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In this paper, it is first demonstrated that good values for the over-all entropy increments in gaseous bimolecular addition
reactions, of the type A + B = AB, can be computed from our knowledge of, or from judicious estimates of, the structural
and spectroscopic parameters of each species involved. These values were combined with available AH"s, to deduce equi-
librium constants. This was done for several systems for which direct equilibrium studies do not appear feasible. It isalso
shown that the vibrational entropy increment in addition compound formation, which may be computed by subtracting
AS%: 4. from the available AS%ea1, has particular significance in that it gives a measure of the tightness of the new A-B
bond. A plot of ASy against the reduced mass at the A and B groups is proposed as a quantitative measure of this bond

tightness.

In this paper we wish to report on the calcula-
tions we have made for the entropy changes which
accompany homogeneous gas phase reactions be-
tween Lewis type acids and bases; in particular,
reactions of acids in which the acceptor atom is
boron. Calculations were first carried out for a
system for which experimental data were available.
The resulting agreement between experimental and
calculated AS® values, served to check the structural
and spectroscopic parameters assigned to the spe-
cies involved, and to give an indication of the ac-
curacy to be expected for calculations done on other
reactions. The calculations of AS° values were
then carried through for several reactions for which
the enthalpy increments only were available, so
that the equilibrium constants could be estimated.
As yet, these constants cannot otherwise be deter-
mined.

Thermodynamic data are available for the de-
compositions of borine carbonyl (OC:BH;) and
deuterated borine carbonyl (OC:BDj), as reported

by Burg.! Our values of AS® were obtained by
. Com-

Experimental puted

(1) 20C:BH; = {AH“ = 9.142 kcal./mole 32.11
B:H¢ + 2CO ASY = 3251 £ 05eu. =£0.5

(2) 20C:BD; = AH® = 8.465 kcal./mole 31.64
B,D¢ + 2CO ASY = 3247 £ 0.5eu. =£0.7

computing the entropy of each species in the usual
manner, from structural and spectroscopic parame-
ters, as indicated below.

The translational plus rotational entropies of
B:H; and B;Ds were computed from the structural
parameters given by Hedberg and Schomaker.?
The vibrational assignment for diborane used was
that given by Anderson and Barker.®! For the
frequencies of ByDs, the eight infrared bands re-
ported by Webb, Neu and Pitzer* were considered
along with those of diborane, and by using the
Teller-Redlich product rule, all the fundamental
frequencies were estimated. The resultant en-
tropies for the ideal gases are

BzHe: 50300(1 atm.) = (53.26)zr,+r, + (2A34)V 55.60 e.u.
BiDg: Ston(l atm.) = (55.22)ecrr. + (4.39)y = 50.61 e

This value for diborane is in agreement with that

(1) A, B. Burg, THIS JOURNAL, T4, 3482 (1952).

(2) K. Hedberg and V. Schomaker, {bid., 78, 1482 (1951),

(83) W. E. Anderson and E. F. Barker, J. Chem., Phys., 18, 698
(1930),

(4) A, N, Webb, J. T. Neu and K. 8. Pitret, J. Phys. Chem;, 1T,
1007 (1949).

reported by Webb, et al. (55.74 e.u.), based on their
own frequency assignments, and earlier structural
work.,

The translational plus rotational entropies of
OC:BH; and of OC:BDj; were computed from the
structural parameters given by Gordy, Ring and
Burg? The fundamental frequencies of OC:BH;
were reported by Cowan,® while those for OC:BD;
were computed from Cowan's secular equation for
the W;X-Y~-Z molecule. To correct for non-ideal-
ity, critical constants were estimated from the
vapor pressure curve,” and were used in the Berthe-
lot equation in the usual manner. The resulting
entropies are

OC:BH;: S%q(1 atm.) = (55.62)tr.+:. + (3.52)y —
(0.043)n.;. = 59.10 e.u.

OC:BDjs: S(l atm.) = (56.94)w.+r. + (4.44)y —
(0.043)n;. = 61.34 e.u.

The entropy of CO as determined by Johnston
and Davis® 1s 47.357 e.n. at 300°K. and one at-
mosphere.

Using the above entropies, our values given in
equations 1 and 2 are readily deduced; the as-
signed limits of error result from an analysis of the
uncertainties in the calculations. These check the
experimental values rather well.

