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The microwave spectrum of phosphenous fluoride, OPF, has been measured using a pulsed-jet cavity Fourier
transform microwave spectrometer. With the exception of a mass spectroscopic detection of the molecule,
chemically prepared for use in a matrix IR study, this is the first observation of free gas-phase OPF. The
samples were prepared from mixtures og@Rd Q in Ne carrier gas, using an electric discharge. Rotational
transitions of two isotopomers®Q3PF and'80%PF) have been measured in the 26 GHz frequency

range. The determined rotational constants have been used to catguiat@end approximate. molecular
geometries. In contrast to the nitrogen analogue, ONF, OPF has been found to show no irregularities in its
geometry. Small hyperfine splittings due to the spin-R2 and*°F nuclei have been analyzed in terms of
nuclear spir-rotation interactions. Because the determined coupling constants were of similar magnitudes
and could not be unambiguously assigned, the related nuclear shielding parameters have been derived using
both possible assignments. The spintation coupling constants are compared with those calculated using

ab initio techniques, and tHé& nuclear shieldings are compared with those derived for the nitrogen analogue
ONF.

Phosphenous fluoride, OPF, is a transient molecule that is nation of its geometry. The rotational constants have been used
the P analogue of nitrosyl fluoride, ONF. While the spectra of to calculatery, r, and approximater. geometries. These
the nitrosyl halides ONX (X= F, Cl, Br) have been studied parameters are compared with those obtained using ab initio
extensively by both microwave and infrared techniqués, techniques and with those of related species.
studies on the phosphenous halides have rarely been reported. Some of the measured transitions were also observed to be
Indeed, the entire family of phosphenous halideS and the  split by nuclear hyperfine interactions. However, because both
analogous arsenic-, antimony-, and sulfur-containing com- 1% and3P have the same nuclear spin and the determined
pounds, OAsCt81°0ShCl#%and SPX (X=F, Cl, Br)20-22 coupling constants were of similar magnitudes, the constants
have all been studied by only one group, using cryogenic matrix could not be assigned unambiguously to their respective nuclei.
isolation infrared spectroscopy and ab initio calculations. A |n an attempt to clarify this assignment ambiguity, the experi-
review of this work has been publishéd. mental spir-rotation coupling constants have been compared

Characteristically, the nitrosyl halides are seen to have with those obtained using ab initio techniques. The absolute
unusually long %-N bonds with a significant amount of ionic  nuclear shielding parameters of both #e and'°F nuclei have
character. In addition, the electronegative halogen nuclei been calculated from the determined spintation coupling
evidently withdraw electron density from the highest occupied constants using both possible assignments. Those derived for
molecular orbital, an antibonding orbital, of theSD moiety, the fluorine nucleus have been compared to those of the second-
thus giving the nitrosyl halides shorter=MD bonds than that  row analogue, ONF.
found in free NO. A similar situation applies for NSF (isoelec-
tronic with OPF), which has an unusually long SF béfiébIn Experimental Details
contrast, the ab initio geometry and harmonic force field, as
well as an estimated geometry, given for OPF in the earlier =~ The experiments were carried out in the2b GHz frequency
work423show little indication of such features; the PO and PF range using a BalleFlygare-typé® pulsed jet cavity spectrom-
bond lengths are apparently similar to those of, for example, eter incorporating automated frequency scanning. This instru-
free PO and P§ respectively. ment has been described earfiedn it, an inert carrier gas

In the present work, pure rotational spectra of two iso- containing a small fraction of sample molecules, or their
topomers of OPF have been measured. The samples werd'€CUrsors, is injected into a microwave FabRerot cavity
prepared using electric discharges in/@E mixtures, and the  Cell as a pulsed supersonic expansion through a General Valve
transitions were observed using a pulsed jet cavity Fourier S€ries 9 nozzle. Because the nozzle is located near the centre
transform microwave (FTMW) spectrometer. This study rep- Of one of the cavity mirrors and the jet travels parallel to the
resents the first observation of a spectrum of a free gas-phasecavity axis, all observed lines are split into two Doppler
phosphenous halide and the first direct experimental determi- Components.

OPF was prepared by passing electric discharges through gas

T Present address: Laboratoriurir fhysikalische Chemie, Eidgéso samples cpnsisting of 0.5% P&nd 0.5% @ in roughly 5 bar
sische Technische Hochschule, ETH Zentrum, CH-809REuSwitzerland. Ne. The discharge apparatus, which is located at the front of
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the nozzle, has been described eaffefhe nozzle itself is 12-11
mounted into one of the mirrors that form the microwave cavity
cell. Because this mirror also acts as one of the vacuum chamber
end flanges in the instrument used for these measurements, the
discharge design has been slightly modified in order that the
nozzle could be mounted outside the vacuum; the high voltage
wires now have o-ring seals. The electrode design was also
slightly modified from the previously used concentric discs. In 11014
order to avoid a strong capacitance between the electrodes, here — I —'
small brass rectangles that overlapped only within the immediate _‘
area of the discharge were used at voltages of abedtiV. VU

01-00

To measure transitions of thO isotopomer, a 50%420-
enriched @ sample, obtained from Cambridge Isotope Labo-
ratories, was used.

