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The molecular-beam electric resonance spectrum of phosphoryl fluoride ('*OPF;) has been
investigated. A hyperfine study of (K = 0) multiplets has been combined with earlier magnetic
resonance data and chemical shift arguments to obtain four spin-rotation constants and two
tensor spin~spin constants. The results (in kHz) are: ¢ ,F= +7.7(8), c””= +21(6). c.F= +4.6(4),
off = +4.02.5), d' = ~2.309), and dF = 4.1(9). A study of molecular magnetic effects has
yielded the two molecular g-factors g, = —0.04460(4) nm and g, = —0.03370(30) nm as well as
the anisotropy in the susceptibility (x — x.) = —28(5) x 10*3°J/T3. The molecular quadrupole
moment has been calculated. From a study of the Stark effect, the electric dipole moment has
been determined for the ground vibrational state and for the (¢5 = ) and (¢4 = 1) fundamentals.
The results are: p = 1.86847(10) D, (s — p)/p = —3.49(4) x (073, and (g — p)p = —0.65(4) x
1073, For each of these two excited vibrational states. the {-doubling constants ¢, and Dy, (r =
5.6) have been obtained. This work demonstrates that the molecular beam electric resonance
method can be applied to symmetric tops with relatively large room temperature rotational
partition functions by reducing the rotational temperature to a few degrees kelvin with the seeded
beam technique.

Le spectre de résonange électrique d’un faisceau moléculaire de fluorure de phosphoryle
('®OPF;) a été étudiée. On a combiné I'analyse de la structure hyperfine de multiplets (K = 0) avec
des données de résonance magnétique obtenues antérieurement et avec des arguments chimiques
pour obtenir quatre constantes spin-rotation et deux constantes tensorielles spin—spin. Les
résultats (en kHz) sont les suivants: C.F = +7.7(8), C\f = +21(6). C.F = +4.6(4), Cf =
+4.0(2.3). dPF = 2.3(9) et FF = 4.1(9). Une étude des effets magnétiques moléculaires adonné les
deux facteurs g moléculaires g, = —0.04460(4) nm et g@ = —0.03370(30) nm, ainsi que 'aniso-
tropie dans la susceptibilité (x; — x.) = —28(5) x 1073°J/T?. Le moment de quadrupole de la
molécule a été calculé. A partir d’une étude de I'effet Stark, le moment de dipole eléctrique a été
déterminé pour I'état fondamental de vibration et les fondamentales (¢5 = 1) et (¢, = 1). Les
résultats sont les suivants: p = 1.86847(10) D, (ps = p)/p = —3.49(4) x 1073 et (e — Wiy =
—0.65(4) x 1072, Pour chacun de ces deux états vibrationnels excités, les constantes de doublage
{qret Dy, (1 = 5.6) ont été obtenues. Ce travail démontre que la méthode de résonance électrique
de faisceau moléculaire peut etre appliquée a des toupies symétriques ayant une fonction de
partition pour les états de rotation relativement grande 4 Ja température ambiante, en utilisant une
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technique qui permet d abaisser la température rotationnelle & quelques degrés kelvin.
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1. Introduction

In the past, the study of symmetric rotors with the
molecular beam electric resonance (MBER) method
has been restricted to molecules such as CH;D (1),
CH,F (2), and PH; (3) which have relatively large
rotational constants. One of the major problems in
applying this method to molecules with smaller
rotational constants has been the low fractional
population that is obtained in the individual rotation
states with an effusive source. With the development
of nozzle source techniques (4), it has become
possible to overcome this difficulty. The rotational
temperature of the molecules in the beam can be
reduced dramatically while at the same time sub-
stantially increasing the total beam intensity in the
forward direction. Successful use has been made of
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this technique in several beam maser studies of
symmetric tops (5-7). The cooling effect can be
further enhanced (8, 9) by using a ‘seeded’ beam
formed by passing through the supersonic nozzle a
mixture consisting of a small percentage of the
molecule under study with a noble gas.

The present work on phosphoryl fluoride (OPF3;)
was undertaken to demonstrate the feasibility of the
MBER method for the study of heavy symmetric
top molecules, to study the hyperfine and molecular
magnetic effects, and to obtain as complete a descrip-
tion as possible of the electric dipole moment.
Following a general description of the experimental
method, each of the four topics investigated is
discussed in a separate section ; the first three of these
deal with the ground vibronic state, In Sect. 3 on
hyperfine effects, the determination is described of
the spin-rotation constants c,”, ¢,*, ¢,", and ¢F.
Here the superscripts P and F refer to the phos-
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phorus and fluorine nuclei, respectively. The sub-
script || refers to the component about the symmetry
axis while the subscript .I indicates that an average
is to be taken for the components about the other
two molecular axes. The magnitudes of ¢,* and
¢, were determined experimentally, as well as their
relative sign. By using earlier molecular beam
magnetic resonance (MBMR) data (10) and the
relationship between the spin-rotation and nuclear
shielding tensors (11), the magnitudes and absolute
signs of all four constants were obtained. In addi-
tion, the phosphorus—fluorine and fluorine-fluorine
dipole-dipole constants d*F and dfF, respectively,
were measured. In Sect. 4, the determination of the
permanent electric dipole moment p is presented. In
the Appendix, the usual expansion for the Stark
energy as a power series in the electric field € is
extended to include terms in p* and in the anisotropy
in the polarizability. In Sect. 5 on molecular mag-
netic effects, the measurement is described of the two
molecular g-factors g and g, and of the anisotropy
(x) — x.) in the magnetic susceptibility tensor. The
absolute sign of the g-factors was determined by the
avoided crossing method (12). The molecular quad-
rupole moment 6, was calculated from the molecular
g-factors and (x; — x.). In Sect. 6, the electric
dipole moment was measured in each of the two
lowest lying triply degenerate states, namely (vs = 1)
and (vg = 1). In addition, the /-doublet splittings in
these states were studied. The results obtained here
for the ground vibronic state are summarized in
Table 1.