The key reaction to further calculations is the
equilibrium between diborane and borine (BHjy), for
which we have reported thermodynamic constants
in a previous letter®

AH%7; — 28 keal./mole

(8) 2BHy = BoHs  yqo'’— _ 3492 e,

The entropy increment is 0.4 unit numerically
larger than the published value, resulting from
slight revisions in the calculation; the enthalpy
increment is 4 kcal. smaller, based on a reanalysis
of kinetic data. The absolute entropy of borine
was estimated as follows. A planar structure,
with H-B-H angles of 120° (sp? type bonding)
was assumed. The B-H distance is very likely
of order 1.16 to 1.18 A., and it is known that
the B-H stretching force constants in B3N;Hg
and in OC:BH; are 3.42 X 10% and 3.21 X 103
dynes/cm., respectively.819 Consistent with these
(3) W. Gordy, H. Ring and A. B. Burg, Phys. Rev., T8, 1482 (1951).
(6) R. D. Cowan, J. Chem. Phys., 18, 1101 (1950).
(7) A. B. Burg and H. 1, Schlesinger, Tu1s Journar, 59, 780 (1937).
(8) H. L. Johnston and C. O. Davis, itid., 66, 271 (1934).

(9) S. H. Bauer, A, Shepp and R. E, McCoy, ibid., T8, 1003 (1953),
(10) B. L, Qrawford and I, T, Bdsall, J. Chem. Phys., T, 223 (1930).
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values, one may apply Badgers rule,!! which relates
bond distance to stretching force constant to deduce
1.16 A. and 3.38 X 10° dynes/cm. for the B-H dis-
tance and stretching force constant, respectively.
To compute all vibrations of borine two more force
constants are needed; k4 for in-plane bending, and
kpn for out-of-plane hending. These force con-
stants are available!® for BF;, BCl; and BBr;, and
by comparing ratios of £ ’k1 and & kp for the three
halides we were able to estimate the values of kg
and kp in BH; to be 0.13 X 10° and 0.30 X 10°
dynes-cin., respectively. These lead to the funda-
mental frequencies: 2384 em.~! (a), 802 ecm.™! (a),
2976 cm. ! (e) and 1765 em. ! (e). It is to be em-
phasized that these structural and spectroscopic
parameters are estimates only. Nevertheless, the
ideal gas entropy, depending only slightly on the
magnitude of the frequencies, and on the logarithm
of the products of the moments of inertia, should be
accurate to half an entropy unit or better. Hence
the entropy for the ideal gasis

BHi: SU%u(1 atni) = (44.69) 0., 4 (0.22), = 41971 e.n.

This value, combined with that for BsHg leads to
the AS® given in equation 3.

The Reaction of Borine with Carbon Monoxide.—
One may combine equations 1 and 3, and their re-
spective A77° values

(4) BH; + CO = OC:BH, A/l =

The ASY for this reaction follows from the above
listed absolute eutropies, The equilibrium constant
(which cannot be determined by experiment) may
then be estimated.

—18.6 keal./mole

AS® = —33.17 e.n,, and
log (Keg)atm = — 7.25 - 4065/T
Ky = 2.0 X 10% atm.™!

The Hypothetical Reaction of Boron Trifluoride
with Carbon Monoxide.—Efforts to prepare the
addition compound OC:BF; according to the reac-
tion

(_-")) BF1<g) + CO(g) = OCIBF,’g(-g)

have not been successful. One may nevertheless
estimate the anticipated entropy change. The
entropy of BF; has been determined by Spencer!?
at 300°K. and one atmosphere; it is 60.77 e.u. In
the structure of OC:BF;, we assigned the B-F dis-
tance and F-B-C angles the values 1.38 A. and
107°, respectively, corresponding to the ones ob-
served in crystalline Hy;N:BF;.'* The B-C and
C-O distances were taken to be the same as in
OC:BH;. For the vibrational spectrumn, the six
BF; frequencies were taken to be the same as found
in the compound Me;O: BF;, for which preliminary
raman'®® and infrared!® spectra have been recorded,
i.e., S04(a), 530(a), 1216(e), 496(e), in cm.~!.
The B-C, C-0, and B-C-0O frequencies were
taken to be 500, 1500 and 280 cm. ! by extrapolat-

(11) R. M. Badger, J. Chem. Phys., 2, 128 (1934).

(12) G. Herzberg, “'Infrared and Raman Spectra,'* D. Van Nostrand
Co., Inc., New York, N. Y., 1945, p. 178.

(13) H. M. Spencer, J. Chem. Phys., 14, 729 (1948).

(14) J. L. Hoard, 8. Gellerand W. M. Cashin, Acta Cryst., 4, 396
(1951).

(15; F. V. Bunderman and S. H. Bauer, J. Phys. Chem., 60, 32

(1946).
(18) S. H. Bauer, unpublished work.
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ing Cowans® values for OC:BH; and our estimates
for OC:BD;. The -BF; rocking frequency was
taken to be 365 cm. ™!, which is the assigned value
for the rocking of the —-CF; group in F;CCH,.7
These estimates lead to 72 £ 1 e.u. for gaseous
OC:BF;, at 300°K. and one atiosphere (ideal
state), and to the value AS%; = —30e.u., for .

