subgroups of the encapsulated RNA. 
Of particular interest are the lines of 815 and 1100 cm-1, which 
are due to symmetrical stretching vibrations of the phos- 
phodiester (-O-P-O-) and dioxy (PO2- ) groups, respectively.9 
The former may be coupled to a small extent with adjacent 
C -0  and C-C bond stretching motions of the ribose residues. 
The intensity ratio Isw-hioo has been correlated with the 
fraction of RNA nucleotides that are in ordered configura
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tions, with a value of 1.64 assigned to completely ordered 
structures such as double-helical polyribonucleotide com
plexes.9 In the case of TYMV the measured ratio / sis^noo is 
only 60% of the maximum value of 1.64, indicating an upper 
limit of 60% of the phosphodiester groups in the ordered 
configuration. The significance of this result is as follows. Each 
nucleotide which is base-stacked between nearest neighbors, 
as in single-stranded poly (rA), or stacked and paired, as in 
double-helical polyribonucleotides, is found to contribute 
equally to the intensity at 815 cm- 1 .3 Our results show that 
no more than 60% of the nucleotide residues of TYMV RNA 
may exist in such regions. The actual percentage may in fact 
be somewhat less (~55%) because the correlation was estab
lished for lower ionic strength solutions in which the 1100- 
cm-1 line (which constitutes the normalization basis) is 
slightly more intense than at present.9

The amount of secondary structure of TYMV RNA is 
considerably lower than the values near 85% observed for 
molecules of tRNA, 16S rRNA, R17 RNA, and MS2 
RNA.3'12-14 This low result could be due in part to chain scis
sions of the native TYMV molecule, mentioned earlier. 
However, it is possible that the ordered regions of native 
TYMV RNA, which are known to be immune to hydrolysis 
by RNase,15 are unaffected by the chain scissions detected in 
present samples. Therefore the present results are considered 
a reasonable first approximation to the amount of secondary 
structure in RNA of native TYMV. We plan to reevaluate this 
question using TYMV which contains more nearly intact 
RNA.

(c) Dependence of Raman Spectra on Temperature. The 
Raman spectra of TYMV in H2O and D2O solutions were re
corded as a function of the solution temperature between 0 
and 54 °C. The results obtained for H2O solutions are shown 
in Figure 2. The same results are obtained for D2O solutions 
(unpublished). Above 54 °C, spectra of reproducible quality 
could not be recorded. This was attributed to aggregation and 
precipitation of the coat protein attendant with a breakdown 
of the capsids above 54 °C.

These spectra demonstrate the thermal stability of TYMV 
up to 54 °C (Figure 2). There are no major changes and only 
one minor change in the Raman scattering frequencies and 
intensities throughout the spectral interval shown. We observe 
a small decrease in the Raman intensity at 815 cm-1 
(amounting to a 9% reduction in the ratio Isi&'-11 1 0 0 ) between 
41 and 54 °C. This reflects a small decrease in the amount of 
ordered secondary structure of the viral RNA. An accompa
nying intensity increase at 785 cm-1  is more likely due to the 
shift of the Raman intensity originally present at 815 cm-1  to 
the neighborhood of 790 cm-1  rather than to a real change in 
the intensity of the 785-cm_1 pyrimidine line.20 In all other 
respects the TYMV spectrum is unchanged by increasing 
temperature.

Discussion
We now offer some observations concerning the results and 

conclusions presented above.
A conclusion of primary importance concerns the lack of 

regions of «-helix and (3-sheet structure in the coat-protein 
molecules of TYMV. This result is in contrast-to the known 
structures of many globular proteins in which regions of a- 
helix and /3-sheet are common.21 To test this conclusion, we 
predicted the secondary structure of the TYMV coat-protein 
molecule from its amino-acid sequence15 by the method of 
Chou and Fasman.22 The results of this calculation are given 
in Table III. An earlier prediction using a different method

Figure  2 . Ram an spectra  of T Y M V  in H20  (0 .7 5  M KCI, pH 7) a t 0 , 10, 
2 0 , 3 2 , 4 1 , 50 , and 5 4  ° C . Conditions a re  the  sam e as  Figure 1a.

TABLE III: Secondary Structure Calculated for the 
TYMV Coat-Protein Molecule“

Residues Conformation Residues Conformation

1-8 «-Helix 97-101 Irregular
9-12 Irregular5 102-116 /3-Sheet

13-23 /3-Sheet 117-127 Irregular
24-34 Irregular 128-132 /3-Sheet
35-42 a-Helix 133-144 Irregular
43-46 Irregular 145-149 /3-Sheet
47-54 a-Helix 150-153 Irregular
55-60 Irregular 154-160 /3-Sheet
61-67 /3-Sheet 161-167 Irregular
68-73 a-Helix 168-177 /3-Sheet
74-78 /3-Sheet 178-182 Irregular
79-88 Irregular 183-187 /3-Sheet
89-96 /3-Sheet 188-189 Irregular
° Reference 22. b The term irregular includes the terms

“random” and “ /3 turn” as used in ref 22.

suggested only two regions of «-helix (residues 35-42 and 
71-79 or a total of 16 residues) in TYMV coat protein.15 Our 
results agree with one of these regions, but suggest that resi
dues 74 to 78 are in the /3 structure. From Table III we find 
that 16% of the amino acid residues are in regions of «-helix, 
41% are in regions of /3-sheet, and 43% are in regions of irreg
ular structure. Although our predictions from the Raman 
spectrum could well have missed this relatively small amount 
of «-helix, the discrepancy concerning the /3-sheet structure 
is less easily explained since the Raman line due to /3 structure 
(1229 to 1235 cm-1) is below the region expected to contain 
the line due to irregular structures (1243 to 1253 cm-1) so that 
41% /3 structure should produce at least a “ shoulder” in this 
region.

We also found that RNA in TYMV contained a compara
tively low amount of ordered secondary structure. At least 40% 
of the nucleotide residues exist in regions with no base pairing 
or base stacking. All other single-stranded RNA moleclues so 
far examined have only about 15% of the nucleotides in dis
ordered regions.3 The large number of nonpaired bases in 
TYMV RNA could allow the chain to assume configurations 
otherwise not possible and could facilitate the interlacing of
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the RNA through the protein molecules of the capsid. Also the 
C = 0  and N-H groups of these unpaired bases would be 
available to form H bonds to subgroups of the coat protein.

The Raman effect appears to provide a rapid and reliable 
means of detecting S-H groups due to the cysteine residues 
in the proteins of viruses.14 The presence or absence of S-S 
linkages may also be easily confirmed. The high resolution and 
lack of interference from the solvent provide advantages over 
such methods as Fourier-transform infrared spectroscopy.23

We also wish to mention that the Raman line from SH 
groups in TYMV is at a lower frequency and is much broader 
than the same line in the spectrum of the bacteriophage 
MS2.14 This suggests that the SH groups in TYMV may be 
hydrogen bonded to a greater extent than those in MS2, or 
that TYMV contains two or more overlapping, but poorly 
resolved, Raman lines due to SH groups. We have consistently 
obtained evidence for the latter hypothesis in scans of the SH 
stretching region with narrower spectral slit widths. Although 
the appearance of the Raman scattering in this region is 
similar to that of a doublet (with principal peak at 2569 cm-1 
and weak shoulder at 2540 cm-1), two definite peaks cannot 
be resolved, probably because of intrinsically large half-widths 
of the lines involved.

We also found that all four SH groups of the TYMV coat- 
protein molecules will readily exchange to become SD groups 
when TYMV is dissolved in D2O. No heating or special 
treatment was required to produce this exchange. This shows 
that all SH groups are “ in contact” with the solvent and no 
difference is observed for the four SH groups per molecule. 
This is different from the kinetics of the reaction of SH groups 
with p-mercuribenzoate in which one SH group reacts more 
rapidly than the remaining three, which suggests that one SH 
group is exposed, but that the others are shielded and that 
changes in capsid structure may be necessary before the sec
ond, third, and fourth SH may react (for an authoritative 
discussion of this point, see ref 15, chapter 8). The advantage 
of using H D exchange to study the location of SH groups 
in proteins is that no changes should be induced in the protein 
conformation by this method whereas mercurials have been 
found to degrade TYMV .15

The aromatic amino-acid residues of the coat protein ap
pear to be distributed between hydrophobic and hydrophilic 
regions of the TYMV particle in the following manner. The 
two tryptophan residues per coat-protein molecule are ex
posed to and interact with solvent H20  molecules, whereas 
the three tyrosine residues per coat-protein molecule exist in 
environments (on the average) where water molecules are 
largely or totally excluded from hydrogen bonding with them. 
The Raman data indicate that the tyrosyl OH group is the 
donor in hydrogen bonding to a negative acceptor group other 
than H20 . The present results can be explained by assuming 
that all tyrosine residues are involved in such hydrogen bonds 
with acceptors somewhat more negative than the oxygen atom 
of solvent H20, or that two out of three tyrosine residues are 
involved in such hydrogen bonds with acceptors very much 
more negative than H20  oxygen. Either case would seem to 
allow ionized carboxyl groups as likely candidates. Since such 
groups outnumber tyrosine (Table II), carboxyl-tyrosyl in
teractions are clearly a possible source of stabilization of

TYMV. However, the RNA phosphate groups are also avail
able candidates for interaction with tyrosine and further 
resolution of this question must await more detailed studies 
of TYMV capsids (free of RNA). Although the coat-protein 
molecule of TYMV contains three histidine residues, the 
Raman spectra do not yet permit any conclusions regarding 
the possible roles of these residues in capsid stabilization.

We have shown that the cytosine residues of the RNA of 
TYMV in solutions of pH 7 are not protonated to any appre
ciable extent. Therefore the existence of a significant number 
of interactions between protonated cytosine residues and 
protonated carboxyl groups is excluded.15 The existence of 
cytosine-cytosine hemiprotonated base pairs also is unlikely.15 
Either of these types of interaction could however occur at pH 
6.

The Raman spectra show clearly that TYMV RNA is un
usually abundant in cytosine and deficient in guanine residues 
(cf. Figures 1 and 2 with data of ref 3, 5,12, and 14); and fur
ther that none of the purine or pyrimidine bases are ionized 
(protonated or deprotonated).
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Laser-excited Raman spectra of complexes of polylysine with DNA reveal the frequencies and intensities of 
Raman scattering from both the polypeptide and nucleic acid components. Most sensitive to complex forma
tion are characteristic vibrational frequencies of the DNA bases. The results show that the DNA-polylysine 
complex is formed with conservation of the backbone structure normally occurring in aqueous DNA, the so- 
called B-DNA structure. However, interactions between bases in the DNA double helix are significantly al
tered by polylysine binding. The same results are obtained for DNA-polylysine complexes formed in either 
high or low ionic-strength solutions and by either direct mixing or annealing of the constituent biopolymers. 
The results are consistent with a model in which the extended polylysine chain is bound by electrostatic in
teractions between positively charged lysyl side chains and negatively charged DNA phosphate groups. 
Laser-Raman spectra of the complex of polyriboadenylic acid and polylysine show, on the other hand, that 
both the geometry of the backbone and the mode of interaction between stacked bases of polyriboadenylic 
acid are altered by complex formation. In this complex, the extended polylysine chain may also be bound to 
polyriboadenylic acid by electrostatic interaction between lysyl and phosphate groups. However, the gauche+-  
gauche+ configuration normally occurring in the phosphodiester linkages of aqueous polyriboadenylic acid 
is distorted as a consequence of polylysine binding.

Introduction

Interactions between proteins and nucleic acids play a 
central role in the biology of the living cell by controlling, ei
ther directly or indirectly, the processes of cellular metabo
lism, replication, and development. Such interactions are also 
of importance in determining the proper assembly and func
tion of certain extracellular agents such as viruses. In many 
cases the interacting proteins are bound only to highly specific 
nucleotide sequences or sites of the nucleic acid substrate.2 
The molecular basis for such remarkably specific and accurate 
recognition remains, however, a major unsolved problem of 
molecular biology.

In an effort to learn more about nucleic acid-protein in
teractions, selected model systems have been examined by a 
variety of physicochemical methods,3-9 including infrared (but 
not Raman) spectroscopy.3 A model system typically consists 
of a natural or synthetic polynucleotide and a synthetic 
polypeptide, each of well-defined composition and confor
mational structure, such as the interacting pair: DNA and 
polylysine. Here, the nucleotide composition and secondary 
structure of DNA can be carefully controlled, and the repeat 
unit (L-lysine) and configurational properties of polylysine 
are relatively simple when compared with native proteins. 
Polylysine also has the advantage of serving as a realistic 
model for lysine-rich proteins (e.g., histones and protamines) 
which have an affinity for binding to chromosomal DNA.2a

Precipitates formed by the complexing of DNA with poly
lysine have been studied in considerable detail. Leng and 
Felsenfeld4 established conditions (viz., in 1.0 M NaCl) at 
which complex formation is reversible and demonstrated the 
dependence of interaction upon the degree of polymerization 
(DP) of polylysine and the molecular weight, adenine-thy
mine (AT) content, and secondary structure of DNA. Tsuboi 
et al.s have proposed that at lower salt concentrations (0.1-0.4 
M NaCl) the complex is formed in an essentially irreversible 
manner and with a 1:1 ratio of lysine amino (-NH3+) to DNA

phosphate (>PC>2- ) groups. This stoichiometry is consistent 
with a structure in which the extended polypeptide chain is 
wound helically around a groove of the DNA double helix.6 
Olins et al.7'8 confirmed the specificity of polylysine for AT- 
rich regions of DNA, noting that lysine-bound sites are far 
more stable than unbound sites with respect to thermal de- 
naturation of substrate DNA, and established further that a 
minimum of eight lysyl residues is needed to effect cooperative 
binding at moderate salt concentrations.

The more recent literature on this subject reveals further 
details of the DNA-polylysine interaction, as well as some 
unresolved conflicts. For example, hydrogen-tritium exchange 
studies9 indicate that a substantial fraction (about one-fourth) 
of DNA base protons, involved in interchain hydrogen 
bonding, are promoted to an instantaneously changing (i.e., 
solvent exposed) class as a consequence of polylysine binding. 
The peptidyl hydrogens of bound polylysine exchange as a 
single class, though more slowly than in the case of unbound 
polylysine. These results suggest that the secondary structure 
of DNA is altered by complex formation and that the peptidyl 
backbone of polylysine is partially shielded from the aqueous 
environment by the DNA substrate. It was conjectured2319 that 
the DNA bases, which are perpendicular to the helix axis in 
unbound DNA (the so-called “ B” geometry of DNA10), may 
be tilted by several degrees from the plane normal to the helix 
axis (as in the “ A” geometry of DNA or RNA10) when poly
lysine binding occurs. This simple hypothesis, despite its at
tractiveness, appears to be in conflict with the published work 
of Higuchi and Tsuboi11 which demonstrates both qualitative 
and quantitative differences between the binding of polylysine 
to nucleic acids of the B (DNA) and A (RNA) types. Moreover, 
steric conflicts are encountered when attempting to accom
modate a polylysine strand into the groove of nucleic acid 
double helices of the A type.11 Also, while DNA and polylysine 
easily complex in the presence of 1.0 M NaCl,4'12 RNA and 
polylysine apparently form a complex quantitatively only at 
lower (0.1-0.4 M NaCl) salt concentrations.1 T1315
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In a detailed study of DNA-polylysine complexes, Shapiro 
et al.12 demonstrated the reversibility of interaction, over a 
wide range of salt concentrations. These authors emphasized 
that despite the insolubility of the complex (ranging from a 
flocculent precipitate to suspended spherical particles of mean 
radius 1700 A, depending upon solute and solvent conditions), 
the separated phase should be regarded as a “ complex coac- 
ervate” in equilibrium with the solution phase, readily ex
changing its DNA with excess DNA in the solution. More 
importantly, the preference of polylysine for AT-rich regions 
of DNA with a binding ratio of one lysine residue per nucle
otide was unambiguously established, thus further supporting 
the notion that DNA-polylysine complexes may be structu
rally quite different from complexes of polylysine with poly
ribonucleotides that lack both A and T bases.5-11’13 In DNA- 
polylysine, the data12 reveal a well-ordered complex formed 
cooperatively and stabilized by electrostatic interaction be
tween the positively charged e-amino group of each lysyl res
idue and the negatively charged phosphodiester group of each 
nucleotide in the bound regions of DNA. In this structure the 
optical rotatory dispersion (ORD) and circular dichroism (CD) 
spectra of complexed DNA differ strikingly from ORD and 
CD spectra of free DNA,12-16 suggesting a conformational 
change of the nucleic acid though not necessarily one involving 
either base-tilting or a B — A transition. While many work
ers17-22 have contended that the B-DNA structure is altered 
appreciably by the binding of either polylysine or lysine-rich 
histones, x-ray diffraction,23-24 electron microscopy,25-27 and 
infrared dichroism3-28-29 measurements of the complexes do 
not in general support this contention. The best available 
x-ray diffraction patterns of DNA-polylysine23 exclude the 
likelihood of any major degree of distortion of the B-DNA 
double helix, but provide instead evidence of supercoiling and 
formation of liquid-crystalline or micellar structures. The 
formation of such ordered liquid-crystalline phases could also 
explain the observed CD, ORD, and infrared spectra of 
DNA-polylysine.

Nevertheless, there remains considerable controversy in this 
matter. Some most recently published CD studies of DNA- 
polylysine20-30 advance the view that the B-DNA structure is 
perturbed in the direction of a C-DNA structure (also base- 
tilted10) as a consequence of polylysine binding, while identical 
data obtained independently31 have been given a different 
interpretation. Finally, it has been proposed that structural 
details of the complex at the molecular level,32-33 as well as 
thermodynamic properties,84 depend upon whether the 
complex is prepared by direct mixing of the constituent bio
polymers or by annealing (reconstitution) in a salt gradient 
dialysis.

We have thus undertaken a study of DNA-polylysine and 
other polynucleotide-polypeptide complexes using laser 
Raman spectroscopy in order to determine whether structural 
changes accompany complex formation and which molecular 
subgroups may participate. The Raman spectrum of a nucleic 
acid generally reveals both qualitative and quantitative in
formation relating to its secondary structure, including the 
backbone conformation of the macromolecule.35-37 Raman 
spectra of proteins and polypeptides also provide information 
on the macromolecular conformation,38-39 though at present 
the data are more reliably employed for qualitative rather 
than quantitative purposes.

In this paper we discuss the Raman spectra of the DNA- 
polylysine and polyriboadenylic acid-polylysine complexes. 
The results obtained are helpful in confirming or rejecting 
some of the proposals, discussed above, concerning the nature

of DNA-polylysine interaction. The data are additionally 
useful in providing a better understanding of the Raman 
spectra and intermolecular interactions of native nucleopro- 
teins, such as viruses, that have been under investigation in 
our laboratory for the past several years.40-42

The subject of this paper would seem an appropriate one 
for this volume, in view of the fact that present-day develop
ments in laser-Raman spectroscopy of both nucleic acids and 
proteins can be traced to the initial studies carried out on such 
biomolecules during the late 1960’s at the MIT Spectroscopy 
Laboratory under the direction of Professor Lord.43-44 The 
application of Raman spectroscopy to investigate nucleic 
acid-protein interactions is a logical outgrowth of these earlier 
studies.

Experimental Methods

Highly polymerized calf-thymus DNA (molecular weight 
“  106-107) and poly-L-lysine (average degree of polymeriza
tion (DP) ~  300) were obtained from Sigma Chemical Co. 
Polyriboadenylic acid poly(rA) of high molecular weight 
(>100 000) was obtained from Miles Laboratories, Inc. All 
other reagents were of the highest grades commercially 
available.

The so-called “ directly mixed” complex of DNA and po
lylysine was prepared using a method similar to that of Fel- 
senfeld and co-workers.4-12 Equal volumes of aqueous poly
lysine (0.1 M in peptide monomer) and aqueous DNA (0.1 M 
on nucleotide monomers) were mixed directly, vortex agitated, 
and allowed to stand for several hours at room temperature 
after the complex, recognizable as a separate phase, had 
formed. The polymer stock solutions were originally at pH 7.5 
and contained either 0.025 M NaCl (low salt) or 1.0 M NaCl 
(high salt) concentration. The relatively high concentrations 
of DNA and polylysine employed here are required for Raman 
spectroscopy, so that a relatively dense precipitate is obtained 
in a small volume of supernatant. Identical results were ob
tained when either cacodylate buffer (pH 6.5), Tris buffer (pH
8), or EDTA (pH 8) was present in the stock solutions.

The directly mixed poly(rA)-polylysine complex was pre
pared in the same way, except that 0.01 M sodium phosphate 
buffer (pH 7.5) was present in the stock solutions.

The “ reconstituted” DNA-polylysine complex was pre
pared by the salt gradient dialysis method, also described 
previously,4-12-31 Cellulose dialysis tubing was boiled for 1 h 
in 5% NaHCCL + 0.1 M EDTA, followed by boiling twice in 
distilled water, the last time immediately before use. Equal 
volumes of DNA (0.025 M) and polylysine (0.025 M) in 4 M 
NaCl solution (pH 7) were mixed and dialyzed against suc
cessively more dilute salt solutions, leading eventually to a 
final salt concentration of 0.025 M NaCl. The complex formed 
in this manner was also insoluble at the concentrations of 
DNA and polylysine employed.

Each of the above complexes that was prepared in a low 
ionic strength medium (viz., DNA-polylysine in 0.025 M NaCl, 
either directly mixed or reconstituted, and poly(rA)-poly- 
lysine in 0.01 M sodium phosphate buffer) appeared as a 
white, fibrous precipitate. However, the high ionic strength 
complex of DNA and polylysine (in 1.0 M NaCl) invariably 
appeared as a gel, either opaque or transparent. In all cases 
the nucleotidedysine ratios were the same, namely, 1 :1 , and 
Raman spectra were reproducible to within ±5% in scattering 
frequencies and intensities for independently prepared 
complexes of a given type. The fact that all of the solution 
DNA was precipitated by the added polylysine was confirmed
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by obtaining spectra of the supertanants which were indis
tinguishable from H2O.

For Raman spectroscopy, the complexes were transferred 
from the mixing vessel to a sample cell (1 .0-nun glass capillary 
tube). Raman spectra of high signal-to-noise quality could be 
obtained provided thé separated phase was suspended in its 
corresponding supernatant (mother liquor). For a given 
complex, the Raman spectrum displayed the same frequencies 
and intensities, regardless of the physical state of the sample. 
However, optimum scattering was achieved with the aqueous 
suspensions described above, or with gels of low opacity.

Aqueous solutions (~3% weight/volume) of DNA, poly(rA), 
and polylysine were also contained in glass capillary tubes, 
filled to approximately 10 ixl, for obtaining Raman spectra.

All spectra were excited with 200-400 mW of 514.5-nm ra
diation from an Ar+ laser (Coherent Radiation, Model CR2), 
and were recorded on a Spex Ramalog spectrometer. Further 
details of Raman instrumentation are described elsewhere.45

Results and Discussion
1 . DNA-Polylysine Complexes. Raman spectra of DNA, 

polylysine, and the directly mixed DNA-polylysine complex, 
each in 1.0 M NaCl, are compared in Figure 1. Spectra of 
DNA, polylysine, the directly mixed DNA-polylysine com
plex, and the reconstituted DNA-polylysine complex, each 
in 0.025 M NaCl, are compared in Figure 2. In order to inter
pret these results it is useful to consider briefly the previously 
published Raman data on DNA46"48 and polylysine.39-49

The A, B, and C structures of DNA are distinguished from 
one another by the frequency and intensity of Raman scat
tering near 800 cm-1, due largely to the OPO symmetric 
stretching vibration of the phosphodiester backbone.35-46 In 
A structures a strong sharp line occurs at 807 cm-1  and in B 
structures there is a weak broad line at 830 ±  5 cm- 1 .4648 In 
C structures the corresponding vibrational frequency pre
sumably occurs outside the range 790-850 cm-1, where it is 
masked by other Raman scattering from vibrations of the 
DNA bases.46 The sensitivity of the phosphodiester group 
frequency to changes in backbone conformation is well es
tablished both for nucleic acids and model compounds.35 
Another feature distinguishing Raman spectra of A, B, and 
C structures is the relative intensity of the'pair of lines at 670 
and 680 cm-1. The former is more intense for A-DNA, the 
latter more intense for B-DNA, and the two of equal intensity 
for C-DNA.46-48 The 670- and 680-cm“ 1 lines are due to in
plane ring vibrations of thymine and guanine, respectively,43 
and the intensity reversal accompanying the A —► B transition 
probably reflects the different base stacking geometries in the 
two types of helix. Furthermore, there is a strong thymine line 
at 750 cm-1  in B-DNA appearing with greatly diminished 
intensity in A- or C-DNA.46 C-DNA is also distinguished from 
both A- and B-DNA by a strikingly different pattern of 
Raman frequencies in the 1250-1400-cm-1 interval,46 again 
attributable to its altered base stacking geometry. Finally the 
PC>2_ dioxy symmetric stretching vibration, which occurs near 
1092-1095 cm-1  in B-DNA, is elevated to 1100 cm-1  in 
A-DNA and to 1104 cm-1 in C-DNA.46 However, this eleva
tion represents the effect of dehydration of the phosphate 
groups, rather than an intramolecular conformational 
change.47 In any case the overall shift (~10 cm-1) is small and 
not as useful for diagnostic purposes as the shifts described 
above.

In the case of polylysine, the extended or random-chain 
structure gives characteristic Raman lines at approximately 
1245 cm-1  (amide III) and 958 cm-1  (C-C stretching) which

Figure 1. Raman spectra at 32 °C of the following in 1.0 M NaCl solution 
(pH 7): (a) DNA-polylysine complex, directly mixed; (b) DNA; (c) poly
lysine. Excitation wavelength 514.5 nm; radiant power ~300 mW; 
spectral slit width 10 cm-1 ; scan speed 25 crrTVmln; rise time 10 s.

Figure 2. Raman spectra at 32 °C of the following in 0.025 M NaCl 
solution (pH 7): (a) DNA-polylysine complex, directly mixed; (b) DNA- 
polylysine complex, reconstituted; (c) DNA; (d) polylysine. Conditions 
as in Figure 1.

differ both in frequency and intensity from the corresponding 
lines obtained when «-helical or (}-sheet structures prevail.39-49 
The amide III and skeletal C-C stretching modes are con
sidered to be the most responsive to conformational changes 
in the polylysine backbone, though other differences have also 
been noted.49

Thus the spectra of DNA (noncomplexed) in Figures lb and 
2c correspond to the B conformation and spectra of polylysine
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(noncomplexed) in Figures lc and 2d correspond to the ex
tended or random-chain conformation. The fact that spectra 
of DNA are identical, whether the NaCl concentration is 1.0 
M (Figure lb) or 0.025 M (Figure 2c), indicates that the B 
conformation is unchanged over this range of salt concentra
tion. The identity of Figures lc and 2d has a similar signifi
cance for polylysine.

When the DNA-polylysine complex is formed, the P 0 2~ 
group frequency remains at 1093 cm' 1 and is unaffected in 
either intensity or half-width. This result may seem at first 
surprising, since interaction between lysyl (-NH3+) and nu
cleotide (>P02~) groups is considered to be the basis for 
complex formation.6,12 However, as discussed below, the P 02'  
group frequency is virtually insensitive to a variety of intra- 
and intermolecular interactions of nucleic acids. The unal
tered condition of the 1093-cm'1 line of DNA is evident for 
the directly mixed complex in 1.0 M NaCl (Figure la), the 
directly mixed complex in 0.025 M NaCl (Figure 2a), and the 
reconstituted complex in 0.025 M NaCl (Figure 2b). (See also 
Figure 3.)

Nevertheless, in other respects the Raman spectrum of each 
complex differs from spectra of its constituents. In order to 
demonstrate more clearly the spectral differences between 
DNA-polylysine complexes and noncomplexed DNA plus 
polylysine, the Raman spectrum of each complex is redrawn 
in Figure 3 together with a tracing of the sum of spectra of the 
constituent (noncomplexed) polymers at the same experi
mental conditions.

The tracings of Figure 3 were made from the best available 
data as follows. The spectrum of a given complex was repro
duced from the originally recorded spectrum by plotting the 
Raman scattering intensity over a flat baseline tangent to 
intensity maxima near 600, 900,1400, and 1800 cm-1. Thus, 
Figure la yields the broken line curve of Figure 3a. The syn
thesized spectrum was obtained by adding together the sep
arately recorded Raman spectra of DNA and polylysine, each 
at the same experimental conditions with the same baseline 
as employed for the corresponding complex. Before adding 
the constituent spectra it was necessary to normalize them in 
such a way as to preserve the 1:1 molar ratio of lysine to nu
cleotide that is assumed for the complex. Accordingly, the 
contributions of DNA and polylysine were normalized so that 
their respective Raman lines at 1093 cm' 1 (P02'  dioxy sym
metric stretching) and 1444 cm-1  (C-H deformation) were of 
the same intensity as observed in the complex. Thus, the 
spectra of Figures lb and lc, so added, give the solid line curve 
of Figure 3a.

The rationale for this normalization procedure rests upon 
the fact that for a given nucleic acid (in the present case, 
DNA), the P 02_ group frequency is independent of the kind 
and extent of interaction between the nucleic acid bases. In
deed, the dioxy symmetric stretching vibration generates the 
Raman line which is the most insensitive to conformational 
changes of aqueous RNA ,35 aqueous DNA,48 and synthetic 
polynucleotides.36,37,50 Its position and half-width appear to 
be affected only by gross changes in the degree of hydration 
of nucleic acid fibers47 (as noted above), and then only to a 
rather small extent. A very slight broadening of the 1100-cm“ 1 
Raman line of aqueous tRNA has also been observed when 
large excesses of divalent cations (e.g., Mg2+) are present in 
solution.51 Therefore the 1093-cm-1 line is considered to 
provide the best available basis for normalization of other 
Raman intensities of DNA. Likewise, the 1444-cm'1 line of 
polylysine is unaffected by conformational changes in the 
peptidyl backbone, by side chain ionizations, and so forth.39,49

1500 1000 500
RfQUtNCYloi')

Figure 3. Comparison of the observed Raman spectra of a complex 
(— ) with the sum of the spectra of the constituent polymers (— ), for 
each of the following: (a) DNA-polylysine, directly mixed in 1.0 M NaCl 
(pH 7); (b) DNA-polylysine, reconstituted in 0.025 M NaCl (pH 7); (c) 
DNA-polylysine, directly mixed in 0.025 M NaCl (pH 7); (d) poly(rA)- 
polylysine, directly mixed in 0.01 M sodium phosphate (pH 7.5).

This is not surprising in view of the origin of the 1444-cm-1 
line in C-H deformations of the lysyl methylene groups.49 It 
is fortunate that polylysine gives no Raman scattering at 1092 
cm-1  and DNA very little at 1444 cm '1.

On the other hand it is not possible to demonstrate inde
pendently the validity of the above normalization procedure, 
since an internal standard cannot be incorporated quantita
tively into the aggregated complexes. It is also recognized that 
the normalization procedure used here does not compensate 
for Raman scattering by the aqueous solvent (or supernatant). 
Nevertheless, the contribution from H20  is about the same 
for each spectrum of Figure 2, and only about a factor of 2 
smaller for the complex of Figure 1 . Therefore errors intro
duced in this regard are probably negligible, except for the 
regions below 950 and above 1600 cm ' 1 in Figure 3a, where 
considerably different solvent backgrounds prevailed in the 
original spectra.

Despite these limitations, it is still possible to observe the 
following features in Raman spectra of DNA-polylysine 
complexes of Figure 3. First, the B conformation of DNA is 
conserved in each complex. This is evident by the appearance 
in each case of a Raman line near 828-835 cm' 1 with little or 
no change from the Raman line of free DNA at this frequency. 
Also, the pair of lines at 671 and 680 cm“ 1, observed here as 
an unresolved doublet, is always centered at approximately
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TABLE I: Raman Spectral Changes of DNA and Polylysine Accompanying Complex Formation“

Complex Frequency
Rel

intensity Assignment Effect of complex formation

DM (1.0 M 954 w C-C str (PLL) Shift to 965 cm-1 and intensity decrease
NaCl)

1254 s C,A Small intensity increase
1301 s A Small intensity increase
1338 s A Large intensity increase
1374 s T,A.G Large intensity increase
1489 s G,A Large intensity increase
1577 s G,A Large intensity increase

R (0.025 M 954 w C-C str (PLL) Shift to 966 and intensity decrease
NaCl)

1254 s C,A Small intensity increase
1302 s A Small intensity increase
1339 s A Moderate intensity increase
1374 s T,A,G Moderate intensity increase
1488 s G,A Moderate intensity increase
1577 s G,A Large intensity increase

DM (0.025 954 w C-C str (PLL) Shift to 964 and intensity decrease
M NaCl)

1241 m amide III, A,T,C Small intensity decrease (?)
1254 s C,A Small intensity decrease (?)
1302 s A Small intensity decrease (?)
1339 s A Small intensity increase
1577 s G,A Large intensity increase

° Abbreviations: Complex: DM = directly mixed, R = reconstituted; Rel intensity: s = strong, m = medium, w = weak; Assignment: 
A = adenine, T = thymine, G = guanine, C = cytosine, PLL = polylysine, str = stretching, other letter abbreviations refer to functional 
groups.

678 cm-1, indicative of the fact that the guanine component 
is the more intense as expected for B-DNA. This is confirmed 
by scans of the 650-700-cm_1 region (not shown) at 5-cm_1 
resolution, which clearly resolve the doublet and the stronger 
intensity of the 680-cm-1 component. Likewise the line at 750 
cm-1 and other ring vibrational frequencies of the DNA bases 
reveal the B structure, but neither the A nor C structure. 
Second, the extended conformation of polylysine is conserved 
in each complex. Small changes in the Raman scattering in
tensity of complexed polylysine, vis-a-vis free polylysine, are 
evident in each case near 1250 cm-1 and small shifts to higher 
frequency are also observed for the 954-cm- 1 line. However, 
these changes are not sufficient to indicate an appreciable 
conversion to structures other than of the extended chain 
type.39,49 Third, the major differences between Raman spectra 
of a complex and its constituents occur in the region 1250- 
1500 cm-1 and are due to enhanced Raman scattering by DNA 
base vibrations. Fourth, except for the 954-cm-1 line of po
lylysine mentioned above, spectral differences between a 
complex and its constituents in the region below 1200 cm-1 
are small, restricted to weaker Raman lines, arid estimated to 
be within experimental error. (In the case of Figure 3a, a 
substantial uncertainty in the spectral baseline could account 
for the larger spectral differences noted there, as discussed 
earlier.) A summary of the significant spectral differences 
between each complex and its constituents is given in Table 
I. It is apparent from Table I that the major elements of 
change are qualitatively similar for each complex, but quan
titatively largest for the high-ionic strength complex. By far 
the most dramatic effect of complex formation is the enor
mous increase in the Raman intensity of the 1577-cm-1 line 
of DNA (due to G and A ring vibrations43), apparent even in 
the original data shown in Figures 1 and 2. The magnitude of 
this intensity increase is comparable for each type of complex.

On the other hand, the 1489-cm-1 line, which has a similar 
origin (G and A bases43), shows a large intensity increase only 
for the directly mixed complex in 1.0 M NaCl.

In summary, the DNA-polylysine complex, directly mixed 
at high ionic strength, reveals the most drastically altered 
Raman spectrum as the result of complex formation, followed 
in order by the reconstituted low-ionic-strength complex and 
the directly mixed low-ionic-strength complex. It is of interest 
to note that with one exception (954-cm-1  line of polylysine) 
all of the Raman lines in each complex which differ signifi
cantly in frequency and/or intensity from Raman scattering 
by the constituent polymers originate from vibrations of the 
DNA bases and, more specifically, are due in whole or in part 
to adenine.

2. Poly (rA)-Polylysine Complex. In view of the above, and 
the work of other investigators concerning the formation of 
a stable complex between poly(rA) and polylysine31’52' 54 we 
have obtained Raman spectra of this complex and its con
stituent polymers as shown in Figure 4. For comparison with 
the results obtained on DNA-polylysine complexes, we in
clude in Figure 3d the spectrum observed for poly(rA)-poly- 
lysine (broken line) and that synthesized from adding together 
the appropriately normalized (see above) spectra of poly(rA) 
and polylysine, assuming a 1:1 molar ratio of adenylic acid to 
lysine residues (solid line). It is worth noting that because the 
solution of poly(rA) is much less viscous than that of DNA, 
and therefore more easily rid of suspended matter, its Raman 
spectrum displays a higher signal-to-noise ratio than does that 
of DNA. Accordingly, higher concentrations of poly(rA) can 
be employed and attendant with them is a lower background 
of scattering from H20 , as shown in Figure 4. Consequently, 
there is much less uncertainty in the positions and relative 
intensities of Raman lines traced in Figure 3d, than was en
countered for the DNA-polylysine spectra (Figures 3a-c). We
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FREQUENCY (em*)

Figure 4 . Raman spectra at 32 °C of the following in 0.01 M sodium 
phosphate (pH 7.5): (a) poly(rA)-polylysine complex, directly mixed; 
(b) poly(rA); (c) polylysine. Conditions as in Figure 1.

are confident that all of the discrepancies between observed 
and synthesized spectra of Figure 3d (accurately reproducible) 
are significant and due to intermolecular interaction between 
polynucleotide and polypeptide. The same results are also 
obtained when a stoichiometric excess of phosphate buffer, 
pH 7.5, is present to ensure that poly(rA) is maintained in the 
single-stranded, nonprotonated form. It is of course clear from 
the spectra shown (cf. Figure 4 with data of ref 43) that, even 
in the absence of excess buffer, there is no appreciable con
version of poly(rA) to the protonated double-helical structure, 
poly(rA+)-poly(rA+). The latter exhibits a completely dif
ferent Raman spectrum,55’56 by virtue of the protonation of 
the adenine bases and the formation of a double-stranded 
helix.

Raman spectra of single-stranded poly(rA) and of its in
teraction products with other polynucleotides have been 
discussed in considerable detail previously.35"37’50’56-58 For 
the present discussion we take note of the following correla
tions between Raman spectra and structural properties of this 
polynucleotide, (i) Single-stranded poly(rA) at low temper
atures (0-40 °C) assumes a predominantly ordered structure 
in which most of the bases are stacked one above another.59 
Such base stacking causes several Raman lines due to in-plane 
vibrations of the bases to suffer intensity loss (Raman hypo- 
chromism).50 Most hypochromic are the lines at 726, 1306, 
1377,1508, and 1576 cm- 1 ,50’60 all of which recover their lost 
intensity when the base stacking is eliminated by heating 
poly(rA) to high temperatures (~100 °C). (ii) Raman spectra 
indicate that the single-stranded, base-stacked structure of 
poly(rA) contains a backbone geometry very similar to that 
of double-helical polyribonucleotides and RNA,35’36 which are 
in turn structurally similar to A-DNA.10’46’47 In such polyri
bonucleotide structures the phosphodiester symmetric 
stretching vibration (which may be coupled with adjacent C -0  
stretching vibrations) generates an intense Raman line at 
approximately 812 cm-1 .35 Recent calculations61 support our

original assignment35’62 and indicate further that the C-O - 
P-O-C network is most likely in the gauche+-gauche+ (g+-g+) 
configuration. When poly(rA) is disordered by heating, the 
phosphodiester group frequency shifts to 795-797 cm-1  with 
little change in overall intensity.36 The Raman scattering in 
this frequency range is in fact somewhat dependent upon ionic 
strength. The relative Raman intensities at 812 and 795 cm-1 
nevertheless provide a rough measure of the relative numbers 
of adenylic acid residues of poly(rA) in ordered and disordered 
states, respectively.35,36 A more detailed understanding of the 
relationship between Raman scattering intensity near 800 
cm-1  and polynucleotide backbone conformation must await 
additional studies of model compounds and reliable normal 
coordinate calculations. However, a reasonable explanation 
is that coupling of P -0  and C -0  (and possibly C-C) bond 
stretching motions may elevate this frequency to 812 cm-1  in 
ordered ribopolymer structures (as compared with 760-780 
cm-1  in alkyl phosphate esters63) and such coupling may be 
reduced or eliminated when the A geometry of the backbone 
is thermally denatured. This would require a conversion of 
C -O -P-O -C  dihedral angles from the g+-g+ configuration 
to another (or several) different configuration(s) which are 
sterically and energetically accessible.61 (iii) Finally, there are 
a number of less dramatic changes in the Raman spectrum of 
poly(rA) accompanying thermal dénaturation.36’50’60 One of 
the more interesting of these is the apparent disappearance 
of a weak Raman line near 710 cm-1, usually observed as a 
shoulder to the intense 726-cm_1 line in low temperature 
spectra. We have speculated36 that this line is due to a vibra
tion of the ribose ring, since it also appears in Raman spectra 
of other ordered (low temperature) ribonucleotides, including 
monomers, oligomers, and polymers. Its presence only in 
low-temperature spectra clearly suggests conformational 
dependence and a reasonable hypothesis is that C3-endo ring 
puckering10 of the ribofuranosyl moiety is responsible.

Examination of Figure 4b shows that at 32 °C poly(rA) 
contains a predominantly ordered structure, by virtue of the 
peak at 811 cm-1 with only a weak shoulder near 797 cm "1. 
This spectrum is similar to that published previously36 and 
we have estimated from curve fitting60 that ~65% of the nu
cleotide residues are in the ordered configuration.

Attendant with complex formation the Raman lines of 
poly(rA) in the complex undergo the changes generally 
characteristic of thermal dénaturation, as discussed above, 
with the following exceptions. The Raman line at 1483 cm-1 
loses intensity upon complex formation, whereas it is virtually 
unchanged in intensity upon thermal dénaturation of poly- 
(rA); the line at 1508 cm-1 is unaffected by complex formation, 
whereas it gains intensity upon thermal dénaturation; the 
weak shoulder at 708 cm-1 is unaffected by complex formation 
whereas it is eliminated by dénaturation. Table II summarizes 
the effects of complex formation upon Raman spectra of po- 
ly(rA) and polylysine.

Thus in poly(rA)-polylysine, as in DNA-polylysine, the 
Raman spectrum reveals substantial structural change only 
in the polynucleotide component. Moreover, in both cases the 
Raman intensities associated with ring vibrational frequencies 
of the nucleotide bases are affected. However, in poly(rA)- 
polylysine the binding of polylysine perturbs the configuration 
of the polynucleotide backbone, whereas in DNA-polylysine 
the backbone configuration of B-DNA is conserved.

Conclusions

The present results allow us to draw the following conclu-
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TABLE II: Raman Spectral Changes of Poly(rA) and Polylysine Accompanying Complex Formation“

Frequency
Rel

Intensity Assignment Effect of complex formation

726 s A ring Intensity increase
811 s O-P-O sym str Shift to 804 cm-1 and intensity increase
887 w C-O, C-C str (RP) Intensity increase
917 w A ring Shift to 912 cm-1 and intensity decrease

1007' m C-O, C-C str (RP) Shift to 1014 cm-1
1025-1075 m C-O, C-C, C-N str (PLL, 

RP)
Intensity increase

1221 w A ring Intensity increase
1306 s A ring Intensity increase
1379 m A ring Intensity increase
1483 m A ring Intensity decrease
1578 s A ring Intensity increase

0 Abbreviations: RP = ribose phosphate; other abbreviations as in Table I.

sions concerning the model nucleic acid-protein complexes 
under investigation.

(1) Binding of extended-chain polylysine to B-DNA alters 
appreciably the secondary structure of the nucleic acid but 
not that of the polypeptide.

(2) The extent of alteration of the DNA secondary structure 
depends upon the concentration of NaCl in solution and the 
method of preparation of the complex. The largest effects were 
noted for directly mixed complexes which yielded a gelat high 
NaCl concentration (1.0 M).

(3) The kind of structural change induced in DNA by po
lylysine binding does not depend upon either the concentra
tion of NaCl or the method of preparation of the complex. In 
particular, directly mixed and reconstituted complexes differ 
in the amount but not in the kind of structural perturbation 
of DNA.

(4) The backbone configuration of B-DNA is not signifi
cantly altered by polylysine binding. The secondary structure 
of bound DNA appears to differ from that of unbound DNA 
only in the interactions between bases (i.e., in intensities of 
Raman lines due to base vibrations). In particular, DNA- 
polylysine complexes give no evidence of containing either 
A-DNA or C-DNA structures.

(5) Raman lines of the purine bases, particularly adenine, 
are the most sensitive to polylysine binding. They undergo 
intensity increases similar but not identical with those ob
served upon thermal denaturation of DNA.48-64

(6) The binding of extended chain polylysine to single- 
stranded poly(rA) alters appreciably the secondary structure 
of the polynucleotide but not that of the polypeptide.

(7) In poly(rA)-polylysine both the backbone geometry of 
the polynucleotide and the mode of base stacking are altered 
by polylysine binding. Specifically, the g+-g + phosphodiester 
configuration and the appreciable base stacking which are 
assumed to occur in single-stranded poly(rA) are displaced 
in favor of the type of structure prevailing for thermally de
natured poly(rA) as a consequence of polylysine binding.

The complexes studied here are considered to be similar to 
the DNA-polylysine complexes described by Tsuboi and co
workers5’11’13'65 and Felsenfeld and co-workers4’12 and to the 
poly(rA)-polylysine complexes described by Davidson and 
Fasman.52 In each case the stoichiometry of lysine to nucleo
tide is 1:1. Unfortunately it is not possible to demonstrate the 
stoichiometry of interaction using Raman spectra, since 
suitable data are obtained only from thick precipitates or gels 
which result from mixtures initially containing stoichiometric 
equivalents of lysine and nucleotide. Likewise it is important

to recognize that at the solute concentrations required for 
Raman spectroscopy a direct comparison with data of previous 
workers may be of doubtful significance. For ultraviolet ab
sorption spectroscopy5’65 and CD spectroscopy,4’12’52 for ex
ample, the complexes are prepared from solutions containing 
nucleotide and lysine concentrations as much as 104-fold lower 
than those employed here. Nevertheless the precipitates we 
have examined are true complexes and are probably similar 
to the aggregates or “ separated phases” studied previously.

In any case, the presently examined DNA-polylysine 
complexes do not reveal structural features at the molecular 
level which depend in kind upon the method of complex for
mation, viz. direct mixing vs. annealing in a salt gradient di
alysis. Furthermore, in no case have we found a complex 
containing DNA in the A or C geometry. These results are 
therefore consistent with the point of view, advanced ear
lier,23-31 that anomalous CD and ORD spectra of annealed 
complexes are due to aggregative phenomena and not to 
structural peculiarities at the molecular level which depend 
upon the method of complex formation.

We view the present results as consistent with the DNA- 
polylysine model proposed by Tsuboi65 and Wilkins.6 Since 
binding is essentially quantitative to all nucleotides, the larger 
response of Raman lines of adenine to complex formation 
reflects the greater sensitivity of those lines to altered base 
interactions rather than a specificity of interaction of adenine 
bases or AT base pairs. Apparently the neutralization of 
negatively charged phosphate groups of DNA by lysyl groups 
is sufficient to alter the balance of forces ordinarily stabilizing 
DNA so that the mutual base interactions in the complex are 
substantially different from those in unbound DNA. This 
disruption obviously takes place without a significant change 
in the backbone geometry characteristic of B-DNA.

In the poly(rA)-polylysine complex, a detailed molecular 
model has not been proposed. However, the present results 
indicate that a satisfactory model should account for both the 
altered base stacking and deviation of the phosphodiester 
torsion angles from the g+-g+ configuration which accompany 
complex formation. The fact that several Raman lines due to 
vibrations of the ribose moiety are altered by polylysine 
binding (Table II) suggests further that conformational 
changes in the poly(rA) backbone extend beyond the imme
diate sites of the phosphodiester groups. Apparently, the 
structural feature responsible for the 708-cm_1 line (C3-  
endo?) is not affected, however, by polylysine binding.

In all cases of polylysine binding, we find that the Raman 
frequencies and intensities of the polypeptide are little af
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fected. This result can be explained by assuming that a nearly 
fully extended polypeptide chain is required for filling the 
groove of B-DNA as in proposed models of the DNA-poly- 
lysine complex.6’65 Apparently a similar situation prevails for 
binding of polylysine to single-stranded poly(r A). We may also 
conclude from these results that even when rather strong 
electrostatic interaction occurs between proteins and their 
substrates, it may not be possible to detect evidence of the 
interaction in terms of altered Raman scattering by the pro
tein subgroups.

The similarities between Raman spectra of complexed DNA 
(Figure 3) and denatured DNA48'64 may be of more than casual 
interest. Many proteins are thought to bind to DNA either by 
seizing upon a local “ opening-up” of the double helix or by 
causing the DNA structure to open subsequent to binding.2® 
Clearly Raman spectroscopy cannot distinguish between these 
two possibilities. However, the Raman data do provide evi
dence that the base interactions are altered in lysine-bound 
DNA and the alterations appear to be in the direction of a 
more open DNA structure. On the other hand, it is well es
tablished that DNA-polylysine complexes are thermally more 
stable than noncomplexed DNA,5’7’8 so one must not interpret 
such a structure, despite its altered base interactions, as being 
less resistant to thermal denaturation. It is unfortunate that 
the requirements for Raman scattering have precluded the 
possibility of obtaining spectra as a function of temperature 
on the complexes prepared here. This limitation of Raman 
spectroscopy vis-a-vis CD and ORD methods is offset to some 
extent by the fact that Raman spectra of condensed phases 
are much less sensitive to artifacts of the type encountered in 
CD and ORD spectra.

Finally, we note that Raman spectroscopy should prove 
useful in the study of other nucleic acid-protein complexes 
including nucleohistones and nucleoprotamines, by revealing 
whether such complexes, like the model systems examined 
here, contain nucleic acid backbones of the B type.

No t e  Ad d ed  in  P ro of: After submitting this manuscript 
we were informed of a recently published study of DNA- 
polylysine complexes using infrared linear dichroism spec
troscopy [J. Liquier, M. Pinot-Lafaix, E. Taillandier, and J. 
Brahms, Biochemistry, 14, 4191-4197 (1975)]. The ir inves
tigations were made on oriented fibers at experimental con
ditions differing from those exployed here. Nevertheless, Li
quier et al. report that binding of polylysine to B-DNA does 
not convert the DNA backbone to either A or C structures and 
does not appreciably affect the structural transitions which 
B-DNA fibers normally undergo as a function of relative hu
midity. The ir data show that bound polylysine has only a 
small effect on the orientation of DNA phosphate groups 
relative to the helix axis (termed a B*-DNA structure) and 
therefore indicate consistency with the Raman results re
ported here.
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R ing -P u cke ring  V ib ra tiona l S pec tra  o f C yc lope n te ne - 1-d1 and C yc lope n te ne - 1,2,3,3-d4

J. R. Villarreal, L. E. Bauman, and J. Laane* 1

Department o f Chemistry, Texas A&M University, College Station, Texas 77843 (Received January 13, 1976)

The far-infrared and low-frequency Raman spectra of cyclopentene-/-di and -1 ,2 ,3 ,3 -d ^  have been recorded. 
For each molecule approximately a dozen infrared bands in the 60-200-cm-1 region and a like number of 
Raman bands in the 90-250-cm-1 region were assigned to ring-puckering transitions. A series of ring-twist
ing infrared Q branches was also obtained for each molecule, near 370 cm-1  for the di and near 338 cm-1 for 
the d4. The d4 molecule showed a series of side bands resulting from the ring-twisting excited state. The sev
enth excited state (v = 7) of the ring puckering was found to be split by an unusual Fermi resonance with the 
v = 2 puckering state in the twisting excited state. Extensive potential energy calculations were carried out 
using various models (with and without CH2 rocking) for the puckering vibration for the d 0, d\, d4, and d 8 
molecules. Inclusion of rocking gave slight improvement for the frequency fit, but rocking parameters could 
not be well determined. The barriers to inversion of the four molecules were found to be 233, 231, 224, and 
215 cm-1  in order of increasing deuteration. The dihedral angle of each isotopic form was determined to be 
26°.

Introduction
The barrier to inversion of cyclopentene was first deter

mined by Laane and Lord2 to be 0.66 kcal/mol (232 cm-1). 
Their analysis of the far-infrared spectrum established the 
ring-puckering potential energy function for this molecule and 
showed conclusively that the cyclopentene ring is bent with 
a dihedral angle exceeding 20°. Low-frequency Raman studies 
later confirmed these far-infrared results.3’4

Very recently the far-infrared and Raman spectra of cy- 
clopentene-dy were reported and analyzed by Villarreal and 
co-workers.5 The results for the d8 derivative were very similar 
to those of the d0 compound except that the inversion barrier 
had apparently decreased to 215 cm-1  and the one-dimen
sional potential energy function had changed slightly. These 
differences were attributed to the mixing of other motions, 
including CH2 (or CD2) rocking, into the ring-puckering 
normal coordinate. In order to better understand the ring- 
puckering motion and to examine the effect of isotopic sub
stitution on the potential function and barrier height, we have 
prepared cyclopentene-/-<L and cyclopentene-/,2,3,3-d4 and 
recorded their far-infrared and low-frequency Raman spectra. 
The data were then analyzed using various one-dimensional 
models for the ring-puckering motion.

Experimental Section
Cyclopentene-/,2,3,3-d4 was prepared according to the 

following reaction scheme. Cyclopentene-/-cL was prepared 
similarly except that the undeuterated cyclopentanone was 
used instead of the d4 derivative.

NaH,CS2
ch3i

Cyclopentanone-2,2,5,5-di. Cyclopentanone (Aldrich,

99.5%), anhydrous K2CO3 (Mallinckrodt Analytical reagent), 
and D2O (Stohler, 99.8%) were mixed according to the pro
cedure of Ellis and Maciel.6 Three successive exchanges were 
required for complete deuteration.

1-Cyclopentanol-l ,2,2,5,5-dç,. Cyclopentanone-2,2,5,5-d4,
14.9 g (0.17 mol) in 110 ml of anhydrous ether, was added 
dropwise to 2.9 g (0.062 mol) of LiAlD4 (Stohler, 99.8%) sus
pended in 225 ml of anhydrous ether. The procedure used was 
that of Lipnick.7 Excess LiAlD4 was destroyed with saturated 
ammonium chloride solution. Filtration, concentration, and 
vacuum distillation gave 10.8 g (0.119 mol, 70%) of the deu- 
terated alcohol.

0-1,2,2,5,5-Cyclopentyl S-Methyl Xanthate. 1-Cyclo- 
pentanol-Z,2,2,5,5-d$ (10.8 g) was added to a suspension of 
NaH in mineral oil (5.63 g, K & K) following the procedure of 
Roberts and Sauer.8 After addition of CS2 (10.9 g, Fischer 
Scientific Reagent Grade) and CH3I (21.6 g, Fischer Scientific, 
Certified) the mixture was stirred overnight. The xanthate 
was concentrated using a 1 -ft beaded glass column and used 
without further purification.

Cyclopentene-l,2,3,3-d4. Crude 0-1,2,2,5,5-cyclopentyl 
S-methyl xanthate was dropped into boiling biphenyl (Ma- 
theson Coleman and Bell) under a fast N2 purge.8 The prod
ucts were collected in two successive dry ice/acetone traps. 
Distillation of the trapped products resulted in 4.1 g of cy
clopentene-/, 2,3,3-d/t (48% from cyclopentanol-c/5). The purity 
and authenticity of the product was verified by its NMR, ir, 
and mass spectra.

Cyclopentene-l-di. Cyclopentanone (Aldrich 99%+) was 
reduced with LiAlD4 (as above) to 1-cyclopentanol-i-d]. 
Formation of the xanthate of this alcohol and its subsequent 
pyrolysis were accomplished in the same manner (and with 
comparable yields) as in the cyclopentene-/,2,3,3-d4 synthetic 
scheme.

The far-infrared spectra were recorded on a Digilab FTS-20 
vacuum spectrophotometer using a Wilks multiple-reflection 
long-path cell. Raman spectra were recorded on a Cary 82 
spectrophotometer using a Coherent Radiation 53 argon ion 
laser as the exciting source. Experimental conditions for both 
kinds of spectra were similar to those previously described.5 
Infrared frequencies are accurate to ± 0.2 cm-1 whereas the 
broader Raman lines are ±0.5 to ±1.0 cm-1. Infrared résolu-
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Figure 1. Far-infrared ring-puckering spectrum of cyclopentene- 1-d-i: 
path length, 5.3 m; vapor pressure, 80 Torr; resolution, 1.0 cm-1 . The 
ordinate scale is 0  to 1 0 0 % transmittance.

tions ranged from 0.25 to 1.0 cm-1  and Raman band widths 
were 2 to 4 cm-1.

