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ABSTRACT

Measurements of the thermal conductivities of methanol [1], trifluoro-
ethanol, ethanol, and water vapors have been-made as a function of pressure
and temperature with a thick hot wire- cell using a,relatiﬁe method in which

the cell was calibrated'with N Ar, and Kr. Comparisons of the’results’fbr

27
-the different vapofs can readily be made since all the measurements were
performed with the same apparatus. At any given temperature-(330—400 K),
the thermal conductivities increased with preésure (74160 kPa) indicating
the presence-of associated.speciés in all the vapors. Frém the data, we 
deduced aésociation cohs;ants as well as standard enthalpies and étandard
entropiés for the formétidn of the.associated vapor species. Dimeric
molecuie§~were detected in trifluoroethanol, ethanol, and Wéter vapor;

and a tétramer species was detected in methanoi'an& ethanol. In quantum
mechanical Caiculatiéns, we find alspecial‘stability for the'cyciic hydro-
gen bonded tetrameric species, supporting our concluéions that mostléf the
effect we see on,the‘pressure dependence of the thermal conductivities of
methanol and ethanol is-related to the fresence of tetramer. . Consistent
with the quantum mechanical calculgtions,~the measurements. indicate that

the trifluoroethanol dimer bond is strongest. We also report on transport

parameters deduced from the data.



I. Introduction

We report measurements of the prgssure dependence of the thermal
conductivity for vapors of ethanol, Z,Z,Z—tgifluoroethanol, and Qater.
Analyses of the thefmal conductivities of methanol [1] and the other sub--
stances indicate the préseuce of dimers in ethanol, TFE, and water and
thé,presencerf tetramers in methanol and ethanol. These résults are
consistent wifhlgg_initio quantuﬁ mechanical calculations that we have’
carried out on a number of polymers. |

The importance of developing an understanding of hydrégen bonding
between holeculeé has long been recognized as a prerequisite for attack—'
‘ing many fundamental questibns én the structﬁre of liquids (such as water) .
'and on nucleation and condensation. There have been a. large .number of
experimental studies of aléohols and water whichAindicate that associated
hydrogen.bonded speciés exist in the vapor [4—141. Much of the data has

‘beén reviewed by Zwolinski and Wilhoit [12]. However, the information
oBtaihable from theée studies is limited by ambiguous interpretations of .
the data in éalculating the thermodynamic quantities fof the dimer and

\ by the"insensitiﬁity of the measuring techniqueslto thé presence of higher
aésociated.species. In contrast, thermal conductivities are especially
sensitive to the presence of large aggregates, and even a small -fraction
of lérge polymeric species can ﬁe detected [1-3]. Consequently, measure-
ments of the thermal conductivities of molecules which téﬁdlto form hydrogen
bonds caﬁ provide information on large associated specieé which éannot be
réadily obtained by othér types‘of.measurements and, perhaps, help resolve
some of the differences between inﬁeétigétors cqncerﬁing thg}dimeric.specieé.

In thiS'paper, we présent enthalpies and éntrOPies of gssociation,

as well as equiliBrium constants for associated species of ethanol, TFE,




-
and”water. These results are comﬁared to previous thermal cbnductiyity
ﬁeasurements on methanol'which detected tetramers [1]. Our results are-
éoﬁpared to thé results of otherAmeasﬁremenfs.' Finally, the results of
'éh_initio;mgleculér orbital calculations on TFE dimers and methanol poly-

mers are discussed and compared to the experimental results.
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II. The Thermal Conductivity of an Associating Gas
If‘é pure non-reacting gas isvplaced bet&een a hot and a cold plate,

heat is conducted prinéipally by molecular collisions. In‘én associating
gas having sufficientiy fast rates of association, a steady-state chemical
composition graéient will exist between the plates due to the temperature
‘dependence.of the association equilibrium. This leads to the.diffusion”of
.iarger assbéiéted species to highér témﬁeratures and the.smaller'spécies
(monomers) to loﬁer temperatures. The smailerAspecies éssociate at the
lower temperature releasing the enthalpy of association whicﬁ becomes part
of the total heat flux. The effeptive thermal conductivity is thus enhgnced
‘due to the heat transported as the chemical enthalpy of association. |

” An expression for.the enhancement of the therﬁal ¢onductivi£y of a gas
_due to chemical reactions,gkk,<over that of a "frozen" (i.e., non—reacting) 

gas was deﬁéloped by Butler and Brokaw [3], based on the work of Hirschfelder

[2}. This result, applicable to the steady—state conditions described above,

may be written as:

AH A .. WAL

0 ‘AHl.'.'. v 11 1v
Ly | Apea . . .
AR————Z . . ) - . e > ()
» RT” | - : | .
AHv ‘ Av : Avv Avl"'Avv

where v is the number of independént chemical reactions; R is the.gas cbn—
stant; T is the absolute ;empefagure; ;nd AHi’,AH2’~"T’ AHQ.are thé standard
'enthalpies of each of the v unique reactions (standard state = 1 atm). The
numerical coefficienfs, Aij’ are evaluated from the gene?al form given by