The fact that OC:BF; has not been prepared in
the laboratory indicates either that equilibrium had
not been attained in these experiments, or that the
equilibrium constant for reaction 5 must be such that
undetectably small amounts of the addition com-
pound exist at equilibrium. If we assume the maxi-
mumn value for the equilibrium constant to be oforder
10~? atm.~!, the maximum value (in the negative
sense) of AH® is of order —8 to —10 kecal./mole.
When this enthalpy increment is compared to that
of 4 and of 1, it appears that BF; is a weaker acid
than BHj3 by about 10 to 12 keal./mole, while it is
stronger than B.H, by about 3.5 to 3.5 keal./mole,
with respect to CO as the reference base. [With
trimethylamine as a reference base, BF; appears to
be weaker than BH; by 1 to 2 kcal.®® Hence we
believe that it was lack of activation of the CO
rather than the weakness of BF; which led to no
addition compound.]

Reactions of Boron Acids with Trimethylamine.
—The entropy of gaseous trimethylamine (MesN)
may be computed at any temperature from the
data given by Aston, e al.,”® and the tables by
Pitzer® for the entropy contribution due to re-
stricted rotation. At 300°K. and one atimosphere,
it is 69.31 ea1. To compute the entropv of the
addition compound MesN:BHj first note that it is
isoelectronic withneopentane (Me;CCH;) and, there-
fore, toa good approximation, the vibrational plusre-
stricted rotational entropies of the two molecules are
thesame. According to Pitzer,?! the value of S%.¢,r
for neopentane, and hence for Me;N: BH;, 1s 14.15
e.u., at 300°K. To compute the translational plus
rotational entropy, we used the interatomic dis-
tances determined for Me;N:BH; by electron dif-
fraction,?? but for the angles, we used the more ac-
curate values determined in the solid for the mole-
cule Me;N:BF;,2%2* which has been shown to be
isomorphous with Me;N:BH;. The resultant
translational plus rotational entropy at 300°K. and
one atmosphere is 62.27 e.u., and the total entropy
(ideal gas) is estimated to be 76.42 e.u. Thus we
arrive at the estimates

(7) MeyX + BH; = Me;N:BHy(g)

ASY% = —37.80 e
(8 Me;N + 1/:B.He = MesN:BHi(g)
AS%O = —20.69 e.u.

For the addition compound Me,N:BF;, we felt
that we could deduce an approximate value for the

(17) J. R. Nielsen, H. H. Claasen and D. C. Smith, J. Chem. Phys.,
18, 1471 (1930).

(18) R. E. McCoy, Doctor's Thesis, Department of Chemistry,
Cornell University, 1952.

(19) J. G. Aston, M. Sagenkahn, G. Szasz, G. Moessen and H.
Zuhr, TH1S JoUrRNAL, 66, 1171 (1944).

(20) K. S. Pitzer, J. Chem. Phys., B, 469 (1937).

(21) XK. S. Pitzer, tbid., 6. 473 (1937).

(22) S. H. Bauer, THis JOURNAL, 64, 1804 (1937).

(23) S. Geller and J. L. Hoard, Acta Cryst., 4, 399 (1951).

(24) S. Geller, R, E. Hughes and J. L. Hoard, tbid., 4, 380 (1951).
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vibrational plus restricted rotational entropy by
correcting Me;N:BH; for the replacement of a
BH; group by a BF; group. To do this, we noted
that in the cases of OC:BH;and OC:BF;, a detailed
comparison of the spectra showed that such a re-
placement caused a change of 4.5 eu. We as-
sumed that the sanie increment may be assigned
in comparing MesN:BF; with Me;N:BH;.  Also,
we assumed that the change from BH; to BF;
would reduce the restricted rotational entropy by
one unit, Using the structural paranieters avail-
able for MesN:BF;,2% we determnined the transla-
tional plus rotational entropy at 300° and one at-
mmosphere to be 66.37 e, As a result, we estimate
the total entropy of the ideal gas to be §4.0 e.n., and

(9) Me;N(g) + BFy(g) = Me;N:BFy(g)

AS%m = —46.1 e.u.

The AZ/° values for reactions 8 and 9, and by us-
ing 3, that for 7 also, have been measured in this
Laboratory by R. E. McCoy.®® The actual meas-
urements were made between the gaseous reactants
to produce the solid addition compounds, but re-
ported heats of sublimation were used to convert
the data to the homogeneous gas phase reactions.
These AII® values, the computed ASY values, and
resulting equilibriun constants are summarized
with our other results in TableI.

