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Abstract. Symmetry fotce field calculations have been performed for the planar
vibrations of urea using CNDO)/Force method. The CNDO/Force calculations pre-

dict well the signs and the magnitudes of bending and interaction force constants;
the stretching force constants are found to be higher in magnitude. The bending and
interaction constants obtained from these calculations and the stretching force cons-
tants obtained from the literature are considered for the initial force field, Using the
observed frequencies for urea and its isotopic analogues, urea-D,, urea-*N,, urea-
1N,D, and urea-*0 in the solid as well as in the solution phases, the force field is
refined by carrying out iterations over the diagonal force constants, - In the final stages
of the refinement iterations are carried out over all the force constants keeping the
signs of the interaction constants unchanged. It is found that the agreement between
the calculated and the observed frequencies is excellent, The final force fields in
terms of symmetry as well as redundancy free internal valence coordinates are
reported. On the basis of the potential energy distribution the vibrational assignments
are discussed. ,
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1. Introduction

i, T

Several papers dealing with the vibrational spectra and normal coordinate analyses
of urea have appeared in the past two decades (Stewart 1957; Waldron and Badger
1957; Yamaguchi et al 1957; Laulicht et al 1965; Duncan 1971; Arenas
and Paralleda 1971; Shteinberg et al 1972; Hadzi et al 1976). Yamaguchi
et al (1957) and Hadzi et al (1976) calculated the Urey-Bradley force fields for the
planar vibrations, while Duncan (1971) computed a 21-parameter symmetry valence
force field. However, a number of points in the assignments of characteristic fre-
quencies are still controversial. Stewart (1957), Arenas and Paralleda (1971) and
Duncan (1971) assigned the bands* at ~1035 cm* and ~1155 cm-? to By and 4; NH,
rocking modes of vibrations respectively; where as, Yamaguchi et al (1957) and
Hadzi et al (1976) preferred to consider the 1155 cm band for both these vibra-
tions. Another controversial point is in the assignment of the bands at ~ 1686 cm
and ~ 1602 cm-! to CO stretching and A, NH, bending modes, which will be dis-
cussed later in detail. In most of the calculations the initial force field is set up by

*The band at 1055 cm~! has been reported at different positions ranging from 1055 to 1064 cm™1.
However, this will be referred to as 1055 cm~! band all through the text for the sake of convenience.
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transferring the force constants from chemically equivalent molecules. This type of
transference may be alright in the case of diagonal force constants; but it is just not
possible to transfer the interaction force constants as interaction force constants are
sensitive functions of the geometry of molecules. The magnitude and sign of the
interaction constants play an important role in the determination of the vibra-
tional frequencies and the potential energy distribution (PED). Recently, Pulay
and Torok (1973) and Kanakavel et al (1976), by means of CNDO MO calculations,
have evaluated the force fields for a variety of molecules. This method is called
CNDO/Force method. Kanakavel (1976) suggested that the interaction force con-
stants, obtained from such calculations, together with the diagonal force constants
transferred from chemically equivalent molecules may form a better initial force
field. Since urea is an important organic molecule with its significant complexing
ability with metals, it is thought of interest to carry out the complete force field cal-
culations for the planar vibrations with the above procedure and discuss the vibra-
tional assignments in the light of PED thus obtained.

2. Mode of calculations, results and discussion

In terms of C,, point group the 18 vibrations of urea factorize according to
T4;+6B;+24,+3B,.  Out of them A4, and B, species correspond to the in-plane
vibrations to which the calculations in the present work are confined. The set of
redundancy free internal valence coordinates and symmetry coordinates, used in

our calculations are given in table 1 in terms of the internal valence coordinates
shown in figure 1.

"

H
Figure 1.

Internal valence coordinates of urea,
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Table 1(a). Redundancy free internal valence coordinates (or local symmetry
coordinates) of urea*.