Brokaw [15]:

A, =A, . = %il gi _RT_ kaz[?ik - ni{}. Mk _-nji], (2)
1331 a1 ek PP i T ) e S o
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}where i,j = 1,2, ..., v; P is the total gas pressure; u is the numbér of

distinct chemical species; and D is the binary diffusion coéfficientzfor

kL

_species k and 2. The subscripted stoichiometric coefficients, n, refer .to

the kth or 2th chemical species in the ith or jth chemical reaction. All

‘reactions must be written in the form:
k ~ L
2 n, X =0 1=1,2,0.05d50005vy - (3)

where Xk represénts'the kgh chemical species. .Nofe that any'substance
that does not participate in reaction i or j must be included in'tﬁé'
general éxpression,'Eq. (3), but has a zero vélued»stoighiometric‘CO—
efficient; | ,

The_mgasured thérmal conductivity of the reacting gas may now be
expressed AS.a function of the temﬁeratu?e and pressure by the sum of
the frozen tﬁermal cénductiyity, kf, and the‘rééction contributioﬁ;
AR:

A(P,T) = A_ + A (%)

f R

The non-reacting contribution; kf, is essentially the thermal condugtivit&
of a compositionally frozen mixture of all the species in the Vapor. The

pressure dependence of A_. is generally very small; therefore, the major

f
pressure dependence of A(p,T) in Eq. (4) lies in the AR term. .An insight
into the usefulﬁess of Egqs. (1) and (4) for the analysis of é#perimental
thermal condﬁcfivities of associating gases can Bé gained sy expansion
4of Eq. (1) for some specific association reactions. o

If a gas consists of a mixture of monomers and one polymer species,

the chemical reaction 6ccurringgin the mixture may then be represented as:

nX T X N | , (5)



'If the extent of polymerization in the vapor is small, then at moderate .
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The‘corresponding,equilibrium constant isfgiven by:

= n '
K_=p_/o], . S ®

where-pn and p1 are the equilibrium partial ‘pressures of the n-mer and fhe
monomer, respectively. Recognizing that the required mole fractions in
Eq. (2) are given by x = Knp?/p, then Eq. (1) can be easily shown to reduce

to the very simple form:

len AHn ‘ Kﬁpl

2\, n-1
R RT RTZ}(l + nKnp

(N

A n—152
]_ .

pressures nth?_l << 1, and Eq. (7) reduces to:

2
pD AH :
in n n-1
A, = {0 N— K P ‘ . (8)
R | RT” RTZ nl.

'The'product of the pressure, p, and the.diffﬁsion coefficient, bkz’ is

dependent only on thg‘temperature (see Sec;ion IV). Thus, for the case
of a moﬁomer-dimer reaction, Eq. (8) predicts that, for a small fréction
of the associated n-mer, the measured thermal coﬁddctivity will depend on-
pn—;;. Thus, when only monomers:andAa small fraction of dimer are présent,

a plot of AR versus p will be linear. For trimef, the blot will be

quadratic, and for tetramer it will be cubic. Furthermore, it - can be

shown that, if we allow for the existence of more than one polymeric

species, then at pressures where there is only a very small amount of

polymerization, Eq. (1) can easily be shown to reduce to a sum of terms

of exactly the same form as Eq. (8):

2
- |pD AH . A )
- 1" 1n}f . n n-1 - o
v =2 R {2 [P : O

- . n RT | oo




-6 -
Thus,'for'a-gas thch consists of dimers~plus.some higher polymérs, we
thénbwould expéctAtﬁe thermal conductivity to-iﬁcrease linearly;at low
bressures aﬁd tb a higher power_of p at higher pressures. 'Tﬁus, aﬁ
aﬁalysis of the pressure dependence of thermal conductivities can provide
direct information about the aésociated species which are present.
. 1t. should be noted that, if tﬁe prgssure is suffi¢iently‘high or
the equilibrium coﬁstant large enough so thag nKnﬁg-l is nof small féla;.
tive to unity, then AR.will not depend,exactly on pn—l. For the éaserf a
-. monomer—dimer -equilibrium, the thermal conductivity may bend OVer}with in- -
cr%asiﬁg preséure, |
Theée quélifatiﬁeAfeatures of the theory prove to Be valuable in-
tﬁe interprefation ofzexpefiﬁéntal thermal conductivity measurémenfs,
and even a visual examination of the data is quite revealing. fof:quan—
titative analyses, the data is fifted to-Eq. (1) and Eq. (4) to determine

the amounts of the various species present and their enthalpies of asso-

ciation.




