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The nuclear quadrupole coupling constants from microwave spectroscopy (MW) and quadrupole
resonance (NQR) for amides and thioamides are discussed in relation to Hartree-Fock calculations
with and without Moller-Plesset correlation effects. The view that the larger dipole moments from
thioamides than the corresponding amides is a function of enhanced resonance in the former is
discussed and (in effect) confirmed by the present procedures. The principal mechamism seems
to be the push/pull n/c effects of the N atom with respect to the CO and CS groups, with S
being a better 6-donor than O; however, the effect is still present with formamidine where no
electronegativity effects are important, so the overall effect is the 2,1, 1m-electron contribution to
the allylic system from N, C, O(S). The use of localised MO’s and NO’s is described, and the
centroid positions are discussed in relation to the polarity of the bonds. The LMO’s largely truncate
the contributions to each NQCC to the three attached bonds (or 2 bonds + a lone pair orbital at O
or S), as is used in the Townes-Dailey procedures. More distant LMO’s generally contribute < 0.05
a. u. to the EFG, simplifying the analysis. The effects of O(or S)-protonation of urea and thiourea
is discussed.

Introduction nuclear quadrupole coupling constants (NQCC, ;)

are found by microwave spectroscopy (MW) and nu-

We present a number of new theoretical studies on
amides and thioamides using single molecuie stud-
ies with large basis sets including electron correla-
tion at the MP2 level. These studies concentrate on
simple amides and thioamides, and in particular with
formamide and thioformamide, acetamide, urea and
thiourea and their methylated derivatives. The pur-
pose of the investigation is to reconsider the anoma-
lous '*N quadrupole coupling in these molecules. The
background to this matter is as follows. It is gen-
erally accepted that the electronegativity of oxygen
is greater than that of sulphur; some typical values
for elements relevant to the present discussion are:
H 2.1, C 25 N 3.0, O 3.5 and S 2.5 all from the
Pauling scale [1], but other scales exist with similar
interrelationships. Each of the above molecules has
a "*N centre and either a '’O or S centre, all be-
ing quadrupolar. The gas phase and solid state '*N
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clear quadrupole resonance (NQR), respectively. The
NQCC's are second rank tensors with the conventions

1% b 2 U] 2 Wl (1)
Xox ¥ Xy + Xz =0, (2)

in the first defining the magnitude order and the sec-
ond is the Laplace relationship. \.. is normally de-
fined as the ‘principal’ value of the NQCC; we use
these conventions here.

The MW data will normally lie in the inertial axis
(IA, ii = aa, bb, cc) system, requiring a knowledge
of the off-diagonal elements \ ; in order to obtain the
principal EFG values (ii = xx, yy, zz), which are ob-
tained directly in NQR. The principal NQCC (y _.) at
"N in formamide [2, 3] is —3.848+0.004 MHz while
that in thioformamide is thought to be —4.2+0.6 MHz
or alternatively —3.7+0.4 MHz [4], a poorly deter-
mined comparison. However, the NQCC for urea
(=3.51) [5 - 8] is higher than thiourea (-3.12MHz) [9],
and this has been attributed to higher resonance in the
latter than in the former [10]. It was assumed that the
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higher \ .. at '“N implies higher localisation. These
results for amides and thioamides are apparently quite
general and have become classic cases for use of the
Townes and Dailey analysis with hybrid bonds [10].
We have previously discussed some of the differences
between the gas-phase and solid state results for these
molecules [11]. The change of phase from gas phase
to polycrystalline solids does not change the orienta-
tion of the NQCC’s [11]. Very detailed investigations
of the crystalline field on the actual charge distribu-
tion in amides, as opposed to models of the charge,
have been reported [12].

The higher electronegativity of O than S should
make the amide O a better electron acceptor than S
of thioamide [4]. The dipole moments for formamide
and thioformamide are 3.71(6) and 4.01(3) D, respec-
tively, [4] with the same dipole moment order in ac-
etamide and thioacetamide from solution measure-
ments [13]. Both imply higher S polarisation than O.
Also, 'H NMR studies for the hindered NH, rota-
tion barriers [14, 15] show that the thioamides have
higher barriers than the corresponding amide by about
8.5kJmol~!. However, the NC bonds in gaseous
HCONH, and HNSNH, are effectively identical in
length, implying equal CN bond order [4].

Thus we reconsider the charge distributions in
amides and thioamides, ureas and thioureas and their
methylated derivatives. In particular we will analyse
the contributions to the dipole moment and the electric
field gradient (EFG, g,)) tensor and charge distribution
on both a molecular orbital set of contributions, and
a natural orbital set of increments from the Moller-
Plesset (MP2) correlated wave-functions. The MP2
correlation effects are qualitatively similar to the ef-
fects of ’singles and doubles CI' (SDCI), but the MP2
studies include (a) full geometric relaxation leading
to the correlated equilibrium geometry, and (b) MP2
includes all electrons. In conventional SDCI, the cal-
culation is normally performed as a refinement to a
wave-function at the SCF equilibrium geometry, and
usually a sub-set of the electrons is included (such as
truncation to an all-valence electron set rather than
the full set).

1. Methods

The SCF wave-function is a single determinant
which consists of a set of doubly occupied molec-
ular orbitals (DOMOQO’s) and virtual MO’s (VMO’s);
each occupied MO pair make a contribution to the

total dipole moment (DM) or EFG. Thus by consid-
eration of each MO, we can interpret the effect of the
n-electrons separately, hence addressing the question
of resonance contributions. A feature of the MP2 cal-
culations is that the overall electronic wave-function
(¥) is expanded beyond the SCF level (¥) by further
determinants (¥, etc.) containing 2-electron replace-
ments of the SCF-MO’s by the VMO'’s. The VMO’s
(the ‘anti-bonding’ set) play no role in SCF calcula-
tions but are included directly in the MP2 calculation
as weighted terms through the density matrix. Sum-
mation of the contributions for each basis function
from all determinants leads to the ‘Natural orbitals’
(NO’s), with properties which can be analysed by
electronic population or other methods. Thus the fi-
nal MP2 natural orbitals contain contributions from
all the MO’s, but with high occupation numbers from
the SCF-MO'’s and progressively lower contributions
from the virtual orbitals (VMO’s). As an example
of the differences of atomic populations from MO’s
and NO'’s, the total m-electrons, strictly 4.000e for
SCF calculations on formamide, become slightly dif-
ferent (usually larger by incorporation of ©* MO’s).
This leads to some rounding errors in the population
analysis below.

All of these studies use the Hartree-Fock Method
and involve all electrons in the system under con-
sideration, and the full Hamiltonian operator of the
non-relativistic Schrodinger equation is used. The
only empirical parameters which are involved are the
atomic orbital basis set descussed below. The first
stage was to obtain the equilibrium geometry with
the basis set and methodology (SCF or MP2); then
the dipole moment and EFG components from the
resulting wave-functions was evaluated.

The dipole moment components (#*) and EFG tensor
elements (g;, and qy> where i,j are x,y, or z) are
obtained from the electronic wave-function by means
of the equations

o= (%l r| %), 3)
g = (% |Bz* = rH)/r’| %), (4)
4y = (%l (=3xy/r’ | %). 5)

The nuclear components are added, giving the re-
sultant ‘total’ values for all terms. The EFG’s are
converted to NQCC'’s ( ;;) by means of the equation

Xii = ezqui;/haﬁ = 23496 0;q;; (6)
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Table 1. Equilibrium Structures for Amides and Thio-
amides™"

Formamide (Cs symmetry)

Bonds (A)

Method HC (¢[0) CN NH, NH,
DZ/SCF 1.0817 1.2251 1.3609 0.9935 0.9935
TZVP/SCF 1.0911 1.1880 1.3493 0.9925 0.9898
TZVP/MP2 1.0981 1.2158 1.3597 1.0040 1.0015
Microwave® 1.098 1.219 1.352 1.0016 1.0015
Angles (°)

Method HCO OCN CNH, CNH,
DZ/SCF 121.72 124.64 120.49 120.49
TZVP/SCF 122.13 125.03 119.42 121.20
TZVP/MP2 122.90 124.87 119.26 121.31
Microwave® 122.5 124.7 118.5 120.0
Thioformamide (Cs symmetry)

Bonds (A)

Method HC Ccs CN NH. NH,
DZ/SCF 1.0744 1.6780 1.3410 0.9949 0.9949
TZVP/SCF 1.0788 1.6418 1.3244 0.9926 0.9926
TZVP/MP2 1.0865 1.6379 1.3460 1.0058 1.0038
MWaved 1.096 1.6262 1.3582 1.0018 1.0065
Angles (°)

Method HCS SCN CNH, CNH,
DZ/SCF 120.12 126.29 120.85 120.85
TZVP/SCF 120.52 126.41 120.61 120.61
TZVP/MP2 121.87 125.65 119.39 121.54
MWave! 126.6 125.3 119.4 120.3
N-Methyl formamide (Cs symmetry)

Bonds (A)

Method HC, C,0 C/N NH NC, C,Hj, C,Hygp
DZ/SCF 1.0822 1.2290 1.3554 0.9932 1.463 1.0794 1.0804
TZVP/MP2 1.0984 1.2203 1.3552 1.0034 1.4504 1.0848 1.0869
Angles (°)

Method HCO OCN CNH, CNC NCH;, NCH,,p
DZ/SCF 121.55 12439 11885 121.68 108.80 110.68
TZVP/MP2 123.05 12429 118.87 120.88 108.72 110.59

via the appropriate atomic quadrupole moment (Q,)
for "N, 70 or 338, as described below.

1.1. Basis sets and the Atomic Coupling
Constants (Q)

The calculations were made with the GAMESS-
UK programme [16]. We used Huzinaga/Dunning
double zeta(DZ)[17, 18] and triple zeta with polari-
sation (TZVP) bases [19]. These are comparable with
our previous work [20,21] and generally give reli-
able values for both structural features in the single
molecule calculations and the NQCC when compared
with MW data. The TZVP basis for C/N/O atoms,
for example, contains 20 functions of spd character,
with H represented by sp functions. The S atoms had
(14s10p) sets from Huzinaga contracted to 7s4pld.
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Table 1 (cont).

