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court but are, in general, higher than those of Preu-
ner and Brockmoller sustains their suggestion of a
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systematic error in their temperature measurements.
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The Inductive Effect and Chemical Reactivity.

II. Reactions of Halides with Sodium

Atoms!

By RIcHARD P. SMiTH? AND HENRY EYRING

The application of the theory presented in the first paper of this series to the calculation of charge distributions in halogen-
substituted alkanes is discussed. Net charges on halogen atoms in a number of aliphatic hahdes, as well as X3 and HX

molecules, are calculated and used for a discussion of heats of activation for the sodium ‘‘flame” reactions.

It is found that,

for molecules having C-X and H-X bonds, the heats of activation are linear in the halogen net charges divided by the c-X

or H-X bond polarizabilities.

Introduction

In the first paper of this series,? hereafter referred
to as Part I, we have shown, with two others, how
approximate charge distributions may be calculated
for molecules in which the bonds are essentially
localized, such as saturated molecules and mole-
cules with isolated multiple bonds. Qualitatively,
the theory relates bond dipole moments primarily
to the different effective nuclear charges of the
atoms concerned, the effective nuclear charges
themselves decreasing as the electron densities on
the atoms increase, and vice versa. Thus while
methyl chloride and chloroform would have the
same dipole moments if there existed additive
“bond dipole moments,” chloroform has a much
lower moment because three chlorine atoms cannot
remove from the central carbon atom three times as
much charge as can one chlorine atom, since as the
carbon effective nuclear charge is increased by the
removal of negative charge from the atom, it be-
comes increasingly difficult to remove electronic
charge from the carbon. In Part I this viewpoint
was mathematically formulated, using a simple
model as a guide. Electric dipole moments were
calculated for a number of haloalkanes, the only
parameters needed being estimated from established
covalent bond radii, lengths and longitudinal po-
larizabilities, screening constants, and electric di-
pole moments of methyl halides, together with an
assumed value for the moment of the C-H bond in
methane. In general the agreement with experi-
ment was satisfactory, being as good for an assumed
zero C-H bond moment in methane as for other val-
ues of this quantity; hence, for simplicity, we have
based all calculations in this paper upon a zero
methane C-H bond moment. All constants used
here are those determined in Part I in connection
with this choice of C-H moment.

Having developed a method for estimating net
electronic charges on atoms in a wide variety of mol-
ecules, we are now in a position to extend the earlier
work of Ri and Eyring,* showing that net atomic

(1) Presented in part before the Physical-Inorganic Division of the
American Chemical Society, Cleveland, Ohio, April, 1951,

(2) Atomie Energy Commission Predoctoral Research Fellow, 1950—
1951; Junior Fellow of the Society of Fellows, Harvard University,
1951-; Department of Chemistry, Harvard University, Cambridge
38, Massachusetts.

(3) R. P, Smith, T. Ree, J. L. Magee and H. Eyring, TAIS JOURNAL,
78, 2263 (1951).

(4) T. Ri (Ree) and H. Eyring, J. Chem Phys., 8, 433 (1840),

Possible reasons for this correlation are discussed.

charges are, in many cases, basic in determining
relative rates of reactions, and are therefore useful
for the correlation, interpretation and prediction of
reaction rates and mechanisms. It seems desirable
to begin with a consideration of the gas phase reac-
tion of sodium atoms with halides of various types,
since the reaction seems simple from a theoretical
standpoint and many experimental studies of it
have beenmade. Thereaction ispurely a bimolecu-
lar gas reaction, having no solvent complicatiomns,
and steric hindrance can be completely excluded as
a factor affecting the rate.® Hence we expect elec-
trical effects, particularly the halogen net charge,
to predominate in determining relative rates. We
turn now to a discussion of the charge-distribution
calculations, before returning to a consideration of
the factors directly affecting the relative rates.

The Calculation of Charge Distributions in
Halides

The halides considered here are the halogen mole-
cules, the hydrogen halides and alkyl halides. For
the halogen molecules the net charges are of course
zero; for the hydrogen halides we divide the elec-
tric dipole moments by the interatomic distances to
obtain the net charges. The alkyl halide charge
distributions are calculated from the theory devel-
oped in Part I. It seems worthwhile to point out
here some simplifications in the actual application
of the theory.

