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Studies of‘the‘Vaporization Kinetics of Hydrogen Bonded Liquids.

F. R. MbFeely and G. A.: Somorjai

Inorganic Materials Research Division, Lawrence Radiation Laboratory,
. and Department of Chemistry, University of California

Berkeley, California 94720

ABSTRACT

ThévvacuUm evaporaﬁion rétes of glycerol, ethylene glycol and
_triethylene glycol have<5een measured in the température,gangé 5°-50°C
using a miCrobaiance: ThevactivatiOn énthalpies of vaporizatioﬁ of the‘
thiee liquids ﬁere found to be different from their enthalpies of
vapor;zationé  The vacuum evaporatioh rates for glycerol and triethylene -
glycole'wére aﬁqut bne-third of the maximgm rate that can be calculated'
from the vapor pressufes, and one-twentieth of the maximum rate fdi
diethyiene glycol. If appears thaﬁ-breaking'oné or more‘hYdrogen boﬁds

at fhe surface is the rate limiting step in the mechanism_of vaporization

of these largely hydrogen bonded liquids.
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- Introduction.

To date there have been many studies of the vaporizatiohvkinetics
of s;ngle'crystal surfaces. These:investigations have revealed a variety
of vaporization mechanisms.;_ For some of the. solids the desorption of
loosely-bound surface”species was ratevlimitiog.(most metals). For other
'compouﬁds, bondfbreaking at well-defined surfaoe sites,‘surface ehemical v
vreaetions,'association or dissociatioh were rate limiting. In cases where-
desorption of moiecules at the veporizing surfaoe.waslnot the'rate,limiting'
etep, the obServed vaporization rate was frequently found to be‘less than
the max1mum p0551ble rate that can be calculated from the klnetlc theory
J

of gases. The vaporlzatlon coeff1c1ept Ly = 3§§§ has been used to‘lndlcate
thelmagnitude of the deviation of the observed rate from the maximum rate.

In'contrast, the vaporization kinetics‘of liquids'have‘notrbeen
investigated; WYllieg has measured the vecuum vaporigation rates of

 several'liquids at'ooe temperature end has thus obtained_values for the
‘vaporization coefficient “v‘ However the lack of information_about tﬁe
lactlvatlon enthalpy of vaporization, AHV » which can only be obtalned
from studles of the vaporization rates as a functlon of temperature,

' preclude any deductlon of the vaporlzatloo mechanlsm.

We have studied the vacuum vaporization rates of glycerol (CHgOHCHOHCHﬂOH),
dlethylene glycol (CH20HCH£OCH2CH20H) and trlethylene glycol
(CHQOHCH20CHQCH20CH2CH2OH) in the temperature ranges 18-50°C, 5-30°C and
lO-hO?C‘respecitvely. From the-datarthe vaporization rates aﬁd-AHV* for

“each liquid were’obtained; The experimental results indicate that the

breaking of a specific number of hydrogen bonds may be the rate limiting

step in each case.
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Experimentalv‘.

The vacuum vaporiiation experiments were carried out using a Cahn
: microbélance mouhted in a vacuum chamber. The weight cﬁange’of the
balance was displqyed on a reCordef as a:function of time so that the
weight of the Vaporizing sample cou;d be moniﬁored éontinuously. The
balénce could méasﬁre weight changes of less than 10 ug.

The liquid that was to be vgporized, (sbectrogradg for glycerol,
and reagent grade for the two glycols), was placed in a Cylindricai

aluminum samplefholder and was maintained in a vacuwum of 5 - 50 x 10°

torr for a period of up to five hours to remove dissolved gases and other

moré volatiievimpurities (water; etc.). The sample was then placed on
the balance and the chamber evacuated by means of an oil diffusion pump
to an ambient pressuré'of ~5xlO'6 forr. At this préssuie, the flux of
vaporiZedvor_ambient moleéules'striking the vaporiiing liquid sufface is
negligible..

| During the experiments the temperature of the ligquid was monitored
by a .005" Cu-Constantan thermocouple placed:directly in the liquid.
Whilé diethylene glycol cooied from.22°C to 5°b*and triethylene glycol
to 10° . due to rapid hgat loss by vaporizatidn, the temperéture measured
by the thermocouple was'found to be independent of its position in the
crucible. vIt therefore appears that under the gi&en experimental con-"
ditions there waS no deﬁectable temperature gradienﬁ between the'surfade
and the bulk and that we therefofe had an accurate measure Qf the

tempefature of the vaporizing surface.




