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Furan—Formic Acid Dimers: An ab Initio and Matrix Isolation Study
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The dimers formed by formic acid (FA) and furan are investigated by ab initio methods and matrix isolation
spectroscopy. Nine complexes with binding energies betwe®A1 and—0.82 kcal/mol (MP2/6-31++G-

(d,p) + ZPE + BSSE) are identified. Another five weaker bound complexes are localized at lower level of
theory only. The binding in the furarFA dimers can be described in terms of ©#D, C=0---H, HO---H,

CH-:-O, OH---r, and CH--x interactions. Therefore, the furafrA complexes are classified in two types:

(1) the dimers where the OH hydrogen of formic acid interacts with the furan molecule and (2) the dimers
where the main interactions of FA with the furan molecule are via the less acidic CH hydrogen. Duning’s
and Pople’s triple and double basis sets were used to study the dependence of the geometries and energies of
the complexes from the basis set. BSSE (basis set superposition error) counterpoise corrections (CP) were
included during the geometry optimizations of all dimers at the MP2/6-31G(d,p) level of theory. Matrix
isolation spectroscopy allowed us to record the IR spectrum of aggregates between FA and furan. By comparison
of the experimental IR spectrum with calculated IR spectra of a variety of complexes, it was possible to
identify the most stable furarFA dimer as the major product of the aggregation.

showed that, while the HCI complex obeys Legon'’s rule, the
HBr complex behaves differently and interacts with th&ystem

Furan is an aromatic heterocyclic compound with many of fyran. Huang et a.used ab-initio calculations to get insight
applications in different fields of chemistry from natural product jntg the binding situation of furaAHX complexes.
synthesis to material sciené&herefore, furan, its aggregates, Formic acid (FA) as hydrogen bond donor and acceptor
and complexes with small molecules have been subject to manyyoyides a good model to understand the variety of hydrogen
experimental and theoretical studfes? The complexes of furan - )on interactions: from classical, strong interactions to weaker,
with hydrogen halides and alkynes have been investigated bynonclassical interactior?d-3° The proton-transfer mechanism
Ault'® and DelLaat and Aulf using matrix isolation spectros- o the FA dimer has been extensively descride#,®2 and

copy. The equilibrium structures of the furan dimers and the. studies of the complexes of FA with other molecules like

nature of their intermolecular interactions were studied by Pei acetylene, water, dimethy! ether, and formamide were carried
and Li using density functional theory and the natural bond ot in our group using matrix isolation spectroscopy in
orbital analysig. The-++x interactions in the parallel, sandwich- o mpination with ab-initio method$-37

shaped furan dimer have been analyzed using high-level ab initio |, the present work, we describe the structures of the faran
theory!® The excited states of furan and the rotational spectra gp complexes and discuss their binding energies and the
of some of its complexes with halides were also investight€d.  infiyence of the basis set superposition errors (BSSE) on their
Chan et al. studied the reactions of various acids with furan as geometries. The calculated vibrational spectra of the faran

part of their research about the preferred sites of protonation Fa gimers are compared to experimental matrix isolation IR

and hydrogen bonding for a set of basic substrétes. spectra. The furanFA system exhibits both ands hydrogen
Many studies of the interactions of furan with other molecules bonding interactions. Therefore, the study of the furBA
were focused on the furarhydrogen halide complexés:'3 complexes leads to a detailed understanding of the noncovalent

Legon and Milleri*?2 proposed a general rule to predict the interaction in this type of systems.
geometry of B-HX complexes (X: F, CI, Br, I, CN, CCH): if

the Lewis base carries bottpairs andr electrons, the angular ~ Experimental Section

geometry is determined by the pair rather than by ther
electrons, and the Lewis acid lies along the axis ofritpir.
Since the furan molecule contains bothrguair andr electrons,
several studies of furarHX complexes have been carried out
to determine whether or not this rule is obeyed.Cole et al’
studied the rotational spectrum of furaHCl and HBr and

Matrix isolation experiments were performed by standard
techniques using an APD CSW-202 Displex closed cycle helium
refrigerator. Formic acid (Acros Organics) was distilled two
times, was dried over molecular sieve (4 A), and was degassed
several times by the freez@ump—thaw method before mixing
with argon. Formic acid (FA) and furan were premixed with
argon in a steel-mixing chamber using standard manometric
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K. The matrix was annealed at 30 and 35 K by staying at that o A )
temperature for up to 60 min and was cooled back to 10 K rk ;
before recording spectra. Spectra were recorded on a Bruker a .

IFS 66 FTIR spectrometer at 0.5 cthresolution in the range 1.877: S 2.540

of 400—-4000 cnT. a

Computational Methods

The multiple minima hypersurface (MMH) approdg#f-36-39 o
was used for searching configurational minima in the furan
FA system. One thousand randomly arranged fufeds clusters B
were generated as starting point, and the resulting geometries
were optimized and analyzed using PM3 and Afit3
semiempirical quantum mechanical Hamiltonians.

These semiempirical results provided a preliminary overview
of the furan-FA interactions, and the relevant configurations
were further refined using ab-initio methods at various levels
of theory.

The ab-initio computations were performed using the Gauss-
ian 98 and Gaussian @3 programs. The equilibrium geom- C D1
etries and vibrational frequencies were calculated at the SCF
level including second-order Mgller-Plesset perturbation theory,
MP246 Pople’s 6-31G(d,p) basis sEt/8the extended valence
triple ¢ basis set augmented with diffuse and polarization
functions 6-31#+G(d,p), and augmented and nonaugmented
Dunning’s correlation consistent double and tripleasis set¥
(cc-pvDZ, aug-cc-pVDZ, and cc-pVTZ) were used. The tight
convergence criteria was used in all cases for the geometryFigure 1. The calculated structures with hydrogen bond lengths (A)
optimizations and the force constants where calculated when©f the type i furar-FA complexesA, B, C, andD1 at the MP2/6-
necessary. 311++G(d,p) level of theory.

The stabilization energies were calculated by subtracting the E G
energies of the monomers from those of the complexes and
including ZPE (zero point energy) corrections. Most of the
energies were also corrected for the BSSE using the counterpoise
(CP) scheme of Boys and BernaPdi.

To investigate the influence of the BSSE on the geometries
of the complexes, all dimers were optimized at the MP2/6-31G-
(d,p) level of theory using the CP corrections during the ¢
optimization process. In addition, the geometries were optimized
without BSSE at the same level of theory to compare the
influence of the BSSE on the binding energies as well as on F1
the geometries. The small 6-31G(d,p) basis set was selected
for this purpose since the BSSE is expected to be more
pronounced with small basis sets, and in addition the computa-
tions are less demanding.

