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Abstract

A consistent set of interaction energy curves are shown in this work for the Group 2 (11A) and
Group 12 (11B) metal cation/rare gas complexes, M*-RG, where M* = Be*—Ra* and Zn*-Hg";
and RG = He-Rn. spectroscopic constants derived from these are reported and compared with
available data, and discuss trends in the values. Insight into the interactions are gained that
occur using a range of approaches: reduced potential energy curves; charge and population
analyses; molecular orbital diagrams and contour plots; and Birge-Sponer plots. Although sp
hybridisation occurs in the Be*-RG, Mg*-Rg and Group 12 M*-RG complexes, this appears to
be minimal and covalency is the main aspect of the interaction. However, major sd
hybridisation occurs in the heavier Group 2 M*-RG systems, which increases their interaction
energies but there is minimal covalency. Examination of Birge-Sponer plots reveals significant
curvature in many cases, which are ascribed to the changing amounts of hybridisation or
covalency as a function of internuclear separation. This suggests why the use of a simple

electrostatics-based model potential to describe the interactions is inadequate.

Assignment of four different spectra obtained by resonance-enhanced multiphoton ionisation
spectroscopy (REMPI) is undertaken; these are for the four disubstituted benzene molecules:
ortho-difluorobenzene, ortho-chlorofluorobenzene, meta—difluorobenzene and meta-
chlorofluorobenzene . Comparing with several previous experimental studies, some results
could be compared,and confirms the correctness of the analysis. More generally, the
information impacts on how mixed the vibrational motions have become — this directly impacts

on how well energy can be dispersed in each molecule.
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Chapter 1

Interaction in Metal Rare Gas Complexes

In this work, a consistent set of interaction energy curves for the Group 2 (11A) and Group 12
(11B) metal cation/rare gas complexes, M*-RG, where M* = Be*-Ra* and Zn*-Hg*; and RG =
He—-Rn is reported. Spectroscopic constants are derived from these and compared with
available data; in addition, trends in these values are discussed. Insight into the interactions that
occur in these species is gained using a range of approaches: reduced potential energy curves;
charge and population analyses; molecular orbital and contour plots; and Birge-Sponer plots.
Although sp hybridisation occurs in the Be*™-RG, Mg*-RG and Group 12 M*-RG complexes,
this appears to be minimal and covalency is the main aspect of the interaction. It is concluded
that sd hybridisation occurs in the heavier Group 2 M*-RG systems (M* = Ca-Ra), which
increases their interaction energies but does not induce covalency. Examination of Birge-
Sponer plots reveals significant curvature in many cases, which is ascribed to the changing
amounts of hybridisation as a function of R. The latter suggests why the use of a simple

electrostatics-based model potential is inadequate.
1.1 Introduction

Many theoretical studies have been undertaken previously by the Wright group at the
University of Nottingham on M*-RG systems (RG = He—Rn), with the metals coming from
Group 1,® Group 2,”° Group 11,291 Group 12,'2** and Group 13.1*" These studies have used
CCSD(T) or RCCSD(T) theory with large basis sets to calculate interaction energy, Eint, curves
(IECs), often extrapolated to the basis set limit. These IECs have been employed to obtain
spectroscopic constants and to calculate transport coefficients for the metal cations moving in
inert gases. At the commencement of the studies the emphasis was on obtaining reliable IECs
with a view to generating transport coefficients to compare to experiment, and to compare to

the limited spectroscopic data available. However, in a number of cases it was evident that the



systems were showing behaviour that was reminiscent of incipient chemical bonding, and so
various methods were employed to establish the extent to which “chemistry” was present in
the interactions, as opposed to just “physics”. (Here, the use of the term “chemistry” includes
hybridisation that occurs as a result of the interaction.) Initially, this was undertaken using a
physical “model potential” *® including damping,*® but since then various population analyses
have been employed, as well as molecular orbital diagrams including contour plots. Also, it
has recently proven insightful to look at Birge-Sponer plots of the whole set of calculated bound
vibrational levels, 1° as this seems to show subtleties in the change in shape of a IEC that are
otherwise difficult to see, even using such approaches as reduced potentials.®* Finally,
contour plots and molecular orbital diagrams allow the visualization of the interactions between
the atomic orbitals. % In the present work, the most insightful of the above methods is applied
in an examination of the interactions of the Group 2 (Be*™—Ra*) and Group 12 (Zn*-Hg") metal

cations with each of the rare gases (He—Rn).

Of the systems previously studied, the metal cations belonging to groups 1, 11, and 13 all
possess 1X* electronic ground states, and as such it might have been anticipated that the
interactions within those M*™-RG complexes would be of essentially the same character.
However, as previous investigations have highlighted, interactions in the Group 11 M*-RG
complexes exhibit rather strong binding energies, 1° with Au*-Xe in particular being very
strongly bound and proposed as exhibiting a degree of covalency. +*° Conversely, the Group
1 complexes are comparatively weakly bound and were found to be described well by a
‘physical’ model potential that included the main induction and dispersion terms together with
a simple repulsion potential.® Group 13 is a different case again, with the heavier members of
the M*-RG group showing similar behaviour to the Group 1 complexes,'® and the lightest

members, involving B*,*> showing strong binding energies with some incipient covalency.

Another logical comparison presents itself in the case of the Group 2 and Group 12 M™-RG
complexes. For these complexes, a single unpaired electron is present in the outermost valence
ns orbital, and as such these all possess common 2X* electronic ground states. Consequently,
on the basis of valence isoelectronic arguments, the complexes from both of these groups might
be expected to exhibit close similarities in their interactions. In previous work by the Wright
group at Nottingham, the Group 2 complexes have been examined in detail " but not
consistently with all of the above-described methods. Unfortunately, at that time, consistent
basis sets were not available for the whole set of Group 2 metals and so custom-designed basis

were employed in some cases, albeit to match the quality of standard Dunning-style aug-cc-
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pV5Z basis sets combined with an effective core potential for the heavier species. A similar
situation occurred with the Group 12 species, 12*3 but also at that time a detailed analysis of

the interactions was not undertaken.

In the present work, high-quality IECs are employed, employing consistent basis sets across
the whole set of complexes and extrapolating to the basis set limit. Furthermore, analyses of
the interactions are undertaken across the series using various approaches, which makes it

possible to compare and contrast the interactions in these valence isoelectronic species.
1.2 Computational Methodology

As noted above, some of previous studies by the Wright group at the University of Nottingham
on the Group 2 and Group 12 M*-RG complexes employed custom-designed basis sets of the
same overall construction as the Dunning-style quintuple-( quality basis sets. Since then,
appropriate basis sets have subsequently been published for all relevant metals®®?? and now
RCCSD(T) calculations have been undertaken by J. P. Harris and W. D. Tuttle with these to
obtain consistent IECs for all of the complexes; further more, since both quadruple-¢ and
quintuple-£ quality basis sets became available, it is also applicable to extrapolate the
interaction potentials pointwise to the complete basis set limit using the X method of Halkier
et al.?® In earlier work done by the Wright group at Nottingham on Be*-RG and Mg*-RG,® the
basis sets employed were pre-publication versions, and these are slightly modified in their
published form, and so those calculations were repeated using the published basis sets, for

consistency.

RCCSD(T) IECs for each of the 54 complexes have been calculated by J. P. Harris and W. D.
Tuttle using MOLPRO,? covering a range of internuclear separations that covered the long-
and short-range as well as equilibrium separation regions. Basis sets were quadruple-C and
quintuple-¢ quality, as described below, allowing extrapolation to the basis set limit. The final
extrapolated curves may be represented as RCCSD(T)/apCVeZ or RCCSD(T)/apwCVeoZ
quality. LeRoy’s LEVEL 8.0 code?®® is then employed to obtain rovibrational energy levels
from each of these curves. Using these IECs, as part of the present work, a number of
spectroscopic constants are then obtained from standard Morse expressions, as discussed below.
Birge-Sponer-like (BS) plots were also created, using the calculated separations between the

vibrational levels.

The details of the basis sets employed for the metals are as follows (with X = Q, 5): for



beryllium and magnesium, all-electron aug-cc-pwCVXZ; for Ca, Sr and Ba aug-cc-pCVXZ-
PP (non-weighted-core) valence basis sets along with relativistic, small-core effective core
potentials ECP10MDF, ECP28MDF and ECP46MDF, respectively; and for Zn, Cd, Hg and
Ra aug-cc-pwCVXZ-PP (weighted-core) valence basis sets with relativistic, small-core
effective core potentials ECP10MDF, ECP28MDEF, ECP60MDF and ECP78MDF, respectively.
For the rare gases, aug-cc-pVXZ basis sets were used for He, and for Kr—Rn aug-cc-pwCVXZ-
PP valence basis sets were employed with small-core effective core potentials ECP10MDF,
ECP28MDF, and ECP60MDF, respectively. For Ne and Ar, either aug-cc-pCVXZ or aug-cc-
pwCVXZ basis sets were used to match whether a core-weighted basis set was used for the
metal cation or not. The use of either core-valence or weighted-core-valence basis sets is not
expected to impact the results significantly, with any effect having even less impact on
interaction energies. In previous work of the Wright group at Nottingham on the Be™-RG and
Mg*"-RG complexes, doubly-augmented basis sets were employed, thus giving a better
description of the diffuse regions of electron density. Although singly-augmented basis sets are
mostly employed here, it was found that in several cases there was a requirement for the second
set of diffuse functions; hence, as will be discussed below, in those cases RCCSD(T)/d-aCVwoZ

results are presented.

For Be" all electrons were correlated, while for Mg* all but the 1s electron were correlated; for
the heavier Group 2 metals, all electrons on the metal not described by the ECPs were
correlated. In the cases of the rare gas atoms, the Ne 1s orbitals and Ar 1s, 2s, and 2p orbitals
were frozen. Each of the heavier rare gases RG = Kr—Rn had the inner-valence (n-1)s and (n-
1)p orbitals frozen. For the Group 12 systems, each of the metals Zn—Hg had only their inner-
valence (n-1)s orbitals frozen, since the (n-1)p orbitals for these cations are higher in energy
than the analogous Group 2 cation orbitals, and all other electrons (save for those described by
the ECP) were correlated. The same correlation scheme that was used for the rare gas atoms in
the Group 2 complexes was also used for Zn*-RG and Cd*-RG, and also for the Hg"-He,
Hg*-Ne, and Hg*-Ar complexes, but the 5p orbitals on the mercury cation are energetically
closer to the inner-valence orbitals for RG = Kr—Rn. As such, for those three complexes the
inner-valence Hg* 5s orbital was frozen, and all others outside of the ECPs (including those on

the rare gas) were correlated.

Orbital contour plots were also produced as part of the present work for these complexes: the
orbital energies were taken from Hartree-Fock calculations performed at the CCSD(T) level

using triple-C basis sets of the same designation as those used for the IEC calculations. For the
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latter, the equilibrium separation employed was that obtained using the CCSD(T)-extrapolated

basis set results. Calculated contours were visualized using MOLDEN.?®

Finally, as part of the present work, partial atomic charges were obtained using Mulliken
populations,?” natural population analysis (NPA),?® and the atoms-in-molecules (AIM)?®
theories. For the NPA and AIM analyses, we analysed the density from QCISD calculations
performed with Gaussian 09%° using the same triple-{ basis sets as just noted. The NPA analysis
used the NBOG software,! whilst the AIM analysis used AIMAII. %2

Table 1-1: Spectroscopic constants for the Group 2 M*-RG series.?P

weXe | K/ DMorse
Re/A De/cm?  Do/cm?  we/cm?t Be/cm® a/cm® Nm
cm? . I De
. 2.922 133 98 76.8 11.8 0.724 0.1420 096 0.94
Be-He 2.924 133 98 76.3 11.7 0.723 0.142 0.950 0.94
2.437 424 391 67.4 1.16 0.463 0.0055 166 231
e | 2482 407 375 64.5 1.06 0456  0.0064 152 242
2.454 407 375 65.2 1.47 0.456 0.00607 156 1.78
(2.462) (404) (372) (65.6)  (1.63)  (0.453)
2.086 4405 4226 363.0 9.02 0.527 0.0148 57.11 0.83
nop | 2080 4401 4221 363.1  9.03 0527 00148 57.13 0.83
2.084 4428 4248 364.1 8.94 0.528 0.0147 574 0.84
2.0855(6)¢ 3933(200)° 362.7(1)¢ 8.92(5) 0.5271(3)° 0.0145(3)°
2.217 6072 5891 366.0 5.90 0.421 0.0082 64.25 0.94
Be*-Kr 2.221 6053 5872 365.5 5.82 0.420 0.00816 64.0 0.95
2.2201 367.14¢ 6.21¢ 0.42030¢ 0.00821¢
2.403 8273 8087 373.7 4.10 0.346 0.0049 69.42 1.03
Be*-Xe 2.407 8239 8054 372.8 4.04 0.345 0.00486 69.0 1.04
~367¢ ~3.7¢
. 2.482 9485 9300 371.7 3.43 0.316 0.0038 70.5 1.06
BeRn 2.486 9491 9306 371.0 3.32 0.315 0.00381 70.1 1.10
Mg'-He 3.481 73 51 47.4 8.50 0.413 0.0909 045 091
3.482 73 52 45.8 7.68 0.412 0.0900 0.424 0.95
3.119 206 185 435 2.39 0.159 0.0103 122 0.96
Mg-Ne 3.147 203 182 427 228 056 00098 117 0.9
3.145 203 182 43.1 2.44 0.157 0.00987 119 0.9
3.17(5) 96(50)" 417
Mg*-Ar 2.825 1291 1240 104.5 2.70 0.141 0.0041 9.65 0.78



weXe | DMorse
Re/A De/cm?  Do/cm?  we/cm?t Be/cm® a/cm? Nm

cm? . I De

2.825 1290 1238 1047  2.68 0141  0.0041 969 0.79

2.822 1299 1247 104.8 2.53 0.141 0.00407 9.71 0.84
2.825(7)° 1210(165)0  96¢

2.875 2001 1942 119.6 2.14 0.109 0.0021 157 0.84

Mg*-Kr 2.884 1978 1919 118.4 2.08 0.109 0.00213 154 0.85
1800(600)¢ 1129

3.010 3012 2944 135.9 1.57 0.092 0.0012 22.1 0.98

Mg*-Xe 3.018 2973 2906 134.8 1.66 0.0912 0.00123 21.7 0.92

3300(1700)¢

Mg"Rn 3.057 3666 3595 142.1 141 0.083 0.0009 25.7 0.97

3.064 3639 3569 1411 141 0.0830 0.000919 254 0.97

Ca*-He 4.240 37 24 28.8 6.16 0.264 0.0698 0.18 0.91

4.259 36 23 25.6 4.88 0.264 0.00730 0.141 0.93

3.744 111 100 23.2 1.10 0.091 0.0050 042 1.10

Ca*-Ne 3.760 109 97 24.8 1.50 0.0889 0.00591 0.484 0.94
370(5)  115(5) 103()  26(2)

