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The geometries and binding energies of 1:1, 1:2, and 1:4 formie-&michamide complexes (FAFMA) are
calculated by quantum chemical procedures. Vibrational spectra and intermolecular distances of the most
stable FA-FMA dimers as well as the influence of the basis set superposition error (BSSE) on the geometries
and energies of the dimers are also discussed. AH-FKMA dimers are optimized at the B3LYP/cc-pVTZ,

the MP2/cc-pVDZ, aug-cc-pVDZ, cc-pVTZ, and aug-cc-pVTZ levels of theory to study the influence of the
level of theory on the calculated geometries and energies. CCSD(T)/cc-pVTZ single-point calculations at the
MP2/aug-cc-pVTZ-optimized geometries were performed as reference for estimating the quality of lower
level calculations. These calculations allow us to qualitatively describe the competition between different
types of hydrogen-bonding interactions in FERMA complexes. FA-FMA dimers are compared to other
formamide complexes and to the FAMA crystal structure.

Introduction

For many years formic acid (FA), formamide (FMA), and
their complexes with a variety of molecules have been subject
to a large number of experimental and theoretical studits.
Formic acid is one of the simplest organic molecules forming

complexes. The 1:2 and 1.4 FAMA complexes are also
investigated. The structures of the FAMA dimers and trimers
are compared to those of the FMAvater and FMA-methanol
dimers from literature data and with the reported-HAMA
crystal structure.

hydrogen bonds in the gas, liquid, and solid state, and formamidecomputational Methods

is the simplest molecule containing a peptide linkage. Therefore,
formic acid and formamide can be used as simple models of
hydrogen bond interactions involving carboxylic acids and
amino groups in biological systems, like protejorotein and
protein—substrate interactiori§:1®

FA—FMA complexes are very interesting hydrogen-bonded
systems. In addition to their biological interest, they provide
good models for studying the competition between noncovalent
interactions involving nitrogen and oxygen atoms in the same
molecule. As already mentioned, FA and FMA homodimers,
as well as their complexes with other molecules like water and
methanol, have been intensively stud#&® However, only
few reports are found about FAAMA heterodimers. The

computational study of the electron-density-dependent properties

of FA, FMA, and their homo- and heterodimers made by Galvez
et al.18 the crystallographic structure by Nahringbauer and
Larsson in 1968¢ and the ab initio calculations of Neuheuser
et al® are of special interest.

In the present work we describe several minima of the-FA
FMA potential energy surface and discuss their geometries,
binding energies, and vibrational spectra. The FMA
complexes exhibit different hydrogen-bonding interactions:
NH---O, OH---O, C=0---H, C—-0---H, and CH--O, making
them challenging for theoretical research. The results obtained
with various computational methods and basis sets are discusse
as well as the influence of the basis set superposition error
(BSSE) on the calculated energies and geometries of the
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The multiple minima hypersurface (MMH) approdet?® was
used for searching configurational minima in the FAMA
system. One thousand randomly arranged-FMA clusters
were generated as starting points, and the resulting geometries
were optimized and analyzed using PM3 and AR1#2
semiempirical quantum mechanical Hamiltonians. These semiem-
pirical results provided a preliminary overview of the FEMA
interactions, and the relevant configurations were further refined
using DFT and ab initio methods. For the 1:2 and 1:4+FA
FMA complexes, 250 and 198 random geometries, respectively,
were taken as starting points for the PM3 geometry optimiza-
tions.

Ab initio and DFT computations were performed using the
Gaussian 983 Gaussian 03% and MOLPRG?® programs. The
equilibrium geometries and vibrational frequencies were cal-
culated using second-order MghePlesset perturbation theory
(MP2)%%¢ and density functional theory (DFT) with the B3LYP
hybrid functional’-38 Pople and co-worker’s 6-31G(d,p) basis
sef94%and augmented and nonaugmented Dunning’s correlation
consistent double- and tripebasis set (cc-pVDZ, aug-cc-
pVDZ, cc-pVTZ, and aug-cc-pVTZ) were used. Single-point
calculations were done with coupled clusters of single and
double substitutions (with noniterative triplésCCSD(T)/aug-

FCPVTZ.

' The stabilization energies were calculated by subtracting the
energies of the monomers from those of the complexes and
corrected for the basis set superposition errors (BSSE) using
the counterpoise (CP) scheme of Boys and BerrfdrdiPE
corrections were included.

To investigate the influence of the basis set superposition
errors (BSSE) on the geometries of the complexes, the two most
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TABLE 1: Calculated Binding Energies and ZPE- and
BSSE-Corrected Binding Energies (in kcal/mol) of the
FA—FMA Dimers A—12

MP2
cc-pvbDZz aug-cc-pvDZ cc-pvTZ
AE AE(ZPE) AE(BSSE) AE AE(ZPE) AE(BSSE) AE

A —1837 —-1592 —11.60 —16.53 —14.30 —14.21 —16.90

B —1456 —12.57 -867 —12.87 —11.09 —11.03 -13.21

C -11.38 -9.72 —-6.69 -9.93 -836 -823 —10.16

D -10.06 -829 -534 -897 -7.37 -7.41 —8.89

E -1021 -803 -519 -7.54 -585 -581 —8.04

F -758 —633 -367 -6.38 -516 —497 —6.12

G -657 -495 -315 -542 -434 —429 —558

H -626 -521 -247 -550 -—456 —431 —534

|  —537 —450 -2.15 —464 —3.82 -352 —4.37

MP2 B3LYP CCSD(T)/cc-pVTZ/!

