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Calculations have been carried out in order to calculate the s-character and ionicity of the
carbon-halogen bonds in eight halomethanes from experimental values of (1) *C-H couplings,
(2) nuclear quadrupole couplings, and (3) dipole moments. Two sets of results were obtained
based on the use, first, of (1) and (2) and, second, on the use of (1) and (3). The two sets of
results show a reasonable degree of consistency, under the assumptions and methods involved,
and tend to support the need for considering both hybridization and charge transfer in ac-
counting for substituent effects on the properties studied.

Es wurden Rechnungen zur Bestimmung des s- und des Ionencharakters von Kohlenstoff-
Halogen-Bindungen in acht Halogenmethanen aus den experimentellen Daten von (1) 3*C-H-
Koppelungen, (2) Kernquadrupolkoppelungen und (3) Dipolmomenten durchgefithrt. Zwei
Sitze von Ergebnissen wurden erhalten, die auf der Benutzung von (1) und (2) bzw. (1) und
(3) basieren. Die Ergebnisse der beiden Rechnungen sind im Rahmen der Annahmen und Me-
thoden konsistent und ergeben die Notwendigkeit, sowohl Hybridisierung als auch Ladungs-
tibergang bei der Betrachtung von Substitutionseffekten auf die zu untersuchenden Eigen-
schaften zu beriicksichtigen.

On a calculé le caractére s et 'ionicité des liaisons carbone-halogéne dans huit halogéno-
méthanes & partir des valeurs expérimentales (1) des couplages 3C-H, (2) des constantes de
couplage quadrupolaire nudéaire (3), des moments dipolaires. Deux ensembles de résultats
ont été obtenus & partir de (1) et (2) et de (1) et (3). Ces deux ensembles de résultats montrent
un degré raisonnable de consistance, étant données les hypothéses et les méthodes utilisées, et
sont en faveur d’une intervention simultanée de 'hybridation et du transfert de charge pour
rendre compte des effets de substituants sur les propriétés étudiées.

Introduction

In studying and characterizing chemical bonds, one has available a variety of
experimental properties such as, e.g., dipole moments, stretching frequencies, ete.
Interpretation of the latter is, however, complicated by the difficulty of relating
them in a clear and unequivoecal manner to the parameters (whether theoretical
or empirical) which are often employed to characterize bonds. This problem is
evident in the extended discussions which have centered around the relation be-
tween the character of carbon-halogen bonds and the effect of the halogen sub-
stituent on such properties as the *C-H and nuclear quadrupole couplings (e@q).

In their original studies of bond character based on the use of e@Qq data,
Damzy and Townes first assigned halogen hybridization on the basis of electro-
negativity differences, and then proceeded to calculate the ionicities of C-X bonds
required to match the eQq values [I]. Subsequently, DatLEY used molecular
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dipole moments to estimate the ionic content of C—X bonds {£]. For the halo-
methanes, these studies yielded halogen hybridization values of 0 to 159, and C-X
bond ionicities of 10 to 209,.

GorpY also evaluated ionic content from electronegativity differences, but
assigned a relatively minor role to hybridization changes at the X atoms [3].
WarreHEAD and JArrE elaborated this approach by using orbital electronega-
tivities [£]. In a further extension of these ideas, Gir.sox employed variable carbon
orbital hybridization [§], as determined from the formula of MULLER and Prit-
cHARD relating J(B¥C-H) values to s-character [6]. MULLER [7] and DrREESKAMP
and SACKMANN {§] have examined this approach and agree that J(1*C—H) depends
for most compounds only on C hybridization. They concluded that the substituent
affects J through the dependence of hybridization on substituent electronegativity.
The interdependence of hybridization and electronegativity has been discussed in
detail by Bexnt [9]. '

SHOOLERY has suggested that J should exhibit a cubic dependence on the
effective nuclear charge (Zept) experienced by the s-electron [10]. On this basis,
electronegative substituents would be expected to augment J, and GrANT and
Lrrcumaw have proposed that changes in Zeg: produced by charge withdrawal are
adequate to account for the changes observed in J without involving large varia-
tions in hybridization [77]. These workers calculated Zess from bond charge trans-
fer estimated from bond moments. (The latter were obtained by resolving dipole
moments vectorially, ignoring confributions from hybridization of the halogen
lone pairs.) ConNsIDINE has correlated a number of diverse molecular properties
with JAFFEA’s group electronegativities, calculated with C hybridization restricted
to tetrahedral [712]. He has concluded that it is possible to account for the observed
variations in molecular properties with substitution without invoking corre-
sponding changes in hybridization of the C atom.

