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ABSTRACT 

Electron energy loss spectroscopy (ISEELS) under dipole scattering conditions is used to obtain 
the carbon and oxygen K-shell oscillator strength spectra of methanol (CH,OH), propanol 
(CH,CH,CH,OH), propenol (CH,=CHCH,OH), propargyl alcohol (HCrCCH,OH), propanoic 
acid (CH,CH,COOH), acrylic acid (CH,=CHCOOH) and propiolic acid (HCECCOOH). A detailed 
interpretation of these spectra is presented, along with a comparison with the NEXAFS spectra of 
multilayers of these molecules adsorbed on a Si(ll1) surface, as recently reported by Outka et al. 
(Surf. Sci., 185 (1987) 53). Good agreement is found between the multilayer NEXAFS and the gas 
phase ISEEL spectra, except for the carboxylic acids which differ dramatically in the discrete 
portion of the 01s spectrum. Possible origins for this difference are discussed. The Cls and 01s 
spectra of methyl formate (HCOOCH,) are also reported and interpreted in comparison with the 
spectra of formic acid and methanol. 

INTRODUCTION 

The probing of inner-shell excitation by electron energy loss (ISEELS) [l] or 
near edge X-ray absorption fine structure (NEXAFS) [2] techniques, provides 
a convenient means of exploring the unoccupied electronic structure of free or 
surface adsorbed molecules. Although the spectra of many simple, monofunc- 
tional species have been investigated [3], relatively few studies have been 
published of more complex, multi-functional molecules. In this work we report 
the first ISEELS studies of inner-shell excitation in three C3 organic alcohols 
(propanol, propenol and propargyl), three C3 organic acids (propanoic, acrylic 
and propiolic) and an ester (methyl formate). A major goal of this work was to 
test the concept of chromophores as applied to inner-shell excitations in the 
context of a recently developed correlation between 1s + (r* energies and 
intramolecular bond lengths [4]. If there is negligible interaction among the 
unsaturated C=O, C!=C or C=C chromophores in these molecules the spectra 
should resemble the sum of the spectra of the constituent groups. This idea is 
tested further by a comparison of the Cls and 01s spectra of the ester, 
HCOOCH,, with those of the related acid (HCOOH) [5] and alcohol (CH,OH) 

F31. 
Outka et al. [7] have recently reported the Cls NEXAFS spectra of these C, 
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alcohols and the Cls and 01s NEXAFS of the C, acids condensed in multilayers 
(and in some cases, monolayers) on a Si(ll1) (7 x 7) surface. Although most 
of the NEXAFS and ISEEL spectra are very similar, characteristic, qualitative 
differences are observed between the present gas-phase 01s (but not Cls) 
results and the condensed phase NEXAFS spectra of the carboxylic acids. In 
previous comparisons of the spectra of benzene [8], cyclic hydrocarbons [9], 
thiophene [lo], pyrrole [ll, 121 and C, hydrocarbons [13, 141, the NEXAFS of 
multilayers has been found to be virtually identical to the gas phase ISEELS 
of the same species. Thus, the occurrence of a significant, qualitative difference 
in the 01s spectra of the condensed and vapor phases of all the carboxylic acids 
is a major observation of the present work. These differences suggest that 
changes in the electronic and/or geometric structure have occurred with con- 
densation. A well-known effect is the dimerization of carboxylic acids in 
condensed phases and even in the gas phase under all but very low density 
conditions. Since the pressure in our sample chamber is very low ( < 10e4 torr) 
the spectra reported herein are those of the monomer. We discuss the possible 
geometric/electronic modifications which could explain the spectral changes 
with condensation. 

EXPERIMENTAL 

All of the inner-shell oscillator strength spectra reported herein were 
derived from electron energy loss spectra recorded using a final electron energy 
of 2.5 keV, a scattering angle of 2O and a FWHM resolution of 0.5eV. These 
experimental conditions excite predominantly electric dipole transitions and 
thus the spectra can be quantitatively related to the soft X-ray photoabsorption 
spectra of these molecules. More detailed descriptions of the spectrometer 
[ll, 151 and the experimental techniques [l] have been presented elsewhere. 
The species studied were high purity samples obtained from commercial 
sources. They were used without further purification except for freeze-pump 
thaw degassing. The spectral energies were calibrated from the well-documen- 
ted energies of sharp 1s + z* transitions in CO, CO, and 0,. In all cases, the 
calibration spectra were recorded by introducing the unknown and the 
calibrant through separate leak valves in order to ensure a constant gas 
mixture since the energy scale of our spectrometer was slightly sensitive to 
changes in the gas composition. 

The oscillator strength spectra reported were obtained from the recorded 
energy loss spectra after the subtraction of a smooth curve fitted to the 
underlying, low intensity, valence ionization continuum (or the sum of the Cls 
and valence ionization continua in the case of the 01s spectra). This subtracted 
background is typically of the order of 5% of the intensity of the (Cls-‘, K*) 
feature and 20% of the (01~‘, a*) feature. The isolated core-excitation spectra 
were then converted to approximate absolute optical oscillator strengths (OS) 
by first, correcting for the kinematical differences between electron energy loss 
and photoabsorption (corresponding to a smooth upward tilt of 30% in the Cls 
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and 20% in the 01s spectral ranges shown), and second, normalizing the 
intensity at 25eV above the IP to the calculated atomic oscillator strengths 
multiplied by the number of such atoms per molecule. At IP + 25eV the 
calculated OS are 0.0077 and 0.0045eV’ for carbon and oxygen respectively 
[16]. We have recently presented a detailed rationale for this conversion 
procedure, demonstrated its accuracy and discussed its limitations [17]. 

