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Thermal Conductivity Measurements and Molecular
Association in a Series of Alcohol Vapors: Methanol,
Ethanol, Isopropanol, and t-Butanol
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Thermal conductivity measurements on the vapors of methanol, ethanol, isopropa-
nol, and t-butanol are reported as a function of temperature (330-420 K) and
pressure (11-240 kPa). The thermal conductivity versus pressure isotherms for all
four alcohols exhibit upward curvatures at the lower temperatures and nearly
linear increases at higher temperatures. This behavior is indicative of a dimeric
species and one or more polymeric clusters in the vapor in addition to the
monomer. Quantum mechanical calculations have indicated that tetramers are the
most likely polymeric species. Detailed analyses of the data provide thermody-
namic data (AH,AS) for the dimerization and tetramerization reactions and show
interesting correlations with the size of the monomer unit.

KEY WORDS: Alcohol; hydregen bonding; thermal conductivity; thermody-
namics.

1. INTRODUCTION

The importance of developing an understanding of hydrogen bonding between
molecules has long been recognized as a prerequisite for attacking many
fundamental questions on the structure of liquids (such as water) and on
nucleation and condensation. Consequently there have been a large number
of experimental studies of species which form hydrogen bonds in the vapor
phase [1]. A great deal of this work has been directed toward the study of
alcohol vapors; a review of such studies through 1973 is given in Ref. 2. In a
study of methanol vapor from this laboratory [3], the thermal conductivity
isotherms exhibited a strong upward curvature with pressure. Measurements
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of the thermal conductivities of molecules which tend to form hydrogen bonds
can provide information on large associated species which cannot be readily
obtained by other types of measurements. It was found that the methanol
thermal conductivity data could be fit very well assuming the presence of a
tetrameric associated species in addition to the monomer.

In this paper we report thermal conductivity measurements on the series
of alcohol vapors: methanol, ethanol, isopropanol, and t-butanol. The data
were taken in the temperature range 330-420 K and the pressure range
80-1800 Torr (11--240 kPa). Data on methanol and ethanol were acquired
over a larger range of temperature and pressure than that reported previously
[3, 5}. In each case the lower-temperature isotherms exhibit upward curva-
tures with increasing pressure, while at the higher temperature the isotherms
show essentially linear increases with pressure. All of the alcohol thermal
conductivity isotherms were fit quite well using the Butler—Brokaw theory
[6-8] assuming the presence of a dimer and one higher associated species in
addition to the monomer. In Section 2 details of the thermal conductivity
measurements are given. In Section 3 the data are fit to the Butler—Brokaw
theory assuming various possible associated species. Finally, in Section 4 the
thermodynamic quantities for the associated species are discussed.

2. EXPERIMENTAL METHOD

The thermal conductivity, k, of each alcohol vapor was measured as a
function of pressure at a minimum of six temperatures in the range 330-420
K. All measurements were made with a thick hot-wire cell using a relative
technique in which the cell was calibrated with high-purity reference gases
(e.g., N,, Ar, Kr). Details of the apparatus, experimental procedure, and
reference gas thermal conductivities have been given in other publications. [9,
10]. The reagent-grade alcohol samples were dried (Linde molecular seive,
15A) and degassed in vacuo prior to use. Due to the so-called *“temperature-
jump” effect [11], no data were recorded at pressures below 80 Torr (11
kPa).

For the cell used in this study [12], the measured cell voltages, V, at a
constant input current, were empirically found to be related to the reference
gas thermal conductivities by the relation

V—A-+ Bk, (1)

where A4 and B are constants dependent only on the temperature. Because of
this linear relationship, it was sufficient to calibrate the cell with only two
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Fig. 1. Methanol vapor thermal conductivity versus the total pressure at the three lowest
temperatures. The solid lines are the best fits to the experimental data using the Butler~Brokaw
theory assuming a monomer—dimer-tetramer model.

