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INTRODUCTION 

The investigation of the rotational spectra of fluoro- 

formyliminosulfur difluoride, SFONCOF, and pentafluorosulfanyl- 

iminosulfur difluoride, SFONSF,, was undertaken to determine, 

from the experimental moments of inertia, the number and type 

of positional isomers and the bonding parameters. SF.NCOF 

and SFLNSF, are the first iminosulfur difluorides (RNMSFo) 

to be investigated by microwave spectroscopy. The iminosulfur 

difluorides are characterized by a nitrogen-sulfur double bond 

with nonbonding pairs of electrons in an sp* hybridized orbit- 

al on the nitrogen atom and in an sp° hybridized orbital on 

the sulfur atom. This bonding scheme is expected to impart 

a unique charge distribution in the vicinity of the SF, fluor- 

ines. [In SFNCOF the nitrogen-carbon bond may acquire some 

partial double bond character which can be described through 

resonance involving the 8S, N, C, and O atoms. The extent of 

this resonance would be expected to affect the length of the 

NC bond and to influence the height of the barrier to rotation 

about this bond. 

NSF For SF NCOF and SF 5: the question of cis-trans con- 
2 

formation about the nitrogen-sulfur double bond will be con- 

Sidered. Additionally, several rotameric forms of SF NCOF 

which can arise from rotation about the nitrogen-carbon axis 

and which cannot be definitely precluded by presumptive 

reasoning will also be examined.



A further aim of this study is to examine the utility 

of low resolution microwave spectroscopy when faced with 

the dilemna of a very rich spectrum and a multitude of plaus- 

ible rotamers.



LOW RESOLUTION MICROWAVE SPECTROSCOPY 

A. Introduction 

Low resolution microwave spectroscopy (LRM)? 2 came 

late to the subject of microwave spectroscopy following 

the introduction of broad-band rapid-Scan microwave radia- 

tion sources. Since its inception, LRMW has become a 

powerful technique for conformational studies, while also 

serving to provide preliminary information for high re- 

solution microwave experiments. In most cases LRMW does 

not provide information unobtainable by high resolution 

methods. It does, however, enable spectroscopists to 

rapidly study the rotational spectra of large, slightly 

asymmetric molecules for their conformational content. 

As the complexity of a molecule increases, its ro- 

tational spectrum becomes more difficult, if not impos- 

sible, to interpret due to the sheer amount of information 

available. By lowering the resolution, the spectrum of 

a large, near symmetric top molecule is simplified to 

the extent that it resembles that of a symmetric top in 

appearance and in ease of analysis. 

B. Theory 

From the assignment of the appropriate rotational 

quantum numbers to the transitions of a high resolution 

microwave spectrum, the moments of inertia and, hence,



the molecular structure can, in principle, be determined. 

Analogously, by assigning the correct rotational quantum 

numbers to the 'bands' of a low resolution microwave 

spectrum, relatively accurate values of the moments of 

inertia are obtained. Then, from a knowledge of these 

moments the molecular conformation can, in favorable cases, 

be deduced. 

When the microwave spectrum of a molecule can be 

described well by the rigid-rotor model, the rotational 

motion is determined by three principle moments of inertia. 

With the origin of the coordinate system at the center of 

mass, the principal moments of inertia are defined as 

2 
Il = =m.r 

a i 1 as 

_ 2 
TF Pmiry 

1 

I. = tm.r 2 
c j i C5 

where m; is the mass of the ith atom and roo? etc. is the 
i 

perpendicular distance of the ith atom from the a-axis. 

In terms of these moments, the rotational constants are 

given as 

3,4



  

  

  

A = 2 
gn°1, 

B= —2 
8ST I, 

C= 3 
81-1 

Cc 

where h is Planck's constant. For an asymmetric rotor 

all three rotational constants are unequal. 

The degree of asymmetry of an asymmetric rotor can 

be conveniently expressed as a simple function of the 

rotational constants by Ray's asymmetry parameter kappa: 

ce - 2B- A-C 

A-C 

Kappa has the property of continuously varying between 

the oblate rotor limit: Kk = +1.0 when A = B, and the 

prolate rotor limit: * = -1.0 when B = C. The ‘most 

asymmetric' rotor has a kappa value of zero. 

To facilitate the expression of the energy levels 

of a near prolate asymmetric top, Wang devised the fol- 

lowing asymmetry parameter, 

b = C-B 

Pp 2@A-B-C 

where by = 0 and b, = -l correspond to the prolate sym- 

metric top (A # B = C) and oblate symmetric top (A = B # C) 

limits, respectively.



In terms of the rotational constants and Wang's asym- 

metry parameter, the energy level expression of a near 

prolate asymmetric top has the form 

E = £(B+C)J(Jt+1) + [A - 4(B+C) ]E, (b,) 
J J Pp 

where the reduced energy Ey cP can be approximated by 
K_ pKa 

a power series expansion in b,: 

_ 2 2 3 
Bde (b,) = Ky + Cyb, + Cod, + Cab, +... 

-19°+1 

The notation J specifies a particular rotational 
Kay 

energy level: J is the total angular momentum quantum 

humber and K , and Ko are pseudoquantum numbers repre- 
1 1 

senting the prolate and oblate symmetric rotor limits, 

respectively. The number of perturbation coefficients Cy 

to be used in the expansion is dictated by the size of the 

asymmetry parameter bo: A greater degree of molecular 

asymmetry necessitates the inclusion of additional c,'s 

in the reduced energy expression. Conversely, the re- 

duced energy expression can be truncated when the asym- 

metry of the molecule approaches that of a symmetric top, 

For the analysis of a low resolution spectrum of an 

asymmetric rotor near the prolate limit, i.e. by, ~ 0, the 

energy level expression may be further simplified to give



Bt B+C 2 By = (ge)a(s41) + (A - ASK, 
-l 

where the reduced energy -expression has been approximated 

2 
by Ky. 

The frequency of 'permissible' absorptions is deter- 

mined from the above expression by employing the Bohr 

condition 

AEAJ AK 
_ -1 

Vv = 

h 

and the selection rules: 

AJ = 0, +1 

AK 4 = 0, +l 

Dipole absorptions which involve a nonzero dipole com-— 

ponent along the a-axis are termed parallel or a-type 

transitions. Additionally, because the a-type transi- 

tions are governed by the selection rules: AJ = 1, AK = 0, 

they are called “R-type transitions. Since there are 

(2J+1) distinct sublevels for every J level of an asym- 

metric top, each change in J results in (2J+1) transitions. 

For a slightly asymmetric rotor these (2J+1) transitions 

will be nearly co-incident in frequency. Under low- 

resolution conditions, these nearly degenerate transitions 

and their attendant vibrational satellites are observed



as broad bands. Thus, the 3<— 2 aR band will be the 

superposition of the following absorptions: 

313 <— 240 

3,4 <— 2 
Ol 02 

399 <— 201 

3 <— 209 
21 

349 — 411 
1 

where the notation J ' "<< J is used. 

Kay KiB 
The peak frequency of the 4n-type bands can be fitted 

approximately to an equation of the form 

Vv = (B+C)(J+1) 

The equally spaced an-type bands, whose interval of separa- 

tion is B+C, are the analogous transitions of a symmetric 

top, having a reciprocal moment of BtC. Thus, they are 

responsible for the pseudo-symmetric top appearance of LRMW 

spectra. The 2R_type bands can be fitted to the above 

equation by dividing the frequency of the band centers by 

successive values of J+l, an integer quantity, until a 

constant value of B+C is approached. Then, an average B+C, 

which closely approximates Bot, (the effective ground- 

state rigid rotor rotational constant) can be found.



A second kind of “R-type band, termed Type II, is 

occassionally observed for near-prolate asymmetric top 

molecules.” Normally, only molecules with an asymmetry 

parameter in the approximate range -0.5 2 « 2 -0.7 exhibit 

Type II bands. Type II bands are comprised of transitions 

of the type (Jt1)4 J+ < Jo J and (J+1), J+ < J, J 

along with their attendant vibrational satellites. 

In contrast to the previously mentioned “n-type bands, 

the energy level expression for @R-type II bands follows 

from the oblate energy level expression: 

_ - 2 2 
"Ie x = 4(A+B)J(J+1) + {C-3(At+B)}{K,, te;boteob “+. . oS 

~l +1 

where bo: the oblate asymmetry parameter, has the form 

A-B 
, = OC-B-A 

For a molecule not too far on the prolate side, i.e. 

Kk S -0.7, terms in bo can be neglected; the truncated 

energy level expression becomes 

2 E = $(AtB)JI(J+1) + {C-¥(AtB)}{K,, 7} 
+1 

Jx 

The frequency of the an-type II band maxima, which is found 

from the above expression by employing the selection rule 

J+l <— J and by the substitution K, = J, is written as 
1 

v = 2C(Jd+#) + 2(AtB)
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The regularly spaced *R-type II bands are separated 

by v2C and the frequency of the band center divided by the 

spacing is vJ+#+(A+B)/4C. Thus, an estimate of the C 

rotational constant can be made from the separation of 

adjacent bands. This value of C when used in conjunction 

with a minimum of two experimental band centers allows 

one to find AtB. 

If, in addition to the Hy dipole component, there is 

a nonzero component of the dipole normal or perpendicular 

to the a-axis (symmetry axis), absorptions involving this 

component may also be seen. This perpendicular component 

will lie along either the b or c principle axis. Thus, 

one might observe either be_ or “R-type transitions, de- 

pending upon the component of the dipole present. Fora 

near-prolate asymmetric rotor, the frequency of these 

transitions, as calculated from the prolate energy level 

expression with the selection rules AJ = l, AK 4 = 1, is 

v = (B+C)(J+1) + (2A-B-C)(K_j +4) 

Additionally, the selection rules AJ = 1, AK 
-l 

to Dp_ or “p-type transitions whose frequency is given by 

= 1] may lead 

v = -(B+C)J + (2A-B-C)(K_+#) 

Generally, DRL CR-, Bp and “p-type transitions are not 

only weak, but are aliso widely scattered throughout the
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Spectrum, Consequently, they cannot be artificially con- 

densed to give bands in a LRMW spectrum and will not be 

further considered. 

The perpendicular dipole component may also give rise 

to DoW or “Q-type transitions which obey the selection rules 

AJ = 0, AK = 1. Under low-resolution condition the Q- 

branch transitions, which are nearly co-incident in the 

spectrum of a near-prolate asymmetric rotor, become super- 

imposed, leading to bands occurring at 

Vv = (2A-B-C) (K_, +2) 

These bands, therefore, form a series with a spacing of 

2A-B-C and with the property that the frequency of the 

band centers divided by the spacing is equal to K_,+3, 
1 

which will be a half-integer quantity. 

Usually the Q-type bands are weaker and broader than 

the R-type bands. ‘ This is due, in part, to the greater 

spreading of the Q-branch transitions over a wider fre- 

quency range and to a frequently occurring small perpendi- 

cular dipole component. This spreading effect is most 

severe for the Q-branch transitions with the highest J 

and the highest intensity. As a result, converging 

transitions that lead to Q bands are of low J and of low 

intensity. Because of their greater tendency to diverge, 

Q bands sometimes appear as jagged doublets rather than 

as the smoothly contoured envelopes which characterize
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the R bands. 

A summary of the allowed absorptions for a near- 

prolate asymmetric rotor is given in Table I. 

C. Experimental 

The lowering of the available resolution to produce 

a LRMW spectrum is accomplished by a fast sweep rate 

(v10 MHz/sec) in conjunction with a long detector time 

constant (10.3 - 3.0 sec) and a high sample pressure (>20 

mtorr). These recording conditions, however, distort 

the band-shape and position. Therefore, it is necessary 

to average the frequency of the band maxima over forward 

and reverse scans. 

Because recording a band spectrum necessitates sweep- 

ing over several thousand megahertz at the rate of v10 MHz / 

sec, a broad-band rapid-scan microwave spectrometer is 

required. Since most modern microwave laboratories already 

have high resolution spectrometers of this design, no 

additional microwave hardware or equipment modification is 

necessary. 

A Stark sample cell is preferred over a frequency 

modulated sample cell due to the enhanced sensitivity. The 

Stark cell should be operated at the highest practical 

Stark voltages to minimize interference from Stark compon- 

ents. A means of cooling the cell is desirable if thermo-
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dynamic data is to be extracted from the low resolution 

data. 

D. Sample Requirements 

In order for a molecule to exhibit a well-defined 

band spectrum it must be a near-symmetric top, i.e., 

|x| 2 0.7, This restriction may be overcome in certain 

instances by the substitution of a bulky group with 

quasi-axial symmetry, e.g., t-butyl or phenyl, or a heavy 

atom, e.g., iodine or bromine, on the symmetry axis. This 

procedure will impart the necessary symmetry when one is 

interested in the conformation of a certain moiety in the 

molecule. 

Under high-resolution conditions, rotational transi- 

tions from a dipole component of a few hundredths of a 

debye are observable. For low resolution work, however, a 

dipole component of at least 0.5 - 1.0D is necessary in 

order to provide a reasonable S/N. 

The sample must be volatile; a vapor pressure of 

120 mtorr at the operating temperature of the spectrometer 

is usually required. In cases where low volatility poses 

a problem the preparation of derivatives is often helpful. 

The question of purity can be crucial when the impur- 

ity gives a similar spectrum to the molecule of interest. 

In the rare event that the bands for an impurity do over- 

lap with those of the compound under study, chromatographic
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methods can be used to easily achieve an impurity level of 

0.1% - the low resolution detection limit of an impurity 

having comparable line strengths. Small molecules, 

though they are polar and volatile, are not troublesome 

impurities, Their rotational spectra, even under low re- 

solution conditions, consist of narrow lines which are 

easily discernible. 

Lastly, there is a limit on the molecular size which 

can be studied profitably by LRMW. If the molecule is very 

large, B+C will be small, resulting in band-overlap and 

poor resolution. For good resolution, B+C must be greater 

than 500 MHz. 

