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Introduction

Summary

The introductory “Small Molecule Modeling” (chapter 1) discusses the outline of an
independent structure solution method based on quantum chemical structure
calculations, validated by the fit of the calculated and experimental spectroscopic data.
“Protein Modeling” is a description of the major obstacles that must be overcome
before protein structure refinement reaches a level of accuracy allowing safe prediction
of NMR chemical shifts. “Models in Science” restates one of the basic axioms of
science; the fundamental dynamic of model and experiment.

In “Quantum Mechanical Model Calculations in Chemistry” (chapter 2) the
methodology for testing calculations of molecular structure and selected spectroscopic
data is presented. The model calculated data compared with experiment are: molecular
geometry, electronic energy, vibrational frequencies, and 'H and C NMR nuclear
shielding (chemical shifts). Though the survey is not exhaustive, the conclusions do
point towards the Density Functional Theory (DFT) methods as the better choice in
quantum chemical molecular orbital models, both with respect to precision of prediction
and computational resources.

The article from Journal of the American Chemical Society “Unraveling the
Electronic and Vibrational Contributions to Deuterium Isotope Effects...” (chapter 3)
contains calculations of molecular structure and nuclear shielding in a series of
aromatic compounds, displaying large variation in hydroxy hydrogen-deuterium
substitution isotope effects on *C NMR chemical shifts. The DFT/GIAO (Gauge
Including Atomic Orbital) calculated 'H nuclear shielding is shown to be a sensitive
and reliable probe for validating calculated hydrogen bond geometry. The theory of
isotope effects being proportional to the gradient of the calculated nuclear shiclding
with respect to X-H(D) bond length is demonstrated (electronic contribution), and a
new way of calculating the size of hydrogen-deuterium vibrationally average bond
length shortening (vibrational contribution) further proves the theory by the
exceptional good fit with experiment. Model calculations render probable a
conclusion about the intramolecular steric cause of the large variation in hydrogen

bond geometry in intramolecular hydrogen bonded o-hydroxy acyl aromatics.



One important feature of “Ab initio Calculations of External Charge Effects...”
(chapter 4) is the new and simple formulation of the electric field effect on nuclear
shielding described by the electric field component in the bond directions, and the
size of the electric field determined at the atomic positions of the chemical bond. The
model yields a quantification of the electric field effect on chemical shifts of
acetamide, used as a small peptide bond model. This practical mathematical
formuiation using only molecularly fixed geometric parameters (atomic coordinates)
is shown to work. This approach is not mathematically very different from the
traditional formulation of the electric field, and electric field gradient effect in the
three orthogonal nuclear shielding tensor directions, which must first be determined
with respect to molecular coordinates.

The C,, symmetric geometry of the title compound in “Molecular and
Vibrational Structure of 1,6,6a\*-Trithiapentalene...” (chapter 5) is not a global
energy minimum in neither restricted nor unrestricted Hartree Fock calculations,
irrespective of basis set size. Including contributions from electron correlation with
the MP2 method, results in the correct geometry which is electron correlation
stabilized. The discussed “bell clapper” vibrational mode is calculated with a
MP2=FULL/6-311G(d,p) normal mode analysis, but the use of the BPW91 and
BLYP DFT functionals offers significantly improved correlation with experiment.

The calculations for “The Vibrational Spectrum of Acenaphthylene...” (chapter
6) unambiguously assign all allowed IR and RAMAN fundamental vibrational
transitions, again demonstrating the superior quality of the DFT (BPW91/6-
311G(d,p)) normal mode analysis. The availability of a neutron diffraction structure
opens the possibility of comparing directly the calculated molecular geometries with
the experimental. The MP2 and DFT calculated geometries both compare favorably
with the neutron diffraction structure, and significantly better than the Hartree Fock
and semi-empirical AM1 and PM3 methods.



Quantum Chemical Models in Molecular Structure Elucidation

The title of this dissertation is the result of an ongoing theme throughout the research I
have been involved with. It can be described as work with “models yielding high
resolution structural information validated by the combined use of quantum chemical
calculated and experimental spectroscopic data”. The research is and always was
applied to the solution of specific chemical problems, as chemical modeling is
inseparable from the experimental disciplines.

Having gone from inorganic synthesis ' through experimental NMR-spectroscopy
2, over single crystal diffraction methods * and IR spectroscopy >, the most resent work
has mainly been within the field of computational chemistry, more accurately referred
to as model chemistry 22,

Through the work with the last and academically rewarding research projects
involving interpretation of NMR data with quantum chemical calculated nuclear
shielding ™2, I have personally become fascinated with these powerful techniques
illuminating the fundamentals of chemistry. I am indebted to my supervisor professor
Poul Erik Hapsen from the Department of Life Sciences and Chemistry at Roskilde

University for suggesting the work in this field.

Small Molecule Modeling
The present dissertation is about structural chemical modeling, applied to molecular
systems of the humble size where we can still effectively correlate our calculations with
experimental data. There is reason to believe that development in the combined use of
NMR data and some variation of the Density Functional Theory (DFT) * models will
result in an independent experimental structure solution method. “Experimental
structure solution” simply meaning that a set of molecules is used for calibration having
experimentally measured spectroscopic data to correlate with calculated values. The
RMSD (Root Mean Squared Difference) between the experimental and calculated data
are correlated with the RMSD between independently solved high resolution molecular
structures (e.g. single crystal neutron diffraction) and calculated geometries to provide
the structural resolution.

In the first chapter of this work, “Quanmm Mechanical Model Calculations in
Chemistry: Structure, Vibrations, Chemical Shifts, and Isotope Effects on Chemical



Shifts” (chapter 3 in the present work), an initial pilot attempt to correlate calculated
and experimental molecular structure RMSD in atomic coordinates with RMSD in
calculated spectroscopic data is presented 7 (chapter 2.3.6 Residual correlation).

While *C chemical shifts are sensitive to the directly covalent bonded structure,
variations in bond lengths and angles, 3C NMR data are rather insensitive (compared
with the precision of their prediction) to the environmental conditions such as solvent
effects and electric field perturbations. 'H chemical shifts and isotope effects are
insensitive to small geometric perturbations, but very sensitive to the environment (e.g.
electric field effects) and hydrogen bond geometry ¢ (chapter 4 in the present work). All
the mentioned data are easily measured and suggests a multi-nuclear approach to a
NMR structure solution method.

NMR chemical shifts probe, when uniquely assigned, local structure, and there 1s
the possibility of grouping different types of atomic signals used in the correlation
according to covalent bonding environment. Thus *C signals can be divided according
to the level of saturation of the carbon atom as well as the types of atoms to which they
are bonded, vielding a rich field of possible improveménts in calibrations within the
atomic subgroups and specific molecular fragments. Similar groupings could aiso be
used in the calculations of RMSD between atomic coordinates in comparison between
crystal diffraction solved molecular structures and calculated geometries for calibration.
The mentioned type of localized systematic errors in the model calculations are
sensitive to basis set saturation level, and a localized approach, a grouping according to
bonding pattern, would to some extent remedy this kind of problems.

The power of modern molecular orbital calculations is demonstrated in the well
established methodology for calculating IR vibrational frequencies. The normal mode
analysis of the traditional Hartree Fock (HF), Second Order Maller Plesset Perturbation
(MP2), and especially the relatively new Density Functional Theory (DFT) methods is
the only practical way of assigning IR spectra. Furthermore the superior resolution of
matrix isolation IR studies and the subdivision of the IR signals according to dipole
allowed transition symmetry classes, by determining the transition moment direction in
aligned molecules using polarized light, unambiguously determine and assign individual
IR signals to the calculated molecular normal modes, thus offering the rare complete

spectral assignment (chapter 5 and 6 in the present work). The combined use of the



best in state-of-the-art IR spectroscopy and model calculations of the mentioned type
solves molecular symmetry ambiguities (chapter 5 in the present work) 3, Complete and
unambiguously assigned IR data could in principle also be used in conjunction with the
model calculations as an independent structure solution method, provided that also the
large and varied molecular calibration set could be obtained with independent
experimentally determined high resolution structures.

To truly compare structures solved by crystal diffraction methods with molecular
orbital calculated geometries, it is necessary to perform the geometry optimization
within the periodic boundary conditions of the crystal spacegroups. No program has yet
presented these capabilities with modern DFT  functionals, and consequently
comparison is tainted by the crystal packing effects, especially on low barrier torsion
angles. Since the crystallographic community is rapidly waking up to the mmperative
benefit in quality of molecular orbital techniques, which of cause also provide the
spatial electronic information relevant in x-ray diffraction studies, the missing
capabilities in software is likely to be overcome in the near future. Combined with
nuclear shielding calculation in a crystaline computationél environment, such programs
would also produce essential spectroscopic information for solid state NMR
spectroscopy.

When comparing the molecular geometry from modern DFT calculations with
high resolution neutron diffraction structures of planar aromatic hydrocarbons,
possessing little conformational freedom, we find an excellent agreement * (chapter 7 in
the present work), which we have also found in bond length and angle comparisons of
systems with considerably more flexibility ''. Ab initio molecular geometries, most
notably geometries from some of the DFT methods, generally compare better with
neutron diffraction structures than do the corresponding x-ray structures. We even find
this when leaving out the hydrogen positions that are even more severely tainted by the
systematic errors of the x-ray diffraction technique.

The last straw in the development and application of molecular orbital quantum
chemical methods must be the return from the highly complex and involved
mathematical calculations to a traditional picture of resonance structures describing the
electronic structure. The electronic resonance picture has served the chemical society

for more than a century, that is from well before the quantum mechanical description of



the chemical bond, and still is unsurpassed in conveying an intuitive understanding of
this type of bonding phenomena in chemistry *.

Protein Modeling

Having spent the larger part of my Ph.D. research trying to comelate NMR-
spectroscopic data with structure in proteins ¥'%1, I admit to shy away from the
cumbersome task of writing a thesis based on work where we have so far failed. We
simply did not meet the required correspondence in the standard deviation between
calculated and experimentally determined values, seen in the light of the variation
within the measured data to be of interest or of any préctical importance. We are of
cause not alone in this >, but we see no need to publish the material prematurely.

The prerequisite requirement for scaling up in size this type of quantum chemical
prediction of chemical shifts to macro molecules is of cause that the calculations work
in small molecule modeling. Furthermore the precision of the calculated chemical shifts
in small molecules sets the limiting conditions for the expected precision in macro
molecules.

In spite of the considerable success with predicting chemical shifts in small non-
polar systems, we still need to extent this into more polar groups of molecules as e.g.
ionic molecular aggregates in strongly solvating media '2. Our experience is that the gas
phase calculated nuclear shielding of organic compounds only compares well with
chemical shifts of non-polar molecules in non-polar solvents like chloroform,
dichloromethane, alkanes, etc.

Solvent and electric field effects in proteins are essential for understanding the
variation in NMR data which are expected to be strongly influenced by the environment
# (chapter 5 in the present work). The solution dynamic, both with respect to explicit
solvent molecule modeling as well as electrostatics of solvation, is in our view also best
studied by quantum chemical calculations of NMR parameters in model systems, most
importantly the nuclear shielding compared with high resolution liquid state solution
NMR.

A way of treating conformational dynamics and tautomeric equilibrium must be
found for larger molecules, and the NMR data can be used to this end since the

experimental average chemical shift is a linear combination of the nuclear shielding of
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the populated molecular conformational states. The populations can be determined from
the coefficients of a multi-linear regression analysis of the experimental chemical shifts
and the calculated nuclear shielding of the contributing structures %, It still, however,
remains to be seen how many different conformers actually contribute to the description
of protein dynamics, as reliable (not molecular mechanics) dynamics simulations have
not yet been carried out.

Molecular orbital geometry optimization of sub-fragments of proteins, including
both explicit solvent molecules as well as electrostatic solvent effects modeling, pieced
together to make a complete protein structure, would answer many interesting questions
in a much more convincing way than has hitherto been accomplished. There is at
present uncertainty with respect to the respective energy contributions to protein
stability from electrostatics (complex atomic multipole interaction), bond stretching and
bending (gradients of the energy with respect to geometric perturbations), hydrogen
bond geometry and stability, etc. If the energy gradients along the geometry
optimization pathway is sampled and used for parameterization of a molecular force
field, thus based on modern high level molecular orbital calculations, this molecular
mechanics parameterization could be used for molecular dynamic refinement of the
secondary and tertiary structure of the protein, the stationary points of which could be
geometry optimized, further calibrating the molecular force-field etc.

Many proteins have coordinated transition metal centers, some of structural
interest, some alostericly modifying the structure when changing oxidation states, and
often directly involved in active catalytic sites. To complicate matters, unpaired metal
electronic configurations require open shell calculations **. Modeling of transition
metal complexes, a large field in its own right, is therefore also very relevant for macro
molecule modeling, and must be fully tested in smailer and more manageable systems L

There is reason to believe that the presently ongoing and concerted development
of “Iinear scaling” FMM (Fast Multipole Methods) *"*' in quantum chemistry, new
ways of treating localized “chromophores” by chopping large molecules into sections

treated at different levels of %29

, and the continuos improvement of computers and
mathematical algorithms, eventally will bridge the gab between chemical modeling
and structural molecular biology. Thus the problem of macro molecule modeling may
be solved by the rapid introduction these and coming years of the emerging field of

Quantum biology.
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Models in Science
Models play a fundamental role in the sciences as the framework wherein we rationalize |
the increasing body of empirical observations and _experimental data. Models,
knowledge, theory, or even fundamental laws of nature are formulations that constantly
change with new or more precise experimental evidence, and are thus neither absolute
nor static but dynamic and in constant adaptation to the physical reality.

The reciprocal use and interdependence of model and experiment in the sciences
is of cause not new, but characteristic of all scientific research. Historically the
introduction of this dialectic process must necessarily mark the departure from the

unverifiable speculations that characterized early natural philosophy.

“We can only speak of a scientific chemistry from the moment where we
systematically, by the cooperation between theory and experiment, collect
new experience, so that the theory is modified by the experiment, and from
the modified theory new experiments can be planned etc.”

K. A. Jensen, 1957

Scientific models vary in size and complexity; from the basic laws of arithmetic to
the complex mathematical modeling of e.g. flow and equilibrium in economics or
biological ecosystems, but the one outstanding characteristic of scientific models is that
they can be tested against experiment. Without this test they are meaningless.

Complex mathematical models for large systems may incorporate a number of
basic formulations and approximations which inevitably results in the accumulation of
uncertainties. This, however, can be remedied by calibration against higher level
observables. With increasing size and a corresponding sacrifice of precision and detail,
the scientific description becomes more dependent on verification of the calculations
against experimental data.

At the opposite end of the spectrum there have been attempts to formulate all-
embracing fundamental laws of nature that covers the basic forces (strong and weak
nuclear forces, electromagnetic, and gravitational forces) and the existence of all known
fundamental subatomic particles (“the subatomic zoo™); a “Unified Field Theory”.
These attempts have if not largely failed then at least been beached on the energy
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limitations that constrain terrestrial experimentation.

Having effectively parted with the idea of infinitely precise models for systems of
any size or energy, we of cause do not have to part with modeling all together, which in
effect would imply parting with modern science as we know it. Clearly defined validity
limits and well established expected error values, determined by comparison with
experiment, dispenses for a given model with the necessity of absolute laws. When
using a specific model to predict new properties, we only have to refer to how well
similar properties were predicted by the model in different systems within its field of
validity.

Models in the exact sciences must be used and evaluated within well defined
validity limits, and constantly checked against experimental data. If, however, too
rigorous a formulations of “exact science” 1s used, only mathematics, the language of
scientific modeling, would be left. In mathematics the experimental or the observable is
slightly tricky to define (what experiment would prove “2”, or indeed “5™), but even
here the connection to reality is what makes mathematics stand out from pure
philosophy.

If the exact sciences are characterized by the dynamic interplay between model
and experiment, then the distinction between experimental and modeling (theoretical)
sciences 1s artificial, though we do observe a natural tendency towards specialization.
Some will focus on new and ever more rewarding expeﬁmental techniques applied on
new systems of interest, “rewarding” meaning directly interpretable experimental results
due to simple models. The theoretically oriented scientist on the other hand creates new
models that rationalize new or existing empirical data or incorporates new selections of
laws and formulations into original statements that predicts new or known, but hitherto
unexplained properties and behavior.

Application of highly complex mathematical models employing ever more
powerful computers does of cause not change the fundamental and integral role that
models play in research and science, but for some reason, as popular models become
available through windows interfaced graphically operated computer programs, we have
a tendency to loose sight of the basic experimental foundation from which these models
were once derived. Such models may predict properties of very large and complex

systems, and we are inclined to believe what the machine tells us without questioning
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the inherent precision of the basic model when applied to large systems, that is to check
the field of validity.

The scientific touchstone in the use and application of models is, and always will
be, whether the models produce data that can be tested directly against experiment, and

how such a test turns out.

"The underlying physical laws necessary for the mathematical theory of a
large part of physics and the whole of chemistry are thus completely
known, and the difficulty is only that the application of these laws leads to
equations much too complicated to be soluble. It therefore becomes
desirable that approximate practical methods of applying quantum
mechanics should be developed, which can lead to an explanation of the
main features of complex atomic systems without too much computation”

P. A. M. Dirac, Proc. Roy. Soc. (London) Vol. CXXITII, p 714, April 1929.
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Quantum Mechanical Model Calculations in Chemistry: Structure, Vibrations,
Chemical Shifts, and Isotope Effects on Chemical Shifts.

Introduction

Models in Chemistry

The models used in chemistry are characterized by the ability to predict properties of
new compounds, properties such as the molecular structure and energy, but a very
exacting test for e.g. molecular orbital calculations is the ability to comrectly calculate
spectroscopic data.

One of the early models in chemistry, the valence bond theory surprisingly well
predicts the structure of molecules despite the simple set of empirically derived rules on
which it is based (see e.g. Figure 1).

This illustrates one of several aspects of chemical models. A model does not
have to be universally correct and cover all systems to be of importance in the solution
of chemical problems within a well defined field of chemistry.

The higher precision moiecular orbital methods offer a quantitative and more
detailed understanding of intramolecular phenomena as e.g. the vibrational explanation
of isotope effects discussed at the end of this paper. On the other hand, the partial "black
box" nature of the molecular orbital calculations in general reduces the intuitive
understanding present in more simple models.

The comparison between experimental and calculated data is of central
importance in all fields of science where models are used. The present paper gives an
overview of semiempirical and ab initio calculations applied to a series of related
problems; determining molecular geometry, calculating vibrational frequencies, nuclear
shieldings (chemical shifts), and deuterium isotope effects on chemical shifts.

Despite the complex and involved computations, semiempirical and ab initio
methods are now widely available. In most offices within the chemical scientific
community, computers are present, that can perform calculations yvielding precise

information about real chemical problems, and in many cases solve specific ones.
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Figure 1. Comparison of salicylaldehyde molecular geometries obtained from the valence bond model ~
and from the experimental gas phase electron diffraction structure solution (table 1a) ®. ™ (the bond
lengths (Rxy=%Rxx+%Ryy) and angles (sp?=120° and sp*=109°) are in the gaussian input file in
Appendix)

Today the quality of ab initio calculated IR ™ and NMR ! spectroscopic data
in moderate basis sets are of a quality that allows IR resonance's to be assigned to
individual vibrational modes ", and the predictive power of calculated NMR nuclear
shieldings (chemical shifts) is in our experience such that assignments may be made
from the calculated values and misassignments are often revealed when comparing
calculated and experimental NMR data 3.

Hydrogen-deuterium isotope effects on NMR chemical shifts, especially on *C
NMR chemical shifts, have been investigated in detail and show large variations in o-
hydroxy acyl aromatics with intramolecular hydrogen bonds upon substitution of the O-
H hydroxy hydrogen with deuterium *'*?*. The results show a number of regularities
relating deuterium isotope effects of o-hydroxy acetophenones to those of

17

salicylaldehyde and o-hydroxy benzoic esters . Deuterium isotope effects of

intramolecularly hydrogen bonded systems are related to parameters like the oxygen-
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oxygen (Ro.o) distances > and therefore among otherl things probe hydrogen bond
strength > 126,

In order to dissect the interesting experimental trends of deuterium isotope
effects on chemical shifts, theoretical calculations provide the testing ground for new

ideas about the physical interpretation.