II1. Experimental Method

Thermal conductivities of ethanol, 2,2;2—trifluoroethanol (TFE),
and water were measured at various temperétures between 307 and 385‘K
and pressures ranging from 50-1200 torr (6;7—160 kPa) in a thiék hot-wire
cell using an apparatus‘and a procedure which has beeﬁ previously used for
&"measurements on methanol [1]. The cell was calibrated with nitrogen,
'argon, and krypton at each temperature. The voltage drop aéross thé cell
wire, V, was féund to vary linearly with the recipfocal of the thermal

conductivity as

V=A+B/)\ o (10)

wherg'A and B are constants determined by the calibration procedure.
:The purity of the three alcphols.(obtained.from J. T. Baker Co.) ﬁas

checked by'gas chrbmatographic analyis. Ihe resulting mole percents of

of methanol, ethanol, and TFE we:e‘99.6, 99.5, and 99.9, respectivély.

In all three alcohols, trace amounts of water were found to be the

only impurity,. Each substance was contained in a glass bulb connected

to the cell and repeatedly ffozén and outgassed to remofg dissolved

gases. The samplg was tfansferred to the cell by vaporizing the liquid
through evacuated heated metal connecting tubes until -the vapor pressure

qf the liquid at the cell temperature was approached or the limiting cell
pressure, ca. 1200 torr (160 kPa), was reached. The vbltége dfop‘across the
cell was then measured as a function of a stepwise reduction of pressure and .
the thermal conductivity was calculated usihg Eq. (10).4 At the end of each
run, thg'reference gas calibration was double checked. Two. separate rumns at
- each temperature were performed. The uncertainty in the measured préssure :
was lgss than 2 torf (.27 kPa) over the whole fange. fhé.uncertainty in

the absolute values of the thermal conductivity is ca. 1% of the measured
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value while the relative uncertainty is less than .5%. Figure 1 shows
typical experimental thermal conductivity—pressdre isotherms for each of

Kl

the four substances studied.




IV. Data Reduction

We have shown earlier [Eq. (9)] that it is simple to qualitatively
deduce the character.of the polyﬁeriC‘species present in each vapor solely
from inspéction of the typical experimental A-p isotherms such as in
Fig. 1! In the case of TFE, the therma1 conductivity increases with ﬁres*
sure almost linearly with 5ending down from a sfraight line at higher
preséures. The isotherm for water vépor is more linear. 1In both cases,

this behavior is indicative of a predominant dimeric speéies in the vapor.

In q;der to interpret the bending over of the TFE isotherm, the dimerization-

equilibrium constant'mgst be.sufficiently large so that the denominatof'in
Eq. (7) is signifiéant. The slight upward bend in the TFE data at the
highest-pressures'ﬁay be due to higher polymers, but is not enough to be
analyzed in terms of higher polymers. Although not evident from the singie

water isotherm plotted in Fig. 1, a definite upward curvature due to higher

polymers is present on.an expanded scale This is discussed further: below.

By contrast,}the isotherms for methanol and ethahql show much larger

.upward curvatures with pressure, indicative of the presence of associated

B

species larger than dimer. A close comparison indicates that the'tWO'curves
have slightly different shapes. At low-pressures ( p < 300 torr), the
ethanol éurye increases linearly with pressure while in the same rangé
thé methénol'plot is more horizontai; This behavior probably indicates

‘a signifiéant contribution to XR from dimeric species in ethanol. it

R

‘has-been.shown that the contribution to XA, from dimeric species in methanol

is too small to determine [1]. Thus, it seems likely that ethanol vapors

contain more dimers than methanol.
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l'A more aﬁalytieal data reduction was performed in order to obtain
quantitative information .about the vapor species. .To aceompliSﬁ this, -
Eq. (4) [with an appropriate form of Eq. (1) containing the probable

. species present commensurate with the above'discussion] was fitted to the-
experimental data using the SIMPLEX version of the minimization subroutine
'STEPIT [16]. The functioﬁ,_A,-that was minimized with respect to the'un-
known ﬁaraﬁeters, AHnland Kn’ may be written-asi o

.

=% [A (obs) - xi(p,T)]?—, S an
1=1 ~ -

where N ie the nuﬁber of data points, Ai(ebs) is the measured tﬁermal »
coﬁductivity, and Ai(p,T) is given by Eq. (4) with the apprqpriéte form
of AR [Eq..(4)]. The pressure-diffusion coefficient pro&uct, PDkz.[EQ-
(2)}, can'be expressed in terms of the monomer-monomer diffesion ceef—

ficient by the semi-empirical relation [1]:

1/2 2

. k+2 - 2

PD, , = PD ( ) 12)
kg 11 \2k# k1/3+21/3
\ The term lel is evaluated from [1,17]:

=B8R x o
PPy s A T (13)
where M, is .the monomer molecular weight; AT is the ratio of two reduced