Four closely related studies of OPF; have been
reported recently. First, an avoided crossing method
(12) has been developed which permits the direct
measurement of the rotational constants 4, about
the symmetry axis and a detailed study of the effects
of centrifugal distortion on p. The development of
this new method provided the motivation for selec-
ting OPF; for the current work. Second, the normal
millimetre wave spectrum has been examined (13)
in great detail for the ground vibrational state as well
as for several excited states. Third, the distortion
dipole microwave spectrum obeying the selection
rules (AJ = 0, AK = +3) has been reported for the
ground vibrational state (14). Finally, laser Stark
spectroscopy has been used to study the (v, = 1)
vibrational level (15).

2. General Experimental Method

The basic MBER apparatus used has been de-
scribed in detail elsewhere (16). To obtain the very
low rotational temperatures required, the seeded
beam technique was used; a mixture of 4%, OPF; in
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TasLE 1. Hyperfine constants, magnetic constants, and electric
dipole moment of OPF; in the ground vibrational state

Quantity Present work* Other values
c.” (kHz) 7.7(8)°
c,¥ (kHz) 4.6(4)"
d°F (kHz) —2.3(9 —2.51°
d¥F (kHz) 4.1(% 4.095¢
¢,¥ (kHz) 12(2)¢
c.f (kHz) 4.4(8)
¢, (kHz) 21(6)°
¢,F (kHz) 4.0(2.5)¢
i (D) 1.86847(10) 1.86952(40)F
g1 (nm) —0.04460(4) 0.0440(5)7
g (nm) —0.03370(30)"
(ot — 1) (10720 /T2y —28(5) —30(13)"
0, (1073° C m?)* —1.5311)

aThe value obtained for the linewidth Av, from the hyperfine analysis was
3.6(6) kHz.

5The magnitudes and relative sign of ¢..P and ¢.F were obtained from the
hyperfine analysis. The determination of the absolute sign required use of
MBMR data (10) and shielding arguments.

<These are classical values calculated from the structure (13, 14).

dThe magnitudes of ¢, and ¢,F are from MBMR data (10). The deter-
mination of the signs is based on shielding arguments given here.

ec; is derived from ¢, and c..

£This is the value from ref. 15 after being corrected as described in Sect. 4.

9The magnitude was determined experimentally in ref. 35. The sign was
deduced as negative in ref. 35 from theoretical arguments based on the
magnitude of 8, which in turn was determined from an assumed value for
|gy [ that is in error by a factor of over two. This sign determination is not
considered to be reliable and so is not shown in the body of the table.

hReference 35.

iThe sign was taken from ref. 12.

J(10-39 J/T2) = 0.0602205 (10-% erg G~ mol—").

(10-39 C m2) = 2.9979 (10-26 esu cm?3).

argon was passed through a 20 um nozzle at a
backing pressure of 0.75 bar. Commercial gases were
used and the OPF; beam was monitored at the ion
peak mje = 85. Except for some of the excited state
work, the source itself was maintained at room
temperature.

The velocity distribution in the beam was investi-
gated. It was found that the most probable velocity
in the beam v, = 550 m/s while the full width at half
height of the distribution Av = 0.09v,. These results
allow us to correct for the translational Stark effect
in the measurement of (y;, — x.) as described in
Sect. 5 and to determine the instrumental line width
for the hyperfine studies described in Sect. 3.
Furthermore, these velocity measurements provide
valuable insight into the internal temperature of the
OPF; molecules in the beam. Using methods
developed for OCS (9), it was shown that the OPF;
speed ratio is 18(2) and the translational temperature
is 6(1) K. By analogy with the OCS studies (9), it is
expected that this translational measurement in the
OPF, beam is a good approximation to the rotational
temperature. No detailed quantitative intensity
measurements were made on the MBER spectrum
of OPF, to check this result. However, a qualitative
comparison of the relative intensities of the spectra
studied here and in ref. 12, which together sample a



MEERTS ET AL.

great many transitions with J in the range from | to
8, provides strong evidence that the rotational tem-
perature is indeed very close to 6 K.

3. Hyperfine Structure

For a symmetric top in an external electric field
€ and an external magnetic field B, the effective
Hamiltonian for problems within one rotational
state can be formally written as:

(1] H = Hyyp + Hyy + Hy

Here, Hyyp includes all the nuclear hyperfine inter-
actions, while H¢p and H, represent the Stark and
Zeeman Hamiltonians, respectively.

In the current work, ¢ is selected so that the Stark
energy is orders of magnitude larger than the other
terms. In this case it is convenient to use the high
field representation (1) characterized by the quantum
numbers (J, K, m;; Ip, mp; I, mg). The phosphorus
nuclear spin fp = 1/2. The fluorine nuclear spin
Ie = 3/2 or 1j2. Because of the C;, symmetry of
OPF;, the quantum number K for the projection of
the rotational angular momentum J on the symmetry
axis must equal 3N (N = integer) if [p =

2

. K
(21  <(Huyp) = ’779”71[611) + m(cllp

L 2Uel3mg® — Il + DIBK? — JU + HIBm, — JU + D] §
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similarly K s 3N if I = 1/2. If £ and B are parallel
as is the case here, then m,, m;, and mg correspond
to the projections of J, I, and I, respectively, along
the common external field direction. The large
value of € makes m,; a good quantum number, but
this is not sufficient for mp and m because Hj,yp has
off-diagonal matrix elements of the type Am; = 0,
Amp = +1, Amg = F 1. To make mp and m, good
quantum numbers, the Zeeman energy E, must in-
troduce a splitting between connected levels that is
large compared to the mixing terms. Because the
nuclear Zeeman effect is large, a value of B ~ 2mT
(20 G) is adequate.

