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The transferability of the valence ionization intensities of chemical functional groups is investigated with
three common laboratory ionization sources (e 16.7 eV; He &, 21.2 eV; and He t, 40.8 eV) for a

series of molecules. Each molecule contains two different functional groups that are well separated electronically
and spatially by an alkane chain linker. The optimum length of the alkane chain between the functional
groups is investigated. In this initial study, the functional groups are RCI, RBr, RSH, and RFc, where R is
an alkane chain and Fc is ferrocene with an alkane chain bonded to one cyclopentadienyl ring. An additional
feature of this study is that each functional group contains a molecular orbital with nearly pure atomic character,
allowing comparison to theoretical atomic ionization cross-section ratios. In general, the observed photoelectron
intensity changes are more gradual than those predicted by either theoretical atomic photoionization cross
sections or by a complete Gelius analysis based on molecular orbital compositions obtained from electronic
structure calculations. Experimentally, there is a high degree of transferability of the relative ionization intensities
of the chemical functional groups between the molecules of this set. These results indicate that an empirical
library of the relative ionization cross sections of chemical functional groups as a function of photon energy
will be a useful aid to the study of more complex molecules and will provide an experimental foundation for
further theoretical studies of molecular photoelectron cross sections.

Introduction to be an important area of activit§:2° Similar to the
experimental studies, the computed partial cross sections of

Photoionization is one of the most basic processes resulting T
molecular ionizations are often compared to the sums of cross

from the interaction of electromagnetic radiation with atoms sections of the constituent atomic ionizatidA&In many cases

and molecule$.The probabilities of photoionization in terms the atomic model gives reasonable account of the general trends

of photoionization cross sections are of fundamental |mportancein cross-section behavior, but the differences also point to

to understanding many processes related to atomic and molecular : .
4 o . important aspects of molecular behavior beyond the atomic
spectroscopy# and also are utilized in numerous other areas

of science and technology including atmospheric and space model. We and others have found significant _devi{itions from
scienced, radiation biophysic§,and biomedical radiolysi. expected trends, particularly for molecules with highly delo-

) X . ) S calized orbital$%3! molecules that have ionizations with dif-
Our particular interest in understanding photoionization cross

sections arises from their value in revealing electronic structure ferent vibrational or vibronic contributions to the intensity?
L ) 9 and molecules with channels of excitations that compete with
and bonding information from the photoelectron spectra of

. . . direct ionization (i.e., autoionization, photodissociation, charge-
inorganic and organometallic molecufés!4 Some of the most ( P 9

useful information for assigning and interpreting ionizations of transfer satelites, etc’} These problems often manifest
gning erp 9 .~ themselves in studies of valence ionizations with low photon
molecules has come from the comparison of spectra obtained

with different photon energies, because the photoionization crossenergies close to threshcitlin ardition to possible molecular
R P gies, photoloniz effects and questions of the assumptions used in the calculations
section is dependent upon the energy of the ionizing photon

and the character of the molecular orbital. This information has of theoretical values for molecules, factors associated with

been used since the earliest davs of molecular hotoelectroninstrumental design are also important to the observed valence
spectroscopy 6 and variable e)rger hoton stIlOJdies have ionization intensity due to the additional dependence of intensity
bzcome incee:asin lv common since t%ye gdvent of hiah-intensit on the angle between the ionization source vector and the path
tunable s nchrotr?)r){ radiation sourdés’ The eneragl’ trends Vo the analyzed electrons, as defined by the asymmetry
y rees. 'he g . parameter, which is also dependent on vibrational and other
that have been observed for photoionization behavior often lead 536
. X L C molecular effects>
to a clear and convenient differentiation between ionizations : . . .
. L Our purpose in this work is to examine molecular valence
from metal-based and ligand-based orbitals in the photoelectron. >~ " % - . . .
. - . ionization intensity in terms of chemical functional groups in
spectra of inorganic and organometallic molecules.

The computation of theoretical photoionization cross sections molecules rather than atoms in molecules. The first question
P P concerns the extent to which the atomic and molecular factors

also has advanced considerably in recent years and continue . . s -
y y That determine the partial photoionization cross section of a
 Part of the special issue “Jack Beauchamp Festschrift". functional group ionization transfer from molecule to molecule.
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ionizations than present approaches based on atomic crosss the sulfur lone-pair ionizations in the He Il spectra can result
sections, and can deviations from transferability reveal featuresin uncertainties for peak areas in the-1ZD% range depending

of molecular electronic structure and behavior? For this initial on the overlap with other ionizations, the availability of good
study, we have chosen a relatively simple series of molecules half-widths from other spectra, and the certainty of the baseline.
and commonly used laboratory ultraviolet ionization sources  Calculations. Density functional molecular orbital calcula-
to test the ability to transfer relative ionization cross sections tions were performed using the Amsterdam density functional
of functional groups from molecule to molecule. The functional (ADF) program, version 2000.0%;47 to assess the atomic
groups that have been selected for this study have valencecharacter in the functional groups of interest. The local density
ionizations from highly localized orbitals and therefore can also approximation to the exchange potential and gradient corrections
test the value of the sum of calculated relative cross sections ofto exchange (Beck& and correlation (LYPP were imple-

the constituent atoms for prediction of relative cross sections mented in all cases with a frozen-core trigidasis set on all

for ionization of molecules. The measure of relative ionization atoms except hydrogen where a doubldsasis set was
cross sections of functional groups in molecules can provide a employed. Density functional calculations were also performed
foundation for more advanced theoretical calculations of using the B3LYP hybrid functional and the LANL2DZ basis
molecular cross section behavior and can also provide anset in Gaussian 98for comparison. The orbital compositions
empirical basis for future interpretations of the ionization from Gaussian 98 are very similar to those obtained with ADF,

intensity behavior of other molecules. and only the ADF results are presented here. For longer alkane
chains (i = 4), the lowest-energy conformers were determined
Experimental Section from a systematic search and molecular mechanics comparison

. . of conformers performed with Sparfdrusing the AM1 force
Sample Preparation.1-Chloropropane, 1-propanethiol, and  fie|q for simple organic molecules and the MMFF94X force
3-chloro-1-propanethiol were used as obtained from Aldrich. fie|g for ferrocene derivatives. Selected conformers were
The bromochloroalkanes were purchased from Fluka and Usedsubsequently geometry-optimized in ADF. In all cases, the

without modification. 6-Ferrocenylhexanethiol and 6-bromo- |o\est-energy conformer adopted an all trans conformation, thus
hexylferrocene were prepared according to published proce-yeeping the functional groups well-separated in space.
dure$’” modified to obtain appropriate alkane chain lengths.

