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under 50 atm of ethylene for 48 h at room temperature. The resulting
mixture is then distilled at reduced pressure to separate Fe(CQ); from
Fe(CO)4(C,H,). The fraction of interest is collected at 34 °C and 12
torr. The IR spectrum confirms the absence of Fe(CO);. Fe(CO),-
(C,H,) is stored at ~78 °C in the dark.

For the kinetic experiments, samples are prepared on a standard, all
glass high-vacuum line. Gas mixtures are prepared by the pile-on me-
thod. Typically the reagent pressures are 0.050 torr of Fe(CO),(C,H,),
1.5-9.0 torr of CO (research grade, Matheson), and 100~800 torr of
ethylene (CP grade, Matheson). Ethylene is purified by 3 freeze~
pump-thaw cycles to remove volatile impurities. The photolysis source
is a Lambda-Physik EMG-101 Excimer Laser used on either the XeF
(351 nm) or N, (337 nm) lines. All kinetic runs use 337 nm. The FTIR

spectrometer is an IBM Model IR 98. Typically the spectra are taken
at 0.5-cm™! resolution, averaging 10 scans. The ethylene and CO spectra
are subtracted out. The temperature in all experiments is ambient (297
K).
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Abstract: Hydrogen-bond stretching force constants (k,) determined from the rotational spectra of dimers B-~HX have been
used to establish the nucleophilicities (V) of B for B = N,, CO, PH;, H,S, HCN, CH,CN, H,0, and NH; and the electrophilicities
(E) of HX for X = F, Cl, CN, Br, C=CH, and CF;. Values of E and N have been used to predict k, for a number of dimers

as yet unobserved.

I. Introduction

Chemists have long recognized the desirability of predicting
the strength of binding in a hydrogen-bonded dimer B-HX (or
other weakly bound species) from the properties of the component
molecules B and HX. In this article, we show how to establish
limiting, gas-phase nucleophilicities (V) and electrophilicities (E)
of the components B and HX in a simple manner from a readily
determined spectroscopic property, namely, the hydrogen-bond
stretching force constant, (k,). The quantities NV and E can then
be used to predict the strength of binding (as measured by the
force constant k) for a large number of dimers. The theoretical
foundation of this procedure is discussed in terms of recent
electrostatic modeling of the hydrogen bond.

As a result of the investigation of a large number of hydro-
gen-bonded dimers by rotational spectroscopy,' it has become
possible to enunciate some simple, essentially electrostatic rules
for predicting the angular geometries of dimers.> In particular,
at equilibrium the HX molecule lies along the axis of a nonbonding
electron pair on B. In more general terms, we might speak of the
most electrophilic site of HX (i.e., the H atom) seeking the most
nucleophilic site of B, but of course the nucleophilic end of HX
will avoid this site on B. (We are thus using the terms nucleo-
philicity and electrophilicity in the etymologically exact sense.
The electrophilicity of the H atom in HX is therefore a measure
of its capacity to seek out a particular (unperturbed) electron-rich
region on a standard molecule B. We have deliberately used the
qualification “limiting” in discussing E and N to draw attention
to the fact that they are derived from measurements in weakly
bound dimers and that this usage therefore differs from the more
common but less literal view of the terms which is restricted to
the extreme case of group transfers during chemical reaction.)
The electrostatic approach to hydrogen bonding has received a
quantitative interpretation by Buckingham and Fowler? who use
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a distributed multipole analysis to predict angular geometries.
Rotational spectroscopy, as well as leading to geometries, has also
provided hydrogen-bond stretching force constants (k,) for many
dimers B.+HX.* A comparison of k, values within a series gives
a measure of the relative strength of the dimers which are,
moreover, in isolation in the gas phase. It is timely to interpret
the k, values in terms of the properties of the individual com-
ponents B and HX in a way that employs an analogous approach
to that used for angular geometries, i.e., the concepts of nucleo-
philicity and electrophilicity.

II. Limiting, Gas-Phase Nucleophilicities and
Electrophilicities.

The success of the nonbonding electron-pair model in predicting
angular geometries of B-~-HX and the weakness of the intermo-
lecular interaction when considered together provide the basis for
scales of limiting, gas-phase nucleophilicity and electrophilicity.
For a dimer of a given geometry, the strength of the interaction
will then depend on the magnitude of the nucleophilicity of the
site on B and the electrophilicity of HX but nevertheless will
usually be sufficiently small to be described by the electrostatic
model involving essentially undistorted charge distributions in B
and HX (see below).

