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This study presents a comprehensive investigation of alcohol molecules in the gas phase using oxy-

gen 1s X-ray photoelectron spectroscopy (Ols XPS), complemented by carbon 1s XPS. We report
ionization energies for a diverse set of aliphatic, alicyclic, aromatic, and unsaturated alcohols with
an accuracy of 0.02 eV (O1s) and 0.035 eV (Cls). The resulting dataset provides a benchmark for
electronic structure theory, a reference for spectroscopic analyses, and high-quality input for machine-
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learning models. By decomposing the ionization energies into initial- and final-state contributions,
O1s chemical shifts are used to explore the electronic role of hydrocarbon substituents in alcohols.
Among aliphatic and alicyclic alkyls, the capacity to donate electrons through o-bond polarization
in the neutral molecule was found to increase systematically through the sequence from methyl, via
branched and linear primary alkyls, to secondary alkyls, and tert-butyl.

1 INTRODUCTION

Oxygen-containing functional groups play a central role in or-
ganic chemistry, and the hydroxy group serves as a particularly
illustrative example. Alcohols — defined as compounds in which
a hydroxy group is attached to a saturated carbon atom of an alkyl
or cycloalkyl group (substituted or unsubstituted) (R-OH) — pro-
vide a valuable framework for studying the evolution of polarity
and polarizability with the nature of R.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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This study centers on isolated alcohol molecules and pursues
two main objectives: (i) to report highly accurate O1ls ionization
energies for a structurally diverse set of alcohols, and (ii) to elu-
cidate how polarity and polarizability vary with the hydrocarbon
moiety bound to oxygen. Ols XPS offers an oxygen-site-specific
probe with high sensitivity to the local electronic environment

(see Fig.[I).
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O1s ionization energy (eV)

Fig. 1 Oxygen 1s photoelectron spectra of methanol, ethanol, iso-
propanol and tert-butanol, each mixed with carbon dioxide. The circles
are experimental data, and solid lines are the results from fitting. The
CO, main (adiabatic) peak is used for internal calibration as indicated
by the vertical dotted line. Chemical shifts in Ols ionization energy, rel-
ative to that of methanol, are indicated by horizontal arrows labeled by
the shift values (in eV) for ethanol, iso-propanol and tert-butanol. The
vibrational fitting model for CO, and the empirical two-peak model for
methanol are indicated in dotted lines in the bottom spectrum.
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In the photoelectron experiment, the Ols ionization energy
is measured by exposing the sample to highly monochromated
photons of energy hAv and measuring the kinetic energy of the
emitted electrons. While modern third- and fourth-generation
synchrotron-radiation facilities offer very bright X-rays which in
turn allow for a high degree of monochromatization, accuracy
remains a problem. Advances in internal calibration'! enable
O1s ionization energies accurate to £0.02 eV across eight lower
aliphatic alcohols (up to C4), four higher linear aliphatic alcohols
(n-pentanol, 3-pentanol, n-hexanol, n-octanol), one alicyclic, one
aromatic and two unsaturated alcohols (cyclohexanol, benzyl-,
allyl- and propargyl alcohol), and phenol. The present dataset
- unprecedented in combined accuracy and diversity - supports
spectral assignment, development of machine learning models,
and benchmarking of electronic structure methods<™
now approaching and surpassing the accuracy of legacy compi-
lations.©

The second main objective of the study, to explore how polarity
and polarizability evolve in alcohols as a function of the hydrocar-
bon moiety hosting the hydroxy group, can be approached both
experimentally and computationally. Computationally, polarity
and polarization are often inferred from the molecular charge
distribution, which can partitioned into atomic or group contri-
butions using population analysis or topological methods”. How-
ever, such results are highly sensitive to the choice of basis set and
the specific flavor of population analysis employed.® Experimen-
tally, the interference of atomic charges typically relies on a model
relating spectroscopic observables to the underlying charge dis-
tribution, and core-level ionization energies were early on inter-
preted within an electrostatic potential model. Later, Koopmans’
theorem became an indispensable tool, stating that the energy re-
quired to ionize an electron from core orbital OIs is, apart from a
sign reversal, approximately equal to the corresponding Hartree-
Fock orbital energy €, as computed for the neutral molecule. Un-
fortunately, the validity of this relationship is quite limited, as it
requires both electron correlation and electronic relaxation in the
ionized molecule to be negligible.

To obtain structure-property insight from core ionization ener-
gies (IE), we conceptually separate the jonization event into two
consecutive steps: (i) removal of an Ols electron from an oth-
erwise frozen electron configuration, followed by (ii) electronic
relaxation of a molecule with an O1s vacancy. The IE may be de-
composed accordingly, into an initial-state contribution V and a
final-state contribution R, yielding /E = V — R.? The negative sign
is chosen to reflect that any relaxation process in the final state
will act to reduce the ionization energy. V is computed by means
of an extension to Koopmans’ theorem (the extended-Koopmans’-
theorem; EKT)1Y which provides the energy cost of ionizing a
core electron from the frozen, valence-electron-correlated neutral
ground state. This approach provides a consistent and physically
grounded framework for analyzing trends in polarity and polar-
izability across a diverse set of alcohols, which in turn reflect the
electron-withdrawing or -donating ability of the hydrocarbon en-
tity to which the hydroxy group is attached.

We will be concerned with the difference in ionization en-
ergy (AI) between differently substituted alcohols, such that

that are
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Al = AV — AR. The oxygen atom being probed is the point of
attachment for the hydrocarbon substituent in the alcohol. By
design, V reflects the charge distribution in the neutral molecule
and is a key to the inductive properties of substituents. R, on
the other hand, comprises orbital contraction at the ionized atom
(0*), through-bond electron transfer to O*, and through-space
polarization; cancellation of atomic terms renders AR a sensitive
reporter of substituent polarizability.?