C-'
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Results and Discussion
Geometries and Binding EnergiesAfter refining the MMH

results, nine furanFA dimersA—I were localized at the MP2/ l H o
6-311++G(d,p) level of theory. For simplicity, in this chapter "
the geometries and binding energies of the complexes are G

discussed at this level of theory, whereas the influence of the 2 488"

basis sets on the complexes is discussed later. ] -
The FA molecule exhibits two protons that, in principle, can Coayme 0

act as hydrogen bridge donor: the more acidic OH proton and

the less acidic aldehyde type CH proton. Consequently, we

classify the furarFA dimers into two types: Type i, where o la)

the acidic OH hydrogen atom of FA acts as hydrogen bond Figure 2. The calculated structures with hydrogen bond lengths (A)

donor (dimersA, B, C, andD1, Figure 1), and type ii, where  fthe type ii furan-FA complexesE, F1, G, H, and! at the MP2/6-
the less acidic CH hydrogen atom of FA acts as hydrogen bond311++G(d,p) level of theory.

donor (dimersE, F1, G, H, andl, Figure 2).

The complexe®\—| were found being minima using double complexes do not represent minima at higher levels of theory
as well as tripleg basis sets. In addition, the five complex2s using larger basis sets.
D2, F, K, andJ (Figure 3) were only localized at the doulie- The interactions between the FA and furan molecules in the
level of theory without augmentation of the basis set. These complexes can be broken down into six basic interactior®: 1
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Figure 3. The calculated structures with hydrogen bond lengths (A)
of furan—FA dimersD, D2, F, J, andK at the MP2/6-31G(d,p) level
of theory. (1) Geometry optimized without BSSE corrections. (2)
Geometry optimized with BSSE corrections.

(1) O—Hga+--nteraction between the hydroxyl hydrogen atom
of FA and the oxygen atom of furan.

(2) C=0¢ga--Hr interaction between the carbonyl oxygen
atom of FA and the hydrogen atom of furan.

(3) O—Hga:--m interaction between the hydroxyl hydrogen
atom of FA and ther system of furan.

(4) C—Hga---Of interaction between the aldehyde hydrogen
atom of FA and the oxygen atom of furan.

(5) H—Oga--HE interaction between the hydroxyl oxygen
atom of FA and the hydrogen atom of furan.

(6) C—Hega--r interaction between the aldehyde hydrogen
atom of FA and ther system of furan.

Dimers showing the basic interactions, 1 or 3, involving the
acidic OH group of FA are classified as type i complexes, while
those showing interactions, 4 or 6, involving the less acidic CH
group of FA are classified as type ii complexes. In the
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Type i Complexes. The most stable furanFA dimer is
complexA with a binding energy of-3.91 kcal/mol at the MP2/
6-311++G(d,p)+ BSSE+ ZPE level of theory (Table 1). The
binding energies of all dimers are discussed at this level of
theory including BSSE and ZPE corrections unless specified
differently. For comparison, selected intermolecular parameters
of the dimersA—D2 are shown in Table 2.

The dimerA is stabilized by interaction 1 that involves the
OH of the FA molecule and the oxygen atom of furan and by
interaction 2 between the carbonyl oxygen atom of FA and an
o-hydrogen atom of furan. The binding distances and hydrogen
bond angles (in parentheses) for interactions 1 and 2 are 1.877
A (177.87) and 2.540 A (124.59, respectively (Table 2). If
dimerA is forced toCs symmetry, it shows one imaginary out-
of-plane vibration that after free optimization leads to a slightly
distorted equilibrium geometry (Figure 1). The intramolecular
bond lengths are not sensitive to this decrease of symmetry in
dimerA, and the variation of the intermolecular hydrogen bond
distances and angles are less than 0.01 A &ndeSpectively
(Table 2). As expected, the binding energy is also hardly
affected. Since with other basis sets tesymmetrical dimer
is a true minimum, the distortion is probably an artifact of the
6-311++G(d,p) basis set.

DimersB, C, andD1 are O-H---7 complexes (interaction
3) with very similar binding energies. In dimdéd1 with a
binding energy of-2.37 kcal/mol, the OH group of FA interacts
with the C2-C3 region of furan. The distances of the OH
hydrogen atom to C2 and C3 are 2.321 A and 2.508 A,
respectively (Figure 1). In the complexBs(—2.24 kcal/mol)
andC (—2.12 kcal/mol), the OH hydrogen atom of FA interacts
with the C1-C2 bond of furan. In dimeB, the O-H---C2 and
O—H:-:-C1 distances are 2.369 A and 2.427 A, respectively. In
dimerC, the O-H-:-C2 and O-H---C1 distances are 2.300 A
and 2.551 A, respectively. The main difference between dimers
B and C is the rotation of the FA molecule around its-@l
axis (Figure 1). Compared to dimBy;, the OH hydrogen atom
in dimer C is closer to atom C2.

Huang et al. calculated the electrostatic potential map of furan
at the MP2/6-313+G(d,p) level of theory. Their results
indicate that the region with the strongest negative potential is

complexes, generally more than one of the basic interactionsin the vicinity of the O atom. Along the C2C3 bond, the

1-6 are present leading to additional stabilization. The type i
complexesA—D show binding energies between 5.1 and 8.4
kcal/mol, whereas type ii complex&s-K with binding energies
between 2.9 and 4.3 kcal/mol are less stable.

negative potential is also noticeable. This analysis based on
electrostatic potentials agrees well with our results of the type
i furan—FA dimers. For the most stable dimér, the OH

hydrogen atom of FA interacts with the furan oxygen atom at

TABLE 1: Calculated Binding Energies of the Furan—FA Dimers A—I at the MP2 Level of Theory with the 6-31g(d,p) and
6-311++G(d,p) Basis Sets Including ZPE and BSSE Corrections (in kcal/mol)

6-31g(d,p) opt with BSSE 6-31g(d,p) 6-3£3-G(d, p)
AE BSSE  ZPE AFEssseze =~ AE  BSSE  ZPE  AFgssmzre  AE BSSE  ZPE  AFEssseizre

A -837 283 101  -453 -854 315 111  —4.27 -712 203 118  -3.91
B -516  1.65 061  —2.90 -6.05 311 088  —2.06 —551 224 103  -2.24
C -502 180 055 —267 -567 300 065  —2.02 -556 242  1.02  -2.12
D 511 161 048  —3.02 576 280 064  —2.32 D12

D1 D2 Da —5.44 212 095  -2.37
D2 516 166 054  —2.96 B? D12

E -330 144 055  -1.31 -3.73 229 064 0.8 -419 221 102  -0.96
F -2.89 141 040  -1.08 -317 191 065  —0.61 F1a

F1 -2.89 127 048  —-1.14 -321 195 058  —0.68 -376 201 093  —0.82
G -288 127 046  —1.15 -321 196 058  —0.67 -373 199 088  -0.86
H  -426 196 056 —1.74 —-438 219 067 152 -355 117 044  —1.94
| -340 156 047  -1.37 -350 1.75 051  —1.24 -3.05 118 052  -1.35
J Ha -3.37 199 064  —0.74 Ea

K b —259 159 043  —0.57 b

a|ndicates the dimer that it is found after geometry optimizatfdreads to a saddle point structure with two imaginary frequencies.
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TABLE 2: Comparison of Selected Intermolecular Parameters in the Furan-FA Dimers A—D2 at Various Levels of Theory!

