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Abstract:

Viscosities and densities at various temperatures from 0°C to 60°C are reported for ethyl, n-propyl, and
n-butyl orthotitanates; for ethyl, n-butyl, and n-heptyl orthosilicates; and for ethyl, n-propyl, n-butyl,
and n-amyl orthocarbonates. The preparative method for n-amyl orthocarbonate from NaOEt and
chloropicrin is given.

By the method of Tyuzyo, Evis vs. V plots of the orthotitanates, when compared with similar plots of.
non-aggregated orthosilicates and orthocarbonates, showed the following degrees of aggregation for the
pure liquid orthotitanates: Et, 3; n-Pr, 3; n-Bu, 2.

Melting points of ethyl orthotitanate and the orthocarbonates, all of which supercool, were found by
intersection of viscosity - temperature curves (log n vs. 1000/T). The melting point of ethyl
orthotitanate was 33.7°C, while those of the orthocarbonates were: Et, 10.850C; n-Pr, 24.66°C; n-Bu,
33.8°C; n-Am, 40.8°C.

Vapor pressures of ethyl and n-propyl orthotitanates were measured by effusion, gas transpiration, and
"self-manometer" methods. The vapor pressure of n-butyl orthotitanate by the "self-manometer” is also
given.

By extending the use of the Trouton constant to low boiling point pressures, the energies of
dissociation of ethyl and n-propyl orthotitanates were found to be 59.7 kcal per mole of trimer at 372°K
and 64.5 kcal per mole of trimer at 400°K, respectively. The corresponding Ti....0 coordinate bond
energies were 10.0 and 10.8 kcal per mole of bonds, respectively, based on six equivalent bonds per
trimer.

By interpretation of vapor pressure data, ethyl and n-propyl orthotitanates were found to be essentially
monomeric in the vapor phase.

The following special apparatus were constructed: "self-manometer", vacuum dilatometer, effusion
cell, gas transpiration cell, and vacuum viscometer (capillary type). Equations for use of the vacuum
viscometer are derived.
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ABSTRACT

Visc031t1es and den51t1es at varlous temperatures from 0° G to 60 G are
reported for.ethyl, n-propyl, and n-butyl orthotitanates; for ethyl,
n-butyl, and n-heptyl orthesilicates; and for ethyl, n-propyl, n=-butyl,
and n-amyl orthocarbonates. The preparatlve methed for n-amyl ortho-
carbonate from NaOEt and chloropicrin is given.

By the methed of Tyuzyo, Eyig ¥s. V plots of the orthotltanates,

- when compared with similar plots of n non-aggregated orthosilicates and
erthocarbonates, showed the following degrees of aggregation for the
pure liquid orthotitanates: Et, 3; n-Pr, 3; n-Bu, 2,

Melting points of ethyl. orthotltanate and the orthocarbenates, all
, of whiech supercceel, were found by intersection of viscosity - temperature
curves (log N vs. lOOO/T) The melting point. of ethyl orthotltanate was -
33.7°C, whlle those of the orthocarbonates weres. Et; 10.85° Cj n=Pr, 24,66909
n=Bu,- 33.8 C; n-Amy, 40. 8%C.

Vapor pressures of ethyl and n-propyl orthotitanates were measured
by effusion, gas transpiration, and "self-manometer" methods. The vapor
pressure of n-butyl orthotitanate by the Vself-mgnemeter? is alse given,

By extending the use of the Trouton constant to low boiling point
pressures, the energies of dissociation of ethyl and n=-propyl orthotit-
anates were found to be 59.7 keal per mole of trimer at 372°K and 64.5 kcal
per mole of itrimer at AOOQK, respectively. The corresponding Ti,eo..0
- coordinate bond energies were 10.0 and 10.8 kcal per mole of bonds,
respectively, based on six equivalent bends per trimer.

" By interpretation of vapor pressure data, ethyl and n—prepyl ortho=
titanates were found to be essentially monomeric in the vapor phase.

The following special apparatus were constructeds "self-manometer",
vacuum dilatometer, effusion cell, gas transpiration cell, and vacuum
viscometer (capillary type) Equatlens.for‘use‘of the vacuum viscometer
are derived.
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I. INTRODUGTION
The primary objective of thls researeh was the determination of the.
degree of aggregatlon of alkyl orthotltanates in the liquid phase. A sec-

ondary objective was the calculation of coordlnate-bpnd;energlesvln the

polymeric materiaisé _

The method of approach for determining the degree'of-eggregation
was- by using v1scosity data and Tyuzyo's method of calculation (39). Bond
energies were calculated from vapor pressure data, Before discussing these
methods, however, I w111'br1efly review what is already known about alkyl
orthotltanateso " |

All of the alkyl orthotitanates, with two exceptlons, are apparently
viscous liquids at-roorwtemperature° The exceptlons are methyl orthotit=
'anate, which is a hlgh meltlng solid, and ethyl orthotitanate, which forms
a stable solld meltlng at 34 C° The solld ethyl orthotltanate may be obm-. o 3
tained w1th difflculty elther by very slow crystalllzatlon at room temp-
erature (several months standlng) or by slow warming of the glass formed
at -80°¢, 411 of these esters hydrolyze easily and decompose or d:!.s-= '
proportionate at temperatures below their normal boiling po:.n.ts°

Gaughlan, et al. (10) found that these esters reach an apparent mex-
imum degree of aggregation of 3 in dilute benzene“sglutien,-'Accerdingiy,"

they postulated two structures, one of which is shown on the next page.

In both structures titanium was permitted to coordinate to oxygen so that

each titenium was surrotinded by six oxygen atoms,




. Yamamoto ahd.Kambars'(éﬁl'have made this structure somewhat ﬁore

plausible by iso;gtipg both 5= and 6=coordinate esters such as the follew-

ihg?
: - O=C—FR’ R—C==0, & O—C—CH,
‘ 4 [ J ' N4 g
RO), T CH ahn HC T H
( )3 ] _ g /g\ _ é _
0—C—CHy, ;4359—— — O=—=C—R’

(R © Bt, n-Pr, or n-Buj RY & Ne or OBt.)

A thorough search of the literature showed that although V150051ty 1s
related to 11qu1d structure, no one has yet succeeded in obtalnlng a. satls=
- factory relationship for complex molecules. The methods which use rheochor
(analpgequto parachor) are useless, This becoﬁes obvious if one tries to
compute‘thejmbleculgr;Weight'qf an aeid,'e,'go,acetichacid,vfrem,either par-
achgr or rheo¢hor,. In either case, emplrlcalhﬂstructure" constants must be
included to account for the "earboxylic acid group. The molecular weight
caleulated on this basis will always be that of the monomer, .Several
methods of .rei_ating viscosity to structure by group sdditivities were
examined and found to be of no help for the Same reason,

It appears that the relatlonshlp of Eyring (17) is stlll perhaps the

most useful.  The simplified form of the,equet;en 1s @$=f°11°W${
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7 & b expAF/RT
X -

viscosity

Avogadro's number

Planck’s constant

“molar volume

gas constant

absolute temperatiire -

free energy of activatlon for viseous flow,

ae

6 Tna‘"ua nu"an 19

“lecu;atienguﬁrem‘thisueguation give_;easogable #igcgsities; but the
ﬁéeveraé process of caleulating molecular weights yiei@s values correct only
_in order of mag_ni’ﬁiide? Mackenzie's recent mddi.figa'tio;i (26) of this
equation seemed promising until ealeulations ‘ShQF.V.Qd that it led to molec-
ulgr weights smaller than unity for orthotitanates.

‘Bondi (6) presents very good evidence thé’o:mel?;cli,_l;.es of equal molecular
weight and similar shape have equal vi.sco..sitil‘.e..éﬁ ‘He was able to 99.mp.a1:§
v'is,cé_si’qiesfoi‘ carboxylic acids and alkanes or esters in ?h_iis:wayo For
instance, the molecular weight of dimeric valeric acid is 204 éna that“ofw
tetradecane'is 198, The v1scosity at 20 G is .022 poise for both compoundso

_Hugel (22) presents data on the v1scosity of .SnRy and bRy, compoundsg
 from which it appears that the ratio of viscositiés is roughly equal %o
the ratio of molar volumes. | ,

Tydzyo (39), whose method is utilized in bhis thesis, fornd that a
plot of Eyig, activation energy of viscous flow, ys. molar volume yields a

smooth curve for n-pareffins. . By‘.,find‘ing the point atwhlch the h.q;;.z,ontai |
line from the«Evis;of.éo@e'ofher compbugq.intencegts,ﬁhe curve, a tiew vol-
ume is obtained wﬁich ie the voluine ef_the unit of flow iﬁ_the liquid,

.This volume divided by the observed molar volume of the liqg;d gives the
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degree ,_c.gi" ‘,gggﬂ;'ggafbipy of the 'liga;i.'do A Jlarge number of carboxylib acids
gave degregs of aggregation of _zo_d to 2.4, ‘which seems. to Validgﬁg. “Ehe
mgﬁhodo Data . for HON and HF also yi_eigigd v.all;g_'s in _.ag_x_-ee_m'ep't w:.'bh those
from other methods. | |

‘The use of Tyuzyo's n-paraffin curve for molecules of dii?#?@??ﬁ% “shpk
' does not seem to be jtistj.f;i,a,ble.; .Whereas ,dimérié ‘earboxylie ac:.ds would
have the same general shape .és‘ n-paraffins,. Qi‘thésﬁ??S _wc;ulg_i__ not., Aléo, |
long-chain molecules may flow By using only a fraction of their V@'luf_.ﬂ..é in
the process of activation. This would have the effect of giving a.yaiué.fér
Eois which would not reflect the unit velume of :flow for any mpleéh%és
except those of similar shape. |

.Therefore, a new curve was needed as a standard ‘w replace thé
n-paraffin curve; and it seemed reasonsble that compounds of the t&bé_gﬂqﬁié
| and . S1(0R), would be satisfactory substitutes. Both of these should be
monomeric ,1;.'qu;§§=g ‘

Some uncertainty arises in the determination qf --'-Evis"" ..Ageerdihg to

the equation )
In 7] 8 E ;. /RT + constant,

Evis/R represents d_ﬂ(_g]_.xi')? )/d(l/T), the slope of a curve, Jobling and
 Iewrence (24) have found this slope at constant pressure to be far different
from that ab constant.volume, Only at high pressures do the two slopes
converge, The cpnve;i’éisén adopted in this thesis will be té represent Ei, o
by R d(n 7 }/4(1/1) at constant pressure, Sifce T will be dealing with
empirical functions on a ¢9Ami’a?@’°ive basis only; the .onjly-reél“ofa'ectioyl,tp

this mey be that this By, mey not be a true measure of activation energy
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of viscous flow. .Since no auphor'has yet succeeded in defining this. term |

unequivodally, I am ho WOrseéaﬁf for such an arbitrary dafinitijon°

The bond energy of the Ti = O.....Ti coordinate bonds of Orthotina_,
ahates may be caleulated from vapor pressure data., Vapor pressure variation
with temperature gives rise to an enthalpy change which involves enthalples
 of both dissociation and vaporlzatlono. The enthalpy of vaporlzatlon can 'ﬂ N
be evaluated from Tronton&s rule, This allows calculation of enthalpg“of
dissociation, | | |

The determination of vapor pressure = temperature functions for‘fhe
.orthotitanates:may also be used to evaluate the vaper density. . Effusiond-..

‘and gas transpiration methods of vapor pressure detérmination could be

used for vapor pressure and molecular weight determination if‘bofhgsetsy
of experimental values were of equal precision, This éonditipn‘waa;not |
satisfied in this work, but comparison‘with a third method of vapor
nressure measurament has permitted qualitative evaluation‘of the vapor

phase molecular weighto

N
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| II. VISCOSITY
A Experimental materials

Chloropierin, T1014a and SiQIA were reéagent grédé‘materialso
Alcohols | | :

Ethanol, n=propanol, n»butanol; n-pentanol, éna nbheptanél were care=
fully refractionated. Fractionation im each case was regulated to insure
* anhydrous, non=isomeric alcohols.

Ethyl orthotitanate

Ethyl orthotitanate was prepared by reaction of stoichidmetric-quéﬁt=

4
was added slowly (2-3 hours) to the alkoxide solution maintained at. 10°¢,

ities of TiCl, and NaOBt in ethanol (about 30 g Na per liter), The TiCl,

Sfirring was -meintained for 2-3 hours 16nger while the slurry was:beihg
refluxed, After‘overnight standing, @he mixture was céptrifuged'anéhthe
solvent distilled off undef ﬁ#euumo' %géféster'was‘purifiéd;by‘fractiona%aw
ion through a 10# Vigreaﬁx column, It was not analyzed for titanium,- buﬁ
analysis for chlorine - nitrie¢ acid digestion followed by Agﬂo3 = was only:
20:00 1 10915 and 1.109285 a®9°% 1,07062

_and 1,07084. Interpolated densitiess d°° 1,10445 a°°

faintly positive. Dehsities: 4

1.0948. , Literature

densitiess a*? 1.1044 (13); d35 1.107 (34). (All densities in g/éc;) _

The method was identical to that deseribed for the ethyl ester.
-Analysis for chlorine was only faintly pesitiveo Aﬁalysis for Ti by nitrie

acid digestion followed by ignition to'TiG_.gavé 16,73 and 16.71% Ti,

2
whereas the theoretical value is 16.83%. Demsities: d°0°04 1,03924 and:
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1.03953; a%0°%0. 1006195 a®0-01

a% 1.0353; a>° 1.0270. ILiterature valuess a2 1,0329 (13); &3 0.9970
(34).
n-Butyl orthotitanate

The butyl orthetltanate used 1n thls work was obtalned as g g;ft from

1.00645. Interpolated densitiess

‘the DuPont Co. and was purified as necessary by vacuum dist:.llation°

20004 so36: a2 0.99794; a0 0.965775 a>2°92

d25 0,99413 d35 0.9860, Literature.valuesg
%5 0,9932 (13); & 0.9927 (34).
EBthyl orthosilicate

The commercially available material was re=fractionated under:atmos-

Den51t1esa d 0.96577,

'Ihterpolated densitiess

pheric pressure. and a middle cut of censtant boiling poiht was-take'n° The

refractive index, n§o°@ 1,3820, agreed with literature values,

| n=Butyl orthosilicate - A ' ;-

‘ SiGlA was added dropwise, with stirriné, to a five=fold exce§s'of
n=butanol. After overhight standihg, the dissolved HC1l wgs'remévedwby-
vgcuumrreflux and the solvent was distilled off, The.product‘wés then: -

vacuum fradtionated through a 10% Vigreaux column Physiecal constaﬁESs,'
20,0 25'0 00-

np °" 1.41355 d 0.89235 d 2023 O 9127. Interpolated values _d?O:Qb89665

ILiterature valuess nﬁ 1 4128° O 899 (31),

beHeptyl orthosilicate

To 104 g.cold n=heptanol (representing 20% GXcess)‘wésh;adéé€30;7‘g

SiClL with stirripgo, The temperature was gradually raised to room~tempb~r

erature after complete addition. After overnlght standlng, the mlxture was’

refluxed at 7 mm to remove all HCl. The mlxture was distilled through a




 n-
10?_Vigreaﬁx column at 7 mm, After feﬁgﬁal of the alcohol the presSuréQ?
wés lowered to 1 mm and the orﬁhosilicate distilled at roughly 200%;
Nearly 25 g. of n-heptanol was recovered in the distillation; which may be
interpreted as nearly quantitstive reaction. Ghlorine(was shown to. be )
absent in the compound by the uéual method, Physical constantss
ggooé 1.43493 gheBh 419 51 |

a*? 0.8958 (14).