1 11
-collision integrals determined from the Leenard—Joﬁes potential parameters
[18]; and n is the gas viscosity [19] at the temperatqre; T. For ail gases'.
investigated, Ail is. constant withiﬁ the experimental temperature range'f
.and very close to unity. Since the viscosity of TFE.vapor has not been

ﬁeasured, we used an equivalent'formulation of lel whichAmay be written

as [20]:
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A
_8 4 oM
Py =54 TE 4)
whefe\kl is Lhe value of the frozen thermal conductivity, Af,’at.
zero pressure (obtained by extrapolating the expefimental thermal
conductivity, A, to zero pressure) and E is the Eucken factor given
in terms of the experimentally measured [21] constant pressure heat .
capacity, C_, as: .
P  4(C_-R)
E=—b—+ (15)

15R 5
The temperature and pressure dependence 6f the frozen thermal con-
duétivity; although slight; was”includedgin the fitting procedure as in
a.previous study.bflacetonitrile vapor done in this laboratory [22]. For -
 each substance, all isqtherms were fitﬁed simultaneously (at least. four
» éeparafe temperature runs were-performed<for each substance).
Both water and TFE were reduced using the monomer—dimer form 6f.
Eq. (4) [i.e., A# from Eq. (7) with n = 2]. It was decided that any
higher ﬁolymers.in water make, at most, a tiny contribution to the mea-
sﬁred thermal-conducti&ity. The simultaneous fits of all the data at
' different ;emperatures and pressures were in good agreement'with the
Aexﬁerimental data and are shown as the solid lines in fig; 1; Note
that with thé.theory of Butler'apd Brokaw we were able.tO‘reproduce,l
‘within the experimental scatter, the-slightvdownward bending of the
TFE isotherm. The standard enthalpy and entropy of association of the '
dimérs are listed .in Table I. We also_calcula;ed the corfesponding
equilibriuﬁ constants for each experimental temperaﬁure, which are
givgn in Table I. |
‘Reductidn of‘the methanol data was fully diécussed in

Ref. 1. Briefly, the best fits to the data were obtained



‘of a previous.PVT study of Weltner and Pitzer [4] (AH2 = -3,22 kcal mole ,
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with a monomer-tetramer equilibrium [i.e., Eq. (7) was used with n = 4].

They were not able to extract reliable thermodynamic data for the dimer

due to the'dbminating effect of the tetramer. However, the same results

for. the tetramer,were obtained if they forced the dimer values to be those

1

'AS§4= -16.5 cal mnle_1 K_l, where ASS fepresents the standard entropy change

in the association reaction at a standard. state of one atmosphere pressure) .

The tetramer results are listed ‘in Table I.
_The ethanol data presented a more difficult problem. It was fairly

obvious from the shapes of the ethanol isotherms that there was more than

‘one type of associated species affecting the thermal conductivity; This

fécﬁ was coﬁfirﬁed when a fit to the data assuming a monomér—tetramer (1,4)
modei, as for methénol, waS‘perfofmed. The 1,4 fits, shown,for_a’typical
isothefm as the dashed line in Fig. 1, were always'too low in the middle
pressure range and did not reproduce the initial and finél slopes. A
simultaneous fi£ of the data to a 1,2,3,4 model géve a better fit and is
sho&n as the solid line in Fig. 1. Thermodynamic data from the 1,2,3,4
fits to ethanol. are given iniTaﬁle I. ‘As in methanol, no trimer was de-

. and AH, obtained from thé'least

3 3

squares analyses were so small that. only a negligible'contributiOn~to

tected (i.e., the final values of K

AR was made by the trimer_térms).' The thermodynamic properties of the

ethanol dimer deduced from the data had large uncertainties. The uncer-

2 ; are coupled and the uncertainty in -RT 1n Kz,is

smaller than the uncertainty in AHZ.

tainties in AH, and AS

In addition to the therﬁodynamic parameters, we have also calculated

values of the frozen thermal conductivities of the mondmer,_kl. These

are listed in Table I. This quantity is used in the fitting procedure
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to caléulate~kf, the frozen thermgl condgttivitieé‘of the mixture of dif-

‘ferent sﬁecies [22]. The quantity, pD 1’ also listed in Table I, is used

1

to calculéte the véiious'pD of Eq. (2) in.the manner previously discussed

In
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v. Quantum Mechanical Calculations

In order to gain.mofe insight into the phenoménon of gas phase hydro-
gen bonding and to provide a basic underpinning for the analyses of egperi—
mental measurements, we undertook a program of quéntum mechanical calcu-
lations to determine binding energies and scfuctures of’some of the alcohol
polymers. Specifically, we'sought a théoretical explaﬁation of two ques-
tions: (1) why were higher poi&mers experimentally found iﬂ‘methanol~and
ethanol vapors Vhile only dimers ﬁére féund in TFE vapbr,‘and (2) is there
some special stability for the methan&i tetramer over, say, trimer or pentamer?
To accomplish this, we carried out éh_initio molecular orbital calculations

on various associated species of methanol [(CH OH)n n = 3,4,5,6] and the

3
ethanol and TFE dimers using”é minimal basis set.. Standard LCAO-SCF methods
were employed using the STO-3G [23] basis set. This small basis haé'been
found to give reasonabie structures and binding energiesAfor hydrogen
bonded complexes [24,25,26] énd~has the'advantagé.that relatively large
"clusters of molecules can be haﬁdled. The intermolecular binding enefgy'
is obtained by subtracting:the-sum of-monomer energieé'from the total

