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Abstract

Molecular structure and vibrational frequencies of triformylmethane have been investigated by means of density

functional theory (DFT) calculations. The geometrical parameters and vibrational frequencies obtained in the B3LYP,

B3PW91, BLYP, BPW91, G96LYP and G96PW91 levels of DFT and compared with the corresponding parameters of

malonaldehyde (MA). Fourier transform infrared spectra of triformylmethane and its deuterated analogue were clearly

assigned. Theoretical calculations show that the hydrogen bond strength of triformylmethane is stronger than that of

MA, which is in agreement with spectroscopic results.
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1. Introduction

Hydrogen bonding is one of the most important

concepts in chemistry, it is crucial to understand

many different interactions both in the gas phase

and in condensed media. A particular subject is

represented by intramolecular hydrogen bonds

(IHB), where two functional groups of the same

molecule interact, resulting in a ring like structure.

b-Dicarbonyl compounds, as interesting examples,

display a tautomeric equilibrium between the keto

and the enol forms. The chelated cis enol forms

are stabilized by a strong IHB [1�/4]. This form is

usually predominant in the gas phase and in

solution with low dielectric constant, such as

CCl4, CHCl3, CH2Cl2 and cyclohexane [5,6]. The

simplest members of this class of compounds are

malonaldehyde (MA) and acetylacetone (AA),

well known both by experimental and theoretical

studies to adopt an asymmetrical structure in their

most stable conformation [7�/13].

The vibrational spectra of these compounds

have been the subject of a numerous investiga-

tions, which supports the existence of a strong IHB

of chelating nature in the enol form of b-dicar-

bonyl [14�/21]. This hydrogen bond formation

leads to an enhancement of the resonance con-

jugation of the p-electrons, which causes a marked

tendency for equalization of the bond orders of the
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valence bonds in the resulting six member chelated

ring. Therefore, it seems that any parameter that

affects the electron density of the chelated ring will

change the hydrogen bond strength. It is well

known that substitution in a-position drastically

changes the hydrogen bond strength and the

equilibrium between the enol and keto tautomers

[22]. Several experimental data suggest that

strength of such a bridge enhances when an

electron-withdrawing or bulky groups, replaces

the H atom in the a-position [23�/27]. Formyl

group have the various substitution effects, such as

mesomeric, electron withdrawing and steric ef-

fects, therefore, potentially is interesting.

Triformylmethane (TFM) is unique among a-

substituted MA derivatives so far investigated

[28,29], since TFM plays a similar role in the

chemistry of b-tricarbonyl, as does MA in the

chemistry of b-dicarbonyls. The keto�/enol equili-

brium of TFM is shown in Fig. 1. In this

equilibrium, there are two cis enol forms, which

are both involved, in IHB. The only difference

between these two conformers is due to the

orientation of C3�/C4 and C9�/O10 double bonds

with respect to one another.
It has been shown that TFM completely exists in

the enol form, even in the CHCl3 solution [28],

whereas AA exhibit 17% keto form [29]. Attempts

to obtain an X-ray crystal structure have so far,

failed [30]; however, a microwave study for gas

phase structure exists [31]. This author reported

the cis form (2), as the most stable form, based on

the simple bond moment calculation. Theoretical

study of TFM [25] shows that the trans form (1) is

more stable than the cis form (2), in contrast with

the conclusion from the microwave study [31].

Except for these few studies, as far as we know, no

further experimental and theoretical data about
the structure of TFM has been reported.

The aims of the present paper are: (1) to predict

the structure, cis or trans , and vibrational spectra

(harmonic wave numbers and relative intensities

for Raman and IR spectra) of triformylmethane

by means of density functional theory (DFT)

levels, in solvent such as CCl4 and CHCl3. (2)

Although the TFM is the simplest b-tricarbonyl,
no spectroscopic data has been reported for this

compound yet. Therefore, in this report we will

attempt to present a clear vibrational assignment

of TFM by considering the infrared spectrum of its

deuterated analogue and theoretical calculations.

(3) Comparison of TFM and MA geometrical

parameters gives a clear understanding of substi-

tution effects of formyl group on structure,
hydrogen bonding and vibrational spectra of the

system. (4) We will show that the DFT calculation

can accurately predict the vibrational frequencies

of TFM.

2. Experimental

Triformylmethane was prepared according to

the method of Arnold and žemlička by react the
bromoaceticacid with a mixture of phosphorou-

soxychloride and dimethyl formamide. Crude

product was purified by sublimation under re-

duced pressure. Melting point (m.p.) 105.2 8C;

literature 104�/106 8C [32]. 1H-NMR: d 9.03 (S,

2H, one CH�/O and one �/CH�/OH both groups

involved in the IHBing); d 9.47 (S, 1H, free CH�/

O); d 13.71 (br, S, 1H, enolic proton). Solution of
DTFM in CCl4 and CHCl3 was prepared by

readily exchange with D2O, then separated the

Fig. 1. Keto�/enol tautomerism in TFM.
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organic layer and dried over the anhydrous
Na2SO4. Solutions of TFM and DTFM in solvent

were made with a constant mole ratio: 1 mol of

solute to 20 mol of solvent.