Q aug-cc-pvTZ cc-pvTZ MP2/aug-cc-pVTZ

AE AE(sz)b AEgssey AE  AEgzpg) AE AE(sz)b

F) @) A —16.64 —14.41 —1525 —16.03 —13.97 —16.76 —14.53
B —12.96 —11.18 —11.87 —12.2 —1046 —1321 —11.43
C -995 -838 -892 -897 —7.53 —10.00 —8.42
O D -871 -7.11 -7.86 -7.77 —625 -9.068 —7.45
2.277 159.6 E -732 -563 -637 -622 —-452 -806 —6.37
N 003 1S F —605 —-483 -526 -488 —378 —624 —502
_ )1481 % ik G -52 —412 -458 -463 —359 -540 —4.32
A o< H -517 —-423 —460 -437 —3.44 -560 —4.66

|

—429 —-347 373 -—-337 —-260 —454 —3.71

O aBSSE-corrected binding energies for the cc-pVDZ, aug-cc-pVDZ,
and aug-cc-pVTZ basis sets at the MP2 level of thebBPE correction
from the MP2/aug-cc-pVDZ calculations.

G) |) Q Seven basic types of interactions(7) can be differentiated
65.1 in the FA-FMA complexes:
m (1) NHgma+-*O=Crga interaction between the amide hydrogen

2.023 atom of FMA and the carbonyl oxygen atom of FA.
H (2) C=0Ogma"-*HOkx interaction between the carbonyl oxygen
atom of FMA and the hydroxyl hydrogen atom of FA.

)
2 295 )145.2 2.561 (3) (O)CHgpa+--O=Cka interaction between the aldehyde
- ' hydrogen atom of FMA and the carbonyl oxygen atom of FA.
136. H (4) NHgma--+(H)OCkr4 interaction between the amide hydro-
d 131.4 gen atom of FMA and the hydroxyl oxygen atom of FA.
(5) C=0Orpma++*HC(O)a interaction between the carbonyl
2.469 oxygen atom of FMA and the aldehyde hydrogen atom of FA.
Figure 1. Calculated structures with hydrogen bond lengths (angstrom)  (6) HN(H)rma®*HOkA interaction between the nitrogen atom
and angles (deg) of the FAFMA dimers A-| at the MP2/aug-cc- of FMA and the hydroxyl hydrogen atom of FA.
PVTZ level of theory. (7) (O)CHewa®++(H)OCka interaction between the aldehyde
. . hydrogen atom of FMA and the hydroxyl oxygen atom of FA.
stable dlmers were optimized at.the MP2/6-31G(d,p). Ie'vel .of The most stable FAFMA dimer calculated is complex A
theory using the CP scheme during the geometry optimization i 5 hinding energy of-14.41 kcal/mol (MP2/aug-cc-pVTZ
process. In addition, the geometries were optlmlz_ed without __ ZPE): the ZPE correction is taken from the MP2/aug-cc-
BSSE at the same Ieyel of theF’fy to compare the mﬂuence.of pVDZ calculations. The energies of the other dimersl|Bre
the BSSE on the binding energies as well as on the geometnesalso discussed at this level of theory (Table 1).
T_he small 6-316_(d,p) basis set was sglected for th|s PUTROSE  The dimer A is stabilized by interactions 1 and 2 involving
since t_h_e BSSE is more pronounced with smaII_ basis sets and'both carbonyl groups and the-NH and O-H hydrogen atoms
in addition, the computations are less demanding. of the formamide and formic acid molecules. The binding
distances are 1.859 and 1.637 A, respectively. In dimer B
(—11.18 kcal/mol) the amide hydrogen atoms of the FMA are
1. Formic Acid—Formamide Dimers. 1.1. Geometries and not involved in the stabilization of the complex. Instead, the
Binding Energies: Analysis of the Intermolecular Interactions. aldehyde hydrogen atom of the FMA interacts with the carbonyl
Nine FA—FMA complexes A-l were localized after MMH oxygen atom of the FA at 2.304 A (interaction 3). Cyclic dimer
search and refined with both DFT and MP2 calculations (Figure B is also stabilized by interaction 2 with a binding distance of
1). The use of Dunning’s cc-pVDZ, aug-cc-pVDZ, cc-pVTZ, 1.663 A (around 0.025 A longer than interaction 2 in complex
and aug-cc-pVTZ basis sets (Table 1) revealed that the A).
geometries of the complexes are almost independent of the basis The difference between the binding energies of complexes
sets used. Therefore, we discuss hydrogen bond distances and and B is more than 3 kcal/mol. This is explained by the
angles at the MP2/aug-cc-pVTZ level of theory only. different hydrogen bond capabilities of the-M versus C-H