Rosmsox has found the calculated dipole moment of HCI to be quite depend-
ent on halogen hybridization [13]. The use of pure p-orbitals for Cl in these compu-
tations led to ionic character inconsistent with energy considerations and with the
value of Ou/od. KastLER, using antisymmetrized functions for all seven outer
halogen electrons, was able to calculate dipole moments for HF, HCl and HBr
(but not HI) using only p-orbitals for the halogens [14]. However, ScuATZ has
pointed out that KASTLER’s approach leads to an unreasonably large value of
eQq in HCI [15].

The above review, while not exhaustive, is representative of both the interest
in these problems and the diversity of opinions associated with them. In this
communication we describe yet another effort to interpret the structure of chemi-
cal bonds by relating their descriptive parameters to selected experimental
quantities. For this purpose we have elected to use dipole moments (u), *C-IL
couplings (J) and nuclear quadrupole couplings (eQg). The methods employed for
calculating these quantities involve only two adjustable parameters, which are the
hybridization of the halogen atom and ionicity of the C-X bond. (All other required
quantities are either experimentally determined or are fixed by the method of
calculation.) Thus, any pair of the three experimental quantities (u, J and e@g)
can be used to fix the two parameters, and the third observed value will then be
available to evaluate the results.
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Calculations

To calculate J and y for the series CH, 3 Xy, the following functions were
used :

Wor = Nem [(1 — M2l yer + M Jyp, cH] (1)
Wox = Nox [(1 — M2 hyox + (M — 1)h Ay, ox + Ayx ] 2)
Yy =Nx [(1 —®)yx+ipx 1. (3)

The v are normalized two electron valence bond functions, i.e.,

1) pa(2 m (1 2
porr = g ( )119(2(+)2J:J )1(/2) 7@ e — ox(l) px(2)

ete., and A is the ionic parameter for the CX bond. Using a function of the type
pc(l) pr(2) + er(l) pc@) + Ac c(l) po(2), Covrson [16] found it necessary to
use Ag~ 1 to predict a bond moment of 0.4 D for methane with Slater orbitals.
Karprus and Grant [17] found a A% of 0.14 necessary to match the experimental
value of J(23C—H) in methane based on the particular choice of 9 eV for the average
excitation energy. The value of J for methane may be caleulated in agreement
with experiment using a A% of 0 for AE = 10.6 eV, employing DuNcaxsonN and
CovuLsox's [18] atomic orbitals or for AF = 10.25 eV with Tugis’ orbitals [79].
Reasonable values of AE have been assumed to be in the range of 9—12 eV [20].
Considering this and the fact that replacing a H atom with a CH; group in methane
only changes J by 1 cps (from 125 to 126 cps), no ionic character of the type
®o(1) pc(2) has been included in the CH bond description.

The method used for calculating J is based on the Fermi contact contribution
to the coupling and involves the same assumptions used by MurLEr and PriT-
cHARD [6]. This contribution may be written

Tvsye = LT (SEB)E (P | ) B(raw) ¥ )

where all terms have their usual meaning. When (1) is substituted in (4) we ob-
tain the following (were N = Ncmw).

64 52 hy=
Tio = SRR 3 fo40) {03 0) +2 0, Gy po(0) go+ (0) + CRge(0)} +

+ @m(0) {03 @c(0) pe(R) + Cy O ¢c(0) po+(R) +
+ C’o Cipc(R) gc+(0) + OF pc+(0) po+(R)} +
+ ¢ R) {C3p%(R) -+ 2 C, s pc( R) pe+(R) + Clpg+(R)}] (5)

1-M 22\ Mz \'
where O, = (—-—) and O; = <4> . For methane A= 0. Usin
0 2+ 282, ¢ 2+ 28y s

Tusis’ orbitals [19] the three terms in the expression are 0.0650, —0.0033, and
0.0001, respectively. Since the first term contributes 959, of the effect, the

