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Optical oscillator strength spectra of formamide (HCONH,), formic acid (HCOOH), and
formy! fluoride (HCOF) in the region of K-shell excitation have been derived from electron
energy loss spectra recorded under electric dipole dominated scattering conditions ( > 2.7 keV
impact energy, small scattering angle). The observed features are assigned to promotions of 1s
electrons to 7* (C==0), o*(HCX), 0*(C-X), 0*(C=0), and Rydberg orbitals. Systematic
changes in the term values for the 15— 7*(C—0) transitions are related to the 7 donor
strengths of the X substituents of the carbonyl group. Broad weak features, observed only in
the carbonyl Cls and Ols spectra around 7 eV above the IP, are assigned to 1s—o*(C=0)
transitions. The positions of these features are in agreement with a previously documented
correlation with bond length, as are the positions of features associated with o*(C-N) in
formamide, o*(C-0) in formic acid, and *(C-F) in formyl fluoride. The oscillator strengths
of the 15— 7* features in the various K-shell spectra are compared to HAM/3 calculations and
are used to estimate the spatial distributions of the 7*(C=0) orbital in the (1s~!, 7*) core
excited states of these three substituted carbonyl species. We discuss the degree to which these
derived orbital maps reflect the spatial distributions of 7*(C—0) orbitals in the ground state.

I. INTRODUCTION

Inner shell electron energy loss spectroscopy (ISEELS)
has been used increasingly in recent years to study core-ex-
cited electronic states, particularly of molecules containing
the second row elements C, N, O, and F.!? ISEELS is well
suited for studies of the virtual electronic levels of molecules
which contain more than one type of second row atom such
as formamide (methamide), formic acid (methanoic acid),
and formyl fluoride (monofluoromethanal), since the local-
ization of the core hole allows selective spatial sampling of
the optical orbital. The intensities of electronic transitions
depend on the symmetry and spatial distribution of the ini-
tial and final orbitals. Since the initial orbitals in core excita-
tions are highly localized on a particular atom, the intensities
of transitions to the same final orbital from different core
levels can be used to map the spatial distribution of the final
orbital. In order to use ISEELS for virtual orbital mapping it
is necessary to compare intensities in different core spectra
and in different molecules. For this purpose we have con-
verted our electron energy loss spectra into absolute optical
oscillator strength spectra.

The observed core excitation intensities can be com-
pared to calculated oscillator strengths which in turn can be
related to LCAO-MO coefficients if certain approximations
are made. In an LCAO description the oscillator strength
() of an electric dipole core excitation to a nondegenerate
state is expressed as>:

2
fka=0'l75.E. chaCVhallu'kaS) 4 (1)
h.a

where y,, is the 1s atomic orbital (C, N, O, or Fls in this
study); cZ, is the coefficient of y,,, the ath AO function on
atom H, in the optical orbital denoted o; 12 = er is the dipole
moment operator; E is the transition energy in eV and the
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matrix element is in units of A. In this expression terms of
the form:

|c‘l:p (ka |.u‘Xk.s> |2

are expected to dominate the 1s spectra observed by ISEELS
under dipole conditions. The subscript & designates the atom
with the 1s core hole while the subscript p refers to np atomic
basis functions. The term describing promotions to the 2p
orbital on the core excited atom will be the most important
since this orbital has the greatest dipole overlap with the 1s
orbital. In this series of substituted carbonyls [HCOX
(X = NH,, OH, and F)], the changes of the X substituent
are expected to modify the spatial distribution of otherwise
similar unoccupied orbitals, such as the 7*(C=0). These
changes should be reflected systematically in the 2p
LCAO-MO coefficients and thus in the 1s—7*(C=0) in-
tensities. Ideally one wants to compare the experimental os-
cillator strengths with direct calculations of the transition
intensities using Eq. (1). However such information was not
available so we have used estimated atomic matrix elements
((x2 |#|xis?) to calculate oscillator strengths from
HAM/3 LCAO coefficients for the (1s™!, 7*) excited
states. To our knowledge this is the first application of
HAMY/3 to core excitation intensities although the applica-
tion of HAM/3 to calculations of core-excitation energies
has been discussed in detail® and recently applied to a study
of the Cls— 7* transitions in butadiene.® In addition to the
comparison at the level of oscillator strengths, we have used
the calculated atomic matrix elements to invert our experi-
mental intensities to 2p LCAO coefficients and thus to esti-
mate the spatial distributions of the #*(C=0) orbital in
these molecules. Our experimentally derived coefficients are
compared to both excited and ground state calculations
which allows us to investigate the influence of the location of
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the core hole on the degree of distortion of the 7*(C=0)
orbital through relaxation.

Mills and Shirley’ have used the relative intensities of
shake-up transitions in the x-ray photoelectron (XPS) spec-
trum of formamide to probe orbital spatial distributions.
Their results, supported by the theoretical work of Basch,®
suggested that: (1) the core hole stabilizes the energy of
7 —7* valence excitations localized at the core excited atom,
and (2) the relative shake-up intensities reflect the density of
the 7 and 7* orbitals on the core excited atom. We find that
the trends in the oscillator strengths of 1s—#* core excita-
tions in formamide are significantly different from those ob-
served® in 7—* valence excitations accompanying core
ionization.