RESULTS AND DISCUSSION 

Alcohols 

The oscillator strength spectra for the Cls and 01s excitation of the alcohols 
CH, CH, CH, OH, CH,=CHCH, OH and HCSCCH,OH are shown in Figs. 1 and 
2, respectively. The energies, term values and proposed assignments are 
summarized in Tables l-3. Only the 01s IP of propanol was found in the 

l . . . . . . . . . . . .._. . 
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Fig. 1. Oscillator strengths for Cls excitation of propargyl alcohol, propenol and propanol derived 
from electron energy loss spectra (ISEELS) recorded with a final electron energy of 2.5 keV, an 
average scattering angle of 2O and a FWHM resolution of 0.6eV. The spectra are plotted on 
common energy and intensity scales. The hatched lines indicate the location of the Cls IPs as 
estimated or measured by XPS. 
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Fig. 2. Oscillator strengths for 01s excitation of propargyl alcohol, propenol and propanol derived 
from ISEELS. See caption to Fig. 1 for further details. 

literature [18]. The other IPs were estimated as follows. Primary alcohols show 
a chemical shift only for the IP of the carbon to which the hydroxyl is attached 
(CH,C*H,OH - 292.5: CH,OH - 292.5 eV). The more distant carbons have a 
typical hydrocarbon-like Cls IP (C*H,CH,OH - 291.1 eV). Thus, values of 
291.0(3) and 292.5(3) eV are estimated for the CH, and CH,OH Cls IPs. The 01s 
IP of alcohols appears to decrease only slightly with increasing chain length 
(CH,OH - 539.1; CH,CH,OH - 538.8; CH,CH,CH,OH - 538.8 eV) and thus a 
value of 538.8(3) eV was adopted for propenol and propargyl alcohol. 

Cls spectra of C, alcohols 

The Cls spectrum of propanol (Fig. 1) resembles that of other saturated 
hydrocarbons [13, 191 in that the discrete region exhibits a relatively strong, 
sharp feature attributed to excitations of Cls to 3p/n*(C-H), a mixed Rydberg/ 
valence orbital with o*(C-H) valence character [19]. Bands observed at 
similar energies in the NEXAFS of hydrocarbon monolayers on metal surfaces 
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have been identified on the basis of their polarization dependence as Cls 
excitations to orbitals with a dominant a*(C-H) character [20]. As in the gas 
phase spectra of other hydrocarbons [19], this band has a low-energy shoulder 
assigned to Cls + 3s Rydberg transitions. The structured, discrete region of 
the spectrum is somewhat wider than that of a simple hydrocarbon since there 
are two Cls ionization limits separated by 1.5eV. The main feature of the 
spectrum is a broad maximum in the region of the IPs, which is attributed to 
o*(C-C) and a*(C-0) resonances. 

The Cls spectrum of propenol differs dramatically from that of propanol 
because of the addition of an intense, low-lying Cls + n*(C=C) transition. Its 
energy (284.8eV) is essentially the same as that in the monofunctional 
prototype, ethene (284.7 eV) [13], indicating that there is little interaction with 
the hydroxyl group. Thus there appears to be a good separation between the x 
and 0 manifolds in this molecule. A strong o*(C-C)/g*(C-0) resonance maxi- 
mum is observed as in propanol while the features attributed to Cls + 3pln* 
(C-H) transitions are somewhat weaker, consistent with the reduced number 
of C-H bonds. Although a a*(C=C) resonance is expected around 300 eV [4] 
this is not well defined. However, there is additional intensity above 294 eV in 
propenol as compared to propanol. The o*(C=C) resonance in ethene is also 
weak [4] but it has been clearly identified as the broad feature at 300 eV in the 
gas phase spectrum [17] via the polarization dependence of the corresponding 
feature in the NEXAFS spectra of ethene adsorbed on inert metals [l4]. 

The Cls spectrum of propargyl alcohol exhibits a strong, low-lying 
Cls -+ n*(C=C) transition which is approximately twice as intense as that in 
propenol. Its energy is 1eV higher than that in propenol, paralleling the 
difference between the transition in ethene and ethyne [13]. The Rydberg/ 
x*(C-H) region below the IP is notably weaker (relative to the a*(C-C)/ 
a*(C-0) resonance or the continuum) than in the other two alcohols, which 
is consistent with the further reduction in the number of C-H bonds. The 
a*(C=C) resonance is the well defined broad feature around 310eV, at a 
position similar to that found in ethyne [4], propyne [21] and 2-butyne [22]. Both 
the x* and (T* features associated with the C-C group appear to have very 
characteristic term values and intensities. 

The solid phase NEXAFS spectrum [7] of each of these species is remarkably 
similar to the corresponding gas phase spectra indicating that there is 
negligible intermolecular interaction within the multilayers. This is further 
evidenced by the absence of any polarization dependence of the NEXAFS 
spectra [7] which indicates a random orientation and thus no tendency for 
molecular alignment during the formation of the multilayer, such as occurs if 
there are strong, directional intermolecular interactions. 

01s spectra of C, alcohols 

The 01s spectra of all three alcohols (Fig. 2) are dominated by a*(O-H) and 
a*(C-0) resonances. The 01s + a*(C-0) transition occurs at a somewhat 
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higher term value than the Cls + a*(C-C)/o*(C-0) resonance because of the 
minimal contribution from 01s + o*(C-C) and the fact that the 
1s + a*(C-0) energy is intrinsically lower than 1s + a*(C-C) energy, which 
is consistent with the observed Z-dependence of the Q* term values [4]. The well 
resolved low-lying peak at 533.9 eV in propanol is assigned to 01s + a*(O-H) 
transitions. Corresponding features occur in the 01s spectra of all alcohols 
studied to date [6, 231. 

The 01s spectrum of propenol is quite similar to that of propanol, illustrat- 
ing once again that inner-shell excitation is sensitive predominantly to the 
unoccupied electronic structure in the immediate vicinity of the core-excited 
atom. Thus, 01s excitations to x*(C=C) or a*(C=C) do not appear in the 01s 
spectrum of propenol or acrylic acid while 01s excitations to x*(C=C!) or 

2 3 4567 8 

I . . . . I . . . . I . . . . I ., 

1 290 300 310 320 

Energy (eV) 

Fig. 3. Oscillator strengths for Cls excitation of propiolic, acrylic and propanoic acid derived from 
ISEELS. See caption to Fig. 1 for further details. 
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a*(C=C) are not observed in propynol or propiolic acid. The feature attributed 
to 0*(0-H) is also well resolved in propenol, although there is some shift to 
higher energy relative to that in propanol. This trend continues in propargyl 
alcohol so that the 01s + a*(O-H) transition is not such a prominent feature, 
even though feature 1 in the propargyl alcohol spectrum is of similar intensity 
to the 0*(0-H) feature in that of the other two alcohols. The HC=CCH,OH 
spectrum differs further in that two additional features are observed in the 
discrete region between the 0*(0-H) and a*(C-0) resonances. It is possible 
that these features (2 and 3) arise from impurities although they do not match 
any recorded features of molecules and the mass spectrum of the sample 
(recorded simultaneously) gave no evidence of the presence of other species. 
They are tentatively assigned as Rydberg features. 

