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A set of representative hydrogen bonded dimers has been studied employing density functional theory (DFT)
in the Perdew, Burke, and Ernzerhof (PBE) generalized gradient approximation. Our results for hydrogen
bond (hb) strengths and geometry parameters show good agreement with those obtained byF\ésket

(MP2) or Coupled-Cluster (CC) methods. We observe that the reliability of DFT-PBE for the description of
hbs is closely connected to the bond directionality (i.e. the angle betwedh dhd H--A where D and A

are the donor and the acceptor atoms or regions, respectively, in the hb interaction): with increasing deviation
from a linear D-H-:-A arrangement the accuracy of the DFT-PBE decreases.

1. Introduction

The hydrogen bond (hb) interaction,-Bi---A, is realized
by the attractive force between a polar-B bond and a polar
atom or region A (acceptor). Common (hydrogen) donor (D)
and acceptor (A) atoms in such bonds are C, N, O, and F.
According to their interaction energy hbs are often classified
as strong ¥ 15 kcal/mol), moderate (4 to 15 kcal/mol), and weak o ) ) o
(<4 kcal/mol)t Hydrogen bonds play a crucial role in a wide 'ange of v_alldlty of such alternative strategies, and this is the
range of materials, e.g., biomolecules, liquids, and molecular topic Of_'thS paper. _ _ _
crystals. Consequently a large number of experimental and Density functional theory (DFT) is an obvious candidate. The
theoretical studies have been devoted to investigate this@ccuracy of DFT to describe the hb interaction relies highly on
fundamental interaction. Nevertheless, its nature and strengththe specific functional used to approximate the electronic
is still not fully understood and in fact is still controversi@l. ~ €xchange and correlation (xc) contributions. Some general trends
An important characteristic of hbs is its directionality, i.e., the concerning the performance/quality of the various xc functionals
angle 6 between the B'H and H--A bonds (see Figure 1).  aré known: (i) The local-density approximation (LDA) over-
Usually 6 is in the range from 140to 18C°,1 where typically estimates Fhe hb strengthl! (||) The generallzed gradient
smaller§ values go together with a weaker hb strength. For @pproximations (GGA) and hybrid functionals are more accurate
smaller angles the hb is believed to be largely due to the vanto describe the hbs than LDXZ (iii) The most commonly
der Waals (vdW) interactiohs used GGAs to treat hbs,.the Becke exch.ange functional and

Determining the strength and geometry of hbs is a challenge, the Lee-Yang—Parr functional for correlation (BLYPj and
for experimental as well for theoretical studidsRegarding ~ the Becke hybrid functional for exchange and the-+¥ang-
theoretical methods it is well-established that ab initio techniques Par" functional for correlation (B3LYF,commonly underes-

accounting for electron correlation are needed for an accuratetim""'[ge1 4t1h7920 ?b strength with respect to MP2 or CC re-
description of hbs, i.e., to ensure error bars of the hb strength SUlts™***72°?These trends apply for all systems studied in this

of 1 kcal/mol or les€:2 Hartree-Fock calculations are well-  Work and also for others with s_;milar hbs (see e.g. Rappe
known to underestimate the strength of hbs. This is corrected Bernsteifl and Tsuzuki and Liii9). M;)re recently also other
by using methods which explicitly include correlation such as GCGAS such as PerdeviVang (PW91J? the Becke approxima-
second-order MgllerPlesset (MP2), coupled clusters (CC), or tion for exchang® and the Perdew expression for corr_ela%i“on
configuration interaction (CI) methods. Another crucial item for (BP), or the Perdew, Burke, andlgfgfeezrpgegéPEEunctlonel
achieving an accurate description of hbs is to employ large (high "ave been applied to study higs:15162025% (iv) The reli-
quality) basis sets to expand the wave functidiis, together ability of more recently developed xc functionals that include
with the fact that correlated methods have to be used make ant€ dependence on the laplacian of the dehSftyand/or the
accurate description of hb systems computationally very de- Kinetic energy densif§ is not known at all. (v) GGAs
manding. To overcome this problem it is crucial to develop systematically provide too low classical energy barriers for
strategies that are computationally less demanding but nevertheProton transfer between donor and acceptor atms.
less describe hbs with a similar accuracy as MP2 (or higher Besides errors in the hb description due to the xc functional,

levels of theory). Obviously as a first step one has to check the 0n€ also must consider errors associated with the basis-set
expansion of the KohnSham (KS) orbitals. There are three