N,N-Dimethyl formamide (Cs symmetry)
Bonds (A)

Method HC Cco CN NC. NG, CHj, CHgygp
DZ/SCF 1.0824 1.2310 1.3534 1.4610 1.4655 1.0798 1.0818
TZVP/MP2 1.0988 1.2231 1.3555 1.4479 1.4522 1.0860 1.0888
Angles (%)

Method HCO OCN  CNC. CNC; NC.H;j; NC.Hyup
DZ/SCF 12115 12452 11876 12190 10955  110.74
TZVP/MP2 122.86 12449 118.06 12232 10899  110.75
Acetamide (Cg symmetry)

Bonds (A)

Method  H;,C HooppC CC CO CN  NH. NH,
DZ/SCF  1.0801 1.0804 1.51311.2321 1.3650 0.9946  0.9914
TZVP/SCF 1.0784 1.0845 1.5130 1.1936 1.3563 0.9919  0.9893
TZVP/MP2 1.0876  1.0855  1.5133 1.2209 1.3656 1.0039  1.0006

Elect.Diff. 1.124(av) 1.124(av) 1.519 1.220 1.380 1.022(av) 1.022(av)

Neut.Diff." 1.125 1.119 1.513 1.250 1.337 1.036 1.036
321Gt 1.085 1.080 1.516 1.216 1.358 0.997 0.994
Angles (°)

Method CCH;, CCH,,, CCO OCN CNH,  CNH,
DZ/SCF 112.84  108.87 112.84 121.56 118.59 122.34
TZVP/SCF  109.02 110.35 122.88 122,10 118.60 1224
TZVP/MP2 112,50 108.95 12252 12224 118.25 12259
Thioacetamide (Cs symmetry)

Bonds (A)

Method Hi,C  Hy,,C CC cs CN NH, NH,
DZ/SCF 1.0835 1.0792 1.5115 1.6999 1.3421 0.9954 0.9944
TZVP/SCF 1.0849 1.0806 1.5074 1.6603 1.3258 0.9929 0.9915
TZVP/MP2 1.0898 1.0854 1.5088 1.6489 1.3490 1.0051 1.0035
Angles (°)

Method CCHj, CCH,,, CCS SCN CNH. CNH,
DZ/SCF 111.98  109.60 121.74 12249 119.60 122.19
TZVP/SCF  111.74 109.33 122.11 12238 119.20 122.07
TZVP/MP2  111.86 109.64 122.77 122.76  119.04 122.00
Urea (C:\ )

Bonds (A)

Method 06 CN NH. NH,
DZ/SCF 1.2363 1.3689 0.9926 0.9912
TZVP/SCF 1.1966 1.3606 0.9899 0.9885
TZVP/MP2 1.2194 1.3734 1.0003 0.9997
Angles (%)

Method OCN NCN CNH, CNH,
DZ/SCF 122.03 115.93 117.44 123.31
TZVP/SCF 122.45 LS. 117.37 123.50
TZVP/MP2 122.75 114.50 117.05 123.80

The principal results are shown in Table 1 (molec-
ular equilibrium structural data), Table 2 (energies,
dipole moment summaries and Mulliken orbital pop-
ulations) and Table 4 (NQCC results and comparison
with experimental data). More detailed analysis of
the molecular orbital (SCF) and natural orbital (MP2)
contributions are shown in Tables 3 and 5 for the
dipole moment and EFG results. Early studies of this
type are shown in [22] and later papers. In order to
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Table 1 (cont).

1,3-Dimethylurea (Cay)

Bonds (A)

Method oc CN NH, NC. CHy  CHyyp
DZ/SCF 1.2402  1.3701  0.9929 1.4609 1.0763 1.0826
TZVP/SCF 1.2005  1.3612  0.9901 1.4459  1.0767 1.0847
TZVP/MP2  1.2245 1.3757 1.0029 1.4468 1.0832 1.0891
Angles (°)

Method OCN NCN  CNH, CNC, NCHj, NCH,,
DZ/SCF 122.39 11523 11942 12225 10843 110.81
TZVP/SCF  122.84 11432 119.25 122,67 108.70 110.86
TZVP/MP2 12296 114.07 119.67 121.73 107.83 111.05
Tetramethyl urea (Cs)

Bonds (A)

Method OC  CN NC, NC. CHj -
DZ/SCF 1.2528 1.3832 1.4692 1.4775 1.085(ass) 1.085(ass)
TZVP/SCF 1.2094 1.3707 1.4626 1.4562 1.085(ass) 1.085(ass)
TZVP/MP2 CO CN, CN, N,C;. N,C, N,Cs,
TZVP/MP2 1.2452 1.3868 1.3896 1.4631 1.4540 1.4588
TZVPMP2 NyC,  CuHip  CyHoop CsHip CscHoop  CaHip
TZVP/MP2 14533 1.0896 1. ()906 1.0849 1.0940 1.0782
TZVPMP2 C,Hoop CoHoop CoiHip

TZVP/MP2 1.0942 1.0933 1.0877

Angles (°)

Method ~ OCN NCN CNC, CNC, NCH;,  NCHg,
DZ/SCF 116.92 12623 133.6  116.51 108.5(ass) 108.5(ass)
TZVP/SCF 118.13 123.73 131.21 115.62 108.5(ass) 108.5(ass)
TZVP/MP2 OCN, OCN, CN, Cs, CN,Cy, CN,Cs,
TZVP/MP2 117.57 119.8 113.44 132.80 116. 49
TZVPIMP2 CN,Cq,  N\CN,  N,C3 Hj, N CyHoop N CyHyp
TZVP/MP2 129.32 122.63 107.90 111.05 112.81
TZVP/MP2 N, Cy Hyop NoCs Hip NyCs Hoop NoCgHoop N>Cg Hip
TZVP/MP2 1 10 19 108.77 110.28 112.17 108.40
Thiourea (Cav)

Bonds (A)

Method SC CN NH, NH,
DZ/SCF 1.7254 1.3512 0.9929 0.9942
TZVP/SCF 1.6847 1.3369 0.9915 0.9903
TZVP/MP2 1.6642 1.3574 1.0014 1.0028
Angles (°)

Method SCN NCN CNH, CNH,
DZ/SCF 121.90 116.20 118.19 123.22
TZVP/SCF 121.96 116.07 118.14 122.86
TZVP/MP2 122.61 114.78 117.79 123.17

keep the data small, we give details in full for only
the smallest cases, taking just the major contributors
for the larger cases.

In much of our previous '*N work [12,23] we
treated the value of Qy as a scaling parameter, us-
ing a correlation of EFG (g;;) against \; from mi-
crowave data, to evaluate the appropriate Qy. The
4N correlation constant for the DZ and TZVP bases
were 3.5244 (15.00mb) [24] and 4.0111 MHz/a.u.
(17.07 mb). The best current values for Qy 20.1 mb
(4.7227 MHz/a.u.), Q}; 2.860 mb, Q —25.58 mb and

Tetramethyl thiourea (Cs)

Bonds (A)

Method SC CN NC, NC, CHip CHm,p

DZ/SCF 1.7733 1.3642 1.4855 14810 1.085(ass) 1.085(ass)

TZVP/SCF 1.7227 1.3518 1.4659 1.4692 1.085(ass) 1.085(ass)

TZVPMP2 CS CN, CN, N C. NC, NG,

TZVP/MP2 1.6958 1.3796 1.3811 1.4683  1.4637 1.4639

TZVPIMPY BoCo € € Huen Tl €5 By

TZVP/MP2 1.4600 1.0893 1.0897 1.0826 1.0934

TZVPIMP2 C) H;, CHyop CyHiy  CyHogp

TZVP/MP2 1.0747 1.0931 I()923 1.0861

Angles (°)

Method SCN NCN  CNC, CNC, NCH"J NCHoop

DZ/SCF 118.04 12393 130.21 119.96 108.5(ass) 108.5(ass)

TZVP/SCF 118.16 123.67 130.34 120.08 108.5(ass) 108.5(ass)

TZVP/MP2 SCN, SCN, CN,C. CN,C,  CN,C,

TZVP/MP2 117.77 120.36 117.12 132.29 120.11

TZVP/MP2 CN,C, N,CN, N, C| Hj; N C| Hyp N\ C Hy,

TZVP/MP2 128.55 121.87 107.55 110.86 113.61

TZVPMP2 N, C, Hoop N,Cy Hip NyCy Hoop NyCoHip  NoCoHogp

TZVP/MP2 l()9 51 109. 47 I()9 54 111.86 108.39

O-protonated Urea

Bonds (A) and Angles (°)

Method co OH CN, CN, Hy o Hy,

TZVPMP2 13100 09655 13231 13158 1.0060 1.0066
Hy,e  Hny, OCN, OCN, COH CNH,

TZVP/MP2  1.0078 1.0053 122.44 11475 114.11 12191
N,H  CN,H. CN,H, NCN

TZVP/MP2 12128 11878  122. 60 122.82

S-protonated Thiourea

Bonds (A) and Angles (°)

Method cS HS CN, CN, NH. N/ H

TZVP/MP2  1.7459  1.3381 1.3230  1.3226  1.0051 1.0085
N,H.  N,H, SCN,  SCN, HSC CN, H,

TZVP/MP2  1.0070 1. 0077 122.88  116.58 95.49 121.88
CN,H, CN,H. CN,H

TZVP/MP2 12145 121.10 121 98 120.54

i Bond Lengths/A Bond Angles/°.
® H. is cis and H, is trans to O or S atom; H;, and H,,, ar
H atoms in the heavy atom planar system and out- of-plane
respectively.

¢ E. Hirota, R. Sugisaki, C. J. Nielseb, and G. O. Sorensen,
J. Molec. Spectrosc. 49, 251 (1974). For vibration-rotation
spectral analysis with some further refinements, see
R. D. Brown, P. D. Godfrey, and B. Kleibomer, J. Molec.
Spectrosc 124, 34 (1987) and references therein.
4 R. Sugisaki, T. Tanaka, and E. Hirota, J. Molec. Spectrosc.
49, 241 (1974).

¢ M. Kimura and M. Aoki, Bull. Chem. Soc. Japan 26, 429
(1953).

