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CHAPTER I

INTRODUCTION

History

Formyl fluoride, shown dlagrammatically in Figure 1,
1s a relatively stable compound which was first reported by
Nesme janow and Kahn® in 1934, and later, 1ndependen£1y, by
Mashentsev® in 1946,

Morgan, Staats and Goldstein3 have examined the vibra=
tional spectra of formyl fluoride (HCOF) and deutro=formyl

fluoride (DCOF) with a prism spectrometer between 500 amfl

and 5000 om~1

and by means of the Raman effect, They
assigned wave numbers to the five planar vibrations, and
made a tenbative assignment for the out-of-plane vibration
in DCOF. ‘hey also applied a normal coordinate analysis to
the planar vibrations of HCOF and obtained a set of force
constants which predicted the isotopic shift in DCOF

reasonably well,

Some of the interatomic distances have been determined

i
Ao N, Nesmejanow and E. J. Kahn, Ber. 67B,
370 (1934)e '

Sae s Mashentsev, J. Gen, Chem., (U.S.S.R.) 16,
203 (1946).

3H. W. Morgan, P, A, Staats, and J. He Goldstein,
J. Chem, Phys. 25, 337 (1956).



by Jones, Hedberg, and Schomakerh by electron diffraction
methods, They obtalned: (C-F) = 1,351 +0,013 &, (c=0) =
1,192 +0.011 &, (0 ¢.eoF) = 2,225 +0.019 &, (C-F/c=0) =
1,134 +0,005, and F-C=0 angle = 121,9 +0.9%

Since our work was started i1t has been learned that
Wilson5 and Wilkinson have been working on the spectra of
both molecules at the University of London with high dise

persion at frequencies greater than about 1500 cmfl.

More recently K. N, Rao6

at the Ohlio State University
has observed the pure rotational spectrum of DCOF and 1s
planning in the near future to study also the pure rotational

spectrum of HCOF,

The Problem

The work of Morgan, Staats, and Goldstein indlcated
that 1t would be profitable to examine the spectra of HCOF
and DCOF under high resolution in order to determine the
moments of lnertia, better values for the band centers and,

perhaps, some of the anharmonic constants, Late in 1953 it

h'l(. E., Jones, K, Hedberg, and V., Shomaker, J, Amer,
Chem, Soc. 77, 5278 (1955).

Su

6K. Ne Rao, private communication,

e Kent Wilson, private communication,



4
was declided to examine these molecules with the University
of Tennessee high-resolution grating spectrometer, However,
measurements were not actually begun until early in the
spring of 1955,

It was originally planned that we would examine, and
attempt to resolve, all of the bands reported by Morgan,
Staats, and Goldstein, They observed eleven bands in HCOF,
five of them fundamentals, and fifteen bands in DCOF, six of
them fundamentals, The missing fundamental in HCOF is
thought to be obscured by V)» Which 1is very intense,

This plan was modified after we learned of the work
of Wilson and Wilkinson. Even so, we measured all of the
bands at wave numbers lower than 3000 cmfl, as well as 2y,
in both molecules which lies at about 3500 cm™>., There is
some question about our measurement of (v3+yk) in HCOF
because 1t was the last band in HCOF to be examinede The
sample 1s known to have been impure, and there was not a
sufficient amount of the sample to obtain good absorption
so the results were poor, While our results on some of the
other bands were almost equally poor, some of the bands were
very well resolveds The bands which were measured are dise

cussed individually in a later chapter,



CHAPTER II
THEORY

According to quantum mechanics a molecule can have
only certain discrete energy levels, and by the use of
quantum mechanics we can write an equation describing these
energy levels for any molecule, Unfortunately, these equa=
tions cannot be solved exactly. We are, therefore, forced
to make approximations. For the purposes of infrared spec-
troscopy it 1s usually assumed that the Hamiltonlan for a
molecule may be written as the sum of an electronic Hamile
tonian, the Hamiltonian fof a non=rotating vibrator, and
the Hamiltonlan for a rigid rotator, With this approximation
the wave equation separates lnto three equations so that the

1,2

total energy, E, of the molecule 1s given by H

E=H +E,+E, (1)
where Eg= the electronic energy,

Ey= the vibrational energy, and

E.= the rotationﬁl energye

These energles may be obtained from the three new and

1David M. Dennison, Reve Mode. Phys. 3, 306f (1931).
2

L, I. Sehiff, ggantum Mechanies (McGraw-Hill Book
Company, Inec., New York, : De o



6
simpler equations into which the original equation separates.
Each of these three energies will be determined by specifying
a set of one or more quantum numbers,

In this report we shall consider only the absorption
spectra of HCOF and DCOF in the gaseous state in the infra=-
red region, For a study of this type the gas being studied
is at about room temperature, and, hence% essentially all
of the molecules will be in the ground (lowest) electronie
and vibrational state, 8Since the rotational energies of the
molecule are of the same order as thermal energies there
will be a distribution of rotational energielB.

A molecule may absorb radiation if the radiation
satisfles the Behr frequency condition that

hV! = he) = Ep -E; (2)
where h = Planck's constant,
V1 = frequeﬁcy of the radiation in sec'l.

Y = frequency of the radiation in cmfl,
Ey and E, are energy levels of the molecule,
¢ 1s the speed of light,
and if the electric dipole transition probability between

the states E; and H, 1s non-zero., The transition probability

3

Gerhard Herzberg, Molecular Spectra and Molecular
Structure II, Infrared and Raman Spectra of Polyatomic
Molecules, D+ Van Nostrand Company, i1nce., New York 1945)
Pe 29




may be determined from quantum mechanics, Statistically
speaking, the strength of absorption will depend on the
magnitude of the transition probabilify and on the number
of molecules in the initial state. 8ince the frequenscy of
the radiation needed to induce a change in the electronie
energy will (usually) be much higher than infrared fre-
quencies, the electronic state will usually be the same
and may be neglected in a study of infrared spectra.

We must now consider the rotation and vibration of
the molecule and their interaction, which 1s not included
in the above approximation, The interaction is taken into
account by us;ng perturbation methods. In general the
correction tefms due to this interaction are included by

modifying the constants in the rotational terms,

Vibration

In general 3N coordinates are required to locate the
N atoms of a molecule exactly in space, Three of these
coordinates locate the center of mass of the molecule,
These three coordinates cohtribute only to the translational
energy of the molecule and do not concern us, This leaves
3N-3 coordinates to describe the rotation-vibration of the
molecule, For a non-linear molecule three coordinates are
needed to describe the rotation of the molecule, leaving

3N-6 coordinates to describe the vibration. There are,



therefore, 3N=6 vibrational degrees of freedom,

Classically, each of these 3MN=6 degrees of freedom
will be represented by a vibrational mode which, in general,
may involve a motion of all N of the atoms, If these vibra=-
tions are described by ordinary Cartesian coordinates, each
will usually involve all 3N of the original coordinates.
However, by assuming small oscillations, and transforming
to a speclal set of coordinates, called normal coordinates,
each type of vibration may be described as a simple hare
monic motion using only one of the 3N-6 normal coordinates,
Only squared terms appear in the kinetic and potentilal

energy 1f normal coordinates are used,

Assuming small oscillations and transforming to
normal coordinates, we find that the vibrational part of
the Schradinger equation breaks into 3N=-6 equations each of
the form of the equation for the simple harmonliec osecillatore
Therefore, the total vibrational energy, Ev’ of the molecule
may be written ashz

B, = £ E; =Zhowy(vy+d) vy =0, 1, 2, === (3)
where Ei = the energy of the ith vibration;

h = Planck's constant,

w, = the frequency of the 1*0 vipretion (cmfl),

¢ = the speed of light; and

vy = the quantum number of the 1th

vibration.

hHerzberg, Pe TTe



While the above 1s a good approximetion, it is not
quite right because the oseillations of a molecule are not
sufficiently small, the potential i1s not strictly harmonic,
and there are couplings between the vibrations, When these
are taken into account the following equation is obtainedss

(vyavpem=) = Jo, (vH) +Fx, (v, 40) (vy#h) (4)

v, = G, 1, 2 ===
where G(vl,vz.--) is the term value (energy level expressed

in om™L) as a function of the quantum numbers v
th

1°
1

(7 vibration in em ~, and

1
xij are the anharmonie¢ constants,

is the frequency of the 1

S8ince the molecule is never in an energy state below the
ground state, and since (almost) all of the energy transitions
which interest us are measured from the ground state, it 1is
convenient to consider only differences from the ground
states Therefore we derinesz

G, (V1,Voy==) = G(¥y,¥py==) = @(0,0,~-=,0) (5)

= ‘Zcogvi + i;%xg V1V

where w;’ =, 433 x4 4

xgj = x4 as long as no powers higher than the

second in v occur,

SHerzberg, Pe 205 f,
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Selection Rules

It has already been mentioned that a transition
between states can be caused by radiation only if the
transition probability is non~zero, The transition probw-

abllity between two states, a and b, may be written aséz

> 2
/}: Mf dﬂ (6)
: a_b
where Ei 1s the complete wave function for the 1th state,
# indicates the complex conjugate,
=
M 1s the dipole moment,
and the integral is over all space, dZ being the

element of volume,

For the approximation that we have made,

Ii = v’ewrwv (7)
where We = the electronic wave function,

Wr = the rotational wave function,

‘Pv = the vibrational wafe function,

and where the time dependence 1s ignored. In infrared spec=
troscopy the electronic wave funetion will be the same in
the upper and lower state, and hence will contribute only
a constant to the transition probability, For pure vibra=-

tional spectra, the same may be said of the rotational

6HOerer89 Pe 252,
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wave function, and the transition probability will be

N e )
[LP"].M qJVZ dz] (8)

where vy is the wave function for the ith vibrational level,

proportional to:

.ﬁ is the dipole moment, and
dt' 1s the new differential element of volume.
In order for this to be non-zero, at least one component of
the integrand must be totally symmetric since the limits are
symmetr1c7.
In this particular case the molecules (HCOF and

8 so that all of the

DCOF) are expected to have symmetry Cq
vibrations are elther symmetriolor antisymmetric with
respect to reflection in the plane of the molecule, and,Mx
and H& are symmetrlic while l'l.z is antisymmetric7. Therefore -
at least one component of the integrand will be symmetriec
for any pair of vibrational levels, and hence none of the
fundamental, overtone, or combination bands are forbidden
in the infrared, Naturally, not all possible combinations
are observed since their transition probabllities may be

very small, For a simple harmonic oscillator Av = +#13 and,

since the molecular vibrations are nearly harmonic, we would

7Herzberg, Pe 252 fo

8H. W, Morgan, P, A, Staats, and J. H, (Goldstein,

Jeo Chem, Phys. 2. » 337 (1956)0
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expect that the transition probability corresponding to

Ov = 41 would be much larger than any other.

Rotation

A molecule has three principle moments of inertia,
usually referred to as I, I,, and I,, along three mutually
perpendicular axes a, b, and ce Frequently these axes are
chosen so that IaSLIbJSIo.

HCOF and DCOF are accldentally nearly symmetric topsg.
That is to say that two of their moments of inertla (Ib and
Ic) are nearly equal; thus they are nearly symmetric rotors,
We say that they are accldentally nearly symmetric tops
because there are no symmetrical or structural reasons to
cause one to expect that they would be nearly symmetrical
before they are examlned,

Classically the motion of a force=free symmetric top
may be represented as a rotation about the symmetry axis
together with a ppecession of this axis about the line of

the total angular momentum;o

o The motion of a force=free
asymmetric top may be represented as a rotation about the

axls of the greatest or least moment of inertia together

9Morgan, Staats, and Goldstein,

loﬁerbert Goldstein, Classical Mechanics (Addison=~
Wesley Press Inc,, Cambridge, MasSe, 1951) pPe 159f.
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with a precession and nutation (of commensurable period)

of this axis about the line of the total angular momentumi<,

The classical solution of the symmetric top case 1s simple,
while the solution of the asymmetric top 1s rather complex,
involving elliptic functions, The quantum mechanical
situation is similar, Both tops have three degrees of
freedom, but they both have only two constants of the motionj

we would expect, therefore, that the energy, however complex,

would involve only two quantum numbersll.