Photoelectron SpectraAll of the samples with the exception  Preliminary Considerations

of the ferrocene derivatives are liquids and were introduced to .
Measurements of absolute cross sections by gas-phase photo-

the spectrometer from a sealed glass tube with a sidearm
attached to an internal stainless steel tube via a variable IeakeIeCtron spectroscopy are dependent on photon flux, sample flux,

valve. No heating was necessary for vaporization of these liquid and instrument geometries and largely have been carried out

. . i e’g—54
samples. Spectra for the ferrocene derivatives were measure um}:‘ flodr Itnirat\ ga;s$sa zasrildn;malL(;nicr)]Letr:uf tiﬁ r|r_1|olwel\1/|earr’ianiza
from an aluminum sample cell at 9400 °C. The instrument Selul database for assigning a erpreting molec 0

and sample cell designs have been described in detail previ-F'onS only requires the relative intensities of functional group

ously3839 |t is important to note that the angle between the lonizations for a given instrument design. With the goal of
incident photon flux and the outgoing electron path in our obtaining relative |on|zat|on mtensmes for functional groups,
experimental design is centered at’ 9Uhe ionization source we set about collecting u!tr_awolet photo_electron spectra for a
photons used in this work are generated from the éLB.7 series of mole_cules containing two functlon_al groups separated
eV), He o (21.2 eV), and He Ik (40.8 eV) resonance lines. py a I|.nker unit as de.plc_ted. below. T_he ratio of thellntegrated
Spectra are corrected for ionizations due to Beahd He I Intensity .Of avalencg lonization assouated.wr['h fqnctlonal group
excitations, for the spinorbit splitting of the Ne & line, and A to the integrated intensity of a valence ionization associated

also for the instrumental sensitivity as a function of electron with functional group B in a molecule k is designatddh)/

kinetic energy. |(B)]k.
Relative lonization Intensities. The ionization bands are
represented analytically with asymmetric Gaussian peaks defined

by peak position, high and low half-widths, amplitude, and a

linear baselind®#1 The peak areas, used for relative cross section  The design and analysis of this model system is critical for
analyses, are determined using Simpson'’s rule for integration obtaining useful ionization intensity ratios. In this study, we
of parabolic peak$? In the case of overlapping peaks, the use an alkane chain as a linking unit to connect the functional
overlapping half-widths in a given spectrum might not be groups to one another. The advantage of this system is that
independently determined, and in these cases, the peak halfthrough judicious choice of functional group electronegativities
widths are constrained to values obtained from related spectraand the number of CHgroups in the alkane chain the degree
that do not have the overlap problem to maintain consistent of orbital mixing between functional groups is easily controlled.
comparisons of peak areas between the spectra. Once peak ared®nger length chains allow for greater separation of the
are obtained, they are normalized to the number of electrons infunctional groups, but as will be shown, it is helpful to keep
the ionized orbital to provide one-to-one electron cross-section the length of the chain relatively short & 6) to prevent two
ratios that can be compared directly to the calculated atomic important drawbacks: interference of the alkane chain ionization
cross-section ratios in the tables, which are similarly normalized peaks with the ionization peaks of interest and formation of
in this work to the number of electrons in the shells. The error conformers that can lower the symmetry and increase the
in the area for well-separated ionization peaks, as is the casepossibility of orbital mixing between functional groups. The

for 3-chloro-1-propanethiol, is typically less than 28Peak interaction between the alkane chain and the functional groups
areas for highly overlapping peaks with reasonable intensity suchis assessed in the course of this study.
as the sulfur lone-pair ionization in the Ne | and He | The measured relative ionization intensities reflect the relative

photoelectron spectra of 6-ferrocenylhexanethiol possess anpartial photoionization cross sections for the valence ionizations
uncertainty in the 510% range. Low-intensity ionizations such  at the angle of electron collection. To aid with comparison to
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TABLE 1: Theoretical Relative Atomic Partial lonization TABLE 2: Theoretical One-Electron Atomic Partial
Cross Section3 lonization Cross-Section Ratiod
atomic Ne | Hel He Il Ne | He | He ll
orbital (16.7 eV) (21.2eV) (40.8 eV) (16.7 eV) (21.2eV) (40.8 eV)
H1s 1.929 1 0.154 Brsp/Clap 0.816 1.122 1.500
C2p 2.197 1.624 0.499 Clay/Ssp 2.081 2.540 0.850
S3p 2.422 0.58 0.08 Ssp/Fesq 7.655 1.355 0.103
Cl3p 5.041 1.473 0.068 Briy/Fesq 12.978 3.862 0.132
E;%% %%%16 %)352% %17%1 a Ratios determined using the theoretical one-electron atomic cross-

sections in Table 1.
aValues calculated from Yeh's theoretical atomic subshell cross-
section value8 normalized to the H 1s cross section with He | excitation ionizations decrease slightly, and cross sections for iron 3d
and normalized by the number of electrons in the atomic subshell. The grpital ionizations increase modestly. These trends compare in
theoretical absolute cross section for H 1s ionization is 1.884 Mb. at least a general way with the relative intensity trends often

calculated ratios of atomic ionization cross sections, we have observed for ionizations of inorganic and organometallic
chosen as our Starting point functional groups with one or more molecules. As a result of these traitS, the cross sections for
molecular orbitals with a h|gh degree of localization in a Sing|e ionizations from molecular orbitals that are predominantly I|gand
atomic orbital. Later studies may involve extension to functional in character typically decrease with increasing source energy
groups containing several atoms (olefins, carbonyls, amides, relative to those from primarily metal-based orbitals.

