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The bonding force between a polymer of n molecules in liquid A, (A)!,, is subject to an internal 
tension, T ~ ~ ,  attributable to the polymers of all sizes in liquid A. This tension exceeds the internal 
tension between pure polymer (A):, TO,,, and this enhanced tension, nAn = T~~ - t6)", changes all 
partial molar quantities of (A)!, within liquid A with respect to the molar quantities of pure 
(A):, including the chemical potential of polymer (A); (such that &(T, p l ,  xi,) is equal to 
&(T, p1  - nAn)). When the vapor of A is in equilibrium with liquid A, the vapor of (A), must 
also be in equilibrium with liquid (A),, for every n from 1 to N. Even when the mole fraction of 
polymer (A); is altered by changing the pressure applied to liquid A, its mole fraction must equal 
the mole fraction of (A): in the vapor phase with which it is in equilibrium, i.e., xin = x in  for any 
T or p l .  Since water vapor is monomeric, liquid water must also be monomeric. 

INTRODU CTl ON 

A liquid A consists of molecules of only one kind. Nevertheless, these 
molecules may cluster into polymers of varying size. Such a liquid becomes a 
solution of polymers. Only if the polymers are all of the same number of 
molecules of A is liquid A a pure liquid and no longer a solution. In this 
article, we will treat liquid A as a solution of polymers wherein a polymer of a 
given number of molecules will be considered to be a separate species in the 
solution. Each species of polymer is a solute, and all other species are the 
solvent for it. The treatment to follow will be based on the Hulett 
paradigm1,2,3'4 in order to describe the thermodynamic properties of each 
solute in liquid A. We shall find that a modified Hulett Gedanken Experi- 
ment requires that the mole fraction of any polymer in liquid A be equal to its 
mole fraction in the vapor phase for any pressure and temperature applied to 
liquid A. 
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14 H. T. HAMMEL 

Suppose that the liquid consists of na ,  moles of monomers of chemical 
formula (A):, na, moles of dimers of chemical formula (A);, etc. up to and 
including naN moles of chemical formula (A)L. Polymer (A), will react with 
and attain an equilibrium with other polymers in liquid A according to the 
generalized reaction, 

(A): %(A): -m + ( 4 ;  

where n is an integer such that 1 I n 5 N and where m is an integer such that 
0 I m < n. The number of equilibria and equilibrium constants is the sum of 
the factors of n from n = 1 to n = N. 

Polymers may form and co-exist as separate species in liquid A. The 
equilibrium concentration of liquid polymer (A):, [(A):], is attained when the 
rate it is formed equals the rate it is changed by collisions with monomers and 
other polymers of the system. The coupling force between molecules of liquid 
A may be one or more of several kinds such as the hydrogen bond or other 
polar bonds, the ionic bond or such other bonding forces as the London force 
or induction force. Polymerization implies that the coupling force between 
molecules within polymer (A): is greater than that between polymers of (A)!,. 
The stronger the bond (the greater the bond energy) between the molecules in 
polymer (A):, the less frequently the bond is broken at T and the more 
abundant (A): will be in liquid A. 

All molecules of polymer (A): move together as a cluster and the center of 
mass of each (A): moves randomly with respect to the centers of mass of other 
(A): as well as all other polymers, Even though each (A): may be transient, 
the molar amount of polymer (A): remains constant at nan at constant T and 
p'. The thermal energy of liquid A is partitioned equally between all its 
polymers regardless of their size from j = 1 to j = N. These considerations 
affect the internal tension between each polymer and thereby affect the 
thermodynamic properties of the polymer. 

Chemical potentials of pure liquid A and its vapor 

An important property of pure solvent is its Gibbs molar free energy, its 
molar Gibbs function. This chemical potential of pure liquid solvent is a 
function of temperature and the pressure applied to it and is symbolized as 
&(T, p'). Likewise, the chemical potential of pure solvent vapor is a function 
of T and the pressure applied to it and is symbolized as pT(T,p"). The 
chemical potentials of the pure liquid and pure vapor can be changed by 
changing the temperature and pressure applied to each according to 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
4
2
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



CLUSTERS I N  MONOMOLECULAR LIQUIDS 15 

where Sk(T, p ' )  and Vk(T, p')  are the molar entropy and molar volume, 
respectively, of pure liquid A and both are functions of T and applied 
pressure pl. Likewise, @(T, p")  and PT("(T, p " )  are the molar entropy and 
molar volume, respectively, of pure vapor A and both are functions of T and 
applied pressure p". 

If, as illustrated in Figure 1A and B, the pressure applied to pure liquid A is 
slowly decreased from p' to pl - Ap' and if the vapor of pure A remains in 
equilibrium with the liquid of pure A, then the chemical potentials of pure 
liquid and pure vapor must remain equal, i.e. 

P ~ ( T , P ~ ~ U ( P '  -AP')) 

d@ . (3) s P ~ U ' ,  P') s PTP(T, p>'U(T,p')) 

If the temperature remained constant at T as the pressure applied to the 
liquid decreased, then according to Eqs (1) and (2) 

P ~ ( T , P ' - A P ' )  

d p t  = 

p' - Ap' PL"O(T I P' - AP') 

Pk dp' ~ ~ d p "  . (4) JP' IT ! P L O U ' , P ~  IT 

This is an exact statement whatever the thermal coefficient of expansion or 
the compressibility of pure liquid A and whatever the law relating vapor 
pressure to the molar volume of the vapor or to T. Clearly, p F ( T ,  p' - Ap') 
must be less than p z (  T p ' )  depending on the magnitude of - Apl and always 
exactly according to Eq. (4). This statement is exact when all molecules of A 
are of one kind only, pure liquid A. 

A 

Pe 

B 
1 

- I  

FIGURE 1 
of liquid when pressure applied to pure liquid A'" decreases from p' to p' - Ap'. 