E. Band Intensity 

The intensity of the an—type bands increases with in- 

creasing value of the rotational constant, J. At higher J 

values, there are more high Ky components which are shifted 

relatively little from the symmetric rotor frequency. This 

results in a greater availability of lines of nearly co- 

incident frequency, which can then be successfully inte- 

grated under a single envelope, producing a more intense 

band. The above-mentioned correlation of band intensity 

with J will eventually be offset by a decrease in the shift 

of the Stark components as very high J (40) is approached. 

Ultimately, it will become impossible to modulate high J
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lines even at the highest physically achievable Stark fields; 

no LRMW spectrum will be observed. 

Another factor which affects the band intensity is the 

frequency of the band maxima. Since the intensity of the 

band maxima depends upon the square of the frequency, there 

is a pronounced increase of intensity with frequency. 

F. Band Width 

The band width of a LRMW spectrum is largely controlled 

by the molecular asymmetry. A greater degree of asymmetry 

leads to a larger separation between individual transitions. 

This effect will not only produce broader bands, but will 

also lead to a weaker and a more diffuse band spectrum. 

Steinmetz® has observed that a reasonable correlation 

exists between the asymmetry Kk and the band width at half- 

intensity. This correlation allows one to make a semi- 

quantitative measure of the expected molecular asymmetry by 

comparing observed band widths to those of molecules with 

known asymmetry. The dependence of band width of an-type 

bands at half-height on k for several molecules of widely 

varying rotational constants is given in Table II. Due to 

the paucity of observed Q-bands no such correlation can 

presently be made for them,
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Table II 

Dependence of Band Width on Asymmetry 

  

  

Molecule Band Width K 
MHz 

trans-Cinnamaldehyde 64 -0.97 

Iodobenzene 65 -0.96 

p-Anisonitrile 68 -0.95 

p-Nitroanisole 68 -0.95 

p-Anisaldehyde 

s-Trans conformer 62 ~0.95 

s-Cis conformer 92 -0.93 

a-Ionone 100 -0.85 

B-Ionone 180 -0.81 
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G. Conformational Analysis 

The subject of internal motion and molecular conforma- 

tion of small molecules is of special interest to scientists 

involved with enzyme, protein, and polymer studies.” It is 

believed that an understanding of these phenomena in rela- 

tively small molecules may render some insight into those 

of larger and less easily studied molecules, e.g., polymers 

and biological molecules. 

High resolution microwave spectroscopy has been the 

preferred structural technique for the study of internal 

motions and molecular conformations of small molecules for 

a number of years, + The interconversion between rotameric 

species is primarily controlled by thermal collisions. On 

the time-scale of the microwave experiment, the time bet- 

ween thermal collisions is very long. Thus, each conformer 

in a mixture of conformers can be viewed as a separate 

entity, even though the interconversion is of such rapidity 

that chemical separation becomes impossible. Additionally, 

Since different configurations of a molecule generally have 

quite different moments of inertia, each conformer gives a 

distinguishable microwave spectral pattern. In suitable 

cases, then, it becomes possible to extract the molecular 

structure, dipole moment, barriers to internal rotation, 

nonbonded distances, and torsional frequencies for each 

conformer present. Although nuclear magnetic resonance,
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infrared absorption, and electron diffraction, as well as 

chemical means, can be used to study certain aspects of 

molecular motion, these techniques cannot give all the 

information provided by the analysis of a pure rotational 

spectrum. 

Of late, microwave spectroscopists have learned that 

valuable conformational information can be gleaned rather 

quickly on large, flexible, molecules from the analysis of 

the low resolution microwave spectrum. 22> 14 This analysis 

can provide information concerning: 

Conformational preference about single bonds 

Ring conformation 

Side chain position 

Barrier heights and thermodynamic data, e.g., 
AE, AH, and AG 

Number of stable conformers 

Relative abundance of conformers 

In the absence of any observable isotopic species, the 

number of different band series in a low resolution spectrum 

directly gives the number of near prolate or oblate con- 

formers present. Furthermore, provided the conformational 

changes of the system studied are sensitive to changes in 

B+C and/or 2A~B-C, one can obtain the stereochemistry for 

each conformer observed by comparing the calculated and 

observed rotational constants. To make this comparison, 

one must first assume an initial structure. A reasonable
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approximation of the structure can be made by compounding 

known bonding parameters from similar molecules. Once a 

set of bonding parameters has been assumed, the conforma- 

tion of the molecule is varied, i.e., the dihedral angles 

are changed and the rotational constants for the various 

positional isomers are calculated. Insofar as only changes 

in dihedral angles, and not changes in bonding parameters, 

are concomitant with conformational changes, then rotation- 

al constants can be calculated from assumed structures with 

a confidence of 5% or better. 

Upon examination of the calculated rotational constants, 

one or more conformers may be ruled out if the rotamer is 

predicted to be too asymmetric to give a measurable LRMW 

spectrum. Other conformers may be eliminated based on 

polarity, or chemical and other spectral evidence. For 

the plausible isomeric forms which pass the elimination 

processes, one may then, within reason, adjust the mole- 

cular dimensions until the calculated rotational constants 

are brought into agreement with those from experiment. 

At this point, one must realize that any attempt to force 

exact agreement between theory and experiment in hopes of 

obtaining better molecular dimensions is more lucrative 

for a high resolution study than for a low resolution 

study.



REVIEW OF PRIOR RESEARCH 

13,14 . 
provides a Nitrogen-sulfur-fluorine chemistry 

rich collection of small, volatile, polar molecules with 

varied properties, reactivities, and stabilities amenable 

for structural analysis by rotational spectroscopy and by 

electron diffraction. These two gas-phase structural 

techniques have proven valuable for not only structural 

information, but also for authentication of the existence 

of a certain N-S-—F containing species. 

The first nitrogen-sulfur-fluorine containing molecule 

for which the structure was determined was thiazyl tri- 

fluoride. From the assignment of the rotational spectrum 

of thiazyl trifluoride, Kirchhoff and Wilson!® found the 
vF R 

structure to be N=S-F » rather than the isomers ~S=N-F 
F F ” 

or S-N-F as proposed by some previous investigators. 
F 

Since NSF. is a symmetric top, only three bonding parameters 

are needed to completely determine its structure. An ro 

structure having: thes = 1.416 +0.003A, lor = 1.552 + 0.003A 

and ZNSF = 94°2* + 16% was determined from the assignment 

of the four isotopic species: “4y?*SP., “n°sr,, 4n*4sr, 

and *n??sr.. 

Kirchhoff and Wilson?® also determined the structure 

of thiazyl fluoride from its rotational spectrum. Prior 

to their microwave study, infrared absorption, nuclear 

magnetic resonance, electron diffraction studies, and 

21
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hydrolysis experiments favored either the isomer S=N-F or 

N=S-F. From the assignment of the rotational spectra of 

two isotopic species, n°“SF and n°4sF, the structure was 

established unambiguously to be: 

1.446+0.018 
  

  S   ° 
oO 
> 
oO 

116° 52°+157 \ 

   
° 

o So 

Of special importance to the present investigation are 

the structures of chloroiminosulfur difluoride, SF NCI, and 

trifluoromethyliminosulfur difluoride, SFONCF,. They con- 

tain the iminosulfur difluoride moiety, —N-SF, , in common 

with SF,NCOF and SFONSF,. The geometrical and rotational 

isomerization and the bonding parameters of SFSNC1 and 

SFONCF, have been investigated by infrared absorption and 

electron diffraction methods. 

Only one geometrical and one rotational isomer of 

SFSNC1 was detected in the gas-phase electron diffraction®’ 

and infrared studies?® by Glemser. A cis conformation 

about the N=S bond was found, with the S,N, and Cl atoms 

lying in a symmetry plane which bisects the FSF angle. 

Figure I gives the reported bonding parameters consistent 

with the electron diffraction data.
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1.476+0.003 

  

Figure I. Gas~Phase Electron Diffraction Structure 
of Chloroiminosulfur Difluoride
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The geometrical and rotational isomerization of tri- 

fluoromethyliminosulfur difluoride was initially studied by 

infrared spectroscopy. 1® SFONCF. has two conformational 

degrees of freedom: rotation of the CF, unit relative to 

the NSF, entity. Rotation of the former kind, whereby 

two asymmetric units rotate about the N=S double bond, 

could lead to the possible existence of two or more posi- 

tional isomers. However, rotation of the latter type, 

which involves rotation of a symmetric unit, CF., about a 

C-—N single bond, may or may not give rise to detectable 

isomerization. 

Since little or no evidence for the presence of two or 

more rotational isomers was seen in the infrared spectrum 

of SF ONCF Griffths?? concluded that the conformation 37 

about the N=S bond is frozen in either the cis or trans 

conformation (see Figure II),and that either the CF, unit. 

is frozen in position or freely rotating. Albeit naive, 

Griffths selects, based on natural selection of a symmetric 

structure over an asymmetric one and on steric effects, the 

trans conformer as best representing the minimum energy 

configuration for SFONCF.. There is support, based on an 

electron diffraction study by Karl and Bauer“°, for a 

frozen conformation about the N=S bond. They found the 

minimum energy conformation to be essentially cis about 

the double bond. This conclusion resulted from a test of
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Figure II, Cis and Trans Conformations of Trifluoro- 

methyliminosulfur Difluoride
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a wide range of models covering many positional isomers 

about the N=S and N-—C bonds. Evidence for a second isomer 

with either a trans or a gauche configuration about N=S was 

not observed. The reported structure is illustrated in 

Figure III. 

Considering pentafluorosulfanyliminosulfur difluoride, 

SFONSF to be a monosubstituted derivative of sulfur 

a1 sF.c1,?, sF,oFr,7° 

5 $ 

hexafluoride, the structures of SF 

24 

6’ 

and SF_NF are germane to the present investigation. 
5°75 

Figure IV contains the structures consistent with the 

diffraction and spectroscopic data for these molecules. Of 

particular interest is the question: How greatly do the 

derivatives depart from the octahedral symmetry of SF? 

On the basis of steric effects and electronegativity, one 

would expect some distortion of the On symmetry in these 

derivatives. This distortion would also be expected to 

manifest itself in the values of the Fog?! a angle and 
x 

the FS. bond length. AS can be Seen in Figure IV, the 

distortion of the O, symmetry in the derivatives, while 
h 

quite observable, is slight. 

Although no detailed structural studies have been 

reported on SFNCOF and SFONSF,, Shanzer@> has reported 

19 
both a theoretical and a temperature-—dependent F-NMR 

conformational study on these molecules, as well as on 

various other SF,NR molecules (R = F, CN, CF., COCH.,, and
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Figure III. Gas-Phase Electron Diffraction Structure 

of Trifluoromethyliminosulfur Difluoride
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<FSF = 90°, 180° <FSF = 90°, 180° 
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S-~F = 1.576 + 0.010 8 
<FSF, = 88° 22' + 10° S-F, = 1.560 + 0.007 g 

<sFSF, = 90° (Assumed) S-F, = 1.546 + 0.002 R 

Figure IV. Some Gas-Phase Structures of Molecules Con- 
taining the Pentafluorosulfanyl Moiety, ~SF,
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Q). From CNDO molecular orbital calculations of the total 

energies of SF,NCOF and SFONSF, as a function of rotation 
2 

about the N=S bond, Shanzer found two minima of equal 

energy, separated by a low-lying maximum. The total energy 

curve was interpreted aS an example of essentially free 

rotation about the N=S bond, whereby thermal excitation of 

a few kceals could give rise to various rotamers of SF NCOF 

and SFONSF Additionally, the appearance of resolvable 5° 

spin-spin splitting at -80°C in the NMR spectrum, while 

the room temperature spectrum was devoid of such fine struc- 

ture, is cited as evidence of conformational changes in 

SF,NCOF.*° Likewise, temperature-dependent spectral 

changes in the 195 wr spectrum of SFONSF are explained 
5 

as cessation of free rotation about the N=S bond as lower 

temperatures are approached.*>



THE MICROWAVE SPECTRUM OF 

N-FLUOROFORMYLIMINOSULFUR DIFLUORIDE 

A. Experimental 

The N-fluoroformyliminosulfur difluoride used for this 

study was synthesized by D.E. Maurer and J.S. Thrasher of 

the Department of Chemistry at Virginia Polytechnic Insti- 

tute and State University. The synthetic route?” used in 

the preparation 

120°C 
4 ———_—_—> 4SFNCOF + Sif,  Si(NCO), + 4SF 7 

rs. 

gives a yield of 80% with the major impurities being SiF,,, 

COF., and an isocyanate. 

Trace impurities of COF., and HNCO were detected in the 

initial microwave spectrum. However, Sif, was not detected 

in the spectrum since it has no permanent electric dipole 

moment. The impurities were removed by vacuum distillation 

uSing traps at ~196°C and -78°C, while holding the sample 

at ~45°C, The purity of the distillate was ascertained 

from its infrared and mass spectra and from the absence of 

impurity lines in the microwave spectrum. 

N-Fluoroformyliminosulfur difluoride undergoes thermal 

degradation to COF, and nsF. 2? During the course of this 

investigation, it was necessary to perform repeated dis- 

tillations and to store the sample at dry ice temperature 

in order to maintain sample integrity. 

30



31 

The microwave spectrometer used in this investigation 

was a typical 36Kc/sec Stark modulated, laboratory-con- 

structed spectrometer. Figure V contains a schematic of 

the spectrometer. <A 8690B Hewlett-Packard Sweeper with a 

Backward Wave Oscillator (BWO), phased-—-locked to a HP8466A 

reference oscillator, served as the microwave radiation 

Source. The vapor of the sample under study was contained 

in the Stark cell, a ten foot length of X-band copper wave- 

guide with hermetically sealed mica windows. A septum of 

nickel plated phosphor-bronze, supported by flat strips of 

Teflon, were constructed to lie flush with the inside 

(narrow) walls and to run the length of the guide. Between 

the septum and the guide, a 00-1000 volt zero-based square 

wave potential could be controllably applied, thus allowing 

modulation of resonance frequencies via the Stark effect. 