Results
Ring-Puckering Spectra. Figures 1-4 show the far-infrared 

and Raman spectra of cyclopentene-7-di and cyclopentene-
1,2,3,3-di vapors in the ring-puckering region. Tables I and 
II list the recorded band maxima and assignments along with 
the calculated frequencies which will be discussed later. As 
in the previous studies on cyclopentene-do and -dg, the far- 
infrared frequencies correspond to single quantum transitions 
(except for several triple jumps originating from levels below 
the barrier) and the Raman bands correspond to changes of 
two in the ring-puckering quantum number v. The comple
mentary nature of the two types of spectra and the excellent 
correlation between the data make the interpretation clear 
cut for each molecule. The cyclopentene- l-d\ spectrum is very 
similar to that of the undeuterated species with most 
frequencies being shifted by about 1 cm-1  or less. The d4 
spectra show evidence for an extra ring-puckering level at v 
= 7 and this will be discussed later in the section on Fermi 
resonance. The d4 infrared spectrum also shows a side band 
series (see Table III) resulting from the excited state of the 
ring-twisting mode (see Figure 7), similar to the series reported 
for the undeuterated molecule.2 Three or four such bands can 
also be seen for the d \ molecule but a series sufficient for de
termining a potential function was not obtained.

Ring-Twisting Spectra. Due to the reduction of symmetry, 
the cyclopentene-di and -d4 molecules give rise to ring
twisting Q branches in the infrared and these spectra can be 
seen in Figures 5 and 6. The fundamental twisting frequencies 
are at 369.3 and 337.6 cm-1  for the d\ and d4, respectively. The 
other Q branches in the spectra arise from transitions between 
various twisting states, and some of these may also be asso
ciated with excited puckering levels. No definite assignment 
is presented at this time, but these will be analyzed in greater 
detail at a later time using a two-dimensional potential 
function involving both ring-puckering and ring-twisting 
coordinates.

In the Raman spectra of the do, d\, d4, and dg compounds 
the broad twisting bands (with no Q branches) have center 
gaps at 392, 369, 338, and 325 cm-1, respectively.

Fermi Resonance. The far-infrared and Raman spectra of 
cyclopentene-di show a remarkable case of Fermi resonance 
involving one of the puckering levels. If we designate the 
twisting and puckering quantum numbers as i>t and op, re-

Figure 2. Raman spectrum of cyclopentene- 1-di ■ vapor pressure, 300 
Torr; resolution, 3 cm-1 .

Figure 3. Far-infrared spectrum of cyclopentene- 1,2,3,3,-d4: path 
length, 6.3 m; vapor pressure, 84 Torr; resolution, 1.0 cm-1 . The or
dinate scale is 0  to 60% transmittance.
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TABLE I: Observed and Calculated Ring-Puckering 
Transitions of Cyclopentene-i -d , from Far-Infrared and 
Raman Spectra

Transition

Frequency, cm-I Rel. intensity

Obsd Caled Ia Caled II6 Obsd Caled

Far-Infrared Spectrum
0—1 0.85 0.87
1—2 126.0 125.9 125.8 0.4 1.0
2 -3 24.0 24.0
3 -4 82.8 81.8 81.9 1.4 1.1
4 - 5 76.1 75.7 75.8 0.7 0.9
5 -6 91.5 90.9 91.0 (1 .0 ) (1 .0 )
6 -7 99.5 98.9 98.9 0.7 0.9
7 -8 106.2 106.5 106.5 0.7 0.7
8 - 9 112.6 113.1 113.0 0.5 0.5
9 -1 0 118.1 119.1 119.0 0.3 0.3

1 0 -1 1 123.5 124.5 124.3 0.2 0.2
0 - 3 151.3 150.6 150.8 1.1 1.1
2 -5 182.9 181.3 181.8 0.2 0.4

Raman Spectrum
0 - 2 127.2 126.7 126.7 0.7 0.7
1—3 150.0 149.8 149.9 (1 .0 ) (1 .0 )
2 - 4 107.9 105.6 105.9 1.0 0.5
3—5 159.0 157.5 157.8 0.9 0.8
4 - 6 168.3 166.6 166.8 0.7 0.7
5 -7 190.1 189.8 189.9 0.6 0.7
6 -8 205.2 205.4 205.4 0.5 0.6
7 -9 218.8 219.6 219.5 0.4 0.5
8—10 231.0 232.2 232.0 0.3 0.3
9 -1 1 -2 4 2 243.7 243.3 0.1 0.2

a V  = 25.05 (Z4 -  6.07Z2) cm' 1 ; no rocking model, b y
= 25.22 ( Z 4 —  6.05Z 2) cm ' 1; rocking included (7 = —0.10;
5 = +0.10).

spectively, and label our levels as ( u t , u p ) ,  the resonance occurs 
between levels (0,7) and (1,2). Evidence for the Fermi inter
action comes from the fact that extra bands are present in both 
the infrared and Raman puckering spectra. These extra bands 
are readily explained if the (0,7) level is considered to be a 
doublet split by 3.4 cm-1. Two infrared bands (86.2 and 89.6 
cm-1) can then be assigned to the (0,6) t (0,7) doublet tran
sition and two (92.9 and 96.3 cm-1) to the (0,7) doublet -*  (0,8) 
transition. Two Raman bands at 167.6 and 171.5 cm-1  corre
spond to the (0,5) * (0,7) doublet jump and the very broad 
band (~194 and ~196 cm-1) corresponds to the (0,7) doublet 

» (0,9) transition. By summing five infrared transition 
frequencies up to the up = 7 state, the pair of (0,7) levels are 
calculated to be 449.2 and 452.6 cm-1 above the ground state. 
The pair of (1,2) levels are calculated to be at 452.7 and 456.3 
cm-1  by summing the (0,0) -*■ (1,0) transition frequency (337.6 
cm-1) and the (1,1) -*  (1,2) frequencies (114.6 and 118.2 cm-1) 
and adding the calculated (1,0) -*■ (1,1) separation of 0.5 cm-1. 
Although the two calculations are not in exact agreement, it 
is highly probable that the (1,2) and (0,7) levels are in reso
nance. Both levels have A" symmetry for the Cs point group. 
[The (0,8) and (1,4) levels are also calculated to be similar in 
energy but have A' and A" symmetry representations, re
spectively, and therefore no resonance is possible.] It should 
be remembered that band maxima do not normally corre
spond exactly to band origins (for trimethylene sulfide, dif
ferences of about 0.5 cm-1  for each puckering band were cal
culated9), consequently the difference in the two frequency 
summations of less than 4 cm-1  resulting from combining 
eight frequencies is not entirely unexpected. Another possi
bility is that the (0,0) — (1 ,0) transition actually corresponds 
to one of the bands in Figure 6 at a frequency below 337 cm-1.

TABLE II: Observed and Calculated Ring-Puckering 
Transitions of Cyclopentene-1,2 ,3 ,3-d4 from Far-Infrared 
and Raman Spectra

Frequency, cm-1 Rel. intensity

Transition Obsd Caled Ia Caled IP Obsd Caled

Far-Infrared Spectrum
0 -1 0.53 0.56
1 -2 120.0 119.5 119.6 0.3 0.9
2 -3 17.8 18.0 0.01
3 -4 76.5 75.4 75.8 1.1 1.0
4 -5 66.0 65.5 65.7 0.6 0.7
5 -6 81.7 81.1 81.2 (1 .0 ) (1 .0 )

6 -7 1
(86.2 
189.6 88.2 88.2 0.3

0.4 0.8

7 -8 1
(92.9
[96.3 95.4 101.2 0.2

0.4 0.7
8 -9 100.5 101.5 101.2 0.4 0.5
9 -1 0 106.0 107.1 106.7 0.3 0.4

1 0 -1 1 110.4 112.2 111.6 0.2 0.3
1 1 -1 2 114.6 116.9 116.2 0.1 0.2

0 -3 138.8 137.9 138.3 0.6 1.0
2 -5 161.2 158.7 159.5 0.2 0.4

Raman Spectrum
0 -2 120.5 120.1 120.2 1.0 0.7
1 -3 138.0 137.3 137.7 (1 .0 ) (1 .0 )
2 -4 95.0 93.2 93.8 1.0 0.4
3 -5 143.1 140.9 141.5 0.9 0.9
4 -6 148.5 146.6 146.9 0.3 0.7

5 -7 (167.6
(171.5 169.3 169.4 0.3

0.3 0.8
6 -8 182.8 183.6 183.5 0.5 0.7

7 -9  1
(-1 9 4
[-1 9 6 196.9 196.5 0.3

0.3 0.6
8 -1 0 206.3 208.6 207.9 0.3 0.5
9 -1 1 215.0 219.3 218.3 0.3 0.3

2 V =  22.40 (Z4 — 6.32Z2) cm-11 ; no rocking model ,b  V  =
22.77 (Z4 - 6.27Z2) cm 1 ; rocking included (7h = —0.1 0 ;
7 d = —0.25; 5 = +0 .10).

TABLE III: Observed and Calculated Far-Infrared 
Frequencies for the Cyclopentene-7,2,3 ,3-d.  ̂ Side Band 
Series2

Frequency, cm' 1

Transition Obsd Calcd A

0 -1 0.73
1 -2 118.2

114.6 115.6 0.8
2 -3 21.3
3 -4 74.6 74.6 0.0
4 -5 69.6 68.9 0.7
5 -6 83.4 83.0 0.4
0 -3 136.5 137.7 - 1.2

2 V  = 22.63 (Z4 — 6.13Z2) cm 1 ; no rocking model. Bar
rier = 213 cm-1.

At any rate, five pairs of transition frequencies with a con
sistent separation of about 3.4 cm-1  support the existence of 
a doublet at about 450 cm-1  above the ground state. Only the 
ring-puckering and ring-twisting modes can combine to give 
levels in this region. All other vibrations have frequencies 
above 500 cm- 1 .10 Figure 7 summarizes the scheme o f levels 
and transitions observed in the vicinity of the Fermi doublet. 
On the left of the diagram are shown pure ring-puckering 
(infrared and Raman) transitions; on the right are those in
volving the ring-twisting excited state, including the “ side
band” series.
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Figure 5. Infrared ring-twisting spectrum of cyclopentene- 1-d,: path 
length, 75 cm; vapor pressure, 84 Torr; resolution, 0.5 cm-1 . The or
dinate scale is 5 to 100% transmittance.

Figure 6 . Infrared ring-twisting spectrum of cyclopentene-1,2,3,3- d*: 
path length, 7 m; vapor pressure, 84 Torr; resolution, 0.25 cm-1 . The 
ordinate scale is 0  to 1 0 0 % transmittance.

Calculations
The use of the quartic-quadratic one-dimensional potential 

energy function, V = ax4 ±  bx2, for analyzing ring-puckering 
vibrations is well established.11-13 This kind of double-mini
mum potential has been applied2’5 to cyclopentene-do and -dg, 
and it is also used in this study. In addition to the potential 
function, which for mathematical purposes is used in reduced 
(undimensioned) form, the calculated transition frequencies 
depend to a lesser extent on the model assumed for the 
puckering motion. This model determines the reduced mass 
expansion used in the kinetic energy part of the matrix cal
culation.

We have selected three different types of reduced mass 
functions to be used in the calculations. First, a fixed reduced 
mass, independent of puckering coordinate x, is utilized. Even 
though this is not realistic, many ring-puckering calculations 
have been carried out in this fashion, and we include this 
calculation for comparison purposes. In the second type of 
calculation, a reduced mass function depending on the 
puckering coordinate is made use of. This function is calcu-

600

500 -

E-E0
(CM” )

100.5

-196

92.9

400

300

0 1-

86.2

81.7

963

167.6

(0 ,9 )

(1,5) --------------

•194 69.6

A (1,4) 
A* (0,8)

74.6

0,3) •

( (1,2)1 -
1(0,7)) -

114.6

(0,6)

171.5
(1,1)(1,0)

118.2 136.5

(0,5)

(0,1)(0,0)

337.6

Figure 7. Ring-puckering (left) and ring-twisting (right) energy levels 
showing Fermi resonance between the (0,7) and (1,2) levels.

lated by a computer program which we have written and which 
assumes the basic bisector model described by Malloy.13 The 
motion of the ring atoms is assumed to be curvilinear and the 
HCH angle bisectors are constrained to be colinear with the 
CCC angle bisectors. That is, no CH2 rocking is allowed. In the 
third type of calculation rocking of the both the a and (i CH2 
groups is allowed. For consistency, the rocking motion and 
parameters are identical in definition to that of Malloy.13 A 
positive 5 represents a motion of the /3-CH2 group rocking in 
the same direction as the /3-carbon atom moves during the 
puckering; a positive 7  measures equal rocking motions of each 
of the a-CH2 groups in the direction of the puckering of the 
a-carbon atoms. For cyclopentene-d4, 7 h and 70  are used to 
distinguish between the independent «-CH 2 and a-CD2 
rocking motions. The rocking angle is assumed to vary linearly 
with the dihedral angle of the ring and no rocking (5 = 7  = 0) 
is assumed for the planar cyclopentene structure. Although 
this rocking model may not be the most realistic, it is virtually 
the only one which can be accommodated into a one-dimen
sional analysis of the potential function.

Malloy has analyzed the cyclopentene-do data and has 
shown that use of 7  = —0.10 and 5 = + 0.10 improves the fre
quency agreement. We have used these rocking parameters 
to generate a set of kinetic energy expressions for cyclopen- 
tene-di, -¿4, and -ds, realizing that the contribution of rocking 
to the puckering motion will change upon deuteration. We 
have also generated more than 30 other reduced mass ex
pansions for the (¿4 and dg species in order to investigate which 
sets of rocking parameters lead to the best frequency fit. Our 
basic conclusion is that a wide variety of rocking parameters 
will improve the calculation somewhat, but the degree of im
provement is relatively insensitive to the rocking model. 
Consequently, not much physical significance can be ascribed 
to the 5 and 7  values which yield the optimum calculated 
frequencies.

Table IV summarizes a few selected calculations which were
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Potential functions
TABLE IV : Ring-Puckering Potential Energy Functions for Cyclopentene and Its Deuterated Derivatives

Reduced: V =
Reduced 
mass, aua

Rocking parameters A{ZA - BZ2) Dimensioned: 'V = a x A ■ bx~3 Barrier,
cm-1

Dihedral
angle*»

Ave
A27 6 A, cm ' 1 B a, cm" ‘ /A 4 b, cm 1/A 2

117.88 0 0 24.36 6.17 7.06 X 10s 25.6 X 10 3 232.1 26.5 1.64
117.88 + p 0(a) 0 0 25.31 6.06 7.93 X 10s 27.2 X 10 3 232.7 25.8 0.50
115.00 + p0R(a) - 0.1 +0.1 25.50 6.04 7.72 X 10 5 26.8 X 10 3 232.8 26.0 0.25
119.78 0 0 24.12 6.20 7.08 X 10 5 25.5 X 10 3 231.8 26.5 3.40
119.78 + p,(a) 0 0 25.05 6.07 7.93 X 10 s 27.0 X 10 3 230.6 25.8 0.48
117.01 + pqR (a) - 0.1 +0.1 25.22 6.05 7.72 X 10s 26.7 X 10 3 230.4 25.9 0.34
138.95 0 0 21.86 6.40 7.11 X 10 s 25.3 X 10 3 224.0 26.4 2.31
138.95 + p4(a) 0 0 22.40 6.32 7.63 X 10 s 26.1 X 10 3 223.9 25.9 0.93
132.72 + p4R(a) —0.1 +0.1 22.58 6.30 7.13 X 10 s 25.3 X 10 3 223.9 26.3 0.62
122.88 + p4T(x) f—0.10(H) 

\-0.25(D) | +0.1 22.77 6.27 6.27 X 10s 23.7 X 10 3 224.0 27.2 0.44
184.51 0 0 17.92 6.95 6.89 X 10 5 24.4 X 10 3 216.4 26.5 0.74
184.51 + p8(a) 0 0 18.27 6.87 7.30 X 10 s 25.1 X 10 3 215.3 26.0 0.32
178.43 + psR(a) - 0.1 +0.1 18.41 6.84 6.99 X 10 5 24.5 X 10 3 215.1 26.3 0.23
142.79 + psT(x) - 0.2 - o . l 18.63 6.79 4.63 X 10 5 19.9 X 10 3 214.5 29.2 0.09

ap0(a) = 319.l x 2 + 2792a4 + 19 492a6; pcR(a) = 400.3a2 + 2901a4 + 21 535x6-^,(x)=  199.7a2 + 3702V + 17 954V; 
p,R(a) = 277.6V + 3544a4 + 19 616a6; p4(a) = 219.5a2 + 3701V + 18 448V; p4R(a) = 298.6V + 3544V + 20 160V; 
¡jJ(x) = 343.0a2 + 3361a4 + 20 803a6; q8(a) = 222.4a2 + 5066a4 + 23 148a6; psR(a) = 345.8a2 + 4882a4 + 26 048a6; 
,usT(x) = 299.6a2 + 4281a4 + 22 369a6. b Calculated by averaging extremes of the potential function for the ground state. 
c Taken for the ten most prominent far-infrared frequencies.

_ J _______I_______I_______I______ I-------------L
-2 0 2

Z (REDUCED)

Figure 8 . Ring-puckering potential energy function for cyclopentene-
1-di.

carried out. For completeness, all four isotopic forms are in
cluded. Results for all the various rocking models could not 
be included, and only those leading to the smallest average A2 
(A is the difference between observed and calculated 
frequencies) are shown. It should be reemphasized that we do 
not consider this a meaningful determination of the rocking 
parameters, but rather an indication of how important a role 
rocking plays in the overall motion. The rocking parameters 
are not well determined and other sets of parameters may lead 
to average A2 nearly as small as those in Table IV. Further
more, it should be noted that Malloy’s values, y = —0.10 and 
5 = + 0.10, for cyclopentene-do are not consistent with our d%

_i___i____I___i i
-2  0 2 

Z (REDUCED)

Figure 9. Ring-puckering potential energy function for cyclopentene- 
1,2,3,3-d*.

values of y = - 0.20 and 5 = - 0.10 in that one of the rocking 
motions has changed directions.

Tables I and II compare the calculated frequencies for cy- 
clopentene-di and -d4 to those observed, and Figures 8 and 
9 show the potential energy functions determined for these 
compounds. For each molecule calculation I lists the 
frequencies for the reduced mass expansion with no rocking; 
calculation II utilizes addition of rocking into the puckering 
motion. In both cases calculation II gives slightly better 
agreement than calculation I. However, two additional pa
rameters were required for this model. In addition, use of 
rocking parameters has a pronounced effect on the calculated
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reduced masses and thus, on the dihedral angle. Since the 
calculated dihedral angle should be reasonably consistent 
from one isotopic form to another, the last calculations for the 
¿4 and dg molecules in Table IV are in poor agreement with 
the other calculations indicating that these selections of 
rocking parameters are not good ones, even though they lead 
to improved frequency determinations. It is interesting that 
when no rocking is used, the observed isotope shift is quite well 
matched by the calculation. We feel, therefore, that the most 
meaningful potential functions determined are those with no 
rocking. Undoubtedly, rocking is present, but the slight im
provement in the calculations does not warrant the addition 
of two more parameters, which are themselves ill-determined.

The dihedral angles listed in Table IV were calculated by 
averaging the extremes of the potential for the ground state. 
The minima of the potential functions occur approximately 
a degree higher. Each of the calculations with kinetic energy 
expansion and no rock gives an angle (within 0.1°) of 25.9°. 
On the other hand, the barrier to inversion drops from 233 to 
231 to 224 to 215 cm-1 in going from the d0 to d\ to ¿4 to dg. 
It is interesting to note that the energy between the top of the 
barrier and the ground state appears to remain constant at 151 
±  1 cm-1 for each isotopic form.

Discussion
The spectra of four different isotopically substituted cy- 

clopentene molecules were analyzed in order to examine the 
variation in barrier height and the effect of the rocking motion 
on the ring-puckering coordinate. We have found that a reg
ular decrease in barrier height occurs in going from the do 
compound (233-cm-1 barrier) to the d\ (231 cm-1) to the (I4 

(224 cm-1) and to the dg compound (215 cm-1). These barrier 
values are very insensitive to the one-dimensional model and 
the inclusion of various rocking motions leaves them virtually 
unchanged (±1 cm-1). It is apparent, then, that mixirfg of the 
rocking motion can not account for the change in barrier, even 
though some rocking is no doubt present in the puckering 
normal coordinate, and use of rocking parameters does slightly 
improve the frequency calculation. A similar conclusion was 
reached by Malloy and Lafferty14 for cyclobutane and cyclo- 
butane-dg where a barrier difference of 14 cm-1  was found for 
the two molecules.15 Bauder and co-workers16 also concluded 
that the exact form of the kinetic energy operator has only a 
very small effect on the barrier determination for nitroethy- 
lene.

The calculated variation in barrier height may be the result 
of inherent deficiencies in the one-dimensional model of the 
puckering. The ring-twisting vibration, which is also a low- 
frequency motion, may be sufficiently coupled to the puck
ering motion to cause the apparent decrease in barrier with 
deuteration. For this reason, we have begun a two-dimensional 
analysis, with ring-puckering and ring-twisting coordinates, 
on the cyclopentene molecules. A two-dimensional potential 
function has been calculated for the ring-puckering and 
twisting of 2,5-dihydrofuran,16 but no series of twisting 
frequencies was available for the analysis. However, the 
spectra of the di and d4 derivatives make cyclopentene more 
suitable since the ring-twisting mode for these is infrared 
active and gives rise to a number of Q branches. Cyclopen- 
tene-do and -dg have Cs symmetry but their spectra conform 
closely to the C2|J selection rules expected for a planar mole
cule. The di and d4 derivatives have C1 symmetry but their

spectra behave close to Cs selection rules. The ring-twisting 
is A2 (infrared forbidden) in C2v for the do and dg molecules 
but becomes A" (infrared active) in Cs for the d\ and d4 de
rivatives.

As noted in our discussion5 of cyclopentene-dg the reduced 
mass calculations quite accurately determine the expected 
isotope shift for that molecule. The same is true for the d\ and 
d4 shifts, and it can be seen that for the same type of puck
ering model the dimensioned potential function parameters 
are relatively constant. If we constrain the dimensioned po
tential function to be identical for all four molecules, fairly 
good frequency agreement is obtained for all spectra. For 
example, the best function for all the molecules together would 
be very close to that of the d4 molecule (using the kinetic en
ergy expansion but no rocking): V = 7.62 ±  0.32 X 105x4 — 26.1 
±  1.1 X 103x2. This calculates all the observed energy level 
spacings to within approximately 2 cm-1 for all four molecules. 
While we feel that different amounts of mixing of other vi
brations in the various isotopic forms should result in some
what different one-dimensional potential functions, it appears 
that we have achieved about as good a picture of the kinetic 
and potential energy functions as can be hoped for within the 
limitations of the one-dimensional approximation.

The dihedral angle for each of the isotopic forms is consis
tently calculated near 26° for the models with no rocking or 
with the rocking parameters as previously estimated. Large 
changes in the rocking parameters can have a marked effect 
on the calculated angles. Nevertheless, we feel the rocking 
contribution is sufficiently small so that the value of 26° is a 
good one. This may be compared to the value of 22.3 ±  2° re
ported from microwave studies.18’19
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A. L. Meinzer1 and W. C. Pringle* 2

Department o f Chemistry, Wesleyan University, Middletown, Connecticut 06457 (Received January 20, 1976)

The effect of carbonyl substitution on the ring planarity and ring-puckering vibration has been analyzed in 
terms of a one-dimensional potential model in the series of molecules, cyclobutane, oxetane, and thietane. 
The model incorporates a “ torsional strain” parameter in addition to the contributions of ring angle defor
mations and unstrained torsions about the ring bonds. The potential constants determined by comparison 
of the experimental potential functions from the literature and this model analysis indicate that the in
creased planarity of the carbonyl substituted molecules is due mainly to reduction in torsional repulsion. 
Also torsional forces are very significantly perturbed in these strained four-membered ring molecules com
pared to torsional forces in open chain analogue molecules.

Introduction

The study of far-infrared and microwave spectra associated 
with the ring puckering vibration in a large number of four- 
membered ring molecules has yielded considerable experi
mental information concerning the planarity or nonplanarity 
of the ring and the nature of the vibrational potential function 
for this out-of-plane degree of freedom.3 In general the vi
bration is quite anharmonic and often a barrier to ring plan
arity exists which results in a nonplanar ring conformation. 
Chemical substitution endo and exo to the ring often causes 
large changes in the forces, barriers to planarity, and struc
tures of these highly strained ring molecules.4

The barrier to ring planarity can be described in terms of 
the forces resulting from the competition between torsional 
forces about ring bonds, which ordinarily favor a nonplanar 
ring in order to relieve repulsion in the eclipsed planar con
formation, and ring strain forces, which favor a planar ring in 
which the compressed, strained ring angles are a maximum. 
Chemical and structural changes which increase torsional 
repulsion also increase the barrier to planarity while changes 
which increase ring strain have the opposite effect of de
creasing the barrier. For example, the lower barrier in cyclo- 
butanone (7 cm-1) compared to cyclobutane (500 cm-1) has 
been qualitatively attributed to the combination of the lower 
torsional barrier of acetone than propane and the increased 
ring strain associated with the sp2 carbonyl vs. the less strained 
sp3 methylene in cyclobutane.5c

In order to gain a more quantitative measure of the change 
in forces with chemical substitution, we use a model developed 
by Harris and co-workers6 to analyze the experimentally de
termined potential functions in terms of valence forces asso
ciated with deformation and torsion. In a previous study of 
the changes associated with fluorine substitution on cyclo
butane and oxetane (trimethylene oxide), we found it neces
sary to modify this model slightly by the addition of a force, 
torsional strain, which describes the change in the torsional 
energy of an open chain molecule arising from the formation 
of the ring molecule.4 A four-membered ring molecule in the 
planar conformation is in an eclipsed state in which the cross 
ring bonds are much closer than they would be in an open 
chain analogue such as propane. With previous models, which 
assumed that torsional barriers in unstrained open chain 
analogues were equal to those in ring molecules, we could not 
reasonably account for the large reduction in the barrier to 
planarity for difluoro substitution in both cyclobutane and

TABLE I: Unstrained Angles and Torsional Barriers for 
Nonring Analogue Molecules

Value
Ref molecule Angle 00, deg Torsional barrier, cm 1

Propane C -C -C 112.4a VP =1162/
2,2-Difluoro- C -C -C 112.4s 1325? upper limit

propane
0
II

C -C -C

1049s lower limit

Acetone 116.23c VACE= 27 2c
Dimethyl ether c - o - c 112 E’dme-  95° d
Dimethyl sulfide c - s - c 98.9e Edms =746e

aD. R. Lide, J. Chem. Phys., 33, 1514 (1960). b Assumed 
to be the same as propane. CJ. D. Swalen and C. C. Costain, 
J. Chem. Phys., 31, 1562 (1959). ¿U. Blukis, P. H. Kasai, 
and R. J. Myers, ibid., 38, 2753 (1963). eL. Pierce and M. 
Hayashi, ibid., 35, 479 (1961)./E. Hirota, C. Matsumura, 
and Y. Morino, Bull. Chem. Soc. Jpn., 40, 1124 (1967).
? Reference 7a. s Reference 7b.

oxetane since the torsional barriers of unstrained propane and
2,2-difluoropropane7 are nearly equal. The magnitude of the 
change in the torsional strain and deformation force constants 
are quantitatively similar in both molecules and also the 
substitution caused a similar shift in the dynamics of the 
relative bending about the two ring diagonals away from the 
axis of fluorine substitution. Thus torsional strain and the 
deformation parameters and the changes in these with 
chemical substitution might be parameters transferable 
among ring molecules.

In this work the effect of carbonyl substitution on the ring 
planarity and on the ring puckering potential function is in
vestigated in the molecules, cyclobutane, oxetane, and thie
tane. The experimental potential functions used to determine 
the parameters of the model are derived from the infrared and 
microwave studies of the ring puckering spectra of the mole
cules cyclobutane,8 cyclobutanone,5’9 oxetane,10 3-oxeta- 
none,11 thietane,9'12 and 3-thietanone.13

Results
The valence forces which determine the planarity of the 

four-membered ring molecules and the barriers to planarity 
are evaluated for this series of molecules. Then the changes 
in these forces can be compared for carbonyl substitution in 
the series. The model potential analysis is carried out as de
scribed in detail in ref 4 using the literature values of un
strained torsional barriers, structures, and experimental po-
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tential functions given in Tables I and II. The combinations 
of torsional strain and ring angle deformation force constants, 
determined by comparison of the model potential in Table III 
with experimental potential functions, are given in Table III.

This simplified analysis of a very complex problem leads 
to several conclusions although the valence force constants 
derived from the approximate vibrational model should be 
interpreted with caution. The combinations of ring angle 
deformation force constants given in Table III are quite sim
ilar to force constants for angle bending in nonring molecules. 
On the other hand, ring formation causes very large changes 
in torsional interactions of open chain molecules. The com
binations of torsional strain potential constants in Table III 
represent the changes in the unstrained torsional barriers 
accompanying formation of the rings. Note that the changes 
in torsional barriers for ring formation are as large as the ac
tual barriers in the open chain molecules in Table I. Carbonyl 
substitution causes such a large reduction in the torsional 
strain repulsion that the resultant torsional interaction (un
strained plus strained) is a minimum at the planar confor
mation of oxetanone and thietanone and has only a small 
planar barrier for cyclobutanone. This resultant torsional 
minimum at the planar conformation has been discussed for 
oxetanone by Gibson and Harris.6 Finally the changes in the 
torsional strain barriers for carbonyl substitution in the series 
of molecules cyclobutane, oxetane, and thietane are in the 
same direction (lower) and qualitatively but not quantitatively

the same, ranging from 4 kcal/mol in cyclobutane to ap
proximately 9 kcal/mol in oxetane and thietane. The origin 
of the forces which result in these large reductions in torsional 
repulsion upon substitution of electronegative groups fluorine 
or carbonyl on four-membered ring molecules has not been 
determined.

References and Notes
(1) Part of a thesis submitted in partial fulfillment for the degree of Doctor of 

Philosophy, Wesleyan University, 1974.
(2) Ph.D. Degree with Richard C. Lord, Jr., 1966.
(3) Review articles: (a) R. C. Lord and S. Blackwell, Vib. Spectra Struct., 1, 

1 (1972); (b) V. Laurie, Acc. Chem. Res. 3, 331 (1970).
(4) W. C. Pringle and A. L. Meinzer, J. Chem. Phys., 61, 2071 (1974).
(5) (a) J. R. Durig and R. C. Lord, J. Chem. Phys., 45, 61 (1966); (b) T. R. Borgers 

and H. L. Strauss,ibid., 45, 947 (1966); (c) L. H. Sharpen and V. W. Laurie, 
ibid.. 49, 221 (1968).

(6) J. S. Gibson and D. 0 . Harris, J. Chem. Phys., 52, 5234 (1970).
(7) (a) K. D. Moller, A. R. deMeo, D. R. Smith, and L. H. London, J. Chem. Phys., 

47, 2609 (1967); (b) R. A. Beaudet, personal communication.
(8) (a) J. R. Stone and I. A. Mills, Mol. Phys., 18, 631 (1970); (b) T. Ueda and 

T. Shimanouchi, J. Chem. Phys., 49, 470 (1968).
(9) (a) L. H. Sharpen and V. W. Laurie, J. Chem. Phys., 49, 221 (1968); (b) T. 

R. Borgers and H. L. Strauss, ibid., 45, 947 (1966).
(10) (a) S. I. Chan, J. Zinn, and W. D. Gwinn, J. Chem. Phys., 34, 1319 (1961); 

(b) A. Dante, W. J. Lafferty, and R. C. Lord, ibid., 33, 294 (1960); (c) S. I. 
Chan, T. R. Borgers, J. W. Russell, H. L. Strauss, and W. D. Gwinn ibid 
44, 1103(1966).

(11) J. S. Gibson and D. O. Harris, J. Chem. Phys., 57, 2318 (1972).
(12) D. O. Harris, H. W. Harrington, A. C. Luntz, and W. D. Gwinn, J. Chem. Phys 

44, 3467 (1966).
(13) T. K. Avirah, R. L. Cook, and T. B. Malloy, Ohio State Symposium on Mo

lecular Structure and Spectroscopy, Ohio State University, Columbus, Ohio 
June 1974.

The Journal o f Physical Chemistry, Voi. 80, No. 11, 1976



Resonance Raman Spectra  o f M eta llooctaethylporphyrins 1181

Resonance Raman Spectra of Metallooctaethylporphyrins. Low Frequency 
Vibrations of Porphyrin and Iron-Axial Ligand Stretching Modes
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Resonance Raman spectra of THF solutions of various metallooctaethylporphyrin complexes [M(OEP): M 
= Pd2+, Ni2+, Co2+, and Cu2+], their meso-deuterated derivatives [M(OEP)-d4: M = Ni2+ and Pd2+], 
[Fea+(OEP)X: X  = F, Cl, Br, and I], Fe3+(OEP)Cl-d4, and Fe3+(0 EP)(Im)2C104 are measured in the fre
quency region below 850 cm-1. Vibrational modes corresponding to individual Raman lines are shown in 
terms of Cartesian displacement vectors which have been obtained from normal coordinate analysis of the 
observed Raman and infrared data of Ni(OEP) and Ni(OEP)-d4. On the basis of the normal coordinate cal
culations, only one vibrational mode (Big in Dih) of M(OEP) is deduced to show a large isotopic frequency 
shift. Further, depolarized Raman lines are found at 751 and 684 cm-1 for Ni(OEP) and Ni(OEP)-d4, respec
tively, and at 758 and 687 cm-1 for Pd(OEP) and Pd(OEP)-d4, respectively. The Raman lines due to Fe- 
axial ligand stretching modes are assigned for some Fe complexes. In high-spin derivatives [Fe3+(OEP)X], 
the Fe-X stretching modes are assigned at 606, 364, and 279 cm-1 when X  = F, Cl, and Br, respectively, while 
for low-spin derivatives [Fe3+(OEP)L2], the L-Fe-L symmetric stretching mode gives rise to the Raman line 
at 290 cm-1 when L = imidazole. A rather intense and polarized Raman line is observed at around 670 cm-1 
in spectra of M(OEP) derivatives excited with 488.0-nm radiation and its intensity depends apparently upon 
the geometrical structures of the complexes.

Introduction

Resonance Raman spectra of metalloporphyrin complexes 
have been extensively studied to reveal the molecular sym
metry and the excitation profile of Raman scattered inten
sity.2-9 In previous work from this laboratory, Raman lines 
associated primarily with the methine-bridge stretching vi
brations were assigned empirically10 and the assignments were 
confirmed by normal coordinate calculations.11-13 The de
pendence of porphyrin vibrational frequencies upon the na
ture of the substituted metal ion has also been discussed in 
terms of a model which proposes either ir-electron interaction 
between metal and porphyrin14 or distortion of the porphyrin 
ring.15 These Raman studies, and previous infrared stud
ies16-18 as well, have been concerned mainly with the higher 
frequency modes (above 850 cm-1) of the porphyrin ring 
system.

However, it is reasonable to expect that lower frequency 
modes should be particularly sensitive to the structural 
changes of interest. For example, ring deformation vibrations 
below 850 cm-1  can be expected to differ according to whether 
the porphyrin ring is planar [as in low spin Fe(OEP) 
(Im)2C10419] or domed [as in high spin Fe(PP)Cl20 where PP 
= protoporphyrin]. The stretching vibration of the coordi
nation bond between Fe and its axial ligand (L) may also ap
pear in this frequency region. Indeed a Raman line due to the 
Fe-C>2 stretching mode was found recently at 567 cm-1  in 
oxyhemoglobin.21 Since the frequency of this mode is closely 
related to the nature of the Fe-L bond, its position in the 
resonance Raman spectrum might be useful for characterizing 
native hemoproteins. Thus further study of Fe-L stretching 
frequencies in hemoprotein model compounds seems appro
priate.

In this paper, we report and assign the Raman frequencies

due to Fe-L (high spin) and L-Fe-L (low spin) stretching 
vibrations of Fe(OEP) derivatives and also point out that the 
intensities of some Raman lines in the low-frequency region 
are apparently structure sensitive.

Experimental Section
Syntheses and methods of preparation of nondeuterated 

[M(OEP)[ and meso-deuterated complexes [M(OEP)-d4] have 
been described previously.17«22 The iron-protoporphyrin- 
bis(imidazole) complex [Fe(PP)(Im)2] was obtained by adding 
imidazole [Im] to aqueous bovine hemin (Sigma type I) at pH
11. The Raman spectra were obtained with excitation by an 
Ar+ ion laser (Spectra Physics Model 164) and recorded on 
a JEOL-02AS Raman spectrometer equipped with a cooled 
RCA-C31034 photomultiplier (Figures 1 and 3A) or a 
JEOL-400D Raman spectrometer equipped with an HTV- 
R649 photomultiplier (Figures 2 and 3B). Procedures for the 
measurement of Raman spectra were as described previous
ly,14 except that, in the present study, a spinning (1800 rpm) 
cell of 2 cm diameter was used in order to avoid overheating 
of sample. Calibration of the spectrometer was performed with 
the use of D2 gas.23 The estimated errors of frequencies and 
depolarization ratios are within the limits of 2 cm-1  and 0.1 , 
respectively.

Normal Coordinate Treatment
Normal coordinate calculations were carried out for in

plane vibrations of nickel octamethylporphyrin [Ni(OMP)] 
and its meso-deuterated derivative (Ni(OMP)-d4]. The pe
ripheral methyl groups were regarded as point masses in the 
calculations and the proposed D^  symmetry of the porphyrin 
frame24 was assumed. Details of the calculation procedure, as 
well as results obtained in applying this procedure to
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Figure 1. Raman spectra of square-planar metaliooctaethylporphyrin 
complexes In THF, excited by the 488.0-nm line. Raman frequencies 
are In cm- 1  units. Weak Raman lines at 285, 600 and 665 cm 1 are 
due to THF.

Figure 2. Polarized Raman spectra of Ni(OEP) and NI(OEP)-d4 In THF, 
excited by the 488.0-nm line. I\\ and / j  indicate the electric vector of 
the scattered radiation to be parallel and perpendicular, respectively, 
to that of the Incident laser light. Raman lines marked by an asterisk 
are due to THF.

frequencies of Ni(OEP) in the region above 850 cm-1, were 
given recently.12 Here attention is focused on vibrations below 
850 cm-1.

The in-plane vibrations are classified into 18 infrared-active 
degenerate modes (18EU) and 35 Raman active modes (9Aig 
+ 9Big + 8A2g + 9B2g). The potential function employed 
consisted of a Urey-Bradley force field with additional terms

for stretching-stretching interaction between adjacent bonds. 
This modified function thus incorporated the effect of reso
nance of conjugated double bonds in the porphyrin ring. Re
pulsion force constants were transferred from similar mole
cules and were used without adjustment. Other force con
stants were adjusted by trial and error until the calculated 
frequencies fit those of Raman and infrared bands observed 
for Ni(OEP) and Ni(OEP)-d4. The calculated frequencies and 
potential energy distribution [PED] for lower frequency 
modes are given in Table I together with the corresponding 
observed frequencies. Further details are given elsewhere.12

Results
Raman spectra of four M(OEP) complexes with square- 

planar structure are shown in Figure 1. Each compound has 
an intense and polarized Raman line at ~674 cm-1, as well as 
other common spectral features below 800 cm-1. In Figure 1, 
the poorly resolved doublet of Ni(OEP) (ca. 364 and 344 cm-1) 
was clearly separated into two lines at 364 and 350 cm-1  by 
cooling the sample from room temperature to 193 K in THF 
solution. On the other hand, the fairly broad Raman line ca. 
229 cm-1  (Figure 1) did not become sharp even at low tem
perature.

Figure 2 illustrates the polarization properties of the Raman 
lines of Ni(OEP) and Ni(OEP)-d4, where I ( and I ± denote the 
parallel and perpendicular components of the scattered ra
diation, respectively. We thus find no prominent anomalously 
polarized Raman lines in this lower frequency region, although 
several Raman lines with inverse polarization have been 
clearly identified in the higher frequency region.14 It is note
worthy that the Raman lines at 751 cm-1 for Ni(OEP) and 684 
cm-1  for Ni(OEP)-d4 are definitely depolarized. Therefore, 
the 751-cm_1 line of Ni(OEP) appears to shift to 684 cm-1  
upon deuterium substitution of methine hydrogen atoms. The 
corresponding Raman line of Pd(OEP) is observed at 758 
cm-1  and is shifted to 687 cm-1  in Pd(OEP)-d4. Since four 
totally symmetric ring modes are expected in this frequency 
region for the proposed symmetry,24 we assign the four 
polarized Raman lines at 806, 674, 364, and 226 cm-1  
[Ni(OEP), Figure 2] to these modes (see also Table I).

Raman spectra of Fe(OEP)X (X = F, Cl, Br, and I) and 
Fe(OEP)(Im)2C104 are shown in Figure 3. Inspection of Fig
ure 3 reveals that while these derivatives exhibit closely similar 
spectra in the higher frequency region (Figure 3a, CH2CI2 
solution), their spectra are considerably different from one 
another in the lower frequency region (Figure 3B, THF solu
tion). Comparison of the Raman spectrum of Fe(OEP)F with 
those of other Fe(OEP)X suggests further that there is a 
Raman line at 606 cm-1  when X  = F, although this line is 
partially overlapped by a broad line of the solvent.

The Raman lines at 364 cm-1  for Fe(OEP)Cl and 279 cm-1 
for Fe(OEP)Br are seen only for X = Cl and X  = Br, respec
tively. The corresponding Raman line for Fe(OEP)Cl-d4 is 
identified at 360 cm-1. Therefore the vibrational mode re
sponsible cannot be associated with appreciable displacement 
of methine bridges. Frequencies of these Raman lines agree 
closely with those of the infrared bands of the Fe-X stretching 
vibrations, observed in the solid state at 605.5 for Fe(OEP)F, 
at 357 cm-1  for Fe(OEP)Cl, and at 270 cm" 1 for Fe(OEP)Br.22 
Accordingly, the Raman lines at 606, 364, and 279 cm-1 are 
assigned to Fe-F, Fe-Cl, and Fe-Br stretching vibrations, 
respectively.

None of the Raman lines of Fe(OEP)X (high spin) in the 
interval 660-680 cm-1  are nearly as intense as the line at 674 
cm-1  in either Ni(OEP) or Fe(0 EP)(Im)2C104 (low spin).
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(A) (B)

Figure 3. Raman spectra of iron-octaethylporphyrin derivatives, excited by the 488.0-nm line. (A) Parallel (/||) and perpendicular (l± ) components 
of the Raman spectra in the higher frequency region (CH2CI2 solutions). Raman lines marked by an asterisk are due to CH2CI2. (B) Raman spectra 
in the lower frequency region (THF solutions). Unmarked lines are due to either THF or the cell. The broken curve, with change of base line near 
500 cm-1 , is the spectrum of the meso-deuterated derivative of Fe(OEP)CI.

TABLE I: Observed and Calculated Frequencies of the Raman Active Vibrations of Ni(OEP) and Ni(OEP )-</4 (cm-1)“

Ni(OEP) Ni(OEP)-d4 Isotopic shift

Obsd Calcd Obsd Calcd Obsd Calcd PED

806 805 802 791 4 14 r(C„N)36, 5(C„CmCJ20
674 658 667 649 7 9 *(0 ^ ) 20, ¿ ( C ^ N ) «
364 362 360 362 4 0 ¿(QjMe)70, HC^QOIO
226 238 238 0 </(CaCm)23, i'(MN)20

784 748 (785) 748 (0) 0 (̂CjgMe)34, u(CaĈ )2Z
751 660 684 605 67 55 <5(C,jC„N)31, S(C„NC„)21

-344 350 -342 350 2 0 5(C(3Me)78
226 221 221 0 i-(MN)40, 5(CiJCaCm)28

(850) 859 (845) 858 (5) 1 5(C0Me)5O, r(C„Cm)25
529 527 2 S(CaC ^)37, r(C^Me)14
218 217 1 5(NMN)20, <4CaCm)15
167 167 0 5(NMN)21, 5(C)3C„Cm)21

795 783 (788) 782 (7) 1 5(C^Me)34, 5(Cl3CaCm)31
528 522 6 <5(C„Qfti)45, i/(C,,Me)19
309 306 3 5(C/3C,(Cm)45, <5(C/}Me)29

“ Observed frequencies are accurate to ±2 cm-1 except for values in parentheses which are accurate to ±5 cm-1. Polarization 
properties of the Raman lines in parentheses are uncertain because of weakness. Abbreviations: v, stretching coordinate; 5, angle 
deformation coordinate; Me, peripheral methyl group treated as a single dynamical unit; M, metal; PED, potential energy distribu
tion, cited as a percentage of the total for each bond stretching or angle deformation given in parentheses. Notation for individual 
atoms is given in Figure 5.

(Note also that the intensity ratio hr,\Hc,"4 < 0.5 in both 
Ni(OEP) and Fe(dEP)(Im)2C104, but in Fe(OEP)X the ratio 
/ 75i//674 is much greater than 0.5 for all lines in the region 
660-680 cm-1.) Since Fe(PP)Cl (PP = protoporphyrin) is

known to have a domed structure20 and both Ni(OEP) and 
Fe(0 EP)(Im)2C104 planar structures,19-24 we may conclude 
that the absence of an intense polarized line near 674 cm-1  is 
characteristic of the domed structure while the presence of
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an intense line near 674 cm-1  (such that / 750//674 < 0.5) is 
characteristic of the planar structure. Accordingly, from the 
data of Figures 1 and 3B, we propose that Fe(OEP)X (X = F, 
Cl, and Br) are domed while M(OEP) (M = Pd2+, Co2+, and 
Cu2+) are planar.

An alternative explanation is that the observed intensity 
ratios are dependent in whole or in part upon the absorption 
(profile) of the chromophore. However, we have examined the 
resonance Raman spectra of Fe2+(PP)(Im)2 and Fe3+- 
(PP)(Im)2 and found that the ratio I-tm/Iene, is nearly identical 
for both of these complexes (0.4), in spite of their different 
absorption spectra in the visible region. Therefore we view the 
former explanation as a more reasonable one and suggest that 
the intensity ratio hboHsiA may be useful as an indicator of 
planar and domed porphyrin frames for a given type of heme.

We also note that the 674-cm-1 line is more intense for 
planar structures and for shorter wavelengths of excitation. 
On the other hand, the 751-cm“ 1 line is more intense when 
electron-withdrawing groups, such as -C H = 0 , are present 
as peripheral substituents of the porphyrin frame.

In Figure 4 we show the infrared spectra obtained from Csl 
disks of Ni(OEP) and Ni(OEP)-d4 since the latter has not 
been reported previously. It is seen that the strong band at 355 
cm-1  for Ni(OEP) shows a fairly large frequency shift (to 334 
cm-1) upon meso deuteration, implying that this frequency 
cannot be due to an in-plane vibration as previously pro
posed.13’17 On the other hand, the two Raman lines at 364 and 
344 cm-1  for Ni(OEP) show only small isotopic frequency 
shifts (see Figure 2). It is therefore evident that the infrared 
band and Raman lines are due to different modes although 
their frequencies are fortuitously close.

Another important point to be noted is that the infrared 
band of Ni(OEP) at 1673 cm-1  is missing in Ni(OEP)-d4. The 
highest frequency infrared fundamental of Ni(OEP)-d4 is 
located at 1543 cm-1  (Figure 4). However, a fundamental vi
bration corresponding to a porphyrin-ring bond-stretching 
mode should not exhibit an isotopic frequency shift as large 
as 130 cm-1  solely as the result of meso deuteration. Accord
ingly, we conclude that the 1673-cm“ 1 band of Ni(OEP) 
cannot be due to a fundamental stretching mode of the por
phyrin ring as assigned previously.13 This new fact has been 
incorporated into the normal coordinate calculations and the 
refinement results in a large change of the stretching force 
constants reported previously.12-13

Discussion
Fe-L Stretching Vibrations. There is a Raman line at 290 

cm-1  for Fe(0 EP)(Im)2C104 which is not recognizable either 
in spectra of other Fe(OEP)X type derivatives or in spectra 
of square-planar M(OEP). However, a corresponding Raman 
line is identified at 299 cm-1  for Fe2+(PP)(Im)2 and at 276 
cm-1 for Fe3+(PP)(Im)2.3 Accordingly, the Raman line at 290 
cm-1 for Fe(0EP)(Im)2C104 is presumably associated with 
the (Im)N-Fe-N(Im) symmetric stretching mode. The Raman 
line at 301 cm" 1 for ferrous cytochrome c25 may also be due 
to a similar vibrational mode, although here the two axial li
gands are N (histidine) and S (methionine). Thus we propose 
that this particular out-of-plane vibrational mode appears 
with recognizable intensity in resonance Raman spectra of 
both the bis(imidazole) model compounds and cytochrome
c.

If we assume that the Soret and Q bands in the visible ab
sorption spectra of metalloporphyrins are due to A4g —► Eu 
transitions (D^ symmetry), then resonance enhancement of 
Raman scattering intensity is expected only for vibrations of

1500 IOOO 5 0 0

WAVE VUMBER
Figure 4. Infrared absorption spectra of Csl disks of Ni(OEP) and 
Ni(OEP)-d4 . A higher substrate to matrix ratio was employed to obtain 
spectra of disks below 700 cm-1 .

Aig, A2g, Big, and B2g species. The L-Fe-L symmetric 
stretching vibration of Fe(OEP)L2, despite the fact that it is 
an out-of-plane vibration, belongs to the Aig species and 
therefore its appearance in the resonance Raman spectrum 
is not prohibited on grounds of symmetry. Furthermore, it 
may borrow additional Raman intensity through vibrational 
coupling with other Aig modes. These considerations would 
explain the appearance of an out-of-plane mode in the spectra.

The antisymmetric L-Fe-L stretching mode belongs to the 
A2u species. Assignment22 of the ir band at 376.5 cm-1  in 
Fe(0EP)(Im)2C104 to this mode seems reasonable. The cor
responding Raman line is, however, missing. This suggests 
that N-Fe-N in solution assumes a linear configuration, as 
in fhe case of the crystal.19

When M(OEP) molecules have the domed (C4„ ) structure 
as. in chlorohemin,20 the vibrational modes in the Aig and A2u 
species of the D4X, group are mixed and combined into the Ax 
species which is simultaneously infrared and Raman active. 
It seems likely that the Fe-X stretching mode in Fe(OEP)X 
(Ai species) gains Raman intensity through mixing with other 
resonance-enhanced modes corresponding to the in-plane 
(AXg) vibrations of planar M(OEP). Evidence for such vibra
tional coupling comes from the fact that the Raman 
frequencies below 850 cm-1  of Fe(OEP)X depend upon the 
identity of the axial ligands (see Figure 3B).

Previously the Raman lines at 299 cm-1  for Mn(TPP)Cl 
(TPP = tetraphenylporphyrin) and 278 cm“ 1 for Mn(TPP)Br 
were assigned to Mn3+-Cl and Mn3+-Br stretching modes, 
respectively.26 The frequency of the Mn3+-Br stretching mode 
is close to that of Fe3+-Br (279 cm-1). However, the frequency 
of the Mn3+-Cl stretching mode differs considerably from that 
of Fe3+-Cl (364 cm-1). If the stretching force constants are 
assumed to be almost identical (i.e., K pe-Ci ~ Ape-Br). and if 
no vibrational coupling occurs, then the Fe-Cl stretching 
frequency i>Fe~ci may be approximated by

"Fe-C l =  (MFe-Br./A F e-C l)1/2i'Fe-Br

where HFe-Br and AFe-Ci are the reduced masses for the as
sumed Fe-Br and Fe-Cl oscillators. With 279 cm“ 1 for FFe-Br, 
we calculate 343 cm“ 1 for pf ,. c i from the above equation. 
However, the stretching force constants differ in the order 
KFe-F > Ape -Ci > Ape-Br and therefore i>Fe-Ci is expected to 
be appreciably higher than 343 cm-1. Accordingly, the as
signment of the 364-cm“ 1 line to the Fe-Cl stretching mode 
seems quite reasonable.

Recently Kincaid and Nakamoto27 assigned the Raman line 
of Fe(OEP)F at 606 cm“ 1 to the Fe-F stretching mode. We 
also confirm their assignment in the present study.
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Assignment of Low Frequency Raman Lines of Ni(OEP). 
Raman frequencies of Ni(OEP) in the region below 850 cm-1 
are assignable to specific vibrational modes with the help of 
normal coordinate calculations. Just as most of the depolar
ized Raman lines in the region above 850 cm-1  of Ni(OEP)14 
and hemoproteins28 have been assigned to vibrations of Big 
species, the depolarized lines below 850 cm-1  of Ni(OEP) are 
also assignable to the Big vibrations. In the lower frequency 
region there is only one mode for which a fairly large isotopic 
frequency shift is expected on the basis of normal coordinate 
calculations. We observe such a line for Ni(OEP) at 751 cm-1, 
shifted to 684 cm -1 for Ni(OEP)-d4. The involvement of 
Cm-D  deformations is very likely responsible for the large 
isotopic frequency shift (see Table I). However, agreement 
between the calculated and observed frequencies for this mode 
is not yet satisfactory. This may be due partly to the treatment 
of peripheral CH3 groups as single dynamic units.

Degenerate in-plane modes (Eu) are infrared active. Three 
bands are expected to appear in the infrared between 250 and 
500 cm-1  for Ni(OEP), corresponding to the calculated Eu 
modes at 372,312, and 299 cm-1. Since these vibrations do not 
involve displacements of the CH groups at the methine 
bridges, only small isotopic frequency shifts are expected in 
the infrared upon deuterium substitution, irrespective of the 
set of force constants employed. Accordingly, the strong in
frared band of Ni(OEP) at 355 cm-1, with isotopic frequency 
shift (Ac) of 21 cm-1  (Figure 4), must be due to an out-of-plane 
deformation vibration of porphyrin. The previous assignment 
to coupled Ni-N stretching and in-plane deformation is less 
likely.17

Figure 5 illustrates the vibrational displacements (Lx)12 
of four Aig modes and one Big mode. The latter mode shows 
the large isotopic frequency shift discussed above. The atomic 
displacement vectors indicate that the Raman line at 806 cm-1 
is due to a deformation vibration of the 16-membered inner 
ring (macrocycle). The vibrational mode for the Raman line 
at 674 cm-1 has the appearance of a breathing vibration of the 
macrocycle, with only slight displacement of the Cp atoms. 
The 806- and 674-cm-1 frequencies also involve contributions 
from porphyrin-ring bond-stretching motions, although such 
contribution is rather small (<10% PED) for the 751 -cm' 1 
mode. Pyrrole ring deformations contribute about equally in 
magnitude but opposite in phase to the 674- and 751-cm-1 
frequencies. For the 674-cm-1 line, adjacent pyrrole rings 
buckle in phase, whereas they deform out-of-phase for the 
751-cm-1 line.

With the understanding that only limited conclusions can 
be drawn from comparing resonance Raman intensities de
rived from a single wavelength (in this case, 488.0 nm), we 
suggest the following interpretation of the data of Figure 3. 
The counterparts of the 674- and 751-cm-1 lines exhibit wide 
variations of intensity among Fe(OEP)X derivatives. This 
situation is similar to that reported for myoglobin derivatives, 
also with 488.0-nm excitation.29 We propose that the observed 
intensities for a given type of heme differ according to the 
geometrical structure of the porphyrin rings, i.e., whether the 
ring is planar or domed. It is evident from Figure 3 that the 
complexes which are likely to be planar [Fe(OEP)(Im)2ClC>4 
and M(OEP); M = Pd, Cu, Co and Ni] have an intense Raman 
line near 674 cm-1, while those likely to be domed [Fe(OEP)X; 
X = F, Cl, and Br] have very much weaker lines near 674 cm-1.

Thus, in nonresonance Raman spectra we expect that the 
ring-breathinglike mode (674 cm-1) would give rise to an in
tense Raman line when the porphyrin ring is planar, and 
further that the intensity of this line would gradually diminish

Figure 5. Vibrational modes corresponding to the one depolarized and 
four polarized Raman lines of Ni(OEP). Frequencies in cm- 1  are those 
observed for Ni(OEP) in THF. The inset (upper light) shows the notation 
of porphyrin ring atoms used in the text and in Table I.

as the ring is domed and the vibration loses its “ breathing” 
character. However, it should be kept in mind that other 
factors may also affect the observed intensities. For example, 
in resonance Raman scattering, the Franck-Condon overlap 
integral is also an important determinant of the intensity of 
polarized lines (674 cm-1). On the other hand, vibronic cou
pling would play a significant role in determining the intensity 
of a depolarized line (751 cm- 1 ).30 The influence of these two 
factors is thought to be significant for bond-stretching mo
tions14 (viz. conjugated bonds of the porphyrin ring) but may 
be less significant in the present case of deformation modes.

The above proposal also seems reasonable in view of the 
following: (i) Ring stretching modes of the A2g species give rise 
to intense and inversely polarized Raman lines upon excitation 
by 514.5-nm radiation,14 but no inversely polarized Raman 
line appears in the lower frequency region for Ni(OEP), even 
when the 514.5-nm line is used for excitation, (ii) Normal 
coordinate calculations implied that the contribution of ring 
stretching motions to the lower frequency modes of A2g species 
is insignificant, (iii) When the wavelength of excitation is in
creased, the 751-cm-1 line should gain intensity, as do the 
depolarized lines above 1000 cm-1, while the 674-em-1 line 
should lose intensity, as do the polarized lines above 1000 
cm-1. This is qualitatively what is observed for ferrous C-type 
cytochromes.25’31’32

Further study of the excitation-wavelength dependence of 
the resonance Raman intensities of Fe(OEP)X complexes will 
allow us to either confirm or reject the above hypothesis. 
Calculations are now in progress to determine the normal 
modes of domed metalloporphyrins and to evaluate the role 
of the Franck-Condon overlap integral in the excitation 
profile of Raman scattering intensity.