Coordinato  yjbrational mode Coordinate definition Vibrational mode
5, = An CO stretch s = —\;—6 RQAa—AB—A By  Skel. defor.
‘} Sq = Ar CN stretch Sg = \"}5 (A BL— A BD Skel. defor.
%% sy = Alg CN Stretch S10 = ‘\’/1'8 Q@ Ayy— Ad1— AS,) NH, bend.
?” s = An NH stretch S = "\;—6 @2 Avya— Db — A6, NH; bend.
55 = Arg NH stretch S5 = —\—/1—2 (A8, — Abs) NH, rock.
S = Arg NH stretch 13 = -\-/1—:-,‘ (AB2— A&;)v NH, rock.
5 = Ary NH stretch

Table 1(b). Symmetry coordinates of urea’®

A, species: B, species:

Si=An S10 = 71—2 (Ars— Ars)

Sy= K/l—z(AF‘z'i- Ats) Spa=}% (Arg— Arst Ale— IND)

Sa= 3 (Aryt Argt Dret ArD) Sya=1 (Ars— Arg— Aret ATD)

Si= b (Arch Ars— Ary= A17) Sia= \% (ABa— ABD
Sﬁz.{/l_é(zAa_Aﬁl_Aﬁz) S14=i-——\i:),(2A71—2AYz—‘A31+ Nbq

1 — Aba+ ABY
Sa:m(zAh"’zA'Yr‘ Abr1— Ada— Abds— Ads) Sys= '?Z(Aﬁl—' Ada— Adst AbD

S,= 3(A8 Abg— Abs— ABs)

Redundant: Redundant:
Ss= -;}3 (Aﬂ+ ABH‘ 62) S16= '\}6 (A Y1 Avat ASL‘" Adgt Adg— Ady)

Sy= Vl‘g(ﬁ'}’rF Ayt Ady+ ABe+ Abst A54)

*The coordinates, given in table 1, involving angle bending displacements are scaled by A in
order to represent all Torce constants in the same unit, mdyn AL

2.1. CNDO|Force calculations

The CNDO/Force calculations are performed on urca using a modified form of the
computer program of Pople and Beveridge (1970). The force acting on each atom
is computed for the experimental geometry of the molecule (Worsham et al 1957)
by analytically differentiating the total energy, calculated from CNDO wavefunc-
tions, with respect to the nuclear coordinates. Since these forces are always directed
towards the equilibrium geometry of the molecule, all atoms are moved in the direc-
tion of the force over a small distance, say 001A. The forces arc computed again
for the new geometry and the nuclei are allowed to relax towards the equilibrium
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geometry. The process is repeated until the norm of the forces becomes smaller
than the preset threshold value, say 0:001. On minimizing the energy the norm of
the forces keeps decreasing and it is found that when the norm is less than 0-001
further iterations do not change the geometry and the energy to any considerable
extent.

The cartesian forces are then calculated for all possible configurations representing
the planar vibrations by deforming the molecule by an amount of +1+ AS; from the
optimum geometry calculated, where A, is the displacement in ith symmetry co-
ordinate. The displacements given for stretching and bending internal coordinates
are confined to 4-0-024 and +-1-5° respectively. For each deformed configuration
the symmetry forces (¢:) are calculated by using suitable transformations. The sym-
metry force constants are then obtained by the relations

5 AS;

The values calculated for F, ; and Fj; are close to each other.

The optimum geometry for urea as obtained from CNDO/Force calculations is
given in table 2. Of course, this geometry corresponds to the isolated urea mole-
cule. No experimental geometry for the isolated urea molecule is available in the
literature. However, for the sake of comparison the geometry in the crystalline
state, determined by neutron diffraction studies (Worsham et al 1957) is included in
table 2. The symmetry force constants calculated by the CNDO/Force method are
presented in table 3. As pointed out by Kanakavel et al (1976), it has been found
that the order of magnitude of the bending and the interaction force constants are
quite reasonable and the signs of the stretch-bend interaction force constants are in
accordance with the signs predicted by the orbital following arguments discussed by
Mills (1963). The magnitude of stretching force constants are, however, high.

2.2, Observed Jrequency data

Recently, Hadzi et af (1976) measured the vibrational frequencies of urea, urea-D,,
urea-1°Ny, urea-®N,D; and urea-80 in the solid and in acetonitrile solutions. We
have employed Hadzi’s data in our calculations. Stewart (1957) and Arenas and

Table 2. Experiment_al and calculated geometries of urea.