Aim and perspective

In the following an evaluation of the precision in predicting experimentally determined
structures and spectroscopic data will be made of a selection of quantum mechanical
models. The chemical system chosen is that of the intramolecularly hydrogen bonded o-
hydroxy-acyl-aromatics and the example is salicylaldehyde (see Figure 1).

Calculation of molecular geomefries and energies are clearly central points in
the evaluation of the quality of theoretical calculations. Furthermore, the vibrational
frequencies are calculated based on force constants, which are the second derivatives of
the electronic energy with respect to atomic coordinate displacements. This means that
the force constants can only be evaluated and used for the calculations of vibrational
modes at the energy minimum nuclear configuration. The isotope effects on nuclear
shielding depend on the first derivative of the nuclear shielding with respect to changes
in bond length and bond angle (see later). A prerequisite for the calculation of these
derivatives is a realistic calculation of the nuclear shieldings themselves.

It is not obvious that the calculated values for widely different parameters like
molecular geometry, IR-frequencies, and NMR nuclear shieldings are calculated equally
well by the same method. Furthermore, systematic errors in the calculated geometry
may be compensated for by systematic errors in the calculation of spectral properties.
Such example is seen for the AM1 calculations of IR frequencies (see later). The main
objective here is to find a molecular orbital method that generates good results for all
the spectroscopic properties mentioned above with due consideration of the

computational effort involved.

Molecular orbital methods
The models tested are the well known semiempirical methods: AM1 %, PM3 25, CNDO
27 MNDO %, MINDO3 %, INDO *, and the ab-initio methods: Restricted Hartree-Fock
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(RHF) *! also including Maeller-Plesset second order electron correlation (MP2) * and
various old and new Density Functional Theory (DFT) ***® methods. With the best of
the DFT methods we have also tested a range of small basis sets. The intention is to
make this investigation help in the selection between quantum mechanical methods,
taking into account the resources, the magnitude of the problem, and the precision
necessary for the solution of the problem at hand. Molecular mechanics methods
routinely used to solve and refine structures of macromoiecules like proteins ** will not
be dealt with. Excluded are also electron correlation methods above DFT and MP2.

The higher order electron correlation methods Like Complete Active Space
(CAS) *, Configuration Interaction (CI) *', Quadratic Configuration Interaction (QCI)
2 Coupled Cluster (CC) *, and Full Configuration Interaction (Full CI) are all methods
that require so much computational power that the majority of molecules relevant to
physicists, organic and inorganic chemists are out of range. Likewise, in this work the
calculations are not tested in the large basis sets normally used with high precision
methods, like the higher order electron correlated methods, or typically used when
calculating molecules with atoms from the third period and beyond.

Our choice of methods is motivated by a wish to present useful techniques to the
practicing chemists. The DFT methods are so reliable that they compete favorably with
more elaborate and expensive methods like MP2, and in most cases also with methods
like CAS, CI, QCI, and CC. The improvements gained by using basis sets larger than
the important and much used split-valence double-zeta gaussian type basis set 6-31G(d)
with polarization functions of higher angular momentum than the valence shell on

atoms in second period and higher, are generally expected to be small.
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Bibliographic sarvey

In an attempt to describe the development of the use of molecular orbital calculations in
chemistry over the last thirty years, we use the Chemical Abstracts Service (CAS) data
base. The search terms "quantum”, "orbital”, "semiempirical” or "ab-initio" produce the
data presented in the figure, which are numbers of hits in percentage of the total number
of papers, books, and patent abstracts in CAS published in the respective years.

This is not an exhaustive investigation of the extent or importance of molecular
orbital calculations in chemistry. For example no distinction is made between purely
theoretical papers and papers in which theoretical models are used to solve practical
chemical problems, and the mesh is maybe too fine, as the search terms could possibly
have been used in a different context than the one discussed in this paper.

Despite the shortcomings, the data in the figure can be taken as evidence for a
substantial increase in the relative number of papers dealing with molecular orbital
calculations. In the period 1981-89 an almost linear increase of 0.08 % per year is seen,
and over a period of 16 years from 1981-97 the number has grown exponentially
leading to approximately 3.3% of the total 716564 abstracts in CAS 1997. The
uncertainty however in this exponential trend is too large to safely allow prediction for
the years to come.

The increase naturally coincides with the period in which computers have
become ever faster, easier to operate, more common, and less expensive. The use of
experimentally verifiable chemical models by definition and by its very nature, goes
back as far as the historical records document the presence of a scientific chemistry
discipline. :

Figure: Number of
3.25 1 4 papers, books, and
patents found in
Chemical Abstracts
Services (CAS)
database, searching
the following words:
"quantum”, "orbital",
"semiempiri-cal", or
"ab-initio" in the
title, the abstract, or
in the index terms.
The number of hits
are shown as
percentage of all
abstracts in CAS for
the years 1967 to
1997.
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Experimental

The program
The program used is Gaussian94, ** a program easily available at a reasonable price for
academic institutions and a program that supports most computer platforms from PC’s
to the most advanced parallel and vector processors. Gaussian94 is also an easily
implemented package that includes the highest number of published molecuiar orbital
models. Our experience tells us that the distributor furthermore is fast in implementing
improvements and correcting errors, as these never fail to appear. Gaussian94 is a
somewhat old fashioned FORTRAN type program with extensive output files
containing loads of information and with few direct interfaces to programs for
visualization of the results. This one drawback is likely to be remedied in the new
integrated WINDOWS based GaussView program, also from Gaussian Inc. One very
important advantage of Gaussian94 is the generally effective algorithms, especially the
very efficient default geometry optimization routine,

Gaussian98 was released in the fall of 1998. For an outlay of the input files used
in this work see Appendix.

Computers
The CPU times are included as the important parameter in weighing precision and
computational resources between different methods. All calculations are done on the
same type of computer executing one job at the time only. The calculations were done
on an IBM SP2 R6000 with 133MHz 595-CPUs "wide-node” (256 bit data bus), no
level2 cache and 2Gb of main memory. In our experience all of these calculations could
also have been done on 200-450 MHz PC’s with 0.5-1 Mb level2 cache, the latter
having a large effect on performance.

For the comparison of CPU times with other programs or computers, it is
important to take into account the size of memory available and actually utilized by the

program in every step of the specific calculation.

Salicylaldehyde
Salicylaldehyde (2-hydroxybenzaldehyde) was chosen as an example for several
reasons, the most important being the available -experimental structural and

spectroscopic data. Recently an experimental gas phase electron diffraction structure
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has been published **. This shows that the molecule is planar leaving no doubt about the
main structural features. The hydrogen bond is of the medium to weak intramolecularly
bonded type and a precise description of the hydrogen bond geometry is of the utmost
importance. The hydrogen bond perturbs the spectroscopic data and is diagnostic of the
precision of the molecular geometry and electronic structure.

Infra Red absorption data are given in refeferences 4, 46, and 47 for both O-H-
and O-D-species. Assignments of 'H and 'C NMR spectra are at hand from standard
literature *® and deuterium isotope effects on >C chemical shifts > '* '7 as well as

primary isotope effects * have also been measured for salicylaldehyde.

Models

The calculations comprise of a series of closed-shell semiempirical and ab initio
calculations. For the best of the latter (B3PWOI, see later) the basis set has also been
varied, testing all basis sets lower than 6-31G(d) and available with the distributed
program .

The semiempirical methods are: CNDO ¥/, INDO *, MNDO %, MINDO %,
AM1 %, and PM3 %,

The classical ab initio method is RHF 31, in which the exchange term is either
alone or combined with the second order electron correlation post HF-method
MP2=FULL (MP2) *. The DFT ab initio methods can likewise be divided into two
groups: the first, with the exchange term alone (the exchange term may either be Slater
Local Spin Density exchange 33 (8), or Beckes exchange 1988 which includes the Slater
exchange term combined with a correction for the electron density gradient % (B)), or
combined with an electron correlation functional like Perdew electron correlation term
Local (non-gradient corrected, (PL)) % Perdew and Wangs 1991 gradient corrected
correlation functional (PW91) *, or the Vosko-Wilk-Nussair correlation functional (also
called Local Spin Density, (VWN5)) 7 A more elabdrate scheme is the important
RHF/DFT 3-parameter hybrid functional ® (B3PW91), in which the energy is
calculated as a comnbination of the RHF and BPW91 functionals.

To sum up, the ab initio methods, mostly chosen to provide variation and to lead
up to B3PW91, are: RHF, MP2, S, SVWNS3, B, BPL, BPW91, B3PW91 all using the
gaussian split-valence double-zeta basis set 6-31G(d) 50 with d-polarization functions on

non-hydrogen atoms of salicylaldehyde. We refer to these as ab-initio methods in the
‘Figures.
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Table 1a. Experimental molecular geometry *, IR frequencies ", Chemical Shifts 4*

and Isotope effects 121417 ™
Atomic Coordinates / A Chemical Shift / ppm IR Frequencies / cm ™
X Y C Svmmetry v
C1 0.000000 0.000000 Ci 1203 A’ 275
C2 -1.418000 0.000000 C2 - 1609 A 410
C3 -2.139012 1.204723 C3 117.0 A’ 455
C4 -1.438305 2.408658 C4 136.5 A’ 565
C3 -0.036666 2.440466 C5 119.5 A 660
Cé6 0.664627 1240346 Cé6 1334 A 767
C7 0.761716 -1.247891 (7 196.2 A’ 875
102.] 0.247887 -2.359919 OS8 A' 1030
09 -2.117443 -1.168684 Q9 g A' 1110
H10 (H-CO) 1.867659 -1.153078 HI10 991 A’ 1145
Hi1 (O-H) -1.429504 -1.873642 HI11 11.03 A 1207
H12 (C-H) -3.221878 1.187712 H12 7.00 A 1235
H13 (C-H) -1.980007 3.354522 H13 752 A 1324
H14 (C-H) 0.486778 3.396555 HI14 7.02 A 1350
H15 (C-H) 1.754612 1.246053 HI15 7.58 A 1386
A 1416
Bond length / A Bond Angle / deg. A’ 1460
Cl-C2 1.4180 C1-C2-C3 1209 A’ 1487
C1-C6 1.4072 C1-C2-09 1209 A 1591
C1-C7 1.4620 C1-C6-C5 121.5 A’ 1622
C2-C3 1.4040 C1-C7-H10 1165 A’ 1682
C2-0%9 1.3620 C1-C7-08 123.8 A’ 2850
C3-C4 1.3930 C2-C1-Céh 1182 A 3040
C4-C5 1.4020 C2-C1-C7 1214 A’ 3089
C5-Cé 1.3900 C2-C3-C4 1189 A’ 3120
C7-08 1.2250 C2-09-H11 1048 A’ 3145
C7-H10 1.1100 C3-C2-09 1182 A’ 3200
08-H!11 1.7465 C3-C4-C5 1215 A" 149
09-HI11 0.9850 C4-C5-Co6 119.0 A" 225
C3-H12 1.0830 C6-C1-C7 120.4 A" 299
C4-H13 1.09 C7-08-H11 98.6 A" 435
C5-H14 1.09 08-C7-H10 119.7 A" 540
C6-H15 1.09 08-H11- 1505 A" 712
- C1-C6-H15 1185 A" 750
Isotope Effects  / ppm C2-C3-H12 1200 A" 798
"ABC(OD) C3-C4-H13 120.0 A" 855
Cl 0.037 C4-C5-H14 - 1200 A" 890
C2 0.228 C4-C3-H12 121.1 A" 940
C3 0.092 C5-C4-H13 1185 A" 1010
C4 0.016 C5-C6-H15 120.0
Cs -0.017 Co-C5-H14 121.0
Cé -0.017
C7 0.045

* Gas phase signals at 260, 355, 399, 442, 600, 668, 700, 757, 883, 1020, 1175, 1197, 1290, 1339, 1450, 1471, 1488, 1705, and 2340 cm-
have been omitted.

** Signal at 149 cm™ is tzken from RAMAN data, “ nd signal at 3145 cm™ from pure liquid data.
*#** Assignment based on B3PW91/6-31G(d) normal mode analysis (table 1b) and used only for correlation with this method.
**4x Remeasured for present work.
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Table 1b. B3PW91/6-31G(d) Calculated Structural and Spectroscopic data.

|Atomic Coordinates / A ﬂuche_:n'f‘dlm%/_nnm_ IR Freguencies /cm — |
X Y C Symmetry v
C1 0.000000 0.644988 C1 79.0 Al 285
C2 -0.489130 -0.687570 C2 36.0 Al 420
C3 0424007 -1.751430 C3 . 204 Al 469
C4 1.785784 -1.490920 C4 62.0 A' 570
C5 2.282470 -0.177610 C5 80.5 A 677
Co 1.387541 0.876357 Ceé 64.4 Al 789
C7 -0.930100 1.757362 C7 5.6 A 895
08 -2.157030 1.639538 08 Al 1061
09 -1.796870 -0.955900 09 " Al 1150
H10 (H-CO)y -0480930 2.770114 H10 22.36 Al 1187
H1l (O-H) -2.269030 -0.082980 H1il 20.97 Al 1239
‘H12 (C-H) 0.038363 -2.766200 H12 2532 A 1273
'H13 (C-H) 2.482315 2325870 Hi3 24.71 A 1354
H14 (C-H) 3.352839 0.003774 Hi4 25.33 Al 1396
H15 (C-H) 1.744170  1.904983 His 24.90 A 1428
: A 1454
Bond lensth / A Bond Angle / deg, A 1515
C1-C2 1.4195 C1-C2-C3 119.2 A 1544
C1-Cé6 1.4067 C1-C2-09 121.8 Al 1649
C1-C7 1.4500 C1-C6-C5 1209 Al 1691
C2-C3 1.4020 C1-C7-H10 1162 A’ 1751
C2-09 1.3350 C1-C7-08 124 .4 Al 2982
C3-C4 1.3865 C2-Ci1-Co 119.6 A 3188
C4-C5 1.4041 C2-Ci1-C7 1109 A 3203
C5-Cé 1.3827 C2-C3-C4 119.8 A’ 3226
C7-08 1.2326 C2-09-H11 106.8 A 3233
C7-H10 1.1079 C3-C2-09 119.0 Al 3323
08-H11 1.7262 C3-C4-C5 121.5 A" 145
09-H11 0.9924 C4-C5-C6 118.9 A 215
C3-H12 1.0856 C6-C1-C7 1204 A" 308
C4-H13 1.0873 C7-0O8-H11 992 A 438
C5-H14 1.0856 OB-C7-Hi0 1194 A" 546
Co6-H15 1.0887 O8-H11-09 147.9 A" 732
C1-Ce6-H15 1186 A" 771
Nuclear Shielding Gradlents C2-C3-H12 1186 A" 827
_(_dﬂLdBmg_)_[__np_m Al C3-C4-H13 119.0 A" 875
Bond direct. Norm. mode C4-C5-H14 120.3 A" 953
O-H stretch. O-H stretch C4-C3-H12 . 121.6 A" 994
C1 34 6.2 C5-C4-H13 119.4 A 1025
C2 -25.3 23.5 C5-C6-H15 120.5
C3 -1.6 -2.9 C6-C5-H14 120.7
C4 2.3 2.2
C5 55 5.5
Cé -0.2 0.4
Ci -2.4 0.5
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Basis set variation

The following basis sets are tested with the B3PW91 method: STO-3G, 3-21G, 4-21G,
4-21G(d), 4-21G(d, p), 4-31G, 4-31G(d), 4-31G(d, p), 6-21G, 6-21G(d), 6-31G, and 6-
31G(d). The selection of methods and basis sets are in no way complete, but provide a
good variation. B3PW91 was chosen to illustrate the baéis set variation, as it has been
shown to be the best DFT method in this, and in a number of other studies, both for IR
3153 and for NMR data ' *. The 6-31G(d) basis set is far from the Hartree Fock limit
(the used atomic basis sets are optimized using the RHF method), but is a well balanced

and commonly used basis set for organic molecules of the size of salicylaldehyde.
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Results and discussion

Electronic energy

The electronic energy of differently optimized geometries are calculated using
B3PW91/6-31G(d) single point energy calculations. For salicylaldehyde structures
optimized with smaller basis sets, the B3PW91/basis set energies were always higher
than the single point B3PW91/6-31G(d) calculation using this geometry. From Figure 5
it can be seen that the quality of the structure of the PM3 method is by far the best
compared to the calculation time, and that the B3PW91/6-31G(d) energy of the PM3
geometry is comparable to those obtained with ab-initio methods. A word of caution is
probably relevant at this point, as salicylaldehyde or similar structures could be included

in the set of molecules that form the basis for the parameterization of the PM3 method
26

Table 2. B3PW91 Calculated Electronic Energy of Salicylaldehyde Structures / a.u.

Geometry Optimization Method / Basis set  B3PW91/6-31G(d) B3PW91/Basis Set
B3PW91/6-31G(d) -420.6418 -420.6418
B3PW91/4-31G(d) -420.6417 -420.2364
B3PW91/4-31G(d,p) -420.6417 -420.2504
B3PW91/4-21G(d,p) -420.6413 -419.9438
MP2=FULL/6-31G(d) -420.6413

B3PW91/6-21G(d) -420.6408 -420.3083
B3PW91/4-21G(d) -420.6408 -419.9277
BPW/6-31G{(d) -420.6405

B3PW91/4-31G -420.6402 -420.08%90
SVWN5/6-31G(d) -420.6398

B3PW91/6-31G -420.6397 -420.5270
PM3 -420.6393

BPL/6-31G(d) -420.6392

B3PW91/3-21G -420.6391 -418.3287
B3PW91/4-21G -420.6389 -419.7551
B3PW91/6-21G -420.6388 -420.1641
RHF/6-31G(d) -420.6380

AM1 -420.6373

S/6-31G(d) -420.6360

CNDO -420.6322

B/6-31G(d) -420.6306

MNDO -420.6297

INDO -420.6279

B3PW91/STO-3G -420.6276 -415.2936
MINDQ3 -420.6218
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Figure 2. B3W9%1/6-31G(d) elecironic energies of differently optimized salicylaldehyde geometries
plotted vs. CPU time, the data are in Table 2.

Molecular geometry

The precision of the experimentally determined gas phase electron diffraction structure
“% is not as good as often found in low temperature single crystal x-ray studies, but is on
the other hand not affected by crystal packing. In the gas phase structure the geometrical
data for the aldehyde and hydroxy protons are realistic, which is not always the case for
low resolution x-ray structures 35, As mentioned, the experimental structure is planar
within the experimental uncertainty. The bond lengths and bond angles transformed into
the set of atomic coordinates used in the comparison with the calculated structures
(Table 1).

All geometry optimizations used the same starting input parameters. Bond
lengths: C-C 1.4 A, C-0 1.35 A, C=0 1.25 A, C-H'1.1 A, and O-H 1.0 A, sp2
hybridized carbons and oxygen have bond angles of 120°, and the sp® hybridized
hydroxy oxygen has a C-O-H angle of 109°, which is also the valence bond parameters
in Figure 1. All geometry optimizations are done by the Gaussian94 program using
analytical gradients of the energy with respect to atomic coordinates.

