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Relative energies and vibrational spectra of buthenedioic &jddad ¢)-HOOC—-CH=CH—COOH; fumaric

and maleic acids] were calculated using HarttBeck (HF), Mgller-Plesset to 2nd order (MP2), and B3LYP
Density Functional Theory (DFT) levels of approximation. Computationally the lowest energy conformer of
maleic acid has a nearly planar structure with an-@B=C intramolecular hydrogen bond closing a seven

member I@=C—C(H)=C(H)—C—O—HIring. Second conformer of maleic acid adopts a cis arrangement around
the C-0 bonds and exhibits the two carbonyl bonds in a nearly orthogonal arrangement with one carboxylic
group in the plane containing the carbon atoms. Fumaric acid has three planar conformers with relative energies
within 5 kJ mol%. These conformers exhibit a cis arrangement around th® ®ond and differ by the
relative conformation of their &C—C=C axes. The infrared spectra of the studied compounds isolated in

a solid argon matrix feature the most stable conformers. Narrowband tunable irradiation in the near-infrared
region (6901 cm?) was found to promote a conversion of the second most stable conformer of maleic acid
into the most stable conformer.

Introduction and Density Functional Theory (DFT) calculations and matrix
isolation vibrational spectroscopy with selective near-infrared
induced rotamerization. In particular, the main factors which

| determine the stability of different conformers, their vibrational

signature and the photoinduced interconversion processes

between the lowest energy species are analyzed.

Both (E)- and @)-buthenedioic acids (fumaric and maleic
acids) have important practical applications in polymer indistry
and in medicine, in particular as anti-fungicides and antitumora
agent$? In a more fundamental perspective, studies on their
structural and spectroscopic properties is important, since they
are the simplest dicarboxylic acids exhibiting a carboarbon
double bond. Despite the wide range of application of these
carboxylic acids, to the best of our knowledge, there are no  The matrix samples were prepared by continuously flushing
studies on monomeric fumaric and maleic acids available, the a copper tube containing maleic or fumaric acid (Aldrich,
existing information concerning essentially with the structure 99+9%), heated to 353 and 408 K, respectively, with high purity
of their crystalline phase’$-12 argon (Aga, 99.9999%). The gaseous mixtures were deposited

Detailed structural and vibrational studies were reported onto a cooled Csl window in a close-cycle helium cryostat
for the monocarboxylic parent molecule, propenoic acid (APD, DE202A) at 7.5 K. In our samples, monomeric species
(acrylic acid, CH=CHCOOH);® and the related molecules, were almost exclusively formed, which was achieved by
(2)- and E)-3-methyl-propenoic K)- and E)-crotonic acid, choosing an appropriate temperature of the substance container
CHyCH=CHCOOH]!***> These studies revealed that these and optimizing the matrix gas flow rate. The IR spectra (4000
molecules exist both in the gas phase and in solid argon in two 400 cnt?) were measured with a Nicolet SX-60 FTIR spec-
conformational states differing by internal rotation around the trometer equipped with a liquid nitrogen cooled MCT detector
Cy—C bond and having similar energieSHs-trans)-(s—cis) ~ 3 and a KBr beam splitter, with spectral resolutions of 0.25 or
kJ molY]. The s-cis conformer (€C,—C=0 dihedral equals 1.0 cnt?. Typically 200 interferograms were coadded.
to 0°) was found to be the conformational ground state for the  photoexcitation was performed using a tunable pulsed near-
three molecule$® !> Ultraviolet irradiation fexc= 243 nm) of infrared (NIR) radiation provided by an optical parametric
matrix isolated E)-crotonic acid was found to promote con- oscillator (OPO Sunlite, Continuum) pumped by an Nd:YAG
formational isomerization from the s-cis conformer to the s-trans solid-state laser (Powerlite 9010, Continuum). The pulse dura-
conformer (G=C,—C=O0 dihedral equals to 18Das well as  tion of the NIR irradiation was ca.5 ns with a line width of
conversion to Z)-crotonic acid, the latter process being notice- ~0.1 cntl. The NIR radiation wavenumber was established
ably more efficient than the first orlé.'> with an accuracy better than 1 cfnby a Burleigh WA-4500

In this article, we present a detailed study of the conformers wavemeter used to control the OPO signal radiation wavelength.
of monomeric maleic and fumaric acids combining ab initio Broadband IR irradiation and UV excitation of fumaric acid

*To whom all correspondence should be addressed. wel.re under-takef using the globar c_)f the spectrometer and the

t Department of Chemistry. Nd:YAG laser ¢= 266 nm), respectively.

* Laboratory of Physical Chemistry. The ab initio and DFT calculatioffs 8 were performed with
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I 1.5 HF I 0.0
0.0 MP2 1.3
0.0 BSLYP 14.6
11 max. IV 227 A% 32.0
5.8 20.3 27.5
18.7 229 24.7

Figure 1. Structure and relative energies (kJ miglof most stable conformers of maleic acid predicted at three different theoretical levels. The
relative energies account for the zero-point-vibrational-energy correction.

I 0.0 HF 1 2.0 I35
0.0 MP2 23 4.6
0.0 B3LYP 2.4 4.5

IV 295 A% 33.1

26.7 30.3

24.3 28.1

Figure 2. Structure and relative energies (kJ miplof the most stable conformers of fumaric acid predicted at three different theoretical levels.
The relative energies account for the zero-point-vibrational-energy correction.

GAUSSIAN 92/DFT or 94°on a DEC ALPHA 7000 computer ~ Cartesian harmonic force constants using the program TRANS-
at the Center of Informatics of the University of Coimbra and FORMERZ2 This program was also used to prepare the input
on a SGI Origin 2000 at the CS€Center for Scientific data for the normal coordinate analysis programs used in this
Computing, Ltd. (Espoo, Finland). Geometry optimizations were study (BUILD-G, and VIBRAT)?

performed at three different levels of theory [Hartrdeock

(HF), Mgller—Plesset to 2nd order (MP2), and B3LYP Density Results and Discussion

Functional Theory (DFT)] using the 6-31G(d,p) basis%ét.