Line frequencies were determined by fitting to the time 16871.650 MHz 16872.150 MHz
domain signal$? and their uncertainties were estimated from  rigyre 1. TheJk,x. = 1o1—0o transition of*OPF, showing resolved
the range of values resulting from each of several different hyperfine structure; the components are labelled according to the
measurements of each transition. In the particular case of thequantum numberg F. This spectrum was obtained using 128 signall
30,3—21 2 transition of!80OPF, one of the hyperfine components averaging cycles and 4096 data points.
has been given an uncertainty 4 times larger than that of the
others. The position determined for this particular component transitions, and new transitions could be predicted with a
showed a significantly larger variation between different reasonable degree of accuracy. Two marg/pe Q-branch
measurements than did any of the other components (presumablyransitions of the normal isotopomer were thus easily found. A
because of its proximity to the much stronger transition), and secondd-type transition, 3,—4, 5 predicted at 24 504.3 MHz,

its position was, therefore, considerably more uncertain. was also located, at roughly 24 503.98 MHz; however, it was
very weak and had a correspondingly high uncertainty in its
Spectral Search and Analysis measured line position. This transition, therefore, was not

included in the spectral fit; however, it did confirm the
The ab initio calculated geometry of ref 14 was first used to assignment of the firdv-type transition.

predict the rotational constants of the molecule and, from them,  Rotational transitions fofFOPF were located using a similar
the frequencies of the rotational transitions. OPF is a planar procedure. Preliminary rotational constants for this isotopomer
asymmetric molecule with dipole moment components along were obtained by scaling those calculated from the ab initio
both thea and b principal inertial axes; thus, its spectrum geometry by the ratio between the measured and predicted
exhibits botha-type andb-type transitions. However, because constants of the main isotopomer; assignments of the measured
of the large rotational constants and the low rotational temper- transitions were confirmed by the similarity of the hyperfine
ature of the jet, there were few transitions available in the structures to the analogous transitions of e isotopomer.
frequency range of the spectrometer. Initially, sosrg/pe The rotational transitions of OPF showed some hyperfine
transitions were sought using the automated scanning capability;structure due to nuclear spitspin and nuclear spiarotation
the scans were done using 256 signal averaging cycles andnteractions. Initially, in order to predict the expected hyperfine
frequency increments of roughly 0.4 MHz. The initial scans patterns, the nuclear spispin effects were completely ne-
were done in the region of the strodg,x, = 1o,1—0p o transition. glected and the spifrotation coupling constants were taken to
The regions 16 90617 300 MHz and 16 80616 900 MHz be the scaled spifrotation coupling constants of ONF. While
were scanned, and a transition was located at roughly 16 871.%these values were not expected to reproduce the observed
MHz; this transition showed hyperfine structure consistent with hyperfine patterns (as had been seen before in many cases, the
that of a molecule containing two spin-1/2 nuclei and was spin—rotation coupling constant of analogous molecules are
dependent upon the use of the discharge. It was assigned as thgften vastly different from one anot/#&#°3), they were thought
sought afterJc,k. = 1o1—0oo transition of OPF. A weaker  to be useful, if only to give an idea of the relative strengths and
transition was subsequently found at 5115.4 MHz after scanning the number of hyperfine components to expect in each transition.
the regions 52005400 MHz and 51085200 MHz; this Using these predictions, the #0o0 and 3 321 » transitions
transition was also seen to be discharge dependent and wasvere expected to be split into one strong component plus two

assigned as being the Q-brandhk, = 211—2, transition.  and three, respectively, similar intensity components, and all
These two transitions were used to obtain initial values for the Q-branch transitions were expected to be split into two. While
B and C rotational constants of the molecule. the predicted intensity pattern in thg:+0p o transition was in

To predict theb-type transitions, an estimate of th& agreement with the observed spectrum, that of the-3;2

rotational constant was required. This was obtained by first using transition was in distinct contrast with the measured spectrum,
the force constants and geometry of ref 14 to estimate the inertialand for the Q-branch transitions only single lines were seen
defect. This and th@& and C rotational constants determined (the Q-branch transitions did, however, show a slight increase
above were then used to calculate=rom this calculated value, in line width with increasing, thus indicating the presence of
b-type transitions were predicted, and the strongest of these,a small, nonresolvable hyperfine splitting). Thgi20o o transi-
30,3—21,2, was sought, again using the automated scanning. It tion of 16OPF is shown in Figure 1, and the 3-3; 3and 4 s—
was located within 60 MHz of the prediction. This transition 4, 4 transitions of'®OPF are compared in Figure 2, where it
was split into four hyperfine components, as was consistent with can be seen that the linewidth shows a slight increase for the
the proposed assignment. higherJ transition.