The selection rules for the transitions studied are
Am; = +1, AJ=AK = Amp = Amy = 0. Such
transitions (J. gk, Flmyl) = Je k), Fmyl — 1))
abbreviated as (J 4 x|, F Imy| = F(Jm,;| — 1)) can be
labelled by (Amiy, mp, mg); herein Am; = +1 and
Am; = —1 indicate the upper and lower signs,
respectively.?

Under the conditions used here, the hyperfine
energy Eyyp Will be closely approximated by the
diagonal matrix elements of Hjyp in the high-field

3/2; representation (I, 3, 7):
Kl
- CJ_P)] + r”FmJl:C_LF + M(CIIF - ch):l

FF
3Nd

321, — DI + DT — D2 + 3)

The first two terms arise in turn from the phosphorus
and fluorine spin-rotation interactions. The associ-
ated constants were introduced in Sect. 1; they are
related to those of Wofsy eral. (1) by ¢,® = —¢,,
¢ = —¢, ef = =, and ¢;F = —{;. The sign
convention used here is the reverse of that used in
the MBMR literature (17). The third and fourth
terms in [2] arise, respectively, from the fluorine—
fluorine and phosphorus-fluorine tensor dipole-
dipole interactions. In SI units,

d™ = popn’ g’ [BTR g’
2
31 e _ Roll 8r8r () 3 5in? g,]

4nRpp

Here Rgr and Rpp are the fluorine-fluorine and
fluorine—phosphorus bond lengths, respectively; 0,
1s the angle between the O—P and P—F bonds and
gr and g, are the fluorine and phosphorus g-factors,

_ e 2meme(3K? — J(J 4+ DIBm,? — JU + 1]
JT + DT = DT +3)

respectively; p, is the permeability of vacuum and
py is the nuclear magneton. The electron-coupled
spin-spin interactions have been omitted here (see
below). The K-doubling terms (1) that enter for
K = x1 have been omitted because these values of
K do not enter the present study. The Stark energy
E¢r 15 discussed in Sect. 4 and in the Appendix. The
Zeeman energy E, is discussed in Sect. 5.
Measurement of the various constants entering H
is considerably complicated by the fact that the
hyperfine effects are so small compared to the in-
strumental resolution that it is impossible to obtain
fully resolved spectra. In order to simplify the
problem, it is necessary to make € large enough that
the second-order Stark effect separates the spectrum
into different multiplets, each labelled by its values

21t should be noted that the energy differences between the
final and initial states are positive and negative for states with
K = 0 and K # 0, respectively.
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of (Jg, m; — m,"). The hyperfine contribution to the
frequency can be calculated approximately from [2].
The Stark contribution (see Appendix) will only
shift the pattern as a whole. The Zeeman contribu-
tion (see Sect. 5) introduces a splitting which depends
to first approximation only on the molecular
g-factors because Amp = Amy = 0. For B ~ 2 mT,
this splitting appears only as a small symmetric
broadening which can easily be taken into account.
Thus the multiplet pattern depends only on the
hyperfine constants.

Detailed hyperfine studies could be made only for
states with K = 0. For the large values of & required
to separate the multiplets sufficiently from one
another, the states with K # O had Stark shifts
~ 100 MHz and inhomogeneity broadening ~ 5 kHz.
The full width Av, at half height of the instrumental
line shape in the absence of inhomogeneity broaden-
ing was 3.6 kHz (see below). Because of the large
resulting total line width, the small hyperfine
splittings could not be resolved and each (K # 0)
multiplet investigated appeared as a broad structure-
less feature with widths of 12 to 20 kHz. (The specific
cases examined are listed in Table 2 in Sect. 5.)
However, for K = 0, there is only a quadratic Stark
effect and the inhomogeneity broadening is neg-
ligible. For each (K = 0) multiplet investigated, a
partially resolved hyperfine pattern was observed.
The specific cases examined were (Jy = 1,, m; =
il _)O)’ (20, 12_’ $I)7 (205 $1 _’0)3 (30a
F1—-0), and (4,, F2 — FI). For the first three
cases, detailed studies were made; the observed
spectra are shown in Fig.l.

To extract the hyperfine constants, a theoretical
spectrum was generated and compared to the experi-
mental data. Each multiplet consisted of 16 lines
corresponding to the different possible values of
(Amy, mp, mg). These lines fell in pairs (+ 1, mp, m1g)
and (—1, —mp, —myg) split only by the small
molecular Zeeman effect. To obtain the frequency of
each line, the Stark energy was taken from the
second (see Appendix) and fourth order expressions
(18) resulting from p. The contribution due to the
anisotropy (ay — o) in the polarizability was neg-
ligible. For each J, the Hamiltonian H including all
matrix elements off-diagonal in m,, mp, and mg
(1, 3, 7) was diagonalized. Once the frequencies were
calculated, each transition was assigned unit weight
and the monovelocity molecular beam lineshape (17)
was assumed. The 16 lines were then added and the
resulting curve was renormalized so that the area
matched that for the experimental multiplet.