The Raman line at 226 cm-1  for Ni(OEP) is associated with 
a mode in which the four pyrrole rings move outward in-phase 
(Figure 5). The corresponding frequencies for Fe(OEP)Cl-d4, 
Fe2+(PP)(Im)2, Fe3+(PP)(Im)2, and ferrous cytochrome C3 
occur at 235, 236, 232, and 229 cm-1, respectively (Figure 3B 
and ref 25). The broadness of the Raman line in each case is 
not due to vibrational anharmonicity otherwise sharpening 
would occur at low temperature. Choice of an excitation 
wavelength within the region of charge transfer bands might 
cause this line to be strongly enhanced.
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Figure 6 . Dependence of the one B1g and four A 1g Raman lines of 
metallooctaethylporphyrin upon the substituted metal ion. The most 
intense Raman line in the frequency region below 850 cm- 1  is nor
malized to unity. Numbers indicate the observed Raman frequencies 
in cm - 1  units.

The important low frequency modes (4Aig + Big) observed 
in Raman spectra of planar M(OEP) complexes are summa
rized in the correlation diagram of Figure 6. Recognizing that 
there should be virtually no motion of the metal ion for each 
of these vibrational modes (g species of Duh symmetry), any 
frequency differences among the complexes cannot be due to 
the different masses of the metal ions, at least to a first ap
proximation. (This approximation does not apply to in
frared-active low-frequency fundamentals, where displace
ments of the metal ion could be significant and therefore mass 
effects could not be ignored.) Hence, the frequency difference 
in Figure 6 are attributed to differences in the stretching force 
constants change of the M-—N bonds.

It is evident from Figure 6 that the force constants change 
rather little among the square-planar complexes, indicating 
that the degree of covalent character in the M—-N bonds de
creases only slightly in the order Pd > Cu > Ni > Co. This 
order is partly reversed in the higher frequency modes treated 
previously, which is consistent with the assumption that both 
ir and a electron interactions influence the M-—N stretching 
force constants but that only ir electron interactions influence 
the higher frequency modes.14

In conclusion, the Raman spectra in the lower frequency 
region (below 850 cm-1) contain useful information on the 
structure of metalloporphyrin complexes, even though the 
Raman intensities are generally weaker in this region than in 
the higher frequency region. The frequency of the symmetric 
stretching vibration of the bonds between metal ion and two

axial ligands was located ca. 290 cm-1  in resonance Raman 
spectra of several bis(imidazole)-iron-porphyrin complexes 
and some cytochromes. These results suggest that the Fe-axial 
ligand bond-stretching frequencies may be detectable and of 
structural significance in hemoproteins.
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Vibrationally Averaged Interatomic Distances
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Equations are presented for the average internuclear distances rg and r„ in terms of elements of the L matrix 
and the L tensor. These are an alternative to the equations presented by Kuchitsu and Morino.

In the analysis of gas electron diffraction data and rota
tional spectra to determine molecular structures, various vi
brational averages of the internuclear distances are involved. 
Of particular interest are the average internuclear distance 
rg, and the distance between the average nuclear positions ra, 
which are related to the equilibrium internuclear distance re 
by equations which are usually written in the form

rK = re + <A z) +
(Ax2) + (Ay2)

2r„ (1 )

ra = re + (Az) (2)

These equations were originally derived by Morino and co- 
workers2,3 and the underlying theory has recently been well 
reviewed by Kuchitsu4 who gives references to the original 
papers.

In eq 1 and 2, Ax, Ay, and Az denote differences between 
the Cartesian displacements of the two atoms involved, in 
molecule-fixed (Eckart) axes oriented so that the z axis is 
aligned with the internuclear direction. The averages may 
represent thermal averages over a Boltzmann vibrational 
distribution, or averages in the ground (or any other) vibra
tional state. In the ground state the distance ra is denoted rz 
and defines the “ zero-point average” structure of the mole
cule.5 Gas electron diffraction data give the rg distances, while 
molecular rotation spectra give the rotational constants Bo 
which may be corrected if the harmonic force field is known 
to give the rotational constants B2 of the zero-point average 
structure.5

It is the object of this note to show that the relations be
tween these average distances may be conveniently formu
lated in terms of the L tensor introduced by Hoy, Mills, and 
Strey.6

The L tensor defines the nonlinear transformation from 
internal to normal coordinates. If r\ denotes an interatomic 
distance, which may be between either a bonded or a non- 
bonded atom pair, then

r; = rie + A n (3)

where Ar, is the displacement from the equilibrium distance 
rje, and

An = £  UQr +  i  £  LrQrQs
r A r,s

+  (1/3!) £  LirstQrQsQt + ■■■ (4)
r,s,t

Here L\r is an element of the familiar L matrix, L\rs = 
d2r JdQrdQs is a second derivative L tensor element, and so on. 
The subscript/superscript notation for the indices is conve
nient for the higher derivative elements. Equation 4 is exact, 
but in practice of course the series must be truncated; in 
general it converges well, each term being smaller than the

preceding term by a factor of about 10 for typical vibrational 
amplitudes.

Hoy et al. give formulae for L tensor elements up to the 
third derivative; for interatomic distance coordinates they are 
particularly simple (eq 22, 23, and 24 in ref 6). Although they 
describe their formulae as applying to “ bond stretching 
coordinates” , they apply equally to either bonded or non- 
bonded interatomic distances. Of course the complete set of 
interatomic distances in a polyatomic molecule will generally 
form a set of redundant nonlinear internal coordinates, so that 
the L matrix for example will be deeper than it is wide; how
ever, the L matrix and the L tensor are still uniquely defined 
and may be calculated from the same equations.

Consider the average internuclear distance rg for the ith 
interatomic pair, which we now denote rig:

ng = (n) = rie + (Ar;)

Using eq 4 for Ar;, and noting that (QrQs) = 0 if wr ^  tos7 

rtg = Tie + £  Lir(Qr) + ^ £  Liss(Qs2) + . .. (5)
r As

The linear average (Qr) in the second term on the right-hand 
side of (5) arises from cubic anharmonicity; by perturbation 
theory we find

(Qr) = £  7r'- 1/2(-</>rSS/2<Or)<<?s2>
s

=  £  ~(<l>rss/2y r 1/2Ur ) ( v s +  ^  ( 6 )

in any particular vibrational state, where yr = 2wcu>r/h, and 
(firss is a cubic anharmonic force constant in wavenumber 
units.6 The quadratic average (Qs2) in the third term of (5) 
may be evaluated using harmonic wave functions

<Qs2> = ys~1(Qs2) = 7s- 1 (us + (7)

The averages in (6) and (7) apply to a specified vibrational 
state, but they are easily changed to a Boltzmann thermal 
average in the usual way, and thus the leading terms in rlg — 
Tie are readily calculated from the L tensor. In the presence 
of a strong anharmonic resonance (e.g., Fermi resonance) eq 
6 and 7 may be inadequate, and it may be necessary to calcu
late the averages using wave functions obtained by matrix 
diagonalization as discussed by Kuchitsu;3 however, eq 5 re
mains valid.

The order of magnitude of the second and third terms on 
the right-hand side of (5) is similar. If we write k for the ratio 
of a typical vibrational displacement to a typical bond length 
Ar/r, and if we also assume 4>rss/<pr m k as in Oka’s scheme of 
orders of magnitude for the terms in the rovibrational Ham
iltonian,8,9 then both the second and third terms in (5) are of
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magnitude k2re. This is because L {lyr1/2 is of magnitude rre, 
whereas L fs/y s is of magnitude /c2re, but (qr) is of magnitude 
k, whereas (qsz) is of magnitude 1. In practice both terms are 
typically around 0.005 A. Continuing this reasoning the next 
two terms in (5) would be of magnitude k4re, perhaps 100 times 
smaller still, and negligible compared to the precision of 
present measurements.

Finally we show that the second and third terms in eq 5 
correspond exactly to the second and third terms in eq 1. From 
eq 22 and 23 of Hoy et al.,6 and the definition of P;r in their 
eq 20 and 21

L b i rQr= L  (3Zi/aQr)Qr = A2i (8)
r  r

Z  LissQs2 = Z  [Pis • P;s -  (¿is)2]Qs2
s s

=  £  [(axi/aQs)2 +  ( a y J a Q s ) 2] Q s2
S

= Axj2 + Ay;2 (9)

where Ax;, Ay;, and Az; are the local Cartesian difference 
coordinates defined earlier, linearly related to the normal 
coordinates. Averaging (8) and (9) over a vibrational state 
proves the term by term equivalence of (1) and (5).

Similarly it is clear that eq 2 can be written in the form

ria = rie + Z L ir(Qr) (10)
r

giving the correction from r-le to r\n (or to r;z in the ground vi
brational state).

The possible advantage of the formulation in eq 5 and 10 
over that in eq 1 and 2 is partly in the physical significance of 
the terms, and partly in convenience of calculation. Equation 
5 brings out the fact that the L f (Qr) term arises from the 
average displacement in the totally symmetric coordinates due 
to cubic anharmonicity, whereas the L fs(Qs2) term arises 
from the nonlinear nature of the transformation from in
teratomic distances to normal coordinates. It also appears to 
be a more direct relation between the quantities of interest 
than eq 1. Finally the calculation of the necessary L tensor 
elements is simple to program, and provides a convenient 
method of calculating vibrational averaging effects.

References and Notes
(1) Research associate with Professor R. C. Lord, 1963-1964.
(2) Y. Morino, J. Nakamura, and P. W. Moore, J. Chem. Phys., 36 ,1 05 0  (1962).
(3) K. Kuchitsu, Bull. Chem. Soc. Jpn., 40, 505 (1967).
(4) K. Kuchitsu in “ Molecular Structures and Vibrations”, S. J. Cyvin, Ed., El

sevier, Amsterdam, 1972, Chapter 12.
(5) Y. Morino, K. Kuchitsu, and T. Oka, J. Chem. Phys., 36, 1108 (1962).
(6) A. R. Hoy, I. M. Mills, and G. Strey, Mol. Phys., 24, 1265 (1972).
(7) If the index s refers to a degenerate normal coordinate, the sum over s in 

eq 5 should be carried over each component of the degenerate mode.
(8) T. Oka, J. Chem. Phys., 47, 5410 (1967).
(9) k  =  (m //tf)1M is the Born-Oppenheimer expansion parameter; in terms of 

k , Ero,/Evtb — Eyjb/Epjifictr — x , and r / r  k .

Microwave, Infrared, and Raman Studies of Several 
Isotopic Species of Vinyldifluoroborane

J. R. Durig, * 1a L. W. Hall,1b R. O. Carter, C. J. Wurrey,1c V. F. Kalasinsky,1d and J. D. Odom

D epartm en t o f  C hem istry, U niversity o f  S outh C arolina, C olum bia, S outh C arolina 2 9 2 0 8  (R ece iv ed  D ecem b er  15, 1975) 

P ublication  c o s ts  a ss is ted  b y  th e U niversity o f  South C arolina

The microwave spectra of F2UB 13CHCH2, F2n BCDCD2, F210BCDCD2, F2UB13CDCD2, F211BCDCH2, 
F211BCHCHD(2), F210BCHCHD(2), F2u BCDCHD(2), and F210BCDCHD(2) have been obtained and as
signed in the range from 18 to 40 GHz. The 26 independent rotational constants along with the four pre
viously determined ones were used to obtain a least-squares fit of the 13 structural parameters as follows; 
rC-c = 1.339 ±  0.005, rB_c = 1.532 ±  0.003, i'b-F' = 1.331 ±  0.002, rB_F = 1.331 ±  0.002, rCo_H = 1-086 ±  0.007, 
refi-H' = 1-087 ±  0.006, rCi_H = 1.087 ±  0.006, Z H C ^  = 122.31 ±  0.56, ZH'CPCa = 119.50 ±  0.36, zF'BC =
121.72 ±  0.48, ZFBF' = 116.04 ±  0.41, zCCB = 121.96 ±  0.25, and ZH„C„C,3 = 117.84 db 0.69. Several of these 
structural parameters were obtained also by the rs method and they were found to be within the error limits 
of those obtained by the least-squares method. The most important parameter is the B-C distance which ap
pears to be normal. The infrared (200-4000 cm-1) of gaseous and solid and Roman spectra (0-4000 cm-1) of 
gaseous, liquid, and solid F2BCDCD2 have been obtained and the spectra interpreted in detail. A normal 
coordinate calculation has been carried out using 17 diagonal force constants and four interaction constants 
to fit 36 fundamental frequencies. Slight coupling was found between the B-C and B-F stretching motions.

Introduction

The microwave, infrared, and Raman spectra of F2B(C2H3) 
have been reported in a previous study carried out in our 
laboratories.2 From this work a partial structure, dipole mo

ment, and barrier to internal rotation of F2B(C2H3) were ob
tained. This earlier work was undertaken primarily because 
of our interest in the question of boron-carbon -it bonding in 
the vinylboranes. The determination of the structure of 
F,B(C2H3) is of particular interest since our 13C NMR study3
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of the vinylboranes found B-C jr conjugation to occur to the 
greatest extent in the monovinylhaloboranes. A more detailed 
structural determination should provide a means of assessing 
if there are any dramatic effects due to potential fluorine- 
boron Px-p^ back-bonding. To provide such structural in
formation a microwave and vibrational study of various iso
topic species of vinyldifluoroborane was completed. The re
sults of this study are presented herein.

Experimental Section
The synthesis of F2B(C2H3) has been previously presented 

in detail.2’4 Three separate syntheses were carried out in order 
to obtain the deuterated species of vinyldifluoroborane used 
in this investigation.115

In each of the three syntheses, the series of reaction steps 
was the same. Vinyl bromide was prepared by the gas-phase 
reaction of acetylene and hydrogen bromide. The hydrogen 
bromide species were purified by passage through a —112 °C 
trap. Vapor pressures of 30 Torr at -112 °C were used as a 
check of purity (lit.5 28 Torr). Reactions of 1:1 mixtures were 
carried out in 2- or 3-1. gas bulbs with reactants in amounts 
that would keep the total pressure less than 1 atm. The reac
tions required uv radiation to proceed at ambient tempera
tures. The primary product, vinyl bromide, was separated 
from the dibromoethane species by fractionation through —78, 
—112, and —196 °C traps. Vinyl bromide was collected in the 
—112 °C trap and exhibited a vapor pressure of 420 Torr at 
0 °C (lit.5 424 Torr).

Vinyl bromide was used in the preparation of a Grignard 
reagent by adding it to a solution of dry THF and powdered 
magnesium in an inert N2 atmosphere. Stannic chloride was 
then added to the reaction flask. After the completion of the 
reaction, the volatile products were pumped through a —50 
°C trap. The material that remained in this trap was purified 
on a low-temperature sublimation column.6 The pure tetra- 
vinyltin was characterized by infrared and mass spectra.

The tetravinyltin was then condensed into a reaction flask 
along with an appropriate amount of BF3 which had been 
purified by passage through a —112 °C trap. The flask was 
sealed off and heated to 60 °C for 16 h. At the end of this pe
riod, the volatile products were pumped off and purified by 
fractionation on a low-temperature column. Vinyldifluoro
borane exhibited a vapor pressure of 562 Torr at —45 °C and 
was characterized by infrared and mass spectra.

In the first synthesis, deuterated acetylene was prepared 
by the reaction of D2O and CaC2 under Ar flow. The mass 
spectrum of the product indicated that its composition was 
~ 88% C2D2 and ~12% C2DH. After subsequent reactions, the 
vinyldifluoroborane obtained was found to be ~44% each of 
the cis- and trans- vinyldifluoroborane-d2 species, ~ 6% of the 
a-d 1 species, and ~3% of each of the 0-d 1 species.

The second synthesis was designed to yield large amounts 
of the ¡3-di-vinyldifluoroborane. This was accomplished by 
allowing DBr to react with C2H2 to produce d-d 1 vinyl bro
mide.

Finally, pure F2BCDCD2 was prepared using a sample of 
C2D2 whose isotopic purity was raised from ~88 to ~97% by 
exchange in a NaOD-D20  solution. The purity of F2BCDCD2 
produced from such a sample of C2D2 was determined from 
infrared, Raman, mass, and microwave spectra to be better 
than 97%.

The microwave spectra were recorded with a Hewlett- 
Packard 8460A MRR microwave spectrometer, using a Stark 
modulation frequency of 33.33 kHz. Frequency measurements 
were made with the Stark cell at room temperature or cooled

with dry ice. Scans to both high and low frequency were made 
to achieve frequency accuracy to ±0.02 MHz.

Infrared spectra were recorded from 200 to 4000 cm-1  by 
using a Perkin-Elmer Model 621 spectrophotometer or from 
450 to 4000 cm-1  by using a Digilab FTS-15B interferometer.7 
Atmospheric water vapor was removed from the spectro
photometer housings by flushing with dry nitrogen. In the 
high-frequency region, the instruments were calibrated in the 
usual manner,8-9 whereas the lower frequency region was 
calibrated with atmospheric water vapor and the assignments 
of Hall and Dowling.10 The infrared frequencies are believed 
to be accurate to ±2 cm-1. Cesium iodide plates were used as 
windows for the gas and cold cell as well as the substrate for 
the low-temperature experiment with the Perkin-Elmer 
Model 621 while potassium bromide windows were used in the 
interferometer.

Raman spectra were recorded on a Cary 82 Raman spec
trophotometer equipped with a Coherent Radiation Model 
53A argon ion laser. The Raman frequencies are known to ±2 
cm-1. The spectrum of the gas was recorded using a standard 
Cary multipass gas cell. The Raman spectra of solid 
F2B(C2D:i) were obtained by using a Harney-Miller11 type 
cell, cooled with the vapors of boiling liquid nitrogen. Raman 
spectra of liquid F2B(C2D3) were obtained using sealed glass 
capillaries. The 5145-A laser line was used with the power at 
the sample varied between 0.5 and 2 W depending upon the 
physical state being examined. Spectra of the gas are shown 
in Figure 1 with Raman spectra of the liquid and crystalline 
solid states of F2BCDCD2 shown in Figure 2.

Microwave Spectrum and Assignment
The spectra of the various isotopic species reported were 

assigned as A-type rotors with R-branch transitions domi
nating the spectra. B-type Q-branch transitions were found 
to be very weak and, therefore, undetectable for many of the 
species of lesser abundance. The moments of inertia reported 
in our initial report2 were adjusted as necessitated by recent 
improvements in the values of physical constants to give 
52.465,131.745, and 184.243 u A2 in F2UBCHCH2 and 52.464, 
131.593, and 184.094 u A2 in F210BCHCH2 or IA, / B, and / c , 
respectively.

The microwave data for the additional 12 isotopic species 
are listed in Tables I—III (miniprint material; see paragraph 
at end of text regarding miniprint material). In addition, the 
three most intense satellite lines for the F211B12CD12CD2 
species were also assigned, and these data are given in Table 
IV (miniprint material). The relative intensities and inertial 
defects, A, were found to be analogous to the corresponding 
excited state lines of the protonated species. The arguments 
applied to the assignments of these lines to the respective vi
brations is based on the observed inertial defects as given in 
the earlier work2 and will be discussed in a subsequent section.

The observed transitions were, in each case, fit to the rigid 
rotor model using an iterative least-squares computer pro
gram. The moments of inertia were obtained from the rota
tional constants using the conversion factor 505 379 MHz amu 
A2. All of the 10B and 13C data were measured from species in 
natural abundance. Since these weaker species are often ob
scured by vibrational satellites, measurements were taken on 
only those lines which were not overlapped by excited state 
satellites.

Structure
The preparation of mono-, di-, and trideuteriovinyldiflu- 

oroborane and the natural abundances of 10B and 13C isotopic
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in length between those of CH3BF2 (1.60 A)15,Hl and
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molecules has made it possible to determine substitution
coordinates for some of the atoms. The rs parameters and their
errors were calculated by the single-substitution method as
outlined by Kraitchman12 and Costain13 and, in certain cases,
by the double-substitution method of Krisher and Pierce.14

The following values have been obtained:r~ = 1.533 ± 0.008,
rCa-H = 1.083 ± 0.009, and LHCB = 123.1 ± 1.5°. The coor-'
dinates of the (3 protons were also determined, but the data
for the fJ carbon-13 species were questionable and not included
in the calculations or tables.

The structural parameters given in Table V have been de-·
termined from a least-squares fitting of the experimentally
determined moments of inertia. Initially, the rs coordinates
were used as constraints in the calculations. Bonded and
nonbonded distances determined from substitution coordi
nates were held fixed while the least-squares routine varied
the remaining parameters in fitting the moments of inertia
of the 15 isotopic species. After the structure seemed to have·
been optimized within these constraints, all the parameters
were allowed to vary. The program allows for the moments of
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Spectra of VinyldifllJOfoborane

3000 2000 1000
WAVENUMBER (CM-1)

figure 1. (A) Infrared and (B) Raman spectra of gaseous vinyldifllJOfo
borane and (C) infrared and (0) Raman spectra of gaseous vinyldifluo
roborane-d3·

HC=CBF (1.513 A.).17 The CC distance is typical for ethylenic
molecules.18-21

The B-F distances were allowed to vary independently at
first, as were the Cp-H distances. We found that the Ieast
squares routine would "trade orr' the B-F', C,.-Ha , and Cp-H'
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TABLE V: Structural Parameters for 
Vinyldifluoroborane

Parameters
rB-c = 1-532 ±  0.003 
rc=c = 1.339 ±0.005 
rc„-H„ = 1.086 ± 0.007 
r Cp'-H'a = 1-087 ±  0.006 
rcs' h = 1.087 ± 0.006 
rB-F,a = 1-331 ±  0.002 
rB_F = 1-331 ±  0.002

zCCB = 121.96 ± 0.25 
zHaCB6 = 120.20 ±  0.73 
zHaCaĈ  = 117.84 ± 0.69 
zH'C^Ca = 119.50 ± 0.36 
zH'C/jH6 = 118.19 ± 0.67 
¿HCffCc =  122.31 ± 0.56 
ZF'BC = 121.72 ± 0.48 
zF'BF = 116.04 ± 0.41 
zFBCh = 122.24 ± 0.63

ra Parameters
rB-c = 1.533 ± 0.008 zHaCB = 123.1 ± 1.9
rCa~na — 1.083 ± 0.009

a H' refers to the proton that is cis to the -BF2 group. F' refers 
to the fluorine atom closest to H'. b These angles are implied by 
the values of the two adjacent angles.

distances simply to reach a mathematical minimum. So sep
arate additional calculations were carried out in which (1) the 
B-F distances were set equal and allowed to vary together and 
(2) both the B-F distances and C,j-H distances were set equal. 
The results of this latter calculation comprise Table VI. The 
former calculation gave results well within the errors of those 
in Table VI with r(C^H') = 1.093 ±  0.008 A and r(C,j-H) = 
1.082 ±  0.008 A. It is not possible to tell if the C^-H distances 
are actually different. In propylene,19 the corresponding dis
tances were 1.090 ±  0.003 and 1.081 ±  0.003 A, respectively, 
as determined from substitution coordinates. We cannot tell 
if we are seeing a similar effect because both sets are within 
experimental error of one another. The B-F distances of 1.331 
A are consistent with those found in HC=CBF2 (1.323 A).17

Vibrational Assignment
The 18 normal vibrations of vinyldifluoroborane span the 

representation 13A' + 5A" of Cs symmetry. The totally sym
metric vibrations (A') are all motions within the molecular 
plane and will give rise to polarized Raman lines and A, B, or 
A/B hybrid infrared, gas-phase band contours. Depolarized 
Raman lines and characteristic C-type band contours will 
result from the nontotally symmetric, out-of-plane A" vi
brations. Assignment of the spectra was made using the 
Raman depolarization data, infrared gas-phase band contours, 
and group frequency correlations. Observed frequencies for 
F2BCHCH2 and F2BCDCD2 are listed in Tables VI and VII 
(miniprint material), respectively. Typical spectra are shown 
in Figure 1. Spectra of F2BCHCH2 have been previously re
ported2 and those frequencies along with the frequencies for 
F2BCDCD2 have been used in the normal coordinate analysis.

Table VIII summarizes the assignments of the fundamental 
frequencies of vinyldifluoroborane-do and -<¿3. The three C-D 
stretching modes can be clearly identified from the Raman 
spectra. In the gas phase the CD2 antisymmetric and sym
metric stretching frequencies are at 2323 and 2261 cm-1. Even 
though both are A' motions, the line at higher frequency ap
pears depolarized. The CD stretch is assigned at 2217 cm-1, 
which is the frequency of the Q branch of an A-type infrared 
band and a polarized Raman line. The C=C stretching vi
bration gives rise to a complex infrared band with local max
ima at 1568 and 1562 cm-1 while the Raman frequency is 1563 
cm-1.

The B-F stretching motions in F211BCDCD2 are found to 
be only slightly shifted from their corresponding frequencies

TABLE V III: Fundamental Vibrational Frequencies 
(cm-1) of Vinyldifluoroborane and
Vinyldifluoroborane- dz

Approximate description
F2BCH

c h 2
F2BCD

cd2

A '
v\ CH2(CD2) antisymmetric stretch 3091 2323
V2 CH2(CD2) symmetric stretch 3021 2261
n CH(CD) stretch 2991 2217
VA C=C stretch 1624 1565
Vb CH2(CD2) scissors 1425 1068
VQ ioBF2 antisymmetric stretch 1425 1418
V6 uBF2 antisymmetric stretch 1375 1369
VI 10BF2 symmetric stretch 1338 1352
V I uBF2 symmetric stretch 1318 1315
V8 CH(CD) in-plane bend 1250 1015
V9 CH2 rock 1021 786
VlO B-C stretch 765 720
v\l BF2 scissors 538 495
V12 CBF2 bend (BF2 rock) 427 397
VIS BCC in-plane bend 215 198
A "
VIA CH2(CD2) twist 1015 748
v\b CH2(CD2) wag 989 802
^16 CH(CD) out-of-plane bend 729 566
v\i CBF2 bend (BF2 wag) 198 185
v\8 BF2 torsion 103 95

in the “light” molecule. The infrared spectra of the gas show 
very strong absorptions between 1300 and 1430 cm-1. The 
B-type band whose central minimum occurs at 1369 cm-1 is 
assigned to the antisymmetric nBF2 stretch. The A/B hybrid 
infrared band having a Q branch at 1315 cm-1 corresponds 
to a medium intensity Raman line at 1313 cm-1 and is at
tributed to a symmetric UBF2 stretching motion. The 10B 
counterparts of these modes are also identifiable. Their re
spective band types are identical and the antisymmetric and 
symmetric vibrations occur at 1418 and 1352 cm-1, respec
tively. Using these data, it is possible to verify the assignment 
of these modes in F2BCHCH2. The antisymmetric and sym
metric nBF2 stretches have been assigned at 1375 and 1318 
cm-1.2 The 10BF2 symmetric motion has been identified in the 
Raman and infrared at 1338 cm-1.2 The antisymmetric mo
tion for the 10B isotope must fall in the region of the CH2 
scissors. The scissoring motion is assigned to the medium in
tensity polarized line at 1425 cm-1 in the Raman spectra. The 
infrared shows maxima at 1418,1431, and 1443 cm-1 around 
the 1425-cm-1 Q branch of the CH2 scissors. The 10BF2 stretch 
is expected to be a B-type band and could show maxima at 
1418 and 1431 or at 1431 and 1443 cm-1. We prefer the former 
assignment on the basis of the intensities.

The CD2 scissors in F2BCDCD2 is assigned to a complex 
A/B hybrid centered at 1068 cm-1. The CD in-plane bend 
gives rise to the A/B hybrid band in the infrared whose Q 
branch appears at 1015 cm-1. There is also a corresponding 
Raman line at 1014 cm-1.

The remaining CH(D) bending mode of A' symmetry is the 
CH2(D2) rock. In the previous study2 the CH2 rock was as
signed to a Q branch at 1015 cm-1 that seemed to be part of 
an A-type band with the R branch at 1027 cm-1. For some 
time it has been felt that the CH2 rock in vinyl fluoride 
(FCHCH2) was very close in frequency to an out-of-plane 
motion.22'23 Only recently it has been determined, using ma
trix-isolation techniques, that these two modes are within 8 
cm-1 of each other.24 In F2BCHCH2, the 1015-cm-1 Q branch
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could be a C-type band arising from an out-of-plane mode 
while the 1027-cm-1 band is the R branch of a B-type band 
whose P branch would be expected around 1013 cm-1. This 
assignment is supported by the appearance of a polarized line 
at 1021 cm-1  in the Raman spectrum of the gas. In the -(¿3 
compound the only assignment for the CD2 rock is at 786 
cm-1. This appears as a shoulder on the side of the 807-cm-1 
line in the Raman spectrum of the room-temperature liquid, 
but, as the liquid is cooled, the line becomes more distinct, and 
is clearly a separate fundamental in the spectra of the crys
talline solid. The alternative assignment for this motion is the 
A-type band centered at 691 cm-1. This would give a shift 
factor of 1.48 so we prefer the former assignment.

Skeletal motions comprise the remaining four A' funda
mentals for the F2BCDCD2 molecule. The B-C stretch is as
signed to the strong polarized Raman line at 720 cm-1. The 
BF2 scissoring motion gives rise to an A-type infrared band 
centered at 495 cm-1  with a Raman coincidence at 497 cm-1. 
The CBF2 in-plane bend (BF2 rock) and BCC in-plane bend 
are assigned to polarized Raman lines at 397 and 198 cm-1, 
respectively.

The A " vibrations produce dipole changes perpendicular 
to the molecular plane and give rise to C-type Q branches in 
the infrared spectra of the gas. In the infrared region inves
tigated there are four apparent C-type bands for F2BCHCH2. 
These occur at 1015, 989,751, and 729 cm“ 1. In F2BCDCD2 
the only certain C types are at 748 and 711 cm-1. The three 
motions that must be assigned in this region are the CH2(CD2) 
twist, the CH2(CD2) wag, and the CH(CD) out-of-plane bend. 
Potts and Nyquist25 have tabulated group frequencies for CH 
out-of-plane bending modes. They find that the twisting 
motion for vinyl compounds occurs in the region 920-1020 
cm-1  while the CH2 wag is between 830 and 970 cm-1. They 
also find that the wagging motion is stronger in the infrared. 
The CH out-of-plane bend falls at lower frequencies and de
pends heavily on the substituent. The designation of the 
twisting and CH out-of-plane motions as such is for conve
nience since these motions are heavily mixed.23’25’26 For these 
reasons we assigned the CH2 twist to the band at 1015 cm-1  
and the wagging motion to the strong bands at 989 cm-1  in the 
-do species. We would like to assign the twisting vibration in 
F2BCDCD2 to the weak depolarized Raman line at 802 cm-1  
in the gas phase and the CD2 wag to the strong C-type Q 
branch in the infrared at 748 cm-1. On the basis of the normal 
coordinate analysis, however, we will reverse this assignment, 
although there is substantial mixing of the modes. The 
CH(CD) out-of-plane modes fall at 729 and 566 cm-1  in the 
infrared spectra, respectively, and show the expected shift.

The remaining vibrations are the CBF2 out-of-plane bend 
(BF2 wag) and the BF2 torsion. These are assigned in 
F2BCDCD2 by analogy to the “ light” compound and occur at 
185 and 94 cm-1, respectively. The intensities of microwave 
satellites aid in these assignments as well as with the assign
ment of the vls fundamental. The inertial defects associated 
with these three excited states (Table IV) indicate that they 
arise from two out-of-plane motions and an in-plane motion. 
The intensities predict vibrational frequencies of 85 ±  20,196 
±  20, and 193 ±  20 cm-1 for ns, m , and «13, respectively.

The barrier to internal rotation about the C-B bond was 
calculated as has been previously described.27’28 We find a 
value for the twofold barrier to internal rotation of 1546.5 ±
81.6 cm-1  (4.42 kcal/mol) using F values represented by F(a) 
= Fq + 2 „=x6 Fn cos na, where Fo = 1.7273, Fi = —0.011 19, 
and F2 = 0.1388 for the -do species and F0 = 1.3160, F1 = 
-0.007 81, and F2 = 0.070 77 for the -d3 species.

The assignments outlined above are supported by the re
sults of Teller-Redlich product rule calculations. The theo
retical r values for the A' and A" blocks are 7.305 and 2.520, 
respectively, while the observed ratios are 7.213 and 2.501. The 
results are good and the errors are within the limits set by the 
experimental accuracy of the frequencies.

Normal Coordinate Analysis
The normal coordinate calculations were carried out using 

the programs of Schachtschneider29 which employ the stan
dard Wilson FG matrix method.30 The 21 internal coordinates 
consisting of the bond lengths, bond angles, out-of-plane wags, 
and torsions shown in Figure 3 were used as a basis for the 
vibrational analysis. For the purposes of minimizing the 
number of force constants and simplifying the force field, local 
C2u symmetry was assumed about both the = C H 2 and -B F 2 
groups. The symmetry coordinates used are listed in Table 
IX (miniprint material). A preliminary normal coordinate 
calculation using the 21 diagonal force constants implied by 
the internal coordinates showed mixing of modes to be quite 
strong in both symmetry blocks; thus, a simpler force field was 
sought to accommodate the possibility of using more inter
action force constants and fewer diagonal force constants. It 
can be seen that the number of force constants used in the 
force field exceeds 3N  — 6, but in view of the isotopic data we 
obtained, not only for deuterium but also boron substitution, 
we feel justified in using this number of force constants.

The frequencies calculated by using the force constants 
given in Table X  agree with the experimental ones to an .av
erage of 8.4 cm-1 (1.0%). For the out-of-plane vinyl vibrations, 
the force constants are very similar to those for C^HsBr.26 
Additionally Kq has a Value characteristic for carbon-carbon 
double bonds. The potential energy distributions given in 
Tables VI and VII show considerable mixing. The C=C 
stretch is mixed with the C-H bending modes, as well as the 
C-B stretch, in the A' block. Additionally, we find that the 
C-B and B-F stretching motions are mixed to the extent that 
it is difficult to identify them as separate modes. The out- 
of-plane motions show the expected mixing of the CH2 twist, 
wag, and the CH out-of-plane bend.23’26

In view of the low molecular symmetry, we feel that the 
force constants obtained are reasonable and the PED is valid 
for describing the molecular vibrations in a quantitative 
fashion.

Discussion
The interest in assessing the ir character of B-C (ethylenic) 

bonds has prompted our more thorough investigation of 
vinyldifluoroborane. The recent 13C NMR study3 of the Ca 
shifts indicated more delocalization of the double bonds in the 
monovinylhaloboranes than in the divinylhaloboranes. 
Variations in bond lengths might be expected to parallel the 
trends in the chemical shifts. Our microwave data indicate 
that the C =C  bond length of 1.339 ±  0.005 A in vinyldifluo
roborane is within experimental error of the corresponding 
distance in vinylfluoride (1.329 ±  0.006 A),18 propylene (1.336 
±  0.004 A),19 vinyl chloride (1.332 ±  0.002 A),20 and acrylo
nitrile (1.338 ± 0.009 A).21 This consistency of bond lengths 
may extend to vinylsilane and vinylgermane, as well, in which 
these values are 1.347 ±  0.00331 and 1.347 ±  0.015 A,32 re
spectively. We may conclude that the C=C distances in vinyl 
compounds are insensitive to substituents. Thus, it is not 
surprising that evidence for delocalization cannot be found 
in this structural parameter. In acrylonitrile (H2C=CH-CN), 
for instance, the C-C bond (1.425 ±  0.006 A) is shorter than
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Figure 3. Internal coordinate definitions for vinyldifluoroborane. The 
CH2 twist, r i ,  and BF2 torsion, r 2, are not shown.

TABLE X: Internal Force Constants for 
Vinyldifluoroborane

Force
constant Group Value, mdyn/A a

Ku CH2 stretch 5.10 ±0.01
Kq C=C stretch 8.25 ±0.04
Ks CH stretch 4.86 ±0.01
K, CB stretch 5.59 ±0.05
Kpq BF2 stretch 5.20 ± 0.02
H„ zHCH bend 0.426 ±0.003
Kßy ZHCC bend ofCH2 0.555 ±0.003
Hi zHCB bend 0.311 ±0.007
H, zCCB bend 0.484 ±0.018

zHCC bend of CH 0.658 ±0.006
ZFBC bend 0.753 ±0.012

H„ zFBF bend 1.64 ± 0.03
Hx CH2 out-of-plane 

bend
0.287 ±0.003

H, BF2 out-of-plane bend 0.055 ±0.002
CH out-of-plane bend 0.302 ±0.004

Hr, CH2 twist 0.211 ± 0.002
Hr, BF2 torsion 0.016 ± 0.002

F'P CB stretch/BF stretch 0.861 ±0.024
Fqc C=C stretch/HCH 

bend
-0.595 ±0.014

Fss C=C stretch/CH 
bend

0.344 ±0.020

Fwn CH out-of-plane/CH2 
twist

-0.131 ±0.003

0 All bending coordinates weighted by 1 A.

a “ normal” single bond (1.526 A), while the multiple bonds 
are unaffected.

It is equally difficult to evaluate the implications of the C-B 
distance. The length of the C-B bond in vinyldifluoroborane 
is bracketed by the corresponding distances in CH3BF215’16 
and HCCBF2.17 As pointed out by Lafferty and Ritter17 this 
may be a consequence of the hybridization around the carbon 
atom. The amount of s character of the C-B bond increases 
as one follows the series CH3BF2, F2BCHCH2, and HCCBF2, 
with sp3, sp2, and sp hybridization, respectively, of the carbon. 
Multiple-bond character would be expected to compliment 
this effect and is difficult to assess for this reason.

The lengths of the B-F bonds may he an indication of some 
delocalization of the ethylenic double bond. In vinyldifluo

roborane, this distance (1.331 ±  0.002 A) is the longest yet 
reported for a tricoordinated boron atom. In HBF2, HCCBF2, 
and BF2OH these distances are 1.311 ±  0.005,33 1.323 ±
0.005,17 and 1.32 ±  0.02 A ,34 respectively. Back donation of 
x-electron density from fluorine to boron presumably gives 
rise to the short bond in HBF2. In F2BCHCH2 a x donation 
from the vinyl group can be thought of as competition for the 
effects of fluorine donation If this were the case, the B-F 
distances would be expected to lengthen slightly. For tetra- 
hedrally coordinated boron atoms, B-F distances are longer 
(H3PBF3, rB_F = 1-372 A).35

In our structural calculation we constrained the B-F bonds 
by requiring them to be equal. It still seems clear that the 
differences between these lengths in the above series are real. 
The immense amount of data required to determine B-F 
distances may limit its usefulness as an indicator of the 
amount of delocalization of the vinylic x electrons. V

The vinyl force constants derived for vinyldifluoroborane 
(Table X) are not strikingly different from those in other 
substituted ethylenes. The C =C  stretching force constants 
is smaller than the currently accepted value in ethylene (9.147 
mdyn/A),36 while the CH2 stretching constants are essentially 
the same. The force constants for the CH out-of-plane motions 
are in the same ranges as those in vinyl fluoride,23 vinyl bro
mide,26 and ethylene.26 However, the twisting force constant 
in vinyldifluoroborane is somewhat smaller than in these other 
compounds. There also seems to be more mixing among the 
three vinyl out-of-plane modes in this case than in the other 
molecules, and we find that the amplitudes of vibration are 
also larger. Again, it is difficult to say whether these features 
are indicative of delocalization of the C =C  bond.

As pointed out in the earlier work,2 the barrier to internal 
rotation about the C-B bond is typical for twofold barriers and 
provides little information about the x character of this bond. 
The revised value of 4.42 kcal/mol for this barrier is slightly 
higher, but within experimental error of the previous value 
of 4.17 kcal/mol.2 The difference between the barriers calcu
lated from the data for F2BCHCH2 and F2BCDCD2 must arise 
from the mixing of the torsion with other normal modes. Ex
cellent consistency is generally found for barriers in “ light” 
and “heavy” molecules when the torsional modes are “ pure” . 
The errors in measuring the torsional frequencies in vinyldi
fluoroborane may be as large as 3 cm-1 because the upper level 
“ hot-band” transitions are separated by less than 1 cm-1. 
Since a number of excited vibrational states are expected to 
be populated at room temperature for a vibration of such low 
frequency, these “ hot bands” can cause the maximum to be 
displaced from the fundamental frequency.

The spectra of the crystalline solid show some interesting 
features. The number of lattice modes in F2BCHCH2 indicates 
that there are at least two molecules per unit cell. It is not 
reasonable to assign these lattice modes specifically to libra- 
tions and translations since the differences between the iso
topic shift factors are less than those implied by the ± 2-cm-1 
error of the frequencies. It is interesting to note the seemingly 
anamolous shifts upon condensation of the BF2 torsional and 
antisymmetric stretching modes. The torsion shifts more than 
30% in each case to higher frequency. Ordinarily shifts of 10% 
are noted for methyl rotors,37 but we can expect a more pro
nounced effect for a planar molecule because of crystal 
packing considerations. The antisymmetric BF2 stretches shift 
by ~45 cm-1 while the symmetric modes only shift ~12 cm-1. 
Again, this must be a consequence of the crystal packing and 
the nature of the motion involved.

We can conclude by summarizing our results. It is not
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possible to state unequivocally whether there is delocalization 
of the it electrons of the C=C bond. There are subtle indica
tions that this might indeed be the case, but the “ classical” 
indicators do not imply this. The C=C bond is of “ normal” 
length, but the B-F distance may be somewhat longer than 
expected. There are no values with which to compare rc-B to 
assess that bond’s it character. The normal coordinate cal
culations may indicate some delocalization, but the complex 
mixing of the normal vibrations makes this difficult to assess 
as well. This study neither contradicts nor confirms the con
clusions drawn from the NMR data.3 It is possible that NMR 
is a more sensitive technique for drawing these conclusions. 
It may be necessary to revise the classical theories concerning 
delocalization and structure.
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Infrared Spectral Behavior of Fine Particulate Solids
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Transmission and emission spectra of clouds and layers of fine particulate samples of quartz, magnesium 
oxide, and aluminum oxide in the 6.5-35-itm wavelength range are presented. They demonstrate that the be
havior of layers of particles constitutes a good analogue for a cloud of particles; that individual micrometer
sized particles emit most where they absorb most; that as the size of the particle is increased, the emission 
features reverse polarity and the spectrum approaches that of one obtained from a polished plate; and that 
as the particle layer-thickness increases, radiative interaction becomes increasingly important so that the 
emission maximum shifts from the strongest to weaker features, or produces a maximum at the Christiansen 
wavelength.

Introduction
The appearance of the spectrum of a cloud, or layers of 

micrometer-sized particles, cannot be simply related to the 
optical constants of the bulk material in the same way as can 
that of a polished plate of the substance. In addition to the

absorption and refractive indices, other parameters, such as 
particle size and shape, size distribution, particle density, 
cloud or layer thickness, and the thermal distribution 
throughout the sample all have an effect on the appearance 
of the spectrum.
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Much of the laboratory work performed to explain the 
emission properties of finely particulate solids has been di
rected at evaluating the usefulness of infrared emission 
spectroscopy for compositional remote sensing of surface 
layers, particularly of the moon and planets,2-8 and several 
attempts have been made to explain theoretically the observed 
behavior.7-16

In an earlier paper, Hunt and Logan14 experimentally in
vestigated the emission properties of individual microme
ter-sized silicate particles, and explained the results in terms 
of Mie absorption efficiency factors, an explanation based 
largely on Conel’s theoretical treatment of quartz particles.13 
Detailed treatments of the Mie theory are available in a 
number of works.17'18

In the Hunt and Logan paper,14 laboratory results obtained 
using a balloon-flight instrument were described. The in
strument contained a circular variable wedge filter which re
stricted the wavelength coverage to the 6- 11 .8-am range, and 
because all the materials investigated were silicates, only the 
extremely intense features due to the silicon-oxygen 
stretching fundamentals were investigated.

The purpose of this report is to extend the wavelength range 
investigated to 35 p.m, and include materials other than sili
cates to demonstrate the general nature of the spectral be
havior of particulate solids. The analogical behavior between 
a cloud and layers of particles is demonstrated in transmission. 
The need to understand this behavior is particularly relevant 
to studies of the spectral properties of clouds of fine particles, 
such as those present in the terrestrial (e.g., aerosol layer, solid 
pollutants, dust, and ice clouds) and planetary (e.g., the dust 
clouds on Mars) atmospheres, and of intersellar dust.

Experimental Section
Spectra were recorded using a Digilab Model FTS-14 in

terferometer spectrometer fitted with a coated germanium 
beam splitter designed to cover the range from 5 to 35 pm. 
Both transmission and emission spectra were recorded.

(a) Transmission. Spectra were recorded from samples 
prepared in several ways:

(1) A fine cloud of particles entrained in the nitrogen gas 
flow from a fluid energy mill19 was directed into a flow
through cell, equipped with KRS-5 windows 3 in. (8 cm) apart, 
located in the sample beam, and interferograms were recorded 
every second. These were coadded until a satisfactory sig- 
nal-to-noise ratio was achieved, a period of less than 20 s.

(2) A layer of particles was deposited on the surface of a 
KRS-5 plate which was then placed in the normal transmis
sion sample position. The particles were deposited either di
rectly from the fluid energy mill or from an élutriation column 
that the particles had traversed, or, in the case of magnesium 
oxide, by collecting the smoke from burning magnesium wire.

(3) A layer of particles was deposited on a plane mirror (as 
described for the KRS-5 plate above), and then substituted 
for one of the plane mirrors in the optical path of the FTS-14, 
or it was placed in the conventional sample position of a mi
croreflectance attachment.

(b) Emission. Spectra were recorded from samples depos
ited from an élutriation column or a fluid energy mill onto 
polished brass plates. These plates have a nearly flat spectral 
response and a reflectivity only a few percent less than that 
of gold coated glass mirrors through the 5- to 35-jum range, but, 
they have much better thermal conductivity. The brass plates 
were heated to approximately 100 °C using a stainless steel 
Hotwatt can heater, and the temperature of the plate was 
measured with a thermocouple embedded in the plate. Re

flected energy from the ambient temperature surroundings 
was measured for each sample before the heating process 
commenced and was found to be sufficiently small to be ig
nored. The emission curves shown here represent the differ
ence in emission between the recorded energy from the brass 
plate and sample, and from the brass plate alone, and have not 
been corrected for transmission of the plate emission through 
the sample. Because the plates are better than 95% reflecting, 
this is a minor effect.

Results and Discussion
The infrared emission from a cloud or layers of microme

ter-sized particles is a complex function of emission, absorp
tion, and scattering. The most important parameter for de
scribing the emission from such systems is the spectral dis
tribution of the energy emitted by the individual particles, 
because this is the “source function” that entirely defines how 
radiant energy is initially injected into the system. Also, the 
absorption and scattering properties determine how the 
“ source function” energy is modified before it leaves the sys
tem.

In Figures 1, 3, and 4, transmission spectra are displayed 
at the top and emission spectra at the bottom to facilitate 
comparisons.

(a) Transmission. The curve at the top of Figure 1 is the 
transmission spectrum of a laboratory generated, very low 
density cloud of less than 5-^m diameter quartz particles 
dispersed in dry nitrogen. Immediately below is the trans
mission spectrum of a very thin layer (which contains ap
proximately the same number of particles per unit beam area 
as the cloud) of particles deposited on a KRS-5 plate. It is 
evident that these two spectra are essentially identical, the 
only obvious discrepancy is a sharp feature near 15 am which 
is due to atmospheric CO2. The imbalance between the sample 
and reference beams is opposite for these two experimental 
procedures, and thus the direction of the peak is reversed in 
one spectrum relative to the other.

The same correspondence between particle cloud and de
posited particle sample occurs for magnesium oxide and alu
minum oxide, therefore only the spectrum of the sample de
posited on the KRS-5 plate is included for magnesium oxide 
in Figure 3 and aluminum oxide in Figure 4.

The effect on the transmission spectrum of progressively 
increasing the thickness of a sample on the KRS-5 plate is il
lustrated in Figure 2. The spectra are numbered 1 through 10 
in increasing order of thickness of layers of micrometer-sized 
magnesium oxide particles. The most intense features occur 
near 17.4 and 25 /xm, with the 17.4-fxm band displaying a 
strong shoulder near 15 am. Features more than an order of 
magnitude weaker become apparent near 11.8 and 10.2 pan as 
the layer thickness is increased, and even weaker bands appear 
near 8.3 and 7.1 am. The origin of these infrared active fea
tures has been discussed by several authors.20,21

The steady decrease in intensity at wavelengths shorter 
than 9 /am, which becomes apparent with increasing layer 
thickness, is due to increased scattering out of the beam, and 
this, together with the genuine absorption at longer wave
lengths produces a transmission maximum, the so-called 
Christiansen peak, at 9 pm.

(b) Emission. The emission spectrum of an approximate 
monolayer of micrometer-sized quartz particles is shown at 
the bottom of Figure 1 . It is obvious that this emission spec
trum is essentially the intensity inverse of the transmission 
spectra, and it is also apparent that micrometer-sized particles
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WAVELENGTH (ytfn)

WAVENUMBERS (cm-l)

Figure 1. Transmission spectra of a low density cloud (upper curve), 
a monolayer on a KRS-5 plate (middle curve), and the emission spec
trum on a brass plate (lower curve) of micrometer-sized particles of 
quartz.

WAVELENGTH (Mm)

Figure 2. The effect of sample thickness on the transmission spectrum 
of micrometer-sized magnesium oxide particles.

emit most where they absorb most, and that this is true 
throughout the entire wavelength range shown.

The relative intensities of the features in the transmission 
spectra are retained by the bands in the emission spectrum 
at wavelengths greater than 10 yum. The major feature near 9 
fj,m appears relatively less intense, but this is because the 
sample used for emission is located on a mirror surface, and 
therefore the layer acts as if it is twice as thick as it actually 
is; consequently there has been some obvious reabsorption of 
the intense 9-/um feature, which causes the emission spectrum 
to appear to be slightly displaced to longer wavelengths.

Emission spectra of magnesium oxide and aluminum oxide 
are shown at the bottom of Figures 3 and 4, and the same in
version relationship between the transmission and emission 
spectra as was evident for quartz is apparent here.

The spectral emission effects of gross variations in parti
cle-size range22 is illustrated in Figure 5 for quartz particles. 
These spectra, displaced vertically for clarity, are arranged 
in order of increasing size from the bottom up, and the parti
cle-size range is indicated on the curves. These spectra were 
recorded from a monolayer of particles deposited on a heated 
brass plate.

WAVELENGTH (yvn)

WAVENUMBERS (cm-i)

Figure 3. Transmission (upper curve) and emission (lower curve) spectra 
of micrometer-sized magnesium oxide particles.

WAVELENGTH (pm)

Figure 4. Transmission (upper curve) and emission (lower curve) spectra 
of micrometer-sized aluminum oxide particles.

The smallest particle-size sample (less than 5 /an) displays 
an emission spectrum which is the inverse of the transmission 
spectra, as shown in Figure 1. The spectrum of the largest 
particle-size sample (250-1200 yum) is similar in form to that 
obtained from an optically thick polished plate of the sample 
material, where the emission, Ex, may be simply expressed as 
E\ = EBBx(l — R\), where Ebbx is the emission from a black 
body at the same temperature as the sample, and Ex is the 
sample reflectivity.

The spectrum of the 74-250-yum particle-size sample is very 
similar to that of the larger particle size, indicating that these 
particles are large enough to be optically thick over this 
wavelength range. The spectrum of the less than 53-yum par
ticle-size sample is a combination of the spectra of the smallest 
and largest particle spectra. Alone, it would not be recogniz
able as a quartz spectrum, because all the features normally 
associated with a quartz spectrum are not obvious. The lim
iting particle size at which a single particle emission spectrum 
becomes the inverse of the transmission spectrum has not 
been determined with the size-sorting techniques available, 
because the task requires the capability of isolating narrow- 
size ranges between 1 and 10 yum.
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WAVELENGTH (Mm)

WAVENUMBERS (cm-l)

Figure 5. The effect of particle size on the emission spectrum of quartz. 
The particle size range of the samples used is indicated on the curves.

The effect of sample thickness was investigated using mi
crometer-sized magnesium oxide particles, and the spectra 
of increasingly thick samples are shown in Figure 6 . The 
thinnest sample (curve 1 ) is thicker than that from which the 
emission spectrum shown in Figure 3 was recorded as is in
dicated by the fact that the two peaks near 18.2 and 15.4 (im 
are of the same relative intensity and the feature near 25 pm 
is relatively much weaker. This suggests that strong reab
sorption has already occurred for the thinnest sample.

Increasing the thickness of the sample drastically alters the 
shape of the curve and shifts the position of maximum emis
sion, in the case of magnesium oxide, to shorter wavelengths. 
The reabsorption in the 18.2-/tm feature occurs to such an 
extent that the feature no longer appears as the maximum. 
The maximum in the spectrum occurs at 15.4-pm. Further 
increasing of the sample thickness allows the peak near 11 pm 
to develop more rapidly than the 15.4-/wn band as reabsorp
tion becomes increasingly significant, until it becomes the 
most intense feature in the thickest sample shown. This effect 
of shifting the maximum to shorter wavelengths in magnesium 
oxide will continue as long as there are absorption features at 
shorter wavelengths. Consequently, it is difficult to specify 
the region of maximum emission for a cloud or layer of parti
cles without also specifying its thickness or density.

Conclusion

These results demonstrate the following:
(a) Individual micrometer-sized particles emit most energy 

in the wavelength they absorb most energy, so that their 
emission spectra are the intensity inverse of their transmission 
spectra. This behavior was reported previously14 for silicates 
in the 6- 1 1 .8-/xm range, and an explanation based on Mie 
absorption efficiency factors was provided. The present study 
illustrates the general nature of this behavior by extending 
the wavelength range to 35 pm, and by considering materials 
other than silicates.

(b) As the particle size increases from approximately mi
crometer to tens of micrometers, the polarity of the bands 
reverse so that the emission maxima for micrometer-sized 
particles becomes the emission minimum for the larger par
ticles.

1600 1400 IZOO 1000 8 0 0  600 400
WAVENUMBERS (cm-l)

Figure 6. The effect of sample thickness on the emission spectrum of 
micrometer-sized magnesium oxide particles.

(c) As the cloud particle density or the thickness of the layer 
increases, and radiative interaction increases, the wavelength 
of the emission maximum shifts to progressively weaker 
bands, or appears as a Christiansen peak due to the combined 
effects of scattering at shorter wavelengths and absorption at 
longer wavelengths.

(d) The similarity between both the transmission and 
emission behavior of thin layers of particles deposited on a 
substrate and that of a cloud containing the same number of 
particles in the beam cross section suggests that particles 
deposited on a substrate provide a reasonably good analog for 
the study of thin clouds of particles.
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The microwave spectrum of silacyclopentane, l-silacyclopentane-7,f -d2, and silacyclopentane-29̂  has been 
investigated in the spectral range of 8-40 GHz. The rotational lines of five vibrational excited states of the 
ring-puckering mode have also been assigned and are consistent with a high barrier to pseudorotation. Both 
the dipole moment measurements and the isotopic data indicate that the skeletal ring of this molecule is in 
the “ twisted” C2 conformation for the ground state. The a  component of the dipole moment is 0.726 ±  0.005 
D and the c component has been determined to be less than 0.01 D with a |̂ t) = 0.726 ±  0.006 D. The isotopic 
data are sufficient to determine the following parameters: zHSiH = 108.76 ±  0.26, r(Si-H) = 1.478 ±  0.004. 
Other important structural features have been estimated.

Introduction

The phenomenon of pseudorotation has been studied 
spectroscopically for a number of years and has recently been 
reviewed by Laane.4 The general theory for free and hindered 
pseudorotation has been developed by Harris et al.5 and 
successfully employed to interpret experimental data.6 More 
recently, Ikeda et al.7 have investigated the implications of 
a barrier to pseudorotation using a strict two-dimensional 
model.

The barriers to pseudorotation for a number of monosub- 
stituted cyclopentanes have been determined from transitions 
in their far-infrared8̂ 17 and Raman18’19 spectra; however, it 
is usually not possible to determine the structure of the most 
stable ring conformation from the vibrational data alone. Si
lacyclopentane is one of the molecules which has been studied 
previously and the value of the barrier to pseudorotation was 
found to be 3.9 kcal/mol.16-17 However, there was some un
certainty as to the most stable configuration, C2 or Cs, al
though the evidence was strongly in favor of the twisted or C2 
conformation. Rotational spectra have been shown to be 
useful in answering these questions.20,21 In order to provide 
additional evidence for the relatively high barrier and to de
termine the symmetry of the heavy-atom skeleton in the 
ground vibrational state, the microwave spectra of silacyclo
pentane and silacyclopentane-1,1-d2 have been recorded and 
analyzed in detail. The geometry of the ring has been esti
mated from a rigid model of the molecule in the ground state 
consistent with the observed rotational constants and the 
dipole moment has been determined from two different 
transitions.

