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Comprehensive Experimental and Theoretical Study into the Complete Valence Electronic
Structure of Norbornadiene
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Momentum Distributions (MDs), obtained using high-resolution electron momentum spectroscopy (HREMS),
are reported for norbornadiene’s 18 valence orbitals. Corresponding theoretical results, using generalized
gradient approximation density functional theory (DFT) together with TZVP, DZVP, and DZVP2 basis
functions and a plane wave impulse approximation to describe the ionization process, are also detailed. This
work represents the first comprehensive HREMS/DFT investigation into the complete valence electronic
structure of norbornadiene (NBD), with significant results being obtained. In particular, an exacting comparison
between our experimental and theoretical MDs enables us to define the “optimum” basis for NBD, from
those we studied. This “optimum” basis is then used to extract a wide range of NBD’s important molecular
property information, which are subsequently compared with the results of independent measurements and
calculations. Agreement between our results and those from independent measurements was generally very
good, highlighting the utility of HREMS in a priori basis set evaluation.

determine the dominant interaction between NBD’s outermost

High-resolution electron momentum spectroscopy (HREMS),
or (e,2e) coincidence spectroscopy, is now a well-developed
tool for the investigation of the valence electronic structure of
molecules due to its unique ability to measure the orbital
momentum distribution (MD) for binding-energy-selected elec-
trons! Furthermore, within the plane wave impulse approxima-
tion (PWIA) and, in many cases, the target Hartr€eck
(THFA) or target Kohr-Sham (TKSA) approximationthis
measured MD may be directly compared with the calculated
spherically averaged MD of a specific molecular orbital (MO),
once the appropriate angular resolution has been foldéd in.
Hence, HREMS is also a powerful technique for evaluating the
quality of theoretical wave functions in quantum chemistry,
and in this paper we report its application to norbornadiene
(NBD).

Our original interest in the electronic structure of NBD
(bicyclo[2.2.1]-heptadiene; #lg) was due to it being the
prototypical molecule for the study of through-space and
through-bond interaction, concepts originally introduced by
Hoffmann and colleagués’ and incorporated into an SCF
scheme by Heilbronner and Schmeldihe ability of HREMS
to unambiguously identify the symmetry of an orbital from its
measured MD, thus made it the ideal technique to definitively
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7 orbitals. The results from that study are reported elsewhere,
although we note here that the through-space interaction was
found to dominate.

While conducting the above stud@yt became quite clear that
existing investigations into the complete valence electronic
structure of NBD (and not just the highest-occupied-molecular-
orbital [HOMO] and next-highest-occupied-molecular-orbital
[NHOMOY]) are rather restricted. Previous photoelectron spec-
troscopy (PES) studies include the He (I) measurement from
Bischof et al'® and the He (Il) measurement from Bieri ef'al
Their observed spectra were interpreted by von Niessen and
Diercksent? using an ab initio many-body Green’s function
method. The results they found were consistent with those put
forward earlier by Heilbronner and Martihalthough, as noted
by both von Niessen and Dierckééand Galassé? the ordering
of the orbital energies was not uniformly reproduced by all of
the calculation§:121517 The original EMS stud{ on NBD
reported MDs for only its HOMO and NHOMO. That work
was conducted at a total energy of 1200 eV and with a modest
energy resolutionfE.qin) of 1.5 eV (fwhm). Unfortunately, the
HOMO and NHOMO in NBD are only separated by 0.85
eV 101150 that Takahashi et.#l could not resolve them in their
binding-energy spectra. In addition, with this broad energy
resolution, contributions from the adjacerd,2rbital to the
NHOMO and even HOMO flux could also not be ruled out.
To try and circumvent these difficulties, Takahashi efalsed
a spectral deconvolution procedure, but the uniqueness of this
procedure is debateable in this case as is reflected by the scatter
in their MD data? Consequently, we have made new HREMS
measurement®\Ecoin ~ 0.55 eV, fwhm) to improve the quality
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Figure 1. Schematic diagram of the Flinders symmetric noncoplanar HREMS spectrometer.

of the available HOMO and NHOMO MD data, as well as spectrometer and the method of taking the data can be found in
significantly extend the scope of the original investigation to Brunger and Adcockand Weigold and McCartRyand so we
report MDs for norbornadiene’s 16 other valence orbitals. When do not repeat them again here.
coupled with our PWIA and density functional theory (DFT)  The high-purity NBD is admitted into the target chamber
calculations, our present study quite possibly represents the mosthrough a capillary tube, the flow rate being controlled by a
comprehensive investigation into NBD’s electronic structure that variable leak valve. Note that the NBD driving pressure was
has yet been performed. too low to cause any significant clustering by supersonic
Contrary to the situation described immediately above for expansion. The collision region is differentially pumped by a
the electronic structure of NBD, experimental and theoretical 700 Ls! diffusion pump. Apertures and slits are cut in the
studies into its physicochemical properties have been more collision chamber for the incident beam and the scattered and

prevalent. They include molecular geometry experiniéftand ejected electrons. This differentially pumped collision region
calculations?~#*infrared and Raman spectroscopy restisd makes it possible to increase the target gas density by a factor
NMR results?®> More recently, Penning ionization electron of about 3 while keeping the background pressure in the
spectroscopy (PIES) d&fehas also become available. spectrometer below 18 Torr. This was important as it enabled