To illustrate the importance of final-state relaxation, it is in-
structive to review a recent example''!/ where carbon 1s ioniza-
tion energies were used to assess the properties of methyl as a
substituent. In propyne, the Cls IE at C2 lies 0.32 €V below that
of ethyne,!2 and it is tempting to take this as evidence for Me
acting as an electron-releasing substituent, compared to H, when
bonded to an ethynyl moiety. However, most of this negative shift
arises from final-state relaxation (AR = 0.25 €V), rather than from
the charge distribution in the neutral molecule. In this particular
case, the initial-state contribution to the shift remains negative,
albeit small (AV = —0.07 eV),? and thus supports Me acting as a
weakly electron-releasing substituent.

The inductive character of alkyl substituents has been a sub-
ject of debate since the early days of physical organic chem-
istry, with alcohols providing a key source of experimental in-
sight 13520 Early investigations established that alkyl groups pri-
marily impart polarizability, rather than intrinsic polarity, to neu-
tral molecules and to their gas-phase ionization behavior. To sep-
arate inductive contributions from dominant polarizability, Taft
and co-workers employed isodesmic reactions, reporting appre-
ciable electron-releasing effects of alkyl substituents relative to
methyl.2? Later studies, however, revised this interpretation. As
substituent effects were systematically parameterized, alkylation
— the substitution of hydrogen by an alkyl group — was found
to impart negligible through-space dipolar field effects and mini-
mal through-c-bond charge transfer.2122/ This perspective effec-
tively stripped alkyl groups of significant inductive or polar char-
acter beyond their polarizability and capacity for hyperconjuga-
tion when attached to an extended 7 system.

Noteworthy, the term inductive effect has been used differently
by different authors, some of whom includes through-space field
effects and hyperconjugation.?3 However, for alkyls bonded to
the hydroxy group in neutral alcohols, neither of these contribu-
tions is considered of importance.

Recently, it has been argued that alkyls are weakly and uni-
formly electron-withdrawing when compared to hydrogen, with
the inductive effect defined as polarization of 6-bonds in neu-
tral molecules.112024-26 E]ljott et al. made an effort to uncover
trends in the inductive effect of different alkyls in neutral organic
molecules.2® While concluding negatively based on computed
atomic charges, they advised to consider the merit of other po-
tential approaches to this issue. In this account, O1s XPS is used
as a direct probe of the local electronic environment at oxygen
in alcohols. By decomposing the measured Ols chemical shifts
into initial-state (AV) and final-state (AR) contributions, we gain
separate access to the local charge distribution at oxygen and to
the polarizability of the hydrocarbon substituent. Comparing AV
across a structurally diverse set of alcohols allows us to rank the
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o-inductive electron-donating or -withdrawing capacity of alkyl
groups, while AR offers a complementary measure of substituent
polarizability. The approach is further extended to selected un-
saturated hydrocarbon substituents, where additional electronic
contributions beyond pure o-induction come into play.

2 METHODS

2.1 Experimental Procedures

O1s spectra of phenol and 16 alcohol molecules were recorded at
beamline 1411 of the MAXlab synchrotron facility.2728 The pho-
ton energy was approximately 580 eV. The analyzers were placed
at 90° to the beam and 54.7° to the polarization direction. The ki-
netic energy scale was calibrated using the Xenon N4 sOO Auger
spectrum.?? The ionization energy scale was set by mixing each
alcohol with carbon dioxide and using the high-accuracy O1s adi-
abatic energy of CO, (541.085 (17) €V) as internal reference.l
For the overall instrumental resolution, which was approximated
by a Gaussian profile, the full width at half maximum (fwhm)
ranged from 0.14 to 0.22 €V, depending on the specific settings
used; see Tab. S1.7

The absolute uncertainty in the reported Ols ionization ener-
gies is determined from a combination of the uncertainty of the
CO, reference value, 0.017 eV, and the uncertainty of the ob-
served shift relative to CO,. For the present measurements the un-
certainty in individual chemical shifts is < 0.010 eV, and the un-
certainty in absolute ionization energies is estimated to 0.02 €V.

Cls photoelectron spectra were recorded for all compounds
(except for n-octanol), with experimental details and photoelec-
tron spectra provided in the ESL.” The spectra exhibit a sharp and
vibrationally structured peak around 292 eV which is assigned to
the carbinol carbon and of interest in the present work. A second
and largely unstructured peak is found some 1.5-2 eV lower in
energy (not in methanol), consisting of overlapping signals from
the other carbon atoms in the molecule. The overall uncertainty
in the carbinol Cls ionization energies is estimated at 0.035 eV,
combining the uncertainty of the CO, reference (0.03 eV)¥ and
that of the relative shift (<0.02 eV).

2.2 Fitting Models

Because O1ls spectra are dominated by lifetime broadening (see
below) and extensive vibrational excitation, each alcohol exhibits
a single broad, and nearly featureless peak envelope. Two empir-
ical components sufficed to represent the envelope; the vertical
energy was taken as the area-weighted mean of these compo-
nents, see the bottom spectrum in Fig. |1} In some cases, the spec-
tra revealed small water contaminations (0.3% - 6%). This was
modeled explicitly, with the position of H,O fixed by its known
shift to CO,.Y In order to determine the Ols ionization energy
of the alcohol under study, line-shape profiles representing the
contributions of alcohol, carbon dioxide, and water, were fit to
the measured spectra. For CO, and H,0, we adopted literature
Franck-Condon profiles21432 and lifetime widths (CO,: 0.166 eV;
H,0: 0.160 eV).231 The lifetime width was fixed at 0.170 €V for
all alcohols. The effects of post-collision interaction and lifetime
broadening were included as advocated by van der Straten et
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al.®3 The parameters left to be determined in least-squares fits
to the observed spectra by means of the SPANCF fitting pack-
age, 3435 were the positions and intensities for the line-shape
components of the alcohol, the position and intensity of the adia-
batic peak for carbon dioxide, the intensity of the water contribu-
tion, and a constant background. C1s spectra were analyzed in a
similar manner, cf ESI” for details.