TABLE I
THERMODYNAMIC DATA FOR HOMOGENEOUS GAs PHASE
REACTIONS

AS® iju e.u. at 300° and one atmosphere (ideal gus stute):
AH® in keal./mole; Keq in ounits of [atmospheres] ! ut
300°K

0°K.

AS%omputed AHO Keq
(3) BH: + BH; = B:Hs —34.22 —28.0 8.2 X 1012
4) CO + BH; = OC:BH; —33.17 —18.6 2.0 X 108
(3) BF; + CO = OC:BF; —36.0 17(?) 104(?)
(6) CO + 1/:B:Hs = OC:BHs —16.05 — 4.37 0.66
(7) MeN + BUg = MesN:BH; —37.80 —-31.3 3.5 X 104
(8) MexN + 19B2Hg == MesN:BH; —20.69 —17.5 1.7 X 107
(9 MesN -+ Bl = MesN: By —406.1 —26.06 2.0 X 10¥

Reactions of Boron Acids with Ethers.-—The
entropy of gaseous diniethyvl ether (Me;0) has heen
determined® at 29R.16°K. (we may take the value
to be that at 300°K.) aud one atmosphere to be
63.72 en.  The structure of the addition compound
Me;O:BF; has been determined in the gas phase
by electron diffraction.?® The values so found may
be used to deduce its translational plus rotational
entropy to be 67.63 e.u. at 300°K. and one atmos-
phere. From the available spectra of the mole-
cule, % all the frequencies except the torsions
about the C~O and O-B bonds have been tenta-
tively assigned. It is difficult to make an accept-
able guess for the degree of restriction of free rota-
tion about these bonds, but we may compute a
maximum value for the entropy of the molecule by
assuming completely free rotation. Under this
assumption, the vibrational entropy is 10.0 e.u.,
and the free-rotational entropy is 11.1 e.u. The
maximum value of the entropy is therefore 88.75
en. at 300°K. and one atmosphere (ideal gas).

(25) R. M. Kennedy, M. Sagenkahn and J. G. Aston, ‘'[HIS JOURNAL,
63, 2207 (1941).

(26) S. H, Bauer, G. R, Findlay and A. W, Laubengayer, ibid., 67,
339 (1949).
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From this, we may estimate the minimum value for
AS° of the reaction

(10) Me:O(g) + BFy(g) = Me;O:BFs(g)
(AS%0)min = —35.7 e

where the subscript implies a minimum absolute
quantity. This is in contrast to the experimental
value which has been reported” to be —32.2 e.u.
Two other entropy changes were quoted in the same
papet, and are likewise too small

(11) Et,0(g) + BFy(g) = Et.0:BFy(g)
ASY = —27.5 e
(12) C,;Hs0(g) + BF4(g) = THF:BFy(g)

ASO = —27.1 en.
(THF = tetrahydrofuranc)

Qualitatively, one may compare these AS® values
with those for other reactions of two to one stoi-
chiometry appearing in Table I. When this is
done, it becomes apparent that the values for these
three reactions are appreciably smaller than what
oue expects for molecules of their size and molecular
weight. Below, we shall demounstrate i1 a more
guantitative wnanner (with the aid of Fig. 1) that
the value of ASY for 10 is 8 or 9 e.u. too small (in
maguitude), and that the values for reactions 11
and 12 are presuinably also too sinall by about the
saine amount.

The Significance of AS%iyration.—It 18 of interest
to consider the factors which determine the mag-
nitude of the entropy increment accompanying the
reaction A 4+ B = AB, where the A" "B linkage
need not be restricted to a single bond. All that is
required is that the comnplex be a specific molecular
species. The total change in entropy may be con-
sidered as being the sum of two terims

ASY = ASozr.-a-r. -+ ASUV

where ASY:-r is the eutropy increment which
would have been observed were all the molecules
rigid bodies, and ASY iucludes the difference in the
entropy coutributions fromn the non-rigid degrees of
freedom (vibration and restricted rotation). Siuce
the systein loses three translational and three ro-
tational degrees of freedoin due to the association,
AS%:+r. must be unegative. For ideal gases this is
given (cal.’deg./mole of product) by

ASOp oy = 2.2868 [8 logy T + 3 loguw(d an/MaMy) +
logu (Las//als) — 2 loguw (oas/oaos)] — 7.6973

where 1/ag, [aB, oap are the molecular weight, the
product of the principal moments of inertia (at.
wgt. A?%)%, and the symmetry number, respectively,
of the species AB, etc. The term in (log 7°) is the
largest, but over the usual experimental range of
temperature it varies little. Of the remaining
terms, that in (log 3/ap) chauges most from one
reaction to aunother; it is always larger than the
quantities involving J and o. Since the nature of
the bond which produces the complex affects I and
o only (as it determines the structure of the mole-
cule), and since these introduce small contributions,
a plot of AS%c.r. versus log (Map/MaMg) is fairly
linear, covering niany different bimolecular associ-
ation reactious.