The isoelectronic molecules HCOX, where X = NH,,
OH and F, have been studied frequently by means of ab initio
SCF and CI calculations.””'® Changes in the energies and
oscillator strengths of the n—o*, n>7*, r>o*, and 7—>7*
valence electronic excitations have been discussed in terms
of differences in the o withdrawal and 7 donation effects of
the X substituents. Robin'' has summarized the theoretical
and experimental valence excitation data for these three spe-
cies. To our knowledge the core excitation spectra of these
three species have not been reported previously. The core
spectra of acetaldehyde (HCOCH,-ethanal), another mem-
ber of the HCOX series, has been studied by ISEELS.!?

1Il. EXPERIMENTAL

The inner shell electron energy loss spectra were ob-
tained by inelastic scattering of nearly monoenergetic elec-
trons by gases at ~ 10~ Torr with scattering angles of 1°-2°,
a final electron energy of 2.5 keV and a resolution of 0.6 eV
FWHM. Further details of the technique and the experimen-
tal apparatus have been presented elsewhere.'>'* High puri-
ty samples of formamide and formic acid were obtained
commercially from Fisher Scientific Co. and BDH Chemi-
cals, respectively. These gases were introduced into the ap-
paratus from the vapors of the room temperature liquids
after removing air and volatile impurities by a series of
freeze—pump—thaw cycles. Formamide was particularly dif-
ficult to study because of its low vapor pressure which re-
quired us to bypass the inlet leak valve and introduce the
vapor directly into the collision cell through a short tube.
Formyl fluoride was synthesized by the fluorination of for-
mic acid, according to literature procedures.'*'¢ Briefly, the
gases produced from the reaction at 60 °C of an equimolar
mixture of formic acid, potassium fluoride, and benzoyl
chloride were collected at — 78 °C. The colorless liquid so
obtained was purified by vacuum distillation. Since formyl

fluoride decomposes in the gas phase over a period of 24 to
48 h at room temperature, '® the formyl fluoride sample was
obtained from the vapor above the purified liquid cooled to
— 78°C in order to retard decomposition. The purity of
each sample was monitored in situ by quadrupole mass spec-
trometry. The absolute energy scales were calibrated by re-
cording the spectra of a mixture of the unknown and CO.,.
Formic acid is well known to form dimers by hydrogen
bonding. At room temperature the equilibrium saturated va-
por pressure of formic acid consists of more than 95%

dimers.!” Dimers are favored at low temperature and high
pressure while dissociation into the monomer occurs at re-
duced pressures or elevated temperatures. At the estimated
collision cell pressure of between 10> and 10~* Torr only
1%-5% of the formic acid molecules will be dimerized at
equilibrium.!” There is a rather convoluted 60 cm path
between the low pressure side of our leak valve and the gas
cell so that there was ample opportunity for equilibrium to
establish through wall collisions. In order to confirm that
equilibrium had been established, the gas inlet line on the
low pressure side was extended to 4 m. Since there was no
significant change in the observed spectra with this modifi-
cation, we believe that the observed spectra are dominated
( > 95%) by monomeric formic acid.

lll. RESULTS

In order to obtain the approximate optical oscillator
strengths from the measured electron energy loss spectra, a
small background was first subtracted from each of the spec-
tra in order to remove the contributions from underlying
ionization continua. Relative optical spectra were then de-
rived from the background subtracted energy loss spectra by
the conversion'®:

Oy = Ofiectron/108[ 1 + (6,,/605)7], (2)

where the maximum scattering angle, 8, =2°, 6,

= E/2E,, E is the transition energy (energy loss) and
E,=E + 2500¢V for our spectrometer. This operation cor-
rects for differences in the shapes of optical and electron
energy loss spectra’®!® and amounts to a smooth tilt over the
45 eV width of each spectrum ranging from 14% (Fls) to
30% (Cls). The absolute oscillator strengths were then es-
tablished by normalization to recent, accurate calculations
of atomic oscillator strengths?® at an energy 25 eV above the
IP. At this energy molecular resonance effects are minimal
and the oscillator strengths are expected to be atomic like, as
has been demonstrated for CO and N,.?! The accuracy of
this procedure has recently been tested by comparison with a
more rigorous full-spectral range sum rule normalization
and by comparison with independent measurements of the
optical oscillator strengths of N,, CO, and CO,.?? It is well
known'? that there are certain dipole valence excitations
whose generalized oscillator strengths are not equal to the
corresponding optical oscillator strengths even at quite
small momentum transfers. In addition a few nondipole core
excitations have been identified®® under energy loss condi-
tions similar to our experiment. However comparisons indi-
cate that ISEELS in the “dipole regime” and x-ray absorp-
tion spectra of the same molecule are generally very similar
both as to the transitions excited and their relative intensi-
ties. Thus we have chosen this conversion to approximate
optical oscillator strengths as a systematic means for com-
paring intensities among different molecules and among dif-
ferent core edges.

