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The five singly and doubly hydrogen bonded dimers of formamide are calculated at the correlated level by
using resolution of identity MgllerPlesset second-order perturbation theory (RIMP2) and the coupled cluster
with singles, doubles, and perturbative triples [CCSD(T)] method. All structures are optimized with the Dunning
aug-cc-pVTZ and aug-cc-pVQZ basis sets. The binding energies are extrapolated to the complete basis set
(CBS) limit by using the aug-cc-pVXZ (%= D, T, Q) basis set series. The effect of extending the basis set
to aug-cc-pV5Z on the geometries and binding energies is studied for the centrosymmetric detbyOl
bonded dimer FA1 and the doubly-&---O bonded dimer FA5. The MP2 CBS limits range frons.19
kcal/mol for FA5 to—14.80 kcal/mol for the FA1 dimer. Th&CCSD(T) corrections to the MP2 CBS limit
binding energies calculated with the 6-8&(d,p), aug-cc-pVDZ, and aug-cc-pVTZ basis sets are mutually
consistent to within<0.03 kcal/mol. TheACCSD(T) correction increases the binding energy of theHC

-«O bonded FA5 dimer by 0.4 kcal/mol 6¥9% over the distance range0.5 A relative to the potential
minimum. This implies that the ubiquitous long-range-I€:--O interactions in proteins are stronger than
hitherto calculated.

|. Introduction ) -

Amide groups give rise to omnipresent hydrogen bond donor/ vb_qb
acceptor motifs in peptides and proteins and play a crucial role ; i ~ ,_
in defining their three-dimensional structufe$.The accurate o < g W 0-3—
description of the N-H---O and C-H-:--O hydrogen bond H b“'% skl P
geometries and interaction energies are important for under- - = - -
standing the biological functionalitgis:Amide groups constitute FA1 FA2 FA3
or contribute to the hydrogen-bonding sites of thymine, uracil,
cytosine, and guanine, and the amide-M---O=C hydrogen ; v @ v o
bonds are centrally involved in the structure and function of = 8 -~ H g < L
DNA and RNA. Since such biological molecules are still too ﬂ:@ -
large to be treated by highly accurate ab initio quantum chemical EA4 = FA5
methods, highly accurate calculations on hydrogen-bonded
amides are important for understanding the local characteristics
of H-bonding interactions.

Formamide is the smallest amide and several ab initio
guantum chemical studies have treated the cyclic formamide
dimer, denoted FAL1 in Figure®t8 Calculations have also been
performed on theN-methylformamide dimet, (NMA),, and -
recently on the formamide tetram¥Y.argas et al. have located dimers:® However, the steep erendgnce of the CCSD(T)
five different minimum-energy structures of (RAusing method on the ngmber of basis functionsNG,,) and oc-
Meller—Plesset second-order perturbation theory (MP@)ese  Cupied orbitals N, ) precludes the use of large basis sets for
structures, which they have denoted FAL to FA5 in order of all but the smallest systems. Th_e tptal cor_relatlon_ energy is
decreasing stabilitf,are shown in Figure 1. FA1 has two-N known to converge only slowly with increasing basis set size.
H---O=C and FA5 two C-H---+O=C hydrogen bonds; both ~ However, it hqs begn noted Fhat the difference of the MP2 and
dimers are centrosymmetric. FA2 is bound by anit--O=C CCSD(T) stabilization energies, also known as A@CSD(T)
and a G-H---O=C hydrogen bond and FA3 by a short-i- correction termACCSD(T) = De ccsp) — Dempa becomes
.-O=C and a long €H-N hydrogen bond, and FA4 is nearly constant for basis sets of quite moderate7sﬁé.9Th|s.
stabilized by a single NH-+-O=C hydrogen bond. Vargas et suggests that the CCSD(T) interaction energy at the basis set
al. optimized the structures with the aug-cc-pVTZ basis set and limit, Dgccspry Can be accurately estimated from the MP2
extrapolated the MP2 energies to the basis set limit, using theinteraction energy at the complete basis set (CBS) D,
Dunning aug-cc-pVXZ series of basis sétsHowever, they combined with theACCSD(T) contribution calculated with a
correlated all electrons, which is not appropriate for these basissmaller basis set6-19
setsl1.12 Here, we calculate the interaction energy contributions to the
FA1 to FA5 forms of the formamide dimer using the aug-cc-
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10.1021/jp064730g CCC: $33.50 © 2006 American Chemical Society
Published on Web 10/24/2006

(™

Figure 1. The five hydrogen bonded formamide dimers (nomenclature
according to ref 6).

