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Abstract—Preferred signs of the dipole moment derivatives of the diacetylene have been determined by using
G-sum rule graph and molecular orbital calculations. Atomic polar tensors and effective charges of the
diacetylene are reported. The hydrogen effective charge calculated from the atomic polar tensor (¢
= 0.369e) is in excellent agreement with that obtained from G-sum rule graph (¢ = 0.371e). MNDO
calculations on the H{C=C),H (n = 1,2, 3,4 and 5) series indicate that the hydrogen effective charge increases
with increasing number of C=C units. This is due to the magnitude of the dp,/dzy polar tensor element, as a
consequence of the increasing charge flux along the series. Finally, this element seems to be a good indicator

of the intrinsic acidity of acetylenic protons.

INTRODUCTION

Hydrogen effective charges obtained from infrared
intensities show that these values in acetylenic com-
pounds are much larger than those found in satu-
rated hydrocarbons, aromatic compounds and car-
bon—carbon double bonded molecules [1]. Basically,
this can be associated to the greater acid character of
these hydrogens bonded directly to carbon—carbon
triple bond [2]. In this sense, one question which is
particularly interesting is what happens with the
hydrogen effective charge along a homologous series
such as H(C=C),H. Would the hydrogen be progress-
ively more acid?

The first molecule of this series, acetylene, HC,H,
has been the subject of numerous spectroscopic inves-
tigations [3], whereas the second, diacetylene, HC,H,
only recently was the object of an ample study on
its experimental force field and infrared fundamental
intensities [4]. Although the fundamental intensities of
the diacetylene have been reduced to dipole moment
derivatives with respect to symmetry coordinates,
(0p/0S;), the atomic polar tensors and effective charges
have not been reported. Furthermore, the signs of the
0p/dQ ;s have not been tested by G-sum rule graph and
quantum chemical calculations. All these aspects and
also the effect of the substituent (R—-C=C-H; R=H,
CCH, CH; and CN) on the intrinsic acidity of the
acetylenic proton are the basic targets of this paper.

RESULTS AND DISCUSSION

Diacetylene

The fundamental intensities of the diacetylene were
initially reported by Popov et al. [5] for the C,H,
species, except to the band relative to C—C=C deforma-
tion. Recently, KOOPS et al. [4] remeasured all the
C.H, intensities and also C,D, ones. The intensities
reported by POPOV et al. are in very good agreement
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with these recent measurements within the experimen-
tal error, except the one related to the CH stretching
band by a factor of ~ 2. The reason for this large
discrepancy is not clear. Nevertheless, the measured
intensities by KOOPS et al. reveal an internal con-
sistency by applying the F-sum rule [4], in contrast
with those from POPOV et al.

Here we make use of the G-sum rule [6] in its
graphical representation, to analyse simultaneously
the fundamental intensities of the diacetylene and to
determine the preferred signs of their dp/@Q; from the
isotopic invariability of the atomic effective charge.
Since the diacetylene has zero permanent dipole
moment, the rotational corrections to the X, and I1,
symmetry species are zero. The G-sum rule equation
for C,H, and C,D, can be expressed as:

(282 +2¢2 )m, = — [x/my + (2 —x)/mp] &}

+ (/K 4, 1)

where x is the number of hydrogen atoms.

In Fig. 1 G-sum rule graph is shown for the X,
symmetry species. Firstly it is important to note that
using the intensities measured by Popov et al. for
C,H, and those by KOoPSs et al. for C,D, there is no
intersection of the intensity pair of lines in the positive
quadrant. Since the squares of the effective charges
must be positive for all atoms, this is to be expected if
the experimental intensity data are reasonably ac-
curate. This is in fact true for the intensities measured
by KOOPs et al. [4].

The X,/ symmetry species have two infrared active
modes and the signs of the dp,/0Q; (i = 4 and 5) are
easily established from the G-sum rule graph. Since the
hydrogen effective charge is invariant to isotopic
substitution, the preferred set of signs of the ép,/dQ}s
are obviously (+ —) for C4H, and (+ +) for C,D,.
Note that these sets of signs fall within the region
defining isotopically invariant effective charge values.
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Fig. 1. The G intensity sum rule graph for the X symmetry
species of diacetylene.

