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We have developed a new form of the intermolecular potential of the hydrogen bond that is consistent with
ab initio structures, interaction energies, interaction forces, intermolecular force constants, and dipole derivatives.
The model incorporates charges, charge fluxes, atomic dipoles, and van der Waals interactions, and it has
been successfully applied to the formic acid dimer.

Ab initio studies have led to significant progress in under- charges plus a fixed van der Waals interaction of the Lennard-
standing the structure, energetics, and, in some cases, vibrationalones typé. Such a distance-dependent form results in Cartesian
spectra of simple hydrogen-bonded systénidowever, such interaction force constants that have the fdfmjs = Figja
approaches are of limited application to large systems such aswherea. andg are Cartesian components. (This follows from
macromolecules, and, as a result, methodologies based OFigjs = —(U'/r)dap + (U — (Ur))(dr/dxiq)(dr/d%5), whereu'
potential energy functions are being widely implemented. The = (3u/ar) and u” = (82u/ar?),* since Qr/dxe) = —(Ir/oXa).)
accuracy of the predictions in these molecular mechanics (MM) Byt ab initio calculations of hydrogen-bonded systems clearly
and molecular dynamics simulations of course depends on theshow that this relation is not true (this equality is relaxed to
reliability of the description of the intramolecular and intermo-  some extent if an angular dependence is introduced in the
Ieculgr |nter§ct|ons in the energy function. .ThIS.IS particularly hydrogen-bond potentidt? but this still does not assure
true if we wish to satisfactorily reproduce vibrational spectro- enqyction of intermolecular force constants). Therefore, if
scopic properties of _hydrogen-bondgd structures. While _SUChwe wish to reliably reproduce the intermolecular interaction
accuracy 1s now ach_levable f(_)r_t_he |ntram'olecu|ar force field, force field, a more comprehensive model must be employed.
by direct transformation of ab initio results into the MM format N .
to produce what we call a spectroscopically determined force | The f:lue to the dlre.ctlon that such an.extepsmn shoul.d tqke
field (SDFFY, a comparable formulation has not been available 1S Provided by the evidence that transition dipole coupling is
for the intermolecular hydrogen-bond interaction (especially near &N important intermolecular interaction mechanism in explaining
its equilibrium configuration, which we are mostly interested Nydrogen-bond coupling in polypeptidemnd that such coupling
in obtaining). We present an MM model that provides a €an be represented by charge and charge flux intera&ions,
description of this interaction capable of reproducing its Which are also basic to reproducing infrared intensitieSince
spectroscopic features. our goal is to develop a description that self-consistently explains

In the commonly used representation of the hydrogen-bond @ large range of ab initio molecular propertf@s® viz.,
interaction, the potential energy between atomsdj a distance structures, interaction energies, interaction forces, intermolecular
r apart,u(r), is given by the Coulomb interaction between fixed interaction force constants, and dipole derivatives, we have
explored a model that incorporates charge fluxes and atomic
€ Abstract published irAdvance ACS Abstractéugust 1, 1997. dipoles together with charges and that has been initially
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successful in reproducing the above properties in the formic TABLE 1: Comparison of ab Initio and Model Properties

acid dimer (FAD)®® for Four Hydrogen-Bonded Formic Acid Dimer Structures?
The FAD is an advantageous system to examine because it structure

provides the possibility of an independent calculation of many  property D, Do D, D,

of the quantities in the model. This is important since otherwise r(O-H) 1677 1864 1970 2275

we may be faced with the arbitrary determination of too many  g(p) —12.2 —13.4 —12.6 —9.2

parameters. However, for planar systems, it has been $hown —-12.4 -13.8 -12.6 -8.8

that, with a few simple assumptions, the terms in the atomic f(O---H) —0.047 0.000 0.021 0.037

multipole expansion of the molecular charge distribution, viz. —-0.113  -0.003 0.021 0.031

atomic charges, atomic dipoles, etc., can be uniquely calculated '©0) _8'883 8'888 :8'822 :8'822

from (ab initio) first molecular dipole derivatives, first molecular — Af,, ., 0.13 0.07 0.05 0.03