In section 2, we briefly discuss some of the experimental ys to maintain workable coincidence count rate levels, even with
aspects of the HREMS technique, whereas in section 3, detailsthe smaller electron beam current output from the2e)
of our structure calculat|(_)ns are provided. The results_ of the monochromator (typically 26A in this work) compared to that
experimental and theoretical MDs are presented and discussegf a normal electron gu#. The coincident energy resolution
in detail in section 4. The significance of the present application of the present measurements was typically 0.55 eV (fwhm), as
of HREMS to NBD is that by comparing the experimental and  determined from measurements of the binding-energy (
theoretical MDs, for the relevant valence orbitals, we can spectrum of helium. However, due to the natural-line widths of
Independently determine which of the DFT basis sets we havethe various transitions (ranging from 0.45 to 0.89 eV), as
studied provides the most physically reasonable representationestimated from the relevant PES speéf# the fitted resolu-
of the NBD molecule. Standard UniChéf® features then  tions of the spectral peaks for NBD varied from 0.71 to 1.05
allow us to utilize this “optimum” wave function to extract the eV (fwhm). It is precisely this limitation which forces us to
chemically important molecular property information for the combine our measuredaand 4, orbital MDs, 3 and %
NBD system including, for example, its molecular geometry, orhital MDs, 2, and 4 orbital MDs, 1a, and 3y orbital MDs
vibrational spectra and NMR. A selection of these data, along and 2, and b; orbital MDs, respectively. To do otherwise
with a comparison of them with previous wotk;? is given would have raised serious questions as to the uniqueness of the
and discussed in section 5 of this paper. Finally, in section 6, MDs derived in the fit (see below). The angular resolution,
conclusions from the results of the present study are drawn. which determines the momentum resolution (see eq 1), was

typically 1.2 (fwhm), as determined from the electron optics

2. Experimental Details and apertures and from a consideration of the argoar@ular
The 18 MO's of the complete valence region of NBD, namely correlation.
the By, 7ay, 28y, 4by, 4b,, 6ay, 301, 5a1, 30y, 2by, 204, 4ay, lay, In the current study, noncoplanar symmetric kinematics were

3ay, 2a, 1by, 1b, and a3 MO’s, were investigated in several employed, that is, the outgoing electron enerdigsand Eg
experimental runs using the Flinders symmetric noncoplanar were equal, the scattered (A) and ejected (B) electrons made
HREMS spectrometer (see Figure 1). Details of this coincidence equal polar angle8 = 45° with respect to the direction of the
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Figure 2. Typical binding-energy spectra from our 1500 eV noncoplanar symmetric HREMS investigation into norbornadiene. The curves show
the fits to the spectra at (@) = 0°(p ~ 0.03 au) and (by = 10°(p ~ 0.92 au) using the known energy resolution.

incident electrons (see Figure 1). The energy, E = Ep — ¢ whom readers are referred for more detail. Abeye: 23.0

= Ea + Eg, was 1500 eV. The binding-energy range of interest eV, for the inner valencel} and I, orbitals, there are no PES

(er = 6—33 eV) is stepped through sequentially at each of a data available to aid us in our fitting of the binding-energy
chosen set of anglgsusing a binning mod&through the entire  spectra. Under these circumstances, the positions and widths
set of azimuthal anglesp(= 0—27.5"). Scanning through a  of the Gaussian peaks, and the number of Gaussians, used in
range of¢ is equivalent to sampling different target electron the spectral deconvolution were simply determined by their

momentap as utility in best fitting the observed data for afl The fact that
1 the inner valence & orbital needed 3 Gaussians, and the
p = |(2psco¥ — p0)2 + 4p2Asir1293in2(Q)] 1) innermost valencedt, orbital needed 5 Gaussians, to incorporate
2 the measured coincidence intensity into the fit, is possibly

