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AktraU-Using normal coordinate analysis. tk IR bands of tk six fundamental skeletal modes of acetone 
have been computed using a four atom model Refinement of tk force constants allows prediction of all 
tk normal modes of acetone to less than 4 cm-r error in each band which approacbm tk cxpcrimental 
error of tk IR measurements However. tk four atom model ks faults which show up in such small 
structural variations as CD,COCH, and CDxCOCD, Attempts to use tk four atom modd (the socalled 
Halford model) to correlate tk position Ot IR ban& are thus frustrated. Therefore, theoretical and specu- 
lative restraints am urged in tk numerous attempts to relate v, using a four atom modd to such diverse 
problems as non-classical carbonium ions and tk Y Q) band position of various cycloalkanones 

INTRODUCTION 

IN PREVIOUS papers in this series, the theoretical and experimental consequences 
of using carbonyl stretching frequency as an energetic model and as a predictive (or u 
posteriori) tool for carbonium ion reactions have been discussed.‘* S-S Several con- 
clusions were reached. 

(1) No theoretical support could be given to the use of the Halford equation6 
(either directly or indirectly) or its implied linear relationship betweenh thecarbonyl 
stretching frequency in R,CO, and the bond angle, RCR. 

(2) Conclusion (l), when coupled to the well known fad that R&O compounds 
are stiffer and harder to deform than R&H+ compounds, rules out the use of the yco 
to support nonclassical carbonium ions. 

In the present paper the use of the four atom model as suggested by Halford” 
has been extended to see if the four atom model could predict the skeletal frequencies 
of acetone, two of its deuterated derivatives (CD&OCHJ and CD$XICDJ), and 
8cttone -0”. 

THEORY 

Several computer programs in FORTRAN IV have been used to set up and solve 
the GF vibrational secular equation.’ CART, a program for evaluating the Cartesian 
coordinates of each atom (xc y, 23, requires input information of bond distances and 
bond angles Atomic masses are also entered, k&ally the program computes the 
coordinates of each atom in a fixed coordinate system #(x, y, I) from the bond angles 
and bond lengths. The first three atoms are used to define the coordinate system 
&t, y. z), whose origin is located on the first atom. The positive x-axis points in the 
direction of atom number two, and the triad l-2-3 defines the x-y plane. For each 
additional atom a new coordinate system #‘(x’, y’, ~‘1 is used. The next atom is located 
by the spherical coordinates I?, 0, and p, in terms of its bond distances and bond 
angles &‘(x’, y’, z’) is located by giving the numbers of three previously defined atoms. 
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The program calculates the transformation, T, from #(xl, y’, z’) to #(x, y, z), deter- 
mines the Cartesian coordinates x’, y’, and s’ from the spherical coordinates r, 8, 
and rp, and transforms x’, y’, and z’ to x, y, and z. The output consists of the x, y, z 
coordinates as well as the center of mass (and the principle coordinates) and the mo- 
ment of inertia The moment of inertia tensor is diagonahxed by Corbato’s SHARE 
subroutine. 

GMAT, a program for computing the G matrix (or the vibrational inverse kinetic 
energy matrix), requires the input of the Cartesian coordinates& masses of the atoms, 
and the numbers of the atoms defining a complete set of internal valence coordinates. 
An option is given for transformation to symmetry coordinates if this is desired. The 
vibrational problem, set up in the GF method, is expressed in internal valence co- 
ordinates (I.V.C.) satisfying the Eckart-Sayvetx conditions**g to separate the vi- 
brational problem for the translation and rotation of the molecule, The I.V.C. defined 
by Wilson’* as modified by De&s” was used. The output of GMAT consists of 
punched cards containing the necessary matrix elements of the X matrix (Cartesian 
coordinates), the B matrix (matrix elements of the transformation R = Bx, from 
Cartesian coordinates, x, to internal coordinates, R), the G matrix (since G is symmetric 
only the diagonal and the above diagonal elements am punched), and the U matrix 
(elements of the transformation S = UR to symmetry coordinates, S). 