The calculated structures all turned out to be planar as the IR calculations did not

have imaginary frequency values or in other words gave no negative force constants in

the normal mode analysis.
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Table 3. Molecular Geometry RMSD between Corresponding Atoms of Calculated and

Superimposed Experimental Structure * / A

Geometry Optimization Method CPU Time/sec. All Atoms Honly CandO only
/ basis set

B3PW91/6-31G(d) 7194 0.0066 0.0060 0.0102
B3PW91/4-31G(d) 6968  0.0078 0.0082 0.0100
B3PW01/4-31G(dp) 10785  0.0114 0.0124 0.0095
BPW/6-31G(d) 7003  0.0121 0.0092 0.0117
BPL/6-31G(d) 8453  0.0144 0.0089 0.0161
MP2/6-31G(d) 15469  0.0163 0.0068 0.0185
B3PW91/4-21G(dp) 8215  0.0190 0.0198 0.0137
B/6-31G(d) 8220  0.0211 0.0165 0.0170
B3PW91/4-31G 3383  0.0213 0.0147 0.0222
B3PW91/6-31G 3603  0.0227 0.0115 0.0266
B3PW91/6-21G(d) 5685  0.0233 0.0209 0.0216
B3PW91/4-21G(d) 5550  0.0235 0.0212 0.0218
S/6-31G(d) 4976  0.0240 0.0170 0.0196
PM3 14 0.0274 0.0103 0.0338
HF/6-31G(d) 2899  0.0281 0.0114 0.0286
B3PW91/6-21G 2475 0.0287 0.0270 0.0233
B3PW91/4-21G 2453 0.0292 0.0277 0.0235
B3PW91/3-21G 2762 0.0305 0.0292 0.0245
SVWN35 5096  0.0325 0.0301 0.0277
AM1 15 0.0625 0.0330 0.0763
CNDO 5 0.0632 0.0560 0.0560
B3PW91/STO-3G 1987  0.0730 0.0468 0.0797
INDO 7 0.0901 0.0808 0.0770
MNDO 16  0.1137 0.0771 0.1292
MINDO3 16 0.1396 0.1043 0.1515

The correlation between experimental and calculated structures were done by

translation and rotation of the calculated structures to minimize the sum of distances
between cotresponding heavy atom coordinates including also the formyl and the
hydroxy hydrogen. Figure 3 shows the experimental geometry and the projection of the
best of the calcnlated structures.

The B3PW91/6-31G(d) structure gave the smallest deviation from the
experimental molecular geometry, but the PM3 structure is an attractive alternative due
to the much shorter time of calculations. Figure 4 shows the standard deviation between
the calculated and experimentally determined atomic coordinates for all optimized
structures against the CPU time. Plots of RMSD bond lengths or bond angles yield
similar pictures, so that it is not possible to conclude which of these parameters

contribute most to the deviation. For calculations done with B3LYP see ref *,
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o

RMSD Atomic Coordinate/ A

4 Semi-empirical
© ab-initio (6-31G{(d))
o B3PW91 (Basis set variation)

0.02 TrM3 % .
[ ]
MP2
0.00 : . —B3PWIL/631G(d) . :
0 2000 4000 6000 8000 10000 12000 14000 16000
CPU Time / Sec.

Figure 4. Standard deviations in C, O, aldehyde, and hydroxy hydrogen corresponding atomic
coordinates of differently optimized salicylaldehyde geometries vs. CPU time, the data are in Table 3.
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Linear Scaling
Quite often one finds a linear correlation between calculated and experimental
spectroscopic data % 5. For IR frequencies the scaling factor is slightly different from
1, but the correlation line ideally goes through origo. Inspection of Figure 6 clearly
gstablishes the soundness of applying linear scaling to compensate for systematic errors
in calculated IR data.

In the NMR case the calculations produce nuclear shieldings (o) . They are

related to the experimental chemical shifts (8) in the following fashion:
8 =@ G + Greference

The linear scaling factor « goes towards -1 for the best methods of calculation.
3911 The nuclear shielding of the reference signal gives an extra parameter in the linear
correlation, but the nuclear shielding of the reference compound is expected to vary
more or less the same way o does with method and basis set.

No simple explanation can be given for this linearity between experimental and
theoretically calculated data, or why the systematic deviation of the individual signals is
proportional to the energy of the spectral transitions. However, this is often found * **

and also demonstrated in this paper.

Infra Red Frequencies
IR absorption signals can be assigned to transitions of different symmetry classes in
symmetrical molecules by studies of oriented samples °* *’. Furthermore, by isotope
substitution localized modes can be assigned by observation of frequency ratios (see the
calculation at the end of this paragraph). We were not aware of the experimental data in
reference 4 when we did the comparison between the experimental and calculated IR
frequencies. The gas phase IR data *° has some additional signal, that are sorted out by
comparison with the B3PW91/6-31G(d) calculation (see Table 1). This naturally biases
the correlation towards this and the similar DFT methods.

IR frequency data are however in general not assigned and with the low
symmetry of salicylaldehyde the possibility of comparing calculated and experimental
frequencies depends to a large extent on the signals having the same order of

frequencies in the experimental and calculated data, and that no interchange of the
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signals occurs between the different calculations. This condition is not met, but an
independent experimental vibrational mode assignment is not available, and using one
of the better ab initio calculations for this purpose would even further bias the picture
by making even better linear correlation between the experimental and calculated data
of this and similar methods. Gross outliers will, in the present way of comparing the
experimental and calculated values, shift the data and spoil correlation, whereas
interchange of neighboring signal could artificially improve the linear regression.

The present method gives all caiculated data the benefit of the doubt, though
complete assignment of all IR transitions, by at least establishing the symmetry classes
of the signals, would be ideal. We do however, find linear scaling factors of the various

5253 and we find standard errors in the

methods comparable to those in the literature
right order (see Figure 7 and Table 4). Therefore, we conclude that the possible
problems of IR trapsition assignments, though serious, does not spoil the general
picture, which is what we are after in the present context.

Figure 6a shows that the best agreement between experiment and calculation is
found in the B3PW91/6-31-G(d) harmonic approximation frequency calculation. The
best alternative is AM1 (Figure 6b). For a comparison of all methods see Figure 7. AM1
is in this case significantly better than PM3 in agreement with other reports °2. This is
very different from the calculations of energy and geometry (see previously), and from
the calculation of chemical shifts (see later). The reason could be that the systematic
errors in the geometries of the AMI calculations are compensated for by systematic
errors in the second derivatives of the energy with respect to changes in the atomic
coordinates, or IR force constants. Another probable explanation would be gross
mismatch of corresponding normal modes in the calculatiéns.

Calculation of frequencies in the species deuteriated at the O-H position is
straightforward. Ratios for those transitions perturbed, O-Hgreem, O-Hiena and O-Heyroor.
plene-bend are close to .71 (inverse squareroot of ~2, see later) in B3PW91/6-31G(d)
calculations (0.719 - 0.735).
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Figure 5. a) Synthetic experimental TR spectrum from data in refererice 46, and b) spectrum from linearly
scaled B3PW91/6-31G(d) harmonic approximation normal mode analysis calculated data (See figure 6a).
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Figure 6. Calculated a) B3PW91/6-31G(d) and b) AM1 normal mode a_nalys1s calculated frequencies of
salicylaldehyde vs, experimentally determined gas phase IR frequencies *

* See foomotes to Table 1.
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Figure 7. Standard deviations between éxperimental and calculated IR frequencies of salicylaldehyde vs.
CPU time, the data are in Table 4.
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Table 4. IR Frequency RMSD Between Calculated and Experimental Gas Phase Data /

cm™

Geometry Optimization Method / basis set. CPU time / Sec. R-value RMSD
B3PWOI1/6-31G(d) 15910 0.9998 13.0
B3PW91/4-31G(d) 15595 0.9998 14.4
B3PW91/4-31G(dp) 19218 0.9997 15.1
BPW/6-31G(d) 15480 0.9997 15.6
B/6-31G(d) 14390 0.9996 17.6
B3PW91/4-21G(dp) 17929 0.9996 18.2
BPL/6-31G(d) 14559 0.9996 18.5
B3PW91/4-21G(d) 14625 0.9990 28.0
B3PW91/6-31G 6599 0.9991 28.1
B3PW91/6-21G(d) 14833 0.9990 28.1
B3PW91/4-31G 6386 0.9990 28.5
B3PW91/6-21G 5878 0.9987 32.1
$/6-31G(d) 6681 £.9985 323
SVWNS35 6727 0.9986 324
B3PW91/4-21G 5837 0.9987 32.8
MP2/6-31G(d) 30845 0.9988 33.2
B3PW91/3-21G 5801 0.9984 35.6
AM1 37 0.9938 75.1
HF/6-31G(d) 2334 0.9944 76.0
B3PW91/STO-3G 2203 0.9918 87.4
MINDO3 . 32 0.9932 89.2
MNDO 37 0.9922 93.6
PM3 38 0.9882 102.0
INDO 15 0.9897 141.9
CNDO 15 0.9879 158.3

'H and C nuclear shielding

'H and "C chemical shifts are sensitive gauges of changes in molecular geometries and
even small variations in chemical shifts have been used as indicators of structural
changes. Especially 'H chemical shifts of intramolecularly hydrogen bonded chelate
protons have been used to describe hydrogen bond geomeﬁ'ies i

The 'H and "C nuclear shieldings are calculated using the Gauge Including
Atomic Orbital (GIAO) *° method. Other similar methods are the Localized
Orbital/Local Origin (LORG) ® and the Individual Gauge for Localized Orbitals
(IGLO) *' methods, both of which are different distributed gange-origin variants of
Coupled Hartree-Fock Theory (SCF perturbation methods) *¢** 2, The three mentioned
methods give comparable results .

It is important to notice that the present GIAO nuclear shielding calculation only
is a partial DFT hybrid method **, since it only includes the two exchange terms of the
DFT hybrid functional (B3(PW91)). The correlation effects in the magnetic interaction
is not included, although the method uses the fully B3PW91 converged molecular

‘orbitals. This absence can possibly lead to systematic errors much the same way the
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MP2 method is known for its systematic error in calculating too short bond lengths by
overestimating the effect of electron correlation, whereas the HF method systematically
calculates too long bonds.

It should be noted that the inexpensive PM3 geometry is a poor basis for
calculations of 'H chemical shifts (figure 8b and figure 10), properly because of the
poor chelate hydrogen bond geometry (see also figure 3b), whereas most methods give
reasonable °C chemical shifts R® > 0.969 (Figures 9 and 11). The importance of

molecular geometries has recently been discussed by Forsyth .
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solution vs TMS).

It is interesting to notice the parallel behavior seen when the precision of the different

molecular orbital methods are compared. In Figure 12 we have plotted the RMSD of the

spectroscopic data vs. the RMS of the absolute atom coordinate differences between the

calculated and experimental geometry. The reason we do this is to investigate to what

extent the calculated molecular geometries are reliable.
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Figure 10. Standard deviations between experimental and calculated 'H chemical shifts of

salicylaldehyde vs. CPU times, the data are in Table 5.
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Figure 11. Standard deviations between experimental and calculated °C chemical shifts of

salicylaldehyde vs. CPU time, the data are in Table 5.

The concerted fall in standard errors through the different methods does to some

extent compensate for the obvious statistical shortcomings of using only one molecule

in this type of investigation.

It is however readily foreseeable that calculated molecular structures will

become an ever more important chemistry tool in the future, and that this kind of

calibration

will help to establish the quality of the calculated structure.
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Table 5. RMSD Between B3(PW91)/GIAO Calculated Nuclear Shielding and

Experimental Chemical Shift of Salicylaldehyde / ppm.

Geometry Optimization Method

GIAO CPU time

13C

'H

/ Basis set Basis Set sec.  R-value RMSD R-value RMSD
MP2/6-31G(d) 6-31G(d) 1639 . 0999¢ 1.0 0987 020
B3PW91/6-31G 6-31G(d) 1783 09988 1.1 09943 0.16
B3PW91/4-31G 6-31G(d) 1810 09986 1.2 09886 0.24
RHFE/6-31G(d) 6-31G(d) 1642 09978 13 07770 0.62
PM3 6-31G(d) 1653  0.9970 1.6 0.8638 0.51
B3PW91/6-31G(d) 6-31G(d) 1636 0.9971 1.6 09968 0.12
MNDO 6-31G(d) 1687 09963 1.7 00125 140
B3PW91/4-31G(d) 6-31G(d) 1703 0.9968 1.7 0.9943 0.16
B3PWI1/4-31G(d.p) 6-31G(d) 1601  0.9968 1.8 09928 0.18
B3PW91/4-31G(d) 4-31G(d) 1087 09967 1.8 09959 0.13
AM1 6-31G(d) 1649 09965 1.8 05397 0.81
B3PW91/6-31G 6-31G 430 09970 1.8 09916 0.21
BPL/6-31G{d) 6-31G(d) 1626 09965 1.8 09973 0.10
B3PW91/4-31G 4-31G 399 09969 1.8 09924 0.21
BPW/6-31G(d) 6-31G(d) 1653 09961 2.0 0.9817 0.31
B3PW91/4-31G(d,p) 4-31G(d,p) 1300 09959 2.0 0.9629 0.50
B/6-31G(d) 6-31G(d) 1615 0.9951 21 09924 0.15
B3PW91/3-21G 6-31G(d) 1817  0.9957 2.1 09215 0.89
B3PW91/4-21G(d.p) 6-31G(d) 1756 -0.9950 22 09706 0.43
B3PW91/4-21G 6-31G(d) 1809  0.9954 22 09259 0.85
B3PW91/6-21G 6-31G(d) 1810 0.9953 0.9276 0.83
S/6-31G(d) 6-31G(d) 1653  0.9942 0.9309 0.76
B3PW91/4-21G(d) 6-31G(d) 1759 0.9935 0.9417 0.69
B3PW91/6-21G(d) 6-31G(d) 1754  0.9935 0.9424 0.68
SVWN5/6-31G(d) 6-31G(d) 1660  0.9936 09168 0.91
B3PW91/3-21G 3-21G 345 0.9922 . 0.9532 0.71
B3PW91/4-21G(d,p) 4-21G(dp) 1167 09892 2.9 09416 0.68
B3PW91/4-21G 4-21G 351 09911 29 09602 0.64
B3PW91/6-21G 6-21G 365 09907 3.0 09636 0.60
B3PW91/4-21G(d) 4-21G(d) 969 098385 3.0 09340 0.59
B3PW91/6-21G(d) 6-21G(d) 1022 09882 3.1 09560 0.58
CNDO 6-31G(d) 1681  0.9914 32 0.8667 1.39
INDO 6-31G(d) 1677 09851 4.1 0.8254 192
MINDO3 6-31G(d) 1684 09716 4.2 0.0020 1.46
B3PW91/STO-3G STO3-3G 190 09436 52 0.8604 1.59
B3PW91/STO-3G 6-31G(d) 1851 09694 6.1 0.8208 2.10
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Figure 12. a) B3PW91/6-31G(d) electronic energy, b) Standard deviation between calculated and
experimental IR frequencies, ¢) Standard deviations between experimental and calculated 'H chemical
shifts, and d) Standard deviations between experimental and calculated *C chemical shifts, all plotted
against the standard deviation between corresponding atomic coordinates of the experimental and
calculated molecular geometries of salicylaldehyde.
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Deuterium isetope effects on chemical shifts

Isotope effects on chemical shifts is caused by differences in vibrational modes due to
the different isotope masses. A hydrogen to deuterium substitution is a relatively large
change of the atomic mass, a doubling, but the change in the total mass of the molecule
is small. If the vibrational mode only involve movement of the hydrogen atom, while
the rest of the molecule is immaobile, then the IR frequency would change with a factor
of inverse squareroot of 2 and the reduced masses would be 1 and 2 for the hydrogen
and deuterium vibrations respectively. This is roughly what we find in the B3PW91/6-
31G(d) IR frequency calculations (see previously). However, this picture is too simple
as all nuclei move in the calculated harmonic force field in such a way that the center of
mass of the molecule remains invariant. Upon deuteriation both frequency, amplitude,
and direction of all atomic movements will change. The different isotopologs thus have
different vibrational patterns (see e.g. Figures 13a and 13b).

The inspection of the IR frequency calculations of salicylaldehyde show three
normal modes with frequency changes of more than 100 cm” upon deuterium
substitution of the O-H proton (in reference 4 a similar conclusion is reached based on
B3LYP calculations). The O-H out-of-plane-bending mode is anti-symmetrical with
respect to the plane of the aromatic ring and thus does not lead to appreciable isotope
effects, as we shall see later. Figures 13c and 13d clearly shows the O-H stretching
mode to be very localized and similar to the O-D stretéh, whereas the bending mode

varies somewhat more (Figures 13a and 13b).

One-bond deuterium isotope effects on chemical shifts
One-bond isotope effects can be understood from a simple qualitative model in which
deuterium substitution leads to a O-H(D) siretching mode vibrationally averaged
shortening of the X-H bond (see Figure 14a). The nuclear shielding of the structure with
shorter X-H distance leads to a larger nuclear shielding value. Translating this to
chemical shift means a lower chemical shift for the deuterated species {low frequency or
high field shift) which is the normal trend, also for zero (primary) and two bond isotope
effects. However, to do this more quantitatively, we need to investigate the problem in
depth.

The normal mode calculated at 827 cm-1 (607 O-D) is an out-of-plane bending
mode anti-symmetrical around the molecular symmetry plane, and this leads to very
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small isotope effects, if any at all.

The vibrational state found in the B3PW91/6-31G(d) normal mode analysis at
1453 cm-1 (1042 for O-D) is the in-plane bending mode which is not symmetrical in the
two directions, as the O-H bond does not lie in an in-plane symmetry axis of the
molecule. The much less strongly localized mode, \;vhich involves several other
hydrogen bends, is nevertheless little anharmonic, and is of little interest in the context
of hydrogen deuterium isotope effects (Figures i3a and 13b). Figure l4c shows the
energy along the normal coordinates of the O-H(D) bending modes.
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Figure 13. B3PW91/6-3 IG(d) harmonic apprommatmn normal mode analysis calculated a) Bend type O
H normal mode at 1453 em™, and b) O-D at 1042 cm? ¢) Stretch type O-H normal mode at 3324 e’
and d) O-D at 2424 cm™ O-H and O-D normal modes are shown without mass weighting of the normal
coordinate to illustrate the direction of the atomic movements for the two isotopologs of salicylaldehyde.
The sum of atomic coordinate displacements are the same for the O-H and O-D modes.
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Figure 14a shows the potential energy of salicylaldehyde as the atomic
coordinates are moved along the O-H streiching normal coordinate. It is readily seen
that the potential is highly unsymmetrical around the point of lowest energy, and quite
similar for both the hydrogen and deuterium stretching modes. The energy difference
between the lowest point on the potential and the vibrational state is the zeropoint
correction energy.

The nuclear shielding surface for a set of different nuclear configurations can be
calculated. In the present case the nuclear shielding profile along the O-H bond
extension in the O-H bond direction is calculated and so are the nuclear shieldings for
the geometries along the vibrational normal coordinate of the O-H and O-D stretching
and in-plane-bending modes.

The nuclear shielding is seen to be linear in the region around the equilibrium
geometry (Figure 14). Nuclear shieldings are shown to behave linearly with respect to
small bond stretching perturbations in a number of cases ** 6

Figures 14b and 14d show the '°C nuclear shielding of the carbon which
displays the largest isotope effects, namely the carbon with the hydroxy substituent, and
it is seen that the slope is nearly linear in the area of interest (normal coordinate = 0).
The slopes of all carbons, or the nuclear shielding gradients with respect to O-H
stretching normal coordinate perturbation, are proportional to the experimentally
measured hydrogen-deuterium isotope substitution effects on the '*C chemical shifts
(Figure 15).

The nuclear shielding gradient is more readily obtained by calculating the
nuclear shielding for a molecular geometry with the O-H bond shortened by 0.01 A
only. Figure 15a shows the calculated nuclear shielding gradients caused by 0.01 A
shortening of the hydroxy hydrogen O-H bond in the bond direction, and Figure 15b the
corresponding plot of the calculated nuclear shielding gradients for the O-H and O-D
stretching normal mode versus the experimental isotope effects. Because of the
localized nature of the O-H stretching vibration, the plots are very similar and the
improvement in correlation coefficient is not significant for choosing between the
methods.

The more theoretically correct way of calculating the isotope effect on nuclear
shielding would be to calculate the integrated nuclear shielding of the entire energy

weighted molecular vibrational movement for the H- and D-species and subtract the two
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values, and though this could be done, we satisfy ourselves with the present method
65, 66

inspired by the work of Cynthia Jameson
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Figure 14. a) Stretch type potential curve for the O-H and O-D stretching normal modes. The normal
coordinate (not mass weighted) is given by the sum of all the atomic coordinate changes. Morse functions
are fitted to the data points (see text). b) *C-O nuclear shielding for the geometries along the O-H and O-
D stretching normal coordinates corresponding to 14a.