Vibrational calculations were performed to ensure that the found  Molecular Geometries and Energetics.To find the most
stationary points were true minima and not transition states. We stable conformations of maleic and fumaric acids we performed
report here only the B3LYP/6-31G(d,p) frequencies in conso- a systematic search on their HF/6-31G(d) potential energy
nance with our previous work on malonic aéidThe force surfaces (PES). These calculations are relatively inexpensive
constants (symmetry internal coordinates) to be used in thein computational terms and yield reasonable structural data for
normal coordinate analysis were obtained from the DFT similar compound$® The HF/6-31G(d) calculations were then



Downloaded by PORTUGAL CONSORTIA MASTER on July 7, 2009
Published on March 28, 2001 on http://pubs.acs.org | doi: 10.1021/jp003802p

3924 J. Phys. Chem. A, Vol. 105, No. 15, 2001 Magbas et al.

TABLE 1: MP2 and B3LYP Geometrical Parameters of TABLE 2: MP2 and B3LYP Geometrical Parameters of
Maleic Acid Conformers Obtained Using the 6-31G(d,p) Fumaric Acid Conformers Obtained Using the 6-31G(d,p)
Basis Set Basis Set
conformer conformers
geometrical MP2 B3LYP geometrical MP2 B3LYP
parameters | 1 | 1] parameters | Il 1l | 1] 1]
bond (pm) bond (pm)
C1=0s 122.2 121.7 121.5 121.0 Ci=0s 122.0 122.1 1221 1214 121.3 1214
C1—0s 133.7 135.2 133.0 134.6 C1—0s 135.7 136.0 135.9 1353 1355 1354
Os—HA 98.3 97.2 99.0 97.3 Og—Hy7 97.2 971 971 972 972 97.2
C—C 150.5 149.6 151.1 150.0 C—C 148.2 147.8 147.9 1485 148.2 148.3
Co—Hu 108.2 108.3 108.6 108.7 Co—Hn 108.1 108.2 108.0 108.5 108.5 108.4
C=C; 135.0 134.1 134.6 133.7 C—Cs 134.2 134.2 134.3 133.7 133.8 133.9
Cs—Ha2 108.2 108.1 108.6 108.5 Cs—Ha2 108.1 108.0 108.0 108.5 108.4 108.4
Cs—Cy 147.6 148.0 147.6 148.3 Cs—Cy 148.2 148.2 147.9 1485 148.6 148.3
C/=0¢? 123.1 122.1 122.6 121.4 C/~=0g 122.0 122.0 122.1 1214 121.3 1214
Cs—0Oq 134.6 135.7 134.3 135.5 Cs—0q 135.7 135.7 135.9 1353 1354 1354
Og—H1o 97.2 97.1 97.3 97.2 Oy—H1o 97.2 972 971 972 972 972
Cs=0g**H7—0¢ 168.0 164.7 angle (deg)
angle (deg) C,—C1=0s 125.7 1239 123.8 1256 123.6 1234
C,—C1=0s 117.6 123.7 117.4 122.8 Os=C;—0¢ 1235 123.2 123.2 123.2 123.0 123.0
Os=C1—0¢ 121.8 124.4 122.1 124.2 C1—0s—H7 105.9 105.4 1054 106.3 106.0 106.1
Ci—Os—Hy7 111.4 105.6 112.0 106.3 C,—C=C;3 120.1 123.7 123.3 120.6 124.3 124.0
C,—C=C3 133.9 124.5 133.8 126.2 Ci—Co—Hu1 119.0 115.8 1151 1185 1152 1144
Ci—Co—Hu 109.9 1155 109.5 114.2 Cy—Cs—=C; 120.1 119.6 123.3 120.6 120.2 124.0
Cs—Cs=C;, 128.2 121.6 127.9 122.8 Cs—Cs—Hi2 119.0 1184 1151 1185 1179 114.1
Cs—Cs—Hi2 114.0 117.5 113.8 116.7 C3—C=0g 125.7 125.8 123.8 125.6 125.7 1234
C3—C=0s 127.6 125.7 127.3 126.0 Og=Cs—0Oq 123.5 1235 123.2 123.2 123.2 123.0
Og=C4—0Oq 121.8 123.4 121.3 122.9 C4—0Og—Hio 105.9 105.8 1054 106.3 106.3 106.1
Cs—09—Hip 106.4 105.7 107.0 106.2 dihedral angle (deg)
dihedral angle (deg) 0s=C,—0Os—H7 0.0 0.0 0.0 0.0 0.0 0.0
Os=C;1—06—H7 180.0 —5.5 180.0 —5.5 Os=C;—C,—C5 0.0 180.0 180.0 0.0 180.0 180.0
Os=C1—Co—C5 180.0 105.9 180.0 109.8 Ci—Co—Cs—Cy 180.0 180.0 180.0 180.0 180.0 180.0
C1—Co—C3—C4 0.0 1.1 0.0 1.2 Og=C4—0g—H1p 0.0 0.0 0.0 0.0 0.0 0.0
Og=C4—0Og—H1o 0.0 0.1 0.0 0.1 Og=Cs—C5—C, 0.0 0.0 180.0 0.0 0.0 180.0
Og=C,—C3—C; 0.0 —8.6 0.0 7.4 Hi;—C,=Cs;—H;, 180.0 180.0 180.0 180.0 180.0 180.0
H11—Co—Cs—Haz 0.0 1.6 0.0 —-1.8

aC,—0g and Q—H bond lengths in conformer I clearly show the ~agrees much better with the experimentally determined con-
intermolecular @-Hy++-0,=Cs hydrogen bond in this conformer as  former energy difference (1.7 kJ m@). These computational
they are clearly longer than in the free—-® and G=O bonds in results follow the trends previously observed for other dicar-
conformer L. boxylic acids where intramolecular hydrogen bonding is im-
portant, e.g., 1,3-propanedioic a&fdAt least for this kind of
molecules, the B3LYP calculations tend to overestimate the
stabilization energy due to difficulties in describing the in-
tramolecular hydrogen bonding properly. Noteworthy, the HF
calculations failed to reproduce the correct energy order of
conformers | and Il, predicting conformer Il as the most stable
form (AE = —1.5 kJ mot?). This result is a direct consequence
of the inappropriate description of the intramolecular hydrogen
bond present in conformer I, and it reinforces our previous
conclusions concerning the importance of using higher theoreti-
cal levels?22526The relative importance of the intramolecular
hydrogen bond, as shown by the three theoretical approaches
used here, is also clearly evidenced by the calculated values
for the OH--O=C distance, which decrease from HF (174.4
pm) to MP2 (168.0 pm) and B3LYP (164.7 pm).

Conformers IV are predicted by the MP2 calculations to
have considerably higher energies than the two most stable
forms. This is mostly due to (i) more important repulsive
; | interactions between the lone electron pairs of the carboxylic
member G=C—C(H)=C(H)—C—0O—H ring. The second most  oxygen atoms and reduceddelocalization (as in conformer
stable conformer (Il) is nonplanar with cis arrangements around I11), (ii) repulsions between hydrogen atoms (as in conformer
the C-0 bonds. The two carbonyl bonds of this conformer are V, where the OHy--H;, repulsion is prevalent), and (iii)
nearly orthogonal with one carboxylic group in the plane presence of trans arrangements around th@®ond3’ which

used as the first estimate to the MP2 and DFT calculations.
In these preliminary calculations, the=€@—C=C dihedral
angles of the initial structures submitted to geometry optimiza-
tion were varied by 60within the range 6-360° and the initial
O=C—-0O—H dihedral angles were made equal todr 180

(all nonequivalent-by-symmetry combinations of the dihedral
angles were considered).

