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The modifications of the electrostatic molecular potential of formamide upon 
hydrogen bonding into various dimers and oligomers are presented and the 
predictive value of these potentials for assessing the strength of further 
hydrogen bonding is discussed. The potentials of long linear chains allow an 
understanding of the disposition of the molecules in the crystal. 
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1. Introduction 

A recent Symposium [1] has stressed the role played by the molecular electrostatic 
potential [2] in the determination of numerous properties. While, however, the 
electrostatic potential of isolated molecules has been object of numerous studies, 
relatively little consideration has been paid to the potential of molecular 
complexes although the interest of the perturbation brought about by complex- 
ation on the individual potentials of the partners is evident. 

We have considered recently the influence of hydrogen bonding on the molecular 
electrostatic potential of the proton-donor  and proton-acceptor  molecules [3] for 
a few examples. We present here complementary data based on the molecular 
potentials computed for various hydrogen-bonded oligomers of formamide. 
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From the point of view of hydrogen bonding, formamide presents a particular 
interest due to its ability to act as a proton-donor  through either one (or both) of its 
NH bonds or (and) as a proton-acceptor through its carbonyl oxygen. Further- 
more the disposition of these sites in the molecule makes it apt to hydrogen-bond 
in different fashions so as to form various linear and cyclic dimers as well as chain 
or mixed oligomers [4-7]. These different hydrogen-bonded structures provide a 
good opportunity to study the modifications brought about by hydrogen bonding 
in various ways on the molecular potential of the parent molecule and to 
characterize the transmission of the effects along chains of donor-acceptor 
molecules. The occurence of such long chains of hydrogen-bonded peptide bonds 
in the secondary structure of proteins (either o~-helical or pleated-sheet) adds to 
the interest for the knowledge of these effects. 

The wave functions utilized to compute the molecular potentials are those of 
Refs. [6, 7] and correspond to an STO 3G basis set [8] like that utilized in Ref. [3]. 

2. Results and Discussion 

2.1. Formamide and Its Dimers 

Fig. l (a  to d) reproduces the molecular potentials of formamide (a), of its most 
stable linear dimer (b), of the end oxygen region in the same dimer with a rotation 
of 180 ~ of the proton donor  about the hydrogen bond axis (c), and of the oxygen 
region in the cyclic dimer (d). The rotated linear dimer is interesting in that it 
differs very little in energy from the zero rotamer ( - A E  = 8.21 kcal/mole instead 
of 8.28). Such a facile roatation about the hydrogen bond axis in formamide 
dimers was noted some time ago [9] in structures where the NH --- O - - C  bonds 
are aligned: the fact that it is true also in angular dimers adds interest to the 
knowledge of the variations of the potentials accompanying the rotation. 

As observed earlier in computations with other basis sets [10], formamide 
presents a wide negative potential zone around the carbonyl oxygen with a small 
anisotropy in favour of the side of the CH bond. Two minima are observed, one on 
each side of the oxygen, Oi on the CH side being three kcal/mole deeper  than Oe 
on the exterior side. (In the computations of Ref. [10] only the minimum 
minimorum was given, but the second minimum was equally present). 

In the positive region, a clear non-equivalence of the NH directions appears, with 
the trans proton (trans to C = O )  more repulsive than the cis proton for a positive 
point charge (or more attractive for a negative charge). Worth noting is the fact 
that the STO 3G gross atomic population computed [6] for the trans proton is 
0.786 e against a value of 0.773 e for the cis proton, indicating a less positive 
character of the trans proton as measured by net charges. This shows once again 
how erroneous it may be to use net charges alone as a measure of the attractive or 
repulsive character of an atom for a reactant. 
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Upon formation of the trans linear dimer it is observed that the characteristics of 
the molecular potential at the two extreme ends of the supermolecule conserve 
the same qualitative character as in the monomer, namely two separate minima in 
a wide negative region surrounding the end carbonyl oxygen, with a dissymetry in 
favour of the CH side, strong positive potential outside the end NH2 group with a 
dissymetry in favor of NH trans, as in the monomer, here again in contradiction 
with what would be predicted by the electron populations (0.762 and 0.775 e for 
cis and trans protons, respectively [6]). 