* The comresponding value from the stretching potential with O-H movement only in the bond direction is
0.0035 A,
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Flgure 14. (Cont.) c) Bend type potential curve for the O-H and O—D m-plane bending normal modes d)
3C-O nuclear shielding for the geometries along the O-H and O-D in-plane bending normal coordinates
corresponding to 14c.
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Figure 15. a) Plot of the 3¢ nuclear shielding gradients, d”C/dRo., dRox being the O-H coordinate in
the bond direction, and b) plot of the *C nuclear shielding gradients, do">C/dR 0.1 nom. Goors ARO-H Nomm. Coor
being the O-H(D) stretching normal coordinate, vs. the experimental isotope effects, "A*CO-H(D).

Two contributions to isotope effects: doydRxgand ARx a@)
In order to calculate the isotope effect it is necessary to know the change in the nuclear
shielding with respect to either bond length or angle perturbations (doy/dRxy,
&o/dRx.z, and doi/doxy) in which o is the bond angle. The two latter terms are
usually of opposite signs and to some extent cancel 6, Equally important is the size of
the average geometry perturbation , that may vary between different molecular systems,
and with different hydrogen bond geometries s, |

By scanning the O-H bond stretching, moving the hydroxy hydrogen only in the
bond direction, and fitting a Morse function % to the resulting potential, we are able to
calculate the change in the average hydrogen and deuterium position (ARo_zmy)-

Multiplying the nuclear shielding gradient of the individual nuclei (with respect
to O-H bond perturbation) with the average change in O-H bond length, we arrive at the
calculated isotope effects. Table 1b has the nuclear shielding gradient of salicylaldehyde
with respect to O-H bond shortening. The calculated isotope effect can be determined
by multiplying this gradient with the average geometry perturbation from the analytical
solution to the fitted Morse fimction of the O-H bond stretching potential ®’ (for the H
displacement only in the bond direction, AR ¢y = 0.0035 A).

The values are too small, indicating other contributions to the hydrogen

A C(OD) (Experimental) / ppm
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deuterium isotope effects than found in this somewhat simplistic approach.

We have used the normal mode analysis calculated reduced masses from the IR
calculation, but it is possible to simply use the reduced masses of 1 and 2 for the
hydrogen and deuterium species respectively, which are the reduced masses for the

vibrational mode scanned when keeping the rest of the atomic coordinates constant.

Isotope effects in o-hydroxy acyl aromatics

In the work of differently substituted 2-hydroxy acetophenones ° we observed
extraordinary large two-bond isotope effects in some, but not all, of the species, while
the calculated shielding gradients did not reflect this at all. We find that the gradients for
2-hydroxyacetophenone (1), 1,3-diacetyl-2,4-dihydroxybenzene (2), 1,3,6-triacetyl-
2,4,6-trihydroxybenzene (3) and 1,5-diacetyl-2,4-dihydroxybenzene (4), are similar for
corresponding carbons, but the experimental isotope effects vary up to a factor of ~2.
The reason is that the major contribution to the variation in hydrogen-deuterium isotope
effects stems from large differences in the average vibrational geometry. Using both the
gradient and average geometry perturbation terms we reproduce the experimental
isotope effects ° (see figure 16 and 17).

If we compare the experimental isotope effects for the different types of
compounds; o-hydroxy-ketones, -aldehydes, and -esters, the isotope effects are seen to
be proportional within corresponding types of carbons !”. This finding, and the finding
that the calculated gradients are very similar for the differently substituted o-hydroxy-
acylbenzenes, support the idea that the isotope effects to a first approximation can be
presented as a product of doi/dRo.np) and ARomm), both of which contribute
significantly.



o
£
2

=%
—

48

30.0 - . b 300~ 224 2b

25.0 4 250 4vy=156.503x- 1.1415

20.0 - T 20.0 - R =0.9803

15.0 - y=96.946x-2.195 & 15.0 4

10.0 R® =0.981 < 100 1 y=61.446x - 0.9216
5.0 - g 504 R’ = 0.9647
0.0 - ° C= S 00- © =0
5.0 - S 5.0 - A

-10.0 - -10.0 -
-15.0 r . . -15.0 : r y

30.0 1 d 300 - :

25.0 1 y=34.87x - 1.6596 * 25.0 1 .

20.0 - B2 = 0.9699 Tq 200 -

15.0 - g 15.0 -

10.0 4 = oo y= 782.463x- 1.7353
5.0 50 4 R* =0.9921
0.9 1 8 0.0 - o C=0

-5.0 4 T 5.0 1

-10.0 - -10.0 -
-15.0 . . ; -15.0 . r .
030  0.00 0.30 0.60 030 000 030  0.60
"AC(OD) / ppm | "AC(OD) / ppm

Figure 16. Caloulated °C nuclear shielding gradients (do’c/dRoz) plottet against the experimental
isotope effects of 1 - 4 (a-d) °.
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Conclusion

As a consequence of the development of theory, computers, and computer software,
molecular orbital model calculations are important tools in all branches of chemistry.
These quantum mechanical models help us to explain, and to better understand, the
physical cause of isotope substitution effects on NMR chemical shifts as demonstrated
in the text.

The presence of a statistically significant correlation between experimentally
determined and calculated spectroscopic data, meeting certain values of standard
deviation means that calculated molecular geometry may be used as independent
structure solutions, yielding reliable molecular geometries. The resolution is given by
the residuals in the correlation between experimental and calculated data calibrated
against the RMS absolute atom coordinate differences for molecules of experimentally
determined high resolution structure. This is not so different from traditional methods,

as we tend to overlook the model aspect of e. g. single crystal diffraction technigues.
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Gaussian input-file.
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%CHK=salialdh
%% MEM=160000000
#B3PW91/6-31G(d) OPT

Salicylaldehyde (Geometry Optimization)

01

C

C1R2

C2R31V3
C3R42V41D4
C4R53V52D5
C5R64V63D6
CIR72V73D7
O7R81V82D8
O2RO93V94D9
H7R101V102D10
HOR112V111Di11
H3R122VI21DI12
H4RI33V1I32DI13
H5R144V143 D14
H6R155VI54D15
Variables:

R2=14

R3=14

R4=14

R5=14

R6=1.4

R7=14

R8=1.25

R9=1.35

R10=1.1

R11=1.0

R12=1.1

R13=1.1

R14=1.1

R15=1.1

V3=120.

V4=120.

V5=120.

V6=120.

V7=120.

V8=120.

Vo=120.

V10=120,

V11=109.
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Vi2=120.
V13=120.
V14=120.
V15=120.
D4=0.
D5=0.
D6=0.
D7=180.
D8=0.
D9=180.
D10=180.
D11=0.
D12=180.
D13=180.
D14=180.
D15=180.

~-Link1-

%CHK=salialdh

%MEM=160000000

#B3PW91/6-31G(d) GEOM=CHECK GUESS=READ FREQ

Salicylaldehyde (Vibrational Normal Mode Analysis)

01

--Linki--

%CHK=salialdh

%MEM=160000000

#B3PW91/6-31G(d) GEOM=CHECK GUESS=READ NMR
Salicylaldehyde (Nuclear Shielding Calculation)

01
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Abstract: Deuterium isotope effects on chemical shifts, *AC(OD),have been measured in a series of o-hydroxy
acyl aromatics of the type 2-hydroxyacetophenone (1) and 1,3,5-tnaceiyl-2,4,6-uihydroxybenzene (3). 2AC-
(OD) increase as the number of neighboring hydrogen-bonded moieties increass. The calculated molecular
ab initio geomeiries with Density Functional Theory(BPW91/6-31G(d(p)) (5D) with p functions on the chelate
protons only) show a large increase in Roy in going from 1 to 3 and a large corresponding decrease in the
C=0-++H—0O distance. Rp--.0, Aon--0, Ron--0, as well as Roy and Ro=p correlate linearly as do 2AC(OD) and
Rg...g. The nuclear shielding? and the first derivative of the }3C nuclear shielding with respect to O-H bond
stretching, (do/dRgy), has been calculated with the 6-31G(d) (6D} basis set using the GIAQ/B{PW91) method
(exchange term only). (Chemical shift and nuclear shielding are used intermittently. It should be remembered
that they lead to different signs.) The change in the Roy distance upon deutetiation (ARggm,): was obtained
from a potential scan of OH bond stretching and analyzing the data with a fitted Morse function. Isotope
effects are calculated as the product of do/dRon and ARoym) The variations.in the calculated 2AC(OD) are
dominated by ARoum;. The calculated *AC(OD) correlate well with experimental isotope effects.” Three
parametets, 2AC(OD), ARgums, and Rq...q all show promise as gauges of hydrogen band strength. Caloulated
OH and 'H chemical shifts in general show good agreement with experimental values (RMSD = 0.40 ppm)
as do the 3C chemical shifts (RMSD = 1.9 ppm). The large experimental 2AC(OD) values can be understood
in terms of a steric effect caused by the neighboring CH3CO group leading to shorter OH---0O and O---O
distances and consequently sironger hydrogen bonds.
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Introduction

Over the years much effort has been concentrated on
characterization of hydrogen-bonded systems in order to provide
parameters io describe hydrogen-bond strength and geometry 16
Intramolecular hydrogen bonding of the resonance assisted
(RAHB) typel~ as found in o-hydroxy acy} aromatics is a very
common type of intramolecular hydrogen bond. NMR param-
eters often used to characterize hydrogen bonds are OH chemical
shifts, primary isotope effects,”® or secondary deuterium isotope

* Address for correspondence: Professor Poul Erik Hansen, Department
of Life Sciences and Chemistry, Roskilde University, P.0. Box 260, DK-
4000 Roskilde, Denmark. Telephone: +45 46742432, FAX: 445 46743011,
E-mail: POULERIK @ virgil.ruc.dk.
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on BC chemical shifts, "AC(OD), have been studied extensively
in intramoleculary hydrogen-bonded systems™19-2% and are
shown qualitatively to describe hydrogen-bond strength. The
latter is described e.g. by the oxygen—oxygen distance (Ro...
0).3 A weakness so far has been the relatively narrow range
of deunterium isotope effect vames except in the case of
indandiones.!62 With the present set of compounds this is now
changed. Deuterium isotope effects on chemical shifts have
likewise been shown to distinguish “localized” and tautomeric
hydrogen-bonded systems, 011152627 and some interesting iso-
tope effects in o-hydroxy acyl aromatic compounds in which
the acceptor group (RCO) is sterically perturbed previously have
been described.?® :

In recent years ab initio methods to calculate nuclear
shieldings® =37 and deuterium isotope effects on nuclear shield-
ings3*3? have been developed to 2 high degree of accuracy and
have become generally accessible due to still faster computers
and commercial software. Furthermore, the theoretical develop-
ments of Jameson*®*! and Chesnut®? have made it possible o
identify the important contribution to the secondary isotope
effect to a product of the first derivative of the nuclear shielding
with respect 1o O—H(D) bond stretching, do/dRoy, and the
change in the average O—H(D) bontd length upon deuteriation,
ARonm)-

The main aim of the present study is to demonstrate that
denterium isotope effect on chemical shifts and especially 2AC-
(OD) is a quantitative descriptor of hydrogen-bond strength and
how these data are calculated theoretically. A further aim is
showing that reliable structures can be obtained and very good
H and 3C chemical shifts can be calculated in intramolecularly
hydrogen-bonded cases.

Experimental Section

Compounds. Compound 2*° was synthesized as described but
obtained only in a rather low yieid from a chromatographic separation
on silica gel (eluent: hexane/methylene chloride/methancl, 4:1:1).
Compound 3 and its analogues™ were prepared as described. An
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Table 1. BPW91/6-31G(d(P)) 5D Calculated Bond Lengths and
Angles in 1—6

1 2a 2b 3 4 5 6
Bond Length/A
Roi—o 1437 1441 1443 1444 1452 1422 1438
Rea~o 1340 1330 1326 1318 1334 1335 1.347
Ro-u 1.019 1.050 1.045 1086 1024 1.022 1012
Ry-o 1577 1461 1467 1360 1.562 1566 1.607
Rowo 2523 2439 2452 2400 2518 2515 2341
Remo 1.258 1.268 1265 1274 1259 1258 1.255
Rey—cy 1468 1.454 1469 1458 1464 1470 1478
Bond Angle {deg)

Voo 1217 1182 1210 1190 1205 123.0 1223
Ver—o—= 1044 1040 1039 1037 1046 1038 1045
Vo—uwg 1521 1562 1546 1577 1532 1521 1513
Vermows 1023 1017 1033 1023 1020 1025 1029
Va—cmo 1207 1208 1195 1195 1206 1208 1204
Ver—ci—cy 1186 1186 1177 1178 1191 117.8 1187
Vereo—ce 1207 1212 1231 1237 1210 121.0 1205

elemental analysis gave C: 57.34% and H 4.77% (theoretical C 57.14%
and H 4.76%).

NMR. °H and 3C NMR spectra were recorded on a Bruker AC250
MHz instzument using CDCly as solvent except for iow-temperatre
spectra for which CDsCl: was used. TMS was used as internal
reference. *C NMR spectra were recorded with a spectral resolution
of 0.55 Hz/point. COLOC* spectra were recorded as described
earlier

Specwra of isotopologues were repeaied with different deuterium
contents.

Calculafions. The molecular geometries were optimized using the
Gaussian94 suite of programs® and BPW91 Density Functionzl Theory
(DFT) (Beckes exchange* and Perdew—Wang correlation terms®), and
amix of the built-in Gaussian-type basis sets. The 6-31G(d) (5D) basis
set was used at carbon, oxygen, and hydrogen bound to carbon. The
6-31G(d,p) basis set was used at hydrogens bound to oxygen thydrogen-
bonded chelate hydrogens). No symmetry constraints were used in
the geomeiry optimizations, but all calculated strucmres were essentialty
flat with 3 converging toward C, symmetry, 4 and § towards Cs,
symmetry, and 6 toward Cy, symmetry. The resulting geometries with
some relevant bond lengths and angles are shown in Teable 1 and in
Scheme 1.

In addition io the compounds shown in Scheme 1, stuctures of
compounds at the same level of calculations are given in Table 13
(Supporting Information): salicylaldehyde (7), 1-acetyl-2,4-dihydroxy-
3-formylbenzene (8), t-acetyl-2,6-dihydroxy-3-formylbenzene (9), 1,3-
diformyl-2 4-dihydroxybenzene (10), 13-diacetyl-S-formyl-2,4-diny-
droxybenznene (11), 1-acetyl-3,5-diformyl-2,4,6-trihydroxybenene (12),
and 1,3,5-triformyl-2,4,6-trihydroxybenzene (13).

The NMR nuclear shieldings were calculated with the 6-31G(d) (6D)
basis set using the GIAO3 method and with the exchange term only
on the fully converged molecular orbitals, B(PW91), recently shown
1o yield superior results relative 1o the RHF/GIAQ method,* especiaily
for auclei other than carbon (Table 2). The correlation between the
experimental chemical shifts and the calculated nuclear shielding is
shown in Figure 1a,b for *H and '*C signals, respectively.

The first derivative of the nuctear shielding with respect to the O—H
bond lengths (d"*C/dRo-u) was calculated simply by shortening the
O-H bond by 0.01 A and recalculating the nuclear shielding. The
derivatives of the nuclear shielding with respect to O-H bond length
are shown in Scheme 2,

The amount of the O—H bond shortening due to hydroxy denterivm
isotope substitution (AR ommy) was calculaied by scanning the O-H bond
in the bond direction at the BPW91/6-31G(d(p)} level in cight
inerements of 0.05 A around the equilibrium position, yielding a total

(43) Kessler, H.; Gresinger, C.; Zarbock, J.; Loosli, H. R. J, Magn.
Reson. 1984, 57, 331,

(44) Becke, D. Phys. Rev. A 1988, 38, 3098,

(45) Perdew, P.; Wang, Y. Phys. Rev. B 1992, 45, 13244,

(46) Cheeseman, R.; Trucks, G. W.; Keith, T. A.; Frisch, M. 1. J. Chem.
Phys. 1996, 104, 5497.
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Scheme 1. BPW91/6-31 G(d(p)) Optimized Structures with
Some Relevani Geometric Features (Distances are in A;

" Ro.-g distances in bold.)

Table 2.
Experimental 'H Chemical Shifts (6'H) (pprm)

H1 H2 H3 H4 H5 H6

1 2.60 1226 6.48 7.48 6.0 7.74
2 2.57 14.79 278 14.26 6.46 7.82
3 2.73 17.09 ,
4 - 264 13.09 6.36 g.22
GIAO B{PW91)/6-31G(d) Calculated *H Nuglear Shielding
{'H) (ppm)
H1 H2 H3 H4 H5 H6
1 2951 1862 2526 2475 2538 2464
2 2961 1625 2928 1657 2591 2474
3 2933 1444
4 2958 1847 26.06 24.46
5 2051 1820 25.29
6 2945 1964 2515
Experimental Carbon Chemical Shifts (53C) (ppm}
Cl € C3 ¢4 C5 ©6 €7 C8 C9 C10

1 1196 1624 1182 1363 118.8 1306 2045 265
2 1120 168.2 109.9 1709 109.6 137.8 2029 262 2056 335
3 1032 1757 : 2050 329
4 1136 1685 105.0 1362 2024 26.0

GIAC B(PW91)/6-31G(d) {6D) Calculated “*C Nuclear Shielding
(¢C) (ppm)

Cl €2 C ¢4 C5 Cc6 C7T C8 C9 Ci0
1 763 327 766 6l5 79.0 67.1 —-28 163.0
2 824 277 834 26.0 847 617 09 1638 -—34 1558
3 878 230 —-1.6 156.6
4 Bl6 288 897 63.0 —04 163.6
§ 746 380 79.9 -3.6 162.5
6 72.0 416 768 —4.9 162.4

of nine points. A Morse function was fitted to the points that were
below three times the zero-point energy. The O-H bond length
perturbation was calculated from the analytical solution to the Morse
oscillator,#’* ysing the reduced masses, frorn a harmonic approximation

(47) Nieto, M.; Simmons, L. M., Jr. Phys. Rev. A 1979, 19, 438.
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Figure 1. GIAO/B(PW91)/6-31G(d) (exchange term only) calculated

nuclear shieldings vs experimental: (a) 'H and (b) ’C chemical shifts.
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Figure 2. BPW91/6-31G(d(p)) calculated Morse function for O—H
hydrogen displacements in the bond direction of 1, including the average
O—H(D) geometry and the zero-point energy for the two isotopologues.
Open circles are calculated dasa not used in the fit.

normal mode analysis (IR frequency calculation). One example of such
a potential energy scan is shown in Figure 2. The ARp-up, values are

(4%) Dahl, 1. P.; Springborg, M. J. Chem. Phys. 1988, 88, 4335.
(49) Desai, R. D.; Ekhlag, M. Proc, Ind. Acad. Sci. 1938, &, 194,
£50) Goschke, A.. Tambor, J. Ber. Disch. Chem. Ges. 1912, 45, 1237,
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Scheme 2. GIAQ/B(PWS1)/6-31G(d) Calculated Nuclear
Shielding Gradients for O-H (d'*C/dRoy are in units of ppm
A~Y; numbers in italics refer to 2b; ARoupy, in bold.)

=5.0 4.7

O ARoup = 00109 A
HE)

O AR = 00098 &
i‘{(D)

28 12

0.6
3

0 ARgn = 00109 &
e
0

given in Scheme 2, and some of the results of the normal mode analysis
and the Morse oscillator, in Table 3.

Assignments. The assignment of 2 was achieved by COLOC*
experiments. *C chemical shifts are given in Table 2. The assignment
of the isotope effects of compounds with more than one gxchangeable
OH proton was done in the following fashion. The isotope effects in
o-hydroxy acyl aromatics were grouped into categories as described
in refs 15 and 18 and are roughly similar 10 these of 1 (Scheme 3). As
an exarmple, at the methyl group of the o-aceiyl group, a negative isotope
effect proportonal to d0OH was observed. A very/large and unusual
four-bond isotope effect, *AC(OD) is observed in compounds 2 and 3.
This is assigned to *AC-4(0D-2),

Temperature Effects. The deuterium isotope effects on C
chemical shifts are measured in one-tube experiments with both the
protio and the deuterio species present and in varying ratios. A
prerequisite for this type of measurement is slow exchange of the OH
proton at the NMR tme scale.