The Asymmetrlc Top

To obtaln a representation of the energy levels of an
asymmetric top by quantitative formula would require fairly

elaborate calculations, We might use the energy equation

12

derived by Ray™™ for which tables have been compiled or we

12,13

might use the relation derived by Wang Wang's equation

is:
F(Jp) = 3(B+C)T(I+1) + [A -k(B+C)] Wp (9)
= B J(J+1) + (A=B)Wg
where J = 0, 1, 2, ===}
F(Jp) 1s the term value in em™% corresponding to the

Jth

tth sublevel of the level}

1lDennison, Pe 31T

laHerzberg, Pe Ube
133, ¢. wang, Phys. Rev. 3k, 243 (1929).
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& = h/BTeI_; B = h/8mel,; C = h/8nhI°;'E = %(B+C);

¢ 1s the speed of lighte
The quantum number J corresponds to the classical total
angular momentum. The T's are numbers, without physical
significance, which are used to order the sublevelsj for
the highest sublevel we set T = J, and for the lowest sube
level we set T = =J, Since there are 2J+l1 sublevels, there
are 2J+1 7's, The sublevels are actually determined by the
We's which are also Just numbers. In order to find the Wgr's
one must solve a set of algebralc equations whose order
increases linearly with Jo Wang's equation seems to be the
better for our purposes since it-is Ib and Ic which are
nearly equal in HCOF and DCOF., We will use an approximation,

however, rather than solve the equatiocns,

The Symmetric Top

While the derivation of an equation representing the
energy levels of a symmetric top is not simple, the result
may be quoted easilylh'lso

F(J,K) = BJ(J+1) + (A=B)K2 (10)
where Jd = 0,1p2535=~=3 K= ady==y0,1,-=p+Jd,

Here again J corresponds to the classical total angular

momentume K corresponds to the component of the angular

l,"'Denn:l.son, p. 306f,
lSHerzberg, pe 24
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momentum along the (body=fixed) z-axis, Ib and Ic are
equal, Since the energy depends on Ka, there will only be
J+1 sublevels, although there are 2J+1 values of K,

The above equation describes a rigid symmetric top,
but since molecules are not rigid, the change in molecular
energy due to stretching has been taken into account by
Slawsky and Dennison16’17, who obtained the following:

6(J,K) = BI(3+1) +(A-B)X? ~D_J2(y+1)2 (11)

=D, J(J+1)K° ~DEh, '
where J, K, &, and B are defined above, and Dz, Djx, and
Dy are the centrifugal stretching constantse

It 1s obvious that the symmetric top approximation
gives simpler expressions than that of the asymmetric tope
Therefore, since HCOF and DCOF are nearly symmetrical, we
shall use the symmetric top equation to approxlimate the energy
levels of these molecules, Essentially we shall be using

Wang's equation with the approximation that Wp = K2.

Selection Rules

If a molecule has a permanent dipole momenty it will
have a pure rotational spectrume For a molecule with a

component of 1ts dipole moment along (parallel to) the

16Z. I, Slawsky and D, M, Dennison, J., Cheme Phys,
1, 509 (1939).

17Herzberg, Pe 26e
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unique axis, transitions are allowed for the following
changes in the quantum numbers (selection rules)18’19:

AK = 0; AT =0, #1 1if K ¥ 03 (12)

0K =03 LT =41 if K = 0,
Naturally, for pure rotational absorption spectra J = 0,=l
have no meaninge For a molecule with a component of 1its
dipole moment perpendicular to the unique axis (possible
only for an acclidentally symmetric top), the selection rules
aret

AK = 413 AT =0, +1, (13)
where again transitions resulting in no change or in a
decrease of energy have no meaning for pure rotational

absorptlion spectrum,

Vibration=-Rotation

In a real molecule, both rotational and vibrational
transitions may take place togetherj hence, the rotational
and vibrational energies must be considered together, If_
there were no interactions between rotation and vibration,
the energy of the molecule (neglecting electronic energy)

would be the sum of the vibrational and rotational energles:

P = G(vl,vz,--) + F(J,K)e (1)

18Dennison, Pe 313.

19Herzbergorpa 29,326
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We may retaln this form and still acecount for the interaction
between rotation end vibration if we consider the rotatiomal
constants, A and B, as having a particular value when the
molecule is in a given vibrational state, which 1s the
average value of A or B in that particular vibrational states
That 18, we consider A and B as functions of the vibrational
20,

A, = A, S g(vy+hdg) + mmm (15)

B
Sl -:qi(viﬁdi) 28 o

quantum numbers

where A, and B, indicate the values in the equillbrium state,
¥y are the vibrational quantum numbers,Q(f' and q? are

constants, and 4, 1s the degeneracy (di = 1 for HCOF and

¥
DCOF). We may then write:

T = G(wy,¥p,~=) + Fy(J,K), (16)
with  Fo(3,K) = B I(341) +(4 -B_)EZ - DI3%(341) (17)

DY d(+1)K2 - DYEF,
where the D' are small centrifugal stretching constants
which may differ in different vibrational statese, The above
formulas are for a symmetric top molecule, It can be shown
that the selection rules for rotation and vibration together

are the same as they are separately (to a good approximatim)aJ;

205 e zberg, p. 400,

21Berzberg, Pe U4lle
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The Appearance of Infrared Ahsorption Bands

That part of the infrared spectrum which interests us

L and 5000 cmfl. The

is that part between about 500 cm"~
spectrum in this region (for HCOF and DCOF at least) consists
entirely of vibration-rotation bands, It will be advane

tageous, therefore, to examine the appearance of these bandse

For convenience we adopt the usual notation22

that the
initial state values be indicated by double primes (as A™,
B", J") and that the final state values be indicated by a
single prime (as A', B', J')3 the difference in the vibra=
tional terms alone; thé baﬁd origin, 1s indicated by

% cmfl.

W G(vi,vé,--) - G(v;,v;,--) = Gf-G" (18)

When there 1s a vibrational transition the rotational
energy may increase, remaln unchanged, or it may decrease.
The rotational selectlion rules will depend on the direction
of change of the dipole moment in the vibrational transition.
If the vibrational transition results in a change in the

component of the dipole moment parallel to the unique axis,

Zzﬁarzberg, ppe. 19, 381,
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the rotational selection rules will be those given in
equation (12):

OK=0; AT=0, 41 if K #0 (12)

AK=0; OT =41 1fK=0
and the resulting band will be a ‘barallel band,®™ If the
vibrational transition results in a change in the component
of the dipole moment perpendicular to the unique axls, the
rotational selection rules will be those given in equation
(13):

AK = #13 AT = 0, #1, (13)
and the resulting band will be a "perpendioular band," :
These two types of bands are essentially different in

appearance.

Parallel Bands23

A parallel band i1s observed to have three absorption
maximae, The one on the low wave number side is called the
P branch, the rather sharper one in the center 1s called
the Q branch, and the one on the high wave number side is
called the R branch, These three branches correspond to
the allowed changes 1n J: AJd = =1, 0, +1 respectivelys In
a parallel band AK 1s always zero,

If one neglects the interaction between rotation and

vibration, and also neglects the centrifugal stretching

2BHenzberg, Pe U416,
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terms (the D's), one finds that the P and R branches are com-
posed of a séries of equally spaced lines. The frequencies
corresponding to the branches are (from equations 11 and 14):

P branch PJ e Pl 2BJ J=1,2,3,== (19-4)
Qbranch Q =Yy, (19-B)
R branch RJ = $° + 2B(J+).) J=0,1,2p= (19-C)

where P_ and R. stand for the iines originating from the

J
transitfons whose initlal state has the rotational quantum
number Jo A line Po is not possible since the P branch
corresponds to AJ = =1,

With the above approximations the transitions from

J = J" in the ground state to J = J' in the elevated state
gives the same frequency regardless'of the value of K, but
when the interaction of vibration and rotation is included
there 1s a different frequency for every |K|e Each "1line"
in the P and R branches will, therefore, consist of a series
of lines; the separation for different K's 1s small, how=
ever, so that a series of discrete lines’is still observed,
The Q branch will also consist of a group of lines, close
together; one line for ever value of Jy,K, The frequencles
are now (inserting the D's also):
=V, + F1(J=1,K) = F*(J,K) (20=A)
=\ =(B14B")J +(B'=B")J3% + [(A' -B')- (A"-B"]x?

-D'(J-1)232+D”(J’+1)2J2 -Dt (J-1) %2

4-13:}1{(.74-1).11{2 -(pg -D;)n‘*

P
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Ry =V, + F1(J+1,K) -F"(J,K) (20-B)
=V _ + (3B'=B")J +(B'-B")J2 +2B! '“
+ [(A'-B') (Am-B")] K2 Dt(J+1)2(J+2)2+D".12(J+1)
-D&K(J’+1)(J’+2)KZ+D3K J‘(J’+1)K2 =) -D")K‘h‘
and where the Q branch frequencles are Yo +F(J,K) as given
in equation (17) with every constant replaced with the

differenve in constants, Strictly speaking, P. and RJ above

J
should be written as P and R K? but, since the K's will

JoK J
be neglected in the analysis, this 1s not done,

If the experimentally determined lines had to be
fitted directly to the above equations in order to determine
the constants, a very great deal of work would be involved.
The analysis 1s made muoch easier by the use of the fol-

lowing combination relations:

Ry ~Pgeq = (2041) [28% 4D3(32%4341)), (21-4)
or | ” _
Ry 1=Pj4q = 2B" - uDg(J2+J+1)3 (21=B)
23+1 |
R P = (2.74-1?{:213f -!;D&(Ja-l-.]’-l-lﬂ, (21-6)

= ' 1 (J2
o = 2B = uDJ(J +J+1) 3 (2;-1))

2341

Rpat?y = 2[lg #(B1BN 2 flar-mn)(an-nr) 2],
(21-E)

It has been assumed throughout that DJK = 03 1in equation
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(21-E) it 1s also assumed that D' = D", In the analysis it
is usually assumed that the terms involving K may be neglectede.
In the analysis of a band equations (21-=A) and (21=C) were
used only to check the assignment. The intercepts of equations
(21-B), (21-D), and (21=E) give B", B!, and ¥ ; the slopes
of these same equations give D}, Dl, and (B'=B"),

Perpendicular Bandszh

A perpendicular band 1s considerably more complicated.
Since it involves changes in both J and K, there are six
possibilities: OK = #1; AT = «1,0,+1, If we again neglect
the interaction of rotation and vibration and also neglect

the D's, we may write (using equation 10):

© Y(AK =41,A7 =+1) = V, +F(J+1,K+41) -F(.T,K)‘ | (22-4)
=[vo +2(A-B) (K+}) | +2B(3+1),
with T =0,1,2)== 3 K= =Jy=my=l,0,+1,--J

VAK 241,07 =.0) =[j, +2(A=B) (k+4) ], (22-B)

with Jd=0,1,-=~ 3 K= «d,caee,+J;
WOE =+1,07 =-1) =, +2(A-B) (k+})| -2B3,  (22-C)

with J = 1,253s=== 3 K = «dy=ew-,+J}
WOK =-1,07 =+1) =), =2(A-B) (K-})] s2BII, -

with I= 0l mee  § K& wl,sewsyd

2hHerzberg, Peo L2Le
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&K ==1,00 = 0) = E% ~2(A=B) (K-&ﬂ ’ (22-E)
with J=0,1,2,=== 3 K= =Jtl,=0+2,-=,7}

WK =e1,47 =1) =[P «2(A+B) (K=k)] =287 (22-F)
with I 8- 1 053m= 3 Bn «Si) e T,

An examination indicates that these are a series of sube

T Vot2(A=B) (K+#) o
It 1s stated in Herzberg (pe. 42l4) that the P and R branches

bands, each centered around a )

of such a sub=band are always of the same order of intensity
(together) as the Q branch of the sub=band, Further, the
lines of the P and R branches of different sub=bands do not
coincide, and hence, these weak lines do not reilnforce one
another, but rather tend to form an unresolved "background,™
Therefore, in most cases, we need only conéider the Q
branches of the sub=-bands:

v =) +2(A=B) (K+£). . (23)

These @ branches or Q lines are usually referred to as

os sub

Poy and Ry, where the K indicates the initial state, FQg
and RQK refer to the Q branches on the low and high wave
number side of Vo, respectivelys If we now consider the
interaction of rotation and vibration, we may write (still
omitting the centrifugal stretching terms):

PQg = Vo +(A1=B1) =2(A'-B")K +[(A'-B*)-(A"-B"ﬂxfém

By =y _ +(A'=-B') +2(A1=B!)K +[(A'=B1)-(A"=B")] K%,
%= Yo : [ : J (25)
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Again a great deal of work can be avolded by using

the following combination relations (which do inelude the
centrifugal stretching terms, except that DJK'is assumed to

be zero)s
Rag.1 =F%q1 = MBA"-B") -Di(2K? +2ﬂ  (26=4)
or . 5
Rg.1 = gy = (A"-B") -2D8(K2 41); (26=B)
=T uKEA'-Bw fni(axz +a>], (26-0)
or RQK a qu = (A'-B') -2D}(K2 +1); (26=D)
——'m— ! B
RQK_]_ +PQK = 2y + 2(B'=B")J(J+1), (26-E)

. +]—_A' ~B!)= (A“-B":] (21(2-21(4-1);

fo - To, =2y 2 (BIBRYTIFH) #BlATSBY)  (26-7)
-2D, +C{(AT-BT)-(A“-B")3 -6D;]2xz.