As discussed above, we take the methane C-H
bond moment to be zero; hence, in the notation of
Part I, Yac = 0. This approximation has the ad-
vantage of greatly simplifying charge-distribution
calculations, not only in that many terms in the
calculations become zero, but net charges on adja-
cent atoms in many cases become related by simple
ratios, as we now demonstrate. Consider first C-H
bonds. From equation (15) of Part I we have

ex = Yrc + Brcec (1)
where ec is the net charge on the particular carbon
to which the hydrogen under consideration, with
net charge em, isattached. Now with Yuc = 0 and
Brc as determined in Part I, we find

ex = 0.13 eg (2)
a relation holding for all C-H bonds.
Consider next the linkage

(6) M. Polanyi, Endeavour, 8, 3 (1949).
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where C'® may be attached to any three other
atoms or groups as is indicated by the uncompleted
bonds. Here we have the relationship

€] = —36}1 + le (3)

where ¢, and ex are the net charges on C¥ and H,
respectively, and Q,? is the portion of the net charge
on CV that is contributed by the electron pair of
the bond C’-C®, Now from equation (20) of
Part I

Oif = BcC (a2 ~ @) (4)

If we substitute (4) into (3), using equation (2), we
obtain, with the Part I value of 8c¢€
g =034« (8)

a general relation for a carbon—carbon linkage with
three hydrogens attached to one of the carbons.
Consider next the linkage

i
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where the uncompleted bonds may be joined to any
other atoms or groups. Here it is evident that

e = —2n + Q.1 4+ Q)8 (6)

which, with relationships of the type given in (4),
reduces to
270 € = 072 (61 + 63) (7)

This may be rearranged and written
e _ 0.72

@ 970 - 0729 8
€y

Suppose carbon (1) isattached to three hydrogens;
then, as we have previously seen, ¢/e; = 0.34, and
substitution of this ratio into (8) gives e/¢; = 0.29.
If carbon (3) is, in turn, attached to two hydrogens
and another carbon, with charge ¢, then a further
application of (8), after increasing all subscripts by
one, again gives e/e; = 0.29, and so on. Similar
relations are readily derived for other types of car-
bon—carbon linkages, such as occur in branched
chain molecules. We illustrate the usefulness of
these relations by calculating the charge distribu-
tions for the n-butyl halides, n-C,J;X. Number-
ing the carbons successively from the one at-
tached to the halogen, we have ¢, = 0.34 ¢, & =
0.29 &, and & = 0.29 ¢, so that, using these rela-
tions with (2) above, we have

all 4+ 2(0.13) + 0.29{1 + 2(0.13)} + (0.29)%1 +
2(0.13)} 4+ 0.34(0.29)2{1 + 3(0.13)} ] + ex = 0 (9)

for the condition that the sum of the net charges
must be zero, while equation (15) of Part
I gives
ex = Yxc + Bxc e (10)

for the relation between the charge on the halogen
and the charge on the carbon to which it is at-
tached. Simultaneous solution of (9) and (10)
vields

_Txo
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1.77vxc (1‘))

¥

T LT+ Bxe
and all the other charges are readily found from e
by using the ratios considered above.

The charges used in this paper have been calcu-
lated by the above method. It does not seem
worthwhile to explicitly tabulate charges here, since
they are so easily obtained.

Reactions of Halides with Sodium Atoms

The reactions of numerous halides of various
types with sodium atoms have been studied.’
The effects of such factors as increase in the atomic
number of the halogen, branching of the hydrocar-
bon chain, introduction of negative groups into
alkyl radicals, C-X bond polarizability, and C-X
bond force constant have been qualitatively dis-
cussed by a number of authors.5® Attempts have
been made to calculate theoretically the rates of
halide-sodium atom reactions»®—12 without great
success except in the case of the reaction of sodium
with iodine and chlorine molecules, which presum-
ably do not involve an activation energy!?; activa-
tion energy calculations are, of course, the most
difficult in rate theory.

