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| (ABSTRACT)

- Far-infrared spectroscopy and a normal-co§rdinofe onﬁlysis for
fefrcmefhyllécd yielded the first vibrationol assigl;wmenf consistent
with the observed entropy Qf the vapo.r. The .appcrenf entropy discrep-
ancy with previous assignments. was shown to result from use of liquid- -
state values for the lowC-Pis—'C bending frequencies. in ‘colculaltinkg .
the vapor-state entropy. .A table of the chemical fhe.r_modynamic vpro_p-

erties of tetramethyllead at selected temperatures was prepared.



(TEXT) |

The fundomental vibrational freqL;encies of the tefr’cmefhyhl tead
molecule have been.the subject of several investigations (1-9).  These inves-~
tigations, however, did not lead to a really-sdﬁsfocfory vibrcl:t.ionéal assignment,
for even the most recemfbc'lssig;\menf_s are not conSi\sfenf with the observed valu:é

“of the entropy. in the vapor state, §°2 ss.15 = 100.48 + 0.20 cal deg™ mole™

(10). . Fo;r example, L'fppincoft and lTobin (6), assuming free r’o’fcflion of the
methy| groups, col'cuqued with their-vibrational ossigrjme'r.\f-,é‘_’ggs‘-_l'g =99.86
~cal <:leg’f‘1 mole™; any hindrance to the rotation of tP;e- m;thyl groups would
make the dis;repcncy even-greot_er..

- Sihilcr, but smaller, entropy discrepancies for toluene (1) and other
substances have been traced to the use of |iquid4$tofe values for low -fr:equen-‘
cies when the vapor-state values ccfuéll} are‘signifiécﬁtly ’differe}nf'. A sirjn-‘
ilar explanation of the er_ﬂropy discrepancy for tetramethyllead seemed }ikely,
since in c'||‘ the vibrafional. assignments ‘pr§posed,::fh¢ MQ C—Pb—C bendin'gA
: fréqﬁencies have been based on ﬂ\e’ Raman spec‘trum éf the |Aiquid. B_oth':
C-;—'APb—Cf bending freqﬁéncies, of“sApecies e andi}a for _'I_'d povin'f-group S);/‘m- .
:netry, are permitted by the seiection rules in the Raman éffgct. However,
in 'fhe pertinent region of thé Romonislpe'ctrum, oniy one very broad, asylr.'n-l
mefric band is observed wifh m;:x.imum i;\fensity at about 132 cmv-l In

recent assignments, this band has been assumed to be double and to include

both C—Pb—C bending frequencies.




To test the proposed ex'pl.qn'a'r_ion of .the entropy discrepancy for tetra~-
“methyllead; the far infrared spectrum was: observed for both the liquid and
vapor states with the results shown in Figures 1 and 2°and listed in Tqble I.
~O‘nly the f_g C—Pb—C bending frequency is permitted by the selection rules
in the infrared spectrum.. As predic'red, the wavenumbelr for the vapor state,
120 cm™, is significantly different from that for the liquid state, 130 cm™ .
In principle, a vapor-state value of Afhe inactive E.C—-Pb—C bending fre-
quency also could be obtained from the infrared specflrum by observingl
infrared-active binary combinations involving that frequency, but actually
no band in the infrared spectrum of the vapor can be assigned definitely to
such a combination.

| s évidenf now why earlier ossfgnmenf-s, basing t!r\e ‘vdlue of fhe_f? _ ‘
frequency ;)nzliquid—sfot:e spectra, did not give a correct calculated value
fof ;he vopor-sfotve“enfrc;py.l Unfortunately, a quantitative comparison of
calculated and observed entropy values sfil‘l'. is not possible as long as an
experiménfoll chor.—siafe value of the e frequency is lockﬁing.'- Howe\}ér,
wifh the assurance 'thaf a correct évalueﬂ of the entropy wbu!d be Eclculafed
wuth correcflv<;|ués_ of the vcpor-éfctg frequencieg,Aif now s PérmissiBle
to reverse the procedure'and use the observed enfr§py value to determine
the e frequency. “When the moler;:ulcr structure constants and alhl other 'vi-vv
»br-cﬁonol frequencies.cre cséigped the values given later in this poﬁér, vi-
brctioﬁol anharmonicity is neglécted, and rotation of the methyl groups is

assumed free, the calculated wavenumber for the e C—Pb—C bending mode



TABLE I

* Far Infrared-Spectra of Tetramethyllead. Wavenumbers in cm™. -

Lig. or Soln. - Vapor Interpretation
130° 120 | Fundamental
243 © 2x120=240A, + E + Fs
355 476-120=356 A, +E +F +F,
468 P B |
475 476 Q Fundamental fa
|  483R |
580 . 460(a;) + 120 = 580 F,
- 599 476 + 120=596A, + E + Fy +Fa
@ Solution in cyclopentane, 129; absorbed in polyethylene, 127; liquid,
130. | |

