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The potential energy surface (PES) of the dimers of formaldehyde derivatives CH(OFYH,YCH;, F, ClI,
Br, I) has been investigated by means of quantum chemical calculations at the MP2/6-G1% level.
Several minima have been found on the PES characterized by various combinationslof)XC(X = O,

halogen) contacts. The computed dimerization energies revealed the importance of dispersion forces in the

formation of [CH(O)Y} dimers, while only a lesser role of the intermolecular-M interactions. The most
characteristic geometrical properties of the dimers are thexHlistances being near the sum of the van der
Waals radii of the contacting atoms, the lengthening of the contacting Bonds, and the general shortening

of the C—H bonds by 0.00%+0.004 A with respect to the monomers. The latter bond shortening is responsible
for the characteristic blue-shift of the CH stretching frequencies in the dimers. A natural bond orbital (NBO)
analysis revealed a slight decrease in the population of the contactigorbitals and alterations in the
intramolecular charge-transfer effects as the primary reason of th¢ &@ntraction.

Introduction mixed with various proton acceptors, such as carboxy, nitro,
. ) and sulfo compounds, showed CH/CD stretching frequencies
Hydrogen bonding (HB) belongs to the most important weak ¢ the haloform higher by 38 cm ! as compared to those in
interactions in nature being intimately involved in the structure o apsence of the proton acceptors. Theoretical calculations
and properties of water in its various phases, in large molecules;,jicated C-H bond shortening in Cid-*FH.8 CHg+++OH,,” and
such as proteins and nucleic acids, as well as in solvation,4rious HC—H-+-O=C system$.Subsequent spectroscopic and
processes and the functioning of enzyrhédviost hydrogen  theqretical investigations pointed to a more frequent occurrence

bonds are of Ykt-X type, where Y is an electronegative atom ¢ this phenomenon than previously suppo%@dit was named
and X is either an electronegative atom having one or more “improper, blue-shifting hydrogen bonding?.

lone electron pairs (e.g., O, N, halogens) or a region of excess
electron density like aromatie-systems. In addition to these
well-known types of HB, other characteristic, although weaker,
interactions may appear between a CH hydrogen and an X
acceptor3

To rationalize the €H bond shortening and the consequent
blue-shift of the CH stretching frequency, two explanations have
been suggested. Hobza et al. called attention to the unusual
hyperconjugation effect in these derivatives. In the common red-

) ) . shifting hydrogen bonds a considerable charge transfer occurs
The Q—H---X interactions follow the properties of the more ¢ x'to the antibonding™* orbital of the Y—H bond resulting
conventional YH:-X ones, although to a lesser degree. The most ;. 2 increase of this bond distaneln blue-shifting HB

common structural and spectroscopic changes such as the‘systems an analogous population increase irotherbital of
Iengthgmng of the ¥-H bond and the red-s_hn‘t of the YH the contacting €H bond could not be observed. Instead, the
stretching f“?q“,e“?y have begn observed n mosHeE-X charge transfer is directed toward other orbitals in the remote
systemsg. An intriguing observation was made in 1989 when a moiety of the hydrogen-bonded complex, in most known
small (7 cnTt?) blue-shift of the chloroform CH stretching examples too* orbitals of C—Hal bonds or to lone pairs of

frequer:cy was four_llgl in;he IR specI:trun|1 of trifofrmylmt_atr:lane electrons on halogen atoms. The'B contraction was suggested

in CHCl. It was attributed to intermolecular HB of CHGWiit to be the consequence of a subsequent structural re-organization
the solute moleculesThe second experimental indication of in the remote moiety of the complék.Recently, another
blue-shifting hydrogen bonds came eight years fatene IR explanation for the €H bond shortening, the effect of the
spectra of chloroform, deuteriochloroform, and bromoform electric field exerted by the proton acceptor molecule, was