gases (N, and Ar) in order to determine 4 and B. We estimate that the
absolute error in the calculated thermal conductivities is less than 1% and the
relative error less than 0.5%. The uncertainty in the measured pressure is
estimated to be +4 Torr (0.5 kPa) over the entire range. The experimental
thermal conductivity data for ethanol has been tabulated in a previous
publication [4]. The experimental data for methanol, isopropanol, and
t-butanol are given in Tables I-III, respectively. The thermal conductivity
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Fig. 2. Methanol vapor thermal conductivity versus the total pressure at the three highest
temperatures. The solid lines are the best fits to the experimental data using the Butler—Brokaw
theory assuming a monomer—dimer—tetramer model.
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Fig. 3. Ethanol vapor thermal conductivity versus the total pressure at the four lowest
temperatures. The solid lines are the best fits to the experimental data using the Butler—Brokaw
theory assuming a monomer—dimer—tetramer model.

data of methanol reported in Table I were remeasured over the entire
temperature range 338—420 K using the present apparatus. This is due to a
slight inconsistency in the data in the present work as compared to the
previously reported methanol results [3]. It was found that the present data
fail below the previous results by a maximum of 10% at the lower pressures
(<500 Torr). The final thermodynamic results for the methanol tetrameriza-
tion reaction in Ref. 3 are not significantly affected by this discrepancy.
Values of the presently measured thermal conductivity extrapolated to zero
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Fig. 4. Ethanol vapor thermal conductivity versus the total pressure at the four highest
temperatures. The solid lines are the best fits to the experimental data using the Butler—Brokaw
theory assuming a monomer—dimer—tetramer model.
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Fig. 5. [Isopropanol vapor thermal conductivity versus the total pressure at the three lowest
temperatures. The solid lines are the best fits to the experimental data using the Butler—Brokaw
theory assuming a monomer—dimer—tetramer model.

pressure are in close agreement with those of other experimental studies
[13-15].

Plots of the experimental k data for the four alcohols versus the total
pressure are given in Figs. 1-8. It is apparent that at the lowest temperatures
the k—p isotherms for each alcohol exhibit strong upward curvature, whereas
at the highest temperatures the thermal conductivity increases nearly linearly
with the pressure.
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Fig. 6. Isopropanol vapor thermal conductivity versus the total pressure at the three highest
temperatures. The solid lines are the best fits to the experimental data using the Butler—Brokaw
theory assuming a monomer—dimer—tetramer model.
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t-Butanol vapor thermal conductivity versus the total pressure at the three lowest

temperatures. The solid lines are the best fits to the experimental data using the Butler—Brokaw
theory assuming a monomer—dimer—tetramer model.

3. DATA ANALYSIS

The thermal conductivity of an associating gas can be expressed as

k —

ki + ke + kg,

2

where k; is the thermal conductivity of a frozen (nonreacting) composition of
all the vapor species, k. is the enhancement of the thermal conductivity due to
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Fig. 8. t-Butanol vapor thermal conductivity versus the total pressure at the three highest
temperatures. The solid lines are the best fits to the experimental data using the Butler~Brokaw
theory assuming a monomer—dimer—tetramer model.
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“collisional transfer,” and kg is the contribution to the thermal conductivity
from the transport of association enthalpy in a thermal gradient. Generally, k,
and k. are very weakly dependent on pressure, whereas ky is strongly
dependent on pressure if there are associated species in the vapor.

A general expression for k; when there are associated species present in
the vapor has been given by Butler and Brokaw [6, 7] and is discussed in
detail elsewhere [8]. An approximate equation for ky when there are only
small amounts of associated species present is given by

kg = > (pDy,/RT) (AH2/RT*) K,p}~', 3)

where # is the cluster size, T is the temperature in degrees kelvin, pD,,, is the
pressure—binary diffusion coefficient, R is the gas constant, K, is the equilib-
rium constant for n4 — A,, AH, is the association reaction enthalpy change,
and p, is the partial pressure of the monomer. Equation (3) indicates that the
effect on the thermal conductivity of the presence of a small amount of dimer
{n = 2) in the vapor is a nearly linear increase in the thermal conductivity
with pressure at constant temperature (pD,, is pressure independent). Equa-
tion (3) also illustrates the p"~' dependence of kg which leads to the upward
curvature of thermal conductivity versus pressure plots when there is a
sufficient concentration of higher polymers (n > 2) present.