The optical oscillator strength spectra of HCONH,,
HCOOH, and HCOF in the region of Cls excitation are
presented in Fig. 1 while the corresponding O1s spectra are
shown in Fig. 2. The X1sspectra (K-shell excitation of the X
substituent, i.e., N1s in formamide, Ols (OH) in formic acid
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FIG. 1. Optical oscillator strength spectra of formamide, formic acid, and
formyl fluoride in the region of Cls excitation derived from electron energy
loss spectra recorded with 2.5 keV final electron energy, 2° scattering angle
and 0.6 eV FWHM resolution.
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FIG. 2. Optical oscillator strength spectra of formamide, formic acid, and
formyl fluoride in the region of Ols excitation. See the caption to Fig. 1 for
further details.
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FIG. 3. Optical oscillator strength spectra in the region of substituent X1s
excitation for formamide (X = nitrogen), formic acid [X =oxy-
gen(OH) 1, and formy! fluoride (X = fluorine). See the caption to Fig. 1
for further details. The spectra are plotted on a common energy scale rela-
tive to the X1s IP’s.

and Fls in formyl fluoride) are shown in Fig. 3, in this case
plotted on a common energy scale relative to the substituent
ionization potentials (IPs). The core level IPs of formic acid
and formamide were taken from XPS.?* The core IPs of for-
myl fluoride have not been measured by XPS. The Cis and
Ols IPs are estimated to be 297.1 ¢V and 540.1 eV, respec-
tively, the average of those of formaldehyde (294.47 for Cls
and 539.44 eV for Ols) and carbonyl fluoride (299.64 for
Cls and 540.77 eV for O1s**). The Fls IP of HCOF is esti-
mated to be 694.7 eV, 0.7 eV lower than the Fls IP of CF,0
(695.43 eV?*) since the F1s IP of CH,F is 0.73 eV lower than
that of CH,F,.?* The energies, term values (7T = IP-E) and
proposed assignments for the 1s excitation features of forma-
mide, formic acid, and formyl fluoride are summarized in
Tables I, I1, and 111, respectively.

The oscillator strengths of individual transitions were
measured from these approximate optical spectra by least-
squares fits to Gaussian line shapes with the results shown in
Fig. 4. From the quality of these fits it is clear that a Gaussian
line shape is appropriate. The deviation on the low energy
side between the fits and the experimental data for the Cls
and Ols spectra of HCOF probably indicates a small contri-
bution in each spectrum from the intense 1s—#* transitions
in CO, which is a product of the decomposition of HCOF.
Table IV summarizes the term values and the derived oscil-
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TABLE 1. Energies, term values, and proposed assignments for features observed in the K-shell spectra of
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formamide.
Cls Ols Nis
E E E Assignment

# +0.1eV T # +02eV T # +02eV T final orbital

1* 288.1 64 1 5315 60 1 401.9 46 7%(C=0)

2 290.7 38 2 533.8 39 2 402.9 3.6  3s/0*(HCN)

3 292.9 1.6 3 5359 i8 3 405(1) 1.5 3p

4 294.1 04 4 537.7 0 e higher Rydberg
1pP° 294.5 537.7 406.5

5 296.9 -24 5 541.8 —-41 4 410.5 —45 o*(C-N)

6 303(1) -85 6 547(1) -93 o* (C=0)
*T=1IP—E.

bCalibration: C15{2.67(5) eV below #* in CO, [290.74(5) eV (Ref. 36)]}, Ols [129.6(1) eV above

Nls—7*(C=0) in HCONH,]. N1s [113.8(1) eV above Cls—7*(C=0) in HCONH,].
°From XPS (Ref. 24).

TABLE II. Energies, term values, and proposed assignments for features observed in the K-shell spectra of

formic acid.
Cls Ols(C=0) Ols(C-OH)
E E E Assignment
# +0.1eV T # +0.2eV Tre # +02eV T* final orbital
1® 288.2 76 1° 532.1 69 2 535.3 54 m*(C=0)
2 292.0 3.8 2 535.3 3.7 . 3s/6*(HCO)
3 293.2 26 e 4 538.3 24 3p
4 294.2 16 3 537.6 14 5 539.6 1.1 higher Rydberg
Ipc 295.8 539.0 540.7
5 296.1 -03 6 542.1(5) — 14  ¢o*(C-OH)
6 303(1) -72 7 547(1) ~8 o*(C=0)

*T = IP — E. The appropriate Ols IP is used in the case of the O1s features.

* Calibration: C1s {1.55(5) eV below 7 in CO, [290.74(5) €V (Ref. 36)1}, O1s {3.30(9) &V below 7* in CO,
[535.4(1) eV (Ref. 37) ]}

“From XPS (Ref. 24).

TABLE III. Energies, term values, and proposed assignments for features observed in the K-shell spectra of

formyl fluoride.
Cls Ols Fls

E E E Assignment
# +0.1eV T # +02eV T #  +03ev T final orbital
1* 288.2 89 1 5321 80 1 687.7 70 #*(C=0)
2 292.7 4.3 536.6 35 2 690.5(5) 42 3s/0*(HCF)
3 294.0 31 - e 3p
4 294.9 22 3 5376 25 3 6915 32  o*(C-F)
5 296.0 1.1 4 5392 09 - 4p
IP*  297.1(3) 540.1(3) 694.7(4)
6 303(1) ) 5 547(1) -7 o*(C=0)

* Calibration: Cls {2.53(5) eV below #* in CO, [290.74(5) eV (Ref. 36) 1}, 015 {3.30(9) eV below 7* in CO,
[535.4(1) eV (Ref. 37)]}, Fls [155.6(1) eV above Ols— 7*(C==0) in HCOF].
® Estimated from the XPS IPs of CH,0, CF,0, CH,F,, and CH,F (Ref. 24)—see the text.
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lator strengths for all 1s—#* transitions in comparison to
the corresponding quantities obtained or derived from
HAMY/3 core excitation calculations. The intensities are dis-
cussed in Sec. IV A 2 following interpretation of the trends
in the 7* term values.

