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C—H---O and O—H---O Hydrogen Bonding in Formic Acid Dimer Structures: A QM/MM
Study Confirms the Common Origin of Their Different Spectroscopic Behavior

Weili Qian and Samuel Krimm*
Biophysics Research bision and Department of Physics, Wersity of Michigan, Ann Arbor, Michigan 48109

Receied: July 31, 2002; In Final Form: September 10, 2002

Our previous analysis of the effect of a constant (Onsager reaction) electric field on a formic acid molecule
showed that it produced an elongating force on theHObond resulting from the parallelism of field and
dipole derivative, leading to a red-shifting of the frequency and an increase in infrared band intensity with
the field, and a contracting force on the-@ bond resulting from the antiparallelism in the above quantities,
leading to a blue-shifting of frequency and an initial decrease, followed by an increase, in band intensity with
the field. In this paper we extend this analysis to the characterization of-thé¢ @O and C-H---O hydrogen

bonds in the nonconstant fields present in the formic acid dimer. We use a QM/MM treatment that incorporates
exchange-repulsive forces and we also include forces generated by intramolecular cross-term interactions.
The excellent agreement with the ab initio bond length changes as a function mainly of the balance of the
electrical and repulsive forces demonstrates that the same physical forces can account for the different structural
and spectroscopic behavior of these types of hydrogen bonds, thus not requiring a fundamental distinction to
be made between them.

Introduction scopic behavior, the static pictdf@oes not reveal the possible
common basis for these opposite results.

The recent recognition of the widespread incidence of the In a recent pape¥ we have shown that the above responses
weak G-H---O hydrogen bontland the realization of its likely ~ to a constant electric field result from the different forces
importance in biological structurgs' has led to an increasing  generated by the interaction of the field with the permanent and
interest in describing its physical properties. This has been induced dipolederivatives of the G—H bond: when the field
particularly motivated by evidence that its spectroscopic be- and total dipole derivative directions are parallel, as in the case
havior can be opposite to that of more traditional medium- of acetylene, the bond experiences a positive force, it lengthens,
strength hydrogen bonds, e.g8+--O and N-H---O: while and a red shift and intensity increase result; when the field and
in the latter cases the-XH bond lengthens, the XH stretch dipole derivative directions are antiparallel, as in the case of
(s) frequency decreases (a red-shift), and theHXs infrared methane, the force is negative, the bond shortens, and a blue
(IR) band intensity increases on bonding, in the case-oHC shift and initial intensity decrease result. Since, as donor and
-0 the opposite behavior is found in many (if noPp#lystems. acceptor molecules approach each other to form a hydrogen
As a result, some have been led to conclude that this interactionbond, the interaction is entirely electridaf:”the initial impetus
is of an inherently different nature than that occurring in standard for change in the donor group, and associated internal changes
hydrogen bond&while others:® have maintained that the same in other parts of that molecule, must come from the electric
factors operate in both cases, their balance being different, andfield it experiences from the acceptor (O) atom. (Analogous
therefore that there are no fundamental distinctions and bothforces are undoubtedly involved in the formation of strng
should be similarly characterized as hydrogen bdrfds. and resonance-enhané&®? bonds, although quantum effects

If we accept, as we do, the latter point of view, the important may become more important in the final structure.) A similar
issues then become the nature of the underlying commonality point of view has recently been developed from an energy
that accounts for the different spectroscopic behaviors and, moreanalysis of such systerds.
broadly, whether this provides a more general understanding Although this electric fiele-dipole derivative interaction is
of the formation and properties of such hydrogen bonds. the main driving force for the properties of the bond, as we
Analyses to date have concentrated on the static properties, suciave shown in our analysis of the-€1 and O-H bonds of the
as structure8;15 energie$; 7915 and electron density distri-  cis formic acid molecule in an Onsager reaction fildmong
butions®913.15 mostly focused on the equilibrium geometry. others, at least two major additional features still have to be
However, spectroscopic behavior derives from dynamic proper- considered in the case of molecular hydrogen bonds: the
ties of a molecule, and their role needs to be incorporated if we presence of nonconstant fields and the contribution of exchange
are to gain a comprehensive understanding of the nature ofrepulsion. In this paper we examine these effects by studying a
hydrogen bonding. Thus, although it is known that a constant molecular hydrogen-bonded case, the formic acid dimer. This
electric field causes €H bond contraction in methane but bond ~ system forms seven stable dimer structdfé8containing both
elongation in acetylen¥,with the expected opposite spectro- free and hydrogen-bonded-® and C-H groups. We use a

guantum mechanics/molecular mechanics (QM/MM) analysis,

* Corresponding author. E-mail: skimm@umich.edu. Fax: 734-764- N Which the ab initio properties of one molecule are determined
3323. in the presence of the distributed multipole field and repulsive
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interactions of the other. In this treatment, we examine the reaction potential response function. By the variational method,
separate as well as combined effects of the electrical andthe nonlinear Schrodinger equation can be obtained as
repulsive interactions on the 11 individual QM molecules within . . .
the seven dimer structures and also include the contributions {H°+ Z(le,mEMmEﬂ} ly= ElyU 2
from intramolecular intrinsic forces. The results support and m
extend the electrical interaction model we have propdsed. )