One common measure of the strength of binding in dimers is
the dissociation energy, but this is rarely available. Recently, it
has been shown how realistic values of the quadratic force constant
(k,) for stretching the weak bond in B--HX can be calculated
from the centrifugal distortion constants D, or A; obtained ex-
perimentally.’ Consequently, a large number of k, values are
now in the literature.* We therefore collect in Table I this
quantity®=3 for the series B~HX where B = N,, CO, PH;, H,S,
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Table I. Observed and Calculated Intermolecular Stretching Force Constants (k,, N m™) for Dimers B.--HX

HX
B HF HCI HCN HBr HC=CH HCF,
N, 5.5 (5.5)% 2.5 (2.8)° 2.3 (2.3)¢ (2.3) e e
CcO 8.5 (8.5 3.9 (4.2)¢ 3.3 (3.6)" 3.0 (3.6) (2.0) e
PH, 10.9 (11.0¥ 5.9 (5.5) 4.3 (4.7) 5.0 (4.6)" (2.6) 2.1
H,S 12.0 (12.0)" 6.8 (6.0)° 4.7 (5.1) 5.9 (5.0)7 (2.9) (2.3)
HCN 18.2 (18.3) 9.1 (9.1)* 8.1 (7.8)' 7.3 (1.7)¢ (4.4) 3.5 (3.5)¢
CH,;CN 20.1 (20.3)* 10.7 (10.1)* 9.8 (8.6) (8.5) 4.7 (4.9)* (3.9)
H,0 24.9 (25.0)%° 12.5 (12.5)% 11.1 (10.6) (10.5) 6.5 (6.0)% (4.8)
NH, (28.8) . (14.4) 12.2 (12.2)% (12.1) 7.0 (6.9 (5.5)

?Qbserved k, values have been obtained, where appropriate, from centrifugal distortion constants in the following papers according to the relevant
expression given in ref 5. Calculated values using NV and £ from Table II in eq 1 are given in parentheses. ®Reference 6. ¢Reference 7. ?Reference
8. ¢Predicted values of k, < 2.0 are considered too small to be reliable. /Reference 9. £Reference 10. #Reference 11. ‘Refcrence 12. /Reference
13. *Reference 14. ‘Reference 15. ™Reference 16. "Reference 17. °Reference 18. ?Reference 19. 9Reference 20. "Reference 21, *Reference
22. 'Reference 23. “Reference 24. “Reference 25. *Reference 26. *Reference 27. »Reference 28. zReference 29. “ Reference 30. #* Reference
31. “Reference 32. “¢Reference 33. *Reference 34. /Reference 35.

Table II. Values of (a) Nucleophilicities (V) and (b) Electrophilicities (£) of B and HX?
(a) Nucleophilicities, N

N, co PH, H,S HCN CH,;CN H,0 NH;,
2.2 34 4.4 4.8 7.3 8.1 10.0 11.5
H,CO U (CN), HCCCN (CH,);P (CH,),CCN (CH,),0

o
3.5 5.4 5.7 6.5 6.9 9.0 11.2

(b) Electrophilicities, £

HF HCI HCN HBr HC=CH HCEF,
10.0 5.0 4.25 4.2 2.4 1.9

¢Values of N calculated from k, for B---HF by using eq 1 and £ = 10.0 for HF except as indicated in the footnotes to Table III.

HCN, CH;CN, H,0, and NH; and where X = F, C|, CN, Br,
C=CH, and CF;. Thus, in a column of Table I, X is fixed but
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B varies, while in a row X varies and B is fixed. A glance indicates
that there is a simple relationship along rows and down columns.
It is clear that k, (B-+HF)/k, (B-+HCI) has an almost constant
value of approximately 2 for all B, whereas k,(B-HF)/k,(B-
HCN) and &,(B-+HF)/k,(B-~HBr) are each approximately an-
other constant, independent of B. This observation suggests that
a nucleophilicity (V) can be assigned to each B and an electro-
philicity (E) to each HX. The strength of the hydrogen bond,
as measured by k,, is then given by

k, = cNE (1)

where ¢ is a constant of proportionality. We next arbitrarily assign
N =10 for H,O and E = 10 for HF, leading to ¢ = 0.25 N m™.
The next step is to use the k, of B--HF to establish the N values
of all the other B’s. Finally, the NVs for the set of B are used with
the observed &, values of columns 3, 4, 5, 6, and 7 to obtain E
for HCI, HCN, HBr, HC=CH, and HCF;, respectively. The
nucleophilicities and electrophilicities thereby evaluated are re-
corded in Table II. The k,’s calculated from eq 1 using the E
and IV values of Table II are shown in parentheses in Table I for
each B-+HX. The agreement of predicted and experimental values
is remarkably good in view of the simplicity of eq 1. Thus, 30
k, values are predicted by only 14 of N and E. We have also
included in Table II some values of N and E derived on the basis
of a single k, value. In these cases, the k,’s were determined either
from centrifugal distortion constants (as above)*** or from values
of the hydrogen-bond stretching frequency (v,) from infrared
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Table III. Predicted Values of k, (N m™) for Some Series of Dimers That Have Been Incompletely Investigated?