«-MP2
6-31G(d,pysse 6-31G(d,p) 6-311G+(d,p) cc-pvDZ ug-cc-pvVDZ cc-pVTZ
Dimer A
OHga*++Of 1.973 1.889 1.8771.885}% 1.888 1.859 1.866
C=0kfp**-H(C1) 2.551 2.416 2.54(».536% 2.400 2.433 2.447
<OHgp*+-Or 177.93 176.58 177.8@77.53% 177.43 177.56 178.04
<C=0Ofa-*"H(C1) 124.66 124.65 124.5@25.26% 125.25 124.67 124.22
DimerB
OHga*++Of 3.074 3.289 2.756 3.225 2.656 2.698
OHpa-+-Cle 2.566 2.426 2.427 2.409 2.342 2.350
OHgp++C2: 2.432 2.354 2.369 2.328 2.294 2.305
OHpa+*C3 2.907 3.242 2.684 3.167 2.592 2.640
OHpas+-C4: 3.234 3.672 2.881 3.579 2.774 2.835
<OHgp*++Of 139.14 155.35 124.33 153.96 125.38 127.47
<OHgp**C2= 168.89 159.38 170.44 159.92 171.13 169.91
DimerC
OHgas+-Or 3.103 2.871 2.961 2.895 2.857 2.871
OHpa+-Cle 2.679 2.450 2.551 2.495 2.429 2.426
OHpa+-C2- 2.441 2.303 2.300 2.297 2.236 2.253
OHpas*C3 2.772 2.672 2.610 2.617 2.596 2.638
OHpas+-C4: 3.131 2.965 2.970 2.933 2.921 2.957
C=0kfp**-H(C4) 3.788 3.219 3.365 3.209 3.197 3.313
<OHga+-Oc 154.04 144.60 146.22 144.77 145.56 146.72
<C=0kfa"*"H(C4) 125.75 133.29 128.06 131.09 131.47 130.26
<OHgp *C2- 158.89 165.43 165.18 165.32 163.45 163.20
DimerD
C=0kfp**-H(C2) 3.586 2.929 D1P 2.900 D1P 3.129
OHga*++Or 3.234 3.359 3.368 3.098
OHpa+-Cle 2.967 3.007 3.013 2.816
OHpa+-C2- 2.510 2.366 2.359 2.323
OHpa+-C3 2.510 2.366 2.359 2.323
OHpas+-C4: 2.967 3.007 3.013 2.816
<C=0kfa"*"H(C2) 102.05 105.46 105.89 104.83
<OHgp*++Or 139.35 156.72 156.57 146.91
<OHgas+C2- 163.45 156.84 156.76 159.51
DimerD1
C=0¢a---H(C3) D2b Db 3.225 Db 3.122 3.111
OHga*++Of 2911 2.845 3.014
OHpa+-Cle 2.595 2.487 2.637
OHgas+-C2- 2.321 2.230 2.244
OHpas*C3 2.508 2.476 2.440
OHpas+-C4: 2.846 2.818 2.890
<C=0kp***H(C3)e 111.40 110.95 108.37
<OHga**+Or 129.68 129.38 141.66
<OHgpC2- 176.60 178.54 170.14
DimerD2
C=0kfp**-H(C2) 3.255 BP D1P Db D1P ¢
OHFA‘“OF 3.206
OHpa+*Cle 2.769
OHpa+-C2- 2.416
OHFA‘“C3F 2.704
OHgps+-C4e 3.150
<C=0kfa"*"H(C2) 108.22
<OHgp**+Or 138.07
<OHpa**C2: 176.29

2 Geometrical parameters in ti@ symmetry dimerA. ® Indicates the dimer that it is found after geometry optimizatidreads to a saddle
point structure with two imaginary frequenciésthe geometry was not optimized at this level of thedristances are in A and angles are in
degrees.

the site of the strongest negative potential. DimAeis 1.54 complexes where the CH hydrogen atom of FA interacts with
kcal/mol more stable than dim&1 where the OH hydrogen  the lone pairs of the furan oxygen atom (interaction 4) at
atom of FA interacts with the C2C3 bond of furan which distances of 2.502 and 2.488 A, respectively. Dinkkrin
indicates a stronger interaction of the acidic hydrogen atom with addition is stabilized by interaction 2 between the carbonyl
the furan oxygen atom than with thesystem. However, despite  oxygen atom of FA and the-hydrogen atom of furan (2.508

that dimerA is the electrostatic favored complex, dimé&sC, A). Complex| is stabilized additionally by interaction 5 with
and D1 represent the true prereactive complexes for an elec- an intermolecular distance of 2.569 A between the OH oxygen
trophilic substitution reaction. atom of FA and a ring hydrogen atom of furan.

Type ii Complexes.The C-H furan— FA dimersE—I are DimersE, F1, andG are energetically very close with binding

very weakly bound complexes (Table 1, Figure 2). Dimdrs  energies 0f—0.96, —0.82, and—0.86 kcal/mol, respectively.
(—1.94 kcal/mol) and (—1.35 kcal/mol) are both €H---O All of them show a combination of the-€Hga--- interaction
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6 and an atypical €H---O interaction in the plane of the
orbitals. The G-H---O distances are 2.780 A, 2.694 A, and
2.682 A for theE, F1, andG dimers, respectively. The-€H-
--C1 distances take values of 2.814 A, 2.673 A, and 2.705 A,
in that order. Similarly to dimerB, C, andD1, the dimersE,

F1, andG show the formic acid molecule “traveling” around
the furan molecule by rotating around its CH axis.