.energy computed for the polymer. . The theoretical binding energies do

:_pot include differences in vibrational, rdtational, and tr#nslatioﬁal
eneréies between the monomersAand dimers which is included in the exper-

imeﬁtal enthalpieé. In the TFE calculations, a sﬁandérd éxperimental ﬁodel

[Zé] was used for all bond distances and angles. . ‘

We shall present here only~the‘major reéults and conclusions of these
caiéulationé'without any of thé details on the coﬁpﬁtations or on the

structures obtained. More complete discussions on some of these calcula-

' tions have been or will bé published elsewhere [27,28].
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Ao MethanolnPolymets.

Twohstructnfal types of methanol polymers were investigated —

‘chain and cyclic. .In both cases, the ST0-3G geometry of the methanol

monomer previously optimized by Lathan et al. [26] was used Del Bene

[25] has found a nearly linear hydrogen bond and a binding energy of

~5.57 kcal mole -1 for the methanol dimer (Flg. 2a) The open structure
chain polymers (Fig. 2b) were always found to be significantly less
stable than the corresponding cyclic structures (except for the dlmer)
and will not be diScussed further.

Since nater_and methanol dimers have nearly the same intermolecular
geometries.[24,25], the configurations of the cyclic methanol polyners
were chosen to be the same as the cyclic water polymeré'which were opti-
mized by Del Bene and Pople [24]. The cyelic structutes can be illustrated
schematically as, for example, the methanol tetramer shown in Figi.Ze. |
To test the validity of using the.water polymer geometries,'the methanol
tetramer geometry was optimized and_found to‘haVe a binding-energy within

0.3 kcal mole_,»1 of the result using the wate: tetramer geometry. The

. calculated b1nd1ng energies for the most stable structures are given in

Table II. By performlng similar molecular orbital calculatlons on pairs

of closest nelghbor'molecules which have the same relative positions as

ln the cyclic structures, it was found that their'hydrogen bond energies

are atlleast 2.5 kcal mole-1 less Stable than in the ontimized open dimer.
Hence,’a cooperative effect must'be occurring in the eyclic structures and,
as a-feSult, the hydrogen bond energies are far from additive. By analyzing
the gross atomic populations [27], this enhanced stability was shown to be

due to a mutual polarization of the O-H..-0 bonds.



- 16 -
It is interesting'to construct a plot of the incremental gain in .

binding energy of the methanol polymers, i.e., lEn - E |, versus the-

n-1
number of monomers compr1s1ng the cluster, n, for the most stable geometry.
This is shown in Fig. 3 and the peak .at n = 4 indicates that the tetramer
does indeed possess a special stability over the other clusters. Our
ekperimentallresults for uethanol are.eonsistent'with the theoretical cal-
culations; both indicate that the tetramer has a special stability.

ﬁe have also plotted the incremental gain inrbindinéAenergy of the
cyclic water polymers of Del Bene and Pople [24] in Fig. 3. The similarity
of the two plots fgriwater and methanol strongly suggests that tetramers
'may be significant in water vapor and may be as stable; relatively, as
methanol tetramers. Their presence is not.as obvious as in methauol be—
cause the saturation vapor pressure of water is much lower than that of
methanol.A For example, at the b0111ng point of methanol, the vapor pres-—
sure is about four times as large as that of water. Saturated methanol
vapor will then have about 250 times more tetramer than saturated water
vapor if the two tetramers have the same assqciatiun constants. Conse-

_ \quantly, tetramers should ue harder to detect in water. Despite this, a.
careful examination of our data reveals an apparent slight upward curvature

iin'uur A-p water plots. If significant, this would indicate the presence
- of a species larger than dimers, probably‘the tetramer. This point wil}
be examined further‘iu the discussion section.

