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The structures and binding energies of a series-eHG-X hydrogen-bonded complexes involving acetylene,
ethylene, and ethane as proton donors and the first- and second-row hydrigd$tGHOH,, FH, PH;, SH;,

and CIH as proton acceptors have been determined. Geometries were optimized with both the MP2 and the
B3-LYP methods in conjuction with the 6-31G(3df,2p) basis set. In general, we note good agreement
between MP2 and B3-LYP hydrogen-bonded structures. However, for some very weakly bound complexes
larger differences exist, particularly in thiéH---X) distance, and in these instances the MP2 results are
determined (from comparative CCSD(T) calculations) to be more reliable. The CCSD(T)#68=33df,2p)

binding energiesl¥e), which include corrections for basis set superposition errors, are very similar for the
MP2 and B3-LYP geometries, reflecting the relative insensitivityDafto geometry for weakly bound
complexes. The €H---X hydrogen-bond strengtiDg) shows a considerable dependence on the acidity of

the C—H donor group and on the nature of the proton-accepting group. The strongest hydrogen bonds are
formed between acetylene and either (9.2 kJ mot?') or OH, (7.7 kJ mof?). These values decrease
significantly for the corresponding complexes between acetylene and FiHoiGHe second-row hydrides.

The binding energies for the complexes between ethylene and eithepiNEH, (2.1 and 1.5 kJ mof,
respectively) are much smaller than those of the corresponding acetylene complexes. The complexes between
ethylene and P§l SH; or CIH, as well as the complexes between ethane ang ddi,O, are more weakly

bound again and have binding energies less than 1.0 k3*mol

Introduction as proton donors. The effect of proton-acceptor strength on the

Since the early 1960s, crystallographic and Spectroscopicinteraction energy is examined using the first- and second-row

studies have shown that (activated}-B groups can act as hydrid:as CH, NH3, OH,, FH, PH, SH,, and CIH as proton
proton donors in hydrogen-bonded systénis.the following acceptors.

decade, a variety of theoretical studies based on semiempirical !N the present paper, we focus only or-8--X hydrogen-

and ab initio molecular orbital approaches for a series of bonded complexes. It is known that alternative structures of the

C—H---X hydrogen-bonded complexes appeatedd, despite general type X H---7, in which the hydride acts as a proton
the limitations due to the computational resources at that time, donor toward the €&C or C=C z-bonds, are energetically more
they gave important insights into the nature ofg--X favorable in, for example, the case of HCH---FH??
hydrogen-bonded complexes. However, it was not until 1982 HC=CH:+-CIH,? and HC=CH,-+OH,,2* but such structures
that the first appearance of a thorough and conclusive survey@'® not discussed in detail here.

of C—H---X hydrogen bonds surfacédSince then, mainly

supported by crystal correlation studies and spectroscopic Theoretical Procedures

examinations, increasing attention has been directed to Standard ab initio molecular orbital thedfyand density
these attractive and directional interactions. The concept of functional theor§ calculations were performed with GAUSS-
C—H---X hydrogen bonds is now well document‘bdlthoﬁugh IAN 9836 MOLPRO 98372 and MOLPRO 20067 In the
i i > H...N6-11 ' ' .

go_tHEIvov?%/_szo ung'%gul_tf?' 2I{1_24part|cullar, E H bN’ h present work, we have used both MP2 and B3-LYP in

’ an T complexes have been the conjunction with the 6-31+G(3df,2p) basis set to calculate
focus of a nqmber of such investigations. Scz)sme attention hasequilibrium geometries. CCSD(T)/6-3+G(3df,2p) single-point
all_lsol Eegn é’la'g tgl(r:ggr(]:p_lﬁissln;/g Iz\émg:jﬁ---s, Gcl:-l_HCZiE?ZI calculations on these geometries are used to evaluate the binding
.( al=r Cl, N &~ and even energies. We have recently shown that these methodologies both
Interactions. . . . perform well for the description of the €H---N hydrogen-

In the present study, we have carried out a detailed examina-p - qaq complex HECH-+-NHs, giving results that are of
tion of a series of €H-+-X, hydrogen-bonded complexes in .\ apie quality to the CCSD(T)/6-3:G(3df,2p)//CCSD-
whlch the proton donor and proton acceptor are varied SyStem'(T)/6-311+G(3df,2p) proceduréThe extension of this conclu-
atically. The dependence of the hydrogen-bond strength on thesion to weaker complexes will be considered in the present study

hybridization of the 'donor garbon and the acidity of the donor (see below). All electrons were correlated in all MP2 and CCSD-
C—H group is examined using acetylene, ethylene and ethane (T) calculations discussed in the present work.