T Fritz-Haber-Institut der Max-Planck-Gesellschaft. k_i_nds of_basis sets eurrently used: (i) Iocalized Gaussian orbitals,
* Theoretische Physik, UniversitRadeborn. (ii) localized numerical orbitals (here numerical stands only for
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Figure 1. Parameters for describing the hb geometry.
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the radial part of the orbital), and (iii) plane waves. Basis sets

that may be called hybrids of numerical orbitals and plane ® (0

waves, as, e.g., linear muffin tin orbitals, augmented plane ORI @—

waves, have not been used so far as they are numerically even

more demanding. Gaussian orbitals are by much the most widely

used in hb studies. However, these basis sets have a rather large a)

basis set superposition error (BSSE) that must be (and typically Lo
is) corrected to obtain reliable hb interaction energfeshe ®>—Q
BSSE is a spurious contribution to the interaction energy arising

from the improved description of the fragment A in the complex @
A---B due to the assistance of the basis set located in B, and

vice versa. The counterpoise correction method is usually Q@ © @

applied to correct BSSE.This technique corrects the interaction

energy of the complex A-B by computing the energies of the o)

isolated fragments A and B with exactly the same basis set (both b @) @"®
in number and location) as used to compute the complex n

A---B. However, the accuracy of the counterpoise method to
correct BSSE has been subject to some deldEgtrapolation
of the interaction energy to the complete basis set limit is an
alternative way for getting accurate interaction energies. It has ..o
been shown that counterpoise corrected and uncorrected interac- ©—® 0
tion energies converge to the same value at the basis set limit
(see e.g. Feyereisen et3).
Numerical orbitals appear to have very small BSSEYet
they have not been extensively used to treat hydrogen-bonded
systems. Plane-wave basis sets are mainly employed to study

condensed matter systems. They are used together with the @ ... O (1)
. . . .. o ----- g)
pseudopotential approach and periodic boundary conditonsto 8% =~ | N
solve the KS equatiori§:*° Plane waves are inherently free of ® @) (1)
the BSSE! since they are completely unbiased with respect to d)

the atomic structure and in contrast to atomic orbitals they are rigyre 2. small hydrogen bonded dimers: (a)®#-NHs dimer; (b)
not centered on the atomic nuclei thus describing any point in H,0-+-H,0 dimer; (c) HF--HF dimer; (d) NH:-NHs dimer; (e)
the periodic supercell with the same quality. Therefore, in HCI---HCI dimer; (f) CO--HF dimer; and (g) Cht--NH; dimer. Dotted
contrast to atom-centered orbitals, fragments A or B are lines denote the hbs.

described with the same basis set independently whether they
are isolated or in the complex-AB (assuming of course the
calculations are carried out with a unit cell of the same size
and with the same plane-wave basis set energy cugsf®
computational aspects below).

In this work we study a set of hydrogen-bonded dimers using
DFT-PBE. The purpose of this work is to establish a firm
guantitative measure of the performance of the DFT-PBE
functional to describe hbs in diverse geometric environments.
We use a plane-wave basis set to describe the KS orbitals.

As a first step we have studied a set of small hydrogen-bonded
systems (see Figure 2), which consist of dimers containing up
to eight atoms to benchmark the accuracy of DFT-PBE against
that of CC studies reported in the literature. In a second step
we will focus on formamide (fm, Figure 3N-methylacetamide
(nma, Figure 4), ant\,N-dimethylformamide (dmf, Figure 5)
hydrogen-bonded dimers. These molecules form diverse hydrogen-
bonded conformers where the hb directionality varies between
linear and highly bent. Thus, these molecules are well-suited @
to study the accuracy of our DFT calculations to describe hbs

in diverse geometric environments. Vargas et‘df have ONC
recently evaluated the association energies of these dimers OR0
employing MP2 and large basis sets, which provides reliable fm3 ) \Q

data for comparing our results.
Figure 3. Formamide (fm) dimers. Dotted lines denote the hbs.