The FT-IR spectra were taken on a Shimadzu

4300 spectrometer. The 1H-NMR spectra were

obtained on a FT-1H-NMR, Brucker Aspect 3000

spectrometer at 100 MHz frequencies using 2

mol.% solutions in CDCl3 at 22 8C. Any attempt
for taking the FT-Raman spectrum in the solution

failed.

3. Method of analysis

In the present study, the molecular equilibrium

geometry, harmonic force field, and vibrational
transitions of TFM were computed with the

GAUSSIAN 98 software system [33] by using a

selection of modern density functionals. The B

[34], B3 [35] and G96 [36] exchange functionals

were combined with the PW91 [37] and LYP [38]

correlation functionals, resulting in the six differ-

ent functionals BPW91, BLYP, B3PW91, B3LYP,

G96PW91 and G96LYP. A series of calculations
on TFM were performed with the medium size 6-

31G** basis set (125 basis function and 224

primitive Gaussians). Superior results were ob-

tained with B3LYP, combining the hybrid

gradient*/corrected correlation functionals pro-

posed by Becke with the gradient*/corrected

correlation functional of Lee, Yang, and Parr.

Application of B3LYP density functional was
repeated with the largest basis set 6-311�/�/G**,

which is a triple-zeta split valence set augmented

with diffuse and polarization functions on all

atoms (182 basis function, 288 primitive Gaus-

sians).

4. Results and discussions

4.1. Molecular geometry

Tautomerism equilibrium given in Fig. 1 shows

that there are two possible enol forms capable to

form IHBs, trans form (1) and cis form (2). The

difference between these two forms is the position

of C9�/O10 and C3�/C4 double bonds, with respect

to one another. These two forms interchange

either by rotation of the a-substituted formyl

group about C3�/C9 bond or proton tunneling

between two oxygen atoms. Turner by microwave

spectroscopy study suggested that the cis form (2)

is more stable than trans form (1), whereas the

result of ab initio calculation emphasizes on the

trans form. For removing this duality, we carried

out extensive theoretical calculations at B3LYP,

B3PW91, BLYP, BPW91, G96LYP and

G96PW91 levels with 6-31G** basis set. Further-

more, calculations of energy gap (DE ) between

these two conformers in B3LYP level at various

basis sets can be used to elucidate the effect of

basis set size. The results of these calculations are

given in Table 1.
The result of our calculations show that at all of

the DFT levels, with 6-31G** basis set, the trans

form is more stable than the cis form and the

values of DE are lie in the range of 0.88�/1.24 kJ

mol�1. The maximum and minimum energy gap

(DE ) corresponds to the B3LYP and G96PW91

levels of theory, respectively. As it is evident from

Table 1

Comparison of energy gap (DE ) between the cis and trans

conformers

Calculation level trans form cis form DE (kJ

mol�1)

BLYP/6-31G** �/380.397512 �/380.397142 0.970

BPW91/6-31G** �/380.454843 �/380.454504 0.886

G96LYP/6-31G** �/380.379933 �/380.379596 0.883

G96PW91/6-

31G**

�/380.437891 �/380.437555 0.880

B3LYP/6-31G** �/380.484908 �/380.484433 1.243

B3PW91/6-31G** �/380.336175 �/380.335812 0.962

B3LYP/STO-3G �/375.422982 �/375.422988 0.000

B3LYP/3-21G �/378.372350 �/378.372182 0.440

B3LYP/4-31G �/379.962870 �/379.962553 0.830

B3LYP/6-31G* �/380.474732 �/380.474244 1.278

B3LYP/6-31G** �/380.484908 �/380.484433 1.243

B3LYP/6-311G* �/380.575361 �/380.574700 1.733

B3LYP/6-311G** �/380.587084 �/380.586437 1.695

B3LYP/6-311�/

G**

�/380.597737 �/380.596927 2.124

B3LYP/6-311�/�/

G**

�/380.597891 �/380.597087 2.106

Absolute energies in Hartree.
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Table 1, the calculated energy gap is also depen-
dent to the choice of basis set. The calculated

energy difference between these two conformers

using STO-3G basis set is about zero (minimum).

By increasing the size of the basis set the energy

difference increases and the maximum energy gap

is obtained with the 6-311�/�/G** basis set (2.106

kJ mol�1). The greater stability of the trans form

is related to the hydrogen bond strength and the
trans orientation of C3�/C4 and C9�/O10 double

bonds, with respect to one another. The strength

of hydrogen bond in the trans and cis forms is 59.2

and 55.5 kJ mol�1 (calculated at the MP2/6-

31G** level), respectively [39].

The molecular equilibrium geometries predicted

with the B3LYP, B3PW91, BLYP, BPW91,

G96LYP and G96PW91 density functionals, for
trans conformer of TFM and MA, are given in

Table 2 together with the experimental data

derived from microwave spectra of MA [40]. It is

apparent that replacement of the LYP correction

functional with the PW91 functional leads to the

prediction of shorter O� � �H distance, correspond-

ing to a more symmetrical H-bond. A similar

tendency is observed when B3 hybrid exchange
functional is replaced by B or G96 functionals.

Decrease in O� � �O distance appears simulta-

neously with decrease in O� � �H distance. The

following order for the calculated O� � �O distance

at the DFT levels is obtained:

G96PW91
2:449

BBPW91
2:481

BB3PW91
2:502

BG96LYP
2:508

BBLYP
2:528

BB3LYP
2:535 (Å)

A similar order exists for the hydrogen bond

strength at various DFT levels. At the same time, a

slightly more delocalized bond structure is pre-

dicted. The enhancement of delocalization is con-

firmed by Gilli’s parameters (q1, q2 and Q ) [41]. As

it has been mentioned, the maximum and mini-

mum of p-electron delocalization are predicted by
G96PW91 and B3LYP levels, respectively.