"'G. A. Jeffrey, J. R. Ruble, R. K. McMullan, D. J. DeFrees,
J. S. Binkley, and J. A. Pople, Acta Cryst. B36, 2292
(1980).

Qg —67.8mb** (1 barn = 10~ m? = 100 fm?) were
used for the present studies.
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Table 2. Energies (a. u.), Charge distributions (e) and Dipole
Moments (D).

HCONH,

DZ/SCF TZVP/SCF TZVP/MP2

Total energies —168.88731 -168.99702 -169.56126

Mulliken populations total total total  pr dr
O 8.418 8.424 8.299 1.3940 0.0019
C 5.725 5.820 5.820 0.8000 0.0457
N 7.772 7.558 7.494 1.7236 0.0104
H(C) 0.843 0.934 0.934 0.0029
H.(N) 0.613 0.723 0.723 0.0099
H (N) 0.629 0.731 0.731 0.0107
Dipole moment 4.725 4.220° 3.912
Stark effect® 3.714(6)
Direction from CN
bond axis (°) 40.0 40.0 41.5
Stark effect® 39.6
HCSNH,
DZ/SCF TZVP/SCF TZVP/MP2
Total energies —491.51267 —491.62707 —492.15886
Mulliken populations total total total  pr dr
S 16.075 16.275 16.167 3.357 0.037
C 6.241 5.979 6.086 0.900 0.032
N 7.670 7473 7.427 1.655 0.011
H(C) 0.782 0.844 0.857 0.003
H.(N) 0.608 0.709 0.730 0.009
H (N) 0.624 0.722 0.734 0.010
Dipole moment 5.285 5.067¢ 4.220
Stark effect® 4.01(3)
Direction from CN
bond axis (°) 3.5 40.0 395
Stark effect® 375
HCONHMe
DZ/SCF TZVP/MP2
Total energy -207.90070 -208.76610
Mulliken populations total total  pr dr
O 8.440 8311 1.407 0.012
(& 5.732 5.834 0.820 0.046
N 1.573 7.372 1.670 0.014
H(C) 0.843 0.928 0.004
H (N) 0.635 0.737 0.009
C(N) 6.369 6.255 1.110 0.029
H(Cip) 0.833 0.870 0.004
H(Coop) 0.788 0.870 0.009
Dipole moments 4.787 4.017
Direction from CN
bond axis (°) 38.7 335
Dielectric
Constant (gas)® 3.82
HCONMe,
DZ/SCF TZVP/MP2
Total energy -246.91230 -247.97149
Mulliken populations  total total  pr dr
(6] 8.452 8311 1.416 0.012
(i 5.736 5.846 0.840 0.046
N 7355 7.217 1.604 0.017
H(C) 0.852 0.936 0.003
C(N) 6.386 6.273 1.089 0.031
C.(N) 6.388 6.289 1.124 0.029
H,F(CI) 0.823 0.865 0.004

Table 2 (cont).
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Mulliken populations total

HOOP(CI) 0.804
HiP(CC) 0.830
Hmp(CC ) 0.786
Dipole moments 4.998
Direction from CN

bond axis (°) 38.0
Dielectric

Constant (gas)® 3.80
CH;3;CONH,;

Total energies
Mulliken populations
(0]
C(O)
Cic)
N
H.(N)
H,(N)
Mulliken populations
O
C(0)
C(C)
N
HOOP(C)
Total Dipole moment
Stark effect®
Direction from CO bond axis (°)
Stark effect®
CH;CSNH;
DZ/SCF
Total energies
Mulliken populations total
S 16.109
C(S) 5.994
c(C) 6.542
N 1.732
H.(N) 0.609
H (N) 0.626
Mulliken populations
S
C(S)
C(C)
N
H(\OP(C)
Dipole moment
Dielectric®
Dielectric®
Direction from CS bond axis (°)

CO(NH);

total Pr dy
0.858
0.863
0.842
4.192

0.004

34.0

TZVP/SCF TZVP/MP2
-208.05382 -208.78228

total total Pr dr
8.425 8.301 1.405 0.012
5.603 5.744 0.788 0.051
6.397 6.429
7.566 7518 1.737 0.010
0.710 0.726 0.010
0.727 0.734 0.011
& T L
0.006 0.055 0.648
0.076 0.198 0.121
0.517 0.520 0.000
0.046 0.623 0.206
0.353 0.066 0.000
4.194 3.835

3.678(3)

11.5
10

TZVP/SCF TZVP/MP2

-530.54522 -530.68145 -53137912

total

16.301
5.886
6.320
7.487
0.708
0.726

total  px dr

16.190 1.405 0.012
5.972 0.788 0.051
6.382
7.444
0.728
0.738

1.737 0.010
0.010
0.011
Ty T, T3
1.000 0.000 0.139
0.000 0.036 0.340
0.000 0.563 0.008
0.000 0.000 0.488
0.000 0.396 0.021
5470 5.281 4.330
4.80 (dioxane)
4.53 (CcHyg)
15

0.571
0.081
-0.007
0.347
0.002

DZ/SCF TZVP/SCF TZVP/MP2
Total energy —-223.93290 -224.07191 -224.82554
Mulliken populations total total total  pr dr
(6] 8.487 8.485 8.361 1.481 0.012
G 5.381 5.464 5.630 0.803 0.068
N 7.823 7.587 7.543 1.788 0.011
He 0.605 0.704 0.718 0.012
H 0.639 0.734 0.743 0.011
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Table 2 (cont). Table 2 (cont).
Mulliken populations 1, T, Ty T, T, Ty Mulliken populations total total total  pr dr
MP2 MP2 MP2 SCF SCF SCF G 6.392 6.242
(0] 0.061 0.000 0.688 0.250 0.000 0.535 Hip(Cc) 0.844 0.005
C 0.319 0.011 0.097 0.323 0.012 0.028 Hmp(CC) 0.850
N 0.307 0.489 0.106 0.212 0.489 0.216 C 6.415 6.258
H, 0.002 0.003 0.001 0.001 0.003 0.001 Hip(C() 0.812 0.855 0.003
H, 0.001 0.003 0.001 0.001 0.003 0.001 HOOP(CI) 0.797 0.874
Dipole moment 5.279 4.711 4.360 Dipole Moment 6.531 6.294
CO(NHMe); Dielectric Constant’  4.65 (CgHg)
DZ/SCF  TZVP/SCF TZVP/MP2 HOC(NH,)}’
Total energy -301.95653 -302.14539 -303.23079 TZVP/MP2
Mulliken populations total total total  pr dr Total energy -225.17015
O 8.517 8.511 8.388 1.499 0.012 Mulliken populations  Total — m-electrons (6.0043 e)
(s 5.300 5.432 5.595 0.825 0.069 le) 8260 1.778
N 7.644 7.454 7.405 1.748 0.013 C 5499 0.856
H, 0.657 0.752 0.762 0.011 NI 7475 1.673
C.(N) 6.401 6.216 6.277 1.056 0.031 N, 7.439 1.648
Hip 0.746 0.825 0.821 H;(Nl ) 0.670  0.009
Hoop 0.822 0.891 0.872 H(N) 0.671  0.009
Dipole moment 4.802 4.319 4.043 H.(N5) 0.656  0.009
core, Ry el
DZ/SCF TZVP/SCF TZVP/MP2 ! o
Total energy ~379.94613 38018996 —381.48815 HSC(NH,);"
Mulliken populations total total total pr dr TZVP/MP2
0 8.567 8.519 8431 1582 0005  Totalenergy  -547.77176
C 5.249 5472 5.605 0.704 0.071 Mulliken populations  Total n-electrons (8.0048 e)
N 7.464 7.297 7.178 1.743 0.006 S 15.859 3.811
C.(N) 6.414 6.237 6.314 C 5.705 0.881
Hip(Cc) 0.722 0.845 0.865 NI 7.443 1.639
HyopCo) 0.832 0.881 0.843 N, 7436 1.632
C(N) 6.361 6.241 6.326 0.003 HC(N]) 0.672 0.009
Hip(C) 0.853 0.863 0.863 0.003 H((N)) 0.682 0.009
HOOP(C‘) 0.807 0.880 0.865 HC(N2 ) 0.666 0.009
Dipole Moment ~4.800 4.702 4.292 H,(N,) 0.680  0.009
Dielec[ricC()nstanl(C6H6)r 3.50 H(S) 0.85761 0.00619
CS(NHz); *R. J. Kurland and E. B. Wilson, J. Chem. Phys. 27, 585
DZ/SCF  TZVP/SCF TZVP/MP2 (1957).
Total energy —546.55798 -546.70046 -547.42117 b TZVP with all-valence CI 3.988D (37.50)7
Mulliken populations total fotal total px dg R. Sugisaki, T. Tanaka and E. B. Wilson, J. Molec. Spec-
S 16.153 16.383 16.287 3.531 0.040 trosc. 49, 241 (1974).
- il s L ¢ TZVP with all-valence CI 4.825D (39.5°).
- e L B eSS °R. M. Meighan and R. H. Cole, J. Phys. Chem. 68, 503
H. 0.593 0.734 0.747 0.010 (1964)
H, 0.638 0.623 0.714 0.011 f . 3 .
;s H. Lumbroso and D. Bertin, Bull. Soc. Chim. Fr. 1728
Dipole Moment 6.394 6.236 5.368 1970)
Dielectric Constant®  5.07 (dioxane) e ( 2
G. K. Estok and S. P. Good, J. Phys. Chem. 66, 1372
Mulliken populations 1t T, Ty T, (1962).
S 1.000 0.102 0.000 0.682
g g% 8;?3 8:‘5; g?i; Table 3. Dipole Moment natural orbital components.
H, 0.000 0.001 0.003 0.001 -
H, 0.000 0.001 0.003 0.001 a) Nuclear coordinate systems (a. u.) '
Formamide® Thioformamide®
CiS{NMea): DZ/SCF TZVP/SCE TZVP/MP2 Coordinates x v Coordinates ¥ v
Total energy ~702.56639 —~702.80701 —704.11307 A ol S S e
. . T ’ o (& 0.000  0.794 C 0.000 1.209
Mulliken populations total total total  pr dx N 1780 -1.059 N 2524 1527
S 16.234 16.443 3.715 0.009 H(C) -0.842 2,691 H(C) -1.016 2994
C 5.803 5.694 0.740 0.049 H.(N) -1.228 -2.875 H.(N) 3.656  0.000