2. Computational Aspects are obtained by performing DFT calculations with the PBE
The association energies of diverse hydrogen-bonded dimersfunctional. We use ab initio pseudopotenti&pjane-wave basis

are calculated by subtracting the total energy of the fully relaxed set, and periodic boundary conditions for integrating the KS

isolated molecules constituting the dimer from the total energy equations. The calculations have been performed with an energy

of the fully relaxed hydrogen-bonded dimer. The total energies cutoff of 70 Ry in orthorhombic supercells and with a vacuum
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hbs.

Figure 5. N,N-Dimethylformamide (dmf) dimers. Dotted lines denote
the hbs.

region of at leas6 A along the three axes. The Brillouin zone
has been sampled at tfiepoint. All geometry parameters of

Ireta et al.
TABLE 1: Association Energies (in kcal/mol) for
Medium-weak Hydrogen-Bonded Dimerg
PBE error
dimer hbs best value PBE per hb
H,0-+*NHj3 1 —6.36 -7.15 —0.79
H,0---H,0 1 —4.9¢ —5.37 —-0.41
HF---HF 1 —4.53 —5.08 —0.55
NH3++NH3 2 —2.94 —2.74 0.10
HCI---HCI 1 —-1.9% —2.08 —0.13
CO-+-HF 1 —-1.67™ —-1.37 0.30
CHg*+*NH3 1 —0.68 —0.69 —0.03

2The corresponding structures are shown in Figure 2. Best value
gives the best (with respect to the basis set) available CCSD(T) value.
b Estimated CCSD(T)/cc-pVXZ for X= D, T, Q and 5 interaction
energies at the basis set lirfit.c Extrapolation of the CCSD(T)/aug-
cc-pVXZ for X =D, T, and Q total energies to the complete basis set
limit.45 4 CCSD(T)/aug-cc-pVQ23 ¢ CCSD(T)/cc-pvVQ2Z

of the vacuum regioft* Also laterally the molecules interact
and the corresponding dipetelipole interaction is evaluated.
Corrections to the association energies due to this effect are in
the range of 0.20.3 kcal/mol.

3. Results

In this section we present the results on the association
energies and hb geometry parameters corresponding to the fully
optimized structures with DFT-PBE. We structured the section
by ordering the systems with respect to size. Thus, first we
describe the results of the small hydrogen-bonded systems. Later
we focus on the association energies and hb geometry param-
eters of fm dimers, nma dimers, and dmf dimers, respectively.

Small Hydrogen-Bonded Dimers.In Table 1 we present
electronic association energies of a small set of hydrogen-bonded
systems (Figure 2). These dimers are bonded by a single linear
hb, i.e.,6 ~ 170-18C, except (NH),, which is bonded by
two highly bent hbs, i.e.f ~ 122. We find that DFT-PBE
tends to overestimate the association energy for the stronger
hbs with respect to reported CC studi€®?45that included
singles, doubles, and triples excitations (CCSD(T)). The devia-
tion between our DFT-PBE results and the CC results is less
than 0.8 kcal/mol. For weak hb dimers with strength kcal/
mol as listed in the second half of Table 1, dispersion
interactions are expected to be relevant. This may be the reason
for DFT-PBE, which does not account for dispersion interac-
tions, to show a clear tendency to underestimate the association
energies in these dimers. In Table 2 some of the characteristic
geometric parameters for hbs are reported. DFT-PBE predicts
hb bond distances with an error baf.1 A, except for the very
weak hydrogen-bonded GH-NH3; dimer, where the error bar
increases up to 0.13 A. For the hb angle the DFT-PBE results
deviate by <4° from the CC results. From Table 2 it also
becomes obvious that PBE underestimates hb distances for the
stronger hbs and overestimates it for the weaker ones. This
behavior directly correlates with the trend mentioned above for
the PBE hb energies. Experimental association energies for some
of the systems studied here are available from literature. Curtiss
et al*8 reported that the association energy for the()d dimer
is —5.44 £ 0.7 kcal/mol. However, Feyereisen ett&pointed
out that the method used for Curtiss et al. to estimate the
association energy for the §B), involves the use of theoretical
models and does not actually give a dissociation energy from

