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The Wilscn FG matrix method for the
tetrahedral M(XY,:): molecules has been
used by Siebert?” But no symmetry coordi-
nates were given and a valence force field,
including only one cross term of M—X and
X—M-—X internal coordinates, was used.
The present investigation was undertaken
in an attempt to carry out a normal
coordinate treatment with a Urey-Bradley
potential function and to assign observed
frequencies for C(CH;): and C(CDs), to
fundamental modes of vibration.

Normal Coordinate Treatment

A representation of the forty-five normal
vibrational modes of the tetrahedral
M(XY:): molecules is reduced to fourteen
by I'=3a;+4e-+7f;. According to the well-
known selection rules, all fundamentals
are allowed in Raman spectrum, while
only type f. fundamentals are allowed in
the infrared. In the Raman spectrum, the
a, vibrations correspond to polarized lines,
the others to depolarized. It is possible
to show that in both the a, and e species,
n‘>=1 for any sets of equivalent internal
coordinates, while in the f, species, n("=2
for the X—Y stretching and the Y—X-—Y
bending coordinates. For the latter case,
it is neccesary to find K, which is a sub-
group of G, and to construct the final
symmetry coordinates from nondegenerate
symmetry coordinates under K, as shown
in the following manner:

G(Ts) K(C.) Symmetry coordinates

/l‘ a; Rg, R] 1
fz —P b1 Ra, Rm
b, None

From the internal coordinates (Fig. 1),
the following orthonormal symmetry co-
ordinates were formed :

for the a, vibrations,

Ri=4(yn+yn+ystyn+yatystyntysn
F 53ty +yietyie) (1242,

1) H. Siebert, Z. anorg. allgem. Chem., 268, 177 (1952).

Fig. 1. Internal coordinates of M(x Y3).
molecule.

R:=A(yuy+yuyie+yeyiet+yaye+yayes
Y2 Yt V3V Va1 Vaz+ Ve Vs + Y Va2
+YuYiztYeYes—X1Yu—X1Y2—X113
—Xo Vo — X2 Ve —X2Vez—XaYa1—XaYaz— X333

-—x4y41—x4y4z—x4y..s)/24' % and
R3=A(x1+xz+x3+x4) ,’2 M

for the e vibrations,

Ru=4@2yn—yi2—y13+2y:1—Y22—Y3+2ya
—Yaz—V33+ 2V —Via—Yis) [ 2412,

Risu=d@yuyiu—yuyie—yuyi+2¥:2¥:—Yuyz2
—¥21 Y23+ 2932 Y33 — V31 Y32 — Y0 Yz +2¥02 V13
—YaYiz—Yas) [ 24! 2,

Rea=d2x1y1—X:1Y 12— 21 Y13+ 222521 — X2 Y22
— X223+ 2%3 V51— X3 V32— X3 V33 + 2% Yt
-—x4y42—-x4y43)f241f2, and

Ria=d2x12:—2:123— 2124+ 2X32, — X,23
—x:2,)[12).%;

for the f, vibrations,

Rsa=d@2y1—Y22—¥23+2¥3— V51— Y22+ 2942
—Yi3—ya) [18" %,
Rya=A4@By+3y12+3¥13— V21— V22— Vs — ¥
—¥s2— Y3 —Ya1— V12— Vs3) fﬁ;
Rie=Ad@2y20y—y1Y22—V1Y23+2Y1 V12— Y31V
—YaYa3+2Y0 Vi3V Yiz—Y12¥13) [ 1842,
Ruy.=4d (33’11}‘12 +3y11y1:1 +3}’12y13‘—'3’21y22
—YaYeuz—Yu Yz —YVuYi2—VYiz—Y2¥33
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=Y Yie—YnVi3—Yi:Y13—3%1 Y11 —3%1 Y12

—3x1 Y15+ X2 Vo1 X2 Yoo+ X2 Y23+ X3 Ve

+ X3 Y32+ X3 Va3t XY+ X4z

+x43’43) }(721" 2
Ri2a=4(3%1— %, —x3—2x,) [12! 2,
Riza=Ad2x:¥211—X2¥22— X2 Y23+ 223 V33— X3 ¥

— X3 Y32+ 2% Y2 — XY —Xa ¥i3) 182, and
Rua=4(21%:+ 21X+ X104 —X2X3— X2 %4

""xaﬂh)}{ﬁl'z.

The numbering of these coordinates cor-
responds to the numbering of the funda-
mentals in Table III.

