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bstract
The valence shell photoelectron spe %f&c loropyridine and 3-chloropyridine have been

studied both experimentally and(W ally. Synchrotron radiation has been employed to

record angle resolved photogef\"mj.gpectra in the photon energy range 20 — 100 eV, and

these have enabled anisotropy parameters and branching ratios to be derived. The

experimental resul ve béen compared to theoretical predictions obtained using the

continuum multiple scatter

Xo approach. This comparison shows that the anisotropy
parameter asgoeiated 't{the nominally chlorine lone-pair orbital lying in the molecular
plane is s orm;Eéued by the atomic Cooper minimum. In contrast, the photoionization

cs of‘the second lone-pair orbital, orientated perpendicular to the molecular plane,

seem T tivel)/ unaffected by this atomic phenomenon. The outer valence ionization has

been studied theoretically using the third-order algebraic-diagrammatic construction

@o imation scheme (ADC(3)) for the one-particle Green's function, the outer valence
re

3

e)'s function method (OVGF) and the equation-of-motion (EOM) coupled cluster (CC)
theory at the level of the EOM-IP-CCSD and EOM-EE-CC3 models. The convergence of the
results to the complete basis set limit has been investigated. The ADC(3) method has been

employed to compute the complete valence shell ionization spectra of 2-chloropyridine and
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Publishing 3-chloropyridine. The relaxation mechanism for ionization of the nitrogen o-type lone-pair

orbital (on Lp) has been found to be different to that for the corresponding chlorine lone-pair
(oairp). For the onLp orbital, n-nt* excitations play the main role in the screening of the lone-
pair hole. In contrast, excitations localized at the chlorine site involving the chlorine mciLp
lone-pair and the Cl 4p Rydberg orbital are the most important for he oci Lp orbital. The

pryose or most of the

structure observed in the experimental spectra. The theore%h‘;k also highlights the

calculated photoelectron spectra have allowed assignments to b

formation of satellite states, due to the breakdown of the si g-Spa icle model of ionization,
‘\

S’

NJ

in the inner valence region.
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Publishing |, INTRODUCTION

Pyridine (CsHsN, Figure 1) is the simplest six-membered nitrogen-containing aromatic
molecule which appears as a structural unit in many biological and biologically active
compounds. The basic pyridine derivatives, particularly the monohalogenated pyridines, are
useful models for investigating substitution effects in the six-membeKWaromatic ring.
Such studies improve our understanding of the chemical reactivit)%;lbiquitous nitrogen-
containing organic compounds and also provide information onw i

orbital structure and photoionization dynamics). ‘)
—

cal properties (e.g.,

The outer valence shell electronic structure pyrid’ne has been the subject of
extensive experimental and theoretical investiga@s (Ref. 1, and references therein). The
nature of the electron distribution is rather complex, and:only high-level theoretical methods
appear to be appropriate. Specifically, the‘QO\ lar ©Orbital (MO) sequence, omitting the K-
shell orbitals, which is predicted to bes,.."5ba(g) 7ai(onLr) 2bi(m) lax(m) by Hartree-Fock

(HF) calculations, is modified to ... ) 2‘ n) lax(m) 7a1(onLp) when more sophisticated
approaches are employed.! T 1 ogbital formally represents the non-bonding o-type
nitrogen lone-pair orbital, an ange in position in the molecular orbital sequence is a

consequence of stron mhj%rela tion and electron correlation effects which accompany

ionization of this ofbit The contributions from these two effects have been discussed in

detail by Trofindo t"aql,1 yhere the results from various theoretical methods are reported. In
fact, high—levzwni structure calculations lead to ionization energies of the 7ai and laz
orbitals (D are very similar to each other. This prediction is consistent with the
expefimenfal photoelectron spectra which show that the bands due to the two outermost
ofbitals stﬂo ly overlap.>*

o rder to improve our understanding of the differing extent to which orbital relaxation

d ¢lectron correlation affect orbitals of alternative type (o, m, or non-bonding), we have
extended our studies to 2- and 3-chloropyridine (CsH4NCI, Figure 1). The replacement of
one of the hydrogen atoms in the parent pyridine molecule by a chlorine atom not only
introduces two additional outer valence orbitals, due to the in-plane and out-of-plane

orientations of the nominally atomic chlorine lone-pairs (LPs), but also perturbs the orbital

3
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manifold associated with the unsubstituted pyridine. It is also of interest to investigate how

this modification to the electronic structure depends upon the substitution site.

In the present work, the third-order algebraic-diagrammatic construction [ADC(3)]

approximation scheme™’ for the one-particle Green's function and t}iyouter valence Green's

function (OVGF)’® methods have been employed to compute t gsalen shell ionization

spectra of 2- and 3-chloropyridine. In general, the ADC(3) approach‘takes into account the
physical effects, such as electron correlation in the initia Na states, and orbital
relaxation, relevant to ionization. The calculated photoglc\ac n speetra reproduce the main

features observed in the corresponding experimental data and 1)ence allow assignments to be

made. C 3

An interesting point to emerge from the calculations is that the states due to
ionization of the nitrogen non-bonding (GN% and the outermost ring m-orbital, which

are widely separated at the HF level, \eﬁg‘ether when more sophisticated theoretical

methods are employed. The shift ianE, ionization energy is much larger for the on Lp

orbital than for the m-orbital. , As N

changes position in the orbita MG from being the highest occupied molecular orbital-2

ence of these non-uniform shifts, the onLp orbital

(HOMO-2) to becom ONQKSI.

In addition o m})di g the electronic structure, the introduction of the chlorine atom

may also affg( the

present \»Qou measurements of the photoelectron anisotropy parameters () and
(

t(éonization dynamics. These dynamics have been studied in the

proportional to the photoionization partial cross sections). Valence orbital

branching /ra
phetoelesizon Angular distributions and branching ratios have been determined from their

re ectivé)ionization thresholds up to a photon energy of 100 eV. As already mentioned,
-

somSof the molecular orbitals in the chloropyridines are predicted to correspond closely to
atomic orbitals which are only slightly modified by the molecular environment. If a
;e:rticular molecular orbital possesses a predominantly atomic character, then this should be
reflected through the associated experimental observable. Thus, in chloropyridine it might be

anticipated that the photoelectron anisotropy parameter for the 14a’(on Lp) orbital exhibits an
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energy dependence similar to that calculated for the corresponding B-parameter due to the N
2p atomic orbital.!® Similar expectations suggest that the photoionization dynamics of the
two nominally halogen lone-pair orbitals in chloropyridine would show evidence of the
Cooper minimum'"!? associated with the atomic Cl 3p orbital.!”> The extent to which these
atomic phenomena are observed depends upon the degree of atomh/f: racter retained by
these molecular orbitals.  Our experimentally determined*photoelectron anisotropy

parameters and branching ratios have been compared to the co onding theoretical data

calculated with the continuum multiple scattering (CMS — proach.'

Previous experimental work on the photoelectron spegra of the chloropyridines is
limited to Hel and Hell excited spectra of 2-chlo@rid' e'>'* and Hel excited spectra of 3-
chloropyridine.!>'® The ionization energy of thewoutetmiost orbital has also been measured
using electron impact.!>2?  All of these N{‘ are srestricted to the outer valence orbitals
where the single particle model of ionizafion®is expected to be valid. The inner valence
region, where satellite structure may ?03, 2% not been investigated.