indicative of the existence of final state correlation interaction
(FSCI) effects in the inner valence region of NBD. Alternatively,
such an observation is also consistent with the natural line
profiles for these orbitals being highly asymmetric. However,
our previous experience with [1.1.1] propelléhand cuban&
Typical binding-energy specftéor NBD are given in Figure strongly suggests _tha_t our present binding-energy spectra
2a,b. The solid curve in each panel represents the envelope ofneasurements are indicative of FSCI effects being prevalent.
the 28 fitted Gaussians (various dashed curves) whose positions A sample of high-purity norbornadiene-1.0 g) was com-
belowe; = 23.0 eV are taken from the available high-resolution mercially purchased (Aldrich) and distilled undes to ensure
PES datd®!! It is clear from Figure 2 that the fits to the high purity. In addition, it was degassed in situ by repeated
measured binding-energy spectra are excellent. The least-freeze-pump-thaw cycles before being introduced into the
squares-fit deconvolution technique used in the analysis of theseinteraction region. Comparing ogr= 0° + 10° binding-energy
spectra is based on the work of Bevington and Robirf8aa, spectrum with the PES results of Bischof etakhows that

For zero binding energy(= 0 eV), ¢ = 0° corresponds t@

= 0 au, and for the present binding energies, angular resolution
and kinematics¢ = 0° corresponds t@ ~ 0.03 au. Similarly

for ¢ = 10°, p ~ 0.92 au. (Note las=1a~1%, wherea, = Bohr
radius).
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the level of qualitative agreement between them is very good. TABLE 1: Total Energy (in Hartrees) of NBD from This
This is strong evidence for the purity of our NBD sample, an Work, Compared with Other MO Studies
important consideration given the high sensitivity of HREMS

total energy

to the presence of any impurities. ref origin (Hartrees)
. . 40 MP2/6-31G* —270.553169
3. Theoretical Analysis 40 MP4//MP2/6-31G* —270.644231
- * _

The PWIA is used to analyze the measured cross sections 22 gg/?ADPIIZMle 6-31G _g;g:ggig?
for high-momentum transfer (e,2e) collisions. Using the Born 41 G2 —270.93386
Oppenheimer approximation for the target and ion wave 42 G2 —270.93385
functions, the EMS differential cross sectionfor randomly 42 G2/MP2 —270.92881
oriented molecules and unresolved rotational and vibrational fé ggmg SVP :gg.ggggg
states, is given by 42 B3LYP —271.43725

present BP/TZVP —271.576907
o= deg| < p¢?‘*1|¢i’\‘ > |2 (2) present RHF/6-31G** —269.666160

whereK is a kinematical factor which is essentially constant in details again here. DGauss is itself a part of UniChem, a suite
the present experimental arrangemep},* and ¢! are the ~ of computational quantum-chemistry programs from PHAR-
electronic many-body wave functions for the finaN[¢- 1) MACOPEIA. Employing the UniChem user interface, we built

electron] ion and target electron] ground states, apds the a model NBD molecule and then employed DGauss with various
momentum of the target (NBD) electron at the instant of GGA and basis sets to minimize the total energy of NBD in its
ionization. The fdQ denotes an integral over all angles ground electronic state. The electronic structural calculations
(spherical averaging) due to averaging over all initial rotational using RHF/6-31G** are based on GAMESS. A comparison of
states. The average over the initial vibrational state is well the present total energy for NBD, as calculated using our
approximated by evaluating orbitals at the equilibrium geometry BP/TZVP XC functional and basis set, and the results from
of the molecule. Final rotational and vibrational states are

eliminated by closuré.

The momentum space target-ion overtapy; |y > can
be evaluated using configuration interaction descriptions of the
many-body wave function®, but usually, the weak coupling
approximatioR® is made. Here, the target-ion overlap is replaced
by the relevant orbital of, typically, the HartreEock or Kohn-
Shan¥* ground stateb,, multiplied by a spectroscopic ampli-
tude. With these approximations eq 2 reduces to

o =Kg" [dQi¢(p)* (3)

where ¢;(p) is the momentum space orbital. Note that the
relaxation of the final state has been neglected in this ap-
proximation. The spectroscopic fact§f’ is the square of the
spectroscopic amplitude for orbitphnd ion statd. It satisfies

the sum rule
Zs(f) =1

HenceS"” may be considered as the probability of finding the
one-hole configuration in the many-body wave function of the
ion.

The Kohn-Sham equatiott of DFT may be considered as
an approximate quasiparticle equation, with the potential opera-
tor approximated by the exchange-correlation poteftiblsu-
ally, this is done at the local density approximation (LDA) level
(also known as the local spin density (LSD) approximation),
although in this study we concentrate on approximating the
exchange-correlation (XC) functional with functionals that
depend on the gradient of the charge defzif (i.e., the GGA).
Specifically, here we employed two different approximations
to the XC energy functional due to Becke and Perdew (BP)
and Becke, Lee, Yang, and Parr (BLYP). To compute the
coordinate space KohrSham orbitalsy;, we employed DGauss,

(4)

other calculatior®®42is given in Table 1. Clearly, the present
total energy compares favorably to those obtained by other
workers?®-42who employed different degrees of sophistication
in their respective basis sets. Information of the molecular
structure and the molecular orbital wave functions for the ground
electronic state of NBD, obtained from the DFT calculations,
were next treated as input to the Flinders-developed program
AMOLD, 2° which computes the momentum space spherically
averaged molecular-structure fad¢fand the €,2€) cross section

or MD (see eq 3).