N 7.379 7.258 1.675 0.007 H (N) -3.627 -0.649 H(N) 3.306 3.255
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Table 3 (cont). Table 3 (cont).
b) Total dipole moment operator expectation e) All-electron and n-electron
values (a. u.)b dipole moment contributions
Formamide Thioformamide Methylformamide Dimethylformamide
Coordinates X y Coordinates % v X y x y
nuclear -3.004 -0.438 nuclear 3.069 3227 nuclear -3.098 3.223 nuclear -1.339  6.224
electron 1.485  0.192 electron -1.849  -2.102 electron 2779 -1.675 electron 1.360 —4.574
total (a. u.) -1.519 -0.246 total (a. u.) 1.221 1.126 total -0.319 1.548 total 0.022  1.649
total (D) -3.862 -0.625 total (D) 3.102 2.861 n-electron 2916 -0.097
Total ((r)D) -3.912 Total ((r))(D) -4.220 total (debye) -0.810 3934 total (debye)  0.055  4.192
c) Natural orbital composition and n-MO’s Density X ¥ Density X ¥
Dipole Moment contributions 1.9707r, 5210 -1.075 1.97m, 1.704 -3.693
Formamide Dipole Moment Component :32;8"2 ‘?‘;:3 ‘l?gg :2227‘2 _(2);;? _82;:
; T -1. 2 963n g .67
ISCF-MO B o 0 . : 0.05467{}‘ -0.067  0.039 19401[3 -0.614 3574
©,)  -20.53 1.9996 -2.143 -0418 4 4
AN) _15.60 1.9995 1905 1.077 0.0187m5 0.033 -0.012 0.056m -1.427 3.245
3(C‘*) ~11.36 1.9993 0125 —0.775 0.0132m 0.014 -0.013 0.020mg 0.014 -0.027
4(017:) 2139 1.9863 21093 —0.319 0.008317 . 0.010 -0.005 0.017n3 . 0.022 -0.038
S(N;\) 122 1.9830 0932  0.59% total 7, -5 2916 -0.097 total 7, -n5 1.331  -0.099
(,(CZ:\) —0.86 1.9751 0.387 -1.217 f) All-electron and n-electron
7 -0.75 1.9694 1.020 0426 dipole moment contributions
8 -0.68 1.9672 0.603  0.897 Urea Thiourea
9(m) -0.61 1.9657 1.188  0.494 z z
10 -0.57 1.9635 0911 -0.420 ruciear _3.376 sinciear 5074
I -0.44 1.9595 -0.296  -0.089 electron 1.661 electron 2.962
12(7!:1 -0.42 1.9434 -0.989 -0.153 total 1715 total 2112
13n™) 4013 0.0538 -0.468 0357 total (debye) ~ —4.360  total(debye)  -5.376
14 +0.16 0.0307 -0.456 -0.123 . . 5
15 +0.17 0.0279 -0.994 0731 iraninl o AN Density z
1.9694 (1b,) 1.086 1.9993 (1b,) —4.859
16 -0.20 0.0194 1.257 -0.197 1 !
17 +0.27 0.0187 1.854 1.456 l.9604(la2) 2.396 1.9671 (Zbl) 2,221
1.9496 (2b,) -2.827 1.9568 (1a,)  4.072
18 +0.30 0.0158 2.058 0.895 1 5 233b. -
19(n*) +0.30 00156 1531 0957 0.0513 (3b}) -0.032 1.952(3b;) 2.070
0.0165 (4bT ) 0.011 0.048 (4bT ) 0.009
d) Natural orbital composition and 0.0162 (2a3) 0.020  0.016 (2a3) 0.028
Dipole Moment contributions 0.0069 (5b7) 0.002  0.014(5b])  0.016
Thioformamide Dipole Moment Component total ]bl-SbI* 0.659 total Ibl—Sbf 0.582
?(Csl: I:AO E_n;riy](a' W Oﬁ;‘;gzncy i I";xo l_';” :TZVP basis with all-elgctron correlation by MP2. .
Z(N,\\) _15.62 1.9995 2619 -1.628 The coordinate system is reversed between the formamide
3(C,) _11.35 1.9993 0,095 —1.307 and thioformamide molecules. Sign re.versed to bring
S, -8.91 1.9994 1.430  1.486 dipole moment sense to same as formamide.
S(Szp) -6.59 1.9993 1:371 1.413 ) 4 (7
6(S2py) -6.59 1.9993 1380 1.411 Table 4.’EFG (a. u.) and derived NQCC (MHz) at °N, 'O,
7(S5p) ~6.59 1.9992 1335 1.328 33 and *H.
8 -1.27 1.9851 -0.505 -0.503
9 ~1.01 1.9815 —0.821 -0.454 HCONH,
10 -0.83 1.9731 -0.085 -1.764 Centre  Basis qe vy - n
1 -0.76 1.9679 -2.572 -1.746 EFG &
:i(m :g‘(s’g :'ggzi ::ng j’fg; N DZ/SCF  +L114(m) -0.623(R) -0491(T) 0.119
I;i ‘0'52 1.96;)5 0'"605 ()‘;_{2 N TZVP/SCF  +0.954(m) -0.485(R) -0.470(T) 0.016
I8 _0';4 1'95_,I ()'767 ().485 N TZVP/MP2  +0.876(m) -0.452(R) -0.424(T) 0.031
l;»(n) _0"%2 1'94;9 ()'()6" 0'7]% (6} DZ/SCF +2.119(T) -1.199(R) -0.921(m) 0.131
170" +()Nli) 0'05;7 0‘00; «0-;1:% (0] TZVP/SCF  +1.684(T) -0.991(R) -0.693(m) 0.177
i8 +0']_, 0401"'6 0‘74;) 0‘;‘5‘1 (0} TZVP/MP2  +1.525(T) -0.841(R) -0.684(m) 0.103
19 +O'l; 0'0‘2;9 —()A286 _0'%)]4 H(C) DZ/SCF -0.340(R) +0.175(n) +0.165(T) 0.030
20 +0‘19 0'0195 ~"'9()8 —l‘?l4 H(C) TZVP/SCF  -0.295(R) +0.153(m) +0.143(T) 0.034
21 +OA"4 0'0]8? _1‘79% —2'651 H(C) TZVP/MP2 -0.285(R) +0.151(m) +0.134(T) 0.059
2 +0‘;0 0:0165 —11366 —l:(wl.l H.(N) DZ/SCF -0.489(R) +0.283(n) +0.206(T) 0.159
23(1%) +0“%() 0.0140 1953 —1.046 H.(N) TZVP/SCF -0.457(R) +0.271(m) +0.186(T) 0.187
) " ‘ s 4 H.(N)  TZVP/MP2  -0.426(R) +0.250(m) +0.176(T) 0.175
n-electron sum +0.401 +0.667

H(N) DZ/SCF -0.490(R) +0.287(m) +0.203(T) 0.172
H(N) TZVP/SCF -0.465(R) +0.280(r) +0.185(T) 0.204
H/(N) TZVP/MP2 -0.433(R) +0.258(m) +0.175(T) 0.191
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Table 4 (cont). Table 4 (cont).

Centre  Basis q-- Ayy xx n CH;3;CONH;

NQCch Centre  Basis q-- qyy dxx Y

N DZ/SCF*  -3.926(m) +2.196(R) +1.730(T) 0.119 EFG N

N DZ/SCF -5.260(m) +2.942(R) +2.352(T) 0.119 N DZ/SCF F1.121(m) —0.638(R) —0.483(T) 0.138

N TZVPISCF  —4.506() +2.288(R) +2.218(T) 0.016 N TZVP/MP2  +0.887(m) —-0.466(R) —-0421(T) 0.051

N TZVP/MP2 —4.136(mt) +2.133(R) +2.003(T) 0.031 0 DZ/SCF +2.064(T) -1.301(R) -0.762(n) 0.261

N MWave® -3.848(n) +1.960(aa) +1.888(bb) 0.019 0 TZVP/SCF  +1.524(T) -0.774(r) —0.750(R) 0.016

N MWave! -3.852(m) +1.980(aa) +1.872(bb) 0.028 Centre  Basis . .

0 TZVPMP2 +9.166  -5.055 4111 0.103 - . 2 Gy o !

KRN N DZ/SCF  -5.293(n) +3011(R) +2.282(T) 0.138

Centre  Basis 9zz dyy 9xx n N TZVP/MP2  —4.190(m) +2.201(R) +1.988(T) 0.051

EFG N DZ/attice -2.899(m) +2.085(R) +0.814(T) 0.439

N DZ/SCF +0.960(m) -0.572(R) -0.388(T) 0.192 N NQRr (-)2.469 1.741 0.725 0.412

N TZVPISCF  +0.808(t) —0.434(R) -0.374(T) 0.074 CH;CSNH,

N TZVP/MP2  +0.790(m) -0.425(R) -0.365(T) 0.076 Centre: Basis 4nr dyy e "

S DZ/SCF +2.528(T) -2.280(R) -0.248(m) 0.804 EFG - <= -

S TZVP/SCF  +2.168(T) -1.748(R) -0.421(m) 0.612

S TZVP/MP2 +2.182(T) —1.404(R) -0.778(n) 0.287 N DZ/SCF +0.960(m) -0.587(R) -0.373(T) 0.223

H(C) DZ/SCF ~0.356(R) +0.179(m) +0.171(T) 0.023 N TZVP/MP2 +0.788(m) —0.443(R) -0.345(T) 0.125

H(C) TZVP/SCE —0316(R) +0.162(m) +0.154(T) 0.024 S DZ/SCF -2.538(T) +2.434(R) +0.104(mr) 0918

H(C) TZVPMP2 -0307(R) +0.163(t) +0.144(T) 0.059 s TZVP/MP2  +2.118(T) -1.552(R) -0.566(n) 0.465

H.(N) DZ/SCF ~0.450(R) +0.277(r) +0.203(T) 0.153 H, DZ/SCF -0.478(R) +0.276(m) +0.202(T) 0.155

H.(N) TZVP/SCF -0.449(R) +0.264(t) +0.185(T) 0.177 H TZVP/MP2  -0417(R)  +0.244(m) +0.173(T) 0.169
H, TZVP/MP2 -0.426(R) +0.253(m) +0.173(T) 0.188