—OH ~_-OH ~OH ~_~_OH
Me Et nPr nBu
AN OH SN OH s o~~~ OH
nPe nHex nOct

SO

iBu neoPe iPr
OH OH OH OH
sBu 3Pe Cy tBu
OH
OH OH
_~_OH / O
4
Bz All Ppg Ph

Fig. 2 Molecular structures of the compounds considered in this study, la-
beled using customary substituent abbreviations (nHex for n-hexyl, nOct
for n-octyl, and otherwise as listed in Tab. .

2.3 Computational methods
Most of the alcohols studied here exhibit several low-energy con-
formers. To assess the influence of conformational equilibria on
calculated initial-state shifts, a parallel study was carried out
in which AV values were evaluated for individual conformers
and for Boltzmann-weighted ensembles. For the purposes of the
present work, conformational effects were found to be small and
did not affect the qualitative trends or quantitative conclusions.
We choose to report ensemble-averaged AV values; further details
will be presented elsewhere,® including molecular structures as
optimized using frozen-core second-order Moller-Plesset pertur-
bation theory (MP2) with Dunning correlation-consistent basis
sets of triple-{ quality (cc-pVTZ)SZ. Fig. [2| presents the lowest-
energy structures of the alcohols examined in this study.
Initial-state contributions to Ols and Cls ionization energies
were computed in the extended-Koopmans-theorem model by
evaluating Eq. 2 in Ref. [10] using 1-particle reduced density ma-
trices at the coupled clusters level of theory including single and
double excitations (CCSD).28 The calculations were performed
with an in-house code? based on the PySCF framework,“Y using
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aug-cc-pVTZ bases. Aside from a constant offset, the results agree
well (cf ESI") with those obtained with an approximate yet more
pedagogical model (eq. 3 in Ref. [T0): Vi, = —&1s+eUMP2 —eUHF
Here, €, is the Ol1s (C1s) orbital energy and U, denotes the elec-
trostatic potential at the site of ionization ((oxygen or carbon nu-
cleus), computed using Hartree-Fock and frozen-core MP2, re-
spectively. AV is formed by subtracting the corresponding value
for methanol.

3 RESULTS

The results section is organized in three parts. Sec. 3.1 presents
the measured Ols and Cls ionization energies and establishes
the experimental chemical shifts that form the foundation of the
analysis. In Sec. 3.2, these shifts are decomposed into initial
(AV) and final-state (AR) contributions, separating the polarity
induced by each substituent from its contribution to polarization
in response to core ionization. Together, the two parts build the
quantitative picture of substituent effects that is introduced in Sec
3.3 and explored in the Discussion section.

3.1 Oxygen 1s and Carbon 1s Ionization Energies

The study reports high-resolution Ols and Cls X-ray photoelec-
tron spectra of a wide range of alcohols and phenol, encom-
passing linear, branched, secondary, tertiary, unsaturated, and
aromatic compounds. Representative Ols spectra (methanol,
ethanol, iso-propanol, and tert-butanol) are shown in Fig.
and serve to illustrate characteristic spectral features, the fitting
methodology, and chemical shifts relative to methanol. All Ols
spectra are available in the ESL.” Oxygen 1s ionization leads to
significant elongation of the R-O bond, which in turn contributes
to a broad and featureless spectral profile leaving the vertical ion-
ization energy as the main observable. Accurate ionization ener-
gies were determined with an estimated uncertainty of 0.02 €V,
using CO; as a calibration standard™.

The measured Ols ionization energies are reported in Tab.
For five of the alcohols, namely iso-butanol, n- and 3-pentanol, n-
hexanol, and propargyl alcohol, their oxygen 1s ionization ener-
gies have, to the best of our knowledge, not been reported before.
For the other twelve compounds, our ionization energies (IE) gen-
erally agree well within error bars with earlier studies, 41744l cf 3
detailed comparison in Appendix A. With the uncertainty associ-
ated with the CO; reference energy canceling when forming dif-
ferences, chemical shifts relative to methanol are reported with
high precision (<0.010 eV uncertainty) in Tab. 1| Although C1s is
usually the preferred core for ionization when applying XPS to or-
ganic compounds, it is frequently complemented by heteroatom
XPS.42| For the purpose of exploring substituent effects in alco-
hols, the roles are switched as O1s XPS carries the significant ad-
vantage of probing the very site of attachment, oxygen. However,
for a closer investigation of the polarity of the C-O bond, it is
of interest to compare Cpoyls and Ols ionization energies. To
this end, Cls photoelectron spectra have been recorded for all
compounds in this study (except for n-octanol), with C1s spectra
provided in the ESLT The resulting carbinol Cls ionization ener-
gies, many of which are reported for the first time, are compiled
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in Tab.[1l

A simple observation from Tab. [1]is that within the set of satu-
rated alcohols, O1s and C1s shifts span essentially the same inter-
val, from 0.0 to -0.7 eV. This is mildly surprising, since the chemi-
cal changes upon substitution necessarily take place closer to the
carbinol carbon than to the hydroxy oxygen. Fig.[3(a) compares
shifts in Coy1s and O1s ionization energies for the same aliphatic
alcohols, relative to the corresponding signals in methanol. O1s
shifts belonging to alcohols of different degree of substitution are
resolved into non-overlapping intervals. From Tab.[1} primary al-
cohols (i.e. excluding methanol) display Ols energies from -0.29
to -0.48 €V relative to methanol, followed by secondary alcohols
(-0.52 to -0.68 €V) and tert-butanol (at -0.72 eV). This is in con-
trast to the Cls data, where alcohols of different degrees may
display nearly the same shift, as illustrated by n-propanol and
tert-butanol sharing the carbinol C1s energy within 0.03 eV.

Within the same class of alcohols, the Ols and Cls shifts are
closely correlated, with the C1s shifts being larger by a factor of
two or more. From an analytical perspective, the O1s shifts pro-
vide a clearer separation between alcohols differing in the degree
of substitution, whereas the Coy1s shifts offer enhanced resolv-
ing power within a given class. To analyze these differences and
to facilitate a discussion of substituent effects, we turn to a de-
composition of chemical shifts into initial- and final-state contri-
butions.