The experimental isotherms for the alcohols shown in Figs. 1-8 change
in overall shape with temperature in a very interesting manner. The lower-
temperature isotherms show strong upward curvatures indicative of one or
more polymeric species larger than the dimer. At the higher temperatures,
however, the isotherms increase linearly with pressure, indicative of a dimeric
contribution to kg. Thus, in light of the above discussion, it qualitatively
appears that there are indeed at least two association reactions occurring
simultaneously in this series of alcohols vapors. The temperature dependence
of the terms in Eq. (3) apparently cause the dimeric reaction to dominate the
thermal conductivity enhancement at high temperatures and the higher
polymers to dominate at low temperatures.

In order to fit the alcohol vapor thermal conductivity data to Eq. (2),
values for pDy, k., and k; are necessary. We now proceed to explain how
equations for these quantities were obtained. The pressure binary diffusion
coefficient product, pD;, can be expressed [9] in terms of the monomer
self-diffusion coefficient by the semiempirical relation

pDy = pDu [G + /2017 [2/G' + j)1P @
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The term pD,, is evaluated from gaseous viscosity data and the Lennard-
Jones potential parameters, e/kB and g, using a procedure described in Ref. 9.
The form of pD,, is

10° pD,, = aT? + bT(cal - cm™' - s7'), (5)

where a and b are constants (1 cal -cm™ -s7!' —4.184 x 1072
J.m™" . s7"). For methanol [16] and ethanol [17], experimental gaseous
viscosities were used. For isopropanol and t-butanol the estimated viscosities
of Gallant {18] were used. Lennard-Jones potential parameters for methanol
were taken from Monchick and Mason [19]; those for ethanol, from Ref. 20;
and those for isopropanol and t-butanol were estimated using the method of
Ref. 21. Table IV lists these potential parameters and the resulting constants,
a and b, in Eq. (5) for each alcohol.

The k; and k. terms are also somewhat pressure dependent (although to
a much smaller extent than the k; term) and must be included in the
complete data analysis. In calculating these terms for the alcohol vapors the
assumption is made that the equilibrium composition can be represented in
terms of a monomer—dimer mixture only, i.e., the partial pressures of the
higher polymers are negligible compared to those of the monomer or dimer.
This assumption will be seen to be justified by the final results.

Using the scheme outlined in Ref. 9, the k; term can be represented by
the expression

1 ky/k,

ki — k
T T 157K 1 + 0.699/Kyp,

(6)

where k; is the value of the thermal conductivity at zero pressure and is taken
to be a fitting parameter for each isotherm. The k, term is the hypothetical
dimer thermal conductivity at zero pressure. The k,/k, ratio was determined
in a similar manner as in Ref. 9 except that Hirschfelder’s formulation of the
Eucken factor, E, was used [22]. This can be written as

Table IV. Values of the Lennard-Jones Potential Parameters, ¢/k;, and o; Constants g and b
from Eq. (5); the Dimer to Monomer Thermal Conductivity Ratio, k,/k;;
and the Collision Parameter, B,

e/ky (K) o (A) 10°a 10° b ky/k, B.
Methanol 452 3.67 2.66 12.48 0.936 2.31
Ethanol 391 4.46 1.58 39.43 0.920 3.25
Isopropanol 391 4.93 1.17 —~7.08 0.915 3.60

t-Butanol 350 5.48 0.94 —-9.61 0.910 4.47
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E—=(1 - &)+ 28C,/5R, %)

where 6; was assumed to be 0.667 for both the monomer and the dimer of each
alcohol. Using the heat capacities reported by Gallant [18] for methanol,
isopropanol, and t-butanol and by Touloukian and Makita [23] for ethanol,
we obtained the values of k,/k, listed in Table IV. At 373 K, and at 1-atm
pressure (101 kPa), the k; contribution results in decreases in the total
thermal conductivity of 0.4, 0.9, 1.6, and 1.6% for methanol, ethanol,
isopropanol, and t-butanol, respectively.