IV. DISCUSSION
A. 18- *(C=0) transitions

1. Term values

The Cls and Ols spectra of all carbonyl species (H,CO,
CH,CHO, (CH,),C0,'? F,CO, (CF;),C0? exhibit sharp,
intense 1s—7*(C=0) features with term values (7 = IP-
E) between 6 and 10 eV. Similarly, intense 15— 7*(C=0)
features occur in both the Cls and Ols spectra of the mole-
cules studied in this work. The term values of the
Cls—7*(C=0) transitions [(T(Cls~,7*)] in the
HCOX species increase systematically with the increasing
electronegativity of the X substituent from 6.4 in formamide
to 8.9 eV in formyl fluoride. 7(O1s~*,77*) also changes from
molecule to molecule. In each species it is slightly lower than
the corresponding 7(Cls~',7*). Although none of the fea-
tures in the Cls spectra of acetaldehyde or acetone'? were
attributed to Cls(CH,)—»#*(C=0) transitions, promi-
nent X 1s— 7* transitions are observed in the three molecules
of the present study. The X1s— #* transition is the first fea-
ture in the N1s spectrum of HCONH, and in the Fls spec-
trum of HCOF. The second feature in the Ols spectrum of
formic acid is assigned primarily to Ols(OH) - 7*(C=0)
transitions, although it probably also contains contributions

212 10 e e a2

from excitations of the carbonyl oxygen [O1s(C=0)] to
another excited level. Over the HCOX series T(X1s~,7*)
increases by 2.4 eV, parallel to the trends in T(Cls~',7*)
and T(Ols~— 7*).

These results show that the energies of the
{15~ !,7* (C==0) } excited states change systematically with
the location of the core hole as well as with the electronegati-
vity of the substituents. Within each molecule, T(Cls~',7*)
is 0.4 to 0.9 eV larger than T(Ols~',7*) and almost 2 eV
larger than T(X1s™',7*). If one assumes that the shifts in

TABLEIV. Experimental and HAM/3 calculated term values (7, eV) and
oscillator strengths ( f; 10~2) for the 1s—#*(C==0) transitions in forma-
mide, formic acid, and formyl fluoride.

Cls Ols Xlis
T(f£107%) T(f,107%) T(f£107%)
HCONH, exp.* 6.4(7.4) 6.0(3.8) 4.6(2.3)
HAM/3® 5.6(16.2) 4.9(4.8) 3.9(2.3)
HCOOH exp. 7.6(8.0) 6.9(3.7) 5.4{3.2)¢
HAM/3 6.7(17.4) 5.8(4.7) 4.7(1.7)
HCOF exp. 8.9(10.4) 8.0(4.5) 7.0(1.4)
HAM/3 8.0(18.0) 6.8(5.8) 5.7(0.7)

® Peak area calculated by least-squares Gaussian fitting to each 7* peak (see
Fig. 4).

®Term values predicted from HAM/3 calculations of the 1s—7* states us-
ing a transition state procedure. The oscillator strengths were derived from
the HAM/3 2p LCAO coefficients and calculated atomic matrix elements,
as discussed in the text.

“This is probably significantly larger than the true intensity of the
O1s(OH) —m* transition because of overlap with the Ols(C=0) —3s/
o*(HCX) feature.
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term values with core hole location reflect the relative
strength of the attraction between the excited electron and
the core hole, the term value shifts are consistent with the
spatial distributions of the excited electron in the 7* (C=0)
orbital (see Sec. IV A 2). According to the 7* spatial distri-
bution, derived from the ISEELS intensities or calculations,
the overlap will be greatest and thus the term value largest
(attraction strongest) when the core hole is on the carbonyl
carbon atom, somewhat weaker when the core hole is on the
carbonyl oxygen atom and weaker still when the core hole is
on the substituent atom.

When comparing among molecules, the 7*(C=0) or-
bital becomes more tightly bound (i.e., T(1s~,7*) is larg-
er) as the substituent electronegativity increases. This shift
can be explained in terms of either decreasing 7~ donor
strength'! or increasing charge withdrawal via the o orbi-
tals. The -donor strength of N is greater than that of O or F
at least in part because of the better match between N2p and
C2p/02p AO energies. Decreased 7 donation results in less
7 delocalization and thus a smaller 7—7* splitting and larger
a* term value, as observed. In principle charge withdrawal
from the carbonyl onto the X substituent will increase the
effective nuclear charge felt by an electron primarily located
on the carbonyl group and thus can increase the 7*(C=0)
orbital binding energies. However o charge withdrawal is a
very minor factor in determining the 7* energy as demon-
strated by the fact that the term value for Cls— #* transi-
tions is essentially constant through each of the series of
fluorobenzenes, C¢H, Fs_,, x=0-6,° fluoroethenes,
C,H,F, _ ., x = 0-4*? and fluorocarbonyls, H, F, _ ,C=0,
x = 0-2.'%% It would appear that the local dipole associated
with a C-F bond is not effective in modifying the 7 interac-
tions when it is perpendicular to the 2p orbitals of the »
system.