Other Furan —FA Geometries. Two additional type i and
three type ii furar-FA dimersD, D2, F, J, andK were found
with smaller basis sets than 6-3t+G(d,p) (Figure 3). As
mentioned before, at higher levels of theory these complexes
do not represent minima. Dim& showsCs symmetry and at
the MP2/6-31G(d,p} ZPE+ BSSE level of theory its binding
energy is—2.32 kcal/mol. The ©H---C2 distance is calculated
to be 2.366 A and the ©H::-C2 bond angle to be 156.84
(Tables 1 and 2, Figure 3). At the MP2/6-31G(d,p)BSSEbpt
ZPE + BSSE level of theory, the binding energy of dinizis
—3.02 kcal/mol slightly larger. The ©H---C2 distance is
predicted to 2.510 A, and the hydrogen bond angle is predicted
to be 163.45.

Dimer D2 could only be localized at the MP2/6-31G(d,p)
level of theory if CP BSSE corrections were included during
the geometry optimization (Tables 1 and 2). At this level of
theory, the binding energy of dimé&z2, including the ZPE and
BSSE corrections, is-2.96 kcal/mol. The & H---C2 distance
is 2.416 A and the corresponding hydrogen bond angle is
176.29.

By comparing the structures of dimdédsD1, andD2 (Figures
1 and 3), it is clear thaD1 and D2 are theC; symmetrical
structures that derive from tf& symmetrical dimeb by tilting
and slightly shifting the FA molecule. Of these structures, only
the D1 complex is a minimum at higher level of theory (6-
311++G(d,p) and aug-cc-pVDZ basis sets).

The type ii dimerd=, K, andJ were only localized with the
double¢ basis sets without augmentation. Dinfeiis a very
weak interacting complex with an MP2/6-31G(d;p)ZPE +
BSSE binding energy of0.61 kcal/mol. At the same level of
theory, the C-Hga+--C2- and C=Okx---Hf distances are 2.495
and 2.839 A, respectively. Dimé&t is mainly stabilized by the
weak interaction 2 between the carbonyl oxygen atom of FA
and a ring hydrogen atom of furan. Similarly, dimk(—0.74
kcal/mol) is stabilized by interaction 2 with an intermolecular
distance of 2.477 A and by the GHr interaction where the
CHgas++Clr intermolecular distance is 2.893 A.

Dimer K (—0.57 kcal/mol) exhibitsCs symmetry, and its
geometry is much related to the structure of dibe(Figure
3). In dimerK, the CH hydrogen atom of FA interacts with the
C2—C3 bond of furan. The €H ga++-C2 ¢ distance is 2.902
A. The larger A-Hga*+C2- (A = O, C) bond length of dimer
K compared to dimeD and the difference between their binding
energies (dimeb is 1.75 kcal/mol more stable than dimi€)
are clearly due to the difference in the acidities of the OH
hydrogen atom and the aldehyde CH hydrogen atom of the FA
molecule.

It is remarkable that both structurBsandK were localized
after a procedure on the basis of a completely random explora-
tion of the furar-FA dimers potential energy surface (PES)
without any previous chemical assumptions. The most stable
furan—FA complex A and all the other type i and type ii
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TABLE 3: Calculated Binding Energies of the Furan—FA
Dimers A—I at the MP2 Level of Theory with the cc-pVDZ,
aug-cc-pVDZ, and cc-pVTZ Basis Sets Including ZPE
Corrections (in kcal/mol)

cc-pvDz aug-cc-pvVDzZ cc-pvTZ

AE ZPE AE ZPE AE BSSE
A —8.56 1.13 —7.58 1.06 -7.14 1.61
B —5.93 0.81 —6.85 0.78 —5.73 1.50
C —5.72 0.65 —6.77 0.76  —5.63 1.57
D —5.85 0.68 D1 —5.65 1.43
D1 D —6.77 0.73 —5.65 1.44
D2 D D1 b
E —3.68 0.60 —5.30 0.82 —3.75 1.15
F —3.40 0.64 F1 b
F1 —-3.14 0.57 —5.06 080 —3.44 1.07
G —-3.17 0.57 —5.09 0.82 —3.46 1.06
H —4.67 0.68 —4.19 0.63 —3.74 1.17
I —3.73 0.52 —3.45 052 —-2.90 0.92
J —-3.61 0.64 E b
K —2.79 0.46 a b

a Leads to a saddle point geometry with two imaginary frequencies.
b The geometry of the complex was not optimized at this level of theory.

of the dimers were optimized using the 6-31G(d,p), 6-815G-
(d,p), cc-pVDZ, aug-cc-pVDZ, and cc-pVTZ basis sets. Dimers
A—C are minima with all basis sets (Tables 1 and 3), but only
with the 6-31H1+G(d,p) basis set the equilibrium geometry of
dimerA deviates from th€s symmetry plane (Figure 1). Dimer
D1 is only a minimum using the triplé- and augmented
double£ basis sets. With the 6-31G(d,p) basis set, the optimiza-
tion of complexD1 leads toD, whereas with the 6-31G(d,p)
basis set including CP corrections during the geometry optimi-
zation dimerD2 is produced (Table 1).

The structureD was found as a minimum after geometry
optimization at the MP2 level with the 6-31G(d,p) (with and
without BSSE CP corrections) and cc-pVDZ basis sets. How-
ever, when the basis set is augmented by diffuse functions (aug-
cc-pVvVDZ, 6-31H+G(d,p)), it becomes a transition state that
leads to the equilibrium geometB®1 (Tables 1 and 3). At the
MP2/cc-pVTZ level, dimerD is apparently a minimum, but
because of the large computational requirements, vibrational
spectra were not calculated at this level. Therefore, it is likely
that with the cc-pVTZ basis s& would become a transition
state leading t®1, similar to the aug-cc-pVDZ and 6-31H#G-
(d,p) basis sets.

As already mentioned, dimé¥2 could be found only at the
MP2/6-31G(d,p) level of theory when including the CP BSSE
corrections during the geometry optimization. With the aug-
mented basis sets, dimdd2 becameD1 after geometry
optimization. At the MP2/6-31G(d,p) level without the CP
corrections, the geometry optimization D2 lead to structure
B. With the cc-pVDZ basis set, dim&2 is converted into dimer
D, which is a minimum at this level of theory (Tables 1 and 3).

The dimersE, F1, G, H, andl are minima with all basis sets
used (Tables 1 and 3). Complé&xexhibits Cs symmetry at all
levels, except with the 6-3#1+G(d,p) basis set where it adopts
C, symmetry (Figure 2). DimefF is found only with the small
doubleg basis sets without augmentation. With the 6-83#1G-
(d,p) and aug-cc-pVDZ basis sets, it transforms to difer
after geometry optimization (Table 1).

DimersJ andK were localized only using the cc-pvVDZ and

complexes, as well as their enantiomers, were found using the6-31G(d,p) basis sets. When the BSSE correction was included

MMH procedure.