Bond length Exp * Calec. Bond angle Exp.* Calc.
CNDO/Force CNDO/Force
method method
r(CO) 123X 12854 a(NCN)  1170°  116-48°
ry=rg (CN) 13514 1-3698 A Bi=8, NCO)  121-5° 121-76°

MR (ED 09954 106044 p—p, ENH)  1221° 11490°
= (NE) 09954 10644 5,=5,(HNC)  1198°  12124°
6s=54 (ANC)  1181°  123-86°

*Ref. Worsham et al (1957)
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Table 3. Symmetry force constants (in mdyn XY of urea.

Force CNDO/ Solid Force CNDO/ Solid

constant Force phase Solutio constant Force phase Solution
A, Species

F F 3
1,1 26894 10774 12:102 34 0-054 0086 0.056

1,2 3171 3:061 3154 3,5 0040 0-005 0026 :
1,3 —0:038  —0°133 —0:076 3,6 0147 0006 0-001 IR
1,4 —0:002 —0048  —0012 3,7 0-000 0-000 0-000
1,5 —0488  —0226  —0384 44 14-648 6328 6617

1,6 —0052  —0052  —0-004 4,5 0-104 0014 0019

1,7 —0035  —0004  —0-037 46  —0005  —0042  —0001

2.2 21602 7795 7311 4,7 0292 0025 0022

2,3 0657 0358 0493 55 0957 1:469 1-261

2,4 —0009  —0005 —0001 56 —0046 —0014 —0113

2,5 0356 0567 0269 5,7 0-115 0014 0-005

2,6 —0355  —0271  —0-258 6,6 0°552 0480 0531

2,7 —0002  —0002 —0046 6,7 0006 0035 0:006

3,3 14:968 6:490 6614 1,7 0-546 0624 0670

B, species ,

10,10 19:079 6797 6332 12,12 14:647 6359 6626

10,11 0-584 0474 0-446 12,13 —0067  —0002  —0006

10,12 —0013  —0029  —0015 12,14 —0006  —0025  —0007

10,13 0-588 0723 0'625 12,15 0-267 0018 0-009

10,14  —0263 —0307  —0175 13,13 0955 1:320 1:305

10,15 —0069  —0-108  —0°111 13,14 —0025  —0002  —0003

11,11 14:976 6-491 6614 13,15 —0-076 —0'184  —0-108

11,12 0-049 0032 0.033 14,14 0-540 0-439 0521

11,13 0-056 0-072 0.076 14,15 0014 0152 0044

11,14 0158 0002 0.011 15,15 0°520 ,0:590 0+595

11,15 '0-006 0-001 0.001

Paralleda (1971) assigned the band at ~1055 cm™! to B, species of NH, rocking mode
‘and the band at ~1155 cm™ to the corresponding A, type vibration. On the basis
of the polarized infrared spectra, Yamaguchi et al (1957) preferred to assign the
higher frequency band to both 4; and B, NH, rocking modes. The bands at ~1001
cm™? and at ~887 cm™ in the case of urea-Dj were assigned to 4, and B, species of
ND, rockings respectively. Considering the product rule, Duncan (1971) supported
the original assignments of Stewart (1957) to NH, rocking modes and placed the
B, ND, rocking of urea-D, at 850 em-1. Hadzi e al (1976) pointed out that in their
calculations, out of the two frequency assignments to B, NH, rocking modes 1055 cm™
and 1156 cm™t, the lower frequency yielded no satisfactory agreement between the
observed and the calculated frequencies. Besides this, as the lower frequency band
was missing in the spectrum of dissolved urea, these authors pointed out that the
frequency shift of ~100 cm™ on going to solution phase would be unusually large
for this mode. Therefore they supported the assignments of Yamaguchi et al (1957)
to NH, and ND, rocking vibrations. However, they preferred to assign the band
at ~850 cm-! in the case of urea-D, to 4, type CN stretching which was also
originally assigned to the 887 cm™* band by Yamaguchi et al (1957). In our calcu-
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lations, we have followed Hadzi’s assignments in the case of urea-D,; but in the case
of urea we consider the ~1055 cm-1 band as belonging to B, NH, rocking mode
assuming that this band might be very weak in the solution phase. It should notlbs
ignored that the solvent accetonitrile is not completely transparent in this region
and hence such an assumption is not out of place. ~ Since this band was not reported
by Hadzi et al (1976), we have adopted it from Arenas and Paralleda (1971) for the
solid phase. A frequency shift similar to that of ~1155 cm™ band (4, species of
NH, rocking mode) has been considered for this band in solution phase.