The results of calculations in Table 2 show that

there is a great difference between the results of

DFT levels. Therefore, we used the rotational

constants as criteria for determining the precision

of each DFT level. The calculated rotational

constants of the trans form of TFM at all DFT
levels and the corresponding experimental values

are represented in Table 3. Comparison between

these results shows that B3LYP level with 6-311�/

�/G** basis set has the minimum error, compared

with the other levels. The best description of

molecular properties produced by this method,

but the result of B3LYP/6-31G** level is also

reliable.

4.2. Effects of formyl group

As it is obvious from Table 2, the main effect of

formyl substitution is shortening of the O� � �O and

O� � �H distances and lengthening of the O�/H bond

length in comparison with the corresponding

values of MA. The range of shortening and

lengthening of the O� � �O, O� � �H and O�/H are
about 0.013�/0.024, 0.024�/0.034 and 0.007�/0.011

Å, respectively. These changes in geometrical

parameters suggest that the hydrogen bond in

TFM is stronger than that in MA. This conclusion

is well supported by the hydrogen bond energy

values (energy required to rotate the H bridging

atom by 1808 about C4�/O5 bond) of TFM and

MA, which are 56.0 and 54.0 kJ mol�1, respec-
tively (at the B3LYP/6-311�/�/G** level).

Furthermore, the values of 1H-NMR chemical

shift for enolic proton also support this result.

These values for MA, a-methyl MA and TFM are

9.92 [42], 10.66 [43] and 13.71 ppm, respectively.

Table 2 also shows that upon formyl substitu-

tion on a-position both C2�/C3 and C3�/C4 bond

lengths are increased, whereas C4�/O5 and C2�/O1

bond lengths are decreased. The bond length

increment in C3�/C4 could be attributed to the

enhancement of p-electron delocalization through

O10�/C9�/C3�/C4�/O5 fragment of the molecule,

which reduces its double bond character. The

bond length increment in C2�/C3 could be attrib-

uted to reduced electron delocalization in O1�/C2�/

C3 fragment of the chelated ring, which increases
its single bond character. This interpretation also

accounts for shortening of C2�/O1 bond length.

Reduction in the C4�/O5 bond length could well be

described by considering increased p-electron de-

localization in the C4�/O5 side due to the effect of

the formyl group in a-position.
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Table 2

Geometrical parameters of trans form of TFM and MA at various DFT levels with 6-31G** basis seta

Structural

parameters

TFM MA

B3LYPb B3LYP BLYP B3PW91 BPW91 G96LYP G96PW91 B3LYPa B3LYP BLYP B3PW91 BPW91 G96LYP G96PW91 Experimentalc

R1 � 2 1.234 1.242 1.260 1.241 1.260 1.260 1.261 1.238 1.245 1.265 1.246 1.265 1.265 1.266 1.234

R2 � 3 1.454 1.451 1.454 1.445 1.446 1.452 1.443 1.438 1.437 1.440 1.431 1.432 1.437 1.429 1.454

R3 � 4 1.374 1.378 1.393 1.379 1.394 1.394 1.395 1.364 1.368 1.383 1.369 1.384 1.383 1.385 1.348

R4 � 5 1.308 1.308 1.319 1.301 1.309 1.315 1.305 1.319 1.319 1.330 1.312 1.319 1.327 1.315 1.320

R5 � 6 1.004 1.015 1.043 1.022 1.060 1.048 1.068 0.997 1.007 1.034 1.014 1.049 1.038 1.057 0.969

R1 � 6 1.666 1.615 1.563 1.562 1.487 1.534 1.453 1.700 1.641 1.592 1.586 1.512 1.566 1.478 1.680

R1 � 5 2.563 2.535 2.528 2.502 2.481 2.508 2.459 2.587 2.554 2.546 2.517 2.494 2.528 2.472 2.553

R2 � 7 1.098 1.100 1.107 1.100 1.106 1.106 1.105 1.103 1.105 1.112 1.104 1.110 1.111 1.109 1.089

R4 � 8 1.088 1.091 1.098 1.092 1.099 1.098 1.099 1.086 1.089 1.096 1.090 1.097 1.096 1.097 1.091

R3 � 9 1.464 1.463 1.473 1.460 1.468 1.472 1.467 1.081 1.083 1.090 1.082 1.089 1.089 1.088 1.094

R9 � 10 1.213 1.219 1.232 1.217 1.229 1.231 1.228

R9 � 11 1.111 1.114 1.123 1.114 1.123 1.123 1.122

u1 � 2 � 3 122.4 122.5 122.5 122.4 122.3 122.4 122.2 123.3 123.4 123.2 123.2 122.9 123.1 122.7 124.5

u2 � 3 � 4 118.9 118.3 117.9 117.8 117.3 117.6 116.9 119.7 118.9 118.6 118.3 117.8 118.4 117.5 119.4

u3 � 4 � 5 124.4 123.9 123.4 123.5 122.9 123.2 122.6 124.2 123.9 123.4 123.6 122.9 123.2 122.7 123.0