T Present address: Philipps-Univeishgarburg, Hans-Meerwein Strasse, The raw equilibrium binding energies were corrected by
D-35032 Marburg, Germany. subtracting the basis set superposition error (BSSE), evaluated
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TABLE 1: Comparison of B3-LYP, MP2, and CCSD(T) Structures, and Dependence on Geometry of Calculated Binding
Energies, of Hydrogen-Bonded Complexé$

dimer method r(C=C) r(C—H) r(H---X) Dde BSSHE D
HC=CH-+NHf B3-LYP 1.198 1.072 2.308 16.1 2.0 14.1
(Csy) MP2 1.211 1.070 2.275 16.1 2.1 14.0

CCSD(T) 1.209 1.073 2.280 16.1 2.0 14.1
H3CH-+*NHj3 B3-LYP 1.088 2.969 3.2 0.6 2.6
(Cs) MP2 1.085 2.814 3.3 0.7 2.6

CCSD(T) 1.088 2.793 3.3 0.7 2.6
HC=CH:--CH, B3-LYP 1.196 1.063 3.131 2.5 0.4 2.1
(Csy) MP2 1.209 1.062 2.724 3.2 0.8 2.4

CCSD(TYy 1.206 1.065 2.725 3.3 0.8 2.5

aBond lengths are given in A, energies in kJ moP Unless otherwise noted, geometry and energy calculations were performed with the
6-311-G(3df,2p) basis set.Method used for geometry optimizatiot<D. and BSSE values were obtained from CCSD(T)/6-BG{3df,2p) single-
point calculations on the respective geometrfd3, value without the incorporation of BSSERef 7.9 The 6-311-G(2df,p) basis set was used in
the CCSD(T) geometry optimization for H€CH---CHj.

according to the Boys and Bernardi counterpoise méethod CH---NHs. We found that CCSD(T)/6-31G(3df,2p)//MP2/
il e il 6-311+G(3df,2p) and CCSD(T)/6-3HG(3df,2p)//B3-LYP/
BSSE= (E\\"dono) — (Ef-donod T (Efi—accepto) — 6-311+G(3df,2p) reproduce CCSD(T)/6-3+G(3df,2p)//CCSD-
(Ememomer y (1) (T)/6-311+G(3df,2p) results to reasonable accuracy (Table 1).
H-accept However, because it is more expensive to characterize MP2 than
B3-LYP potential surfaces, the latter is more suitable for
application to large systems.
To verify whether the same conclusions carry over to weaker

. donor H—acceptor . hydrogen-bonded complexes, we present additional calculations
the total energies of the monomers calculated at their respective, o o on theCs,-symmetric HC—H-+-NHs and HG=CH-++CH,

comp!ex 9?0”.‘8”'63 bUt. using only the monomer basis sets. Thecomplexes (Table 1). The former system is included in the
resulting binding energies are denotegd

S . . assessment calculations because of its close relationship with
ze-rrct]-e gi':td\'/?gr:tr;grr]%ilb;lsefrurth(;rpilogeggiﬁgu};g\r'gh S%?led other weakly hydrogen-bonded systems discussed in the present
P . ay ( ) » giviDg work, as well as the computational benefits of its small size.
values. Appropriate scale factors (sf) for the ZPVEs of

monomers and complexes were derived according to We optimized the geometries of thes@tH---NH; and
P 9 HC=CH---CH, complexes at the CCSD(T) level in order to

where E{! 4,0 and B, copior @€ the total energies of the
monomers in their respective complex geometries using the full
basis set of the complex, whereB3 o e and B[} ore . are

ZPVE,'ff ZPVE‘(_?f provide benchmark results for comparison (Tablé&’Bor both
St donor = ~ ” TH—donor L o= —~ H—acceptor 2) systems, the MP2 and CCSD(T) geometries are in uniformly
ot zpv A or aceeret - zpv eﬂCaccepm, close agreement. The B3-LYRC—H) distances are also in

good agreement with CCSD(T). There are slightly larger
B ZPVES jonor ZPVEL‘fiacceptor 3 differences between the B3-LYP and CCSD(T3=C bond
complex ™ ZPVE'C_|aIc + ZPVEﬁf"C ®) lengths, and greater discrepancies exist between B3-LYP and

—donor —acceptor CCSD(T) r(H---X) distances, where B3-LYP tends to over-

estimate the lengths. These latter discrepancies increase for
weaker complexes. For example, for the weakly bound acetylene
methane complex (for whicB. is approximately 2 kJ mol),
the B3-LYPr(H-:-X) intermolecular distance is roughly 0.4 A
(or equivalently 15%) longer than that calculated with either
CCSD(T) or MP2.

Our CCSD(T) calculations indicate that, in cases where MP2
LYP/ 6;?11+G(3df’2p) level of theory. vaﬁd_onor and and B3-LYP geometries differ significantly, the MP2 geometries
ZPVELracceptor represent reference ZPVEs obtained, unless 5o likely to be more reliable. This is in agreement with early
otherwise noted, from spectroscopic constants or high-level g qings of Del Bene and co-worketsHowever, there is a wide
calculations of the anharmonlcl force fleﬁWe note that_the range of literature which has shown the success of density
scale factor for the complex derived using our approach is exactsnctional theory (DFT) in reliably describing the geometries
in the limit of infinitely separated monomers. The final binding ¢ hydrogen-bonded complexes (see, for example, refs 7, 16
energy thus derived is referred tolag and corresponds to the 4 '42). Although cautionary remarks have been made regarding
binding energy at 0 K. , . the application of DFT to hydrogen-bonded systéff4 the