Aside from the qualitative similarity in the distribution of the end potentials in the 
monomer and linear dimer one observes an appreciable increase in their numeri- 
cal values upon hydrogen bonding. As was shown in Ref. [3], this enhancement is 
due for one part to the polarization + charge-transfer effect of one molecule on the 
electron distribution of its partner, and for the other part to the pure superposition 
of the individual potentials of the two molecules in the region of interest: thus 
when in the dimer the proton acceptor is oriented so that its negative region 
extends into the negative region of its partner, enhancement of the attraction 
occurs by simple superposition. In the water dimer, with the same basis set, this 
addition effect enhances by -5.2 kcal/mole the value of the potential minimum 
near the end water oxygen, thereby accounting for about one-third of the global 
increase [3]. In the present case, the corresponding addition effect at the locus of 
the strongest minimum of formamide is -4.8 kcal/mole, also one third of the total 
enhancement. It may be remarked that the superposition effect most likely 
represents in reality a larger proportion of the global effect of hydrogen bonding, 
because the weight of the charge-transfer effect is appreciably exaggerated by the 
STO 3G basis set. 

The situation around the atoms internal to the chain in the dimer is different from 
that of the end atoms: near the inner oxygen one of the potential minima has been 
suppressed by H-bonding and one minimum remains, but decreased in value. As 
observed in other cases, this effect is mainly due, in the region considered, to the 
strongly positive potential brought about by the proton donor. In the angular 
dimer of Fig. 1 this effect leaves one decreased minimum close to the oxygen; in a 
linear dimer with CO---HN aligned (not shown), it leaves two zones of (smaller) 
negative character on each side of the hydrogen bond (as observed in the linear 
water dimer [3]). The positive potential of the inner NH region is smaller than that 
of the end NH2 group. 

When the proton acceptor molecule of the t rans-dimer  is turned 180 ~ about the 
hydrogen bond axis, the global potential around the end oxygen atom is very little 
modified except for some symmetrization. 

The molecular potential of the cyclic dimer (which involves the binding of NHc to 
the Oe side of the carbonyl group in a double manner) presents one negative zone 
around each oxygen with a minimum nearly equal to the minimum minimorum of 
isolated formamide; in fact the whole map in the OCH region is practically the 
same as in formamide itself. 
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Fig. 2. Values of the min ima of molecular  potentials near  the oxygens in the linear t rans  trimer, 
te t ramer  and pen tamer  

2.2. The Chains of Oligomers 

The potential maps in the various regions of the longer trans-oligomers have been 
considered in the same fashion 1. Fig. 2 summarizes schematically the situation at 
the minima. Fig. 3 gives the values of the potentials computed at a fixed distance 
(1.715 ~) of each oxygen atom in the directions of the minima, and of each 
hydrogen of the NH bonds in the bond direction. 

The comparison of Figs. 2 and 1 shows that the general character of the end and of 
inner oxygens is conserved upon elongation of the chain; the enhancement of the 
end negative potential observed in passing from the monomer to the dimer is 
further increased in the higher oligomers, although to a lesser and lesser extent, 
the pentamer end minima being very similar to those of the tetramer. The second 
largest minimum in every chain is near the oxygen closest to the oxygen end, the 
next one being the following oxygen. The chains of trans-oligomers are thus 
endowed with a set of negative potential regions near each oxygen atom, the more 
negative surrounding the end oxygen, with successive minima of decreasing values 
located along the chain. A similar situation starts at the other end of the chain for 
the positive potentials: (see the values of Fig. 3) larger values near the two extreme 
NH protons (with a more positive potential for H trans than for H cis), and 
decreasing positive potentials for the successive inner NH bonds along the chain. 
Note the alternance of positive and negative regions along a chain. 