0,86203 4 0.8805, Iiterature values
Ethzl orthocarbonate

The preparative method of Tieckelmann and Post (38) was followed, in
which the este? is prepared from NaQEt and 0130N02° The preduét was Vacqum
fractionated before use, It had a fragrant odor without olefin chéracter;
' Physical constants: n §°°° 1.39263 a°°%5 o, 9299; a9 0.8042, ILiterature
constantss 20 1.3858, a2 1.020 (38); L 1.3864, a2 1.0232 (40).
The -infra=-red spectrum of the pure liquid showed no‘peaks-characteristier'
of ethylenic or alkyl carbonate structures, The refractive indices' of"
other authors may be low because of the presence of either ethyl carbpnate:
or degradatien produ@ts of the ethyl orthocarbonateo AtmGSpheric“fracib"
ionation may remove the ethyl carbonate, but serves %o break up the erthOm
carbonate. Support for this view comes from the observation that all of
the orthocarbonates have a strong olefin odor when heated at. their- normal
boiling points, and from the Low refractive index of ethyl carbohaté |
(n§5 1.3829 (7)). Also, the boiling points of alkyl carbonates and their
é?%hocarbonate analogs aré so close.together that simple distiliatienzwillf/

not separate them.




13-

n=Propyl orthocarbonate |

The method of preparation was similar to that of Tieékelmann.and
Post (38), but the method of working up ‘the reéctién mixture was al%ered;
The method used here was to wash fhe crude reaction mixture (from‘about‘2‘
liters n=-PrOH, 70 g Na, and 100 g'chlqropicrin) witﬁ ohne 1iter.of waﬁer,
then with two 500 ml portions of water. The agueous fractions were extract--
ed with 200 ml ether; and the combined ether and aleohol portions were
vacuum distilled aﬁgiéiﬁm; When about 400-500 ml remained undistilled, a
10n Vigfeaux column ﬁas attached‘éo the disﬁilling flask and the distill%
ation continued until the remaining propanol was removed, The 1iquid‘re;
maining was filtered and fractiopated through the Vigreaux column afil‘mma
The produet did not have any olefinic qdbrq .No alkyl carbonate or |

ethylenic peaks were found in its infra=-red spectrum. ~Physica1‘constan%§s
22,87 68.94 "

n§0°0‘ 1,4097; bop. 101°C/13 mms & 0:8944; 4 0.8513. ILiterature .

;consténtss 959104100; d20 0.897 (38).

The . preparative method was similar to that of n=propyl orthocarbonate.
Yield was 65% of theory - considerably better than ]iterature values. It
was odorless and showed no alkyl carbonate or ethylenic peaks in the infra=

red spectrum., Physical constants: ,n;edo 1.4216; d47“48 0.86493 d23°57 o

0.8849, Literature valuess ngo 104216; a20 0.8879 (38).

n=Amyl orthecarbonate
This compound has not previously been prepared;_ In fact, Arbutzov -
and Vinogradova (2) stated that they could not prepare alkyl ortho=

carbonates higher than butyl by:the-chlorépicrin method.
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The tethod was eéséntially the same as outlined for nébropyl_orthOw
carbonate. The material was vaecuum fracﬁionated in an unpacked column
containing a Monel spiral at about dol mm‘céndensef pressure, EvenSat
this low pressure, the still pot-temperature was so’high'as to appreciably
decompose the ester into an olefin and other unknown degradation preducts,
The distillate had a very strong skﬁnk odor énd deeoioriéed bromine in 661,.
‘The ester was further purified by fractionation through a 10" Vigreaux col=-
unn at 0;1 mm, The middle eut from this fractionation was néarly odorless,
did not exhibit alkyl carbonete or ethylenic peaks in its infra-red
spectrum;‘ahd had the following physical een&téﬁtsg n§®°0 1.4302;3

8.008768b The refractive,ihdéx'predicted for the

a99-12 o goe0; a?8e
compound (from a study of indices of lower orthocarbonates) was 1.431, and -
that predicted for n-amyl carbonate was 1,421, Garbonfhydrogen'analysis
found Gs 70.3%; He 12.5%. Theory prediets C: 70.0%; Hs 12.30%.
Benzyl benzoate |
Commercial benzyl benzoate may céntéin benzaldehyde benzgi;aicoholg
and benzoie acid, These were removed by washing é%fﬁ%%odium bisdlfite§:
NaOH, and water in the order named. WMild heating ﬁith applicatien of 10 mm.
vaeuun removed the water, and vacuum fractionation through a 19",Vigreaux
column purifiéd £he compound for use as a viscosimetrie st#ndard;
It should be noted that vacuum fractionation through a packed column
raises.thé distillation temperature high enough to cause degradétieno
. Sucroge solutions | |
For use as vlscosimetric standards, &b%.and 60% sucr0se.solutions.'

were prebared;from apalytical grade sucrose and distilled water.
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Be Dehsitzsdetérminations
Dehsity deterﬁinations were made i# dilatoﬁeters of 10=15 ml dapacity,i
These dilat@metefs were calibrated wifﬂvpure mercury at two‘temﬁerétﬁreégv
the capillaries having been calibrated witﬁ mercur&“prior to construction.
'The coefficient of expansion of the glaés was ealeculated from the mercury
~calibrations. All measurements were corrected for glass;expahsien-and for
bueyancy. |
The.densities of érthosilicateé and orthocarbonates were measured in -
dilatometers open to the atmoSphereg whereas thosée of the orthetitanates
were measured in the vacuum dilatometer showa in Figs 1o ‘A'possible source -
of error occurs helre9 in that the dilatometers were calibrated at atmospher-
ic pressure, whereas the orthotitanate densities were determined in vacuum,
Ordinary thermometers may read és ﬁuch as 0,15° low in an evacuated chamber,
which illdstrgteS'the effect,  ‘Thermometer bulbs are made of thin giass,
however,'whereas‘these dilatemeters were ﬁfrcoﬁsiderébly thicker material,
so the error is probably vefy small,
‘The methed of filliné the vacuum dilatometers is ilIUStratedyithigb Lo
By means of suitably placed stopeocks, the distilled alkoxide is foreed
into the dilatometer until-éufficient liquid rises in the center capil}ar&g
This capillary is then sealed off under vacuum, Eicess‘liquid\is boiled
out of the side capillary and it is alse sealed off under vacuums Some
decomposition occurs during the sealing=off proceess, but not enougﬁ'te,
affect the results.
The éealed,dilatometef‘ié placed in a thermostat accurately held to

0.01° and the relative height of liguid in the eapillaries is méasured by a




§ = 16 =
cathetémeﬁéri Following such a determination, the dilatometer may be
broken46§en at the vaeuam seals and aaqued SéVeral-times_nhtil the cap-
illarias have become too short. o |

The measured densities are reperted in the section deséribing materials,

: ; h

In most cases there ia good agreement with 1itéfature values where such
dre available, I disagree with the_dansitiea of Speer (34), but assume
his values were primarily for characterization; not for use as accurate
physical constants. |
C. Viscoemetry
Description of apparatus

A new method and apparatus were develeped for measurement of VlSCOS=

ity in vacuum. This Waﬁ neoe551tated by the ease with which the titanium -
orthoesters hydrolyze. The_apparatus is illustrated in Fig. 2. _Several

viscometers were used, differing -in length and bore of aapiilary, relative

height of capillary endings, and bulb volume. These differences were
introduced deliberately to‘providé convenient flow times. Thosa viscoﬁetefs
having 1ong capillaries had t6 have many bends in ‘the caplllary tubing

to keep the viscometers compact |

Since the time of flow is dependent on changes in positioning of the

viacomaﬁer which affect the pressure head inside, all viscometers were , :. | ﬁ
rigidly supportéd by a system of clamps on a ringstand bolted to the h |
" £loor of the thermostat. The thermostat was controlled to Qoeie by a
sensitive thermoregulator. N |

Each viscometer was calibrated with reference liquids before final b

assembly, The construection of the viscometer during calibration is shown
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iﬁ Fig. 2a. The details of callbratlon will be presented follow1ng a_math-
ematlcal dlscu8s1on of v1scometry° After callbratnon9 the tublng 1s bent
at (h) in order to bring the free ends together and the loop is sealed° :
‘The 301nt is carefully softened whlle the viscometer is in its vertlcal
‘position se as to anneal the Joint and remove stralns which mlght affect »
the calibration gepmet;ya The extra glass shown in the flnlshed v1scometer
is thén sealed on at (f). . The narrow tublng at (d) is thickened 8 mm
stddko The large tubing is 15 = 20 mm; tubing from (b) to (e) is 8 mm9
and the capillary bére is variable (cas 1 mm or less), Tubing at points "
(a) and (b) is capillary. Overall height and weight of a typical viscometer

were 15 inches and 150 grams,

Mathematical discussion of viscometry

| Since this is a new instrument, mathématiéal treatment of the method
had to be developed also. This'treatmenf was designed to‘permit a‘given
liguid to be vacuum distilled into the apparatus'and to permit measurement
of its viscosity over a temperature range without re-opening the viseemeter.

Poiseuille's equation for flow of liguid through a eapillary may be

written . '
N ST Pre/8VL
. N B viscosity
P = driving pressure
. r B gapillary radius
6 2 time required for volume, V, to flow
L S eapillary length.

' For a certain viscometer, this reduces to & = k/P, where k is a cen-
stant. But P 8 dgh, where d S density; g = gravitatienal acceleration, and

h s height of the 1iquid'column‘giving.rise tq'the pressureg-Pp Therefore,
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.2 k/dgh = c/h, where ¢ is a new constant, If We now let h = h; +—z&h;
where g is the ‘height of liquld at soeme reference time ©g and Ah is the '
helghtgebove this referencey 95 c/(he-f-Ah)° Since the v1scometer has a
uniform cylindrical cross sectfofiin the region where we will measure Ash;
we may write Ah S ¢sv/hrnz, where R is the cylindrieal radiusa Sinece
densitsr is defined as d 8 W/, “we mey say that AV ‘%‘A}i_v/d,- where V is the

volume, and W is the weight of.that volume of liquid. Thereforegv‘

o

6 = o/(ht AW/ aR?). letting AW = W - W, where W, and AW correspond
to hy and Ah, respectively,

¢/ (h, '-F(w - W )/dRzTi‘ Yo

o,

Sinece all-bnt'e.and W are censtants9 this. may be s1mp11f1ed inte the
fcllow1ng expres51on where a and b are constantsu |
| 2 a/(b+ W.

The constants in this expression are then characterlstic of a eertain’
liquid in a certeln viscometer at‘a.flxed temperatiure, W is the weight. cf -
1iquid‘ccntained.in the viscometer and @ is the'time-required for a given
volume of liquid to flow through the viscometer betneen fiied pointsd'

For determination of the eonstants in this'ecuatien, various weights of
a calibration liquid may be-blaced'in'the:risceneterland the times of £low
at eonstant temperature recorded. By plcttlng 1/@ ¥go - wg a straight line -
is obtalned° The equation of thls line may then be found by the methed - ef
1east squares° | . )

 Since it is des1rable to, calibrate the v1sccmeter at’ only ohe temp- -

erature but-use 1t at other temperatures w1thcut rewcallbratlon9 it 1s

hecessary to show that ne ccrrectlcn need be made fer the effect of - temp=
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erature expansion of the glass used in constriction, Te do this, we may
write the felléwing, where K € coefficient ef.lineer expansien of glasé;
and subscripts refer to two diffefent temperatures;j
ré g 4(1 - °(A'b)‘4‘
L 3 Iy(1 - o ALY
Vy 5 Va(l - xae)3,

Then we' may Use the P01seuille equation te write the fellew:.nge
7? 2 2921"["’1]"1
" Py
Rt 2L2

Upon substltuting 1nte thls equation the equatlons for temperature expan=

sien aﬂd simpllfylng, ‘we obtain .
Ny Pzez
M Plel

whlch is 1ndependent of any. coefficlent 0f thermal expansien terms?-

Aetually, the v1scometer will be very slightly temperature‘dependent
51nce expansion eof the glass due to ehange of temperature w111 permlt the

liquid levels within to rise er fall. ThlS will affeet the dr1v1ng

© pressure, bqt the effect is eertainly toe minute te be of concern hereo
Callbratlon of. v15cometers
The liquids selected for ealibratien were water; benzyl benzoate,

40% sucrose Se;ution,-andtéé% suecrose solution, Bingham and Jaeksen (3):

give the folléwing constants'for'sueresejselutienSanéq%f'dﬁg‘10276155
425 1,28399, N4 21.28 ep; N> 43.86 ep. 40%; 420 117439, 71'25"5,187 eps
Bingham and Sarver (4).give the following for benzyl benzoates &40 1,780,
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7749'5q243 cp. The data for water were taken from the International
Critical Tables (45)s @2 0.99406, a°° 0.99567, a2/°% 0.99640,

00,8007 ep, 727°5 0.8452 ep.