Maleic Acid. Following the indications provided by the
preliminary HF/6-31G(d) calculations, five conformers of
maleic acid are found at the MP2 and B3LYP levels. These
conformers are shown in Figure 1, where their relative energies
are also given [complete structural results obtained at the
HF/6-31G(d) level of theory and MP2 and B3LYP geom-
etries for the highest energy conformers can be received from
the authors upon request]. Table 1 shows the MP2 and B3LYP
calculated geometries for the two lowest energy con-
formers. The most stable conformer (1) is nearly planar, with
an OH--O=C intramolecular hydrogen bond closing the seven

containing the carbon atoms. are not energetically compensated by strong intramolecular
The energy difference between conformer Il and the confor- hydrogen bonding (as in conformers IV and V).
mational ground state is estimated to be 14.6 kJ Aablthe Fumaric Acid. For fumaric acid, OH-.O=C intramolecular

B3LYP level, whereas the MP2 calculations give a considerably hydrogen bonding involving the two carboxylic groups is not
smaller difference (1.3 kJ nol). As shown later, the MP2 result  possible and the three computational approaches used (HF, MP2,
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TABLE 3: Definition of the Internal Symmetry Coordinates Used in the normal Coordinate Analysis of Maleic and Fumaric

Acids
approximate
descriptiofd definitiorf
coordinate symmetpy Cor? CJCi° Ca? CJCy°

S1 Bu y C=0 a. v C=0 (1/ C1=05) - (V C4=Og) v C1=05

S2 Ay y C=0 v C=0' (v C;=0s) + (v C=0Os) v C4=0s

S3 Bu yC—-0 a. v C—0 (1/ Cl—OG) - (V C4_09) v C1—05

S4 Ag »C-0 v C-0O' (’V Cl—OG) + (’l/ C4—Og) v C4—Og

S5 By y O—H a. v O—H (1/ Oe—H7) - (V OQ_Hlo) v 05—H7

S6 Ag vy O—H v O—H' (’V 06—H7) + (1/ OQ—H]_o) v Og—H10

S7 By yC—Ca. v C—C (V Cl—Cz) — (V C3_C4) 14 Cl—Cz

S8 Ag yC—-C v C-C' (’V C]_—Cz) + (’V Cg—C4) v C3—CA

S9 By yC—Ha. v C—H (V Cg—le) — (V C3—H11) v Cz—le

S10 Ag vy C—H v C—H’ (’V Cz—le) - (V C3—H11) v C3—H11

S11 Ag vy C=C v C=C 14 C2=C3 v C2=Cg

S12 B, 5 COH a. 5 COH (0 C106H7) — (6 C4O6H10) 8 C106H7

S13 Ay 5 COH 5 COH (6 C106H7) + (0 C40gH10) 8 C4OeH10

S14 B, 50COa. 5 OCO 20 0sC106) — (6 OsC1Cy) — (6 OsC1Cy) — 2(0 0sC106) — (6 OsC1C2) —
2(0 0sC400) + (6 0sC4Cs) + (0 OsC4Cs) (6 OC1Co)

S15 Ay 5 0CO 5 0CO 2(0 0sC106) — (0 OsC1C2) — (0 O6C1Ca) + 2(0 0sC406) — (0 OsCuCs) —
2(5 0sC405) — (6 0sC4Cs) — (0 OsC4Cs) (6 OsCaCs)

S16 B._. 0 CC=0 a. J CC=0 (6 Ost_Cz) - ((3 06C1C2) - (5 08C4C3) + ((3 Ost_Cz) - (6 OGC]_Cz)
(6 0sC4Cs)

S17 Ay 5 CC=0 §CC=0' (0 OsCiCs) — (6 OcCiCy) + (6 OsCsCs) — (8 O4C4Cs) -(6 0sCaCs)
(6 0sC4Cs)

S18 Bu 0 CC=Ca. 0 CC=C 2(0 C1C,C5) — (0 CiCoH12) — (0 CsCoH1o) — 2(0 C1CC5) — (0 CiCoH12) —
2(0 C4CsC2) + (8 CaCaHay) + (6 CoCaHiy) (6 C:CoH12)

S19 Ay 5 CC=C 5 CC=C  2(5 C:C:Cs) — (0 CiCH1z) — (0 CsCoHiz) +  2(0 CaCsC) — (6 CaCaHir) —
2(0 C4CsC2) — (O CaCaHay) — (6 CoCaHiy) (6 C:CsH1y)

S20 By 5CCHa. 5 CCH (0 C1CCs) — (6 CsCoH12) — (0 CaCaCo) + (8 C1C.Cs) — (6 CaCaH12)
(6 C,CsH1a)

s21 Ay 5 CCH 5 CCH (8 C1CCs) — (O CsCaH1z) + (6 CaCaCo) — (8 C4CsC2) — (6 CoCaH1y)
(6 C,CsH1a)

S22 Bg v C=0 a. v C=0 (‘}/ C1=05) - (’)/ C4=Og) Y C1=05

S23 A y C=0 y C=0' (y C1=0s) + (y C4=0Os) y Ci=0Og

S24 Bg Y CH a. Y CH (‘}/ C2H12) — (j/ C3H11) Y Czle

S25 Au Y CH Y CH (’y C2H12) + (’J/ C3H11) Y C3H11

S26 Bg tC—Oa. 7C-0 (‘L’ Cl—OG) - (‘[ C4_Og) T C1—06

S27 Au 7 C-0 7C-0' (T C]_—Oe) + (‘L’ C4—Og) T C4—09

S28 Bg tC—Ca. 7C—C (‘L’ Cl—CZ) - (‘L’ Cg—C4) T Cl—Cz

S29 Au T C-C T C-C (‘E C]_—Cz) + (‘[ Cg—C4) T Cg—C4

S30 Au T C=C T C=C 7 C=C;3 7 C=C;3

a Symmetry species refer to the higher symmetry confori@gj).(° Used in the normal coordinate analysis of conformers | and Il of maleic acid
and form Il of fumaric acid® Used in the normal coordinate analysis of forms | and Il of fumaric acéd, asymmetricy, stretchingy, bending;
y, rocking; z, torsion,’, Og=C4(—0s—H10)—C3(—H1,) fragment.9 For atom numbering see Figures 1 and 2.

and B3LYP) lead to qualitatively similar results. All methods ability to act as an H-bond acceptor than the hydroxylic
predict three planar conformers (1, Il, and Il in Figure 2), which oxygen aton?® The different strengths of the GHO=C and
have relative energies within 5 kJ méand two conformers ~ CH:---OH interactions may hence be used to justify the energy
(IV and V in Figure 2) ca. 25 kJ mot above these three planar differences between conformers I, 1, and lll, since there are
structures. The planar conformers exhibit cis arrangementstwo C—H---O=C interactions present in conformer | but only
around the GO bonds, differing in the conformation assumed one in conformer Il and none in conformer Ill.