The 7* orbital energies determined from HAM/3 tran-
sition state calculations of the (1s~',7*) states are com-
pared to the experimental term values in Table IV. The cal-
culated values match the experimental results remarkably
well although there is a displacement to lower term value
(thus higher predicted transition energy) of 0.9 eV for Cls,
1.1 ¢V for Ols(C=0) and 0.7-1.3 eV for X1s. HAM/3 cal-
culations of core excitation term values are consistently low-

er than the observed values.?

2. Oscillator strengths

In addition to the term values, the intensities of the
ls—* transitions change systematically, both in the same
molecule, with the location of the core hole and between
molecules, as the electronegativity of the substituent
changes. In each molecule, the Cls—7*(C=0) transitions
are the most intense, the Ols—7*(C=0) transitions slight-
ly weaker and the Xls—#*(C=0) transitions much
weaker. This indicates that the 7*(C=0) electron is local-
ized more at the carbon than at the oxygen of the carbonyl
group and has relatively little density at the substituent
atom. Among the three HCOX molecules, the intensity of
the Cls—7*(C=0) feature increases with increasing sub-
stituent electronegativity. In contrast, the intensity of the
Ols—7*(C=0) feature is similar in all three species. The

Xl1s—m*(C=0) transition in HCONH, is more intense
than that in HCOF while the O1s(OH) — #*(C=0) transi-
tion in HCOOH is apparently the most intense of the three.
We interpret the anomalously large intensity of the
Ols(OH) —7*(C=0) feature in HCOOH to contributions
by transitions from O1s(C=0) to another excited level. We
note that the X1s—7* intensities are the least accurate be-
cause of peak overlap in the N1s (HCONH,) and Ols
(HCOOH) spectra and the somewhat poorer statistics of
the Fls spectrum of HCOF. Extrapolation of the trend of
X1s—7*(C=0) intensities in this series would predict a
relatively strong Cls{(CH;) — #* transition in CH,CHO. A
feature corresponding to such a transition was not identified
in the original interpretation of the Cls spectrum of acetal-
dehyde'? although a possible candidate is a weak shoulder at
287.2eV (T = 4.0 eV) which was assigned to Cls—4s Ryd-
berg transitions (see Fig. 5 of Ref. 12). If this is the corre-
sponding Cls(CH,) —»m* transition it is certainly anoma-
lously weak compared to the trend in the intensities of the
X1s-»7* transitions in the present series. This suggests that
it is necessary to have substituent lone pairs in order to have
appreciable 7* density at the substituent atom. The delocali-
zation of 7*(C=0) onto the CH, group in acetaldehyde
can also be discussed in terms of mixing of the e(7) compo-
nent of the CH, group orbitals in the 7* (C=0) orbital—an
effect mixing known as hyperconjugation. Hyperconjuga-
tion is known to be weaker than the mixing of the C 2p and O
2p orbitals with the X 2p “lone pair” orbitals in the 7 mani-
fold of formamide, formic acid, and formyl fluoride.

Oscillator strengths have been calculated from HAM/3
C2p LCAO coefficients in the (1s~',7*) states by means of
the approximate formula:

f=0175E-c, | (¥ap Il 1 (3)

The atomic matrix elements were estimated from HAM/3
Slater orbital (STO) exponents (using the ground state val-
ue for the core orbital and the excited state value for the
optical 2p orbital) and an analytical formula for STO inte-
grals given by McGlynn et al.*’ For formamide this calcula-
tion gives matrix elements of 0.0860 A (Cls—C2p), 0.0718
A (N1s— N2p) and 0.0602 A (Ols— O2p). The decrease in

. the matrix element with increasing transition energy primar-

ily reflects the contraction of the orbital radii with increasing
Z. To first order the atomic (y,, ||y;,) matrix elements
will vary as Z ~'. The product of Z and the matrix element is
0.52, 0.50, and 0.48, respectively, for Cls, Nls, and Ols.
The 1s—#* oscillator strengths calculated from the 2p
coefficients in the HAM/3 excited states and these atomic
matrix elements are compared to the experimental results in
Table IV. Experiment and theory agree within a factor of 3 in
all cases. This seems remarkable given the numerous ap-
proximations made in obtaining both the experimental and
calculated oscillator strengths. The average ratio of the cal-
culated to the experimental intensities is 2.0 for Cls—7*, 1.2
for Ols—m*, and 0.6 for X1s— 7* transitions. In general
HAM/3 and other one-electron calculations of electronic
transition intensities are larger than experimental values by
roughly a factor of 2.> Thus the Cls and Ols results appear
consistent with previous experience whereas the X1s—m*
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transitions are considerably stronger than expected from the
calculations. v

The spatial distributions of the 7*(C=0) orbitals in
HCONH,, HCOOH, and HCOF in the form of squared 2p
coefficients calculated from Eq. (3) using the estimated
atomic matrix elements and the experimental oscillator
strengths are listed in Table V and presented graphically in
Fig. 5, in comparison to the HAM/3 squared 2p coefficients
of the 7* orbital in the (Cls™',7*) states. In general there is
remarkably good agreement between the experimentally de-
rived and calculated 7* spatial distributions although the
experimental results suggest that there is relatively greater
density on the oxygen and substituent atoms than predicted
by the calculations, particularly when the predeliction for
overestimation in the calculation is taken into account.