Total energies, BSSE corrections, ZPVEs and correspond|nggenera| conclusion is that DFT, and B3-LYP in particular, is a

scale factors for the monomers and complexes used to calculatggasonably reliable alternative to describe the geometry of large

the binding energie®. and Do are summarized in the Sup-  pyqgrogen-bonded complexes when MP2 results are unreaé®able.
porting Information (Tables S1S4). GAUSSIAN 98 archive Our results support this general conclusion.

entries for B3-LYP and MP2 optimized structures are presented  £an where there are discrepancies between B3-LYP and

in Tables S5 and S6, respectively. MP2 geometries, the CCSD(T) binding energies calculated with
the B3-LYP and MP2 geometries differ only slightly, mainly
because the potential surfaces in the vicinity of the minimum
Assessment of Theoretical Proceduren a previous study, energy structures are extremely flat. The CCSD(T)//MP2 and
we examined the performance of a wide variety of levels of CCSD(T)//CCSD(T) binding energies are in close agreement
theory in describing the hydrogen-bonded complex=HC for all complexes considered in our assessment study (Table

where Sfi—donor aNd Sfi—acceptorare scale factors derived from
calculated and reference ZPVEs for the monomers (i.e., the
H-donor and H-acceptor), whereagoshiexis the scale factor

to be applied to the calculated ZPVE of the complex.
ZPVE o and ZPVED, . oare the ZPVES for the mono-
mers, obtained at either the MP2/6-31G(3df,2p) or B3-

Results and Discussion
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TABLE 2: Selected MP2 and B3-LYP (in parentheses) Structural Parameters and CCSD(T) BSSEs and Binding EnergieBg
and Dy, Including BSSE) for C—H---X Hydrogen-Bonded Complexes Involving Acetylene and First- and Second-Row Hydridés

r(C—H) r(H---X) r(C---X) O(C—H---X) symmetry BSSE De Do
monomer
HC=CH 1.061 Do
(1.062)
acetylene complex
CH, 1.062 2.724 3.786 180.0 Cs, 0.8 24 0.3
(1.063) (3.131) (4.194) (180.0) 0.4) (2.1) 1.2)
NHzP 1.070 2.275 3.345 180.0 Cs, 2.1 14.0 9.2
(1.072) (2.308) (3.380) (180.0) (2.0) (14.1) 9.3)
OH* 1.066 2.184 3.250 177.7 sC 2.4 11.0 6.9
(1.068) (2.228) (3.295) (178.5) (2.3) (11.2) (7.1)
1.066 2.171 3.237 180.0 Cy, 2.3 11.1 7.7
(1.068) (2.221) (3.288) (180.0) (2.1) (11.2) (8.1)
FH 1.063 2.292 3.336 166.9 sC 1.3 6.4 3.9
(1.065) (2.293) (3.340) (167.2) 1.3) (6.4) (3.9)
PH; 1.064 2.967 4.031 180.0 Cs, 15 4.9 25
(1.065) (3.098) (4.163) (180.0) 1.3) (4.9) (2.7)
SH, 1.064 2.837 3.901 179.0 sC 2.0 5.4 25
(1.065) (2.958) (4.022) (176.7) (1.8) (5.6) (2.8)
CIH 1.062 2.807 3.839 163.8 sC 2.3 34 1.6
(1.064) (2.991) (4.024) (164.1) (2.0) (3.6) 1.7)

aBond lengths are given in A, energies in kJ molThe 6-311G(3df,2p) basis set is used throughduRef 7.¢ The Cs andC,, structures are
displayed in Figures 1c and 1d, respectively.

TABLE 3: Selected MP2 and B3-LYP (in parentheses) Structural Parameters and CCSD(T) BSSEs and Binding Energies«{D
and Dy, Including BSSE) for C—H-:-X Hydrogen-Bonded Complexes Involving Ethylene and First- and Second-Row Hydridés

r(C—H) r(H---X) r(C---X) O(C—H--X) symmetry BSSE De Do
monomer
H,C=CH, 1.079 D2n
(1.083)
ethylene complex
NHz° (s) 1.081 2.608 3.680 171.3 Cs 1.2 49 21
(1.084) (2.740) (3.824) (179.2) (1.0) (4.9) (1.9)
(e) 1.081 2.608 3.688 178.9 Cs 1.2 49 21
(1.084) (2.741) (3.824) (179.2) (1.0) (4.9) (1.6)
OH; 1.080 2.454 3.533 177.9 Cs 14 4.2 15
(1.083) (2.596) (3.679) (178.8) 1.1) (4.3) 1.7)
PH" (s) 1.080 3.268 4.347 177.6 C 11 2.1 0.9
(1.083) (3.627) (4.704) (179.5) (0.8) (2.0) 0.4)
(e) 1.080 3.275 4.353 176.6 Cs 1.0 2.1 0.9
(1.083) (3.630) (4.713) (178.6) (0.8) (2.0) (0.7)
SH, 1.080 3.187 4.265 177.1 Cs 14 2.3 0.6
(1.083) (3.399) (4.482) (178.3) (1.2) (2.4) (0.2)
CIH (1.083) (3.423) (4.506) (179.3) Cs (1.2) (1.5) 0.3)

aBond lengths are given in A, energies in kJ molThe 6-314#G(3df,2p) basis set is used throughdus) refers to the staggered, (e) to the
eclipsed conformer with respect to the=C double bond. See Figure 2a, 2b, 2d and 2e.