quadrupole derivatives, etc. In this way, it was possible to Ay 15.3 5.9 4.6 10.2

account for the €O stretch mode splitting due to the v(O-+-H) By 245

intermolecular quadratic force field while at the same time 244

providing a consistent explanation of the intermolecular enférgy. YO M) Ag %gi

In this study we use the dipole-derivative derived chaffes, 1(O-++0) Ag 138

since they are obtained naturally from the out-of-plane first 141

molecular dipole derivatives. However, we do not restrict a£(O-+-H), hydrogen-bond length, in AE(D), energy of dimer, in
ourselves to the second molecular dlpole-dgrlvatlve derived kcal/mol;f, intermolecular internal coordinate forces, in mdfiq s,
charge fluxe¥since thes® do not reproduce the intermolecular  yms error in intermolecular force constants, in mdynad, rms error
force field; rather, we allow the flexibility of optimizing to these in all normal mode frequencies, in ¢t v, intermolecular mode
values. Also, since charge fluxes for out-of-plane displacementsfrequencies, in cit. Top line, from ab initio; bottom line, from model.
are zero for planar molecules, only in-plane force constants can
be determined by this approach and are considered here.

Our general approach to judging the quality of a model for o aiion: dipole derivatives, taken from the Sructure.
the intermolecular interactions of the hydrogen bond involved The van der Waals parameters, in the foEp= 4e;((rt/
the foI.Iowmg ponS|derat|qns. We, of course, e.xpect su.ch a r)12 — (1)), wheree; = (eiej) Y2 andri = (r + r3)/2, were
potential function to describe the properties for different dimer initially taken from recent wor¥ in which they, plus static

geometries (in this case, for example, for different monomer ¢, 005 were optimized to fit the ab initio potential surface of

separations). However, it is also desirable that the parametersye gimer around seven minima. (We have tried other potentials,
in the function not depend on geometry, i.e., that the changes i, similar kinds of results, but this one seemed to be a

in properties due to variations in the hydrogen-bond conforma- oag0nable starting point since it satisfactorily reproduces
tion arise entirely from ge_ometrlcal factors. (This is undoubt- experimental thermodynamic and structural properties of the
edly no; e_xactly true, but |f_the _changes are small, as we h_a"eliquid.) We then allowed; of the hydrogen-bonded O and H
found? it is a good_ approximation.) In this connection, it IS atoms to optimize.
clear that changes in hydrogen-bond geometry are accompanied Te jnitial values of the charges, internal coordinate charge
by changes in intramolecular geometry and therefore force field. fluxes, and atomic dipoles were those of thesBructure?b We
We do not at this stage incorporate such features in the model,kept all the charges fixed at these values, since we ftivad
which would be complex and might mask the intermolecular {hey change no more than a few percent over the present range
interaction characteristics that we seek. Rather, we have usedy siryctures. The €H bond charge flux was fixed at itsgD
the intramolec_ular part of the_ab initio forqe field for any giv_en value, and the others were allowed to optimize. All the atomic
geometry. This poses no major problem in an MM application, ginoles other than those of the hydrogen-bonded O and H atoms
since these ab initio variations can be incorporated as functionalyere fixed at the @ values, the latter two being allowed to
forms in the SDFF. optimize. The above variable quantities were then least-squares
Specific aspects of the calculations (full details are given optimized to the “data” of the four dimer structures. A
elsewher8) were as follows. Three nonbonded distances (two comparison of some of the predicted properties of this optimized
H---O and one @-0) were chosen as intermolecular in-plane model with the ab initio results is given in Table 1.
coordinates, which together with the 14 intramolecular internal ~ We have compared the results from our model with those
coordinate® make a complete set for the dimer. In addition from optimized models in which charge fluxes and/or atomic
to the ab initio calculation of the equilibrium structifayhich dipoles are excludetiand in all cases the more inclusive model
we designate asd)we calculated three other structures by fixing gives significantly better results. As already s&emtomic
the O--H or H---H distances and relaxing all the other geometric dipoles are needed to obtain correct energies (without atomic
parameters (all calculations at the HF/6-311G** level). In dipoles in the present case; has a lower energy thangp
one of these, Dy, the O-+H distance was shorter than in,D and charge fluxes are needed to obtarr@ stretch mode
while in the other two, B and D, this distance was longer.  splittings (without charge fluxes in the present case, this splitting
The ab initio “data” for these structures were intermolecular is 17 cnt! compared to 53 cri for the complete model and
interaction energies, calculated fop,[E(Do), by the counter- 51 cnt! from ab initio). From Table 1 we see that the energies
poise method to correct for basis set superposition error, andof all structures are well reproduced, as are the forces associated
for the other structures a8(D) = E(Do) + E'(D) — E'(Do), with the intermolecular coordinates. There are 55 independent
whereE' is the HF energy of the dimer; forces for-P D;, intermolecular force constants, and these are well reproduced
and D (obviously zero for [3), obtained by transforming all  and give good reproduction of the normal mode frequencies.
forces from Cartesian to internal coordinates and selecting thoseWhat is particularly important, the complete model gives
associated with the intermolecular coordinates; force constants,excellent reproduction of intermolecular mode frequencies
with scale factors taken from they@alculatio® and intermo- whereas standard models do very poorly: for example, with
lecular interaction force constants obtained in Cartesian coor-only the otherwise acceptable charge and van der Waals

