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The Raman Spectra of some Volatlle Fluorides.

Electron diffraction experiments have been made upon
many of the volatile fluorides, but no previous spectroscopic
measurements had been made to determine the fundamental mole-
cular frequencies of these compounds, slthough such data 1is
necessary for further informetion concerning bond strengths
and thermodynamlc quentities. As one step in determining
such dats, the Raman spectra of some of these substances
were determined, in both liquid end geseous stetes.

In the experiments on the liquids, the material was
transferred to a Pyrex zless Raman tube, 1 cm. in dlameter,
equipred at one end with a plene gless window, and at the
other with a right cone of black nickel-oxide Pyrex glass.
The use of the nickel-oxide xlass was sdopted after efforts
had been muade to find a liquid sulteble for cooling which
would not remove the optical black ordinaerily used on Ramen
tubes. Alcohol, benzene, gasolline and other liquids of low
freezing point were tried, but in every case, the liquid
would elther become cloudy, or the paint would flake off.
The Reman tube was supported vertically in & Dewar flask
which had been silvered sbout one-half of its circumference.
Close sbove the Raman tube a totally reflecting prism was
mounted, which served to direct the scattered radistion to
the collecting lens. The exciting radiations were the 4046
and 4358 R 1ines of the mércury spectrum, obtained from a

mercury arc in Pyrex glass, enclosed in & water jaecket.



The apparatus designed to obtaln the Raman spectra of
the geseous material weas constructed entirely of quertz.
¥ithin the spectrograpr wae placed & dlsh of mercury, the
vapor serving to absorb & larze fraction of the 2537 8] rad-
fiation used to excite the spectra. The Raman tube, shown
in Fig. 1 wes 2.5 cm. in dlameter, and 30 cm. lonz, equipped
at one end with & 1.3 em. window, and &t the other, with s
right cone, similer to thet ordinarily used in obtaeining the
Reman spectra of liguids, coasted with optical blsck paint.
The tube was filled throuzl a brases connection equipped with
& stopcock and pressure gauge, and connected to the Reman
tube by means of & three inch long wex seal. The pressure
ﬁas obtained by liquifying or solidifying the gas in & smell
heavy walled Pyrex glass tube with liquid sir, and then
ellowing 1t to svaporste intc the Ramen tube, until the req-

uired precssure, about 75 1lbs. per sq. in., was obtained.

B

Fig. 1. (7 natural size)
The Ramean lines were measured by a linear extrapolation
from ad jecent lines of an overlapping iron spectra. The
accuracy estimated for the spectra of the liquids is sbout

+ 3 cm~1, an® for the gases about + 0.1 em~1.



Hexafluorides of sulfur, selenium end telljurium.

The hexsfluorides were prepared by treating the element-
ary substances cunteined in a copper tube, ¥With gaseous
fluorine. With the exception of tellurium hexafluoride,
which was condensed in & trap immersed in a carbon dioxide
cooling mixture, the compounds were all c¢ollected over water.
The resulting maeterisl wes then in each case purified by
means of a series of fractional distillations under vacuo
with the use of liquid air. A compound which was not studied,
but which may be of chemical interest wes obtalned ss an
tmpurlity with the sulfur hexafluoride. It was, at low temp-
eraturee, a white solld, which chanzed 1n appesrance slightly
ag 1t erproached ite meltinz polnt. It melted to & colorless
l1quid, with a bolllng point scmewhst less than -20° C. The
vapor pressure was st -20° approximetely 22 cm. of mercury.

No 'I'ang(?)';"r was detected 1in the telluriam hexafluoride
reactiocn product.

It was usuaily necessary to pess the zases through a
tube conteining phosphorous pentoxide tube to remove the
last traces of weter before making the spectra. The gases
were stored in evacusted slx liter flesks, equlipped with
gas inlets.