1). TheDe values calculated with CCSD(T)//B3-LYP are also CCSD(T)/6-31#G(3df,2p) binding energies obtained from B3-
generally in good agreement with the CCSD(T)//CCSD(T) LYP and MP2 structures of the HECH---CH, complex is
results, but there are small differences for the weakest com-reduced from 0.7 to 0.3 kJ mdi upon inclusion of the BSSE
plexes. The relative insensitivity to geometry of binding energies correction. We also note that the CCSD(T) BSSE correction is
for weak hydrogen-bonded complexes has been previously notedarger for MP2 geometries than for B3-LYP geometries.
in studies of the binding between substituted methanes and either To examine the generality of the above conclusions, we have
watef? or ammoniaP optimized all complexes with both MP2 and B3-LYP (Tables

The general importance of including BSSE corrections in 2—4). The differences between the geometries predicted by the
calculated binding energies has been well documented in thetwo levels of theory are generally small, but tend to increase in
literature?®7-45Recent studies show that BSSE-corrected binding relative magnitude with a decrease in the binding energy. For
energies converge more smoothly and systematically towardthe majority of our complexes, the B3-LY#PH---X) distances
well-defined limits compared with uncorrected binding are less than 10% longer than the MP2 results. However, for
energies>d46Additionally, more rapid convergence is obtained some of the most weakly bound complexes investigated in the
with the BSSE-corrected valué4>446For example, the differ-  present study (i.eDe < 1 kJ mol?), there are discrepancies of
ence between CCSD(T)/6-35G(d) and CCSD(T)/6-31tG- up to 15%. In these instances, a closer examination of the
(3df,2p) binding energies for the acetylene-ammonia complex potential-energy surface reveals that the B3-LYP surface is
decreases from 5.2 kJ m@lto 1.5 kJ mot?® upon inclusion of particularly flat with respect to the(H---X) intermolecular
the BSSE correctioh. parameter compared with the MP2 surface.

Here, we find improved agreement between CCSD(T) binding It is noteworthy that for the majority of the complexes
energies calculated with the MP2 and B3-LYP geometries once investigated, the differences between the CCSD(T)//B3-LYP and
the BSSE is incorporated. For example, the difference in the CCSD(T)//MP2 binding energie3, are less than 0.1 kJ mdl
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TABLE 4: Selected MP2 and B3-LYP (in parentheses) Structural Parameters and CCSD(T) BSSEs and Binding Energies{D
and Do, Including BSSE) for the H;C—CH3--*NH3 and H3C—CHj---OH, Complexe$

r(C—H) r(H---X) r(C---X) O(C—H-+-X) symmetry BSSE De Do
monomer
H3sC—CH;z 1.087 1.087 Daq
(1.091)
ethane complex
NHP (s) 1.087 2.809 3.896 180.0 Cs 0.9 2.6 0.9
(1.091) (3.076) (4.166) (179.0) 0.7) (2.5) (0.5)
(e) 1.087 2.798 3.884 177.1 Ci 0.9 2.6 1.0
(1.091) (3.030) (4.120) a77.7) 0.7) (2.5) 0.2)
OH; 1.087 2.667 3.738 168.3 Cs 1.3 21 0.3
(1.090) (2.892) (3.968) (169.2) (1.0) (2.1) (0.2)

aBond lengths are given in A, energies in kJ mol-1. The 6-8G{3df,2p) basis set is used throughdus) refers to the staggered, (e) to the
eclipsed conformer of #€—CHjs +--NH3 dimer with respect to the ©N bond, see Figures 3a and 3b.

(Tables 2-4). Exceptions to this general trend include the  Attention in the following discussion is focused on the
HC=CH---CH;, HC=CH---SH,, and HG=CH---CIH com- intermolecular contact distancgH---X) between hydrogen and
plexes, where the corresponding differences are 0.3, 0.2, andthe proton acceptor X and th€C---X) distance between the
0.2 kJ mot?, respectively. Furthermore, we note that the donor carbon and the acceptor X. THE€E—H) distance and
inclusion of the BSSE correction is particularly important for the O(C—H---X) angle, which represents a measure of the
complexes with very weak-€H---X hydrogen bonds, for which  linearity or nonlinearity of the hydrogen bond, will also be
the BSSE may contribute up to 44% of the raw complexation discussed where appropriate. Complete details regarding the
energy. As found also for our test systems above, the CCSD-geometries obtained for the monomers and complexes examined
(T) BSSE corrections are generally slightly larger when in our work are presented in the Supporting Information (Tables
calculated with MP2 geometries than with B3-LYP geometries. S5-S6).