u4 � 5 � 6 106.6 105.6 104.3 105.0 103.6 104.1 103.3 106.6 105.4 104.2 104.8 103.4 104.0 103.1 106.3

u5 � 6 � 1 146.4 148.8 151.2 150.4 153.4 152.0 154.3 145.9 148.5 150.9 150.1 153.2 151.7 154.1 147.6

u1 � 2 � 7 120.5 120.4 120.1 120.3 119.9 120.0 119.7 119.1 118.9 118.7 118.8 118.4 118.6 118.3 122.3

u5 � 4 � 8 113.9 114.3 114.5 114.6 115.1 114.7 115.3 113.3 113.6 113.8 113.9 114.3 114.0 114.6 113.2

u2 � 3 � 9 121.3 121.0 121.1 121.1 121.3 121.3 121.6 120.3 120.7 120.8 121.0 121.3 121.0 121.4 123

u3 � 9 � 10 124.7 124.4 124.4 124.3 124.4 124.6 124.5

u3 � 9 � 11 114.7 114.7 114.5 114.8 114.5 114.5 114.5

Q1 0.074 0.066 0.059 0.06 0.049 0.055 0.044 0.081 0.074 0.065 0.066 0.054 0.062 0.049 0.086

Q2 0.08 0.073 0.061 0.066 0.052 0.058 0.048 0.074 0.069 0.057 0.062 0.048 0.054 0.044 0.106

Q 0.154 0.139 0.120 0.126 0.101 0.113 0.092 0.155 0.143 0.122 0.128 0.102 0.116 0.093 0.192

EHB 56.0 64.1 66.2 66.2 69.4 66.5 70.0 54.0 62.7 65.0 64.9 68.4 64.9 68.6

a R , bond length (Å); u , bond angle (8); EHB, hydrogen bond energy (kJ mol�1).
b Calculated at B3LYP/6-311�/�/G** level.
c Data from [40].
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The electron withdrawing character of the

formyl group lowers the electron charge density

on the oxygen atoms, which in turn causes the

enolated proton to be more acidic and increases

the hydrogen bond strength. The effect of the

formyl group on the p-delocalization in the

chelated ring could also be explained in terms of
the Gilli’s symmetry coordinates q1, q2 and Q [41]

(see Table 2). By comparing of these coordinates

for TFM and MA, one can deduce that there is

more bond equalization, or p-delocalization, in

formyl substituted MA than in MA itself.

5. Vibrational analysis

The fundamental vibrational frequencies for

TFM obtained at different DFT levels with 6-
31G** basis set, are compared with the experi-

mental values by means of regression analysis. The

superior quality result is produced from the

B3LYP level with the more expensive 6-311�/�/

G** basis set (see Table 4). In the regression

analysis a set of 20 vibrational bands was selected,

corresponding to fundamentals numbers: n1�/n17,

n20 and n21. The regression parameters, least
squares scaling factor (a ), R square and standard

deviation (S.D.), are listed in Table 5. As it is

obvious in this table, the best results are obtained

with B3LYP, resulting in S.D.�/28.4 and 9.46

cm�1 for B3LYP/6-31G** and B3LYP/6-311�/�/

G**, respectively. It is noteworthy to point out

that addition of polarized and diffused functions

on the basis set, in the DFT, leads to better

correlation with the experimental frequencies.

The infrared spectrum of TFM and its deuter-

ated analogues (DTFM) in CCl4 solution is given

in Fig. 2. The calculated frequencies, IR intensity

at B3LYP/6-311�/�/G** level along with the

experimental results and their assignments for

TFM and its deuterated analogue are given in

Tables 6 and 7. The corresponding normal modes

of the chelated ring are shown in Fig. 3. The

calculated frequencies and isotopic shifts are

slightly higher than the observed values for the

majority of the normal modes. Two factors may be

responsible for the discrepancy between the ex-

perimental and computed spectra of TFM. The

first is caused by the environment; the second

reason for this discrepancy is the fact that the

experimental value is an anharmonic frequency

while the calculated value is a harmonic frequency.

5.1. Band assignment

Each equilibrium configuration of TFM has Cs

symmetry, which leads to 19 in plane (A?) and

eight out of plane (Aƒ) vibrational normal modes,

which all of them are IR active. The band assign-

ments presented here obey the following criteria:

(a) the observed band frequencies and intensity

changes in the infrared spectrum [13,16] of the

deuterated analogue confirmed by establishing one

Table 3

Calculated (trans form) and experimental rotational constant

Level of calculation A B C Relative error (%)

B3LYP/6-311�/�/G** 4.932 2.025 1.436 0.34

B3LYP/6-31G** 4.984 2.020 1.438 0.57

B3PW91/6-31G** 5.066 2.025 1.447 1.11

BLYP/6-31G** 4.971 1.982 1.417 1.59

BPW91/6-31G** 5.080 1.990 1.430 1.89

G96LYP/6-31G** 5.014 1.982 1.420 1.81

G96PW91/6-31G** 5.130 1.990 1.433 2.16

Experimentala 4.944 2.034 1.441 �/

Rotational constant (GHz).
a Data from [31].