3.108 877 841 72.5 2.43 0.087 0.0029 6.19 0.62

Ca*™-Ar 3.256 742 712 60.6 1.59 0.0795 0.00255 4.33 0.78
3.20(0.15)  810(60)* 69(2)¢

3.174 1376 1336 79.6 1.70 0.062 0.0013 10.12 0.68

Ca*-Kr 3.305 1200 1160 69.7 1.31 0.0570 0.00116 7.76 0.78
3.30(0.15) 1280(80) 77(2)

3.330 2034 1991 87.1 1.17 0.050 0.0007 13.72 0.80

. 3.457 1780 1740 78.2 1.03 0.0460 0.00064 11.1 0.83
Carxe 3.45(0.15)" 1850(100)" 1811(80)"  84(2)"

Ca*-Rn 3.378 2493 2448 89.9 0.96 0.044 0.0005 161 0.85

3.487 2190 2150 81.9 0.88 0.0410 0.00046 134 0.87

Sr*-He 4.524 30 19 24.4 5.49 0.221 0.0609 0.13 0.90

4.547 29 19 21.1 4.12 0.220 0.0652 0.10 0.94

3.979 93 84 18.0 0.73 0.066 0.0032 031 1.20

Sr*-Ne 4.005 91 82 19.5 1.11 0.0650 0.00398 0.37 0.94

77 67/85"  19.5(1.5)" 1.12(0.5)"
Sr-Ar 3.327 712 685 54.3 1.89 0.056 0.0017 4.77 0.55
3.385 646 623 47.3 1.21 0.0535 0.00162 3.63 0.72



k/

weXe | DMorse
Re/A De/cm?  Do/cm?  we/cm?t Be/cm® a/cm? Nmr
cm? I De
830(240)° 800(240)°  495°  0.75°
3.385 1120 1092 55.1 1.03 0.034 0.0006 7.67 0.66
Sr+-Kr 3.433 1050 1030 51.1 0.85 0.0333 0.000578 6.62 0.73
1231°  1200(580)° 52(1)°  0.6°
3.535 1660 1631 58.3 0.62 0.026 0.0003 10.56 0.83
Sr*-Xe 3.591 1560 1530 54.7 0.60 0.0248 0.000278 9.32 0.80
1970(440)° 5460 0.3
Sr-Rn 3.576 2052 2023 58.4 0.48 0.021 0.0002 12.65 0.86
3.617 1910 1910 55.4 0.47 0.0205 0.000177 114 0.84
4912 23 14 19.6 4.65 0.185 0.0545 0.09 0.91
. 4.950 22 13 16.7 3.39 0.183 0.0555 0.064 0.95
BaHe [4.921] [22]" [14]" [17.0]'  [3.45]
{4,917 , , {172} {3.99)
4.249 76 69 14.6 0.64 0.054 0.0018 0.22 1.10
Ba-Ne 4.291 73 65 15.1 0.82 0.0529 0.00291 0.24 0.95
[4.267] [75]" [68]" [154]  [0.92]
{4246y  {77¥ {69y {156} {0.90}
3.319 811 778 67.8 2.24 0.049 0.0013 8.38 0.63
3.385 693 664 58.6 2.19 0.0476 0.00147 6.27 0.57
parp | 3304 680° 61.7(L5) 2.3(0.2)° 0.00125°
3.47 ~800t
[3.339]  [766] [734]  [656]' [2.80]
{3348y {752y {720 {639} {272}
3.415 1215 1186 59.3 0.97 0.028 0.0004 10.83 0.75
. 3.479 1093 1066 53.9 1.02 0.0267 0.000428 8.92 0.65
BaKr [3.438]  [1175]  [1147]  [57.8]'  [L.14]
{3.446) {1164} {1136} {569} {112}
3.581 1731 1703 56.2 0.18 0.020 0.0002 1252 2.57
Ba*-Xe 3.653 1569 1543 52.3 0.61 0.0187 0.000192 10.87 0.71
[3.612]  [1672]  [1645]  [55.3]  [0.65]'
{3621} {1663}  [1636]  [54.6] {0.63}'
Ba*-Rn 3.635 2100 2073 53.5 0.45 0.015 0.0001 14.36 0.76
3.709 1916 1892 495 0.41 0.0144 0.00011 1231 0.79
Rat*-He 4871 24 15 20.3 4.79 0.186 0.0536 0.10 0.90
4.885 23 15 17.6 3.55 0.186 0.0553 0.07 0.94
Ra*-Ne 4.268 79 71 16.2 0.73 0.050 0.0027 028 1.12



k/

weXe | DgMorse
Re/ A De/cm?  Do/cm?t  we/cm? Be/cm? a/cm® Nm

cmt . / De
4.276 77 69 16.3 0.92 0.0504 0.00311 0.29 0.95
. 3.704 526 507 37.5 1.14 0.036 0.0010 2.82 0.59
Ra-Ar 3.759 486 469 34.3 0.78 0.0351 0.000949 2.36 0.78
Ra*-Kr 3.735 831 813 36.8 0.64 0.020 0.0003 4.87 0.64
3.775 793 775 34.9 0.52 0.0193 0.000294 4.40 0.74
Ra*-Xe 3.871 1235 1216 37.6 0.42 0.014 0.0001 6.93 0.68
3.917 1170 1160 35.9 0.35 0.0132 0.000127 6.33 0.78
Ra*-Rn 3.897 1546 1528 35.8 0.15 0.010 0.0001 848 134
3.944 1470 1450 34.6 0.25 0.00967 0.000069 7.89 0.82

8 Re is the equilibrium bond length, De and Do are the equilibrium and zero point dissociation
energies respectively, we is the harmonic vibrational frequency, weXe is the anharmonicity
constant, Be the rotational constant, « the vibration-rotation constant, k the force constant from
Hooke’s law, and D™ is the Morse estimate of the dissociation energy, given by @?/4 axXe.
The most prevalent naturally-occurring isotope was used in all cases.

b A bold value indicates a value from the present work, with a bold, underlined value indicating
a value obtained with a doubly-augmented basis set from the present work (see text). A normal
value indicates one previously published by us (see text) and a value in italics indicates an
experimental value.

¢ Ref. 33. 9 Ref. 34. ¢ Ref. 35. TRy value, Ref. 36. 9 Ry value, Refs. 37 and 38. " Ref. 38. ' Ref.
38.J Ref. 39. X Refs. 40, 41, 42 and 43. ' Refs. 40, 41 and 42. ™ Refs. 40, 41 and 42. " Ref. 44. °
Ref. 45. P Ref. 46. 9 Ref. 47. " Ref. 48. Values in square brackets are the non-small core
ECP/CBS results and values in braces are the non-small core ECP/BF/C5Z results from Ref.
48 (see Table IV in that work). * Ref. 49. ' Ref. 50.

1.3 Results and Discussion
1.3.1 IECs and Spectroscopic Constants

The IECs are plotted in Figure 1-1 for the Group 2 M*-RG complexes, and in Figure 1-2 for
the Group 12 M*-RG complexes. Full interaction energy curves are provided as Supplementary
Material in Ref. 51 for all of the species. A summary of the derived spectroscopic constants
obtained from the IECs are provided in Table 1-1 for the Group 2 complexes, and Table 1-2
for the Group 12 complexes. The key experimental data®3474%50.52-%4 is displayed in Table 1-1
and Table 1-2, as well as comparisons between the present and our previous work. Since these

complexes have been previously studied using subsets of the approaches taken here, and in



those studies the generally very good agreement between previous theoretical and experimental
work was seen,®1213 g full survey of previous experimental and theoretical studies is not
repeated herein. In most cases, those experimental results are spectroscopic studies and it was
possible to compare to the calculated spectroscopic constants. The previous IECs for the titular
species from the Wright group at Nottingham were also used to calculate ion transport
coefficients and this provided another avenue of comparison by which to evaluate the quality
of the calculated potentials via ion transport studies of metal cations moving through a bath of
rare gas. 91213 Some comment will, however, be made on several studies that have been
published since that earlier work. In Ref. 9, the experimental rotational constants were
compared to vibrational constants and an excellent agreement was obtained. There, the v =0,
1 and 2 energies were used to derive the standard Morse (@ and axXe) constants; and Bo and
B1 values to obtain the Be and o parameters — this method mimics that used in a spectroscopic
experiment. In the present work, it is noted that Re and De can be obtained from the interpolated
IEC from the LEVEL program. The Re value allows the calculation of Be and together with Bo,
a can be obtained; similarly, with De and the v = 0 and 1 energies, the Morse vibrational
constants can be obtained. This latter approach should be more representative of the lowest
regions of an IEC and so more representative of the curvature there — the results are reported
from this approach in Table 1-1 and Table 1-2. As an example, for Be*-He, Be = 0.7189 cm*!
and o = 0.1175 cm™ are obtained from the latter approach, but the corresponding values are
0.7242 cm™ and 0.1420 cm™ using the former. The differences between the two approaches
become less marked as the well depth increases, as expected. Even though these two slightly
different methods have been used to obtain the spectroscopic constants, the agreement of the
present results with our previous calculated values, and the limited available experimental

spectroscopic ones, is excellent (see Table 1-1).



Table 1-2: Spectroscopic constants for the Group 12 M*-RG series.*

Do/ wXel Bel alcm K/ Do)
Re/A De/cm? we | cm™?

cm cmt  comt ! Nm* De
S 3014 B3I 99 688 1001 0498 00861 105 0.90
303 1253 94 630 836 0487 0.88 0.95
287 348 320 586 284 0141 00075 309 087
ZVNe g6 34 208 555 262 0.35 276  0.90
2627 2062 2002 1197 204 0099 00018 208 0.5
VAT 64 1077 1918 1207 244 0,098 211 0.86
2656 3291 3229 1236 125 0066 00007 327  0.93
KT 67 3102 3132 1203 122 0065 309 093
2759 5197 5131 1323 081 0052 00004 444 093
VK€ 027 088 5023 1299 079 0,051 428 105
Loy 2806 6372 6307 1309 068 0043 00002 501 099
281 6285 6221 1286 060 0.043 484  1.10
e 3204 114 85 632 988 0429 00775 091  0.89
3.24 108 504 885 0415 080 092
e 302297 22 521 272 0109 00058 272 084
3.07 276 489 247 0.105 240 088
cgp 2914 197 142 898 161 0067 00012 140 083
294 1408 865 155 0.066 130  0.86
. 2922 2300 2346 892 094 0041 00004 226 0.8
CIKT o6 2260 856 092 0.040 209 088
e 2995 386 383 963 060 0031 00002 334 100
303 3705 932 060 0.030 31.3 098
3025 4870 4823 943 043 0024 00001 39.4 105
Cd*Rn 306 4763 920 043 0024 375  1.03
3077 149 113 787 1178 0458 00761 143  0.88
Hg*-He 3.12 138 719 1030 0441 120 091

3.10 144 743 1055
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DO / WeXe / Be / olcm k/ DeMorSe /

Re/A De/cmt we | cm?
cm? cm®  cmt 1 Nm? De

3.002 351 322 60.3 3.09 0.103 0.0050 3.90 0.84

3.06 316 54.8 2.77 0.099 3.22 0.86
Hg*-Ne

3.04 334 27.0 2.81

298(3)°  346° 57.8(1.0)°

2.876 1802 1754 97.4 1.35 0.061 0.0009 18.7 0.98

2.91 1650 92.9 1.49 0.060 17.0 0.88
Hg™Ar 290 1720 95.4 1.50

2.868¢ 1630(100)¢ 99.0 15

2.856 3111 3062 97.1 0.85 0.035 0.0003 32.9 0.89

Hg*-Kr
289 3867 920 080 0.034 206  0.68
2905 5546 5494 1041 042 0025 00001 509 1.7
HOXe o5 s 1007 044 0.024 477 110
Hgogn 2958 TM0 7091 982 042 0019 00001 601 080
208 6997 952 027 0018 56,5  1.20

8 Re is the equilibrium bond length, De and Do are the equilibrium and zero point dissociation
energies respectively, we is the harmonic vibrational frequency, wexe is the anharmonicity
constant, Be the rotational constant, « the vibration-rotation constant, k the force constant from
Hooke’s law, and D™ is the Morse estimate of the dissociation energy, given by @?/4 axXe.
The most prevalent naturally-occurring isotope was used in all cases.

b A bold value indicates a value from the present work, with a bold, underlined value indicating
a value obtained with a doubly-augmented basis set from the present work (see text). A normal
value indicates one previously published by us (see text) and a value in italics indicates an

experimental value.
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Figure 1-1. Interaction energy curves for the Group 2 M*-RG complexes.
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In Ref. 9, calculations were run with doubly-augmented basis sets. Here, for Be™-Ne, sets of
calculations were run with singly- doubly- and triply-augmented basis sets, with the latter
obtained in an even-tempered way from the former. It was found that the double-augmentation
gave results that were significantly different from the singly-augmented ones, while the triple
augmentation essentially gave no further improvement. Thus, for Be*-Ne it is concluded that
doubly-augmented basis sets are required to give converged results and these are the ones
presented in Table 1-1. With this in mind, the same set of calculations for Be*-Ar were also
performed, and obtained no further improvement over the singly-augmented basis set, and so
use the latter results in further analyses. In fact, double augmentation of the basis set was only

important for the Be™-Ne and Mg*-Ne species.

Table 1-1 shows selected available experimental results for M* = Mg*, Ca*, Sr* and Ba*; there
are no experimental data for M* = Ra*. Generally the close agreement between the previous
and present spectroscopic parameters means that the previous comments’® apply. It is aware
that only a few studies published on the Group 2 M*-RG complexes subsequent to our previous
work.® Three of these are focused on a single Group 2 M*-RG complex, Be*-Ar®, Be*-Kr°®
and Ba*-Xe®’; while a more recent study tackled the Ba*-RG series, for RG = He—Xe.*® The
very recent study on Be*-Ar by Niu et al. > used CASSCF/icMRCI+Q calculations in
conjunction with both triple- and quadruple-{ quality Dunning-style basis sets, allowing
extrapolation to the basis set limit. Several electronic states were calculated and spectroscopic
constants derived for each state. For the ground state, De was reported as ~4030 cm™, which is
significantly lower than the values obtained in the present and previous work of the Wright
group at Nottingham; ° the agreement in Re is fairly good, albeit with a shorter value of 2.065
A compared to that reported here, with value being in excellent agreement with that of the
previous spectroscopic study done by the Wright group at Nottingham®? of 2.086 A. We note
that the given units (cm™) for the De value in Ref. 55 are incorrect, and should be eV; converting
the given value to cm™ then yields a value of 4379 cm™, which is in fairly good agreement with
the present value, albeit lower. Other given spectroscopic constants are also in fairly good
agreement, but our values are in excellent agreement with experiment throughout. On the other
hand, for Be*-Kr, the De value in Ref. 56 of 6180 cm™ is slightly larger than the value obtained
here, while the Re value of 2.232 A is slightly longer than present value and the spectroscopic
value3* — see Table 1-1. With regard to the other constants, e and Be agree well, but aexe and
o are in somewhat poorer agreement with our previous and spectroscopic values. It is

concluded that the MRCI calculations of Ref. 56 are somewhat compromised in their
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description of the X2%* ground state, owing to their state-averaged nature; additionally, the

basis sets used in the present work are larger, making the extrapolation to the basis set limit

more reliable.
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Figure 1-2. Interaction energy curves for the Group 12 M+ RG complexes.