In equations (26=E) and (26-F) it is assumed that D'=D",
Equations (26=-A) and (26=C) were used only to cheﬁk;the
assignment. The intercept of equations (26=B), (26-D), and
(26-E) give (A"-B"), (A'-B'), andV,; thelir slopes give

Dgs D, and [}A'-B')-(Aé-Bﬁ)j. Equation (26-F) was sometimes
used fo determinelso also, In analysis the terms in J were

neglected,

Spectra of HCOF and DCOF

The dipole moments of HCOF and DCOF have components



25
along both the & and b axes, and a given vibration may re-
sult in a change in the components of the dipole moment
along both axes., The observed absorption bands, therefore,
often appear as a perpendicular band supefposed over &
parallel bande This gives one two equations to use in
determining'?o, but 1t tends to make the assignment of the
lines in the parallel band more difficult,

Effects of Asymmetry

While we have treated HCOF and DCOF as symmetric tops,
they are in reality asyﬁmetric tops. We must consider, at
least briefly, the Justification for and the accuracy of this
treatment, X

In order to find the molecular constants using Wang!'s
energy relation it .1s necessary to solve for the quantum .
number Wp. But the Wp's, themselves, depend on the molecular
constantse The algebréic equations for W involve the cone
stant b = (C-B)/2[A~}(B+c)]. These equations noed not be
solved if the approximatién Wz\= K2 is useds, The approxima-
tion does not appear to be too lnaccurate, and serves as a
useful ordering of the lines.

As a measuré of the accuracy of the symmetrie top

approximatioﬁ we hay compare the Wa's with the Ka's. Ir

-
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we use the electron diffraction data mentioned earlierd5
and assume a C-H bond length of 1,08 K, we find the results
given in Table I, TUsing these values we can calculate the
values of Wpe The calculated values of W are gilven in Table
II for J = 0, 1, and 2, Comparison shows that K2 is a fair

approximation for W,

25!(. E. Jones, K. Hedber§, and V. Schomaker, J.
Anler. Chem. Soc. ﬂ’ 5278 (1955 °



TABLE I

CALCULATED VALUES OF THE RECIPROCAL
MOMENTS OF INERTIA

27

Moment el an~1
A 2,88 2410l
B 04390 04389
c 03l 04329
B 0,367 0,359
-0,0175 -0,0338




TABLE II

CALCULATED VALUES OF Weq

We Wz
K 2 HooP DacE 7
0 0 0 0 0
0 0 0 0 -1
-1 1 0.9825 0.9662 0
+1 1 1.0175 1,0338 +1
0 0 =0,000918  =0,00342 =2
-1 i 0.9475 0,8986 -1
+1 1 1.0525 1,101 0
=2 I ly 4 +1
2 N 14.000918 14000342 +2




CHAPTER III

EXPERIMENTAL DETAILS

The Spectrometer

The spectra of HCOF and DCOF were observed and
measured with the University of Tennessee automatically=
recording grating spectrometer which has been described
elsewhere by A, H. Nielsenl. Figure 2 is a ray diagram of
the spectrometer, A Nernst glower was used as a source of
continuous radiatione The cell containing the sample was
placed near the focus between mirrors M=2 and M=3, The
beam 1s chopped elther Jjust before or Jjust after passing
through slit S-l, Chopping modulates the beam at the
frequency to which the amplifier is tunede The begm is
‘dispersed by a prism monochromator before passing fhrough
slit S-2 so that the grating sees only a narrow range of
wave numbers, thus eliminating unwanted orders. After pass-
ing through slit S~2, the beam strikes an off-axls paraboliec
mirror, and is sent to the grating as a parallel beam. The
light diffracted back in the directlion of the parabolpnid is
sent through slit S-3 to the detector systeme The output

of the detector system 1s then amplified and fed into a

lA. He Nielsen’ Jo Tenn, Acad’ Sei. @‘ 2)4.1 (19’-‘-7)0
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Figure 2, Ray diagram of the spectrometer
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Leeds and Northrup, Type G, speedomax recorders

Four detectors were used in the course of the work,
They were a Perkin-Elmer thermocouple,and a Golay detector
(both of which are sensitive throughout the entire spsctral
range considered here), a lead sulfide photocondustive cell
(sensitive above about 3300 cmfl), and a cooled lead
telluride photoconductive cell (sensitive above about
1900 emfl, and used to about 3800 cm™1), The energy from
slit S=3 was focused on the thermocouple, the lead sulfide
cell, and sometimes on the Golay detector by an elliptical
mirror with the slit at one focus, and the detector at the
other focus, The lead telluride cell was 1installed in a
box with its own mirror system, At the beginning of the
work reported here a silver chloride lens was used to focus
the radiation from slit 8«3 onto the Golay detector.

Five gratings were used, They were: a 1200 lines~
per=inch original ruled at the University of Michigan, a
3600 lines-per-inch replica by R, W. Wood, 4500 lines=per-
inch and 7500 lines-per-inch Bausch and Lomb replicas, and
a 15,000 lines-per-inch Bausch and Lomb original,

- The prism monochromator, which.consisted of a 15°
KB& prism, a 15° NaCl prism, or a 60° NaCl prism, allowed
only a narrow band of frequencies to reach the grating. It

was necessary to reset the prism during the recording of a
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band (except at the high wave number limit of a prism);
with practice this adjJustment could be made so as to be
undstectable an the finished record.

All of the detectors, except the lead telluride cell,
used a 13 cycle=per-second half disk chopper immediately
after slit S-1, The lead telluride cell used an 800 cycles=
per=second chopperj in this case the plane mirror P-l was
replaced with a plane mirror which was forced to oscillate
about a vertical axis at 400 cyecles per seconde The amplie
tude of the oscillations eould be controiled.

The grating and a Gaertner circle were mounted on a
motor driven shafte The position of the circle, and hence
of the grating, can be read to 5 seconds of are By means of
a micrometer microscope. These angles were marked directly
onto the chart paper, at intervals of one minute of are on
records that were to be measured, by a pen activated by a

manually operéted solenoid.

Atmospheric Absorption

The spectrometer has an air tight sheet metal cover
which fits into a slot around the base of the spectrometer,
Apiezon (type Q) wax is packed into this slot, and into
any other openings. Once the spectrometer 1s sealed, it

is only necessary to remove the water and carbon dioxide
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already inside of the spectrometer.

To some extent thls may be accompliLhed by flushing
the spectrometer with dry nitrogen from a cylinder. This
was often done,

Originally trays of P205 and Ascarite were placed on
the floor of the spectrometer to remove the ﬁao and GO2
respectivelys This method works rather well, especlally

when coupled with N, flushing,

2
Later the alr inside the spectrometer was re=cycled
continuously through a column of activated alumina by means
of a small centrifugal blower, By changing to a fresh eolumn
frequently at the start 1t was possible to obtain a very low
background even in regions of strong atmospheric absorption.
At times trays of PZOS and Ascarlte were used in conjunction
with this method; the results were no better than could be

obtained without the chemicals. A background record was

made for every band, for comparison.

The Gas

The samples of HCOF and DCOF used in this study,
together with a great deal of useful information about
handling these compounds, were very kindly supplied by
H, W. Morgan. and P. A, Staats of the Oak Ridge National
Laboratory. As the properties of HCOF and DCOF are virtually
identical (with regard to handling), only HCOF will be dis=
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cussed.

HCOF 1s a relatively stable compound which boils at
about -2600, decomposes into HF and CO in the absence of
water, and hydrolyzes to formic acid (H2002) and HF, At
room temperature a contalner of the gas decomposes come
pletely in about 24 hours, but at dry ice temperatures
(=78°C) 1t can be (and was) stored in the liquid phase for
months without excessive decomposition.

For the absorption spectrum of HCOF, the gas was put
into a glass cell 15 cm long and about 2 inches in diameter,
closed with either NaCl or KBr windows. The pressure used
varied from about 1 mm to about 500 mm of mercurye. Because
of decomposition, 1t was necessarf to remove the gas from
the cell at the end of each day'!s worke, Otherwise, the
sample would decompose and attack the cell, especlally the
windows. Since HCOF has a vapor pressure of 2 or 3 cm of
mercury even at -78°C, it was not found practical to save.
the sample after a runj it was pumped into the air, |

It was necessary to seal the spectrometer to be able
to eliminate atmospheric absorption, Thus it was necessary
to be able to fill the cell with the spectrometer sealed.
In order to do this a glass tube was run through the base
of the spectrometer from the sample storage tube to the
absorption cell inside of the spectrometer,

The decomposition of the sample resulted in CO and
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002 being present in the absorption cell as an internal
background when some of the bands were examined, The CO
resulted directly from decompositionj the 002 resulted from
oxldization of some of the CO by oxygen in the air that
leaked into the contalner over a long period of time, ﬁo
absorption due to HF was observed since this gas reacted
with the glass of the system soon after 1t was formed, It
was possible to remove most of the CO and 002 by pumping on
the sample while it was at dry ice temperatures, There was
a conslderable loss of HCOF 1n this case., The 002 did not
present a problem except in samples that had been stored
for a relatively long time, and then only in one band of
DCOF (the high wave number side of the R branch of Yl). The
decomposition could be observed directly by noting the
increase in the absorption of CO 1f several runs wére made
over this region at intervals of several hours,

The particular grating, detector, gas pressure, and

background conditions for each band are given in Table III,

Wave Number Measurements

The final result of a run over a band was a strip of
chart paper with a continuously drawn graph of absorption
versus angle (and hence, indirectly, wave number), The
fiducial marks were spaced at intervals of one minute of arce

A pencil line was drawn from the absorption peak to the base
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line, and the angle was read with a speclal eyepigoe,,sinoo
the fiduclal marks were not always equally spaced, The dif-
ference between the recorded angle and the angle of the
central image was designated the angle O, used to calcuiate
the wave number, The central image, 1.e., the position 4n
which the grating acted as a reflecting mirror, was recorded
several times before and after each bande The wave number
was determined by the equation

Y (em™d) = nK/sin 6,
where n 1s the order, K (em™1) 1s the instrument oconstant,

and @ 1s the angle,

Calibration

To find the wave number of a particular peak, it was
necessary to know the grating or instrument constant, K.
This could be found by finding the angle corresponding to a
known frequency. Any absorption or emission lines whose
frequencies are accufately known could have been used, In
this investigation the fundamenta12 and first overton93 of

carbon monoxide were usede At the beginning of each run four

°E, K. Plyler, L., R. Blaine, and W. S, Conner, J,
Opte Soc. Am, o0y (1955)e

BE. K. Plyler, W, S. Benedict, and S. Silverman,
J. Chem, Phys. 20, 180 (1952), ,
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~toax lnes from the center of one of these bands were
‘recobdéd."This allowed the calculation of the grétiﬁé
constant for thaf particuiar run. The variatibhs_éf the
gfaﬁing cbhstanﬁ'wgfe smaii, but signifigaﬁt.