etc.). The functional groups that we have chosen for this study ~The series of molecules studied here provides a circular
are RBr, RCl, RSH, and RFc where R is an alkane chain and internal check of the transferability of functional group ioniza-
Fc is ferrocene with the alkane chain substituted for a hydrogention intensities between molecules in that the product of three
on one cyclopentadienyl ring. The valence ionizations of interest intensity ratios will provide a test of the fourth intensity ratio,
are the “lone-pair” ionizations of the main group atoms, labeled @s depicted below in eq 1, where the individual ratios are
Brip, Clp, and $,, and the Fe 3d-baséd 4 and?Eyqionizations

of Ferro?:ene, I?beled collectively Ecploniiation in%ensity ratios I(Brlp) I(Cllp) I(Sp) ~ l(Brlp)
are determined from relative photoelectron peak areas in the 1(Clyp) 1(Sp) [(Fey)l.  |1(Fcsy)
photoelectron spectra of molecules with pairs of these atoms/

groups connected by alkane chains. We report experimentallymeasured for molecules a, b, ¢, and d. This internal consistency
determined intensity ratios for bromine relative to chlorine lone- is illustrated if the relative ionization intensities in eq 1 are
pair ionizations (Bp/Cliy), chlorine relative to sulfur lone-pair  replaced by the purely atomic photoionization cross sections
ionizations (C}/Sy), sulfur lone-pair relative to metallocene iron ~ as in eq 2. The atomic cross-section ratios from eq 2 calculated
3d ionizations ($/Fcsg), and bromine lone-pair relative to

metallocene iron 3d ionizations (BFcs). o(Bry) 0o(Cly)  o(S;)  a(Bryy) 5

. There are severalltabulations of cal'culated theoretical photo- o(Cly) X a(Ssp) X o(Fey) - o(Feyy) )
ionization cross sections of atoms available for compaf&o.

Yeh and LindaBP> have calculated theoretical one-electron ysing Yeh's theoretical atomic cross-section values are given
cross sections for nearly all atomic subshells using the Hattree in Table 2. Of course, in this case, the equation is an exact

Fock-Slater dipole approximation and specifically listed values equality. The product of three of the ratios is exactly the fourth
for the common laboratory photon sources. These values arefor the isolated atomic values. A similar table using eq 1 will
often used for interpretations of valence molecular photoion- pe constructed using the experimentally measured relative
ization intensitie$? 3 Yeh's values agree well with the more  molecular ionization intensities presented in the next section.
recent results of Verner et & for the sulfur, chlorine, and iron Each ratio in eq 1 is measured for a different molecule, and the
valence ionizations, but the latter work does not extend to the extent that the relationship in eq 1 is true is an indication of the

bromine atom. The agreement of these calculated values withextent that the cross-section ratios are transferable between
measurements of absolute photoionization cross sections is verynolecules.
good for light atoms in absence of other effects and less good When comparing the experimental molecular ionization
for the heavier elements, although general trends are preservedntensities reported in this study to theoretical ionization cross
For molecules, the simple model of Gefiti& is often sections, it is important to note that in our instrument the angle
employed, especially for transition metal systeéfs:6tIn this between the ionizing photon source and the photoelectron
model, the cross-section behavior of molecular ionizations is propagation vector is centered a9The complete differential
assumed to be dependent only on the sum of the atomicphotoionization cross sectiondgl/dQ) for a randomly oriented
ionization cross sections weighted according to the atomic orbital sample in an unpolarized field at this geometry of @0given
contributions to the molecular orbitals. This model is most by eq 35 where 3, known as the asymmetry parameter,
applicable for ionization by high-energy (X-ray) photons and
is less appropriate for near-threshold ultraviolet photons typically do, oy 1
used to evaluate valence ionizations of molecules, for which a0 = 4_[1 + Zﬁ(hv)
T
the understanding of orbital character is most important. The
appropriateness of this model will be examined for the well- determines the angular distribution displayed by ionized photo-
defined molecular systems reported here. electrons. The asymmetry parameter for ionization is dependent
The atomic cross sections calculated by ¥éh for the on the nature of the orbital, as well as the energy of the ionizing
elements relevant to this present work are listed in Table 1. photon, and therefore does not cancel out in the cross-section
Generally, as the ionization source energy is increased aboveratio. Yeh and Lindau have calculated asymmetry parameters
the threshold energy, the cross sections for halogen orbital for atomic orbital ionizations over a wide range of photon
ionizations decrease dramatically, cross sections for C 2p orbitalenergies, and those relevant to the present study are listed in

X
a

1)

X
b d

®3)
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TABLE 3: Theoretical Atomic Asymmetry Parameters ()2

atomic Ne | He l He ll

orbital (16.7 eV) (21.2eV) (40.8 eV)

H1s 2 2 2

C2p 1.162 1.309 1.505

S3p 1.696 1.85 0.123

Cl 3p 1.39 1.774 —0.194

Br4p 1.521 1.783 1.377

Fe 3d 0.211 —0.16 0.181 %f -
O O
@ i 0

@ ¥

aValues from Yeh's theoretical atomic subshell cross-section
calculations®

Table 3. The extent to which these asymmetry parameters for
atomic orbital ionizations might transfer to asymmetry param-
eters for molecular ionizations is not clear. The asymmetry
parameter is also subject to molecular effects related to
vibrational states, vibronic coupling, and other effects mentioned
previously. The question again arises as to the extent that these
molecular effects influence the transferability of relative func-
tional group ionization intensities from molecule to molecule.
For comparison to atomic models, theoretical atomic asymmetry
parameters will be used to qualitatively assess the potential
dependence of the cross-section ratios on variations in the
asymmetry parameter, but more exact treatment of this effect
requires a more detailed study.