1
latter two are dropped. Making the substitution, Z = <¢C+(O)> ( 2+ 25 > h with

70(0) J\2 + 28%
@c=osc+ (1 — x2)'r po and pot+ = xysor + (1 — oci)ll2 ot
64 52 h
Tao = | LTI (0) gh(0)| (V% [(1 — M 22) o7 42 (M — 2 oy

Zooey + MARZ2 2] . (6)
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To match the experimental value of J for methane requires that the first bracket
equal 500 and

Jre = 500 N22 {(1 — MA2) + 2A(M — M2 32)'h Z + M 22 72} . (1)

The hybridization of the covalent molecule and ionic fragments have been assumed
equal for simplicity. The above expression is similar to that of MuLLER and PriT-
CHARD [6] except that it includes the effect of charge induced on carbon by ionic
character in the bonds not under consideration and changes due to the difference
in overlap of neutral or positive carbon with the hydrogen atom in question. The
above expression is also very similar to that previously derived by use of the J
operator on the atomic wave function of carbon in CHXYZ molecules [271], except
for the inclusion of the CH and +CH bond overlaps and the use of normalized wave
functions. The values of & for the compounds studied were determined by the
method of maximum overlap [8, 21, 22, 23]. The discussion given in Ref. [24]
regarding the lack of constraints on hybridization by lone pairs are equally
applicable to unoccupied orbitals. For this reason, the hybridization of the ionic
fragments was maintained at the value determined for the covalent molecular
structures.

The dipole moments were calculated as sums of contributions from bond
electrons, lone-pair electrons and positive nueclei:

p= 2 pocos Oy + 3 pup cos Oy (8)

where 65 and ;5 are the angles between the bond and lone pair, respectively, and
the molecular symmetry axis, and

Hoond = eR —e z " 9)

fip=—€ 27k . (10)

The R are bond lengths; r; and v are distances to the corresponding electrons
from C and X, respectively, averaged over the functions used in the maximum

overlap calculations.
Nuclear quadrupole couplings were calculated from Damwey’s formula:

eQdmor = (1 — ) (1 — a?)elgatom -

In order to compare the results of the eQg calculations with those obtained
from the J and dipole moment caleulations, a relationship between A4 and ¢ is
necessary. The following relation was used:

i = B+ VT 228, + M- M 22" 8,
- N.

where S, is the overlap between the valence bond functions ¥, cx and ¥ ¢x_ and
8, is the overlap between the functions for Yexand ¥ cx_.

All calculations were carried out by determining the CX ionic character neces-
sary to match the experimental values of eQq, J, and . for increments of 0.05 from
0 to 100%, in the s-character of the halogen bonding orbital. The calculations of
J and y were performed using Slater atomic orbitals. Experimental values of eQq
for the molecules as gases were taken from DarreY’s tabulation [2]. Gas values for
the dipole moments were taken from “Tables of Experimental Dipole Moments”
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Table 1. Intersection Values for the Halogen s-Character and CX Ionicity

J — eQq intersection 9%, J — u intersection %,

$ % s % o
CH,C1 21.8 13.0 14.7 124 529
CH,Br 9.7 164 7.3 17.0 527
CH,I 2.5 13.5 4.3 14.7 528
CH,C, 144 16.8 7.0 15.0 568
CH,Br, 2.8 18.5 4.0 19.7 559
CH,I, 01 9.6 31 13.5 564
CHCl, 8.2 11.5 4.8 16.0 607
CHBr, 1.3 14.3 3.8 17.2 .601

= The carbon hybrid orbital pointing toward hydrogen is formulated
@c =asc+ (1 — o) pe.

by McCreLrax [25]. Values of J(1*CH) are available in the literature. However
we used values obtained here for 25 mole %, solutions in cyclohexane, since these
couplings show a sizeable solvent dependence [26, 27]. Infinite dilution values in
an inert solvent would have been preferable but were not available.

Tab. 1 shows the bond parameters for the halomethanes which simultaneously
match either the nuclear quadrupole coupling and BCH coupling constant or the
dipole moment and BCH coupling constant. The last column of Tab. 1 shows the
value used for the s-character of the carbon orbital directed toward hydrogen in
these molecules. These values were determined by the maximum overlap procedure.
Tab. 2 shows the values calculated for u and eg@ using the s and ¢ obtained from
the intersection of the J with eQq and J with y curves, respectively. Also given
are the values obtained using the average of s and ¢ from these intersections and
for comparison, the experimental values of ;. and eg@. Fig. 1 shows the combina-
tions of s and ¢ which result in agreement between the observed and calculated
values of J(13CH), eg@), and p. for the monohalomethanes. The curves obtained for
the di- and trihalomethanes are very similar, therefore not shown.