This work wés done inAaif;»while the-wave numbers of
fhe CO lines were vacuum wave numbers. If the value of the
index of refraction of air does not vary from the wave.num-"
ber of the CO lines to that of the band being measured, the
results will éutoﬁatically be reduced to vacuum, Calculations
from a formula given by Edleﬁu indicate that the index of
'refractién of air changes by about 7 parts in 108 from L5
microns_ﬁo 15 microns, which may be neglectedr Therefore
iit.was‘unnecéssary to’correct the wave numbers, as they
wefe‘already vacuum wave'nﬁmbers.

Fbr low wave nﬁmbers it was necessary to use the CO
in second or third order., The fundaﬁental was used with all

bands below 3000 cm.-1

» and the overtone with both bands over
' 3000 em™L, | V

The cell containihg the-C0“was usually placed in the
,spectrometef between the sample cell'aﬁd the mirror M-3, ‘It
was mounted on a sﬁaft so that it could be lowered out of
‘the,beam during airuh.‘ A few times a speclal mirror system,

shown in Figure 2, was useds In that case it was the

mirrors which were moved dut of the beam,

. U, Edlen, 7. 'Op_t. Soc. A, L3, 339 (1953).
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Discussion of Errors

Any error in the determination of the wave number of
an absorption peak must result from error in either the
angle, @, or from error in calibration, or from both,

Except for errors in the circular scale, which are
small, errofs in the angle @ will be random errors and will
arise from errors in placing the fiducial marks, errors in
marking the lines, and errors in reading the angle, The
latter can easily be done to +# second of arce The errors
in placing the fiducial marks should be rather uniform, but
errors in marking the lines will depend on the sharpness of
the line. Where about six central images were recorded, the
average deviation was about #2 seconds of arce Where about
three records were made of a sharp absorption line, the
average deviation was about iﬁ seconds of aro {as determined
from jl in HCOF)., When the absorption peaks were not sharp,
the deviations were layger,

Errors in the calibration will result from errors in
the angle of the central lmage, errors in the cirecle angle
of the calibration lines, errors in the calibration lines
themselves, and from changes of the grating constant with’
time and angle. It 1s difficult to gstimate these errors,
but when the same band has been recorded using two different
gratings, the results have, on the average, agreed to within

042 cmfl or better,.
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The molecular constants, other than »o’ depend on
differences between the lines, and systematic error will
not affect them, while random error will, The results
indicate that the values of B" are accurate to about

+0,001 cm'l, and that A"=B" 18 accurate to about #0,005 cmfl



CHAPTER IV

EXPERIMENTAL RESULTS AND ANALYSIS

Introduction and Methods of Analysis

The observed bands and their interpretations are )re;
sented in this ohapteriﬁith dorresponding'baﬂd§70f ﬁ0OF and
DCOF being presented togethere Tables III and IV give a
swmmary of the observéd bands and the conditions under whioch
they were observedes The figures depicting observed bands
were taken from intermediate speed records made at six
degrees per hour with fiduclal marks every ten to twenty
minutes of arce

Every band reported here was observed at least three
times at one degree per hour, which was the normal speed for
records which were to be measureds Quite often more than
three records were made, The circle angles of a given
absorption peak were then averaged and subtracted from the
average central image. From this the wave number was cal-
culatede The same method was used for both the callbration
lines and the linés being measured, except that for the
callibration lines 1t was the grating constant rather than
the wave number which was founde This method was quicker
than, and gave the same results as, the method in which the
angle @ 1s obtained for’each record of a glven peak and then

averagede



TABLE III

A SUMMARY OF THE OBSERVED BANDS AND THE CONDITIONS OF OBSERVATION

HCOF

Band Grating Pressure| S1it
Assigne Center# b | Iines em of | Wid Background
ment (em=1)] Type ch |Detector| Mercury] (ecm” Conditions Remarks
vl 2981,0{hybrid| 7500 | PbTe 540 0,25 water in R
branch quickly
removed
))2 1836,9 |hybrid| 4500 | Golay | O¢ly=0¢8] Ol | water largely |perpendicular com-
7500 0.35| removed ponernit observed
only in R branchj
best results with
about 6 cm pressure
YB 1342.5| L 3600 | Golay 26=45 | Ool | water greatly |very weak
4500 reduced
))h 106l 48 |hybrid| 3600 | Golay | 0,2=0¢3| 0.3 | clean
\)5 662,5 |hybrid| 1200 | Golay | 2.8«l,6| 0.45| CO> almost parallel component
TsCo 0.75| completely not resolved
removed
2y 3651.8| Il |15000 | Pbs 10,0 0.15| Ho0 and CO»
2 partly removed

™



TABLE III (continued)

-~

A SUMMARY OF THE OBSERVED BANDS AND THE CONDITIONS OF OBSERVATION

HCOF
" Band Grating Pressure|S1lit

Assign-| Center, Lines cm of |Width| Background

ment (em=1)” |Type| Tnch |[petector | Mercury|(ecm= Conditions Remarks

2)), |2115.6 | Il | 7500 | PbTe | 5.0-6.5| 0.15/CO in R branch
sometimes

Y§+ﬁ+ 2412 - 7500 | PvTe 32. | 0,2 |CO on low wave |very poor results
number edge

9u+?5 1719.3 )‘ 7500 | Golay 9.0 0e3 |not all water |partly resolved

removed

&phe quoted band center is the estimated band center, except where combination
relations were applied to the band; 1n that case the results quoted are the result of
the combination relations,

Pparallel bands are designated"; perpendicular bands are designated.L.

®PbS indicates the lead sulfide photoconductive eell; PbTe indicates the lead
telluride photoconductive celly T.Co. indicates the thermocouple.

ch



TABLE IV

A SUMMARY OF THE OBSERVED BANDS AND THE CONDITIONS OF OBSERVATION

DCOF
Band Grating Pressure|Slit
Assign~| Center, p| Lines cm of |Width|{ Background
‘ment (cm'l)a*, Type | Ineh Ppetector] Mercury| (an=d) Conditions Remarks
Y1 2261.7 (hybridl 7500 | PbTe 348=5.5| 0415/ C0o at edge of
_ R branch
'»’2 1796.8 ” 7500 | Golay | 1l.2=2.,0| Ol |water largely |unresolved with
(4500)| (TeC.) (0e7)|removed 4500 lines per inch
grating
iB 96749 |hybrid| 3600 | Golay 2.2 Ooly | clean
| 14* 1073.2 |hybrid| 3600 | Golay | 0.4=0.7| 0.3 |elean
yg '65745 lhybrid] 1200 | Golay | 4.0-8.0| 0.45[CO, almost parallel component
T.Ce 0.75| completely not resolved
removed
Vg 857y | - 3600 | Golay | 10.2 0.25| clean
2y, 35794 | 15000 | PbTe 3.5 0.25|water and CO,
removed; clean
2V;  1930.6 | || 7500 | PbTe | 15-20 | 0.2 |eclean

eh



TABLE IV (continued)

A SUMMARY OF THE OBSERVED BANDS AND THE CONDITIONS OF OBSERVATION

DCOF
Band rating  |Pressure| S1it
Assign- Centera' b |Lines el cm of | Width| Background
ment | (em=1)] Type |Tnch petector | Mercury|(cm~ Conditions Remarks
2)), |2137.8| I 7500 | PbTe 7e5 | 0415/CO in R branch
y5+9u 2028.6 |hybrid| 7500 | PbTe 23,0 0.2 |clean parallel unresolved
05+95 1624..5 |hytrid? 4500 | Golay 45,0 O.l4 |water reduced |unresolved
3 but still
excesslive
yhfvs » 1705.8 ” 7500 Golay u.S' O.l4 |water reduced
vt 1928, | = 7500 | PbTe 15=20 0.2 |clean central Q branch

8The quoted band center 1s the estimated band center, except where combination
relations were applied to the band; in that case the results quoted are the result of
the combination relations,

Pparallel bands are designated ”; perpendicular bands are designated.L.

CPbTe indicates the lead telluride photoconductive cell; T.Ce indicates the
thermocouple,
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After. the wave numbers were obtained, it was necessary
to assign an initial qu;ntum state .to each absorption peaks
In most cases the wave numbers were plotted against a running
number so as to give an approximately straight line. Then
a center was eshosen; thus automatically assigning all of the
absorption peaks, The center was picked by noting the
position and shape of the central Q branch, by the shape of
the band in general, and by the intensity of nearby linese
For a perpendicu;ar band the band center must lie halfway
between two of the running numbers, and for & parallel band
the band center must lie on one of the running numbers,
Because of the relatively wide spacing of the Q lines(in
formyl fluoride, the center was rather easy to choose for a
perpendicular band, so that if a perpendicular component
wae present 1t was assigned and analyzed before the
parallel component. Where only a parallel component was
present, the assignment of a band center was more difficult,
The presence of strong Q lines tended to make the assignment
of the lines of the parallel component more difficult, however,
since each Q line obscures one or two lines of the parallel
component, One way to check the assignment was to plot
RQKPI'PQK+1 or RQK-PQK versus K for a perpendicular'component
and RJbl'PJ+1 or R;-PJ versus 2J+1 for a parallel component,
If the assignment were correct, the result would be a

.straight line passing through the origine, The slope would
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be lj(A-B) for a perpendicular component and 2B for a parallel
component, Unfortunately, any of a serles of assignments
will always meet these conditions, In addition, those lines
nearest to the band center often deviate from a straightl
line more than those lines farther from the band center,

After a seemingly satisfactory assignment was made
the lines were listed in a table. The sums and differences
used in the combination relations were listed also 1f the
band was to be analyzed, When the combination relations
were plotted,lthey served as a check on the assignment,

The molecular oonstants were obtalned from elther the
graphs of the combination relations or from a least squares
treatment in most cases,

In plotting (R J+l and (Rz=P7)/2J+1 versus

71" P g1} /2
(J2+J+1), the slope was approximately zero, so that the
average value was often used instead of the intercept, This
was more accurate than the drawn intercept, much easier, and
only slightly less accurate than a least squares treatment,

The line positions quoted in the tables are given to
two decimal places even though the errors for some bands

1

are thought to be about #0,2 em ~ or perhaps moree This 1s

done because 1t is thought that the errors in the spacings

1 or less on

between lines of a given band are about 0,08 em™
the average,

With the exception or'thl% in DCOF, which was not



| 4T
- reported by Morgan,'Staats, and'Goldsteinl, the assignments
reported in thelr paper have been found to be in agreement

with our work, and are accepted as dorrect.