Experim ental Section

The samples of silacyclopentane and silacyclopentane-d2 
were prepared and kindly provided by Dr. J. N. Willis, Jr.16,22 
No further purification was necessary and each sample was 
quite stable in the bronze waveguide. The microwave spectra

were recorded with the samples held at dry ice temperatures 
on a conventional spectrometer with 80-kHz square wave 
modulation. Frequency measurements were reproducible 
within 0.05 MHz with an absolute accuracy estimated to be 
0.1 MHz for the ground state lines and for higher vibrational 
states and isotopic species to ±0.5 MHz. The dipole moment 
measurements were made with a Stark field applied from a 
precision high-voltage dc power supply with sufficient square 
wave superimposed to modulate the transition. The waveguide 
spacing was calibrated relative to the dipole moment of OCS.23

Spectrum  and Assignment

The spectrum in general was weak, but lines were sharp. 
The pattern of R-branch lines was typical of an a-type rotor 
with a | value close to zero in that lines associated with a 
given J-level transition were separated by as much as a few 
GHz.

Initial line assignments were made on the basis of a spec
trum predicted from a structure in which the Si-H and Si-C 
distances were assumed to be the same as in dimethylsilane,24 
and the C-H and C-C bond lengths the same as in propane.25 
These assignments were verified by observing the Stark effect 
in various lines. The R-branch assignments were helpful in 
assigning some of the a-type Q branches in the spectrum.

A search for signals attributable to molecules with isotopic 
substitution in natural abundance was carried out. The 29Si 
isotopic species was identified, with intensities consistent with 
its 4.7% abundance. Other weaker lines that might be due to 
30Si, or a- or d-13C were observed but the data were somewhat 
questionable and are not included.

Observed transition frequencies for the -do, - 1,1 -d2, and 29Si 
species are listed in Table I. The rotational constants shown 
have been calculated using an iterative least-squares program. 
All the transitions shown were used in the program, except in 
the case of the -do compound where only the lower J levels 
were used. We feel that these eight R branches and one Q 
branch give rotational constants unaffected by centrifugal
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TABLE I: Microwave Transition Frequencies (MHz), Rotational Constants (MHz), k Values, Moments of Inertia (u A2),“ 
and Inertial Defects [A = Ic -  (/a + lb)] for Some Isotopic Species of Silacyclopentane

28Si l,l-d2 29Si

Transition Obsd Obsd — caled6 Obsd Obsd — caled Obsd Obsd — caled

2l2 lu 12 121.76 - 0.02 11 401.50 0.07
2o2 •<— loi 12 873.09 0.09 12 133.06 0.06
2n ■*— lio 15 072.57 - 0.01 13 864.87 0.02
220 loi 22 617.57 - 0.01
3l3 *— 2l2 17 801.01 - 0.02 16 833.37 0.03
3o3 2o2 18 206.58 - 0.01 17 327.53 0.04
322 221 20 395.60 -0.09 18 949.81 0.09
3i2 2n 21 971.40 0.11 20 388.35 -0.03
321 ■*- 220 22 584.77 - 0.02 20 571.90 -0.04
4l4 '<— 3l3 23 270.54 -0.32 22 089.92 -0.08 23 078.60 0.04
4o4 3o3 23 404.97 -0.16 22 300.96 - 0.02 23 227.29 0.16
423 322 26 596.19 -0.16 24 860.99 -0.04 26 336.35 - 0.01
4i3 *- 3l2 27 939.48 0.05 27 718.86 - 0.02
432331 28 166.74 0.01 25 979.22 0.06 27 833.03 0.05
431 330 29 400.00 0.01 26 710.50 ,0.01
422 321 30 311.15 0.04 27 794.15 - 0.02
5l5<_4i4 28 639.64 -0.24 28 408.92 0.19
5oS 4o4 28 674.62 -0.17 28 449.28 0.11
524 *— 423 32 418.33 -0.34 32 131.73 -0.06
5u 4l3
533 ■*“  432 34 902.20 -0.32
523 <— 422 37 222.30 -0.09
532 •l— 431 37 760.10 -0.54
6l6 5l5 33 973.91 -0.47 33 701.79 -0.08
6o6 •*— 5os 33 981.96 -0.45 33 711.61 0.01
625 524 37 962.48 -0.48
7i7 •>— 616 39 299.01 -0.62 38 984.47 -0.06
7o7 606 39 300.72 -0.63 38 986.57 - 0.11
725 744 18 932.62 -0.28
936 *- 955 22 538.30 -0.69

A 5 473.39 ± 0.04 5 308.25 ± 0.16 5 473.42 ± 0.20
B 4 137.01 ± 0.02 3 774.14 ± 0.03 4 085.26 ± 0.04
c 2 661.55 ± 0.02 2 542.43 ± 0.03 2 639.99 ± 0.02
K 0.049 -0.109 0.020
Ia 92.334 ± 0.002 95.206 ± 0.005 92.333 ± 0.004
I& 122.160 ± 0.001 133.906 ± 0.002 123.708 ± 0.002
Ic 189.882 ± 0.001 198.778 ± 0.002 191.432 ± 0.002
A -24.612 -30.334 -24.609

0 Moments of inertia were calculated using the conversion factor 505 379 u A2 MHz. Errors are those implied from the errors in 
the rotational constants. 6 Only the J = 2 •*- 1 and 3 *- 2 transitions were used in the least-squares determination of the rotational 
constants.

distortion. In the other cases, since no Q branches were iden
tified, we have used all the data available.

In addition, a number of relatively strong excited state lines 
were apparent on the high-frequency side of the ground state 
lines. We have identified these in the -do compound as excited 
states of the ring-puckering motion and were able to measure 
five higher levels of this mode. These data are found in Table 
II along with the derived rotational constants and moments 
of inertia.

Dipole Moment

Stark coefficients were calculated by the method of Golden 
and Wilson26 from a computer program written by Beaudet27 
and modified by W. Kirchoff. Comparison of these rigid-rotor 
Stark coefficients to those obtained from a least-squares fit 
of the observed Stark transitions at various field values yield 
the dipole moment components. The two transitions chosen 
for these measurements were those which have very large 
type-c dependence but the c component was found to be less

than 0.01 D. The a component of the dipole moment was 
constant within the experimental error in the vibrational 
states, u = 0,1, 2, and 3; | (ul/zju >| = 0.726 ± 0.005 D. The total 
dipole moment was determined to be |/̂ tj = 0.726 ±  0.006 D. 
The dipole moment, transition moments, and the transitions 
used to determine them are given in Table III. This is com
parable to the value of 0.75 D found in dimethylsilane.24

M olecular Conform ation

Qualitatively it is possible to make use of the data to de
termine the molecular conformation of silacyclopentane. The 
least likely conformation is the planar, C2v, form. More 
probable are the Cs (envelope) or C2 (twisted) configurations.

Of the three possibilities only the Cs form is expected to 
have dipole-moment components in more than one direction, 
and in particular these would be a and c components. We have 
found that within the experimental error, is zero for sila
cyclopentane.

Additionally, the isotopic substitution of the silicon atom
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TABLE II: Microwave Transition Frequencies (MHz), Rotational Constants (MHz), k Values, Moments of Inertia (u 
A2),“ and Inertial Defects [A = I c — (7a + 7b)] for the V39 Vibrational States of Silacyclopentane- 28 Si

Transition

v = 1 v = 2 V= 3 V = 4 v = 5

Obsd Obsd — calcd
Obsd -  

Obsd calcd Obsd
Obsd — 

calcd Obsd
Obsd — 
calcd

Obsd —
Obsd calcd

3o3 2o2 18 220.64 0.23
322 221 20 416.30 0.15
3i2 *— 2n 21 988.76 -0.08 22 003.57 0.26 22 015.48 0.21 22 025.34 0.41 22 033.29 0.11
32i *— 22o 22 611.86 -0.03 22 634.55 0.15 22 653.36 0.23 22 668.38 0.01
4l4 3l3 23 292.35 -0.76 23 313.86 0.12 23 331.99 0.11 23 348.15 -0.02 23 362.63 -0 .02
4(14 3o3 23 425.69 0.34 23 444.32 0.12 23 460.95 0.18 23 475.88 0.13 23 489.38 0.14
423 * -  322 26 620.59 0.11 26 641.48 0.01 26 659.34 0.02 26 674.58 0.06 26 687.62 -0 .02
4l3 3l2 27 955.31 -0 .20 27 969.05 0.03 27 980.41 0.16 27 989.33 -0 .18 27 998.14 0.00
432 331 128 197.37 0.08 28 223.26 0.04 28 245.16 0.10 28 263.17 -0.05
4 3 1  •*— 3 3 0 29 440.27 0.04 29 474.07 0.00
422 ■*- 32i 30 341.02 -0.14 30 365.84 0.04 30 386.08 -0.07 30 402.50 0.03
524 423 32 445.90 0.30 32 469.13 - -0.20 32 489.33 -0.33 32 507.20 -0.02 32 522.57 -0 .13
5 3 3  4 3 2 34 936.69 O.CO 34 965.46 - -0.28 34 989.91 -0.28 35 010.41 -0.16 35 027.63 0.01

A 5 467.92 ±  0.48 5 462.45 ±  0.27 5 457.43 ±  0.42 5 452.68 ±  0.34 5 449.23 ±  0.24
B 4 140.86 ±  0.07 4 143.89 ±  0.04 4 146.34 ±  0.06 4 148.22 ±  0.05 4 149.69 ±  0.04
C 2 664.52 ±  0.08 2 667.36 ±  0.05 2 669.89 ±  0.06 2 672.21 ±0.05 2 674.26 ±  0.03
K 0.053 0.056 0.059 0.062 0.063

/ a 92.426 ±  0.008 92.519 ±  0.005 92.604 ±  0.007 92.685 ±  0.006 92.743 ±  0.005
/ b 122.047 ±  0.002 121.958 ±  0.002 121.886 ±  0.002 121.830 ±  0.002 121.787 ±  0.002
Ic 189.670 ±  0.006 189.468 ±  0.004 189.288 ±  0.005 189.124 ±  0.004 188.979 ±  0.002
A -24.803 -25.009 -25.202 -25.391 -25.551

“ See Table I.

TABLE III: Stark Coefficients [(MHz/cm2)/V 2] and 
Dipole Moment of Silacyclopentane

TABLE IV: Assumed and Calculated Structural 
Parameters for Silacyclopentane

Transitions |Af1 Obsd X 10« Calcd X 106 Substitution r(Si-H) = 1.478 ± 0.004 À
parameters zHSiH = 108.76 ± 0.26°

404 3o3 3 0.8131 0.8135 Assumed r(Si-C) = 1.87 Â
2 0.2817 0.2823 parameters r(C-C) = 1.54 Â

4 l4  3 l3 3 1.246 1.243 r(C-H) = 1.09 A
2 0.4927 0.4931 Z(HCaSi) = 109.5°
Ma — 0.726 = 0.005 D Z(HC pCp) = 109.5°

Me == 0.00 ± 0.01 Estimated z(CSiC) = 96.7°
Mt = 0.726 ±  0.006 D parameters z(SiCC) = 105.1°

z(CCC) = 113.7°
gives no change (within experimental error) in the moment T = 21°

of inertia about the a axis (see Table I). This implies that the rior bond angles, we can concentrate on the more important
silacyclopentane molecule has an axis of symmetry and that 
it passes through the silicon atom.

Finally, we rule out the planar, C2u, form on the basis of the 
values of the inertial defect, A, shown in Table I. These values 
are too large for any reasonable out-of-plane hydrogen coor
dinates. We must conclude, then, that silacyclopentane exists 
in a permanently twisted, C2, configuration in the ground 
state.

Structure
With the isotopic data available, certain features of the 

molecular structural can be determined, while others may be 
inferred. By taking advantage of the symmetry of silacyclo
pentane in the formulation of Kraitchman’s equations28 it is 
possible to calculate substitution coordinates for the silicon 
atom and its protons. We find KSi-H) = 1.478 ±  0.004 A and 
z(H-Si-H) = 108.76 ±  0.26°. These are similar to the corre
sponding quantities in dimethylsilane.24

While it is not possible to determine the exact structure of 
silacyclopentane we may estimate some of the other salient 
features. By assuming the remaining bond lengths and exte-

internal ring angles and, of course, r, the twist angle. The twist 
angle can be thought of as the dihedral angle between the 
plane defined by Cai-Si-C a2 and one that contains the Si and 
Cfj atoms. The assumed and subsequently derived parameters 
are given in Table IV.

We found that the a moment of inertia was sensitive only 
to variations in the C-Si-C angle. This is to be expected for 
a molecule with silacyclopentane’s symmetry. The other two 
valence angles and r were determined in each case from all 
three moments of inertia after zC-Si-C was fixed at a value 
consistent with /„.

The structure given in Table IV reproduces the ground state 
rotational constants of the three isotopic species to within 
1.0%. Error limits on the structural features have not been 
included since they would be very large and difficult to de
termine. We feel that this structure is a reasonable one, even 
though a number of assumptions were made.

Vibrational Excited States
We have measured five excited states of the ring-puckering 

motion in the normal isotopic species and the results are found
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Figure 1. Plot of the change in rotational constants (MHz) with increasing 
vibrational quantum number of the ring-puckering motion.

The recent treatments of pseudorotation as a two-dimen
sional problem19,33 involving the puckering and radial modes 
have been interesting insofar as the barriers obtained have 
been lower than the previous simpler treatments. Additional 
vibrational data necessary for these studies were obtained 
from the far-infrared spectra of a number of isotopic species33 
or the Raman spectra of gaseous samples.19 The Raman 
spectra of silacyclopentane should prove to be very useful in 
determining a more complete potential surface governing the 
low-frequency ring vibrations.

in Table II. The increase in the values of the inertial defect, 
A, with increasing vibrational state are consistent with a 
motion of this sort. The value of the barrier to interconversion 
of the two equivalent twisted forms is expected, from the ob
served satellite pattern, to be fairly large.

The variation in the rotational constants with increasing 
vibrational state is plotted in Figure 1. The linearity in the 
graphs is typical of molecules with appreciable barriers to 
interconversion.29’30 Also indicative of a high barrier in sila
cyclopentane is the lack of observed splitting in the first five 
excited states. This implies that the fifth vibrational level, 
which is about 500 cm-1  above the ground state, is still well 
below the top of the potential well. This is consistent with the 
value of the barrier (3.9 kcal/mol) determined from far-in
frared data.16’17

Discussion
The conformation of silacyclopentane has been established 

on the basis of dipole-moment components, isotopic substi
tution, and inertial defects to be the twisted, C2, form. In the 
vibrational studies,1617 it had not been possible to distinguish 
between the C2 and Cs forms. The C2 configuration had been 
assumed, as this is in qualitative agreement with the treatment 
of Pitzer and Donath.31 The twisted form has also been found 
to be the stable one in germacyclopentane,20 cyclopenta- 
none,30 and methylenecyclopentane.29 These molecules show 
barriers to pseudorotation of 4.14,15’19 2.15,32’33 and 1.829,34 
kcal/mol, respectively.

It has been implied16’17 that the large difference between 
the observed barrier to pseudorotation and that predicted 
using the formulation of Pitzer and Donath is due to the 
nontransferability of torsional barriers from simple molecules 
to ring compounds. The structural features of ring compounds 
are probably an important factor causing this to be true. The 
difference between the C-Si-C angles in dimethylsilane 
(110.980)24 and silacyclopentane (96.7°) is certainly significant 
in this respect. In addition, this smaller angle introduces ring 
strain that is absent in unsubstituted cyclopentane. The twist 
angle, r, must be important since the nonbonded interactions 
between adjacent CH2 groups are affected by this parameter. 
It is not surprising that quantitative agreement with theory31 
is generally poor.
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The infrared-active combination bands of SPe gas were remeasured and the band origins estimated. These 
data were combined with the Raman frequencies of Bosworth et al., and with the spectrum of SF6 in cryogen
ic liquid oxygen solutions reported by Bertsev et al., to obtain estimates for the 21 anharmonicity constants 
Xij. The resulting harmonic vibrational frequencies were used in a calculation of the general quadratic har- 
monic force field of SF6. The most useful constraint in the Fiu symmetry block was the Coriolis constant f3 
= 0.693 ±  0.004 obtained from an analysis of c3 resolved with tunable diode lasers; but estimated from a 
similar analysis of i»4, and the 32S -34S isotope frequency shifts reported by Brunet and Perez for these funda
mentals, are all in general agreement. The more important valence force constants are fr = 5.45 ±  0.03, / „  (cis 
interaction) = 0.36 ±  0.01, frr' (trans interaction) = —0.02 ±  0.03, and f„ ~ 0.83, all in mdyn/A. From the ab
solute band intensities of Schatz and Hornig and the present force field, the S-F bond moment and its deriv
ative are estimated to be ao = 2.44 ±  0.12 D and up/dr = 4.2 ±  0.3 D/A.

Introduction
In the last decade several general quadratic force fields 

have been reported for SF6.4“8 To avoid approximation 
methods, which are always of doubtful validity, one needs at 
least one additional constraint besides the two fundamental 
frequencies in the infrared-active Fiu symmetry block. In the 
papers cited, this has been supplied by the Coriolis constants 
f3 and U as estimated from the contours of unresolved bands,4 
by the Coriolis constant f4 obtained from an analysis of the 
partially resolved rotational structure of 1/4,9 and by the 
32g_34s  isotope shifts in v3 and iq.7-9 The general features of 
the force field of this molecule are thus understood, but the 
indifferent agreement between the various force constant 
estimates indicates that the values are not known with much 
precision.

Recently extensive rotational fine structure in the 3̂ fun
damental of SF6 has been resolved using tunable diode laser 
spectroscopy, and rotational and octahedral splitting quantum 
numbers have been assigned.10 These assignments were then 
extended to portions of the band that had been heterodyne- 
calibrated against the P(14), P(18), and P(20) CO2 laser lines, 
and the spectroscopic constants of vs were determined.11 We 
have also made a preliminary analysis of laser spectra of the 
bending fundamental 1/4. These data provide the most precise 
constraints available on the Flu block, and we present here a 
new determination of the force constants of SFe. This paper 
is the fourth in a series on the vibrational force fields of hex
afluoride molecules; previous work has covered MoFg,12 
WF6,13 and UF6.14

Experimental Section
Conventional infrared spectra were obtained with a Per- 

kin-Elmer Model 180 double-beam grating spectrometer, and 
calibrated using the IUPAC tables.15’16 All bands were re
corded with a spectral slit width of 0.5 cm-1  at 300 K; the 
fundamentals were examined also at 190 K. The measure
ments are summarized in Table I.

The diode laser spectra of vs at 10.5 pm have been described 
previously.10’11 Similar scans were made of v± at 16 am using 
a different P b i-xSnxSe diode. The sample temperatures and 
pressures were ~130 K and 0.2 Torr for the Q-branch region;

and ~150 K and 1 Torr for the P and R branches, with a few 
runs at 300 K and 1 Torr. The spectra were calibrated using 
a germanium etalon with a free spectral range of 0.048 56 
cm-1, and absorption lines of 1£C02, 13CC>2, NH3, and N2O.

Vibrational Data
1. Observed and Harmonic Frequencies. The six observed 

fundamental frequencies (v;) are listed in Table II. The value 
for vs is that of the band origin (Vo ) determined from an anal
ysis of the diode laser spectrum at 10.5 am;11 the origin of 04 
was similarly obtained from an unpublished preliminary 
analysis of laser spectra of the 13-/um region. The frequencies 
of the Raman-active fundamentals vi, v% and 05 are those re
ported by Bosworth et al.17 These should not differ much from 
the band origins, since each of these transitions has a narrow, 
symmetrical Q branch. For the inactive mode v6 we have ac
cepted the value of Bosworth et al. ,17 which is simply one-half 
the measured frequency of the overtone

To obtain accurate anharmonicity constants, it is desirable 
to know the band origins of the combinations and overtones. 
For cases where this was possible, we have given in Table I 
estimated co’s obtained by subtracting one spectral slit width 
from the position of the high-frequency edge of the Q 
branch.12 This procedure is valid for bands whose Q branches 
degrade to low frequencies (i.e., those for which most of the 
applicable anharmonicity constants are negative),12 and it can 
be quite accurate: note the close agreement between the 1'0’s 
estimated for vs and v.\ in Table I, and the values obtained 
from band analyses in Table II.

These po’s were used in conjunction with the Raman data17 
to determine the anharmonicity constants X ]3, X 1 4 , X 2 2 , X s s ,  

and X 24:19

Xij = (vi + Vj) -  Vi -  Vj (i ¿4 j)

X 2 2  =  %[(2i>2 +  V s )  ±  i'S 2 ( " 2  +  i'3)]

The anharmonicity constants involving the low-frequency 
fundamental v% are given by the spacing of the hot-band Q 
branches from the main Q branches (these spacings were de
termined with an estimated precision of ± 0.1 cm-1):
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TABLE I: Infrared Grating Spectra of 32SF6

Position of absorption
Assignment Structure maximum, cm 1 Estimated vo, cm 1 Av(P-R) at 300 K, cm

2j<2 + V3 PQR 2226.5 2227.5 ± 0.3 ~6
1 V1 + V3 PQR 1719.2 1719.5 ± 0.3 (5)a
1 vi + V3 + vg — ve Q 1717.7

V2 ± V3 PQR 1587.9 1588.1 ± 0.3 (ll .6)a
V3 + V5 None6 1456

jiq ± V4 PQR6 1388.1 1388.8 ± 0.3 21.4 ±  0.5 (18.6)°
V i + V4 + V6 — ve Q6 1386.9
lV2 + V4 PQR 1257.0 1257.3 ±  0.3 (12)°
\v2 + *<4 + ve — v% Q 1255.0
V4 + VS ?c 1140.4

iv 2 + ve PQRd 991.2
\V2 + 2ve — ve Q 989.7
(v 3 PQR 947.7 948.1 ±  0.1 (3.6)“ [5.3«]
\v3 ± ve — ve Q 946.7
vs + ve PQR 869.9 870.6 ± 0.3 25.5 ± 1 (26.8)°

IV 4 PQR 614.7 615.0 ±  0.1 21.4 ± 0.5f (21.6)“
(V4 + ve -  ve Q 613.7

° The values in parentheses are 2(vr — vQmax). bThese bands ate illustrated in ref 14. c The combination v\ + vs consists 1
strong narrow peak (Q branch?) with an adjoining “P branch” about 6 cm 1 distant, similar in shape to V2 + ¡q of UFg. “ ’fh
branch of V2 + ve is not centered, but lies near the R-branch maximum. eValue calculated for ("3 = 0.693. f Aiz(P-R) = 17.1 ±
cm 1 at 190 K.

TABLE II: Vibrational Parameters of 32SFsa

i = 1 i = 2 i = 3 i = 4 i = 5 i = 6

r, Aig Eg Fiu Fiu F2g F2u
Vi 773.6 ± 0.56 642.1 ± 0.56 947.968 ± 0.001 615.03 ± 0.02 522.9 ± 0.56 346 ± l 6
Ui 782 ± 3 649 ± 2 966 ± 3 620 ± 5 528 ± 5 352 ± 2
X ;i -0.9 ± 0.6C
x l2 -2.3 ± 1.0C -0.4 ± 0.3d
x i3 - 2.1 ±  0.6° - 2.0 ±  0.6d -3.1 ± 0.3°
Xu ± 0.2 ±  0.6° ± 0.2 ±  0.6d (-0.5 ± 1.0)° (-0.5 ± 1.0)°
Xts (-0.5 ±  1.0)e (-0.5 ± 1.0)° (-0.5 ± 1.0)° (-0.5 ± 1.0)° (-0.5 ± 1.0)°
Xte -0.3 ± 0.2/ - 1.0 ±  0.1? - 1.0 ±  0.R - 1.0 ± o.if (-0.5 ± 1.0)° -0.3 ± 0.If
fi (0) (0) 0.693 ± 0.004 -0.213 ± 0.019 (-% ) (-% )
Isotope shifts, 32SF6- 34SF6:
A vi 17.4 ± 0.3« 3.3 ±  0.4«
A (i)i (0) (0) 17.97 ± 0.3 3.35 ±  0.4 (0) (0)

° Units are cm-1, except for the f,;, which are dimensionless. 6 From Raman data of Bosworth et al.17 c Obtained from bands of 
SF6 in cryogenic solutions as measured by Bertsev et al.20 d From the estimated j<o’s of infrared bands (Table I) and Raman 
frequencies of Bosworth et al.17 ° Estimated value, f Obtained from spacing of hot-band Q branches (Table I). « Measured by 
Brunet and Perez;9 probable error of Ai« is estimated; that of Aiq was given by Thakur,8 citing a personal communication from H. 
Brunet.

Xjfi = [(v( ±  Vj ±  VQ ~ V6) -  (Vi ±  Vj)]
—  [(vj +  ''6 -  °e) ~  vj] ( i =  1, 2 ; j  =  3, 4 ) 

X m  =  (irt ±  i/6 -  v6) — vi ( i =  3 , 4 )

2 .X 66 =  [(¡'2 +  2^6 — fa ) _  ( v 2  +  i^ ) ]  +  [("4  +  V6 — ve)  — jq ]

— [(v2 + V4, ±  Ve — ve) — (vo ±  V4)]

Finally, Bertsev et al.20 have studied SF6 in cryogenic liquid 
oxygen solutions. The narrow absorption bands were mea
sured with errors not exceeding ±0.5 cm-1, and allow three 
more X,;-’s to be evaluated:

2 X n  =  (2 v\ ±  V3 ) ±  V3 —  2 ( iq  ±  ¡’ 3 )

X 12 =  (v\ +  V2 +  V4 ) +  V4 —  (¡q  +  iq )  —  (v2 +  V4 )

6X 33 = (3 3̂) -  3(̂ 3)

We have thus determined 13 of the 21 anharmonicity con
stants (Table II). Those involving a bending fundamental ( ¡ q ,  

" 5 , or ve) fall in the range ± 0.2 to - 1.0 cm“ 1, with a mean near 
—0.5 cm-1, so for each of the eight undetermined X tJ’s we have 
adopted an estimated value of —0.5 ±  1.0 cm-1.

Recently Nowak and Lyman,21 in analyzing absorption 
measurements on SF6 that had been shock-heated to 400-1500 
K, treated the anharmonicity constants involving va by an 
approximation method. They assumed that the anharmonic 
shift for a given hot band is proportional to the amount of 
vibrational energy in the lower state:

X 3 ; = Avi/{1 +  53ì) (1)

where 63; = 1 when i = 3 and 6^ = 0 otherwise, and A is an 
adjustable parameter. By matching calculated with observed 
band contours, they estimated A = -(2.6 ±  0.3) X 10“ 3. This
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gives X 13 = —2.0, X 23 = —1.7, and X 36 = —0.9 cm-1, all in 
excellent agreement with the values of Table II; X 33 = —1.2 
cm“ 1 is somewhat lower than ours. Their X 34 = -1.6 and X 35 

= —1.4 cm- 1  are higher than the values we have estimated, but 
fall within our probable error limits. It appears that eq 1 is 
suitable as an approximation to the anharmonicity corrections 
when one is unable to obtain the X i j ’ s individually, as in 
high-temperature band analyses.

The harmonic frequencies (to,) for the six fundamentals 
derived from our set of anharmonicity constants are given in 
Table II.

2 . C o r io lis  C o n s ta n ts . The analysis of v3 yielded11

B 3 +  B 0 -  2 ( B { ) 3 = 0.055 6 8 8  ±  0.000 016 cm“ 1 (2)

B s - B 0 =  (-1.518 ±  0.012) X 10“ 4 cm“ 1

In an electron diffraction study22 of SFg gas the S-F bond 
length was found to be 1.564 ±  0 .0 1 0  A, so the effective rota
tional constant is B  =  0.0907 ±  0.0012 cm-1, and the difference 
between B 3 + B o  and 2B  is of the order of 0.1%. Thus to well 
within the accuracy of the electron diffraction determination 
of B , we can replace B 3 +  B 0 — 2 ( B f ) 3 in eq 2 with 2B(1 — f3), 
which gives (3 = 0.693 ±  0.004.

The full analysis of v4 is not yet complete, but we have 
measured sufficient vibration-rotation lines to be able to es
timate (4 reliably. The lines R(2) through about R(20) show 
no indication of octahedral splitting (unlike their counterparts 
in 03),10 and the spacing in this region is 0 .2 2 0  ±  0 .0 0 2  cm- 1  

»  2B( 1  — f4). This spacing agrees closely with that determined 
by Brunet and Perez9 using a grille spectrometer (0.22 ±  0.005 
cm“1), and yields f4 = —0.213 ±  0.019.

The precision of these Coriolis constants is determined 
mainly by the uncertainty in the S-F bond length r : the mean 
error in r is 0.64%; and that in B  =  hl'X2i:‘l c r l m\; is 1.3%, which 
is the approximate error in the values of 1 — ft. Under these 
conditions, the more accurately determined of the two f’s will 
be the one nearer to the limiting value of + 1 : in this case, fo. 
We note that ( 3  +  ( 4  =  0.480 ±  0.019, in agreement with the 
value % required by the sum rule.23

The SFe fundamentals provide an opportunity to check the 
accuracy for octahedral molecules of the Edgell-Moynihan 
method of determining the Coriolis constants of unresolved 
bands.23’24 From the P-R branch spacing in i>4 (Table I), we 
have

(-4 = 1 -  [AidP-R)(hc/16feTB)1/2] = -0.23 ±  0.03

at both 300 and 190 K, in satisfactory agreement with the 
high-resolution results. For v3 the hot-band structure obscures 
the P-branch maximum, and attempts have been made to 
estimate the P-R spacing by doubling the distance between 
the Q- and R-branch maxima.4 It can be seen from Table I that 
this is satisfactory for v4, but for v3 the value of Ai<(P R) thus 
obtained yields f = 0.79 instead of the true value of 0.69. This 
approximation of course neglects the R-branch convergence 
caused by the change in the rotational constants between the 
ground and excited states (the B 3 — B o  term), which will de
crease the Q-R distance, but the discrepancy seems greater 
than can be accounted for by this effect alone. An additional 
complication is that at 300 K the branch maxima correspond 
to rotational levels of J  ~  50, and in this region of v3 the Co
riolis splitting is much larger than the distance between ad
joining J  manifolds, and thus dominates the band structure.11

3. 32S-34S I s o to p e  S h ifts . Brunet and Perez9 have measured 
isotope shifts in natural SF6 (4.2% 34S) of 17.4 cm“ 1 in v3 and
3.3 cm“ 1 in v4. These shifts are consistent with those reported

by other authors with somewhat less precision.7,20 With an
harmonicity corrections14 they become 17.97 and 3.3s cm“ 1. 
The harmonic product ratio a)3CJ4(34SFfi)/u3aj4(32SF6) is then
0.9761 ±  0.0006, compared with a theoretical value of 0.9768. 
This agreement is only marginally satisfactory; there is a 
possibility that one of the shifts measured by Brunet and 
Perez9 is slightly too large.

The pertinent vibrational data are summarized in Table II. 

Force Field

Results of the force constant calculations using the har
monic frequencies are presented in Table III. 25 The errors 
quoted there reflect the uncertainties in the oj; ’ s , and, for F 33 
and F44, the error limits on F 34. So that the force constants of 
SF6 can be compared with those of other molecules for which 
the anharmonicity corrections are not available, we have in
cluded in Table III the results of calculations using the ob
served frequencies.

As for all two-dimensional secular equations, there are two 
sets of force constants that reproduce the Fiu frequencies, the 
f’s, and the isotopic frequency shifts equally well; these are 
both given in Table III. For most molecules, one of these two 
can be selected on the basis of vibrational amplitudes, but for 
SF6 the choice is not obvious (Table IV). Only the S-F am
plitude is sensitive to the force field, and there is not much 
difference between the two calculated values. Ewing and 
Sutton22 directly determined only the short F—F amplitude, 
so their data are inconclusive. (Insofar as their assumed value 
of u  (S-F) is near that of set I and gives good agreement be
tween the observed and calculated values of the F—F ampli
tudes, it may be said to provide some support for that set.) On 
the basis of the valence force constants / r and set I is 
physically the more reasonable of the two, but the choice is 
not as compelling as it usually is in these cases. Most (but not 
all7) other authors have chosen constants corresponding to 
our set I, though apparently some were unaware that an al
ternate solution lies nearby.

It is evident from Table III that although all the constraints 
are in general agreement, (3 is by far the most effective in 
defining the force field. Because of the rather low observed 
product ratio mentioned above, the values of F 34 determined 
by the isotope shifts in o>3 and co4 differ by 0.059 ±  0.061 
mdyn/A; normally one would expect better agreement. Ruoff6 

elected to use only Ai>3 in his calculations, noting that the v4 
Q branch of 34SF6 is difficult to measure in natural samples 
because of interference by the hot bands of 32SF,;. On the other 
hand, Thakur8 preferred Ai>4 because its anharmonicity cor
rections are smaller. The shifts should probably be re
measured to resolve these uncertainties, but meanwhile the 
force field is now adequately fixed by the Coriolis constant (3. 
The isotope shifts would be as effective as f3 if they could be 
measured to about ±0.05 cm“ -; this would probably require 
the resolution and analysis of the 34SF(; fundamentals.

Discussion

We will defer a full discussion of the force field of SFg until 
similar harmonic data are available for SeFs and TeFg. 
However, we may note that the valence force constants of 
Table III (set I) are reasonable for a covalently bound molecule 
for which nonbonded F—F repulsions are significant. The 
arguments for the importance of such repulsions are the fol
lowing: (1 ) the cis interaction constant f  „  = 0.36 mdyn/A is 
positive, which implies that stretching one bond favors con
traction of the four adjacent bonds, and it is fairly large (cf. 
the values 0.23 and 0.27 mdyn/A in MoFg and WFg) ;12'13 while
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TABLE III: Force Constants of SF6 (mdyn/Â)

Using harmonic frequencies, go; Using observed frequencies, vt

1“ II6 1“ II6

A. Determination of F 34 from the various constraints
¿*3 0.909 ±  0.005 1.456 ± 0.008 0.902 1.421
1*4 0.883 ±  0.025 1.416 ± 0.038 0.877 1.382
32S-34S shift in C03 0.883 ± 0.026 1.416 ± 0.039 0.896 1.412
32S-34S shift in a>4 0.942 ±  0.055 1.503 ±  0.079 0.929 1.461
Final value of F34 0.907 ±  0.005c 1.453 ±  0.008e 0.90 1.42

B. Symmetry force constants
Fn = /r + 4/„ ± f w 6.845 ±  0.053 6.845 ± 0.053 6.70 6.70
F  22 = f i  — 2/rr + f n 4.715 ±  0.029 4.715 ± 0.029 4.61 4.61
F 33 ~  fr  ~~ f n 5.465 ±  0.046 3.282 ±  0.042 5.30 3.23
¿44 = fa  +  2 faa -  2 faa"  -  f aa" ’ 1.051 ±  0.021 2.143 ±  0.011 1.034 2.07
¿34 = 2 (/ra f r a ') 0.907 ±  0.005 1.453 ±  0.008 0.90 1.42
¿55 = f a ~  2faa + f a a " 0.780 ±  0.015 0.780 ±  0.015 0.765 0.765
Fee = f a -  2faa +  2 fm "  -  f aa" ' 0.693 ±  0.008 0.693 ± 0.008 0.670 0.670

C. Valence force constants
fr 5.445 ± 0.026 4.354 ± 0.025 5.30 4.27
f n  (adjacent bonds) 0.355 ± 0.010 0.355 ± 0.010 0.348 0.348
f „ '  (opposite bonds) - 0 .0 2 0  ± 0.026 1.071 ± 0.025 0.003 1.04
fa  faa  (~/a) 0.826 ± 0.009 1.099 ± 0.008 0.809 1.07
f  — f  "Ira fra 0.454 ± 0.002 0.727 ± 0.004 0.45 0.71

a Preferred solution. 6 Alternate solution.c Average weighted according to the inverse squares of the estimated errors.

TABLE IV: Root-Mean-Square Vibrational Amplitudes and Shrinkage Effects in SFe (A)

T = 0 K T  =  300 K

Calcd (I)“ Calcd (II) 6 Calcd (I)“ Calcd (II) 6 Obsdc

u(S-F) 0.0407 0.0455 0.0416 0.0475 (0.0410)d
u(F—F, short) 0.0554 0.0554 0.0603 0.0603 0.060 ±  0.002
u(F—F, long) 0.0508 0.0508 0.0528 0.0528 (0.0507)d
ò (F—F, short) 0.0006 0.0004 0.0006 0.0003
<5(F—F, long) 0.0021 0.0018 0.0025 0.0 022

° Preferred solution. 6 Alternate solution. c Values reported in the electron-diffraction study of Ewing and Sutton.22 d Assumed 
value, calculated using an approximate valence force field.22

the trans interaction constant / rr', which is not influenced by an/aQ3 = ±(226 ±11) esu
such repulsion, is near zero. (2) The primary bending force 
constant f a ~  0.83 mdyn/A is by far the largest of any known 
hexafluoride molecule.26 (3) The stretch-bend interaction 
constant f Ia — f Ia"  = 0.45 mdyn/A is positive (i.e., stretching 
a bond causes the four adjacent bonds to bend toward it), and 
also is much larger than for any other hexafluoride.26 Fur
thermore, all three of these force constants decrease sharply 
in the series SFr, SeF6, TeF6, as the size of the central atom, 
and hence the F—F distance, increases.26’27 (4) While the S-F 
and long F—F vibrational amplitudes of 0.042 and 0.053 A (at 
300 K), respectively, are close to those of most other hex
afluorides,28 the short F—F amplitude (0.060 A) is much less 
than the 0.09-0.12 A observed in metal hexafluorides,28 
suggesting that this motion is constrained.

We conclude with a brief discussion of the bond moment

dfi/dQi =  ±(54.6 ±  2.7) esu

From the force constants of Table III (set I) we calculate the 
following elements of the eigenvector matrix in units of 
amu-i/2:

L 33 =  0.3371 L34 = 0.0395

¿ 4 3  = -0.4206 ¿ 4 4  = 0.4226

The sign ambiguity in the dipole moment derivatives results 
in two sets of solutions for the effective S-F bond moment and 
its derivative:

Mo = 2.44 ±  0.12 D dn/ar = 4.16 ±  0.31 D/Â 

or
in SF6. Schatz and Hornig29 have measured the absolute in
tensities of the infrared-active SF6 fundamentals in the vapor, 
with uncertainties of ±10%. (Bertsev et al.20 recently reported 
intensities in liquid oxygen solutions that agree with the 
earlier gas-phase results to within ±5%.) The Schatz-Hornig 
intensities yield the following values for the derivatives of the 
vector dipole moments with respect to the normal coordinates:

mo = 0.85 ±  0.12 D ap/ar = -6.79 ±  0.31 D/A

Only the first of these two sets is reasonable on the basis of 
electronegativity arguments.29 The error limits quoted here 
include both the uncertainties in the measurement of the in
tensities, and those introduced into the elements of the L and 
L_1 matrices by the estimated errors in the frequencies and
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force constants. Our value of mo is about 8% lower, and of apt/dr 
about 8% higher, than the original results of Schatz and 
Hornig;29 this is remarkable agreement considering that the 
latter had only an approximate force field with which to re
duce their data. Several bond moment calculations published 
more recently8’30 have differed greatly from Schatz and 
Hornig’s, and apparently are erroneous.

Note Added IN Proof: In an infrared-infrared double 
resonance experiment, I. Burak, A. V. Nowak, J. I. Steinfeld, 
and D. G. Sutton, J . C h em . P h y s ., 51, 2275 (1969), have 
measured the absorption curve of the 2v$ •*— t>3 transition in 
SF6. It has an anharmonicity shift of “approximately 7 cm-1”;
i.e., X 33 »  —3.5 cm-1, in agreement with the value of —3.1 ±
0.3 cm- 1  in our.Table II. We thank Professor M. F. Becker of 
the University of Texas for calling our attention to this ref
erence.

While Bertsev et al.20 reported the 32SF6- 34SF6 isotope shift 
in i>3, and various combination bands involving 1% to be 17 ±  
1  cm-1, it is worth noting that their measurements on i/3 itself 
are actually reported to the nearest 0.1 cm-1: AV3 = 17.0 cm-1, 
which with anharmonicity corrections becomes Aoj3 = 17.56 
cm-1, or F34 = 0.918 mdyn/A. They also measured a 32SF6-  
33SF6 shift of 8 .8  cm-1; giving Aw3(32S-33S) = 9 .O9 cm- 1  and 
F34 = 0.912 mdyn/A. These values of F34 are in closer agree
ment with that obtained using (3 as the constraint (Table II) 
than is F34 obtained from the isotope shift measured by 
Brunet and Perez.9
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Resonant Raman scattering studies have been performed on SbSI near the fundamental absorption edge. 
Measurements were made as a function of temperature (above and below the ferroelectric phase transition) 
and of incident laser excitation. The results indicate that all the phonon modes investigated show similar 
resonant behavior and their intensity variations compare favorably with the simple Loudon theory for a di
rect-energy-gap semiconductor. The nature of the energy gap appears to be the same in both phases.

Introduction

SbSI undergoes a paraelectric to ferroelectric phase tran
sition at ~288 K with an associated structural change from 
D \ \ (P n cim ) -*• C lv( P n a 2 i ) . Detailed infrared and Raman 
data2,3 have been reported previously. SbSI is also a semi
conductor with a band gap of 1.84-1.88 eV for E  parallel to c 
and 1.96-1.97 eV for E  perpendicular to c at room tempera
ture4' 9 (where 1 eV = 8065.8 cm'1). These values were de
termined from measurements of the absorption edge and its 
definition is somewhat arbitrary. In our use of the band gap 
we have been guided by the work of Harbeke5 and we have 
taken the value of the band-gap energy, E g, to be the wave
length where the absorption coefficient a  = 100 cm-1. Kern4 

found that E g( T ) ox e J ‘298) — (iT , where /I ~  1.5 X 10- 3  eV/K 
between 77 and 300 K. Harbeke reported that both edges shift 
with temperature without altering their shape, but the tem
perature dependence of the edge (and hence the band gap) 
cannot be adequately described by Kern’s simple expression 
(i.e., 0  represents only an average value).

However the exact nature of the absorption edge has un
dergone some debate. In ref 6 and 7 it is concluded that the 
edges are due to phonon assisted indirect optical transitions 
whereas the work reported in ref 5, 8 , and 9 describe the edge 
as exponential, corresponding to a direct gap.

Our earlier Raman results23 favored the latter picture as no 
bands corresponding to two-phonon processes could be ob
served and all the one-phonon modes in our spectra showed 
intensity enhancement.

In this work we have performed polarized resonant Raman 
scattering (RRS) studies on SbSI in the vicinity of the ab
sorption edge using two methods: one was to use several dif
ferent laser sources to vary the incident radiation (at a fixed 
band gap); the other was to vary E g for both E  parallel to c and 
E  perpendicular to c by changing the sample temperature at 
a fixed incident energy. Both methods are virtually equivalent 
for investigating the resonance behavior and for comparing 
the scattering intensities with different theoretical models 
providing all appropriate corrections to the observed Raman 
intensities can be made. Unfortunately in our most recent 
measurements unexpected changes had taken place in our 
samples after a long period of time and the results obtained 
by the first method could not be satisfactorily analyzed.

* Address correspondence to this author at the Department of 
Physics, Northeastern University, Boston, Mass. 02114.

However the temperature dependent measurements of the 
phonon modes in SbSI using He-Ne 6328 A and later mea
surements using Kr 6471- and 6764-A excitation on new 
samples show that the RRS intensity is in accord with the 
simple Loudon theory10 for a two-band parabolic model with 
a direct gap.

Experimental Section

The single crystals used in the Raman investigations were 
thin needles (about 1 -mm2 cross section), with the c axis along 
the needle axis. The crystals were grown from the vapor phase 
and the growth faces were perpendicular to the [1 0 0 ] and [0 1 0 ] 
directions. No attempt was made to positively identify the 
crystal a and b axes as only relatively minor intensity changes 
were observed by interchanging the designated x  and y  di
rections.

The Raman spectra were recorded using an Spectra-Physics 
Model 125 He-Ne laser, a Spectra-Physics Model 164 krypton 
laser and an argon pumped Coherent Radiation Model 490 Jet 
Stream dye laser. The measurements were taken with a Spex 
1401 double/triple monochromator and a cooled ITT FW130 
or RCA C31034 photomultiplier operating in a photon
counting mode. Low laser powers were used (~15 mW) to 
avoid excessive heating of the samples and were measured to 
within 5% at the position of the sample. An oblique incidence 
corresponding to an approximately back-scattering configu
ration was used, except with the Kr laser where right-angle 
scattering was employed. The spectral resolution Av was ~ 2  

cm-1. The temperature control both above and below room 
temperature was achieved with either an Air Products helium 
cryotip equipped with a heater or a continuous nitrogen- 
gas-transfer cryostat. The temperatures were monitored by 
thermocouples mounted on the crystal holder in close prox
imity to the sample. Temperature stability of less than ±1 K 
could be achieved.

Results and Discussion

In order to study the resonance Raman effect in SbSI two 
methods were utilized. In the first method we kept the energy 
gap constant and varied the energy of the incident radiation 
by simple tuning the dye laser or by choosing selected laser 
lines so that E g could be approached from below. An alter
native and slightly more convenient method was to change the 
position of the gap by some external means (e.g., temperature,
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pressure, electric field, etc.) while maintaining a constant 
frequency of the incident light.

In our initial studies only a He-Ne laser was available for 
performing these measurements and we were forced to utilize 
the second method. Consequently we undertook Raman 
measurements of SbSI as a function of temperature from room 
temperature to liquid helium temperatures. We observed a 
marked increase in intensity on cooling from Tc to ~240 K. 
Further cooling to 15 K resulted in a decrease in intensity by 
about a factor of 3. The temperature dependence of the rela
tive intensities of the 110- and 140-cm-1 bands were measured 
using a y(zz)y configuration and the results are shown in 
Figure 1. With a laser excitation energy of 1.96 eV, a rather 
broad maximum of the Raman scattering intensity is observed 
at ~240 K for each phonon mode.

Using the two-band parabolic model due to Loudon, 10 the 
frequency dependence of the resonant term in the Raman 
tensor for direct energy gap semiconductors is found to be

R (E i, E %  Fo) a  ^  dK £ ^Fg + F0

in

and the Raman scattering intensity is proportional to

[(Fg(T) + E 0 -  F , ) 1/2 -  (Fg(T) -  Fi) 1/2] 2 (2)

where Fi, F 2, and Fo are the incident, Stokes, and lattice- 
vibrational frequencies, respectively. The direct energy gap 
is Fg(T), the reduced mass is n and the electronic wave vector 
is K. Thus there is an enhancement but no singularity as F; 
- F g.

In the exciton picture11 the electron and hole in an inter
mediate state are caused to interact and for simple parabolic 
bands the spectrum is now the discrete plus continuum states 
of a single exciton series. Calculation12 shows that as F; —► Fg 
— R ' (where R ' is the exciton Rydberg in eV), the Raman 
amplitude becomes A ( E ¡, F g(T))

oc[(Fg - F ' - F i ) ( F g  —F' + F o - F j ) ] - 1 (3)

The addition of a phenomenalogical damping term, rg, to 
round off the divergence leads to a RRS intensity

oc [((Fg — R ' -  Fi) 2 + rg2)((Fg - R '  +  E g -  Fi) 2

+ rg2) ] - 1  (4)

The theoretical intensity curves for the 140-cm-1 phonons for 
the Loudon picture for noninteracting states (eq 2) and for the 
excitation picture (eq 4 with Tg = 0) are also shown in Figure
1 .

The Raman intensities given in our earlier work1 were not 
corrected for absorption but nevertheless the data indicated 
that the two band direct gap model is the more appropriate. 
From Figure 1 it can be seen that the intensities below the 
band-gap diverge as (Fg -  F , ) -17 2  rather than (Fg -  F ;) _1 

which would be expected from the exciton picture. Using 
Harbeke’s absorption data at room temperature and the 
variation of the band gap with temperature5 a series of ab
sorption curves as a function of incident radiation and tem
perature was constructed and the necessary corrections for 
the absorption were applied. The Raman scattering intensities 
using a dye laser (tunable range 1.91-2.15 eV) were measured 
on the same SbSI samples previously investigated 4 years 
earlier with 6328-Â radiation. In these studies both methods 
were employed and the variation of the intensities as a func
tion of temperature (i.e., varying Fg) and as a function of the
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Figure 1. Raman scattering intensities for the 110- and 140 cm-1 bands 
plotted as a function of temperature. Theoretical intensity curves are 
shown for the Loudon theory and the exiton theory for the 140-cm~1 
phonon.

incident light, Fi; were obtained. 13 The RRS above and below 
the ferroelectric phase transition was investigated by studying 
the phonon modes (Fo) at ~110 and ~320 cm- 1  for y ( x x ) y  and 
the ~110, ~140 cm-1, and the temperature dependent soft 
mode for y ( z z ) y .

A few examples of the results (not corrected for absorption) 
are shown in Figures 2  and 3. The sharp decrease in the scat
tering at higher frequencies (or at higher temperatures) is due 
to the rapid increase in absorption in the crystal in the vicinity 
of the band edge. The increase in intensity at low frequencies 
is probably due to impurity induced absorption, 14 due to the 
change in stoichiometry of our samples over a long period. The 
“absorption” tail in the samples was found to be approxi
mately a factor of 10 larger than that reported by Harbeke.6 

As no reliable estimate could be made of the “effective” 
thickness of the domains, it was meaningless to make any 
attempt to correct for the absorption. When observed under 
a microscope the samples showed wide variations in the 
transmittance from one domain to another, and it was con
cluded that they were no longer of uniform composition. The 
back-scattered light collected from our samples is dominated 
primarily by the transmitted light, rather than changes in the 
scattering coefficient and this has probably provided the 
anomalous results shown in Figures 2 and 3 at low energies and 
at low temperatures, respectively. In a previous report13 we 
assumed that the increase in absorption was possibly due to 
free carriers and using the theoretical treatment of RS from 
metallic surfaces by Mills et al. 15 we were able to qualitatively 
reproduce the measurements by assuming the integrated RS 
intensity varied as i)5 (where 5 is the classical skin depth) and 
that such a term modulated eq 2. However, from our optical 
absorption data we now believe that the increase in the scat
tering at frequencies below the band gap was mainly due to 
impurities and imperfections created by a change in sample 
composition with time.

Temperature dependent measurements of the Raman ac-
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E;(eV)

Figure 2. Raman scattering intensities for the ferroelectric soft mode 
and the 110- and 140-cm~1 phonons with y(zz)y and 110- and 320- 
cm ~1 phonons for y{xx)y at ~80 and ~170 K as a function of incident 
energy, E:.

tive phonons with a Kr laser using 6471-A radiation and x ( z z ) y  
geometry on a “fresh” sample in the ferroelectric phase 
compared favorably with the earlier results obtained with a 
He-Ne laser and the results are shown in Figure 4 for the 
140-cm_1 phonon.

Measurements taken with 6764-A Kr in the paraelectric 
phase (Figure 5) were in good agreement with those reported 
by Spilbauer16 and both Figures 4 and 5 confirm the appli
cability of the simple Loudon theory in a semiconductor with 
a direct gap. 10 These are in accord with the Raman results of 
Spilbauer16 and those reported recently by Yu et al. 17 They 
are also consistent with the results of Harbeke,5 Zeinally et 
al. ,8 and Kamimura et al.9 where the optical absorption edge 
is found to be exponential, such that in the range of a  = 40- 
1 0 0 0  cm- 1  the absorption coefficient obeys the empirical 
Uhrbach rule. Possibly the most appropriate theory that can 
be applied to explain the exponential nature of the optical 
absorption edge for SbSI, is that developed by Mahan18 for 
polar crystals, where he showed that LO phonons predominate 
in the formation of the absorption edge but other phonons 
may participate in the process away from the edge. Kamimura 
et al.9 and Zeinally et al.8 conclude from their analysis of the 
absorption edge data that the excitons are strongly coupled 
to phonons in the range 210-220 cm-1. In our ir measurements

I
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Figure 3. Raman scattering intensities for the 110- and 320-cm-1 
phonons with y(xx)y at E-, =  1.97, 2.0, and 2.04 eV as a function of 
temperature (i.e., Eg).

E„
Figure 4. Scattering intensity of the 140-cm“ 1 phonon in the ferroe
lectric phase for f ,  =  1.916 and 1.959 eV as a function of E, — Eg. Eg 
was varied by changing the temperature. The solid line is the theoretical 
curve for a two-band parabolic model.



Resonant Raman Scattering in SbSI

Figure 5. Scattering intensity for x(zz)y geometry in the paraelectric 
phase for the 110- and 140-cm~1 phonons with E, = 1.822 eV as a 
function of (£g( T) — E,)/E0. Eg was varied by changing the temperature. 
(E0 ^  0.014 and 0.017 eV, respectively.) The solid curve is the intensity 
variation according to the Loudon theory and the solid circles and 
squares are taken from unpublished data in ref 16.

we report2® a strong LO phonon at ~217 ±  10 cm“ 1 associated 
with atomic displacements along the c axis. It has been shown 
by Balkanski et al.2b that vibrations in the 150-320-cm“1 
range, which includes these phonons, represent rotation and 
internal vibrations of Sb+-S diatomic groups and are in fact 
valence vibrations of the Sb+ -S bonds. These vibrations are 
observed in both phases and show similar resonant behavior 
(when plotted as a function of (E g — E d / E o) and comparison 
of the intensity data above and below the phase transition 
suggests that the nature of the fundamental gap remain es
sentially unchanged at the phase transition. According to Yu

1211

et al.17 this result is consistent with band structure calcula
tions which show the top valence band and the bottom con
duction band mainly derive from the p band of I and the S 
band of Sb, respectively. At the phase transition the S and Sb 
atoms are displaced along the c axis with respect to the I atoms 
by 0.2 and 0.05 Â, respectively, 19 and the band ordering re
mains approximately the same.
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A method is described whereby the symmetry of the ammonium ion in crystals may be determined from the 
number and relative intensities of the N-D stretching and bending fundamentals of isotopically dilute 
NH3D+ ions. These modes give rise, at liquid-nitrogen temperature, to sharp bands in the infrared spectrum. 
The method has been applied to the study of the ammonium ion in a variety of crystalline environments, as 
exemplified by (NH4)2SnCl6, (NH4)2TiF6, NH4I04, (NH4)2PdCl4, NH4N 0 3(V), and (NH4)2(C00)2-H20.

The symmetry of a site occupied in a crystal by an ammo
nium ion can be, in principle, any one of the 32 crystallo
graphic point-group symmetries, and more than half of these 
have in fact been reported as site symmetries of the ion. The 
site symmetry is almost always deduced from the result of a 
crystal-structure determination. However, such a determi
nation is often not available, and even when it is, the indica
tion of the site symmetry occasionally is ambiguous or incor
rect. An alternative approach to the problem is thus of value. 
In this paper we propose to investigate what can be learned 
about the site symmetry of an ammonium ion from the in
frared spectrum.

The spectroscopic characteristics of an NH4+ ion at a site 
of symmetry S depend on the effective symmetry of the ion 
at that site. The effective symmetry E is determined by the 
maximum subgroup common to Td and S, i.e., by the inter
section Td p| S = E. Inasmuch as the intersections of Td with 
the 32 crystallographic point groups are the subgroups of Td, 
E can at most indicate the site symmetry within the homo- 
morphisms S —► E of Table I. The determination of site sym
metry is further limited by the spectroscopic distinguishability 
of the subgroups of Td for NH4+. From the number of in
frared-active fundamentals only those sets of S can be iden
tified that correspond to one of the following sets of subgroups 
of T d ' (T d , T ) ;  ( C 3„, C 3) ;  D 2dl C2„; (S4, Z)2, Cs, C2, Ci). How
ever, establishing the number of fundamentals in the infrared 
spectrum of the ion in undeuterated (or those of ND4+ in fully 
deuterated) ammonium compounds is generally not feasible. 
Perhaps the most serious difficulty is due to extensive Fermi 
resonance which exists in the N-H (or N-D) stretching region 
and involves principally the vibrational modes v3, v2 + i<4, and 
2 j'4.3 This resonance is expected to become more serious as the 
symmetry of the ion decreases, owing to the increasing number 
of components able to resonate with the fundamentals ¡<1 and 
v3. The intensity redistribution arising from this effect is often 
sufficient to render the assignment of fundamentals uncertain. 
However, even when Fermi resonance does not interfere se
verely, misinterpretation of a n y  observed bands may occur 
as a result of ambiguities introduced by the possible presence 
of nonequivalent ammonium ions, factor-group splitting, and 
site-group splitting. This difficulty may be illustrated by the 
infrared studies of the complex fluorides (NH4)2NiF4 and 
(NH4)2CuF4. Crockett and Haendler4 attributed a splitting 
of the absorption due to y4 to the presence of two nonequiva

lent sets of ammonium ions in the crystals of these salts. The 
x-ray diffraction work by Rudorff et al. ,5 however, revealed 
the presence of only one type of ammonium ion in each com
pound.

