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Basis Set and Electron Correlation Effects on the Internal Rotational Barrier 
Heights of Formamide and Acetamide 

Seiji Tsuzuki * and Kazutoshi Tanabe 
National Chemical 1 abora tory for Industry, Tsukuba, lbaraki 305, Japan 

The internal rotational barrier heights o f  formamide and acetamide were studied b y  ab initio 
molecular orbital calculations using several basis sets up to 6-31 1 G (2d,2p) with electron correlation 
correction. The calculated barrier heights depended on the basis set used. The calculated barrier 
heights with the M P3 (Msller-Plesset 3rd order perburbation) electron correlation correction were 
decreased b y  the augmentation of  polarized functions b y  as much as 5-6 kcal mol-'.t Further 
augmentation of  multiple polarized functions and diffuse functions had little effect on the calculated 
barrier heights. The calculated barrier heights using polarized basis sets were decreased by  the 
incorporation of electron correlation by  as much as 1-2 kcal mol-' from the values obtained by HF 
method. The calculated barrier heights of formamide and acetamide using polarized basis sets with 
electron correlation correction were 1 4.5-1 5.4 and 1 2.5-1 3.2 kcal mol-', respectively. Whereas 
these barrier heights were 1-8 kcal mol-' lower than the experimental values measured in the liquid 
phase, the calculated values were close to the barrier heights measured in a polystyrene matrix. Zero 
point and thermal vibrational energies of  formamide were calculated at HF/6-31 G" level. The 
calculated vibrational energy correction for the barrier height was only -0.75 kcal mol-'. 

The internal rotational potential of amide C-N bonds is 
important for the understanding of the conformation of 
proteins. Recently developed computer simultations of proteins, 
for example molecular dynamics, require accurate rotational 
potentials of amides. Hence many experimental 1-74 and 
theoretical 73--84 studies have been reported on the internal 
rotation of the amide bond. The internal rotational barrier 
heights of formamide 1 and acetamide 2 have not been 
measured in the gas phase. The barrier heights measured in 
the liquid phase are 17-21 kcal m~l- ' . ' -~  

Several ab initio molecular orbital calculations of the 
internal rotational barrier heights of amides have been re- 
p ~ r t e d . ~  ' y 7  3*7 5-84 The calculated barrier heights of formamide 
and acetamide at the H F  level using basis sets of double-zeta 
quality are 17-20 kcal mo1-1,76-79,81,82 which are close to the 
experimental values in the liquid phase. However, the calculated 
barrier heights using improved polarized basis sets are 13-16 
kcal ' which are considerably smaller than the 
experimental barrier heights. 

The cause of this disagreement is not certain. One possible 
explanation of this disagreement is that intermolecular 
interaction in the liquid phase increases the barrier heights. 
Experimental observations have revealed that the internal 
rotational barrier height of the amide bond is strongly affected 
by the s ~ l v e n t . ' - ~ ~ ~ ~ - ~ ~  The trend of increasing rotational 
barrier height with increasing dielectric constant has been 
reproduced by molecular orbital  calculation^.^^ A significant 
increase in the internal rotational barrier height of amides in 
proton-donating solvents has been o b ~ e r v e d . ~ ~ . ~ ~  Cation 
bonding to the carbonyl oxygen of amide molecules also 
increases the barrier height.7 1-74 Molecular orbital calculations 
have also supported the observation that cation bonding 
increases the barrier  height^.^^^^^ Another possible reason for 
the disagreement between experimental and calculated barrier 
heights is the insufficient accuracy of the calculations. 