_ _ _ suggested’ In fact, ab initio calculations on methane at the
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and acetaldehyde have been investigated. The structure of theTABLE 1: Selected Molecular Properties of Formaldehyde
formaldehyde dimer was determined in the gas phase by LovasPerivatives CH(O)Y

et all® by means of pulsed beam microwave spectroscopy. Y
Theor_etical studies were ir_] agreement With_ t_h_e reported parameter  H CHl = cl Br |
experimental structure and indicated the possibility of other c

e . omputed
minima on the potentlal energy surface (PES) of the diffié’ fe—o 1.213 1.215 1.185 1.191 1.189 1.188
The blue-shift of the CH stretching frequency in the formalde-  rcv 1.505 1.351 1.764 1.946 2.182
hyde dimer was observed rather early, but was interpreted first ;C*H _é-ig? _01;119120 _014324 N }1-1(133?7 N 15397 N 4%-(‘)399
as incompatible with a hydrogen-bonded struciiré® Quan- q‘j ' : 0361 —0057 —0036  +0.015

tum chemical computations, however, revealed the existence ¢, +0.088 +0.081 +0.102 +0.127  +0.133  +0.137
of weak C-H---O hydrogen bonds in the dimer characterized dc  +0.395 +0.424 +0.732 +0.373 ~ +0.335  +0.279
by a light shortening of the contacting ® bond and ablue- %, 232 2Ted R igm iy Lo
shift of the CH stretching frequené§.Similar blue-shifting Exoeriment
C—H---O hydrogen bonds have been reported for the dimers feo  1.206(3) 1.213(10) f.181(5) 1.1820(50)
of acetaldehydé! fe-v 1.504(10) 1.338(5) 1.7650(30)

Halogen substituents on the formaldehyde skeleton represent rc-n  1.108(4) 1.106(5) 1.095(10) 1.0897(50)
a second proton acceptor in the molecular system giving rise  aThe geometrical parameters i angstrom), natural atomic charges
to a more complex PES, i.e., to additional dimer structures (q, in au), dipole moments( in Debye) and polarizabilitiesx( in au)
possessing €H---Hal contacts. The most interesting questions were calculated at the MP2/6-31%G** level. ® The o values were
here are the properties of these-B-++Hal interactions, as well Obtinedz)fggm-tﬁ,e computed F;Oﬁjr tfnsors z’itctli(ordifng o tlh/3(?txlxl+ _

i i Oyy 0lzz). ¢ e experimental aata were taken frrom the toliowing
teractions. various properies of the -~ interactions,  "SITeNEeS: CID (7 CHIOICH (1 CHOOIE [ CHIO)G
. . o . e ' (re).*° Experimental errors are given in parentheses.

viz., dimerization energy, geometrical characteristics, charge
distribution, and vibrational frequencies have been determined
by quantum chemical computations. They are well suited to scan
the complete PES, to detgrr_nine the molecular properties of .bOthappears overestimated by about 0.01 A by the computations.
the global and local minimum structures, and to provide R . .
consistent data for a set of related molecules. The choice of the, The charge d|str|but.|on n the monomers S of primary
method of computation is crucial: proper treatment of electron Importance from the point of view of the-€H-+-X Interaction.
correlation and large diffuse basis sets are the basic requirementg— he atomic qharges in the for_maldeh_yde denyatwes are in
for studies of weak interactions. Among the correlated methods, agreement with the electron withdrawing/donating properties

the MP2 level is superior over density functional theory (DFT) ?g trr‘]e Isué)st!tuei_nts. Ttﬂs’.:hetﬁthyd{Og%ﬂ IS mos'i ?gldrllc(;n
for such studie2”2° because DFT does not account for the U'€ Na&lo-derivatives while it1s the least acidic in acetaldehyde

London dispersion enerdy. (cf. Tab_le 1). Similarly, the_ oxygen has the largest negative_
charge in acetaldehyde while its charge gradually decreases in
the halogen derivatives. We note the small magnitude of the
halogen atomic charges (except for fluorine) and the slightly
The calculations were carried out using the second-order positive charge of iodine in these compounds. As expected, the
Mgller-Plesset perturbation theory in the frozen-core approxima- fluorine has a considerable negative charge, but it is still smaller,
tion (MP2§! in conjunction with diffuse polarized valence by about 0.1e than that of oxygen. This observation suggests
double- and valence triplg-basis sets. The initial geometry  that the strongest-€H---X interactions should be formed with
optimizations and frequency calculations were performed using the oxo group, while those with halogens will be weaker. An

experimental result¥, there is good agreement between the
theoretical and experimental geometries. TheFCdistance

Computational Details

the 6-31+G** basis as implemented in Gaussiar*98xcept additional interesting trend in the atomic charges is the

for iodine for which a quasi-relativistic effective core potential increasing acidity of the CH hydrogen from the fluoro to the

(ECP) with a (31/311/1) valence basis was apptiedt. iodo derivatives. This is paralleled by the decreasing polarized
The final energetic and structural characterization of the character of the €0 and G-Hal bonds.