Stark voltages were applied to the cell using a laboratory- 

built Square wave generator of the De Wijn?® design. 

The band spectra of N-fluoroformyliminosulfur difluo- 

ride were recorded at two temperatures: room temperature 

and a low temperature (-68°C to ~72°C) with the Stark cell 

surrounded in crushed dry ice. At these two temperatures 

the spectra were virtually identical both qualitatively 

and quantitatively. A portion of the cooled spectrum 

follows in Figure VI. Samples of SF,NCOF in normal iso- 
2 

topic abundance were degassed and distilled into the
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absorption cell to pressures of about 20u with a Stark 

potential of 1000 volts base-to-peak. <A scan rate of 10 

MHz/sec coupled with a lock-in detector time constant of 

1.0 sec was usually employed. 

Interpolation from 100 MHz markers recorded on the 

Spectra was used to determine the frequencies of the band 

peaks. Frequency accuracy was dependent upon the band 

shape and band width and varied from 10 MHz for the 4R-type 

bands to 50 MHz for the broader bo-type bands. The band 

centers were measured uSing both up and down scans and the 

averages were used to determine the rotational parameters. 

Five aR-type bands and two bo_type bands were observed 

in the 12.5 - 26.5 GHz region and were assigned to the 

normal isotopic species. Table III summarizes the band 

assignments. The uncertainties listed for B+tC and 2A-B-C 

represent estimated uncertainties of the frequencies of the 

ar-type and the bo-type band maxima divided by the average 

(J+1) value and the average (K_,+2) values, respectively.” 

Bands due to less abundant isotopes were not observed; 

Table IV lists the sulfur isotopes and their relative 

natural abundance. 

All high resolution spectra of N-fluoroformylimino- 

sulfur difluoride were recorded at dry ice temperature with 

@ sample pressure of 5-10 u. Because relative line inten- 

Sity aided in the spectral assignment, care was exercised
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Table III. 

Low Resolution Microwave Spectral Data of 
N-Fluoroformyliminosulfur Difluoride 

“R-type Bands 

  

  

Jt1 Vv (MHz ) B+C (MHz ) 

5 14570 + 10 2914 + 2 

6 17480 2913 

7 20390 2913 

8 23300 2913 

9 26210 2912 

  

  

%o-type Bands 

  

K+ v (MHz ) 2A-B-C(MHz ) 

  

2.5 15620 + 50 6248 + 20 

3.5 21740 6211 
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Table IV 

Relative Abundances of Naturally Occuring Sulfur Isotopes* 

  

Mass Number Atomic Weight (amu) % Abundance Nuclear Spin 

  

32 31.9720737 95.0 0 

33 32.971462 0.760 3/2 

34 33.967865 4.22 0 

36 35 .967090 0.0136 0 

  

a. Values taken from W. Gordy and R. L. Cook, Microwave 

Molecular Spectra (Interscience, New York, 1970). 
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to maintain the sample temperature, the sample pressure, 

the crystal current, and the settings of the recorder and 

detector constant while each spectrum was recorded. More- 

over, to ensure that each line measured was fully modulated, 

each spectrum was recorded at various Stark voltages. The 

frequencies of the rotational transitions were measured by 

using frequency markers at 1.0 MHz intervals. 

The spectrum contained numerous absorptions with 

unclear Stark effects - typical of a large, flexible mole- 

cule. lLine-widths of 1.5 - 2.0 MHz at half-intensity were 

frequently observed and were attributed to unresolved 

nitrogen-14 quadrupole hperfine-splitting and unresolved 

vibrational satellites. 

In the ground vibrational state, 65 rotational transi- 

tions of the 32SF NCOF species and 12 rotational transitions 

34 
of the SF,NCOF species were asSigned. Tabies V and VI 

9°SP, NCOF and SSF NCOF. 
2 

list the respective assignments of 

B. Low Resolution Microwave Spectrum and Conformation of 
N-Fluoroformyliminosulfur Difluoride 

N-Fluoroformyliminosulfur difluoride has two conforma- 

tional degrees of freedom: rotation of the COFN unit rela- 

tive to the SF, moiety and rotation of the COF unit relative 
2 

to the NSF, entity. Both types of rotational isomerization 

can lead to two or more different stable configurations. 

Notwithstanding the possibility of several isomers of
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Table VY 

Spectral Assignment of *25 7 NCOF® 
(MHz) 

  

  

Transition Frequency 

40g - 340 20852 .5 

455 - 313 21100.9 

So, - 443 23685 .6 

553 - 4i4 24101.2 

646 - 505 20170.3 

Bos - 554 26496 .5 

707 - Gog 20369.5 

717 - 616 2024§ .4 

746 - 645 20530.4 

756 7 Gos 20388 .9 

To5 - S54 20412.3 

V7 - 66 22954 .0 

858 - 767 23273.2 

838 - @7 23138 .2 

837 - 746 23460.3 

857 - 706 23302.1 

856 - Tos 23336 .8 

808 - T17 20694 .6 

818 - 707 25718 .3 

  

Continued
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Continuation of Table V 

  

  

Spectral Assignment of 32.3 .NCOF~ 
(MHz ) 

Transition Frequency 

909 - 858 26172 .9 

919 - 838 26027 .8 

959 - 857 26390.0 

952 - 857 26210.4 

909 - 838 23731.3 

dliay - 105. 21166 .3 

1ls506 - 1959 24017.8 

12540 - llo5g 23742.3 

12544 - Il3. 19321.7 

12549 - Ilgg 19722 .5 

1349 - 13310 21694.1 

13549 - 1229 22194.1 

13544 - 12350 22735 .9 

14,30 - 14544 21676.1 

14533 - 13359 25052.1 

14540 - 13454 25773.1 

15440 - 15453 21700.7 

15444 - 15319 21651.9 

15349 - 144541 22051.1 

  

Continued
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Continuation of Table V 

Spectral Assignment of °? SF NCOF™ 
(MHz ) 

  

  

Transition Frequency 

16419 16353 21621.4 

1654 lSyi1 24921.1 

16433 15,49 24992 .3 

17443 L7a14 21585 .4 

18445 18356 21676 .5 

18,44 18445 21540.7 

19,46 19,57 21669.7 

19,45 19356 21484 .0 

20,47 20318 21664.7 

20,46 20.444 21419.1 

21448 21ai9 21660.1 

22449 22500 21660.1 

23490 23401 21664.7 

24404 24,00 21676.1 

25 409 25 303 21689.3 

27 404 27 305 21740.7 

28,05 28 306 21780.4 

29307 29508 18189 .5 

  

Continued



Continuation of Table V 
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Spectral Assignment of 32 SP NCOF 
(MHz ) 

  

  

Transition Frequency 

29 405 29 206 20008.1 

30,07 30209 21889 .3 

30,06 30,07 19744 .9 

Slao9 3153 18839.0 

33493 33530 19567 .2 

334 30 33.43) 22150.5 

34 330 34539 19961.1 

37434 37 335 22731 .0 

40332 40539 22687.7 

  

a. Measurements believed to be accurate to + 0.2 MHz.
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Table VI 

Spectral Assignment of 94SR NCOF” 

(MHz ) 

Transition Frequency 

636 - 505 19985 .3 

707 - 6 og 20205.7 

716 7 655 20372 .9 

1096 - 655 20226 .4 

7o5 ~ bo, 20250 .4 

Ta4 7 649 20231 .3 

7497 - 656 22736 .3 

838 7 747 22942 .7 

812 - 716 23281 .2 

857 706 23115.2 

839 7 107 25471.4 

I19 ~ 819 25807.8 

  

a. Measurements believed to be accurate to + 0.3 MHz.
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SFNCOF , the LRMW spectrum of SF NCOF gives support for 

only one positional isomer, since only one set of R-type 

bands and only one set of Q-type bands were observed. 

Provided the rotational constants of SF NCOF are sufficient~— 

ly sensitive to different orientations about the N=S and 

N-C bonds, the isomer which supports the observed spectrum 

can be ascertained by matching the experimental values of 

B+C and 2A~B-C to those calculated from reasonable models 

which contain molecular dimensions from molecules related 

to SFNCOF. 

An experimental value of BtC = 2913 + 2 MHz was ob- 

tained uSing a least-squares fit of 

v = (B+C)(J+1) 

to the experimental peak frequencies of the R-type bands. 

Because SFNCOF has two conformational degrees of freedom, 

a second rotational parameter, 2A~B-C, must be obtained in 

order to completely determine its conformation. By fitting 

the experimental frequencies of the Q-type bands to 

v= (2A~B-C)(K_, +3) 

the rotational parameter 2A~B-C = 6230 + 20 MHz was ob- 

tained. From the average B+C and the average 2A-B-C, the 

A rotational constant was determined to be 4572 + 22 MHz. 

To match the above rotational parameters, a meaningful
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qualitative structure for N-fluoroformyliminosulfur di- 

fluoride was derived by combining the N=SF, parameters 
2 

from chloroiminosulfur difluoride ,!! the COF parameters 

from acetyl fluoride, 7” and the N-C distance and the NCO 

angle from formamide. °° Because no gas-phase value for a 

SNC angle involving the atom hybridization scheme sp’sp“sp~ 

could be found in the literature, this angle was varied 

systematically from 110° - 140° by 2° increments. Further- 

more, the heavy atoms S,N, and C were assumed to lie in a 

plane which bisects ZFSF. Table VII contains the prelimi- 

nary structure used in fitting the LRMW spectrum for the 

purpose of conformational analysis. The plausible 

' positional isomers of SF,NCOF, which have extreme configura- 
2 

tions about the N=S and N-C bonds, are shown in Figure VIL 

A comparison of the calculated and observed rotational 

parameters for these isomers is given in Table VIII. The 

calculated rotational parameters were obtained by directly 

transferring the geometrical parameters of Table VII to the 

respective parts of SF,NCOF and by optimizing the ZSNC 
2 

until the best agreement between experiment and theory was 

achieved. 

Although the best agreement between the observed and 

calculated parameters is obtained for isomer I, isomer II 

cannot be ruled out entirely based on the low resolution 

data. Both isomers I and II have a cis configuration
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Table VII 

Preliminary Structure of 

N-Fluoroformyliminodulfur Difluoride* 

  

Structural Parameters Derived Source Technique 
  

r(N=S) = 1.476 SFLNC1 Electron 
Diffraction 

r(S-F) = 1.596 " " 

<NSF = 111.2° " " 

<FSF = 89.8° " " 

r(c=0) = 1.181 CH.COF Microwave 

r(C-F) = 1.348 " " 

<OCF = 121.35 " " 

r(N-C) = 1.376 H NCOH Microwave 

<NCO = 123.8 " " 

<SNC HW 100 - 130 --- --- 

  

a. Bond lengths are in & and bond angles in degrees.



46 

Fs UF F Feet Pp 0 
f NZ 4 \A o/ \ s ! } 

o° , 0° 0° ,180° 0° ,90° 

F IV F V F VI 

Fs Fuca N FO same 
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180° , 180° 180° 0° 180° , 90° 

Figure VII. Plausible Positional Isomers of N-Fluoro- 
formyliminosulfur Difluoride® 

4-The numbers refer to the dihedral angles about the 

N=S bond and the N-C bond, respectively. The cis con- 
figuration about the N=S bond with the conformation 
about N-C, chosen so that the fluorine atom of the COF 
group is cis to the lone-pair of electrons on nitrogen, 

corresponds to 0°, 0°,
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Table VIII 

Comparison of Calculated and Observed LRMW Rotational 

Parameters of the Normal Isotopic Species of 

N-Fluoroformyliminosulfur Difluoride 

  

  

Isomer. B+C(MHz) 2A-B-C(MHz)} A (MHz ) K 

I 2914 6586 4750 -0.97 

II 3208 5758 4483 -0.94 

III 3159 A776 3968 -0.79 

IV 2477 8067 5272 ~1.0 

V 2362 8446 5404 -1.0 

VI 2456 7720 5088 -0.88 

Observed 2913 + 2 6230 + 20 4572 + 22 -0.98 

  

a. Kappa estimated from linewidth at half-intensity
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about the N=S bond and a molecular plane of symmetry, which 

is the perpendicular bisector of the ZFSF. However, isomer 

I has the fluorine atom of the COF group eclipsing the lone 

pair of electrons on nitrogen, whereas the oxygen atom of 

the COF group eclipses this lone pair in isomer II. The 

near coincidence of the inverse moments of these two iso- 

mers, which can be attributed to the similarity of the 

atomic masses of fluorine and oxygen, prevents a firm 

deduction as to which isomer best fits the spectral data. 

Analogous ambiguities, due to the similarity of the masses 

of fluorine and oxygen, were also cited in the conforma- 

tional studies of propionyl fluoride, °?- acryloyl fluoride, >“ 

and methyl fluoroformate.°° 

Regardless of the indistinguishability of isomers I 

and II, the rotational constants of isomer III and of all 

isomers which have a trans conformation about N=S8: IV, V, 

and VI, are very dissimilar to the observed constants, and 

therefore, are not responsible for the observed spectrum. 

C. High Resolution Spectrum and Molecular Structure of 
N-Fluoroformyliminosulfur Difluoride 

The most striking feature of the high resolution 

microwave spectrum of fluoroformyliminosulfur difluoride 

is its richness. Irrespective of the existence of several 

isomeric forms, three possible factors contributing to 

the spectral density may be put forth: (1) Large molecules
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have small rotational constants which result in closely 

spaced rotational energy levels, and, therefore, many 

transitions fall within the accessible microwave region; 

(2) Flexible molecules have many low-lying vibrational 

states with significant populations, even at low tempera- 

tures, which results in rotational transitions occurring in 

34, 
excited vibrational states; (3) Transitions of the 

isotopic species, though of low abundance, are also ob- 

servable. 