3.2 Initial- and final-state contributions to O1s and C1s ion-
ization energies

It is conceptually desirable and computationally feasible to re-
solve chemical core-level shifts into initial- and final-state contri-
butions according to Al = AV — AR The initial-state contribution
AV reflects the charge distribution in the neutral molecule and is
largely determined by the change in electric potential upon sub-
stitution. Koopmans’ theorem extended to included electron cor-
relation effects!? has been applied to compute the initial-state
shifts compiled in Tab. [I]for both O1s and carbinol C1s. Combin-
ing experimental Al with computed AV produces semi-empirical
values for the corresponding relaxation shift AR, also provided in
the Table.

In Fig. Bl(b), Ols and carbinol Cls shifts are resolved into
(C1s,01s) pairs of AV and AR data for each alcohol. Final-state
relaxation is closely correlated between the two sites of ionization
(R?* =0.99) and gives the dominant contribution to the chemical
shift in both cases. As might be anticipated, AR is larger for Cls
than O1s (by 45%), reflecting the difference in mean distance be-
tween the core hole and the polarizable substituent. For Cls, the
larger relaxation is partly canceled by the positive AV, whereas
for O1ls, initial- and final-state contributions act in the same di-
rection, thus explaining why C1s and O1s shifts span close to the
same interval.

Fig.[3|(b) also highlights that AV is of opposite sign for oxygen
and the carbinol carbon; an alkyl substituent that lowers the po-
tential at O also increases it at Coy. However, the magnitude of
the changes is five times larger at Coy, compared to O, at odds
with expectations within a simple bond-dipole model. This is-
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Table 1 Measured vertical ionization energies (IE, V), chemical shifts relative to methanol (Al, eV), calculated initial-state contributions (AV, eV),
and final-state contributions (AR = AV — Al, eV), for the Ols and Cls core levels respectively, pertaining to the C-O bond.

Oxygen 1s Carbinol C1s
Alcohol O1s IE Al AV AR Cls IE Al AV AR
Primary Alcohols
Methanol 538.988 0.000 0.000 0.000 292.458 0.000 0.000 0.000
Ethanol 538.698 -0.290 -0.065 0.225 292.298 -0.160 0.154 0.314
n-Propanol 538.619 -0.368 -0.066 0.302 292.127 -0.331 0.088 0.419
n-Butanol 538.575 -0.412 -0.072 0.340 292.030 -0.428 0.083 0.511
n-Pentanol 538.539 -0.449 -0.075 0.374 292.009 -0.448 0.082 0.530
n-Hexanol 538.529 -0.459 - - 291.981 -0.477 - -
n-Octanol 538.512 -0.475 - - - - - -
iso-Butanol 538.560 -0.427 -0.052 0.375 291.941 -0.517 0.056 0.573
neo-Pentanol - - -0.030 - 291.875 -0.583 0.050 0.633
Secondary Alcohols
iso-Propanol 538.469 -0.519 -0.113 0.406 292,195 -0.263 0.321 0.584
sec-Butanol 538.387 -0.601 -0.115 0.486 292.020 -0.438 0.255 0.693
3-Pentanol 538.319 -0.669 -0.118 0.551 291.846 -0.612 0.191 0.803
Cyclohexanol 538.311 -0.677 -0.135 0.542 291.786 -0.672 0.160 0.832
Tertiary Alcohols
tert-Butanol 538.264 -0.724 -0.156 0.568 292.156 -0.302 0.499 0.801
Unsaturated and Aromatic Alcohols
Benzyl alcohol 538.556 -0.432 0.097 0.529 292.152 -0.306 0.374 0.680
Allyl alcohol 538.746 -0.242 0.091 0.333 292.393 -0.065 0.353 0.418
Propargyl 539.008 0.020 0.358 0.338 293.229 0.771 1.079 0.308
Phenols
Phenol 539.203 0.215 0.913 0.698 292.024 -0.433 0.879 1.312

4 Uncertainty: Ols IE ~ 0.02 eV ; C1s IE ~ 0.035 eV; O1ls Al < 0.010 eV; C1s Al < 0.02 eV
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T T T T I

1 2 3 4 5

Number of carbons in R, of R-OH and R-Me

Fig. 4 Initial-state (AV, open symbols) and final-state contributions (AR,
filled symbols) to the chemical shift in core ionization energy of oxygen
in n-alkanols R-OH (O1s IE relative to methanol) and the methyl carbon
in linear alkanes R-Me (Cls IE relative to ethane). The data pertain
to all-trans conformers. AV for Cls is computed in this work, with AR
obtained by subtracting the experimental shifts reported in Ref. [46l
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sue is resolved by noting that C1s energies report from within the
substituent, and modifying the alkyl substituent affects the Cog1s
energy more profoundly than what is reflected at the oxygen site,
effectively making C1s shifts and the associated initial-state shift
AV less suitable for characterizing the hydrocarbon substituent in
the alcohol. To clarify, Cls is a preferred core level when using

48l as scaffolds for com-

functionalized methanes#” or benzenes
paring hetero substituents. Along the same line of reasoning, one
may consider methyl groups in an alkane for potential probes of
the complementary alkyl, to be explored next.

Fig. [4 shows the relative importance of initial- and final-state
contributions to Ols shifts in n-alkanols (R-OH) and how they
evolve with the length of the alkyl group R. Also included are C1s
data for ionization of the terminal Me group of the corresponding
alkane R-Me, obtained by replacing OH by Me. Pairs of Ols and
Cls energies provide insight into what is formally the same alkyl
substituent, apart from any differences imparted by OH and Me,
respectively. The data are plotted against the number of carbons
in the designated R substituent. From Fig. 4} final-state relaxation
is clearly the dominant contribution to chemical shifts in C1s IE
in alkanes as well as in Ols IE in n-alkanols, both in terms of
absolute numbers and evolution with molecular size. The larger
AR value for the higher alcohols compared to n-alkanes may at
least in parts be ascribed to the choice of methanol as a reference.
Methanol is unique among the alcohols in retaining significant
covalency in the C-O* bond, cf. Appendix A and Ref. [49 with
correspondingly less final-state relaxation.