The liquid was heated by.radiation_from~a coil of nichrome resistance

~wire plaCed near the sample. The liquid was maintained at a constant
.temperature within % 0.2°C by means of a variable gain"feedback control

“unit. Reproducible steady state vaporization rates at as mahy as five

different temperatures could be measured before the sample surface re-

.ceded significantly into the holder. The evaporation rates were measured
~ by both starting at low temperaturé and increasing the temperatﬁre and

also by starting at high temperature and decreasing the temperature{

The vacuum evaporation rates were reproducible regardless of the thermal

history of the sample. Fifty'vaporization rates were measured with the

various glycerol samples, forty were made using diethylene glycol and

thirty-fivé using triethylene glycol in the indicated temperature ranges.

_ Results

Figure,l shows a plot of the logarithm of the evaporation raﬁe
(mg/cm?min) as a function of the reciprOcal'temperature for glycerol.

The solid line indicates the experimental vacuum vaporization rate,

while the dotted line represents the maximum rate predicfed by the kinetic

3

theory of gasés using the wellfknown Langmuir equation

. . L : .
J(mg/cm®min) = Peq/(QItMRT)2 using the equilibrium vapor pressure data

of Stedman.g Here Pe is the equilibrium vapor pressure, M is the

q

- molecular weight of the vapor'(assumed to be monomer) and R and T have

- their usual méaning. The isolated point on the graph repreéehts the

vacuum vaporizaﬁion'rate of glycerol as determined at a single'température

by Heideger and'Boudart.5



Figures 2 and 3 give the vacuum vaporization“rates"of diethylene
and triethylene glycol, along with the maximum rates calculated from

the equlllbrlum vapor pbressure data of Gallaguher and Hlbbert 6 The

equilibrium heats of vaporlzatlon, AHV, and the experlmentally determined

activation enthalples, AHV for all three liquids are summarlzed 1n

Table l along with dv(300 K), the ratio of the observed vacuum evapora-

tlon rate to maximum rate for each of the llqulds at 300°K. It should be

noted that a, is not constant throughout the studied temperature range

due to the difference in AHV and AH&*.

Discussion

In the three organic liduids-etudied, the energy’binding a molecule
to its neighbors at the liquid surface is primarily due to hydrogen
bondihg and-attractiVe‘interactions.thrOugh dispersion forceS.'IBondi
end Simkin7 have devised a method of separating these two major contri-
butions. Ihe interactionvenergy due to dispersion forces is estimated
.by the heat of vaporization of avcompound in which methyl groups are
dsubstituted for the hydroxyl groups. For erample the dispersion force
contribufion for glycerol is taken to be the A, of 3-methylpentane;"
The hydrogen‘bonding contribution is thenraccounted for,using’a semi -
_empirical'barameter S(OH), the hydrogen bond energy incrementvper OH
group. For the purposes of our analysis we chose S(OH) - L, 3vkca1'ﬁole
‘since that is the average reported value of the hydrogen bond energies.

for alcohols glven by leentel8 and since that value fits the data well.




 The predicted enthalpies df'vaporiZationvwith varying hydrogen bonding

contributions (assuming the additivity of hydrogen bond energies)are

shown in Table 2 along'with the experimental enthalpies and activation
enthalpies of VaporiZation. The homologous compounds used to estimate

the dispersion force contribution to AH&'were,tfor glycerol, 3-methyl-

pentane, forvdiethylene glycol, dipropyl ether, and for triethylene

glchlQ’dipropOxyethane. The heats of vaporization of 3-methylpentane
and dipropyl ether are given by Jordan.9 Unfortunately we could find

no reliable data for dipropoxyethane, bnt judgingtby the variations in

heats of vaporization of similar compounds we can be reasonably confident

‘that 1ts heat -of vaporization is greater than that of dlpropoxyethane by

no more than 1-2 kcal/mole

Inspection of Table 2 reveals that the three liquids studied-hate
vaporizatien energy reduirements that are aistinctly different. 'Fof
glycerol ~which exhlblts the strongest total hydrogen bondlng, AHV*_< AHV.
Thus ' the activation enthalpy of vaporlzatlon is less than the total
enthalpy of vaporization. It is apparent from Table 2 that the enthalpy
of‘VaporiZation reflects the breaking of three hydrogen‘bonds. It is
also apparent that the activation enthalpy correspondshto the breaking
df'only two hydrogen bonds. It is assumed that the moleeules vaporize
as nondmers | |

