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ABSTRACT 

Matrix Reactions of Uranium Fluorides 

as Studied by Infrared Spectroscopy 

by Delphla F. Hamlll 

The Infrared spectra of UF^ were recorded In matrices of neon, 

argon, krypton, xenon, oxygen, nitrogen, nitric oxide, and carbon 

monoxide* The data from these spectra support a tetrahedral structure 

for UF^ in the gas phase. The relative interaction of the above- 

mentioned matrices with UF. was found to increase in order from neon 4 

to carbon monoxide. The deposition of UF^ in fluorine doped argon 

and nitrogen matrices resulted in production of UF^ and UF^, the 

relative intensities of their respective infrared bands depending on 

the concentration of fluorine in the matrix. Nitrogen and carbon 

monoxide doped argon matrices were also studied. 
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INTRODUCTION 

Considering the importance of fission reactors to the energy 

resources of America, it would be advantageous to find a new efficient 

235 
method of isotopic separation of U. Separation of the sulfur iso- 

3 
topes with an enrichment factor greater than 10 has already been 

carried out on the SF^ system using a powerful infrared laser pulse\ 

Matrix isolation provides a reasonable tool for investigating the 

separation of uranium isotopes. Important to devising such a method 

235 
for U, is knowledge of the interaction of a variety of matrices with 

uranium fluorides and the structure of these uranium fluoride species. 

At this time, the structure of the isolated UF^ molecule has not been 

2 
conclusively resolved. Gas phase electron diffraction studies have 

failed to establish a structure for UF^ unambiguously although similar 

methods have shown the gas phase UBr^ structure to be a distorted 

3 
tetrahedron of C^v symmetry . Previous workers have reported the 

infrared and Raman spectra of crystalline UF^ and have suggested a 

4 
tetrahedral structure based on their data » However, the broadness 

of their bands indicates lattice Interactions of UF^ in a structure 

in which uranium is eight fold coordinated*’ and not present as 

isolated molecules. The possibility of concealed bands must also be 

considered. Whereas solid state UF^ spectra have half widths of 

50-100 cm \ matrix isolated spectral bands measure 1.5 cm ^ half width 

at half height. 

UF^, though considerably less volatile than UF^., can be sublimed 

in sufficient quantity at 500 - 1000°C to give observable amounts in 



2 

the matrix* The vapor pressure of UF^ as a function of temperature 

is given by the following expression which holds in the range of 

555 - 1007°C: 

108 Pmm " 28*539 “ -1-65%4,9 - 4,876(log T). 

The infrared spectra of uranium tetrafluoride have been recorded in 

several different frozen gas matrices for the purpose of examining 

matrix interactions and collecting data relevant to a structure dis¬ 

cussion* 
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EXPERIMENTAL TECHNIQUES 

The matrix isolation apparatus used has been previously described 

in detail by Z. H. K. Ismail^. The cryostat consists of a hollow 

copper block with flat surfaces* The temperature of the cold tip is 

adjusted by varying the rate of flow of liquid helium from a storage 

dewar into the dewar to which it is attached. This flow of liquid 

helium is facilitated by a vacuum insulated transfer line* The cold 

tip is surrounded by a liquid nitrogen dewar. A radiation shield 

made of brass extends from the bottom of the liquid nitrogen dewar 

down the length of the copper block. A slit in the shield allows a 

single side of the block to be exposed to the gas inlets and furnaces 

during the deposition of the matrix. 

The UF^ and UF^ were vaporized from a resistively heated tantalum 

furnace with a graphite liner and directed towards the cold copper 

surface where condensation occurs. Furnace temperatures were moni¬ 

tored using platinum-platinum 10% rhodium or chromel alumel thermo¬ 

couples* The matrix gases were stored during experiments in a glass 

vacuum system which was connected to the cryostat by needle valves 

and flexible one-eighth inch inner diameter copper tubing. The matrix 

gases were passed through a liquid nitrogen trap in all experiments 

except those in which pure NO and xenon matrices were used, in which 

cases, a dry ice-acetone trap was substituted. *A11 trappings were 

done at 12®K except the one in fehich neon was the matrix material, 

when a temperature of 5.2°K was maintained. 

At the beginning of each experiment the cryostat was evacuated 
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with a Welch mechanical forepump and an oil diffusion pump; the pres- 

-4 
sure in the evacuated cryostat was approximately 10 mm Hg. After 

the outer dewar had been filled with nitrogen and the pressure had 

dropped accordingly, the transfer line was attached using Swagelok 

joints with xytel ferrules. Matrix temperatures were determined by 

using a carbon resistor. When the furnaces had come to the correct 

temperature, the gas pressure was set and the copper block turned to 

expose a clean sutface to the gases. 

The following conditions were used for trappings in unmixed ma¬ 

trices: neon, UF^ temperature 638°C, neon pressure 1.0X 10 ^ mm Hg, 

trapping time forty minutes; argon, UF^ 640®C, pressure 2.5 x 10”^ 

mm Hg, one hour; krypton, UF^ 670°C, pressure 3.0 x 10 ^ mm Hg, one 

hour; xenon, UF^ 655°C, pressure 3.5 x 10 ^ mm Hg, one hour; oxygen, 

—5 
UF^ 647°C, pressure 0,9 x 10 mm Hg; nitrogen, UF^ 638*C, pressure 

1.2 x 10 mm Hg, one hour; carbon monoxide, UF^ 635°C, pressure 

1.5 x 10 mm Hg, one hour; nitric oxide, UF^ 651°C. Premixed 

matrix gases of 1/50 ^/Ar and CO/Ar were condensed for one hour at 

2.5 x 10 ^ mm Hg with UF^ which was vaporized at 728®C. All of the 

above procedures were followed by Infrared scanning and annealing 

cycles. Each of the four trapping surfaces are gold plated and 

polished. The infrared studies were conducted on a Beckman IR-9 infra¬ 

red spectrometer. The sample beam from the source is reflected off a 

gold plated mirror onto the matrix. The light beam traverses through 

the matrix and is reflected back by the polished gold surface. Since 

the light beam passes through the matrix twice, the minimum required 

concentration and trapping time are reduced. Each annealing was 



5 

accomplished by reducing Che helium flow rate until the matrix reached 

about 30°K for a period of 4-6 minutes. The matrix was then recooled 

before scanning. 

Experiments with UF^ in F^/^ matrices were performed using fluo¬ 

rine and nitrogen premixed in a fluorine passivated aluminum container 

in ratios of 1/100, 1/10, and 1/1 which were introduced to the mattix 

chamber at a pressure of 2.0 x 10 *"•* mm Hg. To eliminate the possi¬ 

bility of F^ dissociation on the hot furnace surfaces, an exterior 

tube furnace with a hot surface more remote to the matrix chamber was 

used. UF^ temperatures were kept at 835°C to insure a sufficient 

supply of material to the matrix. After no difference was noted, the 

interior furnace was again used for photolysis and annealing 

experiments in which 1/100 Fj/^ matrices were deposited at 2.0 * 1- ^ 

mm Hg with UF^ vaporized at 755°C. Photolysis after deposition was 

carried out using broad band radiation from a Hanovia xenon lamp. A 

filter of water in a container with quartz windows removed the Infrared 

component of the radiation and prevented uncontrollable heating of 

the matrix* 

Depleted UF^ of 98% reported purity was used as obtained from 

Research Organic/Inorganic Chemical Corporation. Research grade neon, 

argon, krypton, xenon, oxygen, nitrogen, carbon monoxide, and nitric 

oside obtained from Matheson were used as matrix materials. Technical 

grade fluorine was obtained from Air Products Corporation. The helium 

gas used is supplied to Rice University at no charge through a U. S, 

Navy research grant. The llquefacation is done in the Low Temperature 

Labs of the Physics Department, Rice University. 
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RESULTS AND DISCUSSION 

Initially, UF^ isolated in various pure matrix gases was studied. 