2.276,125.7,

Results and Discussion
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hydrogen atoms of FMA. Consequently, the difference between  (b) C=Ogya---H—Oka (interaction 2)> C=Ogya-**H—Cpa
the hydrogen bond distances of interaction 1 in A and interaction (interaction 5).
3in B is more than 0.4 A. (©) NHeuas+O=Cra(interaction 1) > NHewas++(H)OCra
In comparison to dimer A, the FAFMA complexes C and  (interaction 4).
D are between 6 and 7 kcal/mol less stable. The binding energy (d) OHea***O=Crua(interaction 2)> OHga***NHgma (in-
of complex C is calculated to be8.38 kcal/mol. In dimer C, teraction 6).
as in A and B, the carbonyl oxygen atom of FMA is interacting () CHema®s-O=Ckga(interaction 3) > CHgma***(H)OCea-
with the hydroxyl hydrogen atom of FA (interaction 2). (interaction 7).
However, at 1.735 A the hydrogen bond distance in C is  (f) The CH group in the formic acid molecule only interacts
considerably larger than in A and B (Figure 1). In dimer C the with the G=C group of the formamide molecule (interaction
carbonyl oxygen atom of FA is not involved in the stabilization 5).
of the complex. Instead, one of the amide hydrogen atoms of  This allows us to qualitatively compare the hydrogen bond
FMA interacts with the hydroxyl oxygen atom of FA at a acceptors and donors in the FAMA dimers.
distance of 2.213 A (interaction 4). (a) Donors: OH> NH > CH gya> CHea
Dimer D has a binding energy of7.11 kcal/mol, and it is (b) Acceptors: &Ogyma > C=Ofa. The order of the proton
energetically very close (about 1 kcal/mol) to dimer C. In dimer donor ability of the hydrogen atoms linked to C, N, and O
D, again both carbonyl groups of the formamide and formic heteroatoms corresponds to the increase of the electronegativity
acid molecules are involved in the stabilization of the complex from carbon to oxygen. To compare the hydrogen bond acceptor
via interaction 1 (1.968 A hydrogen bond distance) and capability of the carbonyl group of FMA with that of the
interaction 5 between the carbonyl oxygen atom of FMA and carbonyl group of FA is more complicated. In this case, the
the aldehyde hydrogen atom of FA (hydrogen bond distance of order is based on the relative binding energies and distances in
2.258 A). In this case, the-€H group of the FA is notinvolved  the complexes.
in the stabilization of the dimer. It is interesting to mention that for the FMAwater and
The cyclic-nonplanar structure of dimer E is an interesting FMA—methanol dimers the binding energy to the carbonyl
case. The amide group is pyramidalized and thus makes possiblgroup of FMA is slightly more favorable than to the amide
interaction 6 between the nitrogen atom of FMA and theHD group?t2244 In the most stable FAFMA dimer A both
hydrogen atom of FA (2.003 A). Complex E is also stabilized interactions are present, and the distance between the carbonyl
by the interaction 1 with a 2.133 A distance. The calculated oxygen atom of FMA and the hydroxyl hydrogen atom of FA
binding energy of dimer E is-5.63 kcal/mol. is nearly 0.2 A shorter than the hydrogen bond distance between
The dimers F-I are weakly bound and energetically very the amide hydrogen atom of FMA and the carbonyl oxygen
close to each other. The binding energies vary betweé/83 atom of FA (Figure 1).
and—3.47 kcal/mol. With the exception of the nonplanar dimer ~ In agreement with Neuheuser et al.’s observatfrise
G, stabilized only by interaction 1, all dimers are cyclic. Dimer Weakest C-H--+O interaction still contributes significantly to
F is stabilized by interactions 4 and 5 and dimer H by the interaction energy in the FAFMA system, for example in
interactions 3 and 5. In dimer |, interaction 5 appears together dimer B.
with the weakest interaction 7 between the carbonyl hydrogen 1.2. Comparison with Other Dimerghe presence of carbonyl
atom of FMA and the hydroxyl oxygen atom of FA resulting groups in both FMA and FA results in additional stabilizations
in a large distance of 2.561 A. In none of the Fdimers does ~ Wwhich do not exist in the waterformamide (W-FMA) and
the hydroxyl hydrogen atom of the formic acid molecule interact the methanotformamide (M-FMA) complexes. Nevertheless,
with other groups. there are very interesting analogies among all the FMA
All the complexes discussed here were produced from SOmplexes with water, methanol, and formic aiéf.*“(Figure

randomly generated geometries and not via chemical intuition. 2). )

It is thus interesting to note the following: Three stable WFMA structures were described by Fu et
al2* using DFT and MP2 methods with large basis sets. In all
cases the main interaction is QH-O=Cgya. FW I and FW I

are the two more stable WFMA calculated complexes. They
are cyclic dimers with additional N§a---O—Hw and
CHema®-O—Hy interactions, respectively (Figure 2). Their
geometries have some similarities with the structures of some

The calculated geometries of the FAMA dimers A and B
are in complete agreement with the calculated structures of the
FA—FMA complexes proposed by Neuheuser étahd Galvez
et al’®in their ab initio and DFT studies. Our complexes also
show interesting analogies with the FMAvater and FMA-
methanol dimers, which have been extensively studied. TheseOf the FA-FMA dimers.