AN
Il. EXPERIMENTAL APP%AND PROCEDURE

Photoelectron sfectra of chloropyridine were recorded using a rotatable hemispherical
electron energy al};ser synchrotron radiation emitted by the Daresbury Laboratory
storage ringz/ Detai e( descriptions of the monochromator’® and the experimental

\

procedure#* have beengeported.

he /pho ionization differential cross section in the electric dipole approximation,
agSuming c(omly oriented molecules and electron analysis in a plane perpendicular to the

_photen pr)pagation direction, can be expressed in the form”

) do —M[1+%(3Pcosze+1)} (1)

S 40 4rn
.y

where Guwral 1s the angle integrated cross section, B3 is the photoelectron anisotropy parameter,
0 is the photoelectron ejection angle relative to the major polarization axis and P is the degree

of linear polarization of the incident radiation. At each photon energy, photoelectron spectra
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were recorded at 6 = 0° and 0 = 90°, thus allowing the anisotropy parameters and branching
ratios to be determined once the polarization had been deduced. The degree of polarization
was determined by recording Ar 3p and He 1s photoelectron spectra as a function of photon

energy, and using the well-established B-parameters for these gases.?’

The spectra were analysed by dividing the binding ener ﬁw‘co the regions
specified in Table I, and the results are presented in the form of'phbtoelectron anisotropy
'N

parameters and [-independent branching ratios. The bra r a specific region

(orbital) is defined as the intensity in that particular reg'og_&il ided by the sum of the intensity
in all the energetically accessible regions. Our CMS\— Xa galculations for the branching
ratios were performed for the outer valence orb@ only, that is, for photoelectron bands
lying in energy regions 1 — 10 (Table I). Therefore, tofacilitate a meaningful comparison
between experiment and theory, photoele&{' tengity occurring in energy regions 11 and
12 has been ignored in deriving the CW branching ratios (the measured branching

ratios for regions 1 — 10 sum to unit

lll. COMPUTATIONAL DET\S

A. ADC(3), OVGF anhd -CC calculations

.

Only a bri accoun ill be given of the Green's function approach which we have

used previouif/ in simi a/studies of halogenated molecules.”®3> A detailed description has
been prov'deﬁ)hy by Trofimov et al.! The ADC(3) approximation’”’ was employed to
calculate the energies (E) and (relative) spectral intensities (pole strengths, P) of the vertical
transitio /in 2- and 3-chloropyridine. This approximation describes the main "one-hole"
(1 andsatellite "two-hole one-particle" (24-1p) electronic states through third and first

-
orde$ respectively, in the residual electronic interaction, and is applicable in situations where

St reakdown of the orbital picture of ionization?! takes place. The latter phenomenon

-
manifests itself by a strong redistribution of spectral intensity from the main-lines to

satellites, and often occurs for inner valence transitions.
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The carbon, nitrogen and chlorine K-shell orbitals and the chlorine L-shell orbital were
kept frozen in the ADC(3) and OVGF calculations. The ADC(3) calculations were
performed using the original code?? linked to the Gamess ab initio program package.’**> The
cc-pVDZ basis set’®37 with Cartesian representation of the d-functionsswas employed in the
calculation of the spectral profiles. Theoretical photoelectron spectrdv constructed from

the ADC(3) results by convoluting the calculated data with Lorentzi Qof 0.4 eV(FWHM).

For the OVGF calculations initially the cc-pVDZ basi$ Nsed, allowing a direct
comparison to be made with the ADC(3) results. Addi io_g\a the ce-pVnZ (n=D, T, Q, 5)

and aug-cc-pVnZ (n = D, T, Q) correlation consistent gasis sets,®37 with spherical

representation of the d-functions, were then al&use ' ese results from the OVGF
calculations enabled the convergence of the iomnization €nergies with respect to systematic

improvements in the basis set to be stLﬁé\ d they also allowed extrapolation to the
complete basis set (CBS) limit.!  —

Finally, the outer valence veutical«ignization energies were computed using the
equation-of-motion (EOM) oup}ﬁsgs r (CC) theory (EOM-IP-CC) at the singles and
doubles (CCSD) level,*34! as \[Emented in the Q-Chem program package.*? Also, the
CC3 scheme (the CC el with approximate treatment of triple excitations) within the
EOM-CC approa g\tﬁtion energies (EOM-EE-CC3) was employed in which the
continuum or?i{al a /oxi ation** allows ionization energies to be evaluated. The EOM-EE-

CC3 calc Li3ns e performed with the CFOUR program.** The cc-pVTZ basis set>®>’

was usgd inthése calculations.
£
) gr()(md state geometrical parameters of the chloropyridines for the above

ca ulatioys of ionization energy were obtained through a full geometry optimization using
-

seco;sd-order Moller-Plesset perturbation theory (MP2) together with the cc-pVTZ basis sets.

\ P2 calculations were carried out using the Gaussian package of programs.*
-

The Gaussian Cube utility*> was used to generate the total electron densities and the
density differences between the RHF/ASCF and HF densities to show the effects of orbital

relaxation for the cationic states. The HF densities were obtained as follows: the neutral
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ground-state HF orbitals were given as the initial guess for the cationic-state RHF
calculations and the SCF procedure was terminated before the onset of the iterations. The
GaussView program* was employed to produce contour plots. The contour values suggested

by GaussView, 0.001, 0.002, 0.004, 0.008, 0.02, 0.04, 0.08, 0.2, O.ZO.S, 2, were adopted.
e

\%31(}* level of
QQ)WXe\mp oyed to analyse the

study of pyridine.! In this
throu%l second order is equal to one

= %AES (k) +0(3), where O(3)

The Molden software*’ was used to plot the orbitals computed at

theory.

The second-order perturbation theoretical approach (BT

48,49

relaxation part of the ionization energy, as in ou ear

approach, the relaxation energy AE; for the k-th orbit

half of the screening energy AE®(k) for that 0@1:

denotes the remainder of perturbation serigs bey Second order. The screening energy
AES (k) can be expanded in a perturbatio;%aw ich starts in second order.*® The two-
electron Coulomb matrix elements,in thewnumerators and the energy denominators of the
distinct terms belonging to the con}pﬂescorrection can be studied to obtain insight into
the elementary processes t atg%\

role in the screening of an electron vacancy and

contribute to the relaxation ene\(’SBe supplementary material).

B. CMS - Xa calculations of photoionization cross sections and photoelectron
angular dis\r/ tio

Ph i(@zation cross sections, o, and angular distribution parameters, [, were
calculated susing, the CMS — Xa approach, following procedures that have been fully

déscribed a\(d used for a number of previous investigations of molecular halides.3!->

lacé’i at centres determined from the MP2/cc-pVTZ optimized geometry. Atomic sphere

WBriegly, 1)0del potentials were constructed using overlapping, spherical atomic volumes,
&

S

@ii were estimated by the method of Norman,’! and scaled by a factor of 0.85 for all atoms,
except chlorine for which a reduced factor of 0.83 was preferred. The spherical harmonic
basis expansions for the initial neutral state were truncated at values, /nax, of 5, 3, 2, and 1 in,

respectively, the outer molecular region, the Cl, the C and N, and the H atom regions. The
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Publishing trial functions were then iterated to achieve self-consistent ground state potentials in which
the exchange contribution to an effective one-electron potential is represented using the Xa
local density approximation. These potentials were subsequently adapted to have the correct
asymptotic Coulombic form appropriate to solving the ion-phgtoelectron problem.
Photoelectron wavefunctions, expanded in an enlarged basis of spheél armonic functions

(now 9, 5, 4, 3 for respectively outer, Cl, C and N, and H atom regi r& and with radial terms

obtained by direct numerical integration, were then obtained and used to‘eonstruct the electric

dipole photoionization matrix elements in an independent. electron, frozen core
—-—

approximation. Finally, values for ¢ and B were c mputechr m these matrix elements,

representing ionization of a fixed geometry, non—r@ng, n ibrating molecule.

\ j
IV. RESULTS AND DISCUSSION \\

A. Overview of electronic configur. tion and molecular orbital character

M&Cs molecular point group symmetry, predict the

Our HF calculations, performe
following ground state valence SN tronic configurations for 2-chloropyridine and 3-

chloropyridine: \

Inner valence :

aﬂg)z (3a'): (a'y? (52 (62"
Outer valengé : ’(,7a 2 (82)? (9a')? (10a")? (11a")? (1a”)? (12a")% (2a")? (13a’)? (14a’)?
3a")? (4a")?

where the o;e)orbl s are omitted from the numbering scheme. The orbital character can be

fr the Mulliken atomic populations’> given in Tables II and III, and the
étioybetween these orbitals and those of pyridine is shown in Figure 2. The five
highest oscu ied orbitals in each molecule are also plotted in Figure 3 using the results of our

"HF caleulations.