dimers was carried out using the 6-31+G** basis set. For On the basis of the computed dipole moments and polariz-

bromine, this basis set keyword in Gaussian 98 refers to the gpjjities of the monomers (Table 1) we can make some
(631111111/33311111/411) basis. Additionally, in these calcula- assumptions on the van der Waals interactions in the dimers.

tions the previous valence basis of iodine was extended with aThe strongest dipotedipole interactions can be expected in the
single set ofSp diffuse functions ¢ = 0.035). Analysis of the  formaldehyde and acetaldehyde dimers, and the magnitude of
charge distribution and charge-transfer processes was performegh;s interaction decreases toward the iodo derivative. On the
using the NBO partitioning scherfewhile the basis set  giher hand, the dispersion forces (originating from interactions
superposition error was calculated according to the counterpoiseyt induced dipoles and being proportional to the polarizabilities)
method® In all the calculations the Gaussian 98 progfam il pe the largest in the dimers of CH(O)l and CH(O)Br and
extended by the NBO 5.0 coffewas used. the weakest in the dimers of G& and CH(O)F.

Dimers. The search of the PES of the dimers resulted in eight
different minimum structures depicted in Figure 1. They can
Monomers. Selected computed data, viz., bond distances, be distinguished by the type of-€H---X contacts and relative
atomic charges, dipole moments, and polarizabilities of the orientation of the monomer planes. Two somewhat different

monomers are compiled in Table 1. To assess the quality of dimer structures with a single €H---O contact have been
the theoretical data, experimental geometrical parameters avail-found. In structure$ (X = ClI, Br, I) the two C-H bonds are
able for formaldehydé’ acetaldehydé CH(O)F3° and CH- nearly perpendicular, while in structute (X = F) they are
(O)CH0 are also included in Table 1. Keeping in mind the nearly in line. We note that related dimer structures possessing
difference in the physical meaning of the computed and a single C-H---Hal contact could not be found, in agreement

Results and Discussion
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Figure 1. Optimized structures of the possible dimers of formaldehyde derivatives.

with the proposed weaker proton acceptor ability of the halogens TABLE 2: Computed Dimerization Energies (kJ/mol)?

(vide supra). Similarly, neither dimetsor Il were found for Y I I n [\ \Y; \Y/ BV TRVII

formaldehyde and acetaldehyde due to the preference ofy 99 —106

bifurcated C-H---O--*H—C interactions in these derivatives. cH;, ~11.6

The formation of single-contact structures among the halegen F -85 —13.2 -109 -84 -119 -9.7

formaldehyde dimers is the obvious consequence of the lack of CI  —13.3 —-133 -9.8 -149

a second hydrogen in the monomers. | Br :igg :iéé :E; __122 :ig-é :Eg
Additional dimers include three coplanar structures with ' ’ :

double C-H-+-X interactions: the symmetric ones with 3% a Computed at MP2/6-311+G** level and corrected for ZPE (from

O (Il') and X = halogen ¥) and the asymmetric one with X MP2/6-31++G** harmonic frequency analysis, scaled by 0.9%08
= O/halogen V). Double G-H-+-X contacts but with near For the structures of dimets-VIIl see Figure 1.
perpendicular planes of the monomers are present in structureand acetaldehyde. This check was necessary, because recently
VI andVIl . The latter one with the mixed-€H---O/Hal contact dimerization energies of ca. 50 kJ/mol have been reported for
was found only for CH(O)F. The arrangement of the monomers formaldehyde dimer& which would mean extremely strong
in dimer VIII (found only for CH(O)Br and CH(O)I) is close  HB interactions, unlikely for a CH hydrogen. On the other hand,
to that of dimerl, but the hydrogen is involved in a bifurcated the literaturé”-3and our dimerization energies for dimi¢rof
interaction with O (at 2.710 and 2.739 A) and Br (3.064 A) acetaldehyde are in fair agreement. Interaction energies of
and | (3.237 A), respectively, of the other moiety. We note the similar magnitude have also been reported for the acetone
first-order saddle-point character of structuthe of [CH(O)- dimer** and for (NH),.4°
Cl]2, which dimer is strongly preferred for the other formalde- Before a detailed discussion of the computed properties we
hydes. That some dimer structures do not appear uniformly for comment on the reliability of these data. A crucial point in the
all the haloger-formaldehyde® may be somewhat surprising.  study of weak interactions is the quality of basis sets. Basis
It may be attributed to differences in local interactions. In the sets not large enough can give rise to two kinds of errors: (i)
following discussion we will focus mainly on the most frequent They may not account properly for the London dispersion forces
structures. and hence underestimate the interaction energy. (ii) They are
The computed dimerization energies are compiled in Table accompanied by large BSSE, which acts in the opposite
2. For the sake of consistency, we computed (and included) direction, and strengthens the interaction in the model artificially.
the respective data of the analogous dimers of formaldehydeWhen correcting for BSSE, a further uncertainty comes from a
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2.579 should be much stronger than a-HBr or H:-:I one, the close
; 2.491 interaction energies of the dimers withr-HD and H--Br (or
o SO H---1) contacts suggest that the locat-@---X interactions have
\ only a minor role in them. On the other hand, the=Q and
C—Hal bonds are more polarized in CH(O)F and CH(O)CI than
in their bromine and iodine analogues (vide supra) resulting in
\ stronger local H-X interactions in their dimers. The variation
""""""""""""""" in polarization may then be responsible for the somewhat more
pronounced differences in the relative stabilities among the struc-