2.3. Refinement procedure

Refinements are performed on the symmetry force field for the planar vibrations
both in the solid and the solution phases. Since the stretching force constants
obtained from CNDO/Force method are very high, as Kanakavel (1976) suggested
the initial force field is set up by taking the interaction and bending force constants
obtained from the CNDO/Force calculations and the stretching force constants from
the force field obtained by Duncan (1971) for urea. The experimental and calculated
geometries shown in table 2 are employed to calculate the G matrices of urea and
its isotopic analogues in the solid and solution phases respectively. The FPERT
program of Schachtschneider (1964)is used to refine the force constants. The damped

least square procedure, suggested by Adams and Churchill (1970) is employed to over-

come the singularity of J' W7 matrix which we often come across in the refinement
calculations because of the strong correlations among several force constants.

The refinements of Symmetry force fields belonging to 4, and B, species are treated
separately, Firstly, the diagonal force constants are refined and when the conver-
gence is achieved, iterations are carried out over all the force constants until a best
fit between the observed and the calculated frequencies is obtained. Duri.ng tl}e
iterations the signs of the interaction force constants were kept unchanged, since in
several cases the comparison with the experimental force fields proved that the signs

Table 4. Redundancy free internal valence force constants (in mdyn A-Y) for urea*

cgfsltgilt Solid phase Solution cfr?srt:.ent ggzlzls% Solution

S 10774 12:102 Sass —0-511 —0-442
i 2165 2230 St 6475 6662
.flai —0'090 — f4,3 0'073 -_

Sos —0226 —0-384 fos 6358 6573
Jaa 7-296 6822 S 1:469 1-261
Soss 0-499 0-489 foro —_ —0-080
Sane 0-282 0326 Fose 1:320 1:305
Fare 0-306 0-338 Sorts —0°130 —0-076
Sars 0401 0190 Sorts 0130 0-076
Fare 0511 0-442  fione 0459 0526
Saso —0-289 —0216 frona 0093 —

S —0-055 —0'079 Fions —0-058 —_

Sans 0-0s3 — Fane 0-607 0633

*The interaction force constants, not included in this
-1

tabl, insignificant values, usually
below <= 0-05 mdyn 4 able have insigni ‘




“

CNDO)|Force calculations and force field of urea 343

Table 5. Observed and calculated frequencies and potential energy distribution
(PED) of (a) urea, (b) urea -Dy, (c) urea -¥*N,, (d) urea -*N,D, and (e) urea -**O in
the solid phase and in solution.