The study on Be*-Xe by Abdessalem et al, °” used a pseudopotential plus core-polarization
function for the Ba?*-Xe ‘core’ with the lone 6s electron being treated by configuration

interaction to calculate several electronic states of Ba*-Xe (and Ba-Xe). For the ground state
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of Ba*-Xe, the reported spectroscopic constants showed poor agreement with our equilibrium
separation, with their value being 3.77 A compared to the present CCSD(T) result of 3.581 A.
Similarly poor agreement is seen in the values for De, as the value reported by Abdessalem is
1971 cm?, significantly higher than the present result of 1731 cm™.

Very recently, Buchachenko and Viehland*® studied the Ba*-RG series as part of a wider study
of the interactions of the rare gases with neutral, singly- and doubly-charged barium atoms. A
range of different basis sets were employed, with the calculations being carried out at the
RCCSD(T) level. Various sizes of Dunning-type basis sets were employed, with and without
bond functions; additionally, for the cases where an ECP was employed, small-core versions
were also tried. These calculations are very similar to those employed here: the RCCSD(T)
method ,and the corresponding Dunning-type basis sets, and small-core ECPS were also
employed. Extrapolation to the basis set limit was performed in Ref. 48, with and without bond
functions, but not with the small-core ECPs. In addition, the radon-containing complexes were
not considered. When comparing the results in Table 1-1 to those in Ref. 48, excellent
agreement is found for both Re and D. for each of Ba*-He and Ba*-Ne, with the extrapolated
results that employed the non-bond function basis sets, while for RG = Ar—Xe, our Re values
are slightly shorter and the De values slightly larger. The decreasing trend of Re and the
increasing trend of De with improvements in the basis set in Ref. 48, suggests that the present
results are likely the more reliable. There are spectroscopic and transport data for Ba™Ar (see
Table 1-1). The agreement for Re from Ref. 48 is slightly closer to the experimental value, but
the values of the dissociation energy from Ref. 48 and the present value suggest the
spectroscopic estimate*® is a little low, and that the transport value® is more in line with the
calculated values. With regard to the vibrational parameters, the e value from Ref. # is in
slightly better agreement with experiment, while the present aXe is better. Overall the results

from the present study and those of Ref. 48 appear to be of a similar reliability.

Note that the axx. value for Ba*-Xe is significantly smaller than that from our previous work’
and also that from Ref. 48. This was checked, and it was found that values from the two
unextrapolated potentials are in good agreement with the previous values, but the extrapolation
leads to this smaller value; since there are no experimental data for this complex, further

evaluation cannot be made.

No studies subsequent to previous work done by the Wright group at Nottingham*?*® seem to
have been published for M* = Zn*-Hg".
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1.3.2 Reduced Potentials

It is difficult to compare the bonding directly from the IECs, since the binding energies are
very different and changes to the shapes of the curves are not apparent. In Figure 1-3 and Figure
1-4 reduced potential plots are shown,>®-1 where the interaction energies are normalized to De
and the internuclear separations to Re, making any difference in the shapes of the IECs more
evident. Such plots are expected to be close to each other for a family of species, if the
interactions are similar; any differences can be attributed to differences in the interactions, and
so give information on whether a universal diatomic potential function exists.®% As may be
seen for the Group 2 M*-RG complexes, the M*-Ne curves are markedly different from the
others, being significantly flatter. such plots for Be*-RG and Mg*-RG were examined in Ref.
9. There it was noted that Be™-Ne was unusual; however, it is clear from Figure 1-3 that the
M*-Ne species are somewhat out of line for all of the Group 2 complexes. In contrast, the
reduced potentials for the Group 12 M*-RG species in Figure 1-4 are all somewhat similar. The
implication from the reduced potential plots is that the repulsive region of the Group 2 M*-Ne
complexes is comparatively softer than at Re than for the other species, and particularly so for
Be*-Ne —more details about this point will be mentioned later.

Another way of examining the interactions is via the x parameter® (which is essentially the
Sutherland parameter put forward in 1938)%, which has been termed the “reduced curvature of

the potential at Re”, ° and may be expressed as:
K= akZ/ZBeDe Eqn 1-1

The x values for the Group 2 and Group 12 M*-RG complexes are given in Table 1-3 and
plotted in Figure 1-5. It may be seen that the Group 2 M*-Ne complexes have x values that are
significantly different to the other species, in line with their different reduced potentials. In
contrast, for the Group 12 M*-RG complexes, the x values fall in a narrower range, although
the values for Hg*-RG are somewhat more erratic. Winn® has noted that x values in the range
0-20 are indicative of strong chemical bonding, which would seem to include Be*-Ne, with the
heavier Be"™-RG complexes having values close to this range. This does not fit with the weak
binding in these complexes and indicates that « values should only be used in a comparative
way within groups of similar species, rather than as a global indicator. For the Group 2
complexes, there is an overall increase and plateauing of the x values as the atomic number of

M* increases, with the Ba*-containing complexes being unusual. With regard to the atomic
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number of RG, there is a fall from He to Ne for all complexes. There is then a gradual rise and
plateauing for the other RG atoms when M* = Mg*-Sr* and Ra*, while the Be"™-RG and Ba*™-RG
complexes have the opposite trend for RG = Ar—Rn.

Q’ Q’
5] 5]
Q’ Q°
€3] Sy
) Q"
5] S5]
-0_8 09 1.0 1.1 1.2 1.3 1.4 -0.8 0.9 1.0 1.1 1.2 1.3 1.4
R/Re R/RE

Figure 1-3. Reduced potentials for the Group 2 M*-RG complexes.

For the Group 12 species, there is a rise of xwith the atomic number of M*. Additionally, there
is an overall fall in xwith the atomic number of RG, although the trend is somewhat erratic. It
is interesting to note that for RG = Ar-Rn, the Be*-RG and Ba*-RG trends are similar to those

of the corresponding Group 12 species.
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Figure 1-4. Reduced potentials for the Group 12 M*-RG complexes.

Overall, the x parameter has limited use, and the reduced potential plots themselves seem more

transparent in highlighting differences in the interactions. A further comment is made on the
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parameter at the end of the following subsection.

Table 1-3: «values (see Eqn. 1-1) for the Group 2 and Group 12 M*-RG Complexes

M M*-He M*-Ne M*-Ar M*-Kr M*-Xe M*-Rn
Group 2
Be 311 11.7 28.4 26.2 24.4 23.1
Mg 38.0 29.3 30.0 32.7 334 33.0
Ca 43.3 26.7 34.3 37.3 37.4 37.1
Sr 46.0 26.7 37.3 39.5 40.0 39.7
Ba 47.1 26.2 57.3 52.3 46.7 455
Ra 48.0 32.8 37.0 41.2 42.4 41.9
Group 12
Zn 36.6 35.1 35.0 35.2 32.8 31.2
Cd 41.3 41.4 40.1 40.7 38.8 37.3
Hg 45.8 50.4 43.1 43.5 39.0 36.6
60 . v r v v . 60 r v . r v .
~Be' -+ He
50 [ Mg 501 - Ne
=5 - Ar
. 40 e SE40 - K
30t ~Ra” | F 5 “Xe
=-Rn
ol \/\‘ | ol
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55 . . . . . . 55 . . .
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Figure 1-5. Plots of x (see Eqn. 1-1) for Group 2 and Group 12 M*-RG complexes.
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1.3.3 Trends in the Spectroscopic Constants of the Group 2 M*-RG Series

Equilibrium Internuclear Separations

The Re values for the Group 2 and 12 M*-RG are plotted in Figure 1-6 to allow an examination
of trends in the values. First, it is clear (see also Table 1-1 and Table 1-2) that the Group 12
species generally have shorter bond lengths than their corresponding Group 2 counterparts
along the same row of the Periodic Table. Next, for the same RG atom, the Re values generally
show an overall increase with increasing atomic number of the metal cation for the Group 2
M*-RG complexes. This increase is mostly monotonic with the increasing atomic number of

the metal, but for RG = Ar—Rn, a small dip is seen at Ba".
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Figure 1-6. Trends in Re for the Group 2 and Group 12 M*-RG complexes.

Examining now the trends throughout each M*-RG series as the rare gas atom is changed, for
the Group 2 species a uniform behaviour is seen for all series, marked by a decrease from RG
= He through Ar, followed by an increase thereafter. This is interpreted in terms of a subtle
balance between the attractive and repulsive terms. From helium through argon, the rate at
which the attractive terms increase with R evidently outpaces the increase in repulsive terms,
leading to successively contracting bond lengths. From argon onwards, however, the repulsive
terms are seen to be becoming relatively more important and so the equilibrium separations

increase in response. It is clearly surprising that there is the fall from He to Ar, since the RG
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atom is becoming larger; this will be linked to hybridisation below, which allows electron
density between the RG atom and the M* to be lowered. In so doing, the RG atom can move
closer and so gains are made in the attractive electrostatic energy terms. This suggests that even
for the weakly polarizable Ne there is an energy gain involved in this process and this continues
for the larger (and more polarizable) Ar atom systems. It appears that this process has a limit,
however, as for Kr—Rn the rise is shallower. One rationale for this is an increase in the electron
repulsion terms as the electron density increases in regions away from the internuclear zone.
Hence, further energy gains from moving the RG atom closer to M™ are not sufficient to
overcome this, even with the larger and more polarizable RG atoms, as their proximity to the
cation will be limited by their increasing size and additional repulsion from the greater number

of RG electrons.

For the same RG atom, the M*-RG complexes involving the Group 12 metals all show similar
behaviour, in that the Cd*-RG complexes show the longest bond lengths in each case and the
Zn*-RG complexes the shortest, with the Hg"™-RG bond lengths close to those of Zn*-RG for
the lighter RG atoms. A rationale for this arises through consideration of the ionic radii of the
metal cations, for example using the Wright-Breckenridge radius, Rws,®® whereby the ionic
radius of a cation is found by subtracting half the He, dimer equilibrium separation, (1.49 A)
from the value of M*—He. For the Group 12 metal cations, this treatment leads to the ordering
of the ionic radii being Cd* > Hg" = Zn* — a result which is in line with the lanthanide

contraction experienced by mercury, and accounts for the observed trends.

Examining each Group 12 M*-RG series for a fixed M*, a rather different picture is seen, which
is similar to the trends seen for the Group 2 complexes, albeit less pronounced. For all three
series, there is an initial decrease in bond length as the atomic number of the rare gas increases,
followed by a rise for the heavier rare gases, with the turning point being at M*-Ar for Zn*-RG
and Cd*-RG but at Kr for Hg*™-RG. The same explanation given above for the Group 2 species
is applicable, in that there is a delicate balance between the attractive and repulsive terms in
each complex.

Dissociation Energies and k

In Figure 1-7 the De values are plotted for the Groups 2 and 12 M*-RG, and it may immediately
be seen that the Group 12 (M*=Zn*-Hg") species have larger dissociation energies than their
corresponding Group 2 (Ca™Ba") counterparts.

There is a general trend in the De values of decreasing dissociation energy with increasing
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atomic number and size of the metal cation, this is in line with the leading term, -a/2R?, of the
ion/induced-dipole interaction. In the case of the lightest two rare gases, there are much sharper
decreases in interaction energy seen for the lighter metal cations which eventually give way to
the more-slowly changing interaction energies for M* = Ca'—Ra". Notably there is a very small
increase in dissociation energy at Ba*-RG.
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Figure 1-7. Trends in De for the Group 2 and Group 12 M*-RG complexes.

For the heavier rare gases, the interaction energies are generally much higher than for the He
and Ne analogues and the rise is particularly steep for Be*-RG. The explanation of this is the
small size of Be*, which allows the close approach of RG and so a significant increase in the

attractive electrostatic terms, in particular the leading term, -o/2R*.

Trends for the harmonic vibrational frequencies, ax, are usually generally less clear since the
harmonic vibrational frequencies are a consequence of two main effects: the electronic
interaction and the reduced mass of each system. Hence the trends in the force constant
obtained from Hooke’s law, k is worth to focus on, and these are plotted in Figure 1-8 for the
Group 12 M*-RG complexes and the corresponding Group 2 ones that are in the same row of

the Periodic Table. The trends in k are very similar to those in De, as might be expected.
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Figure 1-8. Trends in k for the Group 2 and Group 12 M*-RG complexes.
Comment on x

It was noted above that the x parameter was quantitatively not very indicative of the bonding
in these species. It may be seen from its definition (Eqn. 1-1) that it depends on e, Re (via Be)
and De. It has been noted in the above subsections that the variation in these parameters can be
quite marked and is not always monotonic. As such, the x parameter depends on different
aspects of the interaction, both at Re and at the dissociation asymptote; when considering Birge-

Sponer plots and discuss the contour plots of the molecular orbitals, it will become more

obvious that linking xto the strength of bonding is simplistic.
1.3.4 Molecular Orbital Diagrams and Contour Plots

In discussing the interactions in the M*-RG complexes, it will be useful to refer to the energies
of some of the lowest M* excited states, which are presented in Table 1-4 taken from Ref. 66.

Be™-RG and Mg*-RG.

Shown in Figure 1-9 are molecular orbital diagrams and associated contour plots for Be™-RG
and Mg*-RG (RG = He, Ar and Xe). For all RG, ¢ corresponds largely to the outermost ns

orbital on RG — it appears at a significantly lower energy in the complex than on the isolated
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RG atom, since in the cationic complex it experiences the coulombic field from M*, which
lowers its energy, but this is ameliorated by e—e repulsion. In the case of M*-He, it can be seen
that ¢ is largely the outermost ns orbital on M* and is at almost the same energy in the complex
and in the atomic cation. For RG = Ar and Xe the situation is a little more complicated as there
are now four molecular orbitals made up from the interactions between the outermost ns orbital
on M* and the outermost np orbitals on RG. (The expected small contributions are neglected
from the outermost ns orbital on RG.) Note that there will be a loss of degeneracy of the three
MOs that largely correspond to the three RG np orbitals (¢—¢) from the interaction with the
positive charge on M™. Further deviations may then occur as a result of covalency, which will
be accompanied by a concomitant rise in the energy of ¢ from the atomic energy of the

outermost ns orbital on M*, making this orbital antibonding in nature.

Table 1-4: Energies (cm™) of the excited s°p?, d°s? and s°d* states of the Group 2 and Group

12 cations®P

M* ns®npt (n-1)d°ns? nsind*
Group 2
Be* 31933 98055
Mg"* 35730 71491
Ca* 25340 13687
Sr* 24250 14724
Ba* 21389 5354
Ra* 24590 13079
Group 12
Zn* 49064 64354 96940
Cd* 45791 72640 89782
Hg* 57568 44539 105320

& Data taken from Ref. 66.

b Non-spin-orbit split energies, derived from the energies of the spin-orbit levels, assuming the

1

latter are located at E, = E(;[j(j + 1) —I(l+ 1) — s(s + 1)], where Eo is the non-spin-orbit

split energy, C is the spin-orbit coupling constant and j, | and s have their usual meanings.