The 01s NEXAFS spectra of the alcohol multilayers were not reported by 
Outka et al. [7]. Had these been available the valence or Rydberg character of 
the discrete line attributed to 0*(0-H) could have been investigated. If our 
o*(O-H) assignment is correct, a NEXAFS feature should exist at 534eV in 
those cases where the hydroxyl hydrogen is not lost upon chemisorption. In 
previous NEXAFS studies of monolayers of CH,OH on Cu(100) [24] and Cu(ll0) 
[25], a 534eV peak was not observed, which is consistent with the assumed 
methoxy structure in each case. Very recently, Crapper et al. [26] reported the 
01s NEXAFS of samples in which both ethanol and ethoxy are believed to be 
co-adsorbed on Cu(ll0). A shoulder at 534(l) eV, observed in all spectra, could 
arise from the proposed excitation to the (01~~l, a*(O-H)) state in ethanol. 
The absence of any polarization dependence of this feature would then indicate 
that the O-H bond direction is randomly oriented with respect to the surface. 
Crapper et al. [26] proposed that this feature is related to levels associated with 
binding to the Cu substrate and thus further studies are required to clarify its 
origin. If o*(O-H) resonances persist in the NEXAFS of surface adsorbates, 
they could provide a useful means of following the reactions of hydroxyl 
compounds, such as the conversion between alcohol and alkoxy species, on 
surfaces. 

Carboxylic acids 

The oscillator strength spectra for the Cls and 01s excitation of the 
carboxylic acids CH,CH,COOH, CH,=CHCOOH and HC-CCOOH are shown 
in Fig. 3 (Cls) and Fig. 4 (01s). The energies, term values and proposed 
assignments are listed in Tables 4-6. Since the IPs of the C3 carboxylic acids 
have not been measured by XPS, we have estimated them as follows: the IP of 
the carboxyl carbon is strongly shifted by the two attached oxygens - the 
Cls(COOH) IPs of formic acid and acetic acid are 295.8 and 295.3 eV, respective- 
ly [Ml. Based on these values we estimate a Cls(COOH) IP of 295.5(3) eV in the 
C!, acids. In contrast to the C, alcohols, the IPs of the carbon adjacent to the 
carboxyl carbon (CH, in propanoic, CH in acrylic and -C= in propiolic acid) 
probably differ significantly from that of the more distant carbon. This is 
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OH 

530 
I . . . . I . . . . I.. . . 

540 550 560 S 

Energy (eV) 

Fig. 4. Oscillator strengths for 01s excitation of propiolic, acrylic and propanoic acid derived from 
ISEELS. See caption to Fig. 1 for further details. 

suggested by the Cls(CH,) IP of acetic acid (291.6 eV) which is almost 1 eV 
higher than that of a typical hydrocarbon. Thus we estimate that the carbons 
adjacent to the COOH group have an IP of 291.5(5)eV. The carbon furthest 
from the carboxyl group will have an IP around 291.0(3) eV, closer to that of a 
typical hydrocarbon. The 01s IPs of formic (C=O - 539.0, OH - 540.6 eV) and 
acetic acid (C=O - 539.2, OH - 541.0 eV) have been used to estimate 01s IPs 
of 539.2(3) eV for the Ols(C=O) and 541.0(3) eV for the Ols(OH) for the C, acids. 
The uncertainty in the IPs is a considerable limitation to our spectral interpret- 
ation. It would have been very helpful to have had the XPS spectra of these 
species. 
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Cls spectra of C, acids 

The Cls spectrum of propanoic acid (Fig. 3) is similar to that of propanol 
except for the intense Cls(COOH) + x*(C=O) transition (feature 1) at 288.5 eV 
(7’ = 7.0eV) superimposed on the structure below the Cls(CH,) IPs and the 
additional continuum structure at 303eV (feature 7). There is a shoulder 
(287.2 eV) on the low energy side of the n*(C=O) feature which is assigned to 
Cls(CH,) --) 3s transitions, based on its term value and similarity to the corres- 
ponding feature in propanol. The broad maxima (6 and 7) in the continuum are 
attributed to the o*(C-0) and a*(C=O) resonances. Similar features are 
observed in the Cls spectra of all three carboxylic acids as well as that of formic 
acid [5]. Peak 4, at 291.3eV, is attributed to the overlap between the broad 
Cls(CH,) --t a*(C-C) resonance and the sharper Cls(COOH) + 3s transition. 
Although Cls(CH,) + 3p/x*(C-H) transitions are fairly prominent in the 
alcohol spectra, their counterparts in those of the acids are less clear because 
of the greater spectral congestion associated with transitions leading to three 
ionization limits separated by several eV. They probably occur at about the 
same energy as the much more intense ls(COOH) + x*(C=O) transitions. 

The Cls spectrum of acrylic acid differs from that of propanoic acid chiefly 
by the addition of the Cls(CH,) + x*(C=C) transition at 284.3eV 
(T(CH,) = 6.7, T(CH) = 7.2 eV). Although we estimate that the Cls(CH,) and 
Cls(CH) IPs are separated by 0.5eV, only one symmetric n*(C=C) feature is 
detected which has a FWHM of 1.1 eV. The 1s + x* transition in ethene 
exhibits a high energy shoulder at our experimental resolution [17], which 
corresponds to a resolvable v(C-H) vibrational band at high resolution [13]. 
Ab initio calculations for the (Cls-’ , TT*) state of ethene [27] indicate that the 
excitation of v(C-H) results from the change in the effective core charge 
rather than any specific a*(C-H) character of the x*(C=C) orbital, thus a 
similar vibrational excitation is expected in acrylic acid and propenol. The 
Cls + x*(C=C) transition in propenol is detectably asymmetric and narrower 
(0.9 eV FWHM) than that in acrylic acid. The symmetrization and broadening 
of the x*(C=C) peak in acrylic acid is thus probably related to the presence of 
roughly equal contributions from Cls(CH,) + x*(C=C) and Cls(CH) + 
It*(C=C) transitions. 