S As is normal for aromatic molecules, the molecular orbitals of the chloropyridines can
.
be assigned as being of either 6- or n-type. The aromatic system comprises three n-orbitals
(1a”, 32" and 4a"), with the inner-most n-orbital (1a”) in the chloropyridines being noticeably

more tightly bound than the corresponding orbital (1b1) in pyridine (Figure 2). Considerable
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admixtures of chlorine character are found in the 4a” and 1a” orbitals (Tables II and III, and

Figure 3).

The 2a" orbital mainly corresponds to the chlorine lone-pair orientated perpendicular to

the molecular plane (Figure 3). This orbital, formally of n-typef is, to some extent,

delocalized over the ring atoms. The in-plane lone-pair orbital (132’ 'sze and is more
strongly localized on the chlorine atom (Tables II and III, né%e 3). The binding
energies of these m- and o-type chlorine lone-pair orbitals are<dlewersn 2-chloropyridine than

in 3-chloropyridine. -

—

Of particular interest is the non-bonding o-type 1 e—paiborbital (14a’) associated with
the nitrogen atom (Figure 3). The Mulliken atomic op't)lations (Tables IT and III) indicate
that although this orbital is mainly localized on t niﬁ'ogen atom, up to ~28% and ~7% of
the electron density is delocalized over theXskand hydrogen atoms, respectively. In 3-

chloropyridine, the 14a’ orbital contains m (~11%) admixture of chlorine character,

although this admixture drops ,to % i, 2-chloropyridine. The other orbitals in the

chloropyridines are essentially Gx%\b ding orbitals delocalised over the ring, hydrogen

and chlorine atoms. \

B. Assignmentiof the phatoelectron spectrum of 2-chloropyridine
The pré HF, \//GF, ADC(3), EOM-IP-CCSD and EOM-IP-CC3 results for the
vertical @onization transitions of 2-chloropyridine, obtained with the cc-pVDZ
and the aug-cc- TZ basis sets, are listed in Table IV, together with our experimental values.
basis {()nvergence study performed for these transitions at the OVGF level is
udo en‘kd in Table V. The CC3 ionization energies for the CBS limit (CC3.) were

estinﬁjited by adding the difference between the results for the cc-pVooZ and the cc-pVTZ

S b&sm sets to the CC3/cc-pVTZ results.

At the HF level, the ionization energy of the nitrogen lone-pair state, 14a’'(on Lp)!,
places this state, as in pyridine,! in the third position in the electronic sequence, above the

4a"(m)"! and 3a"(n)! levels. When correlated methods are used, the ionization energy of the

-10-
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14a’ orbital decreases by ~1.5 eV, such that the nitrogen lone-pair state is shifted into the
second lowest position in the theoretical spectrum. Although there is good agreement
amongst the higher-order computational schemes in respect to the relative position of the
14a'(on Lp)! state, the absolute ionization energies for this state and the other outer valence
states vary strongly with both the method employed and the basis sf Table V shows
that the aug-cc-pVTZ basis set provides sufficiently converge s S SO that the OVGF,

EOM-IP-CCSD and EOM-EE-CC3 ionization energies (M@\Qh is basis should be

fairly reliable.

Whilst the results from the OVGF and EOM-I CCSD) methods are consistent with
each other, the agreement with the experimental \@es 1§)not entirely uniform. For example,
discrepancies of up to ~0.5 eV are observed for the mote tightly bound orbitals in the OVGF
results for the CBS limit. Significantly e aegurate predictions of the vertical ionization

energies are obtained at the CC3 level éﬂ'ﬁe\f,.hoth for the cc-pVTZ basis set and the CBS
ultl

limit. Here, however, computationa are encountered and do not allow the full set

of outer valence ionization ener&\ alculated.

All the theoretical met cept CC3, considered in Table IV overestimate the

4?‘(.3)‘1 and the 14a’(on rp)' states, which, according to our
e

Guided by our findings in pyridine,! we expect that this

splitting between t

edictwyertical ionization energies of 8.68 and 9.10 eV for the 4a”(n)! and

438/ (m)! &B)d he 14a'(onip)! states, respectively, are similar to those in the unsubstituted
olecule.! This confirms again the key role of orbital relaxation in the ionization of

itrogen lone-pair orbital. As can be seen in the density difference plots for 2-
chloropyridine (Figure 4), the relaxation patterns are almost the same as those for the
corresponding cationic states of pyridine! where a strong decrease of electron density occurs
on the nitrogen atom, accompanied by moderate density increases on the hydrogen atoms, the

CH-bonds and two of the CC-bonds. However, an interesting new detail to emerge in the

-11-
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ionization of the nitrogen lone-pair in the halogenated species is that the chlorine atom is
involved in the relaxation process. This can be seen from an increase of electron density in
the areas near the chlorine o-type lone-pair. As in pyridine, the m-system actively
participates in the relaxation, and contributes, according to our PT2 analysis, up to 52% of the

/ly' ce the orbitals are

relaxation energy for the onvLp orbital ionization (Tables VI and S1):

not redefined in this relaxation analysis, the electron density re iation corresponding to

the hole formation is effectively described by an orbital mixing olves occupied and

virtual orbitals, creating the relaxation effect. The main co
—
excitation, involving the highest occupied and the lowest ungccupied m-orbitals (Figures 3

ibutien, gives the 3a"(m)-5a"(n*)

and 5). The energetically more favorable 4a"(m) a”'(n*) itation is only the second most

important contribution (Table S1), apparently duge to thg)ess efficient overlap of the 4a"(m)
The

and 6a"(r*) orbitals with the 14a' (on LP) laxation of the electron in the 4a"(w)!

and 3a"(m)"! states is achieved mainly tK\‘X rlous c-c* excitations (Table S1), so that the

contribution of the m-n* excitations e;e5 12-14% (Table VI).

-
The overall profile of th eoretical photoelectron spectrum of 2-chloropyridine

(Figure 6) resembles that of mgsubstituted pyridine,! with the principal difference being the

two distinct peaks, loc tﬁﬁj 12eV, associated with the chlorine lone-pairs. In addition,

small changes in thle ionization energies of some of the cationic states, relative to those in

pyridine leaZO li{ghtl)r modified appearance of certain band systems. In general, the
agreement be N calculated profile and the experimental spectrum recorded at a photon

energy g is satisfactory.

1 u/re 7 /hows photoelectron spectra of 2-chloropyridine, recorded at a photon energy
=

0f 42.5 eXS, r 0 =0°and 6 = 90°. These spectra show the outer valence bands in greater

hey also illustrate the way in which angle resolved photoelectron spectra can help

‘a‘etal
igh the type (o, 7, or non-bonding) of orbital associated with a specific band even when

S

the individual bands partially overlap. Ionization from three orbitals (4a”(w), 14a’(o L) and
3a"(m)) contribute to the spectrum in the binding energy range ~ 9 to 11 eV, and three peaks
are observed with maxima at 9.63, 10.11 and 10.75 eV. It is noticeable that in the spectrum

recorded at 6 = 0° the peaks at 9.63 and 10.75 eV are more intense than that at 10.11 eV,

-12-
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whilst the opposite behavior is evident in the spectrum recorded at 6 = 90°. This relative
variation in peak intensity is a consequence of the B-parameter of an electron ejected from a
n-type orbital being much higher than that of an electron ejected from a o-type orbital at a

photon energy of 42.5 eV.>

The experimental peak maxima values for the three oute SM are consistent
K

P

with the results obtained in our EOM-IP-CCSD and EOM-EE;C culations (Table 1V).
The splitting between the ionization energies for the 4a” a &Mls (1.19 eV) obtained
in the ADC(3) calculations is also in accord with the xpgtg‘?a'ﬁalue (1.12 eV), but the
ADC(3) calculations overestimate the splitting between the Sa" and 14a’ orbitals and this

leads to a discrepancy between the theoretical and@eri ental spectra plotted in Figure 6.