From the potential constants of a Urey-
Bradley force field” and the coefficients
of the symmetry coordinates, one obtains
the following F matrix elements:

for the a, vibrations,
F!.1=K1+4512F1+322F2F+522F2y
Fip=2" 215, (Fy' + F1) y— (£:8:F,'
+t332F2)x}{21 2:
Fi3=3"2(— 143 Fo' +5:5:F3),
Foo=[(H\—8:2F\' +1:°F) y* + (H;—5:8:F'
+ 68 Fo) 2y +3k1 /2121 2,
Foy=—3Y2(t38:.F,' +1:5:F2) y (2.2,
Fsz=Ky+65:2F;+3t:*F,' +3s5°F: ;
for the e vibrations,
Fu=K,+3t*F'+52F,+1,°F) +5.°Fs,
Frp=—6s:(F/+F)y,
F13=(1283F2r+f382F2)x,
Fzg=(H1—812F1+f12F1)y2+21 zk_q,“l,
F23=k1,-!21 2;
Fis= (H;—5:8:Fy' +1:4:F5) xy+2* *ky /4,
Fu=(Hy,—s*Fy' +1,°Fo) x* —2" zka/‘i, and
Fyy=F;=F=0;
and for the f. vibrations,

Fu=K,+3t*F\"+5F+1{.2F' +5.°Fs,

Fy=—U5(F\'+F)y,

Fie=(:5:F2' +1:5:F%) x,

F23=K1+4312F1 +f22F2P+322F29

Foy =228, (F) + F1)y— (t:5:F'
+£353F2)x,’21‘2,

Fos =3Y2(— 13 Fy' +5:8:F5),

Fys=(H,—s*F\/' +1,°F))y*+2'?k, [ 4,

Fy=—F /2" 2,

Fu= [ (H, —312F1’+£12F1)y2+ (H'z“SzS:stJI
-l-tztng)xy-i-Bsz" 2] ;2

Fis=—3V2(t:5,F,' +1,5:F2) y[2' 2,

Fss=K)+41°Fy' +-25,°F,+ 315 F>' 4355 F>,

Fo=2Y24ys0(Fo' + Fo) %,

Foo= (Hy—5:5:F2" +1:0:F2) xy+2' *k1/4,

Foy=(Hy—s*F,' +1,°Fo)x*+3k, /82, and

"2) T.Shimanouchi, J. Chem. Phys., 17, 245, 734, 848
(1949).

and
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FIEZFHZFISZFI?:F23=F26:F2T:F31=F35
=Fy;=Fys=Fy=Fs5;=Fg =0,
where the following abbreviations are
adopted:
ty=8'?x[3q,, 1,=8"%9[3q:, 1.=8"°x/3q.,
t:=8"' 2y/3q:, so=4x[3q., s1=4y/3q,
s:=(x+3y)/3q:, s3=(3x+y)/3q.,
and the symbols used for the equilibrium
values of the interatomic distances are
x=M—-X, y=X-Y, go=X--- X,
=YY, and g:=M-----Y.
The G matrix elements, obtained by use
of the table of Decius® and the method of
Crawford®, are as follows:

for the a, vibration,

Gui=py/3+ tty,
Gio=—4px/3y,
Gry=—py /32,

G2=2(8px/34+x) [,
Goy=4py/3"%y, and
Gu=pr;

for the e vibrations,
Gu 24!1‘\'}"3%'.“1’,
G1,=32" 2.“.1';’(33’,
Gia=—2""ps(3[x+1/9)[3,
Gu=2py/x,
Ga:= (Bt /3+51r/2) [ 57,
Gay=—2p:(1/3y*+1/xy) + v [ 25,
G =8 2y xy,
Gay=px(3/2x2+ 1/ xy+1/69%) + pty [ °.
Gu=—px(3/x*+1/xy) (2", and
Gu=3p./2";

and for the f, vibrations.
611:4.“!.1‘,;3'!"“5'9
Gi3=32V%p, /3y,
Gis=—2' 25 (1/2+1/3y),
G, =82, /3%,
Gzz=P,1f3+.“.v,
Goy=—4px(3y,
Gas=—11/3'2,
Ga3=8x/3y>+5uy[2y°,
Gis=—2px(1/2y+1/3y*) + 1ty [ 2%,
Ga?=4#n’3”2xy,
Gyu= 16#.\'}"33’2'1‘2!-‘1’!,3’2,
Gis=4py/3"%y,
Gss=4pty 3+ tx,
Gss=4py[3"x,
Gs1= '—‘81”,11!3-‘5,
Ges=4py [ 22+ px(3/22°+ 1/x2y+1/6y%)

