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Summary. The three rotational and six distortion constants of both
formv] and d-formyl fluoride have been determined from their millimetre
wave absorption spectra. using an improved method of caleulation
of centrifugal effects. The rotational constants are: for HCOF,
1=91156.56 MHz, B=11760.23 MHz, ('=10396.72 MHz: for DCOF,
1-=65096.59 MHz, B=11761.74 MHz, ('=9941.71 MHz. Taken with
electron diffraction data these vield the parameters r, = (1.087-4-0.01) A,
Fop = (1.182-50.003) A, 7= (1.341+0.003) A, and o= (123.04+0.02)".
(‘omparisons are made with the structure of the formyl grouping in similar
molecules.

1. — Introduction.

Although rotational constants of molecules are now readily obtained by
niicrowave spectroscopy to seven significant figures, this high precision doex
not carry over into the determination of internuclear distances and bond angles.
The main cause cof this is the presence of zero-point vibrations, which shift
the molecular parameters from their equilibrium values by large and uncertain
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2 CENTRIFUGAL EFFEECTS IN MILLIMETRE WAVE SPECTRA: FORMYL FLUORIDI [74”

amounts.  For example, KiversoN, WinsoxN, and Lipe (1) studied a large
number of isotopic forms of vinyl chloride but were not able to fix values of
the bond lengths to better than 0.01 A. Corrections for these vibration-rotation
effects have been carried out for diatomic and some triatomic molecules, but
the problem has become excessively difficult in more complicated cases. How-
ever little attention hax been paid to centrifugal effects, although these depend
on the molecular vibrations in a markedly similar manner.

In addition to the fundamental difficulty above, it is often necessary to
assume values for some molecular bond lengths because of the lack of suffi-
cient data to determine them all. These values are chosen by comparison with
the parameters in similar molecules for which a full determination exists. A
particularly common practice is to take a C=H bond lenght of 1.11 .\, as de-
termined for the methyl halides (2), but recently CosTAIN (*) has pointed out
that studies by isotopic substitution in these halides support a bond length
of only 1.096 A. Another recent change in an accepted bond length is shown
by the C=(C bond in ethylene, which formerly was given by an infrared
study (') ax 1.353 A. Three new determinations, by electron diffraction (3),
infrared spectroscopy (%), and Raman spectroscopy (7), agree in setting this
length in the vicinity of 1.335 A. It would seem that many of the rotational
analyses of complicated molecules are based on data that arve, at best, un-
certain, and there is great need of a detailed analysis of the behaviour of simple
chemical groupings in changing molecular surrounding.

The formyl grouping, HCO-—— is particularly well adapted to such a study.
Detailed measurements are available for formaldehyde (®), formic acid (*19),
methyl formate ('), formamide ('), and acetaldehyde (**). However, in several
of these molecules there are further complications due to internal rotation.
Formyl fluoride, for which no microwave studies have previously appeared in
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Journ. Chem. Phys., 20, 1112 (1952).
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the literature, is conveniently simple and possesses the advantage of having
a dipole moment not orientated along any principal axis, so that it is possible
to observe rotational transitions originating in low energy states to determine
the rotational constants and in high energy states to measure centrifugal effects.
Both types of transition can be observed in the 2-3 mm wavelength region.

2. — Experimental.

Formyl fluoride was made from formic acid, KF and benzoyl chloride, ax
described by MORGAN, STAATs ,and GOLDSTEIN (). It was found that even
traces of water greatly lowered the yield, and rigorous drying of the reagents,
by means of anhydrous Cu 8O, for the liquids and strong heating for the KF,
was necessary to bring the yield to the 209, quoted by the above authors.
d-Formyl {luoride, DCOF, was prepared in the same way from a 5 ml sample
of 97 % DCOOD, sent to us by Dr. H. W. MoreAN of Oak Ridge National
Laboratory, to whom we are deeply indebted. The gas, with boiling poiny
— 26 °C, was collected at dry ice temperature and stored under liquid nitrogen
after distillation with retention of the middle fraction. All microwave studies
were carried out at dry ice temperature to avoid decomposition to ('O and HF
at room temperature; even at dry ice temperature this change becomes
noticeable after some weeks.