dinates by transformation from the internal coordinate repre-
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parameterd? we find thaty(O---H) = 296 (error from ab initio " (g% éa)(g)algﬁol, K, F’Kietik'?/,I _Lk-_-O.;\l Kriglm,PS_l- _IComLpué CT(emlgéalS
= = 1 = — . . almo, K. irkin, N. G.; Pietila, L.-O.; Krimm, S.
616}53 51) 1and 2184w = 22) cnr* andy(0-++0) = 75 (Av Macromolecules1993 26, 6831.
) cnT . (3) (a) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J,;

In conclusion, we have developed a new form of the sSwaminathan, S.; Karplus, M. Comput. Cheml983 4, 187. (b) Lii, J.
intermolecular potential of the hydrogen bond that is consistent CI;I llkllll(n%er.BN. II- Jc-:PIhy(SB- Olrg- ICgerr;LA994 7}%5“31-50) Eornell, W.DD.';VI

. . . . : : ieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M., Jr.; Ferguson, D. M.;
Wlth ab initio Vlbratlonal. :_spectroscgplc properties, such as Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P. A.Am. Chem.
intramolecular mode splittings and intermolecular mode fre- goc.1995 117, 5179. (d) No, K. T.; Kwon, O. Y.; Kim, S. Y.; Jhon, M.
guencies, as well as interaction properties, such as structuress.; Scheraga, H. AJ. Phys. Chem1995 99, 3478. (e) Dasgupta, S.;

i i ammond, W. B.; Goddard, W. A., 110. Am. Chem. So@996 118 12291.

e;]]ergleﬁ, forces, dand fo_rcg_corstantsd Thﬁ mo%(_el |r|1ccf)|rporat_e f) Halgren, T. A.J. Comput. Cheml996 17, 490. (g) Jedlovszky, P.;
charge fluxes and atomic dipoles (ar_1 perhaps dipole fluxes in T, |~ 3 phys. Chem1997, 101 2662.
the general case) and is also consistent with ab initio dipole (4) Xu, B.-C.; Stratt, R. M.J. Chem. Phys199Q 92, 1923.
derivatives and thus infrared intensities. Such a model has been (5) (a) Cheam, T. C.; Krimm, SChem. Phys. Lett1984 107, 613.
effective for the FAD® is being developed for the peptide () Krimm, S.; Bandekar,.JAdv. Protein Chem1986 38, 181.

10 ; ; ; (6) (a) Dybal, J.; Cheam, T. C.; Krimm, 3. Mol. Struct.1987 159
group;?® and will be incorporated in the SDFF. 183. (b) Qian, W.; Krimm, SJ. Phys. Cheml1996 100, 14602.
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