Another possible source for discrepancies between results D. values obtained for the various complexes, including the
from different computational methods is the zero-point vibra- BSSE correction, lie in the range 2.1 to 14.0 kJ moFurther
tional energy contribution for complex formation. We previously consideration of ZPVE contributions leadsgvalues between
found that the scaled B3-LYP and MP2 ZPVE corrections for 0.3 and 9.2 kJ mol. Although these binding energies fall away
the binding energy of the acetylene-ammonia complex are in quickly with less acidic proton donors and second-row hydrides,
close agreemeritThis conclusion supports the reliability of our  all of the complexes examined show an attractive interaction.
approximate procedure to obtain suitable scaling factors. For HC=CH as the Proton Donor. Selected structural param-
the range of hydrogen-bonded systems investigated in theeters and binding energies of—Ei---X hydrogen-bonded
present work, the scaled MP2 and B3-LYP ZPVE corrections complexes of the general type EXCH---X, where X= CHy,
are also in good general agreement, with a mean absoluteNHs, OH,, FH, PH;, SH,, and CIH (Figure 1), are summarized
deviation of 0.3 kJ matt.4” Although B3-LYP has been found in Table 2. Our calculations indicate that the intermolecular
to be more reliable than MP2 for vibrational frequency (and contact distancegH---X) are either significantly smaller than
hence ZPVE) predictions for normal molecufég, is not clear (X = NHg3, OH,, FH) or very close to (X= CHg4, PHs, SH,,
whether this would carry over to weak hydrogen-bonded CIH) the sum of the van der Waals radii of hydrogen and the
complexes, particularly given the better performance of MP2 proton accepto?? However, comparison of the-€X separa-
in the geometry predictions. In addition, an appropriate higher- tions! leads to a less clear-cut picture in this regard, the
level assessment of this issue is currently computationally too calculated distanceqC:--X) being very close to (X= NHj,
demanding. Therefore, the CCSD(T) binding energies reported OH,, FH) or even larger than (X CH,, PHs;, SH,, CIH) the
in the present work are corrected using the ZPVE obtained at sum of the corresponding van der Waals rélii.
the same level of theory (i.e., MP2 or B3-LYP) as used in the  Another interesting feature, which was emphasized 30 years
geometry optimization procedure. ago by Schusté#for hydrogen bonds in general and by Bonchev

For simplicity, unless otherwise noted, results within the and Cremaschit for C—H-+-X hydrogen bonds in particular, is
remainder of the text are those based on MP2 geometries,the absence of a relationship between the contact distance
whereas the B3-LYP data are included in the tables for r(H---X) and the binding energid3. andD,. Our calculations
comparative purposes. show that within a row of proton acceptors (i.e.,=X NH3,

Structures and Energies of the Complexes: General  OH,, FH or PH;, SH,, CIH), the shortest contact distance does
Comments.The effect of complex formation on the structures not necessarily result in the greatest binding energy.
of the monomers is found to be relatively small (TablesA2 Our results support the view that an assignment of the
The largest changes occur for the bond lengths of the donorexistence of a hydrogen bond that relies only on estimated
C—H group ¢(C—H) is lengthened by up to 0.009 A) and for geometrical cutoff criteria like van der Waals radii or is solely
the acetylene €C triple bond ((C=C) is lengthened by upto  focused on intermolecular contact distances is not sufficient and
0.002 A), and are found for complexes of acetylene with either somewhat misleadin®. On the other hand, we find that the
NH3 or OH, acting as the proton acceptor. Very small changes lengthening of the donor-€H bond correlates nicely with the
in the intramolecular parameters of the hydrogen-bond donorsbinding energies, at least in the BXCH---X systems.
are calculated for the weaker complexes between acetylene and, HC=CH---CH,. Because of the lack of a lone pair of
for example CH or CIH, they are further reduced for the electrons, it might seem somewhat unusual to consideya3H
complexes between ethylene and the various acceptors, espea potential proton acceptor involved in hydrogen bonds.
cially with second-row hydrides, and they are negligible for the However, previous spectroscopic and theoretical examinations
ethane complexes. The parameters of the proton-acceptor groupslearly show that, provided the acidity of the proton donor is
do not change significantly in any of the complexs@s. sufficiently high, there is a definite propensity of ¢hh
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Figure 1. Structures obtained at the MP2/6-31G(3df,2p) level of
theory for C-H---X hydrogen-bonded dimers of the general type
HC=CH:---X, where X = CH,, NHs, OH,, FH, PH;, SH,, and CIH.

particular?®3as well assp*-hybridized carbon in gener&};3?
to act as a proton acceptor in such situations.

The lowest energy configuration found for the &C
CH:---CH4 complex hasCs, symmetry (Figure 1a). The inter-
molecular distancegH---C) andr(C---C) are 2.724 and 3.786
A, respectively. The latter distance is slightly longer (by
approximately 0.020.05 A) than the corresponding values
reported for the closely related=sCH:---CH, complex?°30 As
noted above, the B3-LYP hydrogen-bond length for=HC
CH:++CHj differs from the MP2 value by more than 0.4 A. Our
calculated binding energ®y is just 0.3 kJ moi®. Nguyen et
al. reportedg values for the B=CH:---CH,4 complex that varied
between 3 and 4 kJ mol (without BSSE corrections), depend-
ing on the level of theory uséd.The greater binding energy in
the latter is consistent with the greater acidity of HE
compared with H&CH.

Hartmann et al.