The next two peaks, with maxima at .Mﬁl eV in the experimental spectrum,
correspond to ionization from the chlori}e\Qn air orbitals 13a’(ccl Lp) and 2a"(mal Lp),
respectively. Figure 7 shows that at a p h&rgy of 42.5 eV, an energy which lies close
to that of the predicted Cl1 3p Cooper hﬁu{n,” the B-parameter for the 13a’ orbital is much
lower than that for the 2a” orbita \b& ifference in B-values suggests that the 2a” orbital,
which is orientated perpendicum molecular plane, interacts with the n-type orbitals on

the carbon ring atomis. ch an interpretation is supported by the Mulliken atomic
populations (Tablg IT) anﬁhe molecular orbital plots in Figure 3 which indicate that the
13a’ orbital yé@s{dered as an essentially atomic 3p chlorine orbital lying in the
molecular laxs:hh:{as the 2a” orbital contains contributions from the carbon atoms.

ugh%tions reproduce the portion of the photoelectron spectrum containing the
twe.pea /assﬂciated with the chlorine lone-pairs quite accurately. The agreement between
th OVGB and the EOM-IP-CCSD calculations (using the aug-cc-pVTZ basis set) is very
-

ood{(Tables IV and V). As expected, the EOM-EE-CC3 results demonstrate the best overall
g (S p

agreement with experiment.
-

According to our PT2 analysis (Table VI), the relaxation shifts for the 13a'(cciLp) and
2a"(nciLe) orbitals are —1.88 and —0.95 eV, respectively. Since only the lowest state of each

symmetry can be treated within the ASCF framework, the relaxation energy here was
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estimated using only the PT2 approach.!*®* The relevance of the PT2 predictions is
supported by the fair agreement between the PT2 results for the 4a”(m)~! and 14a’(onip)™!

states and the results of the ASCF calculations (Table VI).

The computed relaxation shifts for the 13a'(ccire) and ?’(na Lp) orbitals are

substantially smaller than that for the nitrogen lone-pair orbital. The PT2 amalysis (Table S1)

allows the differences in the relaxation mechanisms to be undgrstoed! For ionization of the
13a'(ociLp) orbital, the principle relaxation contribution ce;ses om the 2a"(mciLp)-8a"
mixing. Remarkably, the 8a" orbital can be identified r ﬂ.l?f arly as a p-type atomic orbital
of chlorine (Figure 5) and thus can be viewed as t chloﬁ)je 4p Rydberg orbital. The

ionization is strongly chlorine localized, which @ds significant coupling between the

ocire charge and the electron density of the chlorige localized mciLp and 4p orbitals, and to a

large absolute value of the M integral  (ccareocice | mae Cldp) =

<ch1 LP|jG al LP|Cl4p>. The localizatio%re outweigh the energetically unfavorable
s

accessibility of the Cl 4p orbital, wh Whﬁ ep ated from the 2a"(ncirp) orbital by an energy
gap of 30 eV (Table S1). The mw ible m-n* excitations, characterized by energy gaps

of ~12 eV, are less importmef%se the stronger spatial delocalization of the n-MOs

reduces the magnitude of the Coulomb matrix elements <n|j(r ClLp |n*> (Table S1). This is in

contrast to the relaxation accompanying the ionization of nitrogen lone-pair where m-n*

excitations pl}yth 'é’in ryle.

The omj)wcture appearing in the experimental spectrum in the binding energy

range 15.5 eV is similar to that in the corresponding portion in the spectrum of
unsub {ed pyrldine.1 The maxima observed at 13.03, 13.91 and 14.79 eV can be assigned
=

t ionizatSon f three o-type orbitals, namely 12a’, 11a" and 10a’, respectively. lonization of
“the 1a ) orbital contributes to the peak at 13.91 eV. This transition is strongly affected by

cllite formation. The intensity of the 1a”(m)"! main-line (located at 14.09 eV according to
our ADC(3) calculations) is only 0.56, which means that nearly half of the intensity
associated with this transition is transferred to various satellites. One of these satellites,
having a spectral intensity of 0.09, is predicted at 13.92 eV and therefore occurs at an

ionization energy slightly less than that of the 1a”(x)"! main-line. Thus, this is an example of
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a shake-down satellite. Satellites of this nature are rarely encountered in organic molecules at
such low binding energies. For this satellite, the dominant 2h-1p configurations are of the
4a"(n)?n* and 4a"(n)'3a(n) 'n* type. Interestingly, there is also a 1% intensity contribution
associated with the virtual 6a”(n*) orbital. This contribution is due to ground state
correlation. According to our calculations, various shake-up satelliteéei iying intensity from
the 10a’(c)! and 11a’(c)™! main-lines are also located in the spectr: aQe under consideration

and contribute to the width of the observed photoelectron bands.

Experimentally, the contributions from the 1a"(n a'(o) orbitals overlap to form
the band with a maximum observed at 13.91 eV in th spect1§1m recorded at 6 = 0°, and at
13.98 eV in the spectrum recorded at § = 90°. Th@ect' n of this shift is consistent with the
ionization energy of the 1a” orbital being slig lower than that of the 11a’ orbital, in

agreement with the ADC(3) predictions.% ontribution from the la”(m) orbital to the
photoelectron peak is confirmed by theﬂdﬂjcame measured at a photon energy of 42.5 eV

compared to the lower B-value for the hbouring peak at a binding energy of 13.03 eV,
due solely to the 12a’(c) orbital. \\
The next section of th electron spectrum, between ~15.5 and 18.5 eV, is

reproduced well by o

cﬁwstions. Three peaks, centred at 15.83, 16.23 and 17.23 eV, due

nd 7a’ orbitals, respectively, are superimposed upon a dense, low

intensity backgfound-attribited to shake-up satellites.

At slig hgw binding energy, a small peak appears in the experimental spectrum at
~18.8€V. possibility that this peak is due to an impurity in the sample cannot be
exelude /ut b other structure which might also be attributed to an impurity is discernible.
Thi pealé)is noticeably more intense in the spectrum recorded at 6 = 0° than in that recorded

-
at 0 S 90°. Thus, it is associated with a significantly positive f-value, such as that expected

S n electron ejected from a n-type orbital at a photon energy of 42.5 eV. Qualitatively, our
.

calculations reproduce this feature, although not in terms of a single dominant transition. A
cluster of low intensity shake-up satellites, mainly associated with the la"(w) orbital, are

predicted in this region, and collectively form a small peak in the theoretical spectrum.
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At binding energies above 20 eV the experimental spectrum becomes increasingly
diffuse. According to our theoretical results this reflects the breakdown regime of the single
particle model of ionization where extended groups of overlapping satellite states replace the
dominant main-lines transitions. The structure in this region is extremely complex, as can be
seen in the bar spectrum under the theoretical envelope shown in {g 6. Interestingly,
some of the more pronounced features in the experimental spec )an still be reproduced

surprisingly well by the theoretical envelope generated from the'seemingly erratic satellite

manifold. For example, the broad doublet with maxima
-
predicted to be formed by states deriving their intensity fro1g 1

5a'(c) electrons. C

At higher energy, the interpretation of the éxperimental spectrum, showing three broad

peaks centred at ~23, 25 and 29 eV, :N the theoretical results becomes less

conclusive as the theoretical spectral ks more structured. However, it can be

sérved at 19.7 and 20.4 eV is

ization of the 6a'(c) and

expected that the peaks at 23 and 29 Vﬁ’e iy inly due to transitions related to the 4a('c) and
l1a'(o) orbitals, respectively, wlﬁ%{ ak centred at 25 eV is formed by states deriving

intensity from the 3a('c) andS«Q%ization.