Basis Set Influence on the Calculated Geometries of the
Furan—FA Dimers. To analyze the influence of the basis set
on the geometries of the furaifrA complexes, the structures

during the geometry optimization (6-31G(d,p) basis set), dimer
J was transformed to dimet (Table 1). In contrast, with the
6-311++G(d,p) and aug-cc-pVDZ basis sets, the geometry
optimization ofJ leads to dimelE. Geometry optimization of
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TABLE 4: Comparison of Selected Intramolecular Parameters in the Monomer and the Furan-FA Dimers A—D2 at Various
Levels of Theory

MP2
experimental® 6-31G(d,p) 6-3116+(d,p) cc-pvDZ aug-cc-pvVDZ cc-pVTZ
Monomer
O—Hea 0.972 0.972 0.969 0.975 0.975 0.969
C=0Oka 1.202 1.213 1.205 1.209 1.215 1.203
C—0Ora 1.343 1.351 1.348 1.350 1.359 1.346
C1-C2: 1.354 1.366 1.370 1.378 1.380 1.364
C2-C3 1.440 1.427 1.432 1.436 1.438 1.425
Cl-He¢ 1.075 1.075 1.079 1.088 1.087 1.074
O—-Cr 1.371 1.366 1.360 1.364 1.372 1.359
6-31G(d,p)BSS E 6-31G(d,p) 6-311G-(d,p) cc-pvDZ aug-cc-pVDZ cc-pVTZ
Dimer A
O—Hea 0.979 0.980 0.977 0.983 0.984 0.978
C=0ka 1.216 1.218 1.210 1.215 1.221 1.208
C—0Ora 1.342 1.339 1.338 1.339 1.347 1.335
C1-C2 1.364 1.363 1.367 1.375 1.377 1.362
C2-C3 1.429 1.429 1.434 1.438 1.439 1.427
Cl-H¢ 1.075 1.075 1.079 1.088 1.087 1.075
O—-ClI¢ 1.374 1.375 1.370 1.373 1.381 1.368
O—C4e 1.371 1.372 1.367 1.370 1.377 1.364
<C10cC4 106.98 107.15 107.33 107.30 107.38 107.19
DimerB
O—Hea 0.977 0.978 0.974 0.981 0.982 0.977
O—-CI¢ 1.365 1.365 1.360 1.363 1.370 1.358
O—C4¢ 1.366 1.366 1.360 1.364 1.372 1.359
DimerC
O—Hea 0.976 0.977 0.975 0.981 0.983 0.977
O—C4: 1.365 1.364 1.358 1.361 1.369 1.357
DimerD
O—Hea 0.976 0.977 D1 0.980 D1 0.976
C2-C3 1.430 1.431 1.439 1.428
DimerD1
O—Hea D2 D 0.974 D 0.982 0.977
C2-C3 1.434 1.440 1.428
DimerD2
O—Hea 0.976 B D1 D D1

C2-C3 1.429

aFA ref 57.° Furan ref 58°¢ Distances are in A and angles are in degrees.

complex K at the 6-31G(d,p)BSSEopt, aug-cc-pvVDZ, and The intermolecular bond distances and angles of difer
6-311++G(d,p) levels of theory results in a second-order are not very sensitive to the basis set used (Table 2, BSSE effects
stationary point (Tables 1 and 3). on the geometries of the complexes are discussed separately).
Tables 4 and S-1 (see Supporting Information) show some For instance, the €0ga*+-He distance is 0.12 A larger in the
selected intramolecular distances at various levels of theory for 6-311++G(d,p) geometry than in the 6-31G(d,p) calculated
the FA—furan dimers. The €Oga distances decrease up to structure. However, in this case, the 6-312G(d,p) dimerA
0.012 A when increasing the size of the Pople’s basis set from has C; symmetry while the structures of dimér calculated
the 6-31G(d,p) to 6-3H+G(d,p) whereas the ©Hga and with the other basis sets ha@ symmetry.
O—C distances decrease less, up to 0.005 A. Theig, and Most interesting is the case of dimBrwhere the geometry
C—He distances increase with the size of the basis set by aroundof the complex shows the largest dependence on the basis set
0.004 A, and the C2C3: distances increase by about 0.005 A. used (Table 2). While the 6-33+HG(d,p), aug-cc-pvVDZ and
With Dunning’s basis set at the doulidevel of theory, the cc-pVTZ structures are similar, the geometries calculated with
O—Hga, C2—-C3, and G-Hg distances are not sensitive to the the smaller 6-31G(d,p) and cc-pVDZ basis sets show larger
augmentation. With the augmentation, the=Qzx and O-Cr deviations from the higher level structures, although not resulting
bond lengths increase by only 0.006 and 0.009 A, respectively, in new minima. In the structures of compl&xcalculated with
and the C-Hga distance decreases by about 0.005 A. These the 6-31G(d,p) basis set compared to that with the 6+32®-
variations are slightly more pronounced if the intramolecular (d,p) basis set, the Qi--C2- hydrogen bond angle is reduced
distances calculated with Dunning’s double or trilbasis sets by 11° and the OHa---Or hydrogen bond angle increases by
are compared. The cc-pVTZ calculated bond lengths are in 31°. The cc-pVTZ calculated hydrogen bond angles of dimer
general shorter than the cc-pVDZ values. Thus, the-C%, D1 also change considerably when compared to the 6-31G-
C—Hga, and G-Hg cc-pVTZ distances are 0.011, 0.015, and (d,p) and aug-cc-pVDZ calculated values (Table 2). Table 3
0.013 A, respecitively, shorter than the cc-pVDZ values. The shows some selected intermolecular parameters for the dimers
C=0Okra, O—Hea, and O-Cr bond lengths calculated with the ~E—K at various levels of theory.
triple-¢ basis set are also around 0.006 A shorter than the cc- By comparing calculated binding energies of all complexes
pVDZ values. with the different basis sets, no general conclusion is evident
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(Tables 1 and 3). However, the aug-cc-pVDZ calculated binding
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similarities between these furafrA dimers and furan homo-

energies are in general higher than at the other levels of theory,and heterodimers found by other methods described in literature.

except for dimeA. The 6-313-+G(d,p) and cc-pVTZ energies

Pei and L? found four equilibrium isomers of the furan dimer

are in general in good agreement. Taking into account the ¢ the B3LYP/6-311G(d,p) level of theory. The most stable
compromise between quality of the results and the computationalgrcture shows two equivalent G+ interactions at 2.547 A

time requirements, we consider that the 6-8#1G(d,p) basis

and resembles the geometry of the most stable fuFsdimer

set is appropriated for the geometry optimizaltion of the_se A. As expected, in dimef the CH--O interaction is stronger
systems. In many cases, the aug-cc-pVDZ basis set provide§y iy the furan homodimer. The dimek is stabilized

good geometries too and compares well to the cc-pVTZ and

6-311++G(d,p) results.