16 15 14 13 12 11 10 9 8
Photoelectron Spectra lonization Energy (eV)

The variable photon energy (Ne| 16.7 eV; He &, 21.2
eV; and He Ii, 40.8 eV) photoelectron spectra for the four
molecules used to determine experimental ratios for eq 1 arec-bond framework in 1-propanethiol have been stabilized, and
presented in this section. General experimental observations arén particular, the ionization of 1-propanethiol at 11.3 eV has
summarized here, and more detailed comparisons between thdeen stabilized to 11.7 eV and therefore does not obscure the
experimental molecular and theoretical atomic cross-section chlorine lone-pair ionization in the 3-chloro-1-propanethiol
ratios are addressed in the Discussion. The He | photoelectronspectrum. The Cl and S 3p lone-pair ionizations are well-
spectra for 1-chloropropane, 1-propanethiol, and 3-chloro-1- separated and baseline-resolved from each other ensuring a high
propanethiol presented in Figure 1 illustrate the approach usedcertainty in the measurement of their relative peak areas and
in this study. The photoelectron spectrum of 1-chloropropane determination of their relative partial photoionization cross
is dominated by the sharp chlorine lone-pair ionizations sections.

(predominantly the two Cl 3p orbitals that amewith respect Chain-Length DependenceA series of bromochloroalkanes,

to the C-CI bond) at 10.86 eV followed by ionizations of Br(CH,),Cl, with different alkane chain lengths = 1, 3, 4,
electrons from the GtC, C—C, and C-H o bonds at higher ~ and 6 was examined to assess the effect of changing the length
ionization energy. The sharp peak at 9.19 eV in the photoelec- of the alkane chain separating the two functional groups. The
tron spectrum of 1-propanethiol is attributed to ionizations from He | photoelectron spectra for this series are presented in Figure
the sulfur lone pair (predominantly the S 3p orbital perpendicular 2. In each of these spectra, the single intense peak-ata1l

to the C-S—H plane), and the broad ionization envelope eV is assigned to the chlorine lone-pair ionizations. The doublet
between 10.5 and 15 eV is due to electrons ionized from the at 10-11 eV is the spir-orbit split bromine lone-pair ioniza-
o-bond framework. The lowest-energy feature in the region of tions. The spir-orbit splitting of the bromine lone-pair ioniza-
o-bond ionizations for 1-propanethiol is the—§ o-bond tions remains constant (0.28.30 eV) throughout the series.
(predominantly S 3p in character) ionization located at 11.3 eV. This observation and the observation that the chlorine lone-
The second sulfur lone-pair orbital that is predominantly S 3s pair ionizations remain degenerate within the resolution of the
in character is at much lower energy than the predominantly S experiment indicate that the mixing between the chlorine and
3p lone pair and is obscured by the ionizations fromdH®snd bromine lone pairs is not substantial. As £dtoups are added,
frameworks6 intensity emerges in the 185 eV range because of the

The prominent features in the photoelectron spectra of additional C-C and C-H ¢-bond ionizations. It can be seen
1-chloropropane and 1-propanethiol are also present in thefrom the spectrum of the = 6 case that the €C and C-H
spectrum of 3-chloro-1-propanethiol, which is essentially the o-ionization profile is beginning to overlap with the ionization
sum of the two previous spectra. The chlorine lone-pair and peaks of interest.
the sulfur lone-pair ionization peaks retain their sharp profiles,  Brp/Clj,. The variable photon energy photoelectron spectra
and both are only slightly stabilized in energy indicating little for the key ionizations of 1-bromo-4-chlorobutane are shown
interaction between functional groups. The chlorine lone-pair in Figure 3. These spectra are fit with Gaussian peaks to
ionization energy has been stabilized by 0.16 eV, and the sulfurdetermine the peak areas analytically. In this and each of the
lone pair from the thiol group has been stabilized by 0.21 eV. following spectral figures, the actual data points are shown as
The sulfur lone-pair ionization is stabilized to a greater degree vertical lines (the length of each data point line represents the
than the chlorine lone-pair ionization because of the higher experimental varianc)and the sum of the Gaussians used to
electronegativity of chlorine. Additionally, ionizations from the represent the data is shown as a solid line to indicate the

Figure 1. Valence He | photoelectron spectra of 1-chloropropane,
1-propanethiol, and 3-chloro-1-propanethiol.
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Figure 2. Valence He | photoelectron spectra of bromochloroalkanes,
Br(CHy).Cl, wheren = 1, 3, 4, and 6.
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Figure 3. Photoelectron spectra of 1-bromo-4-chlorobutane collected
with Ne |, He I, and He Il ionization sources.
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Figure 4. Photoelectron spectra of 3-chloro-1-propanethiol collected
with Ne |, He I, and He Il ionization sources.

under each ionization band. The data for this and subsequent
spectral figures are reproduced in the Supporting Information
with the individual Gaussians shown, as well as additional
analytical information reported in tabular form.

The theoretical atomic cross sections in Table 1 predict a
steady increase in bromine 4p ionization intensity relative to
chlorine 3p intensity as photon energy is increased. It is visually
apparent from comparison of the He | and He Il spectra in Figure
3 that there is an increase in the bromine lone-pair ionization
intensity relative to the chlorine lone-pair ionization intensity.
The chlorine and bromine lone-pair intensities show little relative
change, however, between the Ne | and He | spectra.