The close similarity of AV for the same alkyl group across the
two homologous series, adds confidence in AV as a useful probe
of substituent effects. Moreover, one is led to conclude that apart
from any differences that may exist between Me in methanol
(O1s) and in ethane (C1s), any further changes with the size of
the linear alkyl substituent seem to take place to equal extent in
alkanes and n-alkanols. The evolution with size is largely con-
verged already with R=Et, as judged by the constancy of AV.

3.3 Asubstituent-oriented analysis of O1s shifts in aliphatic
and alicyclic alcohols

In this section, the Ols-related energies in Tab. [1| are analyzed
within a conceptual framework of substituent effects as mani-
fested in the neutral molecule (initial-state effects) or as response
to the charging event (final-state effects). For compactness and
in preparation for a discussion of substituent effects, alcohols will
henceforth be referred to by the corresponding hydrocarbon sub-
stituent, and more specifically by their customary abbreviations
listed in Tab. [2} with OH added as a suffix.

3.3.1 Core ionization at the point of substitution - AR vs
Taft’s polarization parameter.

Taft and coworkers introduced the semi-empirical 6, parameter
to quantify the ability of a substituent to polarize in the field of
a charge near the point of attachment.1822 In Fig. [5| our com-
puted Ols AR values are plotted against —oy, for the substituents
and compounds of this study. Apparently, there is a strong and
essentially linear relationship between the two quantities, to the
extent that one of them may be used as a proxy for the other.

Page 6 of 14


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00887a

Page 7 of 14

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 8:30:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

/>-\ 0.84""I""""I""|""I""|""l""|""|""""J_
@ : ]
n<]:' 2 y = 1.39x -0.46 s ]
= g R®=0.977 ]
5 0.6F 3
[0) [ ]
< L ]
()] [ ]
[ [ ]
2 04f ]
© F ]
X + ]
i) L ]
] [ ]
n'd r 1
2 0z O Alkyl ]
© E A Non-alkyl

-E r —— Regression

Y= L ]
c 00 @il bt b b d
n 03 04 05 06 07 08

Taft polarization parameter (-o)

Fig. 5 Relaxation contribution, AR, to Ols IE relative to methanol,
of alcohols (and phenol), plotted against Taft's polarization parameter
(—0g) for the corresponding substituents. Aliphatic alkyl substituents:
Open circles; non-aliphatic substituents (Cy, All, Ppg, Bz, and Ph): Filled
triangles. The embedded least-squares line is fit to all data. When applied
to the aliphatic subset alone, R? = 0.988.

This result lends support to AR as a quantitative measure of po-
larizability and at the same time topicalizes o, as a practical
tool in the analysis of core-level shifts. The latter point may
be exemplified by reference to Fig. |5} where two pairs of alkyls
stand out with nearly identical oy values and thus closely simi-
lar relaxation energies. Specifically, tert-butanol and 3-pentanol
share —o, = 0.751822] with the tertiary alcohol displaying the
lower O1s IE by 0.055 €V. Similarly, iso-propanol and iso-butanol
(2-methyl-1-propanol) have —o, values within 0.01 (0.62 and
0.61, respectively), where the Ols IE of the secondary alcohol
lies 0.091 eV below that of the primary iso-butanol. Within each
of these pairs, the chemical shift in O1s IE may thus be ascribed to
initial-state effects alone, with the lower O1s IE of the more sub-
stituted alcohol indicating a more electron-rich oxygen. Taken
together, these observations indicate that the electron-donating
ability increases with the degree of substitution, following the
trend 3° > 2° > 1°. This aspect will be investigated more sys-
tematically in the following.

3.3.2 Trends in Ols AV - initial-state polarity.

Inspection of Tab. [1| reveals that all aliphatic and alicyclic al-
cohols have a lower initial-state contribution to their Ols IE
than do methanol. Moreover, the magnitude of AV increases
quite smoothly from branched to linear primary alcohols, to sec-
ondary aliphatic alcohols and then to the only tertiary alcohol
in the study, spanning a narrow interval of 0.16 €V. Still, there
are noticeable steps corresponding to the degree of substitution.
Thus, AV is essentially constant among the linear primary alco-
hols (AV=-0.070(5) eV), as well as for the aliphatic secondary
alcohols (AV=-0.115(3) eV). Tertiary butanol has the most nega-

Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D6CP0O0887A

tive AV of the study, at -0.156 €V, and also the most negative shift
in Ols ionization energy, at -0.724 eV.

For ease of reference, our computed Ols AV values are com-
piled in Tab. |2 along with the hydrocarbon substituent of the
corresponding alcohol (or phenol). Focusing on aliphatic alkyl
and cycloalkyl substituents, based on the initial-state shift rela-
tive to methanol, they cluster according to Me > neoPe > iBu >
{Et, nPr, nBu, nPe} > {iPr, sBu, 3Pe} > Cy > tBu.

Table 2 Relative initial-state shifts (V) in Ols ionization energies of R-
OH

Substituent AV4 (eV)
Methyl (Me)” 0.000
neo-Pentyl (neoPe) -0.030
iso-Butyl (iBu) -0.052
Ethyl (Et) -0.065
n-Propyl (nPr) -0.066
n-Butyl (nBu) -0.072
n-Pentyl (nPe) -0.075
iso-Propyl (iPr) -0.113
sec-Butyl (sBu) -0.115
3-Pentyl (3Pe) -0.118
Cyclohexyl (Cy) -0.135
tert-Butyl (tBu) -0.156
Benzyl (Bz) 0.097
Allyl (All) 0.091
Propargyl (Ppg) 0.358
Phenyl (Ph) 0.913