The Fundamentals

7

W

By reference to Figure 1, mver.night expeot that‘ the
vibration assoclated with the C=H stretch would resulffonly
in a change of the dipole moment perpendicular to the a
axis, the "almost unique" axis, and hence would be aéséc-‘
lated with a perpendicular band, However, the,only'observed
bands which can reasonably be assigned to the C=H stretching
vibration are hybrid bands at 2981 em™! in HCOF and 2262 cm™+
in DCOF, The parallel and perpendicular components appear
to have about equal intensitles and are both well resolved.
Figures 3 and l} show these bands,

HCOF, When the wave numbers of the Q lines were
plotted against a running number, they lay very close to a
straight line after two of the Q lines were droppede. The
assignment of the remaining Q lines was straightforward, and
the constants obtalned seemed to be satisfactory., The two

unassigned Q lines lie at 2970.71 om™1 (between PQa'and PQB)

lH. W, Morgan, P. A, Staats, and J. H, Goidstein,
Jo Chem, PhYSo _223 I3V (1956)0
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and 2991,13 em~l (between RQ:L and RQZ). The average of these
two lines (2980.92 cm'l) lies between the values of vo as
determined from the parallel and perpendicular components
of the band and only 0,13 cmrl from their averages

The parallel component doés not have a strong central
Q branch; a relatively weak absorption line at 2980,77 om..1
was tentatively assigned as belng the Q branch, Assignment
of the lines of the parallel component would have been
expected to be more difficult because of the interruption of
the Q lines, The assignment was straightforward, however,

Tables V and VI list the observed lines and their
assignments for the parallel and perpendicular components,
respectively., Figures 5 and 6 are graphs of the combination
relations for the parallel component, and Figures 7 and 8
are graphs of the combination relations for the perpendicular
componente

DCOF, Assignment of the perpendicular component was
unembiguous and left no unassignéd lines,

Assignment of the parallel component was, however,
difficult, and was made by comparing calculated line
positions with observed lines, The first assignment, which
seemed to be the most natural, resulted in a B value which
was much too small, The final assignment seems to be quite

satisfactory and does not appear to be forced or artificial;

It must be pointed out that the lines P(3) and P(})



TABLE V

WAVE NUMBERS OF THE OBSERVED LINES OF THE

PARALLEL COMPONENT OF vl OF HCOF

51

P(J) (om~1)

J R(J) (em=1)
0 2981.61 ' L ]
2 Zggﬁﬁg 97948
2983, 2979.80
L - -
5 2985 o OL 297735
6 2986,0 2976421
g 2986.89 2975,&7
9 - -
10 2988,88 2973.30
11 2989,86 2972493
12 2990,56 2972421
13 2991.66 2971, 62
)iy 2992,13 -
15 2992,83 2969495
18 2993.41 2969416
% - 2968435
19 2995.72 2967.36
20 299647 2966.56
21 2996.95 2965.8
22 2997.88 2965,0
23 2998,91 296l 425
2l - 2963.,20
25 - -
26 3000,62 -
27 3001453 2961,07
28"- 3002.16 296041k
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TABLE V (oontinued)

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF )4 OF HCOF

R(J) (em=1) P(J) (em=1)

30 '3003.10 2958,34
g;- - 295T7.63
3 3005.34 2956.,53
3 3005.93 2955.93
35 3006, 61 2955.10
36 3007.62 295&.2&
3 3008454 2953.62
3 ] - 295208)4.
39 - -

0 3010.5 -
ﬁl 3011e3 2950,68
L2 3012.19 2949.93
43 3012.75 294906
Lk 3013.77 298,26

- 294.7.22
W7 3016404 =
48 3016.65 -
49 3017.34 294,78
50 3017.90 294l .23
51 3018.64 2943.46
52 - 29,4.20 8
sh 3020, 7L 2941.15
5 3021.53 -
5% 3022.48 2939.56
57 3023.22 2938,80
58 3023.97 2938,1
59 e 2937.2
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TABLE V (continued)

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF ,1 OF HCOF

R(J) (em=1) P(J) (em=1)

60 - 2936461
61 " 3026,.12 2935.96
62 3026,90 -

6l 3028.34 2933.90
65 3029.11 2933,12
66 - 2932.21
67 3030466 2931,28
68 3031.43 2930463
69 3032413 2929497
71 3033.32 2928435
72 308461k 2927.80
73 - 2926497
g 3035.36 2925499
75 3036,06 2925,19
76 3036, 71 292l 71
7 3037.56 -

7 3038637 2923.17
79 3039.12 2922.32
81 3040647 2920, 8l
82 3041.30 2920.1l
83 3042.00 2919.43
8“» 3014-2052 o =

85 3043.12 -

86 30‘4—306,4 =~

87 - - 2916,83
88 3045.76 2915,68
89 3046433 2915.04
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TABLE V (continued)

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF Vl OF HCOF

J R(J) (em=1) P(J) (em=1)
99 3047419 291l 452
91 3047.98 2913489
92 - -

93 - -

ol 3049462 .

95 3050.51 1
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TABLE VI

WAVE NUMBERS OF THE OBSERVED Q LINES
IN 91 OF HCOF

K RQK (om™L) ?QK (om™1)
0 2984432 "
1 238433 2978419
2 2994621 297406
ﬁ 2999467 2967.86
3000 443 2962437
5 3009.75 2957.1L
6 301,97 2951, 65
T 3019.T4 29445480
8 3025,02 2940,
9 3030,06 293449
10 3034,71 2929423
1l 3039.64 2923.,90
12 30Ll4661 2918,23
13 3049,02 2912,92
1, 3053,66 2907.16
15 3058.31 2901,.46
16 3062,82 -
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actually appear to be double in all of the records that
show theme P(3) at 2259.69 om™L 1s made up of lines at
2259,81 cm™% and 2259.57 e~ L, P(4) at 2258.96 et 1s

1 ana 2258, 78 cmfl.

composed of lines at 2259.15 ocm™
Tables VII and VIII list the observed lines and their

assignments for the parallel and perpendicular components,

respectivelyes Figures 9 and 10, and 11 and 12 are graphs

of the combination relations of the parallel and perw

pendicular components, respectively.

L]

The C=0 stretching vibrations of both molecules
appear as ordinary parallel=-type bands., Figures 13 and
iy show‘\)a for HCOF and DCOF, respectively.

HCOF, When'])2 in HCOF was measured with the 4500
lines-per-inch grating, the P branch was resolved, but only
the first eight to twelve lines in the R branch were resolved,
The R branch and part of the P branch were repeated with good
resolution using the 7500 lines-per-inch gratinge The assign=-
ment presented no unexpected difficulty. The observed lines
and thelr assignments are listed in Table IX, and the graphs
of the combination relations are shown in Figures 15 and 16,

A few Q lines of the perpendicular component were
observed -in the R branche These lines, listed in Table X,
are better observed at a higher pressure than that used for

the parallel componente
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TABLE VII

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF )} OF DCOF

J R(J) (enr-1) P(J) (emr-l)
0 2262425 -
" 22§E.05 -
2 226[1600 -
ﬂ 226l..65 2259,.69
2265,.,40 2258, 96
5 - 2258,27
[ 2266,8 2257.80
g 226743 2256473
226T.94 2256,23
10 2269.41 225l1.79
11 - 2253.46
12 - 2252.79
1}4' T ‘225101"’4
15 - 2250459
16 - 22,49,82
1 2274666 2218496
1 2275418 22l48,01
19 227573 22,1 7.28
20 2276435 22U6,60
21 - 2245,91
22 ~2278427 225,28
23 2278.85 2241 .56
2l 2279.58 22413.81
28 2280436 22l434 1l
26 - 221247
2 2281.56 -
2 2282,19 2241,07
29 2282.79 22140,35
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TABLE VII (continued)

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF N OF DCOF

R(J) (em=1) P(J) (om-1)

30 228343l 2239.58
31 - 2238,.91
32 2285,20 2238,22
33 2285,8 2237410
3k 228644 2236,40
35 2287.,08 2235, 60
36 - 223486
37 2288,32 -
38 2289,07 2233.35
39 2289,.,67 2232, 6l
40 2290,36 2231,82
i = 2231.18
42 2291.81 2230454
43 2292.49 -
N 2293.19 2229,10
L5 2293,97 2228.%1
L6 - 2227463
L7 2295.,22 2226,92
48 2295.96 -
49 2296.79 2225427
50 - 222,61
51 229 .9% 222161y
52 2298, 222346
53 222930 222249
sl 2300,07 -
55 2301,09 2221.%&
56 2301,62 2220,69
57 2302,.35 2220603
ga 2302,.85 2219,07

9 - -
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TABLE VII (continued)

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF Ul OF DCOF

W

J —_R(J) (ew=1) P(J) (om=1)
60 2304..98 2217.59
61 2305,65 2212.32
62 2306,.29 2216,.19
63 2306,70 2215.48
ol - =
65 - -
66 - 2213,20
gg - 2212.37
> . 2211:52
70 - -
71 - 2209,58
73 - 220777
75 - 2206,10
76 - 2205453
T - ool
79 " 220%:%%
80 - 2203.1l

I
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TABLE VIII

WAVE NUMBERS OF THE OBSERVED Q LINES
IN ). OF DOOF

1

K Fqg (curl) Pog (em=1)
0 2266,52% -

2 2268, 6142 2259,.72%
2 2270494 2257.142
3 227l e 25 225l 4438
b 2277 olls 2249,00
5 2280,90 22lB.42
6 228l 424 2241,

7 2287,70 2237,

8 229009 22330 7
9 2294..2 2229.96
10 2297.52 2226.,08
11 2300, 7l 2222.24
12 230l 40l 221802%
13 - 2306.99 22144446
Il 2310.25 2210645
15 231330 2206601
16 2316,19 2202452
1 - 2198,55
l et 2193062

8These lines were not used in calculations.
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TABLE IX

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF V2 OF HCOF

! :

T [ R(J) (om=1) P(J) (om=1)
1 1838.32 -
2 1839.06 1835452
3 1839.80 18314470
L 18L,0.50 1833,89
1841.12 1833.13
2 18&1.82 1832,26
g 1842,50 1831.52
1843423 1830,85
9 184l 402 1830,12
10 18l 6 1829.23
I 18u5.3% 1828,
12 1845495 1827,
13 186,67 1826682
i 1847443 1826,02
15 18447.97 1825429
16 1848.78 -182&.%0
17 1849.32 1823462
28 - 1849.94 1822,86
19 1850434 1822.14
20 1851,06 1821,38
21 1851,67 1820, 62
22 1852,31 1819,85
23 © 1853,00 1818,91
2L 1853,66 1818,08
25 185l1432 1817.24
26 13;%.20 %gig.ﬁg
27 1855.49 .
28 1856,17 181L4,59
29 1856461

1813,88
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PABLE IX (continued)

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF 32 OF HCOF

_R(J) (om=1) P(J) (em-1)

30 1855.&9 1813,10
31 1858410 1812439
32 1858, 74 1811,58
3 1859429 1810,76
3 1859.82 1809,90
35 1860,36 1809,14
36 16861,00 1808419
3 1861.57 1806.9

3 1862,16 1806,1

39 1862.84 1805.24
o) 1863.40 180L.50
k] 1863.97 - 1803,72
L2 1861L.57 1802,88
L3 1865431 1801.94
Lk 1865,.70 1801,1l
U5 1866430 1800.41
L6 - 1799.60
Ll-? [ 4 1798.50
}.1.8 T 17970 2
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(Rg=Pg)/(2J41) versus (J2+J+1) for the
parallel component.of ya of HCOF
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Figure 16. A plot of (RJ_1+PJ) versus J2 for the
parallel component of Yy, of HCOF



TABLE X

WAVE NUMBERS OF THE OBSERVED Q LINES

- IN ]) OF HCOF

ﬂ

Chart Wave
Numbfr Number
50 1870417
60 1875.50
70 1880, 64
80 1885454
90 1890,58
100 1895447
110 1900,.38
120 1904.96
130 1910,17

—————eeeee— e e e s

T4



75
DCOF, Measurement of %2 in DCOF using the thermoe

couple and the 4500 lines-per-inch grating was useless
because the individual lines were not resolvede The band
was, however, well resolved with the 7500 lineseper=inch
grating and the Golay detector. There were regions where
the lines faded into unresolved absorptione. The general
appearance of these regions was that of a region where
absorption lines interfere with one another, These regions
presented no real difficulty, and the constants obtalned
appeared to be quité satisfactoryes The observed lines are
listed in Table XI; the combination relations are shown in
Figures 17 and 18,

There were no observed Q lines.