7(35:057225 ep, 7
To calibrate & viscometer, various weights of the calibration liquid-
were placed therein and the flow times recerded., The viscometer was allewed
to stand 30 min. in the thermostat before taking a reading. -flpw times
ranged from 6 min. to 60 min. depending on the liquid anﬁ the temperatures.
Tiﬁe was measured by a stopwatch to the nearest 0.1 seconds A& check
over 12,hours againét the time §igna1 of radio station WWV showed no error
in the watch.
A total of five different viscometers were use&; The'calibratien
equatienS'for each are presented in Table I,
Operation of viscometers
Before fillihg; the viscometer énd distilling apparatus were cleaned
thoreughly with hot acia, rinsed with dustcfree éistilled water, and ovén
driedoj.$he viscometer was then evacuated while hot te remove water véﬁorc
After several such evacuations, the viscometer was weighed to the nearest .
milligram and assembled with the distiliatien apparatus, This consisted
of a Claisen flask'fiﬁtéd with'the?memeter and condensef birgreund‘glass
joints sealed with silicone grease. The condenser in turn was jointed teo
a movaeble fraction-cutting deviee which held»é flask for forerun and tail=-
ings of the distillation, and the viscometer itself. :All jéipts were of ‘the’
drip-tip variety so that Stepcack-grease could not touch the liquid. |
Some of the less visceus liquids erept into the_jpints, in which cases it

was necessary te use Teflon sleeves instead of grease.
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The erthoeeters were distilled into the fiseometers atvapproxim&%ely
1 mm, Ethyl orfheearbonate and orthosilicate ﬁere distillea in at 10 mm
because of their lower boiling poihts, ahd the pressure was lowered te 1 mm -
before sealing off, :After.a good middle cut of the distillate had passed.
into the viscometer, it was sealed off under eacﬁum (point (d) in Fig. 2),
The joint formerly attached to the viseometer was then cleaned and weighed
together with the filled viscometer teo determlne the welght of liguid
whieh had passed ino

Before each run, the.viseometer had te be flamed dry‘from (e) to (c)
in the diagram (going ceunterclockwise): It was then laid on its side in
the thermostat for 30 min.y then righted and placed in its flmw position.
The small surge bulb, e-=z, gave sufficient time to clamp the instrument in
. plaece and prepare to start the steopwatechs ,EolloWing each run, the procedire
was repeated at the next temperature, After all runs had been made with &
tparticﬁler liquid, the viscometer was scratched and broken epeh with a
beated glass rod at (d)wand‘(m)g‘flushed several tines with.dry‘alcohol
to remove traces of the orthoester, and cleaned and re=-sealed for requsea

The data obtained from the. orthoesters are presented in Tables III |
to XII, |
Calculation of viscosities

If the viscosity of the orthoester is near that of the liguid used
for calibraﬁioh,‘the viscosity‘may.be found fﬁom the fellowing expression,

where subSc}ipts 1 and 2 refer to orthoester and ealibration liquid,

respectivelys -
My %%
N2 d29.'_2: ¢
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The first step in calculation is to find the volume of the orthoester

contained in the viscometer at the temperature of the-determinaticno This
can Be caleculated from the weight and density of the orthoester. From the

volume ef the orthoester, it is now possible to find the time required for

flow of an equal vblume‘of the calibration liquid at ;3§ ggg.calibfatien

ﬁemgeratureo~ When this time has been found, solution for the erthoester

‘ viScoslty is a matter of plugging data into the equations The following
'stepsﬁmay¥m5ke‘this more lucids

i /ey 3

2. V3 BV,

30 Wy & axVy B dgly 2 Wydp/dy

%o 6, =a/(b+ w2) 5 a/(b + Wyd,/d,)

5. My ® MAp0y/dge, ,_ |

If greater securacy is desired, the twoaceﬁetactceQuatien may be useds .

| | Ny e A4z + Bdg /85 .

;Ihls equatlcn requires two. calibration liquids £§ evaluate the constants
V.:gYand B, whereupon.theﬁorthoester.viSCosity may be obtained by plugging in,
This two=constan£feqqatipn'should ip‘genéral‘yield more accurate

‘yiscosities, but had the disadvantage of béfﬁglmdré laborious, since

each p01nt=set cf data requlres the selutlon cf s1multanecus equatlonso

| It was. found that the application of this equaticn to the experlmental data
1n preference to the simﬁler equaticn gave viscosities dlfferlng from’ the
latter in the third 31gn1f1cant f:.gure° This 1s about the limit of reprod=
‘ucibllity, hcwever, s6 that viscosities. calculated from ‘the simpler

equatlon should not be dlscredltedo
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V130081t1es calculated from the data will be fonnd tegether with the
orlglnal flow times9 in Tables III through XII°

Temperature dependence of orthoester viscosities

Température dependent viscosity equations werejcaléﬁlated‘for‘éll.
the orthoesters by the method of least squares. The éeneral eguationy
log, 7| # a/T = b+ of,
was used. This is an empirical equation justifiable mainly by the ease 0
=.‘comparatively speaking = with whiéh it can be "least squared". ' The least

SQuares:cElculaﬁibns of even this convenient case had to be carried te
20 digits in order to obtain solutions. This inlturn‘meaht caleulation
of four 3x3 determinants, each centainlng 20 digit opératiens = g most
laborious task. The simpler two-constant»equation-(c € 0) was therefore

used where possible, since 10 digit figures were sufficient there,

Table XIII gives the results of these calculations énd.the tempefatﬁre
rénges over whiqh they wére calculated, It should be noted that ethyl
| orthotitanate and all four of the orthocarbonates are'repreéentable by
%wQ‘seﬁarate‘curves, each in a different temperature_range; The pointA
Af”which“fhese'£w9~eﬁrves interseet is discussed in the next section.

_Fig. 6 is a graph of loglojq ¥s. 1/T for all the orthoesters studied.

Melting points of orthocarbonates and of ethyl orthotitanate

Supercooled liquids in‘general show a viscoSityetemperaturé discont=

'inulty &t ‘the meltlng p01nt although this phenomenon has been neted by
oply a very small pumber Qf.authors° Slnce this effect may be unknown

£6 many readers, a graph of logy,)] ¥s. 1/T for benzyl benzoate (Frg°-7) -

has been plotted from the data of Bingham ehd Sarver as an illustration,




Tt will Sé‘neted thaf the curve is not Qtraight in'the:nen=supercooled
region., This cﬁéVature‘seems-te be géﬁ§§£1 for a11'1iqﬁids, although 1eés
notiéable in some., The melfing point shown on the figure as the inter-
seétien of viscosity-temperature lines is identical with that experiﬁenﬁally
determined by melting,

To calculate the melting point of a liquid from its,temperaturé depend-
ence of viscosity, it is only necessary to realize that at the melting
point the viscosity of -both fheléupercooled and nofmal liquid is the same. .
Uéfng-the subscripts s and n to indicate supereooled'and nofmalwregimns' | ,?
of the same 1iquid,-énd T, to indicafe the temperature of melting, we have |
165107Pn'3~an/Tm = by + epTy = logyoll=ay/Tn = bg + 5Ty |
| Then Ta(e, = 6g) + Tn(bg = by) + (8, = ag) 2 0.

This last equation is a quadratic in T, and may be solved by common methods..

Two solutions are possible, but if ¢ S 0 only one solution is found.

The melting point of etﬁYl orthotitanate, obtained in this manner by

éélqulatien from the viscosity equationég‘isgfeund to be 33.7%C, which is
in excellent agreement with the value of 34°C reperted by Caughlan,

et gl. (10,

.. The 1iteratﬁre melting point of- methyl orthoéarbonaté§ =5,5%C, indicate
éé:ﬁpring the coursé of this research that the melting points of the higher
| homéieés should be in the range of temperatures available with the '
expérimental equipmenta In order to find these melting points, the
éxpefimental poinfS‘were carefﬁlly examined to-f;p&'the breakgland expefig
mental points were then taken on both sides of thé discontinuity. These

diseéntinuities were easily found by graphing for amyl and butyl ortho=
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carbonates, but those of ethyl and propyl orthocarbonatesjhad to be found
by lesst squares caleulations, To de this, the region on the graph
expected to contain the break was located roughly by visual inspection.
Ieast squares equations were then developed for points omn both sides.sf,
but not ineluding, the range of points near the expected meltihg'pointo
Simultaneous solution of these yielded a value for T, which was.now used
'és a better approximation. _All'peints on both sides of tﬁis new T, were
now included in the least squares calculations, and a second value for T,
calculated, These refined calculations were then found to shift the
umelting‘po;nt, and the final shifting of points included in the least
.squares ealculations served to produee‘a Tm which no lenger shifted. In
éase the final value of T, was such that too few points were included in

either the normal or supercooled region, additional data were taken

and the caleculations repeated.

Table XIX lists these melting points, and Fig. 8 shows the relation-
? : \

ship between m.p. and molecular weight for the orthocarbonate family.

An attempt was made to freeze each of the orthocarbonates in order

te obtain yerifieation of these melting points, but all“attempts failed.
It should be mentioned that the solution of the three-censtant
equations yields two values for T, in the case of ethyl and n-propyl orthe-

" carbonates, whereas the two-constant eqﬁations used for other‘esters yield

only one. The extraneous selutions were elimipatéd by approximating the
temperatureéviscosity equation in the supercoeled region by a two=constant

. form rather than the three~constant form. This caused one of the melting

peints to shift somewhat more than the other, and the one which did not
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.shift appreciabiy was assumed,to be the true‘melting‘pointa The possibility
exists, howevérg that'ﬁhe discarded values are true and‘refér to a trans=
ition point. . |
The false'melting‘points weres Ethyl orthocarbonate 2060069 n=pr@py}
orthocarbonate 3359@66 The difference between thém9‘13o9®9'may be compared
with the difference between the melting points from.Table XX 1308@6

The comparison is indeed striking%

ies and molar volumes of orthoesters

yAs was mentioned in the introductiong‘ealeulatien of aetivation
energies of viseous fleow will be according to the simple, although
rarbitréry, relationship, | :
Bysg ° R A(In7)/a(1/D).

Sinee this is variable with temperature for liquids which are not
expressible as linear functiens of 1/T, it is necessary te.choose a 1n=:mp'r=
‘erature; The temperature selected for this thésis, 2@069 is.completexy
arbitrarys. Some of the'data taken from literature sources wili not be
at 209 and will merit later explanation.

Molar liquid velume, V, ié the experimental volume of one mole of
liquid as calculatedyffom‘molebularlweights énd densities9-assuming_thg
liquid speeies to be monomeric, Table II lists these values caléulated
froem the experimental data, The values for activation energy have been
calculated from the equation for the ﬁonasupercooled region, even tﬁéugh ‘
the liquid may be supercooled at 20°C. _Thisvis mainly done to refer all
liguids to the same temperature, The particular choice of 20°C was

mginly'so that eomparison might be more easily made withlliteraturg data.
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This- data is presented in graphical férm in‘Fig; 9¢ -

Activetion energies and molar volumes = literature data

In order to make mére plausible'the‘generél method which will be used_
here to_calcﬁlate:degree of aggregation;, it seemed wise to searchAthé lit=
erature for viscosit& - tempefature equations of homologeus series,

The data presented in the Internatienal Critical Tables are not well suited
to the task, Much of it is old and inaccurate, and many ﬁalues did not |
‘agree with thése given by recent asuthers. Several'értiéles wéré discovered
which had the desired informationo' From one, by'Friénd and Hargreaies,(20);
has been taken the information on aldehydeg and nitriles. Values for Eygg
weie caleulated from their'paper,-ﬁhile the dgnsities'necessary for cale-
ulation of molar volume Weréaestimated from various sources. An except-
ional article by Bingham and Stookey (5) presents equatiens for température‘
dependénce of viscosity of n-alkanes, n-alkyl bromides, and n-alkanethiols.
Densities necessary for the calculation of molar volumesrwere taken from
literature sources teoo numerous to mention. A third érticle9 by Whitmore
(42);:gives viscositiés of SiRMéB aﬁd SiREt3 compounds at‘OQGﬁ 20°G5 and

- 60°C, as well as mqlaf'volumes-at-zoee, The three points for each comﬁbund'
did not lie on a stréight line when gfaphed as loglg'ﬁ_ggo 1/T, Activation ‘
enérgieé were therefore computed by finding the slopes on both sides of 20°
and subtra'cting 1/3 the difference from the value caleculated using the twe
lower temperatufes. Another set of data taken from 1iterature-sourcesAis
that of Taketani (37); vHé lists viscosities and densities for seferal

alkyl orthosilicates and energies of activation for‘these and related

alkoxysiloxanes. His data for nwbutylyorthesilicate do nétfagree well with
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my values, For instance, my a0 0.8890 compares with his dze

7% 2.095 compares with nis n %0 2.055. The purity of his compounds. is

G, 8993 ; my

questlonable, since his method of reactlng ethyl orth051llcate with an
alechol might not be expected to produce an ester frée of ethoxy groups.
It is.noted that the difference in density and viscosity between his aatau
and mine could belpredicfed if this weré the case. He has calculated hié
temperature depehdent viscosity equations as the two-constant form, whereas
my dat; showed too‘strong‘a‘curvatére to permit this, ,I'have not recale=
ulated his data, but suspect that it would exhibit.the same cu?Vature as
mine, It should be noted that the enérgies‘of activation for viscous flow
from Takatanigs‘data are averages for 3566 and are'ﬁempera%ure independent.
A final 1itergfure source of data is that of Hurd (23)§ who presents-
'wofk on some methyl silexanes. | .
The collected information from these literature soureces is presented
in Tables XIV to XVIII and in Figs. 9 and 10,
D, ‘

_Intermretatienwof”viscositiesmand discussion

- Melbing Doints of £ the orthooarbonates

The smooth curve (Fig. 8) obtalned by plotting dlscontinultles ¥8o
molecular weight should dispel any doubts.as toe their validity as melting
peints. . The 1iterature meltihng point of =5.5 °¢ for methyl erthocarbonate
ties downh the curve adequa'belyo

As was'mentioneq earlier§ solutien of‘simultaneous_equations led to

‘ twe possible melting points for ethyl and nfprepyl orthocarbonates. It
eannqt-be definitely stated that the ambiguous sqlutions-mean‘anything,

but the faet that the difference between the mel'_birig points listed in
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Table XIX for these compounds is lBOSQg'whereas the differencg between
»the extraneolis points is 13099 would indicate that they are real discoent-
inuities whieh may fepreéent iransitioh pbintso

It may be poipted out that the melting peints of ethyl and n-butyl
orthOcarbohates ééém te lie on a curve pérallel to that drewn, 4 similar
situatieﬁ.éxists.iﬁ the case of carboxylic acids, whére the even aﬁd odd
numﬁer of carbon atoms give rise -to two_Separate melting peint-curvesb ]
Viscosities of the_orthotitanates

The viscosities of n-butyl orthotitanate are lower than those of

n=propyl orthotitanate but higher than those of ethyl orthotitanate.