The importance of the use of a large basis set and electron 
correlation correction in conformational energy calculations 
has been ~ l a i m e d . ~ ~ - ~ ~  Recently conformational energy 

t 1 cal = 4.184 J. 

calculations of butane using a triple-zeta basis set with multiple 
polarized functions with the MP2 electron correlation 
correction have been reported.87 The calculated syn barrier 
heights at this level are considerably lower than the calculated 
barrier height using the 6-31G** basis set.85*86 The same 
tendency has been observed in the calculation on ethyl methyl 
ether." Whereas the calculations on formamide using polarized 
basis sets with electron correlation correction 7 9 9 8 0  and HF level 
calculation of acetamide using a polarized basis set79 have 
been reported, further improved calculations have not been 
reported. In this paper we describe the calculation of internal 
rotational barrier heights of formamide and acetamide using 
several basis sets, up to 6-311G(2d,2p) basis set with electron 
correlation correction, to evaluate basis set and electron 
correlation effects on the calculated barrier heights. Basis set 
and electron correlation effects on the optimized geometries 
are also discussed. 

Computational Technique.-The GAUSSIAN82 91 and 
GAUSSIAN86 programs92 were used for the ab initio 
calculations. All the geometries were optimized using the 
geometry optimization routines in these programs. Default 
convergence criteria for SCF and geometry optimization were 
used. The basis sets implemented in these programs were used 
for calculations.93-'01 3-21G and 6-31G basis sets have double- 
zeta quality valence orbitals. Valence orbitals of these basis sets 
are separated into two parts, an inner and an outer. The 
coefficients of these two types of orbitals can be optimized 
independently in the SCF cycle. Thus the sizes of the atomic 
orbitals which constitute the molecular orbitals can be changed. 
The 6-31 1G basis set has triple-zeta quality valence orbitals. 
6-31G* and 6-31 lG* basis sets have a set of d orbitals on heavy 
atoms as polarized functions, which allows a deformation of p 
orbitals. 6-31G** and6-311G** basissets haveasetofdorbitals 
on heavy atoms and a set of p orbitals on hydrogen atoms. The 
6-3 11 + + G$%* basis set has a set of diffuse sp orbitals on heavy 
atoms and a diffuse s orbital on hydrogen atoms. 6-311G(2d,p) 
basis set has two sets of d orbitals on heavy atoms and a set of 
p orbitals on hydrogen atoms. 6-31 1G(2d,2p) basis set has two 
sets of d orbitals on heavy atoms and two sets of p orbitals on 
hydrogen atoms. Electron correlation energies were calcu- 
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Table 1 Calculated geometrical parameters for formamide and acetamide" 

HF/ HF/ HF/ MP2/ MP2/ 
Conformer 6-31G 6-31G* 6-31G** 6-31G* 6-31G** ED 

Formamide, planar la  
Cl-N2 -0.011 
C1-03 - 0.004 
N2-H4 -0.018 
N2-H5 -0.018 
Cl-H6 - 0.024 
N2-Cl-03 -0.3 
N2-Cl-H6 1.7 
Cl-N2-H4 0.5 
C 1 -N2-H 5 0.1 
03-Cl-N2-H4 0.0 
03-Cl-N2-H5 0.0 
Formamide, saddle point l c  
Cl-N2 - 0.028 
C1-03 - 0.008 
N2-H4, N2-H5 - 0.026 
C1-H6 - 0.022 
N2-Cl-03 -0.8 
N2-Cl-H6 2.0 
Cl-N2-H4, Cl-N2-H5 9.0 
03-C 1-N2-H4 12.7 
03-Cl-N2-H5 - 12.7 

Acetamide, planar 2a 
Cl-N2 -0.010 
C1-03 -0.002 
N2-H4 -0.018 
N2-H5 - 0.01 8 
Cl-C6 - 0.009 
C&H7 - 0.01 1 
C6-H8, CGH9 -0.010 
N2-Cl-03 -0.5 
N2-Cl-C6 1.4 
Cl-N2-H4 0.5 
C 1 -N2-H 5 -0.2 
C l -CbH7 0.5 
Cl-C6-H8, Cl-CGH9 -0.1 
03-Cl-N2-H4 0.0 
03-C 1-N2-H5 0.0 
N2-Cl-CGH7 0.0 
N2-Cl-CGH8 0.0 
N2-Cl-CCH9 0.0 