Ps
The planar C=H bending vibrations in the two mole=

cules differ more than any other corresponding pair of
observed bands, In HCOF ?3 is observed as a weak perpendicue
lar band with only a suggestion of a parallel component; in
DCOP it i1s a strong hybrid band in which the Q lines do not
stand out, but rather are observed as humps under the lines a
with &J=¢1l, Figures 19 and 20 show these bands,

HCOF, Although the background was largely removed,
some of the water lines were of about the same order of
intensity as the HCOF lines being measured. For this reason

there was some question of identification. The lines were
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TABLE XI

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF ) 5 OF DCOF

I R(J) (em=1) P(J) (em=1)
g 1797.87 -
2 15990)4-6 ]
3 180040 -
L 1800,66 17933
6 1802,10 1792.73
Z 180278 1791.96
1803439 - 1791.03"
9 180,01 1790,30
10 - 1789,56
11 @ 1788,80
13 - 1787432
I - 1786.52
- 11 180775 1785.47
16 1808.62 178l;.,66
17 1809.43 1783,88
18 1810,16 1783,06
19 1810,6L4 1782.29
20 1811.30 1781.51
21 1812,02 1780,87
22 1812.65 1779.82
23 1813.27 1778.80
2l 1813.96 1778.09
22 181L..88 1777.21
26 - -
27 1816014-3 o
28 1817.,04 1775.10
29 1817.67 177434
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TABLE XI (eontinued)

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF 02 OF DCOF

J , R(J) (em=1) P(J) (em~1)
30 1818.,19 1773453
31 1818,69 1772477
32 1819,30 1771.92
1819,84 1771,10
1820, 39 1770.,13
1820497 1769,48
1821.45 1768460
1822,21 1767.81
1822,85 1767.29
1823,60 1766,52
182,33 1765,66
1833.96 176l.76
1825.42 1763,92
1825,96 1763,11
1826.68 1761.90
- 1761.19

1759441
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measured with the 3600 lines-per-inch grating, and then with
the }4500 lines-pereinch grating; <the results were averaged,
The assignment was unambiguous.and gave cohstants in agree-
ment with those obtained from other bands,

The observed lines are listed in Table XII, Figures
21 and 22 show the combination relations,
DCOF, This band 1s stronge The author belleves that
there 1s an interaction between this band (?3) and the C-F

stretching vibration (Y )¢ This is discussed in a later

paragraph under the h.ea.,;.ing.gg Qggg?

The assignment of the parallel component was rea=-
sonably simple, except for the high frequency side of the
R branche There the spacing was such that one could assume
that lines were missing in two places, or one could assume
that the spacing was merely different (or apparently dif-
ferent) at these two points, Finally it was assumed thﬁj
there were no missing lines. The lines that appear to be
too widely spaced are R(18) and R(19), and R(26) and R(27).
The plots of the combination relations (Figuresw23 and 2l4)
show-definite groupings which do not seem to fit together
very well, The results are more consistent, however, than

they would be if 1t were assumed that the lines were missing.
Table XIII lists the observed lines,



WAVE NUMBERS OF THE OBSERVED Q LINES
IN y OF HOOF

TABLE XII
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K P (om-1) Rk (em=l)
o - -

& 1349.54 134050
2 1355439 1335,72
3 1360.9) 1328.99
L 1366,02 1323.,65
5 1371.%8 1318,54 -
6 1376, 6 L5138 005
7 1381.71 1307.59
8 1386, 83 1302,09
9 1392,02 1296.77
10 - 1291.21
11 - 1285,86
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Pigure 21, A plot of (BQg_;-TPoge;)/AK ana (Bog-Fog) Mk

versus K2+1 for the Q lines of V3 of HCOF
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TABLE XIII

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF‘)3 OF DCOF

M

J R(J) (cm-1) ___P(J) (eml)
0 - -
i 969,31 -
2 970,03 &
S 970.74 965.79
n 97147 96495
5 .972.17 96l.,22
6 972,87 963.UL
g 973.61 962,75
974.31 962,00
9 975,06 961,22
10 . 975,76 960.49
11 976,61 959.%1
12 977.35 959,02
13 978,00 958432
1 978.75 957 .61
15 CYCHNN 956,88
16 980,24 956419
17 980,90 955447
18 981,68 950 .77
19 982,60 95l .13
20 983,25 953.42
21 98).0 9?3.%%
23 . 98l 7 951,8
23 985.49 951,12
25 986,89 949,72
26 987.66 949.08
27 988,70 - 948.36
28 989,45 94730

29 990,25 947.03
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TABLE XIII (continued)

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF DB OF DCOF

—
— = St = ey

R(J) (am=l) __P(J) (emwl)
991.14 94 6.28
991.75 945 .60
992.49 9Lt 90
993.21 9Llt.28
99L4. 76 942,87

3 ' 9’-'-2015‘
- 9)4-1.51
" 9“-0076
=3 9L|-0009
e 93901”4-
- 938073
= 938906

937.35

S —
e ———
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Figure 23, A plot of (Ry_j=PJ+1)/(2J+1) and (Ry-P3)/(2J+1)
versus J2+J+1 for the parallel component of 93 of DCOF
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When the wave numbers of the Q lines were plotted
against a running number, they fell very close to a straight
line. The assignment presented no difficulty after an
initial error involving the band center was corrected.

Table XIV lists the observed Q lines, and Figures 25 and 26

give the combination relationse

Yy

The C=F stretching vibration is the most intense
band for each molecule. Both are hybrid bands with the
parallel component stronger than the perpendicular component.
These bands are shown in Figures 27 and 28.

HCOF., The parallel component of this band was the
first parallel band analyzed in HCOF, The results appeared
to be quite satisfactory, but they agreed with neither ﬂﬁ
nor »2' which were the next two bands having parallel com=-
ponents that were analyzede A careful re-analysis resulted
in constants which agreed very well with those obtained from
the other bands, A comparison of the two assignments with
thelr combinatlion relations, without reference to the other
bands, leaves little to choose between theme The plots of

R and RJ-PJ versus J2+J+1 are slightly more satise

J-0" 25

factory in the final assignment, and the plot of RJ 1+PJ is

conslderably more satisfactorye These, by themselves, howe

ever, would not have been sufficient to declide between the
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TABLE XIV

WAVE NUMBERS OF THE OBSERVED Q LINES
IN '$3 OF DCOF

o

X Ry (an™1) Fog (a-d)
0 - -

1 o .

2 - -

3 980.6 v

b 98L4..0. 955.21
5 987.66 951,76
[ 991,16 9&8.28
7 o 76 9llye5
8 99 .%5 940,76
9 1001,82 93735
% 1005430 933.29

1008,78 929,80
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two assignments, Table XV lists the observed lines of the
parallel component of vh in HCOF. Flgures 29 and 30 show
the combination relations,

The perpendicular component presented no difficulty,
The observed lines are listed in Table XVI, and the combina-
tion relations are shown in Figures 31 and 32,

DCOF, The analysls of this band was reasonably
straightforward, and the resulting constants appeared to be
satisfactory. Tables XVII and XVIII l1list the observed lines
in the parallel and perpendicular components, respectively,
Figures 33 and 34 show the combination relations for the
parallel component, and Figures 35 and 36 show them for the
perpendicular component,

Even though the hydrogen atom is not directly involved
in the C=F stretching vibration, it is reasonable to expect
»h to lie at a slightly lower frequency in DCOF than in
HCOF, The reverse is observed. It has already been mentioned
that 15 in DCOF 1is much more intense than ?3 in HCOF, In DCOF
93 and Du lie close tégether. The author believes that
there 1s an interaction between 93 and vh in DCOF which causes
V3 to be shifted to a lower frequency and vu'to be shifted
to a higher frequencys This interaction eould also account

for the increased intensity of \% in DCOF,
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TABLE XV

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF “u OF HCOF

g R(J) (em=1) P(J) (cm?l)
0 - -
1 1066,32 -
2 1066.96 -
3 1067.67 -
I 106839 1062,03
5 1069,.28 1061.,20
6 - 1060437
g 1070,15 1059.66
1071,12 1058,95
9 1072,08 =&
10 - -
11 1073.16 1056,67
S 12 1073.91 1055.6L
43 1074453 105k 75
1, 1075.16 1053.92
16 1076,53 iggi.zg
17 1077 .
18 1077.%% 1050,74
0 1078. 1049.08
gl . -7LL 1048425
22 = 1047 elly
23 - 10u6.53
2l - 1045.85
25 - 1045.03
26 - -
27 - -
29 . 10,4-1 J-I-S
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TABLE XV (continued)

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT ' OF "h OF HCOF

e
==

J R(J) (om=1) P(J) (emr1)
30 = -

31 1085,20 -

32 1085, 80 s

33 - 1037.75
3L - 1036.86
35 - 1036.03
36 - 1035,18
37 - 103“-0 3]4-
38 - 1033.54

e ——_—————— ]
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TABLE XVI

WAVE NUMBERS OF THE OBSERVED Q LINES
IN ), OF HCOF

K Rog (cuw™l) Pog (cml)
0 - -

1 - -

2 107847 1057679
3 108309 -

L 109006 1046453
5 1096,52 1041.45
6 1102,00 -

7 1108005 o

8 111,17 1027.6l
9 1120,30 1023.21
10 - 1018, 71
11 - 1014455
12 e 1010,01
13 - 1005430
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TABLE XVII

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF vh OF DCOF

J R(J) (em=1) P(J) (om~1
o s -
1 o 1072,30
2 - 10710
3 - 10700%%
L 1076,52 1070,03
5 1077.22 1069431
6 1078,06 1068,.63
g 1078,81 1067.83
1079.64 1067.0
9 1080,22 1066,3
10 1081,28 1065.78
11 1081,.63 106..,89
12 1082,.27 1064..25
13 1082.86 1063.15
1y 1083.,57 1062.45
15 108l .41 1061,70
16 1085,1, 1060,98
1\ 1085,90 1060,21
1 1086.41 1059.45
19 1087.18 1058, 74
20 1088,00 1057,97
21 1088,68 1057.24
22 1089,39 1056.%7
23 1089,91 1055467
2l 1090,66 105,82
25 1091.22 1053.85
26 1091.86 1053.3h
27 - 1052.47
28 - 1051,58
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TABLE XVII (continued)

WAVE NUMBERS OF THE OBSERVED LINES OF THE
PARALLEL COMPONENT OF pu_ OF DCOF

W

J } _R(J) (om=1) P(J) (om=1)
109462 1049492
gg 109%.2u 1039.21
32 1095.84 1048.35
33 Lo 10}4.7050
3l = , - ik , 1046.72

W
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TABLE XVIII

WAVE NUMBERS OF THE OBSERVED Q LINES
IN vu OF DCOF

K RQK (enml) PQK (om=1)
O - -

l - -

2 - -

3 1086. 13 e

I 1089,63 1060,98
S 1093.76 105T.2l"
6 1097.36 1053467
7 1100,.62 1049.92
8 1104.87 1046.72
9 1108.52 1043.28
10 1112.35 1039.95
11 1116,00 1036.52
12 1120444 1033,16
13 1123.75 1029.90
i 1127.84 1026.57
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The FCO bending vibration was the first fundamental
to be carefully examined and the first to be analyzed.

These bands were first examined using the thermocouple and
then completely re-examined using the Golay detector. The
perpendicular component was clearly resolved, and there was
some indication of resolution in the parallel component,
especlally in HCOF., The results using the Golay detector
were not noticeably better than those using the thermocouple.

In determining the band center for this fundamental,
the combination relation involving RQK+PQK was used, instead
ﬁof the one involving RQK_1+PQK.

Figures 37 and 38 show this fundamental fbr HCOF and
DCOF, respectively,

HCOF, A few lines were measured which appeared to be
resolved lines of the parallel component. They appear on
several, but not on all, of the records. Thelr position,
if not thelr exlstence, 1s at least doubtful, They are not
reportede '

The assignment of the perpendicular component 1s
unambiguous, and the constants obtalned appear to be satlis=
factory. The observed @ lines are listed in Table XIX,

The combination relations are given in Figures 39 and 40,
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TABLE XIX

WAVE NUMBERS OF THE OBSERVED Q LINES

1l

IN v5 OF HCOF

K R (am™1) Peg (am-1)
Q Branch 663,20

0 - &

1 669055 o)

2 676422 655465

3 681.52 649433

L 686,88 oll

S 692.41 2%%085

6 698,08 633,66

7 703469 628450

8 709.35 623454

9 715,08 618,60

10 720,65 613,85

11 726443 608,96

12 732.12 6ou.2%

13 73786 599.5

1 T43.70 -
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DCOF., The central Q branch belongling to the parallel
component 1s clearly defined, but, even where there was some
indication of lines with AJ=tl, they could not be measured,

The assignment of the perpendicular component was
straightforward and appeared to give satisfactory constantse
The observed lines are listed iIn Table XX, and the combination
relations are shown in Figures h1 and 42,

Y

The out=of-plane C-H bending vibration in DCOF has
been assigned, but no band has been observed in HCOF which
can be assligned as such, It 1s thought2 that if this band
occured In HCOF it would llie at about the same position as
Vh. Since Vk absorbs totally at about one=tenth the pressure
which would, by comparison with DCOF, probably bg required
to observe )@, we would expect vh to obscure Y%.