The energy is then

Calculations and Results

The present study has several goals. In our earlier work W= @; wD:
involving a formic acid molecule in a constant electric fiéld
we showed that the geometric (and therefore spectroscopic) 1 N N
response of the donor->XH group to the field was determined E- EZ([MImm[MmU 3)
by the force on the bond generated by the relative directions of m
the total dipole derivative of the group and the field. In this o4 the first derivative of the total enertywith respect to the
work we want to ascertain whether the same is true in the QM molecule nuclear coordinatesis
nonconstant fields of actual molecular hydrogen bonds, in

. 1 . .
H® + (1 - E)Z(M.flmwlmu
m

particular those present in formic acid dimer structures. Since L 9F° a|\7|I
in such cases significant forces on the-M{ bond also result — = u‘_ + Z _flm[|37|m wD
from exchange repulsion mainly between the H and the acceptor oX X m \ 0X

(O) atoms, and smaller but important forces may be a result of

intramolecular cross-term interactions, we also wish to study In the EF method, the distributed dipole polarizability, is
the relative importance of these interactions in determining the used?® and therefore

final structure (dispersion and charge-transfer play lesser R .

roles'2). Finally, we hope to explore whether the generic Z(Mmmm/lmﬁﬂ:

physical origin of the different properties of----O and m

O—H---O hydrogen bonds in fact imply a new perspective on 1 - =< = =<
hydrogen bsgnd ?‘ormation. id PEreP _Ez [(o; + aiT)(Finuc+ W fid"/’Eﬂ(Finuc—'— fiel) -

A useful way to study the above field and repulsion effects '
is the effective fragment (EF) methéHavailable in GAMESS? __Z i, + G, )(r:'nuc_|_ ?48') — _zAﬁl(ﬁnuch ?,el) 4
In such a QM/MM calculation the ab initio (QM) properties of 24 7 T ' — '

a molecule (one monomer of the dimer) are obtained in the
presence of only the electrostatic and repulsive interactions of where Azi; = (1/2)%i(ui + ") is the final induced dipole
the other (MM, in this case the other, fixed, monomer) molecule. moment at sité (centroid of localized molecular orbitalfy;"'®
We therefore only need to model the MM molecule. In the EF is the field from the nuclei, anff'is the electronic field operator.
method?* three interactions are considered: electrostatic, The Schrodinger equation for the QM molecule is
polarization, and a combined exchange-repulsion plus charge- _ R
transfer interaction. The electrostatic potential is represented by (H° — EAﬁi(Fi””°+ )y O= ElypO (5)
Stone’s distributed multipole analysis (DMA&)up to octopole), [
the polarizability is treated by expanding the dipole polarizability | o o )
into bond and lone-pair localized orbital dipole polarizability Within H°, the permanent atomic dipole has a similar form, viz.,
tensors centered at the centroids of the localized valence ~Z%(Fi™® + fi#). Thus, if we directly use induced dipoles
molecular orbitals, and the exchange repulsion is modeled by A instead of calculating them (from eq 4), the nonlinear
Gaussian functiond. While we use the atom-centered DMA  Schrodinger equation then becomes a linear equation, and we
multipoles (neither mid-bond sites nor screedfrimproved our ~ ¢an simply add the induced dipole moment to the permanent
resu'ts) and Opt|m|ze the exchange_repu|si0n parameterS, we d(pne orin effeCt dlreCﬂy use the p0|arlzed dlp0|eS Of course, to
not find it necessary to determine polarizability parameters since g€t the correct total energy, the self-energy of the MM molecule,
we have the DMA multipoles of the ab initio monomer and (Y/2)=AziLp[F"™° + fi€|y L] should be added to the calculated
dimers23 (This approach is not general for EF calculations but €nergy. The polarization energy gradient in the EF method,
is justifiable here because we deal with 11 specific dimer Which determines the force, is
structures.) The reason is as follows. The difference between
the polarized multipoles of the dimer and the unpolarized ones L= _
of the monomer represents the induced atomic multipoles. Thus = _ZAM
the polarizable MM molecule and the polarized MM molecule X !
will give the same wave function for the QM molecule in the
EF method if they have the same induced atomic dipoles.

To see this more specifically, we note that, in the single MM
molecule (dimer) case, the EF method is a special case of a
more general reaction field modil.The total (free) energy

arzinuc - g
——mp|fe 6
™ BXEJOI i1y (6)

Obviously, this is the same for the permanent diggfewhen
Az is substituted byi®. If we keep the same order for the
permanent and induced atomic multipoles, the polarized atomic
multipoles will give the most accurate QM molecule wave
functional L(y) in this treatment is function and forces and therefore a more accurate structure.
The two EF repulsive parametétsvere refined by requiring
optimum agreement of the intermolecular distances in the 11
L(y) = H, WEW’WJEH (1) fully optimized QM/MM structures with those in the seven ab
initio dimer structures, the latter being obtained using GAUSS-
IAN 9420 at the MP2/6-3%G* frozen core level (the same level
whereM is the multipole moment operator afidis the general used in the EF calculations). The MM molecule was represented

oyt (Mfyr 1,0
ZZ Hm=Y"m
m
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Figure 1. Fully optimized MP2/6-3%G* structures of the formic acid

dimer.