In the experiments on the liquids, alcohol (cooled with
carbon dioxide) was used for the sulfur hexafluoride, while
ice-water served with the selenium and tellurium hexafluorldes.
In each case the liquifled materisl was present under a vap-

or pressure which varled frum five atwmosgheres, fur SFg, to

* Yost snd Clsusen, J. Am. Chem. Soc., 55, 885-91 (1933).
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nine atmospheres for the Ser- The sulfur compound was used
at -509 C. while the selenium and tellurium compounds were
run st 0° C.

The strongest Ramsn line appeared after an exposure of
twenty minutes, but to obtain all of the lines two or three
hours were necessary. In each cacge three lines airpesred, re-
sulting from a single exeiting frequency, and under no cond-
itions could more lines be obtsined from any of the compounds.
For a given length of exposure, the Raman lines from the
tellurium hexafluoride vwere the most intense and those from
the sulfur compound the least.

Lengths of exposures for the gases varied from 30 min-
utes to 30 hours. The tellurium hexafluoride yiolded three
Kaman lin«<s, the one of greatest Av sgtrong and sharp with
only a trace of diffuseness on the long wave-length side; the
line of least Av was 19 cm ! brosd, and uniformly intense
over most of its width, appearing also as anti-Stokes rediation:
while the weskest 1ine had a well-defined center and faint
diffuse wings. The other two gases ylelded only one strong
sharp line each, corresponding to the line of grestest Av in
the TeFg. For & given length of eXxposure, the morst intense
lincs were obtained from tellurium hexafluoride, the least
from the sulfur hexaflucoride. The lines obtained from the
gases were much sharper tha: those obteined from the liquids.

The results of these experiments are presented in Table
I. The numbers in parenthesls adjolninz the svmbols y are
multiplicities, those adjolning the frequency values are app-

roximaete relative intensities.
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Table I.

Subs tance State vi(1) va(2) vz (3)
cm~1 cm-1 cm-1
SFg Liquid 776(10) 642(2) 522(2)
Gas 7724
SeFg Liquid 710(10) 662(2) 405(2)
Gas 70840
TeFg Liquid 697(10) 672(2) 316(4)
Gas 701.2(10) 674.4(1) 313%(4)

* The width is sbout 19 cm-l.

Nearly the same valucs for VvV, were obteined for the
gases as for the liquids, a result usuelly founé with non-
polar substances.

Theoretical. Formulae for the fundamental modes of

vibration of the regular octehedral molecule have been de-
rived by Redlich, Kurz and hosenfeld sas & function of cen-
tral force constante, but ignoring the forces present in the
equilibrium position of the atoms somewhst oversimplified
the problem. Carsten Steffens uslng & procedure usually
applied to non-holonomic systeme, derived frequency formulee
end obteined equations (1-6), the multiplicity of the freq-
vencies being given by the figure in parenthesis. ko]' k12,
and koy are force constants for the reactions between the
central and a fluorine atcm, between two sdjacent fluorine
atoms, and between two opposite fluorine atoms respectively.
m, end my represent the mess of the centrel end of any per-
ipheral particle, respectively. <b, ~-h, and -j, denote
forces to corresponding equilibrium distances, where the

forces are those st equilibrium due to reaction between the

Redlich, Kurz and ikosenfeld, Zeits.f.physik.Chemie B19,231
(1932)
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centrel and & peripheral particle, between two adjacent per-
ipheral particles, and between two opposite peripheral part-

icles, ruspectively.

412v,%(1) = (kgy4kygr2kpy)/my, (1).
arf,2(2) = (koy+kype2kpgadh)/my, (2).
4*V 2(3) = (2k)p-2h)/my, (3).
4w2»g2(3) = (kqg+h-2j)/my, (4).

4W2V2 (5) =

{ét[A2%4m0{m°¢6m1)( k01k12i5k01h+2k013é4(Ehfi)

Emm
. (k1g+h)) ], (5)-
A = (mg+2my )ko)+3mpk)g-(my+16my )h-2(moe4my)J,
12 = Vo2 ¢ (3/2)v52. (6).