Effect of the BSSE on the Calculated Geometries and
Binding Energies. BSSE corrections of the binding energies
were calculated for all FAfuran dimers at the MP2 level of
theory with the cc-pVTZ, 6-31t+G(d,p) and 6-31G(d,p) basis

additionally by the &Oga---Hg interaction between the-hy-
drogen atom of furan and the carbonyl oxygen atom of FA.
Huang et af found two geometries for the furaHX (X =
halide) dimers. One is the atom-on type where the H atom of
HX interacts with the nonbonding electron pairs of the furan

sets. With the cc-pVTZ basis set, the BSSE is smaller than with oxygen atom and the HX deviates slightly from the furan ring

the other basis sets (Tables 1 and 3). With the exception o

¢plane. The other geometry is the face-on type, with a hydrogen

complexes1 andG, with Pople’s basis sets the BSSE decreases Pond between the H atom of HX and thesystem of furan.
when increasing the size of the basis set from 6-31G(d,p) to FOr the furar-HF complexes, only the atom-on geometry is

6-311++G(d,p). However, forF1 and G, the differences
between the BSSE with the 6-3t%+G(d,p) and the 6-31G-
(d,p) basis sets are very small (0-08.03 kcal/mol, Table 1).
To evaluate the influence of the BSSE on the calculated
geometries, the structures of all FAuran dimers were opti-
mized at the MP2/6-31G(d,p) level of theory using the
counterpoise (CPY scheme during optimization (6-31G(d,p)-
BSSEopt). In contrast to our previous results for other sys-
tems3:37 but in agreement with other studig’s?® the BSSE
affects the geometry of the complexes in the case of the FA
furan dimers considerably. As already mentioned before,
structureD2 could only be found with the 6-31G(d,p)BSSEopt

corrected geometry optimization. Furthermore, the 6-31G(d,p)-

BSSEopt optimizations of dimei31, J, andK lead to entirely

observed and for the furarH! only the face-on type was found.
Furan-HCI and furan-HBr dimers exhibit both types of
geometries.

Compared to that, the furai=A complexesA, H, andl show
atom-on geometries while dimeB, C, andD1 are face-on
complexes. The geometries of the furaiX dimers described
by Huang et al. were optimized at the same level of theory
(MP2/6-311+G(d,p)) as the furanFA dimers. It is remarkable
that while with others basis sets the equilibrium geometries of
dimersA and| are of Cs symmetry, at the MP2/6-3H#1+G-
(d,p) level of theory the geometries deviate from t@e
symmetry. Similarly, the furanHX dimers deviate slightly from
the Cy, plane of the furan ring.With both smaller and larger
basis sets, a higher symmetry is found, which indicates that the

different structures compared to those calculated without BSSE deviation fromCs symmetry is an artifact of the 6-33G-

corrections (Tables 2 and S-2, Supporting Information). For
dimerK, the 6-31G(d,p)BSSEopt optimization gave the same
structure as with the larger cc-pVTZ, 6-3t1+G(d,p), and aug-
cc-pVDZ basis sets (Tables 1 and 3).

Here, we discuss the 6-31G(d,p)BSSE corrected geometries o0 ot gp0

(d,p) basis set. For instance, at the same level of theoryCi¢he
geometry of the formamide molecule shows one out-of-plane
imaginary frequency resulting again in a slightly distorted
structure.

carried out theoretical studies of the reactions

of the FA—furan dimers compared to the non-BSSE corrected of different acids with furan at the MP2/aug'-cc-pVTZ/IMP2/

geometries at the same level of theory. As expected, the
intramolecular parameters of FA and furan in the complexes

were not affected by the inclusion of the BSSE corrections

during the geometry optimizations (Table 4 and Table S-1). For

the most stable dimeh, there is no significant change when
including BSSE corrections, only the @KH--Or and C=

Okra+**Hr hydrogen bonds are elongated by 0.084 A and 0.135

A, respectively (Table 2).

The geometries of other complexes, especially some angles

in dimersB, C, D, F1, andG, are more affected by the inclusion
of the BSSE corrections during the geometry optimizations
(Tables 2 and S-2). For complexbsandF, the intermolecular
distances increase up to 0.32 A=Oga++H interaction 2 of
complexF) when the BSSE is included during the geometry
optimization (Figure 3). Our results indicate that the BSSE
corrections are more important for threbound dimers than for
theo-bound dimers such &, H, andl. The calculated 6-31G-
(d,p)BSSEopt binding energies (without ZPE and BSSE cor-
rections) ofA, H, and| agree very well with the 6-31G(d,p)
calculated values (Table 1).

Comparison with Other Furan Complexes.All geometries
of the FA—furan dimers described in this paper were localized
via a random exploration of the multiple minima hypersurface
for the furam-FA system without any previous chemical

6-31+G(d,p) level of theory. They found that hydrogen bonding
is largely determined by electrostatic interactions, which gener-
ally corresponds to hydrogen bonding to the site with the most
localized negative charge. Consequently, the furan molecule
forms two hydrogen-bonded complexes with HF, one through
a lone pair at the oxygen atom, which is favored, and another
dimer through ther system at C2. They found a similar behavior
for other weak acids interacting with furan. Depending on the
nature of the donor, the or the O complex is more stabi@.
Huang et af obtained the atom-on geometry as the only
minimum for the furar-HF dimer and the face-on geometry
exclusively for the furamHI complex. This discrepancy
between the results of Huang et al. and Chan et al. is an evidence
for the difficulties in calculating the weakly interacting com-
plexes of furan.

Matrix Isolation Studies. Matrix isolation spectroscopy
allowed to identify and characterize aggregates between FA and
furan by IR spectroscopy. The experiments were performed by
matrix isolation of mixtures of FA and furan highly diluted in
argon at 10 K. Under these conditions (high dilution in argon
and slow deposition), the monomers of FA and furan were the
main products found in the matrices. Subsequent warming from
10 K up to 35 K allows the matrix-isolated monomers to diffuse

assumptions. It is therefore interesting to discuss structural and to form aggregates. The main constitutes of the matrices
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TABLE 5: Experimental and Calculated Vibrational Frequencies (cm1) of the Furan—FA Dimer A¢