The spectra of argon, krypton, oxygen, and nitrogen are shown in Fig¬ 

ures 1 a-c and 2 a,b. The multiplicity of bands observed in each 

matrix seems to suggest a nontetrahedral structure. However, careful 

examination of the spectra recorded upon successive annealing indicates 

that all of the bands exhibit independent behavior and probably owe 

their appearance to a variety of matrix sites. A detailed look at the 

effect of annealing each matrix reveals a number of changes* UF^ 

trapped in neon displays two very prominent bands and three bands of 

much less significance which are more broad and structured. As the 

matrix is annealed, the prominent band at 544*5 cm * disappears while 

a small one grows in at 525.5 cm”*, The three smaller bands at 538.5, 

536.5, and 532.2 cm *, intensify upon annealing, whereas a shoulder 

develops on band 548.0 cm *, The argon matrix has four bands. With 

successive annealing three of these, 526.8, 532.3, and 537.5 cm”*, 

shrink while the fourth at 530.5 cm *, remains relatively unchanged. 

A new band grows in at 524.9 cm *. The annealing of krypton serves 

only to intensify the two bands at 522.7 and 529.5 cm"**. No new bands 

appear. Although xenon is not shown, the effect of annealing the 

matrix was examined and found to be the removal of three bands, 519.9, 

523.3, and 528.8 cm *, and the growth of two bands at 518.4, and 

-1 
525.3 cm . Warming the oxygen matrix sharpened the spectra and inten¬ 

sified three bands, 522.4, 527.9, and 536.5 cm *, A new band appears 

at 540*5 cm”*. Finally, the nitrogen spectra displays the growth of 



Figure X. Infrared spectra of UF^ in neon, 

argon, and krypton matrices, before 

and after annealing (top to bottom). 



Figure 2. Infrared spectra of UF^ in oxygen, nitrogen, 

and carbon monoxide matrices before and 

after annealing (top to bottom). 
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three bands upon annealing, 506*3, 509*6, and 522*6 cm *, and the 

shrinkage of two bands, 511*3 and 518*8 cm *, On the basis of their 

similar appearance, a correlation of bands in the rare gas matrices 

is suggested in Table 1* The correlated bands may correspond to UF^ 

molecules in similar sites* The matrix red shifts follow the expected 

order, with neon as the least Interactive medium and correspondingly 

causing the least shift, and nitrogen as the most interactive medium. 

UF^ in a 1/50 N^/Ar doped matrix gave rise to new bands at 

509*6, 515*3, 518*5, 523*0, 529*3, and 535*0 cm * and possibly some 

concealed or too weak to detect* Those at 509*6, 518*5, and 523.0 cm 

apparently correspond to bands located at nearly the same positions in 

pure N^* Annealing changes the spectrum in a manner which suggests 

the stepwise introduction of into the UF^ coordination sphere, al¬ 

though specific assignments are difficult* The band at 535*0 cm”* 

may be one of those attributable to coordination of one molecule of 

Nj to UF^ with a resulting red shift of 2.5 cm”* of the absorption 

-1 
at 537.5 cm . This is a smaller shift than might be expected on the 

basis of the large shift seen in a pure nitrogen matrix. The band 

at 535.0 cm * may arise from activation of an argon band which corre¬ 

lates with those in krypton and xenon at 540*7 and 536.3 cm”* respec- 

tively, and would lie higher than 537*5 cm * A proposed correlation 

of bands representing similar sites is given in Table 2, in which 

correlated bands would have shifted by 8-10 cm”*. This would then put 

the original position of the activated band near 544 cm”*. 

An independent intensification of the 1/50 CO/Ar peaks upon 

annealing suggests behavior analogous to that displayed in pure argon 
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Table 1 

Correlation of UF. Bands In Rare Gas Matrices 
4 

Neon Argon Krypton Xenon 

— 540.7 cm"1 536.3 cm 1 

547.8 cm"1 537.5 cm"1 533.6 528.8 

544.5 — 

538.5 532.3 529.5 523.3 

536.5 530.5 522.7 519.9 

532.5 526.8 512.9 

524.9 
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matrices. The proposed correlation of hands in Table 2 for the CO 

dooed system has the shifts from the argon positions ranging from 

14-17 cm”*', greater than those for the Nj systems, indicating an even 

greater interaction. If the unusual intensity of the 526,8 cm *■ band 

is attributable to a hidden absorption of an activated argon site, as 

was proposed for the case, the activated band would again have 

shifted from the 544 region, on the basis of the above shifts, A 

peak at 534.5 cm *■ which appears upon annealing resembles the one 

found in the nitrogen doped matrix and is probably due to contamination 

by nitrogen. 

Deposition of UF^ in a pure carbon monoxide matrix followed by 

alternate scanning and annealing produced the spectra of Figure 2c. 

Annealing caused the growth of a second band at 500.9 cm *" which 

corresponds to a broad band at 499.8 cm *“ which grew in the 1/50 CO/Ar 

matrix. A third band at 488 cm"’*' is believed to reflect either poly¬ 

meric UF^ or crystalline UF^. The presence of only two sites in this 

matrix contrasts to the greater variety found in the aforementioned 

matrices and may be attributable to the greater interaction of CO 

such that à smaller number of sites are energetically allowed. UF^ 

in NO shows a very broad band at 492 cm *” which does not appreciably 

sharpen upon annealing. The fact that this frequency is lower than 

that found in a CO matrix may be due to the free radical nature of NO. 

These observations lend support to either a tetrahedral (T<j) or 

square planar (D^) structure for gas phase UF^, the former being fa- 

4 8 
vored for steric reasons and by analogy to UBr^ * , Satisfactory 

9 
interpretation of the gas phase UCl^ electronic spectrum and the 
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Table 2 

Correlation of Matrix Site Bands for 1/50 Nj and CO Doped 

Argon Matrices 

Argon H2Mr CO/Ar 

544 cm 1 (postulated) 535.a cm’1 526 cm 

537.5 529.3 520.0 

532.3 520.5 517.0 
530.5 

526.8 516.0 510.8 
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g 
infrared and eléctronic spectra of matrix-isolated UCl^ and UBr^ sug¬ 

gest that a negligible error is incurred by disregarding deviation from 

tetrahedral symmetry. Thermodynamic functions of UF^ calculated from 

an assumed tetrahedral model are estimated to have an error on the 

order of one percent by analogy to calculations on SF^***. 

Corresponding to the red shifted 1/50 CO/Ar bands a blue shifted 

CO band or band envelope appears centered at 2184,2 cm”* prior to 

annealing and at 2181.8 cm”* following annealing. An interaction of 

CO consisting primarily of electron donation can be expected to show 

this type of behavior. Removal of electrons from the slightly anti¬ 

bonding 5 orbital has the effect of increasing the bond strength and 

hence the frequency*'*. The corresponding partial reduction of the 

metal results in a decrease in the U-F frequencies. This effect can 

be seen in CO adducts of PbF^ and SnFj * and is believed to occur 

as a result of electron withdrawal from the metal by X groups. The 

opposite effect, a red shift, is observed from the condensation of 

13 
metal vapors with CO , where pi backbonding is considerably more 

important. This effect has been reported for the complexation of U 

14 
metal vapors by CO , Pi backbonding into the CO orbitals would have 

the effect of shifting the CO bands to lower frequency. The observed 

shift of 45.2 cm”* in this work is within the range reported for 

12 11 -1 -1 
NiF^ and PbCl^ CO adducts, 62 cm and 36 cm respectively. These 

results can be interpreted as arising from a interaction, with any 

pi interactions negligible or nonexistant. 

Although conclusive evidence concerning the mode of coordination 

of the CO is not available, it is felt that the carbon side of the CO 
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molecule coordinates to the metal* As has been previously pointed 

out**, donation is more likely to occur from the less electronegative 

portion of the molecule. 