Although the spectral density is explainable, the 

presence of so many lines still poses a problem. Routinely, 

rotational transitions are assigned on the basis of their 

expected Stark shifts. Because the line density prevented 

the resolution of the Stark components, this approach was 

not feasible. Instead, the more difficult process of 

correlating line positions and line intensities with those 

predicted from a suitable model was used. 

In order to assign a high resolution spectrum it is 

useful first to calculate the possible range for the ex- 

perimentally accessible rotational transitions. In the 

absence of any observable rotational hyperfine structure, 

only the rotational constants A, B, and C, and the dipole 

moment components are required for this calculation. Tena- 

tive values of the rotational constants can be derived from 

either a reasonable assumed structure or determined experi-
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mentally from the assignment of a low resolution microwave 

spectrum, provided the spectrum contains a sufficient num- 

ber of different band types. 

Since the low resolution microwave spectrum of the 

normal isotope of SFNCOF contains only bands sensitive to 

B+C and 2A-B-C, all three rotational constants could not be 

individually determined. Therefore, the Moment of Inertia 

computer program, which is described in Appendix A, was 

used to calculate the rotational constants for the proposed 

structure (Figure VIII) which best fitted the LRMW spectral 

data. Transition frequencies and relative line intensities 

were then calculated by entering these rotational constants 

and assumed dipole components, Ho=uL= 1.0D, into the Asym- 

metric Rigid Rotor computer program (Appendix A). The 

rigid rotor spectrum predicted several high intensity bo 

branch transitions and *R-branch transitions, medium 

intensity OR _pranch transitions, and low intensity Dp_ 

branch transitions. This spectrum also indicated that the 

“R-branch transitions, J = 7 <~—6, 8 <— 7, and 10 <— 9, 

should be clustered around the band centers determined 

from the LRMW spectrum. 

First attempts at fitting the spectrum to a rigid 

rotor model involved the assignment of members of the 

@p—pranch, Since the low J transitions of this branch are 

Shifted relatively little from their rigid rotor positions.



ol 

  

    
Figure VIII. Proposed Structure of N-Fluoroformyl- 

iminosulfur Difluoride Based on LRMW 
Results
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Moreover, it was felt that the positions of these transi- 

tions were well determined from the assigned LRMW spectrum. 

Although both the calculated and the experimental spectra 

indicated that the high K_, components of the “PR bands 

would be very closely spaced, the calculated spectrum did 

indicate that the K_,=1 and K_ =2 doublets, and possibly 
1 1 

even the K_ =O transitions, would be split out from the 
1 

band centers and thus resolvable. To a first order approxi- 

doublets (J+1) <— J of a near 
1 1,J+1 lJ 

prolate asymmetric rotor are separated by Av = (B-C)(J+1).°4 

mation, the K_ 

This splitting factor was helpful in assigning the K_j=1 

doublets of the J = 7 <— 6, 8 <— 7, and 10 <— 9 transi- 

tions and for obtaining an estimate of B-C. To locate the 

K_,70 transitions, denoted by S419 5415 Jo J? 

made of the fact that the interval of separation between 

use was 

o,st1s Yo g 
Lo, 35 

and (S41) 4 Jy J to the next such pair is %2C. 

the centers of the closely spaced pair J+l 

This approximation aided in the location of the 85g <— %57 

and 999 <— 808 transitions. 

Since the frequency of the low J “R branch transi- 

tions depend primarily upon B and C, they cannot be used to 

determine the A rotational constant. A value for A must 

be determined by assigning bp or bo branch transitions. 

The assignment of be transitions of the type CJt1) 5 gars —og 

and CIT) 45 Jay was facilitated by using the sum
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relationship between a pair of these lines and a pair of 

previously assigned an-type transitions involving the same 

four energy levels.°© The sum relationship is 

V{CT#1) 9 y44S— Jog + VICI] guy Fy yt = 

ViCIFL)) 5445 Joz3 + ViCSt1) Gg 54ST } 
lJ 

This expression, together with the assignment of the 

858 - 197 and 838 - V7 transitions, aided in the assign- 

ment of the 849 - To7 and 808 - 717 transitions. 

Because high intensity lines belonging to the Q branch 

Series J, 54 ~ Jg g-3 and Jy j-3 ~ J3 g-g Prevaded the 

Spectrum and because the assignment of members of this 

series would afford a better value of A-C and xk, it was 

desirable to include members of this series in the assign- 

ment. Verification of the assignment of a series of Q 

branch transitions can be facilitated by plotting values 

of ane as a function of Kf To see why this is so, we 

must consider the general energy level expression for an 

asymmetric rotor:* 

Es = £(AtC)J(J+1) + 3(A-C)E(K) 

Ky Sa 

where the reduced energy, E(k), is an explicit function of 

Koy: Kui and K. The reduced energy also has the property 

of being symmetric; i.e., E(k) = E(-«).
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By an appeal to the selection rule AJ=0, the frequency 

of a Q branch transition, obtained from the general energy 

level expression, iS written as: 

v = $(A-C)AE(K) 

where AE(K) is the difference between the reduced energies 

of the two rotational states involved in the transition. 

From the above frequency expression it can be seen that if 

ax is plotted against « for a family of Q branches, i.e., 

those transitions having like values of K a curve re- -]’ 

sults for each transition plotted. All Q branch transi- 

tions belonging to the same molecule must be associated 

with a particular value of ast and kK. Therefore, the 

curves representing correctly assigned transitions will 

intersect at a common point, namely, at, K. If a common 

intersection is not achieved, either a wrong J value was 

assigned to a transition, or, possibly, the transition 

belongs to another vibrational state. 

When performing a Q branch analysis, it is desirable 

to assign low J transitions so that the effects of centri- 

fugal distortion will be minimal. Although Q branch 

transitions of low J were present in the 12.0 - 26.4 GHz 

region, they were not resolvable even under high-resolu- 

tion conditions. Consequently, transitions involving 

higher rotational states, namely, J=15-20, had to be used
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in the analysis. 

Obtaining a graphical estimate of a and k by the 

method described above involves the acquisition of E(k) 

values as a function of small changes ink. Tabulated 

values of E(k) exist in kK increments of 0.01 for J £12. 

However, no such precise tabulation is available for 

higher rotation states. 

Since interpolation of existing tables of E(x) for 

the higher rotational states is fraught with tedium and 

38 
inaccuracy, an analytical method for calculating the 

~A-C 
2 ? 

reduced energy aS a power series expansion of the asym- 

metry parameter 6 = <. The reduced energy, so expanded, 

point K was employed. This method determines the 

has the form: 

2 4 E(6) = a + bé + 06% + dé% + ed 

To determine the coefficients of 6 in the above expression, 

a series of E(6) and 6 values computed by the Rigid Rotor 

computer program (Appendix A) is least-squares fitted. 

The derived coefficients are then input to the above power 

series so that more precise E(é) values can be calculated. 

Once the E(6) values have been obtained, the expression 

for the frequency of a Q branch transition 

_ 2 3 4 
V5 =~ (a; + b, 6 + c; 5 + d,6 + e,6 )
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where as = aay etc. are the differences between the 

correpsonding coefficients for the two levels involved in 

the transition, can be used to determine 6 values for all 

pairs of assigned transitions. The 6 values are then 

averaged and the average value is used, along with the 

experimental frequencies, to compute ast . For the nor- 

mal isotopic species of SF,NCOF an average value of 
2 

6 = 0.01349 + 0.0005, which corresponds to an average 

value of kK = 0.9730 + 0.0005, was obtained. This average 

value of 6 when used in the above expression yields an 

average value of “5° = 1563.09 + 0.06 MHz. Figure IX 

illustrates a plot of at as a function of 6 for select 

members of the @ branch series J, 54 - Jg g_3°: 

Following the initial identification of the Q branch 

transitions by means of the crossing point analysis, the 

transitions were incorporated into the spectral fit. 

However, Since these transitions are between higher angular 

momentum states, their frequencies are more sensitive to 

the values of the moments of inertia, and are subsequently 

affected to a greater degree by centrifugal distortion. 

As a result of the inclusion of the J=15-20 transitions 

into the assignment, the moments of inertia can no longer 

be considered independent of the rotational state, and a 

new model, the semirigid rotor, had to be adopted to 

provide satisfactory spectral predictions.
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The Hamiltonian for the semirigid rotor in the princi- 

pal axis system may be expressed as? 

Ho = Hep t Bop 

H’ RR is the rigid rotor Hamiltonian with the familiar form 

H RR =A Pa b Cc 

where A”~, B’, C” are the rotational constants while Po etc. 

are the components of the angular momentum along the mole- 

cule-fixed axis in units of H. The distortion Hamiltonian, 

H°” , is of the form 
cD 

4 
a: 2 PPPP Hop = | 0,8,Y,6 aByé “a By 6 

with distortion constants ToBys and components of the 

angular momentum Pu: Pe, Ps Ps. The t's are functions of 

the molecular masses, molecular geometry, and force con- 

Stants. In principal, the distortion constants can be 

obtained from the force constants, which, in turn, can be 

determined from the vibrational frequencies. For poly- 

atomic molecules, this is seldom possible because of the 

involved analysis and the large uncertainties which are 

attached to any force constants which may emerge. Once a 

sufficient number of transitions with appreciable distor- 

tion effects and different sub-branches have been measured, 

the rotational constants and the centrifugal distortion
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constants can be determined and then used to predict other 

high J transitions. 

To a first order approximation, the eighty-one terms 

appearing in the distortion Hamiltonian are reduced to six 

39 
by the Kivelson-—Wilson formulation. This simplification 

leads to the following form for the semirigid rotor 

Hamiltonian 

H = Hep * Hop 
ee eer, 

AaR = A Pp. + B P. + C Po 

- i - 2, 2 

Hop z YX ToaBe a Pe 

where 

+4 

AU AT (3T oben 2T aba 2T waca) 
»# 

B= (3T 0 acaq 2T oboe 2T hapa? 
i 

Cc = (3T) pam 2T hobo” 2T aca? 

TAKBB = 4° (Toager 2T Bap? 

4 
cml 
Tyo t T road 

with 

a ~# 8B 

Watson ,~° noting that not all six of the distortion 

constants within the Kivelson-Wilson model were indepen- 

dent, further reduced the number of centrifugal distortion
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constants to five. In terms of Watson's parameters the 

Hamiltonian is 

= 4(B+C)P7 +[A - 4(B+C)] P.? - a, (P*)? - 

2, 2 4 AyyPP,” - AP, + (P,7-P,*) [(4)(B-C) _ 

2 ~ 6.7.7] + [aCB-E) - 6P* - 6p 4 pp ?- 6 5P 

The rotational constants are written as 

A=A + 16k, 

— —_ ” A’- se 

——~ _— a A” -C* 

C=C + 16R, (B-~E7 —E7 =) 

where R. = (Ly T + T - 2(T + 2T ) 4 The 
6 64 bbbb ecce bbec bebe 

following relationships rephrase the t's of the Kivelson- 

Wilson formulations in terms of the A's and 6's of the 

Watson model 

= ot _ ° 
Ay @( Th ppb TCece? 

Ty 
an = ~3(T aaa t Thpbb * Tecee * |Z 

3 Ty 

Aon = FE ppp * Tecee? ~ F 

= wl * — - 

es Ts (Toppy .~ Teece! 

6. = i¢ (BA) + t* (ConA’) ° 
K 8 TS Dbb. st ecece *B’°-C 

Ty Bo+ 
8 ae —_ * to 2375
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where 

- _— f + ct : a 

4 Tocaa. “bbaa * Tbbec 

and 

2 * BT ocaa t CT hbaa * A” Thpec 

Sixty-five transitions of the normal isotopic species 

of fluoroformyliminosulfur difluoride were measured and 

fit to a centrifugal distortion model of the Watson formula- 

tion using techniques and an algorithm developed by 

Kirchhoff.?+ A description of the semirigid rotor program 

is presented in Appendix A. The results of the distortion 

fit are given in Table IX, while the spectroscopic con- 

stants are listed in Table X. The average and root mean 

square deviations of the fit are 0.213 MHz and 1.130 MHz, 

respectively, while the standard deviation is 0.936 MHz. 

Since 34, has a natural abundance of approximately 4%, 

the spectrum of °* SF NCOF is observable. Routine tech- 

niques used to distinguish absorptions belonging to iso- 

topic species in low natural abundance from those belonging 

to more abundant isotopes include: (1) Comparison of the 

intensity of a particular rotational line of the isotopic 

species to the intensity of the corresponding transition 

(identical rotational and vibrational states) of the 

parent species measured at the same temperature; (2) Fre-
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Table IX 

Centrifugal Distortion Fit of °°SF NC OF" 
(MHz) 

Transition Yobs. Veale. Yobs. “calc. 

455 - 315 20852.5 20852.6 -0.1 

4on ~ 314 - 21100.9 21100.6 0.3 

554 ~ 419 23685 .6 23684.8 0.8 

Bog ~ 414 24101.2 24102.3 -1.1 

61g ~ Sos 20170.3 20171.3 -1.0 

Gon - 514 26496 .5 26496 .8 -0.3 

To7 ~ 80g 20369.5 20371.9 -2.4 

717 ~ 816 20245 .4 20247.4 -2.0 

716 - 815 20530.4 20529.5 0.9 

Tog ~ S05 20388 .9 20389 .9 -1.0 

Ton - 654 20412.3 20412.3 0.0 

717 ~ S06 22954 .0 22952.1 1.9 

8a - 797 23273.2 23274.4 -1.2 

833-717 23138.2 23138.1 0.1 

817 - T1¢ 23460.3 23460.1 0.2 

Bo7 - To¢ 23302.1 23301.2 0.9 

85g - Tos 23336 .8 23334.8 2.0 

858 - 717 20694 .6 20694. 3 0.3 

813 - Toy 25718.3 25718 .2 0.1 

  

Continued
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Continuation of Table IX 

  

  

Centrifugal Distortion Fit of °2SF NCOF * 
(MHz ) 

Transition Yobs. Veale. obs. ‘calc. 