Table 2. Calculated Volues of the Dipole Moments and Nuclear Quadrupole Couplings in the

Halomethanes
Hexp Meale® Mc&lch eQQexp GQQCalcc ZQQGalcb
CH,Cl -1.94 -2.37 217 .6813 7506 7162
CH,Br —1.79 —-2.07 -1.93 1501 7758 7633
CH,I —1.64 -1.28 -1.51 8424 .8159 .8282
CH,Cl, —1.54 —2.28 —1.92 1147 7909 7556
CH,Br, -1.43 —-1.14 -1.30 71921 7719 7814
CH,L, —-1.10 +0.20 -0.65 9043 .8348 .8670
CHUCl, —1.07 -1.49 -1.30 7557 7985 713

CHBr, -1.00 -0.35 -0.71 8456 7955 .8183

a Calculated nusing the values for s and ¢ given in columns 1 and 2 of Tab. 1.

» Calculated using the average of columns 1 and 3 for s and the average of columns 2 and 4
for ¢ from Tab. 1.

¢ Calculated using the values s and 7 given in columns 3 and 4 of Tab. 1.
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Tig. 1. Plot of Tonic character versus s-hybridization for methyliodide (top), methyl bromide (middle) and methyl
chloride (bottom). The curves are the loci of values of these two parameters which reproduce the experimental
values of the puclear quadrupole coupling (A), electric dipole moment (B), and *CH coupling (C)

Discussion

To examine the necessity of invoking variable hybridization of carbon, the
first calculation of J, eQq, and p. was carried out restraining carbon to an sp? state.
Under this condition it was necessary to allow valence bond forms with two bonds
simultaneously in an ionic state in order to match the experimental value of J for
CHCl, and CHBr,. Also, of the eight molecules studied, only CH,Cl exhibited an
intersection of J and y. under this condition.

There has been considerable argument over whether or not interorbital and
interatomic angles coincide. The next calculation was therefore carried out with
hybridization coefficients determined from the experimental angles. It is interesting
that under this condition it was possible to match the experimental value of J for
only two molecules (CH,Cl and CHyBr) without including doubly ionized struc-
tures in the formulation. This result appears to support the contention that bent
bonds are the rule except where excluded by symmetry [6].

In the third phase of this study, the hybridization of the carbon orbitals was
determined by the condition of maximum total orbital overlap in the molecule.
The results for the methyl halides are depicted in Fig. 1. Similar results were
obtained for the di- and trihalomethanes. Due to the rather parallel nature of the
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curves for p and eQq a small shift of either along the abscissa produces a large
change in the ordinate. For this reason, the eQ)q — . intersections are probably not
very reliable. The values of CX ionicity and halogen hybridization at which the J
curve intersects the eQg and yu curves are given in Tab. 1. Considering the approxi-
mations involved and rather crude wave functions used, the correlation is excel-
lent. The transferability of the bond parameters determined in this way is shown
in Tab. 2. Due to the rapid change in slope of the curve for ¢ in the vicinity of zero,
values of | calculated using the hybridization and ionicity from the J — eQqg
intersections are not quantitative. However, they are the correct order of magni-
tude and the series members are correctly related to each other. Parameters deter-
mined by the u — J intersections produce e{lq values which agree to within 109,
of experiment for all cases. Columns 4 and 7 of Tab. 2 give the values of y and
eQq calculated using the average values of s and 7 from the eQq — J and p — J
intersections. The calculated values of J, of course, are equal to the experimental
values.

These results provide an indication of the internal consistency of the bond
characterizations derived from the experimental data and methods described here.
The degree of consistency achieved, as indicated, e.g., in Tab. 1, is reasonably
good, particularly when viewed against the various interpretations recorded in
the literature. The results also provide some support for the idea that neither
charge transfer nor changes in hybridization is alone adequate to account for the
effects of substituents on the properties considered.
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