comparisons are discussed in more detail later. .
P In the FA-FMA dimer A the carbonyl group of the

The most stable dimers A and B are those where both ; ; .
. . S formamide molecule interacts with the hydroxyl hydrogen atom
carbonyl groups of FMA and FA are involved in the stabilization of the formic acid resembling the interaction between the

of the complex, together with the hydroxyl hydrogen atom of carbonyl group of the formamide and the hydroxyl hydrogen

F.A thatllnteracts with the carbonyl oxygen atom of FMA atom of water in the FW | complex. The amide hydrogen atom
(interaction 2). of FMA interacts with the carbonyl oxygen atom of FA in a
Inthe less stable complexes-Fthe hydroxyl hydrogen atoms  gimilar way as the NEya+--O—Hy interaction in the FW |
of FA are not involved in hydrogen bonds. formamide-water complex.

According to the calculated geometries and binding energies  The waterformamide dimer FW Il shows the=E0gya-+*
of all the FA-FMA dimers, it is possible to make some HQ, interaction (similar to the €Ogya-+*HORa in complexes
preliminary qualitative conclusions about the strength of the A and B) and the CHya***O—Hyw (Similar to the Chya**
different interactions: O=Ck, interaction in complex B).

(a) C=0fa***H—Ngma (interaction 1)> C=0Oga***H—Cprua Four stable formamidemethanol (M-FMA) dimers have
(interaction 3). been studied by Fu et al. using DFT and ab initio methods with
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FMA-WATER FMA-METHANOL FMA-FORMIC ACID TABLE 2: Comparison of Selected Intramolecular and
Intermolecular Parameters in the FA—FMA Dimers A, B,

and D at the Different Levels of Theory
FWI i@ MF I A }‘ B3LYP MP2
0
B

CcC- CcC- aug-cc- CC- aug-cc-
O pvTZ pvDZ pVvDZ pVTZ pVTZ

Q

. Monomer
) O—Hea 0.970 0.975 0.975 0.970 0.971
p C—Hga 1.097 1.108 1.103 1.092 1.092

N—Hgwa? 1.006 1.014 1.012 1.004 1.006
C=0Ora 1.197 1.209 1.215 1.203 1.205

3
: S }"5

v Q) MFIl CL{

) C=Oruma 1.209 1220 1228 1.215  1.218

o Y, - Dimer A
3 % O—Hra 1.006 1.005 1.006 1.004  1.005
0 N—HgpaP 1.022 1.027 1.027 1.019  1.020
C=Ora 1214 1225 1231 1219 1221
C=Orma 1.229 1237 1245 1232 1.235
X NHewa++*O=Cra 1.879 1.872 1.871 1.853  1.859
C : C=Orma***HOFA 1.643 1.661 1.657 1.634  1.637
MFIV B o < NHema®**OFa 164.77 164.65 165.35 165.48 164.90
& 5 < OHga***OFma 175.70 173.95 173.98 173.82 174.51

Lok Q; o Dimer D
C—Hea 1.095 1.104 1101  1.091  1.092
- F{ N—HgyaP 1.016 1.022 1.021 1.014 1.015
' ’ C=0Orn 1207 1219 1225 1213 1.214
C=OFma 1.218  1.227 1.236  1.222  1.225
) NHeva++*O=Cea 2.006 1.992 1981 1.968  1.968
Figure 2. B3LYP structures of FMA-water, FMA—methanol, and C=Ofpa-+*HC(O)a 2.205 2.258 2.267 2.251 2.057
selected FMA-FA dimers. < NHema***Ora 163.31 164.40 164.52 164.64 163.99
< CHga***Orvia 138.65 140.70 139.51 140.57 138.88

various basis sef&. The two most stable MFMA complexes Dimer B
have similar geometries compared to those of the-FMA O—Hra 1.001 1001 1002 0.998  1.000
and W=FMA dimers. C=0Ora 1.209 1220 1226 1.214  1.216
. . . . C=Oruma 1.225 1235 1242 1229 1.231
MF 1 is a cyclic dimer with Ohl---O=Crua and C=Orya*+*HOEA 1676 1.683 1682 1663 1663

NHema®*O—Hw interactions. The MF Il dimer shows the  (O)CHgya*sO=Cra  2.350 2.308 2.317 2.303  2.304
OHy*+*O=Cria and Chiwa**O—Hy interactions. Both struc- a Distances are in angstrom and angles in deymide hydrogen

tures are similar to the A and B FAFMA dimers. atom in the cis position relative to the carbonyl oxygen atom of the
MF IV compares very well with the FAFMA dimer F. They formamide.

are both cyclic dimers stabilized by the Mith*+*(H)OCraveT)

interaction between the amide hydrogen atom of FMA and the  The O-Hga bond lengths in dimer A are not sensitive to the

hydroxyl oxygen atom of the FA or methanol molecules. The method or the basis set used for the calculations (Table 2).

second interaction is the=€rua-+*HCra in the case of complex  However, the N-Hgya intramolecular distances of the interact-