Acetamide, saddle point 2c 
C1-N2 -0.028 
C1-03 - 0.006 
N2-H4, N2-H5 - 0.024 
C 1 4 6  -0.005 
CGH7 - 0.01 1 
C6-H8, C&H9 - 0.009 
N2-Cl-03 - 1.0 
N2-Cl-C6 2.0 
Cl-N2-H4, Cl-N2-H5 8.3 
Cl-C6-H7 0.2 
Cl-Ctj-HS, Cl-CbH9 0.3 
03-Cl-N2-H4 10.7 
03-Cl-N2-H5 - 10.7 
N2-Cl-CGH7 0.0 
N2-C 1-CGH8 0.3 
N2-Cl-CGH9 -0.3 

-0.012 
- 0.03 1 
-0.015 
-0.015 
-0.014 

0.2 
0.4 
0.3 
0.0 
0.0 
0.0 

-0.015 
-0.034 
- 0.01 8 
-0.014 
- 0.4 

0.5 
1.3 
1.4 

- 1.4 

- 0.01 1 
- 0.030 
- 0.01 5 
- 0.01 5 

O.OO0 
- 0.009 
- 0.008 

0.0 
0.4 
0.2 

-0.1 
0.4 

- 0.2 
0.0 
0.0 
0.0 

-0.1 
0.1 

-0.017 
- 0.033 
- 0.01 8 

0.004 
- 0.009 
- 0.008 
- 0.4 

0.8 
1.4 
0.0 
0.1 
1.4 

- 1.4 
0.0 
0.3 

-0.3 

-0.012 
- 0.03 1 
-0.017 
-0.017 
-0.013 

0.1 
0.5 
0.0 

- 0.2 
0.0 
0.0 

-0.017 
- 0.034 
-0.019 
-0.012 
- 0.4 

0.5 
1.4 
1.5 

- 1.5 

- 0.01 1 
- 0.030 
-0.017 
-0.017 
-0.001 
- 0.009 
- 0.008 

0.0 
0.5 
0.0 

- 0.2 
0.4 

-0.3 
0.0 
0.0 
0.0 

- 0.2 
0.2 

-0.019 
- 0.032 
-0.019 

0.003 
- 0.009 
- 0.008 
- 0.4 

0.9 
1.5 
0.0 
0.1 
1.5 

- 1.5 
0.0 
0.2 

- 0.2 

1.360 
1.224 
1.01 1 
1.008 
1.105 

124.8 
112.3 
119.0 
121.8 

0.0 
180.0 

1.442 
1.217 
1.023 
1.101 

125.4 
113.0 
107.2 
55.7 

- 55.7 

1.367 
1.228 
1.010 
1.008 
1.514 
1.089 
1.094 

122.2 
114.5 
118.3 
122.8 
108.5 
110.8 

0.0 
180.0 
180.0 
59.9 

- 59.9 

1.455 
1.220 
1.023 
1 .500 
1.090 
1.093 

123.2 
112.9 
106.4 
110.5 
109.3 
55.0 

180.0 
58.1 

- 55.0 

- 58.1 

0.000 
- 0.001 
- 0.006 
- 0.006 
- 0.005 

0.0 
- 0.2 
-0.1 
- 0.2 
0.0 
0.0 

-0.001 
- 0.001 
- 0.006 
- 0.005 

0.0 
0.0 

-0.3 
- 0.2 

0.2 

1.368 
1.212 
1.027 
1.027 
1.125 

125.0 
112.7' 
118.7 
119.7 

0.0 
180.0 

1.380 
1.220 
1.022 
1.022 
1.519 
1.124 
1.124 

122.0 
115.1 
1185d 
120.0 
109.8 
109.8 

0.0 
180.0 
180.0 
60.0 

- 60.0 

" Calculated geometrical parameters at MP2/6-3 lG* level are shown. Geometrical parameters calculated at other levels are quoted relative to the 
MP2/6-31G* results. Bond distances are in angstrom, and bond and dihedral angles in degrees. Geometries are fully optimized with imposing C, 
symmetry. Ref. 109, 110. Ref. 115. These angles are assumed to be equal to the r(s) angle of formamide shown in ref. 115. Assumed value. 