i 31B|‘:]:C«* Eﬂ;- F{;g tures in each of the [CH(O)khnd [CH(O)CI} series of models.
uug-cc-p\f‘l"g_ 122 .10 Although the local H--X interactions play a minor role in
aug-cc-pVQZ  -11.8  -11.0 the stability of the dimers, some trends can be discerned.

Figure 2. Basis set dependence of the computed dimerization energy Generally, the €&H---O contacts are slightly preferred over the
(uncorrectedEqm, and BSSE correctefimcn kJ/mol) and geometrical  C—H---Hal ones. This observation is supported by the inter-
characteristics (intermolecular distance, shortening of thé¢iCand mediate dimerization energies of structuréscharacterized by
lengthening of the &0 bonds, A) for the formaldehyde diméf . mixed C-H---O/Hal contacts. Most single-contacted dimers are
less preferred than the double-contacted ones, but the energy
differences are rather small, in agreement with the lesser
. - . believed to b q | importance of the local €H---X interactions. As predicted by
:cnteractlon ehnergles are leleve to be corrfecr:e MOre or 1€SSha computed polarizabilities of the monomers (vide supra), the
for BSSE, the geometrical consequences of the overestimatedygest dimerization energies were obtained for the [CH(O)I]
interaction (e.g., shorter intermolecular distance) remain un- yimers while the smallest for (GB), and [CH(O)F}. The

. i . , .
change.d in the usual CP proced(it&e T.hIS latter error is relative stabilities of the [CH(O)ClJand [CH(O)Br}, dimers
_proportl_onal to the magnitude of BSSE with respect to the total goar to deviate slightly from the trend predicted by the
interaction energy? computed polarizabilities. We recall, however, that basis set

Unfortunately, the size Of. th.e dimers anql the availqble basis dependence of the interaction energy may be responsible for
sets for the heavy atoms limited our choice for basis set. In minor deviations.

weak hydrogen-bonded complexes the BSSE of the MP2/6- . - .
311++é/** I(gvel was found topbe 3650% of the interaction Geometrical Characteristics of the H+-X Interactions. The
energyEL To assess the error of our computed data we |Derforrneo|geometrlcal data of the dimers give information on the local
' : ; H---X interactions. The most characteristic parameters are the
test calculations on structufd of the formaldehyde dimer at :
Y nonbonded H-X distances and H-X—C angles as well as the

the MP2/aug-cc-pVTZ and MP2/aug-cc-pVQZ levels. The latter changes in the lengths of the-&l and G-X bonds upon the

basis has been found to converge satisfactorily to saturation for. )
weak interactionds 9 y interaction. Selected data from the MP2/6-3HG** calcula-

Figure 2 illustrates the dimerization energy and selected tions are compiled in Table 3. As was shown above, the)t!

