650 J. Phys. Chem. 007,111, 650-655

Symmetry-Adapted Perturbation Theory Analysis of the N---HX Hydrogen Bonds
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The main aim of the study was the detailed investigation of the interaction energy decomposition in dimers
and trimers containing N-HX bonds of different types. The study of angular dependence of interaction
energy terms partitioned according to the symmetry-adapted perturbation theory (SAPT) was performed for
the dimers containing N-HX bonds as mentioned above: ammoniéX (X = F, Cl, Br) and pyridine-HF
complexes. It was found that the electrostatic and induction terms exhibit strong angular dependence, while
the exchange contributions are less affected. The dispersion terms are virtually nondirectional. In addition,
the three-body SAPT interaction energy analysis for the mixed-dide NH---(HF), and (NH),--HF

trimers revealed strong differences between interactions of similar strength but different types (i.e., hydrogen
bond and general electrostatic interaction). The importance of the induction terms for the nonadditivity of the
interaction energy in strongly polar systems was confirmed.

1. Introduction to predict details of the acidic proton positfSror vibrational

. _ ) i spectr&?® Additionally, variation of the acceptor atom environ-
The hydrogen bond is one of the most vigorously investigated ot was studied by including a system with delocalized

types.of interactipns. If[ plays a crucial role in many areas of electrons-pyridine--HF complex as a counterpart to the
chemistry, especially biochemistry. The nature of the hydrogen j \....HF Inclusion of the two trimeric structures has been
bond is strictly dependent on the system, however, the SCOPejciated by our desire to study the influence of a perturbation
of the term *hydrogen bond” is still evolvmg+. Recent examples 4 |5osely linked third molecule) on the energy partitioning of
of its dlveiisiltyiare_gmydrogen bondsé(—D-I *++"H—M) and a two-body interaction. Our contribution is aimed at the
inverse (Li"H™---Li™) hydrogen bond$.The weak C-H---O theoretical investigations on the basis of advanced interaction
interactions are recognized nowadays to be significant factorsenergy partitioning schemes to shed light on the extent and
for protein structure featurés: On the other hand, very short by ical hasis of hydrogen bond directionality and importance
and strong symmetrical hydrogen bridges are found among small ¢ three-hody contributions in hydrogen-bonded systems. This,
lonic comp!exe%gnd are thought responsible for some enzy- i, tm_ will give indication of the hydrogen bond behavior for
matic reactions. 2 Inorganic compounds containing transition e extended systems. The outline of the article is as follows:
metals are sources of new nonclassical hydrogen b@rEtzen section 2 contains the details of the computational procedures
among noble gas complexes, there are some indications ofyppjieq during the study. Section 3 is devoted, in turn, to
hydrogen-bond-like behaviof."Blue shift’ phenomena have iscyssion of the interaction energy for dimers and three-body

i i - 20 oo . . . i
been widely investigatéd 2 for the last several years as ontriputions for trimers. Concluding remarks are given in the
probably the most controversial extension of the hydrogen bond |4¢t section.

family. Their nature is still debated, because various models

are presented_. The_se models try to e>_<p|ain th(_e_ blue shift 5 Computational Methodology

phenomena either in close relation or in opposition to the

classical hydrogen borld-2° The formal definition of the The NH:*HX (X = F, CI, Br) dimers reported in this
hydrogen bond would almost certainly mention its directionality, manuscript were studied at MP2/aug-cc-pVTZ level, while for
which makes the hydrogen bond one of the most important the trimers (NH:--HF---HF and NH---HF---NH3) the aug-cc-
structure-building factors in, for example, molecular crystals pVDZ basis set was appli€d3! The GHsN---HF dimer was
and biological systems. This directionality is, undoubtedly, very investigated on the basis of the mixed basis set: aug-cc-pVTZ
important in distinguishing between hydrogen bonds and van on the hydrogen bridge atoms (N, H, F) and aug-cc-pVDZ for
der Waals forces. The study presented below is thereforethe carbon and hydrogen atoms of the aromatic ring. The MP2
performed for simple, well-defined complexes with strong calculations were performed using the frozen core approxima-
hydrogen bonds and a limited number of additional interactions. tion, with only valence electrons being correlated. The procedure
Such benchmarking based on small molecules is well-known was applied consistently from more time-consumingsNHBr