lated using Maller-Plesset perturbation energy calculation 
routines '02-'06 and configuration interaction energy calculation 
routines '07 in these programs. Harmonic vibrational frequen- 
cies were calculated using normal vibrational mode analysis 
routines in these programs. The calculated frequencies were 
scaled using a factor of 0.9 to correct the usual overestimation of 
vibrational frequencies at HF level.lo8 The zero point and 

thermal vibrational energies were calculated from the scaled 
frequencies. 

Results and Discussion 
Geometrical Features.-The geometries of formamide and 

acetamide optimized at various theoretical levels are summar- 
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l b  R = H  IC R = H  l a  R = H  
2a R=CH3 2b R=CH3 2~ R=CH3 

Fig. 1 Conformation of amides 

ized in Table 1 with the geometries obtained by gas-phase 
electron diffraction. log, ' lo  C, symmetry restriction was 
imposed in the geometry optimizations. The absolute values of 
some geometrical parameters depend on the levels of calcu- 
lation. The calculated C-N bond distances of planar formamide 
la (see Fig. 1) at HF levels are 0.19-0.20 A shorter than that 
obtained by electron diffraction, while the C-N bond distances 
calculated with electron correlation are close to the 
experimental value. The calculated C-0 bond distance of 
formamide at the HF/6-31G level is 0.08 A longer than that 
obtained by electron diffraction, while those at HF/6-31G* 
and HF/6-311G* levels are 0.19 A shorter. The same 
tendency can be seen in the previous calculations of 
formamide at similar levels.77~79~80~"1-1 ' The same changes 
in bond distances are observed for the calculations of the 
planar conformer of acetamide 2a. The calculated valence 
angles of the planar conformers are little affected by the level 
of calculation. 

The agreement of the calculated geometrical parameters of 
these amides with those obtained from electron diffrac- 
tion 109,110 is improved by the incorporation of electron 
correlation correction, but the calculated bond distances and 
valence angles are slightly different from the corresponding 
experimental values. The calculated geometries correspond to 
hypothetical vibrationless states, which are r(e) structures, while 
electron diffraction structures are vibrationally averaged 
thermal equilibrium structures. This difference could be the 
cause of the slight difference of the calculated and experimental 
geometrical parameters. 

The dependence of the calculated geometrical parameters on 
the level of calculations is also found in the calculations on the 
saddle point conformers lc  and 2c. The amino group is not 
planar in the saddle point conformers. This pyramidalization is 
underestimated by HF/6-3 1G level calculation. The implement- 
ation of polarized functions increases the amplitude of this 
deformation considerably. 

The calculated geometrical parameters depend on the level of 
calculations. However, the differences between the geometrical 
parameters in the planar conformer and those in the saddle 
point conformer are nearly the same at each theoretical level, 
except the HF/6-31G level. The differences between Cl-N2, 
C1-03, N2-H4, N2-H5 and Cl-H6 bond distances of planar 
formamide la and those of the saddle point conformer lc are 

+0.012 A, +0.012 to 0.015 A and -0.003 to -0.004 A, 
respectively. The differences between N2-C1-03, N2-Cl-H6, 
Cl-N2-H4 and Cl-N2-H5 angles of la and those of lc  are 
0.0 to +0.6", +0.7 to +0.9", -10.4 to -12.0" and -13.0 to 
- 14.7", respectively. Similar changes are also observed for 
acetamide. 

These changes in the bond distances are explained by the 
partial double bond character of the C-N bond in the planar 
conformer. The C-N bond is lengthened by the cleavage of 
n-conjugation at the saddle point, while the c=O bond is 
shortened by the localization of K electrons. The s character of 
the C-H bond is increased and that of the N-H bond is 

+0.077 to +0.082 A, -0.007 to -0.010 A, +0.009 to 

decreased by the cleavage of the partial double bond. Thus the 
former bond is shortened and the latter one is lengthened at the 
saddle point. 