geometrical properties of the formaldehyde dittieras obtained dlstanc_es are s_omewhgt overestlmated at this Ieve! of theory.
by Using the 6-312-+G*, aug-cc-pVTZ, and aug-cc-pvQZ Expecting consistency in the magnitude of errors, this may not
basis sets. Our first cénclusion is th,e importance of the influence the following conclusions considerably. On the other

augmented diffuse basis set for an accurate description of theha_nd’ the_changes n t_he—(H and C-X ponds proved to be
van der Waals interaction. This is well seen in both the rehable within thg required accuracy (vide supra).' .
uncorrected d|mer|zat|0n energies (increased by 2 kJ/mo') and In agreement W|th the Weak Character Of the |0ca| InteraCtlonS,
in the H+-O distances (decreased by 0.1 A), as compared with the H--X distances are close to the sum of the van der Waals
the MP2/6-31%+G** values. These data indicate that the main radii (ZvdW) of the contacting atoms. The-+O distances are
deficiency of the 6-314+G** basis set in our case is in its ~ the shortest in the single-contactedndll, being by 0.2-0.3
underestimating the dispersion interactions. The opposite effectA below ZvdW (cf. Table 3). Similar H-O distances appear
of BSSE did not sufficiently compensate for this. Moreover, in structuredV, indicating that the strongest-HO interactions
the CP correction further increased the error of the MP2/6- occur in these three structures. The-40 distances are near
311++G** dimerization energy. Therefore’ the uncorrected >vdW in structuredll and, partly, in structure¥!. Note that
MP2/6-31H-+G** energies seemed to us to be a better measure the other (longer) H-O contacts iVl exceedzvdW by 0.3~
of the effects investigated here than the CP-corrected ones, evet®-5 A. The H--Hal nonbonded distances agree watdw in
though they may still be somewhat underestimated. The changesstructuredV, while they decrease gradually fraBvdW when
of the G-H and G=0 bond lengths upon dimer formation as going from F to | in structure¥. The latter feature is the most
obtained from the MP2/6-3H1+G** computations appear  Ccharacteristic geometrical indicator of the increasing dispersion
reliable enough for our forthcoming discussion. force.s with the |arger polarlzablllty of the heavier CH(O)Y
van der Waals dimers are stabilized by competing electro- SPecCI€S.
static, induction, charge-transfer, and dispersion energy contri- The most favored H-X contacts occur when H approaches
butions, while the exchange interaction energy accounts for theX at its most electron-rich site, i.e., from the direction of the
repulsive forces in accordance with the Pauli princhglén lone pairs. Accordingly, the +-O—C angles in structurdsare
weakly bound complexes with large intermolecular distances, around 110. The corresponding angle in the similarly single-
the London dispersion forces are believed to provide the largestcontacted structurié of [CH(O)F], is 146.2. The increase may
attractive contribution to the interaction energy. Table 2 reveals be attributed to the larger electrostatic repulsion between fluorine
close interaction energies for the dimer structures in the CH- of the proton acceptor and the negative centers of the proton
(O)Y series. The energies are especially close (within 2 kJ/mol) donor moiety. In structureBl —VI the nonbonded H-O—C
for [CH(O)Br], and [CH(O)I}, where the greatest dispersion and H--Hal-C angles deviate up to 2€rom the optimal value
interactions are expected. Considering, thata®linteraction due to the geometric constraints of the doubte-K contact.

principal deficiency of the popular counterpoise (CP) metiidd,
from its overestimation of BSSf. Moreover, while the
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TABLE 3: Computed? Geometrical Characteristics of C-H-+-X (X = O, halogen) Interactions in Selected [CH(O)Y] Dimers

Y parametet e I v v v d
H H---0 (2.60) - 2.579 - - 2.896/2.480
A(C=0) +0.003 +0.00340.002
A(C—H) —0.004 —0.002/-0.002
CHs H---0 (2.60) - 2.533 - - -
A(C=0) +0.004
A(C—H) —0.004
F H-+-O (2.60) 2.369 2.562 2.511 - 3.110/2.651
H--F (2.55) - - 2.576 2.549 -
A(C=0) +0.002 +0.003 +0.003 +0.0024-0.002
A(C—F) +0.015 +0.012
A(C—H) —0.002 —0.002 ~0.00#/—0.002 —0.002 ~0.002/-0.001
cl H-+-0 (2.60) 2.370 - 2.371 - 2.971/2.571
H---Cl (3.00) - 3.038 2.857 -
A(C=0) +0.002 +0.004 +0.0034-0.002
A(C—Ci) +0.021 +0.017
A(C—H) —0.002 —0.00#/—0.003 —0.002 —0.002/-0.001
Br H---O (2.60) 2.435 2.553 2.336 - 2.919/2.617
H--Br (3.15) - - 3.143 2.919 -
A(C=0) +0.002 +0.003 +0.004 +0.003/4-0.001
A(C—Br) +0.025 +0.023
A(C—H) —0.001 —0.001 0.006/—0.002 —0.001 —0.0014-0.001
H---0 (2.60) 2.376 2.544 2.293 - 2.885/2.656
H--+1 (3.35) - - 3.278 3.027 -
A(C=0) +0.003 +0.003 +0.005 +0.004/4-0.001
A(C—1) +0.030 +0.030
A(C—H) —0.001 —0.001 —0.00F—0.001 —0.001 —0.002/0.000