The vibrational increment, on the other hand, is

(27) H. C. Brown and R. M, Adams, sbid., 64, 2557 (1942).
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TasrLe II
AS? in units of cal. /mole/deg.

Molecule AB for
the reaction

A+ B = AB —ASY —{AS%r.+ )0 ASUY Ref.
B.Hg 34.22 36.12 1.90
C.:Hg 37.24 39.39 2.15 28,29

10.12 42,27

N0y 42.21 49.55 7.34 30
OC:BH; 33.17 36.47 3.30
OC:BF; 36.0 42,30 .30
MeyN:BH; 37.80 2.063 4.83
Me;N:BF; 16.06 32.70 664
(Me,NBHa,), 30.90 38.64 7.74 31,32, 40
Me.O:BF; 19.40 17.2(2) 26,27
(AlMey ), 54.91 12.47 33,34
(AICL). 59.02 24,37 35,36
(AlBr;). 63.93 2777 35,36
(ALl 67.73 34.20 33, 36
(HCOOH ). 52.09 16.11 37.38
(H,CCOOH )2 5.7 19.73 37.38
(C:H;COOH), A8.64 22.25 37.38
(F;CCOOH): 61.47 25.17 39

(28) The entropy of CH: was computed by us on the basis of a
planar model with the C—H distance 1.09 A., and ¢ = 6; and of a pyra-
midal model, with the C~-H distance 1.09 A. # = 3. ‘The vibrational
entropy is very small (0.05 e.u.) as estimated from known frequencies
attributed to bonded CHs. The term R lu 2 is included.

(29) The entropy of CsH« was computed from the known structure,
and from the spectral assignment of G. I£. Hansen and D. M. Dennison,
J. Chemn. Phys., 20, 313 (19321,

(30) The total entropy increment for the NQO: dimerization has
been reported by W. F. Giauque and J. D. Kemp [ibid., 6,40 (1938)].
To compute S%; 4r. for NOs, we used the value of [~N02 reported in
that paper. To compute that of N:O: we assumed the distances
1.18 A. for the N~O bond, 1.62 for the N~N bhoud, and an O-N-Q
angle of 140°,  Weassumed that tlie two NOq grotips are in perpendicu-
tar ptanes

(31) Tlie experimental eutropy iucrement for tlie dimerization of
Me;NBH: has been reported by A, B. Burg aud C. 1.. Randolph. Jr.,
Tuis JovrNar, T3, 953 (1951), [AH = —20.74 keal,, mole dimer].

(32% The value of Sy 4y for (Me:NBH,); was computed on the
basis of a preliminary structural study of the solid by T. 1.. Hoard
and P. J. Schapiro. The dimer consista of a square four membered
B-N ring with distances of 1.60 4. for B-N, 1.45 &, for N-C, and 1.33
for B-H. ‘The CHjy groups, and H atoms extend symmetrically from
thering. Forthe nionomer, we assumed the distances, .42 A for C-N,
1.50 A. for N-B and 1.33 A. for B-H, and that the C~-N-C angle is
110°, and the H-B-H angle is 120°. Also, we assumed that the MesIN
group and the BH« group are in perpendicular planes.

(337 The experimental entropy increment for the dimerization of
AlMe; has been reported by A. W Laubengayer and W, F. Gilliam,
THIS Jour~aL, 63, 477 {1941,

{341 rhe structure of {AlMei)s was investigated by .. O, Brockway
awnd N, R. Davidson, ibid.. 63, 3287 (1941, Their model {or tlie ethane
like structure offered the best fit to their experimental results. 1t is
now believed however that the structure is a four-membered bridge
(ype, similar to tliat present in the other (AlXy)» dimers. This point of
view has just been confirmed by an X-ray analysis of Als(CHj)scrystals
(P, H. Lewis aud R. E. Rundle, J. Chem. Phys., 21, 986 (1953)). Of
tite bridge structures which Brockway and Davidson tried, Model 6
fits the data best. On the basis of model 6, we computed S, 4r.
fer the dimer.  For the monomer. we assumed 4 planar structure with
C-A1-C angles of 120°, and a C-Al distance of 2.0 4.