The theoretical intensity /; and experimental
intensity /¢ were then compared using the method of
ref. 19. The variance which characterizes the overall
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quality of the fit is:

(4 o = (3) LU0 - 1er

in

where n = 1, 2, 3 labels the three multiplets studied
and / = 1, 2 ..., 500 labels the point at which the
individual multiplets were digitized ; N is the number
of degrees of freedom:

5] N =~ (Av/Av) — Np

where Avy is the combined frequency interval
(110 kHz) digitized for the three multiplets and N is
the number of parameters varied in the fit. Since
Av; = 3.6 kHz and Np = 5 in the final fit, ¥ = 26,
a value which is large enough that the approximation
in [5] is adequate,

The best values {¢;} (j=1, 2, ..., Np) of the
adjustable parameters {c;} are obtained by varying
the {c;} until o? attains its minimum value c,*. The
errors {Ac;} in the {¢;} are obtained by applying an
F-test to the ratio F = ¢?/c,,%. To calculate a specific
Ac,, ¢, is fixed at ¢, + e(k) where (k) is some small
increase in ¢, and the remaining parameters are
varied to find the minimum value &, of o*; &(k) is
varied until (o,q)/0,°) equals the F-value (1.94)
appropriate to the number of degrees of freedom (26)
and the confidence level selected (95%). The magni-
tude of the resulting value of g(k) is then averaged
with the corresponding magnitude obtained when
g(k) is taken as a small decrease in ¢, to give the final
error Ac,. For all the fits here, o* was parabolic in
shape and the two magnitudes did not differ signifi-
cantly. The errors {Ac;} obtained in this way take
into account correlation effects between parameters.

The shape of the (K = 0) hyperfine multiplets is
sensitive to four molecular constants: ¢,F, ¢,F, d°F,
and d*f, as well as to one apparatus parameter: Av; .
Only one line width was required because each of the
three multiplets was observed at its own value for the
rf electric field at which the transition probability was
optimal (17). All five parameters were allowed to
vary; the best values and the corresponding errors
are given in Table 1. The value of Av, is very close
to that expected from the time-of-flight through the
transition region. If the electron-coupled contribu-
tion to d*F and d*F is neglected, these constants can
be calculated from the molecular geometry (13, 14).
As can be seen from Table I, these classical values
agree well with those obtained from the fit. As a
check, d"F and dFF were fixed at the classical values
and c¢,", ¢,F, and Av, were varied in a second fit.
The results obtained agreed with those given in
Table 1 to well within the errors. The agreement was
expected a priori, because the correlations in the five
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FiG. 1. The three multiplets used in the detailed hyperfine
studies. Each experimental curve is the smoothed average of
one sweep up and one down. For a time constant of 3 s, the
signal-to-noise was typically 20. The electric fields used were
(in V/em): (@) and () 325.482; (c¢) 650.960. The magnetic
fields used were (in mT): (a) 2.16; (b) and (¢) 1.57.
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parameter fits were small. The agreement between
the spectra calculated for {¢;} and the experimental
curves is good, as can be seen from Fig. 1.

The success of this curve-fitting procedure depends
on the fact that mp and my are good quantum
numbers. When I, and I are uncoupled, all 16 lines
in a given multiplet have the same transition moment.
As a result, all 16 have the same intensity and the
same line width Av;. This line width cannot be cal-
culated a priori for (Am, = + 1) transitions because
it depends on the angle between the rf and static
electric fields, but we can overcome this problem by
introducing Av; as a fitting parameter. If each
multiplet is run at its own optimum rf perturbation,
only a single line width enters the entire fit. In the
end, the results are only moderately sensitive to
Av;. On the other hand, if B = 0 so that I, and I
are coupled, the various lines in an individual multi-
plet have different transition moments. The single
lines then have different relative intensities and line-
widths. The resulting lineshape calculation then
becomes intractable.

To this point, the magnitudes of ¢," and ¢," have
been measured and it has also been found from the
fit of the spectra that the two constants have the same
sign. A complete determination of the absolute signs
and magnitudes of all four spin-rotation constants in
{2] can be made by combining the present measure-
ments with MBMR results and using the relationship
between the spin-rotation interaction and the nuclear
shielding (17, 20, 11, 21). Both the phosphorus and
fluorine MBMR spectra have been studied (10). For
each nucleus, ¢, and ¢ were very strongly correlated
and only the average spin-rotation constant ¢, =
1/3(2¢, + ¢|) was well determined. The magnitudes
of ¢,¥ and ¢,F are given in Table 1; the spectra
contain no sign information.

To determine the sign of ¢, for each nucleus, we
introduce the modified paramagnetic shielding

M [2c*

op’ (11). In a symmetric top,

6 ' oy

61 o = ‘W[BT*TJ

where M and m are the proton and electron masses,
respectively, and g, is the nuclear g-factor of the
A nucleus (A = P or F); 4, and B, are the rotational
constants parallel and perpendicular to the symmetry
axis, respectively. For a linear molecule the second

term in [6] vanishes: For OPF;, (4g — Bg)/ B, is
very small, so that

B M Cal
2mg, B,

(7] op

where B, ~ 1/2(4, + By) = 4703 MHz (14). The
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change Aoy’ from OPF; to an appropriate reference
molecule should approximate the corresponding
chemical shift Ac and so can be used to fix the sign of
¢,. For the fluorine nucleus, the reference selected was
F,, for which both ¢ (22) and B, (23) are well
known. For ¢,f > 0, Aoy’ = 529(30) ppm and for
c,f < 0, Aoy’ = 856(30) ppm. Since Ac = 523 ppm
(24), it is clear ¢,¥ > 0. For the phosphorus nucleus,
the reference selected was PHj, for which the spin—
rotation constants (3) and rotational constants (25)
are also well known. For ¢,F > 0, Ac,’ = —670(180)
ppm and for ¢®f <0, Ao, = +1400(180) ppm.
Since Ac = —203 ppm (26), it is clear ¢,F > 0 as
well, in spite of the fact that the match in this case is
not as good as in the fluorine case. For each nucleus,
the errors given in Aoy’ are entirely due to the error
in |e,|.

