
SPECTROSCOPY OF TRANSITION METAL SPECIES IN RARE GAS MATRICES 
I. Vanadium metal 11. Sulfides 111. Carbonyl complexes N. Dinitroam 

complexes V. Homonuclear diatomic compounds, - 
- I .  8 , .  ' 

- d.- C" - , 
Thomas Carroll  DeVore 

Ph. D. Thesis Submitted to Iowa State University 

Arnes Laboratory, ERDA 
Iowa State University 

Ames, Iowa 5001 1 

Date Transmitted: October 1975 
- - 

PREPARED FOR THE U. S. ENERGY RESEARCH AND ~ E L O P M E N T  
ADMIMISTRATTON UNDER CONTRACT NO. W-74W-eng-82 

P~STRIBUTI~N OF THIS DOCUMENT, IS I lMi.IMlT D 

La k 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



NOTICE 

This  r epo r t  was prepared  a s  an  account of work 
sponsored by the United States  Government. Neither 
the United States  nor the United States Energy Re-  
s ea rch  and Development Administrat ion,  nor  any of 
t he i r  employees,  nor any of the i r  con t rac tors ,  sub- 
cont rac tors ,  o r  the i r  employees,  makes  any w a r -  
ranty,  e x p r e s s  o r  implied, o r  a s s u m e s  any legal  
liability o r  responsibil i ty for the accuracy,  com - 
pleteness ,  o r  usefulness of any information, apparatus ,  
product o r  p roces s  disclosed,  o r  r ep re sen t s  that  
i t s  use  would not infringe privately owned rights. 

Available f rom: ~ a t i o n a l  Technical  Information Service  
U. S. Depar tment  of Commerce  
P.O.  'Box 1553 
Springfield, VA 22 16 1 

P r i c e :  Microfiche $2. 25 



i i i  

Spectroscopy of transition metal 

species in rare gas matrices 

I. Vanadium metal 

11,. Sulfides 

111. Carbonyl complexes 

IV. ~initrogen complexes 

V, Homonuclear diatomic compounds 

Thomas Carroll DeVore 

A Dissertation Submitted to the 

Graduate Faculty in Partial Fulfillment of 

The ~e~uirements for the Degree of 

DOCTOR OF PHILOSOPHY 

Department: Chemistry 
Major: Physical  hemi is try 

Approved : 

(4- F. M c C e A  
For the Major Department 

Iowa State University. . 

. Ames, Iowa 
1975 



TABLE OF CONTENTS 

Abstract 
I. INTRODUCTION 

11. EXPERIMENTAL TECHNIQUE 

A. Apparatus 

B. Sample Preparation 

1. Reagents 

2. General Procedure 

111. VANADIUM METAL 

A. Introduction 

B. Results and  isc cuss ion 

C. Conclusions 

IV. TRANSITION METAL SULFIDES 

A. Introduction 

B. Results and Discussion 

1. TiS 

2. VS 

3. CrS 

4. Mns 

5. FeS 

6. NiS 

8. Force constants 

Page 

vi i 

1 



Page 

V I I  . 

9. Oxid'e-sulfide c o r r e l a t i o n  

10. Trends i n  t h e  oxide and s u l f i d e  

C . Conclusions 

THE VANADIUM CARBONYL SYSTEM 

A. Introduction ,.:a, 
a&. 

B. Results and Discussion 

C.  Conclusions 

THE DINITROGEN COMPLEXES OF CHROMIUM AND VANADIUM 

A. Chromium 

1. Introduction 

2. Results  and discussion. 

B. Vanadium 

1. . Introduction 

2. Results  and d iscuss ion 

C . Conclusions 

THE HOMONUCLEAR DIATOMIC MOLECULES 

A. Introduction 

B. Results  and Discussion 

C. Comparison with I n t e r s t e l l a r  Absorptions 

D. Conclusions 



Page 

VIII. SUGGESTIONS FOR FUTURE RESEARCH 

IX. APPENDIX A : EXTENDED HUCKEL CALCULATIONS 

X. APPENDIX B: THIRD LAW CALCULATIONS OF THERMODYNAMIC 
PROPERTIES OF THE TRANSITION METAL SULFIDES 144. 

XI. BIBLIOGRAPHY 

XII. ACKNOWLEDGMENTS 



Spectroscopy of t r ans i t ion .meta1  . . 
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The spectrum of V i s o l a t e d  i n  A r  and K r  matr ices a t  PO°K has been 

c o r r e l a t e d  with the  gas phase spectrum. The e lec t ron  configurat ion was 

found t o  be a major f a c t o r  i n  determining the  d i r e c t i o n  ar~d t h e  magnitude 
. . 

of t h e  matrix s h i f t  f o r  t h i s  s y s t e m .  A model ca lcu la t ion  was performed 

using extended Hiickel theory. A p laus ib le  explanation f o r  the  o r i g i n  of 

the  matr ix  s h i f t s  and t h e  a l t e r e d  i n t e n s i t y  r e l a t ionsh ips  observed i n  t h e  

matrix has been developed. 

In f ra red  s p e c t r a  f o r . t h e  gaseous monosulfides of T i ,  V,  C r ,  Mn, Fe, 

and N i  and e l e c t r o n i c  t r a n s i t i o n s  f o r  t h e  gaseous monosulfides of V,  C r ,  

and Fe have been observed i n  A r  and OCS matrices. All i n f ra red  frequencies 

were observed between 500 and 600 i m - l .  The s u l f i d e  fo rce  constants  (Kms) 

* 
USAEC Report IS-T-686. This work was performed under Contract W-7405- 

eng-82 with the  U.S. Energy Research and Development Administration. 



were fokd to be related to those of the isoelectronic oxide (K ) 'by the 
mo 

equation 

where D is the dissociation energy. A schematic MO.diagram %s presented 

which explains the' observed trends in the dissociation energies and the 

force constants. 

The products of the co-condensation of V atoms with CO at 10°K have 

been investigated using infrared and UV-visible spectroscopy and the 

products of the co-condensation of V atoms with CO/Ar mixtures have been 

investigated using infrared spectroscopy. From the behavior of each 

species upon annealing and upon changing the concentration of CO in the 

matrix, the binary carbonyl complexes, V(C0)1-6 and V2(COj12 have been 

identified.. Tentative structures have been determined for each complex 

from the analysis of the infrared spectra. The electronic spectrum of 

V(C0)6, obtained in a CO matrix, has been analyzed and crystal field and 

Racah parameters were determined. 

The products of the, co-condensation of Cr and V atoms with N2 at lD°K 

have been investigated using infrared and UV-visible spec~roscopy and the 

products of the co-condensation of Cr and V atoms with N~!A~ mixtures using 

infrared spectroscopy. From, the behavior of each species upon annealing 

and upon changing the concentration of N in the matrix, =he binary 
2 

dinitrogen complexes Cr(N2)1-6 and V(N2)1-6 have been identified. Tentative 

structures have been determined for each complex. 



The e l e c t r o n i c  s p e c t r a  of V(N2)6 and C ~ ( N ~ ) ~  obtained i n  a n i t rogen  

ma t r ix  have been analyzed and c r y s t a l  f i e l d  and Racah parameters were 
. . 

determined. 

E l e c t r o n i c  abso rp t ion  bands in t h e  v i s i b l e  s p e c t r a l  reg ion  have been 

observed f o r  Mn2, Fe2, and N i t  in '  A r  mat r ices  a t  10°K. TAese s p e c t r a  

sugges t  t h a t  each of t h e s e  molecules could b e  an important i n t e r s t e l l a r  

spec i e s .  



I. MTRODUCT ION 

Even the most casual glance through the literature quickly produces 

the realization that transition metal compounds in the form of vapor 

molecules exhibit a wide variety of structural and electrbnic configura- 

tions. Nearly 300 transition metal containing molecules of varying 

complexity have been identified from high temperature vaporization studies 

alone. In fact, a number of vapor molecules often occur in the vapor ix 

equilibrium with a single condensed phase. ' For example, the vapor in 

equilibrium with solid WOj contains WO(g) , W02 (g) , WOj(g), W2O6 (g) 

W 0 (g) , W30g (g) and W4012 (8). The bonding iri the molecular transition- 
3 8 

metal compounds ranges from being rather ionic as found far S C F ~  to being 

completely covalent as found for Mn2.3 However, because of the large 

number of electrons involved, Hartree-Fock SCF-CI calculations have been 

performed for only the simplest of the transition metal vapor molecules 

including ScF, 2 Mn2,.3 ScO, 4 T ~ o , , ~  VO, 6 , and F~o.' The models used to explain 

the bonding in the more complicated systems in a large measure result from 

semiempirical theoretical techniques such as liquid field theory or-ex- 

tended Hiickel calculations. Most of the techniques used to interpret the 

properties of the transition metal molecules require experimental data to 

evaluate parameters used in the calculations. While more SCF-like calcu- 

lations which require little or no experimental data, such as the approxi- 

8 mate ab-initio calculations developed by Caulton and co-workers., are 

rapidly becoming available, good experimental' data are stiil needed to 

determine the accuracy of the calculations. 

It is often experimentally difficult to obtain data for transition 



metal molecules. Many transition-metal cbntaining systems are quite 

refractory and do not have appreciable vapor pressures except at elevated . 

temperatures, and many vapor molecules are quite reactive and have 

. relatively short lifetimes making it difficult to observe their spectro- 

scopic properties. Still other molecules which are of theoretical. interest, 

such as the binary dinitrogen complexes, cannot be formed as vapor species 

using normal preparative techniques. However, the problem. inherent in 

each of these cases can be partially solved through the use of the 

techniques of matrix isolation. 

The matrix isolation method which was first introduced by Whittle et 

a1.' in 1954, is a technique for trapping molecules as isolated entities - 

in an inert solid (i.e. the matrix) in order to investigate some of their 

molecular properties. At first the method was used mainly to study 

radicals and other reaction intermediates, By using a large excess of the 

matrix gas and cooling the matrix to a temperature which was sufficiently 

low to prevent diffusion through the matrix, the reactive species were 

effectively isolated in a nonreactive 'environment and their lifetimes 

were greatly increased. Much of the work which has been done on radicals 

has been reviewed by Andrews. 10 

In 1961, ~inevsk~" successfully applied the matrix isolation technique 

to the study of high temperature vapors effusing from a Knudsen cell an6 

observed the infrared spectra of monomeric LiF in Ar, Kr, Xe, and N2 

matrices. These experiments opened the door to the utilization of matrix 

isolation by high-temperature chemists, and several similar studies iso- 

lating other high temperature molecules have now been completed. Much cf 



the work on high temperature molecule8 has been reviewed by Snel~on. 12 

In 1969, Rest and ~urnerl~ introduced the possibility of synthesizing 

new transition metal complexes in low temperature matrices by producing 

Ni(C0) from the photolysis of Ni(C0)4 in an argon matrix. Shortly there- 3 

after, ~ e ~ o c k l ~  demonstrated that new complexes could also be produced by 

codepositing metal atom with the ligand molecules when he succeeded in 

producing Ni(C0) and Ta(C0) This field has grown rapidly and 

several new binary complexes have now been synthesized and identified in. 

low temperature matrices. Part of this work was.recently reviewed by 

Ozin and Van der Voet. 15 

The technique of matrix isolation has been successfully applied to 

infrared and Raman sp,ectroscopy, ultraviolet-visible absorption and 

emission. spectroscopy, electron spin resonance spectroscopy, and Mllssbauer 

spectroscopy. Thus the technique has been demonstrated to be of use in 

obtaining much of the experimental information traditionally considered in 

the discussion of structure and bonding of molecules. 

Although the technique of matrix isolation has several advantages for 

studying high-temperature molecules, reactive intermediate.& and unstable 

species, it also has the drawback that the observed spectra are altered by 

interactions between the trapped species and the "inertl' environment. Since 

the molecules generally cannot rotate in the matrix, the rotational fine 

structure and the molecular information it contains are lost. Also the 

various electrostatic interactions in the matrix slightly perturb the 

potential well of the trapped species with a resulting shift'of the observed 

, 
frequencies relative to the unperturbed spectrum. In addition, if the 



species is trapped in two or more unique matrix environments, or is 

trapped in an asymmetrical environment which can remove the degeneracy 

of a normal mode, then two or more frequencies may be observed for one 

normal mode. For example, the ground state stretching frequency of LiF, 

a single band at 898 cm1 in the gas phase, shifts to 867 em-' in a Ne 

- 1 mat'rix, to 830 cm in a Kr matrix, and splits into a doublet at 8371842 

em-' in Ar and 8141823 in Xe matrix. l1 In addition, there is evidence, . . 

that in rare instances the structure of the reactive species may be 

significantly distorted by the matrix environment. l6 ' To determine the 

magnitude of the matrix shifts, the spectra of several stable molecules 

have been srudied in various matrices. Hallami7 recently has reviewed 

the results of several of these studies and found that the vibrational 

frequencies and the calculated bond angles for the matrix isolated, mole- 

cules vary only a few percent from the gas phase values for most system. 

Consequently, using uncorrected matrix data is not currently thought ta 

introduce a large error. However, the causes of matrix effects are still 

not understood completely and research is continuing in this area. 

Several molecular properties which reflect the bonding can be de- 

termined, from the vibrational and electronic spectra. Therefore, matrix 

isolation absorption spectroscopy was used to collect data to be used to- 

gether with semiempirical bonding models. to provide infornation about the 

bonding in a variety of transition metal compounds. 

The transition metal oxides rank among the better studied transition 

metal inolecules and a considerable amount of spectroscopi~ data, some of 

which was obtained by using the technique of matrix isolation, is available 



i n  t h e  l i t e r a t u r e .  Severa l  review a r t i c l e s  summarizing m c s t  of t h e  work 

on t h e  oxides have been published. 12918'19 h c o n t r a s t ,  t h e  t r a n s i t i o n  

metal  s u l f i d e s  rank among t h e  l e a s t  s tud ied  t r a n s i t i o n  metal  systems. 

P r i o r  t o  t h i s  s tudy ,  r a t h e r  incomp'lete spec t roscopic  d a t a  were a v a i l a b l e  

f o r  only ScS, 
2  3 20-21' YS ,21 l a s  ,22  T ~ S ,  - a n d - . c u ~ .  

2  4 

The bonding i n  t h e  oxides has been inves t iga t ed  by a  number of 

techniques inc luding  Hartree-Fock-SCF-CI c a l c u l a t i o n s .  Thus, t h e  oxide 

bond is  f a i r l y  w e l l  understood. I n t u i t i v e l y ,  t h e  bonding of t h e  s u l f i d e s  

is  expected t o  be  q u i t e  s i m i l a r  t o  t h e  bonding of t h e  oxides.  To t e s t  

t h i s  assumption, t h e  f i r s t  per iod t r a n s i t i o n  meta l  s u l f i d e s  were examined. 

Obtaining information about t h e  bonding was not  t h e  only i n c e n t i v e  

t o  s tudy  t h e  t rans i t ion-meta l  s u l f i d e s .  During t h e  p a s t  few yea r s ,  

s e v e r a l  r e sea rch  groups have been s tudying  t h e  vapor i za t ion  behavior  of 

t h e  t r a n s i t i o n  m e t a l s u l f i d e s .  It is d e s i r a b l e  t o  compare t h e  va lues  of 

t h e  thermodynamic q u a n t i t i e s  obtained from t h e s e  s t u d i e s  wi th  t h e  r e s u l t s  

of t h i r d  law c a l c u l a t i o n s  us ing  spec t roscopic  da t a .  Thus, t h e  s p e c t r a  of 

t h e  t r a n s i t i o n  metal  s u l f i d e s  were a l s o  examined t o  'ob ta in  t h e  spec t roscopic  

d a t a  needed f o r  t hese  ca l cu la t ions .  

s i n c e  t h e  pioneering work of Rest and ~ u r n e r ' ~ ,  s e v e r a l  t r a n s i t i o n  

metal  carbonyl  systems have been i n v e s t i g a t e d  i n  low temperature matr ices .  

One i n t e r e s t i n g  system which s u r p r i s i n g l y  had not  been previous ly  in- 

v e s t i g a t e d ,  w a s  t h e  vanadium carbonyl system. V ( C O ) ~  is t h e  only known 

s t a b l e  b inary  carbonyl  which v i o l a t e s  t h e  18  e l e c t r o n  ru l ez5  and is  t h e  

only known s t a b l e  b inary  carbonyl  system which is  paramagnetic. Thus 

V(C0)6 is t h e  only s t a b l e  hexacarbonyl which should no t  have oc t ahedra l  



symmetry, since octahedral V(.CO) would have a 2~ ground state which 
6 2g 

is expected to distort via either the E or the T vibrational mode 
g 2g 

according to the theorem of Jahn and Teller. 2 6 

Several of the models used to explain the bonding in the transitior: 

metal carbonyls have been reviewed by Braterman. 27 Since the calculated 

orbital energy levels of the isoelectronic ligands N and ,CO are quite 2 

similar,28 the bonding in the end-bonded complexes formed from these 

ligands is expected to be quite similar. Since the original report of 

Burdett -- et ale2' that binary dinitrogen complexes. could be synthesized in 

low temperature matrices, several investigators have succeeded in pre- 

paring a number of such complexes in matrices. In general, these complexes . 

are isostructural with the corresponding carbonyls. However, no analog of 

the well studied hexacarbonyl systems, which are often used as the model 

systems for the carbonyls, had previously been-reported. Thus the dinitro- 

gen systems for two metals, V and Cr, which are expected to form hexa- 

coordinated dinitrogen complexes, were examined. 