A method which avoids the complications that are en
countered with NH4+ (or ND4+) is offered by the use of the 
isotopically dilute NH3D+ ion. It has been shown6 that, in the 
infrared spectra of NH3D+ ions at sites of symmetry Td, the 
modes of principal interest, î(ai) and i<4bc(e), are not subject 
to Fermi resonance and occur in frequency regions which are 
usually clear of other absorptions. These modes correspond 
essentially to N-D stretching and bending, respectively. At 
liquid-nitrogen temperature they give rise to sharp bands 
which reflect more clearly the symmetry of the ammonium 
ion. A low-level deuteration, such as results on recrystallizing 
the ammonium compound from an H20 -D 20  mixture of low 
D content, ensures that the NH3D+ ions are dispersed in the 
crystal at random and widely separated (“isotopically isolat
ed”), so that the NH3D+ ion acts as a true probe of the sym
metry and orientation of the ammonium ion in the structure. 
While in principle NHD3+ in an ND4+ matrix would serve 
equally well, in practice the requirement of an almost com
plete deuteration is less easily satisfied. The NHD3+ ion may 
turn out to be less suitable for yet another reason: in 
(NH4)2PtCl6 the N-H stretching mode of NHD3+, j/3a, was 
found6 to give rise to a band almost as broad as that due to
*8(NH4+).

The replacement by D of one of the H atoms in an NH4+ ion 
bound to a crystal site will give rise to four equally probable 
permutations (or orientations) whose equivalence will depend 
on the effective symmetry E of the NH4+ ion. The effective 
symmetry (or symmetries) E' of the NH3D+ ion(s) resulting 
from this substitution will be the intersection C3u H E of the 
maximum point group of the NH3D+ ion with E or a subgroup 
of that intersection, i.e., C3„, C 3, Cs, or C\. Under these sym
metries the N-D stretching and bending modes of the isolated 
NH3D+ ion will take the form

E': C3„ ai Hbc- e
c 3 a e
C  s a' a' + a'
Cl a a -f- a

The number, and relative intensities, of bands expected from 
v\ and V4bc are then determined from the appropriate entry,

The Journal o f Physical Chemistry, Voi 80, No. 11, 1976



Determination of the Symmetry of the Ammonium Ion 1213

TABLE I: Effective Symmetries of the NH4+ (E) and 
NH3D+ (E') Ions at Crystal Sites of Symmetries S

S“ E E7 b

Oh,c Td T d C 3v{ 4)
O, T h, T T Cs(4)
D 6h(2 ) ,D 3h, C6„(2), C Sü Cto. C s (3)

D id , C 3u
D 6, C&h, Czh, Cß, D i, C i C3, Cj(3)

Sß, C i
D 4h( 2), D ^ D id C.(4)
c 4h, s 4 S i Ci(4)
C av (2), D ih (3),d C2„ C 2u C,(2),C.(2)
D  4 (2 ), D 2h,d D i  
c 2h,d c

D i Ci (4)
Cs Cs, Cs, C A 2)

c 4, C 2h,d C 2 c 2 Ci(2),Ci(2)
Ci, C l Ci Ci, Ci, Ci, Ci

a The number of nonequivalent choices of symmetry operations 
of E from the symmetry operations of S is indicated in paren
theses, e.g., D 6h(2 ). b The number in parentheses indicates the 
number of equivalent orientations of the NH3D+ ion of given 
symmetry E' relative to the parent NH4+ ion of symmetry E. 
c Supergroup of Td, Td C S. d This S symmetry yields tw o  dif
ferent E symmetries, depending upon the choice of the symmetry 
operation from this point group.

for a particular S, in the column E7 of Table I. These entries 
correspond to the symmetries of the four possible orientations 
of the NH3D+ ion; the numbers in parentheses refer to the 
number of equivalent orientations. In predicting the expected 
ratios it is assumed that, within each compound, each com
ponent of a vibrational mode contributes unit intensity.

The presence of sets of nonequivalent ammonium ions in 
a crystal may or may not be immediately detected by this 
method, depending upon the symmetries of the different sites 
and their relative abundance. For example, tw o  n o n e q u iv a le n t  
sets of C 2v symmetry and equal abundance could not be dis
tinguished from o n e  set of e q u iv a le n t  C x sites.

Results and Discussion
To demonstrate the practical usefulness of this isotopic 

dilution method, an effort has been made to provide examples 
of most of the effective NH4+ symmetries E of Table I. In
frared spectra of authenticated polycrystalline samples in 
Nujol mulls at 80 K were obtained with a Perkin-Elmer Model 
180 spectrophotometer. When necessary, additional cooling 
was achieved using an Air Products and Chemicals Inc. 
Cryo-Tip capable of maintaining a temperature of 22 K. 
Typical D content of a sample was 1%.

S ite  S y m m e tr y  Td- A m m o n iu m  h e x a c h lo r o s ta n n a te ( I V ) ,  
(NH4)2SnCl6- In this compound, which is isostructural with 
(NH4)2PtCl6,7 all ammonium ions are equivalent (cf. Figure 
1 of ref 6). From Table I it would be expected that the isoto- 
pically isolated NH3D4 ion retains its C 3u symmetry and that 
all four N-D orientations are equivalent. The fundamentals 
iq(ai) and i/4bc(e) should thus each give rise to a single ab
sorption band.

The N-D stretching and bending regions of (NH4)2SnCl6 

(1 % D) (Figure 1) are seen to contain the expected features. 
The absorption arising from t̂ i(ai) consists of a very sharp, 
single band of about 5 cm- 1  half-width, while that due to 
t>4bc(e) appears as a considerably more intense absorption. 
Since the N-D stretching fundamental iq(ai) at 2374.5 cm- 1  

is separated by about 120 cm- 1  from the 2i/4bc(e) level at 2 X

1246.4 = 2492.8 cm-1, no serious Fermi resonance is expected. 
The weak band observed at 2480 cm- 1  and assigned to 2v4bc 
confirms this expectation.

S i t e  S y m m e t r y  C3u. A m m o n iu m  h e x a f lu o r o t i ta n a t e ,  
(NH4)2TiF6, is trigonal (space group P 3 m l ,  No. 164)7 and 
isostructural with /3-(NH4)2SiF6 (cf. Figure 1  of ref 9). It 
contains only one type of ammonium ion. According to Table 
I two effective symmetries are possible for the NH3D4  ion at 
a C 3V site. These correspond to the N-D bond directed axially 
(C3l)) or nonaxially (C s ), and have a probability ratio of 1:3. 
The predicted absorptions for an isolated NH3D4  ion are then 
vi(ai) for the axial and jo (a7) for the nonaxial orientation, 
corresponding to iq(ai) of Td, and r4bc(e) for the axial and 
r4b(a7) + i'4c(a") for the nonaxial orientation, corresponding 
to v4bc(e) of T d . We expect two bands in the N-D stretching 
region, in an intensity ratio of 1:3, and three bands in the N-D 
bending region. For the latter, the expected approximate in
tensity ratio is 2:3:3.8

The N-D stretching and bending regions of the infrared 
spectrum of (NH4)2TiF6 (1% D) are shown in Figure 2 . The 
two sharp bands attributed to iq(ai) and vi(a') have an in
tensity ratio close to 1:3, as expected. The band due to v4bc 
appears as a shoulder on one of the more intense absorptions 
by the nonaxial NH3D4  ion.

Other examples have been reported earlier9: /3-(NH4)2SiF6, 
(NH4)2GeF6, and (NH4)2Pb(S04)2.

S ite  S y m m e tr y  S4. A m m o n iu m  p e r io d a te , NH4I04, has the 
tetragonal scheelite-type structure,7 with an environment of 
the ammonium ion as illustrated in Figure 1  of ref 10 for the 
isostructural NH4Re04. The ammonium ion in the periodate 
occupies a site of symmetry S4 and is surrounded by eight 
oxygen atoms, four at a distance of about 2.9(3) A and four at 
ca. 3.0(3) A.11

For site symmetry S4 we predict E7 = Ci(4). The N-D 
stretching and bending regions of isotopically isolated NH3D+ 
ions will thus be expected to contain one and two bands, re
spectively. The observed spectrum of NH4I04 (1% D) (Figure
3) is in good agreement with the prediction. As was found to 
be the case in NH4Re04, 10 in NH4I04 at liquid-nitrogen 
temperature all ammonium ions have the same orientation 
in the crystal. That this need not be so has been demonstrated 
in a previous study10 using this technique: in (NH4)2CuCl4- 
2H20  equivalent ammonium ions at sites of symmetry S 4 are 
divided between the two possible orientations.

S ite  S y m m e t r y  D zh- A m m o n iu m  te t r a c h lo r o p a l la d i t e ( I I ) ,  
(NH4)2PdCl4, is tetragonal, with all ammonium ions equiva
lent.7 The site point group D 2h is not a subgroup of Td  but of 
Oh- Ross12 supposes that the ammonium ion in such circum
stances undergoes free rotation to maintain the symmetry of 
the site. This may be the case at ambient or higher tempera
tures, but at low temperatures it seems more likely that the 
ions assume different orientations in the crystal. With isoto
pically isolated NH3D4  these different orientations are 
equivalent in that they yield identical spectral features. Figure 
4 shows the immediate environment of an ammonium ion in 
this compound. The eight chlorine atoms are equidistant from 
the N atom, at about 3.33 A. 13

Site symmetry D2a can yield either C 2u or D2 as the effective 
symmetry E of the ammonium ion, depending on the choice 
of symmetry operations from D 2h (Table I). The possible ef
fective symmetries E7 for NH3D+ are thus Cs(2) + C?s(2) and 
Ci(4), respectively. The single band due to ¡n(NH3D+) and 
the doublet due to r4bc(NH3D+) in the spectrum of 
(NH4)2PdCl4 (1% D) (Figure 5) are only consistent with the 
latter.
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Figure 1 . The N-D stretching and bending regions of the infrared spectrum of (NH4)2SnCI6 (1 % D) at 80 K.

Figure 2. The N-D stretching and bending regions of the infrared spectrum of (NH4 )2TiF6 (1 % D) at 80 K.

The splitting of i'4ix(NH:iD+) is not compatible with the free 
rotation of the ammonium ion suggested by Ross, hence we 
conclude that two orientations of NH4+ relative to the crys
tallographic axes occur in the crystal, both completely 
equivalent for an isotopically isolated NH3D+ ion. In a crystal 
of the undeuterated compound the two orientations of the 
NH4+ ion could be distributed at random or arranged in an 
ordered manner. A random distribution can be realized in the 
space group P A / m m m  (No. 123), which is the space group of 
the isostructural K2PtCl6, if the equipoint 16(u) is half-oc
cupied by H atoms, four about each nitrogen. The ordered 
arrangement is realizable in a subgroup of P A /m m m , P422 
(No. 89), if the H atoms are placed in the 8 (p) equipoint; the 
site symmetry at the N atom is then D2. Both distributions 
are compatible with the observed x-ray diffraction symmetry.

S i t e  S y m m e t r y  C2. Phase V of a m m o n iu m  n itr a te , stable

at temperatures below —18 °C, has been reported14 to be te
tragonal and to contain ammonium ions at sites of symmetry 
C2. In the crystal structure refinement the four nonequivalent 
ammonium ions in the unit cell appear to have been con
strained to be m e tr ic a l ly  equivalent. A schematic view of the 
surroundings of an ammonium ion in NH4N 03(V) is shown 
in Figure 6 . The nearest neighbours of the ion are eight oxygen 
atoms, each deriving from a different N 03~ group; four are 
at an N— 0  distance of 3.01 A, two at 2.89 A, and two at 3.10
A.

The E' expected for an NH3D+ ion at a site of symmetry C2 

is Ci(2) + C i(2). This effective symmetry would manifest itself 
as two stretching modes arising from v\, with an intensity ratio 
of 1:1, and four bending modes arising from ¡qbc- The N-D 
stretching region of NH4N 03(V) (1 % D) at liquid-nitrogen 
temperature is shown in Figure 7. Instead of the expected two
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spectrum of NH4IO4 (1 % D) at 80 K.

Figure 4. The immediate environment of an NH4+ ion in (NH4)2PdCU, 
after ref 7. The coordination about the ion consists of eight equidistant 
Cl atoms, arranged in two equivalent, approximately tetrahedral sets. 
Only one such set is shown in the figure. The distances are in A.

bands we observe four bands of approximately equal inten
sities. Unfortunately, the N-D bending region of NH4NO3 is 
overlaid by intense anion absorptions.

The reported crystal structure can be reconciled with the 
existence of four components of n  if each of the four non
equivalent sets of ammonium sites is populated by NH4+ ions 
in two different, structurally nonequivalent orientations of 
equal abundance at liquid-nitrogen temperature. Such a sit
uation is geometrically conceivable. However, unless the 
energies of the two orientations are c l o s e l y  similar, or equal, 
one would expect the lower-energy orientation to become more 
abundant on further decrease of temperature, and this would 
be evident in the relative intensities of the four bands. To test 
this possibility, the NH4NO3 mull was cooled to 22 K, but the 
spectrum remained essentially unchanged. Annealing and 
maintaining the sample at 2 2  K for several hours produced no 
difference. The observed spectrum is consistent with the 
proposed crystal structure on this additional assumption of 
the NH4+ ions occurring in the crystal in two different ori
entations of very similar energies or of high potential barrier 
for reorientation.

Other possible interpretations may be considered:
(1) The assumed metric equivalence of unrelated ammo

nium ions at the four nonequivalenf sites holds for tw o  p a ir s  
of ion types instead for all four types, and only one orientation 
exists. This would be consistent with the observed occurrence 
of two pairs of closely spaced N-D stretching doublets.

(2) The proposed crystal structure is incorrect. In that case 
the possibility of E = C 1 would have to be considered.

(3) The observed spectrum is not that of NH4N03(V) but 
of another phase. This is not very likely, for the four bands 
were present in spectra taken over a wide range of low tem
peratures; this range included the temperatures of the x-ray 
diffraction experiments of ref 14.

Attention is drawn to the narrowness of the observed four 
bands. Their half-widths are about 6  cm- 1  at 80 K and less at 
22 K. Bands as narrow as these would be consistent with the 
close metric similarity (“equivalence”) of the NH4+ ions at 
the nonequivalent sites.

The result for NH4N(>3(V) is inconclusive, but the NH3D+ 
spectrum has provided structural information a d d it io n a l  to 
that deduced from the available x-ray diffraction study. At 
—18 °C the bands are too broad to observe any changes in the

Figure 5. The N-D stretching and bending regions of the infrared spectrum of (NH4)2PdCI4 (1 % D) at 80 K.
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Figure 6 . Surroundings of an ammonium ion in NH4N0 3 (V), after ref 
14. Only one-eighth of the unit cell is shown. For clarity, some of the 
oxygen atoms have been omitted. The numbers indicate the distances 
(in A) from the ammonium nitrogen.

Figure 8 . The immediate environment of an ammonium ion in 
(NH4)2(C00)2-H20. The interatomic distances (in À) and bond angles 
shown refer to the refinement from three-dimensional neutron-dif
fraction16 data; they do not differ substantially from those from three- 
dimensional x-ray intensities collected15 at 30 K.

Figure 7. The N-D stretching region of the infrared spectrum of 
NH4N03 (V)(1% D) at 80 K.

spectral features that may be due to the IV V phase tran
sition.

S i t e  S y m m e t r y  C\. Determination of the crystal structure 
of a m m o n iu m  o x a la t e  m o n o h y d r a te  (NH^jCOO^-E^O, by 
x-ray15 and neutron16 diffraction has shown that all ammo
nium ions are equivalent and located at sites of symmetry C\. 
The immediate environment of an ammonium ion is shown 
in Figure 8 .17 For this symmetry Table I leads us to expect four 
N-D stretching bands of equal intensity.

The N-D stretching region of (NFLiMCOO^h^O (1 % D) 
is shown in Figure 9. The band occurring at just under 2400 
cm- 1  is assigned to the O-D stretching mode of isotopically 
dilute HDO; the three bands in the 2280-2220-cm-1 region 
are attributed to components of y1 (NH.3D+). Of the latter 
group of bands the two at higher frequency are very sharp, v\/2 

= 6  cm-1, while the half-width of the lowest-frequency band 
is about 12 cm-1. The D—O distance is greatest for the N- 
D—O(w) bond and the corresponding N-D vibration is ex

Figure 9. The N-D stretching region of the infrared spectrum of 
(NH4)2(C00)2-H20  (1 % D) at 80 K. The corresponding region of the 
spectrum of the undeuterated compound is shown for comparison.

pected to be of higher frequency than the others; the band at 
2275 cm- 1  is therefore assigned to this vibration. The band 
at lowest frequency has approximately twice the integrated 
intensity of either of the other two bands. From this we con
clude that it represents the band envelope of two components 
of ¡u(NH3D+) whose band centers differ by 4 cm- 1  or less. 
Attempts to resolve the components by cooling to 22 K were 
unsuccessful.

It is of interest to note that the O-D absorption is well clear 
of the NH3D+ absorptions, which permits ammonium salt 
hydrates to be investigated by this method.

Conclusions

The isotopic dilution technique appears to offer the best 
approach yet to the infrared spectroscopic study of ammo
nium ions in crystals. Introduction into the crystal of an am
monium compound of the NH,3D+ ion at low concentration
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makes it possible to obtain a spectrum which reflects the ef
fective symmetry E' of this ion at its lattice site. The site 
symmetry S of the NH4+ in the undeuterated crystal may be 
deduced from E', within the restrictions imposed by theory 
(Table I).

This method and the analysis presented in this paper are 
capable of natural extension to the PH4+ and BH4_ ions and 
in principle to any tetrahedral species XY4 in crystalline 
compounds.
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A study of infrared frequencies suggests that the lone pair effect, which is responsible for weakening of the 
CH bonds of 0CH3 and NH3 groups and which results in a nonequivalence of methyl hydrogen atoms, ap
pears to influence several other structural arrangements. It is suggested that similar interactions occur with 
=C H 2, =CH, NH2, NH, =N H , OH, and SiH bonds when these groups have a hydrogen atom positioned ap
proximately trans to a lone pair orbital on an adjacent atom. The low CH stretching frequencies characteris
tic of aldehydes and of some CH2= N  systems also may be interpreted in this way. The possibility that C-C, 
C-O, and other bonds are responsive to these effects is briefly considered.

1. Introduction
The exceptionally low symmetric CH stretching frequencies 

of CH3 groups attached to oxygen or nitrogen atoms with a 
lone pair of electrons was first reported as long ago as 1957-
1958,4-6 and subsequently it was shown that the involved 
frequencies rose to more normal values if the lone pair elec
trons were delocalized via resonance structures. Since that 
time the characteristic absorption near 2800 cm- 1  has been 
widely used for the identification of OCH3 and NCH3 groups 
and much supporting data have accumulated.7 Corre
spondingly low frequencies have been found for CH2 and CH 
groups when one of the hydrogen atoms is in a trans position 
to the lone pair.8’9 The suggestion that this effect originates 
in a donation of electrons from the lone pair into an anti
bonding orbital of a trans CH group was first put forward by 
Hamlow e t  al. 10 This has been elaborated by others1 1 1 2  and 
has undergone general acceptance.

The impact of this effect, however, did not begin to become 
fully apparent until McKean et al.13 -15  carried out elegant 
infrared studies on partial deuteration products of a wide 
variety of compounds such as dimethyl ether, trimethylamine, 
etc. The observation that two bands were apparently gener
ated from a single CHD2 group in the CH stretching region 
demonstrated unequivocally the nonequivalence ot the methyl 
group hydrogen atoms, and the observed frequency separa
tions (100 cm- 1  for dimethyl ether, 153 cm- 1  for trimethyl
amine) indicate that the inequalities are surprisingly large. 
If such separations are considered in light of McKean’s15 

empirical relationship between rcH and the bond dissociation 
energies, it seems clear that the differences between the in
dividual CH bonds are of the order of 9-13 kcal and the dif
ferences in their activation energies could, of course, be even 
greater.

It has been rather firmly established that these low CH
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stretching frequencies do not arise from artifacts of coupling 
or from Fermi resonance, but from a form of bond interaction 
which could be of considerable importance in the molecular 
properties of compounds found in many fields of chemistry, 
as, for example, in stereospecific biochemical reactions. As the 
interaction mechanism proposed involves donation into an 
antibonding orbital of the adjacent group there would seem 
to be no reason in principle why the effect should not operate 
very much more widely, being limited only by the efficiency 
of donation. We have, therefore, reviewed the existing data 
to see whether similar effects occur: with unsaturated CH2 or 
CH groups; whether the lone pair can be donated from an 
unsaturated oxygen or nitrogen atom; and whether other XH 
bonds are affected. We have also looked briefly at the possi
bilities of lone pair interaction with bonds other than those 
of adjacent atoms to hydrogen atoms.

2. Data and Interpretation

A. L o n e  P a ir  E f fe c t s  o n  X H  B o n d s  o th e r  th a n  C H . (1) N H 2, 
N H  G ro u p s . In view of the interaction observed with C-H 
bonds it would seem likely that a nitrogen atom might donate 
its lone pair into an antibonding orbital of an adjacent NH2 

or NH bond and this seems to be the case and to be well sub
stantiated by the partial deuteration studies of Hadzi et al. 16 

on substituted hydrazines. These studies are particularly in
teresting in that they demonstrate the potentially large impact 
of such donation effects. Thus, it is observed in uns-dimeth- 
ylhydrazine that two NH stretching bands occur at 3371 and 
3190 cm-1, while in the NHD isotopic derivative two bands 
are found at 3362 and 3197 cm-1. From these observations it 
is clear that the individual NH bonds differ in frequency by 
165 cm- 1  and that the effect of coupling these N-H frequen
cies is relatively small, as it increases the separation by only 
16 cm-1. Similar results are observed in a number of other 
hydrazine derivatives. I t  w ou ld , th e r e fo r e ,  b e  m o r e  a p p r o 
p r ia te  to  d e s c r ib e  th e  tw o  N H  s tr e tc h in g  b a n d s  o f  th e s e  N H 2 
c o m p o u n d s  as s e p a r a t e  s t r e t c h in g  m o d e s  o f  tw o  s l ig h t ly  
d i f f e r e n t  N H  b on d s , w h ich  a r e  o n ly  w e a k ly  a f f e c t e d  b y  c o u 
p l in g , r a th e r  th a n  b y  th e  c o n v e n t io n a l  d e s ig n a t io n s  o f  a n 
t i s y m m e tr ic  a n d  s y m m e t r ic  v ib ra tio n s .

These authors do not discuss the CH3 symmetric stretching 
frequencies of uns-dimethylhydrazine, but values are assigned 
for these vibrational modes by Durig et al. 17 as 2816 and 2777 
cm-1. Similar low values have been identified in s-dimeth- 
ylhydrazine18 and in methylhydrazine. 19 These observations 
indicate that the donation of the lone pair of a central nitrogen 
atom into an antibonding orbital of a trans NH bond, does not 
totally monopolize the interaction and that a simultaneous 
donation into an alternate CH bond trans to the lone pair may 
occur.

In addition, Hadzi et al. 16 have shown that there are two 
different NH stretching bands in s-diphenylhydrazine indi
cating that the NH group, as well as NH2 groups, respond to 
lone pair interactions. It was also observed that two NH 
stretching bands occur in the partially deuterated series 
CeH5CH=NNHD, indicating that lone pair donation may 
occur from an unsaturated sp2 nitrogen atom into the adjacent 
N-H orbital.

It might have been expected that the oxygen atom of hy- 
droxylamine would also be capable of donating electrons into 
a suitably oriented NH bond, but studies on hydroxylamine 
and on its methyl derivatives20 suggest that the preferred 
conformations are such that the oxygen lone pairs are not 
predominantly trans to an NH bond, and indeed, a rise toward

normal symmetric NH2 stretching frequencies and normal 
coupling separations are observed in this series.

It also appears that =N H  bonds will interact if suitably 
positioned. For example, in the cis form of the unstable 
species, diimide (NH=NH), the NH stretching frequency 
appears at the low value of 3070 cm- 1 .21 It is unfortunate that 
in the trans form of diimide, in which an interaction with the 
nitrogen lone pairs would not be expected to occur, symmetry 
dictates that the NH band is too weak to be identified. The 
value for the cis form, however, is clearly very much less than 
for normal imines or for methyleneimine (3280 cm' 1 ) .22,23

(2) O H  G r o u p s . The assessment of lone pair effects on OH 
bonds obviously cannot be demonstrated by partial deuter
ation studies, and therefore, these interactions can only be 
established, if at all, by inference. For example, hydrogen 
peroxide is known to have a skew conformation in which no 
interactions with trans OH groups are possible. This system 
absorbs at 3610 cm-1. The sharp drop from this value to 3530 
cm- 1  for hydroperoxides is large in relation to the expected 
influence of the inductive effect of the R group at the (I posi
tion and might well arise from a trans lone pair effect. The very 
low OH stretching frequency of 3414 cm- 1  observed for the 
monomeric radical -OOH24 is also a potential case of trans lone 
pair donation. The most clear cut case in which lone pair in
teractions would appear to operate, however, is that of nitrous 
acid. This molecule has been demonstrated to exist in the 
vapor in both cis and trans forms. The OH stretching 
frequencies of these two forms are cis 3426 cm- 1  and trans 
3590 cm' 1 .25 If we take the OH stretching frequency (3610 
cm" 11 of H2O2 to be representative of a noninteractive lone 
pair -OH bond system, the rather low value observed for the 
cis form of nitrous acid suggests that the drop in frequency is 
the result of a weakening of the OH bond through a lone pair 
donation. The large frequency differences between the OH, 
N = 0 , and other vibrations of these two forms are very diffi
cult to account for on the basis of a simple change in the ge
ometry of otherwise identical bonds. A contribution to the 
known differences in the polarity of cis and trans N = 0  bonds 
in simple alkyl nitrites may also arise via a similar route.26

The OH stretching frequencies of oximes are also observed 
to occur in the 3640-cm'1 region, and therefore, are presum
ably not influenced by any interaction with the nitrogen lone 
pair electrons. Such an interaction could only occur in oximes 
if the OH group was oriented cis to the N =C bond and it 
seems likely that oximes take the trans configuration which 
they must adopt when associated to form cyclic dimers and 
trimers.

(3) S iH ^  G r o u p s . There is usually no effective separation 
of the antisymmetric and symmetric stretching frequencies 
of SiH3 and SLH2 groups. This is probably due to the relatively 
large mass of the silicon atom and its correspondingly small 
amplitude. In such silanes as have been studied at high reso
lution the band separation is usually only 2-3 cm-1. It is, 
therefore, interesting to observe that in OSiH3 and NSiH3 

groups (and apparently only in such groups), there is a sub
stantial separation of cas and vs. For example, in H3SiOCH3 

the splitting amounts to about 60 cm- 1  and in SiH3(NCH3)2 

the separation is about 50 cm- 1 . 27’28 This apparent coupling 
vanishes in resonant systems such as CH3COOSiH3.29 It does, 
therefore, seem reasonable to assume that the SiH bonds are 
affected in a similar way as the CH3 bonds of OCH3 and NCH3 

compounds and that the majority of the splitting effect we are 
observing is the result of a lone pair interaction rather than 
simple mechanical coupling.

B. In te r a c tio n s  a t a n  U n sa tu ra ted  C H  G rou p . The CH2==C
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TABLE I: Observed X-H Values

Ref Compd cm 1 Ref Compd cm 1 Ref Compd cm 1

a H2CO 2813 30 CD2=CH 2 3095,3019 47 CH2= N = N 3188, 3077
a CH3CHO 2770 30 ch 2= c= cd2 3084, 3013 38, b XC6H5CH=N-C6H6 2907-2886
a NHsCHO 2852 30 CH2=CHCH3 3090, 3013 48 (CH3)2N-N==CH2 3081, 2947
a HC=CCHO 2858 30 ch2= chci 3124, 3038 49 CH2=N -N =C H 2 3072, 2940
a HCOOCH3 2943 50 ch2= n o h 3098, 2976
a HCOOH 2947 24 • OOH 3414 c c3h 7ch= no h 2870 (Raman

value)
2 1 cis-NH=NH 3070

46 HCOSH 2850 2 2 , d CH2=NH 3032,2936
46 HCOS- Na+ 2810 40 CH(NH2)=NOH 2824

51 ch 2= n c h 3 3005, 2894

a From Table II ref 15. b 27 examples: Band vanishes at these wavenumbers on coordination at N atom. cSpectrum 55 of ref 41.
d H’s nonequivalent by deuteration.

group has antisymmetric and symmetric CH stretching 
frequencies near 3095 and 3019 cm- 1  (values for CH2=C D 2 ),30 

with a separation close to 76 cm-1. Duncan30 has shown that 
this separation is a function of the HCH bond angle and is 
independent of the frequencies themselves provided the angle 
remains close to 120°. It has been observed that in ketene, for 
example, the frequencies rise to 3166 and 3070 cm-1, but that 
the band separation remains roughly the same as in 
CH2=C D 2. Some of Duncan’s data is included in Table I. A 
single sp2 CH = group usually absorbs near 3030 cm-1.

If donation can occur from an oxygen atom lone pair 
through a double bond into an antibonding orbital of a “trans” 
link, one would expect to find a large effect in formaldehyde 
where the system is presumably oriented for interaction and 
involves shorter distances and more effective overlap than in 
the OCH3 type system. The low CH stretching frequencies of 
CH20 , and other aldehydes (2770 cm-1) are, of course, well 
known and have been the subject of several recent studies.31’32 

If this frequency drop is partly the result of a lone pair effect 
one might expect to find somewhat higher CH stretching 
frequencies in compounds in which a resonance system com
petes for the availability of a carbonyl oxygen lone pair, just 
as in the case where OCH3 and NCH3 systems are incorpo
rated into delocalized structures. In Table I data on a number 
of such compounds are given and it will be seen that there is, 
indeed, a substantial frequency rise on passing from acetal
dehyde to methyl formate and to formic acid (2947 cm"1). One 
might also expect that the inductive influence of the aldehyde 
substituent would produce predictable shifts within this series 
and this appears to be the case.32

There would, therefore, seem to be reasonable grounds (see 
also later discussion of cyclopropanone) for proposing that the 
lone pair effect is operative through the C = 0  double bond 
and that it is at least partially responsible for the low CH 
stretching frequencies generally observed in aldehydes.33

Substituent influence appears to be reflected in the rela
tively high CH stretching frequencies observed for CF3CHO 
and CCI3CHO (2851 cm-1), examples in which there are no 
obvious possibilities for normal resonance competition. Al
though inductive effects might be expected to play a major 
role in raising these frequencies it is interesting to observe that 
in this case the orientation is such that “reverse trans dona
tion” via the halogen bond would be in competition with 
oxygen lone pair donation into the aldehyde C-H bond. This 
effect would be similar to that observed in p-trifluorometh- 
ylaniline.34 Further potential examples of this effect have been 
reported in completely saturated systems in which the 
donation of a lone pair is observed to be significantly reduced

by the presence of trans oriented halogen atoms positioned 
on a /3 carbon atom. A good case in point of this latter situation 
is that of secondary propanols. In particular it has been re
ported that the two CD stretching bands of CH3CDOHCH3, 
corresponding to the two conformers, are separated by 7 3  

cm- 1 ,9 but this frequency separation falls to less than half this 
value in CF3CDOHCF335 and CH3CDOHCF3.36

If aldehydes possess low CH stretching frequencies due to 
“trans” lone pair interactions via the double bond, it might 
be anticipated that similar perturbed CH stretching 
frequencies would occur in systems containing the CH2= N  
group. In Table I are listed the CH2=  and CH = stretching 
frequencies of a number of representative compounds of this 
kind. It will be seen that CH2= N = N  which has no lone pair 
available for donation from the central atom possesses the 
typically high frequencies of an sp2 CH2 group, but that the 
remainder of the series all show the CH2 symmetric stretch 
at markedly lower values than diazomethane. In methyl- 
eneimine itself, the CH2 frequencies are at 3032 and 2936 cm- 1  

and the CH bonds have been demonstrated to be nonequiv
alent.22 The substantial frequency shifts of vs as compared 
with the relatively small shifts of vm , and the consequent 
widening of their separation has been shown by Bellamy37 to 
be an invariable result of inequalities in XH2 bonds. It seems 
highly likely then that lone pair interactions are also involved 
in the origin of the low CH2 symmetric stretching frequencies 
observed in this series of compounds. Indeed, if this were not 
the case it would be necessary to assume from the Duncan 
relationship that the HCH bond angles have opened out to 
values in excess of 130° which seems rather improbable.

Data on similar interactions with CH=N groups are limited 
because of the masking effects of alkyl groups. The extensive 
series of benzilidene anilines studied by Margerum and 
Sousa,38 however, appear to demonstrate the effect. Such 
compounds would not be expected to possess CH stretching 
bands below 3030 cm-1, but all examples studied thus far have 
a well marked band close to 2895 cm- 1  which could arise from 
the perturbed CH= stretching frequency. Moreover, related 
compounds in which the nitrogen lone pair is chelated to a 
metal atom, and, therefore, is not available for interaction, 
appear to have no absorption in this region. 39 In the case of 
formamidoxime,40 in which the CH bond is subject to the in
fluence of two trans lone pairs, the CH= stretching frequency 
is identified by a well-defined band at 2824 cm-1. Comparison 
studies of the syn and anti forms of aldoximes would be of 
particular interest in this regard as only one form should be 
capable of undergoing the interaction. In the infrared, the 
2900-cm-1 region is overlaid by broad H-bonded OH bands,
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even at high dilutions. It is interesting to note, however, that 
in the Raman spectrum of butyraldehyde oxime, where this 
masking interference is eliminated because of the weak scat
tering by the OH group, there is observed a strong band at 
2870 cm-1. This band is absent from the corresponding 
spectrum of 2 -butanone oxime.41

Preliminary evidence would, therefore, seem to indicate 
that lone pair effects are also operating in N=CH systems by 
similar mechanisms as identified in aldehydes. It appears, 
however, that the shifts produced are rather less than those 
found in aldehydes. This drop in the efficiency of electron 
donation observed in the nitrogen series may well be related 
to the shift in lone pair orbital hybridization to sp2 from p in 
the oxygen series which should tend to depress the “trans” 
mechanism of donation.

C. E v id e n c e  O th e r  th a n  I n fr a r e d  D a ta  f o r  t h e  L o n e  P a ir  
E ffe c t . Trans effects of the magnitude observed above would 
be expected to be reflected in chemical reactivities, and there 
is a good deal of evidence that this is so. For example, a C-H 
group will not normally react with ozone as does an aldehyde 
CH, but it will do so if it is attached to two oxygen or nitrogen 
atoms provided their conformation is such that the hydrogen 
atom is trans to two separate lone pairs.42 /3-Glucopyranoses 
which have this form react whereas «-glucopyranoses do not.

Reactions have also been reported which suggest the pos
sibility that trans lone pair effects also may operate on C-C, 
C-O, and C-N bonds as well as on XH bonds. In iV-disubsti- 
tuted imidates,43 the course of the reaction with alkali, and 
the nature of the hydrolysis products, depends wholly on the 
initial orientation of the alkoxyl group. This orientation de
termines whether it is the C-0 or C-N bond of the tetrahedral 
intermediate which is trans to two separate lone pairs, and 
therefore, becomes the point of fission. One isomer, thus, 
yields an amine and an ester, while the other isomer gives an 
amide and an alcohol. A similar treatment of the tetrahedral 
intermediates for the reaction of other carbonyl groups with 
alkali provides a clear rationalization for the cleavage mech
anisms of such reactions as the Cannizzaro, haloform, benzilic 
rearrangement, and for that matter many others.42

There is also some physical evidence that bonds other than 
X-H  may be subject to trans lone pair effects. For example, 
the NMR quadrupole coupling of chlorine in C-Cl bonds of 
a-chloroethers varies with the orientation of the oxygen lone 
pair.44 In addition, Jorgensen and Salem12 have remarked on 
the lengthening of the C1-C 2 bonds of cyclopropanone (1.58 
A) as'compared with cyclopropane (1.51 A). The parallel of 
this case with the lengthening of the CH bonds of formalde
hyde is a clear one.

3. Conclusion
It seems very probable, therefore, that the t r a n s  lo n e  p a ir  

e f f e c t  is a widespread chemical phenomenon affecting many 
different types of bonds. It appears on the basis of the current 
limited data that the interaction is most effective in the 
donation from lone pair orbitals into X-H  bonds. One piece 
of infrared evidence which tends to support this latter view 
is the work of Kreuger et al.9 This group has suggested that 
in alcohols there is a small rise in voh when the oxygen lone 
pair is trans to a CH bond, and thus in a donating orientation 
but none when it is trans to a C-C bond. The evidence sup
porting this conclusion is the broadening of the OH bands of 
primary and secondary alcohols and the gradual frequency

rise from tertiary alcohols to methanol. This study does not 
appear to be entirely conclusive as Van der Maes and Lutz45 

have not found the OH band of methanol to be significantly 
sharper than those of a number of primary alcohols and they 
have also demonstrated multiple OH peaks in tertiary alco
hols. They prefer, therefore, to ascribe the frequency shifts 
to normal substituent effects.
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R otational Structure of the ( 0 - 0 )  V isib le  Band of G ly o x a l-c f^  A  R e a n a ly sis 1
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The (0-0) band in the gas-phase visible absorption spectrum of monodeuterioglyoxal has been remeasured at 
high resolution and reanalyzed. Many subbands have been assigned to higher J  values than previously and, 
by use of a line-fitting program, statistically significant values of the centrifugal distortion constants have 
been determined. Values of the major rotational constants previously measured by Paldus and Ramsay have 
been confirmed.

I. Introduction II. Experimental Section

The ir*-n visible absorption bands of t r a n s -glyoxal and 
its isotopically substituted analogues near 4550 Â have been 
the subject of a comprehensive investigation under high res
olution by Paldus and Ramsay,3 Birss et'al.4 and Agar et al.5 

The initial analysis of the (0-0) band of glyoxal-di (I) by

° N

H O
1

Paldus and Ramsay3 was somewhat incomplete because it was 
based on the method of combination differences. In many of 
the subbands the range of J  for which suitable lines could be 
assigned in more than one branch was quite restricted, and 
it was not possible to obtain statistically significant values of 
the centrifugal distortion constants. Subsequent analyses of 
other bands of these systems4’5 have been carried out by using 
a line-fitting program,6 and this method has been used in the 
present work.

Glyoxal-di is an asymmetric top (k =  —0.977 in the ground 
state) and its rotational levels are controlled by quantum 
numbers J, K a, and K c. Since the molecule is almost a prolate 
symmetric top, K a is expected to behave like the symmetric 
top K . The nature of the visible absorption band of glyoxal has 
been described in the earlier papers,3-5 and only the salient 
points will be summarized here. The transition gives rise to 
a type C band, which, for high values (>3) of K a, resembles a 
perpendicular band of a symmetric top. For low values of K a, 
however, the energy levels, and hence the subbands, are split 
by K -type doubling (Figure 1 ). Unlike glyoxal and dideu- 
terioglyoxal, there is no intensity alternation in the J  lines of 
the split subbands, because the monodeuterio compound has 
no center of symmetry.

The change in rotational constants on excitation is relatively 
large (A' > A", B' < B", C' < C") so .that the subbands corre
sponding to AKa = +1 consist predominantly of R branches, 
which converge markedly to form band heads, and Q branches, 
which diverge fairly rapidly to low wave numbers (Figure 2 ), 
while those for AK a =  —1 are characterized by similar Q 
branches plus P branches which diverge more rapidly in the 
direction of low frequencies (Figure 3).

Monodeuterioglyoxal was prepared by oxidation of 1 ,1 - 
dideuterioethylene with a mixture of selenium dioxide and 
phosphorus pentoxide at about 200 °C. The spectrum was 
photographed on Kodak III-O plates in the thirteenth order 
of a 7.3-m Ebert spectrograph (resolving power ~600 000) with 
the samples in a 2-m cell at a temperature of 213 K and a 
pressure of 60 Pa (0.5 Torr). This resolving power corresponds 
to an isolated line width of about 0.035 cm- 1  at 22 000 cm-1. 
Emission lines from an iron hollow cathode lamp were pho
tographed adjacent to the glyoxal absorption spectrum for 
calibration. The iron lines were recorded in all orders of the 
spectrum (by removing the order-sorting prism) in order to 
give a sufficient density of calibration lines. The plates were 
measured using a comparator fitted with a photoelectric 
scanning device and standard wavelengths were taken from 
the tables of Crosswhite;7 vacuum corrections according to 
Edlen8 were applied. Independent measurements from dif
ferent plates agreed to ±0.003 cm-1.

III. Analysis and Results

As in the earlier work3-5 the analysis was commenced in the 
AK a = + 1  region where strong R and Q branches of many 
subbands could be readily assigned. Extensive use of the 
asymmetric rotor computer program ASYROT6 was made in 
predicting line positions and progressively refining the rota
tional constants as the analysis was extended across the band 
center into the AK a = —1 region. In the early stages the “one 
state fit” option was employed whereby the excited state 
constants were constrained at values determined from the 
analysis of other bands involving the same upper level,3,9’10 

but as the analysis neared completion “two state fits” were 
used to determine all 13 constants independently of other 
work.

In all, 1807 lines were assigned and, of these, 1779 were ac
cepted by the computer and used to calculate the constants 
tabulated in Table I. Lines deviating from their predicted 
positions by more than 0.034 cm- 1  were rejected; this is of the 
order of the isolated line width and represents only a minor 
discrepancy between theory and experiment. In general, re
jected lines are blends, and since blending usually results in 
some change in peak position this accounts for the occasional
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TABLE I: Rotational Constants from the (0-0) Band of Glyoxal-di

This work“ Paldus and Ramsay6 (¡'0-*'5,,)C (/-o-2i'7")M

Ground State 
A ” /c  m“1 
B " /  cm“1 
C"/cm_1 
D k "  /cm-1 
D j k "  /c m -1  
D j "  IcrcT1
K
Ac/g cm-2

1.483 6 ±  0.000 17 
0.159 70 ±  0.000 07 
0.144 24 ±0.000 07 
(1.00 ±  0.06) X 10~5 
(-2 .9  ±  1.5) X 10-7 
(7.5 ±  2.7) X 10~8 
-0.976 9 ±  0.000 15 
(-0 .08 ±  0.12) X IO“ 40

1.483 4 ±  0.000 2 
0.159 76 ±  0.000 08 
0.144 30 ±  0.000 08 
(8.8 ±  0.5) X 10~6

-0.976 9
(-0.10 ±  0.14) X 10“ 40

Excited State
A ' /cm“1 1.569 4 ±  0.000 16 1.569 5 ±  0.000 2 1.569 8 1.569 9 ±  0.000 9
B ' /cm“1 0.154 72 ± 0.000 07 0.154 72 ± 0.000 08 0.154 70 0.154 70 + 0.000 09
C '/c  m_1 0.140 79 ±  0.000 07 0.140 81 ± 0.000 08 0.140 82 0.140 81 ±  0.000 09
DxVcm-1 (1.64 ±  0.05) X 10“5 (1.6 ±  0.1) X n r 5 1.4 X 10“5 (1.4 ± 0.1) X 10-5
D j k ' / c m -1 (-5 .7  ±  1.5) X IO“ 7 -0 .94  X IO“ 7 (-0.74 ± 2.4) X IO“ 7
D j ’ 1 cm-1 (7.5 ±  2.7) X IO“8 3.7 X IO“8 (3.3 ± 3.9) X IO“ 8
K -0.980 5 ± 0.000 15 -0.980 5 —0.980+5
A/g cm-2 
vo/cm-1

(+0.06 ± 0.12) X IO“ 40 
21 993.342 ±  0.003

(+0.09 ± 0.15) X IO“40 
21 993.334

+0.09 X 10~40

a Errors quoted are 3 standard deviations. 6 Errors quoted are 5 standard deviations. c Reference 9. d Reference 10. e A = I c — 7a 
-  7b, (g cm-2) = 27.9908 X 10~40/X(cm_1), where X  =  A , B , or C.

TABLE II: Sample of Results with Lines in Order of Wave Number

Upper State Lower State

Rei Obsd —
J K A K C J K A K C intensity Obsd Calcd Calcd

18 1 1 8 17 10 8 4.68 22 036.099 22 036.107 -0.008
36 13 24 36 1 2 24 2.34 22 036.026 22 036.025 0 .001

17 1 1 6 16 10 6 4.74 22 035.953 22 035.953 0.000

16 1 1 6 15 10 6 4.78 22 035.786 22 035.792 -0.006
15 1 2 4 15 1 1 4 1.32 22 035.733 22 035.747 -0.014
37 13 25 37 1 2 25 2.29 22 035.733 22 035.714 0.019
15 1 1 4 14 10 4 4.83 22 035.620 22 035.622 - 0 .0 02

16 1 2 5 16 1 1 5 1.57 22 035.620 22 035.613 0.007
17 1 2 6 17 1 1 6 1.79 22 035.444 22 035.471 -0.027
14 1 1 4 13 10 4 4.87 22 035.444 22 035.444 0.000

38 13 26 38 12 26 2.24 22 035.404 22 035.394 0 .0 10

18 1 2 7 18 1 1 7 1.99 22 035.324 22  035.320 0.004
13 1 1 2 1 2 10 2 4.92 22 035.248 22 035.257 -0.009
19 1 2 8 19 1 1 8 2.17 22 035.150 22 035.161 - 0 .0 1 1
39 13 27 39 12 27 2.18 22 035.055 22 035.067 - 0 .0 12
1 2 1 1 2 1 1 10 2 4.97 22 035.055 22 035.062 -0.007
20 1 2 9 20 1 1 9 2.32 22 035.018 22 034.994 0.024
1 1 1 1 0 10 10 0 5.03 22 034.853 22 034.859 -0.006
2 1 1 2 10 2 1 1 1 10 2.46 22 034.811 22 034.818 -0.007
40 13 28 40 1 2 28 2 .1 2 22 034.742 22 034.731 0 .0 1 1
22 1 2 1 1 22 1 1 1 1 2.55 22 034.645 22 034.633 0 .0 12
23 1 2 1 2 23 1 1 1 2 2.68 22 034.419 22 034.440 - 0 .0 2 1
41 13 29 41 12 29 2.06 22 034.374 22 034.385 - 0 .0 1 1
24 1 2 13 24 1 1 13 2.77 22 034.219 22 034.240 - 0 .0 2 1
42 13 30 42 1 2 30 1.99 22 034.028 22 034.031 -0.003
25 1 2 14 25 1 1 14 2.84 22 034.028 22 034.030 - 0.002
26 1 2 15 26 1 1 15 2.89 22 033.825 22 033.811 0.014
43 13 31 43 12 31 1.92 22 033.651 22 033.668 -0.017
27 1 2 16 27 1 1 16 2.93 22 033.590 22 033.585 0.005

slight difference between observed and calculated line posi
tions. The 1779 accepted lines were fitted with a standard 
deviation of 0.013 cm- 1  by the constants listed. Table II shows 
a sample of the assignment details, and full details of the wave 
numbers and quantum numbers are contained in Table III. 11

The values obtained for the major rotational constants A ,

B , and C  for each level agree closely with those of Paldus and 
Ramsay3 and, in addition, good values are obtained for the 
centrifugal distortion constants D a ,  D j k , and D j  for each 
level. 12 Only D j k ' merits special comment since the values 
obtained from other bands9’10 differ from the present result 
(Table I). We are confident, however, that the present value
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! t22005cm-' 21989 cm-'

Figure 1. The region near the band center showing the effects of 
asymmetry on the subbands of low Ka.

22052 cm-' 22034 cm“'

Figure 2. Section showing rR and rQ branches of subbands of high Ka.

is correct, since those found for C2H2O23 and C2D2O25 are —8.4 
X 10-7 and —2.4 X 10“7 cm”1, respectively. It might fairly be 
assumed that C2HDO2 would have a value of Djk' near the 
average of these two (—5.4 X 10~7) and we obtain —5.7 X lCD7 
cm” 1. Such an approximate average value also holds for the 
ground state D j k " where the values are: C2H2O2, —0.39 X 
lO“6; C2HD02, -0.29 X 10“6; C2D20 2, -0.03 X 10~6 cm”1. The 
discrepancy between the present value of D j k  and those from 

and vq-2 uj"  almost certainly arises from the fact that 
overlap with neighboring bands prevented the assignments 
in those two bands from being followed to sufficiently high 
values of J  and K a.

IV. Concluding Remarks
The ultimate aim of this type of work is not the analysis of 

a single band of a molecule since the information available 
from a single band is limited in scope. Rather, an analysis of

21980cm-' 21967cm-1

Figure 3. Section showing pQ and pP branches of subbands of high Ka.

as many bands as possible for as many isotopically substituted 
species as possible is desired. The information then to be de
rived falls into two classes which are related to each other: 
accurate molecular geometry and accurate molecular force 
fields. Such an analysis awaits the completion of the study of 
a number of other bands of monodeuterioglyoxal.

A c k n o w le d g m e n ts . We wish to thank Mr. W. Goetz for 
photographing the bands and Dr. R. E. Pulfrey and Mr. M. 
Barnett for assistance with the computing.
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Continuum and discrete-medium theories of radiative transfer in powders are compared for the case of a 
two-beam model. It is found that the continuum theory gives a smaller value for the reflectance of a semiin
finite powder medium than does the preferred discrete-medium theory. However, the continuum theory can 
be made to agree with the discrete-medium theory if “effective” values of the absorption and scattering coef
ficients are used. These effective values are the K  and S  of the Kubelka-Munk theory, as found by experi
ment rather than by theory alone.

I. Introduction
In previous papers dealing with the spectral reflectance 

of mineral powders,2’3 we have pointed out that a continuum 
theory of radiative transfer such as that of Chandrasekhar4 

is, in general, not appropriate for a scattering and absorbing 
medium composed of closely packed particles, but must be 
replaced by a noncontinuum theory. In this note, we compare 
the two types of theory quantitatively for the simple case of 
a two-beam radiative transfer model. The problem has also 
been discussed from a different point of view by Lathrop.5

II. Theories

In the continuum theory, the absorption and scattering 
properties of the individual particles are averaged over many 
particles and expressed as absorption and scattering coeffi
cients which are continuous functions of position in the me
dium. This is valid for widely spaced particles, as occur in dust 
clouds,6 but not for closely packed particles in powders where 
the radiation intensity may change by a large fraction in a 
distance of the order of the particle size. To treat the dense 
particle case, one must replace the differential equations of 
the continuum theory by difference equations in which the 
spatial step or discontinuity is of the order of the particle size.

For simplicity, we consider only the case of a two-beam 
radiative transfer model with no emission of radiation by the 
particles. The continuum theory then takes the form of the 
well-known equations of Schuster7 or Kubelka-Munk8:

d I/ d x  =  - ( K  +  S ) I  +  S J  (1 )

- d J / d x  =  - ( K + S ) J  +  S I  (2)

where x  is a spatial coordinate aligned with the two beams of 
intensities I , J  in the forward and backward directions, re
spectively, and K ,  S  ■ are absorption and back-scattering 
coefficients related to the particle absorption and back-scat
tering cross sections tra and o s, and N ,  the number of particles 
per unit volume, by the relations:

K  = N o a (3)

S  = N crs (4)

One can calculate the cross sections <ra and <rs by Mie9 theory 
in the special case of spherical particles or by a more general 
method2 for particles of arbitrary shape. The solutions of (1) 
and (2 ) are of the form

/  = A e ~ yx + B e yx (5)

J  =  R A e ~ yx + -  B e yx (6 )
R

where A  and B  are arbitrary constants, y  is the propagation 
constant, given by

7  = (X2 + 2XS) 1/2 (7)

and R  is the diffuse reflectance of a semiinfinite layer of the 
powder, given by

K  T /  K \ 2 11/2r-i+5 -L( 1 + s) "'J (8>
In the discrete medium theory, we consider that the particles 
are arranged in monolayers of thickness d  and that each mo
nolayer has an average reflectance p, transmittance r, and 
absorptance a  related by the energy conservation condition

p  +  t  +  a  =  1 (9)

The differential equations (eq 1 and 2) are then replaced by 
the difference equations

I n + l  =  T i n  +  p J n + 1  ( 1 0 )

d n  — Ttlny.\ T p l n (11)

where

n = x/d  (1 2 )

denotes the nth monolayer measured from the surface of the 
powder, I n is the intensity of the forward-directed beam in
cident on the nth monolayer, and J n is the backward-directed 
beam leaving the nth monolayer.

The solution of (10) and (1 1 ) is

I n =  C r n +  D — (13)
r n

where C  and D  are arbitrary constants and r  is the intensity 
decay ratio of either the forward or the backward beam across 
one monolayer. The decay ratio is given by

1  + T2 -  p2

2 r
1/2

(15)
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One can calculate3 the monolayer parameters a  and p, and 
therefore r from (9), from the particle cross sections <ra and <rs.

We obtain the discrete-medium reflectance for a semi
infinite powder by putting D  = 0 in (13) and (14) and solving 
for the ratio J J I n ■

(16)

III. Results

We now compare the predictions of the two theories for the 
case of a medium composed of discrete layers with absorp
tance a  and reflectance p. In order to apply the continuum 
theory to this noncontinuum situation, we suppose that a  and 
p are simply averaged spatially to give continuum absorption 
and back-scattering coefficients K  = a/d  and S  =  p/d. Then

K / S  =  a lp  (17)
Therefore, from (8 ) and (9), the continuum reflectance R c 

is given by
1  -  r T /I  -  r\z "1 1/2i(—)-'J (18)

Figure 1 shows the error in R c relative to R,i due to the av
eraging process, for various values of p and t. It is seen that the 
discrete-medium theory always gives the larger reflectance 
and that the difference in the reflectances is quite large when 
a monolayer of particles interacts strongly enough with the 
radiation to produce significant values of p or a. Figure 1 shows 
that in the limiting case of small p and a  (i.e., small p and large 
r), the discrete-medium theory gives the same reflectance as 
the continuum theory, as one would expect. The curves for t 
= 0 also represent a limiting case, but one that would be un
likely to occur in practice.

IV. Discussion

It is worth noting that the solutions (5), (6 ) for the contin
uum theory and (13), (14) for the discrete-medium theory are 
both of exponential form. This suggests that the two theories 
will give identical results for both reflection and transmission 
through a powder layer of any thickness if “effective” values 
of K  and S  are used in the continuum theory.

Two conditions have to be met. First, the forward intensities 
I n and I  must change by the same factor over the distance x  
= d , corresponding to An = 1, for the case of a semiinfinite 
medium, for which B  =  D  = 0. This condition gives

-y d  = ; (19)

Second, the ratio J /I  must be the same as the ratio Jn//„  
for the semiinfinite medium. In other words, the reflectances 
must be the same. Thus, from (8 ) and (16)

K eff 1  + p2 -
1 + ^ - f = ;  - ■ (2 0 )

Seff 2 p
From (19), (20), (7), and (15) one obtains for the effective 
continuum absorption and scattering coefficients.

In [6  + (.b 2 -  1 )1/2]
Seff -  ‘

d(a2 -  1 ) 1/2
(2 1 )

Figure 1. Comparison of reflectances for discrete-medium and con
tinuum theories.

where

K eff -  (a  — l ) S eff (2 2 )

a =  -

b =

1  + p2 — T2 

2~P
1  + T2 -  p2

2 r

(23)

(24)

The foregoing considerations apply when one attempts to 
make radiative transfer calculations based on the optical 
properties, particle shape, and geometrical configuration of 
the particles in a powder. On the other hand, the great success 
of the Kubelka-Munk theory in the practical areas of paints 
and other pigmented coatings stems from the fact that this 
theory is only rarely based on first principles, but instead, 
depends on measured values of K  and S  for some standard 
coating to allow prediction of the optical performance of a 
similar coating of different thicknesses applied to a different 
substrate. It is to be noted that the measured values of K  and 
S are really K eff and Seff defined by (2 1 ) and (2 2 ). In practice, 
therefore, the Kubelka-Munk theory bypasses the distinction 
between continuum and discrete-medium concepts.

References and Notes

(1) (a) This paper is dedicated to Professor Lord on his 65th birthday and re
tirement. (b) Guest Lecturer in “ The Physics of Infrared Radiation” course 
organized by Professor Richard C. Lord, 1958. (c) Postdoctoral Research 
Associate with Professor Richard C. Lord, 1958-1959.

(2) A. G. Emslie and J. R. Aronson, Appl. Opt., 12, 2563 (1973).
(3) J. R. Aronson and A. G. Emslie, “Applications of Infrared Spectroscopy and 

Radiative Transfer to Earth Sciences” , in “ Infrared and Raman Spectroscopy 
of Lunar and Terrestrial Minerals” , C. Karr, Jr., Ed., Academic Press, New 
York, N.Y., 1975.

(4) S, Chandrasekhar, “ Radiative Transfer” , Clarendon Press, Oxford, 1950 
(reprinted by Dover, New York, N.Y., 1960).

(5) A. L. Lathrop, J. Opt. Soc. Am., 56, 926 (1966).
(6 ) J. R. Aronson and A. G. Emslie, J. Geophys. Res., 80, 4925 (1975).
(7) A. Schuster, Astrophys. J., 21, 1 (1905).
(8) P. Kubelka and F. Munk, Z. Tech. Phys., 12, 593 (1931).
(9) G. Mie, Ann. Phys., 25, 377 (1908).