H,(N) DZ/SCF -0.483(R) +0.281(m) +0.203(T) 0.161
H(N) TZVP/SCF -0.453(R) +0.270(m) +0.182(T) 0.194
H(N) TZVPMP2 -0.425R) +0.251(m) +0.174(T) 0.182

Basis q-: dyy 9xx n

é@——'nn
2
A a
o

Centre Basis q:: Gyy Axx n DZ/SCF —4.534(r)  +2.773(R) +1.761(T) 0.223
Nocch - TZVPIMPY 37221 +2093(R) +1.629(T) 0.125
DZ/SCF*  -3383(m) +2016(R)  +1.366(T) 0.192 NQR ()1.922 1.399 0523 0456

TZVP/MP2  -0.280(R) +0.164(m) +0.117(T) 0.169
TZVP/MP2  -0.286(R) +0.170(r) +0.116(T) 0.162

N

N DZ/SCF —4.533(r)  +2.701(R) +1.831(T)  0.192
N TZVP/SCF  -3817(mr)  +2.050(R) +1.767(T)  0.074
N
N

&

om T 22 2

TZVPIMP2  -3729(m)  +2.007(R)  +1.723(T)  0.076 NQR; 0.2027  0.1145  0.0882  0.13
MWave® 426)m)  +2.9(12)(aa)  +1.2(6)(bb) 0.405 NQR 0.1937  0.1143 00794  0.18
S TZVP/MP2 -34.186  +22.366 +12.394 0.287 CO(NH,);
H(C) TZVP/MP2 -0206(R) +0.109(m) +0.097(T)  0.059 Cuiitie  Basis 4z gy da N
H.(N) TZVP/MP2 —0.280(R)  +0.164(r) +0.116(T)  0.169 EFG .
H,(N) TZVP/MP2 —0.286(R) +0.169(r) +0.117(T)  0.182 5 BRSCE <1981 -0l -G53 BT
HON)Y NQR(77K)  0.196(R)  0.114(r) 0.0815(T) 0.168 [EVEISCE w104 0555 0508 D08
HCONHMe TZVP/MP2 +1.051 -0.581 -0.470 0.105
Centre  Basis q-- Gyy Axx n O DZ/SCF +1.862 -1.561 -0.301 0.677
EFG - TZVP/SCF  +1.467 -0.980 -0.487 0.336
N TZVP/MP2 +0.885 -0.499 -0.386 0.127 TZVPMP2  +1.325  -0.925 -0.400 0.396
o) TZVP/MP2 +1518 -0.816 -0.702 0.074 He TZVPMP2 0437 +0.261 +0.176  0.195
H(N) TZVPMP2 -0427 +0.256 +0.171 0.200 H, TZVP/MP2 0443 +0.269 +0.174 0213
Centre  Basis - By v M Centre  Basis 92z dyy dxx 7
NQCC . NQCC
N TZVPIMP2 —4.180 +2.356 +1.824 0.127 N TZVPMP2  —4.966 +2.745 +2.221 0.105
o TZVPIMP2 +9.125 4902 —4224 0074 0 TZVP/MP2 +7.965 -5.559 -2.406 0.396
H(N) TZVP/MP2 +0287 -0.172 -0.115 0.074 H, TZVP/MP2 —0-393 +0.175 +0.118 0-195
e H, TZVP/MP2 0297 +0.180 +0.117 0213
Centre Basis q-- Gyy Gxx n CO(NHMe)Z
EFG . Centre  Basis q-- Gyy Gxx n
N TZVPIMP2 +0913 —0.540 -0.372 0.183 EFG
o TZVPIMP? +1491 —0762 —0.729 0022 N DZ/SCE  +1.347(m) —-0.750(R) —0.597(T) 0.114
_ TZVP/MP2  +1.119(m) —0.576(R) -0.543(T) 0.030
Centre  Basis 92z dyy Gex 7 ¢) DZ/SCF +1.821(T) -1.570(R) -0.250m) 0.725
NQCC TZVP/MP2  +1.288(T) -0.942(R) -0.346m) 0.463
N TZVPMP2 4311 +2.549 +1.759 0.183

(6] TZVP/MP2 +8.963 —4.582 -4.381 0.022
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Table 4 (cont).
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Basis

Centre 92z Gyy Gxx n

NQCC N

0 TZVP/MP2  +7.744 -5.665 -2.079  0.463

N TZVP/MP2 -5.283 +2.720 +2.562  0.030

N NQRE (-)4.0344  (+)2.666]1 (+)1.3683 0.3217

CO(NMez):

Centre Basis gz dyy dxx n

EFG N

N DZ/SCF +1.400(t) -0.827(R) -0.573(T) 0.181
TZVP/SCF  +1.255(r) -0.661(R) -0.594(T) 0.054

(6] DZ/SCF +1.877(T) -1.677(R) -0.200m) 0.787
TZVP/SCF  +1.542(T) -1.088(R) -0.454m) 0411

Centre  Basis 92z Gyy Axx n

NQCC .

N TZVP/SCF  -5926  +3.121 +2.805 0.054

N NQR# (-)4.887  (+)2.505 (+)2.382 0.0025

CS(NH;),

Centre  Basis q-- Gyy 9xx )

EFG h

N DZ/SCF +1.154(nr)  -0.716(R) —-0.438(T) 0.175
TZVP/SCE  +0.999(m) -0.584(R) -0.415(T) 0.169
TZVP/MP2  +0.978(m) -0.573(R) -0.406(T) 0.171

S DZ/SCF -3.103(R) +2.260(T) +0.842(m) 0.457
TZVP/SCF  -2.475(R) +1.911(T) +0.564(m) 0.544
TZVP/MP2  -2.027(R) +1.865(T) +0.162(m) 0.840

Centre  Basis q-- Gyy T n

NQCC B

N TZVP/IMP2  —4.621 +2.705 +1.916 0.171

S TZVP/MP2 -32.285 +29.702 +2.583 0.840

CS(NMe:);

Centre  Basis q-- Gyy xx n

EFG B

N DZ/SCF +1.232(n) -0.742(R) -0.490(T) 0.204

N TZVP/SCF  +1.087(n) -0.621(R) -0.466(T) 0.142

Centre  Basis q-- vy O n

NQCC :

S DZ/SCF -3.354(R) +2451(T) +0.903(m) 0.462

S TZVP/SCF  -2.709(R) +2.167(T) +0.541(m) 0.600

* Scaled for best least—squares fit (see Text);

DZ/SCF 3.525 MHz/a.uand TZVP/SCF4.0111 MHz/a. u.

® Using gy 20.1 mb(4.723 MHz/a. u.)

" (for other nuclei see Text).

S. G. Kukolich and A. C. Nelson, Chem. Phys. Letters 11,
383 (1971).

¢W. H. Kirchoff and D. R. Johnson, J. Molec. Spectrosc.
45, 159 (1973).

“S. G. Kukolich and A. C. Nelson, Chem. Phys. Letters 11,
383 (1971).

" D. T. Edmonds, Physics Reports (Phys. Lett. C) 29, 233
(1977).

¢ Dinesh and M. T. Rogers, J. Chem. Phys. 57, 3726 (1972).

2. Results

2.1. The Equilibrium structures and a comparison
with microwave and other experimental
structures

The structures (Table 1) of both formamide and
thioformamide are close to the MW substitution struc-
tures [4, 25, 26]. The MW spectrum of acetamide and
other related compounds is complex owing to the cou-
pling of Me torsion with NH, inversion [27 - 29] but
all of these amides have planar skeletons. The twisted
form (NH, group perpendicular to the OCN plane) is
a transition state [30], and our own studies confirm
this. The neutron diffraction structure for acetamide
at —165°C, and the electron diffraction structures are
close to the present structure, with the single excep-
tion of the CN bond, where the lengths are different
by —0.029 and +0.014 A, respectively. Although struc-
tures for methyl- and dimethyl-formamides have been
reported from x-ray diffraction of the liquid phases,
the results are insufficiently well determined to be
compared with the present work [31 - 33]. In these
studies, the HN and CO are trans in methylformamide
[32]. A number of clathrate compounds with for-
mamide and DMF solvation have been reported by
x-ray crystallography, but it seems these are inap-
propriate for comparison with the present study. A
wide series of 4-21G equilibrium structures has been
reported [34] which contains amides, but little detail
is given. In view of the probable steric hindrance, the
calculations on both tetramethyl-urea and -thiourea
were started with non-planar structures of C, sym-
metry; however, in both cases the out of plane torsion
angles reduced to near zero, and lower energy minima
were found with the planar structures, but with sub-
stantial CNC angle distortions and shortening of the
CH bonds with closest H, H appoach. In both cases,
the ‘gear-wheel’ conformation was chosen, such that
one H was staggered with respect to those on the
sterically closest approach. Two conformations are
possible, with Cg and C, symmetry. The two con-
formations differ in energy by 2.700 kJmol~', with
the Cg symmetry conformer being the lower in total
energy. This is similar to many other CH; rotation
barriers.
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Fig. 1. a), b) Total, n-bond and 6-bond moments for formamide and thioformamide.

2.1.2. The protonated forms of urea and
thiourea

Compared with the neutral molecules, urea and
thiourea, being O- and S-protonated, which is the
stable form in each case, show the expected change
of C=0 and C=S bonds towards C-O and C-S, re-
spectively, with a lengthening of 0.09 and 0.08 A, re-
spectively, with corresponding shortening of the CN
bonds by about 0.05 and 0.03 A, respectively, and
slight inequalitities in the CN bonds through the re-
duction in symmetry from C,, to Cs.