TABLE 1: Effective Fragment Repulsive Parameters for
Formic Acid Dimer Structures

atom
parameter  (C)O (H)O C (OH (CH
o 0.700 0.479 0.365 0.473 0.449
p 6.000 1.250 1.0478 0.0213 0.0519

0.758

aq is the exponential parameter afids the preexponential factor
in the functional form3 exp(—ar?). See ref 24° For MM structures

VIB andVIl .
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the agreement is quite good: the rms error is 0.0599 A. (The
different values of the same distance in a given dimer depending
on which molecule is the MM one, for example, O%6i1 of
NIA (1.8218 A) and H3:-010 of llIB (1.7995 A), result from
the different set of MM atoms involved and the inaccuracies in
the determination of their repulsive parameters. However, the
agreement is good, the rms deviation being 0.0759 A.)
Having established the intermolecular structural validity of
the QM/MM model, it is now possible to confidently investigate
its properties. We first examine the intermolecular energies of
the 11 dimer structures, comparing the ab initio (BSSE-
corrected) dimer energ¥(Al), with various QM/MM energies.
In Table 3, the latter (calculated by GAMESS) are the electrical,
E'(e), the repulsiveE'(r), and the totalE'(er), energies under
the conditions that the MM multipoles are fixed at their ab initio
dimer atomic positions and the QM molecule is fully (intra-
molecularly) optimized and the total energ(Q/M), when both
QM intramolecular and QM/MM intermolecular geometries are
optimized. Two points are worthy of note about these results.
First, E'(er) is essentially the same &Q/M), showing that
the electrical and repulsive parameters satisfactorily describe
the intermolecular interactions over the wide range associated
with these dimer structures. Secorie(Q/M) is consistently
larger thanE(Al), which, as we have noted, results from the
calculation not incorporating the additionE¢Q/M) of the self-
energy of the MM moleculeE'(s). We can obtairE'(s) and
thus the self-energy-corrected electrical enefgyes), which
is most usefully the quantity to compare EXr), as follows.
Since the ab initio dimer intermolecular ener&(Al), already
accounts for the self-energies, subtractig) from E(Al) gives
usE'(es). These values are shown in the next-to-last column of
Table 3. TheE'(s) are now given by the relatidg (e) + E'(s)
= E'(es), and their values are shown in the last column of Table
3. As expected, the correction &Q/M) by E(s) now gives
QM/MM energies closer t&(Al) (e.g., forll, —21.95+ 7.13
= —14.82 kcal/mol etc.). The important point to note here is
that the magnitudes of th&(es) are 2-3 times larger than those
of theE'(r), which we will see contrasts with the relation of the
forces.

Next we consider the effects on the intramolecular geometry
of the QM molecule resulting from the electric and repulsive
interactions due to the MM molecule. We first calculate and
compare the final QM bond lengthgQ/M), with the initial
forces,f(er) (electricalf(e), and repulsivei(r)) felt by a rigid
monomer QM molecule in the presence of the ab-initio-
positioned MM molecule. This can give an idea of how the
initial response of the QM molecule is related to the balance of
forces it experiences (recalling that a positive force leads to
bond elongation and a negative force to bond contraction). In
this calculation the intermolecular structure was established as
follows: e.g., for QM(A)/MM(B) oflll, the 8-3 distance and
10—-8—3-2 angle from the MM(B) molecule were fixed at the
ab initio values and an isolated monomer structure was then
placed in the A position. The results are given in Table 4. We

as a set of multipoles and repulsive interactions at their atomic Note that the electrical and repulsive forces are not simply
positions in the ab initio dimer. Intermolecular distances are additive (nor are they expected to )his is due to the cross-
described by the atom numbering given in Figure 1. The goal term interactions between these forces when they are taken
was to optimize the parameters so that one set would apply totogether. We next compare in Table 4 the fully optimized ab

all structures, although this may not be realistic for all

initio dimer bond lengths of the QM moleculgAl), with r(Q/

interactions in the different structures. As shown in Table 1 M). The latter are in overall good agreement with the former,

this was generally possible, the only exception being frar
the (H)O atom differed for the ©H-:--O and C-H---O
interactions. The QM/MM intermolecular distances are com-

the rms error (neglecting those of structuile in which
resonance is an added factor) being 0.0013 A.

In the latter connection, we should be aware of the ap-

pared to the ab initio values in Table 2, and it can be seen thatproximation involved in the correlation of forces and structure
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TABLE 2: Ab Initio and QM/MM Intermolecular Distances (A) in Formic Acid Dimer Structures @

Qian and Krimm

intermolecular distances

()0 (H)O C (O)H (CH
QM structuré Al QM Al QM Al QM Al QM Al QM
1 010-H1° cs-C3 H6-05
1.7719 1.7252 3.9076 3.8650 1.7719 1.7495
A 010-H1 c8-C3 H9-05
1.8265 1.8218 3.7168 3.7638 2.4084 2.5090
B 05-H9 c3-cs H1-010
2.4522 3.7240 1.7995
IVA 07-H1 c8-C3 H9-05
1.9060 1.8401 3.9286 3.9012 2.4487 2.4530
VB 05-H9 c3-cs H1-07
2.4940 3.9279 1.8475
VA 07-H1 H6—05
1.9684 2.0295 2.0013 2.0487
VB 05-H6 H1-07
2.0307 2.0071
VIA O7-H4 cs-c3 H9-05
2.5392 2.5308 3.7150 3.7177 2.4381 2.4556
VIB 05-H9 c3-Cc8 H4-07
2.5775 3.8472 2.6828
il 07-H4 cs-Cc3 H9-02
25134 25534  3.8980 3.9276 2.5134 2.5309
Vil 010-H4 c8-C3 H9-05
2.4692 2.5757 3.5293 3.5621 2.4692 2.4559

a QOrganized according to the dominant MM to QM distances that determine the repulsive parameters for a particiteBestdrigure 1¢ MM
to QM distance.