aComputed at the MP2/6-3%#H-G** level. » The H--X nonbonded distances and changes in the bond lengths of the contacting atoms with
respect to the monomers are given in angstroms. Values in parentheses represent the sum of the van der Waals radii of the contacting atoms.
¢ Structurell for Y = F. 4 The first values refer to the upper-&i---O contact, while the second values to the bottom one in Figutdie C-H
bond contacted to Hal (cf. Figure The C-H bond contacted to O (cf. Figure 1).

The H--X interactions result in characteristic changes of the TABLE 4: Computed? Natural Charges of the Contacting
geometrical parameters as compared to the unperturbed oneétoms in Selected [CH(O)Y} Dimers
of the monomers. The elongation of the=O and C-Hal bonds Y atom I/lIb 1 v Vv V| ¢
participating in the contact is the most noteworthy change (cf.
Table 3). This amounts to 0.003 A for the=© bond and is in (,_)' i g'ﬁg ) i %%8931%) '153)87
the range of 0.012(F)0.030(I) A for the C-Hal bonds. The ' ' '
; ; . 0 - —-0.515 - - -
conspicuous elongation of the-Elal bonds may be explained H 0.110
by the flexibility of a single bond as compared to theeQ
double bond. The trend of elongation increasing from F to | is ,9 _9'494 _9'499 :8@3? —0379 _0_'492/0'498
in agreement with the decrease of the-Hal intermolecular H 0123 0120 0.110.125 0117 0.110/0.114
C
H
B
H

CHs

F

distances with respect ®vdW. The noncontacting €0 and 0461 - 0472 i 0.464/-0.470

- —0.098 -0.086 -
0.144 0.13%0.153 0.139 0.135/0.139

—0.453 —0.459 —0.466 - —0.454-0.457
- - —0.085 —-0.076 -
0.150 0.149 0.14%0.15% 0.148 0.142/0.143

C—Hal bonds decrease upon dimer formation except for the o
C—Hal bonds of structures andll, for which an increase of
0.01-0.02 A is observed. As characteristic for blue-shifting HB, Br O
the contacting €H bonds show a slight (0.0640.002 A)
shortening. This property will be discussed in the next section.

r

Blue-Shifting Hydrogen Bonds. The frequency analysis | o  —0453 —0458 —0.468 - —0.453/-0.451
revealed the blue-shifting character of theld---X interactions I - - -0.043 —0.037 -
in the dimers. In agreement with the computee-HC bond H 0.151 0.152 0.14#0.162 0.153 0.146/0.144

contraction, the CH stretching frequencies of the contacting CH  a computed at the MP2/6-331G** level. b Structurell for Y =
groups were higher by 633 cn! in the dimers than the  F cThe first values refer to the upper-&-+-O contact, while the
respective frequencies of the monomers. However, the individual second values refer to the bottom one in Figuré The C-H bond
blue-shifts cannot be correlated directly to the magnitude of contacted to Hal (cf. Figure 1j.The C-H bond contacted to O (cf.
C—H contraction, because most of the CH stretching modes Figure 1).
consist of a mixture of the two -€H internal coordinates. become more polarized in the dimers, whereby promoting the
To elucidate the origin of the €H bond contraction, we  proton donotacceptor interaction. The contacting bonds have
analyzed the charge distribution properties of the dimers. The an enhanced polarized character in structlivess compared
natural atomic charges of the contacting atoms in selected dimerswith the symmetric double-contacted structubésandV.
are compiled in Table 4. To become a better electron donor, The net charge transfer (CT) from the proton acceptor toward
the proton acceptor oxygen and halogens gain charge in thethe proton donor moiety could be evaluated only in structures
dimer: the oxygens between 20 and 30 me, while the halogensl andll utilizing the computed natural charges. It has a similar
from 20 me (F) up to 58 me (l) as compared to the monomers. magnitude for the four halogen-formaldehydes corresponding
On the other hand, the contacting hydrogen atoms lose chargeo 5.1, 4.1, 5.2, and 6.5 me in [CH(O¥-JCH(O)CI],, [CH-
(10—20 me) in all cases. This means that the contacting bonds (O)Br],, and [CH(O)I}, respectively.
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TABLE 5: Characteristics of Charge Transfer Interactions
in [CH(O)BIr] , Dimers