2.2. Charge distribution in simple amides and
thioamides

2.2.1. Mulliken Charge Distributions

In connection with ionisation processes [35,36],
the claim has been made that the charge in amides and
thioamides favours N over O, and S over N, respec-
tively. Using the Mulliken analysis data from Table 2,

we convert the set of charges, by summation around
centres, into a set of ‘bond dipoles’, as reported pre-
viously [38,39], either as total contributions or by
partitioning the populations in ©t- and G-orbitals sep-
arately. For brevity only the TZVP/MP2 results are
shown; the SCF results are similar, but with larger
dipoles on almost all bonds. The more illuminating
set are the separate 1- and 6-bond dipoles, and typical
examples are shown in Figs. la to le. For example,
with formamide (Fig. 1a), the total bond dipoles show
a drift of electrons, relative to the neutral atoms, from
H to both C and N, and from N to C and O; however,
the separate mt-bond dipoles are much larger than the
total values, showing that the 6-sets are polarised from
O towards C and N, with the 6-CO bond polarisation
near 0.10e, and 6-CN polarisation near 0.20e. The
7 contributions are in the reverse direction and near
0.40e and 0.25e, respectively. In the following sec-
tion the order of bonded atoms AB are in the sense
&+ and &-, respectively. Minor non-integral numbers
of m-electrons, arising from the MP2 method, are re-
sponsible for incomplete charge balances. These do
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not affect the conclusions, which relate to large shifts.

Thioformamide (Fig. 1b) is similar in total bond
dipoles to the O analog; the CS bond is polarised to-
wards S by about 0.17 e, the NC bond towards C by
about 0.11 e, with the HC/HN bonds as previously.
However, the m-electrons lead to bond dipoles on the
CS bond of 0.39e towards S, and the NC bond po-
larised towards C by 0.32 e. The 6-components show
a large polarisation of CS (0.22e), with the negative
end at C, with CN also polarised towards N by about
0.21 e. Thus the Mulliken bond dipoles clearly indi-
cate the reason for the difference of the O and S series
of dipole moments: the 6-bond is much more strongly
polarised in CSNH, than in CONH,, towards C from
S and O, respectively.

The situation with the other molecules is similar
to the above, and we choose cases where there are
two NH, groups. In urea (Fig. 1d and 4) the nt-system
is polarised towards O from N via C, with NC and
CO bond dipoles of 0.18 and 0.49 e, respectively. The
o-system has the reverse polarisation from O via C
towards N, with components OC 0.13 and CN 0.19¢

respectively. The thiourea (Fig. le and 5) m-system
has N via C to S polarisation with bond dipoles of
0.24e (NC) and 0.28e(CS), while the c-system has
the S via C to N polarisation, with bond dipoles SC
0.27e and CN 0.18 e, respectively.

It is clear that the enhanced transfer of electrons
from N via C to S over N via C to O in the nt-system
can be regarded as an enhanced resonance effect, as
discussed previously. However, the effect is probably
a “push-pull” mechanism; relative to C, N is a very
strong G-acceptor, and S is a better 6-donor than O,
enabling the back-donation from N in the n-system to
be enhanced in the S case. These effects are not based
upon electronegativity alone however, since when for-
mamidine is treated in a similar manner (Table 1¢ and
6), the fact that the central C atom is now bonded to
two N atoms, still leads to the G-bonding being po-
larised in the direction NH via C to NH,, with the
n-bonding polarised in the reverse direction. Hence
the effect seems to arise from the differential contribu-
tion of 2m-electron from the CO, CS and CNH groups,
but 2m-electrons from the N atom. Similar effects are
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apparent in our studies of esters and dithioesters, to
be published later.

The O-protonated form of urea shows a loss of
about 0.1 -0.15e from O, C and N, with the remainder
being lost from the H-atoms; in thiourea the loss of
density on the S atom is larger (0.4 e), but with similar
changes at C, N and H to those for urea. However,
the m-density at O and S is larger in the protonated
case than in the neutral one by nearly 0.3 e, showing
that almost all the overall loss at these atoms is by
additional o-bond polarisation. These all reflect the
increase in delocalisation produced by addition of a
proton, the CN/CO bond lengths changing toawards
a more even set, with parallel changes in thiourea.

2.2.2. Dipole Moments;
some general comments

In order to analyse the individual MO or natural
orbital(NO) contributions to the overall dipole mo-
ment (or EFG tensor element), we must be aware of
the nuclear terms, which depend upon the coordinate
system used in the calculation. Here we use the ‘cen-
tre of nuclear charge’ system, in which the orientation
of the molecule is chosen such that the origin is the
centre of nuclear charge. It will be seen below that the
average position of some core electrons is effectively
the same as the coordinates of the atom concerned,
but with a change of sign. The sum of the nuclear and
electron terms defines the dipole moment. In Table 3,
we give both the NO contribution to the wave-function
(in electrons), restricting to the largest terms, and the
total contribution of that NO to the overall DM. The
separate T-electron components are also given. The
dipole moment component shown is for a total occu-
pancy of 1-electron; hence the actual contribution to
the dipole moment is the product of these x,y-figures
with the NO occupancy. Examples with dipole mo-
ment and EFG tensor elements are shown in Figs. 2
to 6.

The m-MO’s and NO’s, which form an impor-
tant part of the present discussion, are basically
heteroatom substituted versions of the allyl anion
(in the case of the amides and thioamides) and
the trimethylenemethane dianion (for the ureas and
thioureas); thus the Hiickel picture of the allyl an-
ion has a bonded MO (=, 1b,) covering all centres,
with no out of plane nodes, and a non-bonded (m,)
MO with the centre atom nodal (1a,). These simple
methods can be mapped onto the present methodol-
ogy. We take the more general case of acetamide and

thioacetamide in the present results. The acetamide
n-NO’s (Table 3) show that m; has most of the total
population in the CH; group, 1, on the N atom (and
no nodes perpendicular to the molecular plane), while
75 is nodal between C and N, with populations mainly
on the O-atom; residues lie in the CH; group. Thioac-
etamide has wt; localised 99% on S as 2p,, with 7,
similarly 96% localised in the CH; group. m; which
compares with 7, in acetamide, is more evenly dis-
tributed with S, C(S), and N populations of 14, 34
and 49%. The highest n-NO (=, for thioacetamide),
has population mainly on the S-atom. Hence the two
highest occupied m-orbitals for the pair of molecules
behave similarly, being strongly polarised in opposite
directions in each molecule. Taken together, the two
NO’s present a very similar total population pattern
for amide and thioamide.

The urea and thiourea t-MQO'’s are similar, and both
related to the trimethylenemethane 1a” + le”’ MO’s
but with the latter split into 1b, and la,. The C,,
structures lead to 1a, and its corresponding NO almost
totally localised on N. There are significant changes
in the T1-MQO’s and corresponding ©-NO’s (Table 3),
with the nearly 3-fold symmetry of 1b, at the SCF
level being strongly mixed with 2b, at the MP2 level.

2.2.3. Total Dipole moments and
experimental comparisons

Owing to low vapour pressures, several of the
present compounds have been studied in solution
rather than MW spectroscopy. Amides and thioamides
are known from these measurements to self-associate
in benzene, leading to problems with extrapolation
of data to infinite dilution; however, dioxane appears
not to show this effect. Thus the same authors found
values for acetamide of 3.07D (C4Hy) and 3.70D
(dioxane) [39]. The gas-phase value for the dipole
moment is 3.68(3) D from the Stark effect on the MW
spectrum [28] and close to our present MP2 value of
3.84D. Hence we have some reservations regarding
the substituted urea and thiourea values found exper-
imentally. In the following discussion we concentrate
upon the calculated MP2 values, unless otherwise
mentioned. The results (Table 2) show that the DZ
and TZVP bases generally lead to values larger than
experiment at the SCF level, but these are reduced to
close to experimental values at the MP2 level.

The calculated direction of the moments for both
formamide and thioformamide are very close to the
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Fig. 2. EFG and average m-electron position from the
TZVP/MP2 natural orbital calculations for formamide.

MW ones, and both lie close to the line from the mid-
point of the (H,)NC bond and the O or S atom (Figs.
2 and 3), respectively. Similarly the directions for the
mono- and di-methylated formamides lie close to the
N-O atomic (nonbonded) axis. The electron diffrac-
tion structure for acetamide [29], used as a template
for the MW analysis, shows that the dipole moment
for the molecule lies very close to the CO bond direc-
tion; the present work (MP2) finds an angle between
the CO bond axis and the dipole moment of about
11.5°, with the tilt towards the CH; group. This is con-
sistent with formamide and a CH; group replacement
of the H atom, since the dipole moment for formamide
lies by about 13.5° from the CO bond axis, and to-
wards the H-atom.

The present results on total dipole moments agree
with the experimental determinations as to the order
formamide < thioformamide, urea < thiourea, tetram-
ethylurea < tetramethylthiourea. There is every reason
to think this is likely to be general.

2.2.4. Dipole moment 6- and
m-components

Comparison of the nuclear coordinate positions
(Table 4a) with the average positions (<er>) of the
core and inner valence (e. g. O, N,,) electrons, for
formamide and thioformamide, shows that these elec-
trons are heavily localised, as expected. The change
of sign arises from the electronic charge in <er> and
addition of the nuclear and electronic components.
The dipole moment, unlike the EFG, is invariant to

- The Charge Distribution in Amides and Thioamides by NQC

H

Fig. 3. EFG and average m-electron position from the
TZVP/MP2 natural orbital calculations for thioformamide.

the reference centre, but is conventionally determined
at the centre of mass, as here. Formamide has a large
it component (the x-axis lies 8° from the CO bond),
and small z¢, component; the sum over the first 5 m-
NO’s yields very small polarisation totals (Table 4),
such that almost all of the total electronic compo-
nents arise from o-bond polarisation. The value of
the operator in (1) for each MO lies in the range £3
a.u., and the contribution from the natural orbitals
declines quickly, owing to the low NO occupancy.
Hence summation of the first few terms is appropri-
ate. Indeed, the average positions of the m-electrons,
highly occupied 12" and 2a” shown in Fig. 1 indicates
that the electrons lie very close to the midpoints of
the CO and NC bonds respectively. This confirms the
low polarisation of the m-electrons; at the SCF level,
the m-electrons are much more delocalised, with the
centroids of the la” and 2a” MO’s lying near the
centroid of the NCO triangle. Thus the m-electrons
do not behave as a group from the point of view of
delocalisation, since for the allyl anion, which is iso-
electronic but homopolar, the centroids of both 1b,
and la, would be at the central C-atom.

