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Abstract The bond energy (BE) of a polyatomic molecule cannot be measured and, therefore, deter-
mination of BEs can only be done within a model using a set of assumptions. The bond strength is
reflected by the intrinsic BE (IBE), which is related to the intrinsic atomization energy (IAE) and
which represents the energy of dissociation under the provision that the degree of hybridization is
maintained for all atoms of the molecule. IBE and BE differ in the case of CC and CH bonds by the
promotion, the hybridization, and the charge reorganization energy of carbon. Since the latter terms
differ from molecule to molecule, IBE and BE are not necessarily parallel and the use of BEs from
thermochemical models can be misleading. The stretching force constant is a dynamical quantity and,
therefore, it is related to the bond dissociation energy (BDE). Calculation and interpretation of stretch-
ing force constants for local internal coordinate modes are discussed and it is demonstrated that the best
relationship between BDEs and stretching force constants is obtained within the model of adiabatic
internalmodes. The alence stretching force constants are less suitable since they are related to an
artificial bond dissociation process with geometrical relaxation effects suppressed, which leads to an
intrinsic BDE (IBDE). In the case oAX, molecules, symmetric coordinates can be used to get an
appropriate stretching force constant that is related to the BE. However, in general stretching force
constants determined for symmetry coordinates do not reflect the strength of a particular bond since the
related dissociation processes are strongly influenced by the stability of the products formed.

Keywords Bond energy (BE), Intrinsic bond energy (IBE), Bond dissociation energy (BDE), Force
constants, Adiabatic internal mode

there are many methods ranging from simple structure de-
scriptions to molecular mechanics and quantum chemical
) o o approaches to fulfill this goal. Each of these models is based
A primary goal of molecular modeling is the prediction of on simplifications and assumptions, which should facilitate
structure, stability, and chemical reactivity of molecules thathe task of molecular modeling. Molecular modeling does
are difficult to investigate by exgerental means. Today, provide new insights into the properties of molecules and
molecular reactivity provided one considers appropriately
Correspondence td. Cremer the assumptions and simplifications made within the model
- 3 used.
Dedicated to Professor Paul von Ragué Schleyer on the oc- Despite the enormous potential and possibilities of mo-

casion of his 70birthday in recognition of his pioneering |ecylar modeling with the help of advanced quantum chemi-
work in the field of Theoretical Chemistry
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cal methods, there is still a need to understand the propeitigsortant models today are the MO model (a bond requires
and behavior of molecules on the basis of simple models ttiegt occupation of a bonding MO), [2] the Ruedenberg model
require no sophisticated calculations. One wants to conn@téctron delocalization in the bond leads to a lowering of
the properties of a molecule with those of atoms, bonds koretic energy), [8] and the electron density model (the bond
small functional groups so that the knowledge of these grasgepresented by a maximum path of electron density con-
properties makes it possible to describe whatever moleaudeting the nuclei in question). [4,9]

may be constructed from atoms, bonds (diatomic groups) orSince the chemical bond is only a model quantity (some-
functional groups. Central to many of these model approactiéag what many chemists do not realize), all bond proper-
is the theory of the chemical bond. [1-4] One assumes tti@s can only be defined within a given model and are thus
properties of a particular bond are conserved when this barod measurable. This applies to the bond strength, the bond
is transferred from one molecule to another. In this way, ceeergy, the bond length, the bond stretching force constant,
expects to predict, for example, from the known length vahe bond stretching frequency, the bond dipole moment, and
ues of typical bonds structural features of new moleculesotiner bond propdies. This may be difficult to see on first
from bond energies the stability of molecules composedsifht, in particular since some of these quantities are listed in
these bonds. For this reason, typical bond lengths have balemistry textbooks. Therefore, we will consider the model
tabulated [5] and sophisticated additivity schemes set upct@racter of these properties one by one.

predict from bond energies (or group energies) heats of for-

mation and other stability t& [6,7] While this approach

seems to be straightforward and has been applied succBssd energy

fully in many cases, it bears some basic unsolved problems,

as this article will show. The major problem is that the chentommonly, the bond dissociation energy (BDE) is taken as a
cal bond is not an observable quantity and does only exisasure for bond energy (BE) and bond strength. Clearly,
within a given model. Models of the chemical bond rangleis is only correct in the case of a diatomic molecule. [10]
from simple ball-and-stick descriptions to sophisticated aAd shown in Figure 1, the BDE covers two independent sta-
rather complicated quantum chemical relationships that dality parameters, namely a) the BE and b) the stabilization
be applied only in the simplest cases of bonding. The mosdestabilization energy of the products formed in the disso-

Figure 1 Definition of bond Energy
dissociation energy (BDE),
bond dissociation enthalpy at
0 K (BDH), intrinsic BDE
(IBDE), and intrinsic BDH
(IBDH) for the bondA-B. E,
denotes the reorganization
energy, which is set free upon
dissociation of bond-B (see
text)

Bond Distance A-B
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ciation pocess. There is nsimple way to determine thealways delocalized. Hence, vibrational spectroscopy does not
(de)stabilization effects of the products by an independgmovide direct and unbiased information on the bond stretch-
experiment because the (de)stabilization energy is referenicgdforce constant and bond stretching frequency of a par-
with regard to an artificial state that the products would hatieular bond of a polyatomic molecule. This can only be ob-
if the same electronic features of the parent compound wii@ed with the help of a model of local vibrational modes as
retained. However, upon dissociation the dissociation pradil be discussed in the next chapter.
ucts will relax geometrically, which is a consequence of
rehybridzation effects in the fragments formed. In addition,
the fragments may stabilize because new delocalization pBend dipole moment
sibilities (m-delocalization in a conjugated system,
hyperconjugation, three-electron delocalization, anomefibe bond dipole moment depends on the internuclear dis-
delocalization, etc.) may develop. Methods have been devehce and the charges of the atoms linked by a bond. Al-
oped to predict these (de)stabilization effects to correct BDfsugh atomic charges can be calculated in many ways quan-
to BEs, however, these methods are again based on maglal chemically or determined with the help of measured in-
descriptions and, therefore, do not really offer a straightfdrared intensities, the definition of the atomic charge is only
ward determination of the BE. [1,3,11] possible if the atom in a molecule is defined within a given
model. Accordingly, there are many different definitions of
the bond dipole moment always related to a particular model
Bond length of the atom in a molecule and of the atomic charge.
Obviously, all properties of a bond can only be defined
Diffractionists measure averaged internuclear distances avithin a given model. Observable molecular properties, which
distances between averaged nuclear positions, wheraes often related to bonds, depend actually on the whole
spectroscopists derive internuclear distances from the anatplecule (its wave function or electron density) or the po-
sis of the rotational constants of the ground state of a mielrtial energy surface (PES) at and in the vicinity of that
ecule (and its isotopomers to obtain sufficient informatiorgtationary point, which is occupied by the molecule in ques-
Experimentally, it is not possible to determine the equiliion. This is true for the BDE, which depends on the stability
rium bond length directly, which is of major interest for thef the fragments generated in the dissociation process. And it
discussion of the bond strength. However, for the sake of sigalso true for bond stretching frequencies taken from meas-
plification we assume that the internuclear distances canuped infrared or Raman spectra since the vibrational modes
determined both experimentally and with the help of quaassociated with the frequency in question are not localized in
tum chemical calcutins. Twoquestions arise: 1) Supposehe bond, but extend to other parts of the molecule. In view
that one considers two atoms, for which the internuclear di$this, the question has to be asked whether the bond strength
tance de@ases. At whatlistance does a bond between thean be described at least within a suitable model using bond
two atoms develop so that one can speak of a bond length@@perties determined within this model. This could be done
Bonds can be bent as found in small rings. [4,12,13] Whaithin an orbital model, a density model of the bond or a
distance can be used as bond length since the internualiymamic model based on the PES of the molecule in ques-
distance is no longer equal to the bond length? This question.
is actually also relevant for acyclic molecules since there isIn this work, we will discuss the possibility of describing
indication for small molecules that the path of maximum eldwand strength and bond energy with the help of the model of
tron density, which can be considered as an image of tbeal bond stretching modes and their associated force con-
chemical bond, [9,14] does not follow the internuclear distants and frequencies. For this purpose, we will distinguish
tance. [9,12,13] — In view of these questions a strict defitietween static bond properties such as bond length, bond
tion of bond length seems to be more problematic thandipole moment, bond order, etc. and dynamic bond proper-
generally assumed, particularly if one wants to use the bdieb such as stretching force constant, stretching frequency,
length as a descriptive parameter for the determination of éte. We will discuss the question whether the bond strength
bond strength. as a static quantity can be described with both static and dy-
namic bond properties. In chapter 2, we will first consider
various possibilities of defining a bond stretching force con-
Bond stretching force constant and bond stretching stant. Then, we will make a choice as for the most useful
frequency definition of a bond stretching force constant. In chapter 3,
we will critically review the definition of a bond energy. In
Apart from diatomic molecules, the stretching modes ofparticular, we will discuss those situations, in which the bond
molecule couple to some extent among each other (for erergy really reflects the strength of a chemical bond. Fi-
ample, when there are equivalent bonds) and, also, with oth@ty, in chapters 4 and 5, the relationships between bond
modes. As will be discussed in the next chapter in more @gength, bond energies and bond stretching force constants
tail, it is misleading to associate in the case of a polyatoraie analyzed. As an application example, we will discuss the
molecule one of the normal modes of the molecule with tagength of the CC and CH bonds of cyclopropane in chapter
stretching mode of a particular bond since normal modes ére
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since matrixC provides the connection between normal mode
vectorsl, of matrixL and normal mode eigenvectats of