Thus far, there has been presented the determina-
tion of the magnitudes and signs of ¢,F and ¢,* as
well as the magnitudes and relative sign of ¢,F and
c.F. To complete the problem, the theoretical spec-
trum for the (Jy = 345, m; = F2 — F1) multiplet
was calculated first for both ¢,F and ¢,* positive
and then for both negative. Because K # 0, the
instrumental lineshape was modified to take approx-
imate account of the inhomogeneity broadening
present under the experimental conditions. For ¢,*
and c;¥ both negative, the calculated spectrum
showed well-resolved structure extending over
~80 kHz. For both constants positive, the cal-
culated spectrum was confined to a 40 kHz range
and showed no clear structure. The expected full
width at half height was 20 to 25 kHz. The experi-
mental curve consisted of a single peak 20 kHz wide.
This clearly demonstrates that the positive sign is
correct. This was confirmed with calculations on the
other (K # 0) multiplets observed. The values of
c”F and ¢,* corresponding to the positive signs are
given in Table 1.

A comment should be made regarding the role of
the electron-coupled spin-spin (ECSS) interactions
in the current work. In the high resolution nmr
literature (24, 26), the scalar and tensor ECSS
phosphorus-fluorine constants are denoted Jp and
AJpg, respectively. The fluorine-fluorine constants
should be negligible because these atoms are not
directly bonded. Jpr = —1.0720(8) kHz (in Cl, solu-
tion) (27) is large enough that some significant effect
on the spectrum might be expected. However,
because Amp = Amg = 0, this constant does not
contribute to the frequencies. The effect of AJpr does
not vanish; it enters (27) by adding a term [— AJpg/3]
to the classical definition of d°F given in [3]. Liquid
crystal studies (27) have been interpreted by fixing
AJpg at zero and by allowing it to vary. In the latter
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case, it was found that [—AJpg/3] ~ 0.9 kHz. Both
interpretations are consistent with the current data
because (see Table 1) d"F(observed) — d*F(classical)
= (0.2 + 0.9) kHz.

4, The Ground State Electric Dipole Moment

A precision measurement of the dipole moment in
the ground vibrational state was carried out because
there is considerable interest in the variation of the
moment with vibrational and rotational state, and
because this molecule is the prototype for the
avoided crossing technique recently developed (12).
The experimental requirements here are quite dif-
ferent from those in the hyperfine study in Sect. 3
because we are now concerned with the central fre-
quency of the multiplet pattern rather than its struc-
ture. Again the electric field € was set to values large
enough that the quadratic Stark effect separated the
different multiplets, but now the (K # 0) transitions
were selected. Under the conditions used, the typical
multiplet with a linear Stark effect appeared as a
single broad structureless feature centered at
2 100 MHz with a width ~20kHz determined
primarily by hyperfine effects and field inhomo-
geneity of ~5 parts in 10°. Both of these contribu-
tions to the width can in general introduce shifts.
However, for the large Stark splittings occurring
here, these shifts are negligible.

The Stark effect of interest is generated by the
electric dipole moment along the symmetry axis and
by the anisotropy (a; — o) in the polarizability
tensor a. The distortion dipole moment g, per-
pendicular to the axis is neglected because it has sig-
nificant effects only near avoided crossings, regions
which do not enter in this study. The contribution of
the trace of o is independent of the molecular orien-
tation and so does not affect the frequencies. Be-
cause the Stark effect is much smaller than the split-
tings between levels mixed by p or &, the Stark energy
Esr can be expressed as a power series in €. General
expressions for the linear and quadratic terms in p
are available in the literature (28), but those quad-
ratic in € due to (o — o) and cubic in & due to u
are not. They have been calculated here using
standard perturbation techniques and are given in the
Appendix. For completeness, the lower order terms
are listed as well. These expressions should be useful
in a variety of applications. They were essential for
search purposes and preliminary interpretation of
data both here and in ref. 12. In the final data
analysis, the rotational and Stark matrices were
diagonalized after truncation at AJ < 3. The rota-
tional constants necessary are known very accurately
(13, 14). The differences between the results of the
diagonalization and those of the perturbation cal-
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culation were in the order of the experimental
errors.

The electric dipole moment was first determined
from the (Jy = 3.,, m; = F1 — 0) multiplet. The
3, case was selected because the term in (o — o)
vanishes (see Appendix) and because the hyperfine
energy reduces to ¢,"mymp + c,Fmyme. As a result,
the multiplet is symmetric about a frequency deter-
mined entirely by p (and rotational constants). As a
check, a second measurement was made from the
(244, my = F1 - 0) multiplet. Here the contribu-
tion of the anisotropy in the polarizability is not
zero, but is negligible for any physically reasonable
value of (o) — o).