__i_‘u}_,;}ﬂ,

3) J. C. Decius, J. Chem. Phys., 16, 1025 (1948).
4) B. Crawford, Jr., J. Chem. Phys., 21, 1108 (1953).
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TABLE 1
RAMAN AND INFRARED SPECTRAL DATA FOR TETRAMETHYLMETHANE
Type Silvers YKM® Shepparde Siebertd SOR
(Raman) (Infrared) (Raman) (Raman) (Raman) (Infrared)
a, 2913 2911 - 2911 2909 —
’ 1455 1252 - — — e
- 733 733 733 733 —
e 2957 2955 — 2955 - —
1455 1455 — 1455 1451 -
925 925 925 -— - -
— 335 335 335 335 —
f2 — 2962 - 2962 2955 2959
— 2876 — 2876 — 2876
- 1455 - 1455 — 1475
- 1370 - 1370 — 1372
- 1280 1252 1257 1249 1256
— 925 925 925 921 925
- 414 414 414 415 418
a See reference 5; b YKM=Young, Koehler and Mckinney, reference 6; c See

reference 7; d See reference 1;

Gor=—8pty [3/2% — pt; (32| x2+1/3Yxy),

Gi:=16p 32424, /2%, and

G:=Gu=Gi;5=CGu=Gn=Gy=Gu=G3=0G
=Gy =0.

Here py, #x and py are, respectively,
the reciprocals of the masses of the M,
X and Y atoms.

Normal Frequencies of Tetramethyl-
methane

The Raman or the infrared spectral data
and the assignments of the observed fre-
quencies for tetramethylmethane have been
obtained in previous investigations!®*~®,
A summary of the fundamentals is given
in Table I. A partial normal coordinate
treatment was carried out by Silver® and
by Sheline et al.® for the a, and e vibra-
tions. Recently, Siebert” published the
normal coordinate treatment of all vibra-
tions. The disagreement between the re-
sults of the different investigations lies
in the assignment of two of type f, vibra-
tions, i.e. C—C stretching and CH; rocking
vibration. In this paper, the nature of
these vibrations will be clarified. Using
the F and G matrix elements given above,
the fundamental frequencies were cal-
culated and shown in Table III. Probable

5) S. Silver, J Chem. Phys., 8, 919 (1940).

6) C. W. Young, J. S. Koehler and D. S.
J. Am. Chem. Soc., 69. 1410 (1947).

7) N. Sheppard, J. Chem. Phys., 16, 630 (1948).

8) R. K. Sheline and K. S. Pitzer, J. Chem. Phys., 18,
595 (1950).

9) E. R. Shull, T. S. Oakwood and D. H. Rank, J.
Chem. Phys., 21, 2024 (1953).

Mckinney,

e SOR=Shull, Oakwood and Rank, reference 9.

values of the observed frequencies and
assignment of the Raman and the infrared
bands are included in the table. The
molecular and potential constants wused
are listed in Table II. The C—H stretching
vibrations were split off by the method of
Wilson. The agreement between the cal-
culated and observed fundamentals was
almost completely satisfactory. The L

TABLE II
MOLECULAR AND POTENTIAL CONSTANTS
OF C(CH;)s AND C(CDy)s

Bond Potential constii(in_ciA.)
distance  pyne Set I  Set II
x=C—C Ky(C—C) 3.440 2.474

=1.55A  H,(C—C—C) 0.206 0.105
y=C—H Fo(C++-C) 0.333 0.571

=C—D ko(CCy) 0.040A2 0.015A:

=1.09A K,;(C—H) 4.50 4.50

H,(H—C—H) 0.40 0.40
H;(C—C—H) 0.15 0.15
Fy(H:wo H) 0.10 0.10
Fp(Coeevee H) 0.40 0.40
ki (CCHj) 0.05A2 0.05A2
F' —F/10 —F/10

The potential constants for the skeletal
vibrations were obtained from the observed
frequencies of C(CHj)s:

The values of set I correspond to v; =733,
ve=335, v;=1089, and y;=4l14cm~! and those
of set II, to =733, v.=335, ;=925 and
vy=414 cm~-! respectively.

The potential constants for the inner vi-
brations were obtained directly from the
normal frequencies of HyC—CHj.



490 Kazuhiro SHIMIZU and Hiromu MURATA

TaBLE 1II
PROBABLE VALUES OF THE OBSERVED FUNDA-
MENTALS, CALCULATED WAVE NUMBERS, AND
ASSIGNMENTS FOR C(CHjy),.

Assignment. vcalc. vobs.
- “F‘requ-;ﬁode of S.et "éet
Type ency  vibration I II
a; v, CH; sym. str. 2932 2932 2909
v CHj sym. def. 1395 1395 —

v3 C—C skel. str. 791 790 733
¢ vy CH; nonsym. str. 2084 2984 2955
vs CH; nonsym. def. 1443 1442 1451
v¢ CH; rocking 905 905 925
v; C—C—C skel. def. 308 307 335

f vy CH; nonsym. str. 2984 2984 2959
vs9 CH; sym. str. 2932 2932 2876
vie CH; nonsym. def. 1442 1442 1475
viy CHj sym. def. 1390 1377 1372
vi2 CH; skel. str. 1272 1160 1256
vis CHj rocking 873 852 925

viy C—C—C skel. def. 372 367 418

matrices, whose components give the modes
of vibrations, and the potential energy dis-
tributions for the questionable two triply
degenerate vibrations were calculated and
shown in Tables IV and V. Judging from
the values of the contribution of each sym-