The differences between Cl-N2, C1-03, N2-H4 and N2-H5 
bond distances of formamide la and those of acetamide 2a are 
+0.007to +0.008& +0.004to +0.006A, -0.001Aand0.0& 
respectively. The differences between N2-Cl-03, Cl-N2-H4 
and Cl-N2-H5 angles of la and those of 2a are - 2.6 to - 2.8", 
-0.7 to 0.8" and +0.7 to + 1.W, respectively. The values of 
these differences reported from electron diffraction are + 0.012 
A, +0.008 A, -0.005 A, -0.005 A, -3.W, -0.2" and +0.3", 
respectively.10g*' lo  The calculated values are close to the 
experimental values. 

The measurement of IR spectra of formamide and acetamide 
has revealed that the amino groups of these molecules are planar 
in the stable conformer.""' l6 Our calculations for formamide 
agree with these experimental observations. The five levels of 
calculations of formamide, summarized in Table 1, show that 
the planar conformer la corresponds to the minimum energy 
conformer, and the non-planar conformer l b  does not 
correspond. Whereas the HF/6-3 1G level calculation on 
acetamide shows that the planar conformer 2a is the minimum 
energy conformer, HF/6-31G*, HF/6-31G** and MP2/6-31G* 
level calculations show that the non-planar conformer 2b is the 
minimum energy conformer. However, the energy differences 
between the planar conformer 2a and the non-planar conformer 
2b calculated at these levels are less than 0.1 kcal mol-'. These 
differences are very small and not significant. These calculations 
show that the torsional potential of acetamide is very shallow 
near the minimum. 

Effect of Different Geometries on the Calculated Energies.- 
The importance of geometry optimization for the calculation of 
internal rotational barrier height has been l 7  

However, geometries are often optimized at a lower level and 
single point calculations are carried out at higher levels to 
reduce computational time. The effect of using geometries 
obtained at a lower level on the calculated barrier height is not 
certain. Thus we investigated this effect by performing MP2/6- 
31G** level calculations on formamide using the five different 
sets of geometries shown in Table 1. The calculated energies and 
internal rotational barrier heights are summarized in Table 2. 
The calculated barrier height for the MP2/6-3 lG* level 
geometries is close to that for the MP2/6-31G** level 
geometries both at the HF level and MP2 level. The calculated 
barrier height decreases by ca. 0.4 kcal mol-I at the HF level and 
increases to 0.3 kcal mol-' at the MP2 level, by the use of the 
HF/6-3 lG* and HF/6-3 1G** geometries, from the calculated 
barrier heights for the MP2/6-3 1G** geometries. The 
calculated barrier height for the HF/6-31G geometries is 
considerably larger than that obtained for MP2/6-3 1G** 
geometries. These calculations show a serious defect of the use 
of the geometries which are optimized using a basis set without 
polarized functions for the calculation of internal rotational 
barrier heights of amides. 

Effect of Electron Correlation.-To evaluate the electron 
correlation effect on the calculated barrier heights, the 2nd, 
3rd and 4th orders of the Mdler-Plesset perturbation (MP2, 
MP3, MP4)Io2-lo6 and configuration interaction energy 
calculation with all single and double substitutions (CISD) I o 7  

were performed using the 6-31G* basis set on the MP2/6-31G* 
geometries of formamide and acetamide shown in Table 1. The 
results are shown in Table 3. The electron correlation energy 
correction decreases the barrier height slightly, with the 
exception of the MP2 correction of formamide. The MP4- 
(SDTQ) correction decreases the barriers of formamide and 
acetamide by as much as 0.42 and 1.09 kcal mol-', respectively. 
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Table 2 Total energies and internal rotational barrier heights of 
formamide using different sets of optimized geometries 