The values of p obtained are 1.868465(20) D for
the 3., state and 1.868475(40) D for the 2, state.
The errors reflect only those which enter relative
measurements, namely the statistical uncertainty in
the frequency measurement and, for the 2., case, an
upper limit to the hyperfine shift. The value of p will
depend on Ji (12):

B] W K) = o —J(U + Dy — K?pg

where p and p; are dipole distortion constants. The
value of ; is given in Sect. 6 (see Table 5) and p can
be expected to have the same order of magnitude. It
follows then that the expected difference (3, +2) —
u(2, + Hjwillbe ~2 x 1077 D and the two measure-
ments of | can be expected to agree within the error
of 4.5 x 1077 D. The actual values do agree to well
within this error; the internal consistency is excellent.

2
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The final value of p is given in Table 1. The error
listed is that for the absolute measurement and is
dominated by the field calibration which was done
using OCS in its ground vibrational state. No cali-
bration procedure of higher accuracy is currently
available. The value taken for p(OCS) was 0.71519(3)
D (29) and the fundamental constants were taken
from Cohen and Taylor (30). Because the absolute
error is 10 x 1073 D, the value listed can be taken
to be Y, in [8].

The electric dipole moment of OPF; has recently
been measured using laser Stark spectroscopy (15).
The result obtained has been corrected to the values
p(OCS) and /4 used here and is listed in Table 1. The
difference from the current measurement is (100 +
40) x 107° D, where the error is dominated by the
uncertainty in the laser Stark determination. This
difference is too large to be accounted for by p; and
px- The experimental error quoted in ref. 15 was the
estimated uncertainty in the calibration of the elec-
trode spacing in the Stark cell. Because this is a very
complex procedure (31), it is felt that this calibration
may be the source of the difference.

5. The Molecular Zeeman Effect

For the transitions obeying the selection rules
Am; = +1, Amp = Amg = 0, the magnetic contri-
bution to the frequencies can be calculated from
those terms in the Zeeman energy which depend on
my (32, 7):

K .
[91 E;= _p'NBmJ|:gJ_ + (g — g m] -+ [%HNB(GHP —o,Ngpmp + %HNB(UHF — o, )geme

[3K? — JU + DIB3m,? — J(J + D]

- SI(XH - XJ.)Bz]

Here (o,* — o,*) is the shielding anisotropy for
nucleus A; o, and o,,F are the components of the
fluorine shielding tensor along the two axes per-
pendicular to the symmetry axis (7). To [9] must be
added a correction term (33) quadratic in both B and
the velocity v. This term arises from the translational
Stark effect, that is from the interaction —p-v x B
between the electric dipole moment and the motional
electric field. '

As mentioned in Sect. 3, each multiplet consists of
16 transitions for K = 3N and 8 transitions other-
wise. Lines with (41, mp, mg) and (— 1, —mp, —mg)
denoted by v, and v_, respectively, form pairs

J(J + D@J = DT + 3)

+ unB(o, — beF)gF'“F5|K|,1

[(3m,* — JUJ + 1]

27+ 32T = 1)

whose frequencies approach a common limit v, as B
goes to zero.® The splitting is proportional to B:

[10]

Neglecting small corrections due to nuclear shielding
effects,

(11] ger = [gL + (gy — g)K I + 1]

(vi = v_) = —2unBgey

3Strictly speaking, vo = 3(vy + v_) for B ~ 2mT, or
alternatively, can be obtained by linear extrapolationto B = 0
of v, (or v_) from the range 2 mT < B < 10 mT. This care in
the definition of vg is required by the fact that the high-field
representation breaks down for B « 2 mT.
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TaBLE 2. Zeeman splittings and effective g-factors for (K # 0) multiplets

Multiplet
Vo B Vi — v_|
Jx my — my’ (MHz) () (kHz) Zerr® (nM)
241 F1l-0 124,253 0.64005 417.7(3.0) gy +%g. —0.04280(31)
32 F1-0 122.758 0.64005 400.6(2.0) tey +3g.  —0.04105(20)
343 T2 Fl 125.807 0.80037 443.7(3.0) ig) + Ltg.  —0.03637(25)

9The sign was taken from ref. 12,

Except for corrections due to the translational Stark
effect, the shift [3(v, + v_) — vo] of the average
frequency from v, is determined by (x; — x.)-

Both g, and (y — x.) were measured using the
(lg, my = F1 — 0) multiplet. This spectrum for
B ~ 2mT is shown in Fig. 1. The well-resolved
feature at the high frequency end of the curve con-
sists of the pair (+1, mp = 1/2, mg = 3/2) and
(=1, —1/2, —3/2). For this particular pair:

[12] gerr = g1 — Js‘gP(GHP )

- %gF(GHF - GLF)
v + v —vo = =+ — x)B?
+ (vBfe)? v

Measurements were made at a series of magnetic
fields between 0.2 and 0.8 T. B was calibrated using
AJ =0, m; = £1 - 0 transition of the 1,, state in
SO, (34). The value of g, obtained is given in Table
1. The sign of g, (as well as g|) was taken from the
avoided crossing work (12). The shielding correc-
tions were made using the liquid crystal results (27);
these corrections amounted to only 1 part in 2000.
The value of (x; — x.) is also given in Table 1. The
correction due to the translational Stark effect was
done using the most probable velocity vp determined
in Sect. 2; this correction amounted to about 107,

The measurement of g was somewhat more diffi-
cult than that of g, because (K # 0) multiplets must
be used and these show no hyperfine splittings. For
each of three multiplets, the difference (v, — v_)
was measured using the central frequencies of the
patterns. The results are summarized in Table 2.
Because the errors in g, were larger, the shielding
correction was omitted. The Jg = 3., state was
studied because the hyperfine shifts vanish. In addi-
tion, g, for this state is identically the average
g-factor g, = 1/3(2g, + g). The Jy = 3., state was
studied because its g, receives the largest fractional
contribution from g, compared with the other states
giving strong spectra. The final mean value for g is
listed in Table 1.