If core hole relaxation effects are small these experimen-
tally derived c3, values should reflect the spatial distribution
of the 7*(C=0) orbital in the ground state. The validity of
this approximation can be investigated by comparing values
derived from the core excitation intensities with calculated
2p LCAO-MO coefficients of the #* orbital in the ground
state. The results of three different ground state calcula-
tions”?® are also listed in Table V. According to all ground
state calculations, the C2p LCAO coefficients of the 7* orbi-
tal stay nearly constant or slightly decrease in the order
NH, > OH > F. This trend is opposite to that of the observed
oscillator strengths of the Cls— 7*(C==0) features. On the
other hand the HAM/3 calculation of core excitation re-
verses this trend and predicts that the 7* orbital becomes
more concentrated on the carbon atom as the X electronega-
tivity increases. The carbonyl O2p LCAO coeflicients are

ISEELS HAM/3

HCONH,

HCOOCH

=
i g,
8 - &,

FIG. 5. Sketches of the spatial distributions of the 7* (C=0) orbitals based
on (a) the 2p LCAO coefficients obtained from the optical oscillator
strengths corrected by the transition energy and estimated {y,, [1(y;,)
atomic matrix elements and (b) the 2p LCAO coefficients from HAM/3
calculations of the 1s excitation. The areas of each circle are proportional to
the squared 2p coefficient.

TABLE V. Squares of calculated and derived 2p LCAQ coefficients of the
* orbital of formamide, formic acid, and formyl fluoride.

Core excited state Ground state

Excited

atom exp.* HAM/3® HAM/3 (Ref.28)° (Ref. 7)°
HCONH,
C 0.20 0.43 0.58 0.74 0.76
o] 0.11 0.13 0.28 0.30 0.29
N 0.06 0.07 0.14 e 0.18
HCOOH
C 0.21 0.46 0.61 0.72 0.59
o(C=0) 0.11 0.14 0.29 0.34 0.27
O(OH) [0.06]¢ 0.05 0.11 0.10
HCOF
C 0.28 0.48 0.61 0.69 0.50
(o} 0.13 0.17 0.31 0.40 0.28
F 0.06 0.03 0.07 e 0.05

*Derived from Eq. (3) using the experimental oscillator strengths (Table
1V), transition energies and the following calculated atomic {y,, |u|y..)
matrix elements (Ref. 27): Cls (0.086%), N1s (0.0722), Ols (0.060?), F1s
(0.044%).

b These coefficients do not sum to unity because they are taken from calcula-
tions of different (1s', 7*) states which are thus normalized differently.

©Only the square of the coefficient of the more compact function of these
double zeta basis functions was used to calculate c§, as this will have

greater overlap with the core.
9Based on an estimated oscillator strength of 0.020 for the Ols(OH) —7*
component of feature 2 in the Ols spectrum of HCOOH.

approximately the same from molecule to molecule, a trend
which agrees with the coefficients derived from the core ex-
citation oscillator strengths. According to both the ground
and core excited state calculations the density of the 7* orbi-
tal on the substituent atom is much smaller than on the car-
bon or oxygen atoms of the carbonyl whereas the coefficients
derived from the ISEELS intensities suggest a relatively
larger contribution of the X2p AO to the 7* MO. It is prob-
able that at least part of the surprisingly strong Xis—#*
intensity is an effect of relaxation and the distortion of the *
electron distribution towards the core hole. The Fls—7*
transition of HCOF is surprisingly intense and has the great-
est discrepancy with the calculations. Thus it would appear
that the core hole distortion of the #* orbital is strongest in
HCOF. It is possible that, in the other X substituents, the
hydrogen atoms provide enough electron density to shield
the X1s core hole so that the intrinsic 7*(C=0) density is
not drastically affected by the N1s (HCONH,) or Ols
(HCOOH) core holes. The absence of distortion of the
7* (C=0) electron distribution towards the core hole in the
Cls(CH; ', 7*) states of HCOCH, probably explains why
the Cls(CH,) »#*(C=0) transitions in CH,CHO and
(CH,),CO are weak or absent.

The aforementioned discrepancies between experiment
and ground state calculations, in the trends at carbon with
changing electronegativity, and in the relative C/O/X con-
tributions, could be interpreted solely as the influence of the
core hole. However the HAM/3 transition state calculation
of the core excitation, which should account for the changes
in the 7* distribution caused by the core hole, shows most of

" the same discrepancies with experiment as do the ground

state calculations. It is possible that the discrepancies
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between the calculated and experimental intensities reflect
the limitations of the calculations rather than solely distor-
tions of the 7* orbital by the core hole. If this is so the possi-
bility remains that the core excitation intensities can be used
to map ground state virtual orbitals. One factor that we have
neglected is contributions to the oscillator strength from ma-
trix elements involving is overlap with other AO compo-
nents of the 7* orbital, such as higher np orbitals on the core
excited atom or 2p orbitals on neighboring atoms. A more
complete calculation of core excitation intensities is required
to estimate the importance of these terms.