735 Experimental data ou the association of the aluminum trihalide
series have been published by W, Fisclier and O. Rahlfs, Z. anorg. allgen.
( fesn., 206, 1 (1932). Equilibrium constants as a function of tem-
perature are given, By plotting their cdata, we arrived at the AS?
values appearing in Table I1. Since these data have not been plotted
carefully by the original authors, the AH? values which they quote are
not the best obtainable from the data. We deduced the values 29.6,
28.8 aud 23.3 kcal./mole for AH? of dissociation of the chloride, bro-
mide, and iodide dimers, respectively, in contrast to the reported values
of 20.0, 26.5 and 22.5.

(36) The structures of the three aluminum trihalide dimers have
been determined in the gas pliase by K. J. Palmer aud N. Elliot, THIs
TourNAL, 60, 1852 (1938). IFor the mouomers, planar strictures with
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positive, since six new vibrational degrees of irec-
dom result from the association process. Consider-
ing the form of these six vibrations, there is first
the A " * ' B bond stretching, resulting from the loss
of translational freedom in the x-direction (taking
the x-axis along the A " B hond). The loss of
rotational freedom about the x-axes gives rise to
another vibration; the bond torsion. Rotation
about the y-axes gives rise to two bending vibra-
tions, oune symmetric, and one asymmetric. Like-
wise, rotations about the z-axes give rise to two
bendings, one symmetric and one asymmetric.
If the product molecule has sufficient symmetry
(for example, ethane) the latter two symuuetric
and two asymmetric vibrations reduce to two
doubly degenerate frequencies. Now if the new
bond is weak (as measured by properties of the
bond at the equilibrium inter-nuclear separations)
these frequencies will be low, since the motions will
involve the relative displacements of massive units
held together by a sinall force constant, aud the en-
tropy associated with them will be large. On the
other hand, if the new bond is strong, the new vi-
brational frequencies will be tight, comparable to
those present in the parent molecules, and the en-
tropy gain will be small. As will be seen in Table
11, AS% varies from a few per cent. of ASY in the
case of tight bonds, to as much as 70 or S04% of
ASY for loose bonds. In addition, by virtue of
the formation of a new bond (or bonds) with the
saite number of valence electrons, the bonds ini-
tially present in the reactant molecules may become
slightly weaker, with a resultant entropy inecreuent.
This effect is quite small, however. Hence the
magnitude of AS% is very sensitive to the naturc of
the bonding which produces the AB complex. For
this reason, ASY% is a useful criterion for judgmg
bond type, and relative bonding tightness, giving
in some ways more information about the A """ B
bond itself, than does AH? [which is usually taken
as the definition of “bond strength” of the A """ B
link]. For, consider that AFI® is a sum of threc
terms
AHY = AE% 4+ AHOpr + AHY

By far the largest term is AEY, the difference be-
tween the energies of product and reactants in their
lowest states, since AH%.r and AH' together are
never more than 4 or 5 kcal. ‘mole. Thus a small
value for AH® can be interpreted as indicating
either the formation of a weak A ** * B bond, or the
formation of a strong bond with compensating en-

—~-Al-X augles of 120° were assumed. The values 2.10, 2.25 aud
35 A. were assumed for the A1-Cl, Al-Br, and Al-I distances, re-

X
2.
spectively.

(37) The experimeutal values for A5 for the dimerization of formic,
acetic, and propionic acids in the vapor phase were reported Ly M. 1),
Taylor and J. Burton, tbid.. T4, 4151 (1952

(38) The values for AS%; + ; were computed by L. Slutsky and . H.
Bauer, ibid., 76, 270 (1954).

(39) R. E. Lundin, F. E. Harris and L. K. Nash, ibid., T4, 1651
(1952).

(40) Data on the equilibrium (Me:NBCl2)(s) = 2Me:NBCla(g) have
been presented by C. A. Brown and R. C. Osthoff, ibid., 74, 2340
(19532). Tlie magnitudes of the enthalpy and entropy increments are
about twice those expected, from analogy with (MesNBHoz)2 and other
N:B swvstems. We can offer no explanation for these data. On tle
other hand, the magnitudes for AH9 and AS? for the association of
Me:N'BCl: with HCI also reported by these authors are completely con-
sistent with the analysis given in this paper.
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thalpy changes due to a general weakening, by
small amounts, of many of the original bonds in the
unassociated molecules. This latter interpretation
is possible because all the energy changes are addi-
tive in their contribution to AE%, and hence to
AH®, In AHY, or AS%, however, these energy
changes appear weighted by an exponential (in the
partition function) so that only the large changes
in tight bonds, or the formation of new loose bonds
make appreciable contributions. However, AH?
cannot be computed without a knowledge either of
all the frequencies of the AB complex, or its specific
heat as a function of temperature, whereas AS%
can be estimated from AS® and AS% ... Hence
values of AS% which are large for one type of bond,
as compared to values for another type of bond,
indicate unambiguously that the A * * * B bond 4¢-
self is weaker in the former than that in the latter.