Among the high-level correlated ab initio approaches, the
CCSD(T) (coupled-cluster with singles, doubles, and nonitera-
tive triple excitations) method has proven to give excellent
results for structures and binding energies of moleééiésand
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TABLE 1: Selected Experimental and Theoretical Structural Parameters of Formamide and of the Centrosymmetric
Formamide Dimers FAL and FAR

formamide, exptl aug-cc-pVTZ aug-cc-pvQz

microwave el. diffractiorf formamide FA1 FA5 formamide FA1 FA5
r(C—N) 1.352(12) 1.367(4) 1.358 1.340 1.355 1.355 1.338 1.353
r(C=0) 1.219(12) 1.211(4) 1.218 1.232 1.224 1.215 1.229 1.221
r(C—H) 1.098(10) 1.12(fix) 1.100 1.098 1.098 1.099 1.097 1.097
r(N—Hbp) 1.0016(30) 1.021(9) 1.001 1.025 1.006 1.004 1.023 1.004
r(N—Hy) 1.0015(30) 1.027(6) 1.003 1.004 1.003 1.002 1.002 1.002
6(0=C—N) 124.7(3) 124.9(5) 124.7 125.1 123.9 124.6 125.1 123.9
O(C—N—Hy) 118.5(5) 119.3 120.5 1195 119.2 120.5 119.5
6(C—N—H) 120.0(5) 121.1 119.3 120.8 121.1 119.4 120.8
6(H—C—N) 113(2) 112.5 113.9 113.6 112.6 114.0 113.7
6(N—H---0) 173.8 1735
6(C—H---0) 141.5 140.9
R(N---0) 2.853 — 2.856
R(C---0O) 3.279 3.272
R(H:---0) 1.833 2.348 1.837 2.346

aThe values in columns-49 are calculated with the RIMP2 method and the aug-cc-pVTZ and aug-cc-pVQZ basis sets. Distances in A, angles
in deg.? Reference 35¢ Reference 36.

The binding energies are extrapolated to the complete basis seRIMP2 method is typically +2 orders of magnitude, relative
(CBS) limit at the MP2 level for the two centrosymmetric dimers to normal MP2 calculations.
FA1l and FA5. These benchmark calculations allow the com-  The complete basis set (CBS) limit binding enerdiesss
parison of different schemes for obtaining CBS limit MP2 were extrapolated by using both polynomtaleq 1) and
binding energies. We then evaluate the higher order contribu- exponentia’ (eq 2) extrapolations for the CP-corrected and
tions to the correlation energy at the CCSD(T) level using a -uncorrected binding energies.
series of basis sets up to aug-cc-pVTZ. These CCSD(T) binding
energies allow us to assess whetherA@&CSD(T) correction _ A B
; o> . : . DX) = Dg cgs T + (1)
indeed approaches a limit value as a function of basis set size. ' X+ 1)4 X+ 1)5
The most efficient extrapolation scheme ah@CSD(T) cor-
rection method is then applied to the nonsymmetric formamide D(X) =D + Ae XD 4 gog X1P )
dimer§ FA2, FA3, and FA4. Finally, we compare these € e.ces
benchmark energies to those calculated by density functional
theory using the PW91, PBE, and B3LYP functionals.

Both z-stacked and hydrogen-bonded formamide tetramers
have been optimized recently at the MP2/6+&(d,p) level°
The binding energies have been calculated on the optimized
structures by using aVDZ and aVTZ basis sets and extrapolated
to the CBS with use of a two-point extrapolation schefriEhe
CBS limit energies have been compared to a series of newly
designed density functionals and the PWB6K functional has
been found to perform best;however, the PW91 functional
was not considered.