4 AV relative to methyl alcohol
b Abbreviation given within parentheses

3.3.3 Trends in Ols AR - final-state polarization.

The significant variations observed in the O1s chemical shifts are
not primarily driven by the initial-state term, but instead arise
from differences in final-state relaxation; AR. The systematic in-
crease in AR with increasing size of the substituent — e.g., from
0.225 €V (Et) to 0.374 €V (nPe) for primary alcohols and from
0.406 eV (iPr) to 0.551 eV (3Pe) for secondary alcohols, points
to enhanced polarization screening of the core hole, as is also
confirmed by the close correlation between AR and Taft’s polar-
ization parameter of the corresponding hydrocarbon substituent,
cf Fig. |5} The additive nature of AR is well illustrated in its evo-
lution with increasing methylation at the carbinol carbon, from
MeOH, via EtOH, iPrOH, and to tBuOH, in steps of 0.225, 0.181
and 0.162 eV, respectively, and averaging at 0.189 eV per methyl
group. The secondary alcohols iPrOH, sBuOH and 3PeOH serve to
illustrate the effect of distance from the site of ionization, as they
may be related through methylation at one C-C bond removed
from Coy. According to Tab.[1} AR increases in steps of 0.080 and
0.065 eV, respectively. Similarly in a primary alcohol, methylating
at one C—C bond removed from Cpoy (EtOH — nPrOH) increases
AR by 0.077 €V. The fall-off with distance of the AR contribu-
tion from a methyl group, is thus quite rapid, corresponding to
a damping factor of 1-0.074/0.189 = 0.61 (61%). For compari-
son, in a computational study=Y of the propagation of substituent
effects over an alkyl spacer, the authors found that there was no
significant difference between Me and H beyond one C-C bond.
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Taken together, the results of Sec. 3 establish a consistent and
internally coherent picture of substituent effects in alcohols as
probed by O1s XPS. The measured chemical shifts (AI) are dom-
inated in magnitude by final-state relaxation (AR), which scales
systematically with substituent size and correlates strongly with
Taft’s polarizability parameter o,. The initial-state contribution
(AV), though smaller in magnitude, carries a chemically inter-
pretable signal: it varies systematically with the degree of substi-
tution and branching of the alkyl group, and is essentially insen-
sitive to chain elongation beyond ethyl. This clean separation be-
tween polarizability (AR) and inductive capacity (AV) motivates
the substituent-level interpretation developed in the Discussion.

4 DISCUSSION

The Discussion draws on the AV and AR values compiled in Tab.
1 to address two distinct aspects of substituent behavior. Sec-
tion 4.1 focuses on the o-inductive properties of aliphatic and
alicyclic alkyls, interpreting the initial-state shifts (AV) in terms
of through-bond charge polarization in the neutral molecule.
Section 4.2 then turns to the unsaturated substituents — allyl,
propargyl, benzyl, and phenyl — where hyperconjugation and
resonance interact with o-induction to produce qualitatively dif-
ferent behavior in both the initial- and final-state contributions.
Throughout, O1s XPS is shown to provide a physically transpar-
ent and experimentally precise probe that distinguishes between
these mechanistically distinct contributions to substituent effects.

4.1 The c-inductive nature of alkyls

For the present set of compounds, oxygen 1s is the probe of choice
for the local impact of the hydrocarbon substituent; the general
idea being that the lower the atomic charge on oxygen, the less
energy is required to core-ionize the atom. Furthermore, with a
restrictive definition of the inductive effect as polarization of o-
bonds in the neutral molecule, it is the initial-state contribution
to the O1s shift that is of relevance.

The electronic structure of simple aliphatic and alicyclic alco-
hols is dominated by localized o-bonding and inductive effects
associated with the electronegative oxygen atom, whereas res-
onance stabilization becomes important only in conjugated sys-
tems, to be discussed in the subsequent section. Since neither
resonance effects nor hyperconjugation are expected to play a
significant role in saturated alcohols, this allows for an interpre-
tation in terms of o-inductive substituent effects of the relative
initial-state shifts provided in Tab.[2| With AV getting increasingly
negative according to Me > neoPe > iBu > {Et, nPr, nBu, nPe} >
{iPr, sBu, 3Pe} > Cy > tBu, the electron-donating capacities in-
crease in the same order (with the inequalities reversed).

With Me as the least electron-donating (most electron-
withdrawing) of the saturated alkyls, the branched primary
alkyls (neoPe and iBu) have electron-donating capacities only
marginally greater, and approaching that of Et and the higher lin-
ear alkyls, which all behave similarly. From the perspective of Ols
AV, the secondary alkyls are indistinguishable in their electron-
donating capacity, which is higher than any of the primary alkyls.
The single tertiary alkyl in the data set is more electron-donating
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still. The increments between primary and secondary alkyls, and
between secondary and tertiary ones, are quite similar. The ali-
cyclic secondary substituent Cy comes out in-between tBu and the
secondary alkyls, indicating that the structural constraint of the
cycle enhances its electron-donating capacity as compared to the
aliphatic secondary alkyls.

An interesting question concerns the electron-releasing capac-
ity of hydrogen compared to the substituents listed in Tab.
Within an ROH framework, R=H corresponds to water rather
than an alcohol. This aside, applying the extended Koopmans’
theorem obtains a positive initial-state contribution to the Ols
shift in water relative to methanol, of 0.092 eV. The immediate
implication would be that H is electron-withdrawing compared
to Me. However, even if the net charge on Me were equal to that
of H in water, the difference between OH and OC bond lengths
would make the electrostatic potential at the oxygen site signifi-
cantly higher in water compared to methanol. Our computed AV
for water includes this geometric effect as well as any changes
in the atomic charges, most notably that of oxygen. Lacking a
clear path to disentangle these contributions, our data alone do
not allow insertion of H into the AV scale of Tab.[2[and still retain
interpretability in terms of inductive capacity. The scientific case
for alkyls being slightly electron-withdrawing, relative to H, when
attached to an sp3-hybridized site, is well argued in Refs. [I1]25.