Nearly obscured by stronger: néighboring bands. Probably actually more

intense than the 355 cm™ band, as expected for a sum=- relative to a difference~

combination.



is 117+ 6 cm™ . _If rotation of the methyl.groups is at all hindered, a some~-
what lower. wavenumber would be calculated; for example, if the barrier hin-
dering rotation of the methyl groups is assumed equal to RT at room temperature,

592 cal mole™, the calculdted wavenumber would be 104 cm™ .

However, study
of infrared band-width phenomena by Jones or;a'}Shepﬁcrd (12) suggests strongly
that the barrier is considerably lower than-RT. Accordingly, the value 117 cm™
will be used for the e C—Pb—C bending mode in the calculations that follow,
even thouéh the evidehce'does not rule out the existence of a slight hindrance
to rotation and a correspondingly lower wavenumber for the e mode.

For thermodynamic calculations, it was necessary to consider all the
other vibrational frequencies in addition to the ones forlCF—Pb—C bending.
.To that end, a normal-coordinate analysis was made. Such a normal-coordi-
nate analysis already had been reported by Overend and Scherer (E), but
their work Heeded to be repeated for. two reasons: - (a) they used values of the
C—Pb—C bending frequencies based on Iiﬁuid—sfofe spectra, and (b) they used
for the Especiés, in fqllowing the Lippincott and Tobin assignment (é), values
of 700 and 1400 cm™ for which thel spectroscopic evidence is %ar from »con-clu-
sive. . These values were obtained from Raman bands so weak that they have not
bgen observed in most investigations of the Raman spectrum.

Table I1 presents the results of the present normal-coordinc;ufe aﬁalysis.
These calculations were done on an- IBM 7094 Cofnputer with. G=Matrix Eval-
uation Program SD-9064-1, Z-Mcfrix Evaluation !’rogram SD-9080-I, and

Vibrational Seculal"'Equcfion Program SD-9032-1V. The molecular structure -



TABLE I1I

Qbserved and Calculated Wavenumbers of Tetramethyllead in cm™ and

Findl Converged Values of Force Constants with their Uncertainty.

K and F in units of md AT, Hand % in 107! erg radian™

Obs. Cale.  Obs. | -Cale. - Force Constant an.d'Uncer'rcinty_
2920 2920 --== - 3000 Key =~ 4-465+0.107
169 1159 ce—m 1434 Kepp  0.664+ 0.124
460 460 — 765 Hycy 0-511£0.015
mz)y 1z Hppop 0298+ 0.190
fa | | " Hepbe 0.2190.077
3000 . 3000 £  Fhy  0.053%0.022
2920 2920 ---= 3000 Fop, 0-888%0.255
14357 1434 ---= 1433 - Fec  0.008+0.035
1152° 1164 — 763 Kp, ~ 0-053% 0.049P
769° 767 ' '  ACH, 0.000 constrained
476 - 476
120 120

" 9 The infrared spectrum of Jéneé and Sheppard (12), which became available

after these calculations were finished, and which was obtained with a purer
sample and higher resolufion than used by earlier workers, gives P
, and cm . .The differences ‘are unimportant-thermodynamically.

b The "intermolecular tension" actually calculated was:

Py, = =81/(32 f:’)  pp, = ~0-095 £ 0.087



| 9.
constants used were 2.203 A for the Pb—C distance (14), 1 .41’0 A for the
C—H distance, and the tetrahedral \;clue for all angles. A basic Urey-
. Bradley field, as described by Overend and Scherer (13), ,wés .’use.d; the
re.oder should consult fheir’ paper for details. The Iineér constants Eii' :
were constrained by the conventional relofionsh.i'p,-ﬁii' =.-0.i Fii, and
the infrdmolecuqu tension of the methy| group, KCHa was constrained to
zero. The force constants not constrained were adjusted to give the best
least-squares agreement of calculcteci and c;bserved wovenu'mbei's, weighted
appropriately for a constant uncerfdinty for each observed wavenumber.