In addition, the pure covalent metal-metal bond without the influence 

of coordinated ligands was examined by studying the spectra of the homo-. 

nuclear diatomic molecules of several transition metals. 

One other "bond'' which always exists in matrices is the bond betwe- 

the reactive molecule and the matrix. Transition metal at3ms have pro- 

vided much experimental information about matrix effects. The spectrum of 

vanadium in rare gas matrices was analyzed and an attempt uas made to ex- 

plain the data by assuming the vanadiuml'bonded' to the matrix, a model 

which provided considerable insight into the perturbation ~f the vanadium 



. e l e c t r o n i c  energy l e v e l s  by t h e  i n e r t  gas matrix. 

There a r e  s e v e r a l  s t u d i e s  re levant  t o  t h e  systems considered i n  t h i s  

t h e s i s  which have not been discussed i n  t h i s  b r i e f  introduction.  kt t h e  

in t roduct ion  t o  each sec t ion  which describes the  r e s u l t s ,  s p e c i f i c  s tud ies  

appropriate t o  t h a t  study w i l l  be discussed t o  provide the  necessary 

l i t e r a t u r e  background. 



11. EXPERIMENTAL TECHNIQUE 

A. Apparatus 

. The stainless steel dewar and the matrix gas delivery system used in 

this study, and the furnace assembly used previously have been described 

30 in detail. 

In order to attain sample temperatures approaching 2200°K, it was 

necessary to completely redesign the furnace assembly. The resistively 

heated Knudsen cell described previously was replaced by a conical shaped 

(5 mm in diameter x 7 mm high) tungsten wire basket.purchased from Ladd 

Research Industries, Inc. This basket was supported by two ceramic 

insulated copper leads which were supported by a stainless steel plate 

which bolted to the furnace housing. A 1" quartz viewing port was placed 

in the center of the stainless steel plate to permit the surface tempera- 

ture of the basket to be determined using an optical pyroneter. A movable 

shutter was placed over the window between temperature determinations to 

prevent excessive build-up of sample on the viewing port. Unfortunately, 

the temperature often varied as much as 500°K from the top to the bottom 

of the basket. Thus the shutter was usually left partially open to monitor 

the rate of sample deposition. I 

The basket was heated resistively. Electrical power to the basket was 

provided by passing 120 V current through two manually controlled auto- 

transformers wired in series. Depending upon the sample resistance, a 

power of % 180 watts ( % 9 volts and % 20 amps) was sufficient to heat the 

basket to 2000°K. 

Three spectrometers were used in the experiments; a Eeckman'IR-7 to 



scan t h e  i n f r a r e d  reg ibn . f rom 600 t o  4000 cm-l, a Beckman I R - 1 1  t o  scan 

-1 
t h e  i n f r a r e d  reg ion  from 200 - 800 cm , and a Cary 14 t o  scan from t h e  

near  in£  r a red  (10,000 cm-l) through t h e  u l t r a v i o l e t  (50,000 cm-l) . Both 

i n f r a r e d  ins t ruments  were c a l i b r a t e d  by using atmospheric H20 and C02 

- 1 . bands and a r e  est imated t o  be accu ra t e  t o  - + 1 cm . The Cary 14 was 

c a l i b r a t e d  us ing  mat r ix- i so la ted  metal  bands and is  est imated t o  be accu ra t e  

t o  - + 0.3 nm. f o r  t h e  sharper  bands. 

The continuum f o r  t h e  Cary 14 was provided by a h igh  i n t e n s i t y  tungs ten  

lamp i n  t h e  near  i n f r a r e d  and t h e  v i s i b l e  reg ions ,  and by a hydrogen d i s -  

charge lamp i n  t h e  u l t r a v i o l e t .  

B. Sample Prepara t ion  

1. Reagents 

A l l .me ta1  samples were obtained from t h e  Ames Laboratbry, t h e  A r ,  CO, 

and OCS were obtained from Matheson, Inc., t h e  N was obtained from A i r  2 

Products ,  en r i ched  15N2  (95% 15N2) was obtained from Merck and Co., and K r  

was obtained from J. T. Baker Chemical Co. 

The s o l i d  t r ans i t i on -me ta l  s u l f i d e  samples were prepared i n  one of two 

ways, MnS, FeS, and NiS were prepared by mixing an  a c i d i f i e d  aqueous 

s o l u t i o n  of t h e  metal  d i h a l i d e  ("Baker Analyzed" Reagent) w i th  a s o l u t i o n  of 

of Na2S ("Baker Analyzed" Reagent). The in so lub le  s u l f i d e  w a s  then  d r i e d  

under vacuum and outgassed p r i o r  t o  use. 

VS and CrS were prepared by hea t ing  s to i ch iome t r i c  q u a n t i t i e s  of t h e  

elements ( s u l f u r  from American Smelting and Refining Co.) i n  sea led .Vicor  

tubes.  The samples were preheated t o  7 5 0 ' ~  f o r  four  days. The temperature 



was then slowly raised to 1200'~ for ten days. 

. 2. General Procedure 

All matrices were formed using the same general procedure. After the 

sample was placed in the tungsten basket, the cryostat and the furnace 

assembly were evacuated.using a 2 inch oil diffusion pump.. When a residual 

pressure of 5 x Torr or less was obtained (% 4 hours), the CsI cold 

window was pre-cooled to 77OK by pouring liquid N2 into both dewars. Cnce 

the window reached 77OK, the liquid N2 was blown out of the inner dewar . 
using pressurized He, and liquid He was transferred. To prevent pumping 

on the diffusion pump by the liquid He cryopump, the valves between the 

cryostat and the diffusion pump were closed when the inner dewar contained 

liquid heliqn. 

Once the inner dewar was filled with liquid He, the residual pressure 

in the cryostat fell to s Torr. Once the temperature of the block 

reached 1 0 ° ~  or less (usually within 5 minutes after finishing the transfer 

of the liquid He), the cold windows were turned to face the furnace 

assembly and % 3 millimoles of matrix gas were deposited on the cold' window. 

The furnace was then brought to temperature and the sampLe was deposited. 

After the deposition of the sample was completed, the matrix gas was 

allowed to flow for approximately five minutes to insure that the furnace 

had cooled. 

cure Generally the furnace was adjusted to produce a sample vapor pres- 

between 0.001 and 0.100 Torr. The average sample deposition time was 

approximately 20 minutes. Matrices of good optical quality were usually 



produced by depositing 'L 0.3 millimoles of matrix gas.per minute. These 

deposition rates produce an- approximately~1000-fold excess of matrix gas, 

which assured good isolation. 

While the overall technique of forming the matrix was the same, the 

details of the matrix formation did vary from system to system. 

In the study on matrix effects, the matrices were produced by heating 

vanadium metal to 'L 2000°K and codepositing the. metal atoms with the rare 

gas. While deposition tines of 10 minutes were sufficienz to 0bser.v.e 

the stronger features, deposition times up to 30 minutes were used to en- 

hance the weaker bands. 
. . 

In the metal-sulfide study, matrices were formed in two ways. One 

method was to codeposit the rare gas and the vapor obtained by heating 

the approximately stoichiometric solid monosulfide. Because of the'high 

degrees of dissociation exhibited by these compounds upon vaporization, 

furnace temperatures were adjusted to give an estimated tctal sample vapor 

pressure of % 0.1 Torr. 

The second method of forming the matrix was to generate the sulfide 

in-situ by codepositing metal atoms with rare gas doped with a sulfur scurce. -- 
To facilitate the reaction, the furnace assembly was modified to allow the 

matrix gas to pass directly over the heated metal. Although H2S, CS2, and 

OCS were all tried as sulfur sources, only OCS proved satisfactory. H2S 

usually failed to react, and CS2 often formed carbonyl sulfide species which 
, . 

had absorptions in the M-S'stretching region (see Figure 1). While 

considerably more productive of MS species than H2S and CS2, OCS also had 

', shortcomings. A large matrix band caused by' the v band of OCS obscured. a 
2 



Figure 1. The infrared spectrum of V isolated i n  a CS2 matrix showing the absorptions i n  the M-S 
and C-S stretching regions . 

0 



-1 - 1 
region Q 40 cm wide centered around 520 cm . In addition, there was the 
possibility of the formation of metal carbonyls. ' Fortunately,. carbonyl 

formation proved not to be a serious problem, although evidence of carbonyl 

complexes ' in the matrix was occasionally detected. 

The matrices for the carbonyl and the dinitrogen exp,=riments were 

formed in similar manner. Metal atoms with a vapor press.lre of % 0.01 

Torr were codeposited with ligandlargon mixtures. The ligand concentra- 

tions were varied from 0.5 - 8 mole % CO and from 0.25 - 15 mole Z N for 2 

the carbonyl and the dinitrogen experiments, respectively. In addition, 

some spectra were observed using matrices formed totally of CO and N2. 

After the initial deposition, further reaction was aecomplished by ' 

controlled annealing of the matrix. This was accomplished by radiatively 

heating the matrix with two 250 watt infrared'heat lamps. Using this 

procedure it was possible to observe the growth and the disappearance 

of the various absorption bands providing information useful in the 

assignment of the spectra. 

The method of matrix preparation in the homonuclear-diatomic molecule 

study was identical with that used for the vanadium metal study, e.xcept 

longer deposition periods were. used. 

With the exception of part of the carbonyl and.'the dfnitrogen studies 

when NaCl optics were used, CsI optics were used throughoct. These optics 

- 1 -1 
permit the observation of the spectrum from 200 .cm to Q 40,000 cm . 



111. VANADIUM METAL 

A. Introduction 

The work of Mann and ~roida~l has generated interest in the effect bf 

rare gas matrices upon the spectra of isolated metal atoms. Matrix shifts 

relative to the gaseous atom transitions of several hundred wavenumbers 

have been observed, demonstrating that these effects are not negligible. 

However, no universal theory has been reported which can satisfactorily 

explain all the effects observed in the spectra of matrix isolated metal 

. atoms. A review of several models which have been used to attempt to ex- 

plain matrix effects was recently published by Barnes. 3 2 

Although the large number of strong transitions generally observed 

for atomic species makes the correlation of the matrix-shifted peaks to 

the corresponding gas phase frequencies difficult, reasoncble correlations 

may generally be made by appropriately shifting the entire gas phase 

spectrum. However, the magnitude of this shift varies frc.m metal to metal 

with no apparent regularity, and differences of several h~ndred wavenumbers 

in the shifts for a given metal in one type of matrix generally occur. 

For example, Schoch and ~a~~~ observed for Ta in Xe, an a~proximate blue 

shift of 980 cm-' for v < 33,000 c m l  and a red shift of 3230 cm-' for 

- 1 v > 33,000 cm . In contrast the spectrum of Ta in Ar 33'34 shows a nearly 

constant perturbation of approximately 1000 cm-' throughoct. 

In the hope of gaining more information about matrix shifts, the 

spectrum of V in Ar and Kr matrices has been examined. Based upon published 

oscillator strengths,35 it was expected that the spectrum of V metal would 



be r e l a t i v e l y  simple f o r  v 30,000 cm-l. Thus i t  was hoped t h a t  some 

use fu l  i n s i g h t  about mat r ix  s h i f t s  could be gained by exemining t h i s  

region. 

B. Resu l t s  and Discussion 

- p 
A s  was a n t i c i p a t e d  t h e  spec t rumwi . th  v < 30,000 cm i s  r e l a t i v e l y  

simple and may r e a d i l y  be assigned from i n t e n s i t y  cons ide ra t ions  f o r  V 

i n  both A r  and K r  mat r ices  as shown by Figures  2 and'  3. This  reg ion  

appears  t o  be cha rac t e r i zed  by two d i s t i n c t  average ma t r ix  s h i f t s .  The' 

- 1 low i n t e n s i t y  bands wi th  v < 25,000 cm a r e  red  s h i f t e d  i n  A r  and a r e  

randomly s h i f t e d  b y , s l i g h t  amounts i n  K r ,  whi le  t h e  more i n t e n s e  bands 

wi th  30,000 c m l  > v > 25,000 cm-' show a s u b s t a n t i a l  b lue  s h i f t  i n  both 

A r  and K r .  One p o s s i b l e  explana t ion  f o r  t h i s  e f f e c t  i s  t h a t  t h e  d i r e c t i o n  

and magnitude of t h e  s h i f t  depend upon t h e  energy of t r a n s i t i o n .  Suppcrt 

f o r  t h i s  explana t ion  i s  found i n  t h e  assignments 0.f. Schoch and ~ a y ~ ~  f c r  

W/Xe and ~ a / X e  and by Gruen and ~ a r s t e n s ~ ~  f o r  ~ i / A r ,  Xe.  O s c i l l a t o r  

s t r e n g t h  may a l s o  have an  e f f e c t  upon t h e  d i r e c t i o n  of t h e  s h i f t ,  s i n c e  t h e  

o s c i l l a t o r  s t r e n g t h s  of t h e  red  s h i f t e d  t r a n s i t i o n s  a r e  considerably less 

than those  s h i f t e d  t o  t h e  blue. Support f o r  t h i s  model is a l s o  found i n  , 

t h e  r e s u l t s  f o r  t h e  Ta/Xe system. 33 I n  e i t h e r  ca se  a b l u e  s h i f t  f o r  t h e  

s t rong  t r a n s i t i o n s  wi th  v > 30,000 cm-' would be expec ted .  F igure  4 shows 

t h a t  a cons tan t  b lue  s h i f t  of 1000 cm-' f o r  V i n  A r  i n  this reg ion  does a  

poor job of reproducing t h e  observed spectrum. Unlike many of t h e  t r a n s i t i o n  

meta ls  which have been previous ly  s tud ied ,  t h e  assumption of a  cons t an t  

mat r ix  s h i f t  does no t  adequately a s s ign  t h e  spectrum. While t h e  f a i l u r e  of 

t h i s  model does no t  exclude t h e  p o s s i b i l i t y  t h a t  o s c i l l a t ~ r  s t r e n g t h  o r  



Figure 2 .  

WAVE LENGTH -(A) 
The spectrum of v i n  Ar with v c .30,000 cm-l. The. l ines  represent the gas: Phase 
spectrum from the a413/2 ground s tate  of known osc i l la tor  strength shifted.  as 
indicated to. match the observed intens i t ies  with + implying a blue s h i f t .  Values 
of gf are .from Reference 35. hooignmcnts are given i n  Table 1 
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Figure 3. The spectrum of V i n  K r  with v < 30,000 cm-I. The l i n e s  

represent  the  gas phase spectrum from the  a 4 ~ 3 / 2  ground 
s t a t e  of known o s c i l l a t o r  s t r eng th  s h i f t e d  as  indica ted  t o  
match the  observed i n t e n s i t i e s  with + implying a b lue  s h i f t .  
Values of gf a r e  from Reference 35. Assignments a r e  given 
i n  Table 2 
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lig(li?e 4 .  The spectrum of V in Ar with v > 30,000 cm1 showing the assign=l 
ments which'would be made from a.constant blue s h i f t  of 1000 cm . 
Values of gf are from reference 35. No assignments were made 
from t h i s  model 
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energy of transition influences the matrix shift, it does indicate that 

neither is a.significant factor in the determination of the magnitude of 

the shift. 

- 1 Examination of the transitions in the region with v < 30,000 cm for 

V in Ar indicates that all the red shifted transitions are to states 

3 3 corresponding to a 3d 4s[a F]4p configuration while those which are blue 

4 5 shifted are to states which correspond to a 3d [a D]4p c~nfi~uration. 

Assuming that the degeneracy of the atomic orbitals is nct broken by the 

matrix environment, it seems reasonable to expect that transitions to all 

3 3 3' 5 states which arise from a 3d 4s[a F]4p, or the closely related 3d 4s[a F]4p 

configuration, would show a red shift, while those to states originating 

4 5 from a 3d [a D]4p configuration would show a blue shift. Figure 5 shows 

the assignments which would result for the v > 30,000 cm-' region from this 

model. Although each configuration undoubtedly has its ckm unique shift, 

in Figure 5 all transitions to states from configurations other than those 

specifically mentioned have been arbitrarily shifted to best match the 

-1 observed intensity by assuming a constant blue shift of LOO0 cm or a 

constant red shift of 500 cm-l. 