The k, term was obtained using the scheme outline in Ref. 24 (using the
Lennard-Jones parameters in Table 1V) and can be written as

kc = Bcklp/Tv (8)

with p in atmospheres and T in degrees kelvin. The constant B, is given for
each alcohol in Table IV. At 373 K and at 1-atm pressure, the &, contribution
results in increases in the total thermal conductivity of 0.6, 0.9, 1.0, and 1.2%
for methanol, ethanol, isopropanol, and t-butanol, respectively. Note the
near-cancellation of the k; and k_ terms.

Using a least-squares fitting procedure described in detail in Ref. 9, the
measured thermal conductivities for each alcohol were fit to Eq. (2) with k;
defined by Eq. (6), k. defined by Eq. (8), and ki given by the complete
Butler—Brokaw expression. The complete form of the Butler—Brokaw equa-
tions is given in Refs. 6-8. In these fits, various models for the form of ky were
chosen. Consistent with the qualitative analysis of the k—p isotherms
presented earlier, it was assumed that the alcohol dimer and one higher
polymer were present in the vapor. The higher n-mers tested were the trimer
(n = 3) through the octamer (# = 8). The variables in the fitting procedure
were AH,, K,, AH,, K,, and one k, value for each isotherm.

For every alcohol except ethanol, the best fits were obtained assuming a
monomer—dimer—tetramer model. In the ethanol case a 1-2—-6 model gave an
equivalent fit to the 1-2-4 case. These best fits are shown as the solid lines in
Figs. 1-8 and are seen to do a good job in reproducing the data at both high
and low temperatures. Only in the two highest-temperature isotherms of
methanol are there significant deviations from the experimental data points.
It should be pointed out that for every alcohol, the 1-2-n fits for 4 = n < 8
were essentially indistinguishable by visual inspection. That is to say although
the standard deviations of the fits for n > 4 were larger than the n = 4 fit, the
increase was in many cases too small to be detectable by eye in the actual
plots. On the other hand, the 1-2-3 fits in each alcohol had significantly
larger standard deviations and the quality of the fits was obviously inade-
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quate. In every case, the addition of a second higher polymer to the 1-2—4 fits
did not produce a significantly better fit.

The zero-pressure thermal conductivities, k,(T), taken from the 1-2-4
fits, are given in Table V. Over the temperature range of these experiments,
the k, values were essentially linear with temperature. Parameters from
least-squares linear fits to the &, (7") data are also given in Table V.

4. RESULTS AND DISCUSSION

The best-fit thermodynamic quantities obtained for the various assumed
polymerization reactions are given in Table VI. For each alcohol, note the
relative constancy of the dimerization thermodynamic parameters, AH, and
AS),, from the 1-2-n fits as n increases from 4 to 8. The reason for this is that
the fitting procedure extracts the dimerization thermodynamic data mainly
from the higher-temperature isotherms where there is little contribution from
the higher-polymer association reaction. This also indicates that the dimeri-
zation thermodynamic parameters are relatively insensitive to the choice of
higher polymer, which gives us confidence in the dimer values. The dimeriza-
tion data obtained from the 1-2-3 fit deviate significantly from the other
values because of the poorer quality of the fits.

Due to the essential equivalence in quality of the various 1-2-# fits for
n > 3, we cannot unambiguously conclude that only one particular n-mer is
responsible for the thermal conductivity enhancement. Certainly the actual

Table V. Zero-Pressure Thermal Conductivities,” k, (T), and Linear Least-Squares Fitting
Coefficients,” a’ and &', from the 1-2-4 Fits