The molecular quadrupole moment 0 can now be
calculated from (32):

[13]

4m
[14] 8y = fuy [%Z —%ﬂ - O — %)

This calculation was carried out using the magnetic
constants obtained here, and the rotational constants
in the literature (13,14). The result is given in Table
1. The error is dominated by the contribution from
(X — %) Since no ab initio calculations are avail-
able for OPF,, the other derived quantities are not
given here.

The current values for both g, and (x; — x1)
agree well with the earlier, less accurate microwave
results (35) as can be seen from the comparison in
Table 1. No previous determination of g, has been
reported.

6. The (vs = 1) and (v = 1) Excited
Vibrational States

To characterize the energy levels of OPF; in a
doubly degenerate fundamental vibrational state, it is
necessary to modify the representation used. We
introduce /, (t+ = 4, 5, 6) as the vibrational angular
momentum quantum number: since v, = 1,/, = + 1.
J is still the total angular momentum (exclusive of
nuclear spin), but now contains a vibrational con-
tribution. K plays the same role with respect to J as
it did in the ground state. A new basis is obtained by
a Wang-type transformation:

[15] |U1’ 11"]7 IKI’ "”Ja i>

= (V2 {lv, 1, J, 1K, my)
i]“n - 11: Js _|K,: ’77.I>}

Neither K nor /, are individually good quantum
numbers here, but K = {K — /| is a good quantum
number (36, 37).

For K =0 (K= +1, I, = +1), the degeneracy
between the + levels is lifted in first order (38) by

the /-doubling interaction denoted here by H,:
(6] <1, L, J, L,my, £1H\L, L, Lmg, £
£3J(J + Dig, — DI + 1)]

q, 1s the I-doubling constant and Dq,“’ is an empirical
parameter introduced to allow for the expected
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variation with J of the effective /-doubling constant
(36). In ref. 13, g, and D, are denoted ¢,* and
q,, respectively. The general features of these
degenerate vibrational states are very similar for
K = 0 to the features of the degenerate bending
fundamental in a linear triatomic molecule and much
of the analysis (39, 29) is identical in the two cases.
The transitions of interest here are those directly
across the /~doublet between the + levels indicated
in [I15]. Because the hyperfine energy is identical in
these two states (29), here is no hyperfine contribu-
tion to the frequency. Thus in zero electric and
magnetic field, the frequency depends only on J:

(7] vo"(J) = qJ(J + 1) — D, I3 J + 1)?
(r=15,6)

The + levels have opposite parity and, in the pres-

ence of an electric field, repel one another through

the Stark effect (39, 15):

[18] <171’J917'n.la il(_u's)lla 1,.],1,/77], $>
= —pem,[J(J + 1)

For each (Am; = 0) transition of interest here, the

frequency can be calculated by solving the simple

2 x 2 matrix defined by [16] and [18]. The contri-

butions quadratic in € from p and (o, — o) cancel

in this type of transition. Furthermore, the values of
¢ have been chosen so that all higher order effects are

negligible.
Zero-field /-doublet transitions have been observed
for all J-values between 2 and 9 in the (v5 = 1) and

the (vg = 1) vibrational states. The identification
was made using the values of g, (r = 4, 5, 6) given by
Smith (13). The intensity of the transitions within
the (vs = 1) state was increased by a factor ~2.5
by operating the source at 175°C. The linewidth was
2 kHz for the room temperature work and somewhat
larger when the source was heated. Typically, the
signal-to-noise ratio for low J was 5 for (vs = 1) with
an effective time constant of 6s and was 10 for
(ve = 1) with an effective time constant of 3s. The
measured frequencies are given in Table 3.

For each of the two vibrational states, g, and
Dq,(” were determined by a least-squares fit to the
data; the values obtained are listed in Table 4. The
differences between the observed and calculated fre-
quencies are given in Table 3. The fit is clearly very
good for both states.

It is known (37) that the (Al = 2, AK = —1) in-
teraction associated with the coupling constant r, can
affect the /-doublet splitting. A simple perturbation
calculation shows that to lowest order the form of
[17] is not changed; the r, contribution cannot be

TaBLE 3. Zero-field /-doubling transition frequencies for the

(vs = 1) and (vg = 1) vibrational states
Jx Vo527 Deviation® Vo (6 Deviation®
2, 15 210.7(5) 0.5 6 460.0(2) 0.09
3 30 418.0(10) —0.1 12 922.2(2) —0.01
4, 50 691.8(15) 0 21 542.5(2) 0.09
51 76 025.3(20) —2.8 32 323.7(2) —0.03
6, 106 423.7(10) 0.3 45 270.1(2) 0.02
7, 141 873.2(20) 0.2 60 386.2(2) —0.07
8, 182 371.5(20) 0.1 77 678.1(2) —0.02
9, 227912.2(30) —0.4 97 151.8(2) 0.03

*Observed frequency in kilohertz.
#Deviation (in kHz) = observed frequency — calculated frequency ob-
tained from [17) using the best fit constants given in Table 4.