24



Be* Be*-He He Mg* Mg"-He He
@) -
= : — @) g
2s— ((@))c — ; ‘ =
: \:’f// (f)z :
— s — s
® — | . '
® i 7
Be' Be™-Ar Ar Mg* Mg*-Ar Ar
e ; 35— (@) — 5
s @0 — —3» | \5 2 —3p
- — TN
D -
— 3s —3s
i i & :
. s @
@ e ¢';
Be* Be™-Xe Xe Mg* Mg*-Xe Xe
‘ -
—5p - @ _ —5p
i ‘ I3— o 6 i
aay DNy
T
i ‘@ 3
— 55 § — 355
.
i

Figure 1-9. MO diagram and contour plots for the Be™-RG and Mg*-RG complexes calculated
at the RCCSD(T) Re values obtained at the extrapolated basis set limit.

The latter clearly destabilizes the overall interaction, but this is balanced by the other stabilizing
interactions that occur. These deviations in the orbital energies are clearly significant. Although

¢ is predominantly the outermost M* ns orbital, there is clearly an interaction with the
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outermost RG np orbital; although less clear from the contours, there is also a small amount of
M* outermost ns character in ¢. Further, there are small contributions to ¢ from the formally
unoccupied M* (n+1)p orbitals, which arise from the sp hybridisation of the metal centre; this
will lead to ¢ being stabilized, reducing its antibonding character, this effect is only slight
since the excited M™ p orbitals are relatively high in energy (Table 1-4). The effect of this small
amount of sp hybridisation is to facilitate the movement of electron density away from the
internuclear region and so reduce the electron repulsion between the electron in the M™ ns
orbital and the incoming RG atom; this also allows RG to approach the M* core more closely,
increasing the various attractive electrostatic terms, as well as allowing RG to see a higher
effective nuclear charge. The sp hybridisation effects can be discerned in minor perturbations
to the contour plots of the M™ electron density on the side opposite to the RG atom. The overall
effect of the covalency and sp hybridisation is a clear stabilization of the interaction. It is
notable that these effects seem to be similar for the Ar and Xe complexes. Increased degrees
of interaction would seem to require a distortion of the inner regions of the singly-occupied ns
orbital and the latter is clearly more strongly held by the nuclear charge and we conclude the
energy cost of this is too high to be recouped from increased charge/induced-dipole terms
arising from moving the RG atom closer. Similar comments apply to the Mg*-RG complexes,
but to a much lower extent; this can be attributed to the larger size of the Mg* ion, which means
that the amount of energy gained from attractive interactions with the RG atoms is less, because

of the leading -&/2R* ion/induced-dipole interaction.
Comparison of Interactions in Groups 2 and 12

In Figure 1-10, Figure 1-11 and Figure 1-16 comparisons of the Group 2 M*-RG complex with
the Group 12 species located along the same period are shown. It is started by considering the
MO diagram for Ca*-He in Figure 1-10, where ¢—¢s almost entirely correspond to the Ca*
atomic 3p orbitals, ¢ to the He 1s orbital (but lowered in energy owing to the coulombic field)
and ¢ to the Ca* 4s orbital. In the case of Zn*-He, the same picture may be seen to apply,
except the penultimate orbitals on Zn* are the 3d orbitals, which are almost entirely degenerate.
Note that ¢ is coincidentally very close in energy to ¢1—¢s, and arises from the coulombically-
lowered He 1s orbital; however, the lowering in energy of ¢ is minimal, suggesting this

interaction is weak, even though the contours show mixed character.
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Figure 1-10. MO diagram and contour plots for the Ca*-RG and Zn*-RG complexes calculated
at the RCCSD(T) Re values obtained at the extrapolated basis set limit.

It may be seen that ¢ is largely the unperturbed Zn* 4s orbital. Reference to the M*-He
diagrams helps us to orient ourselves when considering the M*-Ar and M*-Xe MO diagrams,
with the observation that the coulombically-lowered RG ns orbital becomes ¢ for Zn*-Ar and
Zn*-Xe, and ¢—¢s are the (n-1)d orbitals. First it is notable that for Ca*™-Ar and Ca*™-Xe ¢1—¢
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stay approximately degenerate, and this is also the case for ¢—¢s for Zn*-Ar and Zn*-Xe;
consequently, the conclusion can be made that these orbitals remain atom-localized and are
essentially unaffected by the complexation. However, ¢ ¢ for Ca™Ar and Ca*-Xe, and ¢r—¢o
for Zn*-Ar and Zn*-Xe lose their degeneracy, and further, there is a rise in energy of o,
suggesting covalency. Further, ¢s in both Ca™Ar and Ca*-Xe shows off-axis 4d contributions,

arising from sd hybridisation.

In contrast, for the Zn*-RG systems the main effect appears to be covalency, with interaction
between the M 4s and the RG outermost np; orbitals, causing ¢ to lower in energy; there is
also rise in energy of ¢io. In the cases of Zn*-Ar and Zn*-Xe there are small perturbations to
the contour plots of ¢io on the side opposite to the incoming RG atom, arising as a result of
very small amounts of sp hybridisation; these are small, however, owing to the relatively high
energy of the M* excited p orbitals (Table 1-4). Small, but noticeable, contributions from the
3d,2 orbital may also be seen in ¢ in the case of Zn*-Xe, and likely arises from the 3d orbitals,
noting that the 3d%4s? state is fairly low in energy (see Table 1-4 and comments on Hg*-Xe,
below). Note that any mixing between the 3d'%s® and 3d%4s? states lead to an increased
occupancy of the 4s orbital, and so lead to increased repulsion. Finally, a very small amount of
7 bonding from the RG atom through the highest occupied np orbitals into the Zn*™ dn orbitals
(dx; and dyy).

Similar, although slightly less marked, observations can be made for the MO and contour plots
for Sr'-RG and Cd*-RG in Figure 1-11. On the other hand, for the Ba™-RG plots in Figure 1-16,
the perturbations are significant. First, we note that the case of Ba*-He appears to show very
little sign of anything except physical interactions. For Ba*-Ar, however, it is clear that the
degeneracies of ¢—¢ are broken slightly, and that ¢io rises in energy a little compared to Ba*
6s alongside movement in the energy of ¢; these are indicative of minor incipient chemical
effects. The most noticeable effect, however, is in ¢ where quite dramatic off-axis
contributions from the low-lying Ba 5d orbitals (Table 1-4) can be seen, showing that there is
significant sd hybridisation in these species. Very little further change is seen when moving to
Ba*-Xe.
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Figure 1-11. MO diagram and contour plots for the Sr*-RG and Cd*-RG complexes calculated
at the RCCSD(T) Re values obtained at the extrapolated basis set limit.

29



The implication of the above is that sd hybridisation is significant for M* = Ca*™Ra", but
covalency is only a minor effect — it is the lowering of electron density in the internuclear
region that is the key driver in these complexes, allowing the RG atom to get close to the M*

centre and so lower the energy, predominantly via the -o/2R* term.

Considering now Hg*-RG, again Hg*-He shows little indication of any covalency, while for
Hg*-Ar and Hg*-Xe there is a loss in degeneracy of both the Hg 5d orbitals (#—¢s) and the RG
np orbitals (g—dv), together with a small rise in energy of ¢o compared to Hg* 6s, indicates
that covalency is now present. There are minor perturbations in the ¢o contour on the side
opposite to the incoming RG atom, showing that a very small amount sp hybridisation is
occurring — noting the high energy of the Hg™ excited p orbitals (Table 1-4). Finally, it is
notable that there is a small, but increased amount of © bonding from the RG atom through its
highest occupied np orbitals into the Hg* dr orbitals (dx, and dy;). In addition, there is a small

amount of mixing between the 5d = orbital and the RG np; orbital.
Summary

The overall picture is that the M*-RG complexes involving Group 12 cations, Be™ and Mg*
demonstrate a significant amount of covalency, while those involving Ca*~Ra" show
significant sd hybridisation. In all cases, sp hybridisation appears to be relatively small. The sd
hybridisation clearly has a major impact on the interactions via the lowering of electron density
in the internuclear region, and can occur when the excited d orbitals lie low in energy.
Conversely, the amount of sp hybridisation that can occur appears to be small, owing to the
high energy of the excited p orbitals in all cases (see Table 1-4). In fact the lowest unoccupied
(n+1)p orbital on Ca*™Ra" is actually lower in energy than those for Be* and Mg"*. Hence, some
sp as well as sd hybridisation is possible in the Ca™—Ra" species, but the latter is by far the most

pronounced.

The observed covalency is the result of the lowering of the electron density in the internuclear
region resulting in higher effective Be* and Mg* nuclear charges being experienced by the RG
atom. This is largely driven by the small radii of these ions, particularly for Be™; this also occurs
for the Group 12 cations, whose smaller cationic radii arise following the traversing of the
respective d block, which leads to orbital contraction. The ability for the RG atom to approach

M* closely drives the lowering of energy via the -a/2R* ion/induced-dipole term.
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Table 1-5: Partial atomic charges for the Group 12 M*-RG complexes, calculated using NPA

and AIM methodologies, in units of elementary charge e.

M Charge Method M™-He M*™-Ne M"™Ar M*Kr M*-Xe M"™Rn
Zn Qzn Mulliken 1.00 0.98 0.94 0.90 0.81 0.74
NPA 1.00 0.99 0.94 0.90 0.82 0.77
AIM 1.00 1.01 0.95 0.91 0.83 0.78
Qrc Mulliken  0.00 0.02 0.06 0.10 0.19 0.26
NPA 0.00 0.01 0.06 0.10 0.18 0.23
AIM 0.00 -0.01 0.05 0.09 0.17 0.22

Cd Qcd Mulliken ~ 1.00 0.99 0.96 0.92 0.87 0.80
NPA 1.00 1.00 0.97 0.93 0.87 0.83

AIM 1.00 1.01 0.97 0.93 0.86 0.82

Qre  Mulliken  0.00 0.01 0.04 0.08 0.13 0.20

NPA 0.00 0.00 0.03 0.07 0.13 0.17

AIM 0.00 -0.01 0.03 0.07 0.14 0.18

Hg Quy  Mulliken 1.00 099 094 089 074 064
NPA 100 100 095 08 074 070

AIM 100 100 095 087 074 066

Qre  Mulliken 000 001 006 011 026  0.36

NPA 000 000 005 011 026  0.30

AIM 000 000 005 013 026 034

In addition, part of the explanation for the covalency lies with the closer energetic proximity
of the outermost M* ns orbitals to the coulombically-lowered outermost p orbitals on RG. It
has just been noted that the sd hybridisation that arises for Group 2 Ca*~Ra* occurs from the
low-lying unoccupied d orbitals (see Table 1-4), so that the energetic cost of hybridisation is
small. This is not possible for the other species owing to the much higher-lying unoccupied d
orbitals. In such cases, sp hybridisation is a possibility, but the unoccupied (n+1)p orbitals
(Table 1-4) are relatively high in energy. Indeed, the outermost np orbitals for Group 12 are
significantly higher than both the lowest unoccupied nd and (n+1)p orbitals for Group 2,

perhaps explaining why the amount of hybridisation is small in these species: i.e. even the
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smaller ionic radii (and so smaller Re values) of these species cannot overcome the high

energetic cost of hybridisation.

It is notable that in Hg*-Ar and Hg"-Xe there is a small amount of 5d,2 5dx. and 5dy, character
mixing with the RG np orbitals; this likely arises from the presence of the excited 5d°6s? state
(see Table 1-4 and its footnotes), and causes a loss in degeneracy of the 5d orbitals. The high

energy of the excited ...5d'%6s%6d" states (see Table 1-4) means that sd hybridisation is unlikely.

Although the Group 2 cations are larger than their neighbouring Group 1 species,% actually the
corresponding Re values for M*-RG involving the Group 2 cations and RG = Ne—Rn are smaller
than those involving Group 1° demonstrating the significant distortions that occur in the
former; this also leads to the De values from the Group 2 species being the larger. In contrast,
the Re ordering is reversed in the cases of RG = He, demonstrating that deriving Re values from

the M*-He complexes demonstrate a more intuitive set of ionic radii.
1.3.5 Partial Atomic Charge Analyses

Partial atomic charges for the M™-RG complexes have been calculated using Mulliken, NPA
and AIM analyses, and the results are collected in Table 1-6 and 6 for the Group 2 and Group
12 complexes, respectively. The Group 12 species are initially considered and then move onto

Group 2.
Group 12

There is good agreement between all three methodologies for M* = Zn*—Hg*. This is somewhat
surprising since Mulliken population analysis is very frequently unreliable. Importantly, all
sets of results give the same trend of increasing partial charge on the rare gas atom with its

increasing atomic number.