It now seems worthwhile to determine the extent
to which a correlation exists between net charges on
the halogen atoms of halides as calculated from our
theory, and rates of reaction of these halides with
sodium atoms. It is generally agreed that the re-
actions proceed in essentially the following way.
The sodium atom approaches the halide until, at a
critical distance, the valence electron of the sodium
atom is transferred to the halogen atom in the hal-
ide. The halide then dissociates, the halogen atom
going off with the sodium atom.%!? On the basis of
this picture, we expect the activation energies for
reaction of a series of halides having the same halo-
gen to be proportional to the charge on the halogen
atom, since the higher the net negative charge on
the halogen atom, the more resistance there will be
to the transfer of the electron to this atom. That
this is indeed the case is shown by Fig. 1. Here we
have plotted the net electronic charge on the halo-
gen atom for a number of halogen-substituted
methanes against the standard free energy of activ-
ation for reaction with sodium atoms at 270°, as
calculated from the data of Heller.!3

The specific rate constants for this and other studies in
which the rates are reported in terms of the “‘collision

number,”’ S, were calculated from the formula 2’ = (6.3 X
1014)/S, where k' is the specific rate constant in cc. mole~!

(6) E. Warhurst, Quarterly Revs,, 5, 44 (1951).

(7) S. Glasstone, K. J. Laidler and H. Eyring, **The Theory of Rate
Processes,’”’ McGraw-Hill Book Co., Inc.,, New York, N. V., 1941, pp.
144-146 and 301-323, and references quoted therein.

(8) J. N. Haresnape, J. M. Stevels and E. Warhurst, Trans. Fara-
duy Soc., 86, 465 (1940).

(9) A. E. Remick, “Electronic Interpretations of Organic Chemijs-
try,” 2nd Ed., John Wiley and Sons, Ine, New York, N. ¥, 1949, pp.
515-517.

(10) A. G. Evans and M. G. Evans, Trans. Faraday Soc., 81, 1400
(1935).

(11) M. G. Evans and E, Warhurst, ibid., 88 593 (1939).

(12) J. L. Mugee, J. Chem. Phys., 8, 687 (1940).

(13) W. Heller, unpublished investigation quoted in Table II of W,
Heller and M. Polanyi, Trans. Faraday Soc., 32, 633 (1936). A newer
value for CCly is also given in this table, but we have used Heller's
value for cousistency. The result for CHI given in this table is ap-
parently from Hartel, Meer and Polanyi, ref. 18,
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Fig. 1.—Net charge on halogen of some substituted
methanes versus AF} for reaction with sodium atoms, cal-
culated from data of Heller, Charges calculated assuming
zero methane C-H moment, as are all charges employed in
this paper.

sec.”}, since this relationship is standard in reports of
experimental studies in this field. Collision theory allow-
ing for the influence of molecular weight may have been
used in some of the investigations, such as that of Heller,
although this is not clear, and this refinement would change
the free energies of activation but slightly. The free
energies of activation have been calculated from the funda-
mental equation of the theory of absolute reaction rates in
the form k' = (kT/k) exp (—AF¥/RT), and are for a
standard state of one molecule per cc.

The chlorinated methanes are seen to lie very
near a straight line. We interpret this as a linear
relationship of the halogen charges and the heats
of activation, since the entropies of activation may
be expected to be reasonably constant for this se-
ries. Methyl bromide and methyliodide do not fall
in line with the chlorides, as would be expected in
view of the different properties of the dissimilar car-
bon-halogen bonds involved. Thus we see that
differences in halogen electron densities are suffi-
cient to account for the differences in heats of acti-
vation of a series of halides having the same halogen.
It remains to consider the factor(s) other than
charge densities which determine the heats of acti-
vation. It has been pointed out by Haresnape,
Stevels and Warhurst®® that an increase in the po-
larizability of the halogen results in an increased
rate. The simplest possible way for this to be the
case is for the heat of activation to be inversely
proportional to the polarizability of the halogen.
Surprisingly enough, the heat of activation seems to
be quite accurately proportional to the halogen net
charge divided by the C-X bond polarizability.
(The C-X bond polarizability probably is essen-
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tially the polarizability of the X atom, particularly
in view of the near equality of the corresponding
H-X and C-X bond polarizabilities.)!4 Figure 2
illustrates the excellent correlation obtained when
the halogen net charges, divided by the C-X bond
polarizabilities, are plotted against the same free
energies of activation that were used for Fig. 1.
Here CH;Br and CH;l are now brought into line
with the chlorine compounds.