Another set of frequency formulse for the XYG molecule
wes derived by Dr. k. B. Wilson, Jr. using a restricted type
of valence force potential function involving only three
constants, ko), the X-Y force constant, p the interaction
constant for the effect of extension of the X-Y bond, and
kg the constant for the bending of the valence bonds. The

formulae are the following:

472v12(1) = (kg 14p)/mp, (7).

42y 2(2) = (kop-2p)/mp, (8).

4v2vz2(3) = aky/my, (9).

41242(3) = 2ky/my, (10).
aryey o(3) =

2 %
1 ) 6
6m1(1f4m1/mo){?t(32‘48l}’égﬁ][l*—gﬁ} kolkq) }, (11).
B =24 “lzkol t+ 6 P*~—l} kg +2 Pe4m1](ko3*kq):

v3/v, = 2k (12).



Of these six frequenciles, Vis Vo and Vg 8re permitted
by the Remen selection rules as determined by Dr. E. B.
¥ilson, Jr., who appliesd Placzek's® theory of scettering to
deduce the selection eand polerization rules for the octa-
hedral type moleculs. Ve and vz wlll be depolarized equally
with ©= 6/7. The modes of vibration are shown in Fig. 2
and ere in agreement with those described by Redlich, Kursz

and Rosenfeld.
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Fig. 2. Fundamental modes of vibration of regular octahedral
model of XYg.

The assignment of the strongest line from esch sub-
stance to the completely symmetrical mode of vibration,
V1(1) 1s in egreement with the theory end 1s elmost certain-
ly correct. In the case of the gsses, the strongest line is
sharp with only a trace of diffuseness on the long wsvelength
gide. This indicates a § branch snd is to be expected from

the rode of vibration. The weakest line from TeFg was assign-

* Cf. Debye, The Structure of Molecules, p. 86, Blackile and
Son, London, 1932.
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ed to Vg, and has & well defined center with less intense,
diffuce wings on elther side which were, however, rendered
somewhat indistinct by the continuous background. The
broad line of least AV is moderately intense esnd is assign-
ed to Vz. The broadness is doubtless due to unresolved
rotational structure, and the uniform intensity over its
width indicates the presence of P, Q, and R branches.
These considerastions, together with the relative magnitudes
of the frequencles to be expected from the modes of vibration
involved, would seem to confirm the asssignments given to the
lines. To render them even more certain the constent-free
relation
v1Z = vp? ¢ (3/2)v5°

between the asllowed frequencies was employed. From this
relation it 1s evident thst v1 is the greetest of the three
frequencies. It was found that the best agreement waes ob-
talned when the smellest frequency was assigned to Vz. The
values of [vp2 + (3/2)VzE]% are from 10 to 17 percent great-
er than those obsaerved for Vl’ the best agreement being ob-
teined with TeFg. 4Although polarization experiments had
been concidered, they were discontinued when it wae learned
that the depolarization fector, O, will be the seme for Vo
and Vz. Both sets of frequency formulee were used to estimate
the magnitudes of the forbidden frequencies. These values
are only rough aspproximations.

The date are insufficient to determirne all of the con-
stents in equations (1-5). From the relaticn discovered by

Professor R. M. Badger* it was possible to determine, st

* R.M.Bedger, Jour. Chem. Phys. 2, 128-31 (1934).
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lesst approximately, the values of kg3, and, with less cer-
tainty, kijne Koyg 1s small and is disregarded. h may be
calculated from Vg alone, and elsmentery inverse square

law considerations show thet j = h/2%. Koy and kyg Were
used to calculate V3 in order to test the approximate
corractness of the constants. The agreement with exper-
iment is not exact but is satisfactory. The resgults of

the calcul etions are presented in Teble II. The negative
values for h and j indicate the exlstence of repulsive

forces between fluorine atoms.

Table II.

Estimated force constante and forbidden frequencies.
Equstions (1~5) (central forces).

Substence kg3 ki V3 Vi -h Estimated forbid-
x10-5 x10-5 calc. obs. x10-5 den frequencies.