The comparisons of calculated MDs with experiment (see
section 4) may be viewed as an exceptionally detailed test of
the quality of the basis set. From our previous experiéri¢é?
the GGA-DFT method using the BP XC functional gives good
agreement with the experimental MDs, compared to other GGA
methods available. As a result, GGA-BP is used in combination
with three basis sets to examine the behavior of the basis sets.
These basis sets are denoted by the acronyms DZVP, DZVP2,
and TZVP. The notations DZ and TZ denote basis sets of
double- or triple-zeta quality. V denotes a calculation in which
such a basis is used only for the valence orbitals and a minimal
basis is used for the less chemically reactive core orbitals. The
inclusion of long-range polarization functions is denoted by P.
All the calculations were performed on an SER500-02 work
station and a CRAY J90se/82048 computer employing the
computer distribution technique. Note that the term computer
distribution technique is simply a shorthand notation to denote
that the calculations were set up on the SGI-2 work station
before being launched on the CRAY supercomputer.

4. Comparison between Experimental and Theoretical
Momentum Distributions

Typical binding-energy spectra of;8g in the region 6-33
eV and atE = 1500 eV are given in Figure 2. These spectra
were measured at each of a chosen set of angjlasd then
analyzed with a least-squares-fit deconvolution technifjiiis

a program package developed at CRAY Research by Andzelmanalysis then allowed us to derive the required MDs for all of

and colleague%’?® Note that our rationale for using DFT/

the respective valence orbitals of NBD. Although the measured

DGauss over other available packages such as HF/GAUSSIANMDs are not absolute, relative magnitudes for the different

has been considered elsewh&and so we do not repeat those

transitions are obtained.In the current HREMS investigation
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of the valence states of NBD, the experimental MDs are placed 6T T T
on an absolute scale by summing the experimental flux for each I
measuredp for the first nine outer valence orbitals, and then

normalizing this to the corresponding sum from the results of 5 ]
our PWIA-BP/TZVP calculation.

The results from this process for the HOMObfp and
NHOMO (7a;) orbitals were described previously by Macken-
zie-Ross et al.As a consequence, we do not need to repeat
them in detail again here. Briefly, however, Mackenzie-Ross
et al® found that their experimental MDs for both the HOMO
and NHOMO were generally in good accord with their corre-
sponding PWIA-BP/DZVP,—BP/DZVP2, —BP/TZVP, and
—BLYP/TZVP computations. The only exception to this
observation was that theiray theoretical MD with BP/DZVP
XC functional and basis set tended to somewhat underestimate
the magnitude of thee(2e) cross section fop < 0.4 agl, [
thereby suggesting a limitation with the accuracy of BP/DZVP. 1
Mackenzie-Ross et dlalso compared the HOMO and NHOMO [
MD data against the respective earlier low-resolution EMS
results from Takahashi et.# They found that although the

(e,2e) Cross Section (x10a.u.)

earlier MD dat&® exhibited more scatter and had larger 0 0.5 1 1.5 2 25 3
uncertainties, it was still in good quantitative accord with their p(a.u.)

measuremerft.The final observation we make in regard to  Figyre 3. 1500 eV Symmetric noncoplanar MD for theséorbital of
NBD’s HOMO and NHOMO MDs, is that in both cases there norbornadiene«t = 12.8 eV). The present data for Run @)(and

is a local minimum in the PWIA-DFT results fara 0.1a,™". Run B (p) are compared against the results of our PWIA-DFT
The experimental MD data of Mackenzie-Ross et jalovided calculations: (- -) BLYP/TZVP, {) BP/TZVP, ¢ - - -) BP/DZVP2,

0-.... PRI SRS BT

some support for the existence of these local minima, which a1d & =) BP/DZVP. Acronyms are defined in the text.

we believe arise due to electron correlation effécts. 3b, MD, the agreement between our calculated PWIA-DFT

Of NBD's 16 remaining valence orbitals, calculated and \ps and the HREMS experimental result is not as impressive
measured MDs were determined for the respectaet2 4b, for 3b, (see Figure 4a) as it was for theGorbital MD (see

4b,, 62y, 301 + Sau, 30y, 20y, 201 + 42y, 1ap, + 32y, 281 + 1by, also Figure 3). This is particularly true pt~ 0.04 au where