Deposition of UF^ in a pure fluorine matrix produced the spectra 

of Figure 3a. The bands at 531 cm"** in a pure argon matrix are not 

apparent*"*, indicating that essentially all of the UF^ had reacted 

with the fluorine. A new. intense band at 620 cm * appears in the 

spectrum, which has been assigned to UF^*^. Gas phase UF^ spectra 

have been reported to give a strong band at 626 cm”* *^. The dis¬ 

placement from the gas phase value is due to matrix Interaction with 

the UFg molecule. Upon successive dilution of the matrix gas with 

argon, at mole fractions of 0.1. 0.01. and 0.001. two new peaks 

appeared at 560 and 584 cm”* which increased in intensity relative 

to the UFg peak as the fluorine concentration decreased* The spectra 

of these matrices of various concentrations are shown in Figure 3 b-d. 

The peaks at 560 and 584 cm * were assigned to UF^ stretching modes, 

in agreement with the work of Paine e£ al*^. UF^ modes also begin 

to appear in the spectra of lower F^ concentrations, indicating in¬ 

complete reaction. These data imply that Fj does not add to UF^ as 

an entire molecule, but rather donates one fluorine atom to the UF^ as 

the other splits off. At high F^ concentrations as in the pure F^ 

matrix, there is a greater possibility that two F^ molecules will 

each donate an F atom to the same UF^ molecule to produce UF^,. At 

lower concentrations, however, a large percentage of the UF^ molecules, 

when formed, are not in the immediate vicinity of another F^ molecule. 

The reaction stops with UF,. formation in these cases. 



Figure 3 Infrared spectra of UF^ and UF^ reaction products 

at several matrix fluorine concentrations* 
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Thus far, the isolated gas phase UF,. structure has not been re¬ 

solved* Based on group theory arguments, a trigonal bipyramidal 

structure would exhibit two infrared active stretching vibra¬ 

tions, one E and one mode* A square pyramidal configuration (C^v) 

would have three infrared active stretching modes, two and one E 

typeThe evidence is still incondlusive, since one of the bands 

for the square pyramidal configuration may be too low in intensity to 

be observed. The reported difficulty in resolving the structure from 

combined Raman and infrared studies, owing to a problem of obtaining 

sufficient quantities of UF,. by photolysis of UFg*® may be eliminated 

by this new method of UF,. production by direct reaction of UF^ with 

diluted fluorine* 

The existence of a UF^ intermediate in the production of UFg by 

direct fluorination of UF^ is supported by results obtained from bulk 

18 
UF^ fluorination « Temperatures required for a detestable amount of 

18 
reaction are reported to occur in excess of 230°C * Temperatures of 

10-13#K facilitate substantial UF_ and UF., formation in the matrix. 
5 o 

This shows that in matrix fluorination where the UF^ molecules are 

essentially isolated from each other and free to react with an F^ 

molecule, the reaction occurs with essentially zero activation energy. 

Further experiments with matrices of fluorine in nitrogen indi¬ 

cate that coordination of UF^ by nitrogen provides a significant 

barrier to matrix fluorination of UF.. Reaction of the UF, with F„ 
4 4 2 

is essentially quenched at 1/100 /Nj concentrations* The extent of 

5 6 8 
the reaction increases, as evidenced by growth of UF^ and UF^ * 

bands at 620, 584, and 560 cm \ as the concentration of fluorine is 
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increased to 50% (Fig. 4). Figure 5 dramatizes the inhibiting effect 

of nitrogen as compared to argon, for .01 mole fraction matrix con¬ 

centration of fluorine, where extensile reaction has occurred in the 

argon matrix, but not in the nitrogen matrix. 

Successive annealing of UF^ in a .01 F2^2 matrix failed to 

promote reaction. However, photolysis of an identieal matrix using 

broad band radiation from a xenon lamp caused reaction of the UF^ to 

UF^ and UF^ as evidenced by growth of bands characteristic of these 

species. Activation of UF^ and cleavage of fluorine molecules to 

yield radicals is probably responsible for the observed reaction. 

The inhibiting effect of the nitrogen matrix reflects the more inter¬ 

active nature of this matrix. CO, which is more reactive, probably 

would inhibit reaction to an even greater extent. 



Figure 4. Trappings of UF^ with various 

mole fractions of 



Figure 5. Reactivity of UF^ in F^/Ar an<* F2^2 matrices' 
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Appendix A 

STUDIES OF MATRIX ISOLATED URANIUM TETRAFLUORIDE 

AND ITS INTERACTIONS WITH FROZEN GASES 
» 

by 

K. R. Kunze, R. H. Hauge, D. Hamill, and J. L. Margrave 

Chemistry Department, Rice University, Houston, Texas 77001 

Abstract: The infrared spectra of UF^ were recorded 

in matrices of neon, argon, krypton, xenon, oxygen, 

nitrogen, nitric oxide, and carbon monoxide. These 

data support a tetrahedral structure for UF^ in the 

gas phase. Nitrogen and carbon monoxide doped argon 

. matrices were studied as well as a fluorine doped 

nitrogen matrix. 

Introduction: 

The infrared spectra of uranium tetrafluoride have been recorded 

in several different frozen gas matrices for the purpose of examining 

matrix interactions and collecting data relevant to a structure dis¬ 

cussion. UF^, though considerably less volatile than UF^, can be 

sublimed in sufficient quantity at 500 - 1000°C to give observable 

amounts in the matrix. The vapor pressure of UF^ as a function of 

temperature is given by the following expression which holds in the 

range of 555 - 1007 C^: 

log P = 28.539 - 16504.9 _ - 4.8761og T 
mm T 



In addition, the reactivity of UF^ towards fluorine which has been 

previously examined in argon matrices is shown to be quite different 

in nitrogen matrices. 

Experimental 

2 
The matrix isolation apparatus used has been previously described . 

Depleted UF^ of 98% reported purity was used as obtained from Research 

Organic/Inorganic Chemical Corporation. Research grade neon, argon, 

krypton, xenon, oxygen, nitrogen, carbon monoxide, and nitric oxide 

obtained from Matheson were used as matrix materials. Technical grade 

fluorine was obtained from Air Products Corp. 

UF^ was vaporized from a resistively heated tantalum furnace with 

a graphite liner and directed towards a cold copper surface where con¬ 

densation occurred. Furnace temperatures were monitored using platinum- 

platinum 10% rhodium or chromel alumel thermocouples, matrix temperatures 

were determined by using a carbon resistor. Matrix gas pressures were 

controlled using needle valves. The following conditions were used for 

trappings in unmixed matrices: neon, UF^ temperature 638°C, neon pres¬ 

sure 1.0 X 10 ^ mm Hg, trapping time 40 min.; argon, UF^ 640°C, pres¬ 

sure 2.5 X 10 ^ mm Hg, lh; krypton,, UF^ 670°C, pressure 3.0 X 10 ^ 

mm Hg, lh; xenon, UF^ 655°C, pressure 3.5 X 10 ^ mm Hg, lh; oxygen, 

UF^ 647°C, pressure 0.9 X 10 ^ mm Hg; nitrogen, UF^ 638°C, pressure 

1.2 X 10 ^ mm Hg, lh; carbon monoxide, UF^ 635°C, pressure 1.5 X 10 ^ 

mm Hg, lh; nitric oxide, UF^ 651°C. Mixtures of 1/50 N^/Ar and CO/Ar 

were condensed for one hour at 2.5 X 10 ^ mm Hg with UF^ which was 

vaporized at 728°C. All of the above procedures were followed by in¬ 

frared scanning and annealing cycles. Each annealing was done at 30°K 

for periods of 4 - 6 min. 

-2- 



Experiments with UF^ in F2^N2 matrices were performed using pre¬ 

mixed F2/N2 ratios of 1/100, 1/10, and 1/1 which were introduced to the, 

matrix chamber at a pressure of 2.0 X 10 ^ mm Hg. To eliminate the 

possibility of F£ dissociation on the hot furnace surfaces, an exterior 

tube furnace with a hot surface more remote to the matrix chamber was 

used. UF^ temperatures were kept at 835°C to insure a sufficient sup¬ 

ply of material to the matrix. After no difference was noted, the in- » 

terior UF^ furnace was again used for F^/N^ photolysis and annealing 

experiments in which 1/100 Fj/^ matrices were deposited at 2.0 X 10 ^ 

mm Hg with UF^ vaporized at 755°C. Photolysis after deposition was 

carried out using broad band radiation from a Hanovia xenon lamp. A 

filter of water in a container with quartz windows removed the infrared 

component of the radiation and prevented uncontrollable heating of the 

matrix. 