In addition, the following E_, - values are found:s Bthyl; 6780 caly
n=Propyl; 8560 cal, n=Butyl; 6635 cal; These values are not in the order
antieipated. My interpretgtioh is as fellowss

. Apparently the n~butyl orthotitanate is the anomalous caéev and the

ethyl and n=-propyl esters are the "normalﬂ trend here, If a straight

line is drawn through the ethyl and n-propyl points (Fig. 9), nothing

/

unusual is found, If a straight line is drawn through the n-propyl and

n=butyly, or the ethyl and n-butyl peints, the sloﬁe is hegative, None
of the other curves on Figs. 9 or 10 show a hegative slopes thérefereg
these cases are unlikely. It seems likely, then, that n-butyl ortho-

titanate has a lower degree of aggregation than ethyl or n=propyl orthe-

titanates. n=Propyl orthotitanate probably has the same or a lower °
degree of aggregation than ethyl orthotitanate.
The melting-point.ef ethyl orthotitanate, 3367@Gg.gives rise to a -

. zgonsideration of supercooling. It is entirely peossible that the melting
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point of n-propyl orthotitanate is lower than tﬁé temperature range
‘studied here, although a melting point 'higher. than 33.7° was eipectea,-,
Sinée noe melting point was found for the propyl ester, the ppssibility
of supercooling must be consiaefedq If shpercooling‘@ccurs,'energy of
activation will be abnormally high. The experimental enefgy of activatién
will then set a maximum on the degree of aggregation té be cal@nlétedo

n=Butyl orthotitanate may also be. supercooled, since no melting,point'
was discovered, but it is likelj that it-is not supercoeléd in the range
studied;_ If it is éuPer@ooled9 the degree of aggregation will be ar
maximum value whemn determined from its energy of aetivatiena

In summary, both n-butyl and n-propyl orthotitanates may Ee super=
cooled, ‘If'they are supercooledgrdegrees of aggregatien determined frem
energy of activatieh'ofIVichus flow‘wili bé slighfly higher tham the
actual cases If they are not supercooled, n-butyl orthotitanate mﬁst
have a lower degree of aggregation than the other esters, whereas nwprgpyl
orthotitanate may have tﬁe same or a lower degree of éggregatien than
ethyl orthotitanate.

General~discussion of"Evi_s vso‘v curves

Fig. 10 shows the general relationship obtained by plotting Eysg
against melﬁr.volume9 V, for homologeus series. -

In the case ef'énd=substituted n-alkanes, it is noticed that
inereasing sizé of the charagteristie group.shifts the curves‘ﬁq the |
left of the graph, -n?Alkanethiéls and‘n=alkyl bromides are of interest

'in‘that‘they lie on nearly the same curveb: The covalent volume of the =Br

and =SH groups is nearly the same. -
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Cyelosiloxanes are found to have higher actifation energies than

- linear siloxanes of tﬁe same molar véiﬁme; This is reasonable, sinece
the linear eompounds may flow by‘usiﬁgiéﬁiy.a fraction of their total

volume te drive a wédge into an available hole;, whereas eyelic structures .

would find this mode ef travel more diffieult,. An-extremeiy interesting
occurrence in the éiloxané family, pointed out by Hurd (23), is that

decamethyl tetrasiloxane and methyl, tri=(tfimethylsiloxy)siianeg which .
have nearly identieal molar -volumes, 364 cc and 365'@69 respeciivelyg heve

nearly identical activation energies - 2670 and 2702 cal, respectively,

This, together with the information concerning egual volumes of =Br and =SH

groups, tends to establish the tenet that.eﬁergy of activation is a ﬁuncfion .

- of molar volume, |

My orthogarbenate curve (Fig, 9) seems to have a point outb of'line;

There is no falid reason for rejecting any of these pcinté on the grounds

éf exﬁerimental error, A large ameunt of data was taken fo# each, and

two different sémplés of 9ach orthocarbonate were used in the viscosity

determinations, It is pessible, however, to consider the ethyl ortho-

- earbenatelpeint as anomalous, Fig. 6 shows.thaﬁ‘this is s, Ehe'viscoéity
of the orthocarbeonates at algiven temperature increases as melecular
weight increases, except that ethyl orthocarbonate is snomsleus heré
also, OConsidering only the p%propylg n=butyl, and n-amyl orthoecarbonate
p@;ntsg I have drawn an extrapolated orthocarbonate‘gurve as' shown on

,Eié,-?b The éxtrapolafed portion of the curve has been drawn nearly
étraight to agree with the trends set by other homologous series.

My orthosiligéte curve does not agree with that pletted from the
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data of Takatani (37). His compounds are of quesﬁianable purity, since
they were prepared by transesterifieation., Censidering my data only,
it is again necessary te consider the first pointg-ethyl orthesilicate,
as anomalous., My three'peints lie on a stréight line, but this is prebably
fortuitous. Fig, 6 shows that the viseosity of ethyl orthesilicate at any
temperature is unexpectedly higher %han viscosities of either n-butyl or
n-heptyl orthosilicatess The extrapolated orthesilicate curve I have drawn“
'is.slightly curved in the same direction as that plotted from Takatani s
datas, ’ | |

It is interesting to note that the orthosilicate curve is below .
the orthocarbonate cﬁrve in Fig. 9, although the atomic volume of an
orthosilieate is larger than that of\an orthocarbonate. It is probable
that the slightly iarger covalent radius of silicon permits greater
freedom of motiom of the R-groups. This would result in an orthesilicate )
flewing with smaller activation energy, which is what is observed; C

‘Analogously, monomerié orthotitanates ‘should require even less
a¢tivation energy f@r'flww than erthesilicates Qfxcemparable size, If
the orthotitanates are dimers or trimers, activation energy would be
greater per unit of voiume,, thus reversing this trend, The average values

for degrees of aggregation as caleulated by use of both the orthocarbonate

and orthosilicate curves then seem reasenable.

Degree of aggregatien of orthotitanates
By moving along the dotted line frem the ethyl orthotitanate point - @
(Pig. 9) until it strikes the orthoearbonate curve, then dropping down |

te the V axis, I find that a volume of 550 ces represents the volume of
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the unit of flow of ethyl orthotitanate, Similarly, a volume .of 700 ces
is found frem the extrapolated orthosilicate curve, Theﬁ 550/206 = 2.5
is the degree.of aggregation frem the orthocarbonate cuirve, and 700/20é = )
3.4 is the degree of aggregation from the orthosilieafe curve., The averagea
of these two values is 3.0, The value of 206 represents the molar volume
of ethyl orthotitanate obtained by dividing its monomerie melecular Weighf;
© by its density at 209G, |
The corresponding ealeulatieﬁs for n=propyl orthotitanste are

680/274 = 2,5 from the orthocarbonate curve, 790/27/ = 2,9 from the
-orthosilicate curve; and 2.7 from the average,

_ A similar operation for n-butyl orthotitanate gives 540/341 216
from the orthocarbonate eurve, 690/341 S 2,0 from the ofthoéilicﬁte

curve, and 1.8 from the average. |

| If the n-propyl and n-butyl esters are supercosled, degrees of
éég:egatiog would be lowered as much as 0.5, l

_ From this rough treatmentQ»iﬁ is coneluded that ethyl orfhotiﬁanate

is trimeric in the 1iqui& state; n-propyl orthotitanaﬁe is alse trimerie,

and n-butyl orthotitanate is dimerie.
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IIX. VAPOR PRESSURE

A, Introductien |

Since the orthotitanates are not monomeric in the liquid state,-
it was thought worthwhile to obtain vaper éensities to determine the.
melecularity of the vaper., If the bonding in these compeunds is by
Tico0000 coordindtion, these bonds were expected to be strong enéugh to -
permif a dimerie.dr trimeric molecule to vaperize intaets

No simple methmds‘are ayaiiable for détermimatioé‘of vapor densities
of materials with low vaper pressures froﬁ o001 mieren to 1 mm, and

recourse was made to indirect metheds, The‘method of gas transpiration

for measursment of vapor'pressure gives. the vaper pressure in terms of
molecular weighto The‘Knudsénfgfﬁﬁsion‘method gives a similér.éxpressi@n
of vapor pressure as a function of mo;ecular weight, An abselute methed,
called the "self;manemeterﬂ was also devised here, whérein abselute |
vapor pressures ceuld be obtained in the desired pr@ssﬁre range. By
these three methods it was beped-%@~deﬁermine‘thé molecular weight

of the vapor;

B Matérials

Benzophenone was recrystallized from MeOH-walter and vacuum fraction-

ated fer'use as a vapor pressure standard,

Rhombie sulfur was prepared by melting flowers of sulfur in vacue.
The flask was immediately plunged into boiiing water (95°6) and kept at
that temperature for 10 hours, The sulfur was then dissolved in analytical
grade C3, and filtered., The clear filtrate was set in a Dewar containing

Dry Ice, whereupon large, block-shaped crystals formed. The mother liquor




was decanted off and the crystals allowed to air dfy; fhey were then
eruéhed and evacuated at 90°C in a ﬁigh'va@uum chamber {(.0000001 mm) fér
24 houré befofe use as a Vapor pressure sﬁandardoj

Mercury was vacuum distilléd in grease=free glassware f‘e’xﬂ‘.th:“tsqurpcsseo

Mercurie chloride was résublimed in vacuo f@? use as a‘vépor pressure
sﬁandard‘°

Orthotitanates were prepared as described in the viseesity section.

G, Ihe gelf-manomcter | '

The measurement of vapor pressures in the range 0.0l = 5 mm was made
possible by this apparatus. .Qhe apparatus is pietured in Fig. ITI. In
operation, a sample of the orthotitanate being measured was vaeuum distilled
into the large Bulbo The apparatué was conhected to ihe evacuating pumps
and placed in the thermeostat at a high‘temperature te be degassed, Follow-
ing degassing, the orthotitanate was permitted té flow into theivbtﬁbe by
tilting the apparatus, After a few minutes allowance feor témperature
equilibrium te take place, the manometer, in its upright positien in the
thérmostat, was observed by a cathetometer which measured thé‘differen¢e in
 height between the two liguid levels. MNuch trouble oceurred in attempting
te read these levels to .05 mm, but with practice the readings became some-
what reproducible, The temperature was3gradua11y'changed and a‘iarge num=
bervof points taken f@r.each liquid, both with temperature rising‘aﬁd
falling, |

The theory here is that the difference in liguid levels will be a
measure of the vapor pressuré9 since one arm is under this pressure, while

the other isg at such a low pressure-ﬁhat it is essentially zere pressure.

i
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By use of the densitiés‘determined for the orthetitanétésg'pressures qoaid
be caleulated. Seme uncertainty exiétég-sineelthe evacusted arm is reé;ly
under a pressure gradient of unknown.maénifudeo As the pump eapacity in-
creases, the effect of this gfadient beeemes.smaller; but still not cale-
.ulable,

In order to assess the method, a liquid for which‘%heuvapor‘pfessurew _
temperature curve was known was used as a check. The only liquid fitting.
the requirements was benzophenone, Its vapor pressures from 1 te 76®‘mm
are given by Stull (35) and frem 005 to .02 mm by Neumann and Volker (30).
The twe sets of values seem to be in agreement, as may be seen from '
Figﬂ}' 11, |

It is seen that the experimental pressures by the self-manometer
method are somewhat lower than expeeted. This should be fhe case if a
pressure gra‘idie’rit on the evacuated side exists, Unfoitunateiy,, the jaa’rtd'
icular liquid choseh as & s_'cahdard here is diffieult to ¢ontrol in the
self-manometer. Although the orthotitanates could be sﬁudied up te 5 mm
without trouble, _bénzephe‘hene vaperized t60 faﬁidlﬁy te permit repreducible
méaSuremehtsgipVen below 1 mm, If vaporization was too ﬁapidg the‘retufna
iné cendensate caused pressure surges so that readihgs could not be made
rapidly eneugh. | | |

The vaper pressures given by Stull (35) can be questioned. His method
consisted of pletting-li%eréturé values by'ofher authors on_a‘board-by means
of taeks, then drawing a string across the most reaéepabié-oneso The
majority of his original'references were in obscure jourﬁais not readily

available, hence I did not check themo"Mést‘experimenters;‘when recordihg
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beiling points below 50 mm; and especially below 15 mmsvrépert the mane-
meter reading for condenser pressure; g@t.ﬁhe pressure at the thermometeré
~ For this.reason, such boiling points afé-actually taken at a pressure some-
what higher than recorded, Therefere, it is likely that the self-manometer
points shown are not as far off as the literature points would indicate,
but still indicate that the ﬁethod is of doubtful validity.