1b,, and Xy orbitals. This represents a significant volume of o the computations overestimate the magnitude of the experi-
data, far too much to be discussed in the bulk of the text. Hence’mental cross section. As the small momentum region corre-

we restrict our speci_fic discussio_n to_four exemplary casag (6 sponds to the large (coordinate space) region of the wave
3bz, 20, and T, orbital MDs), with figures for the remainder ¢, tion; this indicates that diffuse functions may be required
of our MDs being provided in the Supporting Information (Se€ i, the hasis sets. Notwithstanding this, Figure 4a strongly
later). suggests, especially fop < 0.4 au, that the PWIA-DFT

In Figure 3, we present our 1500 eV symmetric noncoplanar calculation with BP/TZVP basis does best in reproducing the
MD for the 6a; outer valence orbital of NBD. The shape of the experimental MD. This latter observation is also totally con-
present experimentalag MD is interesting, with three local  sjstent with what we found above for they6orbital. Finally,

maxima observed gt ~ 0.03 aup ~ 0.28 au, an ~ 1.25  we note the good agreement between the measuredr8ss
au. This result is in good qualitative agreement with each of sections that we obtained in our two independent experiments.
our PWIA-BLYP/TZVP,—BP/TZVP,—BP/DZVP2, and-BP/ In Figure 5a we plot the present experimental and theoretical

DZVP calculations. Indeed, the shapes of all of the computations MDs for the inner valencel® orbital of NBD. The 2, orbital

and that of the experimental MD are in good accord over the has the same symmetry as thie, ®rbital we just discussed,
entire range of target electron momentyph However, when  put it is apparent from Figure 5a that the resulting experimental
the magnitude of the MDs are considered, particularlp at and calculatedt® MDs are very different in shape to that which
0.5 au, as expected the PWIA-BLYP/TZVP and PWIA-BP/ e found for the B, orbital. This difference indicates that the
TZVP calculations provide a better representation of the bonding mechanisms of the two MOs are not the same, the EMS
experimental result than either of PWIA-BP/DZVP2 or PWIA- MDs indicating that the Q MO has more Cl, whereas thdng
BP/DZVP. This is indicative for BLYP/TZVP and BP/TZVP MO has a morez-like MD. This latter observation is proven
providing a more physically accurate description for tiie 6 by the respective MO wave functions given by Figures 4b and
orbital, compared to both BP/DZVP2 and BP/DZVP. Note that 5p from our ab initio RHF calculation. The difference in the
we have increased the confidence of the validity of the present3p, and b, MDs also highlights the sensitivity of HREMS in
experimental & HREMS data because the results from our (differentiating between different orbitals of the same symmetry,
two independent runs (denoted as Present Data A and Preseng very useful property when questions pertaining to the correct

Data B) are in very good agreement with one another. ordering (in terms of binding energy) of the orbitals arise. In
All of the PWIA-DFT calculations predict al3 orbital MD this case, all the PWIA-DFT computations overestimate the
which is similar in shape to that just described for the @bital magnitude of the measured MD (see Figure 5a). However when

(see Figure 4a). We note, however, that here the strength of theour PWIA-BP/TZVP momentum distribution is scaled by a
second local maximum in the MD (@t~ 0.28 au) relative to factor of 0.85, agreement in terms of the shape and magnitude
that for the third local maximum (gi ~ 1.15 au), is stronger  between this scaled MD and the measurbgIND is now very

for the 3o, orbital compared to that calculated previously for good, across the entire range of measyrethis observation

the 6y orbital. In addition, when compared to the measured simply reflects that the spectroscopic factor for tie @rbital,
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Edge =12.11 Space = 0.0100 Psi=17
Edge = 12.11 Space = 0.0100 Psi =16

Figure 4. (a) The 1500 eV symmetric noncoplanar MD for thig 3
orbital of norbornadienes(= 14.3 eV). The legend is the same as that
for Figure 3. (b) Contour plot of thet3 MO wave function from our
RHF/6-31G** calculation.