Total energies of Internal rotational 
planar conformer * barrier height 

HF/ MP2/ HF/ MP2/ 
Geometries 6-31G** 6-31G** 6-31G** 6-31G** 

HF/6-31G -168.939 16 - 169.420 27 18.19 19.41 
HF/6-31G* - 168.940 48 - 169.418 99 15.97 16.71 
HF/6-31G** - 168.940 49 - 169.418 95 15.97 16.72 
MP2/6-31G* -168.937 90 - 169.421 08 16.29 16.43 
MP2/6-31G** -168.938 36 -169.421 14 16.33 16.44 

~~~ ~ 

* Total energies in hartree. Internal rotational barrier heights in kcal 
mol-' . 

Table 3 Internal rotational barrier heights calculated by various 
methods" 

Barrier heights' 

MP4- MP4- 
Molecule HF MP2 MP3 (SDQ) (SDTQ) CISD 

Formamide' 15.99 16.55 15.20 15.12 15.57 15.78 
Acetamided 14.35 14.17 13.21 13.07 13.26 13.98 

MP2/6-31G* geometries are used. 6-31G* basis set is used for the 
calculations. ' Barrier heights in kcal mol-'. Calculated energies of the 
planar conformer of formamide by HF, MP2, MP3, MP4(SDQ), 
MP4(SDTQ) and CISD methods are - 168.928 18, - 169.394 45, 
- 169.401 52, - 169.411 95, - 169.427 93 and - 169.360 43 hartree, 
respectively. Calculated energies of the planar conformer of acetamide 
by HF, MP2, MP3, MP4(SDQ), MP4(SDTQ) and CISD methods are 

and - 208.513 47 hartree, respectively. 
-207.973 56, -208.568 99, -208.586 07, -208.598 21, -208.618 37 

Table 4 Internal rotational barrier heights calculated with several 
basis sets * 

Energies ' 
~ ~~~ 

Basis sets HF  MP2 MP3 

Formamide 
3-21G 
6-31G 
6-31G* 
6-3 1G** 
6-311G* 
6-3 1 1G** 
6-311+ +G** 
6-31 1G(2d,p) 
6-3 1 lG(2d,2p) 

Acetamide 
6-3 1G 
6-31G* 
6-31G** 
6-311G** 
6-311+ +G** 
6-3 1 lG(2d,2p) 

20.28 
22.84 
15.99 
16.29 
16.16 
15.98 
16.32 
15.53 
15.65 

21.34 
14.35 
14.60 
14.23 
14.59 
13.96 

19.42 
21.45 
16.55 
16.43 
16.79 
15.79 
16.19 
16.03 
16.18 

18.93 
14.17 
14.02 
13.33 
13.83 
14.03 

17.88 
20.14 
15.20 
15.16 
15.38 
14.47 
14.86 
14.78 
14.96 

18.16 
13.21 
13.16 
12.45 
12.87 

Using MP2/6-31G* geometries. ' BaFrier heights in kcal mol-'. 

Whereas the barrier heights given by the MP3, MP4(SDQ) and 
CISD corrections are close to those with the MP4(SDTQ) 
correction, the barrier heights of formamide and acetamide with 
the MP2 correction are ca. 1.0 kcal mol-' larger than those with 
the MP4(SDTQ) correction. 

Basis Set Effect.-The internal rotational barrier height of 

formamide has been measured in liquid phase by NMR 
spectroscopy. 1-3,6 Sunners etal. have reported that the rotational 
barrier height of formamide in acetone solution is 18 & 3 kcal 
mol-'.I Kamei has reported that AE, values of formamide neat, 
in water, in acetone and in dioxane solutions are 18.9 & 1.0, 
21.3 f 1.3, 16.9 & 1.9 and 16.8 & 1.0 kcal mol-', respectively.2 
Drakenberg and Forsen have reported that the A H *  of 
formamide in dimethyl glycol dimethyl ether and methyl propyl 
ketone solution are 19.0 & 0.2 and 18.5 & 0.2 kcal mold', 
re~pectively.~ Chan et al. have measured the barrier height in a 
polystyrene matrix.6 The A H S  of 13.9 kcal mol-' reported by 
them is 3-7 kcal mol-' smaller than those obtained in the liquid 
phase. 

As mentioned above, the internal rotational barrier height of 
formamide has been estimated by various levels of ab initio 
molecular orbital calculations. '-' ' The calculated barrier 
heights at HF level using double-zeta type basis sets with full 
geometry optimization are 18-19 kcal m01-'.~~-~' The se values 
are close to the experimental barrier heights measured in the 
liquid phase,'-3 while some early calculations gave larger 
barrier heights due to the lack of sufficient geometry 
~p t imiza t ion .~~  The calculated barrier heights at the HF level 