Comparison of thioformamide with formamide at
the TZVP/MP2 level (Figs. 2 and 3) shows that the
n; NO lies very close to the S-atom (Szpn), T, rela-
tively close to the CN midpoint, but slightly off-the
bond axis (towards the S side), while w5 lies well
off the internuclear axes, and close to the SN axis
(Figure 3). Acetamide and thioacetamide show the
same phenomenon; for the S-compound, T, (Szpp)
lies close to the S atom, m,(CHj) lies close to Cy;,
7y near the NC bond but closer to C than N, while
7, lies well off the interbond axes and close to the
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Fig. 4. EFG and average m-electron position from the
TZVP/MP2 natural orbital calculations for urea.

Fig. 5. EFG and average m-electron position from the
TZVP/MP2 natural orbital calculations for thiourea.

SN axis. Acetamide has mt; close to the CH; group,
T, relatively close to the CN mid-point, while 15 is
similarly near the CO midpoint. Whilst both 1, and
75 are displaced from the corresponding internuclear
axes, in contrast to those for formamide, the mean
positions are well-separated from eachother. The fact
that m; and 75 in thioformamide and thioacetamide,
respectively, lie so far off the bond axes, and relatively
close to the SN axis, is a sign of strong delocalisation
in these compounds, relative to the O-analogs.

473

H

H

Fig. 6. EFG and average m-electron position from the
TZVP/MP2 natural orbital calculations for formamidine.

2.3. Localised molecular orbitals

Since the NO and MO EFG contributions are fully
delocalised and do not offer a simple interpretation,
we have converted the NO’s to localised orbitals
(LMO’s) [40]. This technique, usually employed with
the SCF MO’s [41], is useful in cases where the pres-
ence or absence of bonds is important; the technique
maximises the distance between the centroids of the
electron pairs by an orthogonal transformation of the
density matrix. In effect, the LMO is a conversion of
the delocalised MO’s (an N x N AO by MO matrix)
to a set of N off-diagonal terms. The EFGs are then
evaluated from the resulting wave-function. A feature
of 6/m-systems is that such localisations with the total
wave-function in one stage leads to 6+n MO’s form-
ing ‘bananabond’ pairs [42], which by definition have
centroids at the same in-plane position, but above and
below the plane. This is overcome by separate locali-
sation of the 6- and n-MO’s or NO’s. Another feature
of this transformation is that lone pair MO’s on car-
bonyl groups, which are usually defined by a, and b,
symmetry adapted MO’s, mix to form ‘rabbit ears’
pairs; these are totally equivalent in density terms but
unhelpful for spectroscopic purposes. For further dis-
cussion of the role LMO’s can play in (photoelectron)
spectroscopy, see [46].

In the cases shown (Table 5) we have given a set
of NO contributions for selected molecules, such as
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Table 5. Natural and Localised Orbital contributions to the  Table 5 (cont).

EFGaAh.c,d
LMO 9z dyy xx 9xy
5a) Formamide TZVP/MP2 o-NC(0O) 1.007 -0.503 -0.504 -0.125
total contribitions G-N(CH;) ~ -0.005 0499 -0493 0700
e B G 3 G-N(CHy)  -0.195 0.682 -0.486 -0.589
sl i i 6:1:1 ” 72:1 oxﬁ n-NC(0) -0.856 -0.879  1.735 -0.001
electron 0304 0192 0.011 —0.344 5d) Ues
total —0.424 -0452 0.876  0.000 Total LMO contributions to the EFG at “N
Integrals over natural orbitals qzz yy Dxx xy
Natutal Gebital B> dyy dx doy nuclear -0.778 -0.059 0.838  0.256
0 0”1”7 00% -0 0'1'7 0 0'05 electron 0.197 -0.399 0.202 -0.256
,I) 0'00(') 0'000 ~0VOOI —0.000 total -0.581 -0.459 1.040  0.000
:; —().006 0'()64 _0‘059 —()'081 Individual LMO contributions to the EFG
4 0004 0034 -0.030 —0.017 LMGO 4z 4y 4w 4y
5 0.021 0.037 -0.058 —0.004 NH, —0.485 1.006 -0.521 -0.245
6 0.097 -0.031 —-0.066 —0.038 NHl 0425 0.090 -0.514 0.756
- 0150 0615 -0465 0.562 6-NC 0.799 -0.308 -0.491 -0.496
8 0.951 -0456 -0.495 0.064 n-NC -0.901 -0.913 1.813 -0.004
9(m) —0.650 -0.632 1.283 -0.017 5e) Thioformamide
10 -0.021  0.173 -0.151 —0.199 Total Natural Orbital contributions to the EFG at “N
I 0130 0492 -0.361 -0.432 G Gy G dxy
12(m) -0.248 -0.223 0471 -0.006 nuclear 0.058 -0.859 0.801 -0.090
13(n™) -0.447 -0416 0.863 -0.022 electron -0.423 0434 -0.011  0.090
14 -0.039 0359 -0.320 -0.452 total -0.365 -0.425 0.790  0.000
15 0.011 0.022 -0.034 -0.033 Integrals over natural orbitals
}3 —9;2: (l)g‘;‘? —: (‘l)fg A;igz Natural orbital q-- dyy G Gy
"7’ B - e . o 3 -0.049  0.109 -0.061 0.045
& IS 040 02z a0 6(m) 20006 0014 —0.008 —0.006
19(n™) -1.652 -1.645 3.297 -0.003 9 0012 0.039 -0.050 —0.011
LMO contributions’to the YN EFG 10 0.121 0011 —0.110  0.128
Localised orbital q-- qyy Tix Ixy 11 0968 -0.291 -0.676 -0.752
NH, 1.053 —0.528 -0.525 —0.015 12 -0.112 0612 -0500 0.614
NH, -0.141 0.662 -0.521 0.674 13(m) -0.551 -0.510 1.061 0.010
n-NC -0.876 —0.867 1.744 —-0.008 14 -0.133  0.268 -0.135 -0.013
o-NC —0.133  0.635 -0.502 -0.657 15 -0.097  0.211 -0.113  0.049
n-CO -0.025 0.015 0.010 -0.011 16m) -0.338 -0.325 0.663 -0.003
5b) Methyl formamide LMO contributions to the *N EFG
Total LMO contributions to the EFG at N LMO dzz dyy Gxx Axy
2 o G & n-CS 0036 -0.003  0.039  0.004
b 'V XJ XV v
nuclear —0.728 0216 0945 —0.205 ::g (l)‘(,)(l)f 781?: j;::(xj 353
electron 0.325 -0.267 -0.058 0.205 ' '\llC ().?1: ().817 —(li(}ﬁ _0‘49;
total -0.404 -0.483 0.886  0.000 g:i\]c _0%‘5; —().8%? | 685 0‘00;
Individual LMO contributions to the EFG sz) Thicuses T o ’ )
Li?{ r 3:1:9 B Z;z) -0:;;7 5 g;’; Total LMO contributions to the EFG at “N
T S ] A0S i i
& qzz qyy dxx 9xy
~0.02 5 =< ¥ ;
g_igH jgii 3(7);3 32(]); 822; nuclear -0.873 -0.005 0.877 0.154
G:NH 3 0'0"7;1 0'4;5 :()'i 19 0'747 electron 0.303 —0.409 0.106 -0.154
G-NC(O) ]'067 _0'50() _()‘;()7 ﬁ()‘ 152 total -0.570 -0.414 0983  0.000
-NC(0) ~0.858 —0879 1737  0.003 LMO contributions to the "N EFG
S5 ket N 0% o oSl 07
. . 14 NH, .2 2 5 ;
Total LMO contributions to the EFG at "N NH, 0416 0942 -0.526 —0.407
L v dyy dxx dxy o-NC 0.899 -0.404 -0.495 -0.367
nuclear -0.692 -0.428 1.120  0.165 n-NC ~0.874 -0.892 1.766  —0.004
electron 0.331 -0.130 -0.201 -0.165 5g) O—protonated urea
total -0.361 -0.555  0.920  0.000 Total LMO ‘contributions to the EFQ at YN
Individual LMO contributions to the EFG q-- vy Grx Gry
LMO q9z2 dyy G 4w nuclear 0079 -0.957 0.878  0.080
K—CH} -0.008  0.018 -0.011 -0.028 electron -0.382  0.392 -0.010 -0.080
n-CH, -0.011 0.022 -0.011 0.026 total -0.303 -0.565 0.868  0.000

-CO’ 0.009 -0.024  0.015 -0.015



M. H. Palmer and P. Sherwood - The Charge Distribution in Amides and Thioamides by NQC

Table 5 (cont).

LMO contributions to the EFG at N

LMO 4z dyy Axx 9xy
NH, 0.759 -0.226 -0.533 -0.631
NH. 0572 -0.041 -0.531 0.737
o-NC -0.504 1.010 -0.506 -0.104
n-NC 0.885 -0.857 1.742 -0.002

5h) S-protonated thiourea
Total LMO contributions to the EFG at “N

9z dyy Axx dxy
nuclear  0.061 -0.963 0902 0.063
electron -0.346 0430 -0.084 -0.063
total -0.285 -0.533 0.818  0.000
LMO contributions to the “N EFG

92z vy 9xx dxy
NH, 0.796 -0.262 -0.534 -0.605
NH, 0.529  0.002 -0.531 0.754
o-NC 0497 1.004 -0.507 -0.149
n-NC -0.866 -0.836 1.703 -0.003

*TZVP basis with all-electron correlation by MP2.

P Coordinate systems as shown in Table 4.

¢ The natural orbital sequence numbers are the same as
Table 4.

4 LMO contributions < 0.05 in .. omitted.

formamide and thioformamide, and the nuclear and
electronic terms leading to the total tensor elements
for all molecules. This is followed by the principal
contributors to the EFG; y;; less than 0.05 are ex-
cluded, except t-NO contributions. Small differences
occur between the LMO totals in Table 5 and those for
NO’s in Tables 4 and 5. These arise from truncation
of the summation of terms in the LMO to the large
(SCF occupied) components only.