The self@manemetér'vapor preasuies recorded‘for the orihotitanates
Wereifgr too numerous to list here, but the general curve is indicated in
Figé;?lz, 13, and 14°“The n=butyl orthotitanéte‘curve‘(Figc 14} ecould -
not be“éhecked by either the effusien or gas transpiration methods because
of the high temperatures requirgdo |

v _gas transpiration

Thé apparatus is illustrated im Fig. 4. The.niﬁrogen‘used as the
sweeping gas was purified by passage through thfee alkaline pyrogallel
serubbers, lead acetate solution; tw§ eone, sulfurie aeid bubblers, and
finally through a U=tube immersed in liquid airo- This treatmenﬁ should
have removed most of the exygen aﬁd all of the water, There was ﬁe trace
of hydrogen sulfide.

The operation islas followsgs "Pure nitrogen ig bubbled through
sueccessive columns of the orthotitanate and thereby saturated with the
erthotit;naté vapor at thermostat temperature, The saturated gas theﬁ
bubbles through a dilute nitric acid seluiipn@ also immersed in the
thermostat. The nitrie acid hydrquzé%:ﬁhe»orthatitanateg and the
nitrogen, now free of orthotitaﬂate vap;f bUﬁiéeniaining nitriec aeid Vapor,

is bubbled through 2 conc, sulfuric acid bottles and back through a U-tube
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immersed in 1iq&id air for moisture and HNO3 removal, Passage of the
dry nitregen through a water bubbler"iﬁ é separate thermostat is the final
step. |

In praéticeg the acid absorber was strongly flamed and ‘then weighed
és'the first step, The male joint was‘coated with silicene grease and
fitted to its mate, to which.it was then tightly wired, After passage of
dry nitrogen through the apparatus at room'temperatnre fof severél hours,
abouit 3 eec of the orthotitanate was éipetted in through the top joiﬂt of
vthe orthotitanafe abserber, Following several hours of nitrogen passage‘
through this system to remove'vwlatileméterials9 about 5 ces dilute nitrie f
acid was poured into the acid abserbers The condenser, 1ightl& greased, ‘
was fitted into the tep of this absorber and flow of water through it was
begun, Rubber tp?ing was then added te connect this absorber to the sub-

sequéht drying train. The apparatus was then lowered into the hot thermo-

stat, After a wait of about a minute to permit the temperature of the
apparatus to rise, the water absorber, in its thermeostat; was connected

and its stopcecks opemed; The nitrogen fleow, which had been very slow

up te this timeg was then increased until steady bubbling was‘ebserved‘
in the orthotitanate cell. 1 |
After a period of flowrléng encugh te obtain at least 0,01 g Tiggg '
(6 to 24 hours), the apparatus was raised out of the thermostat, 1et?co@1w i
for about a minute, and the stopececks of the water absorber closed, The
nitrogen flow was decréased and tﬁe aeid and water absorbefs removed from
the system. The water abserber was wiped free of visible water and let

stand in air until dry‘oh‘the outsides It was then weighed to determine
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the amount of water it had lost,

Special precautions had to be taken with;ﬁhe acid abserber.becausé of
the silicone grease Qn‘its joints and bé@ﬁuséief the mineral oil ebating
it had adquired° Mineral oil had to be used as the thermostat liquid
because of the high temperatures necessary. It was carefully wiped free
of greaseg then eonneéted to aﬂ aspirator so as té suck air through the
acid, which at this time usually was a thin slurry of the partislly
hydroiyzed orthotitanate. By use of a flame, the liquid was rabidly
removed, The entire absorber was then flamgd'(still sucking air through
it) tb the point et which‘the hot'g;ass colored the flame. All organie
materials were thﬁs removed, After cooling for iwe haurs,iﬁ a balance, itg
wéight was recorded. This gave the weight of titanium dioxide obtained
from hydrolysis,

Calculation of the résults was by use of the following equatian;'

which has been derived by use of the ideal gas 1awa

18, 92(WT1 )(Pbar 63)( ater)

kPp; = . —
79.9 (W, water )( bar Water)

ke < degree of aggregation of the erthetltanate vaper
P;i S partial pressure of orthotitanate k=mer in the vaper
13462 = molecular weight of water

79.9 = melecular weight of Ti@g
Wepg = weight of titanium dioxide found im the aecid absorber
-wﬁater -f‘welght of water lost by the water absorber

ar = barometric pressure

Puater ‘= vapor pressure of water in the water’ absorber

.63 2 pressure drop, in mm Hg, between the atmosphere and the peint

.at which nitrogen enters the acid absarber°
The results of gas- transpirations are found in Tablés XX and XXI for

- - zethyl orthotitanate and n-propyl erthotitanate. No data for n-butyl ortho-
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tltanate were taken because ef temperature dlfflcultlesa

The data from ethyl erthotltanate have been treated by the methed of
least squares to obtaln the follow1ng equat10n°

1n kPp, (mm) S 33,2652 = 13049.6/T, -

The data from n=propyl orthotitanateiare not treatable by this method :
and further treatment w1ll be made in the dlscuss1en of effusion pressures.

The gas transplratlon data of both these esters are graphed on Figs,
12 andi 13, | |
E. Effusion vagor.gressurggi
Introduction

. Knudsen's method of measuring tahon pressures by effusion of vaper‘

through a very small erifice into a highly evacuated chamber has been much
;néuse.by'recent workersabang many variations of: the experimental apparatus
are to be found in the literatureo :Seme of interest aire those ofnRodebush
and DeVries (32) and Andrews (1)6 o |

The methed of caleculation depends somewhat on the apparatus° Refer=
enees consulted here inelude Rodebush and DeVries (32)9 Egerton (16)9
Farber and Darnell (18, 19), Clausing (11)9 Notzfeldt (28), and Whltman
(41). The basic equation used in thls thesis is

g = earrPe3(2qrRT) ™ 0u5

rate of weight loss of the effus1en eell9 weight per unit time
a constant depending on cell geometry and accommodatlon coefficient
orifice area
vapor pressure of the sample
molecular weight average of the effus1ng vaper : \

= absolute temperature
- gas constant,

This equation assumes that the pressure in the evacuated chamber due te

THEBYe a0
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presence of the\effuéing;species,is go small as %o be‘negligibléy

The_effusion apparatus

_Several attempts were made to devise a suitable apparatus., The first
of these utilized a stainléss.steel box as the effusion Eellb-‘This box was
machined se as te provide a tight fitting screw lid, therfunatelyg-%hié
was se tight that upon'streng heating to burn out velatile materials the
tight fit became a shrink f£it, ' |

A second attempt was made te fabricate eells from seft glass. Thege
eonsisted of two parts. Thé bottom piece was a male jéinﬁj-éeégg&?shthénaf
flattened on the bottom, The top pieece was the:mating jeintg'eﬁta the tep~‘
of whieh was sealed a sheet of thin platinum, Before'sealingrthe platinum
on; & very'Small‘hole‘had been drilled in its eenter. -The'aréé”of3thié '
hole was measured by use of a microscope and calibrated stage. . These cells
were then partially filled ﬁi;h orthotitanates and placed in the evacuation
chamber, BRésults were not‘reé;@ducible;

The final apparatus devis;d is shown in Fige 5. In @ohstrueting‘thé'
effusion eell, a round bottom tube of 15 mm Pyrex was ground fiat on the
rounded bottom until a small hole was forméd, ~This hole was groun&,circﬁiar
with a 45°‘£apered edge bj us%;@f_a tapered steel rod, Taperihgiwaa suehi :
that the upper surface of the orifiee, with the eell in the pesition‘illﬁ
ustrated, is flat., This tube was then sealed by a ring Sﬁél,tb the larggr
tubing (40 mm) shown., The largér‘tuﬁe was thenisealed at ité~other;eﬁ&»%@w
the fvidew'bore stopcoek (15 mm bore), This stepceck was 1ubri@a'bed. with
‘silieone grease; -A.cheek on the grease shéwed thét it did hot.lose eneugﬁfl

volatile materials te be an important source of error. The tétaIUWeight of

i, -
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the finished eell was 250 g. '

The cell was filled as‘followsa} By means of a greund glass Jolnt
connected to the f£illing arm (b), the cell was connected to & fractien
eutter on a vacuum distillatien apparatus, and a middle cut of 3 te 5 e
of orthotitanate was distilled imto the bettom of the e¢ell (e}, Ths:
apparatus was provided with drip-tips on 1mp@rtant ground joints s@-thaﬁ
the liquid passing into the cell did net come int§<@ontact with greaseo
The filling arm was then sealed off undef vacuum at {d). The celi"wésv
then eonnected to the high vacuum system and very thoroughly degassed,éﬁ
abeut 7@@CP' It was then disconnected from %hé high=-vacuum ¢hamber (s‘“&@p=i
cock closed), wipeﬁ carefully with an acetone-seaked rag, and weighed to
0.0001 g. The cell did not gain weight upon standing for a day or move,
which means that there was no leakage. o |

,Tﬁe‘high vacuumn systém wa§ provided with a‘iﬁ@éstagg-mercuryzdiffusien
pﬁmp backed by a mechanieal f@fe=pumpo A Meleed gauge éealedzte~%h@~éllm
glags system showed the pressure inside to be Between 00005 an& 0,601 |
‘micrens after several hours ef running. This gauge was found troublesome
and was removed before any of ﬁhé TURS rep@rtedfher@ were madea'.Thér;'
should be no questioh as te the order of vacuum attaimedo If there ha&
been leakage, this would have been observed as gross 1rreproau@ib11ity @f
determinatlenso

The high vacuum system was attached to the diffusi@n‘pﬁmp by'a ground
Jjoint sealed with silicone grease, All tubing in the sysﬁem was at 1eéé%-
20 mm steeck, The eold trap'(e)fwas immersed in acetone = Dry Ice, and I

effectively prevented mercury and meisture from reaching?thé,eVacuatﬁd“béiiu
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Dry air was admitted to the system at the end of each rum. It was bled'in
between the fore-pumwp and the diffusion pump, and was dried by passage |
through €a€l,, NaOH pellets, and eonc; éulfnric acidy in thpt.erderi' After
removal of the sample celly a sealédweff joint Wés attached in its.stééd:
and the system re-evacuated to prevent adserption of meisture. E

During a run, the effusion ¢ell and part of the builteinﬁbewaf flask.
above it (£). were'imﬁérsed in a Waterithermestat controlled to @, 01@éa  1
The stopcock of the effusion eell was wrapped Wlth a ball@en t@,prevent
" stepceck grease from being lost.. After several hours evacuation, the stépo
cock was opened and a'stopwatch started. The effus1mg'vap@r‘was cendensed
on the built=in Dewar, which was filled with acetene - Dry'Iéeo_

Some difficulties were expérieﬁced which sheuld be mentioned,: Thé;'
31llcone grease is preferable to Apiezen N, since the latter is not fluld
enough to permit easy turhing of the stopcock. At temperatures above 60 G .
silicone grease flows. This did not appreciably affect resultsg but wWas

objectionable, In order to open and close the stopcoek of the-effu31en.

eell, which was immersed in the thermostat; heavy rubber gloves were?ﬁ§fh
to delay scalding.

leibfati@nmof"themeffusi@nmcelli

It may be observed that the orifice area in the effu51en celI_was ne%

determined, Instead, ealibratien of the cell with a reference. materlal Was—

used for its determination. Since there is alse an apperatus censtent in

C e

the Knudsen equation, this is alse eliminated; and the facter (eﬁ).bégéﬁes;
a new entity which will be called A'! here., The working equation.now.:f

becomes as followss
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vapor pressure of the 11qu1d mm Hgo. .
weight lest by effusien cell, grams,

2 time required for this weight loss, hours,
absolute temperature., -

= average meleecular weight of effu81ng vaper.
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As calibrating materlalsg four substances were tried., These were
liquid mercury, selid mercurie chloride, rhombic sulfurs and llquld
benzephenons, Bradley and Cleasby (8) used the latter and found about
1% disagreement with values ealeulated frem the cell geometrys The values
of A' as determined by each of these materials will be found in Tables
XXII through XXV, ’ | - |

Genéidérable disagreemeﬁt‘ekists‘in‘the value for A! as ealCulatéd |
from the different materials., The Hg vélues vary in a regﬁlar manner with
temperature, The values from HgCl calibraiien are in excellent iﬁternal

2
agreement, but lower than those by other methods. The values prebably .

differ because the varieus materials may net have the same accommodatien

' coeffieientso. That value obtained by béﬁzﬁphéﬁone calibration is taken

to be the most reasonable, mainly because Bradley and Cleasby used it‘suc@
@essfullfo The sulfur and mercuric‘ehloridé were solidss and‘might hafé
accommodation eeefficients muéh differeﬁt from 1,00, The mercury has

given several other experimenters treﬁﬁleg and'its aeeommodati@n @®éffiéient
deéends on its purity. The value - of A“-33050235 sgs ¢m. is therefore used
in subsequent ecalculations. | o

,Eggorﬁoressure ofﬂorthotltanatesmbz effu51@n

The vaper pressures of ethyl and nmpropyl orthotitanates were measured

by this me'thed° The data are presented in Tables,XXVI and.XXV115 and ave
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graphed on Figs, 12 and 13, The pressures calculated are on 'bhe basisg of’N
monomerie vapor, but the reason for thls Wlll not be presented until &
general diseussion of the graphs.