These punched cards are then combined with the force constant elements (the 
Z matrix) and entered in to the next computer program that solves the complete 
vibrational problem. The output of this program consists of the calculated vibrational 
frequencies and the potential energy matrix Options are available to print out the 
elements of the displacement vectors for each vibration. 

RESULTS 

The structual parameters of acetone (M,C = 0) wem taken from the microwave 
dataofSwalenandCostain:” r- = 1*215A,rc_, = 1515k L MCM = 116”7’. 
MasseswereO= 1600; C = 12a11, and M = 15435 since a four atom model is 
being used The mass of M was increased for the d3 and d6 compounds In Tables 1 and 
2 the valence force constants, the interactions constant% and definition of the internal 
coordinates are given. The values of the force constants used in Problem No. 6 (Table 
3) are listed in Tables 1 and 2 

The force constans were obtained from Beckmanni3 for Problem No. 1. The best 
constants of Cossee and Schachtschneideri’ wem used for the calculations of Problem 
No. 2 The results are given in Table 4. The experimental values are those repotted by 
Dellepiane and Overend.” The value of Av is the absolute value of the difference of the 
calculated value and the experimental value. The value of Av is the average deviation 
of estimate of all six fundamental modes of a four atom system, M&O. 

It is seen that the average deviation from the observed frequencies of acetone is 19 
wave numbers for Problem #l and 28 wave numbers for Problem #2 Since the force 
constants of Problem #l calculated the best frequencies it was decided to refine these 
constants to see if a still better fit could be obtained. In Table 3 the values of the force 
constants used in Problem #M ate also given The results of these calculations are 
found in Table 4. 

From Table 4 it can be seen that as a better fit for the observed frequencies of acetone 
is obtained, the average deviation between calculated and observed frequencies for 
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Coord No. 

1 

2 

3 

4 

Description 

C-M 

C-M 

MP 
\C// 

Foroe coostant 
Code’ 

No. VatuP 

I 1 lV5V 

I 4 4.24 

I 4 424 

2 6 0892 

5 

6 M-M 

‘C’ 

2 6 0892 

2 7 0595 

7 Cubottyl out-of-PiPIlc Bend 3 a V-364 

’ I ~strctdl(wcighingfutor = Q0);2~bed(weighiqfactor = 1,1);3=out- 
of-plane bend (wighing factor = 1,l). 

’ Stretching constanta in units ol millidynes pa angstrom Beading constants in 
units of millidyna angstrom per square radian. 

Values of Problem 6, see Table 3. 

TAESLE 2. INIIWNXI~N mnce UMSTAN-IS usm IN THE S-AL VIBMTIONS OF 
ACeTONe Uslffi A RXJR ATOM LIODEL 

Coord Nos. 

l-2 

l-3 

l-6 

2-3 

Description 

C=O and C-M 
intcractioa 

C==O and C-M 
interaction 

-M 
C=Oand”, / 

C 

C-M and C-M 
(C in commoo) 

Fora constant 

No. ValueL 

2 -0176 

2 -V176 

3 -0219 

5 1978 

’ Stretch-bend intenction conti8nts iu units of miliidynca pe mdii Values 
of Problem 6, see Table 3. 
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the deuterium substituted compounds gets huger. This indicates that the force field 
used is not as good an approximation as would be desired. For example, the force 
constants of Problem 6 of Table 4 (and listed in Tables l-3) give an average deviation, 
II& of only 4 cm- 1, an extremely small number for acetone. However, CH&OCDJ, 
(or MCOM’) has an average deviation of 25 cm-’ with large errors of prediction in 
each normal mode except the c==O stretching mode. In the fully deuterated com- 
pounds the E increases to 44 cm-‘. 