Calculated charges show there is some slight migration of charge taking place in the Ar
complexes, in line with the delocalization of orbital density (via covalency) in the ¢7 and @10
orbital contours (see Figure 1-10). The amount increases as the RG atomic number increases,
but the transfer is slightly smaller for Cd* than it is for Zn™ and Hg"; for the species containing
the lighter RG atoms the values for the latter two metals is very similar, but for the Xe and Rn,
the amount of charge transfer is slightly larger for Hg* (~0.3e) than for Zn* (~0.2e). All of the
latter are in line with the atomic radii discussed above. These amounts of charge transfer are

quite significant and suggest chemical interactions, in line with the contour plots, the loss in
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degeneracy of the RG np orbitals and the rise in energy of the M* ns orbital. The trend also
follows the energy of the singly-occupied ns orbital (which is energetically the lowest for Hg™).
Table 1-6: Partial atomic charges for the Group 2 M*-RG complexes, calculated using NPA
and AIM methodologies, in units of elementary charge e.
M Charge  Method M*-He M*™-Ne M"™Ar M"Kr M*-Xe M*-Rn
Be QBe Mulliken 1.00 0.97 0.82 0.97 0.52 0.42

NPA 1.00 0.99 0.91 0.88 0.82 0.79
AIM 1.00 1.02 1.02 1.00 0.98 0.97
Qrc Mulliken 0.00 0.03 0.18 0.03 0.48 0.58
NPA 0.00 0.01 0.09 0.12 0.18 0.21
AIM 0.00 -0.02 -0.02 0.00 0.02 0.03

Mg Qmg Mulliken 1.00 0.98 0.97 0.93 0.83 0.75

NPA 1.00 1.00 0.98 0.97 0.93 0.92
AIM 1.00 1.01 1.02 1.02 1.00 0.99
Qre Mulliken 0.00 0.02 0.03 0.07 0.17 0.25
NPA 0.00 0.00 0.02 0.03 0.07 0.08
AIM 0.00 -0.01 -0.02 -0.02 0.00 0.01

Ca Qca Mulliken 1.00 0.99 0.96 0.95 0.92 0.88
NPA 1.00 1.00 0.99 0.98 0.97 0.97
AIM 1.00 1.01 1.02 1.02 1.01 1.00

Qre Mulliken 0.00 0.01 0.04 0.05 0.08 0.12
NPA 0.00 0.00 0.01 0.02 0.03 0.03
AIM 0.00 -0.01 -0.02 -0.02 -0.01 0.00

Sr Qsr Mulliken 1.00 0.99 0.98 0.99 0.94 0.85
NPA 1.00 1.00 1.00 1.01 0.97 0.92

AIM 1.00 1.01 1.03 1.04 1.00 0.96

Qre Mulliken 0.00 0.01 0.02 0.01 0.06 0.15
NPA 0.00 0.00 0.00 -0.01 0.03 0.08
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M Charge  Method M*-He M*™-Ne M"™Ar M"-Kr M*-Xe M™-Rn
AIM 0.00 -0.01 -0.03 -0.04 0.00 0.04

Ba QBa Mulliken 1.00 0.99 0.98 0.98 0.97 0.93
NPA 1.00 1.00 1.00 0.98 0.99 0.98
AIM 1.00 1.01 1.01 1.01 1.02 1.00

Qre Mulliken 0.00 0.01 0.02 0.02 0.03 0.07
NPA 0.00 0.00 0.00 0.02 0.01 0.02

AIM 0.00 -0.01 -0.01 -0.01 -0.02 0.00

Ra QRra Mulliken 1.00 0.94 0.97 0.96 0.96 0.93

NPA 1.00 0.94 0.99 0.99 0.99 0.98
AIM 1.00 0.96 1.02 1.02 1.01 1.01
Qrc Mulliken 0.00 0.06 0.03 0.04 0.04 0.07
NPA 0.00 0.06 0.01 0.01 0.01 0.02
AIM 0.00 0.04 -0.02 -0.02 -0.01 -0.01

Group 2

Although in agreement for the lightest two RG atoms, the results from the different methods of
charge analysis for Group 2 are in poor agreement with each other and are the most divergent
when the atomic numbers of M*™ and RG differ the most, being the poorest for Be*-Xe and
Be*-Rn. These are the cases when RG is closest to the M* centre, and hence it becomes more
difficult to decide on which centre the electron density is located. Qualitatively, it seems NPA
does the best when compared to the contour plots. For example, the contours for Be™-Xe
suggest a reasonable amount of charge transfer, while for Mg*-Xe, very little. This seems to
correspond best to the NPA charges, since AIM suggests very little transfer, particularly for
Mg*-Xe. Clearly the very large amounts of transfer suggested by the Mulliken analysis is far
from reasonable, particularly for Be*-Rn where the transfer is implied to be > 0.5e — we

experienced similar issues in recent work on C*-RG.*’

Thus, it seems that describing the partial atomic charges for the Group 2 M*™-RG complexes is
rather more challenging than for the Group 12 ones, especially so for the Be*-RG and Mg*-RG
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complexes involving the heavier rare gases.

Table 1-7: Input Parameters for the electrostatic model potential (Egn. 1-2)?

Species ol A3 ol A°  al A7 B(ETAY)  y/e? AT N mass/ my

He 0205 0101 0.123 -0.144 0501  1.434 4.00
Ne 0396 027 0397 -0.286 1.383 4.45 20.2
Ar 164 208  6.16 -3.07 13.6 5.90 39.95
Kr 248 397  16.35 -6.53 30.2 6.70 83.8
Xe 4.04 8.8 42.7 -15.57 80.0 7.79 131.3
RN 5.1 20 110 -40 134 9 222
Be* 3.7 2.20 0.77 9.012
Mg* 55 6.22 0.98 24.31
Ca* 11 54 1.05 40.08
Sr* 13.1 68 1.1 87.82
Ba* 18.4 200 1.16 137.3
Ra* 155  105.7 1.2 226.03
Zn* 2.8 4 6 65.39
cd* 35 45 6.5 112.41
Hg* 2.7 4 7 201.97

& See text for sources of values and definitions of quantities.

1.3.6  Model Potential

In Ref. 18 a model potential was set up and used to investigate chemical versus physical
interactions in M™-RG, mostly based on available experimental data. The model potential
employed electrostatic terms up to 1/R® and a two-parameter Born-Mayer potential, and is
given in Egn. 1-2 This idea was extended in Refs. 1 and 6 to include the effect of damping
factors,® which are given in Eqn. 1-3, which model the attenuation of the different interaction
terms at short R as a result of overlapping electron densities. Separate damping factors are
applied to each 1/R" term in the model calculated for that value of n; note that it is assumed
that the b parameter in the damping factors is the same as the Born-Mayer b parameter.

Equations involving the model potential are solved, using values for Re, De and ax (See Refs.
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1, 6 and 18). This yields the two Born-Mayer potential parameters, A and b as well as the
effective charge on the metal cation, Z. The latter is the charge required for the model potential
to fit the Re, De and e values; in the case of the physical model being a good description, Z
should come out to be 1.00. For the Group 1 M*-RG complexes studied in Refs. 1 and 6, very
little difference between the damped and undamped values were seen, suggesting that there is
little interpenetration of the M™ and RG electron clouds in these species, and so physical

interactions dominate.

Are 2% Cq Ore,Z° BpgZ® Cy apgZ®  vZ*

VR == TRe " 2re T 2r RS 2R® 2aRE TAC Ean. 1-2
o [bRI¥
fu(R) = 1= exp(=bR) ) =

k=0 Eqgn. 1-3

In Egn. 1-2 and Table 1-7, the arterms, denoted in an obvious way, are the dipolar, quadrupolar
and octupolar polarizabilities of the RG atoms, Cs and Cg are the usual dispersion coefficients
(calculated from the polarizabilities of RG and M* using the Slater-Kirkwood®® and Koutselos
and Mason’® approximations), N is the effective number of “oscillator” electrons used to
calculate Cs and Cs, ®° B is the dipolar-quadrupolar polarizability of RG, and y is the
hyperpolarizability of RG; A and b are the Born-Mayer parameters. In Table 1-7 the values for
these quantities used in the present work are presented, many of which are well-established, or
have been calculated or estimated — see Ref. 18. The values from that work have been employed,
with the following exceptions. The aq values for Sr*, Ba* and Ra* were taken from Ref. 71,
while o for Sr* was taken from from Ref. 72 (the same source for this quantity as the other
Group 2 cations up to Ba"), and «aq for Ra* was taken from Ref. 73. Values of N for Sr*, Ra*
and Rn were estimated in the present work. For Rn, values of aq and y were taken from Ref.
74, while values for aq, a0 and B were estimated herein. In the top part of Table 1-8 the
calculated charges for the Group 2 M*-RG complexes are shown. It is notable that, except for
the notable cases of Be*-RG, for all complexes involving RG = He and Ne, the calculated
charges are between 0.97 and 1.25, either damped or undamped. It is also notable that in most
cases damping leads only to the expected small increase in the calculated effective charge. For
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Be™-RG, the damped effective charge is calculated to be significantly larger, and in the notable
case of Be*-Ne, the damped value is 1.43, while the undamped one is 0.97. This may be
indicative of significant penetration of the electron clouds, but the MO plots in Figure 1-9
suggest otherwise; more likely is that this is caused by the simplicity of the model potential,
and hence spurious values of Z arise when the potential is not working well. In the above, the
high degree of covalency has been noted in the Be"™-RG complexes, and the unusual reduced
potential plots for the Group 2 M*-Ne complexes; later it shall be emphasized that Be*-Ne is a

very unusual case.

The charges for the M*-Ar complexes have surprisingly low calculated Z values, as does
Ba*-Kr. Peculiarly, although solutions to the undamped model potential equations were
obtained for Ba*-Ar in Ref. 18, no solutions were possible here, either damped or undamped,
using the calculated Re, De and e values for this species. Again, this points to the interactions
being somewhat unusual for this complex. Solution to the model potential equations makes use
of two parameters that are representative of the minimum (Re and ), as well as De;
furthermore, it is assumed that the electrostatic and Born-Mayer parameters are applicable to
the whole potential — indeed, in Ref. 6 the model potential with the obtained Z, A and b
parameters fitted the whole calculated potential very well for the lightest, Li*-He, and the
heaviest, Cs™-Xe, complexes considered. In those cases, Z had a value very close to 1.00,
demonstrating that the interactions in those species were largely physical in nature. The

suggestion from the values in Table 1-8 is that this is not the case for many of these species.

In summary, when significant amounts of R-dependent changes in the amount of hybridisation
occur, such as in the Group 2 M*-RG complexes, then trying to model the interaction with a
simple model potential such as Egn. 1-2 becomes futile. It is notable that the model potential
fails completely for Ba*™-Ar in that no solution for Z could be found.

For the Group 12 species, whose calculated Z values are presented in the bottom part of Table
1-8, it is found largely that the model potential solutions give rise to Z values in the range 0.95—
1.15 for most of the species, with generally a small increase when damping is included, and
hence it appears to be working well. That slightly larger values are calculated for the heaviest
Hg"-RG complexes, suggests that those values may be fortuitously “sensible” and that in fact
the model potential not appropriate. This would be in line with the significant amounts of

covalency observed in the contour plots, discussed above.
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Table 1-8: Effective charges on M* from the electrostatic model potential (Egn. 1-2),2 in units

of elementary charge e.

M* Method M*-He M*-Ne M*-Ar M*-Kr M*-Xe M*-Rn
Group 2
Be* undamped 1.03 0.97 0.67 0.88 1.06 0.99
damped 1.05 1.43 0.82 1.02 1.20 1.18
Mg* undamped 1.05 0.99 0.86 0.89 0.97 0.91
damped 1.05 1.03 0.92 0.93 1.00 0.96
Ca* undamped 1.08 1.09 0.64 0.71 0.82 0.79
damped 1.08 1.14 0.72 0.76 0.86 0.84
Sr* undamped 1.10 1.15 0.69 0.75 0.84 0.80
damped 1.10 1.19 0.74 0.79 0.87 0.84
Ba* undamped 1.12 1.19 b 0.42 0.67 0.65
damped 112 1.25 b 0.46 0.71 0.69
Ra* undamped 1.14 1.17 0.88 0.87 0.91 0.87
damped 1.14 1.17 0.91 0.89 0.93 0.90
Group 12
Zn* undamped 1.05 0.97 0.96 1.01 112 1.06
damped 1.06 0.99 0.99 1.04 1.16 1.13
Cd* undamped 1.08 1.01 1.02 1.04 112 1.06
damped 1.09 1.01 1.03 1.05 113 1.10
Hg* undamped 112 1.06 1.10 1.15 1.29 1.25
damped 112 1.07 111 1.16 1.30 1.29
& See text.

b No solution — see text.
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Figure 1-12. Birge-Sponer Plots for Be™-RG and Mg*-RG. The red dots are the calculated
spacings between consecutive vibrational levels, while the line is a Morse line calculated from

the e and aexe values given in Table 1-1 (see text).
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1.3.7 Birge-Sponer Plots

In general, close to Re, one would expect a diatomic species to be described well by a linear

Birge-Sponer plot and then at long-range this would transfer over into Leroy-Bernstein

behaviour.”"’
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Figure 1-13. Birge-Sponer Plots for Ca™-RG and Zn*-RG. The red dots are the calculated

spacings between consecutive vibrational levels, while the line is a Morse line calculated from

the @e and aexe values given in Table 1-1 and Table 1-2(see text).
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For a suitably high number of bound levels, this long range behaviour is expected to follow a
(AGy+12)?"("2 dependence, where n is that of the R™ dependence of the potential at long range.
For an atomic cation/rare gas interaction, an R dependence is expected, and so we expect a
(AGv+122)*® dependence at long range. Hence, it is expected that the Birge-Sponer plots for the
M*-RG complexes to be approximately linear, but then to deviate, exhibiting a (AGy+12)*?

dependence for high v, i.e. close to the dissociation limit.

Presented in Figure 1-12, Figure 1-13, Figure 1-14 and Figure 1-15 are plots of AGy+1/2 vs. (v+1)
for the Group 2 and Group 12 M*™-RG complexes where v is the value for the lower of a pair
of consecutive vibrational levels; although not strictly a Birge-Sponer plot (where the abscissa
would be v+1/2), the term is used here for convenience. On each graph, the red points
correspond to the calculated spacings between adjacent calculated vibrational levels, while the
solid black “Morse line” corresponds to “Morse spacings” calculated from the vibrational
constants we and weXe presented in Table 1-1 and Table 1-2; as noted above, derivation of the
constants we and wexe relies on only the lowest two vibrational levels together with the De value.
Hence, the correspondence between the red points and the black line gives an indication of how
consistent the curvature close to Re is with regards to the shape of the rest of the IEC. These
plots give much more information than simply the values of DeMO"™¢/De presented in Table 1-1
and Table 1-2; in particular, in many cases they exhibit changes in the curvature of the IEC
from Re to the dissociation asymptote. So, for example, DeMO"™¢/De for Mg*-Ne is 1.05 and it
might be expected that the Morse line would largely agree with the Birge-Sponer one for this
complex; however, the plot shows that the Birge-Sponer plot is in fact curved with some
vibrational levels falling below the Morse line while others lie above. Overall these deviations
largely cancel out across the whole of the plot, so that the DeM°™¢/De value hides the fact that
these variations in the shape of the IEC are occurring. It is clear, therefore, that caution is
merited in deducing too much from the DeM™¢/D, ratios in Table 1-1 and Table 1-2. However,
it is clear that when values are far from 1.00, either below or above, then it is likely that the BS

plot will show unexpected behaviour.
While examining the BS plots for Be*™-RG in Figure 1-12, it can be

seen that for RG = Ar and K, the behaviour is much as expected, with the linear region at low
v following the Morse line closely, and the LeRoy-Bernstein deviation for the higher values.
However, for RG = Xe and Rn the BS plot has dipped under the Morse line for intermediate

values of v; this is intepreted in terms of a change in the interaction terms at long- versus short-R.
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As covalency and small amounts of sp hybridisation occur, the attractive and repulsive parts of

the potential will change, leading to curvature in the BS plot.
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Figure 1-14. Birge-Sponer Plots for Ba*-RG and Hg*-RG. The red dots are the calculated
spacings between consecutive vibrational levels, while the line is a Morse line calculated from

the @. and wexe values given in Table 1-1 and Table 1-2 (see text).

The effect is most stark in the case of Be*-Ne, where the BS points lie far under the Morse line,
indicating that the curvature of the IEC close to Re is very different from that at even moderate
R values. One can visualize this most easily by considering the Be* and Ne atoms approaching
each other from long range, as Ne gets closer, attracted by the positive charge, its electrons
start to interact with the Be* 2s one and this brings in a repulsive term. This softens the potential

at moderate R

values (being the sum of the attractive and repulsive terms), and so causes the decrease in slope
of the BS plot for low v. (Recall that the Be*-Ne reduced potential plot in Figure 1-3 showed
the starkest deviation from the behaviour of the other Be™-RG species, indicating a significantly
softer repulsive potential.) It may thus be seen that Be*-Ar and Be*-Kr are intermediate cases
where the sum of the attractive and repulsive terms give approximately linear BS plots and
Morse-like behaviour. (Note that little can be said regarding the plot for Be*-He, since there
are so few bound levels.) A very similar picture can be seen for the Mg*-RG complexes,
although Mg*-Ne does not show the stark deviation from the Morse line seen for Be*-Ne (again
in line with the reduced potential plots in Figure 1-3). This is rationalized by the fact that Mg*
is larger than Be* owing to the better shielding in the former, this leads to less overlap of the
Ne and Mg* 3s orbitals than the corresponding situation in Be*-Ne (see MO plots in Figure
1-9).