The matrix gases were passed through a liquid nitrogen trap in all 

experiments except those in which pure NO and xenon matrices were used, 

in which cases a dry ice-acetone trap was substituted. All trappings 

were done at 12°K except the one in which neon was the matrix material, 

when a temperature of 5.2°K was maintained. 

-3- 



Results and Discussion: 

To date, the structure of the isolated UF^ molecule has not been 

3 
conclusively resolved. Gas phase electron diffraction studies have 

failed to establish a structure for UF^ unambiguously while similar 

methods have shown the gas phase UBr^ structure to be a distorted 

A 
tetrahedron of C2V symmetry . Previous workers have reported the 

infrared and Raman spectra of crystalline UF^ and have suggested a 

tetrahedral structure based on their data^. However, the broadness 

of their bands reflects lattice interactions of UF^ in a structure 

in which uranium is eight fold coordinated^ and not present as iso¬ 

lated molecules. The possibility of concealed bands must also be 

considered. 

The matrix spectra of UF^ at various stages of annealing in neon, 

argon, krypton, oxygen, and nitrogen are shown in Figures 1 a-c 

and 2 a,b. A multiplicity of bands can be seen in each matrix which 

appears to suggest a nontetrahedral structure. However, careful exam¬ 

ination of the spectra recorded upon successive annealing indicates 

that all of the bands exhibit independent behavior and prabably owe their 

appearance to a variety of matrix sites. Annealing each matrix had the 

following effects: Neon; a prominent band at 544.5 cm * disappears 

while one grows in at 525.5 cm-1. Those.at 538.5, 536.5, and 532.2, 

intensify. The 548.0, band developes a shoulder. Argon; a band at 

524.9, grows in while those at 526.8, 532.3, and 537.5, shrink. 

Krypton; bands at 522.7, 529.5, grow. Xenon; 519.9, 523.3, and 528.8, 

disappear, 518.4, 525.3, appear. Oxygen; 522.4, 527.9, and 536.5 grow 

as one at 540.5 appears. Nitrogen; 506.3, 509.6, and 522.6 grow, 

511.3, and 518.8, shrink. 
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Figure 1 Infrared spectra of UF^ in neon, argon, and krypton matrices, 

before and after annealing (top to bottom). 
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Figure 2 Infrared spectra of UF^ in oxygen, nitrogen, and carbon monixide 

matrices before and after annealing (top to bottom). 
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Deposition of UF^ in a carbon monoxide matrix followed by alternate 

scanning and annealing produced the spectra of Fig. 2c. Annealing 

caused the growth of a second band at 500.9 cm \ while a third at 

488 cm * is believed to reflect either polymeric UF^ or crystalline UF^. 

The presence of only two sites in this matrix contrasts to the greater 

variety found in the aforementioned matrices and may be attributable to 

a greater interaction of CO such that a smaller number of sites are 

energetically allowed. Evidence of a greater interaction was observed 

in dilute CO/Ar matrices and will be discussed below. UF^ in NO shows 

a very broad band at 492 cm ^ which does not appreciably sharpen upon 

annealing. The fact that this frequency is lower than that found in 

a CO matrix may be due to the free radical nature of NO. 

These observations lend support to either a tetrahedral (T^) 

or square planar (D^) structure for gas phase UF^, the former being 

4 7 
favored for steric reasons and by analogy to UBr^ * . As an aside, 

g 
satisfactory interpretation of the gas phase UCl^ electronic spectrum 

and the infrared and electronic spectra of matrix isolated UCl^ and 

UBr^ suggest that a negligible error is incurred by disregarding 

deviation from tetrahedral symmetry. Thermodynamic functions of UF^ 

calculated from an assumed tetrahedral model are estimated to have an 

9 
error on the order of one percent by analogy to calculations on SF^ . 

On the basis of their similar appearance, a correlation of bands 

in the rare gas matrices is suggested in Table 1 in which the correlated 

bands may correspond to UF^ molecules in similar sites. The matrix 

red shifts follow the expected order, with neon as the least interactive 

medium causing the least shift, and nitrogen causing the greatest. 
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Table 1 

Correlation of UF, Bands in Rare Gas Matrices 
4 

Neon Argon Krypton Xenon 

-1 
540.7 cm A 536.3 cm” 

547.8 cm"*1 537.5 cm”1 533.6 528.8 

544.5 

538.5 532.3 529.5 

% 

523.3 

536.5 530.5 522.7 519.9 

532.5 526.8 512.9 

524.9 — — —— 
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Whereas solid state UF^ spectra have half widths of 50-100 cm *, matrix 

isolated spectral bands measure 1.5 cm * half width at half height. 

UF^ in a 1/50 ^/Ar doped matrix gave rise to new bands at 509.6 

515.3, 518.5, 523.0, 529.3 and 535.0 cm”** and possibly some concealed 

or too weak to detect. Those at 509.6, 518.5, and 523.0 apparently 

correspond to bands located at nearly the same positions in pure 

Annealing changes the spectrum in a manner which suggests ✓ 

the stepwise introduction of ^ into the UF^ coordination sphere, al¬ 

though specific assignments are difficult. It can be suggested that 

the band at 535.0 cm * is one of those attributable to coordination of 

one molecule of ^ to UF^ with a resulting red shift of 2.5 cm * of 

the absorption at 537.5 cm *. This is a smaller shift than might be 

expected on the basis of the large shift seen in a pure nitrogen matrix. 

The band at 535.0 cm * may arise from activation of an argon band which 

correlates with those in krypton and xenon at 540.7 and 536.3 cm * 

respectively, and would lie higher than 537.5 cm *. A proposed corre¬ 

lation of bands representing similar sites is given in Table 2, in 

which correlated bands would have shifted by 8 - 10 cm *. This would 

then put the original position of the activated band near 544 cm *. 

An independent intensification of the 1/50 CO/Ar peaks upon 

annealing suggests behavior analogous to that displayed in 

pure argon matrices. The proposed correlation of bands in Table 2 

for the CO doped system has the shifts from the argon positions ranging 

from 14-17 cm *, greater than those for the ^ systems, indicating 

a greater interaction. If the unusual intensity of the 526.8 cm * 

band is attributed to a hidden adsorption of an activated argon site, 

-9- 



Table 2 

Correlation of Matrix Site Bands for 1/50 N2 and CO Doped 

Argon Matrices 

Argon N2/Ar CO/Ar 

544 cm 1 (postulated) 535.0 cm-1 526 cm""1 

537.5 529.3 520.0 

532.3 
530.5 

520.5 517.0 

526.8 516.0 510.8 

-10- 



as was proposed for the ^ case, the activated band would again have 

shifted from the 544 region, on the basis of the above shifts. A broad 

band at 499.8 cm ^ which grows in corresponds to one found at 500.3 

in the pure CO matrix and is assigned to UF coordinatively saturated 
4 

by CO. A peak at 534.5 cm which appears upon annealing resembles 

the one found in the nitrogen doped matrix and is probably due to 

contamination by nitrogen. 

-11- 



Corresponding to the red shifted UF^ bands a blue shifted CO band 

or band envelope appears centered at 2184.2 cm ^ prior to annealing and 

2181.8 cm following annealing. An interaction of CO consisting pri¬ 

marily of O electron donation can be expected to show this type of beha¬ 

vior. Removal of electrons from the slightly antibonding 5cr orbital 

has the effect of increasing the bond strength and hence the frequency*^. 

The corresponding partial reduction of the metal results in a decrease 

in the U-F frequencies. This effect can be seen in CO adducts of PbF^ 

and SnF^^*^ and is believed to occur as a result of electron withdrawal 

from the metal by X groups. The opposite effect of a red shift is ob- 

12 
served from the condensation of metal vapors with CO » where pi back- 

bonding is considerably more important. This effect has been reported 

13 
for the complexation of U metal vapors by CO . Pi backbonding into the 

CO orbitals would have the effect of shifting the CO bands to lower 

frequency. The observed shift of 45.2 cm ^ in this work is within the 

range reported for NiF ^ and PbCl_^ CO adducts, 62 cm ^ and 36 cm ^ 
X JL 

respectively. These results can be interpreted as arising from a O 

interaction, with any pi interactions negligible or nonexistent. 