C. Assignmentof tpe%boelectron spectrum of 3-chloropyridine
lectron, s

The ph {ectrum of 3-chloropyridine (Figure 8) qualitatively resembles that
of 2-chlo p}?;hﬁgure 6) and will therefore be discussed more briefly. The correlation
diagram for the outer valence orbitals (Figure 2) shows that the only major difference
between /e two isomers concerns the 11a'(c) and 1a”(m) orbitals which exchange positions
in'the orbyal sequence. In 3-chloropyridine, 1a”(m) is the less tightly bound orbital. All our

-
theoxgtical results are listed in Tables VII and VIII, together with the photoelectron band

\ ima estimated from the present experimental spectra. In general, all the ionization
-

energies obtained using the correlated methods and basis sets reported in Tables VII and VIII
provide a consistent description of the outer valence ionization. In particular, the EOM-EE-

CC3 results are in excellent agreement with the measurements.
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The outermost photoelectron band in the experimental spectrum of 3-chloropyridine
(Figure 9), recorded at a photon energy of 42.5 eV, is due to ionization of the 4a”(m) and
14a’(onwp) orbitals. The calculated ionization energies of these two orbitals are similar
(Tables VII and VIII), and hence the individual contributions overlap. Nevertheless, the
change in the peak shape in the spectra recorded at 6 = 0° and 6 :Z(;p

igure 8) indicates

that the 4a”(mw) orbital has the lower ionisation energy, in OQ with the theoretical

predictions (Tables VII and VIII). In the spectrum recorded at 8= 0%the peak maximum

occurs at 9.58 eV and a shoulder is observed to higher bin

-~
at 0 = 90° the maximum shifts to 9.83 eV and the shoulder¢is

nergy, whilst in that recorded
bserved to lower binding
energy. This change in the photoelectron band prbfile is a‘eensequence of the B-value for an
electron ejected from a m-orbital differing signbﬁ%‘cy E_r?n that for an electron ejected from

a o-orbital at a photon energy of 42.5 eV.54\\

Our calculations overestimate the_sphitting between the 4a”(m)! and 14a'(onip)’!
transitions, and this results in two s }?e L ks appearing in the theoretical photoelectron
spectrum (Figure 8). The AD calcylations underestimate the relaxation effects in the
14a’(onip)! state, so an impr Mement between experiment and theory can be expected
upon a more satisfacto 4@%1%‘[ relaxation. The orbital relaxation energies of -0.83 and

-2.74 eV in the 4a"(n) ™and 14a’(onLp)! states, respectively, of 3-chloropyridine, obtained at

the ASCF le? 0 gory }Table VI), are similar to those in 2-chloropyridine and pyridine.!
The relaxation induced

iéati(}n of the 3a"(m) orbital gives rise to a band with a maximum observed at 10.60

ensity redistribution (Figure 10) shows the familiar pattern, as in

Figure 4.

, in acc)or with the theoretical predictions. The results from our ADC(3), OVGF, EOM-

and EOM-EE-CC3 calculations give a splitting between the ionization energies of

e
1P-
-

C
\ 4}"(70 and 3a"(m) orbitals which is in good agreement with the measured value (1.02 eV).

The next two peaks in the photoelectron spectrum are due to the chlorine lone-pairs

(13a’(ocice) and 2a”(mci Lp)). It is noticeable from the Mulliken populations in Tables II and
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Publishing IIT and MO plots in Figure 3 that the contribution from the nitrogen atom to the 2a"(nciLp) is

substantially larger in 3-chloropyridine than in 2-chloropyridine.

More specifically, the nitrogen character of the 2a”(mciLp) orbital in 3-chloropyridine is

larger, by about 10%, compared to that in 2-chloropyridine. Interéstingly, the nitrogen

S?EQ‘KC’ the mwciLp and
1

rine character (10 and

character of the 14a'(onLr) MO also increases by about 5%. At th,

on Lp MOs of 3-chloropyridine lose about the same amount of their
3%, respectively). Also, the chlorine character in the nitro n~$)ne ir orbital 14a'(o~rp) of
3-chloropyridine increases by about 5%. Thus, all logg— it orbitals in 3-chloropyridine
appear to be more delocalized than the correspondin orbitals in 2-chloropyridine. This is
consistent with the systematically smaller relaxa@ shifts obtained for ionization of these
orbitals in 3-chloropyridine at the PT2 level (N/I)_ We recall that the relaxation shift
depends on the magnitude of the <(pi |j oL N‘[egr | and is therefore more pronounced for

compact orbitals, being largest for K-shell ionization processes.

It should also be noted that. all tﬁeea;etlcal methods predict ionization energies of the
chlorine lone-pairs that are | rger\-\ch ropyridine than in 2-chloropyridine, in agreement
with the experimental results % IV and VII). The opposite behavior occurs for the

energy levels of the

—

i rogﬁ%)ne-pair orbitals onrLp. Our calculations employing the natural
bond orbital (NB@)>*->8 ysis of the HF/cc-pVDZ wavefunctions provide an explanation
for these differéncess, Acdording to our results, the NBO donor-acceptor interaction of the

nitrogen 1 e‘sh\bital onrp with the o*-type C-Cl antibonding orbital (onLpP—>G*c-ci)

amount§ to Q.6 and 6.7 kcal/mol for 3-chloropyridine and 2-chloropyridine, respectively.

e/difffrence shows clearly that the nitrogen lone-pair which stabilizes the vacancy

0 chlorisse 1n the position "2", has practically no effect on the chlorine in the position "3",

Q&:hich is“an easily understood topological effect. Moreover, our NBO calculations predict a
b

stantial electron density transfer from the on Lp orbital to a Rydberg-type orbital located at
the Ca site in 2-chloropyridine (~7.8 kcal/mol) which should also stabilize the states with
chlorine vacancies. In contrast, the latter effect is completely missing in 3-chloropyridine.
The same active donor role of the on Lp orbital in 2-chloropyridine explains the increase in the

ionization energy of this orbital in 2-chloropyridine compared to its energy in unsubstituted
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pyridine and 3-chloropyridine (Figure 2). The present NBO calculations show that in the
above electron density transfer processes the unoccupied orbitals localized at the chlorine site
play an acceptor role. This can probably be interpreted as a manifestation of the negative

inductive effect of chlorine (-/). /

The calculated relaxation shifts for the 13a’(cciLp) and 2a"(m 1$0r itals are -1.44 and
i

-0.91 eV, respectively (Table VI). As in 2-chloropyridine, the ch ¢ lone-pair relaxation
shifts are smaller than that of the nitrogen lone-pair, whi Xkan e attributed to the
different relaxation mechanism based on the screening of }Lle Jorifie'vacancy by promotions

of the following type: mci Lp-Cl 4p and ociLp-6* (Tables\S1). 3

Ionization of the 1a”(m) and 11a’(c) orbitalsQLovidbj a good demonstration of the way
in which angle resolved photoelectron spectra allo th‘é‘type of orbital to be identified even
though the associated bands overlap to soﬁ‘t%ﬁnl. In the spectrum recorded at 6 = 0°, a
band with a maximum at 13.75 eV is ob \ed'ffogether with a shoulder on the high binding
energy side. In contrast, in the spect deed at 8 = 90°, two peaks are observed with the
higher energy band having a max\a 14.17 eV. Such angle dependent variations show

that the peak at 13.75 eV iSX\\U*&he la"(m) orbital and that at 14.17 eV to the 11a'(c)

orbital.

Our ADC( ca}cula ighs predict that ionization of the 1a”(m) orbital gives rise to a

large number((/ﬁﬁt'q ({abelled 7 in Figure 8) which lie on the high binding energy side of
ain-line

the associ tea“jl

he /pho lectron bands centred at 15.76, 16.24 and 17.16 eV are reproduced

(having a pole strength of only 0.5).

safisfacto é the theoretical spectrum and may be assigned to the 9a’(c)!, 8a'(c)! and

2 il tr)nsitions, respectively. The substantial width of the experimental peaks is most

likel§) due to the presence of numerous low intensity satellites.