These sets of signs are identical to those chosen by
KOOPS et al. [4] through the residual determined from
the least-squares fitting procedure in the experimental
intensities. However, in this procedure it is necessary to
include all intensity data, whereas by the G-sum rule
graph, one can determine separately the signs of the
ap/0Q, for each symmetry species, without the in-
tensity data from the other symmetry species.

From these sets of signs of dp/2Q; we obtain the
dipole moment derivatives with respect to internal
coordinates, (0p/0Ry), using the usual relation {7],

Py =P,L'U )

where the force field, the internal and symmetry
coordinates, the geometry and the coordinate system
used in this procedure were taken from Ref. 4. The
dp/0Ry values thus obtained are given in Table 1,
whose signs are identical to those obtained from
quantum chemical calculations. These were carried out
at two levels: ab initio 4-31G calculations using the
HONDO program [8] and MNDO [9] semiempirical
molecular orbital calculations.

In Fig. 2, the G-sum rule graph is shown for the two
infrared active bands of the IT, symmetry species. We
have for each molecule only two possible sets of signs
for the dp/dQ;s (0p./0Qs and dp,/0Q,), (+ +) and
(+ —), taking into account the absence of rotational
correction. The preferred set of signs obtained by

Table 1. Experimental and theoretical dipole
moment derivatives of the £,/ symmetry species of
C,H, and C,D,. Units of electrons, e.

0p./0Rcy 0p./0Rc=c
Exp. (+ —)y 0238+0006 —0.153+0.004
(+ +)p* 0.238 £ 0.006 —0.159 + 0.007
4-31G 0.280 —-0.122
MNDO 0.328 —0.423

*(+ +)p indicates that dp,/0Q, and dp,/0Q;
are both positive for C,D,.

TC,, Symmetry Species
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Fig. 2. The G intensity sum rule graph for the IT, symmetry
species of diacetylene.

Koops et al, considering both its smaller residual
error and the concordance in the signs of their dipole
moment derivatives with respect to the symmetry
coordinates, dp/dS;, with those from the propyne, was
(+ +). In Fig.2 it is readily noted that for this
symmetry species also the G-sum rule graph strongly
establishes the (+ +) set without using intensity data
from the other symmetry species or similar chemical
species.

In Table 2 are given the experimental and theoretical
values of the dipole moment derivatives with respect to
the internal coordinates for the I, symmetry species.
The experimental signs of the dp,/0¢,,,, are identical
to those obtained from the quantum chemical
calculations.

Finally, the atomic polar tensors and effective
charges were determined for the preferred sign choices
of the diacetylene, (+ —;+ +) for C,H, and (+ +;
+ +) for C,D,. To obtain the polar tensors, P,, we
have used the equation [7],

P, =P B+P,B 3)

and since diacetylene has a null dipole moment, P,f
= 0, only the vibrational contribution to P, must be
evaluated. The atomic effective charges were calculated
by using the equation [7],

£2 = TR(PVP) )
Table 2. Experimental and theoretical dipole

moment derivatives of the I1, symmetry species of
C,H,; and C,D,. Units of electrons, e.

an/a‘bHCC an/ad’CCC
Exp. (+ +)fi 0223+ 0.008 0.190 + 0.005
(++)p 0213+0.009 0.192 + 0016
4-31G 0.281 0.274
MNDO 0.195 0.214

*(+ +)y indicates that dp,/0Qs and dp,/0Q,
are both positive for C,H,.
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where P is the polar tensor of the ath atom. Table 3
shows the atomic polar tensors and effective charges
for the diacetylene. The hydrogen effective charge
calculated from Eqn. (4) (&g = 0.369¢) is in excellent
agreement with that obtained from the G-sum rule (¢
= 0.371e). This value is similar to that found in other
acetylenic compounds [10].