The similarity of the gf values for the stronger gas phase transitions 

in this region makes several alternative assignments possible and several 

were considered. The assignments made using this model are believed to 

best fit the observed spectrum and are given in Table 1. The individual 

states arising from the same configuration show more fluctuation in the 

V/K~ system than was observed for V/Ar. However, the basic model used 

for V/Ar, with slight modifications which will be discussed in more detail 



Figure 5. The spectrum of V in Ar with v > 30,000 em-' shoriing the assign- 
ments which would be made by assuming that all states which cor- - 

respond to the same electron configuration show the same shift. 
Values of gf are from reference 35. Assignments are given in 
Table 1 
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Table 1. Assignments for  V i n  A r  

A (EL) -1 a 
v, (em-') v (cm 1 v -v ~ o n f  igurati6na Uppera g fb . . 

g A r .  g . State  

%ram reference 37. 

b ~ r o m  reference 35. 



Table 1. (Continued) 

Uppera 
State 



later, also appears to be applicable for V/Kr and has been used to make 

the assignments shown in Figure 6 and summarized in Table 2. 

Several of the bands observed in the spectrum apparently.arise from 

transitions which are not allowed in the free atom. Since ~oore's 

tables 37'38 list a number of states which could reasonably be the upper 

states for these transitions, they are believed to be atomic vanadium 

transitions rather than a transition caused by some impurity in the matrix. 

However, since there was no method to determine which transition had in- 

creased in intensity,  assignment.^ for these transitions could not be made. 

These matrix-allowed transitions illustrate that the observed intensity of 

a transition can also be influenced by the matrix. 

It appears that for V metal the electronic ~onfigurati~n of the ex- 

cited state is a significant factor in determining the direction and 

magnitude of the matrix shift. To determine if this effect is observable 

for other metals, the shifts observed for Ti metal in Ar 2nd Xe by.Gruen 

and ~ a r s t e n s ~ ~  and for Nb in Ar, Kr, and Xe by Green and cruen3' have been 

examined. Although the results, which are tabulated in Tables 3 and 4, 

are not conclusive, it appears that the magnitudes of the shifts exhibited 

by these metals also depend upon the configurations of the upper states, 

* 
with each inner electron state exhibiting a corresponding shift. The 

outer electrons, which actually determine the final state, appear to in- 

fluence the shift to a muc'h larger extent in the matrices composed of the 

larger more easily polarized gases for these metals. 

* 3 3 For example, the states which arise from a 3d 4s ,[a F]4p configura- 
tion would have an a 3 ~  inner state. 



WAVE LENGTH ( % I  
Figure 6 .  The spectrum of V i n  Kr with v > 30,000 cm-' sh~wing the assign- 

ments which would be made by assuming that a l l  s ta tes  which cor- 
respond to  the same electron configuration show the same s h i f t .  
Values of gf are from reference 35. Assignments are given in. 
Table 2 



Table 2.  Assignments for V i n ' ~ r  

-1 a a 
. A (1) v (em-') v -V Configuration Uppera v (cm 1 State - 

gfb. 
Kr g Kr g 

.. . . . . . 
a~rorn reference 37. 

b~rom reference 35. 



Table 2. (Continued) 

Uppera 
S t a t e  gfb 



Table 3.  Comparison of .the configuration for the upper s tate  with the matrix .shift  for  T i  metal 

Uppera 
State 

%ef erence 37. 
. . . . 

b ~ e f  erence 36. 



Table 4. Comparison.of the configuration for the upper state with the.matrix shift for Nb 

Uppera 
State 

%ef erence 38. 



In an attempt to gain some insight into the mechanism by which the 

electronic states influence the matrix shift, an average transition from 

3 2 4 3 the 36 4s [a F3,2] ground state of V to some 3d 4~[a~(~)~]4p state was 

examined in a model Ar matrix using extended HUckel theory. Since extended 
. . 

Hiickel calculations will be discussed in detail in Appendix. A, only a 

brief description of the calculation will be given here. For simplicity, 

the matrix was assumed to be an octahedral complex about the vanadium atom 

with only the 6 nearest neighbor V-Ar .interactions of'importance. The 

atomic scteening constants 'for the single Slater type orbitals4' used in 

the calculation'were calculated from the formulas of Clemnti and 

~aimondi. 41 The diagonal matrix elements for each con£ iguration were 

assumed to be the VOIP'S of Basch, Viste'and ~ r a ~ . ~ ~  Off-diagonal elements 

, were calculated using the wolf ~ber~-~elmholz~~ approximat ion with, k- = 2.0. . 

The "bond lengths" were arbitrarily, chosen to be 3.83 1(, the nearest 

neighbor distance in solid Ar. Since spin is not included in this calcula- 

tion, the effect of altering the spin-orbital states during the transition 

is lost. For this reason, the only transitions which were considered are 

3' 2 4 the 3d34s[3(5)~14p 4 3d 4s [ F 1 transitions in which the total spin and 
312 

the occupied d orbitals remain unaltered. 

From Figure 7 one sees the main effect of the matrix is to increasz 

the energy of the outer metal electrons, presumably due to,electron-electron 

repulsion with the Ar electrons. This causes the total energy of the state 

to be increased in the matrix. However, the effect on each state is 

quantitatively slightly different, and this quantitative difference 

correlates with the observed matrix shifts. 



Table 5. Input parameters for EHMOT calculation for the 

3d34s[a3(5)~]4p1 + 3d34s2[a4~3,2] transition for V in an 

argon matrix 

k = 2.0 r = 3.83 
e 

3 2 4 3d 4s [a FjI2] Configuration 

Orbital Diagonal. Matrix Orbital Exp0nen.t 
Element (eV) 

3d34s [a3(5)p ] 4p1 Configuration 





This. model offers an explanation for another observed matrix effect . 
According to the model, the appropriate wavefunctions are no.longer the 

pure metal atomic orbitals. The interaction with the matrix has caused 

some mixing of the metal atomic orbitals with both the ligand orbitals 

and' other symmetry related metal orbitals. While 'this mixing 'is small, 

it is likely that this alteration of the atomic orbital wavefunctions 

gives rise to the altered intensity relationships observed in most 

matrices. .' 

However V/Kr does not.appear to strictly follow this model. From 

Table 2, it is apparent that transitions to states arising from the 

3 36 configuration show at least 'two distinct matrix shifts. 

This effect also appears in some of the other transition metals. For. 

example, the matrix shifts for Fe in Ar, listed in Table 8 also show two 

distinct matrix shifts for each electron configuration. Eowever , the model 

proposed here was based upon the assumption that the orbital degeneracy of 

the free atom.was not changed. If this degeneracy is broken then each 

configuration would be expected to exhibit more than one matrix 'shift. 

C. Conclusions 

The interaction with the matrix appears to cause a perturbation in the 

energy of each atomic state, and differences in the amount of the perturba- 

tion accounts for the observed matrix shifts. IA a totally symmetric 

environment all transitions to states which arise from the same electronic 

configuration are expected to have the same matrix shift in the absence of 

second-order 'effects. As the site symmetry is decreased, the number of 



3 2 4  
Table 6. ~igenvalues and eigenvectors for the 3d 4s [a F312] state of V 

in a model.Argon.matrfx. . . . 



3 1 3(5) Table 7. Eigenvalues and efgenvectors for the 3d 4s [a F].,-,rbp state of 

V in an Argon matrfx 



Table 8. Comparison of the configuration.of the.upper.state.with.the.matrix for Fe 

Uppera 
State 

%ef erence 39. 

b ~ e f  erence 31. 



d i s t i n c t  ma t r ix  s h i f t s  i s  increased.  Also d i f f e r e n t  con f igu ra t ions  which 

3 3 a r i s e  from s i m i l a r  o r b i t a l  combinations, f o r  example t h e  3d 4s [a  FJ4p and 

3 5 t h e  3d 4 s [ a  P]4p conf igu ra t ions  of V, may markedly d i f f e r  i n  t h e  d i r e c t i o n  

and magnitude of - t h e i r  s h i f t .  One may q u a l i t a t i v e l y  model t h e  system by 

assuming the  argon and t h e  metal  i n t e r a c t  t o  form a "complex." The changes 

i n  t h e  energy l e v e l s  of t h e  metal  atom a s  a r e s u l t  o£ t h e  formation of t h i s  

complex a r e  r e spons ib l e  f o r  t h e  observed mat r ix  s h i f t s ,  whi le  t h e  a l t e r a -  

t i o n s  i n  t he  atomic wavefunctions through t h e  formation of t h i s  complex 

account f o r  t he  d i f f e r e n c e s  i n  t h e  observed i n t e n s i t i e s .  

Since t h e  matrix wavefunctions a r e  .no longer  t h e  f r e e  atom wave- 

func t ions ,  t h e  two e l e c t r o n  energy terms can no longer  be sons idered  t o  b e  

i d e n t i c a l  wi th  t h e  two e l e c t r o n  terms exh ib i t ed  by t h e  £re2 atom. S ince  

t h e s e  terms a f f e c t  t h e  energy d i f f e r e n c e s  between s t a t e s ,  t h e  d i f f e r e n c e  i n  

t hese  i n t e g r a l s  could account f o r  a t  l e a s t  p a r t  of t h e  f l u c t u a t i o n  around 

t h e  average va lue  of t h e  mat r ix  s h i f t .  
\ 



IV. TRANSITION METAL SULFIDES 

A. Introduction 

Knowledge of several molecular parameters is needed to provide a 

fundamentai understanding of the chemical behavior of molecules in the 

vapor phase. Most of these constants are not known for the transition 

metal sulfides. Consequently, several empirical correlations have been 

developed 44-47 relating the sulfide molecular constants tb those of the 

corresponding oxides. However, these correlations were developed from 

observed trends in the oxides and sulfides with nontransicion metal cations, 

and lack of experimental data has prevented an adequate testing of thes? 

correlations for the sulfides of the transition metals. 3 e  purpose of 

this study was to determine experimentally as many molecular constants as 

possible for the first period transition metal sulfides, tind to use the data 

to test the empirical correlations. 

The spectra observed for the transition metal sulfides tended to be of 

rather poor quality. In many experiments no bands were observed which 

could be assigned as transition metal sulfide bands ineither the infrared 

or the visible spectrum. Although this could partially be attributed to 

the tendency of the transition metal sulfides to vaporize .as atoms and the 

inefficient molecular vaporizer used in this study, there Is also reason to 

believe that matrix interactions played a significant part in generating .the 

4 8 
.low intensities observed for these bands. Cater failed to observe' the 

infrared spectra of several rare earth sulfides in rare gas matrices, evm 

though the mass spectrometrically verified that molecular species were 



present in the vapor effusing from a Knudsen cell. 

However, while the infrared bands were weak, they were observable 

and spectra were obtained for e'ach of the first period transition metal 

sulfides except Co, Co reacted with the tungsten basket.and. formed a low 

melting solution which resulted in.a break 'in the electrical circuit. This 

melting coupled with the low intensities generally observed for the 

transition metal sulfides, resulted in the deposition of an inadequate 

amount of CoS to permit the observation of the infrared spectrum. 

surprisingly, the near infrared-visible absorption! spectrum was even 

harder to observe than was the infrared spectrum. Electronic spectra 

were not observed for several of the transition-metal sulfide systems ex- 

amined. This result is consistent with a similar study for ScS reported 

previously by McIntyre -- et a1.21 They observed the IR and ESR spectra of 

ScS, but also failed to observe the electronic spectrum. In general, the 

transitions which were observed contained weak, rather broad, highly over- 
& 

lapping bands. This observation supports McIntyre -- et al.'s conclusion " 

that matrix broadening and/or weak oscillator strengths are responsible 

for obscuring the electronic spectra of the transition metal sulfides in 

rare gas matrices. 

The large concentrations of free metal atoms which accompanied all 

spectra made attempts to observe the ultraviolet spectrum impractical. 



B. Results  and Discussion 

1. TiS - 
Since theground  s t a t e  v i b r a t i o n a l  frequency of TiS is  know from the  

work of Clements a id   arrow,^^ t he  T i  system was used t o  t e s t  the  eff icien-:  

cy of the  s u l f u r  sources. The in f ra red  spec t ra  obtained from t h e  species  

produced by the  r eac t ion  of T i  with OCS i n  an OCS matrix ( t r a c e  a ) ,  and 

with 5% OCS i n  an argon matrix ( t r a c e  b) a r e  shown i n  Figcre 8. The ob- 

- 1 served frequencies of 552 cm i n  an OCS matrix and of 556 cm-' i n  an argon 

matrix agree with the  gas-phase 'frequency of 558.3 cm-l, and v e r i f y  t h a t  

TiS was produced i n  both cases. The TiS frequency is red s h i f t e d  by only 

4 2 cm-' i n  the  argon matrix. A red s h i f t  of comparable e g n i t u d e  was 

-1 found f o r  ScS i n  A r  by McIntyre, Lin and weltnerY2' namely 1. 4 cm r e l a t i v e  

t o  t h e  gas phase value reported by Marcano and   arrow.^' These r e s u l t s  

taken together  i n d i c a t e  t h a t  t h e  e r r o r  generated by using t h e  argon matrix 

frequency i n  place of the  t r u e  gas phase frequency i s  only 1. 1%. 

Although e l e c t r o n i c  t r a n s i t i o n s  a r e  known t o  e x i s t  f o r  TiS i n  t h e  near  

inf rared-vis ib le  region s tudied ,  no e l e c t r o n i c  t r a n s i t i o n s  were observed. 

2. VS - 
Figure 9 shows the  in f ra red  spec t ra  obtained by reac t ing  vanadium with 

OCS ( t r a c e  a )  and from codepositing the  vapor from s to ichiometr ic  VS with 

argon ( t r a c e  b) .  Although each spectrum was found t o  contain two bands, 

the  band around 580 cm-' which is  common t o  both systems has been assignzd 

a s  the  VS s t r e t c h i n g  frequency. The band a t  598 cm-' was found i n  the  

spectrum of V/CO/Ar ,  and i s  assigned a s  V(C0)6. Since Owzarski and 



Figure 8 .  The infrared spectrum of T i S  isolated in  an OCS (trace a) and in  
a 5% OCSPAr (trace b) matrix 
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Figure 9 .  The infrared spectrum of VS and VS isolated i n  an OCS (trace a) 
and i n  argon matrices (traces b an8 c)  . 



~~anzen~' have found a small amount of VS2(g) in the vapor in equilibrium 

- 1 with solid VS, the band observed at 530 cm in Ar is believed to arise 

fromVSZ. Further support for this assignment was obtained by codeposit- 

ing the vapor from aphase richer in'sulfur than the monosulfide, V3S5, 

with Ar (trace c). In this spectrum, the intensity of the 530 cm-' band 

was greatly increased and a new band was observed at 622 cm-l. Since the 

amount of VS in the matrix is expected to increase with increasing sulfur 
2 

content of the vaporizing solid, this result supports the assignment of 

the 530 cm-I band as the v frequency of VS The 622 cml band is 
3 2 ' 

assigned as the v frequency of VS2. 1 

The observation of the 'v  band is in agreement with ~9wzarski's 
5 0 

1 

prediction of C symmetry for VS2. It is interesting to note that, as is 
2v 

true for Ti02, 51 TaO 52 Ce02, 53 Tho2, 54 W O ~ , ~ ~  and zro2, 56 vs is 
2 ' 2 

apparently a molecule for which v > v for the ground state frequencies, 
1 3  

rather than the more usual case v > v 
3 1' 

A progression of overlapping bands observed in the nsar infrared 

spectrum of VS/Ar is shown in Figure 10. The average vibrational spacing 

of 458 cm-l, which was determined by graphically resolving the spectrum 

into component gaussians, is reasonable for a metal sulfide, therefore this 

progression is tentatively assigned as the A 4 X transition of VS. The. 
.: . 

assignments made by assuming the longest wavelength band to be the 0-0 

band are given in Table.9. The band marked with the asterisk was observed 

in several vanadium containing matrices in which the VS progression was not 

observed. Although this band has not been definitely assigned, it probably 

arises from vanadium metal atoms in the matrix. 



Figure 10. The near infrared absorption spectrum of VS i n  an argon matrix. 
Trace b i s  a gaussian resolution o f t h e  observed spectrum showh 
. i n  trace a. The as ter i sk  denotes an'impurity band 



Table 9. Assignments for the A + X transition of VS in an Ar matrix 

assuming the longest wavelength Band is the 0-0 band 

AG' (crnl) 
l'2 

Ave. 458 . .  



There appears to be a second progression of bands in the visible 

region starting around 600 nm. Unfortunately, interferer-ce of known 

matrix isolated vanadium bands with this progression prevented the 

accurate determination of the 0-0 band or the vibrational spacing. Since 

the vibrational spacing appears to be 450 cm-l, this progression has 

tentatively been assigned as the B + X transition of VS. 