the studied systems are fully relaxed by searching for the the bottom of the potential energy curve, i.e., free of zero-point
minimum of the total energy. Since many of the systems studied vibrational energies and thermal corrections. Pine and HdWard
have a large dipole moment (up to 8 D), total energies are reported association energies for the (H&hd (HCI) dimers
corrected introducing a dipole compensation layer in the middle of —4.56+ 0.29 and—2.27+ 0.29 kcal/mol, respectively. DFT-
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TABLE 2: Geometry Parameters (hb Length in A, Angles
in deg) for Medium-Weak Hydrogen-Bonded Dimer$
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TABLE 3: Association Energies (in kcal/mol) for
Formamide (fm) Hydrogen-Bonded Dimers

dimer parameter best value PBE PBE error PBE error
H,0---NH3 o 1974 191 0064 dimer hbs best value PBE per hb
ra 2.942 2.89 —0.052 fml 2 —14.35 —14.3% 0.01
0 174.7% 172.1 —2.61 fm2 2 -9.70 -9.1P 0.30
H20-+-H,0 I'hb 1.9%4 191 —0.03 fm3 1 —7.34 —6.78 0.56
ra 2.8% 2.88 —0.01 fm4 1 —6.76 —6.28 0.48
0 172.9 1711 -1.8 fm5 2 —5.02 —3.68 0.67
o 110.5 107.1 —3.4 . A
HE-+-HF fro 1.8% 1.77 —0.04 2The corresponding structures are shown in Figure 3. Best value
ry 27% 271 —0.01 corresponds to extrapolation of the MP2/aug-cc-pVXZ fo=D, T,
0 171.6 171.0 —06 and Q total energies to the complete basis set litnit.PBE values
o 115.6 1116 —4.0 from ref 30.
NHz--NHs ;Zb ggg gig ggig TABLE 4: Geometry Parameters (hb Length in A, Angles
0 121.9 in deg) for Formamide (fm) Hydrogen-Bonded Dimers$
o 41.92 42.3 0.38 best value PBE PBE error
HC--HCI ;Zb g?g é;‘i _882 dimer parameter NH-O CH-+:O NH-+O CH-+-O NH--O CH--O
0 169.8 171.9 2.1 fm1l Ihb 1.825 1.8% —0.015
o 91.7 91.6 —-0.1 ra 2.842 2.85 0.008
CO-+-HF ra 2.9517 3.01 0.0583 0 174.2 174.0 -0.2
%] o 120.1 120.2 0.1
CHa+*NHs o 2.67F 2.79 0.119 fm2 Tho 1857 2234 184 228 —0.017 0.046
ra 3.758 3.89 0.132 ra 2.842 3.190 2.86 3.23 0.018 0.04
0 179.1 0 168.9 1449 1689 142.6 0.0 -2.3
o 112.50 115.6 3.1 o 105.7 1131 10798 113.8 1.6 0.7
fm3 I'hb 1.935 1.92 —0.015
2 The structures are shown in Figure 2. The structural parameters Iy 2.902 291 0.008
are defined in Figure 1. Best value gives the best available VaBest 0 158.4 160.8 24
value, Mp2/cc-pVTZ optimized geometfy* Best value, estimated in o 110.3 113.0 2.7
this work by using CCSD(T)/aug-cc-pVTZ optimized geometries fm4 Ihb 1.904 1.99 —0.004
reported in ref 459 Our geometry optimization shows the two hbs to r2 2.894 2.91 0.016
be identical . Best value, CCSD(T)/aug-cc-pVQZ2. 0 165.8 166.3 0.5
o 108.9 110.9 2.0
PBE results agree with these values within an error of 1 kcal/ fm5 Mhb 2.320 2.36 0.04
mol. The magnitude of these DFT-PBE errors seems to be r2 11247‘11 ff217 01-0739
acceptable, and in summary of this part we can conclude that 933 047 14