The H(C=C),H Series

In order to save the computational effort, MNDO
semiempirical molecular orbital calculations were car-
ried out on the H(C=C),H (n = 1,2, 3,4 and 5) series
for better understanding of the effect of increasing
chain length on the hydrogen atomic polar tensor. To
identify more exactly the possible source that produces
the APT change, we have used the charge—charge flux-
overlap model (CCFO) [11]. This model applied to a
hydrogen polar tensor element obtained from a mol-
ecular orbital calculation may be written as:

ép,/0oy = qh + Y.(8q,/80y)al + Op,/day (5)

where ¢ = x, y or z. Here g§j is the equilibrium net
charge of the hydrogen; the summation term rep-
resents the charge flux due to the hydrogen displace-
ment and ¢p,,/doy denotes the non-classical contri-
bution. To calculate each element of the APT the
numerical difference  approximation dp,/doy
~ Ap,/Aoy was employed, with Agy = 0.02A. In
Table 4 are shown the MNDO calculated values of

Table 3. Experimental atomic polar tensors and ef-
fective charges of the diacetylene. Units of electrons,

e*
@ PE=PY P 3
H, 0.200 0.238 0.369
C, —0.221 —0.394 0.503
C, 0.021 0.156 0.159

* Atomic numbering: HC;C,C;C,H; - Z.
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0p./0zyand 0p,/0xy for the H(C=C),H (n=1,2,3,4
and 5) series with their respective CCFO contributions.

MNDO values of dp./dz, for these molecules
increase in absolute magnitude with the carbon chain
length. The CCFO contributions show that these
increases are due to increasing values in the charge flux
contributions to dp,/0zy. This result suggests that the
growth of the dp, /0zy is mainly due to charge transfer
effect along the carbon chain rather than to varying
electronic structure of the hydrogen atom in these
molecules. Indeed, since the dp,/dzy element reflects
principally the CH stretching, the above result is in
agreement with the increasing intensity values for the
CH stretchings in C,;H, [3]and C,H, [4] i, 70.4 and
136.0 km - mol !, respectively.

In contrast to &p,/0zy, the dp,/0x, element
remains remarkably constant along the series and its
magnitude depends mostly to the equilibrium net
charge value. This invariance of the 0p,/0xy reflects
the similar intensity values observed for the HCC
deformations in HC,H [3] and HC,H [4], ie., 177.1
and 172.0kmmol " .

Acetylenic proton acidity

The effect of the substituent on the rates of proton
transfer from monosubstituted acetylenes has been the
object of several studies [12]. In general, this infor-
mation in the gas phase is more difficult to be obtained
directly, and the same for the measure of the acetylenic
intrinsic acidity. In this sense, molecular orbital calcu-
lations have contributed enormously, see Ref. [13].

On the other hand, GUSSONI et al. [2] have classified
acid and neutral hydrogens from infrared intensity
parameters. Here we have observed (see Table 5) a
good correlation comparing the é&p,/dz, or PYY
experimental element with the acetylenic intrinsic
acidity calculated from ab initio 4-31G calculations
(AE). According to POWELL et al. the theoretical
intrinsic acidity is the difference between the calcu-
lated molecular energy for the parent acetylene
(R—C=C-H) and the corresponding acetylenic anion
(R-C=C-). The results show that the greater is P[Z'?

Table 4. MNDO calculated CCFO contributions to 0p,/ézy and dp,/0xy for the
HC,H molecule. Units of electrons, e

dp./0zy (6p./0zx)cn. (0p./0zy)ch.-flux (0P./07)oyen.
HC,H 0.288 0.157 0.198 —0.067
HC,H 0.404 0.171 0.303 - 0.070
HC.H 0.462 0.172 0.363 —0.073
HCyH 0.502 0.173 0.404 - 0.075
HC,,H 0.531 0.173 0.436 —0.078

apx/@XH (apx/axﬂ )Ch. (6px/6xH)Ch4-ﬁux (6pX/axH)overl
HC,H 0.174 0.157 0 0.017
HC,H 0.178 0.171 0 0.007
HC.H 0.178 0.172 0 0.006
HCiH 0.178 0.173 0 0.005
HC,,H 0.178 0.173 0 0.005

SA(A) 43:3-D



348 MozaRT N. RaMOs and MARCIA M. C. FERREIRA

Table 5. APT’s element (P(Z"Q), 4-31G intrinsic acidity (AE)
and rates of detritiation by hydroxide ion (Koy-) of ac-
etylenic hydrogens

Substituent

R-C=C-H PYh(e) AEMH)* Kog-(M-'s™1)*
C=N 0.267 0.5889 393 x 10°
C=C-H 0.238 0.6215 —

H 0.183 0.6523 5.41 x 10!
CH, 0.180 0.6595 1.50 x 10!