When examining the BS plots for Ca"™-RG — Ra*-RG, it is seen that these show unusual shapes,
most noticeably in the RG = Ar—Xe plots. There is the expected long-range curved region, but
then an approximately linear section at mid-v values and then a steepening of the potential at
low-v. This changing slope is likely attributable to the sd hybridisation (see molecular orbital
plots and above discussion) that will lead to an R-dependent change in the form of the potential
as the RG atom approaches M, giving rise to very un-Morse-like behaviour as the electron
density moves off-axis. Close to Re, however, it is assumed that the amount of electron density
in the sd hybrid orbitals reaches a level whereby repulsion effects come into play, and this
causes a steepening of the potential in this region. For Be*-Neg, the steepening is not seen, since
the Ne is not polarizable enough to offset the cost of hybridizing enough of the electron density

for this to occur.
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Now the Group 12 M*-RG BS plots in Figure 1-13, Figure 1-15 and Figure 1-14 are examined.
It can be seen that for Zn*-RG, Figure 1-13, there is a close-to-linear region for low v, but some
bowing occurs for Zn*-Xe and this is more noticeable for Zn*-Rn. Matching this with the MO
diagrams in Figure 10, there is a minor amount of elongation of the Zn* 4s orbital on the side
opposite to the incoming RG atom, and this is in line with the high 4p <« 4s excitation energy
(Table 1-4). Instead, energy is gained by some covalency with electron density transferred into

the outermost np orbital on the RG atom.

However, in the low-v region, close to Re, a significant amount of repulsion occurs as the
incoming RG atom gets cushioned by the 4s electron density, causing an overall softening of

the potential, and hence the curvature of the BS plot into a lower-gradient region.
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Figure 1-15. Birge-Sponer Plots for Sr*-RG and Cd*-RG. The red dots are the calculated
spacings between consecutive vibrational levels, while the line is a Morse line calculated from

the @e and aexe values given in Table 1-1 and Table 1-2(see text).
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Figure 1-16. MO diagram and contour plots for the Ba*-RG and Hg*-RG complexes calculated
at the RCCSD(T) Re values obtained at the extrapolated basis set limit

Table 1-9: Local energy densities H(R) for the Group 2 and 12 M*-RG complexes.?
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He Ne Ar Kr Xe Rn

Group 2
Be* 0.0006 -0.0022 -0.0025 -0.0071 -0.0116 -0.0133
Mg* 0.0002 0.0000 0.0001 -0.0001 -0.0009 -0.0014
Ca* 0.0001 0.0002 0.0020 0.0017 0.0011 0.0007
Srt 0.0001 0.0002 0.0016 0.0014 0.00010 0.0007
Ba* 0.0001 0.0002 0.0021 0.0014 0.0008 0.0006
Ra* 0.0001 0.0001 0.0011 0.0011 0.0008 0.0006
Group 12
Zn* 0.0008 0.0006 -0.0029 -0.0064 -0.0084 -0.0089
Cd* 0.0008 0.0007 0.0005 -0.0018 -0.0037 -0.0044
Hg" 0.0013 0.0011 -0.0002 -0.0040 -0.0071 -0.0080

& Calculated at the bond critical points from the AIM analyses.

A similar picture appears to hold for the Cd*-RG BS plots, Figure 1-15, but with the bowing
being slightly less pronounced, likely caused by the slightly larger Cd* ion; this is also
consistent with the smaller amount of outermost np contribution to the MOs in the plots — see
Figure 1-11. When we move on to examining the BS plots for Hg*™-RG in Figure 16, however,
it may be seen that there is significant departure from the Morse line, and significant bowing
of the BS plot from mid- to low-v. Again, by examining the MO contour plots in Figure 12, the
amount of sp hybridisation appears to be small, as no elongation of the Hg" 6s orbital is
noticeable; however, there is prominent mixing of the Hg* 6s and outermost np,; RG orbitals.
Furthermore, although there are small contributions in the cases of Zn*-RG and Cd*-RG, in
Hg*™-RG a sizeable mixing between the npxy RG orbitals and the dx. and dy; orbitals is evident.
The MO contour plots in Figure 1-16 suggests that these d orbitals are (n-1)d orbitals, and there
is a distinct break in the degeneracy in the five 5d orbitals in the Hg™-Ar and Hg*-Xe plots in
Figure 1-16. It is interesting to note the contrast between the MO contour plots of Ba+-RG and

Hg+-RG in Figure 1-16 (and, to a lesser extent the corresponding comparisons in Figure 1-10
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and Figure 1-11). The sd hybridisation dominates in the case of the Group 2 species (Ca+-RG
— Ra+-RG), but this is minimal for the corresponding Group 12 species because the available
d orbitals for hybridisation are so much higher in energy (Table 1-4). In the case of Hg™-RG,
where the 5d°6s? “d-hole” state is relatively low in energy (but still far higher than the nd? states
for Group 2), hybridisation does not occur to any great extent since this would lead to higher
electron density in the Hg* 6s orbital, enhancing rather than alleviating the electron repulsion.
In addition, the np orbitals are also significantly higher in energy for the Group 12 species, and
this means that sp hybridisation is too costly to contribute much to the stabilization of these

species. Hence, the only route open is small amounts of covalency/charge transfer.
1.3.8 H(R) values

Presented in Table 1-9 are the values of the H(R) parameter from the AIM analysis. It has been
argued that a robust criterion for determining covalency is that the total local electronic energy
density, H(R), has a negative value.”® The values of the H(R) parameter implies that there is a
small amount of covalency for all of the Be*-RG complexes except for RG = He, and that the
amount of covalency increases with the atomic number of RG. For Mg*-RG there are only
small indications of covalency for the heavier species. Overall, this appears to be in line with
the MO contour plots in Figure 1-9, with the covalency enhanced for Be*-RG because of the
smaller size of Be™, allowing the RG atoms to approach more closely. Of the series that exhibit
covalency, the Mg*-RG complexes are the most weakly bound. This can be attributed to the
larger size of the Mg" ion coupled with its 3s orbital being furthest from the outermost RG np
orbitals energetically. Then when looking at the H(R) values for the other Group 2 M*-RG
complexes for M* = Ca*™~Ra" (except for Cd*-Ar), it is seen that these values are all positive
indicating essentially no covalency; the implication is that the observed sd hybridisation on the
metal centre occurs as a result of the incoming RG atom, but the effects are all atom-centred
and results in minimal sharing of electron density between M* and RG — see MO diagrams,

contour plots and above discussion.

For the Group 12 species, there is no covalency for the species with RG = He and Ne. However,
all of the other M*-RG complexes have H(R) < 0, and the magnitude increases with the atomic
number of RG. The Cd*-RG series has the smallest covalency, which is again in line with the
larger size of Cd*. These covalency effects are reflected in the equilibrium dissociation energies
of the Group 12 complexes, which are much higher than for the corresponding M = Ca-Ba

complexes with the heavier rare gases, and more in line with the M = Be and Mg complexes.
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The Be*-RG series is the most strongly bound out of both Groups 2 and 12, owing to the small
size of Be" and its low number of electrons. These comments are in line with the MO diagrams,

contour plots and above discussion.
1.4  Conclusions

In the present work we high-quality IECs for M*™-RG complexes for RG = He-Rn and M* =
Be™-Ra" and Zn*-Hg"* have been reported. These were calculated at the RCCSD(T) level of
theory, and were basis set extrapolated from quadruple- and quintuple-¢ basis sets. From these
IECs spectroscopic constants have been calculated, which are in excellent agreement with the
small number of experimental values available. Further, trends in some of the key constants

have been examined, which indicated that the interactions across these species were different.

Hence the interactions in the Group 2 and Group 12 M*-RG complexes were examined using
a range of approaches. One of the key indicators was the MO diagrams combined with the MO
contour plots. These indicated that even though both of these series of metals have ...ns!
electronic configurations, there are three modes of interaction: physical, covalent and sd
hybridisation, with the latter alleviating the repulsion that occur as the electrons on the
approaching RG atom start to interact with the outermost ns orbital on M*. The role of
covalency was confirmed by an examination of the AIM H(R) parameter, which concurred that
this was present for Be*-RG (RG = Ne-Rn), minimally present for Mg*-RG (RG = Kr-Rn),
and present for all Group 12 M*-RG species for RG = Ar—Rn (but not Cd*-Ar). For Be*-He,
Mg*-RG (Rg = He-Ar), covalency was largely non-existent, and although also absent for M*

= Ca'™-Ra" and RG = Ar-Rn, there was significant sd hybridisation to facilitate the interaction.

Hence for Be*-He, Mg*-RG (Rg = He—Ar), the Group 12 M*-RG (RG = He and Ne) and Cd*-Ar
complexes, it is concluded that the interactions are “physical”, with no clear evidence of
chemical behaviour. For Be*-RG (RG = Ne-Rn), Mg*-RG (RG = Kr-Rn) and the Group 12
M*-RG complexes (RG = Ar-Rn, but not Cd*-Ar), the conclusion can be made that the
interactions have a covalent contribution, which varies, but is most prominent for the species
with the heavier RG atoms. Finally, for the Group 2 M™-RG complexes (RG = Ar-Rn), there
are no indications of covalency, since H(R) < 0, but consistent with comments made in some
earlier work done by the Wright group at the University of Nottingham,*!° the significant sd
hybridisation is described as chemical as it involves a significant perturbation of electron

density that results in a stronger interaction. In contrast to comments made in earlier work of
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the Wright group at the University of Nottingham?®, sp hybridisation appears to be minimal and

covalency is the main mode of interaction.

In this work, the conclusion is made that sd hybridisation (and to a much lesser extent, sp
hybridisation) causes a breakdown in the model electrostatic potential (Eqn. 1-2). This occurs
since the potential uses fixed values for a range of electrostatic quantities applicable to a
particular electronic state of M*, and so they have no R dependence; however, the sd
hybridisation is R dependent and happens to differing extents. Thus, it can be seen from Table
1-8 that for the cases where the heavier Group 2 M™ are interacting with the heavier RG, values
very far from the “physical” value of 1.00 are observed, with no solution being found for
Ba*-Ar. The failure of the model potential is particularly marked for the Ba™-RG complexes
owing to the very low energy of the unoccupied 5d orbitals; indeed, barium has been suggested
as being an honorary transition metal.”®®° In contrast, except for Be*-Ne (see below), it is found
that Z values fairly close to 1.00 for the Be*-RG, Mg*-RG and, most of the Group 12 M*-RG
complexes; however, given the covalency deduced for these species, these “sensible” values

may simply be fortuitous.

The model potential results for Be*-RG are unusual. As can be seen from Table 1-8, for most
species, there is at most a very small rise in Z when damping is included, as expected — this is
even true for the heavier Group 2 M*-RG complexes, where sd hybridisation causes the model
to fail. However, for the Be™-RG complexes, the rises are quite substantial for all except Be*-He,
and is particularly marked for Be*-Ne. It is notable that the BS plot in Figure 1-12 for this
complex is also very unusual, and suggests that repulsion is playing a major role at Re. Indeed,
the value of the repulsive potential at Re is 5.6x10° Ep, for the undamped potential and 1.90 x
107 En, for the damped potential. This, and the values for the other Be*-RG potentials suggests
that the simple electrostatic model potential with a two-parameter Born-Mayer potential is not
sufficient to describe a potential where the RG and M* orbitals overlap and repel in an R-
dependent way close to Re.

A number of observations in the present work suggest that creating a universal diatomic
potential would be extremely difficult, particularly the observation that R-dependent
hybridisation, covalency and repulsion. These also suggest that defining a radius for an atom
or atomic cation that is transferable to a wide range of species is also fraught with danger, as

the interactions can be so different.
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Chapter 2

Assignment of REMPI Spectra of Some Disubstituted

Benzenes

2.1 Introduction

This study uses the resonance-enhanced multiphoton ionisation (REMPI) spectroscopic
technique to obtain electronic spectra of extremely cold substituted benzenes. As a key point
in this work, REMPI spectra of meta-disubstituted and ortho-disubstituted benzenes are
analysed, as a way of understanding the photophysics and photochemistry of biomolecules,

such as nucleic acid bases and amino acids.

Vibrations are key quantities by which spectroscopists gain insight into both geometric and
electronic structures of molecules. During an electronic transition or ionisation, elucidation of
resultant changes in geometry and information on changes in electronic structure can be
inferred by analysing the vibrational activity.* Basically, vibrational activity can be described
by a labelling scheme including a limited number of vibrational modes (the normal modes),
which contains all the possible motions consistent with the molecular symmetry. In this work,
four disubstituted-benzene REMPI spectra are assigned and analysed. Four REMPI spectra of
meta-disubstituted and ortho-disubstituted benzene in this work were mainly recorded by Drs.
Adrian Gardner, William Tuttle and Mr. David Kemp, with the assignments being undertaken

by the author.

As a fundamental component of most large biochemical molecules, it is insightful to investigate
the vibrational spectroscopy of simple substituted benzenes in different electronic states.! Here

listed are some factors why benzene is an interesting molecule:

(1) benzene is a molecule with high symmetry, and according to selection rules this will affect

the appearance of the spectra;
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(i1) vibronic coupling occurs;

(iii) as a type of prototypical aromatic molecule the observed spectroscopy can be compared
with calculated results according to quantum chemistry, varying from simple Hiickel theory

through to state-of-art ab initio methods.?

The replacement of one or two hydrogen atoms with different atoms can directly cause the
change of the electronic structure of the ring through donation or withdrawal of electron density
by the substituent through inductive and mesomeric effects.? The direct study of biomolecules
is complicated by two key aspects: (i) the excited electronic states are often short-lived owing
to conical intersections, and so much of the detailed information on vibrational and torsional
levels cannot be discerned; and (ii) they are difficult to get into the gas phase intact.® By
observing the spectra of substituted benzenes, some key information which is related to the
biochemical reaction and the behaviour of biomolecules becomes possible to be obtained from
electronic excitation and photoelectron spectroscopy.*

2.1.1 Resonance-Enhanced Multiphoton lonisation (REMPI) Spectroscopy

Modern electronic spectroscopy is a broad and constantly expanding field. As one important
member of modern electronic spectroscopy techniques, resonance-enhanced multiphoton
ionisation (REMPI)® is a technique applied to the spectroscopy of atoms and small molecules,
which is a particularly powerful, and widely used in most laser mass spectrometric laboratories
across the world®. As REMPI is a two-stage process, two photons are used to complete two
different steps respectively, and often these will come from different lasers. One laser is used
in the first step to excite the molecule to one excited intermediate state with one photon or more
photons.? Then, the other laser provides one or more further photons which will be absorbed
by the molecule to climb above the ionisation limit. It is notable that the ions can be detected
with almost 100% efficiency and they can be mass-selected, which is a significant advantage
of the REMPI technique.