Although conclusive evidence concerning the mode of coordination 

of the CO is not available, it is felt that the carbon side of the CO 

molecule coordinates to the metal. As has been previously pointed out^, 

donation is more likely to occur from the less electronegative portion 

of the molecule. 

The reaction of UF^ with fluorine in argon has been reported pre- 

12 
viously and found to occur with essentially zero activation energy. 

Further experiments with matrices of fluorine in nitrogen indicate that 

-12- 



coordination of UF^ by nitrogen provides a significant barrier to matrix 

fluorination of UF^. Reaction of the UF^ is essentially quenched at 

1/100 concentrations. Extent of reaction increases, as evidenced 

by growth of UF^ and UF^*^ bands at 620, 584, and 560 cm \ as the 

concentration is increased to 50% fluorine (Fig. 3). Figure 4 dramatizes 

the inhibiting effect of nitrogen as compared to argon, for a .01 mole 

fraction matrix concentration of fluorine, where extensive reaction has 

occurred in the argon matrix, non in the nitrogen matrix. 

Successive annealing of UF^ in a .01 FJ/NJ matrix failed to promote 

reaction. However, photolysis of an identical matrix using broad band 

radiation from a xenon lamp caused reaction of the UF^ to UF,. and UFg 

as evidenced by growth of bands characteristic of these species. Acti¬ 

vation of UF^ and cleavage of fluorine molecules to yield radicals is 

probably responsible for the observed reaction. The inhibiting action 

shown by the nitrogen matrix reflects the more interactive nature of 

this matrix. CO, which is more interactive, probably would inhibit 

reaction to an even greater extent. 
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Figure 3 Trappings of UF^ with various mole fractions of 
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Figure 4 Reactivity of UF^ in F^/Ar and ^^2 matr*ces* 
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AND MUF? IN LOW TEMPERATURE ARGON MATRICES 

by 
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Abstract 

UF4 and UFg, co-condensed with various alkali metals and alkali 

fluorides, gave infrared spectroscopic, evidence for the formation of 

MUF4, MUFg, UFg, MUFg, MgUFg, and MUFy species* Bands are discussed 

in terms of anion symmetry and metal -UF™ interaction. 

* 
Now at Texas Technological University, Lubbock, Texas 



Introduction 

The gas phase infrared spectrum of UFg has recently been reported,^ 

as well as the spectra of matrix isolated UF^ UFg and UFg®. The 

present work has been carried out in an attempt to obtain infrared spectra 

of an analogous series of uranium fluoride anions, UF^» UFg, UFg, and UFy. 

These species, most of which are macroscopically available salts, are 

not expected to be easily volatilizable. Gas phase spectra are therefore 

not available. However, dilute, frozen argon matrices containing these 

anions should provide an accurate model of the gaseous state. The anions 

can be generated in the matrix by reaction of'the uranium fluorides with 

either alkali metal or alkali fluoride in argon at cryogenic temperatures. 

Experimental 

The matrix isolation apparatus has been described previously®. UF^ 

was obtained from ROC/RIC Chemical Corp. and was used as received. UFg 

was prepared by direct fluorination of UF^ in a nickel flow reactor at 

300°C. The gaseous product was trapped in a copper MU" tube cooled with 

a .dry ice - acetone slush. The UFg was pumped on at liquid nitrogen 

temperatures to remove volatile impurities. Vaporization of UFg was 

controlled by maintaining the copper "U" tube at 0°C using an ice bath 

and by means of a needle valve connecting the UFg container with the 

matrix chamber. To remove traces of HF, the UFg was passed over NaF. 

No impurities were detected in the infrared spectra after this procedure 

was followed. In experiments calling for UF^, the reactant was vaporized 



at temperatures near 740°C. The alkali metals Li, Na, and K were vaporized 

from stainless steel cells at temperatures of 350°C, 180°C, and 150°C 

respectively. Cs was generated from a mixture of Li and Csl in a graphite 

cell heated to 300°C. NaF, KF, and CsF were vaporized from graphite cells 

at temperatures of 920°C, 770°C, and 500°C respectively. The trapping 

surfaces were maintained at 10 - 15°K during deposition under an argon 

pressure of 2.5 X 10”^ mm Hg. The matrix gas was passed through a liquid 

nitrogen trap to remove impurities. Deposited surfaces were annealed by 

warming to 30°K for five minutes and then re-cooling. Successive stepwise 

annealings were usually performed* with infrared spectra being collected 

after each warmup-cooldown cycle. Relative amounts of uranium fluoride 

and alkali metal or alkali fluoride were varied by varying the furnace 

temperatures in the case of solids or the needle valve setting in the 

case of the UFg. 



UF4 + Alkali Metals 

The condensation of Li^ with UF^ in an argon matrix produced four 

new bands in the spectrum along with those of unreacted UF^ (Table 1, 

Figure 1). It is likely that the UF^ was reduced by the Li to give a 

(Li^UF^)species. Four possible structures are the square pyramidal 

(C4v), trigonal bipyramidal (C^y), and the two Li bridged (C^ and C jv). 

The associated i.r. active stretching modes are 2Aj + E (C4v), 

2Aj + EfC^y), 3Aj + 2Bj + BgfCgy)* and 3Aj + 2E(C3v). Substitution of 

Li® and Li^ yields a spectrum in which the band at 514.0 cnf^ seems to 

shift to a position under the UF^ region while a band concealed under 

this region moves to 570.8 cm”^ (Table 1, Figure 1). The remaining 

(Li "*UF4)bands shift by much smaller amounts. If one assumes that the 

band at 514.0 cnf^ for Li^ and 570.8 cnf^ for Li® comprises a Li+~UF4 

stretching mode, with the remaining product bands belonging to U-F 

stretches, then the apparent shift gives a v®/v^ ratio well in excess 

of the limit of a maximum 1.08 value calculated on the basis of a point . 

mass representation of Li+ and UF4“. Thus a shift from 514.0 cnf* to 

570.8 cm“* is too large, making the hypothesis of a second band necessary 

and reasonable. The observation of major lithium shifts of two bands pre- 
% 

eludes the square pyramidal (C4v) and trigonal bipyramidal (C^) structures 

which would be expected to exhibit only one major lithium-sensitive mode 

shift. Both Li-F bridged structures would exhibit two infrared active 

Li-F stretching bands, but the C2v structure would have four i.r. active 

U-F stretching modes as opposed to three for the C3v structure. Assuming 

a Cgv configuration, one of the U-F modes may have too low an intensity 

to be seen or may be obscured. A C2V structure cannot be dismissed, 

however, for two bands may have escaped detection for the same reasons. 



It is interesting to note that neon matrix work on LiAlF^ gave evidence for 
7 8 a Cgy structure for that molecule. * Lithium isotope shifts for LiAlF^ 

approximate those obtained in the present study. 

The trappings of UF^ with sodium and potassium (Table 2) yielded 

spectroscopic evidence for an interaction similar to that observed for 

lithium. The Na+-UF^ and K+-UF^ stretching modes are expected to be 

at too low a frequency to be seen within the spectrometer lower limit 

of 400 cm"*. The small frequency shifts of the two correlated bands 

below 500 cm"^ witnessed by progressing from Li® to K support the 

contention that they arise from U-F stretching modes. Trapping Li^ 

with UF^ in a nitrogen matrix provided no additional insight into 

band positions of(Li|uF^.) Absorptions at 467.0 cnf^ and 453.0 cm”* 

correlate with those found at 492.3 and 477.8 cm“* in argon, but the 
+ - 

Li-UF^.frequency was not apparent either because of low intensity or 

concealment by the UF^ region. The spectrum of the product species in 

the nitrogen medium tended to be broad and ill resolved. 