The MP2 limit binding energyDg yp, is taken to be the
average of the extrapolated CP-corrected and -uncorrected
binding energiesDS7S¢ and Decps respectively. Half the
difference betweeBS rgsandDe cesis taken as an estimate of
the error of the extrapolation procedure. Tables with the MP2
optimized geometries and total energies are provided as Sup-
porting Information.

Geometries and binding energies of the five formamide

dimers were also calculated by using the three density func-
tionals PW9128 PBE2° and B3LYP%32 with the 6-31H-+G-
(d,p) basis set. Corrections for the basis set superposition error
(BSSE) are calculated by applying the CP correction sciéme.
Il. Methods Due to the accuracy aimed at in this work, maximal gradients

The formamide monomer and the FA1l to FA5 dimer Of =0.000002 hartree/bohr were required for convergence.

structures were optimized by using the resolution of identity . )
(RI) MP2 method and the augmented correlation-consistent '!l- Reésults and Discussion
polarized valence (aug-cc-pVXZ) basis s€tesing Turbomole A. Basis Set Extrapolation TestsComparison of aVTZ to
5.722 The default auxiliary basis sets were used for density avQz optimized structures=or formamide and the centrosym-
fitting; the core electrons were not correlatéd? Geometries metric dimers FA1 and FAS5, optimized aVTZ as well as avVQZ
were converged to<0.00045 hartree/bohr. No symmetry structures were calculated. The important structure parameters
constraints were applied; the FA1 and FAS5 dimers converged are given in Table 1. Small but significant changes are noted
to Con symmetry at all levels. Corrections for the basis set for the aVQZ relative to the aVTZ structure: The intramolecular
superposition error (BSSE) were calculated via the counterpoiseC—N and G=0 bond lengths decrease by 0.002 to 0.003 A
(CP) correction schenté. and the G-H bond length by 0.001 A. Use of the larger basis
To check the performance of the RIMP2 vs the MP2 method, set increases the-NO hydrogen bond distance in FA1 by 0.003
the structures of formamide monomer and the FA1 and FA5 A, while the G:-O distance of the FA5 dimer decreases by 0.007
dimers were reoptimized by using the normal MP2 method and A.
the same basis sets, using Gaussiar?*0Bhe differences CBS limit RIMP2 binding energies~or FA1 and FA5, the
between the MP2 and RIMP2 methods for structures and bindingRIMP2 binding energies and counterpoise corrections were
energies are marginal, confirming earlier findirf§&he bond calculated with the aVXZ (%= D, T, Q, 5) basis sets at both
lengths agree withiz0.0001 A and the binding energies within  the aVTZ and aVQZ minimum structures. We investigated the
<0.003 kcal/mol. The computational time saving with the sensitivity of the CBS extrapolated binding energies to (i) the
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TABLE 2: Summary of RIMP2 Complete Basis Set

Extrapolated Dg (in kcal/mol) for the Formamide Dimers
FA1 and FA5, Using Different Extrapolation Schemes

exponential fit polynomial fit®

structure basis sets FAL FA5 FA1 FA5
aug-cc-pVTZ D—Q —14.80(9) —5.19(4) —14.79(7) —5.17(3)
aug-cc-pVTZ D—5 —14.78(9) —5.18(3) —14.77(3) —5.17(3)
aug-cc-pVQZ D—Q —14.80(9) —5.19(4) —14.79(7) —5.17(3)
aug-cc-pVQZ D—5 —14.78(9) —5.18(3) —14.76(3) —5.17(3)

aWith eq 227 b With eq 126
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Figure 2. Complete basis set (CBS) bhinding energy extrapolations
for the FAS5 (top panel) and FAL (lower panel) formamide dimers, see
also Figure 1. Left panels: DZ QZ extrapolations at the RIMP2/
aug-cc-pVTZ optimized structures. Right panels: BZZ extrapola-
tions at the RIMP2/aug-cc-pVQZ structures. The dotted lines mark the
asymptotes of the counterpoise-correct€r) @nd uncorrected &)
binding energies; the CBS limDj ., is taken as the average and is
indicated by a dashed line.