Clip/Sp. Figure 4 shows the photoelectron spectra of 3-chloro-
1-propanethiol with different photon sources. As the photon
energy is increased from Ne | to He I, the chlorine lone-pair
ionizations demonstrate a significant increase in intensity with
respect to the sulfur lone-pair ionization analogous to the trend
predicted by the theoretical photoionization cross-section values
for chlorine 3p and sulfur 3p atomic orbitals. On the other hand,
the relative chlorine and sulfur lone-pair ionization peak
intensities show little change between the He | and He Il spectra
despite the significant decrease in chlorine atomic photoion-
ization cross section relative to sulfur predicted from the atomic
values in Table 1.

Brip/Fcsq. Figure 5 shows the photoelectron spectra of
6-bromohexylferrocene with different photon sources. Apart
from the two sharp ionizations at 10.05 and 10.36 eV, which
correspond to the spirorbit split bromine lone-pair ionizations,
the spectra are similar to the photoelectron spectra of unsub-
stituted ferrocen&*67-%° The bromine spir-orbit splitting value

agreement between the data points and the analytical representasf 0.31 eV observed for this molecule is comparable to that of
tion. The individual Gaussians used to obtain the fits are not the bromochloroalkane series. The ionization envelope from 6.5
meant to imply any chemical significance, such as the numberto 7.5 eV consists of ionizations from the metallocene iron 3d-

or energy of individual positive ion states or the frequency of

based orbitals. The broad ionization peak at 6.74 eV originates

vibrational progressions, but are merely optimized to obtain the from a doubly degenerate molecular orbital that is predominantly
most accurate and consistent analytical representation of the are&on d,y, th2—y in character. The sharper ionization at 7.12 eV
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Figure 5. Photoelectron spectra of 6-bromohexylferrocene collected

with Ne I, He I, and He Il ionization sources. Figure 6. Photoelectron spectra of 6-ferrocenylhexanethiol collected
with Ne I, He I, and He Il ionization sources.

originates from a molecular orbital that is almost entirely iron

dzin characte®* To use notations for thBsq point group, these

two ionizations correspond to removal of electrons from the

TABLE 4: Experimental Molecular lonization Intensity
Ratios of Functional Groups

&g and ag symmetry orbitals. The area from 8 to 10 eV Ne | He | He ll
represents electrons ionized from Epased molecular orbitals. (16.7ev)  (21.2eV)  (40.8eV)
Each section of the spectrum was fit with a separate linear Bnp/Cly 0.89 0.85 1.66
baseline to account for the increased scattering at higher kinetic Clip/Sp 1.07 1.75 1.59
energies. Similar to the predicted trends for iron 3d and bromine g;’fggd ‘3"32 gig g-éé
4p atomic orbitals, the metal-based ionizations demonstrate a prgdicted Bp/FCa 415 320 055

striking increase in intensity relative to the bromine lone-pair

ionizations as the photon energy is increased from He | to He _ _

Il. Little change is observed from Ne | to He | excitation. @ Ratios obtained from gas-phase photoelectron spectra of ByCIH
Sy/Fcs Figure 6 shows the photoclecton specta of 6-erro- SCH:SHL FECHISE, wgRelCHher nornaed by he umber

Cenylhexap e.thIOI with different photon sources. The spectrum molecular orbital characters associated with the ionizations. The halogen

has very similar f_eatures to the spectrum of 6-br0m0hexy!ferr0- lone-pair ratios combine the in-plane and out-of-plane lone-pair

cene (Figure 5) in the region below 7.5 eV, corresponding to ionizations. The Fg label combines the ferrocene-bagéd, and2Es,

the ferrocene-basedgand a4 ionizations. The Cpr-based ionizations.

ionization envelope from 8 to 9.5 eV and the sulfur lone-pair - p\qjecyjar jonization intensity ratios with theoretical atomic

ionization at 9.21 eV overlap extensively. The high degree of ¢ section ratios. As mentioned previously, the circular series
overlap between these ionizations requires special care ing¢ fnctional groups chosen provides an estimate of the internal
obta!nmg an analytllcal fit of this region for comparison Of the consistency and transferability of the functional group ionization
relative cross sections. The Cpionization profile for this —inenties. Specifically, the product of the first three ratiogy/Br
molecule was fit using the ionization profile shape from the Clip, Clp/Sp, and S/Fcsq should closely predict the ratio

Cp zr-ionization peaks in the 6-bromohexylferrocene spectra. meagyred for Bg/Fese The difference between the predicted

Any extra intensity in this range is attributed to the sulfur lone- Bry/Fcsq ratio and the actual value is a measure of the
pair ionization. Regardless of the method for obtaining the 4, qferanility among this group of molecules. The transferability
analytical fits, it is visually clear that as the ionization source g ery g00d in comparison to the certainty in the determination
energy is increased the sulfur-based ionization peak dramatically ot he rejative ionization peak areas. This is particularly true
falls off in intensity when compared to the metal-basgg, for the set of ionizations measured with the He Il source, for

and?A,g ionization peaks. which there was considerable uncertainty in the determination
of the very low intensity of the sulfur and bromine lone-pair
ionizations that overlap with the substituted ferrocene ioniza-
Transferability. Table 4 collects the experimentally deter- tions. The agreement of the measured and predictgfFByg
mined valence ionization intensity ratios for the functional ionization intensity ratio within 4% suggests some cancellation
groups in the molecules of this study. The ratios are normalized of errors. No particular significance is placed on the improve-
to the area per electron to facilitate comparison of experimental ment in transferability as the energy of the photon source is

% difference +9% —7% +4%

Discussion
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TABLE 5: Molecular Orbital Atomic Character as TABLE 6: Theoretical Molecular lonization Intensity Ratios
Predicted by ADF Density Functional Calculation$ from Full Gelius Analysis?
CI(CHy)sSH Ne | He | He ll