'Our quantum mechanical calculations performed on the ethanol [28]

dimer indicate that its'stability is similar to that reported for methanol.
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B. 2,2,2—Trif1Uoroethanol

The TFE'monomer Has variéus possible rbtétional isomers. The
STO-3G basis sét.predicts that the'twq lowest gnergyAconfigurations are
the gauché—stéggered'and the trgns—staggered isomers. These are illus-
trated schematically in Fig. 4a. The g;sﬁaggered form is 0.7 kcal mole_1
more stable than the t-staggered form, appaféntly due to the formation of
aﬁ intramolecular F---H hydrogen bond. This is in consonance with an
infrared study [29] in which it was found tﬁét g—stéggered form is pre-
dominant. Various dimeric;strﬁctures using each,isoﬁer wefe considered
and contained both-O—H°-;F and O-H***0 bonds. The lowest énergy structure
foupd'(AE = ;6.46 kecal méle_l) was the dimer constructed of g-staggered

monomers and is shown in Fig. 4b. Note that this structure contains two

F...H internal hydrogen bonds, an O-H...0 bond, and an external F...H

-

bondiinvolving the saﬁe fluorine that is taking part iﬁ the intramolgcular
bond.

The cyclic structure‘determined for .the TFE dimer and the>presence
of an intramolecular hydrogen bond in the monomer provides a possible
explanation forAthe fact that only dimers are detééted»in TFE vapor as
opposed to methénol and ethanol Vapors where higher polymeré (tetramérs)

are found. The formation of cyclic tetramers (as other cyclic polymers).

is apparently facilitated by the formation of 1ihear hydrogen bonds similar

to those for methanol in Fig. 2. 1In the case of TFE tetramer,_line;r hydro-
gen bonds would be hindered by F;-°H intefnal hydrogen bonds. ConseQuentiy,
§Ucﬁ Ff--ﬂ.bonds probably are ﬁpt presént ih fhe tetramer. TFE tetrame;é
are relatively léss stable_thaﬁ tetramers of water and methanol because

the internal F.-.H bond ‘in the TFE monomers are broken in forming the |
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tetramer, thus reducing the magnitude of the energy change. .These calcu-

1ations, although not complete., provide a basis for understanding and

interpreting the experimental results..
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VI. Discussion
AThe analyses‘of thermal conductivity meaSurements appear to provide

reliable quantitative information on the nature of hydrogen bonded gas

A

phase polymers. The experimental déta have. shown that higher polymers .
exist iﬁ methanol and ethanol Vaﬁdrs while in TFE and water vapors, only
dimers are clearly evident. |

A comparison of the ehthalpies of association defiQed from.the'thefmal

conductivity data indicates that the TFE dimer (AH, = -4,59 kcal molé_l)

2

is energetically more stable than both the water dimer (AH = -3.62 kcal

2
mole l) and the. methanol dimer (IAH2| < 4 kcal/mole [1]). The difficulty

H
)

in separating the contribution to of the dimers from that of the tetra-

R

- mers leads to large uncertainties in the AH_2 of ethanol (-3.0 to -5.0 kcal

-

molg_l). Thus, we cannot compare the ethanol dimer enthalpy of association
with the other subStanceé. These results -are cénsistent with quantum.
mechapical calculations [28] thch indicate that the TFE dimer is energetically
more stable than the methanol or ethanol dimers. These calculations also
indicate that the energetics of formation of the methapol and ethanol dimers
are very similar,-a point we codldﬁnot»completely confirm experimentally;

Most other studies of association in vapors involve the determination

of the second virial coefficient, B [12]. However, there is a‘ diversity.

of data reduction techniques uéed'to extract thermodynamic information
about the polymeric-species from the experimental valuéé of B. .Tﬁe dis-
crepancies in the results obtained from the different analyses on fhe

same experimental data can be substantial..'Probably, the most‘upambiguous

approach is to describe a non-ideal gas as an ideal mixture of monomers

“and associated species. The second virial coefficient is then directly

related to the association constant for the formation of dimers [30] as
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B =--RT.K2., Using this type of analysis on second virial coefficient data
obtained from other studies, we obtained enthalpies of association [from
the van't'ﬁoff equation, d 1n K2/d(1/T) =.-AH2/R] that are in general

agreement with the thermal conductivity results. A value of AH

, 2 of -3.5§
-~ kecal mole_1 for water dimer from the PVT data of Keyes [13] is in good
'agreement with the value AH2 = =3.62 kcal mole—1 determined from the thermal

_conductivity data. 1For the ethanol dimer, Barrow [7] finds a value df
"=3.4 kcal mole_l from heat éapacity data and Kreﬁschmer énd Wiebe [8]
derive a value of —4.0 kcal molel from~tﬁeir.PVT data. These values fall
in the range of uncertainty of our valﬁes of AH, for the ethanol dimer

2
derived from the thermal conductivity -data. No value of AH for the TFE

2
‘dimer in the vapof has been reported. A vapor density study [13] has led
to the conclusion that trimers and octamers are thé major species in TFE
Aﬁaﬁor. The thermal coﬁductivityAdata indicates that dimeré are the major
associated species. present in the vapor and, therefore, do'not lend support

to this conclusion.