structure employed for the extrapolation, (ii) the length of the
basis set extrapolations, and (iii) the extrapolation formula. The
possible combinations give rise to eight different CBS extrapo-
lation protocols. The resulting CBS limit binding energies
Doups are summarized in Table 2 and the exponential ex-
trapolations are plotted in Figure 2. An additional table with
all binding energies is given in the Supporting Information.
With respect to point (i) above, Table 2 shows that the CBS
extrapolated binding energies of the FA1 and FA5 dimers
depend only marginally <0.005 kcal/mol) on whether the
structure is optimized with the aVTZ or avVQZ basis set. From

this we can also conclude that BSSE-corrected gradient opti-

mizations with the larger basis set would have only a marginal
influence on the binding energy.

With respect to point (ii), inclusion of the aV5Z binding
energies into the extrapolation leads to sligtgipaller CBS
binding energies: these are 0.02 kcal/mol smaller for FA1,

Frey and Leutwyler

TABLE 3: ACCSD(T) Corrections? of the Binding Energies
for the Hydrogen Bonded Formamide Dimers FA1 to FA5
(in kcal/mol, at the RIMP2/aug-cc-pVTZ minima)

basis set FA1 FA2 FA3 FA4 FA5
6-31G(d,p) 0.15 -0.07 0.10 0.17 -0.24
6-31G*(0.25) —-0.37 -044 -0.17 -0.06 -—0.49
6-31+G(d,p) -0.09 -028 -0.14 -0.06 —0.42
aug-cc-pvDz —-0.06 —-0.26 —-0.16 -0.06 -—-0.44
aug-cc-pvVTZz -0.10 -0.27 -0.13 —-0.04 -042

a ACCSD(T)= De,ccspm)— Dewmpz

Polynomial extrapolation vyields slightly<Q.14%) smaller
binding energies and smaller uncertainties than the exponential
extrapolation. However, since the polynomial extrapolation is
often found to give counterpoise-corrected binding energies that
are larger than the uncorrected ones, we have used the
exponential extrapolation (eq 2) for the nonsymmetric isomers
FA2, FA3, and FA4.

In summary, the eight different protocols lead B§,p,
binding energies for FAL that lie between 14.76 and 14.80 kcal/
mol (0.3% relative difference). THeg p, 0f FA5 lie between
5.19 and 5.17 kcal/mol (0.4% relative difference). For all but
one case, the protocol-dependent differences are smaller than
the estimated uncertainties of the extrapolated binding energies.
Specifically, the D— 5 extrapolation on aVQZ structures does
not lead to significant changes in the extrapolated binding
energies, nor to a significant decrease of the estimated error,
when compared to the B> Q extrapolation on aVTZ structures
although the latter are computationally faster by at least 1 order
of magnitude. This has important implications for the study of
larger hydrogen bonded systefis?

B. The ACCSD(T) Correction Term. We have calculated
the ACCSD(T) corrections of all five H-bonded formamide
dimers, which span a large range of interaction strengths and
H-bond geometries, using the 6-31G(d,p), 6-31G*(0.25), 631
(d,p), aug-cc-pVDZ, and aug-cc-pVTZ basis sets. The CCSD-
(T) interaction energies were calculated at the MP2/aug-cc-
pVTZ structures with Gaussian 63.The correction terms
ACCSD(T)= De,ccspm— Demp2are given in Table 3.

Jure&a and Hobza have previously applied the basis sets
6-31G(d), 6-31G*(0.25), cc-pVDZ(0.25,0.15), aug-cc-pVDZ,
and cc-pVTZ to the calculation of thaCCSD(T) correction
term for the FA1 dimef. Like them, we find the 6-31G(d,p)
basis sets to give unreliableCCSD(T) corrections. In contrast
to their recommendation, we find that the 6-31G*(0.25) also
gives unreliable results, ranging from 0.07 kcal/mol more
stabilizing (for FA5) to 0.27 kcal/mol less stabilizing (for FA1),
relative to the aug-cc-pVTZ result. By using the aug-cc-pVTZ
result as a benchmark, the 6-8&(d,p) and the aug-cc-pvVDZ
ACCSD(T) corrections are seen to behave in a satisfactory
manner. All three basis sets give results that agree wii@i93
kcal/mol.