. matrix D according to
As noted above bond stretching force constant and bond

stretching frequency are not observable quantities. Measur_ -
able are only molecular frequencies, which with the help df H
the normal mode analysis can be associated to the vibrational
normal modek, of aK-atomic molecule using the basic equa- Force constant matri€ no longer contains the transla-
tion of vibrational spectroscopy [15] expressed in terms #¥nal and rotational solutions and, consequebXigjves the

Bond stretching force constants

(9)

Cartesian displacement coordinates transformation from normal coordites Q to internal coor-
dinatesq.
_ o t
AX =X =Xe =X =(Xy, Vi, Ziree s Xac s Y s %) 1) 4=p0 (10)
or in terms of internal displacement coordinates The vibrational Egs. 3 and 4 show clearly that the normal

modes associated with the normal mode frequerwjeare
+ delocalized modes since each normal coordinate is a linear
Ag=q-Q.=0q= (Ch,---,QNVi,,) (2)  combination of internal coordinate displacemepté\ccord-
ingly, one can consider each normal mode as a linear combi-
nation of internal coordinate modes which are associated

as each with a particular internal coordinage The degree of

flL =ML A (3) delocalization of a normal mode is primarily determined by
the amount of coupling between the internal modes consti-

or tuting the normal mode. In this way, the off-diagonal ele-
ments of the force constant matrix represent the coupling

ED = G-IDA ) force constants. This becomes clear when we realize that the

“c-vectors” of the transformation matr® each of which is

associated with a given internal coordinate, can be used as
In these equationsand F denote the force constant malocalized internal coordinate modes. [16,17] Hence, a nor-

trix expressed in Cartesian displacement coordinates and™& mode would be strictly localized if

ternal displacement coordinates, respectivielyis the mass

matrix, G the Wison matrix defined by Egs. 5 and 6: (d ) =5 (11)
u)y = Om
= gt 5
G=BM'B ®) with &, being the Kronecker delta. Eq. 11 leads to
_ [Ba,(x)0
ST 0 6) w=Cn (12)

i i o ) ) where it is assumed thgt= n. Eq. 12 is only fulfilled if all
Ais the eigenvalue matrix (dimension 3K x 3K) with Mg gisplacements along vectazsandc,, (m # n) do not couple
= 3K — Myvibrational eigengluesAp on the diagonal and a diagonal force constant matfixis obtained with all
coupling force constants F= 0. This can be expressed by
i,, =47%c (a)ﬂ)z for u=1,...3K-M =N, (7 saying that electronic coupling between the localized inter-
nal modes is zero. Second, there is always mass coupling
) o , (coupling due to the kinetic energy, kinematic coupling) be-
where w, is the harmonic vibrational frequency. Th@yeen thec-vectorsbecause thes matrix of Eq. 4 is non-
eigenvector matrix containsN,,, normal mode eigenvectorsyiagonal. Mass coupling can only be suppressed to some ex-
|, as column vectors. The remaining M eigenvalues apg if, for example, the reduced mass of a diatomic fragment
eigenvectors of andA (M = 5 for linear and M = 6 for non- 5 qominated by the mass of one of the atoms as in the case of
linear molecules) correspond to overall translation and rofacH pond. However, if the two masses are comparable nei-
tion of the molecu'IeD contains the normal mode vectds ther Eq. 11 nor Eq. 12 is true. Often, vibrational spectros-
(=1, .., N, given as column vectors and expressed Hypjsts assume diagonal character of@matrix if there is
internal coordinates. a large mass difference between the atoms participating in
_ The relationship between force constant matrfc@sdF  he molecular motions since this assumption is the only basis
is given by to discuss measured frequencies in terms of internal mode

F=CHC ®) frequencies.
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In view of this discussion, it makes little sense to selectreode a?, for internal coordinatey, expressed in terms of
particular vibrational normal mode of a polyatomic molecuteormal coordinates takes the form of Eq. 18:
as stretching vibration of a particular bond and to use the
associated stretching force constqlrats measure for the bond ~n _ (aQ) *
strength. Because of this, Konkoli and Cremer developed tﬁé U Gn
theory of adiabatic internal modes (AIMs), which can be used

to describe the dynamic properties of well-specified molecu- the AlM aQ can be transfoned toAIM a_ expressed in

lar fragments. [16] Each AIM of a molecule is associatge, tesian coordinates with the help of thenatrix.
with just one internal coordinaig, i.e. it is independent of

all the other internal coordites g, (m # n). Theconstruc- )

: . m , =La (19)

tion of an AIM is based on the question how an internal codte n

dinate modev, would vibrate if the associated internal coor-

dinate were displaced by amountd’, in the way that the  Force constant, mass, and frequency of an AIM are de-
increase in the potential energy is minimal. To accompliifed by Egs. 20, 21, and 22 [16,17]:

this goal, modev, which is lead byq, (leading parameter

(18)

principle [16]), must be constrained to the molecular frag? = ar’qfan (20)
ment associated witly, i.e. the rest of the molecule is al-

lowed to relax upon applying a pertutioa d; . This is equiva- (bT )z

lent to minimizing the potential energy given in normal co-.a _ nn

ordinatesQ under the constraint that the internal coordinate” bEM ‘]bn (1)

displacement, is kept constant:

V(Q) =min. (13a) (,Jﬁ = %g = E%g (22)

g, =const.=q (13b)