DFT-PBE describes adequately these moderate to weakly
hydrogen-bonded dimers. This conclusion applies even for the are defined in Figure 1. Best value corresponds to MP2/aug-cc-pVTZ

(NHz). dimer where hbs are hlghly bent. . optimized geometry? Our geometry optimization shows the two hbs
To test whether these conclusions are affected by the quality (5 pe identical in the fm1 and fm5 dimefsPBE values were taken

of the basis set we check the convergence of the results obtainegrom ref 30.¢ PBE values were taken from ref 48.
with plane-wave basis set with respect to the unit cell size and
energy cutoff parameter. We have performed these checks andunderestimates the hb strength for fm dimers and overestimates
we verified that the calculated association energies are convergedt for the small ones. A possible explanation is that the
within an error bar of~0.1 kcal/mol. For example, for (N§b benchmark calculations used to compare against DFT rely on
and CH---NH3 dimers the association energies with a 110 Ryd two different approaches: the small dimers are compared against
cutoff are—2.89 and—0.73 kcal/mol, respectively. CC results while the fm dimers are compared against MP2
Formamide Dimers. Fm dimers are bonded by-NH---O results. Regarding the hb geometry parameters for the fm dimers,
and/or CH--O hbs (Figure 3). These hbs are relevant because our DFT-PBE results are in excellent agreement with those
they are structurally similar to the most ubiquitous hbs found calculated by MP2 (Table 4). Specifically, the error bar for hb
in proteins. Therefore they are suitable models to estimate thedistances is<0.05 A. Likewise, hb angles are described by DFT-
DFT accuracy to describe hbs in proteins. Recently, Vargas etPBE with an error bar3°. Therefore, we can conclude that
al*2 evaluated the association energies of these fm dimers byDFT-PBE describes adequately medium to weak hbs, as are
extrapolating MP2 results to the basis set limit. This was characteristic for fm dimers. Comparison of our results against
achieved by using augmented correlation-consistent high-level experiments is not possible for the fm dimers because the
basis sets (aug-cc-pVXZ, where % D, T, or Q). Results experimental association energies in the gas phase for such
obtained by extrapolating MP2 results to the basis set limit agree systems have not been determined, and in the fm cfystal
well with CCSD(T) results as has been shown, e.g., for the structure each fm monomer forms four hbs, rather than one or
(H20), dimer36 As is obvious from Table 3 DFT-PBE associa- two as in the dimers studied here.
tion energies are in excellent agreement with the results reported N-Methylacetamide Dimers.Another set of dimers bonded
by Vargas et al.: the error bar is1l kcal/mol. The only by N—H---O and/or by CH:-O hbs are the nma complexes
exception is found for the weakly bonded fm5 dimer where the (Figure 4). These dimers have been studied by Vargas*ét al.
error bar is~1.3 kcal/mol. However, for the hb strength (i.e., employing the MP2 method (MP2/aug-cc-pVTZ single-point
the association energy divided per number of hbs) the DFT- energy calculations on MP2/aug-cc-pVDZ optimized geometry).
PBE error is only~0.7 kcal/mol (Table 3). We note that the A comparison with our results shows DFT-PBE to strongly
sign of the error in the association energies is opposite for theseunderestimate association energies (Table 5). The error bar is
dimers and the set of small dimers discussed earlier: DFT-PBE ~2 kcal/mol for nmal and nma2 dimers but increases for nma3