CCsOT) intermolecular stretch potentialThe intermolecular
stretch potentials of FA1 and FA5 were calculated by displacing
the rigid monomers along the-HO directions in steps of 0.1
A over a ranget0.5 A of the respective equilibrium distances.
At each point, the SCF and RIMP?2 interaction energy (both
calculated with the aVTZ basis set) and th€ CSD(T)/6-34-G-

(d,p) correction term are displayed in Figure 3. As usual, the
MP2 contribution becomes more strongly stabilizing toward

independent of the extrapolation scheme. For FA5 the decreasesmaller distances; hence the SEMP2 potential minimum is

are 0.01 kcal/mol with exponential extrapolation and 0.004 kcal/
mol with polynomial extrapolation.
With respect to point (iii), the choice of extrapolation function

contracted relative to the SCF minimum.
For FA5, the ACCSD(T) correction leads to an additional
stabilization of 0.42 kcal/mol, which is nearly distance inde-

has a marginal influence on the binding energies of these dimers.pendent over the range investigated. This leads to an additional
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Figure 5. (a) Complete basis set binding energy extrapolations for
the FAS5 dimer at the RIMP2 and CCSD(T) levels. Open symbols denote
CP-corrected, closed symbols CP-uncorrected values. (b) The CP-

corrected and -uncorrect@dCCSD(T) corrections as a function of basis
set size.

relative distance / A

Figure 3. Hydrogen-bond stretching potentials for (a) FA5 and (b) TABLE 4: Calculated RIMP2, CCSD(T), and Density
FAL. The SCF, MP2, andCCSD(T) contributions to the total binding ~ Functional H-Bond Binding Energies for the Five
energy at the aug-cc-pVTZ level are indicated. Note that the energy Formamide Dimers FA1—FAS5

scale in the upper panel is magnifiec 2elative to the lower panel.

oS ) method FALl FA2 FA3 FA4 FA5
The ACCSD(T) correction is considerable for FA5 and shortens the
H-bond distance for FA5. Demp2? —14.80(9) —10.01(6) —7.68(5) —6.97(5) —5.19(4)
ACCSD(TP —-0.10 -0.27 —0.13 -0.04 —0.42
Formamide dimer FA1 De ez 1490 -1028 -781 -7.01 —5.61
ACCSD(T}
13) Er'g‘z"i‘gs B3LYPe -1321  -866 —6.21 —6.28 —4.04
o 9 PBE 1441  -939 -7.04 672 432
g 4 PWOL —15.00 -9.88 —7.44 -710 -—472
3 D,(MP2) BSSE
> $ B3LYP 0.42 039 025 027 015
g ] MP2 PBE 0.47 0.32 0.31 0.26 0.15
] CBS imit -] PW91 0.53 0.38 0.26 0.30 0.18
2 454 oo o ) — a b .
T CBS limit RIMPZ/aug-cc-p\_/TZ. At the RIMP2/aug-cc-pVTZ geometries.
3 ¢6-311++G(d,p) basis set.
i D,[CCSD(T)]
5 show the CBS extrapolations for the FA1 and FA5 dimers;
b) ACCSD(T) correction the complete set of binding energies is collected in Table 4.
"5 0 E ____________ s . . The CBS extrapolated binding energiB§ s, calculated in
% isc“(f:“sa‘l‘)j% this work are about 3% larger than the core-correlated results
g of Vargas et af.
Figures 4 and 5 also show the CCSD(T) binding energies
- 1 T T 1 and theACCSD(T) corrections as a function of basis set size.
6-31+G(d,p) avDZ aVvTz avQz

_ _ - _ Figure 5 emphasizes the large additional stabilization due to
Figure 4. (a) Complete basis set binding energy extrapolations for the CCSD(T) higher order correlation contributions for the FAS
the FAL dimer at the RIMP2 and CCSD(T) levels. Open symbols denote §imer. Figures 4b and 5b show the near-constancy of the