99 - 858 26172 .9 26173.9 -1.0 

919 _ 838 26027 .8 26027 .9 0.1 

I38 - 837 26390.0 26389.8 0.2 

959 - 857 26210.4 26211.9 ~1.5 

209 - 8148 23731.3 23730 .2 1.1 

115547 1052 21166.3 21167.5 -1.2 

11y19- log 24017.8 24019.1 -1.3 

125497 llog 23742 .3 23742 .3 0.0 

126447 Lig. 19321.7 19321.6 0.1 

125307 Ilo 19722 .5 19722.5 0.0 

1349 - 13356 21694.1 21694.3 -0.2 

135497 1239 22194.1 22192.5 1.6 

135547 12356 22735.0 22736 .7 -1.7 

14,5097 14454 21676 .1 21675.8 0.3 

145137 13319 25052.1 25051 .4 0.7 

145307 13344 25773.1 25772 .5 0.6 

15,497 19433 21700.7 21699.8 0.9 

154447 1Sa40 21651.9 21652.3 -0.4 

153497 14454 22051.1 22050.8 0.3 

16,497 16473 | 21621.4 21622.7 -1.3 

  

Continued
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Centrifugal Distortion Fit of *2SFNCOF ® 
(MHz ) 

Transition Vobs. Vealc. obs. calc. 

163547 15471 24921.1 24920.8 0.3 

164437 15419 24992 .3 24992 .9 -0.6 

17433-17514 21585.4 21585.9 -0.5 

184457- 18316 21676 .5 21676 .0 0.5 

18,447 18315 21540.7 21540.4 0.3 

19,567 19317 21669.7 21669.4 0.3 

19,45- 19s1¢ 21484.0 21484.7 -0.7 

20,377 20318 21664.7 21664.3 0.4 

204167 20317 21419.1 21417.4 1.7 

21 jig 21319 21660.1 21661.6 -1.5 

22497 22500 21660.1 21661.8 -1.7 

234007 23301 21664.7 21666 .0 -1.3 

24455- 24g00 21676.1 21675.0 1.1 

25 4o9~ 25393 21689.3 21689.8 -0.5 

274047 27305 21740.7 21741.3 -0.6 

28,55 28306 21780.4 21780 .3 -0.1 

29,07~ 2oog 18189.5 18190.9 -1.4 

29,957 29 a0¢ 20008.1 20008 .0 0.1 

30,57- 30308 21889.3 21890.5 -~1.2 

  

Continued
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Continuation of Tahle IX 

Centrifugal Distortion Fit of *“SP NCOF ® 

  

  

(MHz ) 

Transition Vobs. Vealc. Yobs.” “calc. 

30,067 30307 19744 .9 19742 .6 2.3 

Bl a597 31599 18839.0 18839 .9 -0.9 

334947 33539 19567.2 19569.3 -2.1 

33,397 33.33) 22150.5 22153.9 -3.4 

34.3307 34599 19961 .1 19963.1 -2.0 

37 4347 37395 22731.0 22733.7 -2.7 

40 350- 405309 22687.7 22688.8 -l.1 

  

a. Observed frequencies believed to be accurate to + 0.2 MHz. 
Calculated frequencies based on spectroscopic constants 
listed in Table X,
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Table X 

Spectroscopic Constants for 

(MHz) 

  

4563 .584+0 .085 

  

A = 

B = 1476.855+0.048 

C = 1436.517+0.043 

tT, = -0.038320.0036 

T. = -0.00840.0012 

Tg = ~3.1540.25 

* aaa = 0 

Thppp = 0-:003620.0013 

ceee = 9:003540.0014 

hy = -0.31140.070 x 10— 

hy = 0-13240.027 x 107 

T was not fit because it is too highly correlated 
aaaa 

with the A rotational constant.
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quency fitting by the least-squares reduction process to the 

appropriate model describing rotation, e.g., rigid rotor or 

distortable rotor; (3) Stark effect; (4) Measurement of 

the temperature dependence of the intensities; (5) rf- 

Microwave double resonance. 

Because of the complexity of the spectrum and the 

microwave spectrometer system available, all of the afore- 

mentioned methods could not be used to identify the transi- 

tions of °4 SP NCOF. As previously discussed, the density 

of the spectrum and the broad linewidth hindered the assign- 

ment of low J lines based on the anticipated Stark shifts. 

Identification of 34, lines on the basis of the temperature 

coefficient of the intensities was also precluded because 

the spectrum at room temperature was too weak to accurately 

measure. The diffuseness of the spectrum at room tempera- 

ture is believed to be due to low frequency vibrations, 

which depopulate the ground state very rapidly as tempera- 

ture increases. All measurements had to be made at dry 

ice temperature where absorptions were roughly ten times 

as strong as those observed at room temperature. 

The only availing techniques for locating and con- 

firming the elusive 34 on NCOF transitions were measuring 
2 

the intensity ratio of the ground state lines, 325 345 ~ 

22.5, and noting how well the transitions determined the 

rotational Hamiltonian. In consequence, the assignment of
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the 34 species proved very difficult. Because only a 

limited number of lines having the proper characteristics 

could be identified, only a rigid rotor fit was attempted. 

The results of the rigid rotor fit of twelve transitions of 

°" SF NCOF in the ground vibrational state are summarized 

in Table XI. The average and root mean square deviations 

are -0.013 MHz and 0.566 MHz, respectively, while the 

Standard deviation is 0.654 MHz. In Table XII, the spectro- 

scopic constants determined from the fit are presented. 

In principle, the complete analysis of a rotational 

spectrum can yield four different types of molecular 

3 
structures: r r ree and <r>. Ideally, one would like 

e’ ~o’ 

to aim for the re structure because it characterizes the 

equilibrium configuration of the molecule — a hypothetical 

State in which all dynamics, e.g., vibrational motion, are 

frozen. In actuality, the equilibrium geometry is not 

directly obtainable from observed rotational constants, 

even in the ground vibrational state. All observed rota- 

tional constants are merely averages over the vibrational 

motion associated with a particular vibrational level. 

Therefore, the Ao: Bo: and Cy obtained from the analysis of 

the ground state spectrum are averages over the zero-point 

vibrational motions and, as such, do not mirror the equili- 

brium geometry. However, if sufficient rotational data 

can be collected for several vibrationally-excited states



Table XI 

  

  

  

Rigid Rotor Fit of °F NCOF* 

Transition vobs. Veale. obs. ‘calc. 

B16 595 19985.3 19985 ..3 0.0 

197 656 20205 .7 20205 .8 -0.1 

"46 6.5 20372 .9 20372.8 ; O.1 

706 6o5 20226 .4 20226 .8 -0.4 

lo 654 20250 .4 20251.2 -0.8 

Tag. 643 20231.3 20232 .4 -1.1 

V7 666 22736 .3 22735 .9 0.4 

838 7 22942 .7 22942 .0 -0.7 

847 "16 23281.2 23280.8 0.4 

857 706 23115.2 23114.8 0.4 

838 797 25471.4 25472 .2 -0.8 

S19 818 25807.8 25807 .3 0.5 

a. Observed frequencies believed to be accurate to + 0.3 

MHz. Calculated frequencies based on spectroscopic con- 
stants listed in Table XII.
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Table XII 

Spectroscopic Constants” for 34 op NCOF 

(MHz) 2 

  

A = 4526.27 + 0.99 

B = 1466.229 + 0.040 

C = 1423.795 + 0.035 

  

a. No centrifugal distortions constants were determined 
due to the paucity of assigned transitions,
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of all the fundamental vibrational modes, relationships 

which correlate the observed rotational constants to the 

equilibrium rotational constants can be used to correct for 

vibrational motion. This correction allows one to approach 

the r structure by extrapolation to the equilibrium state. 

Although the te structure has been derived for several 

hundred diatomic molecules, an ro structure for polyatomic 

molecules is rarely determinable. Attempting an vo struc- 

ture for complex molecules, which have numerous vibrational 

fundamentals, has not met with much success because of two 

inherent problems: (1) The Boltzmann factor will be small 

for the high frequency normal modes and, therefore, the 

weak microwave spectra of the vibrational satellites of 

these modes will be correspondingly more difficult to 

detect; (2) Obtaining a convincing assignment of every 

normal mode in a polyatomic system is an arduous, and 

often impossible, task. 

The simplest type of structure to be considered is the 

effective structure, ro? which represents the average 

structure over the ground vibrational state. For a dia- 

tomic molecule, the effective bond distance ro is 

_ h  ¢ 
TO ‘Sr7uB, 

One serious drawback of the ry structure is that it is not 

isotopic invariant; that is, different isotopic species



72 

yield slightly different values for the bond lengths and 

bond angles. Thus, only by making the assumption that ro 

is identical for each isotopic species can the set of moment 

equation be used to determine a unique ry structure. This 

assumption is more valid for the isotopic substitution of a 

heavy atom than a light one. 

The best compromise, when an re structure is not 

feasible, is to use Costain's method, *” which employs 

equations developed by Kraitchman ,*? to determine the sub- 

stitution structure, Pee This procedure allows the coordi- 

nates of each atom to be determined independently from the 

isotopic shifts in the moments of inertia which occur as 

each atom is substituted. <A complete re structure requires 

a Single substitution at each atom. When this is possible, 

the isotopic information can be combined through the 

Kraitchman equations to cancel much of the ambiguities of 

the atom's position resulting from zero-point vibration 

effects. Costain has shown that the mean of the re and ry 

bond lengths closely approximates the rs bond length, that 

is, 

ref r+ 5 3 ( 6 r.) 

The rs structure is believed to provide more consistent 

sets of structure data than the ro structure. 

The last structure to be dealt with is the average
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structure, <r>. The <r> structure represents the molecular 

configuration for which the nuclear positions have been 

averaged over the vibrational motion. In contrast to the 

ry determination, the complete form of the vibrational 

potential function, which includes both a harmonic and an 

anharmonic part, need not be known for a <r> solution. 

Only the exact form of the harmonic part, which can be 

obtained from the force conStants, is needed. Average 

structures have been determined for numerous diatomics, 

Some linear and nonlinear triatomics, and for a few tetra- 

hedral molecules. 

Vibrational motion also makes a Significant contribu- 

tion to the value of the inertia defect. Consideration of 

the inertia defect can be of great import for demonstra- 

tion of planarity or molecular planes of symmetry. For a 

rigid molecule the relation” 

-2P eH t tH
 i re
 i 

where 

Ii: I, = in-plane moment of inertia 
I~ = out-of-plane moment of inertia 
PY = out-of-plane second moment 

holds exactly. In the case of a rigid planar molecule, 

both sides of the above equation vanish. However, experi- 

ment has shown that IY -I,- I for a real planar mole- 
B
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cule never quite vanishes, but has a small positive value 

of approximately 0.05 - 0.5 amu: 82 , which is termed the 

inertia defect, A. In the ground vibrational state, the 

inertia defect of a planar molecule is given as 

Oo A = 

ty 8 Y 

where, PS = 0 obviously follows from the definition of 

planarity. The analogous expression for a nonplanar mole- 

cule with an a8 plane of symmetry is 

re) oO Oo Oo 
A =] - - + O a I, I 2P., 

where 

_ 2 
PY = pms Ya # 0 

Mm; = mass of ith out-of-plane atom 

perpendicular distance of ith atom from 
the a8 plane 

Provided SF,NCOF possesses an ab plane of symmetry 

with the only out-of-plane atoms being two symmetrically 

equivalent fluorines, the above equation can be recast in 

terms of the out-of-plane coordinate, Cy of the fluorines, 

yielding 

Oo _ oO Oo 2 

ant, ~ Ty, - Ig) - SMpCp 

Oo. we 
Because A is very small compared to moments of inertia or 

to the out-of-plane contribution to the inertia, it may, 

to a first approximation, be safely neglected. This allows
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the C coordinate of the fluorines to be calculated directly 

from the experimentally determined moments of inertai and 
T° +1,° - 15° 

  the relation Cy = ( Zit £ 2 giving, Cy = +1.154 

+ 0.001 & and C, = #1.155 + 0.002 & respectively, for 

32sP NCOF and *4 SF NCOF. Inasmuch as Ae can be assumed 

equal for the two isotopic species, the values of Cy can 

be averaged, yielding C, = +1.154 + 0.003 &. 

Information pertaining to the conformation of SF,NCOF 

can be obtained by noting the similarity of the values of 

Oo Oo Oo . . . Oo Oo 
+ _ : + - I I, I, for the two isotopic species I I 

Oo 32 I,° = 101.13 + 0.05 amu” for 
34 

SF NCOF as compared to 

101.38 + 0.20 amu-&° for SF,NCOF. From this it can be 

concluded that SF,NCOF has a plane of symmetry containing 
2 

the 8, N, C, and O atoms and the a and b principle axes. 

Thus conformers III and VI of Figure VII can be ruled out. 

Additionally, the re coordinates of the S atom in 

SF,NCOF can be computed directly from the observed iso- 

topic shifts in the moments of inertia by utilization of 

the Kraitchman equations. ° For an asymmetric top, such as 

SF,NCOF, the coordinate computation will be more straight- 

forward if the planar dyadic, termed the P tensor, is used 

instead of the inertia dyadic or I tensor. In the center- 

of-mass principle axis system Bs b, C55 the P tensor is



P 
aa 

ps Pha 

Poa 

with diagonal elements 

P = Im. 
aa 

and off-diagonal elements 

P = Ym. 
i ab 
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2 
a etc. 
ii’ 

a.b, . yPy> etc 

The planar dyadic is related to the inertia dyadic 

  

Toa Lop Tae 

t= |1ba lop Tbe 

Toa Top Tee 

by 

Pe dE+I1 

where 

d= bm, (a; + b,* + c,7) 

and 

{t
4 1} 

bE 
pe
t 

M
h
 

bt
 h
e
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The diagonal elements of the I tensor, termed the moments 

of inertia, are 

_ 2 
loa = tm, a, , etc. 

while the off-diagonal elements or products of inertia are 

lib = -im,a,b,, etc. 