For 3, the OH resonance was observed at high frequency, 17.09
ppm, and the C-2,C-4.C-6 carbon resonances showed one very large
isotope effect (0.72 ppm) and two medium ones (0.229 and 0.186 ppm).
Cooling had no effect on the magnitude of the isotope effects, indicating
that tantomerism is not at play.

Results

Theeretical calculations. The ab initio geometries show
(Scheme 1) that all of the carbons of the structures are in one
plane. Furthermore, a large gradual increase in the OH bond
length (Rom) and a correspending large gradual decrease in the
C=0---H distance occurred when going from 1 10 2 to 3 with
4 being similar to 1. The decrease in C=0-++-H distance is
followeod by a decrease in Rg...o0 (X, 2.523 A4, 2518 A; 2a,
2.459 A (steric compression at oxygen), 2b, 2.457 A (steric
compression at methyl group); 3, 2.400 A. Plots of Ron, Re=o,
and Rom.-o0 V8 Ro..g or ARoump) showed good correlation
(Figure 3a,b).

A comparison of the calculated structures of 4 and 6 with
the low-resolution X-ray structures™* yielded average (RMSD)
absolute atomic coordinate differences of 0.027 (0.011) and
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0.032A (0.020), respectively between corresponding heavy
atoms in the superimposed geometries. Furthermore, plotting
the data of Rg...0 v Roy onto the graph of Steiner and Saenger™
gave data points on the correlation line of that plot.

'H and *C Chemical Shifts and Derivatives. The 'H and
“C chemical shifts are calculated very well using GIAO
B(PW91)/6-31G(d) DFT ab initio methods as seen from Figure
1, which indicates that the quality of the calculated structures
including the hydrogen-bond geometry is very good.

The first derivative of the nuclear shielding do/dRoy was
calculated ab initio using the above-mentioned geometries (see
Experimental Section) simply by shortening the OH bond 0.01
Aand recaiculating the nuclear shielding. The do/dRoy is nicely
correlated o the isotope effects within ¢ach compound and is
seen not to vary much from compound to compound (Scheme
2 and Figure 4a) except for C-7, for which the dg/dRon
decreased in going from 1 to 2 to 3. Furthermore, those data
for C-7 fall outside the correlation line for all the four
compounds (One illustration 18 given in Figure 4a).

Changes in the Average Bond Length npon Deuteriation.
Deuteriation at the OH positdon will lead to a change in the
average OH(D) bond length, and as this vibrational mode is
very localized and does not involve significant movement of
other atoms in the olecule (Table 3) this will likely be the
dominant effect of deuteriation for all other species than 3. A
potential scan of the OH bond streiching as described in the
experimental section and shown in Figure 2 is constructed
(BPW91/6-31G(d(p)) data). These data are fitted with a Morse
function,*”*® leading 1o the changes in the OH bond length upon
deuteriation ARomm) = Rou — Rop as seen in Scheme 2. We
have scanned the entire vibrational normal coordinate from a
harmonic approximation normal mode analysis for several
systems, but the differences between this more rigorous treat-
ment and the values shown here are negligible. To calculate
the hydrogen displacement one needs the reduced masses, and
we have just used those calculated in the normal mode analysis
for OH and OD isotopologues, but again the differences between
using the correct value or just values of 1 for H and 2 for D are
negligible, except for 3. The values presented are calculated
from the analytical solution to the Morse oscillator.748

A dramatic increase is found in ARoum; in going from 1 to
2 to 3. Again, values for 4—6 are very similar to those of
compound 1. The ARoy-4p; of O—H4 in 2b is seen to fall in
between the value of 1 and ARog-2m; of 2a. Ron and ARoup)
correlated well (R = 0.982) (Figure 3b).

By knowing the change in the bond length upon deuteriation
as just described and the first derivative of the shielding, the
isotope effects can be calculated as do/dRon x ARopp) (see
Discussion). Figure 4b has the derivatives of the nuclear
shieldings plotted against the experimental *AC{OD) values and
a plot of the experimental vs calculated isotope effects reveals
a very good correlation, which improves when using the normat
mode related reduced masses. Although the calculated values
are slightly too small it is readily apparent that the slopes for
each compound have become much more alike (not shown).

Two-Bond Deuterium Isotope Effects on B¥C Chemical
Shifts, 2AC(OD). The Rg...o are distances correlated with 2AC-
(OD) (R = 0.977).

{51) Borisov, E. V.; Zhang, W_; Bolvig, S.; Hansen, P. E. Magn. Reson.
Chem., in press.

(52) Bax, A.; Freeman, R. J. Am. Chem. Soc. 1982, 104, 1095.

(53) Kokoila, M. K.; Nirmala, K. A,; Puttaraja; Shamala, N. Acta.
Crysuallogr. 1992, C48, 1133.

(54) Wajsmar, E.; Grabowski, M. J.; Stepien, A.; Cygler, M. Cryst.
Struct. Comm. 1978, 7, 233.

(55) Sweiner, Th.; Saenger. W._ Acta Crystallogr. 1994, B50, 348.
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Table 3. O—H(D) Suemhing Mode Morse Function Parameters and Normal Mode Analysis Calculated Reduced Masses and Vibrational

Frequencies -
L _ 1 2a 2b 3 4 5 6

o (A1) 32 40 3.8 40 3.4 34 32
dissociation energy? (kI) 129.0 51.4 63.9 346 106.3 106.5 143.1

# (O—H) reduced masses? (amu) 1.0743 1.0995 1.0871 1.1385 1.0764 1.0748 1.0693
# (0—D) reduced masses? (amu) 2.3061 2.6591 2.5067 4.2013¢ 2.3256 23137 22783
v {O—H) vibrational frequency® (cm™) 2873 2420 2506 2049 2808 2838 3008

v (O—D) vibrational frequency? (cm™") 2104 1811 1858 1639 2062 2080 2194

“ From Morse function fitted to O—H bond stretching BPW91/6-31 G(d(p)) 5D potential. * BPW91/6-31G(d(p)) 5D harmonic approximation
normal-mode analysis calenlated values. © The higher rednced mass for 3 is caused by coupling of the OD stretch vibration in this compound to

other vibrationzl modes in particular the C=0 stretch mode.

Scheme 3. Experimentally Observed Deuterium Isotope
Effects on *C and 'H Chemical Shifts ('H chemical shifts
are in italics.)?

42 [+) R [}
0t H(D) 12.26 ppm - 12 H(D) 13.69 ppm *

16 \
0
276 309

35 98 6

34
1 4 H"O

b

H
(D} 14.26 ppm

—y O
-4 51

2230 K in CD,Cl,. "AC(OD) for 2a at 260 K in CDCly C-1, 67
ppb; C-2, 416 ppb; C-4, 63 ppb; C-7, 104 ppb and C-8, —125 ppb. 2b
at 260 K in CDCls, C-2, 136 ppb; C-3, 86 ppb; C-4, 485 ppb; C-5, 124
ppb; C-6, 32 ppb; C-9, 159 ppb and C-10, —85 ppb. 3 at 250 K in
CDyCly, C-2, 724 ppb.

A comparison of 2AC-2(0D) of 1—4 revealed that 1 and 4
are very similar, but the values for 2 had increased dramatically
and even more so for 3. The increase from 1 to 2 to 3 can be
ascribed to steric compression (see Discussion) leading to a
shorter Rp..o and hence to a long Roy and short Rom.-o
distances. A small steric effect was found in 3,5-di-zerz-butyl-
2-hydroxyaceiophenone, ¥ and a large one also in the terr-butyl
derivative, 2-pivaloyl-1,3-indandione.!5%

"AC(OD). A comparison of the long-range isotope effects
showed a very large four-bond effect, *AC-2(0D-4) in 2 and
3. Another significant observation is the rather small *ACO-
{OD-2) observed parallel with SACH3(OD-2) became more and
more negative.

Steric Effects. The decrease in Ro...o is mainly coupled to
a decrease in the C-1,C-2, O and C-2,C-1,C==0 angles (see
Scheme 1 and Figure 5az). This is scen from the foliowing
numbers: the angles (in degrees) (C-2,C-1,C=0 and C-1,C-
2,0} 1(118.6; 121.7); 4 (119.0; 120.5); 2a (118.6; 119.2); and
for 2b angles C-3,C-4,0; C-4,C-3,C=0, 121.0, 117.7; 3 (117.8;
119.0).

A comparison of calculated bond lengtk of 3 and the
corresponding molecules in which -one, two, or three of the
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Figure 3. (2) Plot of Rigyu-0, Rowo, and Rop distances vs Ro-o
distances and (b) plot of Rg#--0, Rcmo, a0d Roy distances vs ARogp;
distances. All data are from calculated structures. Open symbols are
used for aldehyde analogues, compounds 7—13 (see Table s1); hilted
symbols, for compounds 1—6. Regression line is based on data for
compounds 16 only.

acetyl groups are replaced by formyl groups (11—13, for data
see Table 18) revealed that the Ra-..¢ distances for an intramo-
lecular hydrogen bond of CH3CO-+-HO type are similar for
similar steric motifs (Figure 5b) irrespective of the number of
acetyl or formyl groups on the benzene ring. The same is true
for a HCO---HO type of hydrogen bonds. For a CH3;CO---HO
motif with Y = OH and X = CH;C=0, Ro...0 = 2.402 F 0.002
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Figure 5. (a) Model for steric interactions and (b) steric motifs.
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A; Y =OH and X = HC=0, Ro..0 = 2418 F0.001 Aand Y
= OHand X = H. Ro..0 = 2.456 A. For HC=0++HO with
Y = OH and X = CH:C=0, Ro.-.g = 2.464 T 0.001 A; Y =
OH and X = HC=0, Ro..o0 = 2.482 F 0.001 A and Y = OH
and X = H, Ro..o = 2.524 A. For 2 and 7—10 similar relations
can be written. Combining these results, it is found that an
acetyl group ortho to the OH group of an intramolecular
hydrogen bond causes a decrease in Rp...0 of 0.017 A more
tham for 2 compounds with a formy! group in the ortho position.

SOH vs 2AC(OD). The unusually large ZAC(OD) isotope
effects for benzene derivatives observed in this study allowed
an extension of the range previously studied.!®51712 Ag seen
from Figure 6 a reasonable correlation is found between dOH
and 2AC(ODYR = 0.93). The data for the indandiones® show
possibly a stegper slope (0.157) than those of the benzene
derivatives (0.095) and larger 2AC(OD) ( Figure 6).

SAQH(OD), Relatively large deuterium isotope effects on
OH chemical shifts are observed over six bonds, SAQH(OD)
in 2 and 3. For 2, SAOH-2(0D-4) < SAQH-4(0D-2).
Discussion

The following discussion of deuterium isotope effects and
their cormrelation to hydrogen bond strength is based on the
assumption that the isotope effects to a large exient can be
approximated by the term, do/dRoy x (Ar — Ar¥). The former
is termed, by Jameson, the electronic factor and tells how the

effect is transmitted through the bonds. The latter is the change
in the mean O-H distance upon deuteriation (called ARonm) in
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this paper). A justification for leaving out terms involving bond
angle  deformations and second order terms are given hy
Jameson®®#! and by the results on second-order derivatives by
Chesnut.*? Other important points are that the displacements
ate close (0 the equilibrium geometry and that the nuclear
shiglding is linear in this region, 3415 A further basic assump-
tion is that hydrogen bond strength can be described by the
Roo distance.3°

The study of o-hydroxy acyl aromatics and the corresponding
aldehydes showed that the isotope effects of the two types of
compounds were proportional, supporting the idea that the
isotope effect depended on two factors, do/dRox and ARoum).
The present study shows that the latter factor is very important
(Scheme 2) as the former is more or less constant for all
compounds (Scheme 2). It is also interesting to notice that the
calculated slopes, do™*C-x/dRoy for 1 compare quite well with
the transmission coefficients estimated in ref 18.

Hydrogen-Bond Strength. A very imponant task is the
development of parameters to gauge the strength of the hydrogen
bond. As mentioned in the introduction, 2AC(OD) and 60H
have been used extensively.!%!3! The plot of Ro--a vs 2AC-
{OD), the former based on calculations, shows a good correlation
thereby confirming that 2AC{OD) is a proper gauge for hydrogen
bond strength. ARgum) is the factor determining the magnitude
of isotope effects in these intramolecularly hydrogen-bonded
systems. This parameter is shown to be proportional to Rog,
which is again proportional to Rp...q 50 many parameters are
actually good descriptors of hydrogen-bond strength,

The correlation between Rpy #nd Rp..o shows a good
agreemeni with the data of Gilli et al?, but less so with those
of Ichikawa.5

'H Chemical Shifts. OH and NH chemical shifts of
hydrogen-bonded systems have been used extensively as mark-
ers of hydrogen bonding 411121425 The OH chemical shifts are
calculated very well in the RAHE cases of this paper even using
moderate basis sets (see the Experimental Section). This is not
the case for e.g. NH protons of proteins® in which environ-
memal factors other than the hydrogen-bond partner may
contribute significantly and the geometrical uncertainties like-
wise.

BC Chemical Shifts. Calculation of °C chemical shifts have
been discussed with respect to different methods. No significant
differences were found® between LORG™ and the IGLO
method or between the LORG and the GIAQ¥3 methods.5
Recently, 13C chemical shifts have been calculated on the basis
of MM3, MMX, or B3LYP optimized structures. Calculations
of 1*C chemical shifts have also been investigated in protein
fragments (end-capped amino acids)*® and in proteins in
general® In the present case a very good correlation is found
(Figure 1b). *C chemical shifts can be predicted to an accuracy
of 2 x 1.85 ppm (2 x RMSD), which is extraordinary. A slope

(56) {\bildgaard, I; Bax, A.; LiWang, A.; Hansen, P. E. Manuscript in
preparation.

(57) Ichikawa, M. Acta Crystallogr. 1978, B34, 2074,

(58) Hansen, Aa. E.; Bouman, T. . J. Chem. Phys. 1985, 82, 5035.

(59) Kutzelnigg, W. Isr: J. Chem. 1980, 19, 193.

(60) Facelli, ]. C.; Grant, D. M.; Bouman, T, D.; Hansen, Aa. E. J. Compr.
Chem. 1990, 11, 32.

J. Am. Chem. Soc., Vol. 120, No. 35, 1998 9063

different from —1 is obtained (see Figure 1b), as has also been
found in other studies® A key to the successful calculations
is the blend of DFT theory in the BPW91 version with only
the exchange terms in the calculation of chemical shifts,*¢ the
use of fully optimized DFT ab initio geometries,3* and probably
10 a lesser extent use of polarization basis functions at the chelate
proton in the geometry optimizaiion.

Steric Factors. The effect of steric hindrance can be divided
into two, in some instances possibly mutual interactions as
demonstrated in Figure 5a. One is the steric effect on the OH
group caused by the methyl group of an acetyl group leading
to a decrease in the angle A (Figure 52) and the other one is
steric compression of a carbonyl group caused.by an oxygen
and the methyl group of the acetyl group leading to a decrease
of angle B. This is also seen from the angles C-2,C-1,C=0
and C-1,C-2,0 (see previously). A support for a steric model
15 the finding that structure calculations of 7—13 clearly show
how the acetyl group leads to a larger decrease of Ro--o
compared to a formyl group. For a given steric motif the results
are sitnilar whether a2 formyl or acetyl group are in the
noninteracting positions (compare e.g. 3 and 11). This is
interesting as the formyl and acetyl groups are electronically
different.

Conclusions

Structures of intramolecularly hydrogen-bonded o-hydroxy
acyl aromatics are calculated to a good accuracy using DFT
methods.

OH chemical shifts of these systems can be calculated to a
very good accuracy using ab initio methods in moderate basis
sets. In addition 3C chemcal shifts can be calculated well. A
prerequisite is the use of filly optimized DFT geometries 4243

It is demonstrated that 2AC(OD) isotope effects and 60K
reflect the strength of the hydrogen bond well. The dominant
factor of the "AC(OD) isotope effects is the variation of the
vibrational average of the O—H(D) bond length upon deute-
riation rather than the derivative of the nuclear shielding with
respect 10 OH bond shortening, do/dRog.

For the benzene derivatives having multiple OH and acyl
groups, "AC(OD} and the hydrogen bond strength are seen to
increase due to an inductive effect (small) combined with a
stronger steric compression effects.
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Abstract

13C=0), **CH3, '*N and "0 isotropic NMR shieldings of model amides, acetamide and N-methylacetamide, in the presence of
point charges and of hydrogen fluoride simulating dipolar perturbations, have been calculated by the ab initio LORG method.
Positive and negative charges produce similar but opposite changes. The calculated effects are exaggerated compared to experi-
ment, but the trends are reproduced. The results are analyzed in terms of electric field effects and contributions along the bond
directions, assuming a cos § angular dependence between the charge and the bond that is polarized, and a 1/r* distance depen-
dence. The parametrized expressions can form a basis for a protocol for analyzing changes in '*C, 'SN and possibly O amide
and peptide shieldings caused by charged perturbers. Conversely, the location of an atom or group changing charge can be in-
ferred from the chemical shift response of nuclei in its vicinity.

1. Intreduction

Charges can have important effects on nuclear
magnetic shieldings, as revealed ¢.g. through titra-
tion experiments for *C in amino acids [1,2], pep-
tides [3-3] and proteins [6,7], and for **IN [8,9] and
70 [10]. In addition genetic engineering and new
NMR techniques [11,12] have made '3C and *N
shielding data of proteins increasingly accessible,
challenging interpretations of the wide range of these
shieldings. Early interpretations [13] suggested
electric field effects; a theoreticai framework for
such effects was developed by Stephen [14] and
Buckingham {[15] (see also Riley and Raynes [16]),
and applied in more detail by Batchelor {17-19]. The
focus was on the polarization of X~'H bonds, al-

* Presented in part at “Frontiers of NMR in Molecular Biol-
ogy”, Taos, New Mexico, March 1993,

though the method has also been applied to 13C-C
single bonds {10,21]. But until quite recently, the
more general problem of the shieldings of the heavy
nuclei in the peptide unit had hardly been treated
theoretically.

However, ab initio calculations of NMR shicldings
have now reached a siage, where results of an accu-
racy comparable to experiments can be obtained
{221, and ab initio studies of charge and field effects
on NMR shieldings have been reviewed by de Dios
and Jameson [23]. In the peptide-protein context,
ab initio calculations of charge, dipolar and quadru-
polar perturbations of small molecules have been used
to model local environmentat effects on the CO
shielding in carbor-monoxy ligated heme proteins
[24] and to rationalize chemical shift ranges in pro-
teins [25], and an ab initio charge-field approach has
been applied to predict nuclear shieldings in proteins
[26]. In the present work we use the localized or-

0009-2614/94/$07.00 © 1994 Elsevier Science B.V. Al rights reserved
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{HF)

T6F)

)

Fig. 1. Molecular geometry of ACAM and MEACAM with charge
and HF positions.

bital-local origin (LORG) ab initio method [27,28]
to study the shielding of all {non-hydrogenic) nuclei
of model amides in the presence of positive and neg-
ative point charges simulating charged groups, and
with hydrogen fluoride arranged as a dipolar frag-
ment. The positions are chosen to yield balanced
maps of the influence of charges and dipoles, and we
show that the computed shieldings can be repre-
sented to 2 high degree of accuracy by a charge per-
turbation model providing a protocol for the depen-
dence on distances and angles for charge and dipolar
effects on the C, O and N nuclei of the amide unit.