by their O=C—C=C axes (see Figure 2). Conformers | and llI Conformers IV and V are similar to conformers | and Il but
belong to theC,, symmetry point group and they are character- have one trans carboxylic group$&—0O—H dihedral of 180;

ized by two s-cis or two s-trans=&8C—C=C axes, respectively.  see Figure 2); they are ca. 230 kJ mof? above the global
Conformer Il (G) has one s-cis and one s-transsO—C=C minimum, structure |. Besides the general higher intrinsic
axis. Hence, in consonance with the previously reported relative energy associated with a trans=C—0O—H axis relative to a
energies of the s-cis and s-trans arrangements aroung,th€ C  cis O=C—O—H axis?Z’ in fumaric acid a trans arrangement of
bond in a,S-unsaturated carboxylic acid,'®> the relative this axis leads to the appearance of a steric repulsion between
energy of the three most stable conformers of fumaric acid the hydrogen atom of the trans carboxylic group and the
increases with the number of s-transsO—C=C axes. This correspondingt-hydrogen atom. These two factors account for
correlates with the existence of attractive interactions betweenthe high energy of conformers IV and V. Note that the
the oxygen atoms of the carboxylic groups and/Hegydrogen conformation analogous to conformer Il but having one of its
atoms (weak CH-O hydrogen bond) that are important in carboxylic groups in the trans conformation was not found to
determining the relative energy of the three most stable be a minimum, whichever the level of theory considered. A
conformerst3-15 In each of the three most stable conformers similar situation was observed by changing the conformation
of fumaric acid, two @ -S-hydrogen attractions are found, as of the second carboxylic group in structure Il. This can be
shown in Figure 2. However, this interaction is stronger when explained considering that, in these cases, the molecule is
it involves the carbonyl oxygen, as this atom shows a higher strongly destabilized by the presence of strongH repulsive
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TABLE 4: Observed (Ar matrix) and Calculated B3LYP/6-31G(d,p) Vibrational Frequencies and IR Intensities® of the Most
Stable Conformer of Maleic Acid

Bands Increasing in Intensity upon NIR Irradiation and Annealing of the Matrix Assigned to Conformer |

approximate

description Vexd lexp Veale I calc PED
v OH' 3550 29 3610 22 v OH' (100)
v OH 3110 52 3210 137 v OH (100)
v CH n.o. 3088 <1 v CH (55)+ v CH' (44)
v CH' n.o. 3072 <1 v CH' (54)+ v CH (44)
2784 9 2x 1410
2770 4 2x 1403
v C=0 1762 15 1754 44 v C=0 (63)
1750 21
1740 4
v C=0' 1722 35 1699 67 v C=0' (62)
1712 9 2x 8574
v C=C 1635 26 1629 20 v C=C (66)
1568 6 1202+ 3744
0 COH { 1428 36 1405 46 0 COH (68)
1420 47
0 CCH 1410 13 1396 27 0 CCH (26)
1406 7
1403 43
1369 4 606+ 767
6 COH 1313 8 1296 6 0 COH (23)+ 6 CCH (22)
v C—-0 1296 2 1276 2 v C—0 (32)
1246 13 2x 6314
0 CCH 1202 8 8 589 6061
1174 26 1187 8 CCH (17)+ 6 CCH (23)+ v C—0 (17)
»C—O' { 1154 7 1147 82 » C—0O' (35)+ 6 COH (36)
1152 66
1138 7 589+ 552
y CH { 1025 2 993 <1 y CH (53)+ y CH' (32)+ 7 C=C (23)
1027 <1
yC—C 933 <1 915 4 ¥ C—C' (19)+ 6 CCC (32)+ 6 CCC (23)
y CH 857 15 830 8 y CH' (41)+ y CH (24)
7C-0 822 35 789 23 7 C—O (46)+ 7 C=C (18)
» C—0 782 3 806 <1 » C—C (26)+ 6 OCO (19)
5 Ccce 775 3 746 2 5 CCC (31)+ 6 CCC (27)
y C=0' 767 3 737 2 y C=0' (18) + r C=C (29)
7C-O 631 34 640 25 7C—0 (57)+ 7 C=C (17)
6 0CO 606 16 584 7 6 OCO (26)+ 6 OCO (20)+ 6 CCC (14)
4 0CO 589 19 568 9 6 OCO (33)+ 6 OCO (29)
y C=0 552 3 544 3 y C=0 (23)+ y C=0' (24)+ y CH (17)
0 CC=0 374 <1 0 CC=0 (38)+ 6 CC=0' (27)
5 CC=0' 280 2 6 CC=0' (15)+ 6 CCC (38)+ 6 CCC (22)
7C=C 271 2 7 C=C (60)+ 7 C—C (18)
s CcC 234 1 6 CCC (59)
rC—C 88 <1 7C—C' (48)+ 7 C—C (45)
7C—C 46 <1 7C—C (63)

a Frequencies in cni; intensities in km mol?; calculated frequencies were scaled by 0.9614; experimental intensity values presented correspond
to the observed integrated intensities of each conformer normalized to 1000. Calculated intensities were scaled to experimental integizged normal
intensities (only bands which have an experimental counterpart and can be ascribable to a single conformer were used in the scaling procedure).
b Frequency values shown in bold represent bands assigned to more than one conformer. In these case, the experimental intensities shall be comparec
with the sum of the calculated intensities for the two observed conformers (see also T&lnk)contributions higher than 15% are listed.
d Tentative assignment as nonfundamental modes (overtones and combination bastiejching;d, bending;z, torsion;y, rocking, n.o., non
observed;, refers to @=C4(—0Og—H10)—Cs(—H12) fragment. Minor bands due to nonfundamental modes where also observed at 2686, 1573, 1567,
1540, 1537, and 1454 crh

interactions between the hydrogen atom of the trans carboxylic the dependence of the,€C and G=C bond lengths on the
group and thep-hydrogen atom. On the other hand, the conformation of the &C—C=C axis. The G—C bond length
conformation analogous to conformer | with both carboxylic decreases and the=€C bond elongates slightly for a s-trans
groups trans, was predicted to have an energy that is nearlyconformation compared to the situation in conformer I. For
twice that calculated for the structure showing only one trans instance, the £&-C and G=C bond lengths are predicted by
carboxylic group (this conformation was predicted to be a the MP2 calculations to be 147.9 and 134.3 pm, respectively,
minimum on the B3LYP PES, while it was found to correspond in conformer I, while in the most stable conformer these bond
to a saddle point on the MP2 PES). lengths are 148.2 and 134.2 pm.