41—
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Fig. 2.—Net charge on halogen of some substituted
methanes divided by C-X bond polarizability versus AF*
for reaction with sodium atoms, calculated from data of
Heller.

Thus far in our discussion of the factors affecting
the free energies of activation we have considered
only the data of Heller at 270°, the reasons for this
being that AF¥ comparisons must be made at one
particular temperature to have meaning, and these
data seem to be the most accurate available for the
entire series at one temperature. The excellence
of the correlation presented in Fig. 2 seems to pro-
vide some a posteriors evidence for the self-consist-
ency and accuracy of the experimental values. As
noted above, itis probably safe to assume the entropy
of activation essentially constant throughout the
series. It is hardly likely that the linear correlation
would exist were this not the case. Let us assume
a value for the entropy of activation for these and
other small halide molecules. Then, further as-
suming heats and entropies of activation to be es-
sentially constant with respect to temperature over
the temperature ranges considered, we can esti-
mate the heats of activation for reactions
carried out at temperatures other than 270°,
Temperature coefficients of the rates have been de-
termined only for a few sodium atom-halide reac-

(14) From the data of K. G. Denbigh, Trans. Faraday Soc., 36, 936
(1940), we find the mean polarizabilities for H-X and C-X bonds, in

units of 10 =% cc,, to be: HCI, 2.64, CCl, 2.59; HBr, 3.62, CBr, 3.71;
HI, 545, CI, 5.77.
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Fig. 3.—Net charge on halogen divided by C-X (or H-X) bond polarizability versus heat of activation for reaction with
sodium atoms calculated from data from various sources: (1) Heller; (2) v. Hartel and Polanyi; (3) Frommer and Polanyi;
(4) Haresnape, Stevels and Warhurst; (5) v. Hartel, Meer and Polanyi; (6) v. Hartel; (7) Magee; (8) Bawn and Evans;

(9) Schay.

tions, and these very roughly. In order to obtain
the greatest possible consistency with the available
data, we have assumed ASF = —0.101 kcal. mole—!
deg.~! (standard state as noted above) for the re-
actions.’® This value leads to zero heats of activa-
tion for CH;I and the halogen molecules, as appar-
ently is the case,!%15¢ and also gives about the
right temperature coefficients for HC1 (determined
from observations at different temperatures by
various workers, data presented in following graphs)
and CH;Cl.1¢

Heats of activation, calculated from the experi-
mental free energies of activation by subtracting
0.1017, are plotted against the halogen net charge
divided by the C-X (or H-X) bond polarizability
in Fig. 3, for the available data®1%13186=22 for mole-
cules of the types CH3X, CH,X,, CHX;, CX,, HX

(15) The authors are grateful to one of the referees of this paper,
Professor D. J. Le Roy of Toronto, for furnishing the following sup-
porting information: **We have recently completed a careful investiga-
tion of the temperature coefficient for ethyl chloride over the range
260° to 380° and found ASF = —0.101g =+ 0.0008, AHF = 100. ..
A full report of this work, will be submitted to the J. Chem. Phys.,
by Cvetanovi¢ and Le Roy in the near future.”

(15a) E. W. R. Steacie, ""Atomic and Free Radical Reactions,”
Reinhold Publishing Corp., New York, N, V., 1946,

(16) H. v. Hartel and M, Polanyi, Z. physik. Chem., 11B, 97 (1931),

(17) H. v. Hartel, sbid., 11B, 316 (1830),

(18) H. v. Hartel, N. Meer and M. Polanyi, shid., 19B, 139 (1982).