Table 1 :

2. Computational method and results

The amide models chosen were acetamide
(ACAM) and N-methylacetamide (MEACAM); the
ACAM molecular geometry was obtained from a
BIOGRAF force field calculations  with the N-CHj
unit in MEACAM grafted onto an unrelaxed ACAM
structure (Table 1). Point charges are placed on
domes centered on the carbonyl carbofi atom, as
shown in Fig. 1 for the positions chosen on a dome of
4 A radius. Four ACAM calculations were performed
both with a positive and a negative unit charge (i.e.
1 au) in the indicated positions on domes of radii 4
and 6 A. Additional points in the direction of the C-
CH, bond, at 5 and 7 A distances, and at 6 A in this
direction at 30° above and below the N—-CO--C plane
were also included. For MEACAM only points with
negative charges on the 6 A dome were included. To
simulate dipolar perturbations, hydrogen fluoride
(HF) was placed as shown in Fig. 1 for half of the
orientations at one of the five positions (in the other
haif H and F are interchanged ). The HF distance was
fixed at the experimental value of 0.917 A [29].

SCF results were obtained with GAUSSIAN 90
[30], and for the amides we used a [3s2p/2s] basis
[31], yielding ground state energies of —207,907651
and —246.924937 E, for ACAM and MEACAM, re-
spectively, varying up to 0.06 E, with charges in dif-
ferent positions. For HF we used a [3s3pld/2s] ba-
sis, based on the [3s2p] functions of Ref. [31]
mutatis mutandis basis B of Ref. [27], and with a
50-50 contraction of gaussians with exponents 1.05

! Biograf, modgﬁgn Inc., Pasadena, USA,

Atomic coordinates and absolute shieldings for the heavy nuclei in ACAM and MEACAM *

Atom Coordinates {A)® g(ACAM) ® o(MEACAM) ©
calc. calc.
x ' . ¥
< 0.0000 0.0000 0.0000 —7.65 —473
0O, ©0.0000 0.0000 1.2658 —185.69 —167.12
Cs 1.3254 0.0000 —0.6731 . - 168.73 169.19
N, =1.0912 0.0579 —0.7237 171.34 . 167.53
o —2.4527 0.0857 —0.2255 168.66

* See text and Fig. 1 for abbreviations and coordinate system.
* The bond lengths are chosen to mimic a peptide.
¢ Isotropic shieldings {in ppm) for the unperturbed molecules.
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and 0.30 for the & component. This basis was chosen
to ensure proper description of the lone pairs on F
and of the virtual space in that region, and gave a
ground state energy of — 100.040737 E,. The dipole
moment was 1.935D (exp. 1.326 D {29]), and Mul-
liken populations gave partial atomic charges of +/
— 0.561859 au, varying up to 0.01 au for different
orientations of HF in the complexes.

The ab initio shielding calculations employed the
LORG method [27,28,32], which is a variant of the
coupled Hartree-Fock theory (see e.g. Ref. [28])
where local gauge origins are associated with local-
ized (occupied ) orbitals. Because of the strong polar-
ization of the C=0 and C-N bonds, care had to be
exercised in the choice of localization and of the
RMIN parameter [27,33] defining the LORG as-
signment of the local origins. We used a localization
generating a ¢, # bond structure for the N-C=0 unit,
and a value of RMIN identifying the ¢(C-N), the
¢(C-0) and the 6{C-C) orbitals as bonded to the
carbonyl carbon, while the polarization of the  or-
bitals is s0 pronounced that their centroids are out-
side the RMIN radius relative to that atom.

Results for the heavy nuclei in the waperturbed
molecules are given in Table 1 2, with the computed
shieldings within the expected range [33,34]. Figs.
2a-2d show the change, i.e, ¢(charged) —o(neutral),
in the calculated carbonyt *C and 70, the N-methy}
13C and the >N shieldings for in-plane charges plot-
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ted against the angle from the charge to the C=O bond .

(see Fig. 1). Negative and positive charges show al-
most exactly opposite effects. For the carbonyl '*C
(Fig. 2a) a large effect is found for charges along the
C-C bond (angle 118°), with smaller effects for
charges along the C=0 and N--C(carbonyl) bonds and
for charges behind the C-C bond (angle —62° ); not
unexpectedly, the largest effects are for short dis-
tances. MEACAM foliows the ACAM trend, except
that charges along the N-C{(carbonyl) bond contrib-
ute slightly more in the former. The 'O shielding
(Fig. 2b) is almost unperturbed, except for charges
along the C=0 bond, while for N-methyl *C and for
N (Figs. 2c and 2d), the dominant perturbations
lie along the C-C and N-C{carbonyl) directions, re-
spectively. Note that the variations appear less regu-

2 Complete tables of computed results are available from the au-
thors upon request.
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lar for YO, N-methyl *C and **N since the domes
are centered on the carbonyl carbon,

3. Simulations

In an electric field perturbation approach, the vari-
ation in the nuclear shieldings can be modelled by an
expression of the following form (see Fig. 3) [5,20]:
Ao=qy ¥ k,;c086,,/r%;. (1)

r i=0,1
Here Ao=o(charged) —o(neutral) is the shielding
difference of a particular atom induced by the charge
g. n indexes a bond to the atom under observation, i
indexes the end of the bond where the field compo-
nent is determined (i=0 for the atom under obser-
vation and i=1 for the atom bonded to it), and the
bond coefficients k,,; parametrize the field effects. In
their electrostatic treatment of induced charges
Schneider et al. [20,21] employ an expression of the
same form, but use the midpoint of the bonds as ref-
erence points.

Here we test three different simulation schemes for
expiscating bond contributions according to Eq. (1}
by application of a multivariable linear regression
analysis to the entire set of computed shieldings (i.e.
142 and 21 values for ACAM and MEACAM, respec-
tively). The first scheme uses the field components
along the bond directions at the nucleus under obser-
vation, giving k, o coefficients (/=0 only). The sec-
ond uses the components along the bond direction at
the atoms bound to this nucleus, yielding &, coeffi-
cients (/=1 only), and the third scheme includes both
atoms in the bonds (full Eq. (1}). In each of the two
methy! groups the C-H bonds are treated as one ef-
fective contribution by assigning to the three bonds
the same k,,; parameters. For the point charge results
we use the actual charges (+/— 1 au), while for the
dipotar results we use the average of the partial atomic
charges for the various arrangements of the HF frag-
ment { £0.5615 au) (see Section 2).

The results are shown in Table 2. The absence or
presence of ko and &, | values reflects the three sim-
ulation schemes as described. The relatively large
standard deviations found.in particular for the k,,
values may indicate that these are not completely in-
dependent of the k,, variables and that for a given
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atom only one particular direction, not necessarily
along any of the actual bonds, may contribute effec-
tively to Ag at the nucleus under observation.

As expected, the best fits are obtained when the fiefd
components at both atoms of the bonds are included
in the simulation for the various nuclei. The param-
eters are quite sensitive 1o the choice of simulation,
but experimentation with the use of bond midpoints,
or other intermediate bond points, following Refs.
[20,21] did not suggest consistent improvements
relative to the end point simulations (i.e. i=0ori=1
only). Between the latter two simulations, the i=0
only results are generally better except for the ca-
bonyl '*C nucleus, where the fact that =1 gives the
better simulation may be related to the effective elec-
tron deficiency of this nucleus caused by the strong
bond polarizations discussed above. The accuracy of
the full Eq. (1) (six-parameter) simulation of Ag for
the carbonyl *C nucleus in ACAM is evident in Fig.
4,

The charge effects at the oxygen shielding are dom-
inated exclusively by contributions along the C=0
bond and a simpie relationship is thus obtained.

4, Discussion

The main features of isotropic NMR shieldings are
generally quite local, making the carbonyl **C in the
present model systems probably the most realisti-
cally represented nucleus in terms of polypeptide or
protein simulation. The accuracy of the protocol for
this nucleus, as evidenced in Fig, 4, is particularly en-
couraging in terms of potential predictive and analyt-
ical value. Specifically, we find that for distances
larger than 5 A the data for carbonyl carbons can to
good precision be analyzed in terms of a shielding po-
larization along the C~C bond using either a three-
parameter model, or to higher accuracy 2 six-param-
eter model. In addition, there is z significant differ-
ence between the resuits for charge perturbations in
front of and behind the C-C bond. Similar trends are
seen for the '*N and !*CHj, nuclear shieldings, and a
combination of titration shifts for these nuclei can
therefore be used to locate the charge.

Qur approach is different from that the Schneider
et al. who calculated atomic charges and used these
to estimate the changes in nuclear shielding [21], and
from the ab initial work of de Dios et al. [26] which
deals with specific shifts in selected proteins. In the
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Fig. 4. Ab initio nuciear shieldings versus shieldings calculated from Eq. (I ) for '3C carbonyl carbon in ACAM, using geometrical input

from both atoms in the bonds. (¢ ) HF dipolar perturbations.

ab initio work of Augspurger et al. [24,25] a deriva-
tive Hartree-Fock approach is used to calculate
shielding polarizabilities and hyperpolarizabilities,
which are coefficients in an electric field expansion
of the shielding [15,16]. As post facto derived quan-
tities according to Eq. (1), our k,; parameters are
akin to, but distinctly different from, the shielding
polarizabilities.

The predictions made in this study can be com-
pared to experimental results, although the following
points must be taken into account: (i) changes in di-
electric constants in solution, (ii) the change in sol-
vation between the charged and the uncharged groups.
For proteins changes in local dielectric constants also
bave to be taken into account; this is not the case for
simple amino acids.

C=0 titration shifts show that nuclear shielding of
the first amide carbonyl carbon of the C-terminus of
a peptide or protein is shifted to high field upon de-
protonation of the C-terminal carboxylic acid group.
This is in good agreement with our theoretical
calculations.

For N few titration data exist. The glutamine
CONH, nitrogen nuclear shielding shows no effect
upon titration of the aCOOH group [8]. The negli-
gible change in shift is in good agreement with an ex-
tended side chain, but not with e.g. hydrogen bond-
ing between the acid group and the side-chain amide
group as such a closeness would lead to a large shift
as judged from the calculations.

Q) titration of three dipeptides, Gly—Ala, Gly-Leu
and Gly-Glu showed that the C*”ONH resonance was
shifted 6-12 ppm upfield upon deprotonation of the
C-terminal COOH group and 12-16 ppm upfield
upon deprotonation of the NHF group [10] in ex-
cellent agreement with the trends of the theoretical
results.

We believe that a protocol based on Eq. (1) with
the parameters of Table 2 can be of considerable as-
sistance in analyzing changes in **C, *N and possibly
Y70 amide and peptide shieldings caused by charged
perturbers. Conversely an approximate location of an
atom or group changing charge can be inferred from
the chemical shift response of nuclei in its vicinity.
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The vibrational structure of the title compound (TTP) was studied by experimental and theoretical methods.
IR absorption spectra were recorded in argon mairix and in stretched polyethyiene at 12 X. - The linear dichroism
(LD} observed in the latter solvent provided experimental symmetry assignments of the observed vibrational
states. Molecular geometries and harmonic force fields were calculated ab initio with the 6-311G** basis
set using three different procedures: restricted Hartree—Fock theory (HF), second-order Mgller—Plesset
perturbation theory (MP2), and density functional theory (DFT). In the latter, Becke’s gradient-corrected
exchange functional was combined with Perdew and Wang’s correlation functional (BPW91}), leading to
excellent agreement with observed IR transitions. The combined experimental and theoretical evidence enabled
an essentially complete assignment of the fundamental vibrations. Of particular importance is the assignment
for the first time of the long-sought “bell-clapper” mode associated with the unique S—S—8 structural element
of TTP, giving rise to an intense, long-axis polarized transition in the far-IR (153 cm™!).

1. Introduction

The unusual molecular and electronic structure of 1,6,6a4%-
trithiapentalene (TTP) has been a subject of investigation for

decades.!™2 The main question has been whether TTP is
adequately described by a rigid Cz, symmetrical molecular
structure or whether there is rapid equilibration between two
equivalent C, structures, e.g., the valence tantomers I and I’

| ——

5—%8 s S 5—s
i r

The available evidence indicates that TIP can be considered
as a naphthalene-like 10m-clectron sing system with s,
symmetrical equilibrium structure, incorporating a unique linear
arrangement of three sulfur atoms with weak and uousually long
S$—$ bonds; the bond distance is close to 2.35 A34 The central
S atom is assumed to be situated in a broad U-shaped potential,
giving rise to a low-frequency antisymmetrical S—§ stretching
vibration, the so-called “beli-clapper” vibration where the central
S atom moves in a clapperlike manner toward one or the other
of the two neighboring S atoms. The normal coordinate for
this vibrational mode would correspond to the reaction coor-
dinate for interconversion of the hypothetical C, tautomers I
and I'.

* Corresponding authors.

1 Dedicated to Professor Rolf Gleiter on the occasion of his 60th birthday.
% Roskilde University (RUC).

% National Renewable Energy Laboratory (NREL).

@ Abstract published in Advance ACS Abstracts, May 15, 1997.

S$1089-563H97)00777-9 CCC: $14.00

As emphasized 20 years ago by Gleiter,” analysis of the
infrared (IR) absorption spectrnm of TTP together with a
theoretical normal-coordinate analysis would contribute greatly
to the understanding of the peculiar properties of TTP. Part of
the mid-IR spectum of 2,5-dimethyl-TTP was published
recently,? but no experimental investigation of the vibrational
structure of the parent compound have been published; in
particnlar, the postulated bell-clapper vibration has never been
observed. Theoretical studies of TTP are complicated by the
circumstance that ab initio Hartree—Fock (HF) calculations fail
to repraduce the observed symmetrical structure but predict an
equilibrium structure of C, symmetry.®!° Post-HF single-point
calculations indicate that inclusion of electron correlation leads
to predictions in agreement with the observed symmetrical
structure,” but complete geometry optimizations and vibrational
frequency calculations with correlated wave functions have not
been reported.

In this paper we report the results of an extensive experi-
mental and theoretical study of the vibrational transitions of
TTP in the mid- and far-IR regions, including linear dichroism
(LD) spectroscopy in stretched polyethylene and high-guality
ab initio calculations of the harmonic vibrational frequencies.

2. Experimental Section

TTP was prepared and purified as previously described.’
Additional substance was kindly provided by Rolf Gleiter and
Carl Th. Pedersen. Ordinary (—hy) and perdeuterated (—ds)
stretched polyethylene (PE) samples were prepared using
standard procedures.!®!* The uniaxiaily stretched samples were
pretreated at 60 °C for 28 h to avoid further orientational
relaxation. Undesirable fringing effects were minimized by
sanding the samples with fine sand paper.

Initial IR absorption spectra were recorded at room temper-
ature on a Perkin Elmer FT-IR SPECTRUM 2000 spectropho-
tometer. Final spectra were measured at low temperature on
Nicolet Magna-550 or evacuated Bomem DA-3 FT spectro-
photometers using an APD-Cryogenics 202-E closed-cycle
helium cryostat. Mid-IR measurements were carried out with

© 1997 American Chemical Societv



75

4476 J. Phys. Chem. A, Vol. 101, No. 24, 1997

1490 1100

e

Andersen et al.

z

800 500 200

1400 1100

800 500 200

V(cm '1)

Figure 1. IR linear dichroism spectra of 1.6,6al*-trithiapentalene (TTP) aligned in stretched polyethylene (PE) at 12 K. The figure shows the
baseline corrected absorbance curves recorded with the IR electric vector paraliel {Ez, bottom) and perpendicular (Ey, top) to the stretching direction.
The 6141050 and 1150—1600 cm™! regions were recorded from a perdenterated PE sample, the remainder from an ordinary PE sample.

a liquid nitrogen cooled MCT-B detector and an IGP-225
polarizer (Cambridge Physical Sciences, Ltd ). In the far-JR
region a helium-~cooled Si bolometer (Infrared Laboratories),
IGP-223 and IGP-224 polarizers, and solid substrate Si beam-
splitter were applied. Each spectrum consisted of 1000 scans
with a resolution of 0.5 cm™t,

Low-temperature LD spectra were recorded as follows: First,
a pure stretched PE sample was mousted in a copper holder,
attached to the cold tip of the cryostat, and cooled to 12 K
(initially kept under reduced Ar pressure}), and two baseline LD
spectra were recorded corresponding to Ex(¥) and EW%) (see
below). The sample was then warmed to room temperature and
TTP was introduced from the vapor phase by sublimation in a
small evacuated container at 52 °C for 40—60 h. Excess TTP
was washed from the surface of the sample with methanol, and
after cooling to 12 XK two LD absorbance curves were
measured: Ez(7) with the electric vector of the linearly polarized
IR radiation paralle} to the stretching direction Z, and E(%) with
the vector perpendicular'to it; in both cases the direction of the
beam was perpendicular to the surface of the sample sheet. 1314
The resulting baseline-comrected LD absorbance curves are
shown in Figure 1. The 1600—1150 and 1050—614 cm™*
regions of the spectra were obtained from a perdeuterated PE
sample, the remainder from an ordinary PE sample.

The Ar-matrix sample was prepared on a Csl spectroscopic
window attached to the cryostat by subliming TTP at 60 °C
into a stream of Ar (0.5 mmol/min for 37 min). The mid-IR
absorbance spectrum measured at 12 K is shown in Figure 2.
The bands listed in Table 1 were established as belonging to
TTP on the basis of identical rate of disappearance during
irradiation at 454.5, 514.5 (Ar ion laser), or 248 om (KiF
excimer laser). The photochemistry of TTP in Ar matrix at 12
K is under investigation and the results will be published
elsewhere. .

Observed wavenumbers #; and relative integrated intensities
I; are given in Table 1. In the stretched PE experiment (Figure
1} I values were determined from the isotropic absorbance curve
EZ#) + 2Ex(#"* and normalized relative ‘to the strongest
observed transition at 153 cm™. This transition is not chserv-
able in the Ar matrx; the intensities measured in Ar were
normalized such that the transition corresponding to the second
strongest band in PE (1449 cm™?) appears with equal intensity
in both solvents. The wavenumbers observed in Ar and in
stretched PE are generally similar, but the relative intensities
differ significantly in several instances.