HX
B HF HCI HCN HBr HC==CH HCF,

H,CO 8.8% 4.4 3.7 3.7 2.1

L 13.5 6.7° 5.7 5.7 3.2 2.6

o]

(CN), 14.34 7.1 6.1 6.0 3.4 2.7
HCCCN 16.3¢ 8.1 6.9 6.8 3.9 3.1
(CH,);P 17.3 8.6 7.3 7.2 4.1 3.3
(CH,);CCN 22,5¢ 11.3 9.6 9.5 5.4 4.3
(CH,),0 28.1% 14.1 11.9 11.8 6.7 53

¢ An experimental k, is available for only one dimer in each series. This has been used in conjunction with the appropriate value of E from Table
II to give an V value for B (also recorded in Table II). The N was then used to generate the remaining &, in the given row. The experimental £,
was determined either from the appropriate centrifugal distortion constant (CD) or from », obtained from infrared spectroscopy (IR) via » =
(2m) Nk, /u)2. The source of the experimental k, is referred to in the indicated footnote and its nature denoted by either CD or IR. The valuecfor
H,CO-HCF; is predicted as <2 and is omitted (see footnote e of Table I). ?Reference 36(CD). °Reference 37(CD). “Reference 38(CD).
¢Reference 39(CD). /Reference 40(CD). ¢Reference 41(IR). *Reference 42(IR).

spectroscopy?!4? by using the relationship », = (2m) " (k,/u)/%

III. Electrostatic Background to the Model

The nonbonding electron pair model receives strong support
from quantum-mechanical calculations. When the total binding
energy for hydrogen-bonded dimers is partitioned into polarization,
charge transfer, exchange repulsion, and electrostatic contributions,
it is found that the last is the dominant term.#*~%¢ In fact, it is
sugggested that for many dimers the first three factors roughly
cancel, leaving the total interaction energies closely parallel to
the electrostatic terms.*>-#6 Evidently, it is therefore possible as
a first approximation for the strengths of hydrogen bonds to be
modeled by electrostatics alone. Furthermore, Umeyama and
Morokuma#*® have pointed out that the electrostatic contribution
appears to be controlled mainly by the local interaction between
the net charges on the proton acceptor atom and the net charge
on the hydrogen-bonding proton, that is, in the present language,
between the nucleophilic and electrophilic sites. We emphasize
again that the electrostatic contribution refers to essentially un-
perturbed electron distributions. Thus, the representation of the
binding energy in terms of E and N involves quantities which apply
to molecules that are very nearly in the limit of weak perturbation,
in contrast to gas-phase proton affinities which correspond to the
other limit where the nucleophilic molecule is chemically modified
by accepting the proton.

The above discussion is based on the dissociation energy (D,)
as a measure of the strength of binding. The scale of V and E
values introduced here is based on the other measure of binding
strength, namely, &, which measures the restoring force per unit
infinitesimal displacement of the hydrogen bond. The success of
the simple eq 1 apparently indicates that the electrostatic inter-
pretation is applicable to k, as well as to D,.
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IV. Discussion

We have established, with the aid of the hydrogen-bond
stretching force constants (k,), limiting, gas-phase nucleophilicities
(V) and electrophilicities (E) for a number of molecules that serve
as components B and HX in forming hydrogen-bonded dimers
(see Table II). We note from Table II that E drops rapidly from
HF to HCI and then more slowly from HCI to HCN and HBr.
We also note that acetylene is more electrophilic than fluoroform.
The order of nucleophilicities is NH;> H,O > CH;CN > HCN
> H,S > PH,> CO > N,.

The E and NV values of Table II can be used to predict &, values
for dimers that have yet to be investigated experimentally. A
selection of such predicted quantities is given in Tables I and III.
We note in Table I that k, for the linear dimer HCN«~-HC=CH
falls, as expected, below the value of &, = 5.15 N m™ for the
observed (and presumably more stable) T-shaped dimer in which
B is HC=CH and X is CN.#’

The quantities £ and N introduced here should be of general
interest and have some specific applications in the spectroscopy
of dimers. For example, they can be used, as in Table III, to
predict k, for an unknown B-+HX and thence D, or A, prior to
an investigation of its rotational spectrum. In addition, &, can
be used to obtain », = (27)'(k,/u)"/? for the prediction of far-
infrared spectra (fundamental of v,) or near-infrared spectra
(combination bands) of B--HX. This will be useful both in
gas-phase and matrix-isolation work.

The long-term aim of our investigations of hydrogen-bonded
dimers is to find methods for predicting the properties of the dimers
from the known properties of the free components. We have
previously shown how this can be done for hydrogen-bond
directions by using simple rules.? In the present article, we have
established a method of so predicting the strengths of hydro-
gen-bonded dimers (as measured by &,). Hence, two of the most
important properties of dimers can now be readily, reliably, and
widely predicted.
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