Illustrating changes in vapor pressure, molar volume of vapor and molar volume 
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16 H. T. HAMMEL 

Distribution of pure A between energy states 
and between its liquid and vapor phases 

When pure liquid A is in equilibrium with its vapor, the changes in chemical 
potentials of the liquid and the vapor remain equal as the pressure applied to 
the liquid changes. In addition, the chemical potentials of liquid A and vapor 
A are equal at  the limits of integration, Eq. (3). Although their molar internal 
energies, 02 and Dz,  differ greatly, nevertheless their molar free energies are 
equal. Thus, at the same T and applied pressure, &( T, pz( T )  = pT( T, p T (  T ) )  
where, for example, the pressure applied to liquid A is the pressure of vapor A 
with which it is in equilibrium, i.e., in Figure lA, p l  = pz(T,  pz). 

The distribution of molecules A between the liquid and the vapor phases in 
equilibrium is determined by the Boltzmann distribution law, a fundamental 
law of classical statistical mechanics. If n2 moles of molecules A in a unit 
volume are in an energy state 2 with molar energy U ,  and if they are in 
equilibrium with n1  moles of molecules A per unit volume in an energy state 1 
with molar energy D1 at the same T, then the molecules of A are distributed 
between the two energy states according to the law 

where A 0  = D 2  - Dl and where R = kL, Boltzmann's constant times Ava- 
gadro's constant. The unit volume in each state is a unit of volume available 
to the centers of the nL molecules of A in each energy state. 

The energy of a mole of molecules of A can be increased by adding an 
amount of heat SQ and by performing an amount of work on the molecules 
S W, i.e. AO, = SQ + S W. If the work is only pressure volume work and if it is 
performed at constant pressure then 6 W [ ,  = -pAVA since the volume 
decreases as work is done on the system. If heat is added to a mole of A at 
constant p then SQI, = AR,I, where ARAlp is the change in the molar 
enthalpy of the molecules at constant pressure. Enthalpy of a mole of 
molecules A is defined as RA = oA + pV, so that a change in the molar 
enthalpy at constant p is A8AIp =bUA + pAVA and the change in the molar 
energy of molecules A is AlfA = AHA[, - pAV, when the volume increases or 
AUA = AHA[,, + pAVA when the volume decreases. Boltzmann's law may 
now be applied to obtain the distribution of molecules A between the liquid 
and vapor phases at T and pT(T). The energy of a mole of vapor U z  ex- 
ceeds the energy of a mole of liquid 02 by an amount 02 - 02 = 
[ R X T ,  p X T ) )  - fQ(T, P ~ T ) ) ]  - PT(T)CPT(T, PT(T)) - V8T pj;O(T))I. 
Thus, Eq. (5) becomes 
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CLUSTERS IN MONOMOLECULAR LIQUIDS 17 

where A g i o  is the enthalpy of evaporating a mole of pure liquid A at T and 
p T ( T )  and A V P  is the increase in volume of that mole of liquid when it 
evaporates at T and pz(T) .  Equation (5a) describes the moles of vapor A 
whose molecular centers move in a unit volume relative to the moles of liquid 
A whose molecular centers also move in a unit volume. If the volume that one 
vapor molecule's center occupies is v i  then nTLvi equals a unit volume. 
Likewise, if vf4 is the volume that one liquid molecule's center occupies, then 
na"Lva equals a unit volume and nT;.lnk = vf4/vi. 

Although the molar energies of the two phases differ, the Gibbs molar free 
energies of the two phases in equilibrium are equal. Gibbs defined the molar 
free energy of each phase of A as Pi = - T@ for the vapor phase and 
Gk - TS? for the liquid phase. Thus, APLo = Pi - Gk = An? - 
T A C O .  The molar entropy of vaporization is related to the molar enthalpy of 
vaporization at constant pressure. From the Second Law of Thermodynam- 
ics, adding an amount of heat at constant pressure increases the entropy an 
amount ASI, = GQlp/T. As stated earlier, SQI, = AHAI, when heat is added 
at  constant pressure. Thus, A?lsj;lOIp = A H i o / T  and A(?;" = 0, ie., the chemi- 
cal potentials of the liquid and vapor phases are equal in equilibrium. 

- - 

Pure liquid A in a Hulett column 

In a modified Hulett Gedanken Experiment, pure liquid A is supported at its 
free surface by a matrix at 2h + Ah2 in the left cylinder, Figure 2A. Liquid A 
is also contained in a cylinder on the right. The pressure applied to the upper 
surface of liquid A in the left cylinder is p 3 2 h  + Aha"), while in the right 
cylinder the applied pressure is p';"(h). The pressure applied by both pistons is 
pT(h)  + Jk pk(z) dz, where the latter term is the weight of a column of 
liquid A from o to h applied to a unit area of piston surface. Note an 
opening between the two cylinders which insures that the hydrostatic 
pressure in liquid A at h in both cylinders is pT(h) .  The hydrostatic pressure 
at the upper surface of liquid A at 2h + Ah? in the left cylinder is 
pZ(2h + Ah?) - Sih+*y &(z) dz. The magnitude of Ah2 is determined, in 
part, by the compressibility of liquid A, i.e., liquid A is increasingly distended 
by increasing tension from k to 2h + Aka" such that the total distension is 
Aha". Similarly, liquid A is increasingly compressed from k to 0. Due also 
to its compressibility, the density of liquid A is a function of z such that 
pk(2k + Ahk) < p t ( h )  < pt(0).  The compressibility also varies with pressure 
so that it varies with z and &(2h + Ah?) - p t (h )  is not exactly equal to 

Since the molecules of liquid A and vapor A are in a gravity field in Figure 
2A, the vertical distribution of the molecules of each will be in accord with the 
Boltzmann distribution law, Eq. (5). The number of molecules at z + dz in a 

Pa"@) - Pk(0). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
4
2
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



\ 

zh
 

- 2h
 

h 

I
I

 

u
’

 
U

 

FI
G

U
R

E
 2

(A
) 