Table 1 

Characteristic Frequencies for Alkali Metal-UF^ Species 

in Argon Matrices 

Li6 Li7 Na 
• 

K 

570.8 cm"1 
- 

514.0 

493.5 492.3 485.8 480.8 

477.5 477.8 470.5 466.3 



Figure 1 Infra-red spectra of reaction product of co-condensation 

of Li7 and Li6 with UF4. 



A
B
S
O
R
B
A
N
C
E
 



UFg + Alkali Metals 

The reactions of alkali metals with UFg in argon matrices produced 

the spectra shown in Fig. 2. Some possible relationships among the 

bands of the several systems are given in Table 2» in which correlated 

bands are assumed to arise from similar structures. 

A strong single new band common to all the systems and invariant 

in position among them occurs at 520 cm”*, suggesting that this species 

is an isolated octahedral UFg anion essentially free of any metal ion 

influence. Annealing tends to decrease the intensity of this band 

relative to others, lending support to the above assignment. In addition, 

a previous solid state spectroscopic study of CsUFg has given 503 cm”* 

9 -1 as the V3 stretching frequency. The discrepancy of 17 cm can be 

attributed to solid state effects. Closer to our value is the 526 cm"* 

stretch observed for NgHg (UFg^.^0 

Other bands at 444.8, 506.0, 526.2, 548.2 and 569.6 cm”* formed 

with lithium are attributed*.to a single species and can be best explained 

by formation of a(Li+;UFg)contact pair in which the lithium serves as a 

bridge between two fluorines. The resultant Z^ symmetry would have the 

effect of activating, the previously i.r. inactive Ajg stretching mode, 

one vibration of the degenerate mode, and splitting the degeneracy of 

the Tju stretching mode to give the observed five bands. Bands derived 

from the symmetric modes of octahedral symmetry are expected to be weak. 

As one moves from a Li to a 'Li system, a shift of the Li 469.4 cm"*1 

band to the 452.5 crn*^ position is evident (Fig.3), indicating that this 

band involves a lithium stretching mode, in agreement with expectations 

based on a Z^ bridging model. However, one would expect to see two 



lithium stretching modes for the proposed model. The other band is 

probably below our lower spectrometer limit of 400 cm“^ based on fre¬ 

quency differences of over 100 cnf^ for similar di-fluorine bridged 

systems.® The shift of the 469.4 ^Li band seems to rob the 506.7 band 

of intensity, while contributing to the intensity of the 444.8 band. 

This intensification of one absorption by another arises by a coupling 

mechanism among vibrational modes of the same molecule. In general, 

modes close to each other in frequency will couple more strongly than 

modes with greatly separated frequencies. The ®Li mode couples with 

the 506.7 cm mode, intensifying it. The same mechanism intensifies 

-1 7 -1 the 444.8 cm peak in the Li system, at the expense of the 506.7 cm 

peak. 

When sodium is used in place of lithium, a new band at 545.7 cnf* 

is found between the two bands at 557.2 cirf^ and 538.7 cm“^ which are 

correlated to those at 569.6 cnf* and 548.2 cnf* in the lithium system. 

The region below 520 cm”^ lacks one of the bands seen for lithium, dis¬ 

playing a weak 449.9 cm"^ absorption which is believed to arise from the 

Cgv monosodium product. The presence of this peak at low sodium concen¬ 

trations lends support to the foregoing conclusion. We may suppose that 

in the lithium system the bands below 520 gain intensity from interaction 

with the lithium stretching mode and the more perturbing nature of the 

smaller polarizing lithium. With sodium, the stretching frequency of 

the alkali metal is too distant from the lower U-F stretching frequencies 

for interaction to occur. In addition, sodium is less polarizing than 

lithium, therefore the splitting of the triply degenerate stretching 

mode should decrease. This is born out by the disappearance of one of 

the five bands, and the diminutive strength of the one at 449.9 cm**1. 



Even less detail is to be seen in the spectra of the cesium- 

UFg system. The bands attributed to a C2y bridging structure in the 

lithium and sodium cases are not evident here. The larger size and 

lower polarizing ability of cesium are probably accountable for the 

absence of an interaction strong enough to remove the degeneracy of 

some modes and activate others. The UFg ion is not reduced in symmetry 

by cesium in the same manner as was observed in the lithium and sodium 

cases, leaving the feature at 520 cm ^ the predominant one. However, 

a new single band is present at 537.1 cnf* which seems to correlate to 

the one previously referred to at 545.7 cm“^ in the sodium system. This 

particular absorption is not seen in lithium-UFg systems upon initial 

trapping and i.r. scanning. However, upon annealing, bands at 556.7 cnf* 

and 504.5 cm“^ do appear in the lithium systems (Fig. 4). The 556.5 band 

is believed to correlate with those at 545.7 cnf^ and 537.1 cm“^ for sodium 

and cesium respectively. The particular species represented by these 

adsorptions seems to gain stability as one progresses from lithium to 

cesium. For lithium, only annealing produces the species, whereas for 

cesium it occurs without annealing and in the absence of the bands attri¬ 

buted to a.C2v structure. The frequency of these bands decreases from 

lithium to cesium, possibly indicating a greater degree of reduction. 

Annealing strongly intensifies the 545.7 cnf* position in the sodium 

system while having little effect on the one at 537.1 cnf* in the cesium 

system. The positions are too high to be attributable to alkali metal 

stretching modes or the UFg species, but may arise from UFg distorted to 

a different symmetry. 

A weak band .it 525.4 cm ^ decreases upon annealing of the sodium-UFg 



system while one at 526.3 cm”1 in the cesium UFg system disappears. 

The absorption positions at 525.5 cm”1 and 526.2 cm”' in the °Li and 

\i systems which were assigned to the Cgv structure do not behave 

this way and are much sharper and stronger. They do however* have 

shoulders which may be representative of the same species giving rise 

to the 525.4 cm”1 and 526.3 cm”1 positions with sodium and cesium. A 

tentative assignment of the bands at 525.4 cm”1 (Na) and 526.3 an"1 (Cs) 

to matrix site effects is not unreasonable* although speculative. 

The lower frequency peaks which gain intensity at higher alkali 

metal concentrations and after matrix annealing are listed in Table 2. 

Assignments in this region are difficult owing to the greater number of 

adsorptions and the greater possible variety of products as polymers 

and multiple metal species. The presence of dimetal-UFg species can be 

hypothesized on the basis of concentration and annealing studies. In 

addition, as will be expanded below, alkali fluoride-UF^ systems give 

similar bands in many of the same positions. Solid state spectra of 

KgUFg exhibit adsorption at 401 cia"1 11, which, although somewhat 

below our results, indicates the region in which these bands are to be 

expected. Besides the free ion and the monometal contact species, 

several possible geometrical permutations exist for the di-metal contact 

pair. On the'basis of similarity to adsorptions in the metal fluoride-UF^ 

systems (Table 3), assignments to the di-metal contact pair, (M ;UFg) are 

made in Table 3. There is a disparity between the lithium isotope bands 

in Table 2 of several cm"1 due to the broadness of these bands which may 

reflect a series of matrix sites close to each other in energy. The data 

suggest that in each system the same species is formed by a different 



mechanism, i.e. by addition of alkali metal to UFg or by addition of 

alkali fluoride to UF^. The latter is believed to produce only contact 

species through a mechanism in which the metal is involved in the transi¬ 

tion states intermediate to UFg while the former is believed to be able 

to produce UF g by electron transfer between metal and UFg in contact or 

separated positions. Since the metal fluoride-UF^ spectra are only expected 

to exhibit di-metal contact species spectra, the'matching bands in the metal 

-UFg species are- also believed to represent di-metal contact species. The 

remaining bands in Table 2 are unassigned. - 



Figure 2. Infrared Spectra of Alkali Metal - UFg Reaction Products in 
Argon Matrices. 
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Table 2 

UF, + Alkali Metals 
O 

6Li 
7Li Na 

M+... ÜF6" Free Ion 

520.7 cm”1 520.8 520.2 
525.4 

(M+;UFg“) Contact Pair 

446.1 444.8 449.9 

506.7 506.0 

525.5 526.2 521.9 

549.6 548.2 538.7 

570.8 569.6 557.2 

469.4{Li) 452.5(Li) 

(M^jUFg*) Dimetal Contact Pair 

408.1 411.3 

423.8 427.3 

416.7 

433.8 

444.4 

406.6 

417.7 

423.3 

426.8 

434.5 

460.9 

Unassigned 

459.1 
464.7 

449.7 

457.7 

472.6 

504.7 

556.7 545.7 537.1 



Figure 3. Infrared Spectra of 6Li + UF6 and 7Li + UFg in Argon Matrices. 
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Figure 4. Growth of New Bands Upon Annealing of Li + UFg trapped in 

Argon. 
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UF^ + Alkali Fluorides 

Results and Discussion 

Co-codensation of the alkali fluorides NaF» KF» and CsF with UF^ 

yielded matrices whose spectra showed on abundance of new bands as in 
+ -M* » 

Fig. 6. Possible products are(H;UFg“)and^2;UFg j,both species of which 
n 12 have been shown to exist on a macroscopic scale» * but for which 

isolated molecular infrared spectra are lacking. 