TABLE IV
L-MATRICES OF TWO TYPE f; VIBRATIONS
"~ OoF C (CHy),.
; Q1 Qs
! Set I Set II Set 1 Set II
Ry —0.09 —0.09 —0.07 —0.05
Ry, —0.36 —0.00 0.06 0.03
R 0.36 0.34 —0.16 —0.22
Ry 0.64 0.67 0.83 0.72
Ry —0.41 0.36 —0.04 0.01
TABLE V

POTENTIAL ENERGY DISTRIBUTION Fi;Li.t/
Az FOR vjs AND v;3 VIBRATIONS

. Yia Vig

* Set I Set 1I Set 1 Set 1I
R 0.00 0.01 0.00 0.00
Ry 0.13 0.00 0.01 0.00
Ry 0.65 0.57 0.28 0.45
Ry 0.19 0.25 0.68 0.53
Ry 0.06 0.06 0.00 0.00

metry coordinate to the normal coordinate
@, in Table IV, it is no longer accurate
to designate the frequency vi» as only one
mode of vibration, i.e., *“ C—C stretching ".
However, it can be seen that, by taking
into consideration the distribution of
energy in the symmetry coordinates in

[Vol. 30, No. &

Table V, the classification.given in Table
III is reasonable. On the contrary, it is
undubitable that the frequency vi3, which
is relatively pure, can be assigned to ‘“ CH;
rocking ”’.

Normal Frequencies of Tetramethyl-
methane-d,;

The Raman and the infrared spectral data
and the assignments of the observed fre-
quencies for tetramethylmethane-d;: have
been reported by Shull et al.??, but a normal
coordinate treatment has not been carried
out in the literature. According to them,
since the observed frequency 765cm™! is
analogous to the band at 921 cm™! in tetra-
methylmethane, it should be assigned to
“ C—C stretching’” and the observed fre-
quency 1218 cm™! can be assigned to ““CD;
rocking ”’. In general, a normal mode of
vibration in which the hydrogen atom in
question oscillates with a relatively large
amplitude will suffer a greater isotopic
change in frequency than that of a normal
mode in which this hydrogen moves with
a relatively small amplitude. Since the
ratio 765/921 is nearly equal to a theoreti-
cally expected value 1/2V%, it is probably
rigorous to designate the frequency ob-
served at 765cm™ as ‘“CD; rocking”.
Since the frequencies observed at about
1200 cm™ maintain a constant wvalue in
both the ordinary and deuterated com-
pounds, it is reasonable to assign these
frequencies to ‘“ C—C stretching . Using
the F and G matrix elements given above,
the fundamental {frequencies were cal-
culated and shown in Table VI with

TABLE VI
OBSERVED AND CALCULATED FONDAMENTAL
FREQUENCIES AND ASSIGNMENTS FOR C(CDjy),

Assignment vecalc. wvobs.
Type Tondy™ Jibeation $O
a, v CDg sym. str. 2110 2110 2128
vz CDy sym. def. 1130 1130 1104
vg C—C skel. str. 684 684 648
e vs CD; nonsym. str. 2221 2221 —
vs CD; nonsym. def. 1055 1055 1048
vg CDj rocking 695 694 —
v; C—C—C skel. def. 264 263 276
fo vy CDj; nonsym. str. 2221 2221 2218
vg CDj sym. str. 2110 2110 2058
vio C—C skel. str. 1279 1150 1218
vy CDj3 nonsym. def. 1058 1057 1066
viz CD; sym. def. 1029 1020 1037
vis CD; rocking 684 679 765
vig C—C—C skel. def. 316 311 342
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those observed by Shull et al. The cal-
culation of the L matrix elements (Table
VII) and of the potential energy distribu-
tions (Table VIII) shows that the assign-
ments given in Table VI are more reason-
able.

TaABLE VII
L-MATRICES OF TWO TYPE f; VIBRATIONS

OF C(CDs)s

. Q1o Q13

£ Set I Set I

Rio —0.04 0.02

Ry 0.51 0.13

Ry 0.42 —0.10

Ry 0.41 0.62

Ry -0.36 —0.10

491

TABLE VIII
POTENTIAL ENERGY DISTRIBUTION Fy, L2/
Az FOR viy AND u;3 VIBRATIONS

f2 Yo Vig
Set I Set I
Ry 0.00 0.00
Ry 0.15 0.04
Ry 0.87 0.17
Ry 0.09 0.72
Ry 0.11 0.03
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