obs; Cale PED Obs,  Cae PED
(a)(NH,),CO Solid Solution
A, species: »
3449 34529 fud75)  Sue(25) 3503 35116 fuu(62)  fos(3D
3347 33520 fu,o(75)  Sfau(24) 3390 33981  f1e(63) [T
1687 16827  fin(43)  fi10(43) 1695 16943 f1,:097)
1606 16026 fupsio(54)  fin(45) 1614 16100 f1000(99)
1157 11555 fip12(61)  f1n(22) 1167 11655 fieona(59)  fia(14)
1005 9911 f1,2(88)  JSaz2(13) 969 9664  fo,a(84)  fizsa(18)
560 5587  foa(84) 509 5052 fu,s(87)
B, Species:
3449 34544 fi61)  f6e(39) 3503 35126 f1u(58)  Ser(4D)
3447 33539 fuo60)  f1a(39) 3390 33988 f,,5(58)  fua(42)
1632 16297 fiono(75)  faa(18) 1614 16141 f10,0(92)
1467 14676 fax(74)  f0s(19) 1419 14207 fi(80)  fasesP1)
1055 10593 fiana(75)  f2,2(26) 1066 1067.3  f12a2(83)  f2:3(16)
' (assumed)
574 5751 £1s(89)  f12:12(29) 576 5774 foo83)  fizaa(15)
(b) (ND,),CO Solid Solution
A, Species:
2591 25809  fa(63)  fure(36) 2623 26156 f1i(56)  fass(d3)
2437 24258 fii(64)  fura(35) 2474 24645  ful(5T)  f1:4(43)
1621 16222 f1,2(94) 1678 16784  f1,(102)
1249 1254'5  fioo(81)  f2s2(30) 1239 12432 fino(74)  f2n2D)
1002 10080 fi2:12(27)  f22(2T) 991 9931 fi2:12(29)  fioo(23)
fin(ll)  fas(ID San(18)
853 8598  fana(d)  fizna(40) 833 8379 f22(50)  f12:12(38)
474 7882 fas(74)  fi2:1a(23) 429 4340  foi79)  Siza(18)
B, Species:
2591 25791 fu(56)  fose(d44) 2623 26134 fu,u(55)  fee(45)
2437 24207 furs(56)  fuudd) . 2474 24635 fue(55)  Sfia(45)
1485 14831 f2,,097) 1448 14440 f£,,2(96)
1157 11537 fiono(87) 1152 11510 fi0:10(90)
883 885.6  fi212(59)  J2a(18) 862 861°0  fiz:2(70)  [2.(12)
508 506'1  fe(76)  fr2:12(52) 522 5216 fou(73)  Fr2aa(32)
(¢) (*NH,),CO . Solid Solution
A, Species: ‘
3442 34412 fudTD  fee(23) 3496 35001 f5u(63)  fae3T)
3343 33478 fus(1D  [f14(23) 3387 33935 fue64)  f14(36)
1679 16789  Fiud5)  fiosno(41D) 1692 16932  fin(O7
1604 15987  fi0:20(56)  fin(43) 1604 1604'1  fi0:20099)
1151 11475 f12,10(63)  f12(22) 1160 11566  fuaa(61)  f1a(14)
984 9779 f2,(89)  frasa(11) 950 946'9  f0,i(85)  Sian2(16)

552 5505 - fu.s(84) 501 4973 fes(87)
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(c) (*ND,),CO Solid Solution
B, Species:
3442 34424 f,,,(61)  f,,4(39) 3496 35012 f,u(59)  Fuld)
3343 33504 f,o(61)  fuu(39) 3387 33943 fui59)  fu.dl)
1621 16214 fioo(TD)  fasa(14) 1604 16056 fig010(94)
1462 14621  f,,0(76)  f£,6(20) 1414 14141 fiu(81)  fi,(21)
1046 10459 ﬂ3,12(76) _fz,z(26) 1056 10566 ﬂ2,12(83) ‘fg,g(.IG)
(assumed)
568 5703 £o(89)  fiana(28) 571 5716 f5,(83)  fuaa(15)
@ ND),CO  Solid - " Solution
A, Species:
2573 25633 fLl(64)  f,,(35) 2609 25990 fuu(57)  foa(d2)
fg; 2‘6119'4 J66(63)  f1,(34) 2468 24572 fouu5D)  fou@3)
1621-3  f1,,(95) 1679 16778 £1,,(102)
1237 12393 f10,1084)  fu,1(25) 1227 12283 fi0010(78)  fana(24)
994 9994 f10(29)  f12:12(28) 983 9867  f3201230)  fuosso(21)
843 Jou(1D)  f1(10) Fn(19)  Fos(1D)
s 847:3 f1a(44)  fi2,14(40) 822 8242 f1,.(52)  f12,1(39)
4743 ful75)  fu(21) 426 4302 f0,(79)  fiaana(1D)
B, Species:
2573 25621 fi,[(56)  fi.o(44) 2609 25974 fi,4(55) 1,
* ) 44! e{44)
R G U8 M6 oS a4
212 14305 £3,2(96)
1;;: I;;f—l, F014(88) 1150 11488 fi0,10(91)
07 sopy CD) Sull® 8L 800 fan(T)  fu12)
FooTO fuma(SD) 521 5187 foo(73)  famaG1)
(¢) (NH,),Cze P == —
©) (NH,),C*0 _Solid Solid
A, Species: B Sp;c; "
(i
3442 34509 :
3348 13520 ?.((;155)) }J},s(zzi) 3442 3454:4  f1..(61)  f.,4(39)
63 t6ma 2 ;,4(29) 3348 33539 fo,(60)  fiu(39)
S 104 7 a6 w5 £
10 1136 e pme) 64 L6050 £09)
- 9963 fz;t;o) ;’1 (1)0 - 10576 f1212(76)  f2,3(25)
S8 spe ey D0 — 5620 £ou(89)  fizm(28)

well predicted. The fina]
phase are included 1o tabkz833tmmetry force fields for the solid phase and the solution