HC=CH---NH3. We have reported detailed results for this
complex in a study of the levels of theory required to reliably
describe hydrogen-bonded systetiihie most stable equilibrium
geometry for the H&ECH---NH3; complex hasCs, symmetry
(Figure 1b). Our MP2/6-31tG(3df,2p) calculations predict the
intermolecular distancagH---N) andr(C---N) to be 2.275 and
3.345 A, respectively. On the basis of microwave spectra,
Klemperer et af. reported a vibrationally averaged value of
2.333 A, which is in reasonable agreement with our calculated
value, as is a previous high-level theoretical estimate of 2.301
A% The observed infrared photodissociation of the sHC
CH---NH3; complex suggested that the binding enefyis
less than 11.7 kJ moh1% Our estimate of 9.2 kJ mot is
consistent with this upper limit. Frisch, Pople, and Del Béne
reported a binding energy from their ab initio calculations of
15.1 kJ mot. They also predicted that the use of larger basis
sets in their calculations will lower this binding energy to
12.6 kJ mot?, which is still somewhat higher than our present
result.

HC=CH---OH,. We have examined two-€H---O hydrogen-
bonded structures of the H&CH---OH, complex, correspond-
ing to nonplanaCs and planaiC,,-symmetric form$# At the
CCSD(T)/6-311#G(3df,2p)//IMP2/6-311G(3df,2p) level, these
two structures are very close in enef§ye find that inclusion
of the ZPVE correction can alter the energetic ordering of these
systems, preferentially favoring ti@, structure. Likewise, Turi
and Dannenbet@have reported that the potential minima with
and without the BSSE correction can be different on a flat
potential energy surfacé.In accord with previous studié4;'®
we take the planaCy,-symmetric structure as the more suitable
descriptior?” The binding energyDo of this HG=CH:--OH,
complex is 7.7 kJ mott, which is consistent with previously
computed binding energié4;16 but falls slightly below the
experimentally estimated range of 8.4 to 12.6 kJ Thal

HC=CH---FH. The spectroscopically observed structure of
the complex between HECH and HF is T-shaped, with HF
acting as a proton donor toward the=C triple bond?? Although
no experimental evidence for the correspondingHG:-F
hydrogen-bonded complex is available, it is of interest to
examine this complex for comparative reasons to help establish
characteristic trends among-El---X hydrogen-bonded com-
plexes between acetylene and first-row hydrides. The structure
thus obtained (Figure 1e) h& symmetry and represents a
local minimum on the potential energy surféelhe inter-
molecularr(H---F) andr(C---F) distances are 2.292 and 3.336
A, respectively. We note that the angle between thdd®bond
in the donor and the H-F hydrogen bond in this complex
(166.9) deviates significantly from collinearity. The binding
energyDo is 3.9 kJ mot?, which is significantly less than the
Do values for the analogous complexes involvingNtid HO,
indicating a decreased tendency to formid:--X hydrogen
bonds along this series of first-row hydrides. This trend
correlates nicely with the relative proton affinities of the acceptor
groups.

HC=CH:--PHs. The structure for the HECH-+-PH; com-
plex is shown in Figure 1f. It ha€;, symmetry and intermo-
lecular distances(H-++P) andr(C-+-P) of 2.967 and 4.031 A,
respectively. The binding enerdy, for HC=CH:--PH; is 2.5
kJ moit, which is considerably smaller than for the corre-
sponding complexes involving the first-row hydrides NH,0,
or HF as proton acceptors. In this respect, it is interesting to
note that although the proton affinity of Bli$ greater than the
proton affinities of HO or HF3° this does not translate here to
a stronger hydrogen bortf.
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found for the HGCH:---SH, complex ha<Cs symmetry (Figure

1g). The structure is distorted from planarity significantly more .

(by approximately 4% than the H&CH---OH, complex, as - -
expected on the basis of the narrower bond angles and greater

&, -~ o~
degree of pyramidality at the trivalent sulfur. The intermolecular @, @/
gy

HC=CH---SH,. The energetically most favorable structure z @S
-~ @ e -

distancesr(H+-+S) and r(C---S) are 2.837 and 3.901 A,

respectively, which are slightly shorter than the corresponding

values found for HESCH:++PH; (2.967 and 4.031 A), but the

Do value is virtually the same as that for BECH---PH;. We (@ (b)

note, however, that the binding energy without ZPVE contribu-

tions De) is 0.5 kJ mot? greater for H&ECH---SH, than for ©

HC=CH:---PH;. &
HC=CH---CIH. There is no experimental evidence for the @@g (e

existence of a €H---Cl hydrogen-bonded complex of the type Phe 7

HC=CH---CIH, and experimental observations have only been a o e

reported for aC,,-symmetric, T-shaped €lH:--z complex?? @/ N

The C-H---Cl complex (Figure 1 h) nevertheless represents a

local minimum on the potential surfaklt has Cs symmetry

and intermolecular distancegH---Cl) andr(C---Cl) of 2.807

and 3.839 A, respectively. As is the case for=sHCH---FH, (c) (d)

the angle between the ¢4 and H--Cl bonds deviates

significantly (by 16.2) from a collinear arrangement. The weak

nature of the GH---Cl interaction is reflected in the binding ‘& /,@%}

energiedD. and Dy, which are calculated to be 3.4 and 1.6 kJ e\ e

mol~1, respectively. These values are smaller than the corre- - e

sponding values obtained for the analogous complex involving D

HF, in contrast to the respective proton affinities.