CrS 3. - 
The infrared spectrum of CrS isolated in OCS and Ar matrices is sh~wn 

in Figure 11. Although two possible frequencies for CrS were observed in 

argon matrices, only one band at 560 cm-' was observed for CrS in OCS 

matrices. Consequently the band at 558 cm-I in Ar has been assigned as the 

stretching frequency of CrS. Further support for this assignment is ob- 

tained from the behavior of the 576 cm-' band. The intensity of this band 

was found to decrease with annealing of the matrix and with increasing 

vaporization temperature of the sample. This type of behavior was not EX- 

pected nor was it observed for any of the other sulfides studied. Conse- 

quently, this 576 em-' band is probably not due to a Cr sulfide species and 

has not been assigned. 

Two definite vibrational progressions found in the near infrared- 

visible spectrum of CrS in Ar and Kr matrices are shown in Figures 12 and 

13. Both progressions have tentatively been assigned as electronic 
, 

transitions of CrS. The'assignments are given in Tables 10 and 11. 



Figure 11. The infrared spectrum of CrS isolated i n  an Ar (trace a) and i n  
an OCS (trace b) matrix 



650.0 700.0 750.0 800.0 
WAVE LENGTH (nm) 

Figure 12. The near infrared. absorption spectrum of CrS iso lated i n  an 
Ar matrix. Trace b i s  a gaussian resolution of the observed 
spectrum shown i n  trace a 
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Table 10. Assignments for the A + X trarisitfon of CrS in an Argon matrix 

assuming the longest .wavelength band . is . the 0 - 0 band. 



. . 

Table 11. Assignments for the,B + X transition of CrS fn a Krypton matrix 

assuming. the longest .wavelength . b a n o s .  the 0 - 0 .band 



Mns 4.  - 
The i n f r a r e d  spectrum of b S  i s o l a t e d  i n  an  argon mat r ix  is shown i n  

F igure  14. The band a t  508 cm-' w a s  observed only f o r  MnSlAr and has  been 

ass igned  a s  t h e  MnS s t r e t c h i n g  frequency. Unfortunately,  t h e  l a r g e  ma t r ix  

band prevented t h e  v e r i f i c a t i o n  of t h i s  frequency us ing  OCS. No e l e c t r o n i c  

t r a n s i t i o n s  were observed f o r  MnS. - .  

FeS 5. - 
The i n f r a r e d  s p e c t r a  of FeS i s o l a t e d  i n  OCS, A r ,  and K r  ma t r i ce s  a r e  

-1 
shown i n  F igure  15. The l a r g e  band Q520 cm is  always azcompanied by two 

o t h e r  bands a t  ~ 1 1 5 0  cm-' and 1.1350 cm-I. Comparison of c h i s  spectrum 

wi th  t h e  spectrum observed by Allavena e t  a1.57 f o r  SO i n  K r  mat r ices  2 

r e a d i l y  i d e n t i f i e s  t h e  520 cm-' band a s  t h e  v bending frequency of SOZ. 2 
-1 

Thus t h e  band a t  ~ 5 4 0  cm i s  assigned as t h e  FeS s t r e t c k f n g  frequency. 

One h igh ly  overlapping v i b r a t i o n a l  progress ion  w a s  observed i n  t h e  

v i s i b l e  spectrum of FeS/Ar and i t  has  t e n t a t i v e l y  been assigned a s  t h e  

A + X t r a n s i t i o n  of FeS. 

6. NiS - 
The i n f r a r e d  spectrum of NiS i s o l a t e d  i n  an  A r  mat r ix  is shown i n  

Figure 17. A s  w i th  FeS, t h e  band a t  522 cm-I w a s  ass igned  a s  t h e  v2 band 

of SO2, l eav ing  only t h e  band a t  536 cm-I as a poss ib l e  NiS band. Since 

t h i s  band was observed only  f o r  t he  Ni-S system, i t  has  been ass igned  as 

t h e  s t r e t c h i n g  frequency of NiS. Like MnS,,the OCS ma t r ix  band p reven te t  

t h e  v e r i f i c a t i o n  of t h i s  frequency by using OCS. No e l e c t r o n i c  t r a n s i t i o n s  

were observed f o r  NiS. 



Figure 14. The infrared spectrum of MnS i so lated i n  an A r  matrix 



600 550 
I I I I 

a 

- 539 t 
OCS 

MATRIX 

I BAND I 

Figure 15. The infrared spectrum of FeS isolated in  an OCS (trace a) , in 
an Ar (trace b) , and in a Kr (trace' c) matrix 

. . 
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16. The v is ib le  absorption. spectrum of FeS isolated in  . an . Ar matrix. ~ r a c e ' b  i s  a gaussian 
. .  . resolution of the observed spectrum shown in  trace a 



Table 12. Assignments for the A + X transition of P ~ S  in Ar matrices 

assuming the 1ongest.wavelength band is.the 0-0 band 

Ave, 497 



Figure 1 7 .  The infrared absorption spectrum o f ~ i ~  isolated i n  an Ar matrix 



7. & 
- 1 - 1 -1 Infrared  bands were observed a t  680 cm , 668 cm , 646 cm. , 

588 m y  480 cm-' and 440 cm-' i n  the  spec t ra  obtained by vaporizing 

severa l  d i f f e r e n t  t r a n s i t i o n  metal su l f ides .  From the  wcrk of Meyer and 

coworkers, -1 58y59 t h e  bands a t  668 cm-' and 480 cm can be assigned a s  S 
4 

and t h e  band a t  588 cm-' can be assigned a s  S However, t h e  o r i g i n  of 
3' 

t h e  remaining bands is not  known. 

The e l e c t r o n i c  s p e c t r a e a t  S dnd S were . a l s b  observed and a r e  shown 
3 4 

i n  Figure 18. The band centered % 400 nm is S3 and. the  band c e n t e r e d a t  

530 nm is S4. The band centered about 620 nm was not  d e f i n i t e l y  assigned 

previously. However, i t  most l i k e l y  is a l so .  due t o  S although Meyer 
58' 

4 ' 
has suggested t h a t  i t  may a l s o  a r i s e  from S 6 

8. Force constants  

Table 1 3  summarizes the  observed matrix frequencies f o r  each mono- 

su l f ide .  I n  addi t ion ,  Table 1 3  conta ins  an es t imate  of the  gas phase 

harmonic frequencies and the  .gas  phase harmonic fo rce  constants .  .The 

harmonic frequencies were estimated by assuming the  argon matr ix  frequencies 

were red s h i f t e d  by 1. 3 cm-' and using the  modified Birge-Sponer 6 0 

r e l a t ionsh ip .  

t o  es t imate  oexe. 

Obviously too l i t t l e  experimental information is  a v a i l a b l e  t o  
. . 

r igorous ly  c a l c u l a t e  t h e  fo rce  cons tants  f o r  VS ' However, i f  t h e  apex 2 ' 

angle  is est imated,  approximate fo rce  cons tants  can be ca lcu la ted  by using 



WAVE LENGTH (nm) 
Figure 18. The electronic spectrum of Sj and S i n  an srgan matr ix  (from NiS/Ar) 4 



Table 13. Frequencies and force comtants for the'first period transition 

force constants 

OCS Matrix Ar Matrix Gas 
Molecule - 1 

u0(cm 1 wo (cm-l) .. ' we (cm-l) ~ ~ m i l l i d ~ n b s / ~ )  

550' FeS 5 39 542 3.63 

NiS 

cus 

C Estimated value ' (see text) . 



the uncoupled oscillator approximation6' for the three term valence 

potential 

where Ar Ar and A8 are displacements from the equilibrium displacement 
1' 2 

of the two bonds and the apex angle respectively, and kl, k2,, and k12 are 

valence force 'cbnstants. In this approximation, the equaiicins relating 

the harmonic frequencies to the force constants for a nonlinear W2, ,. 

62 molecule 

'2 2 1 ' 2  2 A + A = 4n c (wl? + w22) = I + m 1 . 2  
cos a,] 5 1  

Y x 

1 2 
+ 2[ m +. - 2 sin a] Kj2, 

m. 
Y X 

where m = mass of atom X, m = mass of atom Y, the symmetry force constants 
X Y 

2 Kll = kl + klZ, K22 = k2/r , K33 = kl - k12, 2a is the apex angle, and r is 
the equilibrium bond distance are simplified 'to, 

- 1 2  2 A2 - [m + - sin a] K m 22' 
Y x 



A, = 2[- 2 *-- s i n  2 
m m a1 K3,* 

Y . x  

0wzarski50 has ca lcula ted  the  apex angle  of VS &ing extended Hllckel 
2 

. . .  

'theory. H i s  ca lcula ted  apex angle of 108.8O i s  - q u i t e  c l o s e  t o  t h e  apex 

angle of 110° observed f o r  ~ i 0 ; ~ l  and i s  the re fo re  taken a s  a  reasonable 

es t imate  t o  be 'used i n  the  ca lcu la t ion  of K and K33 using t h e  uncoupled 
11 

o s c i l l a t o r  approximation. The values obtained f o r  KI1 and K were 5.12 
33 

, . 

mill idyneg/g and 2.89 mill ldynes/g,  respect ive ly .  I n  h i s  ca lcu la t ion ,  

Owzarski a l s o  ca lcula ted  the  bending frequency of VS This value f o r  v2 2 '. 

was used t o  c a l c u l a t e  the  fo rce  constants  given i n  Table 15. The c l o s e  

agreement of the  ca lcu la ted  value of K using Owzarski's value of v and 
11 2 

the  value of S1 obtained here  using t h e  uncoupled o s c i l l a t o r  approximation 

i n d i c a t e  t h a t  t h i s  value of v2 is c lose  t o  the  t r u e  value, s ince  the  un- 

coupled o s c i l l a t o r  approximation i s  expected t o  work r a t h e r  we l l  f o r  

molecules l i k e  VS2. 6 1 

9. Oxide-sulfide c o r r e l a t i o n  

Barrow and ~ o u s i n s ~ ~  were the  f i r s t  t o  observe t h a t  s ~ ~ e c i a l  relaticm- 

sh ips  seem t o  e x i s t  between the  d i s soc ia t ion  energies  (D) and the  fo rce  

cons tants  (K) of the  oxides and s u l f i d e s  with nontrans i t ion  metal ca t ions .  

However, they found a number of exceptions t o  t h e i r  general  ' ru l e s .  which 

tended t o  make them r a t h e r  unre l i ab le  f o r  es t imat ing  unknown molecular 

parameters. A more r e l i a b l e  c o r r e l a t i o n w a s  developed by Hauge and 

Margrave. 45 They found the  r a t i o  D ~ ~ K ~ ~ / D ~ ~ K ~ ~  t o  b e  a p p r b x i d t e l y  constant  

f o r  the  elements 02 one group i n  t h e  per iodic  table .  ~ e a r a y  simultaneously, 



Table 14. Force constants of VS using a 3 '  term potential 
. . . . . .6 .2 . . .  . . . , , . . . . . 

a Calculated value (reference 50) . 



~anishevskii~~ developed a similar more general relationship to be used 

to estimate the molecular properties of any diatomic molecule from any 

other diatomic molecule. It is 

where x is the electronegativity of the cation and r is the bond length, 

Ideally the ratio of the'electronegativities would equal c.ne for oxides 

and sulfides having the same cation. However, Hauge and Pkrgrave computed 

some values for the ratio 

D K r  
mQ m s  ms 

K r 
mo ,mo 

and found this ratio could differ from the ideal value of unity by as mu.ch 

as 18% if one of the molecules was significantly more ionic than the other 

(e.g., O2 and SO). Hence, the Yanishevskii equation would probably be 

improved by replacing the electronegativity of the cation xith a quantity 

which reflects the tendency toward ionic bonding in the diatomic molecule. 

Recently ~ h a n ~ ~ ~  has presented a new set of empirical epuarions which can 

be universally used to estimate either a dissociation energy or a force 

constant from known properties of the diatomic molecules. From these 

equations one predicts 

for all cations. 



) 

62 . . 
The data needed to determine this ratio are collected in Tables 15 

0 
> 

and 16. Table 17 contains the calculated ratios for the transition metal 
0 

cations. The computed values of the ratio are all within ten percent of 

ii the average value of 0.769, suggesting that, wi&hin experimental error, 

this ratio is approximately constant for all transition metals. However, 

the average value is nearly 10% greater than the universal value predicted 

by Chang. 

10. Trends in the oxideand sulfide ---- 
As shown in Figure 19, plots of the dissociation energies and the 

force constants of the oxides and the sulfides as functions of atomic number 

are qualitatively similar. This qualitative trend can be explained by the 

remarkably useful schematic molecular orbital (MO) diagran which was de- 

rived from the observed ground states1' of the oxides of Ca-Cr, shown in 

Figure 20. Consider the trends in the ground state force constants and 

bond energies. 

Since only sufficient electrons are available to fill the predominately 

nonmetal molecular orbitals, both chalcogenides of calciun are expected, 

as has been observed, 1 + to have C ground states. Both experiment 
4L 

2 + and nonempirical calculations4 indicate a C ground state for ScO and 

experiment21 indicates a 28+ ground state for ScS. Hence, the first 

electron to fill a predominantly metal orbital in a metal monochalcogenide 

gaseous molecule has sigma symmetry. The observed increase in molecular 

properties suggests that this orbital is slightly bonding. The ground 

states of Ti0 and VO are known to be 3~ and 4 ~ -  corresponding to a 06 and 



Table 15. Dissociation energies ,' vibrational ' frequencies and force 
a .  

constants for ' fhe transition metal .oxides 

Molecule 

CaO 732.1 93 k 5 3.61 

SrO 653.5 102 k 5 3.41 

. BaO 669.8 . ' 130 t 5 3.79 , .  

CrO 898.8 101,l + 7 5.82 

MnO 839.5 85.4 t 4 5 ,+ 14 

FeO 880.8 90.3 + 5 .5.68 

N ~ O  (826) 

CuO 628 62.7 + 3 '2.96 

%ata from references given Xn reference 19. 



Table 16. Dissociation energies, vibrational frequencies, and force 

constants for the transition metal sulfides 

-1 
Molecule we(cm ) D ~ O  (Kcal/mole) K~ (millidynes/~) 

CaS 462. 23a 79.9 + 4.5a 2,24 

SrS 388. 38a 80.2 + 4.5a. 2.09 

S cs 

YS 

LaS 

TiS 

VS 

CrS 

MnS 

FeS 

NiS 

cus 

%efef ence 44. 

b ~ e f  erence 21. 

C 
. .Reference 63. 

d ~ h i s  work. 

e Rcferhce 49. 



Table 17. Computed value of the ratio of the dissociation energies, 

force conatants, and D,oK,SKmo 

Cation D /D 
mo ms Kmo'Kms 

D K / D K  
mo ms ms mo 

1 Ca 1.16 1,61 0.720 

S r 1.27 1.63 0.799 
C 

t Ba 1.30 1,80 0.722 

Sc 1.42 1.88 0.753 

Y 1.34 1.74 0.770 

La 1.40 1.74 0.804 

Ti 1.66 2.01 0,825 

VS 1.27 1.86 0,700 

CrS 1.30 1.56 . 0.837 

FeS 1.18 1.56 0,757 

NiS 1,07 1.40 0,766 

CuS 0,937 

Ave, 0.769 t 0,041 



Figure 19. Plots of the dissociation energies and force constants versus 
atomic number for t h e , f i r s t  period transit ion metal chalcogenides 



Metal Metal Chalcogeni de Non-metal 
Orbi tals Orbitals . Orbitals 

Figure 20. A schematic,MO diagram for the f i r s t  period transition metal 
chalcogenides 



a d2 conf igu ra t ion  .' 6'44 r e spec t ive ly .  Since ;he 6 o r b i t a l  is  expected 

* 
t o  be nonbonding, t h e  molecular p r ~ p e r t i ~ s  of t hese  oxides whould be q u i t e  

s i m i l a r  t o  those observed f o r  ScO. This  is observed, .although s m a l l  
6 /\ 

v a r i a t i o n s  due t o  q ~ a n t i ~ t a t i v e  d i f f e r e n c e s  i n  t h e  o r b i t a l s  do occur.  TiS 
4 

3 
i s  knam t o  have a  (06) A ground state.23 From t h e  s i m i l a r i t y  i n  t h e  

2 4 -  oxide and s u l f i d e  t r ends ,  VS i s  i n f e r r e d  t o  have a  (a6 ) -  C ground s t e t e .  