A. Nowroozi et al. / Spectrochimica Acta Part A 59 (2003) 1757�/17721762



to one correlation between observed and theoreti-

cally calculated frequencies. (b) Comparison in

some cases with reported vibrational assignment

of characteristic molecular groups and bonds

found in different molecules. (c) The visual 3D

computerized representation of the normal modes.

5.2. 3100�/1800 cm�1

In this region the C�/H and O�/H/O�/D stretch-

ing band frequencies are expected to be observed.

nO�/H is the most important mode in vibrational

spectra of b-dicarbonyl compounds, which is

Table 4

Comparison of experimental and theoretical vibrational frequencies (cm�1)

B3LYPa B3LYPb B3PW91b BLYPb BPW91b G96LYPb G96PW91b Experimental

A ?
n1 3157 3164 3167 3070 3078 3073 3078 3062

n2 3072 3058 3071 2973 3000 2982 3011 2820

n3 3034 2927 2898 2775 2795 2778 2799 2792

n4 2876 2886 2806 2551 2340 2482 2244 2743

n5 1761 1792 1807 1705 1727 1710 1733 1700

n6 1702 1725 1735 1635 1649 1638 1653 1658

n7 1625 1658 1672 1614 1638 1622 1647 1595

n8 1445 1462 1461 1415 1419 1417 1423 1411

n9 1435 1451 1458 1388 1394 1389 1396 1401

n10 1391 1408 1409 1351 1342 1348 1344 1329

n11 1366 1374 1374 1327 1322 1327 1309 1345

n12 1299 1317 1325 1276 1288 1283 1288 1264

n13 1234 1249 1255 1203 1210 1204 1206 1212

n14 939 956 965 926 937 929 939 930

n15 736 742 743 719 721 720 721

n16 527 538 541 531 538 534 542 520

n17 499 502 504 485 489 485 490 486

n18 281 283 285 286 295 290 302

n19 212 212 206 206 198 202 194

A ƒ
n20 1049 1069 1101 1079 1141 1103 1172 1020

n21 1034 1046 1048 1005 1006 1007 1009 1004

n22 1000 1018 1025 983 987 986 990 970

n23 929 951 957 917 926 922 931 909

n24 390 400 397 391 387 391 387

n25 324 346 348 344 349 346 352

n26 242 259 261 257 260 258 260

n27 131 142 143 137 137 137 137

a Calculated by 6-311�/�/G**.
b Calculated by 6-31G**.

Table 5

Regression analysis of fundamental wave numbers with theoretical corresponds

Regression parameters B3LYPa B3LYPb B3PW91b BLYPb BPW91b G96LYPb G96PW91b

R square 0.99986 0.99880 0.99788 0.99420 0.98270 0.99160 0.97410

S.D. 9.65 28.43 37.90 61.30 108.37 75.32 132.40

Regression coefficient 0.9754 0.9658 0.9626 1.0007 1.0040 1.0025 1.0005

a Calculated by 6-311�/�/G**.
b Calculated by 6-31G**.
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related to the IHB strength. Determination of the

precise position of O�/H stretching of the enol

form of b-dicarbonyls is very difficult because it

appears as a very broad band [12�/16] and overlaps

by the C�/H stretching, overtones and combina-

tion bands. Tayyari et al. [13,16] carried out an

extensive spectroscopic study of hydrogen bonding

in the enol form of b-dicarbonyl compounds and

proposed a dependence of O�/H stretching fre-

quency on the O� � �O distance. Theoretical calcula-

tions predict that the O� � �O distance in TFM is

shorter than MA (about 0.025 Å). Therefore, we

expect that the O�/H stretching frequency in TFM

to lie in below 2850 cm�1, which is observed in

MA. A weak and broad band in this region was

observed, but location the center of this band is

difficult. Since the nO�/H/nO�/D ratio in TFM is

1.35 and O�/D stretching observed at 2089 cm�1

we might predict the center of O�/H stretching

band at about 2820 cm�1. This value is in

agreement with the theoretical results. Lower

frequency of O�/H/O�/D stretching modes in

TFM/DTFM in comparison with the correspond-

ing value for MA/D2MA also supports the idea

that the hydrogen bond in TFM is stronger than

that of MA. The nO�/H and nO�/D bands in MA

appear at 2856 and 2140 cm�1, respectively [12].

The infrared spectrum of TFM shows three

weak bands at 3062, 2792, and 2743 cm�1. These

bands readily are correlated with theoretical bands

at 3156, 3036 and 2876 cm�1, respectively. As

other b-dicarbonyls in their enol form, the vinyl

C4�/H8 stretching frequency should appear at

higher frequency than other C�/H stretching

modes [12]. Theoretical calculations predict that

this band is mainly due to nC4�/H8, which is

slightly coupled to nO�/H and upon deuteration

a few wave number shifts toward lower frequencies

Fig. 2. Infrared spectrum of TFM (*/) and DTFM (----).
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(about 7 cm�1). It is noteworthy that the observed

nC2�/H7 is much lower than that predicted by the

calculations. The aldehyde C�/H stretching usually

shows two bands in the 2900�/2700 cm�1 range

with one near 2720 cm�1 [44]. This phenomenon

has been attributed to an interaction of the C�/H

stretch fundamental with the overtone of the C�/H

bending vibration at about 1400 cm�1. Therefore,

discrepancy between the calculated and observed

nC2�/H7 could be attributed to the neglecting this

interaction by the ab initio calculations. Further-

more frequency measurement has been done in the

solution and calculation assumes the molecule in

the gas phase. By considering the theoretical

calculations, we assign the bands at about 2790

and 2740 cm�1 in the infrared spectra of TFM and

its deuterated analogue to nC2�/H7 and nC9�/H11,

respectively.