All three rotational constants of the normal isotopomer could  The measured transitions were fit in several stages using
then be independently determined from the three observedPickett's full-diagonalization fitting program SPFF%.In the
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TABLE 2: Observed Transition Frequencies,v, and
Differences between Observed and Calculated Frequencies,
J=33 A, of OPF
p 150PF 180PF
(N
Jk’ach " F 1" F" vIMHz AlkHz vIMHz AlkHz
21-221 3 1 3 51153930(20)—0.3 4769.4710(20) —0.1
020 2
121 2
10228.45 MHz 10229.25 MHz 1111
313131 4 1 4 10228.8764(20) 0.2 9537.2852(20) 0.1
03 0 3
131 3
121 2
J=a4 Lo—0po 1 1 1 1 16871.8598(10) 0.0 16013.2621(10) 0.0
01 0 0 16871.8816(10) 0.0 16013.2829(10) 0.0
12 1 1 16871.9000(10) 0.0 16013.3006(10) 0.0
45441 5 1 5 17039.0464(20)—0.1 15587.6318(20) 0.0
04 0 4
14 1 4
13 1 3
33-212 1 4 1 3 19397.2502(20)—0.2 17665.7416(20) 0.0
17038.63 MHz 17039.43 MHz 0 3 0 2 19397.2650(80) 3.1 17665.7520(20) 0.0
Figure 2. The Jq,k, = 312—312 and 4 3—4, 4 transitions of!°OPF, 1 3 1 2 19397.2751(20) 0.2 17665.7647(20) 0.0
showing an increase in linewidth with increasihgupper trace) 8— 1 2 1 1 19397.2877(20)-0.2 17665.7766(20) 0.0

3, stransition recorded using 512 signal averaging cycles; (lower trace) ) ) o _
4, 54, 4 transition recorded using 1024 signal averaging cycles. Both rotation coupling constants. Thus, the combinations of-spin
traces consist of 4096 data points in the decay signal, correspondingrotation coupling constants best used as fitting parameters are

to ~200us. Y4(Cob—Ced), Y2(Cop + Cee), andCaa — Y2(Cpp + Ceo).

TABLE 1: Spin —Rotation Coupling Constant Dependence In Table 1, it is seen that the splittings of the Q_—pranch
of the Observed Rotational Transitions of OPF transitions depend upon onGyy, — Cec and that the splittings

should increase with increasinly in this case, only a slight

gi;:%ii 2:%?;:2:%22 line broadening was observed, thus indicating that the quantity
4y 541y 10.0Cy5—10.0Cc Cob — Ccc is very small. Thus, this fitting parameter was held
151~ 00,0 1.0Cpp + 1.0Cc¢ fixed at a value of zero for both the fluorine and phosphorus
303212 4.6Cpp + 2.4Ccc—1.0Caa nuclei. Starting values for the remaining spimtation fitting

. _ _ _ _ _ parameters were also needed. These were not taken to be the
preliminary fits, the centrifugal distortion constants, with the scaled spirrotation coupling constants of ONF because these
exception O_féJ, were held fixed to th? values obtained from were not able to reproduce the observed intensity pattern in the
the harmonic force field calculated using the data of ref 14; for hyperfine structure of they3—21 » transition. Instead, starting
the final spectroscopic fit, the centrifugal distortion constants values for the remaining spirotation fitting parameters were
were recalculated from the force field using thegeometry taken from ab initio calculation®, these values were seen to
determined here. Th&y's of both'®OPF and®OPF were fitas  reflect the experiment in that th&(Cyp — Ceo parameters were
free parameters. both seen to be very close to zero (roughly 1.8 kHz aid2

At first, weighted center frequencies of the rotational transi- kHz for the F and P nuclei, respectively), and the intensity
tions were fit to the rotational and centrifugal distortion constants patterns predicted using the ab initio constants were in agreement
of the molecule. Then, hyperfine effects were considered. To with the observations. The individual hyperfine components of
this end, anro molecular geometry was calculated using the the split transitions were assigned according to this prediction,
rotational constants determined in the first fit and the nuclear and a fit was made where the spirotation coupling constants
spin—spin coupling constants were calculated using these were freed (within the constraint that, for both nuckgjy, =
geometrical parameters. These constants were included in allc,) and the spirspin coupling constants were held fixed.
subsequent fits as fixed terms. The linear combinations ofspin  Because the assignments of the similar intensity components
rotation coupling constants to be used as fitting parameters werewere not unambiguous, other fits were also done where the

decided upon as follows. assignments of the weaker components were systematically
The hyperfine splittings depend upon the rotational state- rotated through all possible combinations. The first assignment
dependent spinrotation constantsC;., given by resulted in a fit with a root mean square (rms) standard deviation
that was at least 1 order of magnitude smaller than that resulting
C), = ZCQQDQZD Q) from each of these other fits and was taken to be correct.
0§ A complete listing of all measured transitions is given in