Fo__Comparison of vapor pressure meﬁh@ds and.dlscu581enwofmresu1ts

The self-manometer has already been discussed. It is used here oﬂi&

as a guldeo

Considering the vapor pressure of m-propyl orthotitanate firsty we =

see (Fig. 13) that all threeimethodseof measurement converge rather=ni@e1$;=
There is no agreement with literature points, however (taken from data
presented by Gullinane, et al. (13))s * As noted when reporting the transe
piration data, the two iowest‘transpiration points are probablj bad, Fhisve
was ; visible channel in oné greased joint at the end of these runs, wﬁiéﬁ'
indicated some nitrogen had been lost; which would throw the errors towara
the high-pressure side, A definite curvature of the entire graph is
noticeable, but this is a normal phenomenon; since heat of vaperizatioﬁ;_ |
changes w1th temperature, The eurvature is of the shepe expeeéedrfreﬁ ﬂ
sueh eurves, It is to be noted that if the vapor were dimeric or tPlﬁéricg
the transpiration values would be moved dowaward on the graph by an
increment of log 2 or of ;og 3, whereas the effusion eurve would be

" lowered by half this ameunt., ' This wOﬁld‘result in the twe curves no lohgér'
meeiing nicely, and the franspiration eurve would be below the'self=mane;"‘
meter.curveo But thls is unlikely, sinee the self-manometer valués can enly
be lower than transpiration values, Therefereg it is established that
n-propyl orthotitanste is monomeric in the vapor phaseglor at least is

considerably less than dimerico There is no indication as to whether
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. aggregation in the vapor in@reaées at lower ﬁemperatureSo

Turning now.to‘ﬁhe Vaper pressure curves fer‘efhyl orthotitanate
(Fig. 12), it is féund that the transpiration values sgres nicely with
literature values of Gullinane, et al. (13}, Crowe (12), and Kraitzeré-
et al, (25). The self-manemeter values are about where expected, but %he'
effusion valués resemble those of skatole more than they do ethyl ortho-
titanaté, The transpirationfmethod measures only the titanium content of
the vapor. The slepe of this curve will therefors be a measure only ef"
énthalpy chdnges in vaﬁorization_and depolymerization processes. The
effusion pressures, on the other hand, are a measure of the sum total vaper
pressure due t@'all species, and may refleect decompesitien progesses other
than depolymerizatien,

If thg ethyl Qrthotitanate de@ompoées with evelution of low moleeulawr
weight materials, this enthalpy change shquld increase the slope of the
curve, whieh is observed, It seems likely, therefore, that decomposition
oBCUrs,

If this explanation of thélléck of the“efhyl Grthotitanate,effusi@q
curve to agree with other cﬁmvw@ is acceptable, we may mske a decision aé'l
to degree of asggregation of the vapor, The agréement‘betweem transpifétiéﬁ
measurements and literature data is strong enough t@‘indicate“that the @urﬁé‘
is at the right altitude on the graph. If the #ép@? weremdimeriég,ﬁhe»tféﬁéé
piration curve would have to be lowered by an amount egual te log 2% whi@h
would place it below the self-manometer. curve; Whi@h is unlikely, Therefore,

it is concluded that the vapor is essentially monomeries
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Go Heats of vaporization and disseciation:energies

For the process Xm(liguid) 2 mwk. (vapor), it is necessai‘y that the
free energies be equal .a'b'-""equilibriumo» Thus, |
| Fy 5 nfy

and dFl s ‘mdFv.,
Since dF = VdP %_Sd'r,,

(vap - SdT)l = m{VdP = SdT)
The subscripts may be removed frem P and ’T at equlllbriumg and

ap/ar = (mSy = 83)/(uVy = Vl)

" Using the perfect gas law and neglecting the liquid volume in cemparisen
with volume of the v‘apor.,‘ this expressisn beconmes |
-d(1a P)/a(1/T) = - A B/uR,

. where (mS, = 87) 2 AS 2 AH/T, |
| ‘This means that 'bhe slepe . obtained f-rem‘ a'_plot of 1In P y¥s, 1/T yields

a value of AK

experlmenta]_ baéed on 1/m moles of L, or the equivalen"b of

one mole of X, In ether Words, the slope determined expe::?imentally es’
Rd(1n P)/a(1/T) refers to one mole of the vaper species.
To caleulate ‘Ehe_ dissociatien energy centained-in the above enthelpy

term; twe proecesses may be considereds

R

Proee,ss I: 1. .1/m X, (liquid) 1/m X;, (vaper) - AHvap’ (fer 1/m Xm)-

08

2, 1/m Xy(vaper) X (vapor) AH (vapor phase)-

o diss
3 '. 1/m X (liquid) 2 . X (vaper) A Hexperlmental‘
and AH, —— AHdlss(vapor phase) + AHvap(for l/m X))o

S:.nce AH = AE+A(PV) SAE + RTAn for a perfect gas,

A Ediss B‘A'He‘xp = RTAn - AHVaP(fer 1/m X))o
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Process IIs 1. 1/m X,(liquid) S X (liquid) A Hyigs(liquid phese)

2 X (liquid).= X (vaper ) A'Hvap (for X)

Dﬂ

"3, 1/m X, (liquid) = X (vapar ) ABy

exp
Since dissociation occurs in the liquid phase here, the AS(PV) term is
negligible and A’Edlss ZSHdlss Then the overall equatlcn becomes
: A Egiss & AHeyp = AHVaP(for x)o ' . : B |
It is now apparent that ABgsgg can be calculated 1f A Hvap is knowno
This can be calculated by use of the Trouton Rule, which states that in

"ccrm'espcndn.ng states®;, all liquids have the same entrepy. ef .vaporizatien..

‘The crdlnary Trouton ccnstant cf 21,0 is thus seen to be the entrcpy change

: associated with the class of llqulds whlch beil at 760 mm and are not
assoeiated in elther liquid or vaper phaseso' There seems to be no reasoﬁ
why phis sheuld be restrictedlfc cnc arbitrary pressure; and I have galc-
: ulatcd froa 1iteraturc data‘(l5) the vapoer pressure apd;T:octcn ccnstantsr
for 11 represerltative'orgaaic ccmpeucds (all are ring structuresg-- but, many.
have long side ‘chains) at pressures of 1, 10,30, 100, ahd'760 ﬁmo The
compounds, tcgether with the Trouton constants (T, )9 are tabulated in
Table 28 and the Trouton constants are. graphed as. a functlon of log. P in
Fig. 15, A threemccnstant least squares cguatlcng i‘._l,_ _
logyy P (mn) 2 401,,'36‘:'l.-‘.':'—:'-:§;'.@);5.3)l3_,.f'l_?c - 0013888 T; ,

has been developed for the purposes of extﬁaﬁciaticp aﬁ&iinterﬁclaticnp

It‘is now possible tc‘calcclate thie lrcutcp coastaaﬁnby dirécfluse of.
experimental data father than the extremely risk&‘procedu?eﬁcf extrapolatlcn

tc 760 mm of the vaper pressure curves. The equatien z;e,latiag Te and AHWP
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is [3Hvap T Tb/10009 where - lSHvap is in keal per mole,

An extremely important pelnt must now be considered, It may be noted
that AHgp refers to l/m“xm in Process I, but refers to X in Process Iio
Although ABgiqa as caleulated by either process should be nearly the same;v
it is obvious»thét‘the'correct value of Tbvmust be usedo. :

The basie problem is then that of deducing the species te which the
experimenﬁal_Ib refers. As shown by the viscosity data; ethyi-and h=propyl
orthotitanates appéar‘to be trimeric in the liquid state, whereas n-butyl
orthotitgnmte is dimerie, This implies that‘the major species present in
“the liquié phase is not m@nomerie; If dlssoclatlen eccurs in the gaseeus'
phase, then obv1eusly the b0111ng polnt refers to X, rather than X and
Process I appllesb If dlssoplatl@n occurs in- the llquld phase, two maJor
pdssibiiities may be distinguishéda' In bothé the‘monomemie‘and~mﬁmerie
units form a solution in whicm the monémer is é dilutg selute, In the
case that the memomer iS‘very-much momemvelatile ‘thap the m-mer, the ex-
perimental Ty would refer te the boillng p@lnt of a selutien 1ntermed1ate
between the bo;llng polnts of pure monomeric and pure m-meric liquid,

If the monomer is not appreciably more volatile9 but has a belllng polnm
quite near that of the m=mer, the experlmental Ty, would refer to a.solutlen
whiech 5oilé‘closer to the boil;ng point of thé m=mer, In both cases it
would seem that the experimertal Tb'could:nét bé‘aepuratély correlated
with any particular species. | N

’ As é guide to the proper choicé of refement species for fbp it is of
interest to note that Caughlan, et g;o (10) found ethyl orthotitanate to bé

trimeric in dilute benzéne solutiom. This would indisate that in the
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presence of éﬁher ethyl erthotitanate'mgie@ules the equilibrium is_such
that very few, if any, occur as mOnemeféo This in turh means that Process
" I is the more prabableo‘
Speer (34) lists the folléwing‘boiling points for the orthotitanatess
Et: 104°/1 mm n-Prs 170%/3 mms n-Bus 134=6%/0.5-1 mm; ise=Bus 141°/1 mm;
sec=Bus 90-929/0,5=1 mmg‘tert;Bu3‘62=63@/1 mm, Within the butyl series, it
is observed that Ty, deereases steadily as degreefof_brén@hing inecreases,
Two major effects are responsible for this; The first.is that increased
branching decreases the beiling peint by inereased shielding of theicarbon
and titanium atoms from intermolecular forces, The?seeond is that increased
branching shields the centfalutitanium g@@m‘fm@m coordination with exygen
of other orthotitanate melecules, Terﬁi;ryfbutyl orthotitanate tﬁus should
’héve a lower degree of aggregation thaﬁ_n=buty1 orthetitanate ahd should
also have the lowest beoiling peint. Both of these‘effects tend toward the
same direction, which makes it very difficult te separate them in even a
qualitative manner. It may be noted fﬁat iseo=butyl and n;butyl boiling
points are close together; whereas see~butyl is eénsiderably lower, If
weuid be expected that the ise=butyl and éec=butyl'boiling points w@uld be
very close tegether if the only effect were that of branching. The diff-
erence of 40 =-5QQ between them indicetes that degreé‘éf aggregati@n is
responsible forég§ét of the difference, since the see=butyl ester should
have the smalier degree of aggregatien,
Further, the beiling point of the tert-butyl estér is appreeciably lower
than that of the:ethyl ester, This also indicates that the ethyl éstér is

boiling as an m=merié‘l:‘i.qu:‘i'.d° A brief search of -handbook comparisens”
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between éth&l and tertiary butyl compounds, such as halideé and sub-
stituted benzenes, revealé that the ethyl cempounds are always of con-
siderably lewer boiling peint, \
Qualitativély, then, it is considered established that the éxperiw
mental Ty refers to the boiling peint ef the m=mer rather than the monemer,
Whether the dissoeiation proeess oceurs in the liquid or in the vaper ié |

then unimportant, sinee calculation by Process I will yield a true vélue

for NEgjge Which will be nearly identical with the value that weuld be

caleulated by Process II. The enly reasen for not calculafihg ZxEdiss

by use of Process II is the inability to assign a value te TB for the
AxE%ap term in it.

Upen 'slight rearrangement, the ovérall equation fér Process I becomess

AByggee ® AH_ -RI(1 = 1/m)/1000 - ToTy(1/m)/1000,

b

For ethyl orthotitanate, AH__. S 25.9 keal at roughly 3729K and

exXp
leg1@104P(mm) = 3,2, This value is obtained from the least squares equation

of the gas transpiration data'and'represents the average slépe‘over the

range studiéd9 From Fig. 15, the Trouten constant at this pressure is
feund to Be 45.5. Using the value of m = 3 and plugging in,

ABgies T 25.9 =(1 = 1/3)(L.9865) (372)/1000 = (1/3)(372) (45.5)/1000
25.9 = 0.5 = 5.5 | - | |

81

08

19.9 keal per 1/3 ﬁole of trimer, or 59.7 keal per mele of
trimer. If‘thére‘are six equivalent Tioooab‘eeordinate bonds per.trime:
which must be broken teo form three monomeriec uhi%sg each mast contribufe
59.7/6 & 10,0 keal per mole of.boﬁéso Sigce the detual structure is as

yet unknewh9 it must be assumed for'éaléulaﬁion purposes that all six
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bonds are eéuivaienta which is probably net true.
n-Propyl orthotitanate has the value 4 Hyyy 2 27.4 keal at roughly
AOOGK as determined from the slepe ofhthe'sfraight line drawn through the
transpiration d@ta'of'Fi’g‘° 13, The Treuton constapnt at the préssure this
.represents is feund frem Fig. 15 f@'be 40.5: Assuming trimei (m= 3)? |
A Bysgg = 27.4 = (1 = 1/3)(1.9865) (400)/1000 = (1/3)(400)(40.5)/1000
2754 = 0.5 = 5.4 keal

18

11

:21u5 kcél per 1/3 mele of trimer, or 64,5 keal per mole of
trimer. If six egquivalent Ti,,..0 coordinate bonds are assumed to be breken
when the trimer dissociates to three monomeric units, each must contribute
6An5/6 £ 10,8 keal pér mele of bonds.

 n-Butyl ort‘hqtitanate hes the value A Hexp
self-manometer curve. Trouton's éensiant at the correspending pressure is

3 37.9 ét 425°K froti the

42.8, Viscosity data show this compound to be dimeric in the liguid state, -
se that m & 2. Substituting,

ABggag = 37-9 = (1 = 1/2)(1.9865) (425)/1000 = (1/2) (425) (42,8) /1000

37,9 = 04 = 9.1 i |

08

i)

28,4 keal per 1/2 mole of dimer, Qr-56°8 kcgl/ﬁole of dimer,
If both titanitm atems of the dimer are pentacoordinate, two bonds wiil be
bréken in aissociationgland each will contribute 28,4 keal per ﬁéié;- This
seems unreasohable9 and should nbt be stréngly regarded. The éélfmmghé‘ |
émeter data for this compound disagieed radiea}iy.with literature datag

and this caleulation is included here only for the sake of completeness.
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He Sﬁrqctéfeeforthotitana&gg
| From the energies of dissoeiation calculated for ethyl and mypfepy}’“
orthgtifanatess.it is now-;ossible to discuss prebable structures of these
compounds. The energies, 1600 aﬁd 10.8 keal per mole of coordinated
Tipoooao.bends;'respécfivelysnare net greatly different from the bond
energy due to hydrogen bonding in earbéxylie acids. Various authors
report values for disscciation of formic, aeeticb-énd propienie acid dimers‘-
of about 7.5 keal per'moleiof hydrogen bonds: broken

- If the trimefic structures contain less than six coordinate bonds,
the‘dissociatien energy per bond rises alarmingly te valués which are
so high that_disséciatieh weuld not‘eaéily oécuro Ihe structures post=

ulated by Caughlan, gi als (10) ‘seem reasonable in this light.
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IV,  SUMMARY | N

Tyuzyo's method (39)‘eflrélating éﬁergy of,acfivatien of viscous' fléw
to molar volume has indicated ethyl~and-n=propyl orthetitanates te be fri%
meric in the pure liquid state, and n-butyl orthotitanate o be dimerics
This' should not be regarded as meaning that only éne;mélecular species is-
present in the liquid, howevef, sincé the method is far from quantitative.