TaBLE 4. /-doubling constants in the (vs = 1) and (v = 1)
vibrational states

Present work” Millimetre wave values®

Constant (kHz) (kHz)
gs 2535.226(43) 2531.1(8)
D% x 10° 31.8(8) 17.6(4.2)
qs 1076.4528(33) 1075.8(6)
D% x 103 —33.46(5) —30.4(1.4)

“The errors are based on a 957, confidence level.
bReference 3.

separated from the direct /-doubling contribution on
the basis of the current data alone. The value of r,
for OPF; is not known, but one would expect it to be
considerably smaller than in PF; (36) and CF3H (37)
where it is ~1 MHz. For r, = 100 kHz, the effect
due to r, on the observed splittings is negligible. For
r, = 1 MHz, the contribution to ¢, is insignificant
for + = 5 and marginally significant for + = 6; the
contribution to D, is, however, ~20% for both

= 5 and t = 6. The other known interactions that
can in principle affect the /~doublet frequencies have
a J dependence that is of degree 6 or higher. These
can be eliminated on the basis of the fact that the
observed data do not have a significant term of
degree higher than 4.

In Table 4, the current values for g, and Dq,(’)
(t = 5, 6) are compared to the earlier, less accurate
millimetre wave values (13). The agreement is
reasonable for (v = 1) but there appears to be
significant disagreement for (vs = 1), where [-
resonance effects are known (13) to be large. The
difficulty is believed to lie in the great complexity of
the millimetre wave analysis, perhaps in correlations
with constants that were of necessity fixed at zero.
For example, the effective /-doubling constant (the
square bracket in [16]) should contain a term
—D""K? when K # 0 (36). This term was fixed at
zero in the millimetre wave work, but may make a
significant contribution. A reanalysis of the milli-
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TaBLE 5. Electric dipole moments of OPF; in various vibra-
tional states

Quantity Value Reference
u(D)* 1.86847(10) Present work
uy (D)? 3.28(13) x 10-°¢ 12
pp (D)* 5.856(20) x 10-¢ 12
(pg — p)/p° —16.1(3) x 1073 15
(pns — p/p? —3.49(4) x 1073 Present work
(ne — p)/p* —0.65(4) x 1073 Present work

*Ground vibrational state.

by, is the dipole moment in the (v, = 1) vibrational state ( = 4, 5, 6).

metre wave data with g5 and D,,**) fixed at the
current values might clarify this point.

The electric dipole moment for each of these two
vibrational levels has been determined from Stark
shift measurements for Jy = 2, and 3;. For (v, = 1)
each transition was measured for € = 61 V/cm and
for € = 118 V/em; for (vs = 1), only the higher
field was used. For each vibrational level, the dipole
moment obtained from the (Jy = 2,) data agreed
with that determined from the (Jix = 3,) measure-
ments to within the relative error of ~2 x 1075,
This indicates that accidental perturbations of the
levels involved are not significant to this level of
accuracy. The value of ¢ was calibrated using the
dipole moment of OCS in the (J = 1) state of the first
excited bending vibrational level (01'0) (29). The
Stark shifts were large enough that the errors in the
absolute values of u, (t = 5, 6) were entirely deter-
mined by the uncertainty in €. The error in the abso-
lute value of the OPF; ground state moment was
also dominated by its calibration (see Sect. 4), this
time with the OCS ground state moment. Because
the ratio of the OCS moments is known better than
the individual absolute values (29), the ratios p,/u
(t = 5, 6) are more accurately determined than the
absolute values. Table 5 lists the results.

Table 5 summarizes all the data currently available
on the dipole moment of OPF;. Once py is deter-
mined by extending the avoided crossing method
(12), only the dipole moments for the three non-
degenerate vibrations will be lacking from a com-
plete description of the dipole moment of '¢OPF;.
The possibility also exists of making similar measure-
ments on the 70 and 80 modifications of OPF;.
It is hoped that the data in Table 5 and the potential
extensions will stimulate a theoretical investigation of
the dipole moment function of symmetric tops in
general and of OPF; in particular.

7. Conclusion

In summary, it has been demonstrated that the
MBER method can be applied to rather heavy sym-
metric rotors. The seeded beam method of lowering

VOL. 57, 1979

the rotational temperature successfully overcomes
the problem of the large room temperature rotational
partition function and the curve fitting procedure
allows hyperfine studies to be made even when the
coupling constants are only the order of a few
kilohertz. For the ground vibrational state, molecular
g-factors and anisotropy in the susceptibility have
been obtained. In addition, the hyperfine constants
have been determined by combining the present
MBER data with earlier MBMR results and the
relationship between the spin-rotation and shielding
tensor. A precision study has been made of the elec-
tric dipole moment yielding p for the ground state
to 5 parts in 10°, as well as the ratios ps/p and pg/p
for the vibrational states (vs = 1) and (v = 1),
respectively. An /-doubling study has been carried
out for these two states. It is hoped that the current
work will stimulate interest in the theoretical problem
of how the electric dipole moment in a symmetric
top changes with rotational and vibrational state.
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Appendix A: Stark Effect in a Symmetric Top Molecule
[Al] EST = EST(I) + EST(Z) + Esr(s) + oo

[A2] Eq® = —pem,KJ(J + 1)
_ = K —m) U+ D2 = KRG+ D = m,A)
= 2B, { PRI —hal+ 1) T+ DT +3
,[3K2 — JUJ + DIB3m,% — J(J + 1]
JT + D2J = D2J + 3)
mKp’e? § (J2 = K32 — m;?) [((J + D* = K*][(J + 1)* = mjz]}
2hB)? VT = DU + DT = DRI+ 1)~ JJ + DU + 22T + D@J + 3)

- 1/3((1“ — OLJ_)E

[A4] EST(a) = -

In Egt®) the cross term p(oy — oy)e’/hB, has been omitted because its contribution is far below the present
experimental accuracy.