TABLE 3. %JMMARY OP HlRCE CONSTANT? US53 IN THE SKRLRTAL YlRRATlONS OF ACRTONl!, PROBl.iXi 14 

Force Constsnts’ 

Problem No. F, , F,, = FI, FM F,P = F3s FZ3 Fu = Fss FM F 1, 

1 1050 0 0 4.24 0 0892 0595 0353 
2 9.723 0 0 4477 0 la1 1649 0217 
3 ID50 -0176 0 4.24 0 @892 0595 0353 
4 1054) -0176 0 4.24 0478 0892 0595 @353 
5 1050 -0176 -0269 4~24 0478 0892 I3595 0363 
6 1050 -0176 -0219 424 0478 0892 0595 0366 

’ Stretching constants in units oftnillidyocs per angstron Bending cortstatt~ iu units of millidyncs~ang- 
Strom per square radian Stretch-bend interaction constants io unita d millidynas per radian 

The reader should also note that the C-C stretching band (1216 cm- ’ experimental 
inacetone)isincreasedto 1224cm-1(experimental)inCH,COCDJand to 1242cm-’ 
(experimental) in CD3COCD3. However, the four atom approximation puts all of the 
mass of each CHJ or CD3 group into a unified atom, MD. or M’. 

Thus, one gets the calculationally expected result that as h4 increases in mass, 
the M-C stretching frequency would drop (see Table S). Problem 6 predicts a shift 
of -23 cm-’ upon full deuteration, in the opposite dire&on of the experimental 
observed effect of + 26 cm- ‘. Thus to obtain the proper magnitude and direction of 
the shift, one must go to a full atom treatment 

0 0 
II II 

A /“\ /D 
M C--D 

mass 
18 

\ 
mass12 D 

incorrect shift 
of vC-C us mass 

correct shift 
of VC-C 

using force fields of each atom in the acetone molecule (calculational results on 
CHJCOCHj and CDjCOCDJ using the full force fields are unpublished data from 
these labs) 

Thus we cannot over emphasise the fact that four atom models should not be used 
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TABLE 5. EWECYS OF MASS UPON TWX! c--c SIRITCHING FRMJUENCY 

Results of the four atom model 
calculations 

Experimental cm- I’ Av* Model 1 Af Model6 Av’ 

CHxCOCH, 1216 0 1271 0 1212 0 
CD,COCH , 1224 + 8 1258 -13 1201 -11 
CDxCOCD, 1242 +26 1245 - 26’ 1189 -23 

” See Table 4. 
* Computed & loom CHxCOCH,; 1224 - 1216 = +8 for 

CD,COCH,. 
c Computed shift from MCOM to M’COM to M’COM’ using 

Model 1. 
’ For example, 1245 - 1271 = -26 cm-‘. 
’ Shift computed us@ Model 6. 

to relate the observed frequencies to the calculated results For example, recently’* 
the cyclic ketones 

have been treated using a tetra atomic model using only diagonal force constants and 

0 
II 

computing the change in Av, as the CX-C angle is varied. While reasonable 
values were computed for the vco of 2 3 and 4, the error of prediction of vco of 1 
was about 50 cm- I. The model used (see Table 2 of ref 16) had constant force constants 
(kc,, = 108 mdynes/A) for all ketones 1-4; that is, an assumption which is known to 
be false since the carbonyl force constants varies by about O-5 mdynes/A in com- 
pounds 1 to 4. 

O’* Acetone 
It is of interest to note that a shift of 29 cm- I (gas phase) for the vq frequency is 

predicted by these calculations (Problem 6, Table 4) for (CH&CO ’ “. This value can 
be compared with the experimental values of 33 cm- 1 in acetonitrile solution” and 
30 cm- 1 in water. I8 Currently O’*-enriched acetone is under study in the gas phase. 
In particular the use of the isotopic shifts is being made to settle some fundamental 
problems of band assignments in acetone and other ketones. 

These calculations on the Or* derivative can be used as an aid to the experimental 
problem of determining the out-of-plane carbonyl bending frequency by oxygen-18 
isotopic substitution. These calculations predict very small oxygen-18 shifts for the 
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bands below 600 cm- ‘. The 530 cm- ’ band (which is the out-of-plane carbonyl bend 
by this calculation) shifts only 3 wave numbers to 527 cm-’ in acetone-‘*O. The 
calculated 397 cm-’ band of acetone shifts to 393 cm-’ in acetone-“‘0, a shift of 4 
wave numbers. The 490 cm- ‘, which is 77% carbonyl in-plane bend (see Table 6) 
is lowered 12 wave numbers to 478 cm-’ in acetone-‘*O. 