parameter I I \VA \Y Vi ¢©
Intermolecular
E@ Nio— 0*cH 2.5 0.9 4.1 - 0.5
E@ nyo— o*c 2.2 1.1 54 - 0.3
E@ nygr — o* e - - 0.6 1.4 -
E® nag; — 0* ch - - 1.9 9.2 -
Intramolecular

AE@ nyo—o0*cy —9.1 -8.0 -11.7~6.3 -7.6 —-6.7
AE®@ nyo— o*cpr +15.0 —-7.4 +30.6~15.3 +24.8 —13.6
AE(Z) Nogr — 0% cH -1.3 +0.2 —2.6H0.7 -3.1 +0.5
AE®@ nyg,— 0*co —2.7 +0.8 —-2.3H05 -1.63 +1.3
AE@ ngg, — % co —22.7 +4.8 -9.7+85 —9.9 +5.3
Ao* ch(-0) —-2.9 -3.3 —4.4 - =11
A(C—H) —0.001 -0.001 -0.002 0.0
AO*CH(-"Br) - - -0.8 -0.2 -
A(C—H) 0.0 —0.001
Ao* cr +12.8 -75 -14.1 - —13.2
Ang; +6.6 -5.0 -9.8 -7.1
A(C—Br) +0.016' —0.006 —0.013 —-0.011
AU*CBr(-nH) - - +21.2 +20.1 -
Ansr(...H) -9.8 +4.3
A(C—Br) +0.025 +0.023
AC* cog-H) +0.7 +0.5 +1.0 - +0.6
Aﬂ*CO(-"H) +0.3 +2.2 +5.6 +5.3
ANo---H) +6.4 +10.0 +12.4 +3.3
A(C=0) +0.002 +0.003 +0.004 +0.001
Ao*co —-0.5 - -0.9 -1.0 -
Aﬂ*co —5.4 -9.9 —-8.8
Ang -7.0 —-13.0 —-13.4
A(C=0) —0.002 —0.003 —0.003

aThe second-order perturbation energigé® donor— acceptor, kJ/
mol) were obtained from HF/6-3#1+G** single-point calculations
on the MP2/6-31++G** geometries; the change in the population of
the given orbitals (me) were obtained from MP2/6-3#1G** calcula-
tions. The bond length changes are given inAhe first values in
the data pairs refer to the unit with-&4 bond contacted to O, while
the second ones to the unit with-El bond contacted to Br (cf. Figure
1). ¢ The data refer to the monomer, of which H forms the shortest
C—H---O contact® The data refer to the monomer, of which H forms
the C-H---O contact.

More detailed information on the CT processes can be
obtained by investigating the change in the occupation of the

acceptor and donor natural bond orbitals and the delocalization
processes upon dimer formation. The delocalization effects can

be identified from the off-diagonal elements of the Fock matrix
in the NBO basis. The strengths of these interactions are
estimated by second-order perturbation thééryhe second-
order perturbation energie&®®, corresponding to the intermo-
lecularng — o*cy andng; — o*cny CTs as well as the change
of the most important intramoleculaf?ss and natural orbital
populations upon dimer formation for the [CH(O)Bdimers
are compiled in Table 5. Analogous data were obtained for the
respective dimers of the other halogen-formaldehydes.

In HB interactions the intermolecular CT occurs between the
lone pairs of X (electron donor) and tlw ¢y antibond of the

Kovacs et al.

The most important intramolecular delocalization effects in

CH(O)Br arenzo — 0™ cH, N20 = 0% car, N2Br — 0% CH, NeBr —

0* co, andngg; — * co With second-order perturbation energies
of 110.2, 234.4, 12.7, 27.6, and 91.8 kJ/mol, respectively, in
the monomer. The dimer formation alters the magnitude of CT
between the lone pair and antibonding orbitals resulting in
characteristic changes in the population of the interacting
orbitals. There is a good correlation between these changes and
the changes in the respective bond distances upon dimer
formation. Hence, the population decreaseddty can be
associated with the contraction of the-8 bond (cf. Table 5),
being the primary reason of the blue-shifting effect.