In Table 3 we have attempted to correlate bands among the several 

alkali fluoride - UF^ reactions on the basis of their behavior upon 

annealing. Addition of one NaF molecule to one UF^ molecule is expected 

to produce the Na+UFg” contact pair. A c
4v structure of(W+;UFg”) may be 

hypothesized, in which the fluorine atoms are disposed in a manner similar 

4 13 to that of UFg, * and the metal occupies an axial position above the • 

axial fluorine. The band sets assigned to UFg” are listed in Table'3 

for the three alkali fluorides used. A band at 470.7 in the UF^ + NaF 

system has been observed which is the same as for sodium metal atom 

reactions with UF^: it arises when metallic sodium is produced by re¬ 

duction of NaF in the furnace. The third band expected for a UFg”C^v 

structure may be too weak to be seen, as was supposed in the UFg case. 

The relative intensities of the doublets resemble those of the UFg spectra 

recorded earlier.^ For the spectra of each of the UF^ ~ MF reactions 
(r ^ 

the UFg doublets show multiplicity attributed to small differences in 

geometry. These absorptions are grouped together in Table 3., in which 

the most intense band of each multiplet is underlined. A band in the 

UF^ + CsF system at 480.2 is believed to be related to the relatively 

weaker 482.1 band in the UF^ + KF spectrum. This absorption is not 

apparent in the UF^ + NaF spectrum, thus establishing a trend which 



indicates that the species represented by it forms readily in the Cs 

system, less so in the KF system, and not at all in the NaF system. 

This may arise from a different geometry of (M+ ;UFg”) in which the 

remaining bands are too weak to be seen. 

A band system below 437 cm“^ in the CsF + UF^ spectrum (Table 3) 

similar to that observed in matrix reactions of UFg with Cs mentioned 

above, is believed to represent the (Csg+;UFg) species. This set of 

bands is not present in spectra taken at low CsF concentrations and 

shows growth upon annealing, further lending support to the above 

assignment. Band systems below 436 cm”^ and 445 cm”* in the UF^ + KF 

and UF^ + NaF systems respectively, exhibit similar behavior and are 

assigned to the (Mg ;UFg ) contact pair species. The band at 417.0 

in the NaF system has previously been assigned to the linear dimer of 

NaF.14 

A progressive red shift can be discerned for the" (M ;UFg ) bands 

in going from M = Na to M = Cs, reflecting the increasing electron - 

density on UFg” as the alkali metal becomes less electronegative. 



Table 3 

UF^ + Alkali Fluorides 

NaF KF 

(M+;UF5“) Contact Pair* 

CsF 

464.2 cm' -1 447.3 
453.3 

439.3 
447.7 
454.0 
457.0 

503.8 
507.1 

. 509.8 502.8 

491.5 
497.5 
501.0 
506.1 

(M2 ;UFg") Di-metal Contact Pair 

433.8 

437.8 

442.7 

412.2 

419.5 

422.5 

431.3 

Unassigned 

482.2 . 

407.2 

418.2 

423.5 

427.1 

434.9 

480.2 

* Most intense bands underlined 



Figure 5. Infrared Spectra of Alkali Fluoride + UF^ Systems in Argon 
Matrices. 
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Table 4 

UFg + Alkali Fluorides 

(H+;UF?-) 

535.2 532.2 

559.5 553.4 

(M^;UFg=) 

445.9 

457.5 

.Unassigned 

477.0 

513.0 



Figure 6. Infrared Spectra of Alkali Fluoride + UFg Systems in Argon 
Matrices. 



Noiidyosav 3Aiivi3a 

W
A

V
E

N
U

M
B

E
R

S
 



Figure 7. Growth of Bands Upon Annealing of CsF + UFg System in Argon 
Matrix. 
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Conclusion 

It can be seen from the data that reduction of each of the uranium 

fluorides caused a shift to lower frequencies, i.e. a lowering of the 

force constant. This effect has been discussed in terms of the ionic 

character of the U-F bonds, in which an increase in ionic character re¬ 

sults in a decrease in force constant.^ Moreover, within any given 

series of alkali metal or alkali fluoride reactions, the U-F frequencies 

of the reaction product usually decrease as one goes down the periodic chart, 

reflecting the decrease in electronegativity of the metal. It is not 

intended to imply that the strength of the bonds decreases, as the force 

constant may decrease as a consequence of the broader valley of an ionic 

potential curve. Decreases in splittings of degenerate bands are also 

evident as heavier, less polarizing alkali metals are used. On the basis 

of their intensity, the 570.8, 548.8 and 526.2 (\i + UFg) and 557.9, 

539.2 and 521.9 (Na + UFg) absorptions are believed to derive from the 

Tju infrared active mode of a pure octahedral configuration. These 

three bands exhibit compression as well as a red shift on progressing 

from lithium to sodium. In the UF^ + alkali metal systems, bands are 

thought of as being derived from an infrared-active Tg mode of a tetra¬ 

hedral configuration, again based on an intensity argument. In this case, 

however, the separation between the bands does not change appreciably on 

going from lithium to potassium. This suggests that the metal atom is not 

responsible for the major splitting; more likely the extra electron density 

is perturbing the structure from T^ symmetry and thus the free UF^” ion is 

not expected to have tetrahedral symmetry. 

The observation of an invariant band at 520 cm“* among several alkali 



metal -UFg systems is explained as arising from a geometry in which the 

metal is separated several angstroms from the UFg” species by argon atoms. 

This distance is not great enough to prevent reduction of the UFg. Elec¬ 

tron transfer between separated atoms has been well established for alkali 
o 

metal-halogen systems whereby the transfer occurs through 2-3 A of separa¬ 

tion by a process known as "harpooning".^ It can be pointed out that the 
18 

electron affinity of UFg is 125 kcal/mol, which is greater than that of 
19 the Cl atom at 87.3 kcal/mol. A similar type of mechanism -to form 

separated UFg” and M is likely. In addition, the ionization potential of 

all alkali metal atoms in solid argon is expected to be less than 125 kcal/mol 

thus electron transfer at large distances is energetically allowed. A second 

electron cannot add as easily however, and a contact interaction may be 
-H* s 

required to form M^jUFg.Table 5 presents absorption positions expected to 

be close to free ion gas phase values for the uranium fluoride anionic 

species listed. Values in the table were selected on the basis of invariance 

to metal species and on the assumption that cesium and potassium uranium 

fluoride systems will give U-F frequencies closest to free ion gas phase 

values. Matrix frequencies are expected to be within 10 cnf* of gas phase 

frequencies as is evidenced by UFg which exhibits a 6 cm”* red shift from 

gas phase to matrix for vg. 

The assumption of an octahedral UFg anion can be rationalized by a 
20 consideration of the orbital energy level diagram of octahedral UFg . The 

lowest lying unoccupied metal orbital is one of a symmetry, for which no 

Jahn-Teller distortion is expected upon the one electron occupancy of UFg”. 