2 The structures are shown in Figure 3. The structural parameters
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TABLE 5: Association Energies (in kcal/mol) for with a DZP basis set plus diffuse functions (DZEff).
N-Methylacetamide (nma) Hydrogen-Bonded Dimer3 Comparing against results by Vargas et al. we find that DFT-
PBE error PBE (Table 7) underestimates the association energies for dmfl

dimer hbs best value PBE per hb and dmf2 by~1.5 kcal/mol. However, DFT-PBE strongly
nmal 2 ~17.18 —15.07 0.96 underestimates the association energies for dmf3 and dmf4
nma2 2 —10.76 —8.57 1.10 dimers by~5 kcal/mol. The DFT-PBE error per hb is less
nma3 2 —9.67 =7.1 1.29 drastic; it underestimates each hb present in the dimerby
nma4 3 —12.37 —-8.1 1.42

kcal/mol. In Table 8 we reported the hb geometrical parameters
aThe corresponding structures are shown in Figure 4. Best value for the dmf dimers. DFT-PBE deviates from the MP2 results
corresponds to MP2/aug-cc-pVTZ single point energy calculation on by about~0.35 A in distances and by5° in angles. The
the MP2/aug-cc-pVDZ optimized geomet.” PBE values from ref  stronger deviations correspond to dmf3 and dmf4 dimers where
30. the largest energy discrepancies are observed as well. Also, these
and nma4 dimers. Actually, for the nma4 dimer the largest error dimers form highly bent hbs, i.e., thzangle is in the range
in the association energy in this study is foune(kcal/mol). between 120and 130. As for the fm and nma dimers, for the
However, since the number of hbs in this dimer is 3, the DFT- dmf dimers the association energies in the gas phase have not
PBE error bar per hb reduces dl.4 kcal/mol. As shown in  Peen determined. Moreover, in the dmf cryStalfour-member
Table 6 DFT-PBE error bars for hb geometry parameters [1N9 of dmf molet_:ules conngcted by hbs is formed, a situation
increase with respect to those for fm dimers: the error in hp that any of the dimers studied here fulfill
distances is<0.3 A, errors in hb angles are3°. An exception
is found for the nma3 dimer where the differences between DFT-
PBE and MP2 increase up to 24We further note that the Several factors should be taken into account to determine
biggest DFT-PBE errors for hb geometry parameters correspondthe performance of a functional to describe hbs, i.e., the kind
to CH---O hbs in nma3 and nma4 complexes. Interestingly, both of hb studied, the basis set used, and the accuracy of the values
dimers also have highly bent hbs; i.6.~ 120°. For the nma used as reference for the comparison. Although DFT-PBE
dimers association energies in the gas phase have not beedescribes adequately the different types of hbs studied here, a
determined. Recently Kearley et®dhave determined the crystal  feature characteristic to all systems exhibiting large errors in
structure otransnma a 2 K using powder neutron diffraction  association energies and geometries is the presence of @CH
on methyl-deuterated material. They report for the-N8 hb, hbs. However, a detailed analysis of the hb geometries shows
rp=1.946 A andg = 179.0. The nma3 dimer is formed by  that the DFT-PBE errors are not intrinsic to the presence of
trans-isomers of nma. Interestingly the DFT-PBE geometry for CH:--O hbs but they occur whenever the structure exhibits a
the NH--O hb in nma3 is closer to the experimental one than sizable deviation of thé angle from linearity. In Figure 6 the
the corresponding MP2 geometry. However, care should be DFT-PBE error for the hb strength with respect to thangle
taken in such comparison: in the crystal the nma molecule is shown. For dimers with several hbs we choose the smallest
seems to be part of a one-dimensional hydrogen-bonded chainyalue for@, i.e., thef value that exhibits the largest deviation
where a cooperative effect may be present, and in the nma3from the ideal linear (180 angle. This plot reveals a clear
dimer this is absent. trend: the higher the hb deviation from linearity (i.e., the smaller
N,N-Dimethylformamide Dimers. Dmf dimers are bonded  6), the larger are the DFT errors for the hb strength. This finding
only by CH--O hbs (Figure 5). Therefore, these dimers are good explains why DFT-PBE fails to describe the dmf3 and dmf4,
models to determine whether the large DFT-PBE errors found nma3 and nma4 C+O bonded dimers, where theangle is
for the nma dimers are associated to a wrong description of <13(. It also explains why other dimers containing C+D
CH---O hbs by DFT-PBE or to other factors such as the presencehbs, wheref is >130°, are well-described by DFT-PBE, e.g.
of bent hbs. Vargas et &t.studied these dimers using MP2/ fm2, fm5, nma2, dmfl, and dmf2. Our finding also includes
aug-cc-pVTZ single-point calculations on geometries obtained the DFT-PBE errors for NH-O hbs. For example, for the nma3