For the. vaporlzatlon of dlethylene glycol AHV > AHV ' There is

fstrong experlmental ev1dence that this molecule ex1sts in a rlngllke

- form caused by internal hydrogen bonding.-



-6-

N
N
. CHz CHz
CHz-CHz-0-CHz-CH20H or | !
o o CHz CHz
0-H \
o OH- - --OH

Its enthalpy of vaporization O, = 12.5 kcal/mole is appréciably
smaller than that for ethylene glycol (17.0 kcal/mole).6 Similarly
the entropy of'vaporizatiOn’at‘thé boiling point indidétes weaker
association in liquid diethylene glycol (ASV ~ 24,14 e.u.)6 than in
liquid etthene glycol (ASV =~ 29.0 e.u.)6 or triethylene glycol
(A.Sv ~ 30.9 e.u.);6 Thus vaporization near equilibrium is likely to
require the breaking of only one hydrogen bond per molecule, in
addition to overcoming the attractive dispefsion forces between the
.molecules'in the'liquid. !

| The aétivation enthalpy of Vaporization howéver, indicates é much
greater energy requirement (16.8 kcal/mole) for breaking the molecule
away at the vaporizing surface. This larger enérgy requirement would
indicate that two hydrogen bonds must be broken before the molecule
could vaporize into vacuum. )

| .Forbtriéthylene gl&col (CHgQHCHgCCHgCHgOCHgCHgOH) the activation
enthalpy of‘Qaporizétion is only SIightly'laréér.(18.h kcal/molé) than
‘the heat of vaporization (> 17.0 kcal/mole);6- Also.this]liquid has é
 :large éfaporatioﬁbcoefficient. The breaking of two hydrdgen bonds is
clearly necessary for vaporization to 6ccur, both in equilibrium-and in

vacuum. The less than unityevapofation coefficient indicates that

P
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although the energetics of vaporlzatlon far from equillbrlum are not

much different from the equillbrium case, the surface. concentratlon of

‘ molecules‘that may_vaporlze is less than their surface concentration at

equilibrium. Since the presence of minute impurities at the vaporizing

‘surface that could block the vaporization cannot be ruled out, a more

detailed analysis of thisveffect would not be useful.

Studies of the vaporlzation of ice s1ngle crystalslo have revealed
that the breaklng of one hydrogen bond can be a rate llmlting step in
the sequence of reaction steps leading to the vaporization of water
molecules. At low temperatures ( < ;80°C) AHV* ~ AH, - 12.2 keal/mole
and avlﬁ l; This value reflects the energy necessary to break two
hydrogen bonds. However,,above -45°¢C AHV approaches the values of EAHV'
and ay << 1, reflecting the breaking of only one hydrogen bond. A
typical log rate vs.vl/Tlcurve for the vacuum vaporization of ice is
shown'in Fig. 4. It appears that ice at equilibrium with the vapor has
a surface population of a highly mobile species, thought to be water
molecules hydrogen bonded to only one nearest nelghbor. These molecules -
are the source of vapor flux leaving the surface; At sufficiently low
temperatures the vacuum vaporization rate.is:low enough so as not to

significantly alter the equilibrium surface population. However,

.SUblimation at high temperatures depletes this population and the rate

limiting'step in the vaporization changes from the desorption of the
mobile water molecules at low temperatures, to their fOrmation at high
temperatures. | |

From these studies it appears that the breaking of one or more

hydrogen bonds can be a rate determining steb in the vaporization of
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hydrogen”bonded liquids; This effect is likely'to 5e.more pronounced
for smaller molecules where the proportidn of hYdrogenfbonding groups
is large (ice,‘glycerol,;diéthyleﬁé glycbl). For loﬁger carbon chain
organic,ﬁbiecules (e.g., triethyiene glycol) the'activation énthalpy of
vaporization.méy not be marke&ly different from the enthalpy of vapori-
zation,vas_theSe experimental data suggest. Their evaﬁdriation rates
,may‘be reasonably approximated‘by the‘iangmuir equatioh assuming an

evaporation coefficient near unity.