Figure 5. (a) The 1500 eV symmetric noncoplanar MD for the 2
orbital of norbornadiene:(= 15.7 eV). The legend is the same as that
for Figure 3 except (- — - - -) represents the 0.85 PWIA — BP/
TZVP result. (b) Contour plot of thel MO wave function from our

- . RHF/6-31G** calculation.
at the relevant 12 binding energy = 15.7 eV), isSy, = caieuiation

0.85. Note that the missing (see eq 4) 15% &pectral flux  behavior had been previously obser¥éul the inner valence
must be found somewhere else in the measured binding energyegion of the rare gases, where it was found that a distorted
spectra of Figure 2, or at higher binding energies outside the wave description, as distinct from the PWIA, of the ionization
range of the present measurement. Up until now, the spectro-process was necessary to correctly reproduce the measured MDs.
scopic factors for each of thebg 7ay, 2ap, 4by, 4bp, 62y, 3by, Another possible explanation for the discrepancy in Figure 6 is
53, and 3» orbitals, at their respective relevant binding that FSCI effects lead to both a splitting and a mixing of the
energies, have all be D ~ 1. The fact that from now on the  inner valence 4, and Db, orbitals. This hypothesis was tested
spectral strength of a given orbital might be split, probably due by also plotting the hybrid MD (0.55 1a; + 0.20 x 1by),
to final-state-configuration-interaction effettat a number of  with BP/TZVP basis, in Figure 6. Agreement between this
binding energies, may significantly complicate the interpretation hybrid MD and the experimental MD is now very good for
of the measured MDs. This in turn would make the comparison < 0.9 au, but fop > 0.9 au a discrepancy still remains which
between our calculated and experimental MDs not straightfor- further suggests a distorted wave description for the reaction
ward. Representative cases where this effect is discussed, andnechanism really is necessary here. Note that possible distortion
our response to it, can be found in Brunger and Adcock. effects in molecular systems has been discussed recently by
The final orbital we specifically discuss is the innermost Brion et al* Evidence supporting the notion that the; land
valence &; orbital. Our calculated PWIA-DFT MDs and our  1b, spectral strength is split can be gleaned from our binding
measured MD (taken from peaks-228 of Figure 2), for this energy spectra (see Figure 2). At b@ih= 0° and¢ = 10°,
orbital, are plotted in Figure 6. Here, we find that there is only there is clearly nonzero intensity in these spectra arayme
qualitative agreement between all our PWIA-DFT calculations 33 eV, strongly suggesting that further real spectral strength,
and the experimental MD, the theory drastically overestimating of 1a; and b, origin, does exist outside our measured binding
the strength of the cross sectionmts 0.9 au and thereafter  energy range. Further note, that theoretical evidence for the
underestimating the magnitude of the cross section. Similar splitting in spectral strength for the inner valence region in larger



Valence Electronic Structure of Norbornadiene

80
50:_“ ]
rys 4
30

20+

(e,2e) Cross Section (x10a.u.)

10

0 0.5 1 1.5 2 2.5 3

p(a.u.)

Figure 6. 1500 eV Symmetric noncoplanar MD for the,Jorbital of
norbornadieneet > 28 eV). The legend is the same as that for Figure
3except(-—--- ) represents (0.55% 1a; MD +0.20 x 1b, MD) for
BP/TZVP.

Figure 7. Structural representation of norbornadiene.

molecules comes from high-level Green'’s function calculations
(see e.g., refs 31 and 32) and our ab initio RHF calculation
which predicts that the innermost valenag MO has a binding
energy of 32.19 eV.

In summary, when the measured and calculated MDs that

we studied (see Figures-® and the Supporting Information)

J. Phys. Chem. A, Vol. 106, No. 41, 2002579

TABLE 2: Comparison between the Present BP/TZVP
Results and the Results of Other Calculation®-23 and
Experiments'®2° for the Molecular Geometry of
Norbornadiene

parameter FTMWP ED® present 3-21&22 6-31G*3
r(C1-C2)/A 1.5304 (31) 1.5332(14) 1.546 1550  1.5395
r(C1-C7)/A 15567 (28) 1.5711(31) 1.563 1.566  1.5505
r(C2—C3)/A 1.3362 (30) 1.3387 (12) 1.341  1.319  1.3192
r(C1-HYA 1.0903 (13) 1.1094 (47) 1.097  1.076
r(C2—H)/A 1.0809 (13) 1.0896 (47) 1.090  1.069
r(C7—HYA 1.0954 (12) 1.1094 (47) 1.101  1.081
0C1C2C3? 107.13 (9) 107.14 1075

OC1C7C47 91.90(17) 92.2(4) 92.256 92.0 91.87
0Cc2C1C6? 107.58 (25) 107.06 106.2 107.45
gdc2Cci1C7?  98.30(14) 98.37 98.3 98.31
OC7C1HF  117.66 (26) 117.82 1182