A comparison of the dimerization constants.determined from this study

-

indicates that, in the range of tempgratures considered,‘the dimerizatibn
constants are in the order_KZ(TFE) > Kz(ethanol) > Kz(water). Thermal con-
ductivity data on methanol gave no indicatibn of the presence of dimers f11.
which implieé ;haf Kz(methanol) must be smalief than Kz(ethanol).
Dimerization constants derived from thermal conduqtivity measuremenfs

" and those from other techniques are in general agreement. Values of K2

;in the review of Willoit and Zwolinski [12], a value of‘AH2 = -5.2 kcal
mole‘-1 for ethanol is reported from the data ofAKretschmer and Wigbe [8].
This result appears to be determined from an equation representihg the

PVT data in Ref. 8 and is not the value reported by the authors.
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for water [obtained from the PVT data of Keyes [13] using Eq.'(16)] are

about 307 larger than the thermal conductivity values given in Table I.
If the so-called excluded volume, bo’ is taken into account (B =~bo - RT‘KZ),
as discussed by Hirschfelder et al. [31], then the PVT data yields values

2

In the case of ethanol, the values of K

which are only 207 larger than the thermal~conductivity result.
2 from the thermal conductivity data

are very close to the values of K, of Kretschmer and Wiebe [8] and of Barrow -

2

[7]. For example, at 60°C and 100°C, our values of K, in atm_1 are 0.044

2
and 0.021, respectively, as cdmpared to:0.047 and 0.624 from tﬁe‘results
of Kretschmer aﬁé Wiebe and 0.041 and 0.023 from tﬁe results of Barrow.

The small differences between our values of the eduilibrium constants -
fér:dimers and those deduced from PVT measurements:méy be real and could

" dimers

be relatgd to the different methods of measurement which "see
differently. In our measufements,~aimers constitute a "kinetic" unit
which can interdiffuse with other species. The second virial coefficient,
on the other hand, may include an additional contribution‘from short-lived
species such as "gollisiop‘pairg" which exist for a few molecular vibrations
or rotations t32].a

The thermal conductivity technique is generally‘ﬁuch more seﬁSitive
thanAother methods to ﬁhe presence of highervpolyméfs; The thermal con-~
ductivity data reported here indicate the presence of tetramers in both
methanol and ethanol with values of K4 for ethanol being somewhat‘larger
than those for methanol. This is dué to the more negative standard en—v
tropy of association for methanol. Our values of K4 for ethanol (K4 at
100°C = 4.0 x 10-4»atm.l) are in reasonable agreemént with the values de-
duced from both fhe data of Barrow [7] (K4 at iOO°C = 5.3‘x 10—4 aﬁmPl)

and of Kretschmer and Wiebe (K4 at 100°C = 5.0 x 10_4 atm‘l) [8]. Also,
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our values of AH4 (-22.26 keal mole-l) and ASZ (-75.2 cal molef; K_l) are

consistent with: those of the same two studiesA(AH4 = -21.4, -24,8 kcal

“mote”! andAASZ'= -72.21, -81.45 cal mole * K1, respecrively).

. The slight upward curvature_in the thermal conductivity data for
water is an indication thgt a speciesllargef than diﬁer is'présent-in the
vapor. An analysis performed by fitting theAdata to a polynomial in the
pressure [i.e., Eq. (9)] ledlto a value of AH, similaf.to‘those Qf'methandl

and ethanolvbﬁt with large uncertainties. The corresponding values of K4

we obtained for water were about five Io ten times lower than those for
ethanol. However, using this method of analysis, the derived values of the

dimerization constants, K., also had very large uncertainties and no reli-

2

could be derived. A similar analysis of ‘the data for

2

TFE vapor did not give any indication that TFE tetramer is a significant

" able values of AH

species.
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VIIL_Conclusiqps

Althouéh Ouf.data analyses are not complete,:the thermal conductivity
measurements indicate that tetramers exist in methapol and ethanol and
dimeﬁslexist in water,»ethanol,'and 2,2,2-trifluoroethanol. Although dimers
undoubtedly exist in methanol, their presenée is masked'by tetramers in
.thérmal conductivity measurements [i]. Quantum mechanical calculations
are consistent with the presénce of fetfamefs iﬁ_methanol, ethanol, and
water, and the internal F...H bond may be the reason why TFE vapor contains
more dimer and less tetramer than in the two other algohblsg Although
Aﬁater_tetramers may have energetic stabilities close to those of methanol :
_or ethanol, the lower vapof‘preséure of watéf leads to a much smaller ffaé—.
tion’bf tetramers in saturated water vapor than in saturated méthanoi and
ethéﬁol vapors. |

Further analyses of the data and measurements of higher molecular
weight alcohols, substituted alcohols, and of their mixtures are under

way to obtain a more complete picture of the factors which influence

hydrogen bonding.
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Table I. Association Reaction Equilibrium Constants, Kn, Saturatlon Vapor
Pressures, Psat® Polymer Mole Fractions at Saturation,. , Monomer
Thermal Conduct1v1t1es, AlP'Pressure—Blnary Diffusion Coefficients,
lel and Cluster Thermodynamic Data