Il
lu

st
ra

tin
g 

pu
re

 li
qu

id
 A

 in
 a

 H
ul

et
t c

ol
um

n 
in

 e
qu

ili
br

iu
m

 w
ith

 p
ur

e 
va

po
r A

. T
he

 d
is

tr
ib

ut
io

ns
 of
 m

ol
ec

ul
es

 A
 a

s a
 fu

nc
tio

n 
of 

z i
n 

bo
th

 th
e 

liq
ui

d 
an

d 
va

po
r p

ha
se

s a
re

 il
lu

st
ra

te
d 

as
 d

et
er

m
in

ed
 b

y 
th

e 
B

ol
tz

m
an

n 
di

st
ri

bu
tio

n 
la

w
. T

he
 su

rf
ac

e o
f l

iq
ui

d 
A

 in
 th

e 
le

ft 
cy

lin
de

r i
s h

el
d 

by
 a

 
m

at
rix

 a
t 2

h 
+ h

?,
 im

pl
yi

ng
 th

at
 th

e 
te

ns
io

n 
in

 li
qu

id
 A

 in
cr

ea
se

s f
ro

m
 h

 to
 2

h 
+ A

hJ
o b

y 
an

 a
m

ou
nt

 g
 i:h

+A
h6

“ 
pk

(z
) d

z.
 S

in
ce

 th
e 

am
ou

nt
 o

fl
iq

ui
d 

A 
in

 
th

e 
le

ft 
cy

lin
de

r b
et

w
ee

n 
h 

an
d 

2h
 +

 Ah
: 

eq
ua

ls
 th

e 
am

ou
nt

 b
et

w
ee

n 
o 

an
d 

h, 
Ah

’,”
 is 

th
e 

di
st

en
si

on
 o

f l
iq

ui
d 

A 
du

e 
to

 th
e 

te
ns

io
n 

ap
pl

ie
d 

by
 it

s 
w

ei
gh

t 
Ah

k/
h 

is 
a 

m
ea

su
re

 o
f 

th
e 

di
st

en
si

bi
lit

y 
of

 p
ur

e 
liq

ui
d 

A
8 

an
d 

ca
n 

be
 c

or
re

la
te

d 
w

ith
 it

s 
va

po
r p

re
ss

ur
e 

pZ
(2

h 
+ 

Ah
?)

 a
nd

 th
er

ef
or

e 
w

ith
 it

s 
te

ns
io

n 
at

 
2h

 +
 Ah

?.
 

Il
lu

st
ra

tin
g 

liq
ui

d 
A 

as
 a

 s
ol

ut
io

n 
of

 p
ol

ym
er

s 
in

 a
 H

ul
et

t c
ol

um
n 

in
 e

qu
ili

br
iu

m
 w

ith
 a

 s
ol

ut
io

n 
of

 th
e 

sa
m

e 
po

ly
m

er
s 

in
 th

e 
va

po
r 

ph
as

e.
 T

he
 d

is
tr

ib
ut

io
ns

 o
f p

ol
ym

er
 (

A
),

 as
 a

 fu
nc

tio
n 

of
 z

 in
 th

e 
liq

ui
d 

an
d 

va
po

r 
ph

as
es

 a
re

 il
lu

st
ra

te
d 

as
 d

et
er

m
in

ed
 b

y 
th

e 
B

ol
tz

m
an

n 
di

st
rib

ut
io

n 
la

w
 a

nd
 b

y 
th

e 
la

w
 o

f 
m

as
s 

ac
tio

n 
w

hi
ch

 e
st

ab
lis

he
s 

th
e 

eq
ui

lib
riu

m
 c

on
st

an
t 

fo
r 

po
ly

m
er

 (
A

)”
, k

A
n.

 

(B
) 

X
 3
 

r
 k m
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
4
2
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



CLUSTERS IN MONOMOLECULAR LIQUIDS 19 

volume of unit cross section and thickness dz, N:(z + dz), is less than the 
number at z, N i ( z ) ,  by 

N i ( z  + dz)/Nz(z) = exp - 

where mA is the mass of a molecule of A and m,g dz is the gravitational 
energy the molecule gains from z to z + dz. m,& dz in Eq. (5b) equals AO/L in 
Eq. (5) .  In Figure 2A, the number of vapor molecules at z > h is 

N?(z)/N?(h) = exp - (?*gFT- h)) .  

Likewise, liquid molecules gain the same gravitational energy mAg dz per 
molecule so that the number of liquid molecules at  h > z > o is 

in both the left and right cylinders of Figure 2A. The number of liquid 
molecules at (2h + Ahf;") > z > h is 

in the left cylinder. In Eq. (k), the ratio of the number of vapor molecules 
may be replaced by the ratio of the moles of vapor. Likewise, in Eqs ( 5 4  and 
(5e), the ratio of the moles of liquid may replace the ratio of the molecules of 
liquid. m,/k in Eqs (5c), ( 5 4  and (5e) may also be replaced by MW,/R, since 
M W ,  = Lm, and R = Lk, where M W, is the molecular weight of A. 
According to Eq. (5a), the molar ratio of vapor to liquid at h will be 

AR?"(h) - pz(T, h )  AP?(h) 
RT 

nz(h)/n?(h) = exp - 

where ARuLo(h) is the enthalpy of evaporating a mole of liquid A at T and 
p z ( h )  and where AP:" is the increase in volume of that mole of liquid when it 
evaporates at T and pF(h).  Likewise, at 2h + Ah? the molar ratio of vapor to 
liquid at the surface of liquid A in the left cylinder will be 

nT(2h + Ahk)/nk(2h + Ahk) 

ARp(2h + Ah?) - p);"(2h + Ah?)AT7"(2h + Ah?) 
= exp - ( RT ----) ( 5 g )  

where the molar enthalpy increase and molar volume increase pertain to 
evaporation under the conditions at 2h + Ahk, i.e., where liquid A is under 
tension and where the pressure-volume work is against a reduced pressure. 
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20 H. T. HAMMEL 

In summary, for pure A in Figure 2A: 1 )  the distribution of its molecules in 
a gravity field may be described by a fundamental law of classical statistical 
mechanics, Eq. (5c) for the vapor phase and Eqs ( 5 4  and (5e) for the liquid 
phase; 2) the distribution of its molecules between the liquid and vapor 
phases is based on the same law and may be described by Eq. (5f) at h and by 
Eq. ( 5 g )  at 2h + Ah?; 3) in accordance with a rigorous thermodynamic 
statement, Eq. (4), at constant T, 

These fundamental statistical mechanical and chemical thermodynamic 
statements are equally rigorous and completely compatible. They interrelate 
with each other in the equations of state for the liquid and for the vapor of 
pure A, i.e., in the relationship between V t  and pi and T applied to liquid A 
and between V'' and p" and T applied to vapor A. The moles of vapor per 
unit volume at any z equals l / V T ( z )  and depends on N?(z), Eq. (5c), or on 
nT(z) which equals NT(z) /L.  The relationship between pT(z) and P/(z) and 
T is the gas law (equation of state) for vapor A. Similarly, the moles of liquid 
per unit volume at any z equals l /V?(z) and depends on Nf40(z), Eq. ( 5 4 ,  or on 
n?(z) . The relationship between pk(z )  and By(z)  and T is the equation of 
state for liquid A. 