H,C=CH; as the Proton Donor.Changing the proton donor @

from an acetylenicsp-hybridized C-H bond to an ethylenic Py o
sp>-hydridized G-H bond results in significantly reduced (

binding energies and longer intermoleculgiH---X) and

r(C---X) distances. The results obtained for complexes of the

general type BC=CH,---X, where X= NHs;, OH,, FH, PH,

SH, and CIH (Figure 2) are shown in Table 3. The trends

observed for the hydrogen-bonded complexes involving acety- .
lene generally also hold for the complexes involving ethylene i

as the proton donor. Thus, the lengthening of the doneHC
bonds upon complex formation correlates with the binding
energy, and the shortegt---X) andr(C---X) distances within

a row are observed for complexes involving group VIA elements
as proton acceptors. However, the effects are less pronounced
for C—H---X hydrogen bonds having ethylene as the donor than
they are for complexes involving acetylene due to the relative

@

magnitudes of the binding energies. The intermolecular contact Figure 2. Structures obtained at the MP2/6-31G(3df,2p) level of
distances (H-+-X) are very close to the corresponding sums of theory for C-H---X hydrogen-bonded dimers of the general typ€t+

CHa:--X, where X= NHs, OH,, PH;, and SH, and at the B3-LYP/

the van der Waals radii, whereas th{(€-+-X) separations are 6-311+G(3df 2p) level of theory for lC=Chyv+-CIH,

significantly larger?®
H,C=CH---NH3. The energetically most favorable struc-

tures found for the HC=CH,:-*NHz; complex haveCs symmetry H,C=CH,:--:OH,. Although the only experimentally ob-
(Figures 2a and 2b). They correspond to staggered (Figure 2a)served complex is a T-shaped—@---w hydrogen-bonded
and eclipsed (Figure 2b) orientations of the'N bonds of NH complex?*we consider the corresponding-€i---O hydrogen-

with respect to the €C double bond. The energy difference bonded species (Figure 2c) for comparative rea8drige
between the two conformers is, however, negligible, as are theseparations(H---O) andr(C---O) between the monomers are
differences in the structural parameters. We therefore focus our2.454 and 3.533 A, which are shorter (by approximately 0.15
discussion only on the staggered conformer. The intermolecularA) than the corresponding distances ip+CH,++*NHs. The
distancesr(H---N) and r(C---N) are 2.608 and 3.680 A, binding energyD, for the HLC=CH,---OH, complex is 1.5 kJ
respectively, considerably larger than the corresponding valuesmol~%. The shortening of (H---X), and the decrease in the
obtained for the analogous acetylene complex (2.275 and 3.345binding energies (by 0.6 kJ md), on going from HC=

A). The binding energyD, is calculated to be only 2.1 kJ md) CHz*+*NH3 to H,C=CH,::-OH; are consistent with the trends
which is considerably lower than the binding energy of observed for the corresponding acetylene complexes.
HC=CH:---NH3 by 7.1 kJ mot!. This reflects the strong H,C=CH,---FH. We were not able to locate a local

dependence of the hydrogen-bond strength on the nature of theminimum on the potential energy surface corresponding to a
C—H donor group. C—H---F hydrogen-bonded }€=CH,---FH complex. Although
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structures of this type were found, they invariably turned out

to represent transition structures (first-order saddle points). The 8
unique imaginary frequencies for these structures are non- -~ /,@
negligible and the eigenvectors associated with these vibrational - o~ \;
modes lead to the more favorabtecomplex in which FH acts @’ %’

as a proton donor and the acetylenic triple-bond as a proton-

accepto3 é @’éﬁ
H,C=CH,--X, where X = PHa, SH,, and CIH. All the g

complexes involved in this series (Figure-22Q) have binding

energiesDy of less than 1.0 kJ mot. Because of the weak (a) (b)

nature of the binding in these systems, they show some of the

largest deviations between the MP2 and B3-LYP potential- B

energy surfaces. For example, the intermolecular distances -7

r(H---P) andr(C---P) for both the staggered and the eclipsed %’@

conformers of the BC=CH,--PH; complex are calculated to

be roughly 0.35 A longer with B3-LYP than with MP2. This is

analogous to the situation discussed for the=HIH---CH,

complex (see above), for which comparisons with CCSD(T) ®

results suggest that the MP2 geometry is likely to be more
accurate. Figure 3. Structures obtained at the MP2/6-31G(3df,2p) level of