These aggregatlon values have’been obtalned by determlnlng Evms ¥8o
‘molar volume eurves for erth031lleates and-erthoearbonatgso= The E;q-
values were obtained aé slopes calculated from least squares teﬁperature-’
dependent viscosity equations, and the molarﬁvoluﬁes-ﬁere caleulated from
liquid densities and monomeric moleéular weights,. Interseetion of the
horizental line from the Evis values of the'orthétitahates wifh thése
eurVesvfesulted in twé values foﬁ molaf‘volumé of visco&é flow, .ThQSe
values were averaged and divided by the caleulated molar volumes for the
monomer to give the degree of_aggfegatieno _

It was necessary to assume that n-prepyl orthotitanate and n=butyl
orthotitanate might be supércboied in the“temperature regien'stﬁdiéda
Ethyl erthotltanate was shown te be supercooled below 33, 7900

The effect of superceollng upon temperature dependenee of viseosity

has been utilized in this thesis to determine the ethyl orthotitanate melt-

ing point as well as the melting’ points of ethyl, n-propyl, n=-butyl;-and
n-amyl orthocarbonates. These melting peints were cbtained by simultaneous
solution of viscosity - temperature'equations for the.supefcooled and

_normal liquid regions, respectively, At the melting peint9 an abrupt-
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change in sloﬁe and curvature oceurs. _

Vapor pressures of‘eﬁhyl'an& nqﬁrééyi orthetitéaate‘havevbeen;detere
mined by each'of'three different‘meth@dss Effusion, gas tiansﬁiréﬁion, and
self-manemeter”; Comparisen of these methods did net result in quant=
itative vabor moleeular weights, but did show qualitatively that these tweo

esters are essentially menemeric in the vaper phase, Vaper pressures of

n=buatyl erthotitanate were meaéured'enly'by ‘the "selfwmanomete:"-and'are
not reliable,
From the eXperiméntél élopes of vapor pressure - temperature curves

.for ethyl and n-propyl erthetitahates, together‘with an extension of the
Trouten Rule to pressures other than 1 atmag‘disSeéiation energies‘havé
been calculated, Assuming six eqﬁivalent'bénds to be broken per mole of
trimer, bond energies of 10.0 and 10.8 keal per mole of bonds (Ti....0-
coordination) were caleculated for theﬁethyl and n-propyl esteré; respécté

ively. These may be compared with hydrogen bend energies of about 7:5 keal

pervmelé of bonds in associated éarbexyli@ aeidso
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‘Table I - Viscometer ealibration eguétiohs‘
| e 2 a/(b+ W

Viscometer # Temp, _ Liquid a__ b

1 40.00°C 60% sucrose . - TR0L4T.93  15.583
1 40,00 Benzyl benzoate 17074034 12:.737
2 25,00 60% sucrose 276065.0- 50,935
2 - 25,00 40% sucrose 31608:08 45,155
3 30,00 Water : ~ 10850.59 5,568
v 40,00 Benzyl benzoate = 69628,21 3.855
A - 27.50 Water 11229,78 3,729
5 270 50 later 12218045 00423

Table II = Molg;ﬁ§;1umeiand ac%iﬁéﬁigé,ene;gies,of orthoesters at 20°C,

TR S
Nl Co

Gompound : E‘v.is Y.
Ethyl’ “orthotitanate - 6780 cal 206 cc
n 8560 274
L .. 6635 - 341
“h@sil;cate L1990 224
e Y .y 3230 ‘ 357
N E 4835 556
Ethyl orthocarbenaﬁe 3140 210
n-Propyl 4510 o 277
n=Butyl L 4705 343
pefmyl, M. 5130 408

)
)




Table III = Vl c051tx-

1, Viscometer #1, sample weight 37, 851 g- Calculated viscosities
are from the twemcenstant equatlono -

Tempo Flow times . Calculated viscosities
%, in seeconds

60 00 834.2, 835.4

57,50 887.4

55,00 956.7, 956, 6 Lo'lh

50.00 1114, 5, 1121.4 17,19, 17.29

47050 - 121308 . 18073"' I T L I C T A
45.00 . 1314.0,1319.3 20.28, 20.36

40560  1569.7; 1573.7 24,25, 24.31

37,50  1724.4 26.66

35,00 1902.3, 1902,1 29.42, 29.42

30,00 2360.7, 2361.5 36.55, 36.56

27,50  2646.0 40,98
25 0@ 2984053 298503 460 259 460 27
22,50 3390,9 52,58 '

Pt 87""' : Mo = ﬂ _. ' ..,. | 2l st .

2, 'Iiscometer‘#zy sample weight 28.303 g. Calenlated viscositles
are from thé two-coenstant equation.

Temps. Flow times Galculated viscosities
- 8, in seconds in eentipoises -

60,00 1120.6 . 12,62 .

57 050 12010 13054

55,00 1290.2 14056

50,00 1543.6- 17:46

47,50 1625.8 18,42

45500 - 1768,3 L A005

40,00 2107.3 . 23,9

37.50 . 2312.8 . 26,33

35,00 . 2544.8 : 29,01

30.00 3155.4 36,06 °

27.50  3536.3 40546
) 25 ° @O 3987 o 4 ’ 45 068

22,50  4528.5 51,94

20,00__ 5175.6 59,45
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Tsble IV - Viscosity (calc.) and data for Ti(0 nePr),.

1. Viscometer #1, sample weight 33.053 g. Calculated viscosities
are from the two-cohnstant equatioen.

Temp, Flow time Calculated viscosities

g, in seconds_ in eentipoises , | ‘ '
66.00 2582.9 T 35,35 . |
55,00 3140.1. ' 43.03 ' i
50,00 3841.6 52,70 g
45,00 4718.1 64.79 ;
40,00 5824.2, 5818.5 80,03 &
35,00 7249.5 99477 i
30.00 9163.3 . 126.25
25,00 11688.7 161,23
20,00 150230 207.45

2, Viscometer #2, sample weight 304539 go  Calculated viscosities
are from the twewconstant equatieno

Temp:, Flow times Caleulated viscosities
o¢g, in seconds _ in centlgelses
60,00 3146.0 T 35,22
155,00 3809.5 4274
50,00 4648.0 52,27
45000 57@100 C 64025
40,00 7030.4 79.42
35,00 8716.7 . 98.69
30,00 10969.4 . 124,48
25,00 14025.7 159.53

20,00 181979 - " 207.46
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Table V = Viscosity (calc#) and data for TiQG anuZ

1. Viscometer #1s sample welght 29, 492 go Galculated viscositieé‘
are from the twe-censtant equatwn°

. Temp.. Flow times Calculated viscosities
6. in seconds in centipoises
. B0.00 1812.4 2280
12£755,00. 2102.3 26.24,
T 5080 2450.8 30.62
15.00 2877.2 - 35.99
40.00  3379.5 12,31 ,
35,00  4005.8 - . 50,22
30.00  4797.1 . 60,22
25.00 5792.6 72.80
20,00 __707L.8 8898

26 Viseemeter;#Zg-sample‘wéight 28,637 go Célculated viseosities.
are from the two-constant equatien. :

Tempc Flow times Caleulated viscosities
g, in secends ‘in centipoises
60,00 2118.7 22.54
55,00 2458.6 26.22
50,06 2875.1 _ 30,73
" 45,00 3356.5 35,96 -
40,00  3947.5 . 42.39
35 o‘O@ 46720 5 500 29
30,00 5583.5 60.23
25,00 6749.9 : 72:99 -

20,00 8223,1 89.13




Table VI - Viscosity
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and data for si(OE% 4o .

Densities necessary for caleulation were from Sugden and Wilking (36)°
The viscometer tised was #3 and the sample weight was 19. 772 ge

Temp, Flow time in seconds .Calculated viscosities (u81ng

°C. Run 1 Run 2

60.05 260,8 251.6
55,00  270.1 270.7
50,00 280.3 2805
44,98  295.9 291.7
40;00 312.4 308.7
35,02 325.7 325.9:

- Zable VII - Viscosity (cale.,

Run.3 Avgs average time) - centipoises
25709 25608 04675

26hoh 268.4 489
283.4 28l.4 - 5139
29104 293'0 05359
305.7 308.9 .5658
323.4 325.0 .5962
343.3 6308

_and dats for Si(0 n-Bu)

‘Tngo Flow times

Co in seconds

4,95 '2767.4
10,20 2467.7
15,47 2215.6
19059 204408
25,68 _ 1828.7

Calculated viscosities

in eentipoises
2,857

2 o 547

2,287
" 2,110

1.887

Table VIII = Viscosi;y (calco) and data for. Sige nPHégtzlzﬁ

. Temp. Flow times
. in seconds

Calculated viscosities -
in centipoiseg

24,84 58567 6,053
290 84 513805 503 1
34:84 455605 4,708
0 39.84  4061.9 40197

Lhs8h  3646.8
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Zsble IX - Viscosity (cale.) and data for G(OEt),.
Viscometer #5, sample weight 240447;go. |

Temp., Flow time . Caleulated viscosities.

o, in seconds in centipoises
21.78 838.8 9164 ‘ S
21.76 840.4 .9182
26.27  775.1 . 8468
26.28  775.8 -BLT5
33.40 689.6 7533
37,60 645.4 _ 7049
41,41 610.9 L6672
47.25  563.6 .6155

30‘58 121304» ’ 103262

6.85 1126.0 1.2306
13.40 982,7 1.0738
17:02 915.5 1.0003
30,00 729.1 - 7965
23,53 812,0 . .8871
18,57 888.4 . 9707
15.22 947.0 . 1.0348
10,74 .1037.1 . 1.1333

8,50 1087.7 1,1887

L.48 1188.3 1.2987

5_0 10 11720 4 . 1.0 2813

9,53 1062.5 1,161

8.47 1087.8 . 1.1888

7,69 _1105.2 1,2078
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Table X = Viscesity (cale.) and data for 6(0 n=Pr) 4

1, Viscometer #4,'sample.weight 23650é:g¢ Viscosities are
caleulated from the two=constant equation, '

Temps Flow times Caleculated viscosities
9C._  in seconds in centipeises
22,60 1131.4 12,276
26,50 . 1025.4 2,062
- 30,26 935.7 . 1.881
34.91 . 843.3 1.695
39.03 770.6 1.548
42,90 713.6 _ - La433
46,17 669,3 1.344
28,16 984.7 1,980
32.29 893.3 ‘ 1,796
41.26 739.2 - 1.485
Llo52 '690.9 - 1.387
47 .42 653.8 1.314
36,95 806,.8 1.621
24.54  1076.7 ' 2,166
19,35 1232.8 . 2.481
57.50 - 547.4 1.098
57,50 :° 547.4 1,098

54.56_ . 5757 1,155
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Table X - continueds

26 Visce"me%ér #4, sample weight 21.,3'7(2) go Viscosities are
calculated from the two-constant. equation. :

Temp. Flow times Caleulated viscosities
¢, in seconds in centipeises .
25031 114700 29122 ’ )
30.51 1013.2 1.874

35,62 " 903.7 1,670

41.93  808.2 1,493

Llioh8  T54.0 - 1393

48,57  699.0 1,291

29.00 1049.2 1.941

21.69 1259.8 - . 2.332

30,41 1017.0 : 1.881

33.55 946.2 1,749 -

40.90  808,7 1,494

1(-9086 . 67906 10 255

54,87 6225 © . 1,149

30.76 1007.0 1.862

28.68  1056.4 1,954

32,29  973.2 1,800

31.21 996.8 - . 1,843

29.72 .1032.8 1.910

16,25 1463.3 2,710

14.47 1538.0 2,849

19.16  1348.1 2,496

24034  1178.4 : 2,181

26,17 1124.0 2,080 .
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Table XTI = f"fiscosit\?‘"(éalc‘o) and data_for G(0 n-Bu),.

Vlscemeter #4, sample weight 21,195 g,:-a'

Temp, Flow times Calculated v1scosit1es
°C, . in seconds .  in centipoises
23.57 2170.0 - 3.980 o
24,53 2106,1 - 3.863
25,51 2049.2 - 3,758
26,50 1987.7 3.645
27.83 1913.0 - . 3,508
28,73  1866.4 _ 3.422
29.51  1824.7 3.345
30.01 1797.6 © 3.295
30:35 1782.4 : 3,267
31l.53 1725.9 3.163
31,89 1709.3 3,133
32,1 1697.7 3,111
34.92 1578.6 2,892
37“0‘5 2 ’ 1475 ) 8 ‘20 703
40.00 1387.4 2.541
42,51 1309.0 2,396
© 45,01 123404 . 2,259
47,48  1169.2 2,139

Table XII XII - Vlscoslty (calc,) and data fer C§0 n-Amz .