We should note, again, that the density of molecules of A in both the liquid 
and vapor phases diminish exponentially in a gravity field, depending on the 
mass of the molecule and on the height above the reference. In both phases, 
this is due to the increased gravitational energy of the molecules at the greater 
height. In the vapor phase, the distribution relates to the Brownian motion 
and the pressure-volume work by the molecules. Whereas in the liquid phase, 
the distribution and increased gravitational energy with z relates to pressure- 
volume work performed by the cohesive force between the molecules. In both 
phases in Figure 2A, for z > h, the increase in energy per molecule is exactly 
the same; namely, m,g(z - h). In the liquid column on the left, the pressure is 
the weight of the column per unit area, g J ; - h  &(z) dz, and the volume 
change per unit area is Ah? at z = 2h + Aha.. It is clear, in this example, that 
the increased tension (negative pressure) in liquid A distends the liquid A so 
that an amount of negative work is performed on liquid A which exactly 
equals the increase in the gravitational energy of each molecule of liquid A at 
z. This exact correspondence of energies ensures the distribution of molecules 
in liquid A at z will match the distribution of molecules in vapor A and 
ensures that the vapor pressure of liquid A at z exactly equals the vapor 
pressure of vapor A at z. In general, any tension applied to pure liquid A 
lowers its vapor pressure in accord with the negative pressure-volume work 
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CLUSTERS IN MONOMOLECULAR LIQUIDS 21 

performed on the liquid and in accord with the fundamental laws reviewed 
here, Eqs (4), (5c)  and (5e). Similarly, any positive pressure applied to liquid 
A varies its vapor pressure in accord with the pressure-volume work 
performed on the liquid and in accord with the same laws. 

Chemical potentials of liquid and vapor of pure polymer (A): 

The thermodynamic and statistical mechanic statements of the preceding 
sections also apply when liquid and vapor of A are pure polymer (A):. Thus, 
if the pressure applied to pure liquid polymer (A): decreased slowly from p to 
p 1  - Ap' at constant T,  Figure 3A and 3B, then the chemical potential of (A): 
decreased an amount 

J P f  

Likewise, the chemical potential of pure vapor polymer (A): decreased an 
amount 

-ApTn = plOn(T9 ~fko,(T, P I  - AP')) - P%(T PL6p,(T, PI)) 

as the vapor pressure in equilibrium with pure liquid (A); decreased from 

Since - A p t ,  must equal -A@", it follows from Eqs (6) and (7) that at 
PIOn;",(T P') to PIOn;o,(T P' - A h .  

constant T 
p' - Ap' P;O,(T,P'-AP') 

(8) lo d l -  VW d 0 

VAn P - lPAn An PAn.  lp' v0 ( T ,  P') 

Equation (8) is valid because the molar free energy of pure polymer (A): 
decreased the same amount in both the liquid and vapor phases as the 
pressure applied to purc liquid (A): decreased slowly from p 1  to pl - Ap' at 
constant T. 

Chemical potential and vapor pressure of polymer (A), in liquid A 

When liquid A is a mixture of polymers, we may treat it thermodynamically 
as a solution. The chemical potential, other partial molar quantities and the 
colligative properties of each polymer (A),, may be considered in relation to 
these quantities and properties of pure polymer (A):. The chemical potential 
and the other properties of polymer (A): in a mixture of polymers in liquid A 
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22 H. T. HAMMEL 

A 

Pe 

C 

- 

U 

B 
P 

0 

P eu +OP e 

FIGURE 3(A,B) Illustrating changes in vapor pressure, molar volume of vapor and molar 
volume of liquid when pressure applied to pure liquid polymer (A)'," decreases from p' to 
p' - Ap'. (C,D) Changes in partial vapor pressure, partial molar volume of polymer vapor 
(A): and partial molar volume of polymer liquid (A)!, in liquid A' (a solution of polymers of A) 
when pressure applied to the solution increases from p' to p' + Ap'. p i (  T, p ' )  = Cj p;,(T, p ' )  and 
pi(T, P' + AP'> = 1, pi,(T, P' + Ap'). 
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CLUSTERS IN MONOMOLECULAR LIQUIDS 23 

can be stated with respect to pure liquid polymer (A):, even when, at T and 
applied pressure p', pure polymer (A): cannot be realized. 

When liquid A is a mixture of polymers from j = 1 to N, the mole fraction 
of polymer (A): is xi, = n;,Jz, naj .  Since cj x i j  = 1, where j may be every 
integer from 1 to N, there will be N - 1 independent x i j .  The chemical 
potential of polymer (A)!, in liquid A is, by definition, the partial molar Gibbs 
function of liquid A, 

ac; 
T, p ' ,  nhj 

' (9) 

where G; is the Gibbs function of liquid A. C; is an extensive property of 
liquid A and is a function of the intensive quantities T and p' as well as a 
function of the extensive quantities n i j ,  i.e., G a  is Gi(T, p', nt). An infinitesimal 
change of state of liquid A can be expressed by dG6 due to an infinitesimal 
change in T or in pl or in the moles of any or all polymers in liquid A. A 
fundamental thermodynamic equation for the change dGi is5 

dCa = -Sa d T  + V a  dp' + 1 pi j  dnaj, (10) 
j 

where Sa is the entropy and Va is the volume of liquid A. 
The third term on the right side of Eq. (10) states that the Gibbs function of 