(19) L. Frommer and M. Polanyi, Trans, Faraday Soc., 80, 519
(1934).

(20) C. E. H. Bawn and A, G. Evans, 7bid., 81, 1392 (1935).

(21) F. Fairbrother and E. Warhurst, ibid., 81, 987 (1935).

(22) G. Schay, Z. physik. Chem., 11B, 291 (1931),

and X, Here again the linear correlation is ex-
cellent, the only significant departures being the
halogen molecules. This is not surprising, as the
entropies of activation may be expected to be dif-
ferent for these molecules.

Figure 4 shows the extent to which the correla-
tion holds for the remaining available data®181823
on organic compounds. Roughly speaking, the
longer the aliphatic chain, the more the departure
from the straight line (which is drawn so as to cor-
respond with the line of Fig. 3). The departure of
such molecules as CCl3Br reminds us of the failure
of the charge-distribution theory to give good dipole
moments for molecules of this type (see Table II,
Part I%), and hence may be attributed to failure of
the charge-distribution theory for such molecules.

A number of workers in this field {e.g., Warhurst,
ref. 6) believe that the activation energies for the
alkyl chlorides decrease as the chain is lengthened.
This also might appear to be the case from Fig. 4.
While this is possible, it seems unreasonable to us.
Our considerations on substituted methanes (e. g.,
Fig. 2) seem to show quite conclusively that, for a
given halogen, such as chlorine, an increase in net
negative charge on the halogen is accompanied by
an increase in the activation energy. The same
principle should also apply to the series methyl,
ethyl, propyl, . . . While our charge distribution
calculations are only approximate, they do predict

(23) J. W. Hodgins, A. W. Tickner and D, J., Le Roy, Can. J. Re-
search, 36B, 619 (1949),
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Fig. 4. —Net charge on halogen divided by C~X bond polarizability versus AF* —0.101T for reaction with sodium atoms

calculated from data from various sources.
ner and Le Roy.

the chlorine to become more negative as the chain is
lengthened, and it seems obvious that this must be
the case, as the longer the chain, the more the “re-
servoir’”’ of charge upon which the chlorine can
draw. Considerations of the experimental data on
other series of reaction rates have also led us to the
same conclusion (see future papers in this series).
Hence we believe that the apparent reversal in
this series, depicted by the departures of long-chain
and branched-chain molecules from the straight
line in Fig, 4, is to be attributed to entropy effects.
The assumption ASF ~0.101 kcal. mole—!
deg.~! for substituted methanes must be expected
to become poorer as the size of the halide increases.
This is why we have labeled the abscissa of Fig. 4
“AF¥ — 0.101 7” rather than bluntly calling it
“AH*" as was done in the previous figures.

For the calculation of the charge distributions for the
carbonyl compounds shown in Fig. 4, a new parameter,
Yo=¢, was needed. This was estimated to be —~2.33 X
1071 e.u. from the structure?* and dipole moment, p =

2.27,% in a manner similar to that used in Part I for obtain-
ing the values of Yx¢ for carbon-halogen bonds.

A completely satisfactory theory for the propor-
tionality of heats of activation and halogen net
charge divided by C-X bond polarizability has not

(24) D. P. Stevenson, J. E. LuValle and V. Schomaker, Tuis
JournNaL, 61, 2508 (1939),

(25) Y. K. Syrkin and M. E. Dyatkina, '"“The Structure of Molecules
and the Chemical Bond,’’ trans. and revised by M. A, Partridge and
D. O. Jordan, Interscience Publishers, Inc., New York, N, V., 1950, p.
217,

Numbering of sources same as for Fig. 3, with addition of (10): Hodgins, Tick-

yet been arrived at. Qualitatively the relationship
seems reasonable, but it appears to hold so accu-
rately thatit may be moderately fundamental. This
statement is based upon the extremely good corre-
lation represented by Fig. 2. It may be objected
that some scattering occurs in Fig. 3, but it must be
remembered that the data of Fig. 3 are from several
different sources, while the data of Fig. 2 are all
from Heller at 270°, and these experiments are
more recent than most of the others, so that the
experimental technique may be expected to be bet-
ter.