' Vlscometer #4, sample weight 22, 110 o

Tempo Flow tlmes~_ Caleculated v180081t1es
. _%¢, ih seconds. in centi geises
30.72 - 2813.5 : 5. 376
31.09 2783.1 : 5,317
32,70  2649.4 5,061
33,38 2596,6 40959
36,14 2395.8 4.574
£ 39.80 2164.1 4,130
41,70  2045.8 3.921
43,80 1944.8 - 3,710 -
’ 45981 184905 30527
47.75  1759.3 . 3.354
© 50,17  1662.5 - 3.169
51,96 1579.9 3,011
53.96 1507.9 ‘ 2.873 -
57.85  1411.7 2,689

58,98  1346.8 . 2,564
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Iable XTIT - Ieast squares viscosity equations for orthoesters.

loglp71 (ep.) = a/T =b - eT

cempound‘ Vise. a b B ] ’ Temﬁerature range
Ti(OEt)A éigb, 1928.75  4.80429 = 2¢;oo ="30.00°C."
Mo 1481425 3.34656 - 35,00 = 60,00
Ti(on=Pr); 1 1871.707 4407169' = 20,00 = 60,00
'.u _ 2 1870.492 407060 - 20,00 = 60,00
" 162  1871.098  4.07085 = 20,00 = 60,00
comb, '
- Ti(On-Bu), 1 1448445 2,99606 - 20,00 = 60,00
U 2 1451.611  3.00584 - 20,00 = 60.00
v w2 150.028  3,00095 - 20,00 =.6o,oo
: comb,’ . o
Si(OEt), 3 . 435.1519  1.63658 = 29.98 - 60.05
S1(OnsBu); 5 11926125  5.40821 (0056660255  4.95 = 25.68
'-Si(on-H:p)4 5 1863.7413 - 8,26848 °6093830810 24,84 = 4484
C(0Bt), 5 1646.29 8.97270 .0113697 3.58 - 973
;'fu- 5 1127.8843 | 5,37876 .0051424261  10.74 =~ 47.25
c(om-Pr), 4  2010.1185 - 9.87388 011612941 1447 = 22,60
" L 1724.835778 - 8,01941 00860184868 24,54 = 57.50
G(on-Bu),* 4 . 1130.92  3.21190 = 23.57 - 32,11
v 4 1028.95 287972 - 34492 = 47,48
| c(oﬁ»aﬁ)g* L 120082 3.22154 - 30.72 - 36,14
" 4 1121.64 2,96936 - 41,70 = 58,98

. % These two liquids showed from their least square equations that a
better fit might have been obtained by the 3 constant equation.
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Table XIV - Eyig ond V for aldehydes and nitriles at 20°%.

Galculated from the work of Friend and Hargreaves (20).

Compound ) Eg;s Y Comgound Ev1s ¥
Methyl eyanide 1860 ecal 52 ec Acehaldehyde 1560 cal 57 ce
Ethyl " 1940 70 Propionaldehyde 1990 72
n=Propyl 2230 87 ~Butyraldehyde 1996 20
n=Butyl . 2360 104 igo=Valeraldehyde 2220 - 108
nwAmyl R 2550 - 120 Chloral 2530 - 98

_ : .-~ Paraldehyde - 3050.. - : 133

Table XV = Ev1s and V. f@r nnalkanes, n-alkyl bromldes, and n-alkanethiols .
atzoco . ’

Caloulated from the work of Bingham and Stookey (5).

Compound. By A Compound Ev1s Yy
n=Pentane 1560 cal 115 ¢e - - n-Butyl bromide - 1855 cal 106 oe
‘n=Hexane - - 1750 131 - n=Amyl " 2115 124
n-Heptane . 1930 “ 14T n-Hexyl n 2360 141
n=0ctane 2135 163 . n=Heptyl n 2665 158
n-Nonane 2435 179 n=0ctyl " 3025 173
" n=Pecane 2735 195 n=Nonyl " 3345 190
- Compound Ezig v
" n=Propanethiol 1730 eal 89 ce
n=Butanethiol 1900 105
~ n=Pentanethiol 2085 122
h-Hexanethiol 2320 140 o . : : |
n=Heptanhethiol 2560 154 - ' A !
n=Petanethiel 2735 172 : ' : f

n-Nonanethiol 3220 _190
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Table XVI = Eyjq and V for tetra~a1ky151lanes at 20°C,

Calculated from the work of Whltmore (42)

Compound Byis Vi
Trimethyl Hexyl silane. 2630 ecal 213 ce
Trimethyl Heptyl silane 2960 230
Trimethyl Octyl silane 3230 246
Trimethyl Decyl silane 3800 278
Trimethyl Dodecyl silane 4390 311
Triethyl pentyl silane 2970 238
Triethyl hexyl silane 3250 25/,
. Triethyl heptyl silane 3560 271
. Triethyl octyl silane 3810 286
. Priethyl decyl silane . 4320 319

Table XVII = Ey; and V for alkoxy silicen cempounds at 35°C.

From the values given by Takatani (37)0' , o ' . ‘;

Compound Ev:.s Y

Methyl orth031licate ' 2270 cal 151 ee

Ethyl orthosilicate - 2320 224
iso-Propyl erthosilicate 2840 208

n=-Butyl orthosilicate 2900 364

iso=-Amyl orthosilicate . 3590 434

n=0ctyl orthosilicate : 5116 629
Hexaethoxydisiloxane 2580 . 341
Octaethoxytrisilane : 2800 444(estimated)
Octaethoxycyclotetra31loxane 3680 491

S

Table XVIII = Ey3g and V for polymethylslloxanes at 20 Go

From the compilation of Hurd (23) .

Y

Compound , Evls.h'; '
Hexamethyl dlslloxane 2166 cal 212 cc
Octamethyl trisiloxane ' 2446 - 288
Decamethyl tetrasiloxane 2670 364
Dodecamethyl pentasiloxane - 2782 439
Tetradecamethyl hexasiloxane 2892 515
Octamethyl cyclotetrasiloxane 3417 310
Decamethyl cyclopentasiloxane 3714 " 386
Dodecamethyl cyclohexasiloxane 4099- ‘460
Tetradecamethyl cycloheptasiloxane 4369 533

Methyl, tri-(trimethylsiloxy)silane 2702 365
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Table XIX - Welting points of alkyl orthocarbonates

Compound - Melting poeint

Methyl orthocarbonate : = 5,59 fliterature value)
Ethyl " 10.85

n=Propyl " . R4 .66

n-Butyl w.. . 33.8

n=Amyl " ' ‘ 40,8 -

Iable XX = @gs transpiretion vapor pressure of ethyl erthotitanate

" water water

Temp, Temp, vapor  Pngy Wy Veoter  XPri  1000/T
°c %G pressure 5 :

85.9 22.0 19,83 mm 637 mm 0200 g~ 2,1237 g  .0477 mm 2.785"
89.6 20.6 18.20 = 633 0187  1.3010  .0668 2,756
95.1 20,5 18.10 629 00244 1.0342 +109 2,715
100.1 20,35 17.92 631 0193 - 0.4751 186 2:679
107.9 21.5 19.23 637 00413 0.5464 . o372 2.624
113.3 23.9 . 22,24 637 0652 005967 o624 , 20587

Table XXI =~ Gas transgl atlon vapor pressure of nworo-;lrorthotltanate”
water water
Temp. Temp. vapor - Ppayn Wpg _Wﬁater kPTi 1oeo/T
. %, pressure _ '
115.9 19.75 17.26 mm 640 mm o0428 g 0.5672 g 2331 mn 20579
121.3 18.9 16,37 633 - .0830 0.6283 = ,550. 2.535
109.4 19.45 16.95 630 .0468 1.1211 o180 . 2,614
101.9 20.5 18.09 633 20409 104236 o133%. 2,666
94.9 21,7 19,47 635 20314 1:.9137 .0816% 2,7165_
% These last two values are believed high because of loss of nitrogen
loss from the system by leakage threugh a greased Jeinto

~




=72 -

Table XXII = Callbratlen of effusion cell with merc ury

Literature values for the vapor pressure of mercury have been taken
from the Handbook of Chemistry and Physics (44) -

Temp. W e ' Pﬂg A¢
34.889C, 51919 g 17.15 ‘hrs .004098 mm ,01609 sqg. em.
34.88  .2349  21.183 .004098  .01597
. 40,00 - 1417 8,450 .006079
40,00 +1530 9,200 .006079 °01629 (average of three values).
40,00 <1473 8,917 .006079
45,00 « 2340 9.684 .008827. . 01642
50.00 L1140  3.258 - ,01267  ..0167
55.00 01524 2,998 01797 -01745
60,00 27528 10,40 202524 01760

' Table XXIII - Calibration of effusion cell with HeGlo.

- Vapor pressures are. calculated from the equation given by Ruf and
Treadwell (33)s Their data. were taken by nltregen entrainment,

Temp, w ) ) ' Pch:L Aﬂ.
50,00°C, .0611 g 12,82 hrs 001615 mm 01530 sq° ‘em,:

60.00 . 1303 11,000 00409 201529

Table XXIV = Calibration of effusion eell with liguid benzophenone -

A1l runs were at 54 60° Co The vapor pressure at this temperature,
01799 mm, was taken from the data of Neumann and Volker (30).

" Run # O W o= W/e

1 2,250 hrs .1461 g 00650 g/hr

2 .2.300 1550 067 , DR S

3 2,250 01553 .0691 ~ The average, q = .0670, 1s used
ok 2,250 21522 0677 to calculate the average value;
5 2,250 21481 20659 -~ Ad 2.0.0235 sg. ems . .
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Table XXV - Cslibration of effusion cell with rhombic sulfur

All runs were at 88'96900 Neumann (29) lists the vaper pressure
at this temperature as 0.02089 mm, . .

m# e . . "W AV

1 3+,0000 hrs .0207 g 0187 sqo Clts.
2 11,583 = -0817 L0191

3 15.500 . <1164 .0204

4 6.5896 0478 -0197

5 3.1000 +0212 .0186

6 3,1000 +0235 .0205

7 4,,0000 .0276 .0187

8 3.0000 - ..0220 -0199

9 4.1000 -  .0287 .0190

The average value for Al is 0.0194 sg._cms

Table XXVI-=*Vabor DreSSures'of ethyl orthotitanate BZ effusibn

These determinations were all on the same sample, and were made in
the order presented. Pressures refer to monomers

Temp. A e 1000/T l°g19 GAP.(mm)h
75, 02°C <148 g 3,000 hrs = 2.872 2,093
80 00 01959 26 000 2_0 83 16 20 393
85,00 02124 - 15 100 . 2,7920 24690
89,98 3410 - 1,010 27544 2,936
640'98 00349 208506 . 209574 10 48@

90.00 5116 1,510 . 2,754 - 2,938
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Teble XXVIT - Vaper pressures of n«grdgyl'orthoﬁiténaﬁe by effusion

Of the three samples used, sample #2 is pr@bably most pure° It was
redistilled three times before use. The runs were made in the order
of listing. -Pressure is on the basis of monemerlc vapor.

Sample #1

Temp, W ) - 1000/T 16g1®104P'(mm):
40,00 °0074 g 57,93 hrs 301933  =0.4795
50,00 0145 . 22.55 3.0944  0.1429
55,00 ,0202° ' 24,133 3,0478  0,4207
60,00 00545 20,933 - 3,0020- 0,7568
Sample ﬁz . ,
70,02 0366 4.0167 2,9139  1.3074
80.0 .0909 2,0333 2,831 2,0043"
80.00 1403 3.4324 2.8316 - 1.9654
75,07 .1000 5,208 - 2.8717  1.6348
85,00 0898  1,2314 22,7920  2.2198
90.00 1391 . 1.0296 2.7536  2,4906
90.00 1213 1.600 2.7536 2.4438
87.50 50910 1.000 2.7727  2.3175
82.55  .0509 3.1319 - 2.8125  2,0084
Sample #3
82,51 <0562 - 1,0000 - 2.8116  2.1051
81,24 +0479 1.0000 2.8217 2,0350
77,50 0378  1.3333 2.8518  1.8049
78.75 0342 1.5000 2.8417  1.7111 -
78,75 0440 1.4000 . 2.8417  1.8504
78.75. 0735 2,1000 . . 2.8417  1.8972
76.25 0552 2,1000 2.8620  1.7713 -
64,,99 .0251 403000 2,9573  1.1107
60,01 0242 - 8.200 3.0015 - 0.8112
60,01 0362 8. 5000 3,0015  0.8919

60,02 0247 9.0000 3,001 _ 0.7798
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Table XXVIII = Trouton constants at various pressures .
Compound ' Trouton constants -~ -
. " dmm 10 mm 30 mm 100 mm___760 mm
Benzene 39.5 34,0 30,8  27.3 20,0
Toluene. . 40,6 33,6 30.4 27,1 19.7
Ethylbenzene 40,8 33,7 30,8 27.4 19.7
o=Xylene A 39.9 33.8  30.8 27.4 19.8
Propylbenzene 40.5 34.2  31l.1 - 27.6 19,7
Tetrahydronaphthalene 40.5 34.3 31,22  27.6 19.2.
Cyclopentane 39.7 32.8 29.7 26.4 19.8
1=Cyclopentyl heptane 42.6 35.8 32.5 28,7 19.1
Cyclohexane o 40.1v 33,2 30,2 26.6 19.6
1=Cyclohexyl hexane 40.8. 344 314 279 18.8
Spiropentane - - 409  33.2 31,1 26.8 2.1
Averagess . 40.5 34,0 30,8 27.3 - 19,6

Least squares equations logyq P (mm) = 4s436 - 05313 T, ~ .0013888 Tﬁ?'

(T, = "Trouton constant?).
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Figure 15 - Variation of Trouton constant with 1og10P
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