*
n

. . . where vectob  corresponds to the nth column of fBena-
The potential energy V and the internal coordirgtee- trix and wher«g

pend on the normal coordinates according to Eqg. 14 (har-

monic approximation) and Eq. 15.
bp ) q bla, =1 (23)
Nuyi . .
V(Q) _ 1 = Qﬁ since the AIMs are properly normalized. The AIM mass can
2 Z K (14)  be recognized to be identical to eleméi@, 1 associated with
u=t the G matrix and, accordingly, represents a generalization of
Ny the reduced mass for internal parameters associated with more
T than two atoms.
n(Q)= uZl D, Qu (15) Utilizing the definition of AIMs, each bond of a molecule

can be associated uniquely with a bond stretching force con-
_ _ _ _ stantk? and frequency?, which together with bond length
whereD,  is an element of matrio. Eq. 13 is solved with q_establish a set of bond parameters which may be related to
the help of a Lagrange multiplier, the bond strength. AIM force constants and frequencies can
5 be calculated with the help of quantum chemical methods or
o0 Al _ measured vibrational spectra. [18] Expental AIM force
aQ, [V(Q) )‘(q“ (@)- 0“)] =0 (16)  constants and frequencies will be denotel&s andv e
respectively, to distinguish from calcted k& and «? val-
ues, which depend on the harmonic approximation and the
quantum chemical method used for their calculation. In this
work, we will primarily focus on experimental AIM proper-
ties to avoid a distracting discussion of the accuracy of the

The solution of Eq. 16 for internal parametgrand the
pth normal coordinate is given by

D,, guantum chemical methods used. Nevertheless, we will also
k . present calculated quantities to document agreement or disa-
Q(”) = - q greement between theory and experiment.
H NVib D2 n (17) ) .
o Another advantage dhe AIM concept is that it can be
-k applied to any set of internal parameters used for the descrip-
V= Vv

tion of the molecular geometry. Hence, one can also deter-

mine theAlMs for a set of symmetry coordites q,, which
which means that the constraint to internal coordiggteads Will become necessary if one wants to describe equivalent
to a change in the normal coordinates. The adiabatic intef@@nds of a molecule appropriately. The corresponding force
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Table 1 Comparison of CH and CC stretching force constants calculated for some hydrocarbons at B3LYP/6-31G(d,p). [a]

Molecule  Bond ke ke k2 ka koo keew  kaew  aex
CH, C-H 1092 5421 5510 5365 5510 4949 5053  4.897 5.053
CH, C-C 1530  4.493 4493 4149 4149 4396 4396  4.033 4.033
C-H 1.095 5265 5351 5214 5312 4835 5041 4787 5.004
CH, C-C 1531 4411 4552 4075 4284 4323 4461  3.967 4.176
C-H(c) 1.098 5137 5191 5093 5142 4736 4715  4.695 4.670
C-H(ip) 1.095 5269 5274 5219 5219  4.843  4.883 4795 4.828
C-H(op) 1.096 5228 5278 5174 5230 4810 4.955 4759 4.906
c-CH, C-C 1508 4.423 4268 4140 4135 4163 4018  3.891 3.885
C-H 1086 5568 5599 5540 5562 5143 5215 5117 5.181
cCH, CC 1537 4429 4570 3920 4414 4364 4511  3.808 4.340
C-H(ax) 1.100 5066 5065 5016 4986 4585 4568 4539 4.494
C-H(eg) 1.097 5155 5182 5115 5148 4710 4788 4672 4756
CH, c=C 1330 10.107 10.107 9.911 9911 9207 9.207 8.976 8.976
C-H 1087 5603 5637 5572 5616 5130 5164 5102 5.146
CH, C=C 1.340 9547 9397 9301 9087 8792 8654 8488 8254
C-C 1457 539 5396 5153 5153 5168 5168  4.885 4.885
C-H(to) 1.085 5664 5666 5636 5637 5149 5128 5123 5.101
C-H(ti) 1.087 5588 5587 5554 5556 5096 5054 5065 5.026
C-H(c) 1.090 5458 5458 5429 5414 4961 4944  4.932 4.903
CeHe C=C 1396 7.502 8010 6.601 8006 7.096 7.581  6.212 7.576
7.282 6.873
C-H 1086 5584 5612 5564 5609 5133 5113 5113 5.109
CH, CoC 1205 17.647 17.647 17.645 17.645 15824 15824 15820 15.820
C-H 1066 6472 6474 6472 6473 5906 5886 5905 5.885

[a] All force constants in mdyn“AAbbreviations have the equatorial CH bond; to, terminal CH bond, outwardly di-
following meanings: c, central Ckr CH group; ip, in-plane rected,; ti, terminal CH bond, inwardly directed.
CH bond; op, out-of-plane CH bond; ax, axial CH bond; eq,

constants will be identified by the symbkj and k&P de- (DFT) employing the B3LYP hybrid functional [20] and the
pending on whether they are calculated with a quantum che@aB1G(d,p) basis set. [21] It is well-known that this approach
cal method or derived from experimental frequencies.  provides rather reliable force constants and frequencies for

Vibrational spectroscopists prefer to discuss the bondshdst first row molecules, [22] in particular hydrocarbons,
a molecule in terms of the force constakf{of the valence which will be exclusively considered in this work. There are
force field of the molecule. As noted above these force caome general trends in calculated or experimentally based
stants are associated with vectoyf matrix C. Following stretching force constants, which can be summarized as fol-
the AIM approach, one can define local modes also for fortmws.
constant& and, in this way, associate a stretching frequency (1) Calculated stretching force constants are always larger
W, with a c-vector mode[16,17] Therefore, wawill con- than force constants derived from experimental spectra due
sider the possibility of describing chemical bonds with eithtr the harmonic approximation used for the calculation of
k¢ or k3. In total, eight different bond stretching force corthe vibrational modes.
stants can be considered when the strength of a given bon®) AIM stretching forceconstantsk? are mostly some-
should be described: what smaller than the-vector stretching force constark$

¢ 7cex ¢ geex 4 aex 4 aex which has to do with the adiabatic relaxation of the molecu-
A A P Y Y Y 24)  jar geometry when calculating the former.

(3) Use of symmetry coordinates leads in most cases (see
which are either directly obtained from a quantum chemicglble 1) to a slight but significant increase of the stretching
calculations or derived from measured vibrational frequeierce constant. The exceptions of these trends can be explained
cies [19] k&9 as described in ref [18]. In Table 1, these foraghen considering the molecular structure.
constants are listed for a small set of selected hydrocarbons(4) Both AIM andc-vector stretching force constants as-
which will be discussed in the following chapters. Calcociated with bond lengtlog increase (decrease) for decreas-
lated values were obtained with density functional theoing (increasing) magnitude gf. In general, this is no longer
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true for stretching force constants calculated with symmetgontaining translational, rotational and vibrational contri-
coordinatesq, butions) depend on the vibrational frequencies of parent
(5) The matrix ofk, constants does not necessarily conmolecule and fragments. Hence, one has to distinguish be-
ply with the symmetry of the molecule (see, e.gHCin tween the bond dissociation enthalpy measured at tempera-
Table 1) while the matrix of AIM force constants does. Usere T and the BDE obtained from a quantum chemical cal-
of symmetry coordinates always enforces the symmetryoofiation. Knowing all vibrational corrections, one can calcu-
the molecule for the force constant matrix. late from experimentaD (T) values the correspondirigex®
One cannot say priori, which force constant is morevalues and compare them with directly calculated dissocia-
appropriate for a description of bond strength. Therefore, ti@n energes DS3. Similarly, one has to distinguish between
will discuss in chapter 4 the physical background of the vattite BE and the bond enthalpy BH derived from measured
ous force constants in more detail. Before this, we will analyamization enthalpies at T K. However, in this work, we are
in chapter 3, which energy term may best describe the bamadre interested in the conceptual role of BE and BDE and,
strength. In this way, a basis for relating bond characterigtierefore, we will use these terms irrespective of the fact
energy terms and stretching force constants or stretching freether they are obtained from measurements at T K or from
guencies will be established. calculations.
The determination of BEs in thermochemistry is based on
two assumptions (1) and (2), which define the model of