Methanol Ethanol Isopropanol t-Butanol
T (K) 10° k, T (K) 10° k, T (K) 10k, T (K) 10° k,
337.6 4.41 328.7 4.11 340.3 4.33 347.7 4.52
352.2 4.71 337.4 4.31 348.4 4.52 358.0 4.75
366.6 5.06 347.2 4.53 367.8 4.98 370.7 5.05
381.7 5.41 357.1 4.73 385.1 5.46 384.0 5.39
400.3 5.90 366.7 5.00 400.0 5.85 400.2 5.80
419.9 6.42 3774 5.29 419.5 6.42 419.6 6.31
405.3 5.91
418.7 6.39
a = -392 a = —4.10 a = —4.66 a = -4.19
b = 0.0245 b = 0.0249 b = 0.0263 b =0.0250

“cal-em™t s K T (Teal -em™ o5t KT = 4184 x 1072 - m7 o sT LK),
b10°k, = a + b'T. ,
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Table VI. Thermodynamic Parameters (AH,, AS,, AH,, AS,)° Obtained for Alcohol
Association Reactions from the 1-2-n-mer Fits to the Thermal Conductivity Data

Fit Methanol Ethanol Isopropanol t-Butanol
AH,, AH, AH,, AH, AH,, AH, AH, AH,

n=3 —3.46, —12.94 —3.20, —12.99 —4.04, —-12.91 —4.07, —13.03

4 —3.51, —23.01 —3.70, —22.15 —4.09, —21.65 —4.26, —21.27

5 —3.50, —26.85 -3.92, -27.14 —-4.17, —27.76 —4.38, —27.11

6 —3.89, —35.10 —3.86, —35.87 —4.13, -37.24 ~4.37, —34.50

7 —3.99, —49.86 —3.88, —48.11 —4.29, —49.46 —4.30, —48.17

8 —4.07, -56.04 —3.90, —55.09 —4.28, —58.16 -4.31, —55.55
AS,, AS, AS,, AS, AS,, AS, AS), AS,

n=3 —18.88, -46.99  —-16.09, —-46.62 —16.99, —46.24  —16.38, —46.31

4 —17.42, -78.22  —16.36, —=74.65 —16.15, —-72.37 —16.67, —71.23

5 —17.13, -89.92  —16.88, —89.43  —16.48, —90.17 —16.48, —88.46

6 —-17.70, —1149  —1643, —1147 -16.27, —117.2  —16.29, —120.7

7 —17.82, —159.1  —16.31, —1499  —16.59, —152.1 —16.18, —147.9

8 —17.31,-177.2  -16.33, —-169.8 —16.46, —176.5 —16.23, —168.5

*Units of AH,, are kcal - mol~'; units of AS, are cal - mol™' - K~' (1 cal = 4.184 J).

physical picture is one in which many different polymers exist in the vapor
and one cannot separate their individual contributions to the thermal conduc-
tivity in the data analysis. However, we believe that the results of the 1-2—4
model giving the best fit for every alcohol is certainly strong evidence for the
presence of a tetrameric species in the alcohol vapors. Theoretical ab initio
molecular orbital calculations by Curtiss [25] indicate that for a series of
methanol polymers 2 < n < 6, the largest increase in binding energy occurred
in the tetrameric species, leading us to believe that the tetramers are the most
likely species larger than dimer in the vapor. This apparently occurs due to a
favorable hydrogen bonding arrangement in the cyclic tetrameric structure.
In a PVT study by Kretschmer and Wiebe [26], it was found that a
monomer—dimer—tetramer model fit the data best for methanol, ethanol, and
isopropanol. This is also consistent with heat capacity studies of Barrow [27]
and Weltner and Pitzer [28]. Note, however, that in none of these studies
were any higher polymer models (r > 4) tested.

The results of the various 1-2—n fits allow us to set definitive upper limits
to the concentration of the associated species for n = 3, 4, 5, 6, 7, 8. In other
words, the best-fit values of K, at any temperature in the experimental range
represent the largest possible values consistent with the thermal conductivity
data. From the thermodynamic results in Table VI, we calculated the n-mer
partial pressures at 373 K and l-atm pressure. Generally, the polymer
pressures are of the order of 107 atm (107" kPa) for the trimer; 10™* atm
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(1072 kPa) for the tetramer, pentamer, and hexamer; and 107° atm (10°*
kPa) for the heptamer and octamer.