The Journal o f Physical Chemistry, Voi. 80, No. 11, 1976



1226 H. D. Stidham, J. B. Bates, and C. B. Finch

V ibrational S p e c tra  of Syn th etic  S in gle  C rystal T ep h roite , M n2 S i 0 41a

H. D. Stidham,1b J. B. Bates,* and C. B. Finch

Solid State Division and Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 
(Received November 17, 1975)

Publication costs assisted by Oak Ridge National Laboratory

The Raman, infrared, and visible absorption spectra of synthetic tephroite, Mn2Si04, have been measured. 
The bands observed in the vibrational spectra are assigned to the k  0 transverse optical modes of 
Mn2Si04, and several longitudinal optical mode frequencies of vo, were estimated from features observed in 
transverse magnetic reflection spectra. The Raman active components of the internal modes of Si044~ do 
not appear to interact with the motions of Mn2+ ions, but the infrared components of i>2 and i>4 appear to be 
highly mixed with the external modes of the manganese sublattice.

Introduction

Numerous investigations of the vibrational spectra of 
minerals and microcrystalline preparations of silicates of the 
olivine structure have been reported. The early literature has 
been reviewed by Hohler and Funck.2a Pure synthetic single 
crystals of the olivine forsterite, Mg2Si0 4, have been prepared, 
and the vibrational spectrum has been studied.2-3 No other 
study of the vibrational spectrum of a pure synthetic single- 
crystal silicate olivine appears to have been reported. The 
olivine structure readily substitutes a variety of metal ions 
without essential modification of the underlying silicate 
framework,4 and naturally occurring olivines are mixed 
crystals. More than half of the low-frequency lattice vibrations 
predicted for tephroite, Mn2Si04, were not observed in the 
spectrum reported for the mineral.2®

The simplicity of the internal mode approximation makes 
it attractive for use in qualitative descriptions of the vibrations 
of the olivines, but some vibrations of the crystal are more 
complicated than is implied by its use. Some of the internal 
modes of the Si044- ions mix with the external modes as 
shown by Paques-Ledent and Tarte.5 The authors prepared 
26Mg substituted, powdered forsterite and found that most 
of the infrared bands below 475 cm- 1  are sensitive to metal 
ion isotopic substitution, indicating participation of metal-ion 
sublattice motion in the V2 and j>4 bending vibrations. The 
mixing of internal and external modes implied by this result 
should be somewhat relieved if an ion heavier than Mg2+ were 
used in synthesizing a pure synthetic silicate olivine, and its 
spectrum should provide some insight into the factors gov
erning the extent of applicability of the internal mode ap
proximation. The manganese ion was selected for use in this 
work because of the visible color it imparts to the crystal. 
Juxtaposition of the Mn2+ absorption bands in the crystal 
with the principal lines of the He-Ne and argon ion lasers used 
for excitation of the Raman spectra allows a search for a pos
sible resonance Raman effect. Such an effect would be of in
terest if found, for the electronic transitions of an isolated 
Mn2+ ion are both spin and parity forbidden, while most 
resonance Raman spectra reported have involved electric 
dipole allowed electronic transitions.

In this paper the preparation of high-purity single-crystal 
synthetic tephroite is described. The visible, Raman, and in
frared spectra of tephroite are reported, and a search for a

* Address correspondence to this author at the Solid State Division.

resonance Raman effect is discussed. An assignment of the 
vibrational spectrum is made using the internal mode ap
proximation. The results are compared with those previously 
reported for forsterite and natural tephroite, permitting some 
tentative statements to be made about the nature of some of 
the low-frequency lattice vibrations, and the circumstances 
in which the internal mode approximation is qualitatively 
useful.

Experimental Section

The Mn2Si04 tephroite single crystals were grown from the 
melt at 1315 ±  5 °C and 1 atm total pressure by the Czo- 
chralski (pulling) method. To assure the divalent form of 
manganese, an oxygen partial pressure of 10“ 10 Torr was ap
plied over the melt in the form of an argon-4% hydrogen gas 
current through the growth system. The melt was contained 
in a heavy walled (2 -mm thick) platinum crucible which was 
inductively heated by a 410-kHz generator. The starting 
materials consisted of pelletized and intimately mixed pow
ders of MnO (prepared by reduction of >99.999% pure Mn02 

with H2 gas at 600 °C) and of >99.999% pure6 Si02. The ap
paratus and other crystal growth details are described else
where.7 Optically transparent, cylindrical crystals up to 1  cm 
in diameter X 3 cm in length were grown from melts of a 2:1 
molar MnO:Si02 composition. Growth rates of 3-10 mm/h 
with seed rotation at 10-25 rpm gave good growth results, 
although progressively slower rates were required as the melt 
deviated from an integral 2:1 MnO:Si02 stoichiometry due to 
MnO uptake by the platinum crucible. The rose-colored 
crystals were identified as Mn2Si04 by x-ray diffraction. The 
following parameters were found for the orthorhombic unit 
cell: a0 = 4.875 ±  0 .0 0 2  A; b 0 =  10.521 ±  0.003 A; c0 = 6.238 ±
0.003 A. The measured density (Jolly balance) of 4.12 ±  0 .0 1  

g/cm3 approximated that theoretically calculated from the 
unit cell parameters, viz. 4.191 g/cm3. The predominant 
cleavage plane is [010], and the Mohs hardness is approxi
mately 6.5.

Samples were prepared for spectroscopic measurements 
from boules which had been oriented by x-ray diffraction. Axis 
orientation with respect to polished faces was checked with 
a polarizing microscope. The samples varied in size from 7 X 
7X3 mm to 10 X 3 X 0.5 mm, depending on the measurements 
to be made.

Polarized Raman spectra of Mn2Si04 were measured with 
a modified Jarrell-Ash 25-300 spectrometer which has been
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described elsewhere.8 The 488.0-nm line of a Coherent Ra
diation 52 argon ion laser operated at about 1 W was the usual 
source of excitation. A search for possible resonance Raman 
phenomena was conducted using the 514.5- (750 mw), 476.5- 
(250 mw), and 457.9-nm (150 mw) lines of the ion laser, and 
the 632.8-nm (50 mw) line of Spectra Physics 125 He-Ne laser. 
The emission lines of the ion laser plasma were used as fre
quency calibration standards. Spectra were recorded at 300 
and at ~14 K from samples mounted in an Air Products 
CSA-202 closed-cycle helium refrigerator.

Polarized infrared reflectance spectra were obtained be
tween 1200 and 200 cm- 1  at room temperature with a Per- 
kin-Elmer 621 spectrometer and between 400 and 50 cm- 1  

with a Digilab Model FTS-20 Fourier transform spectrometer. 
The spectrometers were equipped with a gold grid polarizer 
cast on AgBr (1200-400 cm-1) and on polyethylene (400-50 
cm-1). Reflectance data were measured as a function of inci
dence angle in both transverse electric (TE) and transverse 
magnetic (TM) polarization using a modified Wilks atten
uated total reflectance stage. The prism assembly was re
moved and replaced by a stainless steel sample mount at
tached to a slide that allowed the incidence angle to be varied 
continuously between limits of about 6 ° and nearly grazing. 
Infrared spectra of a Nujol mull of Mn2Si0 4  were measured 
at 77 K using the FTS instrument. The mull was supported 
on Csl for the mid-ir region (1200-300 cm-1) and on a silicon 
window for the far-ir region (300-50 cm-1).

Visible and ultraviolet absorption spectra were obtained 
with the samples cooled to 14 K in the helium refrigerator 
using a Cary 15 spectrophotometer. Polarizations were de
termined by mounting a piece of optical grade Polaroid sheet 
in front of the sample and orienting it to pass the electric 
vector in either the vertical or horizontal direction. Sample 
polarizations were checked by rotating the crystals by 90° and 
remeasuring the spectra at 14 K.

Results and Discussion
A. E le c tr o n ic  S p e c tr u m . The visible regions of the polarized 

electronic absorption spectra of Mn2Si0 4  are displayed in 
Figure 1. A complete assignment of the electronic transitions 
of Mn2+ in tephroite is beyond the scope of this work, but the 
bands shown in Figure 1 are of interest in the attempts made 
at observing resonance Raman effects in this crystal. The 
bands in the 425-675-nm region correspond to single com
ponents observed at 425.3 and 514.2 nm in the spectrum of 
MnF2 that were assigned to the 6Aig —► 4T2g and 6AJg —* 4Tig 
transitions, respectively, of octahedrally coordinated Mn2 + .9 

Because the Mn2+ ions occupy C, and C, sites in Mn2SiOf, the 
multiplicity of bands observed in the visible region may be 
caused by site splitting of the triply degenerate excited states. 
Furthermore, transition energies at the two types of non
equivalent sites may be different, which can also give rise to 
apparent multiplet splitting. The parity restriction on electric 
dipole transitions could be lifted for Mn2+ ions on the Cs sites. 
In any case, the 6Ai -*• 4Ti and 6A) —► 4T2 transitions are spin 
forbidden and therefore spin-orbit interaction is partly re
sponsible for the appearance of the bands in Figure l . 10

The search for a resonance Raman effect was conducted 
using the laser lines indicated by dotted lines on Figure 1. 
Spectra recorded with different exciting lines were examined 
for changes in relative band intensities and for appearance of 
new features, especially in the low-frequency region. When 
the 632.8-nm line of the He-Ne laser was used, the sample 
emitted a broad, intense luminescence centered at ~707 nm 
at 14 K, and no Raman spectrum could be observed. Raman

X (nm)

Figure 1. Visible absorption spectrum of tephroite at 14 K. The dotted 
lines represent the principal laser lines used to excite the Raman 
spectrum.

spectra of good quality were obtained from each of the other 
available laser lines. On changing the exciting line, none of the 
polarized spectra showed any changes in relative band in
tensities that could not be attributed to reabsorption effects, 
and no new features appeared in any region of the spectra. Our 
results, therefore, contain no evidence of any resonance 
Raman effects with the visible transitions of Mn2+ in te
phroite. Similar negative results have been obtained on ex
citing into the optical band of a spin allowed but parity for
bidden transition of Ni2+ in Rb2NiCLr2H20 .n

B. V ib r a t io n a l  S p e c tr u m . 1. I n t e r n a l  a n d  E x te r n a l
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TABLE I: Symmetry Species for the Internal and External Modes of Mn2Si0 4a

A. Internal Modes
n(Ai) -*■ Ag 4- Blg + B2u + B3U
i>2(E) —► Ag + Big + B2g + B3g + Au + Biu + B2u + Bau
03^ 2) )

or t —► 2 Ag + 2Big + B2g + Bag + Au + Biu + 2B2u + 2B3u 
^(Fz))
rmt(Si044 ) = 6 Ag + 6Big + 3B2g + 3Bag + 3AU + 3 Biu + 5B2u + 5 B3U

B. External Modes
rext(Si044-) = R(Si344-) + t(sio44-)
rR(Si044-) = Ag + Big + 2B2g + 2B3g + 2AU + 2 Biu + B2u + B3U
rT(Si0 44“) = 2 Ag + 2Big + B2g + B3g + Au + Biu + 2B2u + 2B3u
r'(Mn2+) = 3AU + 3Biu + 3B2u + 3 B3U
rs(Mn2+) = 2Ag + 2Big + B2g + B3g + Au + Biu + 2B2u + 2B3U

0 int = internal, ext = external, R = rotations, T = translations, i = C;, s = Cs.

T r a n s v e r s e  O p t ic a l  M o d e s . The olivines belong to the or
thorhombic space group, Z)2h-4,12 Orthorhombic systems admit 
six different crystallographic settings for the same unit cell, 
and this fact has occasioned confusion in the literature as 
pointed out by Devarajan and Funck.3 In this work, the setting 
P b n m  is chosen, in agreement with the common choice of 
mineralogists.4 The permutation of the standard a b c  orien
tation for the setting P n m a  as described in the International 
Tables for X-Ray Crystallography13 makes the c axis in setting 
P b n m  perpendicular to the mirror planes, which are then 
parallel to the a and b axes. The four Si044~ tetrahedra and 
four of the Mn2+ ions are situated on mirror planes (C,s sites). 
The remaining four Mn2+ ions are on C, sites. The irreducible 
representations for the k  -  0  internal and external optical and 
acoustic modes were obtained from correlation diagrams and 
are presented in Table I. The k =  0 optical modes of the crystal 
are classified as HAg (aa , bb , c c ) + llB lg (a b ) + 7B2g (a c ) + 
7B3g (b e ) + 10AU + 9Blu (c) + 13B2u (b )  + 13B3u (a) where the 
polarizations of the spectroscopic activities in the setting se
lected in this work are indicated in parentheses following each 
species symbol.

The results presented in Table I show that there are many 
opportunities for mixing of internal modes which have the 
same symmetry. Because the extent of mixing depends on the 
proximity of the two combining states, it is expected to be 
most pronounced for the neighboring components of v\ and 
1/3 and for those of v2 and v4. The polarized Raman and infrared 
spectra provide the frequencies and symmetries of the opti
cally active k = 0  phonons, but the extent of mixing of in and 
us or V2 and c4 cannot be determined from these data. There
fore, the assignments proposed below were made without re
gard to possible mixing of the internal modes. There is evi
dence, however, for mixing of v2 with the external modes of 
Mn2Si04, and this type of coupling will be discussed in con
nection with the internal mode approximation.

In many respects, the Raman spectrum of tephroite, shown 
in Figure 2, is very similar to that reported for forsterite. A 
number of bands active in one polarization appear in others, 
as found for the olivines reported in earlier work.2 This 
spillover or leakage of intensities of a component in a forbid
den polarization can occur because of crystal misorientation 
and because of the large solid angle at which the scattered light 
is collected. In tephroite, there appear to be several cases in 
which, for a particular polarization, the frequency of a for
bidden (leakage) component is coincident (within experi
mental error) with that cf another component that is allowed. 
There are two different types of this leakage of intensity from 
one polarization into another. The first type arises because

the intensity of any given totally symmetric mode is different 
in the aa , bb , and cc polarizations. The consequence is that 
two totally symmetric modes may appear with quite different 
spillover intensities in different nontotally symmetric polar
izations. For this reason, the assignment of the band at 288 
cm- 1  to Bjg as given in Table II is uncertain due to the pres
ence of the Ag fundamental at 291 cm-1. In the second type 
of leakage, a mode that is active in a nontotally symmetric 
species has only one contributor to any leakage of intensity 
into any of the other polarizations. The nontotally symmetric 
modes of the same species then appear with the same relative 
intensities in polarizations other than the one to which they 
belong. This is the basis for the assignment of the band at’274 
cm- 1  in a c  polarization to a B2g fundamental, for it is far too 
intense to be accounted for solely by leakage from the evident 
B3g fundamental at 276 cm-1. A similar argument applies to 
the B3g and Big assignments proposed for the bands at 304 and 
307 cm-1, respectively. The assignment of the band at 575 
cm- 1  in the a c  polarization to the B2g component of jq is un
certain due to the appearance of a band at 575 cm- 1  in the 
diagonal polarizations, even though the a c  intensity is of the 
same order of magnitude as the bb  or cc components.

The Raman spectrum of tephroite is further complicated 
by self-absorption, which may have precluded observation of 
the low-intensity components of i>;t. Accidental degeneracy of 
an allowed, weak nontotally symmetric component with the 
relatively much more intense leakage from one of the very 
intense, totally symmetric components may also be a factor. 
There are several nontotally symmetric SiO stretching fun
damentals that occur with low intensity in the Raman spec
trum of forsterite, which has no visible absorption bands.2b 
In general, the frequencies of the strong Raman bands in te
phroite lie 15-25 cm- 1  lower than the corresponding bands 
in forsterite. This suggests searching for the weak Raman 
bands in tephroite at frequencies 15-25 cm- 1  lower than those 
at which these appear in forsterite. These regions in the off- 
diagonal polarizations showed no evident Raman scattering 
in the spectrum of tephroite, even though repeated efforts 
were made to discern weak or unresolved bands.

The infrared absorption spectrum of powdered tephroite 
in a hydrocarbon suspension at 77 K (Figure 3) provides most 
of the frequencies of the transverse components of the infrared 
active vibrations. Transverse electric infrared reflectance 
spectra of the oriented principal faces obtained at near normal 
incidence also shown in Figure 3 provide polarization data, 
information concerning relative intensities, and band widths 
which give a measure of the longitudinal optical (LO) and 
transverse optical (TO) mode frequency splitting. Transverse
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Figure 2. Raman spectrum of tephroite at 14 K. G is a grating ghost.

magnetic infrared reflectance spectra obtained at high angles 
of incidence from principal faces (oriented to bring the inci
dence and principal crystal planes into coincidence) contain 
evidence of coupling of some of the out-of-face polarized LO 
modes with the electric vector of the incident light. These 
spectra are shown in Figure 4.

Two infrared components of v\ are expected in the 800-cm_1 
region, and the band at 818 cm- 1  in both the absorption and 
b polarized reflectance spectra is assigned to one of these. Five 
components of v4 are expected in the 500-cm_1 region. Four 
of these are assigned to bands at 565, 508, 482, and 459 cm- 1  

in the absorption spectrum on the basis of the polarization 
results shown in Figure 4. The weak band at 433 cm- 1  occurs 
with c polarization, rather than with the a  polarization re
quired for the missing m component, or for any mixed-mode 
of v4 with a B3U component of v-i or with an external phonon. 
Therefore, the band at 433 cm- 1  must be assigned either to 
an external Biu mode of unusually high frequency or to a Blu 
two-phonon mode. There is some evidence of two broad bands

of very low intensity in the a polarized reflectance spectrum 
near 800 and 490 cm-1. The low-frequency contour of the 
818-cm_1 absorption band appears asymmetric, and the 
high-frequency contour of the 482-cm_1 band is in a region 
of very intense absorption and is thus obscured. Exact 
frequencies cannot be given for the missing components of v\ 
and V4. These are somewhat arbitrarily taken near 815 and 490 
cm- 1  in this assignment, though these frequencies may be as 
much as 15 cm- 1  away from the actual values. These selec
tions, taken together with the assignments for the components 
of V3 , are listed in Table III and exhaust the frequencies 
available for assignment above 450 cm-1.

One infrared component of v% is expected in each of the 
three polarizations at frequencies lower than those assigned 
to 114. Apart from the isolated 433-cm- 1  band discussed above, 
the only candidates for assignment to U2 are the 365-, 350-, and 
340-cm_1 bands in a, c, and b polarizations, respectively. 
These are almost overlapped by the bands in the 300-cm_1 
region, which are clearly due to external modes of the Si0 4 4~
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TABLE II: Frequencies (cm-1) of the Bands Observed in the Polarized Raman Spectrum of Mn2Si04 at 14 K

Ag (bb) (cc) Blg (ab) B2g (ac) B3g (be) Assignment

935 (56)° 933(98) 934 (2) 933 (4) 933 (6) n
892 (2) 892 (2) 892 (2) 892 (59) V3
839 (456) 840 (859) 840 (20) 840 (34) 840 (45) *>3

820 (4) n
808 (10 0 0 ) 808 (189) 809 (25) 808(23) 809 (13) n

588 (1) V4

575 (2) 575 (4) 574 (1) 575 (2) V4b
553 (1) 555 (9) V4

546 (3) V4

515 (43) 515 (10) 515 (<1) 514 (<1) V4
401 (12) V2

393 (69) V<1

389 (35) 386 (9) V2
378 (7) V2

316 (2) 320 (<1) 318 (9) e
308 (2) 306 (2) 307 (19) 304 (27) » ^ e (^ 3 g )

291 (13) 288 (2 ) 288 (< 1 ) Ve ( A.g), Ve (B i g)
278 (<1) 275 (1) 278 (<1) 274 (4) 276 (17) i,e (® 2 g )> * ,e ( ^ 3 g )

271 (2) Ve
256 (2) Vec
247 (10) 244 (74) 248 (1) 244 (2) 244 (4) VeC

223 (<1) veC
197 (<1) 203 (4) Ve°

188 (2 ) Ve
169 (13) 167 (119) 168 (2 ) 167 (6 ) VeC
155 (2) 155 (60) 154 (2) 153 (2) VeC
139 (<1) 137 (2) 140 (2) 137 (<1) 137 (32) VeC

124 (5) Ve
119 (5) Ve°

0 Relative intensities as measured peak heights for 488-nm excitation normalized to 10 0 0 . b See text.c ve = external mode.

TABLE III: Frequencies (cm-1) of the Bands Observed in 
the Infrared Absorption and Reflectance Spectra of 
M^SiCL“

TE reflectance (300 K)
Absorption -------------------------------------------------------------
(Mull, 77 K) Blu (c) B2u (b ) B3u (a) Assignment

960 -950 V3
946 945 V3
914 912 V3
-875(b) 875(b) V3
862 860(b) v3
818 816 V\
b —815(b,vw) VI
565 565 V4
508 512 V4
b —490(b,vw) V4
482 480 V4
459 454 V4
433 430 b
362(sh) 365 V2 + Ve{
350(b) 350 V2 + Ve
340(vw) 340 V2 + Ve

317 320(sh) Ve
310 299 306 Ve
300 292 297 Ve

276 Ve
242 ve

244 240 ve
190 187 ve
179 175 177 Ve

a b = broad, sh = shoulder, wv = very weak, vR= exter
mode. 6 See text.c Mixed mode, see text.

and Mn2+ sublattices. Thus, some of the bands observed in 
the 300-cm-1 region are probably due to mixed-modes of </2 

and external phonons. In all, six of the external vibrations are 
expected below 320 cm- 1  in Blu and seven each in B2u and B3u, 
but only five bands are clearly identifiable in Biu and B2u, 
while only four can be identified in B3u polarization in this 
region.

2 . Longitudinal Optical Modes. It has been shown by 
Hargreave14 and by Derius, Freeh, and Bruesch15 that LO 
modes polarized perpendicular to a crystal face can give rise 
to characteristic features in TM reflectance spectra measured 
at a nonnormal angle of incidence. In the case discussed by 
Hargreave, the feature resembles the reflection band of an 
undamped TO mode except that the band is reversed, and the 
high- and low-frequency asymptotes are equal. Similar fea
tures were observed in the TM reflectance measured at a 60° 
angle of incidence (Figure 4). An example is seen in the E\\b 
spectrum in which the a axis is perpendicular to the be face 
(be _La). The band at ~950 cm- 1  is similar to the feature de
scribed by Hargreave and indicates the frequency of a i'3(B2u) 
LO mode near this value. Other such features may be obscured 
by strong reflection bands from TO modes as in the 60° E  ||c, 
a c ± b  spectrum, which exhibits a deep minimum at —923 
cm-1. We believe that this minimum as well as other minima 
observed in the 60° reflection spectra correspond to the fea
tures described by Hargreave but are partly obscured by 
overlap with intense TO reflection bands. The position of 
these minima indicate the approximate frequencies of LO 
modes.

A second type of feature observed in the 60° TM reflection 
spectra corresponds to the reflection bands reported by De-

The Journal o f Physical Chemistry, Voi. 80, No. 11, 1976



Vibrational Spectra of Tephroite 1231

TABLE IV: Estimated Longitudinal Optical (LO) Mode Frequencies of M^SiO*

Biu Components B2U Components B3u Components

Mode

Frequency

Mode

Frequency

Mode

Frequency

TO LO TO LO TO LO

875 950 ^ 3 945 960 ^ 3 912 100 0

n 350 380 ^ 3 860 930 *>3 875 950
V2 340 370 V 4 565 580

v2 306 320

FR E Q U E N C Y  (c m " ’ )

Figure 3. Absorption and TE reflectance infrared spectra of tephroite. (1) Absorption spectrum of hydrocarbon suspension of tephroite powder 
at 77 K spread on Csl or Si plates. (2,3,4) Room temperature reflectance spectra in c, b, and a polarizations, respectively.

cius, Freeh, and Braesch. 15 In this case, the peak of the re
flection band occurs between ridLO) and i>u. where i>u, >  i'l - 
The frequency of the LO mode is given approximately by the 
position of the base of the reflection band on the low-energy 
side. In Figure 4, the reflection band centered at ~1050 cm- 1  

in the E  j| b, b e  ±a  spectrum is such a feature, and the associ
ated LO mode frequency is ~1000 cm-1. Other similar re
flection maxima can be seen in Fig. 4.

The LO mode frequencies estimated from the two types of

spectral features observed in the 60° TM reflectance spectra 
of Mn2Si0 4 are collected in Table IV, along with the associated 
TO mode frequencies and assignments. The pattern or trend 
of TO-LO splitting of the Mn2.Si0 4 data is generally consistent 
with the results for Mg2Si04 reported by Servoin and Piriou,2b 
which were obtained from a Kramers-Kronig analysis of their 
reflection spectra. For example, the highest LO mode fre
quency of i>:i and the largest TO-LO splitting in Mg2Si04 occur 
with the B3u components: r3(B3u, LO) = 1081 cm-1, ^(Bau,
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Figure 4. TM infrared reflectance spectra of tephroite: lower curves, 60° incidence angle; upper curves, 10° incidence angle. Polarization conditions 
and crystal fa ces  are as noted.

The Journal o f Physical Chem’stry, Vol. 80, No. 11, 1976



Vibrational Spectra of Tephroite 1233

TABLE V: Comparison of Assignments for the Internal Vibrations of Tephroite (Mn2Si04) and Forsterite (Mg2Si0 4 )° 
for Setting P b n m b

n

n

V 4

n

MnoSiO.i Mg2Si04

Freq, cm 1 M (Ac) Freq, cm 1 M <AC) A (A)

Ag 808 822 14 15
Big 820 814 835 829 15
B2r
B3g

-3 -9
Biu
B2u 818 817 838 -838 20 22
b 3u 815 838 23
Ag 935,839 960,854 25,15
Big ( ),( ) (889) 972,863 908 ( ),( ) (2 2 )
B2g ( ) 880 ( )
B3g 892 917 25

( - 2 2 ) -25
Biu 875 871 -4
b 2u 946,860 911 983,875 933 37,15 22
b 3u 960,914 978,957e 18,43
Ag 575,515 606,541 31,26
Big 588,546 (559) 626,577 587 38,31 28
B2g (575) 583 8

Bag 555 588 33
(59) (36)

Biu 480 531 51
b 2u 508,459 (500) 527,( ) (551) 19,( ) (40)
b 3u 565,(490) 601,545 36,(55)
Ag 389 420 31
Big 393 390 428 423 35 33
B2g 401 436 35
B3g 378 407 29

39 -79
Biu 350 501 151
B2u 340 351 506 502 166 151
b3u 362 498 136

° Reference 3. b A = r(Mg2Si04) — r(Mn2Si04), (v ) = average of Raman or infrared active correlation field split components, 
<AC) = (»> (Raman) — (v ) (infrared), and (A) = (r)(Mg2Si04) -  <r)(Mn2Si04) for Raman or infrared. ( ) = missing or doubtful 
assignment involved.e Assignment given in ref 2b.

TO) = 978 cm-1, and Ar3(LO-TO) = 103 cm- 1  (Table lie, ref 
2b). Likewise the same holds for Mn2Si04 where !'o(B3, LO) 
= ~1000 cm-1, r3(B3u, TO) = 912 cm-1, and Ar3(LO-TO) = 
8 8  cm- 1  (Table IV).

3. In te r n a l  M o d e  A p p r o x im a tio n . The correlation field split 
components of j»i, v%, and v4 in tephroite are compared with 
those for forsterite3 in Table V. This table also provides a 
convenient summary of assignments for the internal modes 
in both compounds. As expected, most of the tephroite fun
damentals occur at lower frequencies than do those of for
sterite. For most of the bands for which assignment is secure 
and the approximation of internal vibrations acceptable, the 
difference between the forsterite and tephroite frequencies 
is about 30 ±  15 cm-1. There are several notable exceptions. 
If the 877-cm“1 assignment suggested for one of the B3u 
components of vs by Devarajan and Funck3 is accepted, the 
difference between the frequencies of the corresponding 
components in the two crystals is 37 cm“ 1, and tephroite has 
the larger frequency. Restoration of the 957-cm“ 1 assignment 
originally suggested by Servoin and Piriou2b makes the fre
quency of this component of v3 greater in forsterite than in 
tephroite by 43 cm-1. This is more consistent with the other 
cases in Table V than is the 877-cm“ 1 selection, and is com
patible with the relative intensities in the infrared reflectance 
spectra of the two crystals. The 575-cm“ 1 assignment sug

gested above for r4(B2g) in tephroite is uncertain, and the 
regularity of the other v4 frequency differences in Table V 
suggests that this component may have simply been missed 
in the Raman spectrum for the reasons discussed above.

The Raman-active components of v4 generally display the 
normal differences of about 30 cm- 1  between forsterite and 
tephroite frequencies. In contrast, the infrared-active com
ponents of V4 in forsterite lie nearly 60 cm“ 1 above those in 
tephroite. Furthermore, the Raman-active components of V2 

again differ by only about 30 cm- 1  in the two compounds, 
while the infrared-active components of v3 differ by about five 
times as much, if the assignment of Devarajan and Funck3 is 
accepted. These results suggest that, in the infrared-active 
vibrations of tephroite and especially forsterite, the external 
vibrations of the metal ion sublattices mix somewhat with the 
V4 motions, and much more extensively with the r2 motions. 
In contrast, the motions of the C,- metal ion sublattice do not 
contribute to the Raman-active modes due to symmetry. The 
small and almost uniform frequency differences found for the 
Raman frequencies of corresponding vibrations of the two 
compounds suggest that most of the differences are due to the 
slightly different nonbonded atom-atom force constants that 
arise in lattice expansion when manganese is substituted for 
magnesium. Apparently, the metal ions on the Cs sites do not 
contribute very much relative motion to the Raman-active
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vibrations, and the approximation of internal and external 
modes retains descriptive utility for these. These results can 
be understood by assuming that, for the crystal components 
of the Raman-active </2 and m  bending vibrations, the Cs metal 
ions approximately follow the oxygen atom motions and thus 
do not affect the frequencies greatly, while in the infrared- 
active vibrations the motions of the metal ions oppose those 
of the oxygen atoms. In an ungerade motion, both metal ion 
sublattices are able to move against the bending motions of 
the Si044“ ions, and the resulting vibration is a mixture of 
internal Si044“ bending and external motion of the Mn2+ ions. 
Depending on the extent of mixing, the internal mode ap
proximation will have more or less descriptive utility, and the 
frequencies will localize more or less in the vicinities expected 
for the internal modes The more closely an internal mode 
frequency approaches a frequency of the metal ion sublattices, 
the greater will be the mixing, and the more greatly the fre
quency of the resulting vibration will depart from the ap
proximate internal moce values expected. For this reason the 
infrared-active V2 vibrations are difficult to locate in tephroite, 
and the bands listed in Table II near 350 cm“ 1 are assigned 
to a mixture of internal and external modes. In the case of 
forsterite, the lighter magnesium ion sublattices vibrate at 
higher frequencies than the manganese ion sublattices in te
phroite and therefore mix more extensively with the bending 
modes of the Si044“ ions.

It is useful to remark that the infrared-active components 
of V2 that are mixed with metal ion sublattice vibrations should 
display metal ion isotopic substitutional sensitivity. The basis

for the assignment of the infrared-active vibrations of i/2 in 
forsterite suggested by Devarajan and Funck3 and listed in 
Table V was the observation of Paques-Ledent and Tarte5 of 
a shift to lower frequencies of all the low-frequency bands in 
the infrared spectrum of powdered 26Mg substituted forsterite 
relative to those of the natural material. The present inter
pretation makes it unnecessary to accept such high frequen
cies as those suggested by Devarajan and Funck for v2, but it 
requires discarding the internal mode approximation in this 
region of the infrared spectra of the silicate olivines.
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Flash photolysis of mixtures of 0 2/C 0 2/0 3 in a laser cavity produces oscillation on the P(14)-P(20) lines of 
the 10.6-/U band of C02. All the experimental observations are consistent with the pumping scheme: 0 3 + h r

— O0D) + 0 2(4Ag) (D; 0 (4D) + 0 2(3Sg“) — 0(3P) + 0 2(x 2g+) (2); Oaj1 Sg+) + CO2(000) -  0 2(1Ag) + C02(rc, 
m , 1 ) n  = 1, m  = 0; n  = 0, m  = 2°, 2 2 (3); C02(rc, m , 1 ) + C02(000) -*  C02(n, m , 0) + CO2(001) (4). The popu
lation inversion between the (0 0 1 ) and (1 0 0 ) vibrational levels of C02 is created by reaction 4 , as only a frac
tion of the V-V energy exchange populates the lower laser level, while every V-V exchange populates the 
upper laser level. Computer modeling of this sequence of reactions with A4 = 3.3 X 10“ 10 cm3 molecule“ 1 s“ 1 

reprocuces both the observed pulse’s profile and its onset delay after flash initiation.

Introduction
The discovery and analysis of chemically pumped C02 

lasers has produced a wealth of information on the rates and 
types of collisional processes which excite and relax the upper 
and lower laser levels of C02. Generally, the population in

version between the (0 0 1 ) and (1 0 0 ) levels is created by a 
resonant V-V energy exchange between C02(000) and a vi- 
brationally excited diatomic molecule. To date N2,2 HF, DF, 
HC1,3 OH, OD,4 and CO5 are the diatomics that have been , 
found to pump C02 lasing by V-V energy transfer.
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Very few chemical lasers are known where an E-V energy 
transfer pumps a vibrational population inversion. One line 
of the far-infrared, water vapor laser has been pumped directly 
by E-V energy transfer from O2C £g+) to H20 .6 This reaction 
was found selectively to excite 1/3 of H2O, while the 0 2 (1 2 g+) 
v = 0 was preferentially quenched to 0 2 (1Ag) v = 1. However, 
no chemical CO2 lasers, which are pumped by an E-V energy 
transfer process, have been reported.

CO2 is known to quench 0 2(12g+) rapidly ( k q = 2.3 X  10“ 13 

cm3 molecule- 1  s- 1 ) .7 Near-infrared emission studies have 
shown that 0 0 2 (1 0 1 ) and CO2(0 2 °l) states are produced by 
the quenching reaction.8 This indicates that 0 2 (1 2 g+) u = 0 
is preferentially quenched to 0 2 (1 Ag) v =  1. To probe the 
specifics of this quenching reaction, gas mixtures of 0 2, CO2, 
and O3 were flash photolyzed in a laser cavity and examined 
for lasing.

Experimental Section

The optically coupled flash lamp and laser cavity have been 
previously described.6 For these experiments the detector was 
a zinc-doped germanium photoconducting element which was 
mounted in a liquid helium dewar possessing a sodium chlo
ride window. Pure gases were used directly from the cylinders 
without further purification. The method for preparing O3 and 
the procedures for storing it and preparing gas mixtures have 
been previously described.6 The O2/CO2/O3 mixtures { P T <  
300 Torr), which produced lasing upon flash photolysis, could 
be stored for several hours without decreasing the laser pulse’s 
peak power.

Observations

Optimally, flash photolysis of 1 1 . 8  Torr of a 60/15/1 = 
O2/CO2/O3 mixture leads to strong lasing on the P(16) line of 
the (0 0 1 )—(1 0 0 ) band of C02. Figure 1  shows an oscilloscope 
trace of this line. Weaker laser emission, by a factor of 10, is 
observed for the P(14), P(18), and P(20) lines. Peak laser 
power is estimated to be a few hundred milliwatts. The onset 
delay after flash initiation is 18 ns for each of the observed 
laser lines, while the minimum pulse half-width of each is 60 
¿¿s.

Strong lasing is observed from the flash photolysis of O2/  
CO2/O3 mixtures in a laser cavity: if the total pressure is 
greater than 5 Torr and less than 20 Torr, if the CO2/O3 ratio 
is between 10 and 20, and if the O2/O3 ratio is between 30 and 
80. Decreasing or increasing either the total pressure, or the 
CO2/O3 ratio, or the O2/O3 ratio beyond these boundary limits 
results in a substantial reduction in the laser’s peak power. 
Flash photolysis of either O3/O2 or O3/CO2 mixtures over a 
wide range of mixture ratios and total pressures produces no 
laser emission. Substitution of Ar for O2 in the 60/15/1 = 
O2/CO2/O3 mixture produces weak lasing whose peak power 
is one-tenth of that from the oxygen-containing mixture under 
identical conditions and whose onset delay after flash initia
tion is 25 fis.

Discussion

Since simple omission of O2 from the O2/CO2/O3 mixtures 
results in no infrared laser emission, 0 2(3 2 g~) must be a nec
essary reactant in the chemical pumping scheme which is in
itiated by O3 photolysis. Only one rapid reaction of 0 2(32g- ) 
with the products of the near ultraviolet photolysis of O3 is 
known: namely, the reaction

0 (XD) + 0 2(32g")  -  OzOSg-O + 0 (3P) (2)

Figure 1. Laser emission observed cn the P(16) line of the (001)—(100) 
band of C 02 from flash photolysis of 11.8 Torr of a 60/15/1 =  0 2/ 
C02/0 3 mixture (upper trace shows iaser emission, 1 division =  20 ps; 
lower trace shows flash profile, 1 division =  10 fis).

In the absence of polar molecules such as H20 , NH3, and 
CH3OH, CO2 is an effective quencher10 of 0 2(12g+). Several 
workers7’10’11 have measured the rate constant for reaction 3

O zP V ) + CO2 —*• Oz^Ag) + CO27 (3)

and found it to be 2.3 X 10- 1 3  cm3 molecule- 1  s-1, although, 
until recently, nothing was known about the details of this 
quenching process. In 1974 Ogryzlo and Thrush observed 
infrared emission near 3700 cm- 1  when CO2 was added to 
discharged 0 2 containing only OzPAg) and 0 2(1 2 g+) as excited 
species. In their experiments the sole reaction producing
o 2(1 v ) was

OzOAg) + CM1*,) -  Oai1 2 g+) + 0 2(3 2 g- ) (5)
Due to the second-order dependence of the 3700-cm-1 emis
sion intensity on the OzOAg) concentration, they showed that 
quenching of Oaf1 Sg+), not 0 2( 1AR), was responsible for the 
observed chemiluminescence. The emission was assigned to 
the CO2 combination bands, Av\ =  A1/3 = — 1  and Ai>2 = —2 , Aj»3 

= —1 . Since no emission near 5000 cm- 1  was detected, they 
postulated that only the (1 0 1 ), (0 2 °1 ), and (0 2 21 ) levels were 
populated by reaction 3. This reaction is then a resonant V-V 
energy transfer if 0 2 (1 2 g+) v = 0 is quenched to 0 2 (1 Ag) v = 
1 , and not v = 0 .

Consistent with their observations and our experimental 
data, a pumping scheme for the P branch emission of the
(001)—(100) band from the flash photolysis of O2/CO2/O3 

mixtures is

O s ^ m  + OzOAg) (1 )

0 (1D) + 0 2(3 2 g- ) -  0 (3P) + Ozt1 V )  (2)
0 2(12g+) + C02(000) — Oz^Ag) + C02(n, m, 1) (3)

n =  1 , m  =  0 

n  = 0 , m  =  2°, 2 2

C02(n, m , 1) + C02(000) — C02(n, m , 0) + CO2(001) (4)

where the population inversion between (0 0 1 ) and (1 0 0 ) is 
created by the V-V energy transfer occurring in reaction 4. 
In the above scheme only one species which is produced by the 
flash leads to excitation of C02; a plot of laser peak power as 
a function of flash energy should thus be linear. Figure 2 shows 
that over the accessible flash energy range, the laser peak

The Journal o f Physical Chemistry, Voi. 80, No. 11, 1976



1236 Gale D. Downey and Dean W. Robinson

TABLE I: Reactions and Their Rate Constants which Were Used in the Computer Calculations

Reaction k , cm3 molecule Ref

(2) OOD) + 0 2(3Sg-) -  0(3P) + O2OV-)
(3) Oaí1 V )  + c °2 -  0 2(l &g) + C02(n, m, Z l l  0,22

(4) C02(n, m, 1 ) + C02 -* C02(n, m, 0) + CO2(001)
(7) O0D) + CO2 -  0(3P) + C02

(8 ) O^D) + O3 — 0  + 0  + 0 2

(9) 0 2(12g+) + O3 O + 0 2 + 0 2 

a See text.

7.00 X  10-11

2.30 X  10-13

3.30 X  10-10 
2.10 X 10-10 
2.70 X 1 0 -10 
2.50 X 10-11

7
7
a

16
16
17

TABLE II: Rate Constants for Relaxation of Excited Vibrational States of C 02 which Were Used in the Computer 
Calculations

Reaction M k ,  cm3 molecule 1s Ref

(1 0 )
(1 1 )

(1 2 )
(13)
(14)
(15)
(16) 
(17)

CO2(001) + M -  
CO2(001) + M -

CO2(100) + M -  
C02(02°0) + M - 
CO2(100) + M -  
C02(02°0) + M - 
C02(0220) + M - 
CO2(0110) + M -

■ CO2(100) + M
• C02(000) + M

• CO2(0U0) + M
-  CO2(0110) + M
• C02(02°0) + M
-  C02(0220) + M
-  CO2(0110) + M 
» C02(000) + M

O3
0 2

C02

c v
o2°
co 2

C02

co 2

c v
co 2

1.18 X 
3.42 X 
1.13 X
3.11 X
3.11 X
3.11 X  
1.86 X
1.12 X 
2.95 X 
6.21 X

IO' 12
10-15
IO- 14
1 0 - 1 5

1 0 - 1 5

IO' 11

1 0 - 1 1
I O -10

1 0 - 1 5

1 0 - 15

18
19
19
20 

20  

19 
19 
19 
19 
19

“ Values for k o 3 have not been reported. In the calculations k o 3 = k o 2-

r LASH ENERGY (JOULES)

Figure 2. Plot of laser peak power as a function of flash energy for 
photolysis of 60/15/1 = 0 2/C02/0 3 mixtures (A, PT = 11.8 Torr;*, 
PT =  15.9 Torr).

power is a linear function of flash energy in agreement with 
the proposed pumping mechanism.

Confirmation of this pumping scheme was sought by com
puter modeling as described by Molina and Pimentel. 12 The 
prediction of the laser output from 11.8 Torr of a 60/15/1 = 
0 2/C 0 2/0 3 mixture for the proposed energy transfer mecha
nism is shown in Figure 3. The experimentally found 18 ¿is 
pulse onset delay (17.5 /us calculated), peak power maximum 
at 35 ¿is (27 ¿is calculated), and slow decay in the first 100 its 
after flash initiation are all reproduced by the calculations. 
The initial spikes are not observed experimentally; this is 
probably a result of the limiting bandwidth of the pulse am
plifier. 13

Due to the fact that lasing begins in the first 25 ¿1 s, only

Figure 3. Calculated C02 laser emission from flash photolysis of 11.8 
Torr of a 60/15/1 = 0 2/C02/0 3 mixture (— , laser emission; - flash 
profile; observed emission is shown in Figure 1).

those reactions which involve major species and for which k  

>  1 CT16 cm3 molecule- 1  s- 1  were included in the calculations. 
Table I lists the rate constants of the pumping and competing 
reactions, while those of various C02 relaxation pathways are 
listed in Table II. Ninety-five percent of the 0 3 initially 
present was assumed to be decomposed by the flash. Each 
vibrational manifold of C02 was assumed to be rotationally 
equilibrated (T = 300 K). The fact that the P(16) laser line 
is most intense supports this assumption. The rate constant 
for the excitation of C02 ( k 3 )  was assumed to be that of the 
known quenching rate of OaOSg-1-) by C02. Taking a smaller
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value for k% would require an extremely selective excitation 
of (001) vs. (100) which seems unlikely. The fraction of k4 
which produces the lower laser level was set equal to 0.25, as 
reaction 3 populates four laser levels, (101, (02°1), and (0221), 
but only one of these can relax by reaction 4 to the (100) level. 
Reproducing the observed 18 ps onset delay after flash initi
ation sets a lower limit on the value of k4 to be 3.30 X 10-10 
cm3 molecule-1  s-1. For the similar V-V  resonant energy 
transfer reaction

CO2(0lH) + C 0 2(000) -*  CO2(001) + CO2(0110) (6)

a value of 1.65 X 10-10 cm3 molecule-1  s-1  has been deter
mined14 for its rate constant, which is in good agreement with 
the lower limit found here for k4. Values of this order of 
magnitude have also been calculated15 for a number of other 
resonant C 02 V -V  energy transfer reactions.

Excitation of C 02 to (201), (121), and (041) levels would 
produce a smaller net inversion between (001) and (100), as 
more of the excited levels could relax directly to the lower laser 
level. This in turn would cause the lower limit, which was 
found for k4 in the calculations, to be significantly larger. This 
seems unlikely by comparison to calculated rate constants16 
for similar resonant C02 V-V energy transfer reactions. Thus 
these chemical laser studies are consistent with the previously 
suggested hypothesis that reaction 3 populates only (101) and
(021) levels, and 0 2(1Sg+) v = 0 is quenched predominately 
to 0 2(1Ag) u = l.

The weak delayed lasing which is observed from mixtures 
in which Ar has been substituted for 0 2 can probably be at
tributed to pumping of an (001) and (100) population inver
sion by E-V energy transfer from 0 (1D). Then V-V relaxation 
of C02t produces, by comparison to the 0 2-containing mix
tures, a smaller net population inversion between V3 and v4. 
Searles and Airey4 found evidence for gain on the P(16) line 
using a tandem discharge C02 laser to investigate the flash 
photolysis of C0 2/C>3 mixtures. However, they could not 
achieve independent oscillation from photolyzed C0 2/03 
mixtures and attributed this to the fact that the gain was in
sufficient to overcome cavity losses. As omission of Ar from 
the photolyzed Ar/C0 2/C>3 mixtures here also results in no 
laser emission, Ar must be required to achieve rotational 
equilibration to enhance the gain of the P(16) C 02 laser line 
sufficiently to overcome cavity losses. Due to the large number 
of excited C 0 2 vibrational states which could be produced by 
E-V  energy transfer to C02 from 0 (1D), no attempt to model 
the weak, observed lasing was made. However, k'j (Table I) is 
three orders of magnitude larger than ¿ 3, yet the observed 
lasing from Ar/COj/Oa mixtures has a longer onset delay after 
flash initiation. Thus E-V energy transfer from 0 (4D) to C 02

Conclusion

For C 02, this is the first example of laser pumping by an 
E-V energy transfer reaction and subsequent V-V relaxation 
processes. The chemical laser studies and computer prediction 
of the laser output are consistent with the previous interpre
tation that reaction 3 produces C 02 in (100) and (021) levels 
and that 0 2(1Sg+) v = 0 is preferentially quenched to 0 2(1Ag) 
v = 1. A lower limit of 3.3 X 10-10 cm3 molecule-1  s-1  for k4 
was found in the calculations. This is in agreement with other 
experimentally found and/or calculated rate constants of 
similar V-V  C02 resonant energy transfer reactions. Some 
evidence exists for E-V energy transfer pumping of the 10.6 
n band by 0 (XD).

Flash photolysis of gas mixtures with an CVO3 ratio greater 
than 30 appears to be a useful means of producing 0 2(12g+) 
to study the fate of its electronic excitation in quenching re
actions whose rate constants are less than 1.0 X 10-13 cm3 
molecule-1  s-1. Near-infrared lasing (~ 5  n) from flash pho
tolyzed mixtures of O2/CO/O3 has been observed in this lab
oratory and will be reported at a later date.
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Infrared and far-infrared spectra of three isotopic modifications of the secondary ethylene ozonide isolated 
in solid argon are reported. Assignments are given for the vibrational spectra based on both empirical argu
ments and normal coordinate analysis. A 30-parameter harmonic force field is reported and fairly detailed 
analysis of the Fermi resonance of the CH2 stretching and bending modes is presented. Statistical thermody
namic functions of the normal species 12C21H41603 are tabulated.

1. Introduction

In a series of recent papers Kuczkowski et al.1 showed, by 
analysis of the microwave spectra of secondary ozonides, that 
the mechanism proposed by Criegee for the reaction of eth
ylene and ozone in the liquid phase essentially correctly de
scribes the products observed. The reaction of ozone with 
olefines has considerable practical importance in organic 
chemistry and in photochemical smog problems. Though by 
Kuczkowski’s analysis of products little doubt is left about the 
latter steps of the ozonolysis reaction, only little is known 
about the reaction mechanism prior to formation of secondary 
ozonides. The scarcity of available data applies in particular 
to the homogeneous reaction in gas phase. A rather compre
hensive discussion of possible steps in the gas phase mecha
nism has been presented by O’Neal and Blumstein,2 which 
explains most of the reaction products so far observed in gas 
phase ozonolysis. Nevertheless, many of the complex inter
mediates postulated in the O’Neal mechanism have not been 
observed so far. This is evident from a paper of Pitts et al.3 on 
a photoionization mass spectrometric study of the gas reac
tion, in which for ethylene only small particles have been ob
served.

In this paper we wish to report results of a study of the 
matrix spectra of three isotopic secondary ozonides produced 
by liquid phase ozonolysis of ethylene:

[,c^ ! \ ’H, / ° sn f  ncd2
/ ° N

h2cx  cd2
'  \4 3/ \ / \ /

o-- o o - o o - o
ËO-do EO-Æ, EO-2¿-d2

This work forms a part of an extended study of this reaction 
in the gas phase by both infrared and microwave spectroscopy 
using linear reactor type experiments.4 Assignments of the 
spectra are given based both on empirical arguments and 
normal coordinate analysis; from the latter a harmonic force 
field with 14 diagonal and 16 off-diagonal elements are given. 
The analysis of the matrix infrared spectra confirms through 
an independent method the results obtained by Kuczkowski 
by microwave spectroscopy, thus giving further evidence for 
the essential correctness of the Criegee mechanism for solution 
ozonolysis.5 In agreement with predictions from the latter 
mechanism the production of -do, -¿ 2, and -d4 secondary 
ozonide from ethylene-2,2-d2 has been found. The spectra will 
prove to be important as basis for identification of secondary 
ozonides as a possible reaction product in the gas phase re

action of ethylene with ozone. Finally statistical thermody
namic functions of the secondary ethylene ozonide are pre
sented.

In forthcoming papers results on the gas phase reaction 
observed in linear reactor type experiments will be reported.

2 . Experimental Section

2.1 Apparatus. Spectra reported in this work were taken 
with a Perkin-Elmer Model 325 spectrophotometer in the 
frequency range 4000-200 cm-1. Deposition rates for pro
duction of matrix-isolated ozonides were measured by means 
of a small HeNe laser.6 Layer thickness growth rates of 50 
gm/h. corresponding to 30 mmol of Ar/h were chosen. A 
cryostate of our own construction was used.7 Far-infrared 
matrix spectra in the range 400-130 cm-1  were taken with a 
Perkin-Elmer Model 301 spectrophotometer. For generation 
of matrices, deposition rates of 10 g m /h  of Argon were used.

2.2 Chemicals. The ozone was produced in a standard ozone 
generator (Fischer ozone-generator Model OZ III). Ethylene 
ozonide was prepared by passing an ozone flow through a 0.1 
M solution of ethylene (CP Grade, Matheson) in methyl 
chloride at —78 °C. A flow rate of approximately 1.5 g/h of 
ozone (ozone:oxygen ~ 5:100) was used for the reaction. Due 
to the explosive nature of ethylene ozonide not more than 5 
mmol quantities were prepared. The ozonide was purified 
from the solvent by low temperature trap-to-trap distillation. 
The same procedure was used for the ozonolysis of D2C=CD 2 
and H2C=CD 2.

Preparation of Ethylene-d^A As a first step 1,2-dibro- 
moethane-d4 was produced by photochemical addition of 
deuterium bromide to acethylene-d2. Deuterium bromide and 
acethylene-a'2 were transferred to a reaction flask in a mole 
ratio of 2:1, and irradiated with a mercury arc. Deuterium 
bromide was produced from PBrs and D20  and C2D2 from 
pure calcium carbide and D20. Finally the 1,2-dibromo- 
ethane-d4 was debrominated by refluxing with zinc dust to 
ethylene-d4 in dioxane solution.9

Preparation of Dideuterioethylene-1 ,l-d2. The preparation 
of dideuterioethylene-1 ,l-d 2 was done by electrolysis of pro
pionic-!,2,2-do acid. A mixture containing 20% CH3CD2COOD 
and 8% NaOD in D20  was electrolyzed with platinum elec
trodes at a current density not greater than 0.084 A/cm2.10 The 
ethylene was dried by passing through a trap at -8 0  °C and 
collected at liquid nitrogen temperatures. The product con
tained some ethane and butane but was not purified further 
for the preparation of the ozonide.
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Preparation of Propionic-1,2,2-ds Acid. In a sealed tube 
(stainless steel) a mixture of methylmalonic acid and D2O 
(99.8%) in a ratio of 1:1 was heated over night at 55 °C. Then 
the solution was cooled to 0 °C and the water removed by 
freeze drying under vacuum. This exchange was repeated 
three times yielding a deuterium content of exchangeable 
hydrogen atoms of at least 95% as measured by NMR. Then 
as a last step the methylmalonic acid was decarboxylated by 
heating to 135 °C under vacuum. The product was finally 
purified by distillation.

3. Results

Matrix-infrared and far-infrared spectra of the isotopic 
secondary ethylene ozonides are shown in Figure 1. The con
ditions under which the spectra were taken are listed in the 
figure legend. Spectra taken with higher resolution in spectral 
regions relevant for later discussion are shown in Figure 2. In 
Tables I, II, and III observed infrared absorption frequencies 
of the three isotopic species are listed together with the as
signment discussed in section 4.

4. Discussion

Discussion of the infrared spectra will be presented in the 
following order:

(i) Assignment Based on Qualitative Arguments. The data 
for the -<¿2 species are derived from the spectrum of the ozo- 
nide obtained through ozonolysis of ethylene-1,I-d2. This 
spectrum is shown to result from a mixture of the -d0 and -<¿4 
secondary ozonides and an unknown compound. The latter 
is found to be identifiable in a consistent manner with ethyl
ene-2, 2-d2 ozonide.

(ii) Normal Coordinate Analysis (NCA) of the Spectra of 
the Three Isotopic Species. Thereby the qualitative assign
ment is supported and an approximate harmonic force field 
is derived. Also the vibrational analysis is found to be con
sistent with C2 symmetry of the rs-ro structure as derived 
recently from microwave spectra.1

(iii) Fermi Resonances in the r(CH) Region.
4.1 Assignment of Spectra. The assignments given in Ta

bles I, II, and III are based on the r0-rs structure with C2 
symmetry obtained from analysis of, rotational spectra. The 
normal frequencies of the species -do and'-d4 should be clas
sified according to

11A ® 10B

where both types of normal modes should be infrared active. 
The heavy atom modes should be essentially the modes of the 
five-membered ring and classified according to 5A and 4B. 
Among these there are two lying modes to be expected, one 
A type puckering and one B type ring bending mode. The 
hydrogen stretching modes may be described as 2i/(CH)(a) ® 
2i/(CH)(b), whereas the remaining bending, wagging, twisting, 
and rocking group modes each contribute one A and one B 
mode. Since the two CH2 groups have no nucleus in common 
direct coupling between their group modes may be assumed 
to be small.

The -d2 species has Ci symmetry, therefore all its normal 
modes will have the same symmetry A.

As a consequence of this situation a qualitative assignment 
may be made in a straightforward manner. Therefore, only 
relevant points will be discussed in detail.

Identification of the Spectrum of Ethylene-1,1 - d2 Ozonide. 
Comparison of the spectrum of the ozonide obtained by ozo
nolysis of ethylene-7,1-d2 (cf. Figure lc) with the spectra of 
the -do and -d4 species reveals the fact that all absorption

bands of the latter also occur in the former (Figure lc). Besides 
the -do and -d4 bands there may be located a set of some 20 
further bands, besides few very weak spurious bands. This set 
has been demonstrated to belong to one single species by 
comparison of spectra of ozonides obtained from ethylene 
samples of the following approximate isotopic composition 
(in molar fractions):

C2H4 C2H3D CH2CD2

Sample I 0.016 0.299 0.766
Sample II 0.003 0.095 0.902
In spite of the large content of :he -d 1 species in particular in 
sample I, both samples yielded qualitatively the same spec
trum. From this and the fact that both the -d0 and the -d4 
spectrum are clearly recognizable, one may conclude that the 
-d 1 species does not lead to a noticeable contribution to the 
spectrum. The latter fact may be understood if the Criegee 
mechanism of olefin ozonolysis holds, which predicts six ste
reochemical isomers of the secondary ozonide -d 1 to be pro
duced. Owing to the low concentration of each of these, they 
practically only contribute to the background of the spectrum. 
Therefore, the fact that only one further species has been 
detectable in the secondary ozonide of CH2:CD2 affords in
direct support for the Criegee mechanism under the condi
tions of this work, i.e., ozonolysis in solution.

The absorption bands, as obtained by exclusion of the -do 
and -d4 bands from the spectrum Figure lc, are collected in 
Table III and are attributed to ethylene ozonide (EO-2,2-d2).