.The observed wavenumbers were selected by averaging the available
molecular spectral data (1 -42), giving greater weivght to the values judged
more reliable. It can be seen that fhéfé is good agreement between observed

and calculated values, the maximum difference being 12 cm™*

. vT_he agree- -
ment is not a critical test of the‘as:s_i.gnmenf, since nearly as many force
constants were adjusted as. there were:observed wc;/lenumbers. : HoWe’Qe.'r, it
shows that the spectrum can be ipterprefed on the basis that the wavenumbers
for species e and f5 are so nearly the same that they are not observed sep-
arctedly in the Rlaman spectrum.. Owing to the different ussfgnmenfs used

in the two ccn.lculo'rions, the derived force constants in Table '_IIEdiffe.l;’
quantitatively from the ones obtained by (jverend and Scherer. . 'prever, the
two sets of constants are qulatitofive|y similar in s;uth features as the lnegcffve
value of EPBCH and the large value of EHPb': ’

. Table TI1I, columns 2 - 6, gives the thermodynomic‘funcfions'éclculgfed



TABLE ITT

 The Molal Thermodynamic Properties of Tetramethyllead in the ldeal Gas State

L (@ -HQ/L (WU M- S G AHPS aGH
°K  cal deg™ = c:mlldeg'-'1 keal | cal deg™ cal deg™ | kc:ﬂ_‘ keal - log ﬁ_a
0 0 0 0 0 0 40.5 40.5 infinite
273.15 -75.4° 22.2 6.06  97.6 32.3  33.1 62.0 ~49.6
0 298.15 ~77.4 230 6.89 - 100.5. 342 32,6 4.7 -47.4
300 -77.5 232 696 100.7 343 32.6 649 -47.3
400 -84.7 26.9 " 10.8 111.6 4.5  30.6 76.0  -41.5
500 91 30.4  15.2 121.5 47.6  28.9 87.6 ©.38.3
600 -96.9 33.8 . 20.2 130.7  52.8  27.5 99.4 -36.2
700 ~102.4 36.8 25.8 9.2 573 252 .7 <349
800 -107.4 39.6 31.7 147.0 6.2 244 124.1 -33.9
900 -112.2 42.2 ©38.0 154.4 - 647  23.7  136.6 -33.2
1000 . -116.8 44.6 44.6 161.4 67.7  23.3  149.2 -32.6

 The standard enthalpy and Gibbs energy, and common logarithm of the equilibrium constant of formation by

the reaction, 4C(c, graphite) + 6H2 (g) + Pb(c or I') = CaHi2Pb(g).. The réference states for lead-are the crystals

above the dotted line and the quuid below.

ol



1.

for fefromethyl.lead;‘ : T.he.calc':ulotions, bc;lsed on the rigid-rotator,
harmonic-oscillator, ihdepéndeﬁt-intemqI-rofctor oppfoximcf_ibn, were
made with the usual formulas of statistical th.ermoaynomics (E) Vibra-
tional contributions were compuféd from the yo!ues.".éf_Table 1 I; obsérved
wu.venumbelis were used whenever .péssible.

Finally, the éntholpy, Gibbs energy,Aand !ogarifhm of the équ-ili-'
brium constant of formation of tet rcmefhyllead frém the eléements were
calculated. . The value of AH_fO?gg .1s was taken from referenc.e: 10, ancj
the vc|lues of the thermodynamic functions of carbon, Hydrogen,’ and lead
were taken from the JANAF chlés-(_]i). The ;'esulfs ére in columns 7, 8, .
and 9of Table' I11. |
o EXPERIMENTAL

The'.spe;ctrcn of tefroméaﬂhyileéd were d‘efermAin-ed at room: femper-'
ature with a Perkin-Elmer Model 301 far -infrared spectrophotometer. Th_e. "
Globar source was used egclusively to avoid photochemical .decomposifi'o’r;
of the sample from exposure to ultrd;/iolet'rcdiafién from the 'H4 mercury
lamp of the alternate source. A cell "especially made for the 'instruménf, A
‘with path~length vclriablle»in inc'rements’c;f"l .m‘clafe:r up to 6 me‘fers,‘ was used’
in obtaining the vapor-state spectrum. The sﬁmpl_e,‘ s‘uppl'ied by Ethyl Corpo- :

ration, was about 99.95 mole % pyré.
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A(Coptioﬁs for figures)

-Fig. 1.- Far-;‘infrcredv spectra of tetramethyllead in condensed phases;

(a) 0.5% solution in cycliop'enfane, (b) absorbed in polyethylene, (¢) liquid.

Cell lengths are indicated on figure.

Fig. 2. Farvinfrared spectrum of tetramethyllead vapor; (a) (c) pressure

not measured but <1 torr,; (b) 7 torr. Cell lengths are indicated on figure.
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