CP-corrected and closed symbols CP-uncorrected values. (b) The CP- . .
corrected and -uncorrectm%/CSD(T) corrections as afunction(o)f basis ACCSD(T) corrections as a funct[on of the Gm(d’p)' aug—
set size. cc-pVDZ, and aug-cc-pVTZ basis sets, as discussed in the
previous section.
For the centrosymmetric dimers FA1 and FA5, one can derive
a single hydrogen bond energy ©f7.40 kcal/mol for the N-
H---O and —2.60 kcal/mol for the €H---O hydrogen bond.

slight contraction of the CCSD(T) H-bond length .01 A
relative to the SCFMP2 minimum. For the more strongly
bound FA1l dimer, theACCSD(T) correction term is much
smaller, in both absolute and relative terms. FA2 exhibits both a N-H++-O=C and a C-H:--O=C hydrogen

C. RIMP2+ACCSD(T) Binding Energies of FAI-FAS. bond; its total binding energy of10.28 kcal/mol is in good
Binding energies On the basis of the results presented in agreement with the sum of the FA1 and FA5 single H-bond
sections 3.A and 3.B, the binding energies of all five formamide energies {10.0 kcal/mol). This suggests approximate transfer-
dimers FAL-FA5 were calculated by using aVTZ structures ability of these single hydrogen bond energies to larger
and (D— Q) exponential extrapolations (eq 2). Figures 4 and formamide complexe3? As described above, the FA3 and FA4
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TABLE 5: Calculated Intermolecular Structure Parameters and Intramolecular Bond Length Changes of upon Dimerization
for the Formamide Dimers FA1—FA5, at the RIMP2/Aug-cc-pVTZ Level?

formamide FA1l FA2 FA3 FA4 FA5
hydrogen bond parameters

r(H---O) 1.834 1.869/2.270 1.968 1.933 2.346

r(N---O) 2.854 2.877 2.929 2.919

r(C---0) 3.214 3.272

O(N—H:---0O) 173.8 168.4 156.7 163.6

6(C—H---0) 142.9 140.940
H-donor formamide

r(N—Hp) 1.006 +0.018 +0.015 +0.010 +0.008 —0.000

r(C—N) 1.358 —0.018 —0.011 +0.004 —0.006 —0.003

r(C=0) 1.218 +0.014 +0.008 +0.001 +0.004 +0.006

7(O—C—N—Hyp) 0 0 0 -12.9 -3.8 0

T(H—C—N—Hy) 0 0 0 14.9 3.3 0
H-acceptor formamide

r(N—Hy)’ 1.006 0.000 +0.003 0.000

r(C—NYy' 1.358 —0.009 —0.008 —0.010

r(C=0) 1.218 +0.011 +0.008 +0.006

aDistances in A, angles in deg.

correlated with the presence or absence of a second in-plane

'1"’~058/H hydrogen bond, i.e., with synergic H-bond reinforcement.
...%“8 N\H In parallel, hydrogen bonding leads to longe=Q and
L oos N shorter C-N intramolecular bonds. These changes reflect the
2 (:)--_-(-):(-)?H—‘ﬁgol incipient rearrangement of the intramolecular bonding from the
\M \ keto toward the enol form induced by hydrogen bonding.
e H H Between the gas-phase formamide monomer and the formamide
H § crystal, the &0 bond lengthens by-0.037 A and the €N
héof bond shortens by 0.058 A, see also the discussion below.
H—N The suggested presence of a weak long-rangeHN-N
H. hydrogen bond in FA3 is supported by the increase of the N