The CT interactions in the single-contacted dimers differ
considerably from those in the double-contacted onek., time
charge transferred from the proton acceptor monomer (5.2 me)
is accumulated on the* cg, andng, orbitals of the proton donor
monomer. In addition to the intermolecular CT, however, the
population increase af* cgr has an important contribution from
nzo, While that ofng, gains additionally from the decrease of
Nagr — ¥ co interactions. The geometrical consequence of this
complex CT process is the well-defined lengthening of théB€
bond in the proton donor moiety. Thus, dimdi$l) show
characteristics similar to those observed for other (single-
contacted) blue-shifting HB systerts.

A different picture appears, however, in the double-contacted
structures, where the noncontacting-8al bond (I1 , IV, VI)
shortens upon dimer formation while the-& bonds show the
same shortening effect as before (cf. Table 3). Analysis of
delocalization in these dimers reveals a decrease of both the
o* cer andng, populations due to a decrease of the — 0% cgr
and increase of thesg, — 7* co interactions (cf. Table 5). The
opposite effects can be observed on the bromines contacted to
H in structureslV and V, resulting in the characteristic
elongation of the €Br bond upon HB. Apparently, in the
double-contacted structures the CT is directed toward the proton
acceptor X instead of the remote one, supporting the local
H---X interaction by an increase of the lone pair orbital
population and by elongating the-X bond.

Prompted by the recent results of Masunov éf ale checked
also the effect of electric field on the geometrical properties.
According to our computations the formaldehyde derivatives
generate an electric field of ca. 0.005 au in a range of 4 A, the
distance between the monomer centers in the dimers. To
determine its geometrical consequences we performed a scan
of the monomers’ PES at the MP2/6-381+G** level applying
the above electric field. The-€H bond was placed both parallel
and perpendicular to direction of the electric field (corresponding
to the C— H vector in the former case), respectively. The
changes in the €H and C-Y bond distances with respect to
the unperturbed monomers are compiled in Table 6. The data
show a well-defined shortening of the—Elal bonds, its
magnitude increasing from F to | (up to 0.03 A). There are
smaller changes in the=€0 and C-H bonds; they lengthen
upon the increase of the electric field. The effect is larger when
the electric field is perpendicular to the-El bond. A C-H

contacting hydrogen (electron acceptor). Among these lone pairsy ;4 shortening was observed only in formaldehyde and it

n; has the lowest whileg the highest orbital energy. According

amounted to 0.001 and 0.003 A when the electric field was

to the data of Table 5 the magnitude of CT seems to be hardly 5ceq parallel and perpendicular to the bond, respectively (cf.
dependent on the type of X, rather, it is strongly related to the 1o 6). Hence the above data do not suggest an important

H---X distance. The strongest interactions can be observed with

O of IV and Br ofV, possessing the shortest-FX contacts as
compared with the respectie&dW values (cf. Table 3). Note,
that while the two lone pair orbitals of O donate the charge in
a similar amount, the donation from of the halogen exceeds
considerably that fronm;.

role of the electric field in the €H bond contraction.

Conclusions

Hydrogen-bonded complexes are stabilized mainly by elec-
trostatic, induction, charge-transfer, and dispersion energy
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TABLE 6: Changes of Selected Bond Distances (A) of the
CH(O)Y Molecules in an Electric Field of 0.005 au Placed
Parallel (C — H) and Perpendicular to the C—H Bond?

Y atom 0 1

H C—H —0.002 0.0
C=0 +0.003 —0.001

CHg C—H 0.0 +0.003
C=0 +0.003 0.0
c-C —0.004 —0.001

F C—H 0.0 +0.001
C=0 +0.004 —0.001
C—F —0.013 —0.003

Cl C—H 0.0 +0.001
C=0 +0.006 0.0
C—ClI —0.020 —0.005

Br C—H +0.001 +0.002
C=0 +0.007 0.0
C—Br —0.025 —0.007
C—H +0.001 +0.001
C=0 +0.008 +0.001
C—I —0.030 —0.009

a Computed at the MP2/6-3%H-G** level.

contributions, their ratio determining the singular properties of
the hydrogen bond. In complexes with large-£X distances
(near the sum of the van der Waals radii of H and X) the
dispersion energy contribution is the dominant one, while the
local H---X interactions may play only a lesser role.

In agreement with the dominant role of the London dispersion
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