A' will increase, at constant T and p', when there is an infinitesimal increase in 
the amount of any polymer (A): so that 

where the increase in the moles of polymer (A): is made without changing the 
amount of any other polymer (A):. Equation (11) may also be written6 

where dC; is the total infinitesimal change in the molar Gibbs function due to 
infinitesimal changes in the mole fractions of all polymers (A): at constant T, 
pl and all other n;i+Aj. For all naj constant, dG; in Eq. (10) may be written 

(dG;),ki = -Sf, d T  + Vf4 dpi  

so that Eq. (10) becomes 

dG; = -S; d T  + dp' + C paj dxXj. (104 
j 

The chemical potential of polymer (A):, p i , , ,  the molar Gibbs function of 
liquid A, Ca, the molar entropy Sa and the molar volume vh of liquid A, are 
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24 H. T. HAMMEL 

functions of the intensive variables T,p' and x i j .  According to the rule of 
partial differentiation, the total differential of pi , ,  is 

In Eq. (12), 

and 

according to Eq. (9). The partial derivatives of Ga with respect to T and with 
respect to pl are, from Eq. (lo), aGa/aT = - -Si and dGa/dp' = V i ,  respecti- 
vely. Thus, Eq. (13) becomes 

and Eq. (14) becomes 

Evaluation of the last term in Eq. (12) is subject to two constraints: 1) as x i j  
changes, i.e., as naj changes, all ni i+Aj  must remain constant; and 2) the 
partial change in p i ,  with respect to changing x i j  is subject to the condition 
that all n i j ,  except n;,, must remain constant, according to Eq. (9). So the last 
term in Eq. (12) is only apa,Jaxa,T,,I,na, ~ An dxa,. Using Eqs ( 1  3a) and (144, 
Eq. (1 2) becomes 

Slowly increasing the pressure applied to liquid A from p ' ,  Figure 3C, to 
p' + Ap', Figure 3D, at constant T ,  increases the chemical potential of 
polymer (A); an amount 

&,(T,pl +&I. x i , )  p' + Ap' 

r i n  dp'7 (16) I' dpin = s &"(T. P'. xi,) 

when the composition of liquid A remains constant. However, even when 
there is no exchange between liquid A and its surrounding, the moles of (A): 
may vary and its mole fraction, xi,,, may vary. For example, when a polymer 
is formed from its constituents, if there is a change of volume, then the ratio of 
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CLUSTERS IN MONOMOLECULAR LIQUIDS 25 

moles of that polymer to the sum of moles of all polymers will be altered by 
changing the pressure applied to liquid A. As we shall discuss in the next 
section, distribution of polymers in a gravity field will also alter their mole 
fractions. 

If xi ,  is altered to xf.;,, as the pressure applied to liquid A is changed from p' 
to p' + Ap' at constant T ,  then the chemical potential of liquid (A): would 
increase an amount 

Apin = pin(T9 P' + AP', xLJ - pin<T, P', . i n >  

As illustrated in Figure 3C and D, the vapor pressure of each polymer in 
the vapor phase, pi,,,  remains in equilibrium with its liquid polymer (A): as 
the pressure applied to the latter increased from p' to p' + Ap', that is, as 
pi,,(T, p ' )  in Figure 3C increased to pi,(T,  p' + Ap') in Figure 3D. The 
chemical potential of polymer (A): in the vapor phase, pi,(T, p i ,  xi,,), is also 
a function of T, total vapor pressure and the mole fraction of polymer (A): in 
the vapor in equilibrium with liquid A. Both pi(T, p ' )  and the moles of (A):, 
nin(T, p'), are functions of T and pressure applied to liquid A, p'. The 
chemical potential of the vapor of polymer (A): changes according to 

where PA, and Ti,, are the partial molar entropy and volume of (A): 
respectively, and both are functions of T, p i  and xi,,. Of course, n i ,  will 
increase as the equilibrium vapor pressure increases from p i (  T p') to 
pi(T, p' + Ap') at constant T. However, according to Eq. (18) at constant T 

A p i n  = pin(T pi('> P' + AP'L xi',) - pin(T, P ~ ( T  PI)> xi,) 

Since equilibrium was maintained in the vapor and liquid phases of A as the 
pressure applied to the liquid increased from p' to p' + Ap', in Figure 3C and 
D, then A&, must equal A&,, under all circumstances. Under the condition 
that T remained constant, it follows from Eqs (17) and (19) that 

p' + Ap' 
- 1  d 1 
vAn P + p i n ( T ,  p', - p', 

P X ( T , P ' + A P ' )  

P X ( T .  P') 
P A n  dpi  + pin(T P ~ ( T  P'), xLJ - ~ i n ( T  P ~ ( T ,  P'), X i J .  

(20) 
= s  
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26 H. T. HAMMEL 

If xi,, is not affected by pressure applied to liquid A and if xi,, is constant then 
Eq. (20) becomes 

p' + Ap' PX(T. pi + AP', xx,) 

V i , ,  dpi .  (20a) 

Liquid A in Hulett's column 

Consider a closed system in a gravity field at constant T consisting of liquid A 
and vapor A composed of polymers (A)j from j = 1 to N, Figure 2B. Liquid A 
in Figure 2A is pure A, either pure monomer (A): or a pure polymer (A):, 
whereas liquid A and vapor A in Figure 2B are solutions of polymers. The 
mass of polymer (A)j equals j times the mass of monomer (A), in both the 
liquid and vapor phases. As illustrated in Figure 2B, the distribution of each 
(A)j in the gravity field in both phases is governed, in part, by the same 
Boltzmann distribution law as in a pure monomer or pure polymer, namely, 

for z > h and 

mAj g z  N ~ , ( z ) / N ~ ~ ( o )  = exp - ___ 
kT 

for h > z > o in the right cylinder and for 2h + Aha > z > 
cylinder. Furthermore, the distribution between the liquid and 
of each polymer is governed by Boltzmann's law, namely, 

APLj(h) - &(h) A P i j ( h )  - 

RT 
Ni j (h) /Naj (h)  = exp - 

( 5 i )  

o in the left 
vapor phases 

(5j)  

at z = h; and at z = 2h + Aha 

Ni j (2h  + Aha)/Naj(2h + Aha) 

ARZj(2h + Aha) - pi(2h + Aha) APj;'j(2h + Aha) 
RT = exp - ( 5 k )  

where the molar enthalpies for evaporation and the increase in molar 
volumes during evaporation pertain to their respective values at h and at 
2h + Aha. 