In Table 2 we present the geometrical parameters of the three Matrix-Isolation Infrared Studies. The infrared spectrum
most stable conformers of fumaric acid. In agreement with our of isolated maleic and fumaric acid in solid argon clearly reveals
previous studies om,S-unsaturated carboxylic aciddl® the the presence several conformers. A detailed assignment of the
present calculations show that a s-trars@-C=C axis favors spectra was undertaken by comparison with previous studies
the s electron delocalization in the molecule. This effect reflects of other a,S-unsaturated carboxylic acit®s®> and with the
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TABLE 5: Observed (Ar matrix) and Calculated B3LYP/6-31G(d,p) Vibrational Frequencies and IR Intensities® of Conformer
Il of Maleic Acid

Bands Decreasing in Intensity upon NIR Irradiation and Annealing of the Matrix Assigned to Conformer I

approximate

description Vexi lexp Veale I calc PED
v OH' 3566 6 3616 14 v OH' (100)
v OH 3561 11 3600 13 v OH (100)
v CH n.o. 3091 <1 v CH' (88)
v CH n.o. 3066 <1 v CH (88)
1808 1
v C=0 1780 5 1772 53 v C=0 (78)
1796 1
1790 5
1783 4
1778 11
1773 13
1769 9
v C=0' 1761 13 1756 45 v C=0' (77)
1754 4
v C=C 1698 6 1649 12 v C=C (71)
1570 <1 1122+ 448
0 CCH 1420 47 1394 47 0 CCH (29)+ ¢ CCH (17)
v C—0 1370 7 1328 8 v C—0 (23)+ 6 COH (22)
5 COH 1290 3 1279 3 5 COH (29)+ 6 CCH (24)
5 CCH 1163 4 1179 9 5 CCH (39)+ 6 CCH (26)
5 COH 1150 33 1148 44 5 COH (29)+ » C—0 (24)
1147 8
»C-O 1122 66 1114 77 v C—0' (30)+ 6 COH (21)
y CH n.o. 958 <1 y CH' (49)+ y CH (38)
vC-C 934 7 926 1 v C—C (21)+ 6 CCC (19)+ 6 CCC (19)
v C—C 828 5 809 3 v C—C (20)+ v C—C' (25)
y C=0' 811 11 792 10 y C=0' (29)+ y CH' (31)+ y C=0 (17)
y C=0 781 3 762 7 y C=0 (26)
yCH n.o. 718 3 y CH (23)+ 7 C=C (21)+ y C=0' (19)
7C-0 631 34 645 10 7 C—0 (44)
1C—0O 591 8 607 13 7 C—0 (54)+ 7 C=C (23)
0 0OCO 568 13 567 20 0 OCO (33)+ 7 C—0 (30)
5 0CO 549 23 532 13 5 OCO (59))
6 CCC n.o. 451 2 8 CCC (15)+ y C=0 (24)+ 6 OCO (19)
5 CC=0 n.o. 425 3 8 CC=0 (24)+ 1 C=C (27)+ y CH' (24)
5 CC=0' 272 <1 8 CC=0' (34)+ 6 CCC (20)
7 C=C 224 <1 7 C=C (58)
5 CCC 135 <1 8 CCC (43)+ 6 CCC (33)
1C—C 78 <1 7 C—C (26)+ 7 C—C (17)+ 6 CCC (17)
7C—C 33 <1 7 C—C (64)

a Frequencies in cri; intensities in km mot?; calculated frequencies were scaled by 0.9614; experimental intensity values presented correspond
to the observed integrated intensities of each conformer normalized to 1000. Calculated intensities were scaled to experimental integizgédd normal
intensities (only bands which have an experimental counterpart and can be ascribable to a single conformer were used in the scaling procedure).
b Frequency values shown in bold represent bands assigned to more than one conformer. In these case, the experimental intensities shall be comparec
with the sum of the calculated intensities for the two observed conformers (see also T&lmK).contributions higher than 15% are listed.
d Tentative assignment as combination bamdstretching;d, bending;z, torsion;y, rocking, n.o., non observed;refers to @=Cs(—Og—H10)—
C3(—H12) fragment. Minor bands due to nonfundamental modes where also observed at 2686, 1568, 1539, 1343, 1341, and.1186 cm

calculated spectra (B3LYP). Besides, results from annealing are ascribable to the lowest energy conformer (conformer I) and
experiments and in situ near-infrared (NIR) irradiation of the the decreasing bands belong to the second most stable conformer
matrix sample showing conformational isomerization of the predicted by the calculations (conformer I). No evidence was
studied molecules were also used to assign the experimentallyfound of presence of other conformers.
observed absorptions. The IR spectrum of matrix isolated maleic acid is shown in
Table 3 presents the symmetry coordinates used to performFigure 3. In the OH stretching region, the spectrum shows bands
the normal coordinate analysis. We have used two different setsat 3566, 3560, and 3550 cr) which are typical values for an
of symmetry coordinates, one for the conformers of maleic and O—H group not involved in hydrogen bonding (see Figure 3a).
fumaric acid belonging either to thés or C; symmetry point The intense band at3110 cnt?, can be assigned to an-®
groups and another for the,, conformers of fumaric acid. group participating in a strong hydrogen bond. According to
Maleic Acid. The experimental and calculated wavenumbers the calculations, we assign the higher frequency bands to
and intensities as well as potential energy distribution (PED) conformer Il. The bands at 3550 and 3110 ¢rare due to the
for the observed absorption bands of maleic acid are collectedvibrations of the free and intramolecularly hydrogen bonded
in Tables 4 and 5. For maleic acid we were able to promote OH group of the most stable conformer, respectively.
conformer isomerization both by NIR irradiation and annealing  In the G=0 stretching region, a complex multiplet of bands
of the matrix. Therefore, the assignment of the bands of the appears in the 18681754 cnT! region, which are due to
various conformers of maleic acid is rather straightforward: the carbonyl groups not involved in hydrogen bonding. Besides this
increasing bands upon NIR irradiation and annealing at 35 K multiplet, an intense carbonyl band is found at 1722 §mand
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Figure 3. IR spectra of maleic acid [(a) 3668000 cnt? region, (b) 1506-500 cnt? region], (A) Ar matrix (T = 7.5 K); (B) difference spectrum
(spectrum aff = 22 K minus spectrum af = 9 K); (C) difference spectrum (irradiated matrix at 6901 éminus nonirradiated sample); (D)
calculated spectra (B3LYP).

it is red shifted (due to hydrogen bonding) compared with the 6 COH but, nevertheless, their assignment was not difficult since
unperturbed carbonyl absorptions. Taking into consideration the they lie in less congested spectral regions.
theoretical results, the latter band is assigned to tkeOC The bands associated with vibrations involving mainly bonds
stretching mode of the hydrogen bonded carbonyl of conformer with large dipole moments, such as the=Q and C-O
I, while the different components are ascribed to the vibrations stretching modes and the COH bendings, appear site-splitted
originated from the non-hydrogen-bonded carbonyl of conform- in the matrix experiments. This fact is particularly evident for
ers | and Il the vibrations of conformer Il, where 10 component bands are
As shown in Figure 3b, the results obtained for other spectral ascribable to the €0 stretching modes.
regions fully agree with the discussion above made for the OH  Fumaric Acid. The assignment of the infrared spectrum of
and C=0 stretching regions. For example, the most intense band fumaric acid is presented in Tables 6 and 7. For this molecule,
in the spectrum, which appears as a doublet at 1154 and 1152he assignments were made basically taking into consideration
cmt is ascribed to thee C—O' mode in conformer | that is  the calculated spectra for the three most stable conformers, since
predicted by the calculations at 1148 ©inin the difference either annealing or irradiation (both narrowband tunable NIR
spectra showing the results of irradiation and annealing (B and and broadband IR irradiation) of the matrix did not lead to any
C in Figure 3b) it is clear that, overlapped with the 1152¢m  observable changes in the spectrum. Thus, the proposed
band, a doublet appears with frequency maxima at 1150 andassignments for fumaric acid have a higher uncertainty than
1147 cnt! which is due to conformer Il and is assigneddto those presented for maleic acid, especially for bands appearing
COH of this form (calculated value, 1148 c#). Thev C—O' in more congested spectral regions. Moreover, the structure of
mode in conformer Il is predicted at 1114 chand is easily the three low-energy conformers of fumaric acid is relatively
assigned to the band at 1122 chthat decreases in intensity  similar (e.g., all carboxylic groups are in the cis conformation),

upon irradiation and after annealing. In turd, COH in leading to similar frequencies for the various conformers hence
conformer | (calculated value: 1405 ci) gives rise to a making their detailed assignment more difficult.