3. Calculations

Molecular geometries and harmonic force fields for TTP were
calculated ab initio at the restricted Hartree-Fock (HF) level,
and by using second-order Mgller—Plesset perturbation theory
(MP2)*5 and density fanctional theory (DFT).~17 The caicula-
tions were performed with GAUSSIAN 94'8 using standard basis
set 6-311G**, inciuding 192 basjs functions (322 primitive
Gaussiaps). The MP2 expansion considered the complete space
of all molecular orbitals (keyword MP2=full}.!* In the DFT
calculation Becke’s gradient-corrected exchange functionall®
was combined with Perdew and Wang's comrelation fanctional®
(keyword BPWG1).18

Within the constraints of C,,, symmetry, previous HF calcula-
tions on TTP using 4-21G, 3-21G(*), 6-31G(*), and 6-31G*
basis sets lead to total energies —1371.413 964, —1377.536 7832
—1384,055 281,72 and —1384,131 800° au, respectively, indicar-
g slow basis set convergence. The present HF/6-311G** (Cy,)
calculation yields —1384.239 116 au; the optirized geometrical
parameters are listed in Table 2. However, the G, structure
corresponds to a first-order saddle point on the HF potential
energy surface, characterized by ope imaginary vibrational
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Figure 2. Mid-IR absorption spectrum of 1,6,6al*trithiapentalene (TTP) isclated in argon matrix at 12 K.
TABLE 1: 1,6,6al'-Trithiapentalene (FTP). Observed Vibrational Absorption Bands and Their Assignment to Calculated

Fandamental Transitions®
Ar matrix stretched PE° BPW91/6-311G**¢
sym? v E v F Ke v P approximate description’
b1 a 237 0.1 0.320 220 0.1 S[(S)""S&; st; skeld
12 337 0.02 0306 320 0.1 81—S&—S8s b; skel d
V3 633 0.7 629 0.03 0303 603 0.1 Capy—Caa st + iph Caa—8e; st; skel d
Vs 661 23 654* 13 0.310 644 10 Cs,~Sez st; skel d
Vs 835 29 839 4.9 0.300 825 7.7 Cz(s)‘_sl(s) st + C3(4)-"H b; skel d
Ve 1091 5.1 109¢ 5.8 0.303 1083 104 Casy~H b + oph Cayy~Hb
Vg 1268 0.5 1266 0.3 0301 1231 02 Caxy—HD
Vg 1347 0.4 1346 223 0.305 1331 6.6 Cog—H b +iph Cyy—Hb
¥ 1534 0.3 1532 03 031 1507 7.6 Cas—Cas st + oph Csy—Caa st C—Hb
T 3044 04 3102 09 Cos—Hst
v 3073 0.2 3123 8.0 Caqy—H st
Yis b 127 1.0 Ssa op d+ iph Cs op d+ Oph C;(s) op d; op skel d
17 347 17 022 336 1.9 Se op d + oph Cs; op d + iph Cxs) 0p d; op skel d
V18 602 6.8 602 117 0.240 585 115 Caa op d+ oph C3(4)—H op b
Y19 781 17.3 778 202 0.259 761 55.7 Cass—Hopb +iph Cysy—Hopb
Vag 904 0.4 896 0.6 0.24 884 0.1 CosHopb+ophCay—Hopb
va b 155 100 0462 228 100 S1e—Se St; skel d (bell-clapper)
L) 384 3.9 0.520 378 7.4 S5 Sea 5t + Cy5—S512)—Se b; skel d
Va3 707 19.3 706* 16.8 0.445 699 17.8 Carsy=Cay—Caa b + Cas—812—Sea b; skel d
Va4 863 234 857 144 0.457 849 303 812 Cas—Cs b + C—HDb; skel d
V25 1121 24 1121 17.9 0.483 1123 233 Cas—H b + oph Cyey—Hb
Vs 1207 23 1205 21 0.435 1207 0.0 Cosy~Hb +iph C3yy~Hb
Yoy 1378 5.1 1373 28 0.440 1370 4.5 Cos—H b + iph Cyy~Hb + Co5yCaay—Caa b
Vag 1456 75.6 1449% 756 0.450 1479 130.2 Caesy—Ciagy 5t -+ oph Cay—Caa st + C—Hb
Vay 3040 0.1 3101 0.7 Com—H st
Vag 3068 0.3 3121 12 Cyy—H st

¢ Wavenumbers # in cm™!. Additional weak wansitions observed, e.g., at 785 (a:) and 1349 cm™! (bs) were not assigned as fundamentals, see
text. » hreducible representations in the Cz, point group. In the designation of symmetry labels, the molecular axes are redefined: z and yz are
taken as the €; axis and the mglecular plane. © Stretched polyethylene (12 K); wavemmbers marked with an asterisk (*) indicate transitions observed
in perdeuterated polyethylene. 4 Table 3. © Integrated intensity relative to Ls = 75.6. 7 Integrated isotropic intensity E, + 2Ey relative to I; = 100.
¢ Oriemtation factor.'>*  Theoretical intensities relative to J»; = 100. !st = stretching, b = bending, d = deformation, skel = skeleton, op =

out-of-plane, iph = in-phase, oph = out-of-phase.

frequency, v (Table 3). This is the transition structure on the
Teaction coordinate between two equivalent C, minima on the
HF potential energy hypersurface, as mentioned in the Introduc-

tion. The HF/6-311G** C; energy minimum is —1384.255 660
an which is 0.016 544 au (10.38 kcal/mol) lower than the
corresponding C,, transition state, But consideration of electron
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TABLE 2: 16,6ai*Trithiapentalene ({TTP). Calculated C,, Geometries in Comparison with Structaral Data from X-ray,
Electron Diffraction, and Nematic Phase *H NMR Investigations _ -
. HF/6-311G%* MP2/6-311G** BPWOL/6-311G** X-ray? ED* NMR/
- 81-C2¢ 1.6834 1.6813 1.7019 1684 1.698
C2—-C3 13585 1.3750 1.3774 1.354 1.364 1.387
C3—C3a 14110 14141 14177 1.400 1422 1404
C3a—56a 1.7363 17325 1.7633 1.748 1,708
81—-86a 23797 23723 24272 2.363 2.328
. C2—H 1.0764 1.0876 1.0920 1.114 1.084
C3—H 1.0736 1.0862 1.0909 1.114 i.109
S1—C2—-C38 120.11 119.48 120.41 120.1 118.7
C2—C3—C3a 119.82 11597 120.78 120.3 119.4 120.7
C3—C3a—56a 119.48 119.08 118.70 118.3 1192 119.0
H-C2-C3 120.69 121.61 121.48 122.3
H~C3-C3a 118.60 118.80 118.48 : 119.4
C3a2—86a—81 88,70 28.23 38.95 8%.1 90,1 e
S6a—S1—C2 D1.89 92.24 %1.12 92.0 92.6

2 Bond lengths in angstrgms. » Bond angles in degrees. ¢ Cs, symmetry imposed. ¢ Reference 3. © Reference 4. f Reference 6,
TABLE 3: 1,6,6ai-Trithiapentalene (TTP). Comparisen of Fundamental Vibrations Calcniated at Three Different Levels of

Theory (See Text)®
HF/6-311G%* MP2/6-311G** BPW91/6-311G**
sym?® ¥ I k B v ¥ k B ¥ I k u
21 & 260 0.1 0.79 19.7 235 0.1 0.64 19.0 220 0.1 0.55 192
va 363 0.1 0.87 11.2 336 02 0.75 11.3 320 02 0.70 117
Vs 667 0.1 1.66 6.3 626 0.3 1.45 6.3 603 Q2 131 6.1
V4 703 3.1 2.37 3.1 697 ] 226 79 644 15 2.10 2.6
Vs 902 45.1 249 5.2 892 10.6 2.27 4.8 825 119 2.04 5.1
Vg 1211 302 1.23 id 1130 135 1.01 13 1083 16.0 1.00 13
w1 1355 133 243 2.2 1280 0.7 1.88 19 1231 0.3 1.69 19
Vg 1510 17.5 2.24 1.7 1383 51 213 1.9 1331 - 10.1 181 17
v 1664 423 7.80 4.8 1567 4.1 9.42 6.5 1507 11.7 813 6.1
Yo 3329 50 7.11 1.1 3201 43 . 656 ki 3102 . 14 6.21 1.1
Yu 3360 24 7.29 L1 3229 75 6.73 1.1 3123 124 629 il
Y1z az 148 0 0.07 53 147 . L[] 0.07 54 142 0 006 - 54
L4t 468 Q Q.44 3.4 425 0 043 40 436 0. 0.39 35
V14 818 ] 0.46 1.2 729 0 0.37 12 718 0 0.36 12
V15 1054 0 0.86 1.3 279 0 0.56 12 875 0 0.58 1.3
P15 by 150 i5 0.08 6.8 98 19 0.03 6.1 127 1.5 008 . 80
V17 353 7.9 0.37 50 334 1.5 041 62 336 2.9 035 52
V18 670 11.0 0.81 31 561 175 091 49 585 17.7 0.70 35
Yio 887 101.1 0.70 15 748 917 044 13 761 6.0 048 i4
V2o 1049 1.0 0.39 1.4 877 02 0.57 13 884 0.1 0.62 13
va by 392i¢ 3420 =236 26.1 271 159.7 0.86 19.9 228 154.4 0.67 218
Va2 416 15 119 117 399 23.1 1.27 13.6 378 11.5 108 129
a3 750 233.1 294 8.9 730 394 246 79 699 276 233 8.1
Vo4 907 205.7 220 45 913 713 2.07 42 849 46.8 1.85 44
Va5 1204 407.3 127 15 1157 544 0.85 it 1123 36.1 0.83 11
V26 1297 - 56.8 1.7 1.8 1250 05 1.44 1.6 1207 00 137 16
var 1469 3935 345 27 1428 34 4.39 3.7 1370 6.9 4.10 37
Vi 1559 175.6 3.47 24 1600 288.2 10.34 69 1479 201.0 6.84 3.3
oy 3328 32 7.10 1.1 3200 13 6.56 1.1 3101 11 6.15 1.1
Vo 3353 31 7.27 1.1 3226 12 6.73 1.1 3121 i8 6.29 il

¥ = wavenumber in cm™ (unscaled), 7 = IR intensity in km/mel, & = force constant in mdyo/A, & = reduced mass in amm.  hreducible
representations in the €y, point group. In the designation of symmetry labels, the molecular axes are redefined: z and yz are taken as the C; axis
and the molecular plane. © C;, symmetry imposed. ¢ Imaginary wavermmber, see text.

correlation is expected to change the situation in favor of the
bridged, symmetrical structure, as indicated by recent single-
point MP4/3-21G(*) and MP2/6-31G* results by Cimiraglia and
Hofmann.® This expectation is confirmed by the present MP2/
6-311G** and BPW91/6-311G** calculations with full geom-
etry optimization that predict a stable Gy, symmetrical equilib-
rium structare; no minima coresponding to the valence tautomeric
C, structures L and I were found. The calenlated total energies
are —1385.803 292 6 (MP2) and —1387.600 610 1 (BPW91) au.
Calculated bond lengths and angles are in good agreement with
experimental data, particularly in the case of MP2. The C~8
and S—S bond lengths tend to be slightly overestimated by
BPWO91; the S—S bond is thus predicted to be 2.43 A, compared
with experimental values in the range 2.33—2.36 (Table 2).

Vibrational transitions computed at the three levels of theory
are compared in Table 3, and an approximate description of
the IR-active modes is included in Table 1. As anticipated,
the +2; mode obtained with MPZ2 and BPW91 is a low-frequency
beil-clapper type vibration (see below).

4. Results and Discussion

The orientational properties that can be determined from the
LD curves in Figure 1 are the so-called orientation factors'®4
for the observed vibrational transitions. ‘The crientation factor
K; for an optical transition 7 is the average over all solute
molecules of cosine square of the angle between the molecular
transition, moment vector M; and the uniaxial stretching direction
Z of the sample:1334



Structure of 1,6,6a1* Trithiapentalene
K, = {cos’(M,,2))

The K; value for a nonoverlapped transition i is related to the
dichroic ratio d; = Ex{#;)/EW(¥;) through the equation K; = di/(2
+ d).531% In the present investigation the d values were
determined from the ratios of the integrated absorbances and
overlapping transitions were analyzed by the TEM method.!*
The resulting K values are given in Table 1.

The observed X; fall in three distinct groups with values equal
to 0.240 = 0.01, 0.306 == (.02, and 0.462 =+ 0.02; the three
characteristic values add up to unity within experimental error
{1.008 + 0.02). As in the case of 2,5-dimethyl-TTP,? this
observation is only consistent with the assumption of high
molecular symmetry and provides an independent confirmation
of the presence of a €z, symmetrical equilibrium molecular
geometry on the time scale of IR spectroscopy. Under the
assumption that the alignment of TTP in stretched PE reflects
its molecular dimensions,!?-14 we assign the three characteristic
Ks as (K:, K, K7) = (0.240, 0.306, 0.462). The labeling of the
axes is chosen according to the convention K: = K; = K. A
recently published UV—vis LD investigation of TTP in stretched
PE cobtained Ks cotresponding to (K, K) = (0.3, 0.53);!? the
larger K observed in this experiment can be explained by the
circumstance that a freshly stretched (and not amnealed) PE
sample was applied, resulting in more efficient molecular
alignment. The identification of the labels x, y, and z with the
individual symmetry axes of the molecule represents an absolute
polarization assipnment and allows experimental identification
of the symmetries of the observed vibrational states, With the
present definition of molecular axes, x forms a basis for the b;,
y for the a;, and z for the b, irreducible representation of the
oy point group. The resulting symmetry assighments of the
observed transitions are given in Table 1 and indicated graphi-
cally in the top parnel of Figure 3.

The suggested assignment of observed pezaks to fundamental
transitions is indicated in Table 1. This assignment is strongly
supported by the theoretical results. Calculated wavenumbers
and intensities of the 30 fundamental transitions of TTP (I =
1la; + 4a; + 5by + 10by) are listed in Table 3, and illustrated
graphically in Figure 3, lower panel. The observed wavenum-
bers are well reproduced by simple scaling of the theoretical
values: Pops = 0.9555%apz (SD = 39 cm™) and Fgps =
0.9904%grwo: (SD = 28 ecm™Y), indicating an effective scaling
factor close to unity in the case of BPW91. The performance
of BPW91 is highly satisfactory and slightly superior to that of
MP2 (the relative success of BPFW91 is remarkable in view of
the much shorter computation time). Detailed comparison of
observed and calculated IR intensities is complicated by the
significant solvent sensitivity of the experimental values, but
the observed trends seem well reproduced by the calculations.

One funrdamental is apparently not observed, v, which is
predicted by the theoretical procedures to give rise to a weak
transition around 100 cm™~!. Experimental features due to this
transition are probably obscured by the strong broad band with
maximum at 153 em™! (assigned to vo; as discussed below). A
mumber of additional trapsitions are observed that are not
assigned to fundamentals. Two are indicated in Figure 1, a
y-polarized shoulder at 785 cm™! and a z-polarized one at 1349
cm™!; both are observed as distinct peaks in the Ar matrix
spectrum (Figure 2). The latter is an alternative candidate for
assignment of the v,; fundamental.

Of particular interest is assignment of the first b, fundamental
(v21), corresponding to the bell-clapper mode of TTP that has
been a topic of discussion for so many years.'™*? The normal
coordinate of this mode calculated with BPW91 is indicated in
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Figure 3. Graphical illustration of observed (top) and calculated
(bottom) vibrational transitions for 1,6,6al’-trithispentaiene (TTP).
Solid, white, and hatched bars indicate transitions of bz, a1, and by
symmetry, respectively. The length of the bars indicates the relative
intensity; the transitions labeled 19, 21, and 28 are too intense 10 be
displayed in full on the present scale. The experimental diagram refers
to measurements in stretched PE (100—1700 cm™) and Ar matrix
(> 1700 cm™?) and indicates the suggested assignment of fundamental
transitions. The theorstical diagram shows results cbtained with
BPWY1 density functional theory, see text.

Figure 4. Normal coordinate of the bell-clapper mode v for 1,6,6a4%
trithiapentalene (TTP) as predicted with BPW91 density functional
theory, see text. The normal coordinate predicted with MF2 theory is
very similar,

Figure 4; the molecular vibration can be described as primarily
antisymmetric S—S8 stretching, with admixture of some skeleton
deformation. As indicated in Table 3, HF theory yields a
negative force constant and an imaginary wavenumber, but MP2
and BPW91 predict this mode to give rise to a strong transition
with wavenumber egual to 271 cm™! (MP2) or 228 cm™!
(BPWO1); the values obtained using the scaling factors defined
above are 259 and 226 cm™~!. The prominent long-axis polarized
absorption band observed in streiched PE with a maximum at
153 cm™ must be assigned to the bell-clapper fundamental
This band is relatively broad and seems to be characteristic for
the 8--8—S structural element in trithiapentalenes.?! The
theoretical procedures overestimate the wavenumber of the
transition; the point for this transition deviates from the
regression line by an amount significantly larger than the
standard deviation. A preliminary theoretical investigation?? of
the shape of the bell-clapper potential indicates that this can be
explained by the expected inadequacy of the harmonic ap-
proximation for this vibrational mode, an assumption that is
supported by the breadth of the observed band.

5. Concluding Remarks

The experimental and theoretical characterization of the
normal vibrational modes of TTP obtained in this study settles
a number of questions concerning the unmusual molecular
structure of this compound that has been investigated for
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decades. Most importantly, the so-called bell-clapper mode is
observed for the first time in this investigation; it gives nise to

- a very strong, long-axis polarized, and relatively broad band
with maximum at 153 cm™! (stretched polyethylene at 12 K).
Harmonic frequencies predicted by ab initic MP2 and DFT
calculations at the 6-311G** level are in general agreement with
the observed data. The DFT procedure, using Becke’s gradient-
corrected exchange functional and Perdew and Wang’s correla-
tion functional, is particularly successful. The results for the
bell-clapper mode indicate a possible shortcoming of the
harmonic approximation; 2 detailed theoretical investigation of
the apharmonicity of this mode is in progress.
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Abstract

Compiete infrared linear dichroism spectra were recorded between 30 and 3200 om~ ! of acenaphthylene aligned in
stretched polyethylene and polyethylene-d, as well as Raman solution spectra. The information obtained from the
infrared spectra made it possible to separate the electric dipole allowed transitions into three groups, corresponding
to three different excited state symmetries. The separation is possible for the C,, symmetric molecule, since the three
groups of transitions correspond to three mutvally perpendicular transition moment directions, which in the stretched
polymer obtain different average alignments. This information makes a safe assignment of all allowed fundamental
vibrational transitions, belonging to three of the four C,, symmetry classes, possible. Similarly, the Raman spectra
permitted an assignment of vibrations belonging to the fourth symmetry class. The assighments were supported by ab
Initlo quantum mechanical modelling calculations at various levels. A comparison of the present assignments with
those from recent linear dichroism studies of acenaphthylene aligned in a nematic liquid crystal matrix confirmed
most assignments, but also led to new assignments and reassignment of several transitions. This was possible because
of the additional information that becomes available in the stretched polyethylene method, which provide an excellent
separation of the excited state symmetries corresponding to the two in-plane transition moment directions. € 1997
Elsevier Science B.V.

Keywords: Acenaphthylene; Linear dichroism; Vibrational spectrum

1. Introduction

Infrared linear dichroism studies of large poly-
¢yclic aromatic compounds (PACs) are today rel-
atively simple to perform wusing stretched
polymers or nematic liquid crystals 4s anisotropic

* Corresponding author. Tel.: +45 46742709; fax: +45
46743000; e-mail: ewt@ruc.dk

solvents for the PACs. These studies often allow
complete assignments of vibrational spectra; such
assignments are likely to become useful in future
studies of the occurance of the environmentally
important PACs, both in nature and the work-
place. One example is the complex, carcinogenic
PAC content of soot which in recent years has
Increasingly attracted interest among environmen-
tal researchers.

1386-1425/97/817.00 € 1997 Elsevier Science B.V. All rights reserved.
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Fig. 1. The baseline corrected IR absorption spectrum of acenaphthylene in stretched polyethylene sheets, recorded at 12 K, as

described in the next. Top: the spectrum recorded with the electric vector along the stretching direction. Bottom: the spectrum
recorded with the electric vector perpendicular to the stretching direction.

In the following we shall present a complete
assignment of the vibrations of acenaphtylene as
an example of an almost disk-shaped smail PAC,
which nevertheless may be aligned sufficiently in
stretched polyethylene sheets to achieve a com-
plete resolution of the three IR active transition
moment directions. This study follows a recent
investigation of the vibrations of acenaphthylene
molecules aligned in nematic liquid crystals [1]

and a more than 20 year old similar study of the
electronic transitions in acenaphthylene aligned in
stretched polyethylene [2].

The recent study of the vibrational spectrum of
acenaphthylene is described in a paper by Bara-
novic, Jordanov, and Schrader [1] who used linear
dichroism spectroscopy on a sample of acenaph-
thylene aligned in a ZLI-1695 nematic liquid crys-
tal (Merck). The liquid crystal served as a
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uniaxial, anisotropic solvent and produced an ef-
fective alignment of the dissolved acenaphihylene
molecules. However, it was a major problem in
these studies that the average alignments of the
in-plane molecular axes were the same. This pre-
vented a separation of the two possible in-plane
transition moment directions observed in the pla-
nar C,, symmetric molecule; the directions corre-
spond to excited vibrational states of a, and b,
symmetry. Although these two directions could be
distinguished from the third, out-of-plane transi-
tion moment direction corresponding to vibra-
tions of b, symmetry, the study did not allow a
safe assignment of all fundamentals. The spectra
presented in the present paper, based on align-
ment in stretched polyethylene sheets, allow a
clear separation of all three transition moment
directions which, as we shalt see, turned out to be
essential for the assignment process.

The ability of stretched polyethylene to produce
a difference in the average alignment of different
molecular directions has been shown to be suffi-
cient for a separation of transitions along three
perpendicular molecular axes in numerous
molecules of C,, or D, symmetry. Many exam-
ples are found in the literature {3,4], demonstrat-
ing the impressive degree of alignment that may
be produced, even of guite small molecules, such
as ethylene or phthalic anhydrnde [5,6]. In addi-

tion to the use of stretched polyethylene, solid .

argon matrices were also used as solvents for the
latter molecules and the alignment of guest
molecules was produced by photoorientation
[3,4].