4.2 Assignment. 1. v(CH) Stretching Region. According to 
Figure 2a one finds five bands in the k(CH) region of the -do 
species, whereas four bands are to be expected for either 
symmetries C2, Cs, or C1. Hence, C2u symmetry may be ex
cluded with high probability. Since each CH2 group contrib
utes one locally symmetric and one locally asymmetric mode 
and the two CH2 groups may be assumed to be only slightly 
coupled in this molecule, one would expect two (A, B) doublets 
near 2970 and 2940 cm-1. The two doublets observed at 2973, 
2967 and 2900, 2894 cm-1 may be identified with the "12(b), 
i>i(a) and y2(a), "13(b) fundamentals, respectively, whereas the 
remaining band probably arises from a Fermi resonance 
HCH), 26(CH2). The latter will be considered in more detail 
in section 4.4. From Figure 2b it is obvious that the dCH) 
region of the -d2 species shows no CH stretching fundamentals 
other than those of the -do modification, though the line width 
of the c(CH) stretching bands of the former is definitely larger, 
hereby indicating slight differences in the band frequencies 
of -do and -d2. The "(CD) stretching of the -d4 modification 
(cf. Figure 2c) should show four fundamental bands, but is 
obviously complicated by Fermi resonance. Numerous bands 
in the 1150-900-cm_1 region could give rise to Fermi reso
nance with j'(CD) fundamentals (cf. Table II), as will be dis
cussed in detail below.

2. 1500~200-cm~l Region. Whereas the CH2 group bending 
(very weak) and twisting modes may in part be assigned rather 
directly (cf. Table I), assignment of fundamentals involving 
ring stretching-bending modes on a purely empirical basis 
appears rather uncertain. The choice given in Table I rests 
essentially on the results of the NCA and therefore will be 
discussed in section 4.3.

3. Far-Infrared Region. In the far-infrared matrix spectrum 
of the -do species only one absorption band near 193 cm-1 has 
been found. This frequency agrees resonably with an estimate 
based on microwave spectra of vibrationally excited states 
reported by Kuczkowski.1 From consideration of nuclear spin 
statistical weights in the intensity of those microwave lines
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TABLE I: Infrared Absorption Frequencies o f Ethylene Ozonide in an Argon Matrix

Assignment

Frequency,

Obsd

cm 1

Calcd
Rei

intensity PED“

l'ila) 2973 2982 m i<(CH)(98)
"2(a) 2894 2893 vs FR: i'(CH)(99)fe
l'ala) 1482 6(CH2)(96)
"4<a) 1387 1368 m Tw(CH2)(8 6 )
rsla) 1196 1187 m 7t(CH2)(82)
l'eia) 1129 1132 s 7 r(CH2)(6 6 )
i<7(a) 1078 1073 vs "(C20 3)(42), i'(C20 1)(29)c
"s(a) 952 959 vs 5(OCO)(43), n(00)(26)
H9(a) 808 808 s ,'(00)(39),i'(C20 3)(38)
mola) 737 745 vw KC20i)(39), "(00)(19), 5(COC)(16)
ì̂ila) 352 377 vw Ring pucker

"i2(b) 2967 2980 s i'(CH)(99)
"i3(b) 2900 2899 m r(CH)(99)
"u(b) 1483 1478 vw 6(CH2)(99)
"is(b) 1346 1357 m Tw(CH2)(78)
i'ie(b) 1 2 0 2 1 2 0 0 m Tt(CH2)(97)
m(b) 1143 1133 vw 7r(CH2)(92)
"i8(b) 1029 1025 s 5(OCO)(52), i'(C20i)(25)
i'i9(b) 926 927 w "(C20 3)(59), ¿(000(26)
K2o(b) 698 712 m "(C20i)(77), "(C20 3)(17)
i'2i(b) 193 193 m Ring bending

2889 w FR: 2" 3 and "2
2716 w i>4 + vis = 2733 cm'-1
2 0 2 0 w vi  8̂ = 2030 cm-1
1103 vw ni9 + n2i = 1119 cm-1
1 0 0 1 vw K9 + "2i = 1001 cm-1
403 vw FR: 2h2i and i>n

a Potential energy distribution. b Fermi resonance.c For numbering of atoms, cf. section 1 .

TABLE II: Infrared Absorption Frequencies of Ethylene- ¿ 4  Ozonide in an Argon Matrix

Assignment
Frequency, cm' 

Obsd

-1

Calcd
Rei

intensity PED?

^(a) 2249 2238 m "(CD)(96)

to f» 2118 2123 w "(CD)(95)
"3(a) 1160 1170 s 7w(CD2)(44), "(C20 3)(23), "(C20!)(23)
"4(a) 1135 1138 s <5(CD2)(59), "(CaOiRlO), ¿(OCORlO)
l'àia) 1021 1028 s "(C20i)(21), "(00)(16), ¿>(0C0)(12)
^(a) 972 970 m "(C20 3)(17), <5(CD2)(17), 5(0C0)(16)
i'v(a) 911 899 w 7r(CD2)(33), 5(0C0)(25), "(00)(24)
ŝla) 851 852 m 7t(CD2)(76), "(OO)(10)

"9(a) 759 749 s "(00)(42), 7r(17)
"10(a) 672 641 m "(C20i)(36),yw(19),"(C20 3)(17)
"ilia) 338 339 vw Ring pucker
1112(b) 2246 2233 w "(CD)(97)
"13(b) 2092 2111 w "(CD)(97)
"14(b) 1143 1164 s 7w(CD2)(45), "(C20 3)(36)
"15(b) 1059 1083 vs i(CD2)(83)
"16(b) 980 992 w 5(OCO)(46),"(C2Oi)(29)
"17(b) 930 929 m 7t(72)
"18(b) 904 902 m 7r(59), ¿(000(12)
"19(b) 830 832 w 7r(45), "(C20 3)(16)
"2o(b) 707 660 w "(C20i)(62), "(C20 3)(22)
"21(b) 163 Ring bending

2204 w "14 + "15 = 2202 cm-1
2181 w v% + 1/5 = 2181 cm-1
2161 vw "5 + "14 = 2164 cm-1
2132 vw 3̂ V6 = 2132 cm“ 1
1122 vw "6 + "21 (?)
1083 vw "7 + "21 (?)
1074 w "18 + "21 (?)

“ Potential energy distribution. b Fermi resonance.
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TABLE III: Infrared Absorption Frequencies of Ethylene-2,2-d 2 Ozonide Produced from Ethylene-d2 and Ozone in an 
Argon Matrix

Frequency, cm 1
------------ ------------------------ Rel

Assignment Obsd Calcd intensity PEDa Remarks

n 2973
2967 2981 m

s FRA j;(CH)(99) d0d2
dod2

v2 2900
2894 2891 m

s k(CH)(99) dod2
dod2

n 2240 2236 w <-(CD)(97) d2
v4 2111 2117 m v(C D)(97) d2

1480 5(CH2)(95) d2
1369 1363 w 7w(CH2)(75) d2

V1 1199 1192 w 7t(CH2)(92) d2
n 1147 1167 s 7w(CD2)(42) d2
»9 1132 1142 w 7r(CH2)(63) d2
no 1103 1117 s 5(CD2)(50), 7r(15) d2
m 1068 1040 vs "(C20i)(22), .(C2O3K2O),

<5(CD2)(18)
V\2 986 998 m S( 0 i0 20 3)(34),„(C504)(25) d2
V\3 965 978 w S(01C50 4)(24),7r(CD2)(16) d2
VIA 920 912 w i(030 4C5)(14), 7r(CD2)(13) d2
n s 910 903 m yr(CD2)(35) d2
vie 847 858 m 7t(CD2)(71) d2
V17 783 775 w 4 0 0 )  (45) d2
V18 716 «(C20i)(56), WC2O3HI3) d2
n9 683 655 w </(C50i)(47), 4 C 5O4)(20) d2
no 359 Ring pucker d2
m 177 Ring bending d2

0 Potential energy distribution. b Fermi resonance.

this author assigned the first excited state to symmetry species
B. This assignment has been taken over in this work and will 
be supported by NCA.

4.3 Normal Coordinate Analysis (NCA). 1. Structural Data 
and Internal Coordinates. The following NCA is based on the 
rs-r 0 structure of ethylene ozonice published by Kuczkowski1 
and shown in Figure 3.

The five-membered ring structure of the ozonides implies 
characteristic difficulties for a NCA, owing (i) to redundancies 
between the internal coordinates of the five-membered ring 
and (ii) to the fact that redundancies impede seriously 
transferability of force constants between molecules. In order 
to circumvent these difficulties the following procedure was 
chosen:

(i) Use of a redundant set of five stretching, five bond
bending, and five bond-torsion coordinates for the five- 
membered ring, for definition cf. Figure 3. s vectors for these 
coordinates were given by Wilson et al.11 This set leads to six 
redundancies, but for most of 'he coordinates zeroth order 
estimates of force constants may be found in the literature.12’13

(ii) For each of the CH2 groups two stretching and one 
bending, wagging, twisting, and rocking coordinate were 
chosen, assuming local C2v symmetry for the group. These six 
coordinates are linearly independent, and there are zeroth 
order values of the associated force constants available. Ex
pressions for the vectors of the less common wagging, twisting, 
and rocking coordinates were constructed according to (re
ferring to Figure 4)

7w =  2 _1 ( R u 3 — I?243 +  #153 ~  # 2 5 3 )

7 t  =  2 - 3/2(jR l43 — #243 ~  #153 +  #253)

7r = 2 - 1 (#l43 + # 2 4 3  — # 1 5 3  — #253) (1)

where the Rfki’s denote bending type coordinates of the va
lence angles spanned by nuclei i, k, l.

Table IV gives a list of symmetrized coordinates obtained 
from the 27 internal coordinates mentioned above. The rep
resentation of the covering group generated by the latter de
composes according to 15A © 12B, for the internal coordinates 
of the ring alone 9A © 6B. The redundancies among the latter 
decompose according to 4A © 2B. Referring to the structural 
parameters shown in Figure 3 and the definitions of the 
symmetry coordinates given in Table IV, the redundancies 
may be given in numerical form as

A block

^6A -0.0823
02254

*Si4A 0.1507
1̂5A 02596

03440 -0.3645
-0.4791 0.3594 
0.0547 -02778
-02978 -0.0751

-0.2676 -0.4627 
-0.8174 -02754 
-0.0255 -0.4085 
0.4711 -0.7554

Su
Sìa
S3A
S7A
Sisa

(2)

B block

#6B
S12B

-0.8309 -0.5798 -0.6187 
-02976 -0.2077 0.4589

-02863 #  IB

-1.5356 SzB
# 5 B

# 1 1 B

(3)

Relations 2 and 3 allow expression of the harmonic potential 
energy function by independent coordinates solely. They 
further may serve in relating harmonic potential constants of 
five-membered rings expressed either in independent or re
dundant coordinates.

Since the data available at the present time do not allow 
determination of the most general harmonic force field 
(comprising 111  constants), it was a priori subject to restric
tions. Most interaction constants between internal coordinates 
having no nucleus in common were put equal to zero. In par
ticular no interaction constants between typical CH2 group 
coordinates were admitted (cf. section 4.3(ii)). Normal coot-

The Journal o f Physical Chemistry, Voi. 80, No. 11, 1976



1242 H. Kuhne and Hs. H. Günthard

2000 1800 1600 U00 1200 1000 800 600 ¿00 cnrr' 200 175

Figure 1. Infrared spectra of isotopic ethylene ozonides: (a) ethylene ozonide in an argon matrix M/A «  350; (b) ethylene-d4 ozonide in an argon 
matrix M/A »  350; (c) ethylene ozonide produced from ethylene-1,i-cfe and ozone in an argon matrix M/A «  350. 4000-200 cm-1 : Perkin-Elmer 
Model 325 spectrophotometer, slit program 4. <200 cm-1 : Perkin-Elmer Model 301 far-infrared spectrophotometer, spectral slit width 1-0.7 
cm-1 .

dinate analysis was carried out by means of a computer pro
gram,14 allowing least-squares fitting of harmonic force con
stants. Force constants resulting from the fitting process not 
exceeding their root mean square value were discarded. The 
NCA yielded a set of 30 significant force constants based on 
55 observed fundamentals; values are collected in Table IV. 
The following comments should be made:

(i) Values of Force Constants. Where comparison with 
other molecules is possible, ozonide force constants agree 
reasonably. This applies in particular to the bending, wagging, 
twisting, and rocking force constants of the CH2 group, which 
turn out similar to those of paraffins.15 However, the O1-C 2 
force constant appears to be appreciably lower then, for in
stance, in tetrahydrofuran13 (4.7 vs. 5.5 mdyn/A).

For the typical ring force constants there exist few examples 
for comparison, in particular where the peroxide group in
corporated in a five-membered ring is concerned.

In hydrogen peroxide, in which the dihedral angle amounts 
to approximately 112°, the 0 - 0  torsional force constant (for 
infinitesimal vibration) is approximately 0.037 X 10“u erg/ 
radian2,16 whereas for EO it lies near 0.2 X 10“ 11 erg/radian2. 
It should be remembered that in the latter case for the dihe
dral angle a value of 50.2° has been found. Probably the much 
greater stiffness toward 0 - 0  torsion is related to the near cis 
conformation in the ozonide. In contrast to the 0 - 0  torsional 
force constant the remaining two pairs of ring torsional con
stants

were found to be much lower in value (cf. Table IV). This re
sult is an immediate consequence of the assignment of the 
lowest mode as a B type vibration.

O— 0

\

x c1 T'X 0

The Journal o f Physical Chemistry, Vol. 80, No. 11, 1976



M atrix -In fra red  Spectra  o f Isotopic Ethylene Ozonides 1243

Figure 2 . M a trix  in fra re d  s p e c tra  o f se co n d a ry  e th y le n e  ozo n ides , i'(C H ) s tre tc h in g  re g ion  expanded : (a) EO -d0. (b) E O -d4, (c) EO-2,2-d2, s lit p ro g ra m
3.

Figure 3. rs-r0 s tru c tu re  and in te rna l c o o rd in a te s  o f e th y le n e  ozo n ide . 
D ih e d ra l a n g le s  and th e  c o rre s p o n d in g  b o n d -to rs io n  c o o rd in a te s  fo r  
th e  fiv e -m e m b e r ring a re  de fined  as in re f 11: ( 0  |C 20 30 4) =  (O1C5O4O3) 
= 4 1 .2 7 °  ( t ( 1, t  12); (C 20 iC 504) = (C 50 , C 20 3) =  — 1 6 .6 0 °  (t2i, r22); 
(C 20 30 4C 5) =  5 0 .2 4 °  (t 3).

Figure 4. D e fin it io n s  o f CH2 g roup  in te rn a l c o o rd in a te s .

Figure 5. R ing p u c k e r in g  m o des  o f e th y le n e  o zo n ide .

(ii) Description of Normal Modes by Group Modes. As may 
be seen from the potential energy distribution (PED) given 
in Tables I, II, and III, some of the normal modes are ap
proximately typical CH2 group modes, e.g., CH stretching, 
CH2 bending, wagging, twisting, and rocking modes of the 
EO-do species. However, as is to be expected, the ring normal 
modes are complex mixtures of the 15 ring coordinates. The 
two low lying ring pucker type modes m (a) (352 cm-1) and 
r2i(b) (193 cm-1) among these are particularly interesting. As 
already has been mentioned above in connection with ring 
force constants, the fact that the A type mode is higher in 
frequency seems to be related with the high 0 - 0  torsional
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TABLE IV: Symmetry Coordinates and Harmonic Force TABLE VI: Fermi Resonance Matrix Elements, u(CH) and
Constants of Ethylene Ozonide ¿(CH2) Levels

Linear combination 
of internal 

coordinates0 Notation

Harmonic
force

constants6

2 - 1/2(R In  ±  R\i) SlA, S ib 4.652
2- 1/2(Rk ± R\è S 2A, S 2B 4.701

R\ S 2A 4.620
1/2(Rei + Re2 ±  Rc1 ±  Ra) S 4 A, S 3 B 4.689
1/2(Rei -  Re2 ±  R Cl T R C2Ì S'5A, S 4 B
2- i/2(RiA ± fi?2) S6A, S 5 B 2.294
2- 1/2(Rg ±  R'à) Sta, Sob 2.949

Ri SgA 2.267
2~1/2(Re ±  fig) S9A, S 7 B 0.739
2~I/2(ywi ± 7w2) SlOA, S8B 0.653
2_1/2(7tl ± 7t2) SllA , S 9 B 1.334
2_1/2(7rl ±  7r2) Sl2A, SlOB 0.958
2_1/2(th ±  T12) S 13A, S u b 0.071
2_1/2(r2i ± t22) S14A, £>12B 0.030

T3 Sl5A 0.209
S ia , S2a 1.804
S ia , S 3A 0.567
S ia , S 6a 0.165
S ia , Sta 0.853
Sia, S7 a 1.673
S2A, S 8A 1.275
S 3A, S OA 1.773
S3A, SgA 0.174
S9A, S ia ; S 9 A, -0 .2 5 3

S 2A
S h a , S ia ; S u a , -0 .0 5 2

S 2  A
S i2A, S ia ; S12A, -0 .0 4 6

S 2 A
Sta, S sa 0.477
S TA, S OA 0.256
P11 P11A ll, A 12 0.921
P11 P11AU, A 21 -0.668
R 2 1 , R\î 0.762

° Internal coordinates refer to Figures 3 and 4. 11 Stretching
force constants in 105 erg cm 2; bending force constants in
10-11 erg radian-2 ; stretching-bending force constants in 10-3
erg cm-1 radian-1 .

TABLE V: Levels Included in Fermi Resonance (Problem
of the CH2 Groups, cf. Table I)

Quantum no.

no. V i <•’2 l>3 V l 2 013 v u

0  0 0 0  0 0 0
1  1 0 0  0 0 0
2  0 1 0  0 0 0
3  0 0 1  0 0 0
4  0 0 0  1 0 0
5  0 0 0  0 1 0
6 0 0 0  0 0 1
7 ' 0 0 2  0 0 0
8 0 0 0  0 0 2

force constant and the low 0 -0  torsional angle. The behavior 
of the two modes is best illustrated by Figure 5, in which the 
amplitudes of the Cartesian displacement vectors of the ring 
nuclei are reproduced.

4.4 Fermi Resonances Associated with CH2 Modes. Nu
merous normal coordinate analyses of medium size molecules

Hoo -  %/eeee(V2Y3 2 + V2T6 2 + 73 176 x)
Hn = H  22 = H44 = tf55 = Hoo 
H  33 =  y&f ee e e (57 3—2 +  3 y6-2  +  3y3-1 yg-1 )
Heo =  % /e e e e (373—2 +  5 y6-2  +  373-1 76-1 )
Htt = %/eeee(1373-2 + 7e“ 2 + 1073-176-1)
H88 = %/eEEe(73_2 + I37-2 -  1073-176-1)
Ho 2 = 2-3/2/ eiee(73-17 i_1/2 + 73-176-1/2) 
fÍ03 = 3/4/ eEe(73_3/2 + 73_1/276_1)

+ 1/8/eiE2E73- 1/2(7i-1 + 74~J -  72-1 ~ 7s“ 1) 
Ho7 = 3-2_1/2/ eeee(21/273-'2 + 2-176-2 + 21/2y3~1ye~1) 
Ho 8 = 3-2‘~1/2/ eeee(2~173~2 + 21/2ye~2 + 21/2y3~1y6~1) 
H21 = %/eiee73_17i_1/2 
H28 = %/eiee76- 17i-1/2 
H37 = 3-2_ 1,,2/ eee(73'_1/2 + 2- 173_ 1/276- ij

+ 2“ 5/2/ eiE2E73_1/2(7i_1 -  72-1 + 7'4_1 + 75-"1) 
i f  38 = 3-2_3/2/ eEE74-173~1/2

Figure 6 . E O -d0 F e rm i re s o n a n c e  o f ¡'(CH) s tre tc h in g  and be n d in g  
m odes: (a) un coup le d  CH2 g roups; (b) s p litt in g  by h a rm o n ic  in te ra c tio n ; 
(c) s p littin g  by Fe rm i re so n a n ce  in te ra c tio n ; (d) e x p e rim e n ta l s p e c tru m .

(8-11  nuclei) provide evidence for the assumption that most 
often interaction constants between internal coordinates may 
be considered negligibly small, if their s vectors have no nu
cleus in common. Expressed in a more direct way, this 
amounts to considering as significant only interaction con
stants between internal coordinates whose s vectors have at 
least one nucleus in common. If they have one bond in com
mon most often the interaction constants appear to be indis
pensable. It appears tempting to transfer this concept of the 
(topologically) local nature of harmonic force fields to the 
anharmonic constants.

The EO molecule offers a favorable example for study of 
Fermi resonances associated with the stretching and bending 
modes of CH2 groups. In this molecule the two CH2 groups are
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TABLE VII: Eigenvalues and Eigenvectors of Fermi Resonance, r(CH) Region

Zeroth order 
states

Zeroth order levels 
(assumed), cm-1

Resulting states 
by FR

FR levels, 
cm-1

Eigenvectors

Oii Hi 7 i

faiQal) 2903 ii 2885 0.908 -0.313 -0.278
fa(Qai) 2975 fa 2989 0.401 0.461 0.792
MQb3Ì 2965 fa 2969 0.119 0.830 0.544

TABLE VIII: Thermodynamic Functions of Ethylene Ozonide 12C21H41603fl c [J/(K mol)]

r ,K ~(g°-ho°)/T (h° -  h0°)/T .5° c 0 cp

298.15 232.860 46.002 278.862 68.599
300 233.145 /C.~ <■ 46.142 279.287 68.982
400 247.528 7 54.447 301.975 89.565
500 260.632 63.341 323.972 107.717
600 272.954 72.019 344.973 122.576
700 284.673 80.131 364.804 134.621
800 295.867 87.578 383.445 144.482
900 306.580 94.369 400.949 152.649

1000 316.848 100.548 417.396 159.480
1250 340.754 113.701 454.455 172.272
1500 362.449 124.226 486.674 180.886

a Ideal gaseous state. b Rigid rotor-harmonic oscillator approximation. c Recommended values of fundamental physical con
stants (NBS).

separated by one oxygen nucleus. One therefore might assume 
that Fermi resonances between 5(CH2) combination tones and 
the c(CH) stretching fundamentals occur only within each 
CH2 group. If this assumption is made, the part of the an- 
harmonic potential function involving the CH2 stretching and 
bending coordinates reads as (cf. Figure 4 and Table IV, 
omitting upper indices)

Vanh = /"eEE((Re3 + Rc) + +  RciRc&Rc)
+ / eief̂ eiKe2 +  R^Rv +  RciRc +  RczRc2)

+ / eeeeK^e + Rc ) (4)

In eq 4 it has again been assumed that the CH2 groups have 
C2u local symmetry. If for each CH2 group locally symmetrized 
CH-stretching coordinates are introduced

T es

¿ c s 1

1 1  ■

1  1

R ei

R e -2

¿ E a 1  “ I R c  i

f 'C a 1  - 1 R c -2

and if, based on the results of the NCA, these coordinates are 
then symmetrized with respect to the covering group C2, one 
finds, considering the symmetrized coordinates as generalized 
normal coordinates:

1 1 1 1
Qal 2 2  2 2 ' Rei

1 1 1  1
Qbl 2 2  2 2 Rei

1 1  1 1
Qbl 2 2  2 2 ' Rei

1 1 1 1
Q 1)2 2 2 2 2 Rei

Qa3 2 _1/- 2 -1/2 Re

Qb3 2 _ 1/2 —2~I/2 Rc

the potential function (4) transforms into

F a n h  =  ^ 2 / e E e ( Q h3 +  3 Q a3Q b 3 2) +  2 ^ / E l E 2 E ( Q a l  Q a 3  —  Q a 2  Q a 3

+  Q b l2QaS — Q b 22Q a 3 +  2Q al Q b l Q b 3 _  ¿Q ciQ bR fa)

+ / ElEEf̂ ?a3“l?al +  QbiQal + 2Qa3Qb3Qbl)
+  Ì eeyJ Q J  +  G Q jQ j  +  Qb34) ( ? )

Using harmonic oscillator wave functions and the results from 
the normal coordinate analysis, one may directly set up a 
Fermi resonance eigenvalue problem with the energy matrix

# Vv = (fa, VU'/'v)
encompassing the levels listed in Table V:

A block
E0+Hm-X # 0. #03 #07 #03
#01 E ¿T #  ii X 0 #27 #28
#03 0 #3*b#a3 X #37 #38 = 0
#07 Hr. #37 #+#77 -X 0

#03
B block

#3« # * 0 #+#83 "A (8)

Ei+Hn-X
Ei+Hn—X

E5+Hn-X
# + # ,

=P (9)

where

Eo -  lk~Evk

Ei = lk1vk + h i — 1, 2, 3, 4, 5, 6
(10)

The values Hult are collected in Table VI, expressed in the 
conventional harmonic oscillator quantities 7 , = uy/ft.11 In
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order to treat isotope effects in the anharmonic problem, it 
proved convenient to use the generalized normal coordinates 
given by eq 6  directly. In these coordinates the Hamiltonian 
of the harmonic problem assumes the form

i? = 2 %(A ;(G)2iV  + \,'(F)2& 2)

i.e., the kinetic energy is in diagonal (not in unit) form. The 
eigenvalues ah of the normal oscillator problem in conven
tional normal coordinates are related to the eigenvalues of the 
generalized normal oscillators by

« i  =  Xi<G> - Xt <F>

therefore, 7 = un / h  = (A¿(G)A,(F))/h. Obviously the various 
isotope species differ only in the quantities X,(G>.

From eq 8 and 9 it is obvious that all zeroth order B type 
levels and one A type level experience the same shift H u  by 
the Fermi resonance interaction. For solution of the eigenvalue 
problem connecting the remaining five A type levels some 
simplification may be achieved by remarking that the ground 
state level ( V  = 0) and the first excited level of 5 (CH2)n3(a) are 
widely separated from the other resonating levels. This re
duces eq 8  to

V2+ H n ~  A H  27 H  28
jf/27 2u7+ H „-A  0  ̂ _ q
Hw 0 Zus+Hss-A

which has been solved either by iteration or direct diagonali- 
zation. By trial and error the interaction elements i f 27 and H 28 

were determined considering the diagonal elements as given 
by the observed fundamentals. The result of the analysis may 
be presented as follows:

(i) The observed pattern of absorption bands in the 3000- 
cm ' 1 region may be satisfactorily reproduced with respect to 
frequencies, if H 27 ~ H 2a ~  27.5 cm-1 .

(ii) Using this value one may interpret the interaction as 
shown in Figure 6 . The uppermost part shows the normal 
mode pattern of two uncoupled CH2 groups. In the middle 
part the splittings of the modes by harmonic interaction is 
reproduced, as obtained from the NCA. This splittings typi
cally amount to «=3 cm“ 1 for the 1 7 (a) 1 7  = 1 , ('12(b) 012 = 1 , 
112(a) v 2 = 1 , and (7 3 (b) 013 = 1 levels, all associated with the 
stretching modes, and to »5 cm“ 1 for the (/3(a) 1)3 = 1  and 
(74(b ) o14 = 1 levels. The bottom part (Figure 6 c, d) shows the 
band pattern produced by Fermi resonance, together with the 
observed spectrum. Obviously satisfactory agreement is 
achieved.

Qualitatively the Fermi resonance type interaction produces 
a shift of the u = 1  level of ¡7 (a) by *  —18 cm“ 1, whereas the 
o = 2  levels of ((14(b) and 113(a )  are shifted by » +4 and ~ +14 
cm“ 1, respectively. These shifts are accompanied by re
markable intensity effects. As already pointed out B levels 
remain nearly unaffected.

The interpretation given above is further substantiated by 
qualitative consideration of intensities. Denoting the dipole 
moment expansion by

n(Q) = m(0) + L  ( -7 7 )  QsS \ d Q s / 0

+ + .. . ( ID

the intensity I  of the transitions in which Fermi resonance 
levels are involved may be written as

I K |Wu M2(Q)'/'i)|2 ¿ = 1,2,3 (12)

where

— (l/'2(Qal),WQa3)'WQb3))
ai a 2 a3
/di 02 02
7i Ï 2 73

(13)

and the matrix of the coefficients of the resonating levels is 
given by the eigenvectors of eq 8. In Table VII a set of quan
tities relevant for intensity effects are collected. They show 
(i) the two overtones 2113(A) and 2174(A) may gather intensity 
only from the fundamental 112(a); (ii) 2113(A) may pick up 
15-20% and 21144(A) at the most 2-4% of the intensity of 112(a). 
This behavior is qualitatively realized by the 3000-cm“ 1 band 
group of EO-do, in which only five bands are detectable, 
namely, four fundamentals (ii(CH)) and one overtone
(2i(CH2)). '

A further argument for the essential correctness of the in
terpretation given before is provided for by the ii(CH) 
stretching region of the EO-d2.species. Both the -do and -¿2 
species exhibit nearly identical spectra in the 3000-cm“ 1 re
gion. In the case of EO-gQ only Fermi resonance within one 
CH2 group may contribute in this region. The Fermi resonance 
problem may be approximated by a 2 X 2 eigenvalue problem

vs+/in—A h l3
h n I v i + h ^ —X

(14)

Vs and Vi, denote the frequency of the locally symmetric n(CH) 
and of the ¿¡(CH2) mode. Furthermore, one has to consider the 
relation hi3 «  \f2Hw. Equations 8' and 14 are based on the 
assumption that both the EO-d0 and EO-d2 species possess 
the same potential function '(3). Solution of eq 14 is straight
forward and yields nearly the same shifts as for EO-d0-This 
result explains the fact that the n(CH) regions of the two iso
topes are practically identical.

As was mentioned in section 4.2 the n(CD) region of the 
EO-oU species is highly complex. At the present time there is 
little hope to successfully analyze the complex Fermi reso
nance which no doubt is responsible for the complexity of the 
2200-cm“ 1 region.

5. Statistical Therm odynam ic Functions

The available spectroscopic data allow calculation of the 
molar thermodynamic function of EO-d0 in the ideal gaseous 
state in the harmonic oscillator rigid rotor approximation. 
Using principal moments of inertia given by Kuczkowski et 
al.:1

7a = 61.3035 u A2 
h  =  62.4399 u A2 

I c = 110.2300 u A2
and the fundamentals given in Table I one finds the data 
collected in Table VIII.
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A possible interpretation is given with regard to the factors causing frequency shifts of certain characteristic 
amide bands appearing in related compounds.

The difference between the in-plane OCN group frequen
cies of the Af-alkyl amide, jV,7V'-dialkyl urea, and ¿V-alkyl 
urethane structures was briefly discussed in a previous paper 
where the spectra of polyamides, a polyurea, and a polyure
thane were described.2 In solid polymer films these structural 
groups are in comparable states of association and environ
ment. The Af-deuterio polymers have since been prepared and 
thé amide IT frequencies identified.

The frequency differences are presented pictorially in 
Figure 1 where the four structures are arbitrarily positioned 
along the abscissa axis and the observed frequencies are 
plotted as ordinates. At first sight the frequency differences 
are puzzling. For example, in comparison with the amide I and
II frequencies of the polyamide (CONH) those of the po-
lyoxalamide (-NHCO-CONH-) are farther apart and those 
of the polyurea (-NHCONH-) closer together. In the poly
urethane (-NHC0-O-), however, while amide I is at a much 
higher frequency amide II is at roughly the same frequency 
as the polyamide. These shifts are rationalized if we consider 
that the extent of the ir-p interaction between the C = 0  and 
the nitrogen lone pair electrons increases from left to right in 
the figure. The two full lines in the figure represent the hy
pothetical i»o=o an<l "c n frequencies of the OCN group as
suming that no coupling of the type described by Fraser and 
Price3 exists. These are at approximately 1800 and 1280 cm-1 
respectively in the absence of ir-p interaction. If complete 7r-p 
conjugation occurred, and a symmetrical distribution of it 
electrons was realized in ~sO=^C=N+5, the two frequencies 
would be coincident at about 1550 cm-1. The coupling and 
splitting of these two vibrations give the observed frequencies 
I and IT of the N deuterio groups Figure 1). The
further complication of coupling of IT with <$n h  to give II and
III in the hydrogenated groups is thus responsible for their 
rather confused pattern of frequencies (- - X  - -, Figure 1 ). If 
this rationalization is accepted then we can conclude that the 
qualitative picture of increasing ir-p conjugation through this 
series of structures is correct. This would imply, for example,

0= C-N Ó—C—N

decreasing basicity of the N atoms from urethane to oxalam- 
ide.

The pattern of frequency shifts of I and IT conforms exactly 
to that expected from vibrational coupling of two modes ap
proaching each other in frequency. Do these frequencies cross 
over at the point of maximum mixing of vibrations? This 
usually occurs when the two modes are closest in frequency. 
The urea group has amide I and IT closest together but this 
point cannot correspond to the cross over because, were this 
so, the amide I frequency for the polyamide and poly- 
oxalamide would then have more i'c - n  character than i’c—o- 
The calculations of Mizushima and his coworkers4 show that 
amide I has about 80% or more kc= o contribution. We must 
conclude therefore, that the vc= o and i'c-n d° not cross over 
and that the 7r-p interaction in the amide groups can never 
give a structure -eO -C = N +e.5 The limiting extent of inter
action occurs in the _60 —C = N +J structure with a symmet
rical distribution of w electrons for which ¡'c=o — "c-N- 

Of course this whole analysis, however convincingly pre
sented, rests on the arbitrary position of the four structural
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groups along the abscissa axis. However, no other order could 
be found which gave a rational pattern fitting all the condi
tions.
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spectra.
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Vibrational Spectra and Force Field of Tricarbonyl(trimethylenemethane)iron-/i6 

and -t/61a,b
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Complete vibrational spectra are presented for tricarbonyl(trimethylenemethane)iron, [(H2C)3C]Fe(CO)3, 
and for its perdeutero derivative. The latter has been made for the first time. The data include Raman spec
tra for the gas, liquid, and solid and infrared spectra for the gas and solid. A vibrational assignment has been 
made for 49 of the 50 active modes (25 in each molecule). All but 8 or 10 of these are certain. From the assign
ments a force field has been deduced which (a) reproduces the observed frequencies of both isotopic mple- 
cules with an average error of less than 1%, and (b) provides descriptions of the normal modes. From selected 
frequencies and force constants the following conclusions are drawn about the bonding. (1) All the C-H 
stretches are above 3000 cm-1, indicating that the methylene carbons are unsaturated. (2) The C-C average 
stretching frequency, force constant, and bond distance all indicate that these bonds are unsaturated. (3) 
The iron-ligand stretching and tilting force constants are relatively large and indicate strong metal-ligand 
bonding. It appears that a model with bonds between iron and the three C-C 7r orbitals is better than one 
with a bond along the iron-central carbon line. These data, assignments, and force constants differ some
what from earlier work on the hydrogenic compound. Some comments are made on the reliability and signifi
cance of force constants.

Introduction

Trimethylenemethane, C(CH9)3, is of considerable interest 
because of its unusual valence. In the free state it is a reactive 
diradical,2a but it can be stabilized by formation of its tricar - 
bonyliron complex to give tricarbonyl(trimethylenemeth- 
ane)iron, [(H2C)3C]Fe(CO)3. For brevity, the hydrogen version 
of the complex will hereafter be called he and the deuterium 
version d6- Tricarbonyl(trimethylenemethane)iron was first 
prepared by Emerson et al. in 1966,2b and was found to be 
fairly stable. The deuterated molecule has not been reported 
heretofore.

The structure of the complex, obtained by electron dif
fraction,3 is shown in Figure 1 . Note that the CC3 portion is 
nonplanar with the outer carbons displaced toward the iron 
atom. The angle Fe-C-C is 76.4°. The central carbon is 0.34 
A out of the plane of the three methylene carbons in the di
rection away from the iron atom. The Fe-central C distance 
is 1.938 A whereas the Fe-outer C distance is 2.123 A. In ad
dition, the plane of each CH2 group is tilted about 14.4° rel
ative to the extension of the corresponding C-C line, the tilt 
being away from the iron atom. There has also been an x-ray 
diffraction study of a related compound in which one hydro
gen atom has been replaced by a phenyl group, with very 
similar results.4 Proton and 13C NMR spectra indicate that

the six methylene protons are equivalent and the three 
methylene carbons are equivalent, or else are exchanging 
rapidly.2b An early, very low resolution photoelectron spec
trum was interpreted as giving ionization potentials for the 
orbitals in the hydrocarbon portion of the complex.5

It seemed to us that the vibrational spectrum would be 
useful and interesting, so a study of the infrared and Raman 
spectra of h6 was undertaken.6 We hoped to make a complete 
vibrational assignment, and through that to answer some 
questions concerning the bonding. For example, do the C-C 
bonds behave spectroscopically more like single or double 
bonds? Also, one can imagine two extreme models for the 
bonding between iron and trimethylenemethane. In one case 
the bonding is directed from the iron to the central carbon 
atom; in the other case it is directed from the iron to the three 
methylene carbons or C-C bonds. The actual situation is 
probably intermediate, but just where is it between these two 
extremes?

During the course of the work a paper on the same subject 
by Andrews and Davidson appeared.7 This was followed by 
another by Andrews, Davidson, and Duce dealing with the 
force constants.8 These papers will be referred to hereafter as 
AD and ADD, respectively. Our work is considerably more 
extensive. It differs from that of AD and ADD in the following 
ways. (1) We have made the first preparation of d6, and report
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Figure 1. Structure of tricarbonyl(trimethylenemettiane)iron and internal 
coordinates.

data for it too. These added results are very useful in the vi
brational assignments and the force constant calculations; 
they provide important constraints. (2) We have obtained gas 
phase infrared and Raman data for both molecules. AD had 
only liquid state results. The gas phase data simplify the 
choice of some of the fundamentals, and remove the effects 
of intermolecular interactions. (3) We give values for two low 
fundamentals which AD left unassigned, and we differ with 
them on three other assignments. (4) Our calculated valence 
force constants differ from theirs in almost every case.

Experimental Section

A. Preparation of he. The method was that of Ehrlich and 
Emerson,9 using the reaction

E t20
CH2=C (C H 2Cl)2 + Fe2(CO)9— >- (H2C)3CFe(CO)3 

I II HI (hG)
I was obtained from Aldrich Chemical Co. and was used 
without further purification. II was purified immediately 
before use by washing with aqueous HC1, water, ethanol, and 
ether in the recommended manner.10 Because of the small 
scale of our preparation (0.5 g of I), III was not purified by 
distillation as was done by Ehrlich and Emerson. Instead the 
reaction mixture was vacuum-pumped at -2 2  °C, and then 
chromatographed through neutral alumina (Wolem) with 
pentane for the solvent. This yielded a pale yellow liquid 
which was recrystallized from pentane at —78 °C to yield the 
pure product. Ill is a pale yellow solid, mp 29 °C, which is 
volatile and sublimes readily at room temperature. The vapor 
has a remarkable tendency to dissolve in stopcock grease. The 
product was further identified by its mass spectrum, the 
sample being introduced directly into the spectrometer as a 
gas.

B. Preparation of de- To prepare d6 by the same reaction 
used for h6, one would have to start with CD2=C (C D 2C1)2. 
Since it is not commercially available, the problem becomes 
one of obtaining it. Two methods were tried. The first was 
unsuccessful, but will be outlined because it seems reasonable 
on paper, and it may be helpful to describe our experience. 
The proposed reaction sequence was as follows:

M g  C IC O O E t N a O E t
H2C(COOEt)2 — ► — >■ HC(OOEt)3 — -►

E tO H

C IC O O E t L 1A ID 4
NaC(COOEt)., —^  C(COOEt)4 — ► C(CD,OD)4

T H F

3SOC12 H N O 3
C(CD20D)(CD2C1)3 — ► C(C020D)(CD2Cl)a

q u in o lin e
— D2C=C(CD2C1)2 

This route allows one to deuterate with LiAlD4, which is

usually very efficient. There is very little chance of unwanted 
H-D exchange. Every step in the reaction sequence has been 
reported previously with the one exception of the reduction 
of C(COOEt)4 to C(CD2OD)4.11-14 We have done this reduc
tion several times, but found that the separation of the 
product from the reaction mixture is very difficult. As a result, 
the C(CD2OD)4 was not isolated in reasonable yield, and the 
method was abandoned.

The second, and successful, method involved the use of 
isobutylene-dg as an intermediate.15 The entire route to d6 is 
shown:

D2SO4 Cl2(g)
(D3Q 3COD — *► C D 2= C ( C D 3) 2 (g ) —

IV V
Fe2(C O )9

CD2=C (C D 3)(CD2C1) — *■ (D2C)3CFe(CO)3 

VI Et2°  VII (d6)
In the first step 10 g of tert-butyl-d9 alcohol-d (99.5% d) from 
Bio Rad Laboratories and 0.6 ml of D2S 0 4 (99% d) from 
Stohler Isotope Chemicals were used. About 6 g of isobutyl- 
ene-d3 was obtained, and its purity was checked by infrared 
spectroscopy. The spectrum was in complete agreement with 
that reported by Pathak and Fletcher, who prepared a sample 
with 99.5% deuterium.16 In the second step chlorine and iso
butylene reacted in the gas phase in an 0.8-mm i.d. Pyrex 
capillary tube immersed in an ice bath.17 Following the advice 
of Reeve et al.,18’19 we adjusted the flow ratio of isobutylene 
to chlorine to approximately 1.3:1.0, and collected the product 
in a tower filled with crushed ice. The organic layer was ex
tracted with several portions of di-n-butyl ether and carefully 
fractionated. The yield was about 4 g of methallyl-dy chloride 
(VI), bp 72-73 °C at 760 Torr. This sample contained a small 
amount of C1DC=C(CD3)2 as reported in the literature,18 but 
it was not removed. For the final reaction, the procedure of 
Ehrlich and Emerson was used.9 Because of the small scale of 
the preparation, the purification was done chromatographi- 
cally as for h6. After recrystallization from n-pentane at —78 
°C, and evacuating to eliminate traces of iron pentacarbonyl, 
about 100 mg of product was obtained.

It is also possible to convert VI to CD2=C (C D 2C1)2 (VIII) 
by a liquid phase chlorination at 40 °C .20'21 VIII could then 
be used in the same procedure as was employed to make he. 
However the chlorination is reported to give only 34% of the 
desired product,20’21 so we chose to omit this step and proceed 
directly from VI to VII.

C . Infrared Procedures. Infrared spectra were obtained 
from 33 to 4000 cm-1  with Beckman IR-11 and IR-12 spec
trophotometers. The frequency calibration was checked at or 
near the time the sample spectra were recorded.22 For the gas 
phase spectra a 10-cm cell was used. This proved inadequate 
to reveal any absorption below 370 cm-1. Our 10-m cell was 
not used because there was too little well-purified sample at 
that time (10-20 mg) to risk losing it by adsorption on the 
metal walls and by solution in the stopcock grease. Solid phase 
spectra (~100 K) were obtained with a cold cell of conven
tional design.23 The sample was condensed from a jet of vapor 
onto a plate cooled with liquid nitrogen, and then annealed 
by repeated warming and cooling. Annealing had only a small 
effect on the spectrum.

D. Raman Procedures. Raman spectra were obtained with 
a Spex Ramalog unit which has been described elsewhere.24 
Excitation was from either the 488.0- or 514.5-nm lines from 
a Spectra Physics Model 164 argon ion laser. The frequency 
calibration was checked near the times the spectra were run.

Gas phase Raman spectra were obtained with a small 
heated gas cell designed here which allows the use of tem
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peratures from 25 to approximately 260 °C without the 
problem of condensation.25 The principle is to have an at
tached liquid reservoir held at a lower temperature than the 
gas cell. The vapor pressure can be adjusted by controlling the 
temperature of the liquid reservoir, keeping that always the 
coolest portion of the system. The part of the cell containing 
the vapor to be examined is maintained a few degrees warmer 
to avoid condensation. The cell is constructed of Pyrex, with 
optically flat Pyrex windows to transmit the laser beam and 
with a side-arm liquid reservoir. It is filled by vacuum transfer 
and sealed, allowing it to be pressurized above 1 atm if desired. 
The cell is then completely enclosed in a two-section alumi
num heating block. One section surrounds the liquid sample 
reservoir and the other the gas cell. The latter section has 
small ports at 90° for admitting the exciting radiation and 
observing the Raman scattering. The heating block is insu
lated, and the two sections are separated by a thin asbestos 
sheet. The two sections are heated separately by small car
tridge heaters so that they can be maintained at different 
temperatures which are monitored continuously by thermo
couples. In this work the sample reservoir was held at about 
75 °C and the vapor at about 90 °C. This gave a vapor pressure 
of about 50 Torr. The laser power was 300-800 mW (measured 
at the laser). Under these conditions there was very little 
difficulty due to sample decomposition. The cell worked well, 
and satisfactory spectra were obtained for both compounds.

Liquid and solid samples were sealed in 1-mm i.d. thin- 
walled melting point capillaries. To keep the samples liquid, 
the sample compartment was held at approximately 30 °C 
with a heating tape. Solid state spectra were run in a variable 
temperature cold cell described previously,26 using several 
temperatures between 25 and —100 °C. Changing the tem
perature had very little effect on the appearance of the spectra.

Experim ental Results

Survey spectra are shown in Figures 2-5. The measured 
frequencies for h6 (including the results of AD) are given in 
Table I, and for d6 in Table II. Our infrared frequencies are 
believed to be accurate to ±1 cm- 1 and the Raman ones to ±2 
cm-1  unless a band is marked as broad, shoulder, or approx
imate.

The agreement between AD’s results and ours for the 
Raman spectrum of liquid h6 is quite good. Nowhere else are 
the measurements duplicated, for AD have no data for gas or 
solid, nor for dg, and we have no infrared results for liquid h6.

Vibrational Analysis

A. Aids in the Assignments. The symmetry was assumed 
to be C3„ as indicated by the electron diffraction study.3 We 
found the spectra to be completely compatible with it. The 45 
normal modes are classified under as 10ai + 5a2 + 15e. 
They are summarized, together with the selection rules and 
our assignments, in Table III. The assignments of AD for hg 
are also included for comparison. As usual the schematic de
scriptions are a convenience but in many cases are not literally 
correct.

It was hoped that the gas phase infrared band contours 
would be helpful in interpreting the spectra. The P-R sepa
ration for the ai modes was calculated in the manner described 
by Seth-Paul and Dijkstra.27 The structural parameters de
duced from the electron diffraction study gave the following 
values for the principal moments of inertia: for hg, 7a = 515.5 
and 7b (= /c ) = 527.0 amu A2; for dg, 7a = 543.3 and 7b (=7c) 
= 551.8 amu A2. Thus both molecules are prolate tops, but are 
also almost spherical tops by accident. These values lead to

Figure 2. Infrared and Raman spectra of gaseous tricarbonyl(trimeth- 
ylenemethane)iron (h6).

Figure 3. Infrared and Raman spectra of solid tricarbonyl(trimethylen- 
emethane)iron (hg).

a calculated P-R  separation for the ai bands of 13.3 cm-1 for 
hg and 13.0 cm-1  for dg. These calculated values are appar
ently a little too high. Many bands were found to have P-R 
separations of 11 or 12 cm-1, but almost none with 13 cm-1. 
For e modes the P-R  separations will vary unpredictably 
because of Coriolis interactions, but a value considerably 
different from 13 cm' 1 indicates an e mode. Examples are 582, 
603, and 3022 in h6 and 1374 in dg.

The Raman depolarization ratio provided an independent 
criterion which sometimes contradicted the band contour 
evidence. Thus the following bands were depolarized 
(suggesting species e) but had parallel type contours and P-R 
separations (suggesting ai): in h6, 2010 and 3086 cm“ 1; in dg, 
549, 613, 1975, 2010, and 2328 cm-1. In these cases we judged 
the Raman evidence to be decisive because the contours of the 
e modes can be similar to those for aj.

Another useful tool is the Teller-Redlich product rule.28 
Using the moments of inertia given earlier, and a molecular 
weight of 193.97 g/mol for hg and 200.01 g/mol for dg, one 
calculates a theoretical product rule ratio of 2.785 for species 
ai and 7.699 for species e. (We prefer to use the inverse of 
Herzberg’s expression to make the ratios >1.)

We wish to emphasize how helpful it was in making the 
assignments to have (a) data for both h6 and d6, and (b) 
complete Raman and infrared gas phase data for both mole-
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Figure 4. Infrared and Raman spectra of gaseous perdeuteriotricarbonyl(trimethylenemethane)iron (d6).

Figure 5. Infrared and Raman spectra of solid perdeuterlotrlcarbonyl(trimethylenemethane)iron (d6).
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cules. The former put valuable constraints on both the as
signments and the force constant calculations, and indicated 
something about the form of the normal modes. The gas phase 
data in the infrared provided band contour evidence, and in 
the Raman spectrum clarified some of the choices. They also 
removed all doubts about the effects of intermolecular in
teractions, although it turned out that these were generally 
very small.

Finally, it was some help to use analogy with similar modes 
for the allyl radical, HC(CH2)2,29 and guanidinium ion, 
C(NH2)3+.30 These are the most closely analogous systems for 
which data are available.

In discussing the assignments we shall use gas phase 
frequencies unless they are not available.

B. C-H Stretches. If a carbon atom is unsaturated, its C-H 
stretches invariably occur above 3000 cm-1; if it is saturated, 
they occur (with a few exceptions) below 3000 cm- 1 .31 Thus 
the numerical value may provide valuable information on the 
nature of the methylene carbons in hg.

AD observed no polarized Raman band in the C-H 
stretching region of liquid h6, and we agree for this state. AD 
therefore assigned vi to a weak infrared band at 2976 cm-1 
which has no Raman counterpart. However in the gas phase 
Raman spectrum there is a band at 3024 cm-1 which is 
strongly polarized, and which we assign to iq. The gas phase 
infrared band near here, with maxima at 3020 and 3024 cm-1, 
has neither the contour nor the 13-cm_1 P-R  separation ex
pected for an ai band, so we assign it to vn, the CH2 symmetric 
stretch of species e. Presumably in the liquid the ai and -e 
modes overlap so badly that only a single depolarized band 
is observed. In the gas the Q branch of the ai Raman mode 
stands out clearly, and it is possible to show with certainty that 
the band is polarized. The CH2 antisymmetric stretch of 
species e (j/ie) is obviously 3086 cm-1. It is higher than the two 
symmetric stretches as expected.

All three of the active C-H stretches of h6 are above 3000 
cm-1, so we conclude that the spectroscopic behavior of the 
methylene carbon is consistent with that of an unsaturated 
carbon atom. This is compatible with the C-C bond distance 
of 1.437 A.3 The C-C stretching frequency and force constant 
will later be shown to be consistent with this evidence.

In d6 the band at 2210 cm“ 1 is polarized in both gas and 
liquid Raman spectra and is clearly iq. The higher e mode, n6, 
is obviously 2328 cm-1. There is no good candidate for the 
second e mode (vn), but the weak infrared gas bands at 2193 
and 2237 cm-1 can be postulated as due to Fermi resonance 
of jq7 with the sum 1374 + 844 = 2218. This indicates that 
unperturbed v 17 would have been about 2215 cm-1. If this is 
correct, vn and ¡q are very close together in both d6 and h6-

C. C = 0  Stretches. The next lower fundamentals are the 
carbonyl stretches. The ai mode (i/2) is certainly 2074 cm-1 
in both hg and dg, and the e mode (iqg) is just as clearly 2010 
cm-1 in both compounds. These are normal values.323

D. Other a 1 Modes. There are eight remaining ai funda
mentals. The following Raman bands of h6 and dg show at 
least some evidence of being polarized. They are arranged to 
show possible correlations between the two molecules, i.e., the 
hg frequencies are always higher than corresponding dg ones.
h6: ------ , -------, 987, 916, 802, - - -, 488, - - -, 369, 350?, 172?

dg: 1184, 1165, 881, 790, 708, 594, 482, 377?, 355, 321?, 94?

In h6 there are two CH2 scissorings (1/3 and 1̂9) which must 
be near 1460 cm-1. Bands are observed at 1478 and 1459 cm-1, 
but both are too weak in the Raman effect for depolarization 
measurements, and infrared contours are not helpful. The two
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TABLE II: Infrared and Raman Spectra o f  Tricarbonyl(trimethylenemethane)iron- d f a

Solid Liquid Gas

Infrared Raman Raman Infrared Raman

cm 1 Inten cm 1 Inten0 cm 1 Inten* p cm 1 Inten Type cm 1 Inten P

49 sh 49 8
91 1 43 94 81 0.60 86 100 0.82

100 S sh
116 38 104 70 0.70
126 1 52 130 sh -1 2 8 sh
143 1) sh

327 w 324 44 321 43 0.71 321 16 0.70
341 I sh

358 m 360 100 358 100 0.13 355 \ 65 0.04
378 w 380 t 18 377 20 0.60 377 w 377 7 0.65

395 11 1
469 m 471 5 467 4 0.86 461 3 0.78
489 m 492 14 486 9 0.36 483 vw 482 10 0.16

501 )
511 s 507 ? s ?

513 )
542 1

551 s 555 4 550 2 0.83 549 > s ?
553 '

578 m 577 w
596 s 594 1 594 2 0.38 599 sh 594 1

607 |
618 s 615 2 615 2 0.84 613 > s ?

618 '
641 m
711 m 708 13 707 16 0.25 708 m ? 707 16 0.09

785 )
791 s 792 29 791 38 0.14 790 > m 11 790 27 0.03

796 ;
843 m 846 9 843 8 0.83 844 4 0.76
870 1 
883 $

vw
w 882 5 881 4 0.50 881 vw

988 w 974 vw
1022 vw 1024 1
1040 m 1043 3 1043 2 0.88 1040 w
1049 w
1103 vw
1162 vw 1163 2 1165 1 0.65
1185 vw 1187 4 1185 7 0.21 1184 4 0.10
1373 m 1375 16 1374 9 0.81 1374 m 1 1375 6 0.73
1409 vw 1401 w

1926 w
1950 sh 1943 1

1968 24 1969 1
1981 vs 1988 31 1981 21 0.81 1975 / s

1981 )
2003 j

2001 33 2000 sh 2010 V vs 11 2010 21 0.81
2014 )
2068 )

2058 vs 2055 14 2061 9 0.20 2074 > vs 11 2075 14 0.05
20791

2188 w 2193 vw
2220 w 2212 14 2208 15 0.21 2210 15 0.14
2232 vw 2237 w

2322 )
2327 w 2330 4 2333 6 0.82 2328 > m h 2329 5 0.73

2333 )
2338 w 2340 6 2338 sh
2490 vw 2492 vw

Assignment 

Real ?
*3 0

»9
v21

»29
»9

»2 5

»24

482 + 104 = 586
v,
550 + 49 = 599

2 X 327 = 654

»s

»2-:
»4
881 + 104 = 985

615 + 550 = 1165

»19

1374 + 613 = 1987 
or 13CO deriv

»2

p17 in FR 
»,
v tl in FR

a w, m, s = weak, medium, strong; v = very; sh = shoulder; || = parallel; l  = perpendicular; p = depolarization ratio. For de
polarized lines, p = 0.75 ± 0.08. * Relative peak intensities on a scale of 0—100, uncorrected for instrument response. FR = 
Fermi resonance. See text.

could result from Fermi resonance between the species e CH2 
scissoring and the sum 1028 + 438 = 1466 cm-1. However, it 
is more likely that they are the two fundamentals. We assign 
1478 cm-1 to v3 because it appears in the Raman spectrum of

the gas and therefore probably has a relatively strong Q 
branch. The 1459-cm-1 band is assigned to iqg, but these two 
could be interchanged.

Returning to the list of polarized bands, we note that the

The Journal o f Physical Chemistry, Vol. 80, No. 11, 1976



Tricarbonyl(trim ethylenem ethane)iron-/?6 and -d6 1255

T3£
cd

y£cdX
0)s
<DCJV
%
X

c
o

X

S

3
X

>»tic
M
0)£w

£
0>

H->
0cu
£
Cd
co£
o

X
>

£V
gca T3 £

gy
X
0)H-a

Jd
3y
3
O
T3£cd
TJ
0)
>

8

w
X
X

<

X  s

o
£

co !>>
y ;£ 

' y  >  y  'X 
a  yco cd

O §

X
as
XI as ✓—>sX rHN— COoCD tH as
X ^ X

t >  X  OS X  X  CM O  
CO lO CO (N H  iO N
LOCDlflOJCOOOOOH

rH o PCM CM CO
X Tt1 CDCM fM (M
x -̂vXX -̂v -̂vo CD CO CO HCD HiOxf^CO
rH CO CO X CD t><M N N N M N
X̂ -Nx x x x x

os

t > x x < M x i> a s c M x
O S O S X X ^ X X X r H

rH CM X^X^t-O X

^ 0 5co as
CM
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dr; frequency at 1165 cm-1 can be explained as a sum tone (615 
+ 550 = 1165). This allows us to pair up the following ai fun
damentals in hB and dB: 1478 and 1184, 987 and 881, 916 and 
790, 802 and 708, 488 and 482, and 369 and 355 cm-1.