Methanol, CH,OH [1]

3 . 4
= -1 o _ ' -1 -1
AH4 = =23.73 kcal mole ~, AS4 = -80.92 cal mole = K
A3 . 5 ' 10°
(K) (atmfél (atm) Saturation {(cal cm -1 sec”l k™ 1) (cal cm E sec” 4)
306.9 164 0.250 0.0025 ' ‘4.025 253
316.6 49.9 0.397  0.0031 4,358 269
326.6  15.7  0.620  0.0036 4,645 . 286
337.4 4.87 0.971  0.0043  4.950 305/
345.1 2.21  1.322 0.0050 5.164 319
Ethanol, CH,CH,OH, Preliminary Analysis A
_ + 0.5 -1 o _ _- + 1.0 -1 -1
(AH2 = -4.5 _ 1.5 kcal mole —, A82 = -19.7 _ 2.0 cal mole ~ K ')
AH& = -22.26 kcal mole_l, ASZ = =75.2 cal mole -1 fl
.3 2 5 : 5
T 107K, 107K, psat Xy at x4 at - 107 iy (cal - 107 lel(cal

(K) (atm 3) (atm=1) (atm) Saturation Saturation 'c:m'1 secl k1) cml sec-l)

AY

328.7 23.2 4.9  0.362  0.017 0.0010  4.098 184
374 9.64 4.1 0.536 ~0.021 0.0014  4.318 - 193
3%47.2  3.78 3.4 0.829  0.027 0.0019 4.562 . 204
7.1 1.54 2.8~ 1.257 ©0.033 0.0027 4.806 216

- 366.7  0.68 2.4 1.855 0.041 °  0.0036 5.039 227

377.4 0.29 2.0 2.684 0.048 - 0.0045 ~5.295 . 240




Table I (Cont'd.)

B0, Preliminafy Analysisd

2
M, = ~3.62 kcal mole T, AS3 = -18.74 cal mole T k71
T 1%, pgg. xy at 1089y 105‘pn11 |
(K) (atm™1) ~ (atm) Saturation (cal em~ 1 sec~l ) (cal em™ 1 sec™1)
358.4  1.298  0.578 0.007 . 5.355 | 592
37.1  1.151  0.804  0.009 ° . 5.530 626
375.9  .1.025  1.112 '0.011 . 5.705 ' 660
386.4  0.898  1.562  0.014 5.911 . 703
2,2,2—Trif1uoroethanol, CF3CH20Hd
Aué = -4.59 kcal mole T, as; =_—18.59'ca1 molg'l 'S
T 10K, Pege x, at 10° 2 w0 pDyy
(X) ' (atm"l), (atm) Saturation (cal em~1l sec—1 K"l)' (cal cm'l.sec“l)
© 338.0  8.24 0.685  0.051 - 3.566 - . 115
3%7.4  6.19 ° 1.03  0.057 | '>3}752 o 123
359.8 5.45 1.72.°  0.079 3.993 132
370.8  4.07 . 2.63 0.089 4.203 , 141
\

385.1  3.57  4.40 - 0.121 4471 S 154

aEquil-ibrium constants were calculated from simultaneous fits to all

experimentalAisotherms.
bk values listed here were determined from the theoretical fits.

1
€A1l values of-lel were calculated from Eq. (13)‘using the experiméntal

viscosity [19] except TFE for which Eq. (15) was used. The values of

A;l were calculated from the Leonard-Jones potential parameters [18]
and - are 1.104, 1;104, 1.095, and 1.089 for methanol, ethanol, TFE, and

water, respectively.

d ' » " .
“"Results from monomer-dimer fits.




‘Table II. Binding Energles of

Methanol Polymers -

Most Stable .

Binding Energy

‘Species< Structure |, “kcal/mole
(CH,0H) %  linear -5.57
(CHBOH)3 | cyelic -15.34 .
(CH,0H) cyclic. -35.34(-35.59)°
(CH3OH) 5 eyelic -48.28 |

_ (CH3OH)6 cyclic -59.48

8The structure and binding energy of the methanol
dimer was determined by Del Bene [25].

bNumber in parenthesis is the value for the
optimized geometry.




Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Typical experimental thermal conductivity versus pressure

~isotherms for the three alcohols and water. The methanol .

data is taken from Ref. 1. The solid lines are the best

fits obtained by the fitting procedure discussed in the text.
In tﬁe ethanol isotherm, the dasﬁed line is the Bestffif
aésﬁming a_mohoﬁer;teframer model.

Schematic structures of various me£hanol polymers.

The theoretically calculatzd gain in binding energy'IEn - En—ll

‘versus the number of molecules comprising the cluster, n, for

methanol (solid line) and water [24] (dashed line).
(a) the most stable rotational isomers of the TFE monomer,

and (b) the lowesf energy TFE dimer.
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