The 15— 7* intensities at different core edges in forma-
mide are considerably different from the oscillator strengths
of the m—m* shake-up lines in XPS.* In particular the
ISEELS pattern [Ic > 1, > Iy ], which we interpret to re-
flect the #* spatial distribution, is different from that of
[Io ~Ic» 1] for the 7, —»n¥ shake up, or that of [I,
» I > I ] for the m, - 7¥ shake up. As explained by Mills
and Shirley,* the shake-up intensities reflect the spatial dis-
tributions of both the unoccupied 7* and the occupied 7
orbitals. It would appear that, although both XPS shake-up
and core excitation are useful probes of orbital spatial distri-
butions because of the localized core hole in each spectrosco-
Py, core excitation is intrinsically simpler to interpret since it
generally involves only one other orbital. In addition
ISEELS intensities are much greater than XPS shake-up in-
tensities and thus easier to measure experimentally.

B. 18- 3s/0*(HCX) transitions

In the Cls spectra of all three species (Fig. 1) a second
feature of moderate intensity is observed with term values
(oscillator strengths) of 3.8 eV (0.013), 3.8 eV (0.018), and
4.3 eV (0.046) for formamide, formic acid, and formyl flu-
oride, respectively. The oscillator strength of this feature in-
creases appreciably from HCONH, to HCOF. Although the
term values of these features are consistent with an assign-
ment to Cls— 35 Rydberg transitions, the variable intensity
suggests that the excited states do not have solely Rydberg
character since the iritensities of corresponding Rydberg ex-
citations are expected to be similar in molecules of similar
size, or possibly to decrease as the substituent electronegati-
vity increases if there are potential barrier effects.?’ Further
evidence that these features have a significant valence char-
acter comes from the spectrum of solid formic acid,*® which
shows a relatively strong feature at essentially the same ener-

gy. Weak features with similar term values (3.4, 3.7,and 3.1 -

¢V) are observed in the O1s(C=0) spectra (Fig. 2). In the
Xls spectra (Fig. 3), the second feature is observed as a
prominent peak overlapping the high energy side of the
Nls—* transition of formamide, while in formic acid the
corresponding Ols(OH) excitation probably blends with
the high energy side of feature 2 and cannot be identified.
Although the statistics of the Fls spectrum of HCOF are
somewhat limited there appears to be a shoulder around
690.5 eV which may be the corresponding feature. In con-
trast to the Cls— 7*(C=0) transitions, the term value of
the second Cls feature increases only slightly with increas-
ing substituent electronegativity. From the weak Ols inten-

sity and the moderately large Cls and X 1s intensities of these
features, it appears that the final orbital of this transition is
localized on the C and X atoms.

In the UV spectra of all amides a relatively weak band is
observed about 1 eV below the singlet-singlet 77— 7* band.
Based on all-electron GTO-SCF calculations,!**! an - o*
excitation has been suggested for this feature. The calcula-
tions show that the terminating level is a o orbital involving
Cand N AOs. Analogous features have been observed in the
valence excitation spectra of olefin compounds where they
have been assigned to 77— o* (C-H) transitions.??>3 The sec-
ond optical orbital in formaldehyde is calculated to have a
0*(CH,) character,” analogous to the o*(CH,) orbital in
ethene.”?* In carbonyl fluoride the second optical orbital is
centered at the fluorine and carbon atoms, according to the
ground state calculations.” Since formyl fluoride is interme-
diate between formaldehyde and carbonyl fluoride, a similar
o* orbital may be expected. The above considerations are the
origin of our proposed o*(HCX) designation for the upper
orbital of the second transition in the HCOX series. Low-
lying orbitals of o* (HCX) character can be identified in the
ground state calculations’>* of all three HCOX molecules.
Based on the assignment of the valence spectra of olefins and
amides and the calculations,”>!** we propose that the sec-
ond feature in each spectrum arises from ls excitations to an
orbital of mixed 3s Rydberg/o*(HCX) valence character.

C. Other 1s- Rydberg transitions

The degree of Rydberg or valence character of the states
observed between the first 15— 7* (C—0) transition and the
IP is an interesting question. Core-excited Rydberg states
have been identified in the past generally on the basis of
characterisic term values which are around 3.5-4.5 eV, 2.4
3.2 eV, and 1.6 eV, respectively, for the lowest energy s, p,
and d Rydberg states (corresponding to quantum defects
around 1, 0.6, and 0.1, respectively'’). In addition Rydberg
excitations are usually (but not always) weaker and sharper
than valence excitations. Feature 3 in the Cls spectrum of
formyl fluoride, with a term value of 3.1 eV is attributed to
Cls— 3p transitions. Feature 3 in the Cls spectrum of formic
acid (7 = 2.6 eV) is also a good candidate for a 3p Rydberg
transition. We assign the C1s— 3p transition in formamide to
feature 3, although it appears to have an anomalously low
term value (7'=1.6 eV). These (Cls~',3p) states are
thought to be relatively pure Rydberg ones, in contrast to the
virtual valence description we have emphasized in the pre-
ceding discussion of the 3s/0* (HCX) features. Other weak
features in these specira have been identified as Rydberg
transitions on the basis of their term values as outlined in
Tables I-1II. We expect that higher resolution core excita-
tion spectra of these molecules will differ from the present
results primarily in the detection of further Rydberg fea-
tures. In general the Rydberg transitions are most intense in
the Cls spectra and relatively weak in the Ols and X 1s spec-
tra. This effect has been noted in previous work on core exci-
tation.' It may be the result of the somewhat greater extent
of the Cls AO which results in better overlap with the spa-
tially extended Rydberg orbitals.
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TABLE VLI. Predicted and observed positions of the o* (C==0) and o* (C-X) shape resonances of formamide

(X = N), formic acid (X = O), and formyl fluoride (X = F).

o*(C-X) a*(C=0)
8° (eV) 8 (eV)
R(A)* Obs. R(A)® Obs.