*From Ref. [13].

more acid is acetylenic proton, i.e., the greater the rate
of ditritiation by hydroxide ion (Koy-), see Table 5.
Thus, the cyanoacetylene (HC;N) is the most acid,
whereas the propyne is the least acid of them.

If this can be extended to the H(C=C),H series, we
can expect an increasing acidity along the series, since
the P$) value increases with the carbon chain length.
Thus, the greater the charge flux due to the displace-
ment of the proton, the more acid should be the
acetylenic compound.

CONCLUSIONS

G-sum rule graph and quantum chemical calcu-
lations strongly establish the dp/dQ; signs, atomic
polar tensors and effective charges of the diacetylene.
The senses of the dipole moment changes for di-
acetylene are exactly those observed for other similar
acetylenic compounds. The hydrogen effective charge
in the diacetylene is greater than that in acetylene, as a
consequence of the charge flux increasing reflected in
the P$Y element. MNDO calculations show that the
increasing carbon chain length tends to increase the
charge flux due to the CH stretching. However, it will
be interesting to investigate the problem from more
sophisticated theoretical calculations, i.e., ab initio 6-

31G* calculations. Unfortunately, this goes beyond
our computational facilities.

Finally, we have observed that the P‘;Q element of
acetylenic hydrogens can be a good indicator of its acid
character, through a direct comparison with both the
theoretical intrinsic acidity and the rate of detritiation
by hydroxide ion.

Acknowledgements—M. N. R. acknowledges financial sup-
port from the Consclho Nacional de Desenvolvimento
Cientifico e Tecnologico (CNPq).

REFERENCES

[1] B. B. Neto and R. E. BRUNS, J. chem. Phys. 71, 5042
(1979).

{2] M. Gussoni, C. CasTiGLIONI and G. ZERBI, J. chem.
Phys. 80, 1377 (1984).

[3] K.Kim and W.T.KiING, J. Molec. Struct. 57,201 (1979).

[4] Tu. Koops, T. Visser and W. M. A. SMiIT, J. molec.
Struct. 125, 179 (1984).

[5] E. M. Popov, L. P. YAKOVLEV, E. D. LuBuzH and G. A.
KOGAN, Zh. Perikl. Spektrosk. 8, 463 (1968).

[6] W.T.KING, G. B. MasT and P. P. BLANCHETTE, J. chem
Phys. 56, 4440 (1972). On the graphic representation of
the G-sum rule, see for example M. N. Ramos, B. B.
NEt0 and R. E. BRUNS, J. phys. Chem. 84, 2808 (1980).

[7] W. B. PErsoN and J. H. NEWTON, J. chem. Phys. 61,
1040 (1974).

[8] M. Dururs, J. Rys and H. F. KING, Quantum Chem.
Program Exchange, Program No. 403 (1978).

[9] M. J. S. DEwar and W. THIEL, J. Am. chem. Soc. 99,
4899, 4907 (1977).

[10] M. N. Ramos, B. B. NETO, R. E. BRUNs and O. M.
HERRERA, J. molec. Struct. 142, 209 (1986); XVII
European Congress on Molecular Spectroscopy,
Madrid (Spain) (1985).

[11] W. T. KING and G. B. MasT, J. phys. Chem. 80, 2521
(1976); W. B. PERSON, B. ZILLES,J. D. RoGERs and R. G.
A. MAIA, J. molec. Struct. 80, 297 (1982).

[12] C. EaBoRrN, G. A. SKINNER and D. R. M. WALTON, J.
Chem. Soc. B, 989, 922 (1966); J. CHRISMENT and J. J.
DELPNECH, J. chem. Soc. Perkin Trans. 2, 407 (1977).

[13] M.F. PowgLL, M. R. PETERSON and I. G. Cs1zMADIA, J.
molec. Struct. 92, 323 (1983).