~ i n o m i y a ~ ~  has  concluded from r o t a t i o n a l  a n a l y s i s  t b t  C r O  has  a 

2 5 (06 n) T conf igura t ion .  Since t h e  molecular cons t an t s  decrease  a t  C r ,  

t h i s  T o r b i t a l  must be antibonding. Again t h e  observed t rend  f o r  t h e  \_ 

' 

-  sulfide^ sugges ts  CrS a l so 'has  a  5n ground s t a t e .  The ground s t a t e  of NnO 

is unknown. However, s i n c e  t h e  molecular p r o p e r t i e s  cont inue t o  decrease ,  

2  2 i t  appears  l i k e l y  t h a t  t h e  chalcogenides of manganese have 06 a con- 

f i g u r a t i o n s .  Although t h i s  con f igu ra t ion  produces s e v e r a l  s t a t e s ,  t h e  

s t a t e  of h i g h e s t  m u l t i p l i c i t y ,  t h e  6C+ s t a t e ,  i s  most l i k e l y  t h e  ground 

s t a t e .  Barrow Bnd have concluded t h e  ground s t a t e  of FeO i s  

most l i k e l y  76 o r  5C. The inc rease  i n  t h e  molecular p r o p e r t i e s  a t  Fe 

sugges ts  t h e  next  e l e c t r o n  is added t o  t h e  sigma bonding o r b i t a l  producing 

a  026'r2 conf igura t ion .  Three sigma s t a t e s ,  5C+ 3C- 
9 and a  '1' s t a t e  

5 + correspond t o  t h i s  conf igura t ion ,  wi th  t h e  C apparent ly  t h e  ground s t a t e .  

A r ecen t  spec t roscopic  s tudy  by we i t  and ~ r o i d a ~ ~  has  e s t a b l i s h e d  t h a t  t h e  

5 .:t 
ground state of FeO is i n  f a c t  Z . According t o  t h i s  scheme, e a c h , o f  t h e  . ,. 

next  two e l e c t r o n s  would be added t o  t h e  nonbonding 6 o r b i t a l s  most l i k e l y  

2 ' 3  2 4 2 4 2 3 -  producing a (a 6 T ) A and a (0 6 T ) C s t a t e  f o r  t h e  cha1:ogenides of C'o 

and N i ,  r e spec t ive ly .  Although t h e  a c t u a l  ground states a r e  unknown, t h e  

small f l u c t u a t i o n  observed i n  t h e  t r ends  suppor ts  t h i s  mode:. For t h e  



2 4 3 2  
chalcogenides of copper a (0 6 IT ) IT state is predicted. Since the 

electron would be added to an antibonding orbital a decrease in the 

molecular properties would be expected, and is observed. The observed 

ground state of 2n for both cu019 and C U S , ~ ~  further supports this 

prediction. 

The suggested MO diagram also explains the observed electronic 

transitions for the oxides in the near infrared-visible region. Since the 

0-0 bands of the sulfide were generally found at similar wavelengths to 

known oxide transitions, the MO diagram has been used to assign the states 

involved for the observed sulfide transitions. The assignments of the 

states made, using this model'are compared to the.known states for the iso- 

electronic oxide transitions in Table 18. 

C. Conclusions 

Reasonable estimates of the molecular properties of the transition 

metal sulfides can be obtained from empirical correlations such as the 

Hauge-Margrave equations, providing sufficient data are 'known. The observed 

trends in the dissociation energies and the force constants of the 

transition metal oxides and sulfides suggests the bonding in these systems 

is quantitatively similar. A qualitative MO diagram has.been presented 

which explains the observed trends in these systems. ' ~ r o m  this MO diagram, 

the ground states of the transition metal sulfides have been predicted 

and the states involved in the observed electronic transitions of the 

sulfides have been assigned. 



Table 18. Comparison of the 0-0 bands and the states involved in the . . 

observed electronic transitions of the transition metal oxides 

and sulfides 

. . 
Vanadium 

oxidea Sulfide 

Band System A (nm)  and System A (nm) 

A(~z-) - x(~z-) 573.9 B(~z-) - x(~Z-) % 600 

' 4 C( n) - x(~=) 797.3 - x(~E-) 913.8 

Chromium 

b Oxide Sulfide 
. . 

Band System A (nm) 

B(~IT) - x(~T) 605.1 

Band System A (m) 

~ ( ~ n )  - X(~IT) 553.4 

Iron 

OxideC Sulfide 

Band System A (nm) Band System A (m) 

~(~1') -x(~c+) 558.3 At5,Z+) - x(~z+) '555.8 

a Reference 67. 

b ~ e f  erence 6Y. 
C Reference 66. 



V. THE VANADIUM CARBONYL SYSTEM 

A. Introduction 

The spectra of metal carbonyls have been widely studied because of 

the qualitative insight they provice into metal-carbon bonding. Several 

new binary carbonyls with from one to six CO molecules per metal atom have 

been synthesized using the technique of matrix isolation including 

14 
Ni(CO)1-4 and Ta(C0)1-6, P ~ ( c o ) ~ ~ P ~  P~(CO)~-~S 69 CU(CO)~, 7 0 

" u(CO) 71 Nd(C0)1-6 and Yb(CO)x, 72 and Pr(C0)1-6, E" CC0) 9 Gd(Co) 

and HO(CO)~-~. 
7 3 

V(C0) has been investigated by a large number of techniques, including 6 .  
74 infrared and ultraviolet spectroscopy, photoelectron spectroscopy, 

7 5 

electron spin resonance spectroscopy, 76 and magnetic measurements. 77,78 

At room temperature V(C0) has one unpaired electron and virtual octahedral 
, 6  

geometry producing a 2~ ground state. However, the Jahn-Teller theorem 26 
2g 

predicts that this structure should undergo some distortion along either 

the E or the T vibrational normal mode to remove the orbital degeneracy. 
. . g  2 g 

In fact, there is strong experimental evidence of a dynamic Jahn-Teller 

distortion at room temperature.74 At I. 66OK both ESR'~ and magnetic measure- 

ments 77s78 indicate this dynamic distortion is replaced by a static dis- 

tortion to D symmetry, producing a 'B ground state. In addition, mg- 
4h 2g 

netic  measurement^^^ have indicated V2(C0)12 may form in solid V(C0)6 at low 

temperatures. However, neither V2(C0)12 nor D4h V(C0)6 has been previously 

observed spectroscopically. Among other features, the technique of matrix 

isolation provides a convenient method for studying the spectrum of isolated 



molecules a t  low temperatures.  Consequently, t h i s  technic-ue w a s  chosen 

t o  i n v e s t i g a t e  t h e  low temperature s t r u c t u r e  of V(C0) 
6 ' 

B. Resu l t s  and Discussion 

The i n f r a r e d  s p e c t r a  obtained from one anneal ing experiment of 

vanadium atoms i n  a 1 mole % CO/Ar ma t r ix  a r e  shown i n  F igure  21. I n  I 

a d d i t i o n  t o  t h e  bands shown i n  t h e  f i g u r e ,  a l l  s p e c t r a  contained i n t e n s e  

sharp  bands a t  2138 cm-' and 2092 cm-l, due t o  12C0 and, 13c0 r e spec t ive ly ,  

which are no t  shown. While t h i s  experiment w a s  above average i n  t h e  amount 

of information contained,  i t  was t y p i c a l  of t h e  s p e c t r a  obtained us ing  low 

CO concent ra t ions .  I n  genera l ,  ' the  bands were r a t h e r  weak and quick ly  

disappeared upon warming t h e  mat r ix ,  producing a few r e l a t i v e l y  s t a b l e  

s p e c i e s  which tended t o  r e s i s t  f u r t h e r  annealing. 

P r i o r  t o  anneal ing,  t h e  b i n d  a t  1874 cm? c l e a r l y  dominated t h e  

spec t r im as shown i n  spectrum 21a. Upon annea l ing  (s'pectrum 21b), new bands 

appeared i n  t h e  spectrum a t  1896 c m l ,  1910 cm-l, and 1948cm-l. Fur ther  ,. 

anneal ing ' (spectrum 21c) c a u s e d  t h e  bands a t  1874 cm-' and' 1896 cm-' t o  

decrease  i n  i n t e n s i t y  and generated new bands a t  1948 cm-l. 1955 cm-l, 

1963 cm-l, 1975 cml ,  1981 cm-' and 2030 cm-l. The bands a t  1896 cm-l, 

1922 cm-' and 1948 cm-' diminished t o  unobservable i n t e n s i t y  wi th  f u r t h e r  

-1 
anneal ing ( spec t r a  21d and 21e). I n  addi t ion , '  t h e  bands a c  1975. cm and 

4 

-1 
1 9 8 1  cm-' increased  i n  i n t e n s i t y  and new bands were observed a t  2014 cm 

and 2021 cm-l. Increas ing  t h e  CO concent ra t ion  t o  5% produced t h e  i n f r a r e d  

s p e c t r a  shown i n  F igure  22. A l l  t h e  bands observed i n  t h e  1% CO/Ar experi-  
. 

ments p lus  new bands a t  1866 c d l  and 2045 cm-' were i n i t i a l l y  p re sen t  i n  
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Figure 22. The infrared spectra of the vanadium carbonyl complexes 
CO/Ar. Trace a is prior to annealing. Traces b-d.are 
warming the matrix to -30°K for several minutes 

in  5% 
af t er  



-1' . 
' the spectrum (spectrum 22a). The bands at 1866 cm-l, 1874 cm-l, 1910 cm 

and 1948 cm-' quickly lost intensity upon annealing (spectrum 22b). With 

further annealing the band at 1922 cm-' lost intensity (spectruni 22c). 

Pinally the bands at 1955 cm-l, 1963 cm-l, and 2030 cm-' began to lose 

-1 intensity, the bands at 1975 cm and 1981 cm-' remained fairly constant 

and the bands at 1858 cm-l, 2014 cm-l, 2021 cml, and 2046 em-' showed a 

marked increase in intensity (spectrum 22d). 

When CO was used as the matrix, the infrared spectrr shown in Figure 

-1 23 were obtained. Prior to annealing, two very strong bands at 1972 cm 

and 1980 cm-' and a weak band at 2014 cm-' were observed. Upon annealing 

and/or photolysis of the matrix caused by prolonged exposure to the 

hydrogen lamp used to obtain the ultraviolet spectrum, several new bands 

which are shown in spectrum 23b were observed. 

Seven binary vanadium 'carboiyl complexes were synttiesized during 

these experiments. Several other less successful experiments with CO con- 

centrations of 8%, 6%, 3%, 2.5%, and 0.5% were done to aid in the assignment 

of frequencies to each species. If more than one band appeared to originate 

from one species, the ratio of the intensities of these bands were de- 

termined in a number of different experiments to further verify that they 

were related. The area under each band was used as a measure of the in- 

tensity. The areas were determined by tracing the spectrum on graph paper 

and counting the number of squares under each band. Unfortunately, low 

'intensities and a number of highly overlapping features made it difficult 

to accurately determine the intensity of several of the vanadium carbonyl. 

bands, which hindered the assignments of the spectra. 



Figure.23. The infrared spectra .o f  the vanadium carbonyl ccmplexes ob- 
served i n  a CO matrix. Trace a is prior to  annelling. Trace t 
i s  after  annealing. 



While the  bands may be assigned t o  a species  on the  b a s i s  of t h e i r  

observed i n t e n s i t y  r e l a t ionsh ips  a s  the  matrix is  annealed o r  a s  the  con- 

cen t ra t ion  of the  l igand i n  the  matrix i s  changed,' t he  spec ies  must e i t h e r  

be i d e n t i f i e d  from mixed iso tope  s t u d i e s  o r  from assumptions made about 

the  expected behavior of the  species  trapped i n  the  matrix. Since many of 

t h e  bands were q u i t e  weak, the re  was l i t t l e  chance of the  mixed iso tope  

experiments succeeding. Consequently the  assignments wzre based upon the  , 

following assumptions: 

a.  The metal atom can only r e a c t  with l igands  i n  adjacent  
s i t e s .  Consequently the  species  should be formed i n  
a r a t i o  which r e f l e c t s  the  s t a t i s t i c a l  probabi l i ty  
f o r  the  number of nea res t  neighbor l igands,  making 
some a l lowance . for  l igand mobil i ty a s  the  matrix is  
being formed. 

b. S t e r i c  e f f e c t s  a r e  minimal so  t h a t  l igands  may add i n  
a step-wise fashion upon annealing. 

c. The o s c i l l a t o r  s t r eng ths  of the  l igand s t r e t c h i n g  
modes a r e  approximately equal f o r  a l l  complexes. 

The assignments based on these  assumptions and the  in f ra red  bands 

which have been assigned t o  each a r e  given i n  Table 19. While these  assign- 

ments a r e  thought t o  be the  bes t  i n t e r p r e t a t i o n  of the  observed spect ra ,  

the  I R  frequencies assigned t o  V(C0)5 do not  agree with t h e  I R  frequencies 

previously reported f o r  t h i s  complex79 (one s t r o n g m a t r i x  s p l i t  band a t  

1947 cm-' and a medium i n t e n s i t y  band a t  1920 cm-I). Bands wi th in  experi- 

mental e r r o r  of both frequencies were observed. However, the  r e l a t i v e  in- 

t e n s i t i e s '  of these  bands seemed t o  vary randomly, which suggests t h e i r  

spectrum may have been misassigned. It is poss ib le  t h a t  d i f f e rences  i n  ex- 

perimental procedure may have produced s l i g h t l y  d i f f e r e n t  matr ix environ- 

ments which a l t e r e d  the  observed spectrum. However, s ince  ne i the r  t h e  



. . 

Table 19. Tentative assignments and the observed vibrational frequencies 

for V(C0) and V2CO12 

0 
. . . - l a .  " - l b  , .  

Species ~ ( c m  ? v(ch ) % 

- -  - 

a In argon matrix. 

b ~ n  CO matrix. 



experimental d e t a i l s  nor the  observed spectrum have been published, the  
r 

reason f o r  the  d i s p a r i t y  could not  be determined. 

Since two in f ra red  bands were observed f o r  V(C0)6 i n  both CO and A r  

matr ices,  i t  is unl ike ly  t h a t  the  s p l i t t i n g  i s  the  r e s u l t  of matr ix 

e f f e c t s .  Since two in f ra red  bands a r e  expected f o r  a D s t ruc tu re ,  t h i s  4h 

observation can be taken a s  proof t h a t  the  low temperature s t r u c t u r e  of 

The s t r u c t u r e  of the  p a r t i a l l y  coordinated comp1exe.s can be determined ' 

by comparing the  number of observed in f ra red  bands t o  the  number of 

in f ra red  bands ca lcula ted  f o r  poss ib le  s t r u c t u r e s  with the  same stoichiome- 

t ry .  Since some bands may not  .have been observed because of low i n t e n s i t y  

and/or c lose  proximity t o  o ther  s t ronger  bands, and s ince  the  matrix may 

d i s t o r t  the  s t r u c t u r e  of the  trapped species ,  the  s t r u c t u r e s  determined 

must be regarded a s  t en ta t ive .  The s t r u c t u r e s  predicted by ~ u r d e t t ~ '  f o r  

low, intermediate and high sp in  d5 ions  with f rorn one t o  . s i x  coordinated. 

l igands  and the number of in f ra red  bands expected f o r  each s t r u c t u r e  a r e  

given i n  Table 20. By comparing t h e  number of in f ra red  bands expected 

f o r  each s t r u c t u r e  i n  Table 20 with the  number of in f ra red  bands observed 

f o r  each complex tabula ted  i n  Table 19, the  s t r u c t u r e  of each complex was 

determined. The observed s t r u c t u r e s  a r e  tabulated i n  Table 21. 

The Jahn-Teller theorem pred ic t s  t h a t  the  Djh symmetry observed f o r  

V(C0) should not  be s t ab le .  The s p l i t t i n g  of the  E'  made i n  the  argon 
5 

matrix may ind ica te  the  presence of a Jahn-Teller d i s to r t ion .  However, 

s ince  t h i s  s p l i t t i n g  was not  observed i n  CO inatrices, i t  i s  not known 

whether t h i s  s p l i t t i n g  represents  a t r u e  molecular d i s t o r t i o n  o r  a 



Table 20. The structures and the number of infrared bands calculated for each structure for low, 

intermediate, and high spin d5 ions with from 1 to 6 ligands per iona 

Low Spin Intermediate Spin High Spin 

Symmetry  umber' of IR Symmetry Number of IR Symmetry Number of IR C 

Species Point Group Active Bands . Point Group Active Bands Point Group Active Bands 
4 .  

b~ossible Jahn-Teller distortion to C2v producing 4 IR bands: 

C 
Possible Jahn-Teller distortion to Dlh producing 2 IR bands. 



Table 21. Observed structures and point group symmetries for V(C0) 
1-6 

Species Structure Point group symmetries 

linear 
" 

linear 

square planar or 
tetrahedral 

a v (co) trigonal bipyramid D3h 

(CO) tetragonal bipyramid D4h 
I .  I .  I .  

%ay be slightly distorted to Clv. 



d i s t o r t i b n  r e s u l t i n g  from matrix e f f e c t s .  