- 6. Hvd 'b g ivity for the struct " all Hy' bond length by+0.004 A. Also, the H-donor amine group
igure 6. Hydrogen bond connectivity for the structure of crystalline i _Af i dalizati ; ;
formamide. Note the existence of H-bonded chains with FA4-type in FAS exhibits an out-of-plane or pyramidalization distortion

interactions, which are interconnected by FA1-type hydrogen bonds. Of_ 18° that reflects the mvolvement of Fhe amlnellong—pglr in
The numbers indicate the change between the RIMP2 gas-phase andis long-range N-H--N interaction. A slight pyramidalization
solid-state hydrogen bond lengths. of the amine group by %is also predicted for the FA4 dimer.
H-bond geometriesThe N—H---O=C hydrogen bond dis-
dimers exhibit a single strong-~\H---O=C hydrogen bond, tance in the most strongly H-bonded FA1 dimer is 1.834 A. In
differing mainly with respect to the carbonyl oxygen lone pair the FA2 dimer, the N-O hydrogen bond distance increases by
to which the N-H group is H-bonded, see Figure 1. The only 0.04 A, relative to FAL. For the singly ~\H---O=C
Dg wp2 binding energy of FA3 is—7.68 kcal/mol, about 0.3  bonded dimers FA3 and FA4 the-NO distance increase by
kcal larger than the NH---O=C single hydrogen bond 0.13 and 0.10 A relative to the FAL dimer. These increases are

established above. This is due to an additional weaiiN-N correlated with the absence of a second in-plane hydrogen bond,
hydrogen bond, see Figure 1. The single hydrogen bond of FA4 i.e., with the absence of synergic H-bond reinforcement. Note,
is 6.97 kcal/mol, which is about 95% of the single-N-:-O however, the increases anet paralleled by decreases of the
hydrogen bond energy of FAL. H-bond strengths (see previous section).

D. Structures and Structural Changes upon H-Bond The C—H---O hydrogen bond distances in FA2 and FA5 are

Formation. Selected geometry parameters of the formamide 2.270 and 2.346 A, respectively; these are typical fortG:+
monomer and the five dimers and their respective changes uporO hydrogen bond3The fact that the €H---O distance in FA2
dimerization are given in Tables 1 and 5. The gas-phase bondis 0.076 A shorter than that in FA5 is also traced to synergic
lengths of the formamide monomer have been determined byreinforcement of the weak-€H:--O by the strong N-H-+-O
microwave spectroscopyand electron diffractiot¥ and are hydrogen bond.

given in Table 1. The interpretations of the experimental®8&ta E. Comparison to the Crystal Structure of Formamide.
yield distances that differ by up to 0.015 A and the in-plane The formamide crystal structiiecan be viewed as being built
bond angles up to 0:3We find that the calculated aug-cc-  up from N—H---O hydrogen bonded zigzag chaffisThe N—
pVQZ equilibrium bond lengths are generally in better agree- H---O bonds along the chains are analogous to that of the FA4
ment with the microwave bond lengths, being 0.001 to 0.004 dimer; in the crystal, the N-O distances are 2.88 A. The
A longer than the microwave values. formamide chains are further interconnected sideways by double
Intramolecular geometry changes\s expected, the NH H-bonds between the formamide subunits, analogous to the
bond length increases upon hydrogen bonding: The largestH-bonds of the FA1 dimer. A schematic of the hydrogen bond
increase is+0.018 A for the FA1 dimer, diminishing t¢-0.007 topology and distances in the formamide crystal is shown in
A for FA4. Note that the increases for FAL to FA4 aiet Figure 6. Interestingly, the FAl-type-NO distance in the
proportional to the hydrogen bond strengths, which have beencrystal is 2.935 A, which is 0.08 fongerthan that of FA1; in
shown to be very similar above. The increases are bettercontrast the N-O distances along the chain are about 0.05 A
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Figure 7. Isosurfaces of the molecular electrostatic potential at an Figure 8. Comparison of the binding energies of the FAL-FA5 dimers
energy of 50.2 kcal/mol of (a) formamide, (b) the linear formamide — cajculated with the B3LYP, PBE, and PW91 density functional (CP-

dimer FA4, and (c) the cyclic formamide dimer FAL. Purple surfaces yncorrected). The RIMPRACCSD(T) benchmark values are also given
show the negative regions while the brown surfaces show the positive (g,

regions.