TABLE 3: Ab Initio and QM/MM Intermolecular Energies (in kcal/mol) of Formic Acid Dimer Structures

energy
structuré (QM molecule) E'(ef E'(r)e E'(ery E(Q/M)e E(AIT E'(esy E'(s)f
1] —33.49 11.88 —21.83 —21.95 —14.48 —26.36 7.13
A —19.05 8.12 —11.63 —11.70 —8.55 —16.67 2.38
1B —15.73 4.75 —10.44 —10.46 —8.55 —13.30 2.43
IVA —13.10 5.07 —8.20 —8.27 —5.74 —10.81 2.29
IVB —11.41 3.57 —7.54 —7.61 —5.74 —9.31 2.10
VA —14.75 6.37 —8.03 —8.17 —6.92 —13.29 1.46
VB —15.67 5.37 —-9.34 —-9.41 —6.92 —12.29 3.38
VIA —4.84 1.43 —3.32 —-3.32 —2.70 —4.13 0.71
VIB —4.59 2.22 —2.51 —2.65 —2.70 —4.59 0.0
VIl —3.22 1.14 —2.06 —2.07 —2.07 —-3.21 0.01
Vi —6.40 2.28 —4.12 —-4.21 —3.56 —5.84 0.56

2 See Figure 1° Electrical energy with fixed (at ab initio dimer) intermolecular MM multipoles and fully optimized QM moleé&epulsive
energy, as in footnotb. 9 Total energy, as in footnote. € Total energy with a fully optimized QM/MM structure (i.e., inter- and intramolecular
freedom). Ab initio dimer energy? Self-energy-corrected electrical ener@(es)= E(Al) — E'(r). " MM molecule self-energy, estimated from
ab initio total interaction energ¥'(s) = E'(es) — E'(e).

changes. The interaction forcEer) can be calculated only for  energy of structur®" is

the QM molecule at its isolated monomer equilibrium structure, o

since no intramolecular forces are involved. The interaction W(R') = V\P(R”) — g (ROF, —
forces of this molecule at its dimer equilibrium structure will 1 o 1 0

be different fromf(er) due to the structural changes in the QM 2%ap (ROFaFs — éﬁﬂﬁy (ROFFGF, . (7)
molecule. Therefore, although the correlationf@f) and the 0 0 0 .
structural changes is generally good, it is possible that for some WNereW, ua®, oo, andpy,° are the energy, dipole moment,

of the dimer structures the agreement may be poorer, particularlyPolarizability, and hyperpolarizability, respectively, of the
when the forces are very small. molecule at structur®", anda, 3, andy represent Cartesian

coordinate components, with the same index indicating sum-
mation. Examining first the case of a constant field (we treat
effects of a nonconstant field below), the energy gradient (force)
for some internal coordinate (with the same index, j, andk
indicating summation) is

Discussion

General Considerations.In our previous papet dealing
with a molecule in a constant electric field, we used a
perturbation treatment to analyze the effects of the interactions
on the geometric and spectroscopic responses of the moIecuIe8W(Rn) 8\/\/)(R”) 8ﬂmo (R")
It is useful to examine the molecular hydrogen-bonded system = — FN—
from this point of view in order to understand the roles of o, or; *
intrinsic changes and those induced by external interactions on 13%;30 (R
the properties of a molecule. > o

Consider a set of equilibrium structur&®, R, ..., R" of a
molecule in electric field&%(=0), F, ..., F", respectively. The

n n
i Fo Fg t ... (8)

The first term in this equation represents the intrinsic force at
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TABLE 4: Initial MM-Generated Electrical and Repulsive Forces and QM/MM and ab Initio Bond Lengths in Formic Acid

Dimer Structures

structuré
bond 1l 11l v V VI VI VIl
QM monomer: A

OH
fep 2.9640 2.3274 1.5436 1.0816 0.0420 0.0344 0.0363
f(r)c —2.8649 —2.4387 —1.2649 —1.0467 —0.0125 —0.0147 —0.0222
f(ery 0.9555 0.5399 0.5130 0.1910 0.0317 0.0209 0.0191
r(Q/M)e 0.9921 0.9871 0.9872 0.9845 0.9820 0.9819 0.9819
r(Alf 1.0003*" 0.9954* 0.9888* 0.9876* 0.9822 0.9819 0.9822
0.9819

Cc=0
f(e) 1.8690 0.8235 0.5815 0.9682 0.4506 —0.0180 0.6104
f(r) —0.0882 0.1752 0.0623 0.0663 —0.4086 —0.0862 —0.0882
f(er) 1.6426 0.9239 0.6185 1.0029 0.0220 —0.0821 0.4866
r(Q/M) 1.2312 1.2243 1.2223 1.2234 1.2201 1.2158 1.2211
r(Al) 1.2312* 1.2241* 1.2219* 1.2248* 1.2196* 1.2159 1.2205*
1.2165