From the above definitions, it follows that the diagonal 

elements of the P tensor or planar second moments are equal 

to the moments of inertia, whereas, the off-diagonal ele- 

ments of P are equal, but of opposite sign, to the products 

of inertia. Several expressions relating the P's and the 

I's may be put forth, such as, 

Po = &-1, +1, +1) 

etc., and 

I =P +HP,, etc. 
a a b 

Allowing the unprimed quantities to be associated with the 

parent species, and the primed quantities to denote those 

of the isotopic species, the rs coordinates of the relevant 

atom become
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la | wl, (te bb HD) (amp “ce 2) * 

aa Pob 

Peo -P, yt s |b | [cP pb? Pop) ip op 14 Bae | 
cc 

P*aP, re w8[oe- oP (Cg BB BB (4 bbb P bb” a 
P aa Poe Pope Poa 

where the reduced mass for isotopic substitution, in terms 

of the parent species M and the mass shift, is 

._ _Mdm 

u M + Am 

Insofar as N-fluoroformyliminosulfur difluoride can 

be considered rigid, i.e., bond distances and bond angles 

are invariant to isotopic substitution, utilization of the 

above equations yields, for the re coordinates of S 

1.09 + 0.01 & | a| 

0.630 + 0.006 & | b | 

with the following imposed conditions 

1. Coordinates Bs b,; Ci are measured from the 

COM principal axes system of the parent 

species (chosen to be 82.59 NCOF in this case) 

2. Only the S atom is substituted
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A complete te structure for SF,NCOF, though desired, could 

not be determined in this investigation. There is only one 

stable isotope of fluorine and the spectrometer is not 

sensitive enough to detect the spectrum of the 136(1.1%), 

195 (0.4%) variants in their natural abundance. 185(0.2%), and 

In Table XIII, a summary of the coordinate computations, 

the F-F nonbonded distance, as well as the criterion which 

established a heavy-atom plane of symmetry, is presented. 

All uncertainty limits reflect the estimated experimental 

uncertainties in A, B, and C. 

In the preliminary stages of this investigation six 

plausible isomers, which are illustrated in Figure VII, 

were used to fit the LRMW spectra data. All isomers, 

except isomers I and II, were eliminated on the basis of 

the LRMW rotational constants (see Table VIII). Moreover, 

isomers III and IV, which do not contain a plane of symmetry, 

were also eliminated by the results listed in Table XIII. 

However, an unequivocal statement as to which of the 

remaining isomers, I or II, is responsible for the LRMW 

spectrum or which one is most consistent with the high 

resolution spectral data is still not determined at this 

point. Both isomers I and II have a molecular plane of 

symmetry containing the a and b principal axes and a cis 

configuration about the N=S8 bond. In isomer I, the fluo- 

‘rine of the COF group eclipses the lone pair of electrons
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Table XIII 

Kraitchman Coordinates of Sulfur ,* 

ec Coordinate of Fluorine, Planar Second Moments, 

  

and F—F Non-bonded Distance for SF,NCOF” 

as 1.09 + 0.01 8 

bd « 0.630 + 0.006 8 

Cy 1.554 + 0.003 & 

g2 | I_+I_-I 101.13 + 0.05 amu: d 
ab ce 101.38 + 0.20 amu-8? 

F.. ..F 2.308 + 0.006 A 

  

Only absolute values obtained from Kraitchman equations, 
the sign being indeterminate 

Uncertainty limits reflect estimated experimental 
error in A,B, and C. 

For °"sF,NCOF 

For *“sF,NCOF.
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on nitrogen, whereas, the oxygen eclipses this lone pair 

in isomer II. Obtaining an unambiguous conformation re- 

quires the determination of the structural parameters for 

both isomers from the high resolution spectroscopic con- 

stants. If the set of structural parameters determined 

from the moments of inertia is found to be unreasonable 

for one of the isomers, that isomer may be ruled out. An 

unreasonable set of structural parameters would be para- 

meters found to be substantially different from those of 

related molecules, such as, SF,NC1, SFLNCF, ; SOF, , etc. 

This procedure was also used to assess the conformation of 

SF,,ONH** from its microwave spectrum. 

The molecular structure of N-fluoroformyliminosulfur 

difluoride which is most reasonable relative to parameters 

observed in Similar molecules and which reproduces the 

experimentally determined moments of inertia was obtained 

using the structural fitting computer program, STRFTQ, 

developed by Schwendeman .*> The STRFTQ program adjusts 

internal coordinates, i.e., bond distances and bond angles, 

to fit the observed moments of inertia by a least-squares 

reduction scheme. <A more detailed description of this 

program is presented in Appendix A. 

Having previously established a plane of symmetry, 

ten independent parameters, r(NS), r(N-C), r(S-F), r(Ccd), 

r(C—F), OCF, L NCO, LFSF, NSF, LSNC, and two dihedral
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angles must be determined to obtain a complete ry struc- 

ture. For each unknown independent parameter sought, at 

least one independent moment of inertia is required. 

Therefore, a minimum of twelve moments of inertia is 

needed for a complete ry structural analysis of SFNCOF. 

Clearly, the six independent moments of inertia obtained 

from the assignment of only two isotopic species are in- 

sufficient for a complete least squares ro structure. 

Several assumptions were necessary to establish a consistent 

structure from the limited data presently available. The 

bonding parameters used for the —COF fragment, r(C=0) = 

1.181 &, r(C-F) = 1.348 &, and LCOF 121.35°, were those 

found for this fragment in a detailed study of acetyl 

fluoride .”? Additionally, the NCO was assumed to be the 

same as that determined for formamide .°° The remaining 

structural parameters, r(N=S), r(N-C), r(S-F), C FSF, and 

iNSF were evaluated as a function of the angle SNC using 

the STRFTQ program. The strategy of this program involves 

fitting the unknown structural parameters to the principal 

moments of inertia in the ground vibrational state: 

oO 2 oO _ _ 2 
a” im, a; , 1, = zm, b, ,» and I, 

Oo _ 2 . 
= om, Cc; . Since the I 

STRFTQ program adjusts internal coordinates, the nontrival 

center of mass conditions, tm, a, = 0, am, b; = 0, and the 

nontrival product of inertia conditions, im, a,b; = 0, are 

satisfied automatically, and thus do not have to be in-
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cluded in the fitting procedure. 

The results of fitting the moments to possible struc- 

tures indicated that isomer I is more plausible than 

isomer II. For isomer I, any assumed value for the CSNC 

from 110° to 140° predicated a structure which contained 

some bonding parameters which were vastly different from 

those of related molecules. In contrast, when the LSNC = 

124° , all of the bonding parameters determined for isomer 

I were in close agreement with those observed for other 

iminosulfur difluoride molecules. The refined structure 

for isomer I is presented in Table XIV and illustrated in 

Figure X. The quoted uncertainty limits reflect the 

estimated experimental uncertainties in the moments of 

inertia. A comparison of the experimental moments of 

inertia and those calculated from the refined structure is 

given in Table XV. The root-mean-square deviation of the 

moments fitted was 0.04 amu+&7, Because several of the 

bonding parameters had to be assumed due to a lack of 

extensive isotopic substitution, the reported structure 

is not irrefutable. It is felt, however, that since a 

reasonable structure was not obtained for isomer II, this 

isomer does not represent the conformation of SF,NCOF.
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Table XIV 

Refined Structural Parameters of 

N-Fluoroformyliminosulfur Difluoride® 

  

Tyg = 1-474 + 0.005" 

Foy = 1-448 # 0.005 

Top = 1-606 + 0,002 

Too = (1.181)° 

Pop = (1.348) 

LSNC = 124 +1 

LNSF = 108.6 + 0.3 

LFSF = 91.7 + 0.2 

LOCF = (121.35) 

LNCO = (123.80) Wi 

  

Bond lengths in R, angles in degrees. 

Uncertainty limits reflect estimated experimental 
error in A,B, and C, 

Assumed value, see text.



85 

  

    
Figure X. Refined Molecular Structure of N-Fluoro- 

formyliminosulfur Difluoride.
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Table XV 

Comparison of Observed and Calculated Moments of Inertia 

for NoBTuorozormy heminosyg aur Difluoride 
(amus ) 

  

  

Isotopic Observed Calculated O-C. 
Species Moment Moment 

32 a 
SF ONCOF 110.741 + 0.002 110.83 -0.09 

342.19 + 0.01 342.22 -~0.03 

351.81 + 0.01 351.77 0.04 

°4 SP .NCOF 111.65 +.0.02 111.57 0.08 

344.68 + 0,01 344.65 0.03 

354,95 +0.,01 354 .96 -~0.01 

  

a. One standard error,
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D. Discussion 

The low resolution microwave spectrum of N-fluoro- 

formyliminosulfur difluoride, which displayed only one 

set of R-type bands and one set of Q-type bands, indicated 

the presence of only one predominant low-energy form of 

this molecule in the gas phase. Analysis of the LRMW 

spectrum to determine which isomer(s) gave rise to the 

observed spectrum was performed by matching the low resolu- 

tion spectral data with that calculated from models for 

several orientations of the SFo group relative to the N=S 

bond and for different orientations of COF group about the 

N-C bond. The calculated asymmetry of the six isomers 

considered indicated that they are all near prolate rotors 

with xk £ -0.7 and thus capable of exhibiting band spectra. 

Consequently, none of the plausible isomers could be ex- 

cluded by this criterion. However, the calculated B+C 

and 2A-B-C of four of the isomers were quite dissimilar 

from that observed and were therefore subsequently elimi- 

nated. The discarded isomers included two which had a 

trans configuration about the N=S bond, with an ac plane 

of symmetry containing the S, N, C, and O atoms, but 

differing by a 180° rotation of the COF unit. Also elimi- 

nated were two isomeric forms which do not contain a 

molecular plane of symmetry. The calculated LRMW rota- 

tional parameters of the remaining two isomers were very
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Similar and were in close agreement with those observed. 

These two contending isomers have a cis configuration about 

the N=S bond and an ab plane of symmetry containing the 

S, N, C, and O atoms, but differing by a 180° rotation of 

the carbonyl fluoride group. The difficulty in distin- 

guishing between these two isomers lies in the similarity 

of the masses of oxygen and fluorine, which, in turn, 

results in the moments of inertia being rendered relatively 

insensitive to different orientations of the COF group. 

The calculation of B+C and 2A-B-C did show, however, that 

these two isomeric forms should havé given resolvable band 

spectra if they had had comparable line strengths and had 

been present in comparable concentrations. Because two 

distinct band spectra were not observed, it can be con- 

cluded that either the second isomer represents a high 

energy form of SF,NCOF or it has a very small dipole 

moment. 

The establishment of only one predominant isomer of 

SFNCOF, which has a cis conformation about the N-S bond, 

is in agreement with the conformational studies performed 

on related molecules. Related molecules would be those 

molecules having an sp° ‘hybridized sulfur with a lone pair 

of electrons occupying one of the hybridized orbitals, and 

occupying one of the hybridized orbitals. Molecules of
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the type X—-N=S=0 and Fo S=NX fall into the above-mentioned 

bonding scheme. The microwave spectra of HNso, 7° CH 

gnso,*® and SF 

AT 3NSO, 

oNSFe (this work) were assigned to those 

species having a cis configuration about N=S. Electron 

17 20 NC1,°" and SF,NCF, 

also revealed that the conformation about N=S in these 

diffraction studies of C1NSO,*”? sF 

molecules is preferentially cis. 

A check on the consistency of the assigned spectrum 

of the normal isotopic species of N-fluoroformylimino- 

sulfur difluoride can be made using a comparison of the 

results obtained from the AS vs. 6 crossing point 

analysis (which employs a rigid rotor formulation) with 

the corresponding results obtained from the nonlinear ~ 

least-squares centrifugal distortion fit. The values of 

32 SP. NCOF based on the centri- the rotational constants for 

fugal distortion fit are A = 4563.584 + 0.085 MHz, B= 

1476.855 + 0.048 MHz, and C = 1436.517 + 0.043 MHz. The 

value of act determined from these constants is 1563 + 

0.08 MHz. The analytically determined crossing point of 

A-C as a function of 8 yielded 4Z© = 1563.09 + 0.06 MHz. 
2 2 

The agreement between the values of At obtained by the 

two methods is quite reasonable. A value of k = -0.9730 + 

0.0005 was obtained from the crossing point analysis. 

This value compares reasonably well with kK = -0.9742 + 

0.0001 obtained from the centrifugal distortion fit.
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Another criterion which can be used to test the 

validity of an assignment is how well a partial assignment 

predicts transitions which have not been included in the 

fit. In the earlier stages of the spectral assignment of 

°2sP NCOP, several low J transitions with J<10 were suc- 

cessfully assigned to a rigid rotor model. Using the newly 

refined values of the rotational constants from the rigid 

rotor fit and the quartic centrifugal distortion constants, 

the J=15-20 transitions of the Q-branch series Ja j-4 _ 

J which were located by the crossing point analysis, 
3,J-3’ 

were successfully incorporated in the fit. At this point, 

additional °R transitions of J=10-16 and bo transitions of 

J=20-30 could be identified and included in the fit. Con- 

tinuing this ‘bootstrapping' approach allowed the assign- 

ment of transitions in levels up to J equal to forty. Near 

a J equal to thirty, the inclusion of two sextic centrifu-- 

gal distortion constants was deemed necessary to obtain an 

adequate agreement between experiment.and calculation. 

In Table XVI, a comparison of the high resolution and 

low resolution spectral parameters is given. That the 

values of the high resolution spectral parameters fall 

within the experimental uncertainty limits of their respec- 

tive low resolution values is noteworthy. 