in interaction energy analysis stud@$2 The selected com-  and pyridine-HF systems to the smaller complexes. In addition,

plexes comprise various choices of donor atongNHHX with reference calculations at various levels up to MP4(SDTQ)/aug-
X = F, Cl, Br). These three systems have been thoroughly cc-pVTZ were performed for the trimers to be compared with
studied experimentally via IR and microwave spectrosc8p?/, the perturbative interaction energy analysis. Basis set superposi-

and despite their simplicity, advanced calculations are necessantion error (BSSE) corrected geometry optimization was per-
formed with Gaussian03 packagfeThe BSSE affects the
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TABLE 1: Calculated Structural Parameters (in A) of the
Investigated Linear Hydrogen Bond¢

dimer H-X H-N X=N exp. X=N
NHz~HF 0.9572 1.6390 2.5061 2.697
NHz~HCI 1.3276 1.6588 2.9864 3.137
NH3z~HBr 1.4755 1.5275 3.0030 3.255

pyridine~HF 0.9639 1.5820 2.5459

aReference 27° References 24, 26.Reference 259 Available
experimental data are listed for the-XN distance.

plane of the base. Throughout the study, the following conven-
X =F, Cl, Br : . 4 istorti
_ _ ’ ) tion was assumed: positive values of the distortion angle
Figure 1. The structure of the investigated complexes with the jndicate the movement of the HX molecule toward the bisection
distortion angle indicated. Positive valuesoof the HX moves on the of the H—-N—H angle in the ammonia or in the out-of-the-ring
symmetry plane between the ammonia hydrogen atoms (or out of the | f th idi . Th . |
pyridine ring plane). symmetry plane of the pyridine moiety. The negative angle
values indicate that the HX molecule is moved toward the

yields artificially increased exchange contributions to the Nydrogen atom of the ammonia or in the pyridine ring plane.

interaction energy of the studied systems. After the location of . .

the equilibrium structures, symmetry-adapted perturbation theory 3- Results and Discussion

(SAPT}*was employed for the interaction energy decomposi- 3 1. The NHg--HX and CsHsN++-HF Dimers. The opti-

tion into contributions of well-defined physical meaning, for mized structures of the investigated NHHX (X = F, Cl, Br)
example, electrostatic, exchange, induction, and dispersionand GHsN---HF dimers have linear N-HX hydrogen bonds
terms. The SAPT partitioning was performed with the same yith parameters given in Table 1. The-M distance does not
basis sets as used during the optimization, and the computationathange monotonically, but when one takes into account also
requirements of the SAPT scheme were limiting factors in the he growing H-X distance, it is seen that the degree of proton
basis set choice. The calculated two-body SAPT energy includedgparing is increasing in the HF, HCI, and HBr series. Therefore,
the unabridged set of the energy terms (labeled SAPT by theij; js expected that the perturbational method, such as SAPT
authors of the method, as opposed to the limited SAPTO and scheme, will perform best for the HF complexes, where the
SAPT2 schemed) and consists of the following components:  geparation of the system into the two noncovalently bonded

subunits is most justified.

EST = Byt + Egpen 0+ Eind‘,zo + Eexcrﬂnd,rzo + In general, the total SAPT interaction energy of the complexes
12 13 20 20 is about—10 to —15 kcal/mol, with the ammontaHF and
cSHFint,r + Eelst,r + Eelst,r + Edisp + Eexcrkdisp +