S “« As in 2-chloropyridine, a small peak is observed in the experimental spectrum at a

binding energy of ~18.7 eV. Although a dense manifold of satellites related to the 1a"(m)
ionization appears in the theoretical spectrum, the spectral envelope does not result in a

discernible peak. This could be due to subtleties in the distribution of the satellites not
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adequately described by our computations. Alternatively, the peak could be due to a
component of the 6a’(c)! ionization manifold which is placed at too high an energy by our

calculations.

According to our calculations, above 19 eV and beginning wi?/ the 6a’(c) ionization,
the one-particle picture of ionization becomes invalid.?! This i \N region of the
photoelectron spectrum of 3-chloropyridine will not be considere 'ﬁ}etail as it is similar to
that of 2-chloropyridine. A comparison between the ex r'&&n theoretical spectra

(Figure 8) allows an approximate interpretation of the i er nce Structure to be obtained.

-

D. Photoelectron angular distributions d&[ana)ing ratios

o
The experimental and theoretical photeelectron anisotropy parameters and branching

.

respectively. The corresponding chloropyridine are similar and are available in

ratios for the valence orbitals of 2.chloropyridine are plotted in Figures 11 and 12,
a%\

t.
t?h&ubstitution site for the chlorine atom has little

Y

parameters and branching ratios.

yggion Yl (Table I) encompasses contributions from the 4a”(w) and
, although the two components are not resolved experimentally. The

calculated P aw r the 4a"(m) orbital rises rapidly from a low value at threshold to

supplementary material. It appgars
effect on the photoionizat'm&&e ics, at least as monitored by the photoelectron B-

Binding ener

14a’(on Lp) orbi

reach a tea value“of ~1.5 at a photon energy of 50 eV. Such an energy dependent
behayior is typieal of that observed and predicted3?-3250% for electron ejection from a 7-
orbital. élculated value of the anisotropy parameter due to the 14a’(on Lp) orbital rises
g\obly as the energy increases. This calculated increase in the fB-value for the 14a’

L

orbit§1 is also slower than that predicted for the anisotropy parameter associated with the

S pi\trogen 2p electron.’® The Mulliken atomic populations for the 14a’ orbital (Table II)

provide a plausible means of reconciling this disparity. The populations show that the 14a’
orbital contains significant contributions from the carbon atoms, and thus should not be

considered simply as an unmodified nitrogen lone-pair.
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The photoelectron bands due to the 13a’(cci Lp) and 2a”(mci Lp) orbitals lie in energy
regions 3 and 4, respectively. These two orbitals may be considered as essentially chlorine
lone-pairs and hence their associated photoionization dynamics would be expected to be
influenced by the atomic CI 3p Cooper minimum which occurs at a photon energy of ~42
eV."® The dip due to this atomic phenomenon is clearly observed iré -parameter for the
13a’ orbital, indicating that this molecular orbital retains its atomi r@erties to a large extent

even within the molecular environment. Note the high contributionfrontthe chlorine atom in

the Mulliken atomic populations for the 13a’ orbital (
—
experimental -value for this orbital is ~0.4, which is only sligltl

le" ). In the minimum, the
reater than the theoretical

prediction (~ -0.2) for atomic chlorine.!3> The cal@ted -parameter for the 13a’ orbital also

exhibits a dip due to the Cooper minimum, althQug iE)osition is shifted slightly to lower
energy compared to experiment. For the th lly chlorine lone-pair orbital (2a”), the
influence of the Cooper minimum ap a%eakly in the experimental data and in the

. I;%'\eable that the Mulliken atomic populations for

.

—t

theoretical curve it is almost absen
the 2a” orbital show increased ‘%ﬂa!ons from the C4, Cs and C¢ atoms, together with a
reduced contribution from t‘ﬁ;‘[\, ompared to those for the 13a’ orbital. Moreover, as
the 2a"(mc1 Lp) orbital is_orientated“perpendicular to the molecular plane it may interact more

readily with the rin rbitals and hence loose much of its atomic character. This reduction

terfof the2a” orbital is consistent with the dip due to the chlorine atom

in the Cl 3p ch
Cooper mini@g rongly attenuated in the anisotropy parameter.

The )imental and theoretical B-parameters for the 12a’ orbital exhibit the energy
depefideneé expeeted for an electron ejected from a o-type orbital.20-325%5% n contrast, the B-
p ramete asured for region 7, which encompasses the photoelectron band due to the
“10a 037

tbital, is much higher than predicted. This discrepancy may be due to satellites,

calmhated to lie within the same binding energy range as that spanned by the 10a’(c)™!

S photoelectron band, associated with the 1a"(m) orbital. Such satellites would be expected to

have high B-values. Therefore, photoelectron intensity arising from these satellites would
tend to increase the anisotropy parameter for region 7 above the value due solely to the 10a’

orbital.
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Figure 12 shows that a satisfactory agreement is obtained between the experimental and
theoretical branching ratios for binding energy regions 1 — 10. The calculated ratios exhibit
some structure at low photon energies that is not evident in the experimental data. This
structure is partly due to predicted near-threshold resonances which give rise to intense peaks
in some of the calculated photoionization partial cross sections é} hown). Another
contributing factor to this structure is associated with the many Qtion thresholds which
occur in the binding energy range ~10 — 20 eV (Table IV).. As“each threshold is crossed,

abrupt changes tend to appear in the branching ratios derivedfrem-the partial cross sections.

—
The branching ratios for the 13a'(cci Lp) and the(@wp) orbitals display a dip at a

photon energy of ~40 eV due to the CI 3p Coop@nni um. The correspondence between
the experimental and theoretical results is good although.the predicted minimum occurs a few
eV lower than the observed position. Intéie{ , the influence of the Cooper minimum is
clearly evident in the branching ratios for both.of the nominally chlorine lone-pair orbitals
whereas its effect on the correspon ‘ﬁg7B;Ra meters is only noticeable in that associated
with the 13a’ orbital (Figure 11&\&{1 ehavior is consistent with that observed in similar
studies on chlorobenzene®” Wn uence of the Cooper minimum was apparent in the

branching ratios associated with the'in-plane and the out-of-plane orientations of the chlorine

lone-pair orbitals, buit 1tsieffect on the anisotropy parameters was only evident in that of the
in-plane orientatio / y.

.
N

V. SUMMA
£
-~ valgfice shell electronic structure of 2-chloropyridine and 3-chloropyridine has

b inv%tigated both theoretically, by using various approaches to calculate ionization
:nersies and spectral intensities, and experimentally by employing synchrotron radiation to
record angle resolved photoelectron spectra. Although the photoelectron spectra of the two
;;)mers are generally similar, the substitution site for the chlorine atom produces subtle shifts
in orbital ionization energies, which, in turn, modify specific band systems. The ADC(3)

method has been employed to generate the complete valence shell photoelectron spectrum of
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each isomer. The theoretical profiles are in good accord with the experimental spectra and
have allowed most of the observed structure to be assigned. The calculations show that the
single particle model of ionization becomes invalid at binding energies above ~19 eV. In the

inner valence region, electron correlation leads to a reduction in main/ine pole strength and

to a corresponding increase in satellite formation. \

The OVGF method has been employed to study the conver e of the results to the
CBS limit. The EOM-IP-CCSD and EOM-EE-CC3 comp 'Nle es have been used

to obtain accurate estimates of the vertical ionization e eggi or the outer valence shell. In

particular, the CC3 results obtained with the cc-pVTZ\basis 53‘[ and in the CBS limit are in
excellent agreement with the measurements. Th@ore ical work has enabled the influence
of electron correlation and orbital relaxation on the orbital ionization energies to be examined

in detail. The relaxation mechanism for c orbital has been found to differ from that

for the ociLp orbital. For the onLp orbié&??-\t&e&citations play the main role in the screening

of the lone-pair hole, whereas for t WL& orbital excitations localized at the chlorine site
a

involving the chlorine mciLp lonss%\

For the mcivp orbital, the ma Mion contribution comes from the oci Lp-6* excitations,
dberg-

where c* is a high ene pe orbital.
Photoelectr a&) parameters and branching ratios have been derived from the
£

angle resolve?/ﬁhot ectrdn spectra and compared to the corresponding predictions obtained

the Cl 4p Rydberg orbital are the most important.

through th G%’S\<(X approach. The influence of the chlorine atom Cooper minimum on

the B-parameter associated with the 13a’(cci Lp) orbital is evident in the experimental and

theoreti (resplts. However, its influence on the second nominally chlorine lone-pair orbital

-
(2a"(mc11#)) appears negligible. A plausible explanation for these findings is that the 2a"(nci

“fiw) orbital, which is orientated perpendicular to the molecular plane, interacts with the m-

itals in the ring system and hence its atomic character is reduced.