Several lines which had the correct intensities ex- 

pected for transitions due to °4 SF .NCOF in low J states



91 

Table XVI 

Comparison of the High and Low Resolution Microwave 

  

  

Rotational Constants for S2SP NCOP 

HRMW LRMW 

A 4563.584+0.085 MHz 4572422 MHz 

B 1476 .855+0.048 MHz a 

C 1436 .517+0.043 MHz a 

K 0.9744 ~0.98° 

Bt+C 2913.37+0.091 MHz 2913+ 2 MHz 

2A-B-C 6213.8010.18 MHz 6230420 MHz 

  

a. Cannot be determined from the LRMW spectral data 

b. Kappa estimated from band width at half-intensity
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were measured and fit to a rigid rotor model. Although 

the fit is consistent, it was not used to locate higher J 

transitions. The difficulty lies in distinguishing between 

lines belonging to the S46 species and those of vibration- 

ally excited states of the normal isotopic species. As 

previously mentioned, rf-microwave double resonance would 

aid in verification and assignment of additional transi- 

tions. 

To date, information pertaining to the height of the 

barrier to rotation about the N=S linkage in iminosulfur 

difluoride molecules is of a rather inchoate nature. As 

mentioned briefly in Chapter II, however, some 195_wMR 

experiments and some theoretical studies, which should 

shed some light on the barrier height in these molecules, 

have been performed. Rotational barriers about the N=S 

bond of 5.02 - 55.18 kcal/mole were calculated by Shanzer, “> 

uSing a CNDO molecular orbital calculation, for various 

SF,NR systems (R=F, CF SF COF, COCH., and CoH The 2 3? 5’ 5): 

barrier height obtained for SF ONCOF was 13.57 kcal/mole. 

The observed trend in barrier height R = F<CF,<SF.<COF< 

COCH,<C,H, , was interpreted on the basis of steric inter- 

action with the recognition that the barrier height ob- 

served for SFON-SF. was Slightly out of line with this 

interpretation. The relatively high maxima reported for 

the iminosulfur difluorides seem to suggest that there is
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a hinderance to complete rotation about the N=S linkage. 

However, Since the calculated total energy curve contained 

two equal minima lying 120 degrees apart and separated by 

a low lying maximum, Shanzer7? contends that the N=S bond 

should be considered flexible within this 120 degree 

interval. Furthermore, Shanzer~> states that the two 

minima represent two stable isomeric forms of equal energy 

for the iminosulfur difluorides. This interpretation seems 

to be in disagreement with the infrared absorption and 

19,20 
3 2 

as well as the present low resolution microwave studies 

18,17 
electron diffraction results on SFONCF and SF,NC1, 

on SF ,NCOF and SPNSF.. 

The temperature dependence of the 195 _NMR spectrum of 

SFLNCOF was also cited by Shanzer”> as evidence of rota-~ 

tion about the N=S bond. At room temperature, the spectrum 

consisted of two singlets centered at -118.2 ppm and -96.7 

ppm with a relative intensity of 2:1. These singlets were 

assigned to the SF, and NCOF fluorines, respectively. The 
2 

spectrum was devoid of any fine structure. As low tempera- 

tures were approached (w -~80°C), the fluorine resonance of 

the SF group split into a doublet, while the fluorine 

resonance of the COF group became a triplet. Biermann and 

Glemser”° also report a temperature-dependent spectrum for 

SFLNCOF. However, they proposed no interpretation as to 

the origin of the observed dependency. The room temperature
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195,_wer spectrum of methyliminosulfur difluoride, CH,NSF, , 

observed by Cohen and MacDiarmid, °4 which also consisted 

of a single broad resonance for the SF, fluorines and was 

devoid of any fine structure, was described as due to 

restricted rotation of the SF, group at the N=S linkage, 

rather than as due to free rotation. 

Since the N-C torsional excited state microwave 

spectrum was not assigned and a far infrared study has not 

been performed, very little can be said concerning the 

nature and the height of the barrier to rotation about the 

nitrogen-carbon bond in SF,NCOF. Using a CNDO molecular 
2 

orbital calculation, Shanzer@> found that there should be 

little steric restriction to rotation about the N-C bond. 

This, however, does not preclude a barrier to rotation 

originating from partial double character, acquired through 

resonance structures of the form 

F 
F... oe | oe 

S= C=O <— > 

F 
Fy oe | ee 

S—N=C—0O: 
F ét S- 

a 

It is well established that rotational barriers between 

isomeric forms involving rotation about a single bond which 

has acquired some partial double bond character due to 

resonance or conjugation is much higher than barriers 

between normal rotational isomers, 

Using the Schomaker-Stevenson rule’ as modified by 

Gordy,°° along with electronegativities,°” and covalent
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radii, the expected lengths of a nitrogen-carbon single 

bond and a nitrogen-carbon double bond are approximately 

1.47 and 1.25 B, respectively. The refined N—-C bond 

length of 1.448 R obtained in this study possibly indicates 

some partial double bond character. However, since the 

length of the carbonyl bond had to be assumed, the derived 

N—C length cannot unambigously confirm the presence of 

nitrogen-carbon partial double bond character. 

If the nitrogen-carbon bond does indeed possess some 

double bond character, two isomeric forms, such as isomers 

I and II, which differ by a 180° rotation about the N-C 

bond, would be expected. Nonetheless, extensive micro- 

wave investigations of several conjugated systems including 

butadiene, ” fluoroprene,°> isoprene, °° acrolein,”* croton- 

aldehyde,” and methyl vinyl ketone, °° as well as this work 

have failed to find evidence of a second isomeric form. 

A.comparison of the refined structure of SF NCOF with 

that of related molecules is given in Table XVII. Glem- 

serot» 64 
has observed that the N=S bond length in molecules 

of the type FOS=N-R, where R is an organic or inorganic 

ligand, is shorter than the value of 1.53 R calculated on 

the basis of the Schomaker-Stevenson rule as modified by 

Gordy to include double bonds. According to Glemser, 

this effect, as well as the high value of the stretching 

frequency of the N=S bond, can be explained by the reson-
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Table XVII 

Comparison of the Refined Structural Parameters 

of the N=SF 5 

a 
of Related Molecules 

Group of SELNCOF with those 

  

  

Tres lor iNSF “FSF LZ SNX 

SF,NCOF> 1.474 1,608 108.6 92.7 124 

NSF,*° 1.416 1.552 94.0 

nsF 16 1.448 1.643 116.9 

SF,NCF,°° 1.447 1.583 112.6 81.1 130.4 

SF,ONH** 1.466 1.549 112.9 93.7 115.5 

SF,Ncl’’ 1.476 1.596 111.2 92.6 120.0 

SF,oNC1°° 1.484 1.548 111.8 92.6 114.7 

SOF,” 1.585 92.8 

  

a. Bond lengths are in B, bond angles in degs,. 

b. This work.
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ance forms 13,63 

F op 6 F as 

NS=N-R <—> ‘S=N-R 
F F* 676+ 

A B 

where canonical structure B is assigned more weight than 

structure A. The N=S bond length found for SF ,NCOF is 

consistent with the above reasoning as is the value of 

_ -l 47 
Vys = 1350 cm”. 

A linear relationship between the N=S bond length 

and bond order has also been observed by Glemser. 146 

In Table XVIII, a comparison of nitrogen-sulfur bond 

lengths and bond orders is presented. By interpolation, 

the bond order of SF ,NCOF is 2.1. 

A further relationship between the force constant, 

fys: and bond length, tng? which is represented by the 

equation 

_ -7.0 
tus = 145 Ins 

61,64 The force constant has been established by Glemser. 

calculated from this equation for the N=S bond in SFNCOF 

is 9.6 mdyne got. Assuming independent oscillators, a 

stretching force constant of 10.0 mdyne g-t is obtained 

from the ir stretching frequency of 1350 em, 

Although this investigation has shown that isomer I 

is the stable form of N-fluoroformyliminosulfur difluoride
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Table XVIII 

Some Observed Nitrogen-Sulfur Bond Lengths, Pug: 

and Nitrogen-Sulfur’ Bond Orders, Deg O11 OF 63, 64 

Molecule Tyg? K Ons 

NSF, 1.416 © 2.7 

NSF 1.448 2.4 

SFNCF. 1.447 (2.4) 

SF,ONH . 1.466 (2.2) 

SF ,NCOF 1.474 (2.1) 

SF5NC1 1.476 (2,1) 

SF,ONC1 1.484 (2.0) 

HNSO 1.512 1.9 

SANAF, 1,54 1.7 

+ 
SNe 1.55 1.6 

C1NSO 1,559 1.5 

S3N,Cl, 1.605 1.4 

SAN, 1.63 1.2 

S,N,F, 1.66 1.1 

S,N,H, 1.67 1.1 

NH,SO.H 1,73 0.8 
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in the gas phase, the nature and complexity of the observed 

microwave spectrum is such that trace amounts of other 

rotamers cannot be precluded. 

A reasonable, though not unique, structure for N-fluoro- 

formyliminosulfur difluoride was obtained by a least- 

Squares fit of the ground state moments and by assuming 

reasonable values for some of the bonding parameters. In 

order to obtain an unambiguous ro structure for SFLNCOF, 

isotopically enriched samples of SF,N*°CoF, SF, 'NCOF, and 

SF,NC’°OF would have to be prepared and their rotational 

spectra assigned.



THE LOW RESOLUTION MICROWAVE SPECTRUM AND CONFORMATION 

OF PENTAFLUOROSULFANYLIMINOSULFUR DIFLUORIDE 

A. Experimental 

The sample of pentafluorosulfanyliminosulfur difluoride 

used in this investigation was prepared by D.E. Maurer and 

J.S. Thrasher of the Department of Chemistry, Virginia 

Polytechnic Institute and State University, by the reac- 

tion®° 

HP) 4 +19 NSF, + SF, SF NSF, 

The product yield was 75-80%0° with the major impurities 

3° and trace amounts of SOF, - 

Trace impurities of NSF, and SOF, in the initial sample 

being unreacted SF, and NSF 

were identified by their microwave spectra. The microwave 

spectrum of SF, is rather weak and was not observed. The 

impurities were removed by passing the sample through a 

~119°C trap (ethyl bromide) and -78°C trap (Dry Ice- 

ethanol). Following the low temperature distillations, 

the infrared spectrum, mass spectrum and |°r_nur spectrum 

of SF,NSF. were indistinguishable from those given in the 
2 5 

literature, © 6? Moreover, no impurity lines were de- 

tected in the microwave spectrum. 

At room remperature pentafluorosulfanyliminosulfur 

difluoride (B.P, = 43°C), is a clear liquid, with a vapor 

pressure of 20 cm. Although SFONSF is thermally stable, 
5 

100
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it does undergo slow hydrolysis to yield the unstable 

SF.N-S=0, 9°» 67 In light of this care was taken to keep 

the sample moisture free. 

The spectrometer used in this investigation is the 

Same as that described in Chapter III. 

The low resolution microwave spectrum of pentafluoro- 

sulfanyliminosulfur difluoride was recorded from 12.3 - 

26.5 GHz at room remperature and at dry ice temperature. 

A Stark voltage of 1000 volts base-to-peak and high 

Sample pressures, 20-50 yu, were used. Figure XI contains 

the spectrum from 18.0 to 26.5 GHz. Measurement of the 

band centers was accomplished in the same manner as des- 

cribed for N-fluoroformyliminosulfur difluoride. 

Ten @R type bands and five “9 type bands were ob-. 

served and were assigned to the normal isotopic species of 

SFONSF The assignment is presented in Table XIX. 5° 

B. Analysis of Spectrum 

Pentafluorosulfanyliminosulfur difluoride may be 

considered to contain an asymmetric frame NSF, linked via 

a Single bond to a symmetric top SF... Viewed in this man- 

ner, the possibility of internal rotation of the SF. group 

with respect to the rest of the molecule exists. When the 

internal rotor is a symmetric top, i.e., has a three-fold 

axis or higher symmetry, the moments of inertia are inherently
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Table XIX 

Low Resolution Microwave Spectral Data of 

Pentafluorosulfanyliminosulfur Difluoride 

“p-type Bands 

  

  

J+1 v (Mz )* B+C( MHz)? 

g 12305 + 10 1538 +1 

9 13845 1538 

10 15375 1538; 

11 16915 1538 

12 18470 1539 

13 20000 1539 

14 21545 1539 

15 23090 1539 

16 24620 1539 

17 26160 1539 

  

  

Continued
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Continuation of Table XIX 

Low Resolution Microwave Spectral Data of 

Pentafluorosulfanyliminosulfur Difluoride 

“Q-type Bands 

  

  

K 4+ v (MHz) # 2A-B-C(MHz)” 

5.5 13125 + 15 2386 + 3 

6.5 15520 2388 
75f tte 

8.5 20310 2390 

9.5 22715 2391 

10.5 25090 2390 
  

Estimated experimental error. 

Quoted uncertainty limits based on estimated experi- 
mental error of v.. 

This band was not observed due to inadequate emission 
beyond 17.9 GHz by 12.3 - 18.0 GHz BWO.
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. 37 
invariant to the internal rotation angle. Thus, the 

internal rotation of the SF. group in SF,NSF. cannot change 
5 2 5 

the moments of inertia. This occurs because the locus 

traced by the SF. top in the plane perpendicular to its C 
5 4 

symmetry axis is a circle. Figure XII contains a model which 

depicts this internal rotation problem. Since the low 

resolution microwave spectrum is senSitive only to rotations 

which depend upon the moments of inertia, this degree of 

rotational freedom will not be further considered, except 

to say that it might manifest itself as splittings in the 

high resolution spectrum. 

Equally so, pentafluorosulfanyliminosulfur difluoride 

may also be viewed as containing two asymmetric tops, SFy 

and NSF linked by a N=S double bond. Because both groups 5? 

are asymmetric, changes in the moments of inertia may occur | 

as the SF, and NSF. units assume different positions rela- 
2 5 

tive to the N=S linkage. Some orientations of these two 

groups may be more favorable then others; SF,NSF. may exist 
2 5 

in two or more stable configurations. 