MP2/aug-cc-pVDZ MP2/6-31t+G(d,p) assignment
ma dimerAP M dimerA M dimerA
Formic Acid
3550.5 3375.2 €175.3) 3726.7 3543.9 —182.8) 3797.7 3637.7 —160.0) (O—H)
3365.3 (185.1)
3364.2 (186.3)
1767.3 1750.3 €17.0) 1771.0 1755.8 «15.2) 1807.6 1793.0 ~14.6) »(C=0)
1103.5 1150.4 (46.9) 1115.7 1169.2 (53.5) 1142.7 1193.9 (51.2)»(C-0)
1153.0 (49.5)
Furan
1177.7 1167.7 €10.0) 1218.9 1207.9 —11.0) 1249.9 1236.2 —13.7) 1,{C—0—-C)
1065.0 1051.6 £13.4) 1094.0 1081.4 ~+12.6) 1112.5 1095.8 +16.7) v(CC)+ v{C—0)
993.6 988.3 £5.3) 1011.4 1006.2 «5.2) 1025.5 1021.7 «3.8) o(CC—H)
869.1 874.8 (5.7) 865.6 873.3 (7.7) 879.9 885.9 (6.0) 0(C—0—-C)
744.1 769.7 (25.6) 742.6 758.3 (15.7) 7325 748.9 (16.4) y(CC—H)
767.9 (23.8)
764.8 (20.7)

aAr, 10 K. P Ar, 10 K, after annealing at 3635 K. ¢ The frequency shifts in dimek compared to furan and FA (monomers M) are given in

parentheses.

TABLE 6: Calculated Vibrational Frequencies (cm™1) of the Furan—FA Complexes B-D12

MP2/aug-cc-p VDZ

M complexB complexC complexD1 assignment
Formic Acid
3726.7 3580.8 £145.9) 3565.7 £161.0) 3577.4 £149.3) »(O—H)
1771.0 1758.2 €12.8) 1757.8 €13.2) 1757.4 £13.6) »(C=0)
1115.7 1134.8 (19.1) 1140.7 (25.0) 1141.8 (26.1) ¥»(C-0)
Furan
1218.9 1218.4 40.5) 1222.8 (3.9) 1217.3 —1.6) v2{C—0—C)
1094.0 1094.7 0.7) 1099.2 (5.2) 1094.5 (0.5)  v(CC)+ v(C—0)
1011.45 1011.47 (0.02) 1013.3 (1.9) 1011.6 (0.2)  8(CC—H)
865.6 865.5 (0.2) 865.9 (0.3) 865.6 () dC—0—C)
742.6 746.9 (4.3) 757.7 (15.1) 744.5 (1.9) y(CC—H)
770.0 27.4
aThe frequency shifts in the dimers compared to furan and FA (monomers M) are given in parentheses.
after annealing are the FA dimer, which has been extensively 3’;'5?5 33:5_3
described in literaturg®>*55and a complex between furan and ’ v
EA. —— A~ 8
The annealing experiments of argon matrices under various
experimental conditions show one new set of IR bands which '—’j\"‘“’"“"‘“‘“‘”“‘ e N
is only produced in the presence of both furan and FA but not M
if the matrix is doped with either furan or FA. These new bands DA W £
show the same relative intensities under all experimental h b
conditions, indicating that they belong to the same molecular WE
species. Consequently, the new bands are assigned to a mixed _J SIS a
furan—FA aggregate. The new aggregate is already formed 3550 3500 3450 3400 3350
during deposition of a mixture of FA, furan, and argon in a Viem"

1:1:1500 ratio on top of a spectroscopic window at 10 K. Figure 4. IR spectra in the range 366300 cni* of FA, furan, and

Annealing of this matrix at 30 K results in a slight increase, FA/furan mixtures, matrix-isolated in Ar. (a) FA:Ar ratio 1:1500, 10

and annealing at 35 K in a more pronounced increase of theK. (b) Furan:Ar ratio 1:1500, 10 K. (c) FA:furan:Ar ratio 1:1:1500, 10

intensities of the new IR bands (Figures8). By comparison K. (d) FA:furan:Ar ratio 1:1:1500 after annealing at 30 K. (e) FA:

with the spectra calculated for the various furdiA dimers, furan:Ar ratio 1:3:1500 after annealing at 35 K. A: Vibrational modes

. . assigned to the furarFA dimer.

these bands were assigned to dime(Table 5). To suppress

the formation of FA dimers, the experiments were also

performed with higher concentrations of furan. Under these is red-shifted by-38.6 cnr!2354and in the complex with water

conditions (FA:furan:Ar= 1:3:1500), the yield of dimeA by —30.4 cnm1.35 Two different complexes with dimethyl ether

increased and the amount of FA dimers decreased. shifts of —32.3 cnt! and—26.1 cnt! were reported? In dimer
The IR spectra of dimek were assigned by comparison with A, a red-shift of—17 cnt! is found. This is in the expected

calculations at the MP2/aug-cc-pVDZ and MP2/6-3H1G range, although the small value indicates a weaker interaction

(d,p) levels of theory (Tables 5 and 6). Characteristic for the in A than in other FA complexes (Figure 4).

formation of complexes of FA with hydrogen bonds to the The experimental red-shift is in excellent agreement with

carbonyl group is a red shift of the=€D stretching vibration calculations both at the MP2/aug-cc-pVDZ and MP2/6-8115

found in monomeric FA at 1767.3 crh Thus, in the doubly (d,p) levels of theory, which predict shifts 6f15.2 and—14.6

bridged symmetrical dimer of FA, the=€0 stretching vibration cm 1, respectively, for dime’A. The red-shift of the &0



Furan-Formic Acid Dimers: An ab Initio Study

M,FA
1767.3

1750 1740 1730 1720
¥/em”

Figure 5. IR spectra in the range 186a720 cnt! of FA, furan, and

FA/furan mixtures, matrix-isolated in Ar. (a) FA:Ar ratio 1:1500, 10

K. (b) Furan:Ar ratio 1:1500, 10 K. (c) FA:furan:Ar ratio 1:1:1500, 10

K. (d) FA:furan:Ar ratio 1:1:1500 after annealing at 30 K. (e) FA:

furan:Ar ratio 1:3:1500 after annealing at 35 K. A: Vibrational modes

assigned to the furarFA dimer.

1770 1760

stretching vibration corresponds to an elongation of tkeCC
bond by 0.006 A (6-314+G (d,p) and aug-cc-pVDZ basis
sets), because of the formation of the complex (Table 4). For
dimerB, the red-shift is predicted te 12.8 cnt?, for C to —13.2
cm™, and forD1to —13.6 cntt at the MP2/aug-cc-pVDZ level
theory.