Acknowledgement

This work was perforﬁed under the auspices of the U.S. Atomic

Energy Commission.




gy

[
s

LSRRG RS T ¢ D B R B

._9_
Table 1
The heat of vaporization,-AHv, the activation enthalpy of vaporization,
\‘w‘/ N ’ ’ . . : ‘
AI{vf"_ and the evaporation coefficient, dv(300°K) for glycerol, diethylene
glycol and triethylene glycol.. v |
A (kcal/mole) | AH(kcal/mole)| o, (300°K)
Glycerol 21.0 174 C0.34
Diethylene Glycol 12.5 1 16.8 0.05
“Triethylene Glycol 17.0 ~18.h - 0.6
o A
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e Comparlson of the enthalples and actlvatlon enthalples of vaporlzatlon o

_with the enthalples of vaporlzatlon calculated by addlng dlfferent

o hydrogen bond contrlbutlons to the enthalpy of vaporlzatlon of the

- homologous molecules AHH
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Diethylene Glycol

Trlethylene Glycol
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AHH+28(OH)
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'>85%.

23

1“_&l3;0;v‘

>13.0.
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"20.9

" 21.0
12.5

417;03

Pt
6.8
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 Figure Captibns

vacuum vaporization rate Qf glycerol

. o » "
maximum rate

determination by Heideger and Boudart

vacuum vaporization rate of diethylene glycol

maximum rate

‘vacuum vaporization rate of triethylene glycol

maximum rate

vaporization rate and maximum vaporization rate of ice.



v lo .

' -1_é—

' References = . -

G. A. Somdfjai_and J. E. Léstér;’Progress in Solid State ChemiStry,'

Vol. L, 1967.
G. Wyllie, Proc. Roy. Soc. A197, 383-95, (1949) .
I. Langmuir, J. Am. Chem. Soc. §§, 93lv(l9l3), o

D. F. Stedman, Trans. Faraday Soc. 24, 289-98

. W. J. Heideger and M. Boudart, Chem, Eng. Sci. 17, 1-10 (1962).
A. F. Gallaugher and J. Hibbert, J. Am. Chem. Soc. 59, 2523 (1937).

A. Bondi and P. J. Simkin, A.I.Ch,.E. Journal 3(4), 473-79 (1957).

G. C. Pimentel and A. L. McClellan, The Hydrogen Bond, W. H. Freeman
and Co., San Francisco, 1960.

T. E. Jordan, Vapoi Pressures of Organic.Compounds, Interscience,

New York, 195kL.

- J. G. Davy and G. A. Somorjai, J. Chem. Phys., to be published; P27




(1 VU } 6 O now o §
_13_
.a | 0.0 L—- \ . I I [ .
| B N ~
) : \',_ ‘Maximum rate
i N AHy 210 keol/mole T
B : \</\/ , : ' ]
- \ |
‘.‘ \
N\
= N\ .
£ N\
SR N\
5 | N
< |
1.0 - —]
£ N _
AH t=|7.‘l kecal/mole _
—  Vacuum.evaporation -
- | rate N
\
o N\
.o-.
- oL 1 I
3 3.2 33 3.4
T 10/ T °K -

, . XBL716-3712
Fig. 1 g .



J(mg/emZmin)

|0.0

B

TTTT] . e

T

T T T

\ . =12. 5 kcol/mole

—

!

‘_\‘_ ..

Mox1mum rote ]

WEESEE

]

Vocuum evoporotuon rote R

AH =16.8 kcal/mole: . .~ —

34 L 3 5 36 .

IO /T°K

"vF'i'g". 2

xsl7ie-3713




'w’*a}" :

Ao, 5{

A
<2
L

H
S

>
wd

SIS B

; -
y N ‘ J
Vg - il

_15_,

0.0

—_ B
<

S

N

£

o |.0—
~ L
o ‘ p—
& .

- |~
) —

-

i

Vacuum evaporation

.[. : -
AN 'Moximuﬁ1rnte

| \\A Hy=17.0 keal/mole

rate

| . 1

|

1

0.1
3.

3.2

‘Fig. 3

. 3.3 | 3.4
IO 7/ T°K

XBL7!16-3711



—— b e—— e e v-~--v—.—-.'1_.76>; - .-—v— ]

-35° -45° -55° -65° -75°  -85°-90°

0T T T T T T
(0] = =
v - E Z
< - N
e . — -
o — o
!

e - o |
o
e O =
o
o + _
@ R i
< ' |
o) - .
-— .
o , |
E 0IE =]
o — ]
> - .
wn — =
e _ |

ol | L1 | L

»
N

44 46 48 50 52 54 56
" 07T e

Fig. b

< XBL 695-2774

S 5 R




\
€,

LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or

- responsibility for the accuracy, completeness or usefulness of any

information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights. .




e

o ,°~-n5> e

TECHNICAL INFORMATION DIVISION

LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
- BERKELEY, CALIFORNIA 94720