Molecule (C-X) Pred. Avg C X (C=0) Pred. Avg C (o]
HCONH, 1.368 39 34 24 45 1219 8.9 8.5 9.3
HCOOH 1.358 2.6 0.8 0.3 1.4 1214 7.6 1.2 8.0
(HCOOH), 1.320 3.7 1.217

HCOF 1338 —27 -—-27 -—22 -—32 1.181 6.5 6 7

“Reference 35.

®5, = E,-IP( = — T). The predicted values have been calculated from the least-squares correlation lines

presented in (Ref. 2).

D. o*(C-X) and ¢*(C=0) transitions: bond length
correlations

A broad peak occurs above the Cls IP in HCONH,, at
the Cls IP in HCOOH and just below the Cls IP in HCOF.
Corresponding broad features are observed at similar term
values in the X 1s spectra and very weakly in the Ols(C—=0)
spectra. These features are assigned to 15— o* (C-X) excita-
tions. The relative intensities in the various K-shell spectra
suggest that these orbitals are localized mainly between the
carbon and X atoms, consistent with our o* (C-X) assign-
ment. In addition the average term values are in good agree-
ment with the predictions of the bond length correlation®
and the known C-X bond lengths®® (see below).

In the Cls spectra of all three species a broad weak peak
( #6) is observed around 6-8 eV above the IP. Features with
similar shape and term values are also observed in the
O1s(C=0) spectra but not in any of the X1s spectra. These
features are assigned to o*(C=—=0) shape resonances (tran-
sitions to a quasibound o* (C=0) orbital). Similar features
are observed in the K-shell spectra of formaldehyde, acetal-
dehyde and acetone!’ and in F,CO, (CF;),CO, and
CF,CO,H? and thus appear to be characteristic of the car-
bonyl group.

The positions of the o*(C-X) and o*(C=—0) reson-
ances in this series of molecules may be compared with the
values predicted from the empirical bond length correla-
tion.2 The observed and predicted resonance energies rela-
tive tothe IP,§ = E — IP = — T, are summarized in Table
VI along with the predicted & values for the o*(C-X) and
o*(C=0) resonances in the formic acid dimer. As in pre-
vious work” the § values of 1s—o* transitions in the core
spectra of the atoms at each end of the bond are similar and
thus these have been averaged for comparison with the pre-
dictions of the correlation, which was generated from simi-
larly averaged data. For the o*(C—0O) resonances the
Z = 14 correlation line? predicts § values between 6.7 and
7.8 €V based on the carbonyl bond lengths which vary sys-
tematically from 1.219(12) A in formamide to 1.181(5) A
in formyl fluoride.>® The maxima of the broad o*(C=0)
resonances occur between 6.5 and 8.9 eV. Considering the
uncertainty in determining the positions of the broad reson-
ances and the scatter in the correlation,” the agreement
between the predicted and observed ls—o*(C=—=0) posi-
tions appears reasonable.

In order to correlate the positions of 1s—o* (C-X) tran-
sitions with the C—X bond lengths the Z dependence of the &
resonance position must be taken into account. Thus al-
though the C-X bond lengths are very similar in these three
molecules, the o*(C-X) resonance positions vary signifi-
cantly from molecule to molecule because of the Z depen-
dence. There is reasonable agreement between the observed
and predicted o* (C-X) values (Table VI), supporting our
assignments.

V. CONCLUSIONS

The optical oscillator strengths of the isoelectronic se-
ries of molecules, formamide, formic acid, and formyl flu-
oride have been derived from inner shell electron energy loss
spectra, all for the first time to our knowledge. The oscillator
strengths of transitions to the same final level from all atomic
K shells, as well as trends in the term values, have provided
the basis for our assignments of the observed features. The
oscillator strengths and term values of the 1s—7*(C=0)
transitions vary systematically with the electronegativity of
the X substituent in the HCOX series. Changes in the 15— 7*
term values have been rationalized in terms of the relative 7-
donor strength of the substituents. The experimental intensi-
ties have been used to map the spatial distribution of the 7*
orbital in each molecule. The X 15— 77* transitions are found
to be surprisingly intense, suggesting that the 7 delocaliza-
tion of these molecules is greater than previously believed
although distortion of the 7* orbital by the X1s core hole is
an alternate explanation.

Features in the carbon and substituent ls spectra
around the IP are assigned to 1s—o*(C-X) transitions
while weak, broad features around 303 eV, which appear
only in the Cls and Ols continua, are assigned to o* (C=0)
resonances. The positions of both the o*(C-X) and
o*(C=0) resonances are in agreement with the values pre-
dicted from the bond length correlation.?

Finally we wish to emphasize that the ability to obtain
the spectra of a reactive, relatively short-lived species such as
HCOF indicates that core excitation in general and ISEELS
in particular is an attractive technique for studying the opti-
cal orbitals of transient molecular species. An advantage of
ISEELS over other popular, complementary spectroscopies
of short-lived molecules such as PES is the ability to carry
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out semiquantitative elemental analysis on the gas present in
the collision cell simply by recording a wide energy range
spectrum.
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