(16.7eV)  (21.2eV)  (40.8eV)

C-Co C-S¢ CI() cCI@ Slp

- Brip/Clip 0.844 1.116 1.228
elgenvalues —8.84 —8.16 —6.96 —6.94 —5.60 Cllp/SIp 1.958 2327 0.998
S 1% 61% 93% Sip/FGag 5.323 1.212 0.127
o 2% 88% 89% Brip/Fsg 10.451 3.557 0.148
C 48% 21% 6% 4% 2% predicted Bjp/Fcsq 8.793 3.148 0.155
H 46% 13% 2% 6% 4% % difference ~19% ~13% +5%
Br(CH,)CI aUsing orbital characters in Table 5 and atomic cross sections in
C—Co Cl () Cl(O) Br (1) Br (0) Table 1. See Table 4 for explanation of labels.
eigenvalues _100'44 _7(')62 _Z'SA' _6'?5 —6.88 propanethiol show that the sulfur lone-pair orbital is 93% sulfur
gllr i’%’ %0;0 gé’y ?30//0 gz/% in character and the in-plan#) @nd out-of-plane[{) chlorine
p 3504 ° ’ T o lone-pair orbitals are 88% and 89% chlorine in character. The
H 204 204 3% 4% remaining (_:haracter in each_ case is primarily fror_n the hydro-
carbon chain. These values indicate that the chlorine and sulfur
Br(CHz).Cl lone-pair ionizations are mostly atomic in character with
C-Co CI() Ci(O) Br@y) Br(0 essentially no interaction between the functional groups and with
eigenvalues —8.60 -701 —-697 —-655 —6.53 small orbit:_:tl mi_xing between the functional groups and the
Br 27% 50 90% 94% alkane chain. Similar results. are found for the otherl molecules
cl 10% 85% 89% 3% in this study. The Ieast-locallzgd orbitals are thgabitals pf -
C 44% 5% 4% 3% 2% ferrocene, which are 82% Fe in character. The delocalization
H 11% 6% 3% of these orbitals is primarily to the cyclopentadienyl rings and
Br(CH,)cCl remains essentially the same for both 6-ferrocenylhexanethiol

and 6-bromohexylferrocene, so the orbitals retain their functional

¢-Co  CI @ Br b Br(® group character when considering the transferability of the

eigenvalues —8.24 —6.86 —6.85 —6.44 —6.42 ionization intensities.

Br 22% 1% 91% 94% To evaluate the effect of orbital delocalizations on intensities,
Cl 8% 86% 89% 3% a first-order analysis by the model of Gelius was performed for
C 53% 5% 2% 1%

all molecules in this study. The Gelius analysis of the cross

H 2% 6% 3% section for a particular molecular orbital is given by eq 4 where
Fc(CHy)sSH
C—Cos Slp Fe(ag Fe(eg Fel(ey Ono = szo,AoaAo 4)
eigenvalues —5.60 —5.35 —4.20 —-3.82 —3.80
ge 5% 9206 93% 82% 82% owmo is the one-electron cross section for the molecular orbital
c 820 204 13% 9% and kuwo ao describes the extent to which each atomic orbital
H 204 204 contributes to the molecular orbital. The implication of angular
effects will be discussed later. For this analykis ao is taken
Fe(CH)eBr to be equal to the atomic orbital character in the molecular
Br() Br(0) Fe(ag Fe(ey) Fel(ey orbital as given in Table 5. The theoretical predictions using
eigenvalues —6.34 —6.28 —4.17 —-3.77 —3.69 the Gelius ratios are summarized in Table 6. As this table shows,
Br 93% 92% perfect transferability of the ionization intensities of functional
Fe 93% 82% 83% groups is not to be expected because of variations in orbital
Cc 2% 8% 5% characters. The deviations in the predicted He | and He I
H 3% intensity ratios are similar to those obtained experimentally and
aThe orbital labels follow from the primary character. Theymbol suggest that the slight changes in orbital characters account for
indicates the in-plane lone-pair combination andfreymbol indicates the lack of perfect transferability. To turn this around, differences
the out-of-plane lone-pair combination with respect to theGz-X in expected intensity ratios for functional groups between
plane. molecules indicate the changes in orbital character. The Gelius

analysis does not help in understanding the deviation from
increased, because all fall near the uncertainty in the experi- perfect transferability of the Ne | cross sections. The calculated
mental determination of the intensity ratios. deviation by the Gelius model is in the opposite direction of
A point in the preliminary considerations for this study was that observed. This suggests that molecular effects are more
to choose functional groups that contain orbitals that are largely important for low kinetic energy electrons, as might be expected.
atomic in nature. A more complete assessment of the orbital Chain Length. The bromochloroalkane series in Figure 2
character of the Cl, Br, and S lone-pair molecular orbitals and demonstrates how, as the number of methylene groups in the
the ferrocene g and ey molecular orbitals is important for  linking chain is increased, the increasingly destabilized com-
understanding the extent to which the experimental molecular binations of C-C-bonding orbitals cause the alkyl ionization
ionization intensities are expected to transfer from molecule to envelope (11.515 eV) to spread to lower ionization energy.
molecule. The characters of these orbitals as obtained fromThis spreading can, depending on the functional group elec-
density functional electronic structure calculations are collected tronegativities, eventually encroach upon the functional group
in Table 5. The calculated orbital characters for 3-chloro-1- ionizations, as is seen in tine= 6 case. This spectral crowding
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Figure 7. Contour plots of the primarily halide lone-pair orbitals of
CI(CHy)Br (left) and CI(CH)eBr (right).