Keeping in mind the uncertainties in the thermodynamic data obtained
from the 1-2-4 fit, we can explore various trends that appear in the data on
the dimer and tetramer as the alcohol size is increased (see Table VI). For
example, as one proceeds from methanol through t-butanol, the quantities
AS,, AH,, and AS, all become less negative, whereas, AH, becomes more
negative. (The only exception to these trends is the decrease in AS, in going
from isopropanol to t-butanol.) The dimerization and tetramerization
constants mostly increase in going from methanol to t-butanol. Because of the
large decrease in pD,,, the net effect of these patterns in the individual
parameters is to cause the numerical value of the quantity (pD,;K,AH?) at
373 K to increase by a factor of 2, while the quantity (pD,,K,AH?) decreases
slightly (~7%) when one proceeds through the series methanol-t-butanol.
Thus from Eq. (3) we see that the contribution to Az from the tetramer
relative to the dimer decreases as one increases in the alcohols complexity.

There have been numerous successful attempts to correlate the hydrogen

bond strength of heteroassociated species (i.e., AOH . - . SB) in solution to
the relative acidities of the proton donor and acceptor. It is found that the
hydrogen bond strength is enhanced as the relative acidities of the two species
become increasingly disparate. However, these same correlations for self-
association (i.e., one component) are not as successful. Since the same
molecule acts as both proton donor and proton acceptor, this tends to cancel
any effects due to acidities. Davis et al. [29] found that dimerization
enthalpies became less negative in the series methanol, ethanol, isopropanol,
and t-butanol in CCl, solution. One might predict on the basis of these results
that decreasing the acidity of the monomer (i.e., by the addition of methyl
groups to the alcohol) causes the dimerization enthalpy to become less
negative. Singh and Rao [30] found that, in solution, fluorinated alcohols
have less negative values of AH, than the corresponding unfluorinated
alcohols, which in terms of relative acidities, implies the opposite. If we
assume that trends in gas phase acidities parallel the condensed phase
acidities, then our dimerization enthalpies go in the opposite direction from
that found in CCl, solution, but in the same direction as the fluorinated
species.

If the observed trend in dimerization enthalpies is indeed real, then one
might expect a similar trend in the tetramer enthalpies. In fact the opposite
trend is observed (Table VI). Hence, it appears that no simple explanation in
terms of acidities can be given.

Quantum mechanical results by Curtiss [25] for methanol polymers
indicate that cooperative effects in the bonding cause the binding energy in
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the n-mers to be significantly larger than n—1 times the dimerization energy.
The results in Table VI indicate that the experimental tetramer enthalpies
are 8.5 kcal - mol™! (356 kJ - mol™") to 12.5 kcal - mol™' (52.3
kJ - mol~") more negative than the simple addition of dimer enthalpies would
indicate.

The trend in polymerization entropies is also interesting. For both dimer
and tetramer, the value of AS? tends to become less negative as the alcohol
complexity increases. In order to investigate this effect in more detail, we
calculated the translational and rotational entropies for the monomers and
tetramers of each alcohol using standard statistical mechanical relations [31].
The rotational calculation was simplified by assuming that the CH, groups
were point masses. The hydrogen bonds were arranged in a square planar,
cyclic array [25] with linear O-H - - - O bonds set at 2.50 A (1 A = 107"
m), r(CC) = 1.43 A, < (HOC) = 104°, < (OCC) = 107.7°, and < (CCC) =
109.5°. In the methanol tetramer each methyl group was situated such that
the H-O-C(H;) bond angle was 104° and the H - . . O-C(H,) bond angle
was 166°. In the ethanol tetramer, the methyl groups were added to the
methanol tetramer in the hydrogen bond plane such that the C(H,)-
C(H,)-O-H dihedral angle was 180°. The next sets of methyl groups were
added out of the plane (forming the isopropanol and the t-butanol tetramers).
The results of this calculation are given in Table VII. Both the translational
and the rotational contributions to AS, go in a direction opposite to that
observed experimentally, i.e., they become more negative from methanol
through t-butanol. Therefore, it must be the vibrational contribution of AS,
which causes the observed trend. Estimates of this contribution were made by
subtracting the calculated AS}.., and AS,., from the total experimental
enthalpy, AS, o and the results are given in Table VII. Assuming that only
the 18 new intermolecular vibrations contribute significantly to AS,,;, we