using polarized basis sets are 14-16 kcal m~l- ' ,~ ' -~ '  which are 
significantly smaller than those using double-zeta basis sets. 
Jansen et al.79 and Wiberg and Laidid" have reported 
calculations using polarized basis sets with electron correlation 
correction. The incorporation of the electron correlation 
correction further decreases the barrier height. But the decreases 
due to the electron correlation correction are less than 1.0 kcal 
mol-l. Jansen et al. have reported that the zero point vibrational 
energy correction for the barrier height of formamide is only 0.1- 
0.2 kcal m01-l.~' 

We calculated the internal rotational barrier height of 
formamide using several basis sets, up to 6-311G(2d,2p) basis 
set, on the MP2/6-31G* geometries shown in Table 1 with the 
MP3 electron correlation correction. The results are shown in 
Table 4. The calculated barrier heights using polarized basis sets 
decrease by 0.7-1.5 kcal mo1-' from the values calculated at H F  
level, by the incorporation of the MP3 electron correlation 
correction. The calculated barrier heights with the MP2 
correction are 1.3-1.4 kcal mol-' larger than the corresponding 
values calculated with the MP3 correction. The calculated 
barrier heights using 3-21G and 6-31G basis sets are 
considerably larger than those using polarized basis sets as well 
as previous ~a lcu la t ions .~~-~ '  The calculated barrier heights 
using polarized basis sets with the MP3 level electron 
correlation correction are 14.5-15.4 kcal mol-'. The effect of the 
addition of polarized functions on hydrogen atoms is not large. 
The augmentation of multiple polarized functions and diffuse 
functions also has little effect on the calculated barrier height. 
Normal vibrational frequencies of the planar l a  and saddle 
point l c  conformers were calculated at the HF/6-31G* level. 
The results are shown in Table 5. Zero point and thermal 
vibrational energies were calculated based on the scaled 
frequencies. Zero point vibrational energy correction decreases 
the barrier height by only 0.23 kcal mol-'. This value is close to 
the correction reported by Jansen et aL7' On the other hand, the 
thermal vibrational energy correction for 298.15 K decreases 
the barrier height by as much as 0.52 kcal mol-'. These 
corrections and the MP3/6-3 1 1G(2d92p)//MP2/6-3 lG* level 
barrier height of 14.92 kcal mol-' lead to the A H S  of 14.21 kcal 
mol-'. Whereas this barrier height is considerably smaller than 
the experimental barrier heights obtained in the liquid phase,'-3 
it is close to the barrier height of A H S  = 13.9 kcal mol-' 
measured in a polystyrene matrix.6 

Drakenberg has reported that the internal rotational barrier 
heights ( A H f )  of acetamide in dimethyl formamide and acetone 
solution are 20.1 and 18.2 kcal mol-', re~pectively.~ Umemoto 
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Table 5 HF/6-3 lG* harmonic vibrational frequencies of formamide a 

Symmetry 
of 

Structure vibration Harmonic frequencies Ezp E,,, 

Planar A' 618, 1160, 1379, 1563, 27.66 0.73 
1789,1999,3214,3838, 
3973 

A 106,674,1183 
Saddle A' 642, 1026, 1214, 1549, 27.43 0.21 
point 1787,2033,3259,3695 

(505i), 965, 1381, 3774 A # 

a Frequencies in cm-', and energies in kcal mol-'. Zero point 
vibrational energies are calculated based on scaled frequencies corrected 
by a factor of 0.9. Thermal energies at 298.15 K calculated from the 
scaled frequencies. 

and Ouchi have reported that the barrier heights ( A H s )  in 
dimethyl sulphoxide, methyl propyl ketone, 1,3-dioxane and 1,4- 
dioxane are 18.7 & 0.4, 19.3 0.8, 18.9 & 0.4 and 20.5 +_ 0.8 