Atomic Gelius Molecular
O Nel ) ) _ _ _
=y B Hel Figure 9. Theoretical atomic, Gelius, and functional group Cl-to-S
ionization intensity ratios for 3-chloropropanethiol.
B Hell

functional groups, but the ratios for = 6 deviate from this
convergence. The deviation for = 6 from the three other
molecules is likely a function of crowding in the spectra and
the inherent difficulty of obtaining reliable ionization peak areas
1.0 in a crowded spectrum.

Comparison to Atomic Cross-Section TrendsBecause the
functional groups contain molecular orbitals that are highly
localized in individual atomic orbitals, it is instructive to
compare the intensity ratios obtained experimentally for the
functional group ionizations in these molecules with the cross-
section ratios that have been calculated theoretically for the

RiORNG: - Qels: an n=3 n=4 "’is corresponding atomic ionizations, as described earlier. The
Molecular experimental Bg/Cl, ratio values shown in Figure 8 do not
Figure 8. Theoretical atomic, Gelius, and functional group Br-to-cl €Xactly follow the stepwise increase in theyBClsp ratio from
jonization intensity ratios for bromoalkanes, Br(glhq:L wheren = Ne | to He | to He |l excitation as predICted by the theoretical
1, 3, 4, and 6. atomic cross-section ratios. Additionally, the experimentgl Br

Clyp ratio values from He Il spectra are somewhat larger than is
produces overlapping ionization peaks, reducing certainty in predicted from the theoretical atomic and Gelius models.
determining the individual peak areas and increasing error in It is noted that the theoretical atomic ratios depicted in Figure
the functional group partial cross-section ratios. 8 do not include consideration of the asymmetry parameters.

Bromine 3p and chlorine 2p orbitals have similar energies, Asymmetry parameters for functional groups in these molecules
and their functional group orbitals will therefore be prone to are not known empirically, but atomic asymmetry parameters
orbital mixing unless prevented by symmetry or spatial separa- have been calculated for these atoms and their effect can be
tion. 1-Bromo-1-chloromethane, with a BE€Il calculated considered for purposes of illustrati®h.For example, the
distance of 3.19 A, has significant mixing between the chlorine theoretical atomic asymmetry parameters for bromine and
and bromine in-planél) lone-pair orbitals. The molecular orbital ~ chlorine have little effect on the Br/Cl Ne | and He | cross-
characters in Table 5 assign 14% of the predominantly bromine section ratios, but in He Il, the atomic asymmetry parameters
() lone pair to atomic chlorine character and 21% of the have the effect of increasing the bromine-to-chlorine ratio by
predominantly chlorindlf lone pair to atomic bromine character. about 30%, which becomes a much better prediction of the
This degree of mixing can significantly alter intensity profiles experimentally determined ratios. This suggests that in this case
for ionizations from these orbitals. The amount of orbital mixing the theoretical atomic asymmetry parameter ratios approximately
between the chlorine and bromine lone pairs is reduced to lesstransfer from the atoms to the molecules. It should be stressed
than 5% in the four and six carbon chain analogues. The again that the validity of using theoretically determined asym-
reduction in mixing with increasing chain length is clearly metry parameters for atoms to predict or explain molecular
depicted in the lone-pair molecular orbital pictures for 1-bromo- cross-section behavior is still of question. While both the
1-chloromethane and 6-bromo-1-chlorohexane shown in Figure bromine and chlorine functional groups are relatively “atomic-
7. When the degree of orbital mixing and the separation of the like” in the molecule (the functional group orbitals remain highly
ionization peaks for the Br and Cl functional groups is weighed, localized on the atom and do not significantly shift in energy),
then = 4 analogue is the optimum choice for intensity analysis the asymmetry parameters and cross-section values calculated
and comparison to theoretical atomic cross-section ratios. for atoms use a spherical atomic model, and atoms in molecules

Figure 8 illustrates the bromine-to-chlorine lone-pair ioniza- are not spherical.
tion intensity ratios for the entire bromochloroalkane series  The chlorine-to-sulfur functional group ionization intensity
studied. Then = 1—4 analogues demonstrate parallel intensity ratios illustrated in Figure 9 obtained from the photoelectron
trends in their Ne I, He I, and He Il spectra. Fran+= 1 ton spectra for 1-chloro-3-propanethiol roughly reflect the trend
= 4, the ratios are approaching the ratios for “pure” isolated predicted by the theoretical atomic cross-section values and the
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Figure 11. Theoretical atomic, Gelius, and functional group S-to-Fe

Figure 10. Theoretical atomic, Gelius, and functional group Br-to-Fe ionization intensity ratios for 6-ferrocenylalkanethiol.

ionization intensity ratios for 6-bromohexylferrocene.

) ) ) _ ferrocene g, orbital is more localized on the metal than thg e
Gelius analysis, although the magnitude of the changes is grpjtals, which are about 10% carbon in character. The carbon
smalle(. The prevalent .deV|at|on occurs in the He I .spectrum 2p cross section increases relative to the iron 3d cross section
for which theory predicts a significant decrease in Cl 3p from He | to Ne | excitation, and thE,q ionization peak would
ionization intensity relative to S 3p when compared to those of o expected to grow in intensity relative to th&q peak. In
He I. Instead, little chang_e in the relayve intensities is observed. contrast, théE,, ionization diminishes in intensity relative to
The carbon character introduced into the functional group ¢pe 2A,4 ionization in the Ne | spectrum. Unusual intensity
orbitals does not explain the reduction in the cross-section ratio changes at low photon source energies are typically attributed
changes. This effect is small, as can be seen from the Geliusy, “molecular effects” as mentioned in the Introduction, and it
cross-section ratios, which take into account orbital mixing s |ikely that electrons from the 1@ orbital are ionized
Wlthln the molecqle. Adjustment of the. theoretical atomic and preferentially over the g orbital at this photon energy because
Gelius cross-section ratios for the atomic asymmetry parameterspf 5 resonance process or some type of autoionization process
at our instrumental geometry leaves the theoretical chlorine- particular to ferrocene. This intensity behavior has been observed
to-sulfur ratios essentially unchanged. _in the Ne | spectrum of unsubstituted ferroc&hand every