The observed band in DCOF (see Figure L3) appears to
have a sharp cut off on the high frequency side, This band,
which resembles no other observed band in either HCOF or
DCOF, has a weak "P" branch at 856.,5 em-1, a "Q® bransh oF
857l em~l, and an “"R"™ branch at 858,0 em~1, Figure U3,
unlike the other figures, 1s reproduced from a record made

at 1° per hour and 1s not greatly reduced.

2Morgan, Staats, and Goldstein,
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TABLE XX

WAVE NUMBERS OF THE OBSERVED Q LINES
IN 95 OF DCOF

K Ry (em™) P (om1)
Q Bganeh 657.78 -

1 ' : 655438
2 667,90 E -
3 670,22 6147 .86
L 673 60 6Ll .90
5 g? 64130
6 6 sdl 637.71
T «80 634616
8 68 .56 : 630,53
9 692,38 6270
10 69640l 623.6
ik 699,85 620,26
12 703,65 616480
13 T 707.37 613,55
U, 711,28 610,08
15 715,06 607401

16 603466
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. The Overtone and Combination Bands

322

The overtone of the C=0 stretching vibration in both
molecules 1s observed as a relatively weak, fairly well
resolved parallel band with the central Q branch not come
pletely separated from the P branche Figures Ul and 45 show
the observed bands, Unfortunately, the only record of this
band in HCOF which 1s suitable for reproduction as a figure
was made with too high a pressure and a strong background,
These bands were not assigned,

HCOF, All of the records of this band were made with
a strong background, There are regions in both the P and R
branches which are free from background interference. A
number of lines were observed in each of these regionse The
observed lines are listed in Table XXI, The exact location
of the central Q branch 1s difficult to determine, because
there 1s a water line In almost exactly the same locatlon,

DCOF, As a result of the greater experience of the:
author when thls band was observed, the background was
almost completely removeds The observed lines of DCOF are
listed in Table XXII,

A band s observed in DCOF at about 1930 om - which

Morgan , Staats, and Goldsteiln assigned as the overtone of

the planar CeH bending vibration, 2?3' This band, shown in
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TABLE XXI

WAVE NUMBERS OF THE OBSERVED LINES
IN 2y2 OF HCOF

Chart 5 Chart e

Tumber _2 (em=3) Number Y(om=1)
=22 3630,09 0 3651.79
-20 .3631.95 +2 365he12
=19 3632,90 2 3654.92
-17 . 363L.78 3% 3656476
=16 " '3635,69 3657.67
-15 3636457 +5 3658434
=12 3639,03 g 3659.72
=11 3639,88 3660,24
=9 36L41.56 10 3661.5
-8 36L2.06 11 3662.1
-7 3643.17 e - 3662.77
-6 3643497 13 3663.4lt
-5 364L.72 1, 366l..0L
-l 3645.17 15 366l..56
=3 36L5.66 16 3665.26
17 3665,80

- 3671.92

2L 3672.59

25 3673.13

e




TABLE XXII

WAVE NUMBERS OF THE OBSERVED LINES

IN 2V, OF DCOF

2

126

Chart —~ -

Number Y (em=1) chlg:r Y (em~1)
=10 3542.21 ol '
-39 352,75 7 §§2§f32
-37 3?&3173 :iﬁ‘ 3526'i1
-36 3545.99 -13 §§6;2?2
"35 35’4-6. 8 -l
3% 35ug.83 o13 N
=33 351,6, 97 10 3570455
- 359,75 -9 3571430
-2 3550.99 -8 3873:39
-29 3553,20 P §§;§'33
3523.68 o 3570.15
-27 3550491 3 357188
-2 3555,58 -3 3875.52
-23 558,66 h '
-21 2560186 3 33?;2'52
-20 3561.7 0 3577140
-19 35624 V, 357935
3563433 (eSt.) "




TABLE XXII (continued)

WAVE NUMBERS OF THE OBSERVED LINES

IN 2)), OF DCOF

127

stz ]
i m—

Chart = Chart .
Number V(emrl) Number Y (erl)
1 35680,41 17 3591,.31
2 3581237 18 3591, 86
ﬁ 3582,10 19 3592.49
3582,62 20 3593,05
5 3583,.27 21 3593.62
6 3583,98 22 3594415
7 358l .62 23 359&.68
%0 3267:37 2 R
11 3587.61 i
12 3588.45
13 3588.92
1 3589.42
15 3590.07
16 3590,70

I
|
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Figure L6, exhibits two Q branches under higher resolutiong

1 and the other at 1930.6 om™t. The Q

one at 1928.4 cm™
branch at 1928.4 em*L 1s assigned to Uhfﬁ%, and the other
Q branch, together with the P and R branches, 1s assigned
to 215. The assignment of the bulk of the band to 2?3 seems

to be entirely reasonable, since ig is quite strong, and the
assignment of the extra Q branch to thj% seems to be
unavoidable, There 1s no other assignment that would fit
the observed bandes The second overtone of the F=(=0 bending
vibration would be in approximately this region if it were
observed, but since 2?5 is not observed, it 1is very improbe
able that 3»5 would be observede The sample was originally
quite pure, and none of the decomposition products absorb

in this region, so it is unlikely that the absorption 1is due
to an impurity. The observed lines of this band are listed
in Table XXIII,

No corresponding bands are observed in HCOF,

2

—Bk The overtone of the C=F stretching vibration, 2%L,
appears to be a well resolved parallel band in both molecules,
but a closer examination shows that many of the observed
rotational lines are unresolved pairs of lines, It was

at first planned to analyze these bands, but this was not
done since 1t was felt that this would be a needless



-

-l | ) ¥

1 i [ 1

1900 1910 1920

Figure 46, The 21)3 and )

1930 1940 1950 1960

)++ )}6 vibration-rotation band of DCOF

s |

(YA



130
TABLE XXIII

WAVE NUMBERS OF THE OBSERVED LINES IN 2#9 AND
yLL+v6 (TENTATIVE ASSIGNMENT) OF DCO

_— e ]

J R(J) (om=1) P(J) (em=1)
0 1931,65 -

1 1932.14 N

2 1932,92 &

3 1933.71 J

L 193l 46 5

5 1935,56 s

6 1935.88 1927.29
1 1936473 1926.52
8 1937.31 1925.Th
9 1938,04. 192l .89
10 - 192li.20
11 - 1923,53
12 - 1922.86
13 1940,48 1922,11
1k 1941.16 1921.36
15 1941,81 1920.71
16 1942.37 1919.98
17 1942.98 1919.2
18 193,61 1918, 6
19 194437 1917.97
20 1945.09 1917.29
21 1945.83 1916.63
22 19464504 1915.85
2 1947445 1915.16
2 1948,22 1914 .57
25 1948,91 1913.96
26 1949.59 1913,36
27 1950425 1912.59
28 1950, 8l 1911.79

]
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duplication of the work of Wilson3 and Wilkinson, who have
examlned the spectrum of HCOF and DCOF at wave numbers
greater than about 1500 using a high resolution spectrometer,
Figures 47 and 48 show these bands,

HCOFe Although this band appears to be parallel in
type, there 1s no central Q.branch, nor did one appear when
the band was observed with an lncreased pressure. The
observed lines are given in Table XXIV,

DCOFes There are no unusual features in this band,
other than the unresolved rotational structure., The band
appears to be well resolved, but a careful examination
indicated that many of the lines are at least doublee The
observed lines are listed in Table XXV.

20,

knmown to have contalned relatively large amounts of CO and

HCOF, When this band was recorded, the sample 1s

002, and probably some formic acide The total amount of gas
remaining was lnadequate to give even moderately strong
absorption, This band lies immedlately on the high frequency
side of a strong band due to 002 and might not have been
noticed if 1t had not previously been reported by Morgan,
Staats, and Goldstein, It 1s not shown in a figure,

3Wilson, private communication,
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WAVE NUMBERS OF THE OBSERVED LINES

TABLE XXIV

IN 2)), OF HCOF

134

e ——— e
Chart — Chart e
Number Y(em=1) Number V(um'l)
w52 2081,10 | '2102,08
=50 2082,88 =17 2102.97
=49 2083.64 =16 2103,83
=48 208L4,12 =15 210li.¢ 62
=47 208L.672 -1 2105451
=l 6 2085,26 =13 2106,32
=4S 2085,86 =12 2107,.20
=42 2087,07 -9 2108,8)
=41 2087461 -8 2109,54
=40 2088,16 -7 2110432
-39 2088, 6l -6 2111,01
-38 2088,97 -5 2111,93
‘37 2089039 ‘u 2112070
=36 2089,.74 -3 2113.49
=34 2091.51 -2 2114 .23
=33 2092.42 -1 2115,.63
-32 2093.&5
=31, 2094632 +2 2116439
=29 2095.33 +3 2117.15
-28 2095.94 I 2118,11
=27 2096437 5 2118,.89
=26 2096.92 6 2119.39
=25 2097.28 7 2120.21
=24 2097.75 8 2120,87
=23 2098,.12 9 2121,62
=22 2098, 60 10 2122,25
=21 2099 o1kt il 2122,87
=20 2100,29 12 212,09
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TABLE XXIV (continued)

WAVE NUMBERS OF THE OBSERVED LINES
IN 2V OF HCOF

P 7 -
V(em=1) V(am=3)
2125,26 29 2132,58
2125,86 30 2133,16
2126414 31 2133.79
2126,139 32 2134637
2126.172 3 2134.,90

- 2127.04 35 2136413
2127431 36 2136, Tl
2128.49 37 2137,22
2129,05 38 213777
2129,50 39 '2138.3u
21%0.23 ﬁg 2ii8.gg
2130.67 21,2,
2130.98 45 2143.27
2131,33 L6 2143477
2131.94 L7 21l 14O
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TABLE XXV

WAVE NUMBERS OF THE OBSERVED LINES
IN ZU-“_ OF DCOF

e X Chart -
Number Y(en~1) Number Y (om=1)
=79 2097.31 =46 2113,.61
=76 2098.6 =43 211,87
-75 2099.0 =2 2115.62
-7l 209964 =41 211%.22
=73 2100,52 =40 2116,.,56
=72 2100,75 =39 2117,01
=71 2101,36 «38 2117.40
-70 2101,70 «37 2117.95
=69 2102,33 =36 2118.26
68 2102.71 =35 2118,66
67 72103.27 =34 2119,05
=65 210458 =32 2119,.83
-6l 2105,40 =31 2120.37
=63 210570 -30 2120,81
~62 2106,30 =29 2121,28
=61 2106, 60 =28 2121,70
-59 2107.43 =26 2122,51
-58 2107.62 =25 2123,02
=57 2108e41 -2 2123.,40
=56 2109,08 =23 2123,61
-55 2109.46 =22 212l4425
=5l 2110,12 =21 212l1,67
=52 2110,96 =20 2124..92
-51 2111,56 =19 2125, 6l
=50 2111.99 =17 2126,.7
=48 2112.76 -1 2127.1
L7 2113,22 -1 2127.82




TABLE XXV (continued)

WAVE NUMBERS OF THE OBSERVED LINES

IN ZVh OF DCOF

137

Chart ~ Chart o
Humber Y(em™1) Numbez Y(en=1)
=13 2128,01 16 2147.55
=12 2128,81 1 21118,17
«ll 2128.94 - 218,65
=10 2129.57 19 2148,95
-9 2130.30 20 21119.59
=8 2130,97 21 2150,08
=b 2132,.39 23 2151,39
-ﬁ 2133,1 2L 2151,93
- 213349 25 2152.54
-3 2134672 26 2153,.22
-2 2135,52 27 2153.79
-l 2136.18 28 2154 .18
29 215 .63
Q 2137.79 30 2155,.32
+ 4 2138670 31 2155,76
+1 2139,40 32 2156452
§ 2}33. 0 gﬁ 2126.3&

21,0, 2157,

L 21u0.%§ 35 215%.32
5 2141.2 36 2158.958
6 2141.9 37 2159.38
7 2142, 71 38 2159.,95
8 2143436 39 2160.49
9 21y, 02 40 2161,.14
10 21l . 62 Ll 2161.67
i 2145.37 L2 2162,06
12 2145,95 ho% 2162.25
13 ally6.35 L3 2162,65
15 2146.93 iy 2163,03
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TABLE XXV (eontinued)