NI - 1 ) pyridine—HF structures the strongest{3.68 and-14.97 kcal/
Eind 1 Eexeneind T €exen (CCSD)+ €4y (1) mol), ammonia-HCI in the middle ¢9.70 kcal/mol), and
ammonia-HBr the weakest{9.45 kcal/mol). A previous study
Some of the components are calculated with coupled Hartree of the interaction energy partitioning in a diverse set of
Fock response of the perturbed system taken into account, whichhydrogen-bonded systeffigeports the interaction energy of
is denoted in the subscript, for exampddiFi, ;. The OHF;, —11.83 kcal/mol for the Ng—HF complex at the MP2/6-
term, gathering higher order corrections to the uncorrelated 3114++G(d,p) structure. However, this result was obtained with
interaction energy, was included in the calcuclations, as sug-the perturbative approach using MP2 method as the basis for
gested by the SAPT implementation auth®r$he intramono- the estimation of the correlated terms. The repofegrr is
mer excitations up to the CCSD level are used in the —0.40 kcal/moB® The SAPT scheme used in the current work
calculations. The first four terms of the formula above yield is believed to be of performance similar to the fourth-order
the SCF SAPT energy (obtained without intramolecular electron Mgller—Plesset methotf;3>and the correlated terms might be
correlation), and the remaining ones (withdttF,) constitute held responsible for the deeper interaction well. Indeed, the
the correlated part, SARJ;; . The detailed description of the ~ SAPTcor, values are—2.48, —4.87, —7.54, and—3.55 kcal/
SAPT energy decomposition has been given in the defining mol for the NHs—HF, NH;—HCI, NH3;—HBr, and pyridine-
papers#35The special version of the SAPT2002 paclkégeth HF, respectively. At least for the NHHF system, the additional
the three-body extensions coupled with GAMESS ¢&baeas 2 kcal/mol of the correlation energy is almost the exact
used for the energy decomposition. The nonstandard three-bodyifference between our result 6f13.68 kcal/mol and the value
SAPT calculations, incorporating selected corrections to the of ref 39, thus supporting the validity of the energy partitioning
exchange, exchange-induction, induction, and dispersion termsschemes used in both cases. An additional observation is that
(see trimer SAPT columns of Tables 2 and 3), were performed the close proximity of an aromaticity basin leads to an almost
on the basis of the methodology developed by Szalewicz%t al. 50% increase of the SARJ;  when comparing ammonieHF
The visualizations presented in the paper were prepared withand pyridine-HF, but this is a very small change with respect
the Molekel prograni® to the halogen substitution effects in the acid.

The angular dependence of various SAPT terms in the The interaction energy values alone would classify the
NH3z-HX dimers was performed in the following manner (see systems studied as exhibiting strong hydrogen bonds (very
Figure 1): the HX molecule was kept at a constant distance, strong intramolecular hydrogen bonds in FH&nd maleate
the same as in the equilibrium structure, from the basic moiety anions have energies of over 30 kcal/mol, in the range of the
(ammonia or pyridine) with the angle between the HX and the weakest covalent bonds). The alternative method of assessing
base symmetry axis varying between 0 and 60 degrees in varyinghe bond strength, a topological analysis of the electron
steps (every 3up to 30, then every 5to 45, and the final localization function (ELF}? describes molecular space in terms
step was 6f). The movement was restricted to the symmetry of domains related to electron pairing, allowing one to study
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Figure 2. (a—d). Diagrams of the contributions to the interaction energy according to the SAPT scheme. Color coding for the diagrams: NH
HF, blue; NB—HCI, green; NH—HBr, light blue; pyridine-HF, red.

covalency and delocalization phenoméhaJsing the ELF of the molecules and is therefore subject, in a crude approxima-
analysis, Fuster and Silvi assigned the studied ammdnia tion, to the behavior of dipotedipole interactions. Both terms
dimers to the middle strength type, with the category of “strong” are highest for the NE+-HBr complex involving the most
hydrogen bonds reserved only for the dominantly covalent polarizable acid. The polarizability variations in the studied
systems'? This fact, however, indicates that special care must halide series would explain the fact of tg¢?° term being

be taken with regard to the reliability of the SAPT scheme, maximal for the HBr-containing system, but on the other hand,
designed with weak interactions in mind. The growing degree the Eqs{? term is related to the uncorrelated permanent electric
of proton sharing, mentioned above, makes separation of themultipole moments of the monomers. The experimental dipole
system into two distinct subunits problematic even for thesNH moment values are in fact decreasing in the-H¥I—HBr

HCI complex and is the worst for the NHHBr. The latter series (1.820D, 1.080D, and 0.827D, respectivE\gnd the

has acceptorproton distance only 0.05 A longer than the-Br explanation of theEqf® term ordering must clearly involve
bond in the isolated HBr molecule, and thus this complex has multipoles of a higher order. Indeed, comparison of the diagonal
a significant contribution of the N Br~ structure (but only components of the quadrupole moment tensor for the HF and
in the presence of additional water molecules does the protonHCI (xxyy/zz values are, respectively;1.17/~1.17/2.34 and
transfer become complet® The OHF term (see Figure 2d), —1.92/1.92/3.84 DA)43 shows that the sequence is reversed
gathering the higher-order noncorrelated terms of the interactionand consistent with the calculat&ds{® term trend.