Table 2, along with their assignments and the differenggs,
whereg sums over the, b, andc principal inertial axes and  between the measured and calculated line positions. The
Cyq is the spir-rotation coupling constant along tlgeaxis. spectroscopic constants resulting from the final fit are given in
Expressions for th€;;'s of all energy levels involved in the  Table 3, along with the fixed values used for the centrifugal
transitions measured here have been derived, and the dependendalstortion and nuclear spirspin coupling constants. The
of each observed transition on the spmotation coupling rotational constants are precisely determined for both iso-
constants is presented in Table 1. Here it is seen that thetopomers. The centrifugal distortion constadjsare also well
hyperfine splittings of the Q-branch transitions depend only upon determined and agree well with the values estimated from the
the quantityCpp—Cec, the 1 1—0p o transition depends only on  harmonic force field, which are also given in the table. The
Chb + Ceq, and the 33—2; > transition depends on all three spin spin—rotation coupling constants are not particularly well
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TABLE 3: Spectroscopic Constants of Phosphenous TABLE 4: Geometrical Parameters of OPF
1 Cc
Fluoride type fit to (P=OYA r(P-FYA  D(OPF)/deg
"*OPF "*OPF fo o lb lo 1.452 725(1 1.576 210(1 110.391 243(8)
A/MHz 41886.65594(254) 40474.01757(237) ro I lec 1.456 157(1) 1.578 531(19 110.005 260(13)
B/MHz 9288.59927(44) 8801.63625(44) ro Pa Py Pc 1.452 725(1) 1.576 210(1) 110.391 243(8)
CIMHz 7583.31626(44) 7211.67738(44) ro PaPpo 1.454 408(1) 1.578 406(1) 110.224 908(9)
AooofuA? 0.1696143(72) 0.1726115(79) ro averaged 1.454 0(18) 1.577 3(13) 110.25(18)
(0.1666} (0.1696} r; A,B,C 1.456 43(22) 1.577 66(22) 110.2515(26)
AykHz 8.52033 7.69522 re approx geometry 1.4534 15733 110.25
AjlkHz —86.7088 —83.579¢ ab Initio Results
AxlkHz 1083.7% 1026.03 Gaussian 94
0ikHz 2.4513(93) 2.2026(93) SCF(6-31G*) 1.4369 1.5727 109.301
(2.42054% (2.17446% SCF(D95V*) 1.4479 1.5953 108.390
SxlkHz 23.2609 20.5652 SCF(D95W4(3df,2p)) 1.4254 1.5495 109.410
Sia(F—P)/kHz —7.35 —7.35 previous work*
S (F—P)/kHz —4.30 —4.30 SCF 1.426 1.549 109.9
CI(SD) 1.440 1.559 109.7
scheme | scheme Il scheme | scheme Il CPF 1.456 1.576 110.0
Caa(P)/kHz  103.(44) 110.(41) 99.(66) 103.(63) aFor the ro values from individual fits (top four entries), the
Coo(P)kHz ~ 16.5(39)  19.1(31y  16.3(61)  17.8(53) uncertainties aredstandard deviations obtained from the specific fits.
CefP)kHz ~ 16.5(39)  19.1(31y  16.3(61)  17.8(53) For the averaged, geometry, the uncertainties ares,1standard
Cao(F)/kHz ~ 110.(41) 103.(44) 103.(63) 99.(66) deviations obtained via averaging the individual determinatibns.
Coy(F)kHz ~ 19.1(31)  16.5(39  17.8(53)  16.3(61) geometry fortéO3IPI%F, The uncertainties are the Values from the
CefF)kHz ~ 19.1(31)  16.5(39)  17.8(53)  16.3(61) least- squares fit Though the uncertainties of thie parameters are

a Harmonic force field values, obtained using the force constants of Unknown, they are probably similar to those of the averaged
ref 14.P Cy, and C.. were constrained to be equal in the fitincer- parameters.

tainties (Ir) are given in parentheses.
to be that of ref 14 because it reproduced the inertial defects

determined, and their accuracy is also somewhat questionableand ¢, values well (see Table 3) and because the new data
because of the very small size of the data set used in theirobtained in this study were insufficient to make significant
determination. Moreover, these constants could not be uniquelyimprovements. The ground-state average rotational constants
assigned to a particular nucleus because both nuclei have thg€B,) were obtained by subtracting the harmonic contributions
same spin and coupling constants of a similar magnitude. Into the a’s from the measured rotational constants. The
Table 3, both possible assignments have been included; thesgieometry was evaluated by least-squares fitting to Bae

are labelled as “scheme I” and “scheme II”. constants; the data were weighted according to the inverse
) ) squares of their uncertainties (taken to be the same as those for
Discussion the ground-state constants). The isotopic variations in the bond