4.2 The electronic nature of unsaturated hydrocarbon sub-
stituents

4.2.1 Initial-state shifts.

The unsaturated substituents explored in this work, i.e., benzyl,
allyl, propargyl and phenyl, all give rise to significantly higher
initial-state contributions to the O1s shift than do any of the satu-
rated alkyls. The bond-order isomers n-propanol, allyl alcohol
and propargyl alcohol present a clarifying example, and from
Tab.[2] nPr, All and Ppg instill initial-state contributions to the O1ls
shift relative to methanol (AV), of -0.07, +0.09 and +0.36 €V,
respectively. Different from the neutral n-propanol, where hy-
perconjugation is unimportant, in the neutral allyl and propargyl
alcohols, induction through the o-bonds works in concert with
hyperconjugation to transfer electron density from the hydroxy-
lated carbon to the opposite end of the molecule, see the follow-
ing dipolar resonance structures:

H,C=CH—-CH, -OH & H2C77CH:CH2+70H

and
HC=C—-CHy—OH <+ HC_:C:CH;—OH

Thus, hyperconjugation contributes significantly to positive
initial-state contributions to Ols ionization in the two unsatu-
rated alcohols, and much more so in PpgOH than in AllIOH, on
account of the much higher electron affinity of ethynyl over the
vinyl group. Noteworthy, while AV may still be used to gauge
the relative electron-releasing or -withdrawing capacity of All
and Ppg, we are not in position to isolate the importance of (o-
)induction in these substituents.

Benzyl alcohol is both a primary and an unsaturated alcohol, al-
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lowing for a hyperconjugative structure similar to the one drawn
for allyl alcohol, whereby a negative charge is propagated to or-
tho positions: Ph—CH, —OH «+ Ph~ =CH," —OH. In phenol, the
OH bond is polarized by hyperconjugation and resonance inter-
actions, placing negative charge at the para carbon and positive
charge near oxygen.

4.2.2 Final-state relaxation.

Hyperconjugation is expected to contribute significantly to final-
state relaxation in substituents with H at the o carbon, as is addi-
tional resonance interaction in the unsaturated compounds. This
may be illustrated by the series of nPrOH and its bond-order iso-
mers AIIOH and PpgOH, for which AR is constant or even slightly
increasing, despite a falling number of valence electrons. For
convenience, we will make use of the equivalent-cores approxi-
mation, whereby the core-ionized oxygen atom is formally repre-
sented by a valence-ionized fluorine atom, and the molecular ion
by the resonance structures R—FTH ¢ RT-.-HF.

In nPr*, the net charge may be delocalized through hyper-
conjugation: CH3CH, —CH, > CH3CH,” = CH,. In All* and
Ppg™, bond-conserving resonance structures offer a significantly
more efficient mechanism of charge delocalization; H,C = CH —
CH) ¢ H,C™ —CH=CH, and HC =C—CH, < HC*=C=
CH,. Thus, whereas unsaturated substituents have less electrons
than their saturated counterparts, this may be more than compen-
sated for by their efficient means of charge delocalization through
bond-conserving resonance structures. In Fig. |5} a linear best-fit
model in Taft’s polarization parameter oy is seen to perform al-
most as well for the combined set of saturated and unsaturated
substituents/compounds, as it is for the aliphatic alkyls alone, im-
plying that o, successfully accounts for resonance contributions
to polarization.

Conclusions

High-accuracy Ols (£0.02 €V) and Cls (4+0.035 €V) ionization
energies are reported for phenol and a structurally diverse set of
alcohols, providing a benchmark dataset for electronic structure
theory and machine-learning models. Decomposing O1s chemi-
cal shifts into initial- and final-state contributions (Al = AV - AR)
reveals two distinct and complementary aspects of substituent be-
havior: the initial-state component AV encodes the c-inductive
capacity of the hydrocarbon substituent in the neutral molecule,
while AR quantifies its polarizability response to core ionization.
The AV data provide evidence that the electron-donating capac-
ity among alkyl substituents, increases systematically in the order
Me < {1° branched} < {1° linear} < {2° aliphatic} < {2° Cy} <
{3° tBu}. This reflects a clear and consistent dependence on de-
gree of substitution and chain branching. Further work is re-
quired to explore the limit of validity of this systematic devel-
opment in the o-inductive effect of alkyls as substituents. The
final-state component AR is found to correlate strongly and lin-
early with Taft’s polarizability parameter o, across both saturated
and unsaturated alcohols and phenol, validating o, as a physi-
cally grounded quantity and enabling a semi-empirical extension
of the present AV-based framework to systems beyond those stud-
ied here.
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Experimental Oxygen 1s ionization energies

Oxygen 1s X-ray photoelectron spectra have been recorded with
instrumental broadening (fwhm) of 0.22 eV or better, for seven
linear n-alcohols (methanol- n-hexanol, & n-octanol), a branched
primary alcohol (iso-butanol), three aliphatic and an alicyclic sec-
ondary alcohol (iso-propanol, sec-butanol, 3-pentanol, cyclohex-
anol), tert-butanol, three unsaturated alcohols (benzyl alcohol
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as simplest aryl alcohol, allyl- and propargyl alcohol), and phe-
nol. The spectra were measured over an extended period of
time. Measurements of methanol, ethanol, and iso-propanol were
performed in 2003 using a Scienta SES200 electron analyzer,
whereas the data of the remaining compounds were collected be-
tween 2013 and 2015 with a Scienta R4000 analyzer. Between
them, tert-butanol and phenol span the range of O1s energies ob-
served in the study. All Ols spectra are presented in Fig. S1.7
In combination with the fitting models described in Sec[2.2] the
spectra were used to determine O1ls ionization energies (IE), and
shifts relative to the IE of methanol (AI).

Alcohols and phenols (ROH) undergo significant elongation
of the R-O bond upon O1ls ionization. This may be understood
within the equivalent-cores model, where the core-ionized oxy-
gen atom O* is represented by the singly positively-charged flu-
orine atom, F*. Taking ethanol as a representative example, the
O1ls-ionized ethanol molecule is isoelectronic to (EtFH)™*, which
in its lowest energy state takes on the characteristics of a weakly
bound E:t .- FH ion-dipole complex42. The loss of covalency
upon Ols ionization is less pronounced for methanol, yet the C—
O undergoes a significant extension by some 0.2 A. This large
bond elongation is responsible for a broad and featureless Franck-
Condon profile, effectively leaving the adiabatic transition with
negligible intensity and shifting the attention to the mean or "ver-
tical" ionization energy.