*The CO stretching/CN, ;
Force method (3- 3 symmetric stretching interacti
”.‘?»Od \g’elfrli eiindyn A=) is found 1o ion constant

i F,,, obtained from CNDO/
tWwo initial force ﬁeldl;ewihiltgherf:ai tsh?fnr e&"ﬁi“? Damean {(1971) @507

mdyn &
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A general force field is expressed ({UPAC 1977)in terms of 3N—6 (3N—5 for linear
molecules) basis coordinates which may be internal symmetry coordinates, local
symmetry coordinates Or any other most suitable to the problem, where N is the num-
ber of atoms in the molecule. The internal valence force constants cannot be obtain-
ed through simple transformation from the symmetry force constants, unless some
assumptions are made on the symmetry force constants corresponding to the redun-
dant symmetry coordinates. It is customary therefore, to transform the symmetry
force field to the redundancy free internal valence force field. The redundancy free
IVEF corresponding to the redundancy free internal valence coordinates of table 1
are summarized in table 4. The calculated and the observed frequencies for various
isotopic species of urea and their PED in terms of redundancy free IVEF are shown

in table 5.

2.4. Discussion

The symmetry force fields listed in table 3 can be considered as the first complete force

fields for the in-plane vibrations of urea, since in all the previous works some inter-
action force constants or the others were constrained to zero. The CO stretching
force constants obtained in our studies (table 4) are found to be less than those
reported for formaldehyde (Duncan 1973) and carbonyl fluoride (Mallinson ef al
1975) (~13-0 and ~14-8 mdyn -1 respectively). The CN stretching force constants
are found to be higher than that in methylamine (~5+1 mdyn A-Y) (Hirakawa et al.
1972). These observations can be explained on the basis of the possible resonance
forms of urea molecule leading to a decrease in the CO bond order and an increase
in CN bond order. A higher value of CO stretch/CN stretch interaction constant
fia (~2:2 mdyn A~') can also be explaihed on the basis of resonance. A similar
high value (2267 mdyn A-1) has been reported for the corresponding interaction
force constant in methylpropionamide by Usha Bai and Venkata Ramiah (1973).-

The CN, stretch/NH, stretch interaction force constants Fy,3 and Fy,y a1¢ found to-

have significant values ranging between 0-36 to 047 mdyn A~%, which were originally
constrained to zero by Duncan (197 1). It is not surprising that these interaction
constants should be non-zero as CN and NH bonds are quite close. This is also
reflected in the redundancy free IVFF. The force constants fp.q and foe correspond-
ing to neighbouring CN and NH interaction have values ranging between 028 to
0-34 mdyn AL

As can be noticed in table 5, in contrast to Hadzi et al (1976), with our final force

field, we obtain an excellent reproduction of the frequencies by assuming 1055 cm™*
band in the place of B, NH, rocking mode. This band is found to have 75% contri-
bution from NH, rocking in the solid phase, while, 83 % contribution in the solution
phase. Stewart (1957) assigned the band at ~1686 cm™ of solid urea to CO stretch-
ing and the band at ~1602 cm! to A; NH, bending modes. The normal coordi-
nate analysis of Yamaguchi et al (1957) and Duncan (1971) show that the 1602 cm™
band has a greater contribution from CO stretching than the 1686 cm~! band. On
the basis of their calculations, Hadzi ef al (1976) concluded that in the solid urea the
CO stretching mode is spread over the 1687 et (37%) and 1606 cm~! (20%) bands.
In dissolved urea the CO stretching is located at the higher frequency with 72%
contribution. Our calculations show that the bands at 1687 cm~! and 1606 cm™? of
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urea in the solid phase have a very strong mixing between CQ-stretching and NH,
bending modes. The bands at 1695 cm™ and 1614 cm™ of dissolved urea seem to

represent pure CO stretching (96 %) and NH, bending (99 %) respectively. A similar
trend is observed in the case of urea-*N, and urea-180 also. :
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