CH
f(e) —0.0700 0.0416 0.0088 —0.0694 —0.0773 0.0488 0.0287
f(r) —0.0638 —0.0448 —0.0261 —0.0235 —0.0150 —0.1491 —0.2788
f(er) —0.1231 0.0123 —0.0105 —0.0917 —0.0865 —0.0830 —0.1916
r(Q/M) 1.0943 1.0956 1.0950 1.0941 1.0936 1.0937 1.0929
r(Al) 1.0943 1.0960 1.0956 1.0945 1.0938* 1.0935* 1.0936*
1.0952

Cc-0O
f(e) —1.4778 —0.8395 —0.6353 —0.9616 —0.0599 0.4921 0.0859
f(r) —0.2443 —0.1076 —0.0207 0.4199 —0.2168 —0.0231 —0.2117
f(er) —1.5789 —0.8694 —0.6234 —0.5194 —0.2732 0.4687 —0.0944
r(Q/M) 1.3233 1.3368 1.3414 1.3419 1.3499 1.3606 1.3506
r(Al) 1.3263 1.3382 1.3429 1.3413 1.3509 1.3612 1.3518
1.3536

QM Monomer: B

OH
f(e) 0.1124 0.1082 1.2817 0.0193
f(r) —0.0263 —0.0322 —0.9380 —0.0194
f(er) 0.0889 0.0622 0.5537 0.0008
r(Q/M) 0.9824 0.9823 0.9863 0.9817
r(Al) 0.9826 0.9823 0.9917* 0.9819

C=0
f(e) 1.6236 —0.1373 —0.2113 0.1883
f(r) —0.4795 —0.2691 —0.1937 —0.1688
f(er) 1.0243 —0.3878 —0.4036 0.0505
r(Q/M) 1.2258 1.2125 1.2144 1.2168
r(Al) 1.2261* 1.2129 1.2137 1.2163

CH
f(e) —0.0297 0.0842 0.0387 0.0978
f(r) —0.3168 —0.4166 —0.0161 —0.4510
f(er) —0.2642 —0.2361 0.0324 —0.2655
r(Q/M) 1.0909 1.0916 1.0955 1.0926
r(Al) 1.0928* 1.0932* 1.0958 1.0934*

Cc-0O
f(e) —0.3061 1.5835 1.5561 0.5771
f(r) —0.4531 —0.1761 —1.3298 0.0752
f(er) —0.7440 1.3325 0.2744 0.6258
r(Q/M) 1.3417 1.3736 1.3548 1.3619
r(Al) 1.3411 1.3725 1.3579 1.3628

aSee Figure 1° Electrical force, in 102 au. ¢ Repulsive force, in 1 au.® Combined electrical and repulsive forces, im48u. ¢ Bond lengths
in QM/MM optimized dimer, in A.f Bond lengths in ab initio dimer, in A2 Bond lengths in ab initio isolated monomer, in A Asterisk indicates
hydrogen-bonded group.

structureR", the remaining terms accounting for the interaction the equilibrium structure and therefore vanishes, and'thare
contributions from the electric field. A Taylor expansion of this real quadratic and anharmonic force constants, i.e., physical
intrinsic term with respect to the isolated molecule structure, quantities, of the isolated molecule.

RO, gives

Similarly, the force constant for some internal coordirate

WIR) _ R | PR - R + L WIED AMR)  WER) TR
ar, arar, 2.0r;0r,0r, or 2 = or 2 or 2 Fo —
R"=RIR—R) + .= kAR +%'ﬁjkARiARk+--- ©) 90 (R) (Rn) -
= F,'F,"+ ... (10)

The first term is the energy gradient of the isolated molecule at
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A Taylor expansion of the intrinsic term with respect to the the cubic force constant. In the usual case of a negative

isolated molecule structur&?, gives equilibrium cubic force constant, this leads to a smaller (larger)

effective force constant, and therefore a lower (higher) stretching

82\/\/0(?‘) _ 82V\f)(R°) BS\AP(RO), n frequency, when the bond length is longer (shorter) than its
a2 g2 * r-2or. (R"—R)+ equilibrium value.

IW(RO) : e This result can be easily seen, for example, in the case of a
19 n n _ Morse potential for a bond, in which the energy as a function
2 ar.29r-9r R RIO)(Rk Rko) + =k FIGAR of displacement from the equilibrium bond lengkh=r — re,

POk is given by W(R) = D1 — expfR)]? whereDe is the
%kiijkARjARk +... (11 dissociation energy referred to the minimum ghe: (27%cu/

Déh)Y2we, 1 being the reduced mass of the bond anmdthe

vibrational frequency. The force constant is giverkpy= 32W/
0RZ = 232D[2 exp(—2BR) — exp(—BR)], which already exhibits

o the bond length dependence described above and corresponds
afy (Rn)F/iFV T to a cubic force constant®W/oR® = 28D, exp(—fR)[1 — 4
(12) exp(—BR)] = —64°Delr=o, that is negative. (We note that taking

the leading terms in the expansion of the exponentials gives a
k—r relation similar to Badger’s rulé33 Thus, a bond length