Frequencies are still needed for tWo more fundamentals. 
We believe that one of these modes is the F e-C -0  deforma
tion. In iron carbonyls these occur between 450 and 750 cm-1 
as strong bands in the infrared and relatively weak bands in 
the Raman spectrum. We also expect this mode to exhibit a 
very small shift on deuteration. In h6 three bands meet these 
requirements: 603, 582, and 512 cm-1. Only the latter has the 
expected infrared contour. Its counterpart in d6 is clearly 507 
cm-1. Thus, 512-507 cm-1 is one possible choice, although 
there is no Raman polarization evidence to support it. On the 
other hand, 594 cm-1 in d6 is definitely polarized. Its coun
terpart in hg is 603 cm-1. This was too weak for us to obtain 
a depolarization ratio, but AD call it questionably polarized. 
Unfortunately its infrared contour is not that of an ax mode. 
Thus the 603-594 cm-1 choice also has problems. We arbi
trarily choose to assign the 603-594 cm-1 pair as vi and 
512-507 cm-1  as i>20, but these could well be interchanged.

The lowest ai fundamental is expected to be the symmetric 
Fe(CO)3 deformation in the vicinity of 100 cm-1.32b It is as
signed to 135 cm-1 in C4H4Fe(CO)333 and to 136 cm' 1 in 
CeH6Cr(CO)3.34 In the gas phase Raman spectrum of he there 
is an intense, broad band extending from about 70 to 140 
cm-1. It is centered near 88 cm-1 with a weak shoulder at 130 
cm-1. Similar features are observed for dg at 86 and 128 cm“ 1. 
The main bands are depolarized. We think they are e modes, 
overlain by excited state transitions. The lowest ai mode is 
assigned to the weak shoulders at 130 and 128 cm' 1 on the 
basis of the similarity to frequencies in related molecules and 
of the lack of any better alternative.

The observed product rule ratio for the above assignments 
is 2.73 compared to a theoretical value of 2.78. This is very 
satisfactory agreement, but is not a critical test for the two 
dubious pairs of assignments.

The values of the individual isotopic ratios i/(hg)Addg) are 
included in Table III. They show that many of the modes are 
neither mainly hydrogenic (ratio about 1.35) nor mainly 
skeletal (ratio 1.00-1.04), but are badly mixed. Examples are 
P3 through v6. Clearly, the names given to them are inadequate.

E. 02 Modes. None of the five a2 modes, which are inactive 
in both infrared and Raman spectra, were identified experi
mentally. Calculated values were obtained from force con
stants given later.

F. e Modes. There are 15 e fundamentals. The three highest 
have already been discussed. Candidates for the next few are 
as follows:

h6: 1459,1348,1028, 900, 821 cm' 1

dB: 1374, 1040, 844, 641, 613 cm' 1

The CH2 scissors in hg is assigned to 1459 for the reason given 
earlier. A drop by x/2 would place it at 1031 cm“ 1 in d6. There 
is a suitable band at 1040 cm '1. The next lower depolarized 
band in hg is 1348 cm“ 1. We believe that this is the C-C 
stretch, and that it is 1374 cm“ 1 in dg. It is uncommon to have 
a frequency increase on going from a lighter to a heavier iso
topic molecule. We think it is due, in this case, to first-order 
interaction with the CH2 scissoring at 1459 cm“ 1 in h6; this 
forces the C-C stretch down a little to 1348 cm“ 1. In d6 the 
scissoring has been removed from this region, and the C-C 
stretch is free to move back up toward its unperturbed posi
tion. If one lists the e frequencies in numerical order in each 
molecule, he would associate 1459 and 1348 cm“ 1 in h6 with

1374 and 1040 cm '1, respectively, in dg. If the listing is by 
descriptive name, the association is 1459 cm“ 1 with 1040 cm-1 
(CH2 and CD2 scissoring), and 1348 cm“ 1 with 1374 cm” 1 
(C-C stretch). We use the latter in Table III. Obviously the 
assignment of the C-C stretch is very important if one is to use 
the spectral data to say something about the strength of the 
C-C bonds. We feel that the increase of frequency on deute
rium substitution is strong support for the assignment to the 
C-C stretch.

The next lower obvious candidates for e fundamentals in 
hB are 1028 and 821 cm“ 1. We believe that in dg these drop to 
844 and 613 cm“ 1, respectively. One more hydrogenic mode 
still has to be located, but it is a problem and will be tempo
rarily deferred.

The seven remaining lower e modes are assigned as follows:

h6: 582, 512, 470,, 438, 350, 104, 88 cm“ 1

d6: 549, 507, 461, 377, 321,104, 86 cm“ 1

The 350-cm“ 1 band is reported as polarized in the gas, but we 
believe this is because it overlaps the very strong, highly po
larized band at 369 cm“ 1. Therefore we have no reluctance 
about assigning 350 cm“ 1 to an e mode. As mentioned earlier, 
the Raman spectra of both molecules show a broad, intense, 
flat-topped scattering profile extending from about 70 to 140 
cm“ 1 with hints of three maxima. They cannot be better re
solved even in the gas with narrow slits. We believe that this 
is the superposition of several hot bands on a fundamental. 
In the liquid spectra there are maxima at 104 and 95 cm“ 1 for 
he and 104 and 94 cm“ 1 for dg. These were used for the normal 
coordinate calculations, but the gas phase values for the lower 
pair are 88 and 86 cm“ 1. There is also a band at 48 cm“ 1 in hg 
and 49 cm“ 1 in dg which might be the lowest e fundamental, 
but we are not certain that they are really Raman bands. 
There are troublesome instrumental ghosts in this region.

All seven of these vibrations are skeletal modes, and all have 
relatively small isotope shifts except one, 438-377 cm” 1 (Table
III). For it the isotope ratio is 1.16. We assign this pair to the 
CC3 deformation, and assume that there is mixing with the 
CH2 wag (1028 and 844 cm“ 1) which accounts for the unex
pectedly large ratio. The shift for the wag is unexpectedly 
small (1.22 cm“ 1), and the product of the two ratios is 1.42 
which is about what is expected. The interaction seems rea
sonable on mechanical and intuitive grounds. This idea is not 
supported by the potential energy distribution (PED), how
ever. It shows that the mixing is mainly with the Fe-C(CH2)3 
tilt (see later).

We return now to the problem of the missing hydrogenic 
mode. In hg it will be somewhere between 1350 and 600 cm“ 1. 
The only reasonable unused band is 900 cm” 1. In dg it will be 
somewhere between 1300 and 420 cm '1, and the only obvious 
possibilities are 1165 (p), 974, 641, and 577 cm” 1. At this point 
the product rule can be used, since values have been assigned 
to all e modes except this one (v22). If we assume that the ob
served r value will be about 4% lower than the theoretical one 
to allow for anharmonicity, or about 7.40, and if all the other 
assignments are correct, then the isotopic ratio for j/22 will be 
about 1.30. Calculated values for the missing partner are 
shown in parentheses:

h6: (1515), (1266), 900, (833), (750) cm“ 1

d6: 1165, 974, (692), 641, 577 cm“ 1

There is nothing reasonable near any of these calculated 
values, nor can a good case be made for one of these bands 
being overlain by another fundamental. The only possible pair
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is 1242-974 cm"1, but both are very weak and unconvincing. 
If one pairs 900 and 641 cm-1, their ratio is 1.404, and r0bsd =
8.07, which is far too large.

In lieu of any better alternative, we assign 900 cm-1 to v22 
for h6, and leave it unassigned for d6. This is as far as we can 
go with the assignments.

G. C om m en ts. It is rather remarkable that values can be 
suggested for 49 of the 50 active modes, and that all but 8-10 
of these seem to be reliable. The questionable ones are, in our 
opinion, the following: (a) 900 cm-1 for i/22; (b) 130 and 128 
cm-1 for pio; (c) possibly the values for ¡>7 (603 and 594 cm“ 1) 
should be interchanged with those for ¡'25 (512 and 507 cm“1);
(d) perhaps the values for p29 (104 and 104 cm“ 1) should be 
replaced by 48 and 49 cm“ 1. Changes (c) and (d) will have a 
negligible effect on the calculated product rule ratio.

Furthermore, all but two of the 49 frequencies are for the 
gas phase, which is unusual for a solid compound. This is not 
very important, however, because the shifts of frequency due 
to phase changes are relatively small.

Another unusual feature is that because there are several 
low-frequency fundamentals, most of the molecules are not 
in the ground state. If it is assumed that all the modes below 
500 cm“ 1 are properly assigned and are harmonic, it is easily 
found that less than 0.3% of the molecules are in the ground 
state at 300 K.35 Most of the observed bands are therefore 
really hot bands of the type (i/a + cy,) — va.

H. C om parison  w ith  the A ssig n m en ts  o f  A D . The assign
ments of AD for h6 are included in Table III for ready com
parison. AD give no values for no and r2g. We differ from them 
on the assignments for v\, vg, no, and n?. The case of n has 
already been discussed. We found 488 cm“1 to be definitely 
polarized and 438 cm“1 not, which was the converse of AD’s 
finding and accounts for the difference in vg, ne, and j'27. 
Possibly they thought 438 cm“ 1 is polarized because it is ad
jacent to the very strong, highly polarized Raman band at 369 
cm“ 1.

I. C om m en ts on  th e  B onding. Although it is usually haz
ardous to use frequencies alone to obtain information about 
the nature of bonds, we believe two things can be safely con
cluded in the present case. First, from the fact that all the C-H 
stretches are above 3000 cm“ 1, it is quite certain that the C-C 
bonds have considerable unsaturation. Second, this is sup
ported by the C-C stretching frequencies. The ai stretch is 
either 987, 916, or 802 cm“1 in fi6, and it is apparently mixed 
with a hydrogenic mode in either li6 or df (or both). The e 
mode is almost certainly 1374 cm“1 (d6 value, where it seems 
to be isolated). The average of 2 X 1374 + 802 (the low est aj 
possibility) is 1183 cm“1. This is considerably higher than 
saturated C-C bond stretches. Examples of the latter are 995 
cm“1 in ethane, and 1054 and 870 cm“ 1 in propane (average 
= 962 cm“ 1). This result would be expected for an isolated 
trimethylenemethane radical where the C-C bond order is 
presumably 1.33. It is significant that the unsaturation still 
remains in the Fe(CO)3 complex.

We cannot go farther than this without calculating the force 
constants.

Normal Coordinate Analysis

The normal coordinate analysis by ADD8 appeared while 
our work was in progress, but it seemed desirable to proceed 
because (a) some of our assignments differ from theirs and (b) 
we have data for d6, which puts additional constraints on the 
force field. It turns out that there is very little agreement be
tween our force constants and theirs.

A. In tern a l C oord in ates and S ym m etry  C oord inates. The

method was the usual Wilson GF matrix procedure. The 
molecular dimensions were those reported in the electron 
diffraction study,3 except that the angle between each C-C 
bond and the line bisecting the HCH angle was assumed to be 
zero. (Reported values are 14.4 ±  5.1°.)

A valence force field was employed. Figure 1 illustrates the 
internal coordinates that were used. In addition to those 
shown, there were three wi coordinates for the wagging mo
tions of the CH2 groups (i =  1, 2, 3), and a T  coordinate for the 
torsion around the Fe-C bond. This makes a total of 47 in
ternal coordinates. Torsional coordinates for the CH2 twists 
have not been included because it is difficult to obtain the 
corresponding symmetry coordinates since the trimethyl
enemethane portion is not planar. Also, only one internal 
coordinate (L) has been used to represent the Fe-C(CH2)3 
stretch. There are two reasons for this. First, the Fe-C dis
tance is significantly shorter than the Fe-CH2 distances (1.938 
A vs. 2.123 A). Second, the force constant is simple to inter
pret. A calculation by Hyams on one Fe-(CsH5) unit36 suggests 
that for our case the use of all four Fe-C bond vectors would 
be most satisfactory, but it would lead to complicated ex
pressions for the symmetry coordinates, and the resulting 
force constant would be difficult to interpret.

Table IV gives the symmetry coordinates in terms of the 
internal coordinates. Note that because the CH2 twists are 
omitted (la2+ le mode), there are 28 rather than 30 symmetry 
coordinates. Unfortunately, the numbering of the symmetry 
coordinates (Si, S2, . . ., S2s) does not parallel the numbering 
of the normal modes (jq, ;<2........<'30) beyond number 11 be
cause of the missing CH2 twists. One must watch out for this 
in using the PED’s later. We have not assumed tetrahedral 
bond angles around the iron atom as did ADD. The measured 
angles, e = 118.4° and 8 = 99.2°, make this a dubious ap
proximation.

B. C alcu la ted  F orce  Field . The computer programs used 
for these calculations were those described by Snyder and 
Schachtschneider37 plus another used at the CNRS laboratory 
for the perturbations of the force constants. The latter pro
gram allows one to find relations between correlated force 
constants so that all constants can vary while searching for the 
best fit.

The course of the calculations was as follows. Initially each 
half of the molecule, (H2C)3C-X and Y-Fe(CO)3, was treated 
separately. Preliminary values for the diagonal force constants 
were chosen by analogy with other systems; no off-diagonal 
terms were included in the F matrices initially. For the tri
methylenemethane part there is very little pertinent infor
mation in the literature, but for the iron tricarbonyl part the 
results of many calculations are available. The most important 
are those by Jones and coworkers on Cr(CO)6, Mo(CO)6, and 
W (CO)6,38 and on FelCOp.39 The values of the diagonal force 
constants were allowed to vary to obtain the best agreement 
between observed and calculated frequencies. Then selected 
interaction terms were included and optimized by the same 
criterion. Next, the two halves were combined to give the 
whole molecule, and again the values of the force constants 
were adjusted to achieve the best fit with the experimental 
frequencies. Significant changes in several of the constants 
were required at this stage. This is consistent with the electron 
diffraction results, which indicate a high barrier to torsion 
around the Fe-C(CH2)3 bond, and therefore imply consider
able interaction between the two halves.

The final set of symmetry force constants is given in Table
V. Any constant not listed there was fixed at zero. The 
frequencies calculated from them are included in Table III
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TABLE IV: Symmetry Coordinates of Tricarbonyl(trimethylenemethane)iron
A,a

S, = l/7 6 (r , +r2 + r3 +r4 +r5 + re) ps c h 2
52 = 1/V3U, + f2 + f3)
53 = 1/372(2(3, + 2/12 + 2/13 -  7 i ~  7 * -  7 a -  7 ,, -  ? 5 -  7 j

p c = o
6 CH2

S4 = 1 + w2 + w2) 
S, = 1/V3(ff, + R, + « , )

Wag CH,
ps c - c 3

S6 = Y(al + a 2 + a 3) + V ( r , + r 2 + T3) 6S C -C 3
S, = 1 /73(0, + 0 2 + 0a) 6 F e-C -O
Sg = ly/3(S, + S2 + S3) Ps;Fe-(CO )3
S9 = L p C(CH2)3—Fe
S,0 = V(6 , + 5 2 + 63) — W(e, + e2 + e3) 6 CO-Fe-CO
Red 1 = X(a, + a2 + a3) -  Y(T, + T2 + T3) = 0 Redundancy
Red 2 = 1/308, + & + & + 7, + 72 + 7a + 74 + 7s + 76) = 0 Redundancy
Red 3 — + 52 + 53) + V(61 + 62 + 63) — 0 Redundancy

A„ -v
s ,, = 1 / 7 6 (r, - r 2 +r3 — r4 + rs - r 6) «a CH2
S, 2 = 1 /76(7 . -  72 + 7a -  74 + 7s -  7e) rock CH2
S,3 = 1/V3(t, + t2 + r3) 6 ' F e-C -O
s 14 = t

Ea
S, 5 = l/273(2r, -  2r2 — r3 + r4 — r5 + r£)

C(CH2)3—Fe(CO)3 torsion

Fa CH2
SI6 = l / 2(r 3 + r4 — rs — r6) «s c h 2
SI7 - l / T 2( f , - f , ) PCsesO
S18 = l/273(jS2 -  Pa -  7a -  74 + 7s + 7e) 5 CH2
S „  = H sj2(R ,-R g) Pa c - c 3
s 20 = 1 /7 2 (1«, -  ¡"a) Wag CH,
S2, = 1 / 2 7 3 (2 7 , -  27j -  7a + 74 -  7s + 7s) Rock CH2
SJ2 = 1/76(27, -7 - , - T 3) 8' Fe-C -O
S23 = 1 /72(S 2- S 3) Fa Fe—(CO)3
S24 = 1/72(02 - 0 3) 6 Fe-C -O
S25 = l /7 2 (a 2 - a 3) 6a C -C 3
s 26 = i / 7 2 ( r 2 - r 3) Tilt Fe—C(CH2)3
S27 = 1 /7 2 (6 ,- 63) 6 CO-Fe-CO
SJ8 = 1 /7 2 (6 ,- e 3) 6 C(CH2)3—Fe—CO
Red 4 = 1/372(2/3, - j3 2- /3 3 + 27 , + 272 -  7 3 -  7 4 -  7 S -  76) = 0 Redundancy

Eb
S', s = l/2(r 3 i\ r5 + r6) ya CH2
S' 16 = 1/273(2r, + 2r2 -  r3 — r4 -  r5 -  r6) c h 2
S' , 7 = l /T 3 (2 t1 - f a- f 3) v c = o
S ',B = 1/6(4j8, -  2/3, -  2/33 -  2 7 , -  27 , + 7a + 7 4 + 7S + 7 j 5 CH2
S ',„ = 1 /7 5 (2 « , - R 2- R 3) Pa CC3
S' JO = 1/76(2«;, — w2 — w3) Wag CH2
S'21 = l/2 (7 3 — 7 4 — 7s + 76) Rock CH2
S' 22 = 1/T2(72- t3) 5' Fe-C -O
S'aa = 1/76(2S, - S , - S 3) Pa Fe—(CO)3
S" 24 = 1 /7 6 (20, - 0 2 - 03) 6 Fe-C -O
S'25 = 1/76(20, - a 2- a 3)
s '26 = i / 7 6 (2r, - r , - r , )

6 a C -C 3
Tilt Fe—C(CH2 )3

S'27 = 1 /7 6 ( 2 6 , - 8 , -  6 3) 6 CO-Fe-CO
S'2B = 1 /7 6 (26, - e 2- e 3) 6 C(CH2)3—Fe—CO
Red’ 4 = l/76(/32 - /3 3 + 7 3 + 74 - 7 s - 7 6) = 0 Redundancy

a In A! species the coefficients (X,Y) and (V,W) come from the fact that there are not tetrahedral angles around C and Fe 
atoms respectively: in the first case: X = 1 /7*7and Y = —bjsjc~with 6 , = —7 3  cos T/cos (a/2), c, = 3(b¡2 + 1 ); in the sec
ond case: V = b2l-J~c2 and W = 1/7*7 with b2 = — cos e/cos (6 /2 ) and c, = 3(b22 + 1 ).

where they can be compared with the observed ones. Values 
were not obtained for the two CH2 twist modes, but are given 
for four of the five forbidden a2 fundamentals.

1. Forms of the Normal Modes (PED’s). Table III also 
contains the diagonal elements of the potential energy dis
tribution, which provide a more precise description of the 
normal vibrations than the schematic names in the earlier part 
of Table III. In fact this is one of the most valuable results of 
a normal coordinate calculation. Several of the modes warrant 
comment.

In hg, v3 and iq are fairly pure CH2 scissors and wag, re
spectively. In de the CD2 scissors is mixed with the C-C3

stretch, and the CD2 wag is mixed with the CC3 deformation. 
This explains the anomalous isotope ratio for and V4. Similar 
considerations apply to the remaining fundamentals. Mode 
5 is the most badly mixed of the entire group. Although it is 
called a C-C stretch, we see now that this is an inadequate 
description.

In species e the assignments for (“ C-C degenerate 
stretch”) give an isotope shift less than 1.0. It was suggested 
earlier that this is due to interaction between the CH2 scissors 
and the C-C stretch in h6, pushing the latter down. In d6 the 
CD2 scissors has dropped to 1040 cm“ 1, and the C-C stretch 
is back at its unperturbed position. This suggestion is sup-
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TABLE V : Force Constants for 
Tricarbonyl(trimethylenemethane)iron 
in Symmetry Coordinate Representation

Sym
metry
species Description6 Values3

A,
f m vs CH2 5.132
f 22 p C= 0 17.072
Î 33 s ch 2 0.462
P 4 4 w CH2 0.325
Fss v9 CC3 6.688
f 66 5s CC3 2.378
F 0 Fe—O sO 0.603
Fss ys Fe—(CO)3 3.084
f , 9 v TMM—Fe 3.703
F 5 CO-Fe-CO 0.604
F 2 8 v C = 0 , ¡>s Fe—(CO)3 0.600
F3 5 S CH2, Ps c c 3 -0.189
F,* 5 CH2, 5S CC3 -0.277
f 46 w CH2,5 S CC3 -0.195
F 44 w CH2, v TMM—Fe 0.107
F56 CC3, 6S CC3 1.113
F 5S CC,, v TMM-Fe 1.115

a 2
F t'a CH2 5.076
F r CH2 0.367
F t F e -C = 0 0.552
F Torsion 0.007

E
f 15>5 v.à CH2 5.076
F1S1S Fs CH2 5.132
F1 717 v f e O 16.227
F 5 CH2 0.462
F t'a CC3 4.865
F w CH2 0.341
F r CH2 0.367
F 0 Fe—C = 0 0.644
F r Fe—C = 0 0.552
Fz 2424 ¡7, Fe—(CO)3 3.084
F 5a CC3 1.257
F Tilt TMM-Fe 2.529'
F 5 CO-Fe-CO 0.535.
F Def TMM-Fe(CO), 0.306
F v C = 0 , va Fe—(CÔ)3 0.822
F 6 CH2, va CC3 -0.189
F 8 CH2, Sa CC3 0.083
F CC3,S a CC3 -0.068
F w CH2,5 a CC3 0.108
Fx 2 5 26 ôa CC3, tilting 0.413

a Stretching principal constants and stretch—stretch inter
actions in mdyn/A, bending principal constants and bend- 
bend interactions in mdyn A/radian2, stretch—bend interac
tions in mdyn/radian. 6 TMM = trimethylenemethane.

ported by the PED’s, which show that in h®, 1/19 and v2o are 
indeed mixtures of the CH2 scissors and the C-C stretch 
whereas in d6 they are relatively pure modes.

Finally, c27 has a large isotope shift for a mode described 
schematically as a CC3 deformation, and it was suggested that 
it is mixed with the CH2 wag. This is not verified by the PED’s. 
Instead, the mixing is mainly with the Fe-C(CH2)3 tilt.

2. Force Constants for the -C{CH 2)3 Part. The symmetry 
force constants given in Table V are functions of the valence 
force constants, and in some cases there are enough equations 
to allow the latter to be evaluated. This is important because 
these are the constants which one hopes can be transferred 
or compared between molecules. Our results are given in Table
VI. From the values of Fn and F 1515 the C-H stretching force 
constant in internal coordinate representation is found to be 
5.10 mdyn/A. This value is between that expected for a -C-H

bond (4.9 ±  0.1) and a = C -H  bond (5.3 ±  0.1), and is consis
tent with a carbon hydridization which is intermediate be
tween sp3 and sp2.

The value of the carbon-carbon stretching force constant 
calculated from F55 and F1919 is 5.47 mdyn/A. This is inter
mediate between C-C (typically 4.5-5.0) and C=C (typically
9.5-9.9). Interestingly, it agrees quite well with the value of
5.55 mdyn/A obtained from Gordy’s relation when a bond 
order of 1.33 is assumed.40 Finally, it is near the value of the 
C-C stretching constant for the allyl radical, HC(CH2)2, of
5.40 mdyn/A.41 These considerations all indicate that the C-C 
bonds are intermediate between single and double bonds.

3. Force Constants for the -Fe(CO)3 Part. Most of these 
constants have been transferred with little change from the 
hexa- and pentacarbonyls (Table VI). However, the value for 
the C = 0  stretch is lower than those in the reference com
pounds and that for the Fe-CO stretch is higher. This can be 
interpreted by assuming that the trimethylenemethane ligand 
is a stronger electron donor than a C = 0  group. Its presence 
causes an increase in electron density in the Fe-CO bond and 
in the CO ir* antibonding orbital.42 The values of the bending 
constants are rather similar to those for the reference carbonyl 
compounds.

4. Force Constants for the Iron-Ligand Bond(s). Our 
values for the trimethylenemethane-iron stretching and 
tilting force constants are 3.70 mdyn/A and 2.53 mdyn A / 
radian2, respectively. The latter when reduced to the dimen
sion of a stretching constant has the value Ft = 0.91 mdyn/A. 
The large value of 3.70 mdyn/A for the stretch indicates strong 
bonding, but it also indicates that the model assumed when 
defining the internal coordinates is not realistic, i.e., that the 
metal-ligand bond is between the iron and the central carbon 
atom of C(CH2)3. A better model is to assume tt type bonding 
between the iron atom and each C-C of the ligand. The sym
metrized force constant Fl = 3.70/3 = 1.23 mdyn/A now 
corresponds to a totally symmetric vibration, and the reduced 
tilting force constant Ft = 0.91 mdyn/A refers to a nonsym- 
metric stretching vibration. The former value is similar to the 
symmetrized constant for Cr-ligand bonds in dibenzene- 
chromium of 1.4843 and for Fe-ligand bonds in ferrocene of
1.40 mdyn/A.36 Thus, it seems that the magnitude of a single 
ir type interaction in all these complexes is 1 .2- 1 .5 mdyn/A.

C. Comparison with ADD’s Force Constants. ADD carried 
out a similar calculation for he, and their valence force con
stants are included in Table VI. It will be noted that many of 
them differ considerably from ours. There are several reasons 
for this which will now be described briefly.

1. Vibrational Assignments. The differences between our 
assignments and those used by ADD are shown in Table III, 
and are summarized as follows:

ADD: ap 2976, 2061, 440, - - -; e: 1994, 493, - - -, 95 cm' 1

This work: ai 3024, 2074, 488, 130; e: 2010, 438, 104, 88 cm" 1

They are significant for two a3 and three e modes. In all other 
cases we agree within a few cm-1.

2. Internal Coordinates and Symmetry Coordinates. ADD 
defined their internal coordinates in their Figure l .45 They 
assumed each C-CH2 group to be planar, as we did also, al
though they do not mention it.

We disagree with them on the definitions for S3 and S 13 in 
species ai (the CH2 scissoring and a redundancy). Neither of 
their two symmetry coordinates leads to a zero value as a re
dundancy should. In the e symmetry blocks ADD have not 
given the corresponding redundancies, but in any case there
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TABLE VI: Valence Force Constants for (H2C)3CFe(CO)3, M(CO)6 and Fe(CO)s

______  _  (H ;C)3CFe(CO)3______________

ADD0

Coordinate This work Value Symbol M(CO)6° Fe(CO)s *-d

Stretching4,
C ==0 16.51 16.18 fu 17.22 to 17.33 16.47, 17.43
C -H 5.10 5.36 fs
C -C 5.47 4.41 fr
Fe—ligand 3.70 2.83 ÍR
Fe-CO 3.08 3.04 ft 1.96 to 2.36 2.57, 2.64

Bending/
Fe—C—CH2 (tilt) -2 .5 3 3.27 fir
C -C -C -2 .0 0 1 .4U fa
C -C -H -0 .3 7 0.77 fß
CH2 wag 0.34 0.29 fy
H -C -H 0.46 0.36 fs
O C -F e-C O -0 .5 6 0.98 fe 0.50, 0.60 -0 .4 6
Fe—C—O (in Ov plane) 0.63 0.62 fr] 0.48 0.50
Fe—C— O (l a v plane) 0.55 0.82 fe 0.40
OC-Fe-ligand -0 .3 1 0.31 U
CH2 twist 0.16 fr

Stretch—Stretch Interactions0
c =  o ,  c = o 0.28 0.36 ftXU 0.22 0.13
Fe-CO, Fe-CO 0.0 —0 .0 2 ,+ 0 .0 5 : • -0 .0 8
Fe-CO, C = 0 0.75 0.70'! Au 0.69, 0.84 0.68, 0.76
Fe-CO, Cs=0* -0 .0 7 4 -0 .0 8 -0 .1 2
Fe—CO, Fe—ligand 0.0 0.57 Alt

Bend—Bend Interactions/
F e -C -O , F e -C -O -0 .0 1 4 ( W -0 .0 2 —0.05
F e -C -O , F e -C -O 0.0 ( fee) 0.01 —0.02
O C -Fe-C O , O C -F e-C O -0 .0 2 3 (fee) 0.06, 0.09

Stretch—Bend Interaction/
Fe-CO, F e -C -O 0.0 -0 .0 9 A t) -0 .0 4

(plus others)
0 Reference 8. b Several values because of the unlike C = 0  groups. c Reference 38. d Reference 39. e mdyn/A. / mdyn A / 

radian2, s 1.27 in ADD text. h Constrained. ' Nonadjacent bonds. / mdynes/rad.

is a small error in their definition of S34a; the term +2(3i should 
be included.

In species ai the definitions of ADD’s symmetry coordinates 
S 6 (v CC3) and Sro (<5 OC-Fe-CO) are incorrect because the 
angles around the central carbon atom and the iron atom are 
not tetrahedral. As a result their redundancies Sn and S 12 are 
also wrong.

3. Final Force Field. A 31-parameter valence force field has 
been proposed by ADD to reproduce 23 different experimental 
frequencies. Six of the interaction constants had to be con
strained to fixed values to obtain a good fit. We adjusted the 
values of 37 symmetrized force constants (17 in a4 and 20 in 
e) to reproduce 48 experimental frequencies. Internal valence 
force constants were then obtained from the symmetrized 
ones. Most of them differ significantly from the values given 
by ADD.

The differences in the principal valence force constants are 
summarized in Table VI. For the metal-ligand constant our 
value is 3.70 mdyn/A, compared to 2.83 mdyn/A of ADD. This 
is a very large difference for what one hopes will be one of the 
most informative constants. ADD concluded that the C-C 
stretching constant is comparable to that for a C-C single 
bond, and take this as evidence for a substantial interaction 
of the 7t electrons of the CC3 skeleton with the iron atom. It 
seems to us, in view of the C-C bond distance of 1.437 A, that 
this bond has a very significant amount of double bond 
character. This should be indicated by the force constant. It 
is by our value (5.47 mdyn/A) but not by that of ADD (4.41 
mdyn/A). On the other hand, ADD find that all the force

constants for the CH2 groups are quite similar to those for an 
sp2-hybridized carbon atom. There seems to be an inconsis
tency; how can an sp2 carbon be compatible with the C-C 
single bonds that they propose?

In the ADD paper the CCC deformation constant (their /„) 
has a value of 1.27 mdyn A radian-2 in the text and 1.41 in the 
table. However it is not worthwhile to discuss the exact value 
because the corresponding symmetry coordinate was ill- 
conditioned. The same problem occurs with their / 0, fa, and
/ X- _

Finally, we differ with most of the interaction constants 
deduced by ADD. For example, it seems that their constants 
/ rs = —0.75 and fTS' = +0.39 mdyn/A are too large in magni
tude. These are interactions between C-C and C-H stretches, 
and it is well established that such interactions are generally 
small. We have been able to neglect them in our force field.

4. PED’s. It is very difficult to compare ADD’s potential 
energy distributions with ours because theirs are given in 
terms of valence force coordinates and ours are in terms of 
symmetry coordinates. For example, they describe the 
1478-cm-1 mode of h6 as 46% H-C-H deformation and 49% 
C-C-H deformation. We describe it as 89% CH2 scissors. The 
correlation is much more complicated in some other cases, but 
it is clear that we disagree seriously on the forms of about half 
the vibrations.

D. How Significant are the Force Constants? Two different 
valence force fields are now available for tricarbonyl(tri- 
methylenemethane)iron, that of ADD and ours. Both repro
duce the starting frequencies well, but the individual force
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constants differ considerably as shown in Table VI. Is either 
set right? What is their significance? This is worth a few 
comments.

We believe that most force constants which have been de
rived from large symmetry blocks should be regarded with 
skepticism. There are several sources of uncertainty. First, a 
few of the assignments are probably wrong. Second, as
sumptions are invariably made about some of the interaction 
constants. Third, it is known that the refinement procedure 
can converge on different sets of answers for the symmetry 
force constants depending upon the initial values that are 
assumed. The different sets will reproduce the frequencies 
equally well, and sometimes there are two or more sets which 
seem equally reasonable. It is then almost impossible to tell 
which is “ right” . One is seldom aware of the existence of these 
other sets. For all these reasons one should use great caution 
in drawing conclusions from the numerical values of valence 
force constants. We have a healthy skepticism in the present 
case, and have tried to use the numbers with care.

Conclusion

Complete vibrational data have been presented for both 
tricarbonyl(trimethylenemethane)iron-/i6 and -de, including 
infrared and Raman results for the gas phase. These data have 
led to a vibrational assignment which differs in some respects 
with previous work, and which is much more firmly estab
lished. From the assignments a force field has been deduced 
which (a) reproduces the observed frequencies of both h6 and 

’.d6 with an average error of less than 1%, and (b) provides de
scriptions of the normal modes.

Another goal of this work was to attempt to clarify the de
scription of the bonding in this molecule. The observation of 
the C-H stretches above 3000 cm-1, as well as the agreement 
of the calculated C-C force constant with that estimated for 
a bond order of 1.33, indicate that the terminal carbons of the 
ligand should be described as having appreciable sp2 charac
ter.

Our data also indicate that trimethylenemethane is be
having as a strong ligand. The observed lowering of the C = 0  
stretching force constant when compared with Fe(CO)s in
dicates that the ligand is making a substantial bonding con
tribution through ir donation. The strength of the metal-li
gand bond is also indicated by the large value of both the 
metal-ligand stretching force constant and the ligand tilting 
force constant. In particular, the large tilting force constant 
suggests to us that the bonding description of this molecule 
in terms of a single bond between iron and the central carbon 
of the ligand is a misleading oversimplification.

In order to get a better understanding of the bonding in this 
molecule and of the variation of force constants in the series 
Fe(C0)5, C4H4Fe(CO)3, and (H2C)3CFe(CO)3, one of us (C.S.) 
plans to investigate the electronic structure of these complexes 
by a semiempirical approach (CNDO/2). Such a calculation 
has been performed on Fe(CO)34fi and seems promising for h6.

NOTE Added IN Proof: The referee has pointed out that 
in Fe(CO)5 the two Fe-C distances are near 1.82 A and the 
corresponding valence stretching force constant is ca. 2.6 
mdyn/A. The Fe-C(CH2)3 distance is much larger, 1.938 A, 
so a stretching force constant of 3.7 mdyn/A is unreasonable. 
This supports the w interaction postulated in section B4. He 
also noted that the C = 0  stretching force constants given in 
Table VI for reference compounds have been obtained from 
frequencies corrected for anharmonicity. If observed 
frequencies are used the force constants are smaller by 0.5 
mdyn/A. (L. H. Jones, “ Inorganic Vibrational Spectroscopy” ,

Marcel Dekker, New York, N.Y., 1941, p 156.) We should have 
used these lower values for comparison. This weakens the 
evidence that C(CH2)3 is a stronger electron donor than CO 
(section B3 and Conclusion).
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Vibrational Spectra and Assignments for Tetrachloro- and Tetraiodoallene13,15
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Infrared and Raman spectra were obtained for solid Cl2C = C = C C l2 and I2C = C = C I2- A complete vibration
al assignment is presented for each compound, except for one mode of C3I4. The observed spectra are com
pletely compatible with Did. symmetry. The values of the fundamentals are as follows for the solids: C3CI4 
ap 1312,425, 252; bp 91(7); b2: 1977, 651, 221; e: 859, 305, 202,141 cm "1; C3I4 ap 1226,179, 98; bp — ; b2: 1912, 
424, 200; e: 682, 275,133, 84(7) cm "1.

I. Introduction
This work is part of a study in our laboratory of various 

perhalo allenes and butatrienes. Although tetrafluoro-, 
tetrachloro-, tetrabromo-, and tetraiodoallene have all been 
prepared, there has been no study of their vibrational spec
tra.23 Only infrared survey spectra, obtained for character
ization purposes, are available. This alone made the study of 
these allenes seem worthwhile. In addition it was thought that 
a knowledge of their fundamentals would be helpful in in
terpreting the spectra of the corresponding butatrienes. Be
cause all four of these compounds are unstable, they are not 
easy to work with. We report here our results for tetrachloro- 
and tetraiodoallene.

II. Tetrachloroallene

A. Experimental. 1. Preparation of the Sample. The fol
lowing reactions were used:

NaOH
CHC12—CC12—CHC12 — *•

I KOH, CaO
CHC12—CC1=CC12 C12C=C=CC12

II 150- 170 °c III

Compound I was obtained from K & K Laboratories. The first 
reaction has been described by Prins2b and the second by 
Pilgram and Korte,2c who were the first to isolate III. For the 
second step it was necessary to remove the water normally 
present in reagent grade KOH by preheating it in vacuo until 
its melting point exceeded 200 °C. The grinding of the dry 
KOH, the mixing of it with CaO, and the loading of the py
rolysis tube were done in a glove box in order to maintain 
dryness. Ill was collected in a trap maintained at —78 °C.

Tetrachloroallene is a white solid. When warmed to about 
10 °C, it melts and dimerizes spontaneously to form another 
solid which melts at 93 °C.2c Both the monomer and the dimer 
have considerable vapor pressure below their melting points.

2. Spectroscopic Procedures. Because of the low stability 
of tetrachloroallene, infrared and Raman spectra were ob
tained only on the polycrystalline solid at about 100 K. An 
exception was one fairly strong Raman band observed in CCI4 
solution.

The infrared spectrum was measured from 35 to 4000 cm-1 
with Beckman IR-11 and IR-12 spectrophotometers. The 
spectral slit width was less than 2 cm-1 throughout the entire 
range. A low temperature cell of conventional design, 
equipped with KBr or polyethylene windows, was used.3

The Raman spectrum was obtained with a Spex Ramalog 
unit which has been described elsewhere.4 Briefly, it uses a 90° 
illumination-to-viewing arrangement, a Spex 1401 double

monochromator with two 1200 line/mm gratings blazed at 500 
nm, and an ITT FW 130 detector with S-20 spectral response. 
Excitation was with 488.0-nm radiation from a Spectra 
Physics Model 164 Ar+ laser.

Because of the low stability of tetrachloroallene, it was 
studied only at low temperature and in the solid state. Con
sequently no depolarization ratios were obtained, with the 
exception of the one band at 252 cm-1  which was also mea
sured in solution. The Raman cold cell was a modified version 
of the infrared one. The usual infrared cell frame, which is 
attached to the refrigerant reservoir and hangs in vacuo, was 
replaced by a stainless steel wedge with a mirror finish. The 
sample was deposited from a vapor jet onto a face of the liq
uid-nitrogen-cooled wedge which is tilted 15° relative to the 
incoming vertical laser beam.

Infrared wavenumbers, are believed to be accurate to ±1 
cm-1  and Raman ones to ±2 cm-1 except for the one band 
marked “ circa” .

3. Results. The observed infrared and Raman wavenumbers 
of tetrachloroallene are given in Table I. Additional bands at 
164 and 390 cm-1 in both infrared and Raman spectra were 
identified as impurities by their variation in intensity in dif
ferent samples. Similar evidence suggests that an impurity 
band overlaps the sample band at 203 cm-1.

B. Discussion of the Results. 1. General Comments. It is 
unfortunate that Raman depolarization ratios and infrared 
vapor phase band contours are not available. Consequently 
band assignments are based only on selection rules, group 
frequencies, and analogy with similar molecules.

Tetrachloroallene is expected to have Did symmetry, with 
one CCI2 twisted 90° relative to the other, by analogy with 
allene.0 The number of fundamental vibrations in each sym
metry species, and their spectroscopic activity, is given in 
Table II. Table III compares our assignments for tetrachloro- 
and tetraiodoallene with those for analogous bands of tetra
chloro- and tetraiodoethylene.

2. Species a 1. These three fundamentals are only Raman 
active. The C = C = C  symmetric stretch is expected around 
1100 cm-1. (It is 1073 cm“ 1 in allene,5 1095-1075 cm-1  in 
chloro-, bromo-, and iodoallene,6 and has similar values in 
several other derivatives.6) There are two possible candidates 
in perchloroallene, 866 and 1312 cm“ 1. Unhappily, each is 
about 200 cm“ 1 from the expected position, with no apparent 
reason for a displacement such as there is in allene-d4.5 The 
866-cm“ 1 band is appreciably more intense. On the other 
hand, it can be explained as a sum tone, whereas 1312 cm“ 1 
cannot. Since the corresponding band in tetraiodoallene is 
certainly at 1226 cm“ 1, 1312 cm“ 1 rather than 886 cm“ 1 is 
adopted for iq.
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TABLE I. Observed Infrared and Raman Bands of Polycrystalline C12C = C — CC12 at ca. 100 K

Infrared Raman

Assignmentcm 1 Intensity“ cm 1 Intensity6

89 vw, sp Lattice mode
91 1000 vi (torsion)?

93 vw, sp Lattice mode
100 vw, sp Lattice mode
140 w ca. 143 790 I'll
202 m 204 ? no + impurity (see text)
221 vs 222 10 VI
253 w 252 40 p = 0.0C V3
3Ö5 w 305 15 V9
427 VW yr 425 70 V2

t '' 464 5 221 + 253 = 474
515 10 221 + 305 = 526

651 s':: 652 5 V6
859 vs V8

866 10 221 + 651 = 872
1312 2 V\

1977 V3 V5
2178 5 1312 + 866 = 2178

° w, m, s = weak, medium, strong; v = very; sp = sharp. b Relative peak intensities on a scale of 0- 1000, uncorrected for instrument
response. c CC14 solution.

TABLE II: Fundamental Vibrations of X2C:= C = C X 2 (D2d Symmetry)

Assignment, cm 1

Species Activity No. Schematic description C12C=C==CC11 I2C =C =CI2

ai R (p),- 1 C=C=C sym stretch 1312 1226
2 CX2 sym stretch 425 179
3 CX2 scissors 252 98

hi R ,- 4 Torsion 91? ?
b2 R, ir 5 C=C=C antisym stretch 1977 1912

6 CX2 sym stretch 651 424
7 CX2 scissors 221 or 202 200

e R, ir 8 CX2 antisym stretch 859 682
9 CX2 wag and rock 305 280, 270

10 CX2 wag and rock 202 or 221 137, 130
11 C=C=C bend 141 84?

TABLE III: Comparison of the Fundamentals (in cm-1) 
for Tetrachloroethylene and Tetrachloroallene, 
Tetraiodoethylene and Tetraiodoallene

Schematic description C.2CV C3 CI4 C2I4fc C3I4

CX2 antisym str 10001 859 7801 682CX2 antisym str 908) 638)
CX2 sym str, in phase 447 425 183 179
CX2 sym str, out of phase 777 651 525 424
CX2 scissoring, in phase 237 252 106 98
CXo scissoring, out of phase 310 221 129 200
CX2 wag 288} 218}
CX2 wag 512 f 305 423 f 275

> and } and
CX2 rock 347 V 202 148 \ 133
CX-2 rock 176; 94;
Torsion 110 91? 53?

“ Reference 7. 6 Reference 11.

For the CC12 symmetric stretch (v2) there are four possible 
candidates: 886, 515, 464, and 425 cm"-1. The last one, 425 
cm-1, is selected because it is by far the most intense of the 
four. It is similar to the wavenumber of the corresponding

mode in tetrachloroethylene, 447 cm-1 (ref 7 and Table III). 
The fact that it also appears as a very weak band in the in
frared spectrum could well be due to a lowering of symmetry 
in the solid state, and is not regarded as a serious obstacle to 
the assignment.

The lowest ai mode is a CC12 scissors {vs). The polarized 
band at 252 cm-1 is the obvious choice. It too appears weakly 
in the infrared spectrum, and the same reason given above is 
suggested for this. In C 2 CI4  the analogous wavenumber is 237
cm- 1 .7

3. Species b\. The only mode in this species is the torsion, 
and the only candidate which fits the selection rules is 91 
cm-1. This is the strongest band in the entire Raman spec
trum. Torsional bands are usually weak in the Raman effect; 
that is certainly the case in allene and allene-d4.:’ However in 
our molecule the mode involves motions of highly polarizable 
chlorine atoms, so it could be intense. The torsion in allene is 
865 cm-1, in tetrachloroethylene about 110 cm- 1 .7 Therefore 
91 cm-1 seems reasonable for the torsion. This value for the 
solid is probably considerably higher than the vapor wave- 
number would be.8 Another possibility is that 91 cm-1  is a 
lattice mode. This could be tested by seeing whether the 
Raman band is still present in solution, but unfortunately a
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satisfactory solution spectrum could not be obtained. We 
believe the infrared band at 93 cm-1 is a lattice mode because 
of its similarity in appearance to the ones at 89 and 100 cm-1.

4. Species b2 and e. These modes are both infrared and 
Raman active. There is no experimental criterion for telling 
them apart, so less convincing evidence must be used. It is 
certain that 1/5, the C = C = C  antisymmetric stretch, is re
sponsible for the very strong infrared band at 1977 cm "1. Al
though it is also allowed in the Raman spectrum, it is not ob
served there. This is not surprising, for the corresponding 
Raman band of allene is very weak, and that of allene-d4 was 
not observed at all.5

The next lower unassigned fundamental is the CCI2 an
tisymmetric stretch (v8), followed by the CC12 symmetric 
stretch (r6). We put the antisymmetric mode higher by anal
ogy with C2CI4, numerous 1,1 -dichloroethylenes, C2F4, C2Br4,7 
and C2I4.9- 11 They are assigned to the strong infrared bands 
at 859 and 651 cm-1, respectively.

The lowest of the remaining fundamentals, vu, is assigned 
to the very strong Raman band near 141 cm-1. This is close 
to the values for the two corresponding Ci=C=C bends in 
1 ,1 -difluoroallene, 151 and 167 cm- 1 .12 It was difficult to de
termine the wavenumber accurately because the band is on 
the side of the very strong 91-cm"1 Raman band, and in the 
infrared it is weak.

This leaves three more fundamentals: one out-of-phase 
CC12 scissoring (r7) and two wag-rock modes (rg and iuo)- The 
three obvious bands which are available are 202, 221, and 305 
cm "1. It is probable that vg  and ¡n n  are well separated because 
they are in the same species. This is true for allene (1015 and 
842 cm-1) and allene-d4 (830 and 667 cm- 1 ).5 Therefore v g  is 
probably 305 cm "1. We arbitrarily assign 202 to vw and 221 
to i/7, but these could be interchanged.

5. Other Bands. The three weak, sharp infrared bands ob
served at 89,93, and 100 cm-1 are attributed to lattice modes, 
but without any real evidence. Four other bands are accounted 
for as sum tones. There is no observed band that does not have 
an explanation.

III. Tetraiodoallene
A. Experimental. 1. Preparation of the Sample. The 

method of Kai and Seki was used.13 It is as follows:
(1) I2, KOH

HC=CCH2Br — »-
(2)KI

I2, KOH I2, KOH
ic= c c h 2i — I2C =C =C H I — >• I2C = C = C I2

The starting material was from Aldrich Chemical Co.
Tetraiodoallene is a pale yellow crystalline solid that melts 

at 93-94 °C. It is sufficiently stable to be studied spectro
scopically at room temperature if air is excluded. However 
decomposition at room temperature, even in the absence of 
air, is sufficiently rapid to give considerable discoloration from 
released iodine in a few days.

2. Spectroscopic Procedures. The instrumentation was the 
same as that already described, with some minor additions. 
In the infrared the 100-450-cm"1 region was also scanned with 
a Digilab FTS-14 Fourier transform interferometer. Samples 
were in the form of polyethylene or KBr pressed disks, and for 
the mid-infrared Nujol mulls between KBr plates were also 
used. Unfortunately the region below 100 cm" 1 could not be 
studied in the infrared. The low-frequency limit of the inter
ferometer was 100 cm-1, and sample decomposition prevented 
use of the IR-11 with its longer scan time.

Raman studies of tetraiodoallene were complicated by three 
factors. (1) To our surprise, it is a poor Raman scatterer, and 
high laser power was required to give a usable signal. We had 
thought that the iodine atoms, the double bonds, and the 
nearby electronic transition would make it an unusually in
tense scatterer. (2) Because of the yellow color, every available 
exciting line from the Ar+ laser was absorbed to some extent. 
This led to problems with heating and fluorescence. A rotating 
sample cell similar to that described by Kiefer and Bernstein 
was very helpful.14 (3) The low solubility of the compound 
resulted in incomplete solution spectra. With the exception 
of four bands observed in methanol solution, all data are for 
a powder sample. Only one solution band was observed to be 
polarized (173 cm "1), but the result for it is certain.

3. Results. The observed bands are listed in Table IV. In
frared wavenumbers are believed to be accurate to ±1 cm“ 1 
and Raman ones to ±2 dm" 1 except for bands marked 
“ shoulder” .

B. Discussion of the Results. Again D2tj symmetry is as
sumed. The assignments are included in Tables II and IV.

1 . Species a\ and b\. These modes are only Raman active. 
The highest is v\, the C = C = C  symmetric stretch, which is 
expected around 1100 om" 1 for reasons outlined earlier. It is 
certainly the moderately intense band at 1226 cm-1. The next 
lower is the CI2 symmetric stretch, which in I2C =C I2 is 182 
cm" 1 and the strongest Raman band (refs 9-11 and Table III). 
In tetraiodoallene the band is almost identical: 179 cm "1, the 
strongest Raman band in the spectrum, and polarized.

The CI2 scissors (̂ 3) and the torsion (04) must be lower than 
179 cm "1. The only possibilities for which infrared counter
parts were not observed are 98 and 84 cm "1. Unfortunately 
this region was not examined in the infrared because of 
problems with sample decomposition, so it is not known 
whether the bands are inactive in the infrared' or not. The 
98-cm"1 band was observed in solution and is therefore not 
a lattice mode, but the 84-cm"1 band could not be tested be
cause in solution it is overlain by the broad Rayleigh scatter
ing. If the torsion is 91 cm" 1 in C3CI4, it must be even lower 
in C3I4. This would eliminate 98 cm" 1 and leave only 84 cm" 1 
as a candidate. The very high intensity of 91 cm" 1 in C3CI4 and 
of 84 cm" 1 in C3I4 suggests that they have the same origin. 
Nevertheless we believe that 84 cm“ 1 is better assigned to the 
C = C = C  bend ru . (See later.) The torsion is left unassigned, 
and 98 cm" 1 is attributed to the CI2 scissors (v8). This is close 
to the value for the a ig scissors in C 2I4, 1 0 6  cm" 1.9-11

2. Species ¿>2 and e. These modes are permitted in both the 
infrared and Raman spectra. There is no doubt that the an
tisymmetric C = C = C  stretch (p5) is at 1912 cm "1. The next 
lower mode will be the antisymmetric CI2 stretch (vs). In C2I4 
the analogues of v8 are 780 and 638 cm "1, and that of ¡<6 is 525 
cm" 1.9-11 In tetraiodoallene the strong band at 682 cm" 1 is a 
good candidate for v8, and the strong one at 424 cm" 1 for v8.

This leaves four bending vibrations to be assigned: a CI2 
scissors (r7), two CI2 wag and rock modes (vg and ¡00), and the 
C = C = C  bend (¡ui). Since their frequencies must be lower 
than those for the stretching modes, the only candidates are 
280, 270, 261, 200, 137, and 130 cm "1. The 261-cm"1 band is 
not observed in the infrared, and is well explained as 2 X 130 
cm "1. The fact that two doublets are observed (at 280 and 270 
cm“ 1 and at 137 and 130 cm "1) suggests that these are due to 
the two unassigned e modes and that their degeneracy has 
been removed in the crystal. This was supported by the fact 
that the 137-130-cm“ 1 doublet collapsed to a single band in 
solution, at 112 cm "1. Unfortunately the other pair was too 
weak to be observed in solution. We therefore assign the
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TABLE IV: Observed Infrared and Raman Bands of I2C== C = C I2

Infrared Raman

Assignment
Nujol Mull 

cm-1

KBr disk Solid CH3OH solution 
cm-1cm 1 Intensity“ cm 1 Intensity6

Not 84 720 i'll?
studied 98 29 94 n
130 m 130 490 112
137 vw 137 83, sh y îo

179 1000 173, p V2
202 w 199 33 187

261 9, sh 2 X 130 = 260
269 m 271 44 \
277 m 283 61 > V9

422 423 ms 426 190 V6
439 130 2 X 130 + 179 = 439

2 X 84 + 271 = 439
447 1, sh 179 + 271 = 450
466 9 199 + 271 = 470
560 9 2 X 283 = 566

608 w 611 16 2 X 130 + 98 = 620
681 682 s 682 270 »8
693 693 m 695 4, sh 271 + 426 = 697

700 w, sh 705 1, sh 283 + 426 = 709
(718 m718 1 721 m 722 6 283 + 439 = 722

846 10 2 X 426 = 852
872 17 2 X 429 = 878

1226 100 Vi
1910 s 1914 14 V5

“ w, m, s = weak, medium, strong; v = very; sh = shoulder; p : 
for instrument response.

polarized. 6 Relative peak intensities on a scale of 0-1000, uncorrected

doublets to the wag and rock modes: 280 and 270 cm-1 to v9 
and 137 and 130 cm-1 to vio. (The e mode at 682 cm-1 may also 
be split, but the weaker component at 694 cm-1 can be ex
plained as a sum tone (see Table IV)).

The singlet at 200 cm-1  must be due to 07, the CI2 scissors. 
It is too high for the only other possibility, i>u, which is 141 
cm-1 in C3CI4 and is certainly lower in C3I4. For v\ 1, the 
C = C = C  bend, 84 cm-1  is a good candidate. Both it and its 
counterpart in C3CI4 (141 cm-1) are very intense. It must be 
admitted, though, that it is not known whether 84 cm" 1 is due 
to i' ii, to the torsion, or to a lattice mode.

3. Remaining Bands. Eleven other bands were observed 
that cannot be used as fundamentals. All of them can be as
signed reasonably as sum tones as shown in Table IV.

IV. Conclusions for Both M olecules

The spectra of both tetrachloro- and tetraiodoallene can 
be interpreted very satisfactorily on the basis of D2d symme
try. A little consideration convinces one that no other rea
sonable symmetry would be acceptable.

The antisymmetric C = C = C  stretch drops only 3.3% on 
going from tetrachloro- to tetraiodoallene. The symmetric 
stretch drops just twice as much, or 6.6%. This is compatible 
with one’s qualitative ideas about these modes. In the an
tisymmetric stretch the central carbon atom has most of the 
amplitude, and the C -X  bonds are scarcely affected by the 
vibration. In the symmetric stretch the outer carbon atoms 
have most of the amplitude, and the C -X  bonds are com

pressed a little when the C=C ones are lengthened. Hence this 
mode is more sensitive to the nature of X.
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212 pages with index Cloth (1968) $10.00

No. 73 Trace Inorganics in Water
Research reports: analytical developments including atomic 
absorption, flame emission, and neutron activation: and 
broad reviews, such as effects of trace inorganics on the 
ice-water system and the role of hydrous manganese and 
iron oxides on fixing metals in soils and sediments.
396 pages with index Cloth (1968) $12.50

No. 67 Equilibrium Concepts in Natural W ater Systems
Sixteen papers represent the collaboration of aquatic 
chemists, analytical chemists, geologists, oceanographers, 
limnologists, and sanitary engineers, working with simplified 
models to produce fruitful generalizations and valuable 
insights into the factors that control the chemistry of natural 
systems.
344 pages with index Cloth (1967) $11.00
No. 38  Saline Water Conversion— II
Fourteen papers from two symposia: includes recovery of 
minerals from sea water, minimizing scale formation, wiped 
thinfilm distillation, diffusion still, solar flash evaporation, 
osmosis, electrodialysis (3 paper), research in Israel, hydrate 
process.
199 pages Paper (1963) $8.00
No. 27  Saline Water Conversion
Thermodynamics of desalting, solvent extraction, freezing, 
centrifugal phase barrier recompression distillation, multi
stage flash evaporation, ion exchange, osmosis, and electro
chemical demineralization.
246 pages Paper (1960) $9.00
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ADVANCES IN CHEMISTRY SERIES Eleven papers from a symposium by the Division
NO. 98 of Inorganic Chemistry of the American Chemical

Society chaired by U. V. Rao.
What new complexes of the platinum group metals 
have been synthesized? Here Is a co llection of 
papers presenting data on chalcogenides, oxides, 
n itrido and hydrido complexes, as well as the 
catalytic properties of these metals and their 
alloys. Information is included on

• synthesis
• structure
• magnetic susceptib ility
• double bond m igration

The platinum group metals are considered from 
the viewpoints of both industry and research. Their 
magnetic and thermodynamic properties are ex
plored, as well as recent chem istry of <t- and 
7r-bonded complexes. Crystal structure is discussed 
by several authors, with data presented in the 
form of

• x-ray scattering data
• absorption spectra
• crystal spectra
• infrared spectra
• Mossbauer spectra
• vibrational spectra

165 pages with index. Cloth bound (1971) $9.00 
Postpaid in U.S. and Canada; plus 35 cents else
where.
Set of L. C. cards with library orders upon request.
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732 pages Cloth bound (1968) $17.50
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396 pages Cloth bound (1968) $12.50
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329 pages Cloth bound (1968) $12.00
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