The UC!” anion, also possessing a non-degenerate ground state, has been 

shown to be essentially octahedral in solution .• For this molecule however, 

there is a small pseudo Jahn-Teller effect arising form vibronic coupling 



of the ground state with a degenerate excited state. This effect is not 

believed to be significant for analogous fluoro complexes as the excited 

states are further removed from the ground state by the higher ligand 

field strength of F~. It must be remembered that according to the 

pauling criterion of percent ionic character, the electron added to UFg 

will not reside exclusively on the metal, but will distribute itself among 

the six fluorine atoms and uranium to give in this case a negative charge 

of .12 on each fluorine and .28 on the uranium. This rough calculation 

serves as nothing more than an illustration of a possible apportioning of 

the added electron. Electron spin resonance studies of the UFg system 

now in progress should clarify the above question of electron residency. 



UFg-Alkali Fluoride Systems 

No reaction was observed for the UFg-NaF system apart from a sodium * 

metal reaction in which the origin of the sodium was probably a reduction 

of sodium fluoride by the walls of the carbon furnace liner. In the 

potassium fluoride-UFg experiment, however, two bands at 559.5 and 535.2 cm” 

appeared which are attributed to a (K+;UFy") species. The band at 579.8 

is an unidentified (impurity) band which is present in KF/argon deposi¬ 

tions. (The band system centered around 451 cm”^ is tentatively assigned 

to a (l<2 jUFg-) species on the basis of its absence at low concentrations.) 

CsF reacts with UFg in argon to give new peaks at 553.4 and 532.2 cm“*. 

Upon annealing, bands at 513 and 477 cnf* grow in. The former pair, again, 

is assigned to the UF^” species. (The latter pair which grows, could re¬ 

present either a (K^jUFg") product or a polymeric species.) Other bands 

at 457 and 491 cnf^ also must be due to higher order products. Under 

severe annealing, i.e. six successive annealings about 4 min. each at 30°K, 

the band system centered at 477 and the band at 513 become increasingly 

strong and broad, possibly due to formation of crystalline non-isolated 

products. 

15 
Both M;UFy and MgîUFg have been prepared on a macroscopic scale, 

but infrared spectra are not available. One can postulate a Cgy-symmetry 

for (M jUFy ) for which four infrared active stretching modes are expected. 

The two bands observed in this work may belong to this set, the others ^ 

being beyond the range of the instrument, concealed, or too weak to be 

seen. Bands at 520 cnf^ in both spectra are due to alkali metal atom 

reactions from reduced alkali fluorides which have reacted for form UFg~. 



Table 5 

Approximate Gas Phase Uranium Fluoride Anion Stretching Frequencies 

UF4 
UFi 

UF6 
UF7 

465 crrf^ 448 cnf ^ 520 cm"1 532 cm*" 

480 501 553 
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Appendix C 
Infrared matrix study of reactions of UF4 with fluorine 

K. R. Kunzô, R. H. Hauge, D. Hamill, and J. L Margrave 
Department of Chemistry, Rice University, Houston, Texas 77001 
(Received 10 May 1976) 

The technique of codeposition of various species onto 
an observation surface from the gas phase lends itself 
to the study of uranium tetrafluoride, which is adequate* 
ly volatile. At temperatures of about 750 #C and a pres* 
sure of 10”* mm Hg, a sufficient amount of UF4 will 
volatilize to enable one to deposit an observable amount 
In a matrix of argon. Deposition of UF4 In matrices 
ranging in composition from pure fluorine to 0.001 mole 
fraction of Fx In argon resulted in production of UFe and 
UF§, the relative intensities of their respective lr bands 
depending on the concentration of fluorine in the matrix. 

The matrix Isolation system used has previously been 
described elsewhere.1 UF4 was used as obtained from 
Research Organic/Inorganic Chemical Corporation. 
Technical grade fluorine from Air Products Corp. and 
research grade argon from Matheson were used as 
matrix materials. The UF4 was of 08% reported purity 
and was comprised entirely of the U23* isotope. 

UF4 was vaporized at 750 *C from an external furnace 
Interfaced with the matrix surface to eliminate the pos¬ 
sibility of Fa dissociation to atoms on the hot surfaces. 
Fluorine and argon were premixed in a fluorine passi¬ 
vated aluminum container which was on line to the ma¬ 
trix. During codeposition, a matrix gas pressure of 
2. Ox 10”* mm Hg was maintained. All trappings were 

done for 1 h at a matrix temperature of 13 *K* the ir 
spectra being taken immediately after trapping. 

It was found that essentially all of the UF4 had reacted 
upon codeposition with pure fluorine as a matrix materi¬ 
al. The UFt bands observed at 531 cm”1 in a pure argon 
matrix were not apparent.* A new, intense band at 520 
cm”1 appeared in the spectrum» which has been assigned 
to UF4.

4 Cas phase UFe spectra have been reported to 
give a strong band at 626 era”*.* The displacement from 
the gas phase value is attributable to matrix interaction 
with the UFe molecule. Upon successive dilution of the 
matrix (fluorine with argon), at mole fractions of 0.1, 
0.01, and 0.001» two new peaks appeared at 560 and 584 
cm”1 which increased in intensity relative to the UF* 
peak as the fluorine concentration decreased (Fig. 1). 
These were assigned to UF, stretching modes, in agree¬ 
ment with the recent work of Paine et of.4 One can also 
see that UF4 modes begin to appear In the spectrum at 
lower Ft concentrations» indicating incomplete reaction. 
The implication of these data Is that Ft does not add to 
UF4 as an entire molecule» but rather donates one fluo¬ 
rine atom to the UF4 as the other splits off. At high F* 
concentrations as In the pure Fs matrix» there Is a 
•greater possibility that two Ft molecules will each do¬ 
nate an F atom to the same UF4 molecule to produce 

FIG. 1. Infrared spectra of UF* and UFf reaction products at several matrix fluorine concentrations. 



UF*. At lower concentrations, however, a large per¬ 
centage of the UFj molecules, when formed, are not In 
the immediate vicinity of another F* molecule. The re¬ 
action stops with UFj formation in these cases» 

The isolated gas phase UF* structure has not been re¬ 
solved at this stage of investigation. On the basis of 
group theory arguments, a trigonal bipyramidal struc¬ 
ture (£>a*) would give rise to two lr active stretching 
vibrations, one B and one At mode. A square pyramidal 
configuration (C4.) would have three ir active stretching 
modes, two At and one B type.4 Our data are still in¬ 
conclusive with respect to structure determination, as 
one of the bands for the square pyramidal configuration 
may be too low in Intensity to be observed. Other work¬ 
ers4 reported difficulty in resolving structure from 
combined Raman and ir studies, owing to a problem of 
obtaining UF* in sufficient quantities in the matrix by 
photolysis of UF*. Our method of UF, production by di¬ 
rect reaction of UF* with diluted fluorine may be a more 
efficient route to higher UF* concentrations. The pho¬ 
tolysis of UF* in CO was reported to have produced a 
band at 499 cm"1 attributable to either VF4 or polymers 
of UF#.

4 A stable UF4/CO adduct appears'more likely 
In light of results obtained in this laboratory from the 
cocondensation of UF* with CO, where a strong band at 
499 cm’“ was also observed» 

The existence of a UF* intermediate in the production 

of UF* by direct fluorination of UF4 Is In agreement with 
results obtained from bulk UF4 fluorination. * Previous 
workers have reported, however, that temperatures In 
excess of 230 °C are required for a detectable amount of 
reaction to occur. * Our experiments indicate substan¬ 
tial UF# and UF* formation at temperatures of 10-13 *K. 
One must keep in mind the different fluorination condi¬ 
tions between matrix and bulk fluorination. In the for¬ 
mer, the UF4 molecules are essentially isolated from 
each other and free to react, whereas in bulk form the 
UF* is in a lattice structure. It Is clear from our re¬ 
sults that reaction of an F* molecule with a UF* mole¬ 
cule occurs with essentially aero activation energy. 
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