kcal mol-', re~pectively.~ Chan et al. have reported a lower 
barrier height of A H $  = 13.4 kcal mol-' in a polystyrene 
matrix.6 

The internal rotational barrier height of acetamide has been 
calculated at the HF leve1.77,79,81,62 The calculated barrier 
heights at the HF level using double-zeta basis sets are 17-18 
kcal The barrier heights using polarized basis 
sets are 12-13 kcal m ~ l - ' , ~ ~  which are much lower than those 
using double-zeta basis set, as well as the calculations on 
formamide. 

The calculated internal rotational barrier heights of 
acetamide using various basis sets are shown in Table 4. The 
calculated barrier heights using polarized basis sets are 
decreased by as much as 1.1-1.8 kcal mol-' by the incorporation 
of the MP3 electron correlation correction from those obtained 
at the HF level. The calculated barrier heights at the MP2 level 
are 0.9-1.0 kcal mol-' larger than the corresponding values with 
the MP3 level correction. The calculated barrier height using 
the 6-31G basis set is larger than those using polarized basis 
sets, as well as previous c a l ~ u l a t i o n s . ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~  The calculated 
barrier heights using polarized basis sets with the MP3 level 
electron correlation are 12.5-13.2 kcal mol-'. The changes in the 
calculated barrier height due to the augmentation of multiple 
polarized functions and diffuse functions are not large. The basis 
set and electron correlation effects on the calculated internal 
rotational barrier height of acetamide are close to those of 
formamide. The calculated barrier heights of acetamide using 
polarized basis sets are smaller than the experimental barrier 
heights in the liquid phase, but are close to the barrier height 
obtained in a polystyrene matrix.6 

Whereas the calculated barrier heights of formamide and 
acetamide depend on the level of calculations, the difference in 
the barrier heights for two amides is nearly independent of the 
basis set at all levels of calculations. The differences in the 
barrier heights for the two amides calculated at HF, MP2 and 
MP3 levels are 1.50-1.75, 2.15-2.52 and 1.98-2.02 kcal mol-', 
respectively. 

Conclusion 
The basis set effect on the internal rotational barrier heights of 
formamide and acetamide was studied using several basis sets 
up to 6-3 11G(2d,2p) with electron correlation correction. The 
calculated barrier heights using double-zeta basis sets were 5-6 
kcal mol-' higher than those obtained using polarized basis sets. 
The calculated barrier heights were little affected by further 
augmentation of multiple polarized functions and diffuse 

functions. The barrier heights calculated with polarized basis 
sets were decreased by the incorporation of electron correlation 
at the MP3 level by as much as 1-2 kcal mol-'. The calculated 
barrier heights were considerably lower than the experimental 
barrier heights measured in the liquid phase. The further 
improvement of the basis set and the incorporation of electron 
correlation correction, which we had done, did not improve the 
agreement of the calculated values with the experimental values 
measured in the liquid phase. However, the calculated barrier 
heights using polarized basis sets were close to the barrier 
heights measured in a polystyrene matrix by NMR spectro- 
scopy. The high barrier heights measured in the liquid phase can 
be rationalized if the intermolecular interaction in the liquid 
phase increases the internal rotational barrier height. 
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