The dipole moment of structuf@” is given by

1R = 1, 2R + 0 RIF, + 55

with the dipole derivative being given by

0 0 0 change in a donor group, whatever its origin, will lead directly
o (R) = %o (R) + 00 (R) 5 18ﬁ“ﬁ1’ (R) FgF, + to a change in its stretching frequency of the kind that has been
or; or; o, 2 o 4 calculated and observed.
.. (13) While forces on bonds due to electrical interactions can lead

o o ) _ to bond length changé4;!5we must be aware of another factor
The intrinsic term can similarly be expanded in a Taylor series hat can lead to the same result, viz., a change in a neighboring

to give coordinate that is coupled to the bond in question through an
off-diagonal force constant. We can see from eq 9 that the
e (R _ A, (R0) n azﬂao(RO)( 0RO 4 change in coordinate will generate a force im;, fi(rj), through
ar; ar; ar;ar; R—R the cross interaction force constaft Thus if k; is positive
P o(Ro) (negative), the elongation of one bond will cause a negative
&(R” — R,-O)(Rkn — Rko) +..=m*+ r’r}-aARj 4 (positive) force on the other, leading to its shortening (lengthen-
2 9r;0r;0r, ! ing). (Of course, if the quadratic term in eq 9 is significant for

1 & a particular structure, either because of a ldkgeor a large
Emik ARAR+ ... (14) structure change, its absence could lead toa;%ident discrepan-
cies.) We have implemented this factor, and we will see that
Expressions for second dipole derivatives and second polariz-its contribution is important in some of the bond length changes.
ability derivatives in terms of such derivatives of the isolated  The effect of bond length change on band (IR) intensity is
molecule follow straightforwardly. more complicated. Since the intensity depends on the square
Intermolecular interaction (by perturbation theory) and in- of the dipole derivative at equilibrium, the direction of this
tramolecular intrinsic interaction thus indicate that force con- derivative in the unperturbed molecule with respect to bond
stants and dipole derivatives (as well as forces) are determinedelongation would seem to determine the intensity change.
by properties of the isolated molecule. In the case of the force However, as we have already sholfthe final dipole derivative
constant, egs 10 and 11 show that it is determined mainly by in the presence of an electric field is determined by the induced
the intrinsic part, being primarily linearly dependent on the bond as well as the intrinsic dipole derivative, and therefore it cannot
length (for negativé;, decreasing with increasing bond length, be deduced from the isolated molecule properties alone.
and vice versa). In the case of the dipole derivative, egs 13 and Multipolar Electrical Interactions. The analysis of an actual
14 show that it is determined mainly by interaction with the molecular hydrogen-bonded system requires that we go beyond
electric field, being primarily dependent on the field (as the case of a molecule in a constant electric fiélah that we
demonstrated previoush). now have to take into account derivatives of the electric field
Spectroscopic ConsiderationsBefore considering the im-  at the atomic sites of the QM molecule. It is instructive to first
plications of the calculated results in Table 4, it is useful to be analyze the simple case of a diatomic system of charges,
reminded of the spectroscopic consequences of the bond lengttplus atomic dipolesiiy and iy, at a separation in a constant
changes that are found. From eq 10 we see that the final forceelectric fieldF. The dipole moment is
constant depends on an intrinsic term, which is essentially a
property of the isolated molecule (as seen in eq 11), and an a=qr+m+ ﬁ'} (15)
interaction term that depends on the dipole and polarizability
derivatives of the bond. The contribution of the interaction term and the force on the bond is
is much smaller than that of the intrinsic term: for example, _ _
calculations of the cis formic acid monomer in a constant f= —0W/dr = —a(—z-F)/or = F-a(u)/or =
Onsager reaction fiell show that the OH stretch frequency F-(gé+ T-0g/or + om/ar + am/ar) (16)
decreases by 1.2% (in the maximum field) when only the
interaction term is activated (i.e., for the molecule fixed at its where€ = T/r. This corresponds to the leading term in our
equilibrium structure) and by 10.9% when both terms are presentperturbation treatment of such an interacttén.
(i.e., for fully optimized structures). Thus, for frequency In the case of our QM/MM dimers, we can now ask more
purposes we can concentrate on the intrinsic term for the force specifically what the effect of the multipole field of the MM
constant/bond length relationship, which will be dominated by molecule is on the QM molecule. To most clearly do so, we
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Figure 2. Initial forces (in 102 au), f(er), on the G-H bond of a
rigid monomer QM molecule within the dimer as a function of final
QM/MM bond length (A),r(Q/M), in formic acid dimer structures.
(O) Electrical plus repulsive forces®j electrical, repulsive, and
intrinsic forces; (M) isolated monomer bond length.

represent the QM molecule by a set of atomic multipalgs
Mo, Qiess Oiagy, ... (Where thé represent atomic sites and the
a, ... are Cartesian coordinates) that finds itself in the nonuni-
form electric field Fi, (=—dUi/dx,, U being the electric
potential) established by the MM molecule. The interaction
energy is then given by

1
W= ZJ(QiUi — MyFiq = ZFiggQiaps - (17)
i, 3

where Figg = —0?Uildxqd%s, and the force is given by
(neglecting for simplicity the quadrupole term)

= —0W/ox, = ;(FiaQi — U;00;/0%, + Fiﬁamﬂ/axia +
m0F;5/0%,) (18)