The OH stretching vibration of FA at 3550.5 ctis split
by matrix site effects (Figure £¥.Co-deposition of FA, furan,
and argon in a 1:1:1500 molar ratio at 10 K and subsequent
annealing at 30 K result in the appearance of a new band at
3365.3 cmi! (Figure 4d), which corresponds to a red-shift of
—185.1 cn1t from the unperturbed OH mode of FA. Annealing
at 35 K for several minutes results in a further increase of the
intensity of this band (Figure 4e). Calculations at the MP2/aug-
cc-pvDZ and MP2/6-311+G (d,p) levels of theory for dimer
A predict red-shifts of—182.8 cm?! and —160.0 cn1?,
respectively. In particular, the results obtained with the aug-
cc-pVDZ basis are in excellent agreement with the experimental
data (Table 5).

The formation of dimerA results in an elongation of the
O—Hea bond length (compared to the FA monomer) by 0.008
and 0.009 A calculated with the 6-3+%G(d,p) and aug-cc-
pVDZ basis sets, respectively (Table 4). For dirBethe red-
shift is calculated te-145.9 cnt?, for C to —161.0 cn1?, and
for D1 to —149.3 cnt?! (aug-cc-pVDZ basis, Table 6). These
large shifts of the OH stretching vibration allows to discard the
FA—furan complexes of type ii without OH...O and OHr
interactions, resulting in much smaller perturbations of the OH
stretching vibrations (Table 5).

The formation of hydrogen-bonded complexes of FA results
in a contraction of the €OH bond compared to the monomer
by 0.010 and 0.012 A with the 6-33HG(d,p) and aug-cc-
pVDZ basis sets, respectively (Table 4), and a blue-shift of the
corresponding €O0H stretching vibration (at 1103.5 crhin
monomeric FA). For dimeA, the predicted blue-shift of 53.5
cm™! (aug-cc-pVDZ) nicely matches the experimental value of
46.9 cnt! (Figure 5). For dimemB, the shift is calculated to
19.1 cn1?, for dimerC to 25.0 cnt?, and for dimerD1 to 26.1
cm~1 (Table 6), in much less agreement with the experimental
value and thus confirming the assignmentfof

The vibrations of the furan molecule are less affected by the
formation of intermolecular complexes. In dim&r the sym-
metrical and asymmetrical-80—C stretching vibrations of the
furan ring are red-shifted by-13.4 cnt! and by —10 cntl,
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M,FA
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M,Furcn
11777
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Viem’'
Figure 6. IR spectra in the range 118A050 cn1* of FA, furan, and
FA/furan mixtures, matrix-isolated in Ar. (a) FA:Ar ratio 1:1500, 10
K. (b) Furan:Ar ratio 1:1500, 10 K. (c) FA:furan:Ar ratio 1:1:1500, 10
K. (d) FA:furan:Ar ratio 1:1:1500 after annealing at 30 K. (e) FA:
furan:Ar ratio 1:3:600 after annealing at 35 K. A: Vibrational modes

assigned to the furarFA dimer.

1020 1000
v/iem'

Figure 7. IR spectra in the range 107®80 cnt? of FA, furan, and
FA/furan mixtures, matrix-isolated in Ar. (a) FA:Ar ratio 1:1500, 10
K. (b) Furan:Ar ratio 1:1500, 10 K. (c) FA:furan:Ar ratio 1:1:1500, 10
K. (d) FA:furan:Ar ratio 1:1:1500 after annealing at 30 K. (e) FA:
furan:Ar ratio 1:3:600 after annealing at 35 K. A: Vibrational modes
assigned to the furarFA dimer.

1060 1040 980

respectively (Figures 6 and 7). These experimental shifts are in
excellent agreement with the aug-cc-pVDZ calculated values
for A (Table 5). The CCH deformation mod&CCH) of
monomeric furan at 993.6 crhis shifted to 988.3 cmt in dimer

A, which again is in good agreement with the calculation (Figure
7, Table 5). Thed(COC) andy(CCH) vibration modes are blue-
shifted by 5.7 and 25.6 cm, respectively (Figure 8). The aug-
cc-pVDZ calculations predict shifts of 7.7 and 15.7, respectively,
for these vibrations.

Conclusion

Furan is an interesting heterocyclic system that is able to
accept hydrogen bonds both in the molecular plane at the basic
oxygen atom and perpendicular to the molecular plane at its
electron-richrt-system. Formic acid, on the other hand, can act
as hydrogen bridge donor either via its acidic OH group or via
the less acidic CH group. In addition, it can serve as hydrogen
bridge acceptor via its two oxygen atoms. The combination of
furan and formic acid thus results in a variety of noncovalently
bound dimers which are systematically studied in this paper.

The MMH method, which starts from randomly generated
molecular arrangements and which does not require any previous
assumptions about the structures of complexes, in combination
with high-level ab initio theory, was used to localize and
characterize the dimer structures. Nine fur&® complexes
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M;:U‘{G]” The MP2 level of theory with the 6-3#1+G(d,p) and aug-
' cc-pVDZ basis sets provides reliable geometries for fuifaA
MiFuran complexes. With the small doublebasis sets without aug-
A 869.1 mentation, the structures of five additional very weak furan
874.8 ” /J FA complexes could be localized. Introducing the BSSE

Rl

mf ! corrections during the geometry optimization at the MP2/6-31G-
T (d,p) level of theory produces variations on the calculated
\ Ja geometries for some of the very weak furdPA complexes.
\ \_,_/J Here, clearly, BSSE and variations of the basis sets have the
— ) largest effects on the dimers. Since the dipole moments and IR
spectra very much depend on the structure of the dimers, the
880 860 840 820 800 780 760 740 experimental identification of these complexes not only requires
3 /e’ even milder conditions than matrix isolation but also very
carefully selected theoretical methods.

Figure 8. IR spectra in the range 89040 cnt?! of FA, furan, and

FA/furan mixtures, matrix-isolated in Ar. (a) FA:Ar ratio 1:1500, 10 ; ; ;

K. (b) Furan:Ar ratio 1:1500, 10 K. (c) FA:furan:Ar ratio 1:1:1500, 10 th?c[l()gz\;\ggﬁgmlf c?rts" c-:;lalr? V;/O;kmv;?r? SEEZECIZL% SE[J# é) Olr:tsg dzy der
K. (d) FA:furan:Ar ratio 1:1:1500 after annealing at 30 K. (e) FA: . - gsg -
furan:Ar ratio 1:3:600 after annealing at 35 K. A: Vibrational modes Chemischen Industrie. We thank Rachel Crespo for fruitful

assigned to the furasFA dimer. discussions.

Supporting Information Available: Comparison of selected
with binding energies between3.91 and—0.82 kcal/mol were intra- and intermolecular parameters in furd dimersE—K
identified as minima at the MP2/6-31#-G(d,p) + ZPE + at various levels of theory. This material is available free of
BSSE level of theory. Another five weaker bound complexes charge via the Internet at http://pubs.acs.org.
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