doublet at 1428 and 1420 cr(the low-frequency component The presence of conformer Il in the matrix is unequivocal,
is superimposed with thé CCH mode of conformer H- since this is a conformer of fumaric acid that has no symmetry
calculated value, 1394 crh—as noticed in the difference  restrictions for observation of any fundamental vibrations. Thus,
spectra). for instance, the band observed at 1650 &mwhich is a

The bands ascribed toC—0O andd COH are considerably characteristic absorption band of &eC stretching mode, should
less intense (see Tables 4 and 5) than those du€teO' and be assigned to this conformer, since this vibratiég) (s IR-
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TABLE 6: Observed (Ar matrix) and Calculated B3LYP/6-31G(d,p) Vibrational Frequencies and IR Intensities® of Conformers
I and 1l of Fumaric Acid ( Cp, Symmetry)

conformer | conformer 1l
approximate
description  Vexd lexp Vealc lcalc PEDF Ve lexp Veale lcalc PED®
v O—H a. 3560 54 3611 31 v O—Ha.(100) 3576 22 3620 19 v O—Ha. (100)
v CH a. 2948 27 3099 <1 v CHa.(100) 2948 27 3113 <1 v CHa.(100)
v C=0 a. 1765 16 1750 97 vC=0a.(78) 1765 16 1754 74 vC=O0a. (79)
1763 15 1763 15
1759 29 1759 29
1756 84 1756 84
1754 38 1754 38
1750 39 1750 39
1388 4 1256+ 133
vC—-0a. 1369 61 1352 71vC—0Oa.(27)+ 6 COH a. (27)+ { 1315 15 1331 21vC-Oa.(25)+vC—Ca.(23)
v C—Ca.(22) 1311 13
0 CCH a. 1217 11 1207 435 CCH a. (83) 1256 30 1222 46 CCH a. (47} 6 COH a. (40)
1211 7
0 COH a. { 1115 46 1103 1016 COH a. (43)+ v C—0 a. (28) 1132 52 1128 630 COH a. (22)}+ v C—0 a. (39)+ 6 CCH a. (29)
1111 10
y CH 982 8 988 6 v CH (99) 988 9 995 4y CH(99)
vC—Ca. 914 2 891 lvC—Ca. (59)+vC—-0a. (23) 902 1 883 1vC—Ca.(66)+vC—0a.(24)
y C=0 777 31 757 19 y C=0(59)+ 7 C-0 (21) 777 31 757 9 yC=O0 (52)+ 7 C—0 (26)
6 0CO a. { 600 8 614 416 0CO a.(68) 560 6 577 176 0OCO a. (65)
599 30 557 4 577 197 C-0(80)
7 C-0 571 44 581 207C-0(87)
0CC=0a. 537 7 520 10 6CC=Oa.(55)+d8CCCa. (174 537 7 520 4 ¢CC=Oa.(53)+060CO a.(19)
6 OCO a. (16)
7 C=C 141 <1 7 C=C (60)+ y CH (30) 137 <1 7 C=C (62)+ y CH (31)
6 CCCa. 122 <1 9 CCCa. (77 0 CC=0 a. (21) 133 <1 9§ CCCa. (751 6 CC=0 a. (22)
7C-C 52 <1 tC—C(61)+y CH (22) 48 <1 7C—C(88)

a Frequencies in cni; intensities in km mol?; calculated frequencies were scaled by 0.9614; experimental intensity values presented correspond
to the observed integrated intensities of each conformer normalized to 1000. Calculated intensities were scaled to experimental integizgedd normal
intensities (only bands which have an experimental counterpart and can be ascribable to a single conformer were used in the scaling procedure).
b Frequency values shown in bold represent bands assigned to more than one conformer. In these case, the experimental intensities shall be comparec
with the sum of the calculated intensities for the three observed conformers (see also Talaly)contributions higher than 15% are listed.
d Tentative assignment as combination bamdstretching;d, bending;z, torsion;y, rocking. Minor bands due to nonfundamental modes are also
observed at 1808, 1794, 1348, 1320, 1301, 1190, 1106, 714, 712 cm

inactive in conformers | and Il belonging to ti@, symmetry of conformers | and Il (that are predicted at 1750 and 1754
point group. The presence of conformers | and Ill in the matrix cm™, respectively).

can also be clearly established as described below. It is The strongest support for the presence of three conformers
interesting to note that a recent study on matrix isolated fumaryl of fumaric acid in the matrix can be found in the-O stretching
chloride [E)-CIC(=0)—C=C—(C=0)ClI] succeeded to observe  region. The G-O stretching in conformer | is predicted to occur
the three conformers of that molecule which are the analogousat higher frequency (1352 cr¥) than for conformer 11l (1331
chlorine-substituted forms of the three most stable conformers cm-1), while the two C-O vibrations of conformer Il are

of fumaric acid predicted by the calculatioffs. predicted to occupy intermediate wavenumbers (1345 and 1337
In the OH stretching region, the band observed at the highestcm™1). The experimental spectrum exhibits the same pattern in

wavenumber (3576 cm) is assigned to conformers Il and Ill,  this spectral region (Figure 4b; see also Tables 6 and 7). The

both having bands predicted to occur at 3620 E(figure 4a). band observed at 1369 chis ascribable to the €0 stretching

The two bands at lower wavenumbers 3560 cntl) are mode of conformer |. The two €O stretching modes of

assigned to the asymmetric OH stretching mode of conformer conformer |l give rise to the band at 1338 chand the doublet

| and to the second OH stretching vibration of conformer Il. at 1364 and 1357 cnt (in the last case, the observed splitting
Both vibrational modes are computed to lie at ca. 3610%cm  results from matrix site effects). The lowest site-splitted band
The broad band observed at 2948 ¢éns attributed to the IR~ found at 1315 and 1311 crhis due to conformer IIl.

active stretching €H vibrations of the three conformers, The agreement between the predicted and experimental
predicted to lie in the 31153050 cnt? region and being very  spectra is also quite clear in the in-plane COH bending region
weak. (Figure 4b), where the bands belonging to conformer Il