1. Molecular Geometry. In this work, the ground-state lengths were accounted for usfig®®
rotational constants of two isotopomers of OPF have been
determined; these _have been used to calculate geometry or = — §a6m12D— 5K )
for the molecule using the program RU1PtBecause OPF is 2
a planar molecule, it has only two independent rotational
constants; thus, the information from two isotopomers is where the zero-point mean square amplitudi#, of the bonds
sufficient to perform fits using many different combinations of and their perpendicular amplitudds, were obtained from the
data. This allows for an estimate of the uncertainty associatedforce field; the Morse parameters, were obtained from
with the geometrical parameters; because the rotational constantsabulated value¥® The uncertainties given are those arising from
have been determined to a high degree of precision, thethe least squares fit.
uncertainties obtained from any one individual fit of these  Ap, approximate equilibrium geometry was also calculated
constants (or of the moments of inertia or planar moments of usingie-3
inertia derived from these constants) to the geometrical param-
eters are unrealistically small. By taking the average of several 3,
determinations and the standard deviation uncertainties thereof, re=r,— Eam [+ K )
ro geometrical parameters and reasonable estimates of the
uncertainties can be obtained. Here, four different fits were
done: a fit to all moments of inertia, a fit of only thgandI.
moments of inertia (chosen because their uncertainties were les ? . o
than that associated with), a fit of all planar moments of geometry are hard to estimate, but are likely similar to those
inertia, and a fit of only thé, andP, planar moments of inertia obtained for the averaged geometry.
(chosen because of the planarity constraint). In all fits, the data  The determined, rz, andre geometries are presented in Table
were weighted according to the inverse squares of their 4 where they are compared with the ab initio geometrical
uncertainties. Because the experimentally determined uncertainfarameters obtained in this study, using the program Gaussian
ties in the rotational constants are almost identical for both 94 and with the ab initio parameters calculated in ref 14. Here,
isotopomers studied, no adjustments of the weights were itis seen that the experimental geometries are in agreement with
necessary® the experimental uncertainties aptly represent the one another and that they compare well with the geometrical
quality of the data. parameters calculated using theoretical means, with the best

An r, geometry has also been calculated f3P'°F. For estimate being that of the CPF geometry of ref 14. The overall
this purpose, a harmonic force field was required. This was taken“estimate” of the geometry in ref 14 (p 7910), from the CPF

and ther, geometry. Here, the bond angle was assumed to be
§he same as that for thrg geometry. The uncertainties in this
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TABLE 5: Comparison of the Geometrical Parameters of constants to their respective nuclei. The calculations have been
OPF with Those of Related Species performed at the experimentally determingdyeometry using
ref r(P/IN=0)A  r(P/IN—F/H)/A O/deg a singles and doubles multireference restricted active space
OPF ro  1.4540(16) 1.5773(13) 110.25(18) muItif:onfiguration _self-cqnsistent fie_Id (RAS-MC_SCF) wave-
OPH 53 r, 1.480(5) 1.456(3) 103.5(25) function under various different basis sets. The inactive space
OPR 54 r. 1.436(6) 1.524(3) consisted of all core and inner valence orbitals, and the active
Eg 5556 le 1431 1.563(2) space consisted of the remaining strongly occupied orbitals plus
e : their correlating orbitals. Only a single correlating orbital was
8“:: 5‘71 ;Z 1255?16)(44) 11.'05615(62?(46) 110%?6%?(14) included for each strongly occupied orbital held within the active
ONF; 58 r, 1.158(4) 1.431(3) space; a consideration of the MP2 natural orbital occupation
NF; 59 1. 1.3648(20) numbers indicated that this choice of active space should
NO 60 re 1151 sufficiently account for dynamical correlation effeét<3 This
— - active space was further divided into two parts: the fully active
ref rOIN=SYA _r(SIS-F)A Dideg RAS2 space (electron excitations both into and out of these
Sik 61 re 1.5901(1) 100.77(2) orbitals are allowed) contained the strongly occupied orbitals
SO, 62 re  1.43076(13) 119.33(1) plus two rather strongly occupied (multireference) correlating
NSF 24 rs  1.448(2) 1.643(2) 116.91(8) , L T
SReq 63 r. 1.545(3) orb|'tals_ and_ the limited activity RAS3 space (only glectron
ax 1.646(3) excitations into these orbitals are allowed) contained the
SN 64 re  1.4938(2) remaining correlating orbitals. Details on the calculations can