F. The MF IV dimer shows the €0gua*--HCy interaction ing amide hydrogen atoms vary in both complexes A and D
between the carbonyl oxygen atom of FMA and one hydrogen substantially with the basis set. At the MP2 level of theory, the
atom from the methyl group of the methanol molecule. calculated N-Hgwa bond lengths with the cc-pvVDZ basis set

Formamide-formic acid dimers have been studied before are 0.007 A larger than with the cc-pVTZ basis, whereas
using ab initio and DFT methods. Neuheuser et al. calculated inclusion of diffuse functions has only a minor influence. The
five noncyclic and ring H-bonded FAFMA structures as a  B3LYP/cc-pVTZ-calculated bond lengths are only 0.602003
model for the interactions in supramolecular complexes of A larger than the MP2/cc-pVTZ values.
dicarboxylic acids and dimethylformamidd?acios performed The C-Hga bond lengths in complex D behave in a similar
ab initio calculations of the most stable FMAA dimer A% way. In this case the difference between the MP2 double- and
Galvez et al. studied the variation of electron’s density properties triple-¢ basis set is even more pronounced (0.010309 A).
with the intermolecular distance for various cyclic dimers, The MP2/cc-pVTZ and aug-cc-pVTZ -€Hg, distances are
including the most stable FAFMA complex!® Neuheuser et basically the same and very similar to the B3LYP/cc-pVTZ
al.’s, Pacios, and Galvez et al.'s studies corroborate our FA ones. The MP2/cc-pVDZ €Hea bond length is 0.003 A larger
FMA dimers A and B as the most stable calculated geometries than the MP2/aug-cc-pVDZ-calculated value. The@ car-
in the formic acid-formamide system. This agreement confirms bonyl bond lengths of the FMA and FA molecules in dimers A
the reliability of the MMH procedure for localizing the minima  and D show a little more dependence on the basis sets. At the

in noncovalent complexes. MP2 level of theory the €O distances increase with the
1.3. Methods and Basis Set Influence on the Calculated addition of diffuse functions (aug) in the double- and trigle-
Geometries and Binding Energies of the FMPA Dimers. basis sets. This variation is less pronounced with the tdple-

Table 2 lists some selected intra- and intermolecular distancesbasis set. The B3LYP/cc-pVTZ carbonyl bond lengths are of
and hydrogen bond angles at various levels of theory for selected0.006-0.003 A shorter than the MP2/cc-pVTZ values.
FA—FMA dimers. Complex A is discussed because it is the =~ The NHgya-*O=Cga distances in both A and D dimers are
most stable calculated FAFMA dimer. The weaker complex  0.026 and 0.038 A, respectively, larger at the B3LYP level of
D has been selected due to its very weak@xya-*H—Cga theory compared to those of the MP2 calculations with the same
interaction. In addition, intermolecular distances for complex basis sets. In the MP2 calculations the g -*O=Cra binding

B are presented. distances decrease from the double- to the triplmsis sets.
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1)1.223
1) 0.999 2)1.22 1) 0.996
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Figure 3. MP2/6-31G(d,p) geometries with inter- and intramolecular

lengths (angstrom) and hydrogen bond angles (deg) of dimers A and Matrix, 10 K) and the Calculated B3LYP Vibrational
B: (1) optimized without BSSE corrections; (2) optimized with BSSE  Frequencies (in cn

corrections.

The behavior of the €Ogma+*HOra (dimer A) and the €&
Orma***H—Cra (dimer D) distances is very similar, in general.
The calculated hydrogen bond angles are comparable in all
cases. Intermolecular distances in complex B are basically not
dependent on the augmentation of the basis sets.

The B3LYP calculations show a tendency to give a little
larger value for the intermolecular binding distances, compared
to the MP2 values with the same basis set. However, there is
no considerable difference between the B3LYP- and the MP2-
calculated geometries for the FAMA dimers. Reliable
geometries for the weak interacting FAMA dimers are also

calculated using the B3LYP density functional. At the MP2 level mamide fundamental modes.

J. Phys. Chem. A, Vol. 110, No. 46, 20062617

TABLE 3: Comparison of the Binding Energies of the

Calculated FA—FMA Dimers A and B at the MP2/

6-31G(d,p) Level of Theory Including (or Not) BSSE
Corrections in the Optimization Processes

MP2/6-31G(d,p)

optimization with BSSE

optimization without BSSE

AE AE(BSSE) AE AE(BSSE)
dimer A —18.03 —13.39 —18.22 —13.19
dimer B —14.88 —10.23 —-14.31 —10.08

TABLE 4: Comparison between the Experimental (Ar

Monomers, Shift, and Factor of Correction

1) of Formic Acid and Formamide

computed shift and
frequencies  factor of correction mode of
experimental B3LYP/cc-pVTZ (exp/B3LYP freq} assignment