As expected, taking into consideration the structural similarity (predicted at 1154 and 1116 cf) are observed at 1158 and
of the three experimentally observed conformers of fumaric acid, 1120 cnt™. The vibrational modes of conformers | and llI
their C=0 stretching modes appear as a “complex band” with (predicted at 1103 and 1128 cf respectively) are observed
six components separated by a few wavenumbers in the 1765at 1115-1111 cm*and 1132 cm?.
to 1750 cn1? region. Although it was not possible to make a NIR Irradiation and Annealing Experiments. Selective
detailed assignment of this multiplet, the calculations indicate irradiation of the OH stretching vibrations have been demon-
that its higher wavenumber components should be mainly due strated to be a very elegant way of promoting conformational
to the C=0 stretching mode of conformer II, which is predicted isomerization processes in matrix isolated carboxylic com-
to occur at 1760 cmt. The lower wavenumber components is  pounds*#-26.30 The use of narrow band tunable irradiation in
suitable to the second vibration of this conformer (predicted at the NIR region, at a frequency of the first OH stretching
1753 cnt?) as well as to the €0 asymmetric stretching modes  overtone or a suitable combination was found to be particularly
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TABLE 7: Observed (Ar matrix) and Calculated B3LYP/6-31G(d,p) Vibrational Frequencies and IR Intensities® of Conformer
Il of Fumaric Acid ( Cs Symmetry)

Conformer Il
aproximate
description Vexp lexp Veale I calc PED
v O—H 3576 22 3620 14 v O—H (100)
v O—H' 3560 27 3610 14 v O—H' (100)
v CH' 2948 27 3106 <1 v CH' (89)
v CH 3101 v CH (88)
v C=0 1765 16 1760 19 v C=0 (47)+ v C=0' (26)
1763 15 1753 67 v C=0' (51)+ v C=0 (28)
1759 29
1756 84
v C=0' 1754 38
1750 39
v C=C 1650 18 1651 6 v C=C (66)
v C-0O' 1364 35 1345 33 v C—=0' (18)
1357 8
v C-0 1338 9 1337 10 v C—0 (23)+ 6 COH (16)
0 CCH 1274 3 1257 <1 0 CCH (40)+ 6 CCH (24)
1269 <1
1242 2 986+ 257
o0 CCH 1234 14 1213 12 0 CCH (26)+ 6 CCH (36)+ 0 COH (21)
6 COH 1158 17 1154 48 0 COH (46)+ v C—0 (21)
o0 COH 1120 52 1116 50 0 COH (24)+ v C—0O' (38)+ 6 CCH (16)
y CH 986 11 994 6 y CH (65)+ y CH' (34)
v C-C 938 4 917 3 v C—C' (48)
y CH' 909 2 885 <1 y CH' (46)+ y CH (36)
v C—C 896 2 879 <1 v C—C (41)+ v C—0 (36)
y C=0' 777 31 757 14 y C=0' (30)+ y C=0 (26)
71 C-0O' n. o. 667 2 7C—0' (29)+ 7 C-0 (19)+ y C=0 (19)
6 OCO n. o. 640 <1 0 OCO (35)+ ¢ OCO (24)
7C-0 589 50 592 34 7 C—0 (58)+ 7 C—0O' (23)
0 0OCO 554 10 568 17 0 OCO (51)+ 6 OCO (31)
y C=0 { 546 3 544 <1 y C=0 (29)+ y C=0' (24)
0 CC=0 529 3 0 CC=0 (38)+ 0 CC=0' (28)
0 CC=0' 371 <1 0 CC=0' (30)+ 0 CC=0 (24)
o0 CCC 257 <1 0 CCC (24)+ 6 CCC (20)
7 C=C 141 <1 7 C=C (65)+ y CH (16)
7C-C 138 <1 7C—C' (41)+ t C—C (37)
0 CCC 128 <1 0 CCC (38)+ 6 CCC (38)
71C-C 50 <1 7 C—C (50)+ r C-C' (27)

a Frequencies in cni; intensities in km mol?; calculated frequencies were scaled by 0.9614; experimental intensity values presented correspond
to the observed integrated intensities of each conformer normalized to 1000. Calculated intensities were scaled to experimental integizgédd normal
intensities (only bands which have an experimental counterpart and can be ascribable to a single conformer were used in the scaling procedure).
b Frequency values shown in bold represent bands assigned to more than one conformer. In these case, the experimental intensities shall be comparec
with the sum of the calculated intensities for the three observed conformers (see also Taklalg)ontributions higher than 15% are listed.
stretching;d, bending;z, torsion;y, rocking,’, refers to G=Cu(—0s—H10)-C3(—H12) fragment.Minor bands due to nonfundamental modes are also
observed at 1808, 1794, 1348, 1320, 1301, 1190, 1106, 714, 712 cm

efficient in initiating the conformational isomerization of matrix- account for a red shift of ca. 160 crhin the position of its
isolated oxalic and malonic aci@&2°In the present study NIR  first overtone when compared with twice the fundamental
irradiation of matrix-isolated maleic and fumaric acids, in the frequency.

7020-6830 cnvt region, was undertaken. The observed inefficiency of irradiation at the first overtone

For maleic acid, the irradiation experiments unequivocally Of the OH stretching mode in fumaric acid to promote
confirmed the computational results with respect to the most interconversion between the low-energy observed conformers
stable conformers. Irradiation of the matrix at 6901 érted may have the same origin as the previously reported failure to
to an increase of the bands assigned to conformer I, while bandgPTomote by this way isomerization reactions implying internal

due to conformer Il decreased (see Figure 3), which indicates rotation larougd thﬁ %C penftrsl bond in oxahc. acief. Th'?’ .
that the NIR-irradiation is effective in promoting interconversion was explainea on the basis 0 the extensive matrix reorgamzaﬂon
from conformer Il to the most stable conformer I. required by internal rotation about the—C bond, which

i R _ involves a relatively large motion of the molecular fragments.
In the case of fumaric acid, irradiation all over the region Thjs rearrangement leads to considerably higher effective energy
covered (70186873 cm') was found to be inefficient o parriers when compared with the molecule in the vacétim.
initiate any conformational isomerization process. Note that the Further support to this interpretation can also be taken from
first overtone of the OH stretching mode in fumaric acid is recent studies on matrix isolated oxalyl fluoride and nitrous
expected to lie in the 69966940 cnt! region, taking into acid3132 which clearly demonstrated that isomerization pro-
account the results of previous studies undertaken on maloniccesses induced by narrowband IR radiation can be selective with
acid?? In fact, it has been shown that in this kind of molecules respect to the matrix sites, and no significant matrix rearrange-
anharmonicity associated with the OH stretching vibration may ments occur. Note that in maleic acid the observed intercon-
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Figure 4. IR spectrum of fumaric acid in an argon matrik€ 7.5 K) and predicted (B3LYP) spectra for the three lowest energy conformers: (a)
3700-1700 cn1t region and (b) 1500500 cnt? region.2Calculated intensities as shown in Tables 6 and 7 where the normalization procedure is
explained in detail.

version processes involve only small adjustments in the positionsin fumaric acid (associated in some extent with matrix relax-
of the heavy atoms and so, contrary to the rotamerization ation) shall, at least in part, explain the different behavior of
processes in fumaric acid, these processes do not require anyhe two studied compounds.
significant matrix rearrangements.