It follows from our previous example that the first three terms
correspond to afigduig/dxi, force whereas the fourth termis a
force that derives from the field gradient. The relative signs of
these two contributions will determine the final sign of the force.
O—H Bond Length Changes.To see more clearly how the
various changes in the-€H bond lengths relate to the forces
it experiences, we plot in Figure 2 the data in Table 4 for the
r(Q/M) versus the total initial forcef(er) (open circles). (We
find that|f(e)| = |f(r)| for the hydrogen-bonded groups aif@)|
> |f(r)| for most of the non-hydrogen-bonded groups (as
expected), but(er) is always positive.) The points fall into two
main classes, one for non-hydrogen-bonded groups (VII ,
VIl , B , IVB, andVIB) and the other for groups that partake
in hydrogen bondsli, IlIA , IVA, VA, andVB). The former
group hasr(Q/M) essentially equal to that of the isolated

fia
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Figure 3. Initial forces (in 102 au), f(er), on the GO bond of a
rigid monomer QM molecule within the dimer as a function of final
QM/MM bond length (A),r(Q/M), in formic acid dimer structures.
Symbols as in Figure 2.

and the thus-corrected forces are given by the solid circles in
Figure 2. There is now an improved dependence (@'M),
particularly forVB, from the non-hydrogen-bondedmonomer
values to the most elongated OH bondIbf Clearly all the
internal changes resulting from an externally forced change in
local structure must be incorporated in our understanding of
the final geometric, and therefore spectroscopic, changes that
proceed upon hydrogen bonding.

C=0 Bond Length Changes.The changes of the €0
r(Q/M) with the initial f(er) are plotted in Figure 3. (In this
case, except foWlA, [f(e)] > |f(r)| for the hydrogen-bonded
groups, whereas near equality or the opposite is true of the non-
hydrogen-bonded groups, and both positive and neg#teje
andf(r) occur.) The trend witti(er) is evident, extending even
to the significant bond contractions in the non-hydrogen-bonded
structureslVB andVB) associated with negatifée) (of course
aided by the negativér)). The differingr(Q/M) of the VIA/

VIB pair at about the same (almost zef(@)) is again the result
of the differing contributions of the cross terms, which are
positive in the case 0¥IA, resulting in bond elongation, and
negative in the case &fIB, which induces bond contraction.
We note that the trend for the hydrogen-bonded@groups

is mainly determined by the dominant electrical interactf(e),
over the repulsivef(r) (see Table 4).

C—H Bond Length Changes.The variation ofr(Q/M) with
f(er) for the C-H bond is plotted in Figure 4. (In this case, the
generally smallf(e), due to the small CH dipole derivative,
though they are generally positive, combine with the always
negative f(r) to give mostly negativef(er), always for the
hydrogen-bonded groups.) These results again show the expected
general trend of (Q/M) with (both positive and negativé{er)
and the influence of cross-term interactions in influencing the
final force. (The increased scatter in the figure may be a

monomer and, as can be seen, corresponds to very weak totatonsequence of larger errors associated with the snfédigr)

forces (although there is a hint that the slightly larg&/M)

of IlIB may be correlated with its slightly largéfer)). The
r(Q/M) of the hydrogen-bonded groups are already roughly
proportional to thef(er).

Two points are of interest. First, for non-hydrogen-bonded CH
groups, the bond lengthens for positif(e) (Il1A, IVA, and
VB) and shortens for negativiée) (I andVA), emphasizing
the major influence of the electrical interactions even in the

However, as we noted above, one should not neglect the forceabsence of hydrogen bondig(The trend is also seen with
on a bond resulting from a coordinate change elsewhere to whichrespect td(er) except folVA, probably reflecting sensitivity

it is coupled by a cross-term force constakf, We have
evaluated all such borebond and bongangle contributions,

when such small forces are involved.) Second, in the case of
hydrogen-bonded CH groups, even thoughffee are negative
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R the reason for the different forces is that, although the dipole
] OIILA derivative direction for this bond does not change, the field and
o} VA \g { the field gradient components along the bond depend on the
] N - dimer structure and therefore can be either parallel or antiparallel
-0.05} Vit 1 to these bond properties.
] o VA : In evaluating these bond length changes predicted by the EF
-0.14 ¢ 1 calculations, several points are worthy of note. First, the good
s ] VI A" 8 : agreement between the self-consisté€@/M)/f(er) results and
8 -0.15} 11 1 the full ab initio dimerr(Al) results indicates that our EF
] VIII ; treatment and parameters provide a reliable representation of
-0.2} o I the interactions that predominate in determining hydrogen-bond
] IVB ; properties. As we have seen, these are forces generated mainly
025} m © vie® I by electrical and exchange-repulsion interactions. Second,
] o O f although these forces vary over a wide range, (&) often
0.3} ° ° comparable in magnitude tgr), their combination accurately
] . reflects the tendency of bonds to elongate or contract, with the
0 Ok resulting expected spectroscopic behavior. Third, although in
109 PO O it b MO 0% the case of the interaction energies, we always fii(es| =
Fi 4. Initial f in 102 ; G-H bond of a rigid |E'(r)], for the forces the relation is entirely mixed, ranging from
igure 4. Initial forces (in au), f(er), on ond of a rigi Ife) = [f(r)] through|f(e) ~ [f(r)| to |f(e) < If(r)|. Clearly,

monomer QM molecule within the dimer as a function of final QM/ .
MM bond length (A),r(Q/M), in formic acid dimer structures. Symbols  th€ subtle balance between these components leadingf(etthe
as in Figure 2. depends sensitively on the specifics of the structure. Finally,

the generally satisfactory(Q/M)/f(er) relationship for the
o A = hydrogen-bonded CH bonds, even thougH(is) can be up to
° about 6 times smaller than that of hydrogen-bonded OH bonds,
] O I demonstrates the robustness of the correlation between such
1 1 forces and the induced structural changes. This is particularly
] 88 [ evident in the case of the-€D bond, with its very wide variation
VB L in positive and negative forces over the range of dimer
ol e VU I structures.