3549.9 3722.1 172.2 (0.954) vor?
3066.0 3043.8 —22.2 (1.007) ver?
1766.9 1826.2 59.3 (0.967) ve=a®
1103.5 1125.0 215(0.981) v
1739.1 1803.8 64.7 (0.964) Ve=o°
2882.9 2931.0 48.9 (0.984) verS
3547.4 3718.2 170.8 (0.954) VasNHE
3426.6 3579.9 153.3 (0.957) Venr

a Shifts are calculated as the difference between the computed and
the experimental frequencigsFormic acid fundamental modest-or-

of theory, we found basically no change of the geometries when the BSSE-optimized distance€®ga++*H—Crya is almost 0.12
A larger than the non-BSSE-optimized distance. Hydrogen bond
angles are less sensitive to BSSE corrections (Figure 3). Thus,
a tendency to overestimate the binding energies (Table 1). Thethe geometrical changes introduced by BSSE corrections are
double energies compare better to the CCSD(T)/cc-pVTZ very limited, and the basic geometries and interactions ir-FA
calculations when the augmented functions are added. At theFMA complexes do not depend on the inclusion of BSSE during
MP2 level, using triplez basis sets augmented and nonaug- the optimization process, in accordance with our previous
mented, the results are very similar to those of the CCSD(T)/ observationg?
It is therefore not surprising that the binding energies of
ing energies are smaller than the MP2 and CCSD(T) energies.dimers A and B are almost independent of BSSE corrections
We also confirm that at the MP2 level of theory the cc-pVTZ during geometry optimization. For complexes A and B the
basis set provides a very adequate description of our system; itcalculated BSSE corrections are-3 kcal/mol, and the differ-
is in general not necessary to use the expensive aug-cc-pVTZences in binding energies between the BSSE-optimized and the
basis set, according with what we have found in previous work non-BSSE-optimized geometries are in the range of-80187
kcal/mol only (Table 3).
1.4. Effect of the BSSE on the Calculated Geometries and 1.5. Intramolecular Distances and Vibrational Frequencies:
Binding EnergiesBSSE corrections have been calculated for Calculated Spectra and Rotational Constanfthe vibrational
frequencies of all the FAFMA dimers have been calculated
pVDZ, aug-cc-pVDZ, and aug-cc-pVTZ basis sets. As expected, at the B3LYP/cc-pVTZ, MP2/cc-pVDZ, and MP2/aug-cc-pVDZ
the BSSE decreases with increasing size of the basis sets. Thalevels of theory. We discuss here the B3LYP/cc-pVTZ vibra-
tional frequencies and selected intermolecular distances for
complexes A and B. On the basis of experimental and B3LYP/
cc-pVTZ-calculated vibrational frequencies of the monomers,
the BSSE correction is 6.77 kcal/mol, compared to only 2.32 the frequency shifts and correction factors for some molecular
and 1.39 kcal/mol at the MP2/aug-cc-pVDZ and MP2/aug-cc- vibrations of complexes A and B are estimated (Table 4) to
accurately match calculated with experimental frequencies

the basis set is augmented by adding diffuse functions.
In the FA—FMA dimers, the MP2/cc-pVDZ calculations have

cc-pVTZ single-point calculations. The B3LYP/cc-pVTZ bind-

with weakly interacting complexeg:2°

all FA—FMA dimers at the MP2 level of theory with the cc-

can be noticed by comparing tiAéE (binding energies without
corrections) withAEgssg) (BSSE-corrected binding energies)
in Table 1. For example, in complex A with MP2/cc-pVDZ

pVTZ levels of theory, respectively.
In addition, FA-FMA dimers A and B were optimized at
the MP2/6-31G(d,p) level of theory using the counterpoise (CP)

energies and geometries.

C=0kfa***H—Ngwma (interaction 1), E&Opya--*H—Oka (interac-
tion 2), and G=Oga--*H—Cguma (interaction 3) are significantly
influenced by BSSE. Especially for the weaker interaction 3

(Table 5).

In comparison to the monomers, intramolecular distances and
scheme to evaluate the influence of BSSE on the calculatedthe corresponding vibrational frequencies in the complexes are
perturbed as a consequence of the intermolecular interactions
The intramolecular bond distances in the FA and FMA (Tables 2 and 5). In complexes A amdthe O-H stretching

molecules are almost not effected by the inclusion of BSSE vibrations of the FA molecule show the largest red shifts with
corrections during the optimization processes (Figure 3). In all =677 and—585 cntl, respectively (Tables 2 and 5). This
cases the difference between the bond distances was in the ordedlemonstrates the strong interaction between the OH hydrogen
of 102 A or less. Only the intermolecular distances atom of FA and the carbonyl oxygen atom of FMA (Figure 1)
resulting in an elongation of the OH bonds of 0.036 and 0.031
A, respectively, for complexes A and B (B3LYP/cc-pVTZ,

Table 2).
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TABLE 5: Calculated B3LYP/cc-pVTZ Vibrational
Frequencies (in cm?) of Dimers A and B and Frequency
Shift in the Complex, from the Isolated Monomer (in
Parentheses) (Predicted Frequencies after Scaling)

monomer
B3LYP/ dimer A dimer B assign-
cc-pVTZ  calculated  predictéd calculated  predictéd ment
2983.7
3012.4
3722.1 3044.84677.3 2904.7 3136.7{585.49 2992.4 wvouPc
1826.2 1779.8€46.4 1721.1 1788.5(37.7) 1729.5 vc=0o
1125.0 1256.5¢131.5 1232.6 1230.6¢105.§ 1207.2 vco
1803.8 1729.9473.9 1667.6 1732.3171.5 1669.9 vc=o!
3718.2 3675.5(42.7) 3506.4 3715.8<2.4) 3544.9 vasnud
3579.9 3348.5(231.4 3204.5 3579.4{0.5 3425.5 venud

a Predicted frequencies after scaling the individual frequencies with
a scaling factor obtained by comparing calculated vs experimental
frequencies of the corresponding monomer bands (TableRgrmic
acid. ¢ In the case of complex A, there is a very strong coupling between
thevon and thevey vibrations of formic acid and formamide. The same
happens for thevc—o vibrations of formic acid and formamide.
4 Formamide.