The s t r u c t u r e  of V2(C0)12 can a l s o  be p a r t i a l l y  deduced from the  

in f ra red  spectrum. Since bridging CO groups usually stow in f ra red  f re-  

quencies i n  the  range 1700 - 1850 cm-lS8l the  band at  1852 cm-' i n  CC 

matrices ind ica tes  the  presence of one o r  two bridging CO groups i n  the  

dimer. Since only s i x  I R  bands were observed, t h e  molecule probably h a s  

an invers ion  center .  Since a metal-metal band i s  needed t o  s a t i s f y  the  18 

e lec t ron  r u l e ,  ,V2(C0)12 is  probably s t r u c t u r a l l y  similar t o  t h e  double 

bridged s t r u c t u r e  shown i n  Figure 24. 

Approximate fo rce  cons tants  can be ca lcula ted  by using t h e  Cotton- 

v 
. Kraihanzels2 approximation. The fo rce  cons tants  f o r  V ( C O ) ~ - ~  a r e  g i w n  i n  * 

Table 22. 

I: The e l e c t r o n i c  spectrum of V(C0) i n  a CO matrix is shown i n  Figure 
6 

25. Unfortunately, the  massive overlap of t h e  bands prevented a clear-cut  

r e so lu t ion  of the  spectrum i n t o  . i t s  component bands. An attempt was made 

t o  resolve  the  spectrum by using t h e  following method. The observed 
t .i 

spectrum was ca re fu l ly  traqedl,onto a piece of graph paper. The observed 

absorbance was correc ted  f o r  base l ine  s h i f t  caused by inatrix s c a t t e r  by 

l i n e a r l y  ext rapola t ing  the  observed base l ine  and subt ra- t ing  the  base- 

l i n e  absorbance from t h e  t o t a l  absorbance. The spectrum was then graphica l ly  

resolved i n t o  approximately Gaussian shaped bands. Although severa l  

s p e c t r a l  r e so lu t ions  a r e  obviously poss ib le ,  the  r e so lu t ion  shown i n  

Figure 25b, which represexits a' composite of t h e  bes t  f ea tu res  of seve ra l  

poss ib le  resolu t ions ,  is  thought t o  bes t  reproduce the  observed spectrum. 

An ana lys i s  of t h i s  spectrum was attempted by using a combination of 



Figure 24. Tentative structure for V2(C0)12 



Table 22.  cot ton-Kraihanzel force constants for V(CO) ,  --6 

Species v (em-') Normal mode Force constant (.xu dyn/i)  



Figure 25. The electronic spectrum of V(CO)6 in a CO 
matrix. Trace a is the observed spectrum. 
Trace b is an approximate Gaussian resolution 
of -the spectrum. Trace c is the calculated 
d-d spectrum for V(C0) 

6 
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ligand field and molecular orbital theory. The lowest doublet energy 

5 states for d ions in a strong tetragonally distorted octrahedral ligand 

field in terms of crystal field and Racah parameters83 are given in 

Table 23. ~s'and Dt are parameters which represent the distortion from Clh 

symmetry. A value greater than zero for Dt, a parameter directly related 

to the tetragonal distortion, corresponds to a lengthening of the bond 

along the four-fold axis. If the Tanabe-Sugano appro~ination~~ (C = 4B) 

is adopted, crystal field and Racah parameters can be calculated from the 

four lowest energy bands of V(CO1 
6 ' 

From a first order analysis of the ESR spectrum, Pratt and Meyers 7 6 

have calculated that 10 Dq 5 36,200 cm-' and 3 Ds - 5 Dt 5 1880 cm-l. 

Several sets of assignments can reasonably be made for the observed d-d 

transitions. Crystal field parameters were calculated for each set of 

assignments. These parameters were then tested by calculating the ex- 

pected d-d spectrum and comparing it to the observed d-d spectrum. The 

parameters listed in Table 24 reproduced the observed spectrum quite well 

as shown in spkctrum 24c and satisfied both upper limits for the crystal 

field parameters. Consequently, these parameters were used to assign the 

observed d-d spectrum. 

Since the photoelectron spectrum of.V(C0) indicates the ligand bonding 6 

molecular orbitals are at least 5 e.v. lower in ,energy than are the metal- 

like d  orbital^,'^ the charge transfer bands are most likely transitions 
* * 

from the b and e IT orbitals to the a2U and eU a orbitals. The states 
28 g 

expected for these one electron transitions are listed in Table 25. Since 

2 
only the two 2 ~ U  states and the B state are electronic dipole allowed, 

lu 



Table 23. Lowest spin doublet energy states for d5 ions in a strong crystal field with D 
4h 

symmetry 

Electron Configuration Designation Total Orbital ~ n e r ~ ~ ~  Racah Energy (+ 10 A) 

a 
The one electron orbital energies are 



Table 23. (Continued) 

Electron Configuration Designation Total Orbital ~ n e r ~ ~ ~  Racah Energy (+ 10 A) 



Table 24. Crystal field and Racah parameters for V(CO) ,  in cm-I 
='* 

10 Dq D s Dt B ca 

a 
Estimated value. 

i 

Table 25. States expected for the charge transfer bands from the e and 
g * * 

b .rr orbitals. to the a and e u orbitals 
2g 2u . u 

Electron configuration Designation 



these transitions are expected to give rise to the three strongest bands 

observed in the siectrum. Using this and the calculated d orbital 

energies, tentative assignments for the charge transfer spectrum have 

been made. The assignments for all of the observed electronic transitions 

of V(C0) are given in Table 26. 
6 

C. Conclusions 
. . 

As expected from previous studies, V(C0)6 was found to have D4h 

'symmetry in matrice's at low temperatures. The electronic spectrum of 

V(C0) in a CO matrix was examined and tentative assignments have beea 
6 

made for the bands contained in the spectrum. Approximate crystal field 

and Racah parameters have been determined. 

The binary vanadium carbonyls V(C0) and VZ(CO)12 have been pre- 1-5 

pared in.Ar matrices and identified using IR spectroscopy. Tentative 

structures have been determined for each complex. 

As expected, the bonding models developed for the other hexacarbonyl 

systems work quite well for Ehe vanadium carbonyl. system, indicating that 

the bonding in these systems is quite similar. 



Table 26. Tentative assignments for the electronic spectrum of V(CO), 
0 

Transition 
- 

A (nm) , ( c ~ l )  

a Calculated value. 



VI. THE DINITROGEN COMPLEXES, OF CHROMIUM AND VANADIUM 

A, Chromium 

1. Introduction 

Since the calculated orbital energies of CO and N2 are surprisingly 

similar,28 it is of theoretical interest to compare binary complexes with 

these isoelectronic molecu1.e~ as ligands. Several new binary dinitrogen 

complexes with from one to four N2 molecules per metal acom have been 

synthesized in low temperature matrices including those of Ni, 
29,85 

Pt 9 29 ,86,87 Cr, 29 Cu,29 ~ d , ~ ~  and ~ h . ~ ~  Both experimental evidence15 and 

empirical calculati~ns~~ indicate that these complexes are generally 

structurally similar to the corresponding carbonyl complexes. However, 

no binary dinitrogen analog to the well-studied six-coordinated octaheeral 

complexes found for the carbonyls of the VA and VIA metals the rare 

earth metals, 72s73 and uranium71 has previously been reported. A non- 

empirical calculation for ~r (N~) 68 suggested that this molecule should be 

stable, at least at low temperatures. However, a previous investigation 

of the chromium dinitrogen system2' failed to produce evidence of any 

complex with more than one coordinated dinitrogen molecule per metal atom. 

While this result appeared to be inconsistent with the results of similar 

experiments using different cations, there was no a-priori reason to 

question its validity. Thus an attempt was made to examine the electror~ic 

spectrum of this three atom "complex." However, the observed electronic 

spectrum was incompatible with the assumption of but one coordinated 

dinitrogen per metal atom. Consequently, the chromium dinitrogen system has 



been re-examined and b inary  dixiitrogen complexe~,  Cr(N2),, n  = 1-6, have 

t e n t a t i v e l y  been i d e n t i f i e d  from t h e  i n f r a r e d  spectrum. I n  a d d i t i o n  

t h e  e l e c t r o n i c  spectrum of Cr(N2)6 has been analyzed. 

2. Resul t s  - and d i scuss ion  

Figure  25 con ta ins  t h e  i n f r a r e d  s p e c t r a  observed f o r  Cr(N2),; where 

n = 4-6, i n  N mat r ices .  I f . m i l d  depos i t i on  condi t ions  were used, t h e  2 

i n f r a r e d  spectrum contained one band a t  2136 cm-' (spectrum 26a). 

Photo lys i s  of t h e . m a t r i x  occurred from exposure t o  t h e  hydrogen lamp used 

t o  o b t a i n  t h e  u l t r a v i o l e t  spectrum. Af t e r  photo lys i s ,  a new band was ob- 

served i n  t h e  i n f r a r e d  spectrum a t  2112 cm-I (spectrum 26b). The 

2112 cm-' band 'could a l s o  be obtained p r i o r  t o  photo lys i s  by us ing  more 

r igo rous  depos i t i on  condi t ions .  Spectrum 26c i s  an  examFle of a spectrum 

obtained us ing  t h e s e  condi t ions .  I n  add i t i on ,  t h i s  spectrum contained 

t h r e e  a d d i t i o n a l  bands a t  2028 c ,  2072 cm-l, and 2195 em-'. 

The u l t r a v i o l e t  spectrum of a h ighly  photolyzed C r  conta in ing  N2 
0 

matrix,  conta in ing  only t h e  2112 cm-l. i n f r a r e d  band, is  shown i n  F igure  27. 

Spectrum 27a is t h e  uncorrected spectrum a c t u a l l y  observed and spectrum 

27b i s  t h e  same spectrum correc ted  f o r  b a s e l i n e  d r i f t  and resolved i n t o  

component gauss ians  using t h e  procedure descr ibed  previous ly  f o r  t he  

J vanadium carbonyls.  The two bands marked wi th  a s t e r i s k s  a r e  "window bands" 

which were observed i n  blank N2 matr ices .  The spectrum re so lves  i n t o  four  

bands; two weak bands centered a t  367.2 nm and 340.8 nm, a medium i n t e n s i t y  

band centered  a t  311.5 nm and a  weak t o  medium i n t e n s i t y  band centered a t  

297.2 nm. I n  add i t i on ,  t h e r e  i s  a very s t rong  band centered  a t  'Q 230 nm, 





WAVE LENGTH (nm) 
Figure 27.  The W spectrum of Cr(N )6  in  a N matrix. Trace a i s  the observed spectrum. Trace b 

6 shows the spectrum resolved into ausoians 



which is not shown in this figure. 

Qualitatively, this spectrum is identical to the electronic spectrum 

9 1 reported by Beach aid Gray for Cr(C0)6. Consequently, the species 

giving rise to the infrared band at 2112 cm-' in N matices is assigned 2 

as Cr(N2)6. AS shown in Table 27, the observed electronic transitions can 

readily be assigned by analogy with fhe.observed electrordc spectrum for 

Cr(C0)6. The energy of the lowest singlet energy states for d6 ion; in an 

octahedral field are given in Table 28. By assuming thac c 4B, approxi- 

mate crystal field and Racah parameters were calculated for Cr(N2)6 and 

they are compared to the crystal field and. Racah parameters calculated 

for Cr(C0)6 and c~(cN)~~- in Table 29. The magnitude of the d-d splitting 

parameter (A) clearly shows that N2 is a strong field ligand of similar 

magnitude as the isoelectronic ligands CO and CN-. 

Figure 28 is a composite of several experiments showing the observed' 

changes in the dinitrogen stretching region of the infrared spectrum upon 

increasing the amount of N2 in the matrix and/or annealing. Spectrum 28a 

is the spectrum of Cr in 1% N2/Ar prior to annealing. After annealing 

a band is observed at 2215 cm-l* If the N eoncentration in the niatrix 
2 

is increased to 3.5% N2, spectrum 28c is obtained prior to annealing. In 

addition to the 2215 cm-' band, a second band at 2253 cm-' is observed. 

Increasing the N concentration to 10% N2 (spectrum 28d) produces two new 2 

bands at 2130 cm-' and 2178 cm-l. As shown in spectrum 28e, both bands 

increase in intensity upon annealing. Further annealing, or increasing 

the concentration of N in the matrix to 15% prior to annealing, produces 
2 

three new bands at 2035 cm-l, 2068 cm-l, and 2273 cm-' (spectrum 28f). 



Table 27. comparison of the observed electronic transitions for Cr (N2)6 

a 
and Cr (C0)6 

- 
Assignment A (nm) *Cb2 A (nm) v (cm-l) AGiI, 

a From reference 91. 



Table 28. The lowest energy singlet states for d6 ions in an octahedral 

field in terms of crystal field and Racah parameters 

. ,  Electron c&f iguration Designation Total orbital Racah energy 
energy (+ 15A:l. 



Table 29. Crystal field and Racah parameters for Cr(C0)6, Cr(N2)6 and 

- 
Cr (CN) 

Parameter ~r (CO) 6a Cr (N2)6 Cr (CN) 6 3- b 

a From reference 91. 

b ~ r o m  reference 92. 

C E8,timated value. 



Figure 28. The infrared spectra of the chromium dinitrogen 
complexes with increasing N2 concentrations and/or 
annealing. 





Annealing the 15% matrix causes a marked increase in the 2034 cm-l and 

the 2068 cm-' bands and three new bands at 2105 cm-l, 2120 cm-' and 2195 

-1 
cm appear. With further annealing these five bands increasingly dominate 

the spectrum (spectrum 28h). With still more annealing the bands at 

2035 cm-l, 2068 cm-' and 2195 cm-' decrease in intensity with the bands 

- 1 
at 2120 cm-I and 2105 cm finally dominating the spectrum. The assif& 

ments based upon this annealing and concentration dependence made using 

the assumptions listed previously are given in Table 30. Mixed isotope 

experiments were,attempted to confirm these assignments; However, low.' 

intensities and highly overlapping bands prevented an accurage determina- 

tion of either the relative intensities or the frequencies of the mixed 

isotope species. Consequently little useful information was obtained 

from these experiments. 

The structures predicted by ~urdett~' for low, intermediate and high 

spin d6 ions with from 1 to 6 coordinated ligands and the number of IR 

active bands expected for each structure are given in Table 31. Although 

some bands .may not have been observed because of low intensity and/or the 

close proximity of other stronger bands, tentative.structures were de- 

termined for each observed dinitrogen complex. If, as is usually found, 
. . 

all complexes are end-bonded, then Cr(N2) and Cr(N2)2 are linear molecules 

with Cq and Dab point group symmetries, respectively. Only one IRband 

could definitely be assigned to Cr(N ) indicating trigonal planar (Djh) 
2 3 

syxmnet'ry. However, two weaker bands, which appeared as shoulders at 

2, 2190 cm-' and 2225 cm-l, seem to be related to the Cr(N2)3 band. If Chese 

bands are truly related, then the symmetry of this molecuie may actually be 



Table 30.  Assignments for Cr (N2)n n = i - 6 

-1)a Species v (cm 
N2 * 

-1) c v (cm 
N2 

a Argon matrix. 

b ~ i t r o g e n  matrix. 

C x 5 ~  in  argon matrix. 2 

' ~ a t r i x  spl i t t ing.  



Table 31. Predicted structures and the number of infrared active N-N stretchtng modes for 

6 
complexes with low, intermediate, and high spin d ions 

Low Spin Intermediate Spfn High Spin . 

Symmetry Number of IR Symmetry Number of IR Symmetry Number of IR 
Species Point Group Active Bands Point Group Active Bands Point Group Active Bands 

a From reference 80.. 

- 
' . -  Or-  



Y o r  even T shaped, having C2vsynunetry. Only one I R  band was observed 

f o r  Cr(N2)4 i n  both Br and N2 matr ices,  which suggests e i t h e r  t e t r a h e d r a l  

(Td) o r  square planar (D ) symmetry. Unfortunately, i t  is  not poss ib le  
4h 

t o  d i s t ingu i sh  between these  s t r u c t u r a l  a l t e r n a t i v e s .  Tie observation of 

. 3 I R  bands f o r  Cr(N2)5 ind ica tes  t h i s  molecule has a te t ragonal  pyramid 

(Cqv) s t ruc tu re .  Cr(N2)6 has octahedral  symmetry. The s p l i t t i n g  of t h e  I R  

band f o r  Cr(N2)6 i n  argon matrices i s  due t o  matrix e f f e c t s .  However, the  

f a i l u r e  of the  chromium dini t rogen complexes t o  follow the  trend of in- 

creased frequency with increased coordinat ion,  which was fourid t o  the  

h e x a ~ a r b o n ~ l s , ~ ~  could i n d i c a t e  the  presence of side-bonded N 2 i n  the  lower 

coordinated species.  The I R  spec t ra  s trongly '  suggest Cr.(N2)n, n = 4-6, 

contain only end-bonded N2. However, only one in f ra red  band would be ex- 

pected f o r  side-bonded Cr(N2), Cr(N2)2, and Cr(N2)3 ~ i t h C ~ ~ ,  DZh, and D 3 

symmetries, respect ive ly .  Thus the  s t r u c t u r e s  of the  l o ~ e r  coordinated 

species  cannot d e f i n i t e l y  be es tabl i shed u n t i l  t he  type of bonding has 

been determined. 