be found in ref 33.
geometries of OPF and NSF, the experimental geometry of NSF, |In Table 6, the experimental and ab initio spimtation
and “the authors’ general experience”, also agree well with our coupling constants are compared. Both assignments of the
results. In general, the differences between the experimental andneasured values are seen to be in relatively good agreement
calculated geometries are very small. with the calculations, especially when the large uncertainties
A comparison of the geometrical parameters of OPF, ONF, associated with these constants are taken into account; this
and related molecules is given in Table 5. It is seen that in ONF comparison cannot be used to help clarify the assignment
the N—F bond is very long in comparison to that of N&nd ambiguity. A comparison of the relative magnitudes of the-spin
that the N=O bond is somewhat shorter than that of the free rotation coupling constants is also not really informative;
NO species. Similar trends are also found for ORGUt they whereas in the ab initio calculation, ti@&, constant for the
are not reflected by OPF. It is seen in Table 5 that tkeOP phosphorus nucleus is larger and #g€Cy, + C.o) parameter
and P-F bond lengths determined for OPF are very similar to is smaller than the corresponding quantities for the fluorine
those of the Pfand PO species. Interestingly, the ONH and nucleus, the measured values pair the la@gmwith the larger
ONF; species show bond length trends that are similar to those 1/,(Cy, + C.o). In order to make a strong argument in favor of
of the OPH and OP§species, indicating that it is ONF, and  one or the other of the two possible spirtation coupling
not OPF, that is somewhat unusual. The experimentally constant assignments, more experimental work is clearly needed.
determined OPF geometrical parameters support the conclusionyith the measurement of more transitions showing hyperfine
drawn by Ahlrichs et at* that OPF does not share many structure (many of which lie in the 2510 GHz frequency range;
similarities with the nitrosyl halides and that its structural outside of the operating frequency range of the spectrometer
parameters are better compared with those of the isoelectronicused for this work), not only could the spinotation coupling
species Sif SO, and NSF. constants be determined with a greater accuracy and precision
A structural comparison between OPF and the related but it might also be possible to separate the contributions from
molecules Si; SO, and NSF is also presented in Table 5. The theb andc components. On the basis of the ab initio results, it
bond angle of OPF is seen to be intermediate between those ofs possible that the relative magnitudes3f, andC.. could be
SiF; and SQ, as might be expected from a consideration of ysed to distinguish between the two nuclei.
the relative positions of the Si, P, and S nuclei in the periodic 3. Absolute Nuclear Shielding Parameters.The spin-
table. NSF, however, has a somewhat shortei\bond than  rotation constants of a nucleus A can be written as the sum of
does free NS and an-§- bond length of a similar magnitude a nuclear and an electronic tefm8
to that of the axial SF bond of Sk, which is, in itself, an

atypically long bond® Apparently, NSF has a bonding situation CA = C2(nuc)+ CA (el) (4)
that is intermediate between that of phosphenous fluoride and 9% 9% 9
nitrosyl fluoride. where the two terms are given by

2. Nuclear Spin—Rotation Coupling Constants.The spin-
rotation coupling constants determined for OPF are given in —2eu gAB ro2_ () 2
Table 3. Because the determined constants were of a very similar A _ N2 g9 nA nA’gg
. ) o . . Cyolnuc)= Z, (5)
magnitude for both of these spin-1/2 nuclei, it was impossible e r
to assign a particular set of values to a particular nucleus based nA
on the experimental evidence; accordingly, in the table, both
. ! . Ch(el)=
possible assignments are included. 99
The spin-rotation coupling constants of OPF had been 2QuNgAng [(D|ZiLi,gA|kD]R|ziLi,gA/riA3|O|:H— cc
calculated using the program Dalfdiin the hope that perhaps (6)
the ab initio predicted coupling constants could be used to allow hcm E.—E
for a positive assignment of the observed hyperfine structure.
It was also hoped that, once this hyperfine structure had beenHereuy is the nuclear magnetog? is theg factor of nucleus
assigned and analyzed, the ab initio calculations could provide A, e and m are the proton charge and electron masis the
a basis used to assign the measured -smtation coupling speed of lightyna is the distance between nucleysof atomic
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TABLE 6: Comparison of the Experimental and ab Initio Fluorine and Phosphorus Spin—Rotation Constants (kHz) of OPF

P F
Caa Cbb Ccc Caa Cbb Ccc
ab Initio
160PF
6-31G* 94.0 12.9 13.5 84.6 17.9 11.3
aug-cc-pvVDZ 95.5 12.8 13.3 83.6 17.9 10.9
aug-cc-pVTZ 100.6 13.8 14.5 84.9 18.1 12.1
18OPF
6-31G* 90.7 12.2 12.2 81.7 17.0 10.7
aug-cc-pvVDZ 92.3 12.2 12.7 80.7 17.0 10.4
aug-cc-pVTZ 97.2 13.1 13.8 80.1 17.2 11.5
Experiment
160PF
scheme | 103.(44) 16.5(39) 16.5(39% 110.(41) 19.1(39) 19.1(31}
scheme Il 110.(41) 19.1(3) 19.1(31% 103.(44) 16.5(39) 16.5(39%
180PF
scheme | 99.(66) 16.3(61) 16.3(61% 103.(63) 17.8(53) 17.8(53%
scheme Il 103.(63) 17.8(53) 17.8(53% 99.(66) 16.3(61) 16.3(61%
a Cpp and C.c were constrained to be equal in the fits.
TABLE 7: Derived2 1% and 3'P Nuclear Shielding Parameters (ppm) of OPF
160PF 18OPF
scheme | scheme Il scheme | scheme Il
P F P F P F P F
0aa(d) 1021(5Y 518(5) 1021(5% 518(5) 1021(5Y 518(5) 1021(5% 518(5)
ou(d) 1067(5Y 613(59 1067(5% 613(59 1067(5% 613(5p 1067(5% 613(59
oedd) 1111(5) 640(5) 1111(59 640(5Y 1111(5% 640(5) 1111(5% 640(5)
oaf(d) 1066(3Y 590(3y 1066(3% 590(3y 1066(3% 590(3) 1066(3% 590(3y
0aap) —1049(426)  —492(171)  —1117(397) —463(183) —1044(662) —477(272) —1084(631) —460(284)
(V)] —827(170) —505(58) —940(135) —456(73) —857(281) —499(105) —926(244) —469(121)
ocdp) —1040(209) —618(71) —1180(166) —560(90) —1075(343) —610(128) —1159(298) —574(148)
gadp) —972(168) —539(65) —1079(150) —493(72) —992(266) —529(106) —1057(247) —501(114)
Oaa —28(426) 27(171) —96(397) 56(184) —23(662) 41(272) —63(631) 58(285)
Obb 241(170) 108(59) 127(136) 157(74) 210(281) 114(105) 141(244) 144(121)
Oce 70(209) 20(72) —69(166) 80(90) 36(343) 29(128) —49(298) 65(148)
Oav 94(168) 52(65) —13(150) 98(72) 74(266) 61(106) 10(247) 89(114)