Boesl et al.” performed the original definitive experiments in 1978. Then at Columbia, REMPI
experiments were independently performed by Zandee et al.® REMPI spectroscopy is also
widely used to study molecular complexes, the Wright group® at the University of Nottingham
recorded the A «X transition of Xe-NO for the first time. The transition A« X of the Rg
(Rg= Ar-Xe)-NO complexes has inspired a huge amount of attention'®. With (1+1) resonanace-

enhanced multiphoton ionisation (REMPI) spectroscopy, Miller'! observed bound-bound
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transitions for the Rg- NO complexes. In 1996, the first structured REMPI spectra of the A
state of Kr-NO was reported'? and then in 1998 that of Xe-NO was first reported®?,

2.1.2 Molecular Vibrations

In order to simplify the study, molecules are usually regarded as if they contained nuclei fixed
in space. As a matter of fact, molecules can of course move through space (translation), they
can rotate and internuclear distances can be altered by vibrations. Since it is essentially
unquantised motion, translational motion is uninteresting from the point of view of
spectroscopy. While analysing a molecular sample qualitatively, the use of group vibrations is
an important tool. However, vibrations and rotations are both very important motions for
spectroscopists to study and so each will be considered with further details, beginning with

molecular vibrations.?

Whilst, the situation is clearly more complicated for polyatomic molecules, since there is more
than one bond that may be stretched/ compressed, and there are also bond angles that can be
changed by vibrations. It is helpful to focus on small molecules to bring out key features

applicable to more complicated molecules.
2.1.3 Labelling Scheme

In this work new labelling schemes, Gardner and Wright Scheme (or D; schemes)** covering
both the symmetrically- and asymmetrically-disubstituted benzenes is applied to all of the
present molecules so that the ordering of the assignment can be consistent. As for the
Mulliken® (Herzberg'®) labelling scheme, it would give different labels to vibrational modes
with the same motions to the same family of molecules.! Besides the Mulliken labelling scheme,
Wilson mode labels!’ and the related Varsanyi scheme!8 are also two existing labelling schemes
which have been widely applied. It is quite common practice to use Wilson notation'’ to assign
vibronic spectra of substituted benzenes while particular normal modes are associated with
labelling bands'®. Both Wilson notation’ and the Varsanyi scheme!® have been discussed
before and are regarded as unreliable?®. As shown in previous work, it is possible to label the
phenyl-localised vibrations of a range of meta-disubstituted benzenes consistently?°, where

vibrations with the same or very similar atomic motion are associated with the same label.

61



An N-atomic linear molecule has 3N-5 normal modes of vibration, while 3N-6 for a non-linear
one.??! With D; Scheme®*#, all the modes of vibration can be express by one unique notation

for one certain symmetry.
2.1.4 Symmetries of Vibrational Modes

Similar to transforming the molecular orbitals (MOs) of one molecule to the irreducible
representations of the molecular point group, it is quite useful to transfer the normal vibrations
to irreducible representations. Since it makes classifying the modes according to symmetries
become possible. One the other more important aspect, when establishing selection rules for
transitions between vibrational levels in spectroscopy, it is important to realise that each normal
mode has a certain type of symmetry. Particularly, the consideration about the symmetries of
the vibrational wavefunctions is essential. As the symmetries of the normal coordinates and the
vibrational wavefunctions are often confused with each other, considerable difficulty usually
exists. The symmetry of the normal coordinate, during a vibration, is determined by the atomic
motion. It is not necessary that the symmetry of the vibrational wavefunction should always be
consistent with the symmetry of the normal coordinate. If the normal coordinate is totally
symmetric, then the corresponding vibrational wavefunction is totally symmetric for all values
of the vibrational quantum number. But, if the normal coordinate is non-totally symmetric, then
the vibrational wavefunction will be totally symmetric when the vibrational quantum number

is even and non-totally symmetric when the vibrational quantum number is odd.
2.1.5 Combination Bands, Overtones and Fermi Resonances

It is common for a spectroscopist to assign combination bands, overtones and Fermi
resonances®>?® to the features in a vibrational spectrum, which do not correspond to known
fundamentals. Usually, the intensity of a combination band or an overtone is lower than a
fundamental. While, briefly, the Fermi resonance is caused by the interaction between two

close energy levels.

An overtone occurs when a vibrational mode is excited from v=0 to v=2, which is called the
first overtone, or v=0 to v=3, the second overtone. The energy of the overtone transition will

be approximately a whole multiple of the fundamental associated with the particular transition.
22,23
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A combination band is observed while more than two or more fundamental vibrations are
excited simultaneously. 222*Due to the symmetry, even if a fundamental vibration cannot occur

then a combination band involving it might occur.
2.2 Computational Details

In order to aid in the assignment of the spectra, the vibrational frequencies of both molecules
were calculated in the Wright research group using the GAUSSIAN 09 software package.?®
The TD-B3LYP/aug-cc-pVTZ level of theory was employed for all S; state calculations,
and all of the harmonic vibrational frequencies were scaled by the usual factor of 0.97 to

account for any degree of anharmonicity.

The vibrational modes of the S; states were labelled by comparing the molecular vibrational
displacements of each molecule with the So vibrations modes of their counterparts via a
generalized Duschinsky matrix approach. For this we employ the FC-Labll programme?®.

These results were then used by the author to assign the REMPI spectra, discussed below.
2.3 Assignment Methodology

The theoretical wavenumber of different vibrational modes were obtained from quantum
chemical calculations. The assignment is supported by the theoretical wavenumber of each
vibrational model!*. The REMPI spectra of ortho-disubstituted benzene and meta-
disubstituted benzene were assigned by these steps: Assignment of fundamentals, and
assignment of combinations, which is slightly more complicated than for the fundamentals.
Assignment of fundamentals is a basic process before starting the assignment of other peaks,
which could provide basic criteria to be referred to when assigning much more complex peaks.
Those peaks which are generated by fundamental transition present the simplest transitions that
happen in the electronic excitation. This means that the precise assignment for these can be
greatly helpful to judge whether other combinations are reasonable, as some of these are caused
by the coupling of two or several fundamentals. During the fundamental selection, two
predominant factors must be considered. One is the similarity in value, while the other is the
symmetry?’?® of each vibrational mode. Briefly, the symmetry requirement can be expressed

by the integral (Eqn. 2-1):

U= f(p*ugodr #0 Egn. 2-1

where,
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n=iu, +ju, + ky, Eqn. 2-2

Here, i is the transition dipole moment operator. To get a totally symmetric representation, the
combination of a coordinate x, y or z and the wavefunctions must belong to the same

representation.?>2327:28 Thus, identifying the symmetry of the molecule is an important step.

The combination band is a much complicated circumstance compared to the fundamental band.
Though the all the mathematical possible combinations can be calculated by the with a
computer program written in Python (by Dr. J. P. Harris); however, many of the possible

combinations are not symmetry allowed.
2.4 Results and Assignment
2.4.1 Assignment of ortho-difluorobenzene

Ortho-difluorobenzene belongs to the Cay group.

Shown in Table 2-1 and Figure 2-1 is the assignment of the (1+1) REMPI spectrum of ortho-
difluorobenzene. The assignment for each peak is based on the selection rules mentioned in
methodology section. Then, a comparison between this assignment and Kable’s? assignment
(shown in Table 1 of this paper®®) is applied. Vibrations D21 and D20 both have a; symmetry.
The calculated values of 21* and 20! correspond to peak at 278 cm™ and 398.5 cm™ respectively
which are in good agreement with the experimental values. Those two also match well with
Kable’s?® assignment (shown in Table 1 of this paper?®). In a similar way, it is obvious that the
assignment for peak at 722.5 cm™ should be 17* and the assignment at 925.5 cm™ should be
15t

Listed above are four fundamental peaks which match the assignments in Swinn and Kable’s
work? exactly. There are also two combination assignments which match well with Kable’s?®,
2627 at 751.5 cm™ and 17'20" at 1121.5 cm™,

One factor which should not be ignored is that the calculated values can be prone to error.
Therefore, the calculated values cannot be completely relied on to make the assignment. Some
calculated peak positions can deviate from the experimental value more than 20 cm™. This
would cause the missing of some assignment. In order to make the assignment more reliable
and reasonable, Kable’s?® assignment is used to gain insight on those peaks which are hard to

assign. Then, some more fundamentals are found from Kable’s work?®, 18! at 486.5 cm™, 191
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at 511.5 cm?, 16 at 763.5 cm™, 13 at 1148 cm™?, 12* at 1183.5 cm, 11* at 1243.5 cm™ and
10* at 486.5 cm™. Besides these fundamentals, many combinations and overtones are assigned
as well, 292 at 241.5 cm™, 302 at 257 cmt, 282 at 581.5 cm™, 251291 at 606.5 cm™, 272 at 614.5
cm?, 262 at 893 cm?, 19120! at 909.5 cmt, 23128 at 934 cm?, 182 at 971 cm™, 252 at 980cm"
1242 at 1102 cm?, 1521t at 1202.5 cm™?, 22125t at 1241cm™ and 172 at 1444.5 cm™.

LUID/WSHO 'S 0] SATIRSI IQUINTIARAY

001 00¢l 00CI 0011 0001 006 008 00L 009 00$ 0o 00€ 00¢ 00T

00ST

Sl

' ' i
0n-0
]OZILI
0
IOI

0
I

0,-0
ZGZI

oDFB
3]
— — )
™ [=N S}
-
o
=]
S =
—
o
S~
[3e]
~]
(=N &}
—
~J
_R S =
E—'—-
o)) o =
o= N
~
S —
[ye]
2 =)
[=N &}
< —
n
o -
e
[*.2]
_|I\J (=]
tn
(=0

0,-0 !

[LZI9Z LT
0
ZLI

Figure 2-1. Assigned REMPI spectra of ortho-difluorobenzene to wavenumber ~ 1500 cm*
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Table 2-1: Assignment of ortho-difluorobenzene

Waw(enuns)ber : Assignment Waannurlr;ber : Assignment
cm’ cm’

241.5 292 971 182
257 30? 980 252
278 21t 1102 242

398.5 20! 1105 ?

478 29* 1119 13t
486.5 18! 1122 171201
511.5 19! 1148 13t
575.5 26130! 1172 151292
581.5 282 1184 121
606.5 25129! 1189 231281292
614.5 272 1203 151211
722.5 17t 1204 16120*
751.5 261271 1241 221251
763.5 16! 1244 11t
840.5 16! 1266 10!

893 262 1290
909.5 19120! 1337 20123128t
925.5 15! 1445 172

934 23128t 1470 171261271

962 ? 1484 17118211
967.5 171292

aMeasured relative to the origin transition at 37827 cm™.

In Kable’s paper?® published before, some triple and quadruple combinations were also
assigned, 17292 at 967.5 cm, 151292 at 1171.5 cm™?, 20'23!28! at 1337 cm™?, 17%26'27! at
1469.5 cm™®, 1711821 at 1484 cm™, 29% at 478 cm™ and 23'28'292 at 1188.5 cm™. Assignment
merely based on calculated values might cause high deviation for combinations and overtones.
But these assignments for combinations and overtones, from the experimental work can be

much more reliable.

In this work, the peak at 840.5 cm™ is assigned as 16 according to the results from the quantum
chemical calculation. The peak in Kable’s paper'*?® was labelled with a question mark, while

in this work it is assigned.

At the low-wavenumber end of the spectrum, the transition at 398.5 cm™ is regarded as 20* and
the transition at 511.5 cm™ is regarded as 19*. Then the transition at 909.5 cm™ is labelled as

19120%. The sum of the wavenumbers of vibrations Dz and D1g is exactly 910 cm™, via this
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result the assignment for the transition at 909.5 cm™ is reasonable. The peak at 971 cm™ is
assigned as the overtone of vibration Dig. It can be seen that the wavenumber 971 cm? is
roughly equal to the double of 486.5 cm™. The assignment 17120! also approximately equals
to the sum of vibrations D17 and Dyo. Similarly, the transition at 1202.5 cm™ is assigned as
15'21' which seems quite rational with the same reason as well as the peak at 1204 cm™
assigned as 16120, The peak at 1444.5 cm™ assigned as 172 can also be regarded as a reliable

assignment.

For the triple combination, there are a number of assignments that also obey this principle. The
transition 17292 at 967.5 cm™ matches well with the sum of two wavenumbers, 722.5 cm™,
241.5 cm™. The peak at 1171.5 cm™ also shows a good consistency with the sum value of
vibration D15 and two Daq. As for the quadruple combinations, the assignment, 29* for the peak

at 478 cm* obeys this principle, whose sum equals to 483 cm™.

From this, it is obvious to see that the deviation between the wavenumber of the peak and the
sum wavenumber of several assigned peaks would increase with the increasing of the
multiplicity of the combination, even though the values used here are all experimental values.

Therefore, the assignment for combinations with calculated values requires more caution.
2.4.2 Assignment of ortho-chlorofluorobenzene

Ortho-chlorofluorobenzene also belongs to the Cs group.

There are 30 vibrational modes in ortho-chlorofluorobenzene molecule. Because of the
increasing uncertainty in the assignment in the high wavenumber region, the assignment for
REMPI spectra of ortho-chlorofluorobenzene molecule is only attempted below 1500 cm™.
The assignment process for this molecule turns to a little more complicated compared to ortho-
difluorobenzene because the two substituents are different. Another factor causing complexity
is two principal stable isotopes of chlorine, *Cl (75.78%) and 'Cl (24.22%).
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Figure 2-2. Assigned REMPI spectra ortho-chlorofluorobenzene to wavenumber ~ 1500 cm®

! The black trace is the **Cl isotopologue, and the red one *'Cl.

Figure 2-2 shows brief assignment of o-CIFB. The obvious ratio difference between 3°Cl
(75.78%) and 3'Cl (24.22%) provides an important clue to distinguish the **Cl and 3Cl
isotopologues. Generally, those peaks with smaller area under the curve are regarded as
attributable to the *’CI molecule. Before assigning the combinations, all the fundamentals

before 1500 cm™ are picked out first.
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Table 2-2: Assignment of ortho-chlorofluorobenzene

%CI- S1Cl- CI- 1Cl-
Wavenumber ® Frequency #  Assignment ~ Wavenumber ® Wavenumber?  Assignment
(cm?) (cm?) (cm?) (cm?)
26% or
171.5 171 ? 941.5 939 251981302
222 220.5 21! 947.5 946 18119*
275.5 276 ? 953.5 952.5 15!
17120 or
342 338 20! 964.5 964.5 23128 or
21125t 271
337.5 336 ? 981.5 975.5 21'26128!
476 476 19! 10135 1012.5 141
482 482 18! 1042.5 1043 121
546.5 547.5 201211 1077.5 1076.5 171212
19ql 2 19R1
636.5 635 o175 920 10945 1095.5 o
639.5 637.5 17t 1140.5 1140 13!
21, 23,28 or
648 648 272 1200 1200.5 16. 28, 30
651 650.5 20? 1244 1242 11*
660.5 660 213 1249.5 1250 16119!
797 796.5 16! 1278.5 1273 1618t
799 799 191201 1288.5 1284 151201
811 808 181201 1349 1348 9!
929.5 929 192 1436 1432 7t
939 935 192 1447 1445 6!

aMeasured relative to the origin transition at 37048 cm™.