4. Discussion

TABLE 6: Geometry Parameters (hb Length in A, Angles in deg) for N-Methylacetamide (nma) Hydrogen-Bonded Dimers

best value PBE PBE error
C—H---0 C—H---O C—H:---O
dimer parameter NH---O s-hb I-hb N-H---O s-hb I-hb N-H-:-O s-hb I-hb
nmal I'hb 1.799 1.78 —0.019
ra 2.832 2.82 —0.012
0 177.7 178.1 0.4
o 118.6 119.5 0.9
nmaz2 I'hb 1.867 2.249 1.87 2.28 0.003 0.001
I 2.881 3.346 2.89 3.35 0.009 0.004
0 169.0 177.4 1699 176.00 0.9 -1.4
o 122.2 117.4 12322 118.8 1.0 1.2
nma3 I'hb 2.035 2.685 1.95 2.64 —0.085 —0.045
ra 2.949 3.347 2.97 3.55 0.021 0.203
0 148.1 118.3 170.4 139.9 22.3 21.6
o 106.3 91.4 122.4 115.4 16.1 24.0
nma4 I'hb 1.904 2.496 2.527 1.93 2.73 2.68 0.026 0.234 0.153
ra 2.919 3.273 3.211 2.95 3.46 3.37 0.031 0.187 0.159
0 1711 126.5 119.2 172.3 124.0 120.7 1.2 -2.5 15
o 101.0 163.6 120.9 103.5 161.1 120.0 25 —-2.5 -0.9

aThe structures are shown in Figure 4. The structural parameters are defined in Figure 1. s-hb and I-hb stand for short-hb and long-hb, respectively.
Best value corresponds to MP2/aug-cc-pVDZ optimized geonietAPBE values were taken from ref 30.
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TABLE 7: Association Energies (in kcal/mol) for
N,N-Dimethylformamide (dmf) Hydrogen-Bonded Dimers

PBE error
dimer hbs best value PBE per hb
dmfl 2 —5.35 —3.80 0.78
dmf2 2 —4.14 -2.81 0.67
dmf3 4 —8.34 —3.76 1.15
dmf4 4 —8.90 —4.09 1.20

aThe corresponding structures are shown in Figure 5. Best value
corresponds to MP2/aug-cc-pVTZ single-point calculation on MP2/
DZP-+dif geometries?

TABLE 8: Geometry Parameters (hb Length in A, Angles
in deg) for N,N-Dimethylformamide (dmf) Hydrogen-Bonded
Dimers?

best value PBE PBE error
dimer parameter s-hb  I-hb  s-hb  I-hb  s-hb  I-hb
dmfl I 2.36 243 0.07
r 3.32 3.40 0.08
0 146.0 143.8 -2.2
o 92.0 93.7 1.7
dmf2 I 2.36 247 0.11
r 3.29 3.40 0.11
0 143.0 141.8 -1.2
o 145.0 144.0 -1.0
dmf3 Ihb 252 287 279 314 027 0.27
ro 325 348 354 379 029 031
0 123.0 1150 1253 1186 23 3.6
o 125.0 79.0 1198 771 -52 -19
dmf4 Ihb 255 259 267 292 012 033
ro 332 332 349 366 017 0.34
0 127.0 1240 1305 1242 35 0.2
o 111.0 103.0 114.2 101.0 3.2 —2.0

@ The structures are shown in Figure 5. The structural parameters
are defined in Figure 1. s-hb and I-hb stand for short-hb and long-hb,
respectively. Best value corresponds to MP2/BdHf optimized
geometry:* Our geometry optimization shows the two hbs to be
identical in dmfl and dmf2. Our geometry optimization shows for dmf3
and dmf4 the two s-hbs to be identical; it also applies to the two I-hbs.
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Figure 6. DFT-PBE error for the description of the hb strength as a

function of the hb directionality. Close circles stand for fm dimers.