How to determine the bond energy? thermochemical BEs.
(1) The @omization energy AE of a molecule, given by
For a polyatomic molecule, BEs, contrary to BDEs, canri€ sum of BDEs, is equal to the sum of BEs:
be measured. The BDE is the reaction energy that leads to
i - — all _ all
the cleavage of a particular bond A-B AE = Z BDE; _Z BE (28)
H A-BH - H Ae+eBH_ (25)
where the sum runs over all bondsd whereBE # BDE; in
; ; ot _ the general case of a polyatomic molecule.
The experimental dissociation enthalpy at T K (T =
N Py ( (2) BEs of bonds of the same type are assumed to be equal.
298 K) is given by g . : ;
Assumption (2) makes it possible to determine from the
AE of methane the value of BE(CH) and, then, to use this

Do(T) = AAHP(T) value to determine frottihe AE ofethane the value of BE(CC)
0 0 according to
= AH{(T, H,As)+ AHY(Te BH,) (26a)
— AHY(T, H, A= BH,) AE(CH,)=4BE(CH) (29a)
AE(C,H,)= BE(CC)+6 BE(CH) (29b)
and is related to the (non-measurable) dissociation energy . o
D& at equilibrium by Clearly, assumption (2) represents a strong simplification
since the differing CH bond lengths of methane and ethane
exp (Table 1) indicate that the BE(CH) values of the two mol-
DS = E(H,A¢) + E( BH,)- H H,A- BH,) ecules are different. Differences will become even larger if
=D, —AZPE—ATHERI\,( -D_ RT (26b)  one compares CH bonds in GKCH,, and CH groups in dif-
ferent molecules. Linear equation systems have been set up,
calculating BE(CH) and BE(CC) as averages of the CH and
where the zero-point energy difference CC bonds of a large variety of hydrocarbons. [3,6,7] In this
way, useful bond additivity schemes for the rapid calculation
AZPE= sz( H A)+ zp(} Blﬁl,) of thermochemical data were obtained. However, it is clear
(27a) thatthe BEs defined in this way provide no information on
_ZPE(HnA_ BHﬂ) individual CH and CC bonds. Accordingly, these bond
additivity schemes fail if an unusual CH or CC bond is con-
and the difference in thermal corrections sidered. _ _ . _ .
Apart from these considerations, the basic question arises
ATHERN(T) = THERI\Q TH A)+ THER(/I k) L’qhb whether the AE can be used as a starting point for determin-

ing bond stength and BE. The AE is a dynamicaaptity
since it is the energy of the scaling (atomization) reaction,

(27b) i.e. that reaction for which all bond lengths of the molecule
are simultaneously lengthened and broken.

-THERM T, H, A~ BH,)
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" a) delocalization of the electrons over the bond region; b)
CH, - zc(¢ﬁ,/=l,4)+ ZH(@) (30) contraction of the density along the bond axis due to orbital
7 . contraction; c¢) polarization of the electron density from the
nonbonding toward the bond region; d) charge transfer from
One can calculate this process by scaling all bond lengbime atom to the other if there is an electronegativity differ-
of the molecule with a factdrincreasing from 1 te. In this enceAx between the atoms constituting the bond. In a satu-
way, all bond angles and dihedral angles of the molecule eted hydrocarbon, the promotion and hybridization energy
retained, i.e. the molecule does not change symmetry duhd will dominateE; of a C-H bond so that one can neglect
the scaling reaction since its overall shape does not chamgieother tems. Accordingly, the alue of E;(C-H) can be
Furthermore, we impose that the scaling (atomization) reastimated to be 162/4 =40.5 kcal rhédr each bond in meth-
tion (Eq. 30) does not lead to a change in spin,spin couplame. Hence, the IBE(CH) of methane as a true measure for
between electrons and the atoms keep the form of their orbdnd strength should be about 144 kcal-h{fbr the corre-
als during the scaling reaction. The latter point is best illisponding enthalpy at 298 K, one gets 140 kcatinahile
trated considering a representation of the molecular watie BE(CH) is just 104 kcal mél(bond enthalpy 99.2 kcal
function in terms of hybrid orbitatg. The degree of hybridi- mol).
zation (mixing of AOs) is determined by the molecular wave Hybridization energyE,, and charge reorganization en-
function at the equilibrium geometry of the molecule. Fargy E. are different for the C atom in ethane and, conse-
the atomization reaction, it is requested that the hybrid orlgjtiently, one cannot assume that the IBE(CH) in ethane is the
als and the degree of hybridization is maintained. Howevsame as in methane. Even with the approximagjgH) = 0,
for reasons of charge balance there will be in any case a reoe needs to know holy(C) is split up between CC and CH
ganization of charge between the partners of a bond acctahds, i.e. there are at least four unknown parameters needed
ing to their electronegativity difference. to relate the AE oéthane to the strength of its CC and CH
The scaling (atomization) reaction (Eq. 30) defines tihendsEL(C,CC) EL(C,CH), BE(CC) andBE(CH). It is easy
intrinsic atomization energy IAE which is given by the suno see that for each additional hydrocarbon the number of

of intrinsic bond energies (IBE): unknowns increases in the way that the number of unknowns
is always much larger than the number of known quantities.
JAE = szE,- (31) This leads to the following conclusions:

1) The bond strength is given by the IBE. The determina-
tion of IBEs without any other information than experimen-
The IBE is a direct measure of the bond strergjtice it tal AEs is not possible.
refers to the actual situation in the molecule. The IBE is much?2) The BEs reflect the bond strength only if the reorgani-
larger than the BE (similar to IBDE and BDE, Figure 1) sin@&tion energies are about constant for bonds of the same type

the latter is defined by the reaction or change linearly with the bond strength.
3) Any simplifications and assumptions made to deter-
CH . mC(3P)+nH(ls) (32) Mine IBEs or BEs from a linear equation system with more

unknowns than knowns make a detailed description of indi-
vidual bonds impossible.
The thermochemical model of the BE, for example, is
R based on the assumption thadt E, values of bonds of the
c(p)- C(¢u,./=1,4) (33) same type are identical so that IBE and BE values differ just
by constants so that the latter become a reliable measure for
is equal to the reorganization enefy and involves three the bond stregth. This assumption, however, makes it im-

The reaction energy for

positive energy quantities: possible to differentiate between the three different CH bonds
of propane, although these must possess different BEs ac-
E,=E,+E, +E, (34) cording to the corresponding CH bond lengths and CH stretch-

ing force constants listed in Table 1. Hence, the problem of
g@_tting reliable parameters of describing the bond strength
can only be solved with the help of additional information
ical for a given bond. This could be done by relating the
nd length to the bond strength as has been done exten-
8ively in the literature. [24] On a qualitative basis, it is often
g&gued that the shorter (longer) bond is always the stronger

whereE; is the promotion energy needed to promote an el
tron from the 2s(CP) orbital to the empty 2p(¢R) orbital,
E, the hybridization energy needed to mix the 2s and
orbitals in the excited statéS or °D) to obtain the four hy-
brid orbitals ¢, and E.. the charge reorganization energy t
populate the hybrid orbitals in such a way that the situati
in the molecule is correctly reflected. In the case of metha
E, and E,, for CGP) atom were estimated to be about 104
and 62 kcal mol, respectively. [23]