OC3C2HF 127.84(10) 125.2(14) 127.78 128.1

OHC7H/° 111.99 (14) 114.7 (30) 110.9 111.7

d(C2...Ce)/A 2.473 2.462 2487 -

In general, we find that our calculation of NBD’s molecular
geometries was in very good agreement with other experimen-
tally determined geometri€s*°and also they compared favor-
ably with the results from other MO calculatiofis?® Some of
these results are summarized in Table 2. In particular, our
bridgehead carbencarbon distance of 1.563 A is in excellent
agreement with the two most accurate experimental values of
1.557 A from a Fourier transform microwave (FTMW) stdly
and a value of 1.571 A from an electron diffraction (ED) stély.
The carbor-carbon double bond lengths were 1.341 A from
our BP/TZVP calculation, compared with 1.3362(30) A from
FTMW and 1.3387(12) A from ED. The nonbridgehead single-
bond lengths were slightly overestimated by BP/TZVP compared
with experiment (see Table 2), but this was a smaller error than
that from earlier SCF 3-21G calculatidhd’and an SCF 6-31G*
calculation?® The distance between the two double bonds was
particularly well reproduced by our BP/TZVP calculation, with
the C2 ... C6 distance being 2.487 A compared with the
experimental distance of 2.473 A (FTMW) and 2.462 A (ED).
Trends in the &H bond lengths determined in the FTMW
study*® were also reproduced by our BP/TZVP, with the
experimental values typically being 0.007 A smaller than the
theory results.

Itis also apparent from Table 2 that the respective bond angles
of NBD are well reproduced by our calculation. In particular,

are compared in detail, we find that the best overall description the C1C2C3 bond angle is measured by FTMW to be 107.13(9)

of the respective experimental MDs is provided by the TZVP

which is accurately predicted by the present calculation of

basis. There is, however, no significant difference in the quality 107.14. Similarly, the bond angle C7C1H is given by FTMW

of the calculated MDs when either the BLYP or BP exchange
correlation functional is employed. After very careful further
consideration the PWIA-BP/TZVP results are probably margin-

to be 117.66(26) again in good agreement with our prediction
of 117.82.
5.2 Electronic Properties. The accidentally small dipole

ally superior, although with the statistical errors of the present moment of NBD is reproduced very well by our BP/TZVP DFT

data we cannot be more definitive in this case.

5. Molecular Property Information

Experimental validation of Hartreg=ock or DFT basis sets

calculation. We obtain a value of 0.082D from our computation,
compared with the very accurate FTMW value of 0.05866(9)D.
Our BP/TZVP calculations of charges fitted to the electrostatic
potential was considered to be the most realistic estimate of

using HREMS may provide a route to appropriate basis setsatom charges. These values are given in Table 3, where the
for calculating other types of molecular properties, such as Mulliken and Lowdin charges are also included for the purpose
molecular geometries, charge distributions, and orbital energies.0f comparison.

Previous work%-4219-23 has used a variety of MO approaches
to determine structural and electronic properties of NBD. We
took our “optimum” BP/TZVP basis set and used it to derive
some of these molecular properties.

5.1 Molecular Geometries.In Figure 7, we provide a

It is of particular interest to investigate the electron density
in the carbor-carbon region of NBD. We carried out a study
analogous to that of Wiberg and co-workétsp estimate the
electron densityd) at the bond critical point (midway betwen
the two carbons). We obtained a valueggf= 0.3282,° for

structural representation of the norbornadiene molecule. Also the double bonds and 0.2%63 for the single bonds. We also

defined in this figure are the C-sites that are referred to
extensively in Table 2 and in the discussion that follows.