2 Cypp and Cc Were constrained to be equal in the fiEstimated uncertainty.

numberZ,, and nucleus AL, ga is theg component of the orbital
angular momentum of electron i about nucleusrA, is the
distance between electron i and nucleus A, #idand |kCare
the ground- and excited-state electronic wave functions, at
energiesEy and Ey, respectively. Thus, the nuclear term,
ng(nuc), is seen to depend only on the geometry of the
molecule, whereas in order to calculate the electronic term,
ng(el), one requires knowledge of the ground- and excited-
state wave functions and their energies.

The electronic contributions to the spirotation coupling
constants are related to the paramagnetic parts of the nucleal

shielding parameters by

3 -ehCy(el)
o) = Imond'B,, (7

[p%3[4 is the average squared electronic distance from nucleus
n; these are obtained from tabulated values in refs 49 and 50,
respectively. The components of the total shielding are given

by

Tgg = () + 0(P) ©)

The nuclear and electronic contributions to the spitation
coupling constants of OPF were derived using eg®$4the
pveragedo geometrical parameters given in Table 4, and the
measured coupling constants given in Table 3; because the
measured spifarotation constants could not be unambiguously
assigned to their respective nuclei, these calculations have been
done using both possible assignments. The nuclear shielding
parameters of OPF were then derived from these using-€§s 7
The results are compiled in Table 7, where the labels “scheme

and the diamagnetic shieldings can be approximately expressed” and “scheme II” are consistent with those used in Table 3.

in terms of the nuclear contributions to the spmotation
coupling constants &s

o) = ) — 4m;;A Chynuc) +
N 99
? 3(rn ) z— Mn e
e 1

whereoﬁee(d) is the free atom diamagnetic susceptibility, and

In Table 7, it can be seen that the individual paramagnetic
shielding terms are fairly well determined, with the largest
uncertainties being roughly half the magnitude of the associated
values, and the diamagnetic terms, being calculated values that
depend on only ground-state parameters, are, relatively speaking,
very accurately “determined”, with deemed uncertainties being
well below 1% of the associated values. Because the overall
nuclear shielding termsogy and oa,) are obtained by adding
these two contributions (both large numbers of opposite sign),
they are completely indeterminate with uncertainties of at least
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TABLE 8: Comparison of the Fluorine Nuclear Shielding
Parameters (ppm) of OPF and ONF

Gatehouse et al.

been seen previouggwhen comparing the nuclear shielding
parameters derived for the second- and third-row analoguges SF

16OPF 1BOPF and OF.
scheme | schemell schemel scheme ONF The paramagnetic shielding terms u;qally have Iarge. negative
0 51865 518(5 51805 5185 29205 values that counteract the large positive diamagnetic terms,
gaagdg 61355; 613%5; 613§5)): 61355; 572&; resulting in moderate overall absolute shieldifg the case
ai:(d) 6405}  640(5]  640(5f  640(5) 582(5} of Sk, it was seen that the and b principal inertial axis
oafd)  590(3} 590(3} 590(3} 590(3) 549(3} components of the paramagnetic shielding terms were quite
Oa(p) —492(171) —463(183) —477(272) —460(284) —639(5) small and, for that along the axis, even positivé® For OPF,
obo(p) —505(58) —456(73) —499(105) —469(121) —1145(7) although the paramagnetic shielding terms are quite usual in
nggp; :géggég :iggggg :g;ggggg :ggigﬁg :g;‘ggg that they have large negative values along each of the principal
Gzap 27(171) 56(184) 41(272) 58(285) —146(7) inertial axes, these values are each smaller than those of the
Obo 108(59) 157(74) 114(105)  144(121)—574(9) corresponding term for ONF. In particular, theaxis fluorine
Occ 20(72) 80(90) 29(128) 65(148) —258(10) paramagnetic shielding component of OPF is only about half
Oav 52(65) 98(72) 61(106)  89(114) —326(5) the magnitude of that for ONF. This difference in paramagnetic

a Estimated uncertainty.

TABLE 9: Nonzero Calculated Fluorine Paramagnetic
Shielding Proportionalities, op(ppm)AE(Es), for OPF2 and

shielding terms gives rise to a more positive fluorine shielding
in OPF.