5.3. 1700�/1000 cm�1

Beside the C�/O stretching of free carbonyl

group and C�/H in-plane bending modes, five

bands are expected to be observed in this region,

Table 6

Fundamental band assignment of TFM (frequencies are in cm�1 and intensities are relative)

Theoretical frequency Experimental frequency (IR) Assignment

B3LYP/6-311�/�/G** R.Ia TFM(CCl4) TFM(CHCl3)

A ?
n1 3156(1)b 40 3062 * nC4H8�/nOH

n2 3077(63) 58 2820(w,vbr) * nOH�/nC4H8�/nC2H7

n3 3036(12) 49 2792 2787 nC2H7

n4 2876(23) 100 2743 2739 nC9H11

n5 1760(54) 58 1700(77) 1699(67) nC9O10�/dC9H11

n6 1702(100) 10 1658(100) 1657(100) nC1O2�/nC3C4�/dC2H7�/dC4H8

n7 1625(54) 31 1595(50) 1597(55) nC3C4�/nC2O1�/dOH�/dC4H8

n8 1446(6) 4 1411(12) 1415(11) dC9H11�/dC4H8�/dOH�/nC2C3

n9 1436(4) 7.4 1401(sh) 1405(sh) nC4O5�/nC2O1�/dC2H7�/dC4H8�/dOH

n10 1391(11) 7.4 1329(15) 1336(12) dOH�/nC3C4�/dC2H7�/dC9H11

n11 1365(21) 7.5 1345(32) 1349(32) dC2H7�/dC9H11�/dC4H8

n12 1299(41) 0.74 1264(60) 1268(48) nC4O5�/dC4H8�/dOH

n13 1233(31) 13.3 1212(65) * nC3C9�/dC2H7�/dOH�/dC4H8

n14 938(7) 13.3 930(19) 935(22) dC2C3C4�/dC2H7�/dC4H8�/dOH

n15 736(9) 0.2 * * D�/dC2H7

n16 527(4) 0.4 520(10) 521(14) D�/dC�/CHO

n17 499(0.3) 7.4 486(6) 488(6) D�/dC�/CHO

n18 278(1.5) 0.74 n.m. n.m. n (O� � �O)

n19 213(3) �/0 n.m. n.m. D�/dC�/CHO

A ƒ
n20 1049(10) 0.74 1020(10) 1017(11) gC2H7�/gC9H11�/gC4H8

n21 1035(3) 0.74 1005(5) 1008(5) gC2H7�/gC9H11�/gOH

n22 1000(7) 1.5 970(15) 974(13) gC9H11�/gC2H7�/gC4H8�/gOH

n23 928(7) 1.5 909(sh) 911(sh) gOH�/gC9H11�/gC4H8

n24 391(0.25) 0.35 n.m. n.m. G�/gC�/CHO

n25 326(2) �/0 n.m. n.m. G�/gC�/CHO

n26 244(0.2) 0.2 n.m. n.m. G�/gC�/CHO

n27 131(3) 1 n.m. n.m. G�/gC�/CHO

IR, infrared; n , stretching; d , in plane bending; g , out of plane bending; D, in plane ring deformation; G , out of plane ring

deformation; v, very; sh, shoulder; n.m., not measured; *, solvent overlapped, relative intensities are given in parentheses.
a Relative intensity in Raman.
b Relative intensity in IR.
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in relation to the enol ring modes which are

attributed to C�/O, C�/C, C�/O and C�/C stretch-

ing and the O�/H in plane bending modes. The

observed frequencies in this region are as follows.

The strong band at 1700 cm�1, which is not

affected upon deuteration, clearly assigned to the

C�/O stretching of the free carbonyl group.

According to the calculation results, this band is

coupled to dC9�/H11. Aliphatic aldehydes have an

intense carbonyl stretching band at about 1725

cm�1 [44]. Comparison between the band at 1700

cm�1, in infrared spectrum of TFM, and nC�/O in

aliphatic aldehyde shows that the carbonyl fre-

quency is shifted toward lower values. This

frequency shift arise from conjugation, without

hydrogen bonding, in O10�/C9�/C3�/C4�/O5 frag-

ment. This result is in excellent agreement with the

geometrical parameters that emphasize the p-

electron delocalization in O10�/C9�/C3�/C4�/O5

fragment.