WAVE NUMBERS OF THE OBSERVED LINES
IN 2vu OF DCOF

Number _W(eii™t)
5 2163,

A TP

1 e

49 2165 260

50 2166,08

51 2166.48
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DCOF, There are no remarkable features in this band,
The parallel structure was not resolved, but the perpendicu=
lar component is well resolved, Carbon monoxide lines are
observed as an internal background, Figure 49 shows this

band, and the observed Q lines are listed in Table XXVI,

V3t

This band, observed only in DCOF, is seen as a rela=
tively weak, unresolved, parallel-type band on the 'low frrequen oy
side of'ﬂufi%. The background absorption caused by water
vapor was only partly removedes Figure 50 shows this band,
LA

HCOF, Figure 51 shows ‘)u+))5 in HCOF, which, like
2Du, is generally parallel in appearance, but with no
central Q branche The band 1s relatively weak, and many of
the observed lines are poorly defined, Table XXVII lists
the observed lines,

DCOF, This band, of parallel type, 1s more intense
than the corresponding band in HCOF, and more lines are
observed, more tlearly defined. The observed lines are

listed in Table XXVIII, while Figure 52 shows this band,
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TABLE XXVI

WAVE NUMBERS OF THE OBSERVED Q LINES IN ) +)£
(TENTATIVE ASSIGNMENT) OF DCOF =

K fog () Fq (am™1)
0 - -
1 2033 029 -
2 2037,61 2023420
3 2040.88 -
I 204 .21 2015.55
5 2048.31 2011.91
g - 2004471

2001,14
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TABLE XXVII

WAVE NUMBERS OF THE OBSERVED LINES
IN ), +)_  OF HCOF

U5

4 5

Chart B Chart -
Number Y(om=1) Number Y (em=1)
-18 1702.16 +1 1720,50
17 1702.83 2 1721,30
=16 1703,78 a 1722.,02
=15 170L.72 , 1723.01
-l 1705.54 5 172409
-13 1706, 6 1725.25
=12 1707.2 g 1726459
-11 1708.11 1727.04
~10 1708.99 9 1727.90
‘9 1709083

~8 1710.54

-7 1711.33

wb 1712.29

K 1712.0k

-l 1713.94

-3 171449

=2 1716,00

-1 1716.99
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TABLE XXVIII

WAVE NUMBERS OF THE OBSERVED LINES IN
\h-l-u). (TENTATIVE ASSIGNMENT) OF DCOF

J R(J) (om=1) P(J) (em=1)
0 - C-
& 1707450 -
2 1708013 =
3 1708,87 1703.27
I 1709.58 1702,80
5 1710.27 1702,31
6 1710,87 1701,76
g 1711,50° 1700671
1712.21 1699.95
9 1712.92 1699.18
10 1713.46 1698,42
11 171,17 1697.62
12 - 169694
13 1715.66 1696,11
1 1716.20 1695.14
15 1716.88 1694..37
16 1717.51 © 1693463
17 1717499 1692, 89
18 1718, 84 1691,96
19 1719.49 1691.0Y
20 1720,1, 1690.27
21 1720, 80 1689.21
22 1721.42 1688,40
23 1722.06 168773
2l 1722,76 1686,93
25 1723.46 1686,16
26 172L4.09 1685.73
27 - 168L.99
29 - 1683075
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TABLE XXVIII. (continued)

WAVE NUMBERS OF THE OBSEhVED LINES IN
v'-l-+v5 (TENTATIVE ASSIGNMENT) OF DCOF

S e ———e T2 21\ 2 {08 - G e S ———
T e e e

3 __ R(J) (em=1) P(J) (em=1)
31 - 1682010
32 - -

33 ~ 168073

—————
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CALCULATED RESULTS

Rotational Constants

The frequencies of the observed lines were calculated
for every resolved bande A rotational analysis was completed
for all of the observed fundamentals except‘v6 in DCOF, The
reciprocal moments of inertis, tune baud centers, and the
other constants listed in Tables XXIX (for HCOF) and XXX
(for DCOF) were obtained from the graphs of the combination
relations reproduced on the preceding pages. None of the
overtone or combination bands were analyzed because of the
work of Wilson and Wilkinson already mentioned,

The moment of inertia IA can, of course, be caloculated
from the constants in the tables, It i1s not possible, how=
ever, to calculate the moments of inertia IB and I, from

these data alone,

Position of the Hydrogen Atom

The relative positions of the carbon, fluorine, and
oxygen atoms in formyl fluoride have been obtained from
electron diffraction datah. It is desirable to know also
the relative position of the hydrogen atom, If we assume
that formyl fluoride is planar, only two coordinates are

necessary to determine the position of the hydrogen atom,

hM. E, Jones, K, Hedber and V. Schomaker, J,
Amer, ChGMQ Soce n, 5278 (195%5!7



TABLE XXIX

THE ROTATIONAL CONSTANTS OF HCOF (cm?l)

P -

ey

e g
> i - o s

P T e ——

(A'-Bi)a
Band | (A*-B")(A'-B")| (A"-B") | B" B! | (B'~B% )
V; | 2.658| 2,644 [-0,017 [0.3675 og.3670 -0.00007 2981.;
Y, - - - 0436620362 |-0,0023 "
V3 | 2.655/2.650|=0,009 | - - - 1342.5
Vu 2.660[2.720 = 0.3683|0,3652|=0.,0028 106l;.8
))5 2.670|2.691| 0,021 | - - - 662.5

—

R

e S A W X B e

= o=
P —

——— e
B e e e ]

Y, (av.) x?%S Xl;gS Dy
;981.0 5 6 |0 E
1836.9 | = [ = |0
1342.5 | - | = |-
10648 | 8 | 2 |o

662.5 9 s 1 &

|

61T



TABLE XXX

THE ROTATIONAL CONSTANTS OF DCOF (emr-1)

Band '-BY) (ﬂ;?l;')'-:)r B" B! |(B'-B") _7;(1) J, ) »o(;v.) xllj%";:%;:;
v1 1.807{1.790|=0.016 |0.3646|0.3645|-0,0002 | 2261.7|2261,3|2261.7 | 3 |.2 |0
Vg - - - 0.3651|0.3631 |-0.0015 - 1796.8{1796.8 - - |0
V3 |1.799|1.796|-0.004 |043637|0.3638] 0.0001 | 968.0 967.8/ 967.9 | 0 | 0 |0
J), |1.808|1.824( 0.011 |0.3660 043649 [-0.0012 | 1073.3 1073.0{1073.2 | 3 5 |0
Vg 1.809|1,813| 0.009 ® o = 6s57.5] - 6s7.5 | 3 | - |-
LA Aol -9 A [ i . o ’

0ST
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Both B" and (A"=B") depend on the position of the hydrogen
atom, and 1t 1s possible to set up equations relating these
to the coordinates of the hydrogen atoms It 1s more practical,
however, to calculate the moments of inertia for a series of
positions, and to compare the results with the results
obtained experimentally. The position of the hydrogen atom
is thus obtained by the method of successive approximations.
Unfortunately, the moments of inertia are relatively
insensitive to the position of the hydrogen atom, Table
XXXI gives a comparison of the experimental values of the
reciprocal moments of inertia with those calculated for
several different values of the coordinates of the hydrogen
atom, - It should be noted that the values which give
reasonably good agreement with the experimental values cor-
respond to a C-H bond length of 1.05 ® or less. A table of
bond lengths gilven by Gordy, Smith, and Tram.barulo5 lists no
C-H distance less than 1.056 R, and then only in the con-
figuration C=C-H, Nevertheless, without considering the
effect of the uncertainty in the other bond lengths, it does
not seem possible to bring a value for the C-H distance
greater than about 1.06 £ into accord with the experimental

resultse

Swalter Gordy, William V, Smith, and Ralph F,

Trambarulo, Microwave Spectrosco (John Wiley and Sons,
Inc., New York, N.Y. 19537 Pe 375%.
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TABLE XXXI

A COMPARISON OF THE EXPERIMENTAL AND CALCULATED
VALUES OF THE RECIPROCAL MOMENTS OF INERTIA

R

Position of

the H Atoms (A"=B") (A%= ?
C-H Distance & B"(om=1) (om=1) B"(om~1) (omf
and HCP Angle HCOF HOOF DOOP DQOPF.
1,08 003663 24610 043585 1,783
119,0°
1,05 043666 2,658 0.3591 1,831
119,0°
1,046 0,3670 2.666 0.3598 1.836
110,8°
1.039 043672 2,680 - -
109.5° ! v
Experimental 03673 24661 0.3648 1,806

Values
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Vibrational Constants

It 1s desirable to know the a)i's and xij's of equa=~
tion (4) on page 9, or, at least, to know some of the d?'s
and xgj's of equation (5) on page 9o The first step, of
course,lis to determine the vibrational band centers of the
observed bands, These may be substituted into equations
(4) and (5), whioh may then be solved for the unknowns,

The band centers of the fundamentals, other than Vg,
were determined by rotational analysis, The band centers
of the other bands we observed were estimated by an examina=
tion of the bands. The band centers used in the vibrational
analysls were values we obtalned in this way for the bands
that we observed, other than‘v3+vh. For those additional
bands which Morgan, Staats, and Goldstein observed, and for
v5“&f we have used their values for the band centers,

It proved to .be impossible to find any of the a)i's,
but several of the a)z’s were obtaineds Those constants’which
could be obtained are 1listed in Table XXXII,

The values of the xijrs are uncertain, In particular
the difference in sign of X3, for HCOF and DCOF should be

noteds The results are quoted to one decimal place because

the probable error 1s unknowne
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VIBRATIONAL CONSTANTS
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i

HCOF

, DCO.

Constant (om=1) . (om™1)
L 184749 180349
w‘s’ - 97045
wﬁ 107043 107647
X5p = xga 11,0 - Told
X3q -'=_-ng = - 2.6
X)), = xﬁh - 5.5 - 3.5
Xy, = I?JJ» - -14.9
13’-‘1- = xgh_ 10,7 -1_.2.5
X35 = xgs - - 0.9
X5 = xﬁ; - 8.0 =2ls9
' =-xP - - 242




' CHAPTER V
CONCLUSION

Nine bands were observed in HCOF and thirteen in
DCOF o A rotational analysis was completed on five of the
fundamental bands in each molecule, The ground state
‘moments of inertia are internally consistents The value
of B which 1s quoted is actually B = #(B+C)s As the
symnetric top approximation is used throughout; no informae
tion was obtalned about the actual values of B and C them-_
selves, We know, however, that they cannot differ by very
much because the symmetric top approximation gives consistent
results,

The moments of inertia were used to determine the
approximate position of the hydrogen atome, The moments of
inertia, however, are relatively insensitive to the position
of the hydrogen atom,

The band centers were used to determine some of the
vibrational constants. Severalcqg's were calculated, but
none of the & 's could be determinéd. If the combination
band V2+»& couid be observed, it would then be possible to
find a%_.

A rotational analysis could probably be completed on

several of the combination bands., It seems likely that some

of these, notably 2)%, in both mélecules, might require that
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the symmetrlic top approximation be abandoned.

The results quoted here might be improved considerably
if some of the bands could be examined under higher resolu=-
tion, It seems that the parallel component of‘v5 (in both
molecules) could be resolved with only a slight improvement
in resolution, The unresolved regions 1n‘v2, apparently
caused by interference between the lines, might also be
cleared upe.

It seems likely that higher resolution would force
one to give up the symmetric top approximation entirely, In
any case, in a complete analysis of these mcleculee, 1t
would be desirable to consider their asymmetry. Tablesls2
have been made by machine calculation whiech may be used to
calculate the rotational energy levels of the asymmetric top
for J up to 4O. These tables would allow the asymmetry to

be considered with a minimum of labor,.

1Richa.rd H, Schwendeman, A Table Qf Coefficients For
The Energy Levels Of A Near S etric . eontrac
Torl IBE%, Task Order XAV1, Harvard University, 1957.

ZG. We King, R, M, Hainer, and P. C. Cross,
J. Chem., Phys., 11, 27 (1943).
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