Although the paramagnetic shielding parameters of OPF and
ONF can each be calculated using ab initio technid&e%such

b
ONF a comparison does not give any insight into the possible origin
OPF ONF of the observed nuclear shielding differences. In the/GF,

0aalP) 1A — 4A” —65 10 — 3A° —62 case, the difference in the nuclear shielding terms has been
A -3 9A—3A -1 qualitatively explained in terms of the paramagnetic part of the
1012 _ 22,, g ?2, _ gﬁ,, 111 shieldings using a simple equatf§that allpws one to estimate
3N — 14N —20 A — 11A _o8 approximate values for the paramagnetic shielding terms. The
A" — 14N ~179 187 — 11A —203 equation to calculate the principal inerteabxis component of
3A" — 15/ 15 A" — 12/ -17 the paramagnetic shielding is given?fy
2A" — 15A —20 A" — 12N 11

(o)} 13 — 4A" 0 1084 — 3A" -5 _
12A — 47" -59 oA —3A" -60 TadP) =
1A — 4A" —20 8\ — 3A” 23 A A X X XpX
10A" — 4A" 21 A — 3A" —-17 (bi Cﬁ - CiAbk)z(bi &~ G bk)
3A" — 14A' 36 A" — 11IA —53 23
oA — 14N  —173 A’ —1IA  —194 ALY Z AE (10)
3A" — 15A —-73 2A" — 12A —-31 ] =k
2A" — 15/ 13 1A — 12A 24

oedp) 13— 147 26 10V — 11X 24 Corresponding expressions for the other components are
iﬁ _ iﬁ 48 gi _ 1& :éﬁ obtained by cyclic permutations of ttee b, andc axes. In eq
10A' — 147 369 A — 11A! —19 10, (r_‘3)pA is the mean distance between the valence shell
13A" — 154 15 10 — 124 8 p-orbital electron and nucleus &;, ¢ andby, ¢, are the LCAO
12A' — 16A —34 oA — 12A' 4 coefficients of the valence shell, and p orbitals on a given
1IA'— 15A° =55 8\ — 12A 2 atom for the molecular orbitalgCand|kC] respectively; X sums
104" — 154 -2 TA — 12N —-33

20PF: HOMO 13, LUMO 4A". ®ONF: HOMO 1, LUMO

3A".

over all atoms in the molecule. Accordingly, if the atomic orbital

contributions to the molecular orbitals and the energy differences
between these molecular orbitals can be obtained, values for
ogg(p) can be estimated. Furthermore, this equation shows that

approximately half the magnitude of the associated value and,the paramagnetic shielding terms are approximately proportional
at most, about 15 times the magnitude of the determined value.to a molecular orbital coefficient contribution and approximately
Because the initial predicted values for the spiotation inversely proportional to an electron excitation energy contribu-
coupling constants of OPF, which were obtained by scaling tion. For the SEFOF, comparison, the main difference in the
those of ONF by the appropriate factors, were seen to produceparamagnetic shielding terms was seen to arise because of a
a predicted intensity pattern that did not match that of the large difference in the electronic energy level structures. In both
observed spectrum, it must be assumed that the-spiation the Sk, and OF, cases, the paramagnetic shielding terms along
coupling constants, and thus the corresponding nuclear shieldingeach principal inertial axis had only a single positive contribu-
parameters, of these two fluorine nuclei are somewhat different. tion. For thea andb components, the energies of these electron
Therefore, to see where the differences arise, it is of interest to excitations for Sk were each less than half the magnitude of
compare the absolute nuclear shielding terms derived for the those for the corresponding @Excitations, thus yielding very
fluorine nuclei of these two related molecules. The fluorine large, positivea andb contributions in the Sfcase and much
nuclear shielding parameters of ONF have been calculated usingsmaller positivea andb contributions in the Ofcase. Although
the spin-rotation coupling constants of ref 1 and the geometry the energy gap corresponding to the positive contribution along
of ref 2. These are compared to the derived fluorine nuclear the ¢ axis for Sk was also smaller than that for @Rhese
shielding parameters of OPF in Table 8. Despite the differencesenergy differences were of a more similar magnitude than those
in geometry, the diamagnetic shielding components are seen togiving rise to the positiva andb axis contributions. As a result,
be quite similar for both species; the majority of the difference the differences between the axis paramagnetic shielding
in the nuclear shielding terms apparently comes from the components of these two related species were not as large as
differences in the paramagnetic shieldings. Such a result hasthose between tha andb components.
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Because the electronic structures of ONF and OPF are
apparently rather different, it was a question of whether in this 4527
case the differences in the paramagnetic shielding terms were
mainly due to large differences in the electronic energy level
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the molecular orbitals are formed from the atomic orbitals. To
this end, simple approximate atomic orbital contributions to the
molecular orbitals have been obtained for OPF and ONF using

the program Gaussian ¥4MP2/STO-3G), and factors propor-

tional to the individual paramagnetic shielding contributions 583.
(o’g“g(p)AEj—»k) were calculated using eq 10. These factors are
given as “paramagnetic shielding proportionalities” in Table 9;
here, all contributions from completely filled electron shells were
found to be negligible and have not been included. In this table,
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molecules, thus suggesting that the paramagnetic shielding
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