In the C�/O and C�/C stretching region, with

exception of hexafluoro-AA [45], trifluoro-AA [13]

and MA [12], only one single band has been

observed in the IR spectra of the enol form of b-

Table 7

Fundamental band assignment of DTFM (frequencies are in cm�1 and intensities are relative)

Theoretical frequency Experimental frequency (IR) Assignment

B3LYP/6-311�/�/G** R.I.a DTFM(CCl4) DTFM(CHCl3)

A ?
n1 3151(1.6)b 64 3055 * nC4H8

n2 3035(5) 60 2790 2788 nC2H7

n3 2878(23) 100 2740 2736 nC9H11

n4 2260(47) 9 2089(6) 2085(7) nOD

n5 1760(55) 58 1700(65) 1698(61) nC9O10�/dC9H11

n6 1702(100) 9.5 1657(100) 1655(100) nC1O2�/nC3C4�/dC2H7�/dC4H8

n7 1558(54) 4 1523(62) 1526(55) nC3C4�/nC1O2�/dOD�/dC4H8

n8 1445(8) 1.5 1408(7) 1410(7) nC2C3�/dC9H11�/dC4H8

n9 1420(7) 5.2 1388(14) 1391(14) dC2H7�/dC9H11�/nC2C3

n10 1370(20) 5.4 1345(30) 1349(33) dC2H7�/dC9H11�/dC4H8

n11 1325(38) 1.2 1280(45) 1283(49) nC4O5�/dOD�/dC4H8

n12 1257(4) 9.3 1230(19) * nC3C9�/dC9H11�/dC2H7�/dOD

n13 1100(32) 5.2 1061(27) 1065(28) dOD�/dC4H8�/nC2C3�/dC2H7

n14 910(9) 12 895(15) 895(17) dC2C3C4�/dC2H7�/dOD�/dC4H8

n15 730(8) 2 * * D�/dCCHO

n16 523(4) 2.3 516(13) 517(11) D�/dCCHO

n17 489(0.003) 7.3 480(6) 482(6) D�/dC�/CHO

n18 270(1.5) 0.5 n.m. n.m. n (O� � �O)

n19 213(3) 0.45 n.m. n.m. D�/dC�/CHO

A ƒ
n20 1044(0.01) 0.73 1015(4) 1017(5) gC2H7�/gC9H11�/gC4H8

nn21 1025(0.01) 2.2 995(5) 998(4) gC4H8�/gC9H11

n22 971(1) 1.2 931(5) 934(5) gC2H7�/gC9H11�/gC4H8

n23 731(16) 0.25 * * gOD�/gC2H7

n24 379(0.002) 0.3 n.m. n.m. G�/gC�/CHO

n25 326(2) 0.21 n.m. n.m. G�/gC�/CHO

n26 244(0.003) 0.86 n.m. n.m. G�/gC�/CHO

n27 130(3) 1 n.m. n.m. G�/gC�/CHO

IR, infrared; n , stretching; d , in plane bending; g , out of plane bending; D, in plane ring deformation; G , out of plane ring

deformation; v, very; sh, shoulder; n.m., not measured; *, solvent overlapped, relative intensities are given in parentheses.
a Relative intensity in Raman.
b Relative intensity in IR
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dicarbonyls [13]. Tayyari et al. by deconvolution

of the IR spectra of AA and its deuterated

analogue, D6AA [14], and a-cyano-acetylacetone

(CNAA) [46] showed that another strong and

broad band corresponding to the very strong and

relatively broad Raman band, lies under this band

at its lower frequency side. In the case of AA these

two bands appear at 1642 and 1624 cm�1 in the

gas phase and shift considerably toward lower

frequencies in the condensed phases [16]. In the

infrared spectrum of TFM these two bands are

well separated and appear as two strong bands at

Fig. 3. Selected normal modes of TFM and DTFM.
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Fig. 3 (Continued)
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1658 and 1595 cm�1. Upon deuteration the

former is almost unaffected, but the latter shifts

about 70 cm�1 toward lower frequencies. This

frequency shift is in excellent agreement with the

result of DFT calculations (see Tables 6 and 7).

We assigned the band at 1658 cm�1 to the C1�/O2

and C3�/C4 stretching modes, which are coupled to

dC2�/H7 and dC4�/H8. Theoretical calculations

predict that the infrared band at 1595 cm�1 is

mainly due to O�/H in plane bending and C3�/C4

stretching modes, which is coupled to the C1�/O2

stretching and C�/H8 in plane bending modes.

Since this band has mostly C3�/C4 stretching and

O�/H in plane bending characters, therefore, we

believed that there exist strong interactions be-

tween these two motions in the chelated ring of the

cis enol form of b-dicarbonyls. The magnitude of

interaction between these two modes, in TFM

respect to MA, suggests a much stronger IHB for

TFM in agreement with other b-dicarbonyls [46].

The corresponding band in DTFM that appeared

in 1523 cm�1 is mainly due to the C1�/O2 and C3�/

C4 stretching modes, which is coupled to the O�/D

and C�/H in plane bending modes (see Table 7).

The band at about 1411 cm�1 in TFM and 1408

cm�1 in its deuterated analogue is mainly due to

the dC9�/H11 in plane bending mode and the small

frequency shift upon deuteration is correctly pre-

dicted by the theoretical calculations. The infrared

spectrum of TFM shows a shoulder band at about

1400 cm�1. Theoretical calculations suggest that

this band, in TFM, is mainly due to nC4�/O5 and

nC2�/O1 that couples with dO�/H and dC�/H.

Upon deuteration, this shoulder disappears and a

new band appears at 1280 cm�1. In the TFM the

coupling of nC2�/O1 and dO�/H is completely

removed and a large frequency shift, about 120

cm�1, is observed. This shift is in excellent

agreement with the experimental results. The

band at 1329 cm�1 has mixed C�/H and O�/H in

plane bending and C2�/C3 stretching character.

Upon deuteration, this band shift toward higher

frequencies and appear at about 1388 cm�1.