The 20-year-old linear dichroism spectroscopic
investigation of the electronic transitions of ace-
naphthylene aligned in stretched polyethylene [2]
had demonstrated a considerable difference be-
tween the average alignment of the two in-plane,
symmetry-determined axes, corresponding to A,
and B, electronic transitions; see also [3] in which
a more general discussion of this spectrum may be
found. This difference in average alignment was
so large in this-almost perfectly disk shaped-
molecule that a resolution of a long A, symmetry
vibronic band series underneath a stronger B,
symmetry band was possible.
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The investigation of the electronic spectrum of
acenaphthylene [2,3] showed that the molecule is
aligned in stretched polyethylene in such 2z way
that -the in-plane axis z, perpendicular to the
symmetry axis v, becomes the ‘long axis’ (the axis
which on the average is best aligned, see later, it is
usually labelled z). However, it is interesting to
note that an 1,2-Br disubstitution could be shown
to change the alignment so much that the symme-
try axis y became the molecular ‘long’ axis [2,3].

The distinction between the two in-plane transi-
tion moment directions and between these and the
out-of-plane transtition moment direction, which
is possible when the molecular sample is aligned
in stretched polyethylene, is crucial in the present
investigation. In particular, it allows a clarifica-
tion of several assignments which couid not be
safely made in the recent liquid crystal study [I].
The resulting assignments are further confirmed
by comparison with ab initic quantum mechanical
modelling calculations.

2. Experimental

A sample of pure acenaphthylene was provided
by Niels Jorgen Hansen of Aarhus University.
Polyethylene sheets of linear, low-density
polyethylene (du Pont) or of high-density
perdeuterated polyethylene (Merck), in both cases
about 0.4 mm thick, were stretched 400% and
baselines corresponding to two different polarizer
positions (U and ¥, see later) were recorded. Then
the sheets were either soaked for 40 h in saturated
chloroform solutions of acenaphthylene or they
were left for a week in a small, evacuated and
sealed vial, containing some crystals of acenaph-
thylene. Although it is more time consuming,
introduction of acenaphthylene from the vapour
phase is preferable; it eliminates problems with
removal of the chloroform or compensation for
peaks due to solvent remaining in the sheet. In the
present case, it also made it possible to obtain a
higher concentration in the sheet and thus higher
absorbance, which is important in these and most
other infrared absorption spectra of large
molecules in a stretched pelyethylene matrix. Al-
ternatively, remaining chloroform might have
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been completely removed by placing the soaked
sample in a vacuum line, but this would have
been counterproductive, since it would have re-
moved part of the acenaphthylene molecules as
well.

The infrared absorption spectra were obtained
on a Nicolet Magna 550 FTIR equipped with
KRS-5 or polyethylene based polarizers (IGP-
225 or IGP-228, Cambridge Physical Sciences).
They were corrected for the wavelength-depen-
dent polarizer efficiency [8]. All FTIR spectra
were recorded with a 0.5 cm~! resolution, using
a liquid nitrogen cooled MCT detector (mid-IR)
or a liquid helium cooled Si bolometer {FIR).
These spectra were obtained at a temperature
near 12 K, in a closed-cycle helium refrigerator
{Displex 202-E, Air Products). In this setup the
sample was placed in a massive copper holder,
well shielded from external radiation; the tem-
perature was recorded by a thermocouple at the
holder. Experiments performed with two thermo-
couples, one placed on a 1.5 mm thich
polyethylene sample, the other on the copper
holder, showed a difference in temperature of
only 1.5 K between the holder and the sample
after equilibrium had been reached.

The solution Raman spectra were recorded at
room temperature with a 2.5 ecm™! resolution
using a Spex Ramalog instrument and an Ar-ion
laser {514.5 nm, 350 mW) as the excitation
source. The infrared linear dichroism spectra of
acenaphthylene aligned in stretched polyethylene
and (when polyethylene baseline absorption
made it necessary) stretched perdeuterated
polyethylene are shown in Fig. 1 and listed in
Table 1, which also contains the results of the
Raman spectroscopic studies.

3. Computational details

Acenaphtylene was geometry optimized with
the Gaussian 94 programs [9] at the AM1, PM3,
RHF/6-311G**, BPW91/6-311G**, and MP2=
FULL/6-311G** levels within C,, constraints, in
agreement with the experimental structure
[10,11]. The calculated results were compared

J.G. Radziszewski et al. / Spectrochimica Acta Part A 53 (1997) 2095-2107

with experimental structures determined by neu-
tron diffraction [11] and the lowest average dis-
tance between the positions of corresponding
atoms in the calculated and experimental struc-
tures was found by rotating and translating the
theoretical structure relative to the experimental
one. The bond lengths and angles obtained are
shown in Table 2.

Recent reviews have suggested that several
combinations of exchange and correlation terms
in density functional theory (DFT) ouiperforms
MP2 type calculations with respect to the pre-
diction of vibrational frequencies [12,13]. This is
in agreement with the findings for trithiapental-
ene [14] using the Becke’s exchange [15] and a
Perdew—Wang (1991) correlation term [16]
(BPW91). Another reason for choosing the DFT
method over MP2 was the expected amount of
computational time needed for the latter which,
due to lack of a direct MP2 frequency method
in the Gaussian 94 program [9], would also re-
guire in excess of 24 Gb of scratch-diskspace.

The frequency calculations unequivocally es-
tablish the AMI1, the PM3, the RHF, and the

‘BPWO1 geometries to be minima on the respec-
. tive potential energy.surfaces, and due to the

agreement between the BPWS1 and MP2 . ge-
ometries we expect the MP2 structure to be a
minimum as well.

Bond orders were calculated with the NBO
4.0 program [17] linked to Gaussian 94. The
natural resonance theory (NRT) option in this
program makes it possible to fit the electron
density matrix as a sum of one electron densities
associated with each significant resonance struc-
ture. The natural bond orders (based on the
weight of the individual resomance structures
times the bond order) and the covalent-ionic ra-
tios obtained were compared with Wiberg bond
orders in a natural orbital basis.

4. Results and discussion

The alignment of organic molecules in stretched
polyethylene is usually assumed to be uniaxial
around the stretching direction U. In other words,
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all directions perpendicular to U are equivalent.
This is also assumed to be the case in a thin
polymer sheet; a verification of this assumption
has been demonstrated in a recent study [7]. It is
important to realize that absorption spectroscopy
performed on an aligned sample with unknown
molecular orientation can usually not produce a
complete distribution function. The only orienta-
tional quantities which may be determined in an
absorption experiment performed with linearly
polarized light on a uniaxially aligned sample are
average values of squares of directional cosines,
for example [3,4]:

K, = {cos¥(U, i)y

H

H

H H

Fig. 2. MP2 = FULL/6-311G** calculated geometry, (a) axes
and atomic numbering. (b) Bond lengths and bond angles (in
A and degrees).
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where i = x, v, z represents the molecule-fixed axes
system, here determined by the molecular symme-
try (due to the molecular shape, we have chosen y
as the symmetry axis), U is the {macroscopic)
unigque sample axis (the stretching direction),
(U, i) is the angle between directions U and /, and
the brackets ({>) indicate an averaging over all
molecules in the sample, since the alignment of
individual guest molecules in  stretched
polyethylene varies. The set of three K;s contains
the only information on the molecular alignment
available from an absorption experiment; they are
called orientation: factors. Since the three K5 are
linearly dependent (by definition their sum is
equal to one [3,4]) the orientational information is
overdetermined and thus may provide a test of
the interpretation and quality of the spectra.

Use of the orientation factors makes it is possi-
ble to write the result of absorption experiments
on aligned samples performed with linearly polar-
ized light in a very simple, but still exact form.
The observed absorbance, when the electric vector
of the light is parallel to the unique sample axis U,
may be written:

Ey(v) =ZKAv)

where the sum goes over the three molecular axes
x, ¥, and z, and A/(v) is three times the combined
absorbance of all i-polarized transitions in an
otherwise similar, isotropic sample (in such a sam-
ple all orientation factors are identical and equal
to 1/3). If the polarizer is rotated so that the
electric vector is along ¥, perpendicular to U (the
laboratory axes are chosen so that U and V
defines the plane of the polyethylene sheet), we
obtain:

Ey(v)=3Z(1 — K)4(v)

K, values may be directly determined for all non-
overlapping peaks; from the above expressions for
E (v} and E,(v), applied to a peak at v; corre-
sponding to polarization /, we obtain:

K= Ey(v)IE(vi) + 2Ex(v))]

Even if transitions overlap it is possible to
determine K. This may be done by means of a
trial and error technique, the TEM method [3,4]
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Table 2
Experimental and calculated geometries

Neutron [11} AMI PM3 RHF BPW91 MP2
Boad fengths (A)
-G, 1.395 1.371 1.362 1.340 1.372 1.373
¢ -H, 1.052 1.089 1.088 1.073 1.083 1.084
C—Cs 1.381 1.370 1.367 1.359 1.388 1.387
Cza—Ca 1.441 1.438 1.428 1.409 1.420 1.414
CCa, 1.466 1475 1.473 1.480 1472 1.467
C:—-C, 1.424 1.426 1.424 1427 1427 1422
C:-H; 1.090 1.099 1.094 1.076 1092 - 1.088
Ca=Cs 1.382 _ 1379 1.424 1365 1391 1.391
¢.-H, 1.094 1.101 1.096 1.076 1.092 1.087
Cs—C 1.386 1.391 1.386 1.377 1.402 1.401
Cs-Cs, 1.433 1.425 1424 1.424 1.429 1.423
Cs-H; © 1077 1.100 1.095 1.076 1.092 1.088
Bond angles (%)

C-CCy, 108.3 109.6 109.4 109.2 108.9 108.3
Co-Co-H, 126.0 123.1 123.3 1249 1252 125.4
C,—C5-C, 118.7 118.5 118.2 118.4 118.8 118.6
Coa—Cy~H, 119.5 122.2 1220 1222 1218 1218
C;-Cy,~C, 106.9 1053 105.5 105.7 106.0 106.2
C3—CoynCyyy 1166 117.7 118.1 118.3 1178 117.9
C3—-C—Cs 123.9 123.1 123.1 1225 1226 122.7
C3-Cy-H, 117.2 117.5 7.7 118.3 1185 118.5
Co-Cs—Cs, 118.9 120.1 120.0 119.9 1199 119.8
Cs,—Cs~H; 120.3 119.1 119.1 120.1 120.1 120.2
Csy~Cey—Co, 1257 124.9 124.9 1249 1250 125.0
Cs—Cs—Cap 116.1 1157 115.7 1159 1159 116.0

in which linear combinations of the observed
spectra are formed:

(1 = K)Ey(v) — 2KEy(v)

and applied to a specific peak or other spectral
feature i at v = v, K is then varied until the peak
or feature disappears. This will happen only when
K = K; and often produces a very accurate deter-
mination of X

The infrared linear dichroism absorption spec-
tra obtained (see Fig. 1) allow the determination
of numerous K; values. As expected these are
grouped around three distinctly different K-val-
ues: K,=0204, K,=0369, and K. =0407,
which correspond to the three ‘allowed’ symmetry
classes as discussed below. Assuming a perfect C,,
symmetry, the sum of these three values (each
averaged within the respective symmetry class)
should be equal to unity; thus they provide a
check of the accuracy. We find that the sum of the

three orientation factors is 0.982 which, within the
experimental error, is equal to the theoretical
value of one. These K-values are almost identical
to those determined in the ultraviolet spectro-
scopic studies of acenmaphthylene in stretched
polyethylene [2] although these studies were per-
formed on samples in much thinner polethylene
sheets. The UV studies produced the following
K-values: K, =0.20 (this value was determined
indirectly from K, =1—K,— K, since no x-po-
larized intensity is observed in the spectral region
studied), X, = 0.38, and X, = 0.42. Since no value
for K, is experimentally determined, the sum rule
does not provide a check for the electronic spectra
as it does for the vibrational.

The observed infrared wavenumbers, intensities
(both infrared and relative Raman scattering in-
tensities), and K, values (which -ih this C,,
molecule provide information about the symmetry
of excited state i}, as well as theoretical results for
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these key properties, determined by the best
computational method (see below), are listed in
Table 1 together with proposed vibrational as-
signments. As we shall see later, the stretched
poiyethylene sheet and Raman results make it
possible to account for all significant bands and
to propose reliable assignments corresponding to
all infrared active fundamentals.

The calculated normal modes of acenaph-
thylene were animated using the VISVIB pro-
gram [18] and dominant atomic motions for each
mode were recorded visually and are listed in
Table 1. The convention we have used to de-
scribe a mode in a condensed form may be best
illustrated by its application to a concrete exam-
ple. Consider, for example, n,, which we have
listed as

Csatsy — Csgayst + Cy 4 — H b 0P Cspar)
= Cosmst + Cs 7 — Hg7b

This should be interpreted in the following
way: The C;,—Cs bond stretching is proceeding
in-phase with the Cg-C,, bond stretching and
the C;—H; and C,—H, bendings. The amplitude
of all these motions is positive. At the same time
these displacements are synchronous with bond
stretches of Cg,-C, and Cg~Cy, and bendings
of C;—~H; and C,-H,. The latter motions pro-
ceed with the opposite amplitude of those men-
tioned before-they may be said to be
‘out-of-phase’ (‘oph”) although we realize that,
strictly speaking, motions of all atoms within any
particular normal mode are perfectly in-phase
with respect to each other, regardiess of the sign
of their relative amplitudes. In the case of simple
stretching vibrations ‘oph’ might be replaced by
a minus sign. Other notations used are: as, asym-
metric; iph, in-phase; b, bending; s, symmetric;
st, stretch.

The distribution among the irreducible repre-
sentations of the 54 normal modes in acenaph-
thylene is:

=19 +8.:+% + 18

Among these, we do not expect to observe the
8a. vibrations in infrared absorption spectra. In
the linear dichroism absorption spectra, which
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are shown in Fig. 1, 19 candidates for a, symme-
try fundamentals are present. They have an aver-
age orientation factor K,=0.36%2+001; the
earlier IR study [1] determined the average K
value for these transitions to 0.44. Our results
show that the transitions are polarized along the
short, in-plane (symmetry) axis, which we have
labeiled v in order to reserve the label z for the
molecular long axis, which turns out to be the
in-plane direction perpendicular to y. In the ear-
Lier study [1], based on alignement in nematic
liquid crystals, 7 out of the 19 allowed a; funda-
mental vibrations were assigned. Three of these,
previously reported at 510, 1154 and 1226 cm '
and now recorded at 510, 1149 and 1223 cm~'
can be reassigned to b, symmetry vibrations,
since their orientation factors are 0.422, (.412,
and 0413, respectively,

The 18 peaks (including the three discussed
above) with the highest K values in the present
study have been assigned to 18 b, symmetry fun-
damentals (transitions along the long in-plane
axis). The average orientation factor for these
peaks was found to be K,=0.407, compared
with 0.44 in the earlier liquid crystal based study
[1] the latter value is identical to that obtained
for y-polarized transitions in the liquid crystal.
Out of the six vibrations in the b, symmetry
class, which previously were assigned [1], we be-
lieve that the one at 416 cm~! was incorrectly
assigned. We find the band observed at 415 cm ™
1 to be polarized along the C, axis (). It has the
orientation factor K, =0.369 + 0.01.

Very strong candidates for all nine fundamen-
tals belonging to the b; symmetry class are
present in the spectra shown in Fig. 1. In the
previous LD study on acenaphthylene aligned in
nematic liquid crystals [1] only three b; vibra-
tions were assigned. Not surprisingly for out-of-
plane polarized transitions, the nine funda-
mentals produce the lowest observed orientation
factor among all, both in our study and in [1],
namely X, =0.204 +0.01 in our work and 0.13
in the nematic liquid crystal study {1}

For all observed infrared and Raman transi-
tions (the latter are only shown in Table 1} we
have determined relative intensities. Infrared
isotropic integrated intensities are normalized
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Fig. 3. Comparisor of BPW91/6-311G** calculated and experimental wavenumbers.

using the strong out-of-plane polarized transition
vy, calculated at to be at 814 cm~! with an
intensity of 48.1 km mol~'. The Raman scatter-
ing relative intensities are normalized using the
non-overlapping v, vibration, rather than the
strongest band, which would be the normal
choice, since this most likely is not properly
placed by the lower level RHF/6-3116** cajcula-

tions. We have not calculated Raman scattering -

intensities at the DFT level.

A comparison of the calculated structures with
the experimental one, determined by neutron dif-
fraction [11], shows that the sum of the bond
length differences between calculated and experi-
mental results falls through the series: RHF >
PM3 > MP2 ~ BPW91 ~ AM]1 (Table 2).

The resuits obtained in the bond length calcula-
tions confirm the systematic errors which are ex-
pected in RHF theory: the calculated bonds are
too short. ‘

The bond angle differences between calculated
and experimental angles decrease systematically
through. the seriess AMI>PM3>RHF >
BPWS1 >MP2. For both BPW91 and MP2, the
calculated bond angles are in excellent agreement
with the experimentai geometry. The MP2 calcu-
lated bond lengths and angles are shown in Fig. 2.

The lowest average distance between the posi-
tions of corresponding atoms in the calculated
and experimental structures were 0.0181, 0.0167,
0.0242, 0.0155, and 0.0141 A, respectively, for the
structures determined in the AMI1, PM3, RHF,
BPW?91, and MP2 models.

The calculated vibrational frequencies all agree
well with experiment using scaling factors for
AMI1:PM3:RHF:BPW9I1 of, respectively,
1.065:1.030:1.096:1.010. Standard errors were
57.1:74.2:27.7:20.4 cm ™, respectively. A compari-
son of experimentally determined frequencies and
intensities for each symmetry group with the re-
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Fig. 4. Top: Experimental, and bottom: Calculated transition energies and intensities.

sults obtained by the four theoretical methods is
given in Table 1. See also Figs. 3 and 4.

The agreement with experiment is considerably
better for the BPW91 calculation than for the
other three calculations; this is the reason that
BPW9] results were chosen for comparison with
experiment in Table 1. Fig. 3 shows the BPW91
calculated frequencies versus the experimental fre-
quencies; the results demonstrate an almost per-
fect linear relation. Fig. 4(a) and (b), respectively,
show the synthetic experimental and BPW91 cal-
culated spectra; not surprisingly, the two pictures
are very similar.

The NBO 4.0 calculated bond orders are pre-
sented in Fig. 5; the values obtained for bond
lengths and bond orders show that the ethylene
part of acenapthylene (C, and C,) has a very

localized double bond and does not ‘resonate’
with the highly aromatic napthalene part of the
molecule. The natural resonance theory bond or-
ders and the covalent ionic ratios agree well with
the Wiberg bond orders in a natural orbital basis.
The two predominant, non-symmeiry related
Kekulé resonance structures account for most
electron density, and none of the bonds in the
molecule show any significant ionic character.
We have demonstrated the efficiency of the
linear dichroism method applied to samples
aligned in streiched polyethylene sheets. Espe-
cially when these experimental results are com-
bined with theoretica] calculations of a good
quality, a complete determination of vibrational
assignments in infrared spectra of aromatic com-
pounds often becomes possible. The experimen-
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Fig. 5. The BPW91/6-311G™** electronic structure, Top, left: Wiberg bond orders in NBO basis. Top, right: Natural Resonance
Structures average covalent (upper) and ionic (lower) bond orders. Bottom: Natura! Resonance Structure weights in %. 1f only the
two reference structures shown are included, the individual constributions become 36.62% and 63.38% (two Kekule forms of

31.69%), respectively.

tally simple linear dichroism method, based on
stretched polymer sheets, is in most cases superior
to traditional polarization studies of vibrational
and electronic spectra based on oriented single or
mixed crystals. It is similar to linear dichroism
investigations of molecules aligned in nematic lig-
uid crystals [1,3,4] but will often provide informa-
tion with a slightly different content, which
sometimes, like in the present case, has additional
detail, crucial for a safe assignment.
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