The lack of NIR induced isomerization processes in fumaric
acid might also be attributed to the absence of any suitable

mechanism for energy transfer between the excited vibrational €Xcitation efficiently promotes isomerization of fumaric acid
mode and the reaction coordinates@H overtone and the to maleic acid. On the other hand, no detectable conformational

C—C, respectively) or weak absorption by the overtone. interconversion between the observed conformers of fumaric
Nevertheless, the fact that broadband IR irradiation was alsoacid could be observed. A similar photochemically induced
unable to promote any observable isomerization process intautomerization reaction was also previously observed for matrix
fumaric acid seems to indicate that, as discussed above,isolated fumaryl chloridel(= 340 nm)?° In this case, maleoy!

relatively high energy barriers for conformational isomerization chloride was produced, and, as for fumaric acid, no conforma-

UV irradiation ¢ = 266 nm) of fumaric acid in argon
matrixes was also performed. As shown in Figure 5, UV



Downloaded by PORTUGAL CONSORTIA MASTER on July 7, 2009
Published on March 28, 2001 on http://pubs.acs.org | doi: 10.1021/jp003802p

3932 J. Phys. Chem. A, Vol. 105, No. 15, 2001 Magbas et al.

0.5
0.4

03
Maleic acid
0.2 T=75K

0.1

0.0 /

02 - sample irradiated at 266 nm minus non irradiated sample

i W//

-0.1 1

Absorbance

0.2
0.5

04

0.3
02 Fumaric acid
T=7.5K

0.1

0.0 = //

3600 3400 3200 1775 1750 1725 1700
Wavenumber (cm™!)

Figure 5. Matrix isolation IR spectra of maleic (top) and fumaric (bottom) acids and difference spectra obtained by subtracting to the spectrum
of a freshly prepared matrix of fumaric acid from the spectrum of the same sample after UV irradiation at 266 nm (middle).

tional interconversion between the conformers initially present the intense signals observed, as well as because these regions

in the matrix could be observed. are not congested and can unequivocally be used to assign the
We have also studied the thermally induced conformational different conformers. For fumaric acid, the-© stretching, in-

isomerization for maleic and fumaric acids by annealing freshly plane COH bending and=€0 rocking spectral regions were

prepared matrixes up till 35 K. In the case of maleic acid, a
noticeable redistribution of intensities starts at 22 K, clearly
evidencing an increase of the relative population of the
conformational ground state (Figure 3). Taking into consider-
ation the relationship first derived by Barrndshese results point
to an energy barrier for conversion of conformer Il into
conformer | of ca. 6 kJ mol. For fumaric acid, no changes in

used by the same reasons.

The energy difference between the two observed conformers
of maleic acid obtained by this method is 1.7 kJ mplvhich
is in excellent agreement with the MP2 predictions (1.3 kJ
mol~1). For fumaric acid, a good qualitative agreement between
the ab initio and the experimentally determined relative energies
of the conformers was also obtained, although the theoretical

the spectrum attributed to rotamerization processes were ob-predictions at all levels used systematically give higher values
served within the experimentally accessible temperature range.(measuredfE; — E, = 0.7 kJ mof! andE; — E, = 0.9 kJ
This result is an additional support for the interpretation based mol~1; MP2, E, — E; = 2.3 kJ mott andE;; — E; = 4.6 kJ

on energy considerations, above made, to explain the absencenol™?).

of any photoisomerization reaction in fumaric acid. In addition,
it also indicates that the energy barriers for conformer inter-
conversion in this molecule are higher than 12 kJ Thothe

Conclusion
The ab initio calculations carried out at the MP2 and B3LYP

largest accessible barrier at the maximum temperature atf#fined. levels were used to characterize the most stable conformers of

The MP2 calculated energy barriers associated with the studied
conformational isomerization processes for fumaric acid in a

vacuum amount to ca. 20 kJ mél
Experimental vs Calculated Populations of the Observed

maleic and fumaric acids and the computational results were
used to aid the interpretation of the infrared spectra of these
compounds isolated in an argon matrix. The lowest energy
conformer of maleic acid was found to exhibit a nearly planar

Conformers. Relative energies of the observed conformers can
be calculated from their relative populations at a given tem- , :
perature assuming a Boltzmann distribution. The relative closing a seven member=€C—C(H)=C(H)—C—O—H ring.
populations of the observed conformers can be estimated fromThe second conformer of maleic acid adopts a cis arrangement
the experimental IR band intensities recorded immediately after around the €O bonds and exhibits two carbonyl bonds in a
deposition taking into account the calculated intensities and nearly orthogonal arrangement with one carboxylic group in
assuming that no conformational isomerization takes place the plane containing the carbon atoms. For fumaric acid, three
during the deposition process. For maleic acid theHDand low-energy conformers exhibiting a cis arrangement around the
C=O0 stretching regions were used in these estimations due toC—0O bond where found computationally and experimentally.

structure with an OH-O=C intramolecular hydrogen bond
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The conformers differ by the relative conformation of their (17) a) Maller, C.; Plesset, M. Shys. Re. 1934 46, 618. (b) Binkley,

O=C—C=C axes and were predicted to be almost equal J:- S Pople, J. Aint. J. Quantum Chenl975 9, 229.
energetically (18) a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang,

. . . W.; Parr, R. GPhys. Re. 1988 B37, 785; Miehlich, B.; Savin, A.; Stoll,
The use of narrow band tunable NIR irradiation at the first H.:'preuss, H.Chem. Phys. Let1989 157, 200.

OH stretching overtone together with the annealing of the matrix ~ (19) a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

up to 35 K allowed us to directly observe conformational iﬂohgon,lB-lG-;E\Nson% M-Wr-t; F%resAmgn,J-JB.li R'gbb,hM.A.r;] Heid-(éprgon,
H 3 : _ v/ ., Replogle, E. o.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; binkley,
!somerlzatlon.betw'een the low-energy conformers of matrix-  j S.: Gonzales, C.. Martin R. L. Fox. D. J. Defrees, D. J.: Baker, J.
isolated maleic acid. On the other hand, no conformational stewart, J. J. P.; Pople, J. A. GAUSSIAN92/DFT (rev. G.2), Gaussian Inc.,
interconversions were observed for fumaric acid by vibrational Pittsburgh, PA, 1993. (b) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.;

excitation (both in the NIR and mid-IR regions) or annealing. Gill: P. M- W.; Johson, B. G.; Robb, M. A; Cheeseman, J. R.; Keith, T.;

This points to relatively high energy barriers to internal rotation

in matrix-isolated fumaric acid. A lower limit of ca. 12 k J

Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A_;
Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov,
B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,

mol~1, resulting from the annealing studies, can be estimated W.; Wong, M. W.; Andres, J. L.; Reploge, E. S.; Gomperts, R.; Martin, R.

for these barriers in fumaric acid, this value being nearly twice

L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P;
ead-Gordon, M.; Gonzalez, C.; Pople, J. A. GAUSSIAN 94; Gaussian

the energy barrier associated with the observed rotamerizationinc., Pittsburgh, PA, 1995; Revision B.1.

processes in maleic acid.
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