The termE_ covers several energy contributions that al
a consequence of charge reorganization caused by bondi

eaker) bond, however this argument must be considered
ith care as for example in the case of bent bonds. [25]
From a theoretical point of view, the bond strength should
p&pend on two quantities, namely a) the overlap between the
forming the bonding MOs and b) the polarity of the
ond as caused by the electronegativity difference between
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gi_'ne bond stretching force constant related to the

the atoms connected by the bond. The overlap decreases i?/l
ggd strength?

an exponential dependence on the bond length and the
tronegativity difference between the bonded atoms determi

the effective charges at the atoms, which in turn are responsi- )

ble for the attraction of the bond density to the nuclei by ARe force constark, provides a measure for the curvature of
1/r-potential. The mor@olar a bond is the stronger is théhe PES in a given direction defined by the internal coordi-
resulting bond shortening. [26,27] BE schemes or relate@ted, associated witk,. In the case thaf, is a bond length,
schemes based on bond order or other bond strength pafhifi-assumed that the force constant is related to the bond
eters have been suggested which are based on overlap ag@gth. Since the curvature of the PES in the direction of a
bond polarity [3,26-32], but so far a generally applicabRond dissociation process can be described with either
model is not known. Also, one has attempted to directly ckf. it has to be clarified, which of these force constants is
culate BEs from molecular energies [28] or molecular eleetter suited to describe the boncesgth. Wewill answer

tron density distributions, [30,32] yet only limited applicathis question by analyzing the changes in the electron den-
bility has been achieved. All these approaches use static - distribution of the molecule dag a c-vector vibration
tities for the determination of the bond strength while tf@@d anAIM vibration. This would actually require a set of
thermochemical BE is actually a dynamic quantity sinceSpapshots taken during a vibrational mode, however practice
depends on the dynamic behavior of the molecule in the giows that it is sufficient to analyze just one snapshot taken
omization reaction as determined by the features of the fy-a small but finite elongation of the bond in the course of
tential energy surface (PES) in the direction of atomizatich.bond stretching vibration.

Therefore, we will investigate in the next chapter whether In Figure 2, a contour line diagram of the difference elec-
this dynamic quantity can be better described with dynaniien density distribution obtained for @vector stretching

quantities associated with the vibrational motions of a myfbration of a CH bond in CHs shown in the plane contain-
ecule. ing one C and two H atoms. Because of the movement of the

H nucleus, the electron density distribution in the region of
the CH bond is changed in the way that the H nucleus carries
negative charge with it. The result is an increase of electron
density beyond its previous equilibrium position, a similar
increase behind the C atom, and a decrease of the electron
density in the bond region (see Figure 2). Calculations show
that the changes are not localized in the bond region, but
extend to the other CH bonds. Hence, stretching of the CH
bonds leads to an increase in front of the H and behind the
CH, group where the density is taken from the bond region.
In a description with the-vectors all other CH bonds are
frozen to their equilibrium values and, therefore, the elec-
tron density attached to these bonds has little chance to ad-
just to the new geometry with the elongated bond. This has
two important consequences. First, the CH stretching force
constant of the first bond, which reflects the energy change
needed for a movement of the H nucleus out of its equilib-
rium position and the ease, by which the electron density
distribution relaxes to this perturbation, will actually be larger
than it would be if the other CH bonds and the electron den-
sity attached to them would relax and partially compensate
the increase in the energy due to bond elongation. Secondly,
stretching of a second CH bond is coupled to the first stretch-
ing by a positive stretch-stretch coupling constant. This sim-
ply means that stretching of the second bond is somewhat
more difficult because of the elongation of the first bond.
Qualitatively, the same changes in the electron density
Figure 2 Contour line diagram of the difference electro®ccur for a CH streténg AIM. However, there are signifi-
density distribution obtained for @vector stretching vibra- cant differences, which become only visible if the changes in
tion of a CH bond in Ciishown in the plane of a Glgroup the electron density caused by an AIM are compared with
(B3LYP/6-31G(d,p) calculations). The lower H atom and ti#gose cause byavector motion, i.e. by analyzing the differ-
C atom are moving by 0.02 A from their equilibrium posénce-difference electron density distribution shown in Fig-
tions thus elongating the bond. Solid (dashed) contour lin¢€ 3. The CH stretching AIM relaxes upon elongation of the

indicate an increase (decrease) in the electron density §&41 bond the positions of the other H nuclei, which means
cause of CH elongation that the electron density can adjust to the new situation.
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means that the relaxation of the AIMs decreases coupling in
the AIM force field since the AIMs are more natural than the
c-vector modes. In particular, relatively large bend-bend cou-
pling constants of cyclic molecules are strongly reduced in
theAlM force field. At the same time, coupling is more spread
in the molecule. For example, for the force field associated
with thec-vector modes of Clthere will be no stretch-bend
coupling if the bending motion does not involve the elon-
gated CH bond although density and geometry relaxation
should also affect these bending motions. The AlMs describe
this situation correctly thus leading also to small coupling
values for those interactions which are zershizc-vector
force field. However, in total couplings are still reduced (Ta-
ble 2).

It is noteworthy that the-vector force field does not com-
ply with the symmetry of the molecule GHvhich is obvi-
ous for the valence force constants (different HCH bending
force constants) and the coupling constants (3 different val-
ues for stretch-bends instead of 2; 3 different values for bend-
bend couplings instead of 2). Howewitie AIM force field
complies with the symmetry of the molecule and possesses
the right number of different coupling constants. Similar dis-
Figure 3 Comparison of the difference electron density disrepancies are found for larger molecules, which are particu-
tribution obtained for an AIM stretching vibration of a CHarly serious in the case of highly symmetrical molecules and
bond in CH and the correspondingvector vibration in form molecules with strong coupling of internal coordinate forces.
of a difference electron density distribution. Contour liné3f course, the force field complies with the molecular sym-
are shown in the plane of a Gigroup (B3LYP/6-31G(d,p) metry when symmetry coordinates (see chapter 5) are cho-
calculations). The lower H atom and the C atom are moviggn for the calculation of the normal modes.
by 0.02 A from their equilibrium positions thus elongating The analysis of the changes in the electron density distri-
the bond. Solid (dashed) contour lines indicate an incredsetion accompanying a vibrational mode can be carried out
(decrease) in the electron density cause by the AIM vibration each type of internal mode. It reveals that the AIMs com-
relative to that caused by theevector vibration ply better to the reality of a localized CH stretching motion

than thec-vector motion based on a totally rigid Chroup
and an elongated CH bond. In a simplified wiag AIMs

Upon bond elongation caused by an AIM, the other G#&n be considered as vibrational modes covering geometry
bonds move slightly in the opposite direction than the C at@hd electron density relaxation effectsile the c-vector
thus approaching slightly a planar methyl radical with ifodes are vibrations without geometry and major electron
plane HCH angles of 120° and an HB angle of 90° as it density relaxation effects. Hence the AIMs are the more natu-
would be formed in the dissociation reaction: CHeCH, + ral vibrational modes and, therefore should be much more
H. Because of these slight adjustments, the decrease otgful for the description of the dynamics of molecifes.
bond density becomes smaller, less density is built up in fré#ample the AIM contrary tothe c-vector mode represents
of the moving H, but more behind the C. In the extrem@&e true starting point of the bond dissociation reaction and,
these changes would lead to thregharge distribution of the therefore, the adiabatic CH stretching force constant provides
methyl radical. Since the H atoms of the @rbup also move & more realistic description of the curvature of the PES of
there is a slight build up of density in the moving directiodaH, in the direction of the CH bond elongation. Tesctor
and a decrease of density in the opposite direction (see fagce constant overestimates curvature of the PES since they
ure 3). refer to an artificial process without significant relaxation