The number of every vapor polymer is less at z > h than at  h so that cj N i j ( z )  < cj N i j ( h )  and p;(z )  = cj p i j ( z )  < cj pi j (h)  = pi(h). More- 
over, the number of a massive polymer decreases more with z than does the 
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CLUSTERS IN MONOMOLECULAR LIQUIDS 21 

number of a light polymer. The mole fraction of any polymer (A): at any 
z > h i s  

Likewise, the number of every liquid polymer is less at z > o than at o so that cj Nij(z) < cj Nij(o). The mole fraction of polymer (A)!, is 

Thus, the mole fraction of a large polymer is reduced at z > h and is least at 
2h + Aha. The mole fraction of the monomer or a small polymer is increased 
at z > h and is least at  h. 

On the other hand, chemical equilibria are tending to maintain the mole 
fraction of every polymer independent of z. At every z polymer (A)!, is in 
equilibrium with its reaction products, 

(A): * ('4): - m + (A):. 

The energy states of the reactant and the products differ so that the 
distribution between reactant and products is given by the Boltzmann 
distribution. In the liquid phase, this is at constant T 

where AH; is the change of molar enthalpy and A F  is the molar volume 
increase for the reaction. Equation (51) is also the equilibrium constant for the 
reaction, since 

Similarly, in the vapor phase at every z ,  polymer (A): is in equilibrium with its 
reaction products (A); - and (AX and the distribution between these 
polymers is at constant T 

where A n ;  is the change of molar enthalpy and A' is the molar volume 
increase for the reaction. Equation (5m) is also the equilibrium constant for 
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28 H. T. HAMMEL 

the reaction in the vapor phase, en. The enthalpy change for the reaction is 
the same in the liquid and vapor phases. The change of pressure-volume work 
for the reaction is the same in both phases so that p!.,AVi = p i A V i .  Thus, the 
right sides of Eqs (51) and (5m) are the same so that the distribution of 
polymer (A), with respect to (A)n-,,, and (A), is the same in both phases at 
every z > h. Moreover, at every z the law of mass action and the equilibrium 
between (A), and (A),-m and (A), will tend to maintain the mole fraction of 
each polymer independent of z, whereas gravity tends to make each mole 
fraction dependent upon z. In any case, the mole fractions are the same in the 
liquid and vapor phases at every z > h. 

Every polymer (A)j in Figure 2B from h to 2h + Ah6 increases in 
gravitational energy in both the vapor and liquid phases an amount 
jmAl g(h + Ah;). Aha is the distension of liquid A and of polymer (A): due to 
the increase in weight of a unit column of liquid A from h to 2h + Aha, 
namely J:h+Ahk pX(z) dz. The product of this distension and this tension is 
pressure-volume work performed by each polymer (A); in liquid A, and this 
work is exactly equal to jmA,g(h + Ah6). Whatever the combined effects of 
the chemical equilibria between polymers and the gravitational field on the 
distributions of polymers in liquid A and vapor A, their distributions are 
identical at any z > h. Thus, xij(h) = xLj(h) and xij(2h + Aha) = 
xkj(2h + Aha). This ensures that the vapor pressures of liquid A equals the 
vapor pressures of vapor A at any z and z = 2h + Ah; for every (A)j. 

If pure liquid A and pure vapor A in Figure 2A were pure (A): and (A)?, 
respectively, then for every (A)j in Figures 2A and 2B, the increase in its 
gravitational energy is the same in both liquid and vapor phases. This 
increase in gravitational energy at the surfaces of the columns on the left in 
both figures equals the pressure-volume work performed by polymer (A): at 
these surfaces. In these thought experiments of Figures 2A and 2B, several 
features of the liquid and vapor are interrelated: 1) the distributions of (A)j 
with z in a gravity field; 2) the chemical equilibria between the polymers; 3) 
the increasing tension and distension of liquid A; and 4) the increasing 
pressure-volume work by each (A):. There is not one effect without the other. 
There may be still another effect if AVa,,,n-m+m, in Eq. (51) and 
APA(,,n-m+,l in Eq. (5m) are not zero. In this case, the equilibrium constant 
for any polymer will affect its mole fraction xk,(z) and the mole fractions of 
its reaction products. Pressure may also affect the partial molar enthalpy 
AFLj and the partial molar volume expansion AV2j in Eqs (5 j )  and (5k) so 
that the distribution of (A): between the liquid and vapor phases may differ at 
h and 2h + Aha for liquid A in Figure 2B and differ at h and 2h + Ah2 for 
pure liquid (A): in Figure 2A. Nevertheless, in all cases, xij(h) = x%(h) and 
xkj(2h + Ah?) = xz(2h  + Ah?) in Figure 2A and xXj(h) = x1)Aj(h) and 
xaj(2h + Aha) =- xij(2h + Aha) in Figure 2B. 
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Osmotic pressure of polymer (A)!, in liquid A 
and its partial molar quantities 

The chemical potential of (A)!, in liquid A is less than the chemical potential 
of pure liquid (A): at the same T and p'. However, if the pressure applied to 
pure liquid (A)? is lowered to pl - xAn, then its chemical potential at T 
becomes equal to the chemical potential of (A): in liquid A at T and pl ,  i.e., 

= p?n(T> - xAn). (23) 
Likewise, the chemical potential of (A): can be increased by increasing the 

pressure applied to liquid A from pl to pl + nx,; so again the chemical 
potentials of (A): and (A): are equal, i.e., 

p a n <  T, P' + xi, > . in> = p?n( T $1. (24) 
If Apl = xi,, in Eq. (1 7) and Ap' = xAn in Eq. (6) and if Eqs (6) and (1 7) are 

summed, then with Eqs (23) and (24), the left side is zero so that at constant T 

Subtracting Eq. (23) from Eq. (24), 

d i n ( T ,  P' + &n, XXn> - & n ( T  ~ ' 3  xi,) = P?n(T, P') - P?nn(T P' - xAn). (26) 

Equations (25) and (26) state that increasing the pressure applied to the 
solution from pl to pl + I&, is exactly the same as increasing the pressure 
applied to pure liquid (A): from p' - xAn to p' at constant T. xx, is the 
osmotic pressure of species (A): in solution A at Tand p' + xi,, when its mole 
fraction is x;, whereas xAn is the osmotic pressure of species (A)!, in solution 
A at T, p', xi,. If the mole fraction of (A)!, is not altered by pressure, then 
x in  = xAn and the second term on the left side of Eq. (25) is zero. 