Open circles stand for nma dimers. Close triangles stand for dmf dimers.

Solid lines are drawn as a guide to the eye.

110 120 130 180

dimer where the angle of the CH-O hb is <13, we find
the largest errors on the DFT-PBE geometry for the-INBI
hb with respect to MP2 results. For this dimer MP2 predicts a
value for thef angle of the NH--O hb of ~150°, which DFT-
PBE predicts to be almost linear, i.&,~ 17C°. This is a
somewhat unexpected result, as typically DFT-PBE gives quite

good results for geometries. We note that the potential energyijon

surface for that dimer is quite flat: the DFT-PBE energy for
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the nma3 dimer in the MP2 geometry is only 4 kcal/mol higher
than the DFT-PBE energy for the fully relaxed DFT-PBE
geometry, i.e..~0.2 kcal/mol per degree of deviation of the
angle. This might be explained by the fact that DFT-PBE
predicts a very weak interaction for the highly bent B

hb. Then the stronger NH:--O hb dominates and distorts the
dimer structure (with respect to the MP2 one) toward a more
linear N—H---O hb. The DFT-PBE geometry for this hb is in
good agreement with that determined experimentally in the
nma3 crystal. However, this may be a fortuitous result.
Notwithstanding, the large discrepancies between DFT-PBE and
MP2 geometries in the nma3 dimer correlate with the presence
of a highly bent hb.

The trend between the DFT-PBE error and the hb direction-
ality identified here may be related to the insufficient description
of the dispersion interaction (i.e., the attraction due to fluctua-
tions in the charge density). This can be seen by noting that for
highly nonlinear hbs, electrostatic interactions such as charge
dipole and dipole-dipole are much less prominent than in a
linear conformation. This effect reduces the total hb strength
and makes dispersion interaction a more relevant contribution.
In fact, the above scenario clearly relates to a problem pointed
out by a number of authors, namely how to define when a hb
transforms to another kind of interaction such as, e.g., into a
vdW interactiont*>Novoa et at have shown that for CH-O
hbs vdW interactions become dominant with increasing devia-
tion of the hb from linearity. Therefore, the failure of DFT-
PBE to describe highly bent hbs is mainly caused by the inability
of present day DFT functionals to correctly describe the
dispersion energy.

Finally, it should be mentioned that discrepancies between
DFT and MP2 cannot be solely attributed to DFT errors. Figure
6 clearly indicates that the DFT-PBE error bar decreases when
the quality of the basis set used in MP2 calculations increases.
It is particularly noteworthy that when the comparison is
restricted to fm dimers, where the extrapolation to the basis set
limit has been applied, the DFT-PBE error per hb is systemati-
cally smaller than 1 kcal/mol. Therefore, at the moment we
cannot rule out that the larger deviations observed for the nma
and dmf dimers might have as well contributions from errors
due to the incompleteness of the basis set used in the MP2
calculations.

5. Conclusions

On the basis of the above results we conclude DFT-PBE to
predict the strength of hbs with an accuracy of 1 kcal/mol.
Exceptions occur for cases where hbs are highly bent, i.e., for
6 angles<13(: for these structures the error can increase to
as much as 1.5 kcal/mol per hb. The DFT-PBE description of
geometry parameters for hbs follows the same trend; they are
well-described except where highly bent cases appear. We
believe that the clear relation between directionality and xc
functional error bar may serve as a guide to know when DFT
calculations may fail to describe hydrogen-bonded systems.
Finally, it appears that the discrepancy between DFT and MP2
in the description of hbs arises from the known deficiency of
DFT to describe the dispersion energy.
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