¥ 1 Y6
8?5 5.9 0.50 844 772 1.0 280 620 1510
SeFg 5.8 0.36 807 708 0.55 230 8570 260
TBFB 5.9 0.26 790 701 0.28 190 420 850

The y's are expressed in em~1l; the constants dynes/om.
In Teble III are resultcs of similar cslculations from
u€ ing equations (7-11). In thls case the three constants

were determined directly from the experimentel data.

Table III.

Bstimated forbidden frequencies.
Equations (7-11) (valence bondsg).

-1 - o

Subs tance x¥815 x}gas x%@_a Vgom Vs em~1  Vgem~!
SFa 530 0.344 0.765 370 540 870
SGFG 5.1 0.123 0.460 286 430 650
Te Fg 5.23 0.086 0.274 see 310 610

After the sbove work wass completed, Eucken, from infra-

red spectra, and gpecific hesats observed the values glven

-



in Table IV for sulfur hexafluoride.

Teble IV.

Observed and calculasted forbldden
Frequencies for SFS,

Euken's values. calculated.
central forces. valence bonds.
Vg em’l 363 280 370
vg om” 617 620 540
vg cm™l 965 1510 . 970

It is evident that the theory postulating valence
bonds gives better results in predicting the unknown
frequenclies than that postulating central fqrces‘ Since
the spectre 1le readily obtained, it is probable thst the

bondg are not of the extreme ionic type.

Thermodynsmlc Constants of Sulfur Hexafluoride.

The virtual entropy of sulfur hexafluoride wmay be
expressed as 8%gg = Sg + 8g, where Sy 1s the entropy assoc-
isted with the firbildden frequencies and 85 is the remaln-
ing entropy. The value of 8, is 64.6 cal./deg., and was
calculated from the data in Teble I, with the help of the

stetistlcel equation

. nlhy e7hv/Et ik
Svggeo R E:;E m 2+3503 10310( l1-0 ))/ )] ,

Sp was calculated from Euken's velues, and has a value of
4.7 cal./deg. 88gg then becomes 69.3 cal./deg. The ent-
ropy of fluorine is 48 cal/deg., and that of rhombic sul-
fur is 7.6 cal./deg., at 25° and 1 atmosphere. The heat of
formation of sulfur hexafluoride at constant pressure and
25° i{s 262,000 cal«* ¥hen these va lues are combined in the

well known equation AF = AH - TAS, a provisional value for

* yost and Clausen, J. Am. Chem. Soc., 55, 885-91 (1933).
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AFgge is cbteined of -237,000 cal. The error is due princ-
ipally to that in AH, namely, %+ 3000 calorises.

Tetrafluorides 2£ carbon and gilicon.

The carbon tetrafluoride was prepered by the inter-
ection of geseous fluorine and suger charccal, the pro@uct.
being collected over water. It was purified by fractiocnal
distillation in vacuo, and stored in previously evacuated
gix liter flasks at 8 pressure of one atmosphere. In eddition
to the CgFg and CzFg commonly present as impurities, a col-
oriess liguid with a boiling range of from -459 C. to +309C.
was obtained, which seemed to consist wholly of a mixture
of carbon fluorides. A Dumes' molecular weight determination
upor: the higher boiling portion of the mixture gave an epp-
roximate value of 244. The Raman specira of the purified
geseous carbon tetrafluoride was photographed, but due to
the presence of a continuocus basckground, only one definlte
line could be obtailned, regardless of the length of ®xposure.
This line, Vl, due to the symmetricel vibration of the mol-
ecule, had & wave number of 907.7 om™1. Photographe were
not obtained in the liguid state.

The silicon tetrafluoride, prepared in the usual man-
ner from silica, calclum fluoride, and sulphuric acid, was
purified by first passing the gasecus product through a
carbon dioxide cooled trep, tc remove moet of the HF, HoO,
etc., and then through a tube containing sodiuwm fluoride to
remove BFz (from the pyrex gless used in the generating
arparatus ), and the lact traces of the HF. It was finelly

fractlionated by complete the purificstion. In the quarts



Ramen tube used for gases, an ebsorption spectrum was ob-
tained, with seversl band-heads in the nelghborhood of

2800 B. Attempts to obtaln the Ramen lines in the liquid
state yielded but one line, with a wave number of 79¢9.0 cm'l.
The difficulty in atiempting to obtain the Raman lines of
this substance seems to0 be similar to that experienced with

some of the other silicon compounds.