The osmotic pressure of polymer (A): in liquid A is depicted by the height 
(h' - h) in the Hulett column, Figure 4. The semi-permeable membranes 
separating both the liquid and the vapor phases of A from pure (A): are 
permeable to polymer (A), and to no other polymer in A. Clearly, 
Figure 4 is a metastable representation of the thermodynamic equilibrium 
between polymer (A), in liquid A and pure polymer (A):. Even if pure (A): 
could be produced and placed in the two cylinders on the right, it would not 
remain as such for long since it would soon react to form other polymers and 
become like liquid A in the left cylinder. Nevertheless, it is instructive to 
consider the thermodynamic, osmotic and vapor pressure equilibria between 
(A)!, in liquid A and pure (A):. 
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30 H. T. HAMMEL 

h' 

i - - - i- n -  

FIGURE 4 Pure liquid (A): in a Hulett column in equilibrium with its vapor (A)? and with 
liquid polymer (A)!, in liquid A. Liquid A and vapor A are solutions of polymers and are 
separated from pure liquid (A): and pure vapor (A): by rigid membranes permeable only to 
polymer (A)". The osmotic pressure of polymer (A), in liquid A is the difference in pressures 
applied to liquid A in the left column and to pure liquid (A): in the middle column as the liquids 
(A)!, and (A): have the same chemical potential at every z from o to h'. 

The equilibrium height of the free surface of liquid A in the left cylinder is 
(k' - 12) above the surface of pure liquid (A)'," in the right cylinder. The middle 
cylinder contains pure liquid (A): with its surface supported by a matrix at 
the same height as the equilibrium height k' of liquid A in the left cylinder. 
Since the weight of pure liquid (A)'," in the middle cylinder from o to h is 
supported by the pressure applied by the piston below the liquid, the tension 
in pure liquid (A): at k' must be g Ji' pa",(z) dz - ppn(k'). Moreover, the 
distributions of pure liquid (A)'," and pure vapor (A): in the middle and right 
cylinders at z > k are the same relative to their respective concentrations at k 
so that their vapor pressures are also equal at z = k'. The liquid and vapor of 
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(A), in the left cylinder are in osmotic equilibrium with the liquid and vapor 
of pure (A): in the middle cylinder. It follows that: 1) the tension and 
distension of polymer (A): between h to h', 2) the pressure-volume work 
performed by (A):, 3) the gravitational energy increase of polymer (A):, 4) 
the distribution of (A): between h and h' and 5) the vapor pressure of (A): at 
h' must all be exactly the same as for pure liquid (A): in the middle cylinder 
between h and h'. 

The mole fraction of polymer (A): in liquid A may have changed from h to 
h' due to the combined effects of: 1) its mass relative to the mass of other 
polymers tending to change xa,(z), 2) the effect of the redistribution of 
polymers so as to keep the ratio [(A)!,]/[(A)~-,][(A)~] equal to its equili- 
brium constant, and 3) the effect of tension on its equilibrium constant. Any 
change in the mole fraction of (A): from h to h' would change its chemical 
potential at h' relative to its chemical potential at h, i.e., if xk,(h') # xa,(h), 
then pa,(T, p a ,  xa,(h')) # p:,(T, p a ,  x;,(h)) at constant T and p a .  Neverthe- 
less, the chemical potentials of (A), in the left and middle columns of Figure 4 
are the same at any z; and at z = h ,  yf2,(T, pi (h' ) ,  xin(h')) = ytn(T, p?,(h')). 
Moreover, the change in chemical potential of polymer (A): from h to h' due 
to the increase in its internal tension equals the change in chemical potential 
of pure polymer (A): from h to h' due to the increase in its tension, namely 

The osmotic pressure of polymer (A): in liquid A is the difference in the 
pressure applied to liquid A and the pressure applied to pure liquid (A): for 
which their chemical potentials are equal at constant T.  In Figure 4, the 
pressure applied to liquid A at h' is p#(h')  = cj pij(h') whereas the pressure 
applied to pure liquid (A): is p2Jh') - ft' pi,,(z) dz. Thus, 

ji' Pkn(z> dz. 

n,,(h') = p#(h') - p?,,(h') + pf4,(~) dz. (27) lhh' 
On the other hand, at h in Figure 4, the pressure applied to liquid A is 
p i (h ' )  + ji' pa(z )  dz as the pressure applied to pure liquid (A): is pTn(h); so 
that 

nAn(h) = ~ i ( h ' )  + dz - pTn(h). (28) 
j h h '  

It is worthwhile to repeat that the pressure-volume work performed on 
(A): from h' to h is equal to the decrease in the gravitational energy of (A): 
from h' to h, regardless of any change in xk,(z) from h' to h in the left column 
of Figure 4. It is the combined effect of pressure change and change in mole 
fraction which changes the chemical potential of (A)!, from h' to h. Thus, the 
increase in pressure and change in mole fraction from h' to h renders the 
chemical potential of (A): at h equal to the chemical potential of (A): at 11. 
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32 H. T. HAMMEL 

Also, the decrease in pressure from k to k' renders the chemical potential of 
(A); at h' equal to the chemical potential of (A): at k'. Since pi,(h) = pt,(k), 
it follows that 

pin(T, pi(h') + jhh'pi(z) dz, xin(k)) = p t n ( ~ ,  p,i~n(h)); (29) 

and since pin@') = p'&(k'), it follows that 
/ f h'  \ 

If we let pTn(k) in Eq. (29) equal pi, then according to the definition of nAn(k), 
Eq. (28), Eq. (29) becomes 

p i n ( T  P' + nAn(h) ,  xin(k)) = p2nCT PI>. (31) 
Likewise, if we let p;(k') in Eq. (30) equal p", then according to the definition 
of nA,,(k'), Eq. (27), Eq. (30) becomes 