=
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Publishing suPPLEMENTARY MATERIAL

See supplementary material for the PT2 relaxation energy for the highest occupied
orbitals of 2-chloropyridine and 3-chloropyridine, and for the experimental and theoretical

photoelectron anisotropy parameters and branching ratios of 3-chlor01?idine.
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Table I. Energy regions used in the analysis of the photoelectron spectra of 2-chloropyridine and 3-
chloropyridine.
Binding energy range (eV)
Region compassed orbitals
2-chloropyridine 3-chloropyridine
1 9.00 - 10.45 8.80—-10.30 - __v‘\4a"(7%14a’(cm LP)
2 10.45-11.25 10.30 - 11.35 0 3a"(m)
3 11.25-11.85 11.35-12.17 g« 13a’(ccitp)
4 11.85—12.60 121712806 ) 2a"(mc1 1)
B ¥
5 12.60 — 13.45 12.80 — 13(3% 12a'(o)
6 13.45-14.35 13.37 — 14,32 5 : 1a"(m), 11a'(0)
7 14.35-15.35 14. 3!4"15 3 10a’(o)
8 15.35-15.95 1‘5 3 = 9a'(0)
9 15.95 - 16.75 a_a{ 8a'(c)
10 16.75 - 18.50 & \LQSS — 8 70 7a'(c)
11 18.50 — 21.50 \ . 21.50 6a'(c), 5a'(o)
12 21.50 - 32.00 N"2'2-&() —32.00 4a'(o), 3a'(0), 2a'(0), 1a'(c)
\V b
V.
£
.ﬁ
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Table II. Mulliken atomic population in{the outer valence molecular orbitals of 2-chloropyridine (units are electrons; sum
over all atoms is 2) calculated at the HF/cc- DZevel.
o

4 14 . N3a o 22" 1200 L' &' 108 9% 8a  Ta
@M  (onn) | (N G @aw) © 0 ® (0 (o ©)  (©  (©
N 0.02 1.22 NQ 0.05 0.14 0.48 0.32 0.03 0.04 0.30 0.16
C, 0.37 0.1 b&‘\ 0.03 0.04 0.16 0.52 0.21 0.16 0.14 0.29 0.13
3 ,
0.63

-

~ Atom

G 042 011N\ 003 | 00l 023 022 008 025 035 032 023
Co 002 003 002 012 026 014 049 012 008 033 027
Cs 052 03%_ 016 000 023 023 014 017 034 015 035 030
Ce 045 QI5 014 001 018 018 024 007 029 027 031 023

Cl A029_ 09 004 | 188 136 036 026 = 024 027 018 006 = 0.14
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Table III. Mulliken atomic population in t
over all atoms is 2) calculated at the HF

lence molecular orbitals of 3-chloropyridine (units are electrons; sum

D N
N
N
I9)

O

Atom A 22" 1220 1a" 112 108 9 8a’ 7a
(mcie) -~ (o) (m) (o) (0) (o) (0) (o)

N 028 017 034 030 005 005 035 012
C 004 018 033 009 032 016 026 028
C 008 019 043 011 031 018 035  0.09
Cs 000 022 022 058 002 007 030 031
Cs 008 023 007 015 013 049 034 014
Co 024 019 021 021 027 007 032 034
cl 127 037 | 028 | 001 | 049 | 033 006 | 006
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computed using the HF, OVGF andfADC(3), methods and the cc-pVDZ (DZ) basis set; vertical ionization
energies (eV) obtained using the E -IP-GCSD (CCSD) method in combination with the aug-cc-pVTZ (ATZ)
basis set, and the continuum orbital versign of EOM-EE-CC3 (CC3) method in combination with the cc-pVTZ
(TZ) basis set. The CC3 vertic Mﬂ energies extrapolated to the complete basis set limit (CC3.) and the

experimental values (Exp.@ed.

Table IV. Energies E (eV) and intensﬂi@P of'the O}Ier valence vertical ionization transitions in 2-chloropyridine

Cu
Moleeular HEDZ «. OVGFDZ  ADC(3)DZ  CCSD/ CC3 cenr | Exgb
: ; = i < Exp.
orbital yp‘(\?\ E P E P ATZ  TZ P

948 928 090 934 089 963 950 964  9.63
89 1005 089 1034 088 1025 1001 1017 = 10.11

§\10.79 1032 089 1053 088 1079 10.64  10.77 10.75
1242 1133 091 1133 090  11.64 1138 1149  11.56

1295 1192 089 1196 086 1230 1199 1207 1211

14.53 13.09 090 1331 090  13.37 1313 13.19 13.03
1570 1407 = 083 1409 056 1449 1385 1388 1391
1601 1422 089 1444 088 1445 1410 1414 = 13.98

16.40 1478 ~ 0.89 1501 = 088 : 1505 : 1470 = 14.85 14.79

17.92 1621 = 088 1628 = 0.85 1636 =@ 1596 15.83

18.65 1639 087 1677 ~ 080  16.64 : 16.23

19.60 17.59 0.86 17.69 0.73 17.76 17.23

* The CC3 ionization energies for the complete basis set were estimated by adding the difference between the
results for the cc-pVeoZ and the cc-pVTZ basis sets (Table V) to the CC3/cc-pVTZ result.
® Peak maxima, as obtained from the present photoelectron spectrum.
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Table V. Vertical ionization energieioﬁZ-c opyridine (eV) calculated at the OVGF level of theory using

a series of basis sets cc-pVnZ and aug-ec-pVpZ with improving quality (n = D, T, Q, 5) and results for the
CBS limits (n — o). \ P
, 42" Nda 3" 132 22" 1220 12" lla 102
Basis set W o, @ ©Gaw) @maw @ ® @
cc-pVDZ ‘L& \06 10.34 11.34 11.92 13.11 14.08 14.23 14.79
~aug-cc-pVDZ < 9. ?‘1’0.33 10.55 11.60 12.16 13.32 14.30 1443 14.98
cc-pVTZ _WS 1026 = 1063 1159 = 1213 1325 = 1420 = 1436 = 14.90

aug-cc-pVIZw 0.55% 1036 1071 1170 1223 1333 1429 1444 = 14.98
c-pVQZ 956 1034 1071 1173 1224 1332 1427 1443 1497
aug-eCpVQZ 959 1038 1075 1177 1228 1335 1431 1446  15.00
LCPVSZ Y 959 1037 1074 1176 1227 1335 1429 1445  15.00

_chpv&\’ 961 | 1039 1075 | 11.81 1231 1338 | 1432 1448  15.05

£
N
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Publi Shing Table VI. HF IPs (eV) and relaxation energies, AE" (eV), with respect to the HF
results for the highest occupied orbitals of 2-chloropyridine and 3-chloropyridine,
computed using the ASCF method and PT2 approach. AE f: (eV) is the contribution
of the m-orbitals to the total relaxation energy. The percent of AE,IZz in the total AE"®

is shown in parentheses. Calculations performed using the 6-31G* basis set.