energy, is a good indicator of this fact. It is rather small in  Both exchange and exchange-induction terms are much less
comparison with the total interaction energy only for the HF angular-dependent than the electrostatic and induction terms
complexes. Further, it is large for the MHHCI complex and  (Figure 2b). This is directly related to the fact that the
in case of NH—HBr even dominates the interaction energy. investigated hydrogen bonds are not predominantly covalent.
The intermolecular distances are similar in all the systems The covalent character is strongest at the linear arrangement of
studied. Therefore, the larggHF values obtained for the HCI atoms, therefore, thEe,2° term is largest at Dand decreases
and HBr complexes are not results of the perturbation theory upon distortion. The exchange contribution increases dramati-
collapse because of small distance but of the covalency of thecally only when the distortion is large enough to lead to a partial
hydrogen bond. Further support for this statement will be found overlap with the parts of the base molecule not involved in the
in the discussion of the trimers. hydrogen bond (in-plane distortion of the pyridiridF complex,

The results of the SAPT interaction energy partitioning for see red curve in Figure 2b). Another explanation of this small
different distortion angle values are presented in Figured2a variability of the Eexi2® and Eexch-ind 2° terms is our choice of
The diagrams show clearly that various contributions have a the deformation, a constant distance, variable angle approach.
different angular dependence, which will be discussed below. This could mean that the HX molecule would move along an
The asymmetry of the diagrams is caused by differing definitions arc of an almost constant electron density contributed by the
of the positive and negative distortion angles, see Figure 1. A ammonia molecule. Testing this hypothesis, we have calculated
detailed list of the energy partitioning results is available as the electron density of an isolated Bisolecule at the MP2/
the Supporting Information. aug-cc-pVTZ level. The positions of the proton of the displaced

The electrostatic terrkest® is much more dependent on the HX molecules were used as probe points. The results (included
angle than the induction ter,¢?° (Figure 2a). The former  inthe Supporting Information) indicate that, indeed, the angular
describes interaction between the permanent electric multipolesvariations of theEey2° andEexch-ing,2° terms are correlated with
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TABLE 2: SAPT Energy Partitioning for the NH 3:-(HF), Trimer (BAA) 2

dimer SAPT NH=HF=XX XX wHF=HF NHg=XX =HF trimer SAPT
Eesd® —26.950 —8.839 —3.454 Eexcri? —0.576
Eexcri® 29.625 9.081 1.107 Eexch-ind®® 0.030
Eing, 2 —17.979 —4.588 —0.515 Eind? -1.617
Eexch-ind, 2’ 9.298 2.417 0.287 Eing® —1.041
SCF SAPT —6.006 -1.929 —2.576 SCF SAPT —3.203
OHF —6.020 -1.217 —0.059 Eexch-disp™® 0.093
Edisp —6.685 -2.714 —0.866 Edisg® 0.033
Eexch-disp™® 1.385 0.401 0.078 Edisg®! 0.006
SAPTeoms —1.269 —0.208 —0.347 Edisg* —0.053
SAPT, —13.295 —3.355 —2.982 SAPTor 0.079
SAPT -3.125

a Structure optimized at the BSSE-free MP2/aug-cc-pVDZ level, energies in kcal/mol. XX denotes a molecule omitted from the trimeric structure
during a particular dimer run. The first HF molecule is the one directly hydrogen-bonded to thendlecule (see Figure 3).