used Wiberg’s empirical method to calculate bond orders from
electron densities at the bond critical points, as derived from
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TABLE 3: Atom Charges of NBD from the BP/TZVP DFT TABLE 4: Calculated (using BP/TZVP) and Experimental?*
Calculation Vibrational Frequencies (cm 1) and Intensities (km/mol) of
- Norbornadiene
charge fitted
to electrostatic ~ Mulliken Lowdin BP/TZVP spectrum experimental spectdm
atom potential charges charges frequency intensity frequency
C2,C3,C5,C6 —0.242 —0.128 -0.123 mode (cm™) (km/mol) (cm™') intensity assignmefft*t
o s oy o 7 40459  9.43 425  m a1, vi2
) ) : 8 449.83 0.00 446 a2, v20
(C7)-H +0.095 +0.129 +0.104 9 487.02 9.02 502 m b2, v39
(C1)—H, (C4-H —0.004 +0.121 +0.103 10 537.03 111 542 w b1, v30
(C2)—H etc. +0.131 +0.121 +0.113 1 628.14 40.87 668 s b2, v38
_ N 12 705.85 0.00 w
our BP/TZVP computation. The electron densities at the bond 13 717.29 60.32 728 VS a1, vil
critical points of the model compounds ethane, ethene, ethyne, 14 768.09 4.13 774 m al,vio
and benzene (bond orders of 1.0, 2.0, 3.0, and 1.5) were used 15 799.30 9.69 800 m bl,v29
to determine the constants in the relation between bond arder 16 84640 247 874w al, vo
.- . . 17 867.37 6.32 879 m b1, v28
and the bond critical point electron densitigs 18 871.89 1.06
19 875.79 1.24 889 w a2, vl18
n=exp{7.004 p, — 0.224} 20 895.28 0.08 877 w al,v9
b1, v28
. . L 21 918.85 2.15 895 mw b2, v37
This relationship yielded a bond order for the carboarbon 22 932.84 4.51 915 m b1, v27
bonds in NBD of 1.90 for the double bonds and 0.924 for the 23 945.80 0.07 938 vw al, v8
single bonds. We also calculated the bond order of the carbon 24 1003.60 0.63 950 w b1, v26
carbon bonds using Mulliken and Mayer populations analysis. 25  1056.60 1.34 1017 w EZ, v36
The Mayer bond order of 1.90 for the double bonds and 0.95 26  1089.12 0.14 1066w 2,35
) . . o~ 27  1098.96 0.03 1103 w al,v7
for the single bonds was in good agreement with our respective 55 113861 1.85 1111 m a2 vi6
values. The Mulliken value of 1.32 for the double bonds and 29 1172.97 4.13 1152 wm b1, v25
0.73 for the single bonds reflects the well-known deficiencies 30  1211.76 0.01
of this method of orbital decomposition. 31 1216.82 5.18 1204 m b2, v34
5.3 Vibrational Spectra. There have been a number of 32  1229.76 0.21 1229 m al, vé
. T oo 33 124998 0.10 1240 w
experimental determinations of the vibrational spectra of nor- 3, 139159 26.90 1270 s a2 via
bornadiene, both infrared and Raman. These results are sum- 1308 bi, vod
marized in Kawai et a* Our BP/TZVP density functional b1, v23
computations were able to calculate the frequencies of the 35  1454.53 2.60 1450 w al, vb
vibrational modes of NBD with reasonable accuracy, as shown 36  1557.3¢ ~ 10.36 1;(355’6 s al,v4
in Table 4 where the present calculated vibrational frequencies 1575
are compared with the experimental IR and Raman spectroscopy 37 1599 82 0.36 1603 W
results?* Also shown in this table are the assignments for the 38  2981.27  42.50 2934 s al,v3
various vibrational modes, where we have followed the work 39  3042.45 28.53 2987 s a1, v2
of Levin et al*® and Shaw et & Finally, we also compare in 40 305029  39.55 3001 s b2, v32
Table 4 the calculated and experimental intensities of the 41 ~ 3051.31  18.93 3060 S al, vl
. . ; ) 42 313211 2.08 3073 m b1, v21
transitions. It is again clear from this table that our BP/TZVP 43 313575 0.63 3102 W al. vl
results are in quite good accord with the observed experimental 44  3154.94 1.34 3123 w b2, v32
spectra. 45 3159.22 0.70 3146 w Al
. Assignment of the vibrational modes follows the work of Levin et
6. Conclusions als and Shaw et &

We have reported on the first comprehensive HREMS study
into the complete valence electronic structure of norbornadiene.the electronic structure of these molecules changes as the double
MDs for the %, 7a, 2a, + 4by, 4by, 6ay, 3b; + 5ay, 3by, 2b,, bonds of NBD are progressively saturated. Are there any
2b; + 4day, la, + 3ay, 2a; + 1bg, 1b,, and B, orbitals were discernible trends, particularly in the momentum distributions,
measured and compared against a series of PWIA-basedand if so can we quantify them in a logical manner. In addition,
calculations using DFT basis sets. Our calculations, for each of we note that an improvement in the reaction mechanism
the three basis sets (DZVP, DZVP2, TZVP), were performed description, particularly for inner valence and core states, by
using both BP and BLYP exchange correlation corrections to the development of a distorted wave framewdie multicen-
the DFT functional. On the basis of this comparison between tered targets (i.e., molecules) would be desirable. A small step
the experimental and theoretical MDs, we found that BP/TZVP in this regard was recently made by Champion et’adlthough
provided the most physically reasonable representation of thewe note that exchange was neglected in their work, the scattering
NBD wave function. Molecular property information derived potentials were effectively approximated as being central,
from this “optimum” BP/TZVP basis was seen to be in good distortion was only included for the ejected electron, and it is
agreement with the corresponding results from independentalso not clear whether convergence under HREMS kinematical
measurements. This provides compelling evidence for the conditions would be achieved.
pedigree of HREMS in a priori basis set evaluation.
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Supporting Information Available: Momentum distribu-
tions for the remaining & —+ 4by, 4b,, 3b; + 5ay, 2b; + 44,
lap + 3ay, 281 + 1by, and Db, orbitals of NBD are respectively

presented in Figures 8-14. This material is available free of

charge via the Internet at http://pubs.acs.org.
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