As for the proportionality of the heat of activa-
tion to the net halogen charges for the chlorides (or
other halides having a common halogen) the pre-
vious explanation appears satisfactory—that is,
that the determining factor is the ease of transfer of
the electron of the sodium atom to the halogen, and
that the energy required for this transfer will in-
crease in direct proportion with the net charge on
the halogen. In order for this electron to transfer,
the C-X bond electrons will presumably have to
“move over” toward the carbon to make room for
the incoming electron; the greater the C-X polari-
zability the less the energy required to move the
electrons over the required amount and vice versa,
so that our empirical relationship seems qualita-
tively explainable on the basis of this picture.

Another possibility presents itself. It has been
suggested by Polanyi and others® that the energy

(26) See pp. 320321 of ref. 7.
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of activation for the reaction under consideration
may be considered to be the sum of two terms: the
work required to bring the sodium atom up to the
required distance from the halogen (the distance ex-
isting in the activated complex) and the work re-
quired to stretch the C-X bond to the activated
complex length, The first term is then supposed to
be negligible, so that the activation energy is sim-
ply the energy required to stretch the C—-X bond
by the proper amount. If the amount by which
the bonds must be stretched is the same for all C-X
bonds (this nof being the assumption made by
Polanyi), then the heats of activation should be
proportional to the force constants. We now dis-
cuss the evidence for the constancy of the amount of
stretching required and the force constant propor-
tionality.
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HaroceN CovALENT AND IoNic Rapil AND THEIR DIFFER-
ENCES
Cov. rad., Ion. rad., Dift.,
Halogen . . A.

r 0.64 1.36 0.72

Cl 0.99 1.81 .82

Br 1.14 1.95 .81

1 1.33 2.16 .83

that is, the carbon covalent radius plus the X-—
radius—or some fraction thereof, as would probably
be the case if Polanyi’s mechanism were correct.
Then, from the constancy of the differences listed in
Table I, we expect the amounts of stretching in go-
ing from initial to activated states to be constant
for different C-X bonds.

In discussing this mechanism

a

K10°% (pyne Zcw.).

L ! )

it remains, then, to consider the
force constants. InFig.5wehave
plotted the C-X bond stretching
force constants against (—ex/c)
for a number of these bonds. The
correlation seems quite good. The
various experimental force con-
stants shown!3¥%% vary suffi-
ciently that it may be conjectured
that the ‘“true” force constants
are really quite accurately propor-
tional to (—e/a). Active study
is continuing along these lines.
The above considerations do
not apply to X, molecules. Here
it may be that the X; bond is not
stretched in the activated com-
plex—i.e., the electron of the so-
dium can transfer to the halogen
| molecule without a stretching of

0 | 2 ,
-(€Ex/)- 107" (E.s.u/cndy,

Fig. 5,—C-X (or X,) stretching force constant (k) for some molecules versus
(1) Gordy;

halogen charge divided by C-X polarizability:
Heller and Polanyi.

Table I shows the halogen covalent radii (from
Pauling?®’), the halogen ionic radii,?” and their dif-
ferences. The constancy of the differences is re-
markable. Perhaps the C-X distance in the ac-
tivated complex is essentially the C-X~ distance-—

(27) L. Pauling, ‘““The Nature of the Chemical Bond,” 2nd Ed.,
Cornell University Press, Ithaca, N. Y., 1940.

3 4 the X, bond. Hence the zero
heats of activation for Na plus
X, reactions.

The aromatic halides, as well as
inorganic halides such as HgCl,
may be expected to fit in with the
correlation discussed above. However, further
discussion of these compounds must await detailed
consideration of charge distributions in these mole-
cules. Such studies are in progress.

Sarr Lake City 1, Utan Receivep Jury 16, 1951

(28) W. Gordy, J. Chem. Phys., 14, 305 (1946).
(29) J. W. Linnett, ¢bid., 8, 81 (1940).

(2) Linnett; (3)