Table VII. Analysis of the Alcohol Tetramerization Entropy*

Average v in

Alcohol AS 4 srans AS 4ot AS 4 iotal AS 4 em™'at373K¢
Methanol —108.2 —43.0 —-78.2 73.0 92
Ethanol —111.4 —-57.8 —-74.7 94.6 50
[sopropanol —113.8 —66.7 —72.4 108.4 34
t-Butanol —115.7 —-70.8 -71.2 1153 28

“Units of cal - mol™' + K~ (1 cal = 4.184 J).

PAS, . = ASTEL — ASYRR — ASURP.

‘Calculated from S, = 18R [(w/e” — 1) — n (1 — e~ )], where u = (hv/kpT) and v is the
average intermolecular frequency.
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calculated “average” values of the intermolecular frequencies for each
alcohol, and these are also given in Table VII. Note that although this
analysis must lead to substantial uncertainties, the magnitudes of the
frequencies are reasonable and also there is a steady decrease in the average
frequency as one proceeds from methanol tetramer to t-butano! tetramer.
This is what one might predict a priori, due to the increased mass of the
alcohols as one proceeds down the group. Curtiss and Pople found decreased
intermolecular frequencies in the D,0O dimer as compared to the H,O dimer
[32]. It is worthy of note that this trend of less negative entropies with
increasing size is found for the association of ionic halides both experimen-
tally and theoretically [33].

An estimate of the uncertainties in the dimer and tetramer thermody-
namic parameters was made using a procedure similar to that in Ref. 24. The
resulting uncertainties for each alcohol are given by: AH,, +0.9 kcal - mol™"
(£3.4kJ - mol™"); AS,, +0.7cal - mol™' - K™' (2297 - mol™' - K™ "; AH,,
+3 keal - mol™' (x12.6 kJ - mol™'); AS,, =5 cal - mol™' - K" (21 7J -
mol™! - K.

5. CONCLUSIONS

The following conclusions can be drawn from this study of association in
the alcohol vapors:

(1) Vapor phase polymerization leads to large enhancements in the
thermal conductivity. The effect is most pronounced in the lighter alcohols at
the lower temperatures.

(2) A monomer—dimer—tetramer model appears to fit the experimental
data best for the four alcohols. The thermodynamic quantities are the
following (1 cal = 4.184 J): AH, — —3.51 keal - mol™", AS, - —17.42 cal -
mol™' - K™', AH, = —23.01 kcal - mol~', and AS, = —78.22 cal - mol ™' -
K~' for methanol; AH, = —3.70 kcal - mol™!, AS, — —16.36 cal - mol™' -
K=', AH, = —22.15 kecal - mol™', and AS, = —74.65 cal - mol~' - K~ for
ethanol; AH, = —4.09 kcal - mol™', AS, = —16.15¢cal - mol™' - K™, AH, -
—21.65 kcal - mol™', and AS, = —72.37 cal - mol™' - K~ for isopropanol;
and AH, = —4.26 kcal - mol™', AS, = —16.67 cal - mol™' - K", AH, =
—21.27 keal - mol™}, and AS, = —71.23 cal - mol™! - K~} for t-butanol.

(3) Upper limits to the amounts of polymers through the octamer can be
deduced from the thermal conductivity data. The limits are ca. 107° atm
(107" kPa) for the trimer, 107* atm (1072 kPa) for the tetramer, pentamer,
and hexamer, and 107° atm (10~ kPa) for the heptamer and octamer, all at
373 K and 1-atm pressure (10” kPa).

(4) The average hydrogen bond enthalpy per monomer unit in the
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tetramer decreases as the monomer complexity increases, while in the dimer
the opposite is true. »
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