TABLE 3: SAPT Energy Partitioning for the (NH 3).*-HF Trimer (BAB) 2

dimer SAPT NH=~HF=XX XX =HF=NH3 NHg=XX~NHs3 trimer SAPT
Eeisi® —23.807 —3.400 —5.587 Eexcii® —0.360
Eexcri? 24.077 1.865 5.806 Eexch-ind® 0.091
Eina,2° ~14.736 —0.634 —1.945 Eind? -0.948
Eexching, 2 7.758 0.371 1.176 Eind® —0.649
SCF SAPT —6.708 ~1.798 —0.550 SCF SAPT —1.866
OHF —4.720 ~0.129 ~0.556 Eexch-dis?® 0.089
Edisp 2 ~5.772 ~1.150 —2.580 Ediss® 0.048
Eexch-disi® 1.164 0.115 0.416 Edis ™t 0.003
SAPTeor -1.085 —0.463 ~1.425 Edisg’ —0.052
SAPT, ~12.512 —2.390 -2.531 SAPTo 0.088
SAPT -1.778

a Structure optimized at the BSSE-free MP2/aug-cc-pVDZ level, energies in kcal/mol. XX denotes a molecule omitted from the trimeric structure
during a particular dimer run. The first NHnolecule is the one directly hydrogen-bonded to the HF molecule (see Figure 4).

TABLE 4: Supermolecular Interaction Energies
(BSSE-Corrected) for the BAB and BAA Trimers?

level of theory NH~HF~HF NHz~HF~NH3
MP2/aug-cc-pVDZ -20.716 —17.849 Y T ERILTD
MP2/aug-cc-pVTZ -21.783 —18.693
MP4(SDTQ)/aug-cc-pVDZ —20.349 —17.558
MP4(SDTQ)/aug-cc-pVTZ -21.875 —18.863
three-body SAPT —22.756 -19.211

a Structures optimized at the BSSE-free MP2/aug-cc-pVDZ level,
identical to those used in the SAPT partitioning. Energies in kcal/mol.
For comparison, total three-body SAPT interaction energies are added.

/1.559/1.586

the electron density of the unperturbed Nitong the trajectory.
On the other hand, the absolute values are not related to the
electron density itself. The N(H+HBr complex has the largest
values of the exchange terms, but thed\HCI molecule, with
the longest N-H distance and thus the smallest electron density
at the probe points, still has these terms larger than the-NH
HF system. Therefore, we conclude that while the angular
depencence of thBeycr?® and Eexch-ing 2° terms is governed by
the density shape of the ammonia molecule, the chemical
character of the hydrogen-bonded systems is revealed in therigure 3. Structure of the cyclic Nit-+(HF), trimer optimized at the
absolute values of these terms. The results support the observamp2/aug-cc-pVDZ level. Intermolecular distances in angstroms without/
tion that the NH—HBr complex has the most covalent hydrogen with BSSE taken into account during optimization.
bond among systems investigated and that the-N#CI dimer
is more covalent than N¢g+HF despite having longer proten to the SAPT scheme, linear arrangement of the atoms involved
acceptor distance. in the hydrogen bond is not a result of a covalent overlap but
The correlated dispersion terms (Figure 2c) are virtually rather of an electrostatic interaction, which prefers antiparallel
constant, in agreement with the general, nondirectional characterorientation of the dipole moments of the interacting monomers.
of the van der Waals forces. The total SARTeraction energy 3.2. The NHs-+(HF), and (NH3),:--HF Trimers. The
(Figure 2d) exhibits only small changes (ca. 1 kcal/mol) with relative importance of the three-body SAPT contributions in
distortions of up to 15 degrees, showing that the directionality the NHs---HF---HF trimer is shown in Table 2, while the data
of the hydrogen bond is much less pronounced than for the for NH3---HF---NHj3 is given in Table 3. Reference MP2 and
conventional covalent bond. The main reason for that is the MP4(SDTQ) supermolecular interaction energies are presented
relative angular independence of the exchange terms. Accordingfor comparison in Table 4. These values show that the effect of

-7 237412661
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Figure 4. Structure of the cyclic (Nb).---HF trimer optimized at the
MP2/aug-cc-pVDZ level. Intermolecular distances in angstroms without/
with BSSE taken into account during optimization.

the higher order perturbations seems to be small and changes

sign when the basis set is increased. However, the energies are . . e
g g 4. Nificant differences between hydrogen bonds of similar strength

close to each other, and the best level of the theory, MP

(SDTQ)/aug-cc-pVTZ, will be compared with the SAPT results.
Both trimer structures are shown in Figures 3 and 4,

respectively. The choice of the trimers was dictated by two facts.