The adjustment of the electron density distribution to tfects (see below).
new geometry is reflected in the adiabatic CH stretching forcelf the geometry of a molecule is optimized, each param-
constant, which is smaller than that calculated forcthec- eter will be calculated under the provision that all other geo-
tor modes (see TablB. Also, the stretch-stretch couplingmetrical parameters are relaxed. This will also be done if the
constant becomes negative (see Table 2) indicating that ap@iential energy function for the dissociation of one CH bond
relaxation of geometry and density upon CH bond elong¥-the methane molecule is calculat@the AIM of the CH
tion stretching of a second CH bond becomes somewhat eaSfgiching motion is the vibration, which relaxes all other

In general, one observes for the AIMs of a molecule tHggometrical coordinates and hence it describes the onset of
the norm of coupling force constants decreases in (absolifi€) CH dissociation reactiorie conclude thathe AIM
magnitude relative to the norm of the corresponding valerfgeetching force constak, is related to the BDE of one CH
force constants assot#a with the c-vector modes. This bond rather than its BE. Only if IBE, BE, and BDE all be-
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Table 2 Adiabatic force field and valence force field for C(B3LYP/6-31G(d,p)) [a]

CH1 CH2 CH3 CH4 H2CH1 H3CH1 H4CH1 H2CH3 H3CHA4

5.36 -0.05 -0.05 -0.05 -0.09 -0.09 -0.09 0.09 0.09 CH1
5.36 -0.05 -0.05 -0.09 0.09 0.09 -0.09 0.09 CH2

CH1 5.42 5.36 -0.05 0.09 -0.09 0.09 -0.09 -0.09 CH3
CH2 0.03 5.42 5.36 0.09 0.09 -0.09 0.09 -0.09 CH4
CH3 0.03 0.03 5.42 0.67 -0.13 -0.13 -0.13 -0.16 H2CH1
CH4 0.03 0.03 0.03 5.42 0.67 -0.13 -0.13 -0.13 H3CH1
H2CH1 0.14 0.00 0.00 -0.14 1.13 0.67 -0.16 -0.13 H4CH1
H3CH1 0.14 -0.14 0.14 -0.14 0.54 1.09 0.67 -0.13 H2CH3
H4CH1 0.14 -0.14 0.00 0.00 0.57 0.54 1.13 0.67 H3CH4
H2CH3 0.00 0.00 0.14 -0.14 0.57 0.54 0.59 1.13

H3CHA4 0.00 -0.14 0.14 0.00 0.59 0.54 0.57 0.57 1.13

[a] AIM force constant matrix is given in the upper righbend interaction force constants in mdyn-tabdlending and
triangle and thec-vector force constant matrix in the lowebend-bend force constants in mdyn A%ad
left triangle. Stretching force constants in mdyh Atretch-

have parallel, which implies that reorganization eiesr§; where in generdBDE > BDE, IAE > AE andIBDE, # IBE,.
in bond dissociation and atomization reactions are identi¥ghile the AIM stretching force constakg, is related to the
or similar (as for diatomic molecules), can the AIM stretctBDE, the force constahk§, which does not cover any geom-
ing force constant be used to describe the bond strengthetry relaxation, can be associated with BBE of a bond.

The force constari€, is also a dynamic quantity, which isHowever, one would stretch the connection leefmiBDE
not related to a chemical process. It covers the major elandk too far to expect that the ratios between the two force
tronic changes of the onset of a bond dissociation process)stants provide any insight on the relative magnitudes of
however not the important effects of geometrical and eld8&DE and BDE. Since IBDE values of the bonds of
tronic relaxations. In so fak¢ should be related to the intrin-polyatomic molecules are not known, little use can be made
sic BDE (IBDE), which is that energy quantity, which woulavith k¢ values taken from a valence force field. On the other
be obtained if all relaxation and rehybridization effects couldhnd, AIM stretching force constark® have been found to
be suppressed in the bond dissociation reaction. In viewbef useful quantities when discussing measured BDE values.
the definition of the IBE, we define the IBDE by Eq. 35 (sdearsson and Cremer demonstrated that there is a linear rela-

also Figure 1) tionship betveenk? and D (CH). Deviations from this rela-
tionship give insight on extra-stabilization effects in radicals

IBDE =BDE +E, (35a) Re formed by dissociation of R-H. [11]

Er=Ey+ Ect Egt By (35b)

whereE covers the energy needed for freezing the geonfi@hd stretching force constant for symmetry

tries of the fragments of the bond dissociation Bpg, de- ¢oordinates

notes the energy, which would be gained by delocalization

of the unpaired electrons generated by bond cleavage (if & could argue that the stretching modes so far discussed

of the fragments possesses a conjugated system, providegfgeelated to one-bond dissociation reactions and, therefore,

possibility of hyperconjugation or anomeric delocalizatiowannot be related to the BE, which is defined in a statistical

etc.). In cases, in which the fragments are formed in an @y within the thermochemical model of bond strength. It is

cited state and relax to the ground state, one has to add toAEd-known that the four BDEs of methane all differ (prod-

35 a promotion energl, identical to the excitation energyucts of different stability are formed in the four-step process

between the two states. leading to atomization) and that only their average can be
In the same way as the sum of all BDE values obtainedused as BE. In the same spirit, one should ask, e.g., for the

a stepwise atomization of a molecule is identical to the sawerage of the CH stretching force constants foy, CHH,,

of BEs and the AE, the sum of all IBDE is equal to the su@t,, and CH. This, however, would require a clumsy way of

of all IBE and the IAE. calculating a suitable CH stretching force constant related to
the BE that could easily be flawed since different species
JAE = ZIBDEi = ZIBEi (36) such as closed-shell systems, radicals, and carbenes would
: : have to be adequately described with one particular method.
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It is far more easy to define symmetry coordinates in the wayThe three different CH bonds of propane (Cid-plane
that the totally symmetric stretching mode is associated Wk, out-of-plane CH see Table 1) areompared with re-
a stretching force constakf, which describes the synchrogard to their bond strength using bond lengths and bond
nous stretching of all equivalent bonds. In the case of msiretching force constanks andk, The bond lengths of Ta-
eculesAX, this leads to the symmetry coordinate ble 1 suggest that the in-plane CH bond of the methyl group
is somewhat stronger than the out-of-plane CH bonds, which
1 = in turn are stronger than the CH bonds of the methylene group.
8§, =— z ; 37) This is confirmed byhe AIM andc-vector stretching force
n: 5 constantk_ (Table 1). Howeverthe k_ values obtained with
symmetry coordinates suggest that the bond strength of the
out-of-plane CH bonds is larger than that of the in-plane CH
strength bonds, which is contrary to the trends in bond lengths

In Table 1, theAlM and c-vector stretching force Con'g\;‘\}d force constants. One can resolve this contradiction by
stants for symmetry coordinates are listed. Apart from a f sidering that there are four out-of-plane CH bonds and

exceptions, these force constants are larger than the CO%%;'two in-olane CH bonds in propane. Hence. the di ia
sponding force constantg. For methanethe k3 CH) value J P propane. » the dissocia

is 5.510 mdyn A while the corresponding?(CH) value is tion process (Eq. 38)

just 5.365 mdyn A. Since synchronous stretching of all CH

bonds in methane leads to atomization, the valuég(@H) CH;— CH, - CH; - ¢ CH,— CH,CH,* (38)
and kY(CH) are identical. If the symmetric stretching mod _ _ . _ _

for allsequivalent bonds does not lead to atomization, k@en%H3 CH, = CHy ~ . CH- CH,~ CR (39)

is usually larger thak? for the same reasons as discussed in ) i )
connection withk® and ke, associated with the symmetry coordinate for the two in-plane