Cotton-Kraihanzel (C-K) Force constants  can a l s o  be ca lcu la ted  f o r  

d in i t rogen complexes. For reasons which w i l l  be more f u l l y  developed in  

the  next sec t ion ,Cr (N2)  and Cr(N2)2 a r e  thought t o  be side-bonded and 

Cr(N2)3 is  thought t o  be a t  l e a s t  p a r t i a l l y  side-bonded. C-K f o r c e  cons tants  

have been tabulated f o r  the  chromium dini t rogen complexes assuming the  

side-bonded s t r u c t u r e s  i n  Table 32. 



Table 32. , Cotton-Kraihanzel force constants for Cr(N2)1-6 

Species v ( c ~ l )  Normal mode Force constznt ,(m dyn/g) 



B. Vanadium 

1. Introduction 

The,failure of the- chromium.dinitrogen complexes to follow the trend 

of increased frequency with increased coordination found for most carbonyl 

systems which have a maximum coordination of six suggests there are either 
. , ' 

structural and/or quantum mechanical differences in the bonding of the 

chromium -dinitrogen complexes. The vanadium dinitrogen system was examined 

to determine if this "unusual" behavior is characteristic of all dinitrogen 

complexes which have a maximum coordination of six. 

2. Results and discussion - 
Unlike the previous studies, warming the matrix had little effect cln 

the spectrum. Consequently changes in the spectrum could only be produced 

by changing the concentration of N in the matrix. 2 

Figure 29 is a composite of infrared spectra which shows the observed 

changes in intensity as the N2 concentration in the matrix is increased 

from 114 to 8 mole %. Only bands at 1996 cm-' and 2156 cm-' were observed 

in 0.25% N2 (spectrum 29a). Increasing the N2 concentratian to 0.5% 

(spectrum 29b), produced new bands at 1970 cm-l, 2013 cm-'. 2025 cm-l, 

2038 em-I, 2075 cm-l, 2092 cmi, 2102 cm-l, 2141 cm-' and 2169 cm-l. In 

addition, the band at 1996 cm-' decreased in intensity. Increasing the N 2 

concentration to 1% (spectrum 29c) produced no new bands., However, several 

changes in intensity did occur. Further increasing the N2 concentration to 

2% (spectrum 29d), 3% (spectrum 29e), and to 8% (spectrum i.9f) produced 

further intensity changes. By making the usual approximations about the 



Figure 29. The infrared spectrum of vanadium codeposited 
in argon matrices containing inzreasing 
quantities of nitrogen 





a 

behavior of the dinitrogen complexes in the matrix, six binary vanadium 

dinitrogen complexes have tentatively been identified. These complexes 

and the infrared bands which have been assigned to each are tabulated in 
" .  
. . Table 33. Unlike the vanadium carbonyl system, .no bands which could be 

assigned to a dimeric species were observed. . ' 

I: Unlike the dinitrogen complexes of chromium, the dinitrogen complexes 

of vanadium do follow the trend of increasing frequency with increased 

number of coordinated ligands exhibited by the hexacarbonyl systems. Hence, 

the bonding in the vanadium dinitrogen complexes appears to be similar to 

the bonding found in the carbonyl complexes, while the bonding in the hwer 

coordinated chromium dinitrogen complexes appears to be somewhat differ~nt 

than the bonding found in the carbonyl complexes. Since Ni(N2),1-4 and 

Pd(N2)1-3, 85 which have experimentally been shown to contain only end-bonded 

dinitrogen, obey the monotonically increasing frequency-coordination number 

relationship, it is reasonable to suggest that all the dinitrogen complexes 

of vanadium are end-bonded while the lower coordinated complexes of chromium 

are side-bonded. The unassigned. band at 2156 cm-' which was first observed 

for V in 0.25% N2, could offer further support for this assumption. Since 

this band o'ccurs in matrices with low N2 concentrations, one reasonable 

assignment for this band would be side-bonded V(N2). If this assignment is 

correct, then the infrared frequency of the side-bonded dinitrogen complsx 

would be ?. 160 cm-' to the blue of the frequency of the end-bonded dinitrogen 

complex. 

Tentative structures for the remaining end-bonded dinLtrogen complexes 

were determined by comparing the number of observed infrared bands with the 



Table 33, .Tentative assignments t and the observed vibrational frequencies 
1 

for V(N2)n, n . 1 - 6 in argon matrices 
Species . v (em-') 



number of infrared bands calculated for structures which have the 

8 0 
. . appropriate Atoichiometry . Using the structukes calculated by Burdett 

4 

for low, intermediate and high spin d5 ions which had been tabulated 

previously, the structures listed in Table 34 were determined for the 

vanddium dinitrogen complexes. 

However, the matrix structure may not be the most stable. structure of < I  
V 

the free species. There is growing evidence that .quasi-stable complexes may 

be formed from the interactions between the trapped species and the matrix. 

For example, the electronic spectrum of vanadium atoms trapped in argon 

and krypton matrices discussed in Section I11 was found to be similar to 

the electronic spectrum expected for the hypothetical complex V(Ar)6. The 

solvation effects could influence the structures of the intermediate com- 

plexes. In fact, Kbdig and 0zin16 have suggested the structure of free 

Cr(CO)5 is trigonal bipyramidal (D ) rather than the square pyramid 3h 

(C4v) structure reported by Graham et al. 93 They suggest the C4v complex 

is actually Cr(C0)5 S; where S = solvent. From the variation of the visible 

absorption band of Cr(C0)5 in matrices composed of different gases, Perut'z 

and ~urner'~ have also concluded that Cr(C0) S may be a better representa- 5 

tion of the complex. However, they expressed doubt that the solvation effect 

was strong enough to influence th' structure of the complex. perhaps the 

structure of the partially coordinated complexes would be more accurately 

represented if they were expressed as the structure of solvated complexes . 

of the form mnSxe 

Occasionally infrared bands were observed in matrices containing high N2 

concentrations which could have been due to solvated side-bonded dinitrogen. 



Table 34. Observed structures and point group symnetry for V(N2),,  

Structure Pdlnt Group 
y m m e  try 

lhear ' 

linear 

Y-shaped' 

square planar or 
tetrahedral 

trigonal bfpyramid 

tetragonal b f pyramid' 



# - 
The unassigned bands at 2273 cm-' in the chromium dinitrogen system and at 

b 

2218 cm-f in the vanadium dinitrogen system are examples of these possible 

solvated bands. However,-these assignements have not been confirmed. 

Loosely bonded solvated complexes provide one explanation for the 

occurrence of partially coordinated dinitrogen complexes in N2 matrices. 

Quasi-bonds between lattice bonded N2 and the metal atom could sterically 

hinder the formation of the more stable higher coordinated complexes. 

Cotton-Kraihanzel force constants have been calculated for the 

dinitrogen complexes of vanadium and are given.in Table 35. 

While the end-bonded vanadium dinitrogen and carbonyl complexes are 

isostructural, the two bands assigned to VCN ) are more.widely separated 
2 6 

than are the two bands assigned to V(C0) suggesting that V(N2)6 may be 6 ' 
more distorted from the ideal octahedral structure than V(C0) Since the 

; .  6 ' 

relative distortion in the complexes can be estimated by comparing their 

crystal field distortion parameters, the electronic spectrum of V(N2)6 was 

examined. 

The electronic spectrum of V(NZ)6 in.a nitrogen matrix is shown in Fig- 

ure'30. As expected, this spectrum was qualitatively similar to the 

electronic spectrum observed for V(C0)6 in CO matrices. Since the massive 

overlap of the spectral features prevented a clear-cut resolution of the 

spectrum, the spectrum was resolved by using the procedure described pre- 

viously. The spectral resolution which appears to best reproduce the major 

features of the observed spectrum is shown in Figure 30. Crystal field and 

Racah parameters were calculated from the four bands of lowest energy. The 

parameters which best reproduced the observed spectrum were used to assign 



Table 35. Cotton-Kraihanzel force constants for V(N 2 ) 1-6 

Species Normal Mode ~orce Constant. (m dyn/AO) 



250 300 350 400 
WAVE LENGTH (nm) 

Figure 30. The e lectronic  spectrum of V(N2)6 i n  a N 2 matrix. Trace a is the observed spectrum. 
Trace L 1s a g a u s s l u ~  resoluCluu uf L11e observed specLrum 



the'd-d bands.in the spectrum.' The charge transfer bands were assigned by 

analogy to the V(C0) spectrum. Tentative assignments for the V(N2)6 
6 

electronic transitions are given in Table 36. 

The crystal field and Racah parameters determined for V(N2)6 are 

compared to the parameters determined previously for V(C0) Cr(C0)6 a d  
4 6 ' 

Cr(N2)6 in Table 37 and the calculated d orbital energies for these 

complexes are compared in Table 38. Although all the parameters have the 

same order of magnitude, the values for the d-d splitting parameters (A) 

of the dinitrogen complexes are slightly smaller numerically than are the 

A values for the corresponding carbonyl complexes, and the A values of the 

vanadium complexes are slightly smaller numerically.than are the A values 

for the corresponding chromium complexes. In the crystal field model, 

smaller A values indicate weaker fields; which in turn imply less bonding 

for the dinitrogen complexes and for the vanadium complexes. Considering 

,, the apparent instability of the dinitrogen complexes and the presence of one 

less,.electron available for backbonding in the vanadium case, this picture 

ik reasonable.  o ow ever, this result contradicts the results of the'infrared 
spectra which using ihe usual predict 'that the dinitrogen 

complexes and the complexes of vanadium are more extensively n-bonded. The 

more exact MO formalism provides a resolution of this apparent contradiction, 

* 
In this picture A measures the energy difference between the occupied a 

* 
orbitals and the empty a orbitals. A smaller value of A could indicate in- 

creased n bonding, decreased a bonding, or both, as well as the decreased 

overall bond strength predicted by the crystal field model. Consequently, 

the dinitrogen complexes and/or the vanadium complexes could have weaker 



Table 36. Tentatgve aessignments for the electronl ,~ spectrum of V(Ni)6  
C . . 

. . 

, . .. a Calculated value. 



120. 

. . . . 

Table 37. Crystal field and Bacah parameters .for V(N~)~, V(C0)6, C ~ ( N ~ ) ~  . 
. and Cr (C0)6 

%ef erence 91. 

b~stimat&d value. 



Table 38. Relative crystal field d orbital energies (in for 

V (CO) 6 , (N2) 6 , Cr (CO) 6 and Cr (N2) 6 

Orbital 



metal-ligand bonds and still.have lower ligand stretching frequencies be- 

cause of more relative backbonding than is found in the corresponding 

carbonyl and/or chromium complex. In addition, nonempirical calculations 8 

have shown that the ligand orbitals involved in sigma donation are anti- 

bonding with res,pect to the ligand molecular orbital framework, with the 

sigma orbitals in CO being more antibonding than are the corresponding 

orbitals in N2. Thus increased o donation is expected to increase the 

strength of the A-B b&d. Since mssbauer studiesg5 have indicated that 

I 1  CO is an appreciably better cr donor and/or IT acceptor than N ," it has 2 

been concluded that the weakening of the.N-N bond is apparently caused by 

decreased a donation. 8985 Thus, the electronic and infrared results are 

consistent with a model of weaker metal-ligand bonds in the dinitrogen 

complexes. 

Since the distortion parameters, Ds and Dt are of comparable magnitude 

for V(C0)6 and V(N2)6, the larger separation of the infrared frequencies of 

V(N2)6 cannot be totally explained simply by assuming a larger distortion . ' 

for the dinitrogen complex. Part of the increased separation must originate 

from quantitative differences in the bonding. As the bond length is in- 

creased both the sigma bonding and the IT backbonding are expected to de- 

crease, which results in a'simultaneous weakening and strengthening of the 

ligand A-B bond, respectively. Since the CO complexes are more strongly 

sigma bonded, the CO bond in distorted V(C0) is better buffered against the 
6 

increased n bonding caused by the distortion than is the NN bond in 

* 
V(N2)6. In addition, the T orbital involved in the backb~nding is more 

localized on the carbon atom in CO, but is evenly distributed between both 



* 
nitrogen atoms in N ~ . ~  Since this a orbital is necessarily kmaller in 

the dinitrogen complex, increasing the bond length is expected to decrease 

* 
the overlap between the d and a orbitals more in the dinitrogen complex 

than in the carbonyl complex, which would in turn lead to a greater in- 

crease in the N-N stretching frequency than in the CO stretching freqcency. 

C. Conclusions 

From the observed tiends in the dinitrogen =0&~1ekes of chromium and 

vanadium, it is concluded that the dinitrogen complexes of chromium were 

side-bonded while thos'e of vanadium are end-bonded. Tentative structures 

and force constants have been determined for each set of complexes. 

From the values calculated for the d-d splitting parameter (A) and 

the observed infrared frequencies, some generalizations have been made about 

the bonding in the dinitrogen complexes. While N2 a strong crystal 

field, it is a weaker ligand than is CO. N2 is a poorer 13-donor and 

possibly .also a poorer n-donor than is CO. However, because a-donation 

strengthens the A-B bond, N2 produces a larger shift in the vibrational £re- 

quency -upon complexation than does CO. 

Because of the better overlap which is created by the larger, less 

energetic d orbitals of vanadium, vanadium is a more efficient n donor than 

is chromium. However, chromium is known to form overall stronger metal 

ligand bonds than does vanadium. 9 6 



VII. THE HOMONUCLEAR DIATOMIC MOLECULES 

A. introduction 

The homonuclear diatomic molecules of the first transition,.period 

have potential theoretical, astronomical, and high temperature importance. 

Although each of these molecules has been identified mass spectrometricallp 
. . 

in the vapor in equilibrium with the liquid metal, in general, spectroscopic 

data for the molecules are lacking and only their dissociation energies 

have been established. The low concentration of the dimer in the equilibri- 

um vapor has prevented the observation of their spectra by conventional 

techniques. However, Green and ~ruen~' observed the visible absorption 

spectrum of Nb for the first time by using the technique of matrix is* 2 
.97 lation. In addition, other metal dimers, such' as MgZ7 ~a~~~~~ and Pb27 99 

were observed to form in argon matrices as .the result of surface diffusion 

during the deposition process. Thus, it was concluded the technique o f .  

matrix isolation could be used to study the previously unobserved absorption 

spectra of the homonuclear diatomic molecules of Mn, Fe a ~ d  Ni. 

Since the partial pressure of the dimer in the equilibrium vapor is 

quite small, the concentration of metal dimer in the matrix probably was 

supplemented by surface diffusion during the deposition process. Attempts 

to observe Ti2, V2 and Cr2 failed, suggesting these metals do not diffuse 

through .the matrix as readily as do Mn, Fe, and Ni, which were observed. 

. . . . 