The oscillator strength of the x*(C=C) feature in acrylic acid is slightly less 
than that of the n*(C=O) feature, which at first impression is somewhat 
surprising since two Cls(CH,) + n*(C=C) transitions contribute to peak 1 
whereas the second peak results from excitations to the x*(C=O) orbital from 
only a single Cls(COOH) orbital. This indicates, on a per-transition basis, that 
Cls + x*(C=O) transitions are somewhat more than twice as intense as 
Cls + n*(C=C) transitions. This observation is consistent with recent meas- 
urements of the 1s + x*(C=C) oscillator strength in ethene (0.034 per carbon 
atom [17]) and the 1s + x*(C=O) oscillator strength in HCOX compounds 
(HCONH, - 0.074, HCOOH - 0.080, HCOF - 0.104 [51). The Cls(CH,) + 
n*(C=C) oscillator strength in propenol (0.066) and acrylic acid (0.055) are 
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similar, further supporting our interpretation that both Cls(CH,) + n*(C=C) 
transitions contribute to the 284.3eV peak. The TC* oscillator strengths are 
summarized in Tables 8 and 9 and discussed in further detail later. 

The Cls(COOH) continuum of acrylic acid (Fig. 3) exhibits the CT*(C-C), 
o*(C-0) and [T*(C=O) resonances common to all the carboxylic acids. The 
region around the Cls(CH,) IPs is more sharply structured in acrylic acid than 
in propanoic acid, consistent with reduced contributions from 
Cls(CH,) + o*(C-C). As with propenol, the Cls + a*(C=C) resonance 
expected around 301-302eV is not directly evident. However, feature 8 at 
303 eV in acrylic acid is somewhat broader than the corresponding o*(C=O) 
features in the other two acids, which we interpret as indirect evidence for the 
a*(C=C). 

The Cls spectrum of propiolic acid contains Cls(COOH) + x*(C=O), 
o*(C-0) and o*(C=O) features at similar energies to those in the spectra of 
the other two acids. The Cls(CH,) + o*(CZC) resonance is clearly observed as 
a broad maximum around 312 eV, as in propargyl alcohol and all other alkynes. 
However, the Cls + x*(C=C) region differs dramatically from that of ethyne 
[13] or propargyl alcohol (Fig. 1) in that two sharp peaks are observed rather 
than a single one due to the Cls(C=) + x*(C_C) transition. One could 
speculate that these correspond to Cls(CH) + n*(C=C) and 
Cls(Cr) + x*(C-C) transitions. However, the separation of the two peaks 
(1.06(3) eV) is approximately twice that of our estimated IPs (05eV). In 
addition, if this explanation was correct one would expect a visible doubling of 
the x*(C=C) peak in acrylic acid, which is not observed. The NEXAFS of 
multilayer propiolic acid also indicates that the splitting of the Cls energies is 
not the correct interpretation since two x*(C=C) peaks are observed and, 
furthermore, they exhibit opposite polarization dependences. As Outka et al. 
[7] have explained, the splitting arises from the conjugation of the n*(C=O) 
with the component of the x*(C=C) orbital that is in the same plane (see Figs. 
6 and 7 of ref. 7). Comparison of term values with those of propargyl alcohol 
(T(x*(C=C)) = 5.4eV) indicates that the second peak in propiolic acid 
(T(CH) = 5.1 eV, T(C=C) = 5.6eV) corresponds to Cls(CH,) + x*(C-C) 
transitions, the essentially unmodified component, while it is the first peak 
(T(CH) = 6.1 eV, T(C=) = 6.6 eV) which arises from Cls(CH,) excitation to 
x*‘(CsC), the conjugated component of the x*(C-C) orbital. The NEXAFS 
polarization dependence of these two peaks is consistent with this interpreta- 
tion [7]. 

As noted in a previous analysis of the multilayer NEXAFS [7], the downward 
shift of 0.9eV in the Cls(CH,) -B x*(C=C) transition caused by the conjuga- 
tion is accompanied by a simultaneous shift upward, of 0.6eV, in the 
Cls(C=O) + n*(C=O) transition (based on comparison of propiolic to both 
propanoic and acrylic acid). The inequality of these shifts suggests that one 
needs to consider both the x and x* orbital interactions in order to preserve the 
center of gravity in the interaction. If this is so, there should be different shifts 
in the unperturbed vs. the conjugated x(C=O) and x(C=C) orbital energies as 
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measured by PES. Klapstein [28] has recently examined the effects of conjuga- 
tion on the orbital energies of a series of a$-unsaturated species. Comparison 
of the PES of propiolic acid [28] with those of propynol[28] and formic acid [29] 
indicates that the n’(CzC) IP shifts downwards (i.e. to higher binding energy) 
by 0.5 eV while the n(C=O) IP shifts upwards by 0.9 eV. Although the x* orbital 
energies will be disturbed from those of the ground state because of the Cls 
core hole, this comparison suggests that there is some compensation between 
the occupied and unoccupied manifolds in the shifts associated with x(C=C) 
and ‘x(C=O) conjugation. It appears that in the unoccupied manifold it is the 
n*(C=C) orbital which is most affected by the conjugation, while in the 
occupied manifold the x(C=O) orbital is shifted to the greater extent. 

Another effect of this conjugation should be a shortening of the C-COOH 
bond. Although the geometry of propiolic acid has not been determined by 
electron diffraction, the same contraction due to conjugation should occur in 
propynal (HC=C-CHO). The C-C bond in propynal is 1.45A [30], consider- 
ably shorter than a normal C-C bond of 1.50A (although not much shorter 
than the C-C bond in propyne (1.458A) or 2-butyne (1.468A) [30], where the 
C-C bond lengths are reduced by hyperconjugation). According to the bond 
length correlation [4], the reduced C-C bond length should be signaled by a 
shift of the Cls(COOH) + o*(C-C) transition to higher energy. This is 
consistent with the increase of ca. 1 eV in the energy of feature 8 in propiolic 
acid (principally Cls(COOH) + a*(C-0)) as compared to its counterpart in 
the Cls spectra of the other two acids (features 7 in acrylic and 6 in propanoic 
acid). 