The theoretical atomic ratios predict a sharp decrease inferrocene derivative studied in our laboratory. The reader is
br(_)mlne intensity relative to iron with increasing photon energy referred to recent work by Stener and DecRévar a detailed
(Figure 10). The spectra demonstrate a small decrease in thejensity functional theoretical treatment of photoionization cross
bromine lone-pair ionization intensities relative to the iron-based gactions in ferrocene. Regardless of the explanation for this
&g and aq ionizations between Ne | and He | and a Iarge_ behavior, these results illustrate that atomic ionization cross
decrease between He | and He II. Inclusion of the atomic gactions can have limited utility in the interpretation of molecular

asymmetry parameters has little influence on these trends. Thejgnizations, but the relative ionization cross sections of molecular
difference between the theoretical and experimental ratios for fnctional groups, once known, can aid interpretation of

this molecule is similar to the differences between predicted gjectronic structure interactions in other molecules.

and observed cross sections for hea_vier atoms. For example, Figure 11 shows a comparison among cross-section ratios
Yeh,s values .for Krypton, one atomic number_greater than gerived from 6-ferrocenylhexanethiol and theoretical cross-
bromine, predict a 60% greater fall in cross section from He | ggtion ratios for sulfur 3p and iron 3d atomic orbitals. The
to He Il excitation thar_l that r_neasured_ by Samp’%"’ﬁﬁ‘iAnozther theoretical cross-section ratios for the S 3p atomic orbitals
point to note is the intensity behavior of titE;; and 2A19 compared to Fe 3d atomic orbitals predict a dramatic falloff of
lonizations relatlye to each ot.her. The ferrocéE@tho.- A,lg sulfur intensity relative to iron with increasing photon energy.
cross-section ratios are classic examples of the limitations of \yjje the sulfur lone-pair ionization intensity does indeed follow

applying atomic ionization cross sections to molecular ioniza- s prediction, the relative decrease between Ne | and He I is
tions. First, although théE,q and ?A.4 ionizations are both approximately half of that predicted.

associated with more than 80% metal 3d character and one
would expect a cross-section ratio close to 2:1 on the basis of
the orbital degeneracies, the experimental ratio is greater than
4 to 1. This is largely attributed to a molecular effect related to  The experimental relative photoelectron intensity ratios
the probabilities for transitions from the vibrational potential reported here provide a foundation for an empirical understand-
well of the neutral molecule to the vibrational levels of the ing of cross-section behavior in molecules. Gathering ionization
molecular ions. ThéA4ionization is from a largely nonbonding  intensity ratios for chemical functional groups will assist in
orbital that results in little geometry change in the positive ion explaining intensity changes and interpreting ionizations in the
and a sharp ionization, while tH&,q ionization results in a photoelectron spectra of larger and more complex molecules.
broader vibrational progression of the positive ion and a larger In general, as the photon energy is varied, the ionization intensity
total cross section. Second, the trend in #g-t0-?A14 cross- differences observed for molecules are more gradual and show
section ratios from He | to Ne | excitation does not reflect the specific deviations from expectations based on calculated atomic
slightly different atomic compositions of the orbitals. The cross sections in the low photon energy region<45 eV).

Conclusions
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Although this may patrtially be due to assumptions in theoretical
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(22) Stener, M.; Decleva, B. Chem. Phys200Q 112 10871.

calculations of atomic cross sections, molecular effects likely 20(23) Stener, M.; Fronzoni, G.; Furlan, S.; DeclevaJPChem. Phys.

play a large part. The nature of an atomic orbital is significantly

01 114, 306 and references therein.
(24) Cacelli, I.; Moccia, R.; Montuoro, RChem Phys. Let2001, 347,

different in a molecule, as is the variety of interactions with 261-267.

the ionizing radiation and the description of the outgoing
electron in the threshold regime, making molecular spectroscopy

(25) Potts, A. W.; Trofimov, A. B.; Schirmer, J.; Holland, D. M. P;
Karlsson, L.Chem. Phys2001, 271, 337—356.
(26) Fronzoni, G.; Colavita, P.; Stener, M.; De Alti, G.; DeclevaJP.

distinctly different from atomic spectroscopy. These data provide phys. Chem. 2001 105, 9800.

an experimental foundation for more sophisticated theoretical

(27) Dupin, H.; Baralille, |.; Larrieu, C.; Relat, M.; Dargelos, A.Mol.

approaches to calculating molecular ionization cross sections.Struct. (THEOCHEM®R002 577, 17.

Regardless of the theoretical explanation for these photoion-
ization cross sections, the empirical intensity ratios reported here

and in the future will be of use for developing a familiarity

with the low photon energy photoelectron spectra of large

(28) Toffoli, D.; Stener, M.; Fronzoni, G.; Decleva, Bhem. Phys2002
276, 25—43.

(29) Lin, P.; Lucchese, R. Rl. Chem. Phys2002 116, 8863-8875.

(30) Cooper, G.; Green, J. C.; Payne, M. P.; Dobson, B. R.; Hillier, I.
H. Chem. Phys. Lettl986 125 97.

(31) Cooper, G.; Green, J. C.; Payne, M. P.; Dobson, B. R.; Hiller, I.

molecules containing common functional groups and will aid {3 Am. Chem. Sod.987 109, 3836.

the assignment and interpretation of complicated photoelectron

(32) Trofimov, A. B.; Koppel, H.; Schirmer, J. Chem. Phys1998

spectra. The relative ionization intensities of the functional 109 1025 and references therein.

(33) Brennan, J. G.; Green, J. C.; Redfern, C.MAm. Chem. Soc.

groups studied here show a high degree of transferability 1989 111, 2373.

between these molecules.
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