B. Results and Discussion 

1. Mn2 - 
Mn'was observed in the vapor in equilibrium with MZI metal at 150Q°K 
2 

100 by Kant, Lin, and Strauss and was possibly observed in the vapor in 

equilibrium with MnS at 1600°K by Wiedemeier and Gilles. 101 A series of 

sharp highly overlapping absorptions which was observed in the spectrum of 

Mn in Ar matrices, is shown in Figure 31. Since only Mn and Ar were in- 

tentionally deposited in the matrix, and since the average band spacing of 

111 cm-' is a reasonable vibrational spacing for a weakly bound molecule 

like Mn2, this vibrational progression is assignedas the A + X transition 

of Mn2. The assignments made assuming the longest wave length band is the 

0 - 0 band are given in Table 39. 
The results of an ab-initio calculation for the Mn2 molecules by 

~esbets~ further supports this assignment. This calculation indicates that 

1 + a weakly bound 'L: state occurs 2. 7000 8 above the P ground state, in good 
g .  

agreement with the proposed Mn2 electronic transition. Consequently, tbis 

1 + 1 + transition has been assigned as the A( C ) + X( P ) transition of Mn 
u g 2 ' 

2. Fe, 
L - 
Lin and Kant1O2 have observed Fe2 in the vapor in equflibrium with 

liquid iron at temperatures greater -than 2. 1900'~. The visible absorption 

spectrum of Fe in an argon matrix (Figure 32) contained two vibrational 

progressions,and a broad featureless absorption band. Sincz only Fe and Ar 

were present in the matrix and since the average vibrational spacings of 194 

cm-' and 218 cm-' are reasonable metal dimer frequencies, these bands have 



rigure 31. me A + x absorptioa band of h2 in Ar matrix 



L 

1 .  + 1 + * &d 
Table 39. Assignments for the A( 1; ) e X( ) transition of Mn2 , '  '. -. - 

. . g 

Assuming  the longest wavelength band is the O - 0 band 
4 



Figure 32. The A + X, B + X,  andC + X absorption bands of Fe2 i n  an argon matrix 



been assigned a s  the  A + X, B + X, and C + . X  absorption bands of Fe 
2 

The assignments made by.assuming the  longest  wave length  band is  the  0 - 0 

band a r e  given i n  Table 40. 

  on empirical' ca lcu la t ions  have not  been done f o r  Fe Consequectly , 
2 ' 

because the  ca lcu la t ion  f o r  Mn indica ted  t h a t  r a t h e r  complicated e lec t ron  
2 

c o r r e l a t i o n  e f f e c t s  occur. i n  the  transi t ion-metal  dimers, the  s t a t e s  in- 

voived i n  the  observed Fe2 t r a n s i t i o n s  could not  be determined. However, 

the  absorption spectrum of Fe was estimated by using extended Hiickel 
2 

theory. The input parameters needed t o  reproduce t h i s  ca lcu la t ion  a r e  

given i n  Table 41. Calculat ions were made f o r  experimental bond lengths  

of 1.75 g, 2.0 61, and 2.25 61, and . the  wave lengths  expected f o r  the  f i r s t  , 

t h r e e  v i s i b l e  absorpt ion  bands were ca lcula ted .  Since the  SCF ca lcu la t ion  

f o r  Mn2 indica ted  t h a t  the re  a r e  r a t h e r  extensive e l e c t i o n  cor re la t ion  

e f f e c t s  opera t ing  i n  t h e  metal dimers, an attempt was made t o  account f o r  

e l ec t ron  c o r r e l a t i o n  by assuming t h a t  each M.O. which contained a . s igni f i -  

cant  amount of d charac ter  contained a t  l e a s t  one d e lec t ron.  The com?uted 

energy minimum i s  a t  2.0 W. The ca lcula ted  o r b i t a l  energy l e v e l s  and 

wave funct ions  f o r  r = 2.0 2 a r e  given i n  Table 42. A s  ~.hown i n  Table 43, 

the  f i r s t  th ree  ca lcula ted  v i s i b l e  absorption bands a r e  i n  good.agreement 

wi th  the  observed 0 - 0 bands f o r  Fez. While t h i s  cannot be regarded a s  

conclusive evidence, i t  does support the  assignment of these  bands t o  Fe 2 ' 

L - 
N i  was observed by   ant") i n  the  vapor i n  equil ibrium wi th  l i q u i d  N i  2 

a t  temperature g rea te r  than 2000°K. A s e r i e s  of sharp absorptions with an 



Table 40. Aseignments for the three observedtransit ions of Fe2 .assming.  
* 

the longest wavelength .bayd 3 s  , the 0 . c 0 band. 
!/ 

Ave, , 194 

Ave, 218 

Continuous absorption with maxima a t  41458. 



Table 41. Input parameters for the EHMOT calculation of Fe using Slater 2 

type orbita ls  

a 
. Orbital H~ i (eu).  , Exponent 

b 

7 1 %slues for Fe with a d s configuration taken from reference 42. 

b ~ a l u e ,  calculated from the rules  of G .  Burns (reference 104). 

C Reference 4 3 .  



Table 42. ~i~enbalues and eigenvectors for Fe2 at r = 2.0 8 
e 

Symmetry Ei(e.V) 3.?u 
3 p ~  3d .u .IT d6 3d 4s 

Designation 



, 

. Table 4 3 .  Comparison of the observed and calculated 0 7 0 bands for the 
' I 

, . 
visibl; absorption spectrum of F~~~ 

. . 

Observed Spectrum ( 8 ) .  a Calculated Spectrum (R) 

b~ntens i ty  maximum of the continuoua absorption, 



average v i b r a t i o n a l  spacing of 192 cm-' w a s  observed i n  t h e  spectrum of 

N i  i s o l a t e d  i n  argon. Since the  v i b r a t i o n a l  spacing of t h i s  progressfon 

is comparable t o  the  spacings observed f o r  Fe2, t h i s  progression is 

assigned a s  the  A + X t r a n s i t i o n  of N i 2 .  The assignment6 a r e  given i n  

Table 44. 

- _  
Cooper, Clarke and Iiare1O5 have estimated t h e  energy of t h e  f i r s t  4 

& 

e l e c t r o n i c  t r a n s i t i o n  of N i 2  t o  be *. 55002 using extended HUckel theory. 

This p red ic t ion  is i n  s u f f i c i e n t l y  good agreement t o  support t h e  assign- 

ment of t h e  observed t r a n a i t i o n  a s  N i l .  

C. cornpar i s i o n  with I n t e r s t e l l a r  ~ b s ' o r p  t i o n s  ' 

The v i s i b l e  absorption spectrum of i n t e r s t e l l a r  space conta ins  several 

unassigned molecular bands. lo6-lo8 Since severa l  vapor phase molecules of 

r e f rac to ry  s o l i d s  have been observed i n  i n t e r s t e l l a r  atmospheres,18 o the r ,  

a s  ye t  unknown small 'molecules such a s  the .  t r a n s i t i o n  metal dimers could 

be responsible f o r  p a r t  of these  unassigned i n t e r s t e l l a r  absorptions. 

The wave lengths  of seve ra l  of the  b e t t e r  charac ter ized  i n t e r s t e l l a r  

absorption band maxima and t h e  observed absorption maxima of Mn2, Fe2, and 

N i  i n  argon matrices a r e  compared i n  Table 45. None of t h e  observed 
2 

\ maxima match exactly.  However, considering the  t i m e  dependent na ture  of 

t h e  wave length  of the  i n t e r s t e l l a r  absorptions and the  poss ib le  s h i f t s  i n  

wave length  and i n t e n s i t y  caused.by matrix i n t e r a c t i o n s ,  the  wave lengths  

a r e  i n  s u f f i c i e n t l y  good agreementv t o  suggest t h a t  these  species  could at 
.u 

l e a s t  be p a r t i a l l y  responsib le  f o r  the  i n t e r s t e l l a r  absorptions. 



4500 
WAVELENGTH ( A  

Figure 33. The A + X absorption band.of N i 2  i n  an argon matrix . , 



. . . . 

Table 4 4 .  Assignments for the A + X transition of N i 2  assuming the longest 

wavelength band is the -8 - 0 band 
. . 

Ave,. 192 



Table 452 A comparison of the wavelength observed for the interstellar 

absorption band maxima with the wovelength,observed for the 
. . 

. absorption band maxima of Mn2. Fez, and Ni2 in argon matrices 

Interstellar absorption 

. . a From references 106-108. 



.U ' 

D. Conclusions 

The vis ible  absorption spectra of Mn 2 ' Fe2, and N i 2  were examined in 

Ar matrices at  10°K. A comparison of the absorption maxima obtained for 

these.compounds with the absorption maxima from interstellar space suggests 

these molecules may be ' important interstellar species. 



VIII. SUGGESTIONS FOR FUTURE RESEARCH 

There are many known molecules in the equilibrium vapor of refractory 

transition metal compounds which have not been investigated spectrosco.p- 

. ically. For example, ground state vibrational frequencies have not been 

established for most of the transition metal borides, carbides, nitrides, 

silicides, phosphides, sulfides, selenides and tellurides. It would be. 

interesting to compare the molecular properties and bonding in an iso- 

electronic series of molecules such as FeB, MnC, CrN, VO, and TiF to 

determine whether concepts explored in this-thesis such as the Yanishevskii 

equation will reasonably explain the observed data. 

The reaction between metal atoms and OCS certainly merits further 

- study. Using techniques similar to those described by West and Broida, 6 6 

it may be possible to us2 this reaction to generate "low temperature" 

transition metal vapor sulfides which could be studied without matrix 

effects and without several of the disadvantages inherent using conventional 

high temperature methods. Also it is possible that like many of the re- 

actions between metal atoms and CO this reaction may luminesce and have 
2 ' 

potential applicability in the laser industry. 

It would be interesting to compare the Racah parameters for matrix 

isolated metal atoms with the parameters of free metal atoms to attempt tc 

determine a possible origin of "secondary" matrix effects. Also it might 

be fun to look for metal-argon stretching frequencies in the near-microwave 

or far IR region using infrared (or microwave) absorpticn spectroscopy or 

Raman experiments. Observation of these frequencies would suggest that the 

metal atoms "bond" to the matrix to form pseudo-complexes. 



Since few studies have been performed investigatin,~ the molecular 

properties of the dinitrogen complexes of the second and third period 
b 

transition metals, it would be interesting to compare the structures and 

bonding found for the dinitrogen complexes of these 'metals to determine 
* '  . 

what if any differences are observed, Also it would be interesting to 

. . 
compare the structures and bonding found for other isoelectronic ligands 

such as CS, SiO, or BF with the structures and bonding fn the dinitrogen 

and carbonyl complexes. 

Finally, extended HUckel calculations could be used to further in- 

vestigate the possibility of side-bonded dinitrogen groups in the'lower 

coordinated dinitrogen complexes. 
r 



The Hoffman EHMOT formalism has been extensively reviewed by McGlynn 

et a1 - -. log' so only a brief outline of the method will be given here. 

Using the usual LCAO-MO format, the molecular orbital +. is expanded 
J 

40 
. as a linear combination of Slater type orbitals (STO's). . 

where . . 

' .  ~(STO) = (2~). + '(% n!) 'r p l  eL,p m 
. . 

Y1 (8,4),. ' , ( 2 )  
. . 

The Slater exponent ( 5 )  is 

where 
z is the atomic number 

u is the atomic screening constant 

n is a function of the quantum number. 
. . 

The expansion coefficients (C ) are obtained by sol-iring the secular 
jq 

equation 

where 

The orbital energies (E ) and the expansion coefficients (C ) are to 
j j t 

be determined. 



F.rom the theorems of algebra, it ie known that Equation .4 will have 

nontrivial solutions if, and only if, the determinate of the coeff icients 

vanishes. That is . . 

Equation 5 can be used to solve for the orbital energies:, which in turn 

can be used in Equation 4 to determine the expansion coefficients. 

In the extended Hiickel formalism, the doulomb integrals (H ) are 
tt , .  

evaluated empirically from spectros~opic data. In this study, the charge 
. . 

4 2 
dependent Valence orbital Ionization Potentials (VOIP) of Basch et al: : 

were used to evaluate the coulomb ,integrals. In this method, thi VOIPs 

are assumed to be a function of the total ionic charge (q) 

where A, B, and C are tabulated numerical constants which have been 

evaluated from known spectro'scopic data. The total ionic charge (q) is 

determined from a Mulliken analysis. 'lo The input charge is 

cycled until 

For this reason, this method is also called the self-consistent charge- 

extended H~ckel Method. 

The exchange integrals are assumed to be a function of the coulomb 

. integrals and are evaluated using either the Wolfsberg-Helmholz approxi- 

mation 4 3 



the Ballhausen-Gray approximation 111 

Hst = -k Sst % 
[HssHtt1 

or the Cusachs approximation 112 

In all cases k is an arbitrary parameter (1.0 ( k 5 2.0) which can be 

adjusted to obtain agreement between the calculated and experimental data. 

Although the atomic screening.parameters could'also be arbitrarily 

adjusted to produce agreement between the calculations end experiments, 

these parameters are generally evaluated empirically by using one of 

4 0 
three sets of rules which have been developed by Slater, Burns, 10 4 

4 1 and Clementi and Raimondi, respectively. 

The computer program used to evaluate E i' C jt and the Mulliken pcpula- 

tion analysis has been described previously by 'hzar;kiM and will not be 

discussed here. . . 



. .  . X. 'APPENDIX BI THIRD LAW CALCULATIONS OF . . . 

. . 

THERMODYNAMIC PROPERTIES OF THE TRANSITION METAL SULFIDES 
. . 

By using simple formulas such a s  those given i n  LewPs, Randail, 

P i tze r ,  and Brewer,'13 thermodynamic properties of idea l  gases can be 

I ' 

evaluated from spectroscopic ando the r  molecular data. .In t h i s  appendix, 
u 

the  values of three of the more useful thermodynamic properties, the 

er~+lalpy,  the entropy, and the  f r e e  energy function have been tabulated: 

i n  100 degree increments from 300°K Po 3 0 0 0 ~ ~  for  fhe  f i r s t  period 

t rans i t ion  metal sulf ides .  

.To a f i r s t  approximation, any extensive thermodynamic prop'ert'y (x) 

can be wri t ten a s  a sum of terms 

where ' Xtr - t ransla t ional  component 

sp = electronic  component 

xX = ro ta t iona l  component 

G~~ vibrat ional  component. 

f 

The equations needed t o  compubk each component of the  enthalpy (H) , the 

J entropy ( s ) ,  and the f r ee  energy function ( f e f )  a r e  l i s t e d  i n  Table 46. 

The molecular properties uaed i n  t h i s  calculation a r e  l i s t e d  i n  Table. 47. 

. In  addition, an attempt was made t o  estimate the  low .lying e lectronic  

s t a t e s  of these sulf ides .  The s t a t e s  and estimated energies ueed t o  compute 

the interrial e lect ronic  energies a r e  given i n  Table 48. 



F - H  
Table 46. The equations needed to calculate H, S, and fe'f ( - 

T " 1 
from molecular data 

. . Translational Component 

F - H  

- (  T O ) = R(312 Rn M + 512 Rn T) - 7.283 calldg 

Electronic Component 

Rotational Component 

2 H - Ho = RT(l - y13 - y 145 - ...) 
2 S = R(l - Rny - Rna - y 190 - ...) 

F - H  - 0 2 
T 

= R(- any - Rna + y/3 + y 190 + ...) 
\ 

hcB - 
Y = - h2 

kT 8r2 IkT 

a = 1 for unsymmetrical molecule 

= 2 for a symmetrical molecule 



Table 46. (Continued) 

Vibrational Component 

hv hcw w u =  = 
kT kT 

= 1.4387 - 
T 



Table 47. Molecular properties for the first period transition metal 
su1.f ides 

Molecule. .' ground 
'state 

ScS 7 7 562.07 2.1354 2 ~ +  

CrS 84 

cos 

NiS 

cus 



Table 48. Estimated low lying electroxiic s ta tes  for the transition 
metal sul f ides  

Molecule 'State Degeneracy (g ) 
6 1 

Energy (1000 cm-i) 

s c s  

TiS 

CrS 



0 
8 - 

Table 48. (continued) ' 8 i. ' 

Molecule State Degeneracy (g ) Energy (1000 em1) 1 

FeS 



Table 48 .  '(Continued) 

Molecule State Deneneracy (gl) Energy (1000 c d l )  

cos 

NiS 

The computed values for the entropy, the enthalpy and the free energy , 

. . . .  
function are l i s t e d  i n ' ~ a b 1 e s  49 - 57. 



Table 4 9 .  Enthalpy ( in  Kcal), entropy ( i n  e , u ,  's) and the free energy 

function ( i n  .e .u.  '13) for ScS 

Temp 



Table 4 9 .  (continued) . . .  . .  . . . . . . . . 

Temp (H-Ha) S . '  - (T) F-Ho 



Table 50. Enthalpy ( in  Kcal) , entropy ( i n  e .uf iFs)  and the free  energy 

function ( in  e . u . ' s )  for T i S  



Table 50. (Continued) 

: Temp (H-Ho) S 



Table 51. Enthalpy ( in  ~ c a l )  , entropy ( i n  e ,  u ,  bs) and the free  energy , , 

functfon ( in . e .u .  's) . f o r  .VS . . 

Temp 



Table 51. (continued) 

F-HO 
Temp (H-HO) S - 



Table 52. Enthalpy ( i n  ~ c a l )  , entropy . ( in  e . u ,  's) and the free  energy 



Table  52.  (Continued) 



* . - 

Table 53. Enthalpy ( i n  Kcal), entropy ( i n  e .u .  bs) arid the free  energy 

function ( i n  e .u .  %) for .MnS 

Temp 



Table 53. (Continued) 

Temp (H-Ho) 



Table 5 4 .  Enthalpy ( in  Kcal) , entropy ( in  e ,u ,  '.?) and the 'free energy 

function ( fn .e .u . ' s )  .Eor .FeS 

Temp 



T a b l e  54, (continued) 

Temp 



 able 55.' Enthalpy (in Kcal), entropy (in e.u. b) and the free energy 

function (in e .u , ' s )  for'.CoS 
1 



Table .55, (Continued) 

Temp 



. , 

 able 56 .  Enthalpy ( i n  Kcal) , entropy ' ( in  e, u, 's) and the free  .energs 



Table 56. (Continued) 

(H-Ho ) S'  
F-HO 

Temp , - 
m 



Table 57, Enthalpy (in Kcal), entropy (in e,u, 's), and the free energy 
. I  

function. (in .e,u,':s) . for .CuS 

Temp. , 



Table 57. (Continued) 

Temp 
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