The Cls NEXAFS of the C, carboxylic acids [7] are in excellent agreement 
with the present results, indicating that the effects of intermolecular interac- 
tion are minimal in the region of the carbon atoms. In general, the energies of 
the Cls + x*(C=O) transitions are 0.34.4 eV lower in the solid than in the gas 
phase whereas the x*(C=C) and x*(C=C!) features agree within O.leV. 
Although these shifts are at the limits of reliability because of uncertainties in 
the NEXAFS calibration, they suggest modifications in the carboxyl region of 
the solid through dimerization and/or possibly deprotonation, as is evidenced 
clearly in the 01s spectra and discussed in detail below. Neither acrylic or 
propanoic acid exhibited polarization dependence in the multilayer, indicating 
random orientation and largely non-directional intermolecular interactions. 
However, the NEXAFS of the propiolic acid multilayer exhibited polarization 
consistent with our spectral assignments. An average tilt of 37” between the 
molecular and the surface planes was deduced from a detailed study of the x* 
polarization dependence [7]. 

01s spectra of C, acids 

The 01s spectra of the three carboxylic acids in the gas phase (Fig. 4) are all 
very similar to each other and to that of formic acid [5] (Fig. 5), indicating that 
the 01s spectra are only sensitive to the unoccupied electronic structure in the 
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acid monomer and dimer in the gas phase, as determined by electron diffraction [30] are also shown. 

immediate vicinity of the oxygen atoms. The Ols(C=O) + x*(C=O) 
transitions (feature 1 in each spectrum) occur at essentially the same energy in 
all three carboxylic acids. Thus it appears that this transition is not appreci- 
ably modified by the interaction between the n*(C=O) and the carbon-carbon 
unsaturated centres, even in propiolic acid where the conjugation of the 
x*(C=O) and the x*‘(CZC) orbitals produced dramatic changes in the Cls 
spectrum and a detectable shift in the Cls(C=O) + z*(C!=O) transition 
relative to that in acrylic acid. In view of the delocalization of the n*(C=O) and 
x*‘(CEC) orbitals it is somewhat surprising that an Ols(C=O) + n*‘(C=C) 
transition is not resolved. Such a charge transfer transition would be expected 
to have a term value somewhat smaller than that for the Cls + ~*‘(CEC) 
transition. These transitions may contribute to feature 2 in the 01s spectrum 
of propiolic acid (Fig. 4). This feature is believed to be predominantly 
Ols(O-H) + n*(C=O) (see the following section) but it is clearly broader and 
more intense than the corresponding feature in the other C3 acids. 

As with formic acid [5], a strong, well-isolated second feature is observed in 
each 01s spectrum which is attributed primarily to the charge transfer 
transition, Ols(OH) + x*(C=O). The intensity of this feature is rather 
surprising since Cls(CH,) + n*(C=O) transitions are absent, or at most very 
weak, in the spectra of acetone and acetaldehyde [31]. However, the existence 
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of prominent Xls + x*(C=O) transitions in the Nls spectrum of formamide 
and the Fls spectrum of formyl fluoride [5] supports our interpretation. Even 
more surprising is the apparently complete absence of this feature in the 01s 
NEXAFS of multilayers of these acids [7]. Rationalizations for this are 
discussed in the following section. With regard to the other spectral features, 
the 01s continua exhibit broad a*(C-0) and a*(C=O) resonances similar to 
those observed in the Cls spectra (Fig. 3). 01s + Rydberg transitions appear 
to be rather weak in the acids, as in the alcohols. Feature 3 at N 538eV, is 
attributed to the overlap of Ols(C=O) + Rydberg and Ols(OH) + a*(O-H) 
transitions. Thus this feature is believed to correspond in part to the first 
feature in the 01s spectra of the alcohols, although with this assignment the 
0*(0-H) term value in the acids (3.1-3.4 eV) is somewhat smaller than that in 
the alcohols (4.7-4.9 eV). 

Comparison with the 01s NEXAFS of carboxylic acid multilayers 

NEXAFS spectra of multilayer formic acid condensed on Si(ll1) [7] are 
compared to the Cls and 01s ISEEL spectra of HCOOH in Fig. 5. NEXAFS 
spectra recorded with both 20 and 90’ incidence angles are plotted. Although 
the majority of the gas phase Cls and 01s spectral features are also seen (at 
considerably lower resolution) in the multilayer NEXAFS, the second peak in 
the gas phase 01s ISEELS does not appear to have a counterpart in the 01s 
NEXAFS of the multilayer. Exactly the same change in the 01s spectrum is 
found when the gas and multilayer 01s spectra of the other three carboxylic 
acids are compared (compare Fig. 4 of this work with Fig. 5 of ref. 7). The 
01s + n*(C=O) transition occurs at 533(l) eV with a FWHM of 4.0(5) eV in the 
NEXAFS of all four acids. The n* peaks in the 01s NEXAFS of formic and 
propiolic acid are discernably asymmetric with high energy tails. In 
comparison, the two strong discrete lines in the 01s ISEELS occur at 
532.0(3) eV and 535.2(3) eV (the number in brackets giving the range of values 
observed for the four acids). 

Except for the layer adjacent to the Si(ll1) surface, the multilayer acids are 
believed to closely resemble the bulk solid. All carboxylic acids are dimerized 
in the solid state. By contrast, the acids are in predominantly monomer form 
under the low pressures (< 10e4 torr) of the sample chamber of the ISEEL 
spectrometer if the monomer/dimer equilibrium [32] is established. This is 
believed to be the case because of a long (ca. 1 m), convoluted, low pressure path 
length between the sample inlet and the collision cell in our spectrometer. 
Increasing this path length to 4m [5] caused no detectible change in the 01s 
spectrum of formic acid, supporting our conclusion that equilibrium is esta- 
blished and that the monomer predominates under our normal spectrometer 
conditions. 

The structure of the carboxyl group in the condensed phase is expected to be 
similar to that reported for the dimer of formic acid [30] (see Fig. 5). There is 
relatively little change in either the C=O or the C-OH bond lengths and thus 



we expect relatively small changes in the 1s IPs or the x*(C=O) energy 
between the monomer and the dimer. This is supported by the small shift in the 
p(C=O) IP which is 15.76 eV in the monomer and 15.3,15.7 eV in the dimer [29]. 
Based on the small geometry change, a reasonably large Ols(C=O)-Ols(OH) 
chemical shift might be expected to persist in the dimer, thus one would expect 
a second discrete peak to appear in the multilayer NEXAFS corresponding to 
that observed in the gas phase ISEELS. However, there was no obvious sign of 
it. We emphasize that this experimental observation is independent of the 
assignment of the second peak. There are several possible explanations for the 
difference between the gas and multilayer spectra. We will consider the merits 
and limitations of each in turn. 