shorterthan the 2.93 H-bond length of FA4. This implies that formation of the FA1 dimer also makes it a weaker donor with

the local H-bond strengths in the crystal are inverted relative respect to fOVm?‘“_O“ of a FA4 type H bond. H_owever, the

to the gas phase (although the relationship between the H-bond®XYgen Ione. pair 1S small but stll visible, showm_g that the

distance and strength is not a simple one, as pointed out above)ganncooperatlwty IS Smf?‘”er when an FA1 dimer is formed,
The shortening of FA4-type hydrogen bonds along the chain compa_req to the F'_M dimer. . . .

is due to their cooperative reinforcement. This is predicted by . F. Blndl_ng Energies by Density Functlo_nal Theory.Bind-

a consideration of dipoteinduced dipole interactions. These Ing energies were also galculated by using the .BBLYP, PBE,

are expected to be large, since the local dipole moments of theand ngl funct!onals with th_e 6'3%}G(d’p) bas!s setat the .

formamide units are nearly collinear along the chain, as indicated respective optimized geometries. Since the DFT binding energies

in Figure 6. In contrast, the formamide monomer dipoles are in are _found to_underes_tlmate the CCSD(T) corrected RlM_PZ

a repulsive orientation in the FAl-type dimer, implying that blndlng energies, we give only the CP-uncorrected DFT binding

the inductive (dipole-induced dipole) interactions should also €Nergies in Table 4. . o

be weaker. Such effects have also been discussed in connection The DFT results are compared to the ab initio results in Figure

with early SCF/STO-3G calculations of chain-type and cyclic o IN Very case, the best agreement is observed for the PW91
formamide clustera® functional. The PW91/6-31+G(d,p) binding energies repro-

A different rationalization of the inversion of the FA1 and duce the RIMP2-ACCSD(T) values for FA1 and FA4 within

FA4 hydrogen bond distances can be given in terms of the 0.1 kcal/mol. For_ FA2 and FA3, the differences are still only
calculated molecular electrostatic potential (MEP) of formamide 0-4 kcal/mol, while the €H---O bonds of FAS are underes-

and the FA4 and FAL dimers. Figure 7 shows the calculated timated by 0.89 kcal/mol or 16%. The second best agreement
MEP isosurfaces at a value &f50.2 kcal/mol. These are the is observed for the PBE functional, with differences between

loci where the interaction energy of a proton-4§0.2 kcal/ 0.6 and 1.4 kcal/mol, followed by the B3LYP energies, which

mol: the volumes enclosed in purple correspond to the negativediffer by 1.0-1.7 kcal/mol. _ _
MEP (stabilizing) regions. Figure 7a shows that there are two We have report_ed .earller thqt the PW91 functional can yield
maximal interaction regions in the molecular plane of forma- hydrogen bond binding enerdies close to those of high-level
mide. These correspond approximately to the two lone-pair methods for _the FA1 dm_weer. It seems that this carries over
regions of the carbonyl oxygen. Figure 7b shows that formation ©© @ll the dimers that involve #H---O hydrogen bonds.
of the FA4 dimer strongly increases the spatial extent associated \0WEVer, the strength of the-tH:--O=C hydrogen bonds is
with the carbonyl oxygen lone pairs of the formamide molecule underestimated even by the best functional.
on the left. This will make the FA4-type dimer a stronger
electron donor toward the next FA4-type-d---O hydrogen
bond. Benchmark hydrogen-bond binding energies for the five
As a comparison of parts a and b of Figure 7 shows, the formamide dimers are calculated at the complete basis set
FA4-type and FAl-type hydrogen bonds are mutually antico- MP2 level, including theACCSD(T) correction. The best
operative: Formation of the FA4 dimer makes the oxygen lone MP2+ACCSD(T) binding energies are 14.9 kcal/mol for
pair binding site for a FA1-type “sideways” H-bond disappear, FA1, —10.3 kcal/mol for FA2,—7.8 kcal/mol for FA3,—7.0
relative to the monomer. Parts a and b of Figure 7 show that kcal/mol for FA4, and—5.6 kcal/mol for FA5. For both the

IV. Conclusions
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