Molecule and 4a" 14a’ 3a"
quantity () (onLp) (m)
2-chloropyridine
IP (HF) 9.46 11.86 10.75
AE" (PT2) 088 262  -116
AE® (PT2) 012 136 0.4
s e (1
AE" (ASCF)* -0.82 -2.84
3-chloropyridine
IP (HF) 943 12.80 13.39
AE" (PT2) =090 144 091
AE® (PT2) - -0.13 0.65  -0.19
(15) (45) @1
AEF(ASCF)*  -0.834

* The ASCEF results obtained using the cc\—pVTZ basis set. The full ionization
energies of the 4a" and 14a' N the ASCF/cc-pVTZ level are 8.68 and 9.10 eV

(2-chloropyridine), and

N
&

8.94 eV (3-chloropyridine), respectively.
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VGE and ADC(3) methods and the cc-pVDZ (DZ) basis set; vertical
ionization energies (eV) obtained using thL M-IP-CCSD (CCSD) method in combination with the aug-cc-
pVTZ (ATZ) basis set, and continuum orbital version of EOM-EE-CC3 (CC3) method in combination with the
cc-pVTZ (TZ) basis set. The EEM ionization energies extrapolated to the complete basis set limit (CC3.)

and the experimental ValuA\

Table VII. Energies E (eV) and inténsitie é the outer valence vertical ionization transitions in 3-
chloropyridine computed using the H%

¢ also listed.

Molecular HMDZ © OVGEDZ | ADCG)YDZ | CCSD/ | CC3/ ]
. Typ § CC3.* ' Exp.
obital P NNEN E P E P ATZ TZ
g0 Sg94F 926 090 935 089 961 949 963 9.8
148 onwrw 1163 . 986 089 1007 = 085 . 10.06 = 980 . 992 . 983

3a/ . 1064 1021 090 1042 088 1069 1053  10.66  10.60

130 oche 1280 1164 091 1169 084 1195 1170 1191  11.80
N7 : : - : : :
$ay mip 1341 1235 089 1240 086 1271 1240 1258 1244

Ao /o 1462 1320 090 1340 089 1346 1323 1336 13.08

1552 13.92 0.83 13.93 0.50 14.36 13.73 1395 1375

T
5 11a™ G 16.16 1428 088 1455 087 1451 1417 1427  14.17
. 10a' G 1636 1482 089 1502 078  15.06 14.75
G 1771 1606 = 088 1616 086 1624 = 1587 1576
8a' G 1868 1642 087 1683  0.86  16.66 , - 16.24
7a' G 19.80  17.75 | 0.86 | 17.81 | 0.79 | 17.91 17.16

* The CC3 ionization energies for the complete basis set were estimated by adding the difference between the
results for the cc-pVooZ and the cc-pVTZ basis sets (Table VIII) to the CC3/cc-pVTZ result.
® Peak maxima, as obtained from the present photoelectron spectrum.

.35

Version 20
04-10-17


http://dx.doi.org/10.1063/1.4999433

Q N
<

Table VIII. Vertical ionization energies lgopyridine (eV) calculated at the OVGF level of theory
using a series of basis sets cc-pVnZ and i -pVnZ with improving quality (n =D, T, Q, 5) and results for
L

the CBS limits (n — ).

Basisset | 4a" 5\{}\_’ 3a" 138 22" 1220 1a"  1la 10
(n)\w (1) (ocie)  (meie) (0) (m) (o) (o)
cc-pVDZ 927 987 1023 1165 1236 1321 1394 1429  14.82
augcc-pVDZ 4 944 4 10.14 1043 1191 1261 1342 1414 1448  15.04
cpVTZ  N9d6 N 1009 1052 1188 1256 1336 1402 1442  14.94
augcc-pVTZ . 0.53% 1018 10.60 1198 1266 1344 1415 1449  15.03
co-pVQZ  W95%4 1007 1060 1201 1267 1343 1413 1448 1502
auggpYQZ 957 1021 1063 1205 1271 1346 1416 1451 1505
LACPYSZ | 957 1020 1063 1204 1270 1346 1415 1450  15.05

Loepven 959 1022 1064 1200 1274 1349 1427 1452 1510

£
N
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

igure 5.

/
y =

Schematic representation of pyridine, 2-chloropyridine and 3-chloropyridine,
showing the atomic labelling. For 2-chloropyridine and 3-chloropyridine the
molecular plane coincides with the xy coordinate plane. For pyridine the
molecular plane coincides with the yz coordinate planéw z axis is the
principle Cay point group axis. 3

A diagram correlating the outer valence le‘(har\omitals of pyridine, 2-
t

T~
chloropyridine and 3-chloropyridine basefl on the“wertical ionization energies
-p 7

computed using the EOM-IP-CCSDZ¥/ec pproach for the 7ai(on Lp),

lax(m), 2bi(w) and 5ba(c) orbitals f\idiﬁa and the EOM-IP-CCSD/aug-cc-

_ o
pVTZ approach otherwise. \

Plots of the five highest ocw%\mt,'cular orbitals of 2-chloropyridine (left) and
3-chloropyridine (ri gh‘Wdﬂced using the results of the HF/6-31G*

calculations. \

Contour p L;.%he total electron density differences showing the effects of

ion for the A’ (14a"'") and the A" (4a"") cationic states of 2-

su trw\{n\gt densities obtained from the ROHF/cc-pVTZ calculations for the
»

onic states from the density constructed using the 'A’ ground state HF/cc-

/pVTZ orbitals. The red and blue contours indicate increase and decrease in

ctron density, respectively. The effect on the ionization energy is also shown.

The heterocyclic rings are oriented to have the N atom at their lower vertex.

Plots of the virtual orbitals for 2-chloropyridine (left) and 3-chloropyridine (right)
produced using the results of the HF/6-31G* calculations. The two lowest
unoccupied m-orbitals and the CI 4p Rydberg orbital play an important role in the

relaxation accompanying ionization of the onLp and ociLp lone-pairs.
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Figure 7.

Figure 8.

Figure 9.

Figure 10.

(a) The valence shell photoelectron spectrum of 2-chloropyridine recorded at a
photon energy of 80 eV and at 6 = 0°. (b) The theoretical photoelectron spectrum

of 2-chloropyridine obtained using the ADC(3) method.

The outer valence shell photoelectron spectrum of 2—ch10({we recorded at a
photon energy of 42.5 eV for 6 = 0° (a) and 6 = 90° (b). 3

(a) The valence shell photoelectron spectrum of }bpyridine recorded at a

-~
photon energy of 80 eV and at 8 = 0°. (b) Fhe«theoretical photoelectron spectrum

of 3-chloropyridine obtained using the AD method.

The outer valence shell photoelectronsspectiuin of 3-chloropyridine recorded at a

photon energy of 42.5 eV for & and 6 = 90° (b).

\
Contour plots of the t a]%lec density differences showing the effects of

—
orbital relaxation fJ\: " (14a"") and the 2A"” (4a™!) cationic states of 3-
i

chloropyridine. We ces showing the relaxation effect were obtained by

subtracting the obtained from the ROHF/cc-pVTZ calculations for the

cationic,states from the density constructed using the 'A’ ground state HF/cc-

£

\xde ity, respectively. The effect on the ionization energy is also shown.
hetero

yclic rings are oriented to have the N atom at their lower vertex.

TZ«orbitals. “The red and blue contours indicate increase and decrease in
C

pV
e
Th

/
Fi u\&h& experimental and theoretical (CMS — Xa) photoelectron anisotropy

S parameters of 2-chloropyridine associated with the binding energy regions 1 — 12

U

S E‘gure 12.

specified in Table I.

The experimental and theoretical (CMS — Xa) photoelectron intensity branching
ratios of 2-chloropyridine associated with the binding energy regions 1 — 10

specified in Table I.
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