One explanation is that a second discrete transition does exist in the 
multilayer but is not resolved from the Ols(C=O) + x*(C=O) transition due 
to a combination of lower NEXAFS resolution ( > 1.5 eV as opposed to 0.6 eV in 
ISEELS) along with energy shifts associated, in part, with some decrease in the 
separation of the C=O and OH 01s IPS on dimerization. This suggestion 
is supported both by shifts ranging from 0.7 to 1.3 eV between the first peak in 
the gas phase 01s spectrum and that in the multilayer NEXAFS, and by the 
large breadth (4.0eV FWHM) of the x*(C=O) resonance in the 01s NEXAFS 
spectra [7]. This interpretation is also supported by recent higher resolution 
measurements of the 01s NEXAFS of multilayer HCOOH on W(100)(5 x 1)C 
[33] in which a distinct shoulder was observed at 534.0 eV, 1.7 eV above the 
main n*(C=O) peak at 532.3 eV. Although the possibility of spectral modifica- 
tions due to the different substrates must be considered, these results appear 
to be consistent with those of Outka et al. [7] for carboxylic acids on Si(lll), 
taking into account the considerably lower resolution in their experiment. 
When least squares curve fits are performed on the first structure in the 01s 20’ 
NEXAFS spectrum of formic acid on Si(lll), an excellent match to two 
gaussian peaks with a separation of 1.7(1)eV is found. This separation is 
considerably smaller than that of the first two peaks in the gas phase 
carboxylic acid spectra (3.2-3.7 eV) but is identical to that observed in the 01s 
NEXAFS of formic acid multilayers on W(100) - (5 x 1)C [33]. However, we 
note that a single gaussian lineshape along with an underlying “atomic 
continuum” contribution was found to provide an equally satisfactory fit to the 
Si(100) multilayer HCOOH data [34]. 

If the two peaks were coalesced one would expect the intensity to be 
preserved. When the NEXAFS data are converted to approximate oscillator 
strengths through continuum normalization to atomic calculations [16], the 
01s --) 7c*(C=O) oscillator strength is 0.063 in the multilayer 20° NEXAFS, as 
compared to 0.057 for the sum of the two x*(C=O) peaks in the gas phase 01s 
ISEELS of formic acid. In the NEXAFS of all four carboxylic acids the x* 
resonances are most intense at glancing incidence. Because of the polarization 
dependence, 01s + x* transitions in molecules lying parallel to the surface 
should be more intense in the 20’ incidence geometry that in the case of random 
orientation in the gas phase. Thus the somewhat greater intensity in the 20° 
NEXAFS is consistent with both gas phase (monomer) transitions being 
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present but unresolved in the solid (dimer). The quantitative comparison 
suggests a somewhat reduced intensity of the second component. 

Within the context of our preferred assignment of predominantly 
Ols(OH) + x*(C=O) transitions for the second peak in the gas phase, a 
decrease in the Ols(OH) + x*(C=O) charge transfer transition intensity in 
the multilayer could explain this reduced intensity. If this charge transfer 
transition arises because of a gross distortion of the x* orbital due to relaxation 
towards the core hole, as has been suggested for the HCOX species [5], the 
presence of the Si(ll1) surface and other nearby molecules (such as the other 
RCOOH molecule of the dimer) could have a large influence on the Ols(OH) 
core hole relaxation. This could lead to a drop in the intensity of the 
Ols(OH) + n*(C=O) transition between the gas and the multilayer. Alter- 
natively, if one adopts an Ols(OH) + 0*(0-H) assignment for the second peak 
in the gas phase ISEELS, the energy shift, and presumably the reduced 
intensity, could be related to the relatively large (6%) increase in the O-H 
bond length between the monomer (0.97A) and the dimer (1.03A) [30]. 

Another possibility is that the majority of the carboxylic acids are de- 
protonated in the condensed phase. This is known to occur in monolayers on 
certain substrates [2, 24, 351 and could be an essentially quantitative process 
even in multilayers by O-H bond breaking and Si-H bond formation if the 
multilayer was not too thick. In the resulting carboxylate species the two C-O 
bonds would most likely be equivalent and thus only one 01s + x*(C=O) 
feature would be expected, as has been observed in the 01s NEXAFS of formate 
on two copper surfaces [24,35371. However, two points argue strongly against 
this explanation. Firstly, in the NEXAFS studies of formate on metal surfaces 
the 01s -+ K* transition occurs at 535 eV, more than 2 eV higher than the 01s 
NEXAFS peak of the multilayer acids. Secondly, the 01s NEXAFS of 
monolayer propiolic acid on Si(ll1) does not exhibit any strong polarization 
dependence (in contrast to the multilayer) whereas the RCOO- structure 
would be expected to be strongly, and probably symmetrically, attached to the 
surface, so that a definite orientation of the n and IJ systems relative to the 
surface would be achieved. Thus, for instance, the NEXAFS spectrum of 
monolayer formic acid on Cu(100) (where all evidence is consistent with a 
formate, HCOO- structure [24, 35371) shows only a single 01s -+ x*(C=O) 
feature (535 eV, FWHM = 4.0eV) which has a very strong polarization 
dependence. A shift in the 01s --f x*(C=O) resonance between 533 and 535 eV 
appears to be characteristic of the conversion between acid and carboxylate 
structures. 

In summary, it would appear that the difference between the 01s spectra of 
the gas and the multilayer arises from a combination of reduced resolution 
along with spectral changes related to the dimerization of the acids in the 
condensed phase. The magnitude of the spectral changes with dimerization 
could be most directly determined by obtaining the spectrum of the dimer in the 
gas phase. To date, all ISEELS studies of formic acid using a more direct inlet 
line and higher pressures (with estimated collision cell pressures of up to 
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4 x 10e3 torr and an equilibrium dimer concentration of ca. 10% [32]) have not 
produced any observable changes in the second 01s peak. 

Methyl for-mate 

The oscillator strength spectra of HCOOH, HCOOCH, and CH,OH are 
shown in Figs. 6 (Cls) and 7 (01s). Our spectra of CH,OH are in good agreement 
with earlier work [6] with regard to energies and relative intensities. The 
energies, term values and proposed assignments for the HCOOCH, spectral 
features are summarized in Table 7 and compared with those of HCOOH and 
MeOH. This comparison allows a further test of the chromophore concept and 
thus the additivity of inner-shell excitation spectral features. In order to carry 
this idea to its logical limits we have compared sums of the HCOOH and 
CH,OH spectra to the Cls and 01s spectra of methyl formate in Fig. 8. For the 
Cls comparison a simple sum was used. The weightings of 0.9 (HCOOH) and 0.2 
(CH,OH) used to simulate the 01s spectrum were chosen both to correct for the 
differing number of oxygens and to produce good agreement in the non- 
resonant continuum and at the 7c* peak. 