The carbonyl stretching frequencies of the FA molecules in
dimers A and B are calculated to be shifted b¢6 and—38
cm L. The G=0Ogx bond lengths in A and B increase by 0.017
and 0.012 A compared to those of the monomers. The red shift
for dimer B is 8 cm! less than for dimer A. This difference is
caused by the stronger€ga---H—Ngya interaction (interac-
tion 1) in dimer A compared to the weakerOra*+*H—Crua
interaction (interaction 3) in dimer B.

The carbonyl stretching frequency shifts of the FMA mol-
ecules are-74 and—71 cntl. The G=Opya bond lengths in
the dimers A and B increases by 0.020 and 0.016 A, respec-
tively. According to the structure of the complex, only in dimer
A is a significant shift £231 and—43 cnt?) for the sym-
metrical and antisymmetrical vibrations of the-N group,
respectively, predicted. The intramolecularN bond distance
of the interacting NH group of FMA in complex A is
consequently 0.016 A larger than in the FMA monomer.

2. Larger SystemsThe weak interactions between FMA and
FA create a very flat intermolecular energy surface. That makes
the analysis of systems larger than dimers even more compli-
cated. It would take huge computational efforts to get a complete
description of the possible geometries for trimers and larger
aggregates. However, there are very interesting correlations
between the geometries of the FAMA dimers and the
calculated structures of larger systems.

2.1. 1:2 Formic Acig-Formamide ComplexeBigure 4 shows
a selection of the most stable calculated 1:2 FFMA
complexes FA to T—G and their B3LYP/cc-pVTZ binding
energies with and without ZPE corrections. TrimerH is much
less stable compared to-R, but is included in our selection

Sanchez-Gar@a et al.
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Figure 4. Calculated structures with hydrogen bond lengths (angstrom)

in order to compare with the crystal structure. Itis importantto of the 1:2 FA-FMA complexes F-A to T-G at the B3LYP/cc-pVTZ
remark, once again, that all the trimer structures are found |eye| of theory: a= B3LYP/cc-pVTZ binding energies; & B3LYP/
starting from a large amount of randomly generated geometriescc_pv-rz binding energies, ZPE-corrected (kcal/mol).

calculated with semiempirical Hamiltonians and later refined
at the B3LYP/cc-pVTZ level of theory.

T—A is the most stable calculated trimer with a binding
energy of—22.22 kcal/mol. B is energetically very close to
T—A with —21.94 kcal/mol (Figure 4). It is interesting to
compare the FA and T-B geometries with the structure of
the dimers. The part of trimer-fA where the FA and FMA
molecules interact with each other is similar to the-FAMA

interacting formamide molecule, the intermolecular@ga---

A larger, respectively, compared to those of dimer B at the same
level of theory (Table 2, Figure 4). The FMA=MA interactions

in trimer T—A reproduce the structure of the most stable
formamide homodimer.

In trimer T—B, the FA interactions with FMA disturb the

structure of the FA-FMA dimer A. The carbonyl oxygen atom
dimer B (Figure 1). But due to the presence of a second of FA shows an additional interaction with one amide hydrogen
atom of the second FMA molecule. This causes an elongation

H—Crma and C=Ogya*-*H—Oka distances are 0.031 and 0.008 of 0.102 A of the G=Oga+**H—Ngua distance compared to that
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Figure 5. Calculated structures with hydrogen bond lengths (angstrom) of the 1:4~FM\ complexes P-A to P—E at the B3LYP/cc-pVTZ
level of theory: a= B3LYP/cc-pVTZ binding energies (kcal/mol).
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of dimer A. The G=Ogya+**H—COka distance in trimer ¥B is case of complex ¥G there is one imaginary out-of-plane
also 0.069 A larger in comparison to that of dimer A. (Table 2, vibration at —15 cnt?! that is related with the repulsive
Figure 4). interaction at 2.306 A between the two aldehyde hydrogen atoms

The trimers FC and D are very close energetically to of FMA molecules (Figure 4). The geometry of the-&
each other with binding energies 6f21.35 and—21.02 kcal/ complex at the B3LYP/6-3t+G (d,p) level of theory is very
mol, respectively. Again, the main interactions between FA and similar, but there is no imaginary vibration, and the distance
FMA in T—C resemble the FAFMA dimer B, but the between the two aldehyde hydrogen atoms of the FMA
intermolecular distances are shorter compared to those of themolecules is 2.314 A.
dimer (Figure 4, Table 2). In this case, one amide hydrogen Itis interesting to notice that in the trimers-R, T—C, T—E,
atom of the second FMA molecule shows an additional and T-G the interactions between the FA and one FMA
interaction with the carbonyl oxygen atom of the FA molecule. molecule reproduce the geometry of the HAMA dimer B.