To illustrate this, we have assembled in Table
II, AS® values for several series of reactions, along
with computed values for AS% +:. We have set
AS% = (ASY — AS%+.), except for those cases
above where this quantity was actually computed.
Since most of the experimental values for the total
entropy increments were deduced from equilibrium
data, generally taken far above room temperature,
a question arose as to a proper temperature conven-
tion. Fortunately, it appears that to the precision
of the available data, the AS”s vary little over large
temperature ranges. Hence by computing all
AS%; 4..’s at 300°K., the resultant AS?, are also for
that temperature,

In Fig. 1, ASY% is plotted as a function of u[=Ma:
Ms/(Ma -+ Mg)], the reduced mass of the AB
molecule. The points clearly fall into two groups,
corresponding to two distinctive bonding cases.
We propose that the position of these groups rela-
tive to each other indicates the relative tightness
of the A ' ' * B bonds in the molecules considered.
The association reactions which fall into group 1
show small [AS? /log u] values, and are typicalof a
large number of donor-acceptor reactions which
generally have been considered as resulting from
the formation (essentially) of an electron-pair bond.
The force constants for these charge-transfer bonds
are comparable to those for the corresponding single
bonds, because the Zsovalent dissociation of the
complexes would require dissociation energies
comparable to those for normal single bonds. In
contrast, the adiabatic dissociation energies may be
comparatively small. In other words, group 1 is
characterized by an adiabatic dissociation path
which, due to appreciable hybridization changes,
may lie considerably below that for the rather steep
isovalent path. This is the case for (BH;)s, (Mey-
NBH,); and (AlMey); even though these dissocia-
tions require the rupture of bridges rather than of
single bonds.

The second group consists of the dimers of the
aliphatic acids and aluminum trihalides. These
associations show larger [AS%/log u] values, indi-
cating appreciably lower force constants, in agree-
ment with the very low frequencies which have been
reported for the AL, X family.4.42 A complete analy-

(41) E. J. Rosenbaum, J, Chem. Phys., 8, 643 (1940).
(42) K. W. F. Kohlrausch, “Ramanspektren, Becker and Erler,”
Leipzig, 1943, p. 196.
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sis of the AS%’s for the carboxylic acids, including a
normal codrdinate treatment of the vibrations of the
dimers is presented in the following paper.® It is
obvious that the large values for the vibrational en-
tropy increments parallel in magnitude the increas-
ing weights of the groups attached to the carboxylic
carbon, and must be interpreted as arising from the
very low frequency vibrations of massive units,
weakly bonded to one another. For this group the
isovalent and adiabatic dissociation paths are close
to one another, neither being steep, and neither in-
volving significant hybridization changes.

35+
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Fig. 1.

The reported value for Me;O:BF; has been in-
cluded in Fig. 1. The structural study? as well as
the spectroscopic data!®18 give no indication of ex-
cessive loosening of the B-F or C-O bonds, but are
consistent with the model in which the B-O dis-
tance is approximately equal to the sum of the
single bond radii. Hence, this point should lie in
group 1, and we venture to suggest that the re-
ported value is in error by 8 or 9 e.u.

The following qualitative argument demon-
strates that the proper variable against which to
plot AS% should be logarithmically related to the
reduced mass. We have already stated that the
vibrational entropy increment is due almost en-
tirely to the entropy contributions by the six new
vibrations about the A * - * B bond. For heavy AB
complexes all of these frequencies are low, and even
for the lightest molecules, the torsional and sym-
metric wagging frequencies are quite low. Now,
for a sufficiently low value of the frequency (w), the
entropy associated with that vibration is given by

(S%)1/R =1 — In (hwi/ckT) + (hwi/ckT)2/24 — ..
For the stretching frequency, ws « (ks/u)"/? where ks
is the stretching force constant, and u the reduced

mass. The wagging frequencies are each propor-
tional to a term of the form (kwr.2/Ix)V/? where &y
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is a bending force constant, /y is a reduced moment
of inertia about whichever of the three axes is ap-
propriate, and 7. is a radius of extension of the vi-
brating groups from their pivot, and is numerically
not very different from the magnitude of the length
which is included in Ix. Dinensionally, these
(lengths)? cancel, so that the wagging frequencies
as well are proportional to (b, /<u>)'?, where <u>
is a properly averaged mass. Hence