Experimental ionization energies are listed in Tab. [3| as ob-
tained from spectral analyses as described in the Fitting Models
section. The absolute uncertainty of these measurements is de-
termined from a combination of the uncertainty of the CO, refer-
ence value, 0.017 eV, and the uncertainty of the shift relative to
CO;. In Ref. [1l the vertical shifts of H,O, CO, and O, relative to
CO, were determined with an uncertainty of only 0.004 eV. For
the present measurements the uncertainty in individual chemical
shifts is larger than this, but still < 0.010 eV. Consistent with this,
the uncertainty in the absolute ionization energies is estimated to
0.02 eV.

For five of the alcohols, namely iso-butanol, n- and 3-pentanol,
n-hexanol, and propargyl alcohol, their oxygen 1s photoelectron
spectra have, to the best of our knowledge, not been reported be-
fore. For the other twelve compounds, it is instructive to compare
our ionization energies (IE) to those from four earlier studies hav-
ing 4-8 compounds in common with the present one. The com-
parison is facilitated by bringing the data to a common standard
of calibration by drawing on a recently revised and consistent set
of reference energies' as explained in the footnotes to Tab In
Fig. [6] literature O1s energies are plotted against our ionization
energies for eleven alcohols and phenol. Regression lines are de-
termined for each of the four earlier compilations and included
in the figure. Except for the data from Nordfors et al.42, for
which the slope is 0.944, the slopes are within 2 per cent of unity.
The scatter about the best-fit line is pronounced in the dataset by
Benoit and Harrison (1977, n=7)44, consistent with the larger er-
ror bar (0.10 eV) associated with those measurements. The four
energies from Siggel et al.4l agree closely with our values, and
well within their stated error bars (0.03-0.05 eV). The ionization
energies reported by Nordfors et al. (1991, n=8)42 and Mills
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et al. (1976, n=>5)43 lie on average about 0.07 €V above ours,
suggesting a systematic difference in experimental procedures or
data analyses.

Experimentally determined chemical shifts (relative to
methanol) in Ols IE are included in Tab. As argued above,
the uncertainty in individual chemical shifts obtained in the
present study, is considered to be < 0.010 €V. In terms of linear
regression between the present and literature shift values, R?
and slopes are as given in the insert to Fig.[6} The constant terms
are 0.013 €V, i.e., just outside our error bar, based on the data
in Ref. 42| and < 0.005 €V if computed from the data in Refs. 41
and 43|
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Table 3 Comparison of experimental oxygen 1s ionization energies (eV)

Alcohol This work®  Nordfors ? Siggel Benoit ¢ Mills ¢
Methanol 538.988 539.03 539.05(10) 539.07(3)
Ethanol 538.698 538.78 538.75(10) 538.76(3)
n-Propanol 538.619 538.69 538.50(10) 538.69(3)
n-Butanol 538.575 538.60(10)

n-Pentanol 538.539

n-Hexanol 538.529

n-Octanol 538.512 538.60

iso-Butanol 538.560

iso-Propanol 538.469 538.53 538.48(3) 538.35(10) 538.54(3)
sec-Butanol 538.387 538.55(10)

3-Pentanol 538.319

Cyclohexanol 538.311 538.32(5)

tert-Butanol 538.264 538.36 538.30(10) 538.33(3)
Benzyl alcohol 538.556 538.65

Allyl alcohol 538.746 538.75(3)

Propargyl 539.008

Phenol 539.203 539.25 539.20(5)

12|

Journal Name, [year], [vol.],

¢ Uncertainty estimated to 0.02 eV. Three decimals are retained

in light of the estimated error bar of 0.010 €V in chemical shifts.

b Ref. [42; recalibrated from CO, Ols = 541.28(12) eV=! to 541.253(17) eV
No uncertainty stated.

¢ Ref [41} recalibrated from CO, Ols = 541.28(2) eV22 to 541.253(17) eVl

4 Ref. [44; recalibrated from CO5 Ols = 541.3 eV=23 to 541.253(17) eViL.
The uncertainty is estimated to 0.1 €V by the authors.

¢ Ref. [43] recalibrated with O, X O1s = 543.294(17) eV

NE


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00887a

Page 13 of 14 Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D6CP0O0887A

Table 4 Comparison of experimental Ols shifts (Al relative to methanol,
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in eV)

Alcohol This work®  Nordfors ? Siggel ¢ Mills 4
Methanol 0.000 0.00 0.00° 0.00
Ethanol -0.290 -0.25 -0.31
n-Propanol -0.368 -0.34 -0.38
n-Butanol -0.412
n-Pentanol -0.449
n-Hexanol -0.459
n-Octanol -0.475 -0.43
iso-Butanol -0.427
iso-Propanol -0.519 -0.50 -0.51 -0.53
sec-Butanol -0.601
3-Pentanol -0.669
Cyclohexanol -0.677 -0.67
tert-Butanol -0.724 -0.67 -0.74
Benzyl alc. -0.432 -0.38
Allyl alc. -0.242 -0.24
Propargyl alc. 0.020

5 Phenol 0.215 0.22 0.21

| “ Uncertainty <0.010 eV. b Ref. 42| ¢ Ref [41] “ Ref. |43

¢ Shifts are computed using 538.988 €V for methanol (this work).
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The following data for this article are available as Electronic Supplementary
Information: Extended experimental details of the recording of carbon 1s and oxygen
1s photoelectron spec tra of gaseous alcohols and phenol, graphical representation
of the same spectra, and details on the computational approach to computing initial-
state shifts in core 1s ionization energies. The pyEKT computer program is available
from the corresponding au thor upon request. See DOI: [URL- format
https://doi.org/DOl]
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