Millimetre waves were generated by using a harmonic generator of the
type desceribed by KixG and Gorpy ('?) to multiply up the output of a 2K33
K band klystron. The output was fed from fourth harmonic waveguide
((0.075x 0.034) in.) to a two metre I band absorption cell with mica windows
and detected by a fourth harmonic or sixth harmonic (guide dimensions:
(0.045 > 0.022) in.) detector. TLines were observed on a cathode ray oscillo-
scope by video detection; Stark patterns were studied by means of a con-
ventional one metre K band Stark cell, using 4000 11z field modulation and
a lock-in amplifier. Frequency measurements were made at the fundamental
frequency by means of a frequency standard monitored by Station WWYV,
whose input at 5 MHz was correct to a few parts in 10°. The limiting accuracy
of frequency measurement was set by the rather large line width and is esti-
mated as - 0.04 MHz at the fundamental frequency. Final identification of
the correct harmonic at which a line appeared was made by tuning this line
with a stub at the detector and finding its wavelength in the guide from the

(M) Ho W Moraax, Poo A Sraars and Jo 1L GovosreiN: Jowrn. Chem. Phys., 25.
337 (1956).
(1) W. €. Kine and W. Gorpy: Phys. Rer., 93, 407 (1954).
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separation of its successive disappearances. It was readily possible to dis-
tinguish between the first three harmonics transmitted by the detector guide
in this way, but more difficult for higher harmonics.

3. — Analysis of spectra.

Although neither gas showed lines with a resolvable hyperfine structure,
a very large number of lines without any regular pattern occurred due to the
presence of b-type transitions of much greater intensity than «-type transitions.
The method of analysis was to search for @ branch transitions, which were
readily identifiable by their strength and their characteristic Stark pattern.
When sufficient of these had been found it was possible to compare their fre-
quencies with those predicted from the crude molecular model used by MORGAN,
STAATS, and GOLDSTEIN (') and to modify the rotational constants to get better
agreement; only the assignments in Tables T and IT gave close agreement.

Tapre [. — Transitions of HCOF.

Assignment Frequency Observed Af Cale. - Obs. ; (‘entrifugal Shift |

a-type transitions

60 - Tom 154120.02 MHz L0045 Mz - 1237 Mz
616~ Tre 150098.73 0.99 ‘ ©ORT8
65 - Tue 159618.91 () 0.02 - 1458
64, o 155923.97 + 3.66 859
Bss Tog 154 955.55 T+ 0.55 7.08
615 Tas 155 251.93 0.08 : 0.30
6, Ta 155234.17 1+ 0.26 o+ 024
6, 7, 155105.15 1+ 0.14 C 410.03
6. 7. 155 183.56 4 0.10 1 23.24
64 T 155186.37 + 0.34 ; -+ 39.37
h-type transitions
O - 1y 101 550.36 Mz . 0.05 MHz 2.97 Mz
1, -~ 25 122343.95 L 0.04 2.75
2, - By 142 462.44 0.07 2.63
3oy -+ 4y 161927.56 012 2.68
5.4 - 4o 119 298.55 L 0.07 - 34.93
6, - By 93164.04 0.04 26.52
Sis - 90 138088.38 4013 | 37.07
505 - Pya 90786.64 +0.17 ‘ 2,09
6os - 615 95 339.16 4+ 0.37 | 2,99
Tor - Tis 100 838.05 1013 53
Sis - Bis 107 362.11 ©0.63 BERE
Y99 - Y13 114993.80 1.54 : - - 1577
10,50 - 105 123812.35 +0.08 } 25.96

(*) Calculated by combining other transition frequencies.
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TavLe TL. — Transitions of DCOF.

Assignment Frequeney Observed Af Cale.  Obs. Centrifugal Shift

a-type transitions

6o - - Tor 149 439.56 MHz 0.33 MHz 10.56 M1z
66 - Tiy 144 988.63 - 015 8.5%
6, Tis 157633.14 - 0.02 13.89
6., Ty 154029.84 0.00 - 11.56
6, Tog 151558.74 - 0.03 -~ 9.63
63 Tat 152 343.06 +0.16 7.59
Bgr - Ty 152253.06 0.06 7.55
64, Ti3 152 147.31 + 1.15 3.73
Bys Tus 152 147.51 £ 0.06 3.72
65 7, 152 088.00 0.24 + 13
Oy Ts 152059.08 + 0,29 4+ 7.05
h-type transitions
1o, 214 94920.60 MIIz ‘ - 0.09 Mz 1.19 Mz
200 315 113911.30 -~ 0.04 - 141
3a - 4y, 132067.5% + 0.27 1.91
400 - Dy, 149 483.49 ‘ + 0.21 3.22
3 - 2y 92176.92 - 0.16 16.41
6,5 D3s 141 567.45 + 0.08 67.25
205 o 2y 165 448.32 1.17 17.49
31 - Ba 168 210.00 5.00 7.95
3. - 34 157515.96 0.14 16.48
4y - 4y, 154391.16 + 0.19 15.19
51y - Dy 150856.20 + 0.15 13.43
6,5 6y, 147 150.05 . + 0.43 11.29
Ti6 - Tog 143 547.24 0.05 8.95
817 - 8 140 340.46 + 0.07 - 6.82
T 93 881.72 -+ 0.19 - 12.89
Q0 -~ g 105 584.79 -+ 0.27 --21.50
104,10~ 104, 119163.65 + 0.21 ~33.94
o711 4, 134614.08 - 0.12 -50.96
1204012, 4, 151 855.87 -+ 0.09 - 73.04