Inspection of the force constants of Table 1 reveals titeil bonds leads to the creation of radical centers at C1 and
the incease ink_ is related to the number n of equivalerfe3 While the dissociation process associated with the sym-
bonds in the way that a higher number n seems to lead f§&iry coordinate for the four out-of-plane CH bonds (Eg.
higher k, value. This can be explained by remembering tr%?) generates carbene centers at C1 and C3. Clearly, a carbene
stretching force constants are dynamic quantities, which Ey&1ore unstable than a radical, which means that the second
associated with a particular bond dissociation process. In Bf@cess is characterized by a much higher endothermic reac-
case of methane, the corresponding dissociation process |888s€nergy, which should be reflected by the curvature of
to atomization and, by this, excludes any differences betwdd@ PES in the direction of the reaction coordinate of Eq. 39.
ka and kS because of geometrical relaxation effects or extrdccordingly, ks (CH,op) > k(CH,ip) (Table 1), i.e. theg
stabilization effects of the fragments formed. One could &ffetching force constants can no longer be related to an indi-
gue that the first BDE (actually enthalpy) of methane is 104/glual CH bond since the associated 'dISS',OCIatIOH. reactions
kcal mol! [33] while the bond energy (related to the syniiSe reference molecules of strongly differing stability. Tr_us
metric mode of stretching the four CH bonds of methane€@mple shows clearly that one has to analyze the associated
the same time) is just 99 kcal mand, accordingly, stretch-Stretching coordinate and dlssoma}t.lon process and (;on5|der
ing force constank_ should be larger than stretching forc&arefully whether the product stability may mfluence. in any
constank, However, symmetric stretching in methane is ré/@y the curvature of the PES and, by this, t'he stretching force
lated to four times the IBE rather than the BE and the fornf&nstant before one draws any conclusions for the bond
(=162 kcal mol, see above) is much higher than the |att§t_reng§h of a particular bond based on the corresponding
Hence, the stretching force constants calculated with syfH€tching force constar. _
metry coordinates demonstrate two important aspects: The discussion shows that apart from the §peC|aI case of

a) The stretching force constants are dynamic quantit@én molecules, there are no symmetry coor(_jmates that can
associated with a particular dissociation process definedi%/related to the atomization (scaling) reaction of the mol-
the coordinate used. ecule and, in general, group stretching force conskants-

b) In the case of stretching force constants calculated wi@f be related to either IBE or BE. Contrary to general be-
symmetry coordinates, the associated dissociation prodi&fs the choice of symmetry coordinates does not provide
(atomization or fragmentation) has to be analyzed to clarf§tter insight into the strength of the bonds of a general
whether the stretching force constant is related to the |Bglyatomic molecule. On the contrary, one has to warn not to
(atomization) or IBDEKS) and BDE k&) of a specific frag- misinterpret stre_tchlng force constaktss reflecting the bond
mentation process. strength of particular bonds.

While both atomization reaction and one-bond dissocia-
tion processes are of direct chemical interest, most fragmen-
tation processes associated with particular symmetry coogtiability of cyclopropane
natess and group stretching force constakgsire not of im-
mediate interest and are also somewhat difficult to interp
since they strongly depend on the stability of the fragme(}
formed as can be demonstrated by the following example.

wherer; defines theAX bond length and =, for all j.

clopropane X) possesses a surprisingly high stability in
w of the fact that the strain of the three-membered ring
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should be 70 kcal m3lor even larger [25] while in reality it _
is just 27 kcal mol. Different explanations have been givenAE(z) B 1BE( CC2)+ 4 BEE CHZ)
for the extra-stability of cyclopropane. [13,25,30,34] SchleytKE
[34] argued that the CH bondslimre comparable with those

of ethene ) according to bond lengths (1.086 vs. 1.087 A,
Table 1, for a recent discussion, see ref [35]), degree of hy-The remaining four quantities needed to determine all
bridization (in both cases %p CH bonds), and known CHBE(CC) and BE(CH) values could be added by using the
BDE values (106.3 and 111.2 kcal ma¢86]). Actually, the following relationships:

stretching force constants of Table 1 seem to suggest that the, |

CH bond inl is even stronger than that in ethéd@{CH,1) Ko’ (CH1) - BE(CH1)

= 5.117 mdyn Al and k2®{CH,2)= 5.102 mdyn A;  k2®P(CH_2) BE(CH2) (40d)
keeqCH,1) = 5.143 mdyn A andk®e{CH,2) = 5.130 mdyn

AL A recent CCSD(T) analysis of the equilibrium geometry

of 1 derived from ED measurements of Kuchitsu and co-work-

ers [37] confirms that the length of the CH bond if1.078)

is 0.003 A shorter than that @ (1.081 A). [35] However,

there is still a contradiction between exipsntal AIM

(40b)

(3)=6BH CC3)+ 6 BE CH,,3)+ 6 BE Ck,J  (40c)

stretching force constants and measured BDEs. Larsson H )

Cremer [11] showed that this contradiction can be resolv% D@ + H
if one considers the hyperconjugative stabilization possib H k,%(CH) H

ties of a single electron in the cyclopropyl radical and in tl

vinyl radical, which should be larger in the first case (2, Ct H,

groups for hyperconjugation) than in the second case. Her (2) C

an idealized BDE value df, [11] which does not cover this A R

extra-stabilization effect of the cyclopropyl radical is 0.5 kc Iy (CC) HyCw o = CHy

mol? larger than the corresponding value2ofDid¢a: 118.7

(2), 118.2 kcal mot (2), [11]). Accodingly, both bond length, (3)

stretching force constarits and corrected BDE valu@g®®@  y,c =cr, — H,C =CH » + H
[11] suggest that the CH bond dfis slightly stronger than ka (CH)

the CH bond of2, which would mean an enormous @

stabilization effect for the cyclopropane ring resulting froi H,C = CH, 2 %CH, (B

six relatively strong CH bonds and overcompensating t

weakening of the CC bonds caused by bond bending. Is-

interpretation correct? c
Employing symmetry coordinates, the ratio between tl A ) / \ + 6 H

CH stretching force constants blnd?2 is even increased in kH(CH) .C C .

favor of 1 (5.181 vs 5.146 and 5.215 vs. 5.164 mdyh gee * *

Table 1). This, however, is not surprising since the stretchi

k,H(CC)

force constantk (CC) andk(CH) are associated with formal (6 sCH,  Bn. .
dissociation reactions (Figure 4, reactions (5) and (6)) tl kACO) 3 ¢t By, Agor By
lead in the case dfto a very labile cyclic multi-carbene but :

in the case of to the ground state of,CClearly, the use of 7

k values for a comparison of the CH bond strengthand2 ~ g,c = cm, — sc=C2 + 4 H

is of little use and should be discarded. Similar criticism ks"(CH)

appropriate for the one-bond stretching force constits

since they are related to the BDE of reactions (1) and (3) (8)

Figure 4 rather than to BE(CH) or IBE(CH) values. A sme2 A —_ 3 HC=CH,

test will demonstrate this.