6
AS% /R = constant — élu T ki +
i=1
6
1 13 ki
3 <>+ 5 (gopr) B, s
i
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It follows that when AS; is plotted against log u,
a straight line with slope 13.7 would result, pro-
vided (a) 4; did not vary from one molecule to the
next; (b) the simple reduced masses were equal to
the properly averaged masses; and (c¢) the mag-
nitudes of the remaining terms in the expansion
are negligible. In Fig, 1, group 2 has roughly a
slope of 14, while group 1 has roughly a slope 5.5.
Analyses of other bimolecular association reac-
tions in this manner will be of interest, particularly
where the vibrational spectra are unknown, or
have not been worked out. We are currently in-
vestigating the tri-aryl methyl radical dimers.
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Computations of Entropy Increments in Gaseous Bimolecular Associations. II. The
Dimerization of Carboxylic Acids, and the Addition of Fluorine to Halogen Fluorides

By LEON SLUTSKY AND S. H. BAUER
RECEIVED JUNE 18, 1953

The procedures described in the preceding paper (1) have beeu extended to two groups of reactious, the dimerization of
carboxylic acids and the addition of fluorine to three halogen fluorides. For the first group, the magnitude of AS%;s has
been cited as an argument for describing the dimers as consisting of weakly coupled monomers, according to the principle
discussed in paper I. A highly simplified model for the structure of the dimers permitted a normal coérdinate treatment
which led to the six new fundamental frequencies ascribed to each dimeric species (formic, acetic, trifluoroacetic acids), as
a consequence of the association process. The fact that the computed entropy increments check the reported values to better
than one entropy unit lends strong quantitative support to the model proposed. Since the addition of fluorine to the three
halogen fluorides involves the rupture of one bond, the formation of two new bonds, and extensive rearrangements of the

original structures, the magnitudes of the entropy increments donot have a simple interpretation.
Interesting differences between the several central halogen atoms appear
Arguments are presented for selecting the ‘‘higher” of the two possible values

making of estimates of average bond energies.
when their fluorine ligancies go up by two.
for the heats of dissociation of CIF, BrF and IF.

The Carboxylic Acids.—That the equilibriuin
constants for the dimerization of carboxylic acids
differ appreciably, depending on the group sub-
stituted into the carboxyl carbon atom has been
kunown for sowe time. Recently! speculations have
appeared as to whether such differences are due
primarily to enthalpy or entropy factors. The
literature is replete with reports of experimental
results regarding these systemns, frou1 which one
may select values to prove either conclusion. Where
available we prefer the data by Taylor and Bru-
ton®? since these investigators worked in the low
pressure region where corrections for higher de-
grees of polymerization and deviation from ideal
behavior are unnecessary. In the case of trifluoro-
acetic acid, Nash! computed equilibriuin constants
after he had extrapolated isothermal density
curves to zero pressure. Reference to Table I
shows that small differences appear both in the
enthalpy and entropy terms, and that due to the
rather close balance between them, appreciable
variations in the magnitudes of the equilibrium
constants result. Indeed, closer inspection of the
reported entropy increments raises the question
why these should be so nearly alike, since the masses
and moments of inertia of the molecular species
vary over a considerable range. The computations

(1) R, K, T.uudin, ¥, 15, Harris and L. K. Nash, ‘TH1s JOURNAL, T4,
4654 (1952),

(2) M. D. Taylor and J. Bruton, ébid.. T4, 4151 (1152,

(3) M. . Taylor, ibid., 73, 815 (1951),

They are useful in the

described below permitted the unscrambling of the
effects due to mass, moments of inertia, internal
rotations and molecular vibrations.

TaBLE I

AHOy,

keal./ A5, Kp(433),

mole e.u. atm, ~! Ref,
HCOOH —14.1 —35.9R 0.299 2
H;CCOOH —-13.3 —36.84 474 3
1;3CCOOH —14.0 —36.30 .135 1
CH3;H.CCOOH —15.2 — 36,39 503 2

The structures for which the moments of inertia
were computed are those given by Karle and Brock-
way,* ¢f. Table II. From these and the known
molecular weights, one may readily compute
AS%; 4+, (rigid molecules). These are summarized in
Table III.

The deduced values for ASYrigay first must be
corrected for contributions due to restricted in-
terual rotation. For simplicity we have assumed
that the heights of the barriers hindering free ro-
tation about C-C bonds remain unaltered due to
the association process, and that both in acetic and
trifluoroacetic acids the magnitude is 2500 cal./
mole, with three equal minima in the angular po-
tential function. Although these are not valid
assumptions, the errors introduced thereby are of
the order of one entropy unit, which is within other
limitations to be introduced later. For acetic acid

(4) J. Karle and L. O, Brockway, sbid., 86, 571 (19441,