These () branch frequencies depend on only two rotational constants, but
the third was estimated by assuming planarity of the molecule and a search
carried out for E branch transitions of low J in the vicinity of the predicted
frequencies. These transitions were also identified by their Stark patterns,
which consist of only a few components. The best rotational constants without
taking account of centrifugal distortion were derived from the low J transi-
tions and used to locate transitions needed to complete the centrifugal distor-
tion fitting.

Rotational transition frequencies were fitted to the expression of King,
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Hainer, and Cross:
Wih = LA+ O)YJ(JT+=1) + A — O)F

using published tables of £ . These are described in reference ('%). For cen-
trifugal effects a convenient new formula (17) was devised, based on the mole-
cular « reduced energy » w0 and asymmetry parameter b, also described in re-
ference (%).

Wik — bRy J(J+1)— Sbw Ry~ (D, - 5bRy,) J2HT + 1)~
(D, — bRy J(T -+ D) — b dw[db) — 20, J(J - 1) deo[db +
— Ryge diefdb - (Rg — 2D Ry )Ty -

Here Ry, has the value (b D+ 4R;)[(1 — 1b?) in terms of constants defined by

NIELSEN ('*). The correction term T, is only important in the following

cases:

=20 T = 10T — 3T — 2)(J — 1) J(J 4 1)(J -+ 2T =3) (S -4,
Se R,
K 1 T,= (}j T 1 —eyb)
4

K-—2 (EY) T,= = -DJT+10T+2).

All these coefficients may be caleulated from the tables of £ by means of
suitable interpolation and the algebraic relations between i and F_. The
calculations were programmed onto the Mathematics Department IBM 650
computer, with a resultant great saving of time. Initial values of the con-
stants were obtained by Erlandsson’s method (**) from the a-type transitions
and were then refined by iteration. The transition frequencies were rather
ingensitive to B, and Ry which were instead estimated from the following re-
lations, true for any molecule with one plane of symmetry:

Ry = YD, + 0,— D) — L2015 X (D) + 6Rs) —
— EIPX(D] 4 D,y D)+ L2 (D, — 20, — 21)

[([2—~T27 — I3\ D, — I D, + Dyg) + 2(I;— ;)0
) ] J JK F:d 7

R — Iy fa Pk T
' 2T+ 61T+ I)
(1) C. H. Towx~gs and A. L. Scuawrow: Microwave Spectroscopy (New York, 1955).
(17) J. G. Baker: Bull. lm. Phys. Soc., 5, 241 (1960).
('8) H. H. N1eLse~N: Rer. Mod. Phys., 23, 213 (1951).
(19) G+, Erraxpssox: Journ. (hem. Phys., 28, 71 (1958).
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The constants obtained are shown in Table 111. A most significant point is
the very large value of D,, which contributes even to the low J transitions.
Neglect of this leads to an error in A of the order of Dy, and so it appears
that determinations of the largest rotational constants of near-prolate rotors
are not to be trusted unless corrected for centrifugal effects. Another inte-
resting fact is the almost threefold change in I, between the two isotopes;
this is probably associated with the closeness of the light H atom to the b axis
of inertia.

TasLe . — Constants of formyl fluoride.

HCOF HCor
b MHz 91 156.56 65 096.59
I MHz 11760.23 11761.74
(" MHz 10396.72 9941.71
P2 - 0.9662330 0.934002 9
D, kliz ‘ 9.85 8.82
D, klz 105.5 - 381
D, kHz 3150 1207
5, kllz 2.13; ‘ -~ 2,00
I, kHz 25 4
Iy kiz 0.135 0.162
R,y kHz 73 4
I, am.u. .1* 5.5457; 7.765 8,
I, am.u. A2 42.9865 42,9810
I.-1,-I,a.m.u. .12 0.0918, 0.1027

It will be seen that the lines of Tables I and 1T have been fitted within the
sxperimental error of 0.04 MHz at 25 KMHz, except for a few isolated and un-
explained cases, and it appears that the formula given accounts rather well
for centrifugal effects in an asymmetric molecule.

4, — Molecular strueture.