First, the component molecules are isoelectronic; second, the

Panek and Jezierska

(—0.129 kcal/mol for HF-NH3; and—0.556 kcal/mol for NH-
-*NH3) and both constitute ca. 20% of their respective total
secondary contributions. This is consistent with the structure
of the BAB complex, which suggests that all three contacts are
hydrogen bonds, contrary to the BAA case where the secondary
HF---NHs interaction was mostly electrostatic. Examination of
the ratio between electrostafigsi® and exchangBeyc° terms
shows that when they are of similar value, tiéF is also large,

but when the orbital overlap (and associateg.° term) is
smaller, thedHF is significantly lower. This is the case for the
secondary HF-NHgs interactions in both trimers; however, as
stated above, they differ visibly in the amount of overlap.
Finally, the structural effect of the BSSE is also dependent on
the particular interaction strength. Figures 3 and 4 show that,
in agreement with the findings of Salvador et3lthe strongest
interactions are least affected by the BSSE, while the secondary
intermolecular distances can be severely shortened if the BSSE
is not eliminated in the geometry optimization step.

4. Conclusions

The current study of the NHX complexes revealed sig-
(as measured by the interaction energy). The applied SAPT
partitioning showed directly the growing degree of covalency

in the series of X= F, Cl, Br. The presence of an aromatic
ring does not lead to significant changes of the hydrogen bond

trimers can be labeled as belonging to the different types, thatProperties; the results for NHHF and pyridine-HF are

is, base-acid—acid (BAA) and baseacid—base (BAB) sys-
tems. Our disscusion of trimers begins with the BAA trimer.
The total sum of partial two- and three-body SAPT interaction
energies,—22.756 kcal/mol, corresponds well to the BSSE-
corrected MP4/aug-cc-pVTZ supermolecular valte21.875
kcal/mol). The three-body terms-8.125 kcal/mol) amount to
14% of the total interaction energy. The values presented in
Table 2 confirm the well-known fa#t that most of the
interaction energy nonadditivity in strongly polar systems comes
from the induction terms. Stabilizing nonaddtitive exchange
contributions at the uncorrelated lev&{.i° = —0.576 kcal/
mol) were also significant, but in total, the final three-body
contribution to the SAPT interaction energy3.125 kcal/mol)

is very close to the sum of the nonadditive induction ter&gq

+ End® = —2.657 kcal/mol). The three possible two-body
interaction energy decompositions show that the -abake
interaction is dominating and that the a¢iacid hydrogen bond
was found quite weak. Interestingly, the indirect (non-hydrogen
bond) ammoniaHF interaction is close in magnitude to the
HF—HF energy 2.982 and—3.355 kcal/mol, respectively),
while the O0HF terms differ significantly {0.059 vs—1.217
kcal/mol). This 20-fold increase in thiHF value for the HF

HF interaction strongly suggests that it is a manifestation of
the partially covalent character of the hydrogen bond. A similar
pattern emerges in the case of MHHF---NHj3 trimer of BAB
type (Table 3 and Figure 4). Its total SAPT interaction energy,
—19.211 kcal/mol, is also in good agreement with the MP4-
(SDTQ)/aug-cc-pVTZ supermolecular value 61.8.863 kcal/
mol, but the three-body terms-(.778 kcal/mol) account for
only 9% of the interaction strength. This is mostly due to the
nonadditive induction terms, which are smaller than in the BAA
case End® + Eind® = —1.597 kcal/mol) but still dominate the
three-energy contribution. The BAB trimer, in similarity to the
BAA case, also has “primary” aciebase interaction of-12.5
kcal/mol and the remaining “secondary” dimeric contributions

are comparable in strength to each other. Interestingly, the

secondanyHF factors differ in this system not 20- but 4-fold

similar. Linear arrangement of the hydrogen bridge was a
consequence of electrostatic terms. This analysis is valid for
strong and middle-strength hydrogen bonds; the very strong
symmetrical bridges (as FHF are much more covalent.
Selected trimeric cases showed that the SAPT energy partition-
ing is able to distinguish between hydrogen bonds and other
interactions of similar strength on the basis of non-negligible
covalency, revealed in th#HF term. Results presented in this
study are a basis for further investigations, especially in the
regime of weaker hydrogen bonds.
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