The low resolution microwave spectrum of SF NSF, which 
2 

contained only one set of R type bands and one set of Q type 

bands, is supportive of only one stable configuration. The 

isomer which gave the observed spectrum can be determined 

by matching the experimental values of B+C and 2A-B-C to 

those calculated from reasonable models.
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Figure XII. Internal Rotation Problem in Pentafluoro- 

sulfanylimino Difluoride
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For the experimental frequencies of the R-type bands, 

the equation® 

v = (B+C)(J+1) 

yielded an average value of B+C = 1538 +1 MHz. An average 

value of 2A-B-C = 2389 + 2 MHz was obtained usSing the 

equation® 

v= (2A-B-C)(K_ +2) 

and the observed peak frequencies of the Q band series. 

From the average value of B+C and the average value of 

2A-B-C, the A rotational constant is determined as 

1964 + 3 MHz, ° 

A tenable structure for pentafluorosulfanyliminosulfur 

difluoride was derived by compounding the N=SF, parameters 

‘from chloroiminosulfur difluoride,?? the SF. parameters 

from sulfur hexafluoride, 7+ and the NS single bond dis- 

tance and the PSN angle from difluoroamino sulfur penta- 

fluoride. 74 Since no gas-phase value for a SNS angle in- 

volving the hybridization scheme sp°-sp*—sp°d“ could be 

found in the literature, this angle was varied systematic- 

ally from 110° - 140° by 2° increments. Additionally, the 

heavy atoms S(IV), N, and S(VI) were assumed to lie ina 

plane which bisects (FSF of the N=-SF, group. The approxi- 

mate structure used in fitting the LRMW spectrum for the
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purpose of conformational analysis is presented in Table 

XX. 

Approximate values for the low resolution rotational 

parameters were calculated for the cis and trans isomers 

shown in Figure XIII by assuming the gross geometry given 

in Table XX and by optimizing the angle SNS until agree- 

ment between theory and experiment was achieved. The 

geometry optimization revealed that the LRMW rotational 

parameters of the trans isomer could not be brought into 

agreement with those observed for any reasonable set of 

structural parameters. However, when LSNS = 132° the 

computed, rotational parameters of the cis isomer were 

quite compatible with those extracted from the LRMW 

spectrum. Table XXI contains the calculated and observed 

low resolution spectral data. 

C... Discussion 

The low resolution microwave spectrum of pentafluoro- 

sulfanyliminosulfur difluoride, which contained only one 

set of R type bands and one set of Q type bands, indicates 

the existence of only one stable configuration of this 

molecule in the gas phase. The observed spectrum was 

identified as due to the cis form of this molecule by 

means of fitting the observed LRMW rotational parameters 

B+C and 2A-B-C to those calculated from tenable models.
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Table XX 

Assumed Structure of 

Pentafluorosulfanyliminosulfur Difluoride® 

  

  

Structural Parameter Derived Source Technique Ref. 

Electron 

r(N=S) = 1.476 SF,NC1 Diffractions 17 

r(S—F)P= 1.596 " " " 

LNSF = 111.2 "i " 't 

LFSF? = 89.8 " " " 

r(N-S) = 1.696 SFNF, " 24 

LF,SN = 180 " " " 

d " r(S-F)°= 1,57 SF, 21 

LFSF° = 90,180 " " " 

LSNS = 110-140 _ — see text 
  

a. Bond lengths are in B, bond angles in degs. 

b. Of -N=SF, gp. 

c. Of -SF gp. 

d. Value reported represents the average of two independent 

investigations,
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Trans 

  

Figure XIII. Cis and Trans Isomers of Pentafluorosulfanyl- 
iminosulfur Difluoride
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Table XXI 

Comparison of Calculated and Observed 

LRMW Rotational Parameters of 

Pentafluorosulfanyliminosulfur Difluoride 

  

  

Isomer B+C (MHz ) 2A-B-C( MHz) A( MHz ) K 

Cis -1549 2435 1992 -0.95 

Trans 1284 2932 2113 -0.94 

observed” 1538 +1 2389+2 -1964+3 °&®-0.98> 

  
Uncertainty limits quoted are the estimated. uncertainty 
in the band maxima divided by the average J+l value or 
average K_,+2 value appropriate for the spectrum.“ 

b. Kappa estimated from linewidth at half-intensity.
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Although the calculated rotational parameters of the 

assumed structure for the cis isomer do not fall within the 

experimental error of the observed rotational parameters, 

this does not discredit the assignment of the observed 

spectrum as belonging to the cis isomer. All assumed 

structures are inherently somewhat uncertain. Steinmetz® 

has observed that low resolution rotational constants can 

usually be calculated using bonding parameters from 

spectroscopic data of Similar molecules with less than a 

5% error. In this regard, examination of Table XXI shows 

that all the experimental rotational parameters fall well 

within the 5% uncertainty associated. with the assumed 

structure, 

Citing the nature of the temperature-dependent fluo- 

rine-19 nuclear magnetic resonance spectra of SFONSF. 

dissolved in propane, Shanzer@> contends that a second 

rotameric form involving rotation about the nitrogen- 

sulfur double bond exists. Since the high resolution 

spectrum was not assigned, small amounts of the trans iso- 

mer, or a relatively nonpolar species cannot be precluded. 

Due to the large number of fluorines, a complete structure 

of SFONSF. cannot be obtained from the assignment of the 

rotational spectrum.
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APPENDIX A 

Description of the Computer Programs 

1. Moment of Inertia Program 

The Moment of Inertia computer program, developed by R.A 

Beaudet and W. R. Pauly, calculates the principal moments 

of inertia of a molecule from the atomic masses, bond length, 

and bond angles. The bond lengths and bond angles are 

entered into the program in terms of three arbitrary atoms: 

atom 1, which defines the origin; atom 2, which determines 

the +x direction; and atom 3, which defines the +xy-plane. 

The center of mass is computed and the origin of the coor- 

dinate system is moved from atom 1 to the center of mass. 

This allows the center of mass coordinates of each atom to 

be computed. Next, a rotational transformation from the 

center of mass coordinate system to the principal axis sys- 

tem is performed. Computation of the principal axis coor- 

dinates of each atom, the principal moments of inertia, and 

the rotational constants then follows. 

2. Rigid Rotor Program 

The Rigid Rotor computer program, which was written by 

R.A. Beaudet, calculates, for any asymmetric rotor, the 

rotational energy level from J=1-40, and the transition 

117
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frequencies of the allowed transitions. Computational 

options include the calculation of the line strengths and 

the quadrupole and Stark corrections to the energy levels. 

Depending upon the computational route desired, data to be 

read into the program might include some or all of the 

following: rotational constants, dipole selection rules, 

magnitude of the dipole components, frequency limits, limits 

on J, and the diagonal elements of the quadrupole tensor. 

3. Semirigid Rotor Fit Program 

The Semirigid Rotor Fit computer program, which was 

developed by W.H. Kirchhoff, performs an iterative least- 

Squares fit of the centrifugal distortion constants in the 

Watson formulation. Watson's Hamiltonian for the pt terms 

may be written as 

2 2 2 4 = " + Bt + " + H A Pa B Py C Po + z tT! Pp 
a=a,b,c aaaa a 

P,*, and Pa" are lengthly functions of A', 

2 P,?, and P.?. The value of the distortion 

where P 

t 1 B', C', P. 

constant Ta is dependent upon the values of the other dis- 

tortion constants. Thus T3 remains indeterminable until 

completion of the fit, at which time, it is evaluated by 

the expression
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= (ABC!) « A'+B'HC! 
t3 = ( Bi- )t aabb + ¢ A'-C! )t aacc 

A'+BI+C')_, 
+ (—O=ET T pbee 

In certain cases, to fit the rotational spectrum with 

residuals of the same magnitude as the measurement error, 

it may be deemed necessary to incorporate p® terms in the 

semirigid rotor Hamiltonian. Watson's Hamiltonian for 

the pe terms has the form 

4, 2 4,2 6 
He HP® +HyP PL + Hess pY + HYP. 

2 
* hy(P*)(P,7-P,*) * by,P? P7(P,7-P,)+(Py -P,*)P,] 

4.2.2 2. 2 + by P,* (P,P 7) (P,P )P. 7] 

With the incorporation of the pe terms, the number of 

centrifugal distortion constants totals fifteen. The num- 

ber of distortion constants to be fit is governed by the 

number and type of transitions assigned, as well as the 

nature of the molecule itself. A rigid rotor fit, by this 

program, is achieved by fitting low J transitions to only 

the three rotational constants: A,B, and C. 

The necessary input data consist of the approximate 

rotational constants, the dipole moments, the experimental 

frequency and assigned quantum numbers of each transition
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to be fit, and the number and type of distortion constants 

to be determined. 

4. STRFTQ Program 

The computer program STRFTQ, developed by R.H. Schwendeman, 

adjusts internal coordinates to fit the experimental moments 

of inertia and assumed constraints in bond angles or bond 

lengths by an iterative least squares procedure. The least 

Squares logic involves the determination of 

Oo 

(F,-F,°) = Ly (a -a,°) J od k=l‘, Oo k “k 
00. 

where 

Fy = experimental parameter, e.g., moment of 

inertia distance or angle 

FS” = calculated parameter determined from the 

trial set of coordinates a 

a = trial set of coordinates 

qa, = new set of coordinates determined after 

each iteration 

KX = number of internal coordinates adjusted 

J = index specifying the experimental parameter 

for each experimental parameter Fy fitted.
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In this program, the heart of the algorithm is to 

attain the best set of 84 = - a consistent with the Ay 

experimental parameter F After each iteration, a new x 

Set of trial coordinates is computed by the relation 

a = qi” + Sak: The iteration is deemed complete when 

all the é6q's or all the 6F,'s are smaller than a pre-set 

tolerance, or when the number of iterations exceeds a pre- 

set maximum. 

After completion of the iteration process, the program 

computes the final values of the coordinates, moments of 

inertia, planar second moments, and rotational constants. 

Then the final values of the coordinates are used to 

evaluate the bond lengths and bond angles, as well as the 

derivatives of these quantities with respect to each 

internal coordinate. The program also computes the stan- 

dard deviation of the fit of the moments and the uncer- 

tainties of the adjusted internal coordinates. The 

latter are then propagated into uncertainties in each 

bond length and bond angle, 

Besides the indicators used to control the flow of 

the program, required input data constitutes a trial set 

of internal coordinates, atomic masses, experimental 

rotational constants, and the experimental parameters to 

be fit. The experimental parameters to be fit include 

moments of inertia, distances, angles, or sums and dif-. 

ferences of these quantities. Since internal coordinates,
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rather than Cartesian coordinates, are adjusted, first 

moments and products of inertia are not among the experi- 

mental parameters to be fit.
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THE MICROWAVE SPECTRA AND MOLECULAR STRUCTURES OF 

N~FLUOROFORMYLIMINOSULFUR DIFLUORIDE AND 

PENTAFLUOROSULFANYLIMINOSULFUR DIFLUORIDE 

by 

Sharon Rose Bailey 

(ABSTRACT) 

The ground state rotational spectrum of N-fluoroformyl- 

iminosulfur difluoride has been investigated by low resolu- 

tion microwave spectroscopy in the 12.4 - 26.4 GHz region and 

by high resolution microwave spectroscopy in the 18.0 - 26.4 

GHz region, Five an-type and two bQ-type low resolution 

bands were assigned to the normal isotopic species. The low 

resolution parameters are BtC = 2913 + 2 MHz and 2A-B-C = 

6230 + 20 MHz. In the high resolution spectrum, sixty-five 

transitions of the 32 SF .NCOF species and twelve transitions 

NCOF species were assigned. A centrifugal dis- 
2 

tortion fit of the assigned transitions of the 32 SF NCOF 

of the °4sr 

species gave A = 4563.584 + 0,085 MHz, B = 1476.855 = 0,048 

MHz, C = 1436.517 + 0.043 MHz, Ty = -0.0383 + 0.0036 MHz, 

TT. = wm = - z+ > = -0.008 + 0,0012 MHz, tT, = -3.15 + 0.25 MHz, th) - 

0.0036 + 0.0013 MHz, 1 = 0.0035 + 0,0014 MHz, h. = -0.311 
ecco J 

+ 0.070 x 107° MHz, and hy, = 0.132 * 0,027 x 107° wuz. 
34 

The rigid rotor fit of the SF NCOF species gave A = 4526.27 

+ 0,99 MHz, B = 1466.229 + 0,040 MHz, C = 1423,.795 + 0.035 MHz. 

Spectral evidence for only one predominant isomer of



N-fluoroformyliminosulfur difluoride was observed in the gas 

phase. The conformation about the NS double bond was deter- 

mined to be cis and the fluorine of the carbonyl fluoride 

group was found to eclipse the lone pair of electrons on 

nitrogen. Due to a lack of extensive isotopic substitution, 

several of the bonding parameters had to be assumed. The 

assumed parameters were Tag = 1.181 R Top = 1.348 R, <OCF 

= 121.35°, and <NCO = 123.80°. From a least squares fit of 

32 34 
the moments of inertia of the SFNCOF and SFNCOF species, 

the remaining structural parameters were determined to be 

= 1.474 + 0.005 &, r,. = 1.448 + 0,005 8, ro. = 1.606 + TNS CN SF 

0.002 &, <sNnc ° 124 + 1°, <NSF = 108.6 + 0.3°, and <FSF = 

91.7 + 0.2°. 

The low resolution microwave spectrum of pentafluoro- 

sulfanyliminosulfur difluoride consisted of an intense series 

of aR-type bands and a weak set of “Q-type bands. Ten *R- 

type bands and five “Q-type bands were observed in the region 

from 12.3 to 26.4 GHz and were assigned to one isomeric form 

of the normal isotopic species. The low resolution parameters 

were determened to be B+C = 1538 + 1 MHz, and 2A-B-C = 2389 

+ 2 MHz. Evidence for only one conformer of this molecule 

was observed in the gas phase. By assuming reasonable models, 

the rotamer which is most consistent with the observed spec- 

tral data has a cis conformation about the NS double bond.