1t is possible to locate the H atom in the centre-of-gravity co-ordinates of
HCOF by using Kraitchman’s method of isotopic substitution (2¢). COSTAIN (?)
recommends the use of the two in-plane moments of inertia so long as the
inertial defects of the two (planar) molecules are not too different. However,
use of I, leads to an imaginary co-ordinate because the H atom is very close

(20 J. Krarrenmas: lmer. Journ. Phys., 21, 17 (1953).
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to the b axis and zero-point vibrations make this quantity smaller for DCOF
than for HCOF. This problem does not arvise if I, and I. are treated as the
equilibrium moments of inertia, as will be done here. The vesult is shown in
Table 1V.

TasLe IV. — Centre-of-gravity coordinates in HCOF.

H C 0 F

b(.1) 1.5007 0.4150 0.1749 -~ 0.19045
() 0.0713 0.1325 11573 10620
Fog(1.087 £0.01) .1 Brgo (123.04-1.0.02) °
rep(1.182-10.003) .1 Beom 114°

rop(1.:341--0.003) 1 Boor 123°

Even though the H atom is definitely located there remain only two mo-
ments of inertia to locate the remaining three atoms. It is necessary to use
the most accurate electron diffraction data (') (r., = (1.192 4- 0.011) A; rg=
= (1.351 4= 0.013) A; 7p/reo = (1.134 4= 0.005) A) to choose a final structure.
Fortunately these restrictions are sufficient to locate the other three atoms
with considerable accuracy; the best centre-of-gravity co-ordinates and a final
structure are given in Table IV. This agrees very well with the results ob-
tained by LEBLANC, LAURIE, and GWINN (22) from studies at lower frequencies.
It should be emphasized that the error limits given do not take account of
zero-point vibration corrections; these will probably not affect the bond lengths
significantly but will produce an uncertainty of several degrees in the angles

TasLe V. - The formyl group in some simple molecules.
¢ —H (=0
HCOF 1.087 .1 1182 .1
H,CO (®) 1.12 1.21
HCOOH (919) 1.092 1.237
HCONH, (1?) 1.102 1.19,
HCOOCH, (1) 1.10 1.20

involving the (—H bond. One of us (J.G.B.) has devised a method of using
centrifugal constants to estimate these corrections, details of which will be

1 M. E. Joxes, K. HeEpBERG and V. ScuoMaser: Journ. Adner. Chem. Soc., T7,
(1955).
22) D, Lesravc, V. W. Lavrie and W. D. GwixN: to be published.
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{748] P. FAVERO, A, M. MIRRD and J. G BAKER 9

published elsewhere, but further isotopic studies are required before they can
be made for formyl fluoride. It is safe to conclude that the formyl fluoride
molecule is exceptionally compact, for the (=0 length is shorter than in all
the molecules of Table V' while the C—F bond is much shorter than the single
bond length (1.385 A) found in CH,F (23). It appears that there are significant
contributions from all three structures below:

I 1r 11T

O- 0 OF
He(/ H—7 H— A

AN F + \13 1‘ -

5. — Conclusion.

A rotational and centrifugal analysis of the millimetre wave absorption
spectra of HCOF and DCOF has led to a determination of all nine constants
involved for each molecule and the conclusion that it is not safe to negleect
centrifugal effects even for low J transitions. The molecular parameters obh-
tained are in good agreement with those of earlier workers, and show that the
formyl grouping undergoes large changes even in the simplest formyl com-
pounds.

The authors would like to express their thanks to Dr. T. M. GaLLie for
his help in setting up the computer programme and to Professor WALTER
Gorpy for his sustained interest throughout this project.

(#*) 0. R. Girniam, H. D. Epwarps and W. GorpY: Phys. Rev., 75, 1014 (1949).

RIASSUNTO

Sono state determinate le tre costanti rotazionali e le sei costanti di distorsione
centrifuga del fluoruro di formile e del deutero fluoruro di formile studiandone gli spettri
di assorbimento nella regione millimetrica e usando un metodo perfezionato di calcolo
degli effetti centrifughi. I.e costanti retazionali sono: per HCOF, 4=91156.56 MHz,
B=11760.23 MHz, (/=10396.72 MHz; per DCOF, .1 =65096.59 MHz, 1=11761.74 MHaz,
(’=9941.71 MHz. Tenendo conto dei dati di diffrazione elettronica, queste costanti ro-
tazionali forniscono i seguenti valori per i parametri molecolari: reg=-1.087 -+ 0.01) A,
Foo==(1.182 -+ 0.003) &, ren=(1.341 - 0.003) A e Ppco=-(123.04 -1 0.02)°.