To assess the strength of CH and CC bondl one can
comparel with both2 and cyclohexaned] via reactions (8) (©) ﬁ
and (9) of Figure 4, where (9) defines the diagonal conve? A —_—
tional strain energy (CSE) of the three-membered ring. [¢

There are seven unknowns (BE(CC) and BE(CH) in molecules

1 - 3), but just three known quantities, namely the expefigyre 4 Dissociation reactions (1) — (7) of cyclopropane

mental AEs of the three molecules compared. (1) and ethene2). For each reaction, association with the

AE(l) = BBE( CC1)+ 6 BEE CI—,|1) (40a) proper stretching force constant is indicated. Reaction (8)
comparesl with 2. The energy of reaction (9) defines the
diagonal ring strain energy df



J. Mol. Model.2000 6 409

Table 3 Overview over static and dynamic quantities that can be related to the bond strength [a]

A) Static Properties — Starting point: Electron density or properties derived therefrom

Quantity Associated model quantity Bond strength
directly related?
bond length > covalent radii + chang&\g) + change(environment) (yes)
Commentbent bonds, stretched bonds, etc. lead to problems
bond density a) overlap part overlap of AOs no
bond order (only if b) does not play
density at critical point a role)
density in zero-flux-surface
b) polarity part x-difference no

charge difference
bond dipolemoment
a) + b) yes

B) Dynamic Properties — Starting point: Potential energy surface (PES)

Stretching Associated reaction Energy term Conventional Bond strength
force constants process name directly related?
k2 one-bond dissociation Jor Dy(T) BDE no

with relaxation
ke one-bond dissociation D E IBDE no

without relaxation
Commentany BDE depends on product stability (BDEs may be qualitatively useful if
just one type of bond is considered)

k2 group fragmentation AE group BDE no
with relaxation
k¢ group fragmentation AE +3 Eg not specified no

without relaxation
Commentproduct stability depends on number of equivalent bonds

k2 atomization for AX, general  AE AE =n BE no
with relaxation
CommentIf E; can be considered to be constant (yes)
k¢ atomization for AX, general AE+ X E IAE = n IBE yes
without relaxation
ka= k¢ atomization for AX, high sym AE + X IAE = n IBE yes
S S a

relaxation not relevant

[a] Meaning of terms usedy-difference ordy, difference in reaction; E, reorganization energy covering all relaxation
electronegativities; BDE, bond dissociation energy; IBDEffects. The specificationigh sym for AX molecules de-
intrinsic bond dissociation energy);E, reaction energy of notes the existence of g @ § symmetry element (for n =
the fragmentation process; AE, atomization energy; IAE, i2-C,)

trinsic atomization energy/,E, energy of the atomization

k3*®(CH1) _ BE(CH1) k:*®(CC1) _ BE(CG1)

iov(on3) ” oe(cHa) (409 yeon(cc)  ee(cc) (%00
kg’exp(CHaxﬁ) (CHaX! ) Using the force constantlues of Table &and solving

K2 exp(CH 3) (C ) (40f) Egs. 40a-g for the unknown BE(CC) and BE(CH) values leads
n ea Heq 3 to unreasonable bond energies not in line with general chemi-

cal understanding. This clearly demonstrates that neither ex-
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perimental BDE nor AIM (orc-vector) stretching force con- 1) A description of bonds in terms of bond stretching force
stants provide a reliable insight into the bond strength of tt@nstants is best accomplished with the help of a local mode
CH and CC bonds df. There is no reason to assume that tleescription.

reorganization energies for the one-bond dissociation and the2) Comparison of two different local mode descriptions
atomization reaction are the same for the three molecubdédond stretching shows that the adiabatic stretching modes
considered. The stretching force constants of Table 1 can anly better than thevector stretching modes. This is a result
support the observation that the CH bondLiis unusually of the physical significance of the former and the artificial
strong, but they cannot be used to quantify this effect or ewfinition of the latter.

to verify that it must be larger ih than in2 (in this regard, 3) Bond stretching force constants can be used to describe
also the CH bond length is not a reliable parameter). the chemical reactivity of a molecule. For example, the adi-

Cremer and Gauss [30] used the bond density as a staltiatic stretching force constants are related to the BDEs. They
quantity to describe the bond strength. Bader's methodocah be used to determine ideal BDE, which provide a meas-
virial partitioning [9] of the molecular space leads to zerowe for extra-stabilization effects in the radical produced. This
flux surfaces of the electron density distribution, which emerifies that a vibration can be considered as the onset of a
velope the atomic subspaces and cut through the bonds tihesnical reaction using the coordinate associated with the
specifying which part of the electron density is associateitbration as reaction coordinate.
with what atom. Integration over the electron density of a 4) Contrary to general belief, bond stretching force con-
zero-flux surface provides a measure of the bond strengtiints k do not reflect the strength of the bond or are related
which can be used to compare different bonds. Actually, thisthe BE in a quantitative sense and often even not in a quali-
approach covers just that part of the bond strength relatedative sense. They will fulfill this task only if IBDEs change
the overlap beteen AOs in &onding MO (vide infra) but parallel to BDEs and the latter parallel to BEs. This can only
does not cover that part of the bond strength related to teepossible for a group of closely related molecules with simi-
polarity of the bond. Cremer and Gauss [30] assumed tlatbonds, but has to be checked in each case by additional
the electronegativity difference between C and H is smadformation on the strength of the bonds considered.
enough to be neglected, thus avoiding a determination of bonb) Use of symmetry coordinates raises the value of an
strengthening caused by bond polarity. Although this assuraghiabatic force constant in dependence on the number of
tion can be considered to be reasonable, it may lead toegnivalent soms. This is understandable in view of the re-
underestimation of the BE(CH) value and an overestimatilated dissociation process and has to be considered when us-
of the BE(CC) value (106.6 and 71 kcal rhgB0]). Another ing k; stretching force constants for a comparative discus-
source of possible error is the fact that the CC bonds aien of bond strength. Only in the case of molecules, AX
curved and, therefore, the maximum of the electron densmjues can be directly related to the IBE (see Table 3).
in the CC zero-flux surface is shifted away from the CC in- 6) The BE is best determined with the help of a static
ternuclear connection line, thus decreasing the electron-guantity. This could be the molecular energy provided a par-
clei attraction energy. Again, neglect of such an effect migfitoning scheme is set up with the help of an additional quan-
lead to an exaggeration of the BE(CC) value. Hence, the & such as bond length. However, there are indications that
values calculated by Cremer and Gauss [30] cannot be dbre bond distances do not always change parallel to bond
sidered to be very reliable. They suggest however that BE(Gittength. Also, the bond distance is misleading in cases of
and DP¥(CH) for 1 (106.6 and 113.9 kcal mbht 0 K with- bent bonds.
out ZPE contributions [11,30]) are different, thus excluding 7) The best assessment of the BE should be based on an
that the unusual dtdity of 1 is caused exclusively by CHanalysis of the electron density distrilon. The electron
bond strengthening. Future work, probably along the lindsnsity of the zero-flux surface should be related to bond
suggested by Cremer and Gauss, has to provide a quargitength and BE. However, the strength of the chemical bond
tive basis for rationalizing the stability af depends on at least two factors:

a) Orbital overlap in the bonding MO as reflected, e.g.,
by bond order, bond density, etc.

b) Polarity (ionic character) of the bond. This is related to
the total charges of the atoms connected and to the charge
. ) distribution along the MED.

The problem of defining the strength of a chemical bond has|, Taple 3, the conclusions of this work are summarized.
been approached from the basis of vibrational spectroscogye calculation of BE and IBE values with the help of scal-
Stretching force constants calculated with standard quanggr\@ reactions presents a challenge to quantum chemistry. It is
chemical methods and programs [39,40] for local internglown that even sophistieal ab initio calculations lead to
coordinate modes provide an important contribution to thesyits of moderate accuracy. Future developments are nec-

Fjescription .of molecular stability and reac_tivity. '_I'he f0”0Wessary to solve the problem of quantitatively determining the
ing conclusions can be drawn from the discussion of calg4nd strength within a suitable model.

lated stretching force constants.

Conclusions
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