Boron trifluoride.

The boron triflucride was prepared from boric anhydride,
sulphuric acid, an® calcium fluoride, followed by fraciion-
ation to purify the gompound. Attempis to obtain the Raman
spectra in the quartz epparatus for geses, led to the de~-
composition of the material, aslthough when the photographilc
plete in the specirograph wag developed it yielded one 1line,
having & weve number of 862 cm~l. This Wes not confirmed by
taking other photographs beceuse of the decomposition. The
spectra of the liguid was not investigated.

Oxygen difluoride.

The compound was prepared in the menner described by
Ruff from gaseous fluorine and dilute'éodium hydroxide sol-
ution. The oxygen fluoride is glven off as & gass, mixed
with an almost equel smount of oxygen. To obtain the Remen
spectra it was not necessary to purify the materisl, since
the spectrum due to oxygen is quite well known. The geses
yilelded from the intersction of the fluorine with the sodium
hydroxide solution were ccllected in & trap immersed in 1lig-

uid asir, and finsally transferred to a8 Pyrex Raman tube with

-12'-



eid of super-cooled liquid air. The Raman tube in each

case contained sbout 15 to 20 cc. of the liquified gas
mixture. In the firet effort to obtain the spectra, the
material was 1lluminsted with no fllter interposed between
the Pyrex mercury arc and the Reman tube. Soon after the
beginning of the exposure, & rhotochemical change was obsge-
erved inside the tube, a deposit of yellow material form-
ing on the glass---eventually becoming a red solid, possibly
the OgFg described by Ruff.

To prevent this photochemical change from occuring;
the green line of the mercury src was used for excitation.
This was accomplished by making use of a filter of cupric-
chloride in slcohol. Due tc the weak intensity of this
line & long exposure was degirsble. ¥With a five hour expos-
uré no Reman lines could be detected.

All spectra were made at liquid air teuperatures, the
Reman tube immersed in liquicd sir contained in & Pyrex
dewar, silvercd sbout one half of ites circumference, and
at a pressure of one atmosphere. I'ue to the use of the
super-cooled liquid alr, necessary to transfer the met-
eriael from the collecting trep to the Haman tube, it is
possible that & small amount of liqulé nitrogen might have

been present in the material.
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Summary .

These experiments were undertaken for the purpose of
securing date concerning the moleculer forces and frequencles
of the molecules, and tc obtain thermodynamic dats, notably
the virtual entropies. From the entropy, with the &id of
specific heet date the Free Energy can be determined, and it
becomes possible to predict the direction 1n which e reaction
will go, provided that such & reaction mey occur.

The Raman frequencies determined sre:

Substance - State. vy cm™} Vo em~} Va em=1
SFg Liquid. 776 (10) 646 (2) 522 (2)
. Gag. 772.4
SeFg Liquid. 710 (10) 662 (2) 405 (2)
Gas. 708.0
TeFg Liquid. 697 (10) 672 (2) 316 (4)
Gas. 701.2(10) 674.4(1) 313%(4)
CFq Gas. 907.7
BFg Gas. (Line obtained during decomp.) 862 em!

*Phe width 1s about 19 em~1l.

No Raman lines were obtained with OFg.

An absorption spectrum wasg obtalned with SiFg4 in the
ultra violet with several band heads visible near 2800 8.

Oxygen fluorlde, OFg, exposed at liquid sir temperatures
to an unfiltered Pyrex mercury arc undergoes a photochemical
reaction of some type as yet undetermined.

The entropy and free energy of sulfur hexafluoride
were calculated, and the values sare:

S4gg (SFg) = 69.3 cals./deg.
AFQgg (SFg) = ~237,000 % 3000 cals.
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