In Table 6 the potential energy matrix is given for Problem 6. The numbers change 
by very little by small changes in the force constants (Table 4). The symmetry of each 
fundamental mode is clearly seen by the 0 elements in the matrix. For example, only 
F,, determines the position of v& the out-of-plane bend 

TABIJ! 6. NORMALIZPD PO~NTIAL ENERGY DISlRlBUTlON OF ACEIDNE. PROBLW #6 

Y F II F,z = F,, F 1* Fn = F,s Fn F.. = FM F ** F 1, 

1732 w 00230 00251 @1146 00129 OQl85 00246 0 
1212 0 0 0 m -00982 02273 0 0 
788 016888 -00266 ooo68 a 00846 OGO67 o(l90 0 
490 0 0 0 O2562 -00289 m 0 0 
397 00054 OGOlO 00094 00347 00039 04051 05405 0 
530 0 0 0 0 0 0 0 ALQm?JI 

’ The underlines values show the largest contribution d purity to ead~ normal mode 

Using Table 6, the calculated band at 1732 cm-’ is made up of 83% carbonyl 
stretch and 11% of C-C stretch. The asymmetric C-C stretching band at the calcu- 
lated value of 1212 cm- I is made up of 87% of the C-C stretch. Likewise, the sym- 
metric C-C stretch at the calculated value of 788 cm- ’ is made up of 75% C-C 
stretch. The calculated band at 490 cm- 1 turns out to be made up of 770/, of the 
carbonyl in-plane bending motion. The band at 397 cm-l is due to the coupled 
vibration of both the carbonyl in-plane bend and the carbonyl angle bend. It is made 
up of about 54% of the carbonyl in-plane bending vibration. These calculations show 
that the carbonyl out-of-plane bend is the band at 530 cm- ’ which depends only 
upon the F,, force constant. With the exception of that normal mode, none of the 
vibrational modes are “pure” motions. While these ideas arc not new, it is felt that 
the practising organic chemist sometimes loses sight of some theoretical insights. 
Had these facts batn well known and appreciated, one doubts if anyone would have 
misused the original Halford equation as a structural tool to “measure” C-C-C 
angles in ketones 

4139 

A O.oaO Q020 

a023 cm23 

FIG. 1 Motion of atoms displaad by the normal mode with a fmqucncy of I732 au- ‘, 
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003!3 

A aoal 4033 

am3 am 

FIG. 2 Motion of atoms displaad by tbc normal mode with a fnqwncy of 1212 an- I. 

FIG. 3 Motion of atoms displaced by the normal mode with a frequency of 788 ~11- I. 

as0 

?- 

FIO. 4 Motion of atoms displaced by the normal mode with a frequency of 490 un- ‘. 

FIG. 5 Motion of tk amoms displaaxl by the normal mode with a frequency of 397 an- ‘. 
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0076 
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-QZS 

l&62 a& 

1179 

FIG. 6 Motion of atoms displaced by the normal mode with a ftcqucacy of 530 an- *. 

In Figs l-6 the displacements from the equilibrium position of the atoms in the 
four atom model are given. The elements of the displaoement vectors, whose origins 
are at the given atom, are shown. These vectors give the direction of the straight-line 
motions (in the x, y, z directions) of the n atoms vibrating in normal mode i and the 
lengths show the relative amplitudes for each atom. These relative displacements 
clearly show that in the v, band not only the oxygen and carbon move in the carbonyl 
group, but that the other atoms move a bit to maintain a constant center of mass of 
the molecule. Since vco has a 11% part of the C--C stretch (see Table 6) and a 2% 
contribution of the C-C-C bend (force constant F&, one can ‘*see*’ why the vco 
does depend upon the C-C-4 angle but in a rather complicated manner. 
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