The B3-LYP and MP2 geometries for the®=CHa-:-SH, ﬁfgﬁycfﬂith%ﬁz”x hydrogen-bonded dimerssd—CH+-NHs and

complex lie closer together than for the,@+CH,:--PHs
complex. The B3-LYR(H---X) distance is approximately 6%
longer than the MP2 result in the former compared with a 12%

difference in the latter. Importantly, the trends found when PH  hore'is 5 very smattontractionin the G-H bond of the donor
is replaced by Skias the proton acceptor are consistent at both 465 as a result of complex formation. A larger contraction is

levels of theory. More specifically, the =CHp'--SH, calculated for the ethane complex with ©(0.0005 A at MP2
complex r_las_ shortg(H--X) andr(C---X) distances butalsoa 5,4 0.0007 A at B3-LYP) than the complex with AKD.0001
smaller binding energy (by 0.3 kJ mo). A at MP2 and 0.0006 A at B3-LYP for both the staggered and
In @ manner similar to the #£=CH,++-FH situation, we were  the eclipsed conformers). We also note that the contraction is
not able to locate a local minimum on the MP2 potential-energy calculated to be larger with B3-LYP than MP2. Although the
surface corresponding to a-&i-+-Cl hydrogen-bonded €= bond length contractions are extremely small, it is nevertheless
CHy+-CIH complex®* Interestingly, in contrast to the MP2  surprising that the bond lengths shorten at all given that
surface for HC=CH,'--CIH and both the MP2 and the B3-  hydrogen bonding is normally associated with an elongation of
LYP results for the lighter homologue,8=CH,---FH, alocal ~  the bond to hydrogen in the proton-donor molecule. Similar
minimum can be located on the B3-LYP potential energy surface contractions in the €H bond length in other €H---O and
for H,C=CH,:--CIH that has a €&H---Cl interaction. The also G-H-++z hydrogen-bonded systems have been observed
intermolecular(H---Cl) andr(C--Cl) distances for this B3-LYP  recently by Hobza et af who referred to the phenomenon as
complex are 3.423 and 4.506 A, and the binding energy is 0.3 “anti-hydrogen bonding”. However, Scheiner et al. in two very
kJ moll. The difference in behavior between MP2 and B3- thorough studies of fHz_,C—H-+-O'%and FHz_C—H---N®
LYP for this system is associated with a change in the nature (n = 1—3) systems conclude that there is no fundamental
of the lowest-energy vibrational mode at the B3-LYP level (istinction between such-€H-+-X hydrogen-bonded systems

An intriguing result for the ethane complexes is that the
change in the(C—H) bond length is negative in sign, that is,

compared with MP2? and conventional hydrogen-bonded systems. Therefore, on the
The differences that we find between the MP2 and B3-LYP basis of a variety of features including geometries, energetics,
surfaces illustrate the delicate nature ofi@---X interactions. vibrational spectra, and charge redistributions, Scheiner et al.

Furthermore, the results emphasize that caution must becategorized these as true hydrogen bdid€However, more
exercised when MP2 and B3-LYP differ significantly. Although recent calculations of NMR chemical shieldings by the same
B3-LYP appears to work well for most hydrogen-bonded group are less conclusivé?
systems, and even for some very weak interactions, complica- H3C—CHs:--NH3. Two conformers of the ethar@mmonia
tions can arise in the description of extremely weakly bound complex, representing staggered and eclipsed conformers with
complexes (i.e.po < 1 kJ mol?). respect to the EC bond, were investigated in the present work
H3C—CH3; as the Proton Donor.Selected structural param-  (Figure 3a and 3b, respectively). The calculated contact distances
eters and binding energies for the complexes of the general typer (H++-N) of the two subunits are 2.809 and 2.798 A, respectively.
H3C—CHs*+-X, where X = NHsz or OH,, are summarized in Ther(C-++N) distances are 3.896 and 3.884 A, respectively. The
Table 4. The calculated structures of the most stable conformersbinding energie, for the two conformers are calculated to
are displayed in Figure 3. Previous ab initio studies of be just0.9 and 1.0 kJ mol, which is in accord with the general
C—H---X hydrogen-bonded complexes involviag-hybridized trends for the stability of €H---X hydrogen-bonded complexes
carbon as the hydrogen donor have shown BSSE-correctedstudied in this work.
equilibrium binding energiedD. between 1.2 and 3.5 kJ H3C—CHs3:--OH,. The energetically most favorable structure
mol~1.18-20 The present results also indicate that spi- for the HkC—CHjz:--OH, complex is shown in Figure 3c. It has
hybridized C-H bond can act as a proton donor in appropriate Cssymmetry and intermolecula¢H---O) andr(C---O) distances
C—H-+-X hydrogen-bonded species. We also note the continuing of 2.667 and 3.738 A, respectively. These separations are
significant decrease Dy as we go from complexes with  approximately 5% shorter than the corresponding values for the
acetylene, to those with ethylene and ethane. H3zC—CHzs -*NH3 conformers and consistent with the trends
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found earlier for the analogous acetylene and ethylene com- Supporting Information Available: Total energies, BSSE
plexes. Our estimate for the binding enem@y of the HC— corrections, ZPVEs, and corresponding scale factors used to
CHjz++-OH, complex is very small (0.3 kJ mol). The decrease  calculate the binding energid3, and Dy (Tables S1 to S4),
in the binding energy with ethane when Bli$ replaced by and GAUSSIAN 98 archive entries for the B3-LYP/6-31G-
OH, as the proton acceptor (6:8.7 kJ mot?) parallels the (3df,2p) (Table S5) and MP2/6-3315(3df,2p) optimizations
reductions found for the corresponding ethylene complexes (0.6(Table S6) (27 pages).
kJ moi) and acetylene complexes (1.5 kJ migl
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