Overall there is excellent agreement of both peak energies and intensities 
for Cls excitation. In particular, the Cls + x*(C=O) peak in methyl formate 
has an oscillator strength (0.063) which is close to the sum of the 
Cls --, x*(C!=O) intensity in HCOOH (0.056) and the Cls -+ 3s intensity in 
CH,OH (0.012). The second peak in methyl formate corresponds to the 
Cls(CH,) + 3p/~*(C-H) transition in methanol. The third, fourth and fifth 
peaks are predominantly Cls(HC) + Ryd/a*(HCO) excitations corresponding 
to the Rydberg structure in formic acid, but there is also underlying intensity 
from the Cls + a*(C-0) transition. The broad continuum maxima 6 and 7 in 
the HCOOCH, spectrum match those for formic acid and are similarly assigned 
to the a*(C-0) and a*(C=O) resonances. 

In the case of 01s excitation there is generally good agreement between the 
spectrum of methyl formate and the weighted sum of those of formic acid and 
methanol (Fig. 8). The differences that exist are exactly those expected from the 
replacement of the O-H bonds in methanol and formic acid by a C-O bond. 
In particular, we expect that features arising from 01s -+ 0*(0-H) in formic 
acid and methanol will disappear while additional 01s + a*(C-0) intensity 
will be introduced. In addition, some displacement of transitions will occur due 
to chemical shifts of the 01s orbital energies, although the term values are 
expected to correspond. The absolute energy of the Ols(C=O) -+ n*(C=O) 
peak matches that of formic acid since the Ols(C=O) IP is not greatly shifted. 
The second peak in the methyl formate spectrum matches that for formic acid 
(attributed to overlapping Ols(OH) + x*(C=O) and Ols(C=O) + 3s/o*(HCO) 
transitions [5]) although it is much weaker. The Ols(OH) + x*(C=O) charge 
transfer transition may be reduced in intensity because the Ols(OCH,) core 
hole can be shielded more efficiently by the greater electron density of the CH, 
group in methyl formate than by the single hydrogen in formic acid and thus 



Fig. 6. Oscilbtor strengths for CXs excitation of formic acid, methyl formate and methanol, derived 
fram ISEELS. See caption to Fig. I for further detaib. 

there is less distortion of the n*(C==O) orbital towards the O*C!H, core hole. 
Alternatively, the decreased intensity of feature 2 in the methyl formate 
qectrum as compared to its counterpart for formic acid could indicate that this 
feature contains significant contributions from Ols(OW) + a*{O-_H) 

transitions. As noted earlier, the term value of the second feature relative to 
the Ols(OK) TP (5.4-5.9 eV for the acids) is as c\ose to the 01s -+ a*@-H) term 
values for the alcohols [4&%.9eV) ae. those of the third feature in the acid 
spectra (3.1-3.3 F??}, which we have assigned to a*(&--H) in Tables 4&K Feature 
3 at 537.6eV for farmic acid is also absent in the methyl furmate spectrum, 
which is cor+zsistent with i& assignment to G*(O--H) for the acids. If the 
alternate 01s -+ CT*@--H) assignment is adopted for feature 2 for the acids, 
then its apparent absence in the multilayer NEXAFS would indicate extensive 
deprutonation. Outka et a\. \?I do not believe that this deprotonation has 
occurred and the absence of any shift of the ?t*{C=-O) resonance to higher 
energy as expected in the postulated carboxylate gives support to this. 
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Fig. 7. Oscillator strengths for 01s excitation of formic acid, methyl formate and methanol, derived 
from ISEELS. See caption to Fig. 1 for further details. 

Although it appears to be considerably sharper, peak 3 in the 01s spectrum of 
methyl formate is a good match in energy (but not term value) to the 
01s -+ o*(C-0) resonance in methanol and is thus similarly assigned. The 
decreased width of the 01s -P a*(C-0) transition is consistent with its greater 
term value (which correlates ]4] with a longer O-C bond in methyl formate 
(Rc-e = 1.437A) than in methanol (Rc-e = 1.425A) (301). To some extent the 
apparent sharpness is also due to the onset of the Ols(OCH,) continuum and 
the higher energy features 4, 5 and 6, which are attributed to unresolved 
Ols(OCH,) + Rydberg, Ols(C=O) + a*(C-0) and Ols(C=O) --t r~*(C=0) 
transitions, respectively. The poor agreement in the region of feature 3 between 
the 01s spectrum of methyl formate and our simulation based on 
(O.SHCOOH -t 0.2CH,OH) can be improved by increasing the CH,OH 
component in the simulation. Overall the methyl formate spectra can be inter- 
preted very satisfactorily as the sum of localized inner-shell excitations to 
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Fig. 8. Comparison of the Cls and 01s oscillator strength spectra of methyl formate with the 
indicated weighted sums of the corresponding spectra of formic acid and methanol. The energy 
scales were not shifted prior to addition. 

unoccupied orbitals characteristic of the molecular chromophores. A similar 
approach has been used previously to interpret the spectrum of CH,CI-I,Cl in 
terms of the sum of the spectra of ethane and methyl chloride 1381. 