1 These  maps  are available upon request.  
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Fig. 3. Values of the potentials at a fixed distance (1.715/~) of the oxygen atoms in the directions of the 
minima, and of the hydrogen atoms of the NH bonds along their direction 

The very definition of the electrostatic molecular potential [2] as the attraction 
exerted by a molecule on a point unit positive charge implies that this quantity 
may serve as a guide in the search of the most probable regions of approach of the 
proton-donor end of another molecule, and similarly that the regions of positive 
potential correspond at first approximation to the most attractive regions of 
approach of an electron-donor atom. This has indeed proved very useful in the 
preliminary scanning of the possible regions of hydration of various molecules 
[11-13]. A quantitative utilization of these concepts was recently suggested [14] 
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for the prediction of hydrogen bond strength, assuming a proportionnality of the 
binding energy to the product VDVA of the potentials of the proton-donor D and 
proton acceptor A taken at a fixed distance of A and D. The potentials given in 
Fig. 3 can be used in this connection: considering the monomer, the products of 
the potential values suggest that the best linear dimer should form when the trans 

NH proton of a second monomer binds to the Oi side of the carbonyl oxygen 
rather than to the Oe side. This is indeed the situation displayed in the computed 
binding energies [3]: -8.3 against -7.4 kcal/mole respectively (or -8.2 against 
-7.2 kcal/mole for the corresponding dimers with a 180 ~ rotation around the 
hydrogen-bond axis). The potentials would predict OiHt to be intrinsically more 
favorable than OiHc and OeHt more favorable than O~Hc; in the last case 
however, an appropriate orientation of the second monomer permits the forma- 
tion of a second O~H~ hydrogen bond and the energy of each bond is enhanced by 
the polarization + charge transfer effect of the other as shown by the strong energy 
(-9.9 kcal/mole per bond) found for the cyclic dimer. 

Once the cyclic dimer is formed, the potentials of Fig. 3 would indicate that it is 
more advantageous to attach on it two monomers through their NHt proton to the 
two oxygens of the dimer: product = (31 x 22)2, than by binding their best oxygen 
side to the free NH of the dimer: (36 • 17)2, and that the binding of one monomer 
by its best oxygen side and that of the other by its NHt to the two ends of the same 
molecule in the dimer would be intermediate (36 x 17 + 31 x 22). The energy of 
the first complex is not available, but the two others (1 trans-tetramer and 1 
cis- tetramer of Refs. [6] and [7]) are indeed in the order predicted (-8.7 and 
-9.4 kcal/mole per H bond respectively [7]). The potentials also predict that the 
hydrogen bond between two trans linear dimers established so as to form the 
all-trans linear tetramer (VAVD = 29 X 45) should be more favorable than that 
between two cyclic dimers arranged so as to form a bicyclic compound (VAVD = 
31 • 17). Indeed the corresponding energies computed from the data of Refs. [6] 
and [7] are -12.6 and -7.2 kcal/mole. Similarly the bonding together of two 
trans-linear dimers will proceed using the end O~ of one and the end NHt of the 
other rather than its NH~ (energies 8.7 and 7.1 kcal per H bond respectively 
[4-5]). It is obvious, in spite of these favorable examples that the correlation must 
be used with caution as soon as the contacts between the entities in interaction 
become complex. With this reservation in mind, the potentials of Fig. 3 seem to 
indicate that once the trans linear dimer is formed the further addition of a 
monomer by one hydrogen bond will rather proceed by sequential H bonding at 
its ends (preferably by using O~ and NHt) than by branching in the middle, this 
process continuing in the successive oligomers, seemingly favouring the forma- 
tion of all trans chains. The formation of a cyclic dimer on a linear dimer does not 
seem very favourable according to the potential values but such a formation on the 
central molecule of a trimer cannot be excluded. The choice between prior 
elongation of a chain longer than a dimer and prior local formation of cyclic 
dimers on it is not possible on this basis. 

Finally an interesting remark may be made considering the distribution of the 
potentials in the chains: should two or more chains be packed together, they 
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would  tend  to lie ant iparal le l  to one  ano the r  so that  the most  negat ive  potent ia ls  at 

the end  of one  chain face the most  posit ive ones at the end  of the other,  the 

a r r angemen t  be ing fur ther  favoured  by the fact that  the negat ive  potent ia ls  of 
the inner  oxygens of one  chain face the posit ive potent ia ls  of the inner  free N H  

groups of the o ther  and conversely,  thus favour ing  the fo rmat ion  of successive 
cyclic d imers  be tween  the chains. This s t ructure  is indeed  the a r r a nge me n t  
observed in the crystal [15] in the successive sheets. 
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