T—E, T-F, and G have calculated binding energies of In the same way, interactions in trimers-B, T—D, and T-F
—18.96,—18.59, and-18.25 kcal/mol, respectively. But inthe resemble the structure of dimer A. ComplexF is the only
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with no direct interactions between the two FMA molecules.

Instead, the interactions between FA and the second molecule FA
of FMA resemble the structure of the FAMA dimer F (Figure

1). In the T=A, T—D, and T-E trimers the FA molecule

interacts with only one molecule of FMA, and the system is
additionally stabilized by the FMAFMA attractions.

The T-H complex is less stable, since the carbonyl group
and the hydroxyl hydrogen atom of the FA molecule are not
directly interacting with the FMA molecules. The stabilizing
FA—FMA interactions in FH are the same as in the FA
FMA dimer F, the G=Ogma*-*H—Ckra (interaction 5) and the
NHemas++(H)OCkea (interaction 4); however, in this case the FA O 2
interacts with two molecules of FMA. These two molecules of 1 7

FMA form the structure of the cyclic most stable FMA

homodimer. 3
2.2. 1:4 FA~-FMA ComplexesThe 1:4 FA-FMA complexes

have been calculated starting from 198 arbitrary geometries that

were optimized at the semiempirical level. A selection of

complexes was refined at the B3LYP/cc-pVTZ level of theory.
(Figure 5).
P—A is the most stable of the calculated pentamers with a
binding energy 0f~50.54 kcal/mol. Complexes-B and P-C FMA]

3 A}
are energetically close with binding energies-046.42 and
and P-E are very similar,—38.64 and—38.47 kcal/mol.
The structure of the PA complex is very interesting. The

—43.95 kcal/mol, respectively. The binding energies efCP
two pairs of FMA molecules form two FMA cyclic homodimers,
which then interact with each other. The FA molecule stabilizes
the complex with the same type of interaction that appears in
the FA-FMA dimer A (Figure 1). The difference is that in-A

the FA molecule interacts with the two closest FMA molecules, 4 4
and the FA carbonyl oxygen atom cooperates with two amide
hydrogen atoms. In all the other complexes-8to P-E) the :

FA molecule interacts with one FMA molecule (FMA-a) with
the C=Ogma‘*H—Opa and C=Ogp-:-H—Cgma interactions,
forming the FA-FMA dimer B (Figure 1).
By comparison with the 1:2 FAFMA complexes it is easy O ()
to identify the structure of the¥C trimer as part of the PC,
P—D, and P-E complexes. The PC pentamer is even more
interesting, since it combines the geometries of both thé T FMAZ
and T—C trimers (Figure 4). Considering the FA molecule, the
FMA-a, and the FMA molecule at the right side of FMA-a, we
get the geometry of trimerFfA. Consequently, if we look at
the interactions between FA, FMA-a, and the FMA molecule 3
at the left side of FMA-a, there is trimer-IC. 2

3. Comparison of FMA—FA Complexes with the Crystal
Structure. The complexity of the FAFMA crystal structure
cannot be entirely described by a small number ofHFMA 1 <
complexes. However, interesting structural similarities can be
noticed. Three sections of the FAMA crystal structure are

presented in Figure 6, whereas Figure 7 shows a large fragment

of the FA-FMA crystal structuré? ' 4 ¢
The same type of interactions{#) that have been discussed -

above for the FA-FMA dimers are present in the crystal ;

structure. The geometry of dimer B is clearly reproduced in

the FA—FMA crystal interactions of fragments FA and FMA2
(Figures 1 and 6). In both cases the carbonyl group of the FA _
interacts preferentially out-of-plane with another molecule. ~ Figure 6. Selected sections of the FMAFA crystal structure (ref 24).

The geometry of the trimer A is also very similar to the
marked selection in the FMA2 section (Figure 4), and trimer
T—H describes the geometry of the interactions between the The geometries of the FAFMA dimers are calculated
FA molecule and the two FMA molecules forming the FMA starting from randomly generated molecular arrangements using
cyclic homodimer in section FA (Figure 6). the MMH procedure. The structures of the FAMA dimers

&

-

~

&

-
-

Conclusion
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The distortion of the intramolecular distances and vibrational
frequencies in the FAFMA dimers A and B compared to those
of the monomers are discussed, and reliable vibrational frequen-
cies are predicted. The empirically corrected frequencies should
allow for the experimental detection of these complexes in
matrix isolation or gas-phase studies.

The calculated geometries and binding energies of 1:2 and
1:4 FA—FMA complexes show very interesting similarities with
the FA-FMA dimers and with the FAFMA crystal structure.

Of special interest are structural motifs found in the crystal
structure that are already present in complexes of very few
molecules. This could lead to an in-depth knowledge of the
complex processes of molecular nucleation and crystal growth.
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