Trends in z* term values and oscillator strengths 

2.9 -+ n*(C=O) excitation 
The term values and oscillator strengths of 1s --+ n*(C=O) transitions in a 

variety of molecules are presented in Table 8. In general, excitations to 
n*(G=O) from the carbonyl Cls and 01s have very similar term values. The 
greatest difference (1.1 eV) is found in propiolic acid, presumably because the 
conjugation between a*(CZC) and n*(C=O) is greater with a Cls than an 01s 
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TABLE 8 

Term values and oscillator strengths of 1s + n*(C=O) transitions of organic acids and esters 

Molecule Term values (eV) 

Cls Ols(C=O) Ols(OH) 

Oscillator strength (f x lo-‘) 

Cls Ols(C=O) Ols(OH) 

HCOOCH, 6.8 6.4 4.8 6.3 2.7 (1.5)b 
HCOOH 7.6 6.9 5.4 5.6 2.9 2.8 
CH,CH,COOH 7.0 7.1 5.6 10.0 2.3 2.6 
CH,=CHCOOH 7.3 7.7 5.9 7.7 2.1 3.0 
HC-CCOOH 6.6 7.7 5.8 8.2 2.3 3.6 

“The Ols(O-H) designation also refers to Ols(OCH,) in methyl formate. 
bPart of the intensity of this transition is believed to arise from Ols(C=O) + Ryd and/or 
Ols(O-H) + u*(O-H) excitations. 

hole. The term values for the features assigned to Ols(OH) + n*(C=O) 
excitation are 152.0eV smaller than Ols(C=O) + n*(C=O) or 
Cls(C=O) + n*(C=O) excitations. This decrease in the term value can be 
considered as an energy penalty associated with the unfavorable charge 
transfer [22] from the Ols(O-H) absorption site to the x*(C=O) which is 
localized on the carbonyl. The magnitude of this shift indicates that the 
n*(C=O) orbital delocalizes only slightly onto the hydroxyl oxygen. In 
addition, the greater intensity of the Ols(C=O) + x*(C=O) compared with 
the Ols(O-H) + x*(C=O) transition is consistent with the x*(C=O) orbital 
being concentrated on the carbonyl group. The Cls + n*(C=O) intensity is 
consistently 2-4 times greater than the 01s + R* intensity, indicating that the 
n*(C=O) orbital has greater density on the carbon than the oxygen atom. The 
same result was found in our earlier study of formamide, formic acid and formyl 
fluoride [5]. 

TABLE 9 

Term values and oscillator strengths of Cls + n*(C=C) and Cls + n*(C=C) transitions 

Alkynes n*(C=C) Alkenes R*(C=C) 

Molecule T (f x 10-z) Molecule T (f x 10-Z) 

HC=CH” 5.2 14.3 CH,=CH,’ 6.3 6.8 
CH, C=CHb 5.1 14.4 CH,CH=CHCH,’ 5.8 7.5d 
CH, C=CCH,” 5.1 14.4 CH,=CHCH,CH,” 5.7 7.5 
HC!=CCH,OH 5.4 12.2 CH,=CHCH,OH 6.2 6.6 
HC=CCOOH (n*) 5.1, 6.1 7.8 CH,=CHCOOH 6.7, 7.2 5.5 

(x*‘) 6.1, 6.6 3.6 

“From ref. 13. bUnpublished spectrum [21]. ‘From ref. 11. d Average of cis (7.0) and tram (8.1) x*,,, 
strengths (analysis of data reported in ref. 15). ‘From ref. 22. 
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1s + 7r*(ChC) excitations 
The term values and oscillator strengths of 1s --f x*(C=C) and 

1s + x*(C=C) transitions in a variety of molecules are presented in Table 9. 
In the absence of x-conjugation, the term values of both transitions are 
remarkably constant, with values of 5.2(2) eV for x*(C=C) and 5.9(3) eV for 
x*(C=C). As discussed previously the splitting of the x*(CsC) peak in 
propiolic acid arises from conjugation with the n*(C=O) orbital. It is clear 
from the term values that the lower energy peak corresponds to x*‘(C-C), the 
component conjugated with n*(C=O). The term value of the Cls + x*(C=C) 
transition in CH,=CHCOOH appears to be about 0.5eV higher than the 
corresponding Cls + x*(c=c) term values in CH,=CH, and 
CH,=CHCH,OH. Note that we attach an uncertainty of 0.3-0.5eV to our 
estimated IPs and thus this difference may fall within the margin of error. If 
this is not the case, the increased term value of the Cls + x*(C=C) transition 
could result from partial conjugation between the n*(C=C) and x*(C=O) 
levels in acrylic acid. Such interactions would be expected to occur in a planar 
conformation. The decreased shift for acrylic acid, as compared to the shift in 

the n*‘(C=C) term value of propiolic acid relative to propargyl alcohol, would 
then be consistent with the contributions of the non-planar conformations of 
acrylic acid, which do not exist in the rigidly planar propiolic acid. 

The oscillator strengths of the Cls + n” transitions are also very constant, 
having values of 0.06-0.08 in the alkenes and 0.12-0.14 in the alkynes. Again 
this constancy is disturbed by x-conjugation. Neither of the Cls + A*(CEC) 
transitions in propiolic acid is as intense as the Cls(CH,) + x*(C-C) 
transition in propargyl alcohol and even the sum of the two is somewhat less 
(see Table 9). The decreased Cls + x* intensity is consistent with the partial 
n*(C=O) character of the n*‘(CrC) orbital since the Cls + x*(C=O) 
transition is always weaker than the Cls + x*(C=O) transition. The low 
intensity of the Cls + x*‘(C!-C) compared with the Cls + x*(C=C) transition 
is consistent with this shared character. Also, it indicates that the electron 
distribution in the n*‘(C=C) orbital is reduced at the (CH) and (-C!=C) 
carbons relative to that in x*(C_C) and is displaced overall towards the 
carbonyl group. 

SUMMARY 

The oscillator strength spectra of methanol, three C,-carboxylic acids, three 
C, alcohols and methyl formate in the regions of Cls and 01s excitation have 
been derived from electron energy loss spectra recorded under dipole 
conditions. These spectra have been analyzed in comparison with the NEXAFS 
of their multilayer counterparts. The remarkable similarity of the gas and 
condensed phase spectra indicates that the geometric and electronic structure 
of these molecules is relatively undistorted in the multilayer, an assumption 
underlying the NEXAFS interpretation [7]. A dramatic exception to this 
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generalization is found in 01s excitation of the carboxylic acids where in each 
of the 4 cases studied to date there is a reduction in the number of sharp, low 
energy resonances from 2 to 1, which we have attributed to 01s -+ A*(C=O) 
transitions. A measurement of the 01s spectrum of a gas phase carboxylic acid 
dimer would determine whether this difference is connected solely with the 
expected dimerization in the condensed phase or whether an additional 
mechanism is operative. The 01s and particularly the Cls spectra of methyl 
formate are found to be in excellent agreement with the sum of the spectra of 
formic acid and methanol, further supporting the interpretation of inner-shell 
excitation spectra in terms of localized excitations to unoccupied x* and (T* 
orbitals characteristic of the chromophores present in the molecule. 
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