2.3.1.LMO for formamide, urea

and their methyl derivatives

The LMO positions (Figs. 1 to 6) for these com-
pounds show very constant features as expected. The
o- and ©-LMO of the CO bond in formamide and
its methylated derivatives have centroids near 0.5 and
0.39 A from the O atom. The CN ¢ and 1-LMO’s are
slightly more variable, with a trend on methylation
(NH,, NHMe, NMe,) of 6-LMO 0.60 to 0.57 A, and
T-LMO 0.16 to 0.22 A, showing the increase on T-
donor capacity. HC(Me), HC(O) and HN bonds are lo-
calised about 0.30, 0.34 and 0.43 A from the H atoms,
respectively. The ‘rabbits ears’ lone pair orbitals are
quite strongly removed from the sp> hybrid orbital
positions; the 2 LP orbitals are effectively identical,
but with C-O-LP, angles of about 108 rather than
120° for the hybrid. This is consistent with the much
higher p-orbital composition than sp?. The position
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with urea is rather similar in most respects, but here
the 2 LPy; LMO’s make an even less obtuse angle,
with both at about 103° from the C-O bond. 6- and =-
LMO of the CO bond are about 0.51 and 0.30 A from
the O-atom; the corresponding positions for tetram-
ethylurea are 0.58 and 0.33 A, with the LP, making
an angle of 105° to the CO axis.

When urea is O-protonated, the HO bond centroid
becomes near the OH midbond (0.51 A from H), with
the - and ©-LMO of the CO bond lying 0.55 and
0.11 A from the O atom, respectively. Clearly the -
LMO centroid lies closer to the O atom than in the
neutral molecule, again consistent with the greater
positive charge on the central C atom in the cation.
Here the LPg lies at 118° from the CO bond axis,
much closer to the sp? value, with the angle HOC at
114°. Although strictly non-equivalent, the 2 N atoms
are very similar, the - and 1-LMO of the CN bonds
lying at 0.59 and 0.22 A from the N atom. Thus the CN
and CO bonding shows the greater donating power of
N over O. The protonation of urea has been studied by
differences in the topology of the charge distribution
[44], both from the point of view of the internal H-
bonding between molecules, and the direct effect of
the H(O)-addition. The results again demonstrate that
protonation reduces the m-component of the N EFG,
with concurrent increase along the H-N bonds, but
beyond this there is no immediate method of relating
the two procedures.

2.3.2. LMO for thioformamide, thio-
urea and their methyl derivatives

The o- and n-LMOQO’s of the SC bonds are at 0.90
and 0.54 A from the S atom, so that the centroid of
the 6-bond is closer to C than the midpoint. The LPg
LMO’s are again nearly equivalent, with distances of
0.52 A from S and making C-S- -LPg angles of 105°.
The o- and n-LMO of the CN bonds are 0.57 and
0.19 A from the N atom, both slightly larger than in
formamide under the same level of calculation. This is
consistent with the slightly higher electron donating
effect of N in the thio-compound. The situation with
thiourea is similar to both thioformamide and urea;
the 6- and n-LMO of the SC bonds are at 0.94 and
0.40 A from S, with a C-S-LPg angle of 103°. S-
protonation of thiourea gives a structure with HSC

angle 105° and the C-S-LPg angle 128°; The o- and
n-LMO centroids for SC are 0.96 and 0.19 A from S,
again showing quite high nt-localisation on S, with the
o-bond centroid closer to C than S.
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2.4. Electric Field Gradients and derived NOCC

In previous papers we have discussed the effect
of condensation on the NQCC at '#N, in the light
of monomer calculations which compare with the
gas phase molecules, and cluster or lattice calcula-
tions, both of which refer to the condensed phase
[11,12]. The present results include systems such
as formamide, acetamide, urea and thiourea, where
we have previously discussed the relationship of the
Hartree-Fock SCF results to experiment. We do not
add to that discussion here except for a few points
in relation to the MP2 correlated calculations. First,
the magnitude of the EFG at almost all nuclei and
almost all molecules is reduced; hence the NQCC are
numerically smaller for the MP2 calculations, and the
use of the ‘best values’ for the atomic quadrupole cou-
pling constants (Q, ) already brings the results into the
area for agreement with experimental gas-phase work,
without ‘scaling’ (as was necessary with the DZ-SCF
results). In only a few cases, largely restricted to 'O
NQCC’s, are the individual NQCC'’s changed in or-
der between the TZVP/SCF and TZVP/MP2 calcu-
lations, but the DZ to TZVP change leads to more
interchanges in \ ;. Further discussion of the results
in Table 4 in relation to NQR studies, where the single
molecule calculations have limited applicability, are

delayed to a following paper using lattice calculations
[45].

2.4.1. The MO, NO and LMO
contributions to the EFG

For (x,y) planar molecules, the EFG (3 x 3) ma-
trix has one off-diagonal element (¢,,). The diago-
nalalised tensor in general has non-zero nuclear and
electronic ¢,, but the sum is zero, and this is shown
in Table 5. Normally the values obtained for the indi-
vidual MO’s are based upon a 1-electron occupancy
and are then multiplied by the occupation numbers
for the MO (2 or 0). Many examples of MO contri-
butions in such cases have been reported previously
[46,47]. When MP2 correlation is employed, the oc-
cupancy varies widely but again the NO contribution
is the product of the occupancy and orbital contribu-
tions. The delocalised NO’s, like the starting MO’s,
show many orbitals making EFG contributions. The
LMO?’s largely remove this tendency, and reduce the
main terms to just 3 bonds (or 2 bonds and a lone-pair
at O or S). Hence the data in Table 5 is limited to
those LMO’s, together with the other n-LMO’s.
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The first thing to emerge from Table 5 is the strong
relationship to the Townes-Dailey theory; the LMO
contributions show very uneven values for the indi-
vidual EFG components, as evidenced by the NH
bond contributions. This is because of the very differ-
ing contributions of the nuclei to the nuclear part,
owing to different geometric positions. It is pos-
sible to make some general conclusions about the
EFG LMO components, especially in the out-of-plane
(oop)directions, since these are invariant to rotation
of the molecule around the oop-axis. Both in Tables 4
and 5, xx, yy, zz are used strictly according to (1) and
do not refer to the molecular coordinate system.

Detailed analysis of the EFG tensor elements from
the LMQO’s (Table 5) shows that the out-of-plane com-
ponents (1-NC) at "N, ¢.. are large and positive,
and generally close to +1.7 a. u. for each of the for-
mamides. The three 6-bonded components (6-NC,
NH_ and NH,) are all similar and close to -0.5a.u.
The resultant of the 4 terms (+0.21 a. u.) lies close to
the total electronic component but is reduced further
by the more distant terms. Together with the posi-
tive nuclear components, these lead to the observed
negative NQCC at these centres. The contributions
to g.. from the NH and NMe groups are all simi-
lar. When we compare with urea, the three 6-bonded
components are still similar, but T-NC has increased
slightly, which with the positive nuclear component
leads to a higher (negative) NQCC. A similar com-
parison of formamide with its thio-derivative again
shows that the oop-components are very similar in
their effect on \__, namely close to —0.5 a.u. for NH
and 6-NC, while n-NC is lower at +1.69 a. u.; again
not all the electronic component can be accounted
for by the 4 LMO terms. The full resultant, with a
slightly larger (positive) nuclear component, leads di-
rectly to the smaller (negative) NQCC at '*N in the
thioamide (Table 4). Finally, the comparison of urea
with thiourea again shows that g.. derived from the
n-OC versus ©-SC LMO’s is slightly larger (positive)
in the O compounds, although a full analysis with
the nuclear component is required to give a detailed
picture.

3. Conclusions

We have obtained equilibrium structures with large
(TZVP) basis sets at the MP2 correlated level. The re-
sultant wave-functions, the natural orbitals, show that
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the primary contribution other than the SCF determi-
nant consists of determinants, where one of the o-
MQO’s is doubly replaced (i. e. both electrons) by a*-
MO, with resultant loss of some G-electron density.
Hence the total m-occupancy is very slightly above the
classical picture of 4m-electrons for an amide group.
The molecular structures are close to experiment in
the few cases where MW and ED data are available.
The tetramethyl urea and thiourea molecules still re-
tain a planar skeleton, but with significant distortion
of the CNC and HCN angles, when a gear-wheel con-
formation is adopted.

The dipole moments are dissected (Fig. 5) in terms
of the average positions of the electrons for the NO’s,
and the push-pull mechanism for the allylic system
seems to account for the higher dipole moments in
thioamides than amides. The corresponding dissec-
tion of the formamidine system, where the electroneg-
ativity of the doubly bonded group is the same as that
of the 2m-electron donor to the allylic system, shows
that the matter is not just a result of the better -
electron donation of S relative to O, since the same
phenomenon occurs in the amidine. It appears to be

[1] L. Pauling, The Nature of the Chemical Bond, 2nd
Edition, Cornell Univ. Press, Ithaka, New York 1956,
pp. 58.

[2] S.G. Kukolich and A. C. Nelson, Chem. Phys. Letters
11, 383 (1971).

[31 W.H.Kirchoff and D.R. Johnson, J. Molec. Spectrosc.
45,159 (1973).

[4] R. Sugisaki, T. Tanaka, and E. Hirota, J. Molec. Spec-
trosc. 49, 241 (1974).

[5] R. D. Brown, P. D. Godfrey, and J. Storey, J. Molec.
Struct. 58, 445 (1975).

[6] W. Kasten and H. Dreizler, Z. Naturforsch. 41a, 1173
(1986).

[7] M. Minematsu, J. Phys. Soc. Japan 14, 1030 (1959).

[8] A.Zussman, J. Chem. Phys. 58, 1514 (1973).

[9] D.H. Smith and R. M. Cotts, J. Chem. Phys. 41, 2403

(1964).

E. A. C. Lucken, Nuclear Quadrupole Coupling Con-

stants, Academic Press, London 1969, p. 224.

M. H. Palmer and J. A. Blair-Fish, Z. Naturforsch. 49a,

146 (1994).

[12] C. Gatti, V. R. Saunders, and C. Roetti, J. Chem. Phys.

101, 10686 (1994).

A. L. McClelland, “Tables of Experimental Dipole

Moments”, Volumes 1 and 2, Publ. Freeman (1963)

and Rahara (1973), California.

(10]

(1]

[13]

477
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