According to the calculations we assign this

Fig. 3 (Continued)
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band, in DTFM, to the nC2�/C3, which couples
with C2�/H7 and C9�/H11 in plane bending modes.

The band at about 1265 cm�1 has O�/H and C�/

H in plane bending and C4�/O5 stretching char-

acter. Deuteration causes a large frequency shift

on position of this band and it appears at 1061

cm�1 in the IR spectrum of DTFM with its

intensity decreased. According to the theoretical

calculations the band at 1061 cm�1 in DTFM is
mainly due to dO�/D, which is coupled to dC4�/H8

and nC2�/C3. The IR intensity of this band in

DTFM decreases, because the coupling of C4�/O5

stretching mode is completely removed.

The strong band at 1212 cm�1 shifts about 18

cm�1 toward upper frequencies in DTFM, which

is also in excellent agreement with the theoretical

results. According to the theoretical calculations,
the band at 1212 cm�1 is due to C3�/C9 stretching

mode coupled to dO�/H and dC�/H. Upon

deuteration this band shifts toward upper frequen-

cies, 1230 cm�1, and its intensity decreases. Both

frequency shift and intensity decrease are arises

from decoupling of dO�/H. The increase of p-

electron delocalization in the O10�/C9�/C3�/C4�/O5

fragment, in TFM, shifts the C3�/C9 stretching
frequency toward higher wave numbers respect to

the corresponding band in alkanes [44].

The theoretical calculation suggests that two

bands at 1020 and 1005 cm�1 have C�/H out of

plane bending character. However, the latter band

has slightly O�/H out of plane bending character.

In DTFM these two bands shift about 5 and 10

cm�1 toward lower frequencies, respectively.
These band shifts are in excellent agreement with

theoretical predictions. Similarly with TFM, these

bands have C�/H out of plane bending character.

5.4. Below 1000 cm�1

In this region we expect to observe C�/H and O�/

H out of plane bending and in plane and out of
plane ring deformation and O� � �O stretching

modes. By considering the theoretical calculations,

the IR band at 970 cm�1 is assigned mainly to

gC9�/H11, which is slightly coupled to gC4�/H8,

gC2�/H7 and gO�/H. Upon deuteration, this band

shifts to 931 cm�1 and IR intensity considerably

decreases. The reason of this phenomenon is due
to the decoupling of gO�/H.

It is interesting to note that the frequencies of

the in plane ring deformation modes in TFM are

considerably higher than the corresponding modes

in MA. This could be attributed to the stronger

ring in TFM in comparison with MA, which is

caused by stronger IHB. The 890 cm�1 band in

MA appears at 930 cm�1 in TFM and the 512
cm�1 band in the former splits to two bands in the

latter at 486 and 520 cm�1. Coupling of this mode

with C�/CHO in plane bending causes this split-

ting. The shifts of these bands upon deuteration

are in excellent agreement with the theoretical

results.

The shoulder at about 909 cm�1 is correlated

with the theoretical band at 928 cm�1, which has
mostly O�/H out of plane bending character. Upon

deuteration this band disappears and we expect to

observe a new band at about 730 cm�1, but this

region of spectra overlapped with the solvent

bands. The corresponding band in MA appears

at 670 cm�1, which correlate with the medium

theoretical band at 684 cm�1 [12], which consider-

ably lower than the expected value for TFM. This
frequency gap also supports the stronger hydrogen

bond in TFM respect that in MA.

MA has only two bands, at 384 and 252 cm�1

[12], which belong, to the out of plane ring

deformation modes. It seems that the 384 cm�1

band in MA splits into two bands in TFM that

appear at 390 and 324 cm�1. This splitting arises

from coupling between out of plane ring deforma-
tion and C�/CHO out of plane bending mode. The

C�/CHO out of plane bending mode is also

correlated to one of the out of plane ring

deformation modes, which are calculated at 131

cm�1.

Theoretically, the symmetric hydrogen bond

stretching for MA and TFM are expected to be

observed at 265 and 278 cm�1, respectively. This
upward frequency shift by formyl substitution in

a-position also supports the stronger hydrogen

band in TFM compared with that in MA. Similar

relation between the O� � �O stretching frequency

and hydrogen bond strength are observed in the

substituted acetyl acetone: Hexafluoro-AAB/ace-

tyl acetoneB/a-Cyano-AA.
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Theoretical frequencies for these compounds are
238 [45], 372 [14] and 387 cm�1 [46], respectively.

5.5. Conclusion

According to all used ab initio calculation,

except for B3LYP/STO-3G, The trans conformer

is more stable than the cis conformer. The energy

difference depends to the choice of level and
increases by increasing the size of the basis sets.

Similarly, the present calculations show a p-

electron delocalization through O10�/C9�/C3�/C4�/

O5 fragment of the molecule and reduced electron

delocalization in O1�/C2�/C3 fragment of the

chelated ring. Furthermore, geometrical analysis

indicates that formyl substitution in a-position

increases the hydrogen bond strength, which is in
agreement with the 1H-NMR and IR results.

According to the theoretical calculations, at

B3LYP/6-311�/�/G** level, the IHB stabilized

the cis enol form of TFM by 56 kJ mol�1.

Comparison of theoretical and experimental

rotational constants and vibrational frequencies

indicates that the B3LYP/6-311�/�/G** level gives

the best results among all other used DFT levels,
but the results of B3LYP/6-31G** are also reli-

able.
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