These are the first assignments of this spectrum. Here, the calculated values are only used as a

guide to assign the peaks on the spectra.

Then, some assignments of multiple combination which have adjacent wavenumbers with the
sum wavenumbers of combined vibrational modes are also picked out. Although, all the
assignments for this molecule can only be made according to the calculation, the repeated
vibrational modes in combinations let the assignment become more reasonable. But, one thing
needs to be mentioned is that other assignments are sometimes possible. More detailed

assignments are listed in Table 2-2.

Another efficient way to check those assignments is to see whether the isotopic shift is in a
reasonable range which is usually set as 1.5 cm™ in this study. As a requirement according to

the selection rule, all the assignments listed here have a; symmetry.
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2.4.3 Assignment of meta-difluorobenzene

Meta-difluorobenzene belongs to the Cay group.

There are totally 30 vibrational modes in meta-difluorobenzene molecule. In Kable’s paper®
(see Table I in this paper), most peaks are assigned. This is a valuable resource to make a
comparison between the present work and Kable’s. In this work peaks were only assigned to
the wavenumber 1300 cm™, as shown in Figure 2-3 and Table 2-3.

In this part, assignments are still based on the calculated values. Then the assignment is
compared with previous assignment made by Kable et al.*®. It is found that only the peak at
3175 cm? and the peak at 254 cm™ from the calculated assignment match Kable’s

assignment®, which are labelled as 21' and 30? respectively as well as 18121* for the peak at

759.5 cm?.
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Figure 2-3. Assigned REMPI spectra meta-difluorobenzene to wavenumber ~ 1500 cm™*
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One thing that needs to be mentioned is that the peak at 683 cm™ and the peak at 702.5 cm™
are regarded as 17*and 26'28 respectively. But the order is exactly opposite in Kable’s work®°.
From this, a limited similarity between the calculated values and experimental results can be
seen. Two other similar assignments are listed in Table 2-3. The peak at 740.5 cm™ is
considered as a combination of 25! and 28!, while it was 2428 in Kable’s*® experimental

work.

Table 2-3: Assignment of meta-difluorobenzene

Wavenumber @ Assi Wavenumber @ .
(cm) ssignment (cm) Assignment
254 302 901.5 24, 26
3175 21t 908 19,20
354 292 937 19120
4445 20t 957 242 or 24125
471 19¢ 963.5 28218*
605.5 2530 or 26* 30* 1000.5 221241
683 26128t 1012.5 173!
702.5 17} 1020.5 173!
737 272 1039.5 23127
740.5 24128t 1063 221251
759.5 181211 1063.5 22125 or 227
883.5 181 1269.5 10t
900 24126 or 25! 26° 1281 151211

aMeasured relative to the origin transition at 37926.5 cm™.

For this molecule, only 5 peaks were assigned as fundamentals, 21* at 317.5 cm™, 20! at 444.5
cm?, 19! at 471 cm?, 17 at 702.5 cm™ and 10! at 1269.5 cm™. One feature of these

fundamental peaks is the intensity of all these peaks are relatively higher than peaks nearby.

Only two positions at 908 cm™ and 937 cm™ repeated the same labels at the beginning of the
assignment as combinations, 19120, The calculated wavenumber of D1g is 440 cm™ and it is
462 cm for 20!, which means the sum of two wavenumbers is 902 cm™. Though it seems

much closer to 908 cm™, the deviation cannot be ignored.
2.4.4 Assignment of meta-chlorofluorobenzene

1, 3-chloro fluorobenzene belongs to the Cs point group.

In order to keep the reliability of the assignment, only the peaks in region till 1500 cm™ are

assigned.
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Table 2-4: Assignment of meta-chlorofluorobenzene

%ClI- 3Cl- ¥Cl- 3Cl-
Wavenumber ®  Wavenumber ®  Assignment ~ Wavenumber ®  Wavenumber ®  Assignment
(cm™) (cm?) (cm™) (cm™)
205.5 205 29'30* 1041 1044 171281291
241 239.5 21! 1053.5 1054 17119¢
328.5 329.5 292 1091.5 1091 161211
367.5 364 20! 1092 1091.5 17118t
429 429.5 19t or 27130? 1117 1118 121
456 455.5 18! or 212 1134.5 1135 191202
515.5 516 25'30! 1207.5 1207.5 171261291
638 636.5 17 or 25%291 1220 1221.5 221251
26128 or 1 ho1locl
660 660.5 191911 1220.5 1221.5 11*22°25
697.5 698 181211 1252.5 1253 131211
714 714.5 25128 or 202 1253 1253.5 15128'30*
849.5 850 16! 1274 1271.5 10!
949 950 252 1344 1345 9t
962.5 962.5 15tor 23, 28 1369 1369.5 13120?
967.5 967.5 23128t 1392.5 1395 15118t
982 983.5 17:20" 1484 1484 2212223; or
1002.5 1000.5 14! 14855 1484 22122;1 or
1025 1026 13!

aMeasured relative to the origin transition at 37045 cm™.

Assignments for the peaks in REMPI spectra are made according to the result of the calculation.
Meta-chlorofluorobenzene is still a molecule with isotopic shift effect. Thus, the different
positions of the peaks can be used as a clue to check whether the assignment is reasonable or
not. As shown in Table 2-4 and Figure 2-4, most isotopic shift values are ranged from 0.5-1.5
cmL. For instance, the *Cl peak at 241 cm™ and the 3’Cl peak at 239.5 cm™ are labelled as 212,
the 3Cl peak at 367.5 cm™ and *'Cl peak at 364 cm™ are labelled as 20'. The density of
fundamentals decreases gradually with the increasing of the wavenumber while the

assignments of low wavenumber peaks are much more reliable.
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Figure 2-4. Assigned REMPI spectra meta-chlorofluorobenzene to wavenumber ~ 1500 cm™?

Although most combinations are also assigned to each peak according to the value. In this work,
in order to select more reasonable assignment for the combination an efficient is applied -

comparing the assignment with the figures of different calculated vibration modes of meta-
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difluorobenzene!. Though, meta-chlorofluorobenzene and meta-difluorobenzene are two
different molecules, they still share a quite similar structure. It is worthwhile to test the
assignment against this comparison. Because of the different isotopic Cl atoms in meta-
cholorofluorobenzene, the motion of this special substitute might be slightly different after the
combination of several vibrational modes. For instance, the overlap of the same vibrational
mode might more likely cause an isotopic shift in spectra. A combination of different
vibrational motions towards different directions would cause the decrease of the isotopic shift.
The isotopic shift for the first peak pair, *Cl peak at 205.5 cm™ and ’Cl peak at 205 cm* show
aminor isotopic shift, 0.5cm™. Referred to calculated vibration modes of meta-difluorobenzene,
one substitute has totally different moving direction in D29 and Dso. Therefore, the minor
isotopic shift in this position makes sense in this aspect. The difference between *Cl peak at
205.5 cm™ and *"Cl peak at 205 cm™is 1 cm™, which is a little larger than 0.5 cm™. It is obvious
that the combination of the same vibrational modes causes a motion of the Cl atom as a

substitute in meta-chlorofluorobenzene as expected, then the greater isotopic shift shows up.

Not only can the combination of several vibrational modes be considered by this method, but
it can also be used for fundamentals. The %Cl peak and *’Cl peak are both located at 962.5 cm”
! there is no isotopic shift observed. In Dis, whose symmetry is a’, both two substitutes do not
move. This rationalises why the isotopic shift is not seen. The isotopic shift is 1 cm™ for the
assignment (*°Cl peak at 1025 cm™ and *’Cl peak at 1026 cm™), which is labelled as 13%. In
vibration D13, the motion of two substitutes are apparently to be seen. As a consequence, the
consideration of concrete vibrational modes with the purely mathematical assignment works

well when lacking of supported assignment in previous works.

It is still a useful way to pick out some more reliable combinations, such as 19211 for the 3ClI
peak at 660 cm™ and *’Cl peak at 660.5 cm™. 19 and 21? are both transitions shown up before
this peak. The wavenumber corresponds to transition *°CI 19 is 429 cm™, while it is 429.5 cm"
Lfor 3'Cl peak. As for 21, the former is 241 cm™, the latter is 239.5 cm™. The sum value is 670
cm™t and 669 cm respectively. Compared to 3°Cl peak at 660 cm™ and 3’Cl peak at 660.5 cm”
1 they are in an acceptable range of difference. Thus, 1921 is considered as a reliable

assignment for this peak.
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2.4.5 A Comparison between ortho-difluorobenzene and meta-difluorobenzene REMPI
Spectra
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Figure 2-5. A Comparison between assigned REMPI Spectra of ortho-difluorobenzene and m

eta-difluorobenzene to wavenumber ~ 1500 cm™

In all four spectra, the transition 17* is commonly the strongest one. It happens at the position
of 700 cm? to o-difluorobenzene and m-difluorobenzene REMPI spectra. Although the
vibrational motions can be different even with the same Di numbers for meta and ortho
molecules, it is still notable that the fundamental transition 10* happens at around 1270 cm™ in

both o-DFB and m-DFB spectra, it is a rare similarly transition in this high wavenumber region,
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which is already higher than 1200 cm™. The intensities of two peaks are also similarly strong,
this confirm the correctness in another aspect. In the wavenumber range from 200 cm™ to 700
cm ! similarity appears as expected. Though the 292 transition happens at 241.5 cm™ in 0-DFB
REMPI spectrum, it shows up at 354 cm™ in m-DFB REMPI spectrum, which is more than 110
cm™ higher than the position in 0-DFB REMPI spectrum. There is also a difference, 46 cm™
between two positions of 20! transition in two spectra, though seems large, the position is
relatively similar. 19! transition shows up at 511.5 cm™ in 0-DFB REMPI spectrum, while the
position for the same transition is at 471 cm™. Both two positions of 19! are around 500 cm™.

The sequence of 292, 20%, 19%, 272 transitions can be seen either oDFB REMPI spectrum or
mDFB REMPI spectrum. Thus, assignments in the range [200 cm™,700 cm™] are sensible

according to this comparison.

2.4.6 A Comparison between ortho-chlorofluorobenzene and meta-chlorofluorobenzene
REMPI Spectra

The comparison between o-chlorofluorobenzene and m-chlorofluorobenzene REMPI spectra
is shown in Figure 2-6 some similarities of assignment can be found in this figure. In o-
chlorofluorobenzene REMPI spectrum, the transition 21 of 3Cl isotope shows up at 222 cm™*
and the transition 21* of 3’Cl isotope show up at 220.5 cm™, while the 21 transitions of *°Cl
m-chlorofluorobenzene and *’Cl isotope also show up at 241 cm™ and 239.5 cm™ respectively.
The transition peaks 20! also show up at a similar position around 300 cm™. The peaks of 191
appear at about 500 cm™ in both spectra as well as 181. One thing needs to be emphasised is
that the order of 19! and 18! keep consistent in two REMPI spectra with 19* coming before 182,
17* transitions happen both at a position of 640 cm™ roughly, they are the most similar
transitions compared to others before this position. The intensity of the transition peak 17% in
m-chlorofluorobenzene REMPI spectrum is much stronger than the one in o-
chlorofluorobenzene REMPI spectrum. In mCIFB REMPI spectrum, the peak of 202 transition
slightly shift to a position over wavenumber 700 cm™,
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difluorobenzene REMPI Spectra to wavenumber ~ 1500 cm™
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A finding which is worth emphasising is that the 20* band shows up around 300 cm™ and then
the combination peaks also share the similar position in two spectrum. This is a strong evidence
to confirm the correctness of all 4 assignments. Two peaks of transition 16 also happen before
800 cm™ and after 800 cm™ respectively. 14! transitions both happen near the position of 1010
cmL. Transition 9* has a special similar assignment in the high wavenumber region of both two
different REMPI spectra.

The order of transitions 12 and 13! is swapped in two REMPI spectra. In the spectrum of
oCIFB, the transition 12 comes first relative to 13* at the position before wavenumber 1100

cm™. The order is exactly opposite in the REMPI spectrum of m-CIFB.

From this comparison, at least the assignments from 200 cm™ to 640 cm™ can be regarded as
more reliable than other assignments in the higher wavenumber range, where such similarity
cannot be found in those two spectra. As for many peaks labelled in this work in the region
from 900 cm™ to 1500 cm™*, the similarity does not show up as expected. Since 0-CIFB and m-
CIFB are two different molecules in structure but with the same Cs symmetry, the vibrations
will be different. Then different transitions happen in each specific position, especially for
those combinations. While there is only limited previous work to compare, this kind of
comparison provides some proof to check the assignments made in this work.

2.5 Conclusions

In this work, assigned electronic spectra of the S1 < So transition of ortho-difluorobenzene,
ortho-chlorofluorobenzene, meta-difluorobenzene and meta-chlorofluorobenzene up to ~1500
cm are presented respectively, using REMPI spectroscopy. For higher wavenumber region,
the difficulty becomes obvious in REMPI spectra, thus assignments higher than 1500 cm™ are
not shown in this work. D; labelling scheme®** played an important role in this study, to keep
the consistency of all assignments for four molecules. It is useful to identify the combination
of vibrational modes in molecules so that an understanding of energy flow through the
vibrational modes can be gained.* The assignment of ortho-difluorobenzene is compared to
previous research by Swinn and Kable?® to confirm the reliability of the analysis here.
Assignment of meta-difluorobenzene in Scott’s paper are used to compare with assignment
based on calculation in this work. A type of self-matching method is applied for all four-
molecule assignment to make sure of the correctness, which is emphasised above (see 2.4.4).

Via two typical comparisons of assigned spectra (see 2.4.5 and 2.4.6), some expected
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similarities were found, which should be caused by the similar molecular structure and

behaviours.

Further confirmation would be useful, such as by zero-kinetic-energy (ZEKE) photoelectron
spectra of 0-DFB, m-DFB, 0-CIFB and m-CIFB molecules®!. This technique detects pulsed-
filed ionisation of very high-lying Rydberg states that are within a few cm™ of an ionisation
threshold. The technique essentially allows photoelectron spectra to be recorded with a
resolution close to that of the lasers. This can allow vibrational and torsional levels to be

resolved.32-34

In summary, this work provides fundamental information especially the assignment which
provides an understanding of the vibrational behaviour of these four molecules discussed above,
0-DFB, m-DFB, o-CIFB and m-CIFB. In the future studies, the two-dimensional-LIF (2D-LIF)
and ZEKE spectra will also give key information on how mixed the vibrational levels have
become — this directly impacts on how well energy can be dispersed in the molecule, and so
how well it can resist photo-fragmentation, which occurs when internal energy is localized in

particular chemical bonds.
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