Conclusions

Force
-
O
<
1Y e
>
<
—
»>

Our results on the formic acid dimer extend our previous
IIIA I studies of a monomer in a constant electric fieid that they
O - now explicitly include the influence of exchange repulsion and
2l il electric field gradient, interactions that are present in molecular
1@ ~ hydrogen bond structures. We also show that intramolecular
cross-term interactions can affect bond length, and therefore
..... spectroscopic, properties. The key conclusion is sustained here,
132 133 134 135M 136 137 138 viz., that the electrical interactions play the dominant role in
Bond Length initiating the structural changes that result in the formation of
Figure 5. Initial forces (in 102 a.u.),f(er), on G-O bond of a rigid the hydrogen bond.
monomer QM molecule within the dimer as a function of final QM/ We can see this best by considering the formation of a
MM bond length (A),r(Q/M), in formic acid dimer structures. Symbols 1 4ro9en bond and the changes in the donor molecule as the
as in Figure 2. L .
acceptor group approaches from beyond the equilibrium distance
and dominated by the mostly negatif(e) in determining the to the donor group (e.g., ©H or C—H) to which it will
bond contraction, in some cadés) is negative{IA andlIIIB ) hydrogen bond. The initial intermolecular interactions are
and in some cases positivel(, VIl , IVB, andVIB). This is entirely electrical. To begin with, there is the electrostatic
probably a result of the relative contributions of the field interaction, which in itself indicates that a—®& bond can
gradient, induced dipole derivative, and atomic dipole derivative respond differently than an-€H bond?23 The interaction is also
terms, the first two being positive and overcoming the negative of course favored by the polarization of the donor molecule by
last term in producing a positivi{e) in the latter group of  the highly negative acceptor atom, leading to a lowering of
structures. All of these features demonstrate that the same kindenergy of the system and a natural tendency for electron density
of electrical and exchange-repulsion forces operate on both OHto shift away from the donor group. The main effect on this
and CH bonds, and it is the different dynamic properties of these group arises from the interaction of the electric field of the
bonds that causes one to respond by a bond elongation and thecceptor atom with the total dipole derivative of this bond as
other by a bond contraction, with the well-known spectroscopic well as the field gradient with its dipole moment, resulting in
consequences that follow. an elongating force on ©H bonds, because of the parallelism
C—0 Bond Length ChangesTher(Q/M)/f(er) plot in Figure of its dipole derivative and the electric field, and a contracting
5 (which derives from a complex mix of negative and positive force on most GH bonds, because of the antiparallelism in
f(e) and f(r) of varying relative magnitudes) convincingly this case. The bond length begins to change in the direction
confirms that positive total forces lead to bond elongation and determined by this force and by other forces generated by
negative total forces to bond contraction, with a relatively internal structural changes elsewhere in the molecule that
uniform dependence on the cross-term-correffexl. Of course, influence the bond through off-diagonal force constants. As
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expected, the stretching frequency of the donor group responds

in the usual regular manner to this bond length change
(assuming, of course, that there is no fundamental change in
the eigenvector of its normal mode). As we have shown by
relating the final dipole derivative with the electric fieléithe
infrared intensity of the ©H band increases with field while
that of the C-H band initially decreases and can then increase
(as has also been recently obser¥d.

Approaching and reaching the equilibrium bond structure
mainly brings into play the exchange-repulsion interaction as
the wave functions begin to overlap (dispersion and charge
transfer are of lesser important®,and in any case the empirical
repulsive parameters in effect incorporate these gquantities). In
the formic acid dimer structures, as in most systems, this
negativef(r) gives rise to a contracting force on the donor group,
although in some cases it can be positive. In the case-¢fiO
this contracting force does not overcof(e), andf(er) is always
positive; in the case of €0, in some structuref§r) is positive
(INA , IVA | VA), thus adding to the normally positi¥ée), but
in all cases the strongly positifée) dominates for the hydrogen-
bonded groups; in the case of-@, f(r) is negative for all
structures, being overcome by a positf{e) in two casesl{(|A
and VB). The final structural change is thus a result of the
delicate balance of three factors: electrical, repulsive, and
intrinsic (cross-term) interactions.

This analysis demonstrates the essential noncovalent nature
of such medium-strength hydrogen bonds and shows that theg

same physical factors operate in determining the particular
properties of G-H---O and O-H---O hydrogen bonds. There
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is therefore no reason to consider that there is a fundamentaIOXford‘ 1996; Chapter 2.

distinction between them. In fact, there is no fundamental

distinction in the response of non-hydrogen-bonded CH and OH
groups to such externally imposed forces: the main difference
is in the magnitudes of the forces involved and the associated
intramolecular changes elsewhere in the molecule.
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