P''> = p 2 n < T ,  pl' - nAn(h')). (32) 

The important conclusion to be drawn from this thought experiment is 
that whatever the mole fraction of polymer (A): may be, x;,(h) in Eq. (31) or 
xi,(h') in Eq. (32), its chemical potential always differs from the chemical 
potential of pure (A)? at the same T and applied pressure precisely as if it is 
internally subjected to an enhanced tension, nAn(k') at h' or n,,,(k) at h. This 
statement may be generalized for any partial molar quantity Zi,(h) = Zkn(h) 
or zi,(k') = Zkn(k') at any constant temperature T. Thus, 

Z, (T  Pl + XAn(h), Xi"(k)) = -G"(T, Pi>, 

Zi,(T, p", x;,(k')) = Z?,(T, P" - nAn(h')). 

(33) 

(34) 

and 

Zi ,  may be the partial molar volume of (A),,, its partial molar enthalpy of 
vaporization, etc. 

Internal tension in polymer (A)!, 

The internal tension in polymer (A); in liquid A is designated 
Let us assume that liquid A consists of polymers of various sizes from 1 to 

N. The molar amount of liquid A must equal the sum of the moles of 
polymers of each size, 

1 n i j  = n i l  + &, + . . . + niN.  
J 
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CLUSTERS IN MONOMOLECULAR LIQUIDS 33 

This number is necessarily less than Mk/MWA,, where MW,, is the 
molecular weight of monomer (A), in liquid A. Obviously, when polymers 
form, there are fewer molecules in random motion in Ma than if ML were all 
monomers. Since the kinetic energy in liquid A is partitioned equally between 
all cj nkjL centers of mass, the average kinetic energy of each center of mass 
will be the same without regard to its size. 

As all polymers are internally reflected from the free surface of the liquid of 
volume V a ,  their thermal pressure at the boundary will be RT xi nai/Vh. 
The internal tension between polymers of size n, T ~ , ,  opposing that pressure 
will be (according to a principle explained in Ref. 2, pp. 260-263 and footnote 
3) the thermal pressure from all polymers divided by the fraction of the liquid 
surface consisting of polymer (A):. Assuming that the surface fraction and 
volume fraction of polymer (A): are the same and equal to n;, Van/V;, then 

or 

Internal tension and osmotic pressure of liquid polymer (A)!, 

If all molecules in liquid A were pure polymer (A):, there would be 
.in = Ma/MW,, moles in a volume Vk,. Then the internal tension, T:,,, in 
this polymer would be the tension opposing the total thermal force exerted by 
the polymer per unit of surface divided by the fraction of the unit area 
consisting of this polymer, namely 1. That is, 

R T  -- - - .  
Vin  

This, of course, assumes that the pressure applied to the pure liquid polymer 
(A): is zero. The tension in polymer (A)!, in liquid A, tAn, exceeds the tension 
in pure polymer (A): by an amount 

RT R T  
I p1 TAn - T i n  = ___ - -- 

XAn An '2, 

P.C.L.-B 

(37) 
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34 H. T. HAMMEL 

If we define nAn = (rAn - ti,), then according to Eq. (34), Pi,(T, p', xi,,) = 
V t ( K  p' -- nAn), and to Eq. (37), nAn becomes 

When dimers, trimers, etc., form in liquid A, the chemical potential of the 
monomer in liquid A is less than the chemical potential of pure monomer 
(A)? at the same T and p' by an amount 

Similarly, the chemical potential of each polymer in liquid A is less than the 
chemical potential of its pure polymer at the same T and p'. When polymers 
form, polymerization lowers the chemical potential of every polymer. Thus, 
polymerization lowers the free energy of the liquid A system. 

The relative abundance of a polymer of size n in liquid A is determined by 
the strength of the bond between its n molecules relative to the strength of the 
bond between the molecules in polymers of other sizes. That is, in accord with 
the Boltzmann distribution, Eq. (51), polymer (A): will be more abundant to 
the extent that its internal molar energy is less than the internal molar 
energies of the polymers (A);-m and (A)L. Then the decrease in internal 
energy will be large when (A)!, is formed from (A):_, and (A)L so that 
A U,,, - + m, n) = Dan - ( DAfn - ",) + OAm) < 0, and the exponent in Eq. (51) is 
positive and large. Although the molar energy of polymer (A): may differ 
greatly from the combined molar energies of and (A)L, the Gibbs 
molar free energy of (A)! equals the Gibbs molar free energies of (A):-, and 
(A)!,, when in equilibrium, i.e., AGa(n-m+M,n) = 0. 

According to Eq. (35) ,  the internal tension in polymer (A)! is determined 
by the moles of all polymers relative to the moles of polymer (A):. Thus, z~~ 
as well as nAn in Eq. (38) are large when the moles of polymer (A): are few 
relative to the moles of monomer and other polymers of A; and according to 
Eq. (23), the chemical potential of polymer (A): will be low relative to pure 
polymer (A): at the same T and p'. If the molecules in liquid A are not more 
strongly coupled in polymer (A): (i.e.> higher bond energy and lower internal 
energy) than the polymers from which (A): is formed, then the moles of 
polymer (A): will be few in liquid A, and the chemical potential of liquid A 
will be diminished little by polymerization to (A):. 

Tension applied to liquid A increases to the same extent the tension in the 
coupling force between polymer (A): and thereby lowers its bond energy, 
increases its internal energy, lowers its chemical potential and its vapor 
pressure. Every polymer (A): will be similarly affected so that the vapor 
pressure of each will be lowered in proportion to the tension applied to liquid 
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A, with no change in the mole fraction of any polymer within liquid A or in 
the vapor phase in equilibrium with liquid A. Likewise, the bond energy of 
the n molecules within polymer (A): is lessened by tension between them and 
their internal energy is increased. We may presume that a tension applied to 
liquid A not only increases the tension in the coupling force for the n i n  moles 
of polymer (A): but also increases the tension in the coupling for the n 
molecules within (A): and thereby increases the internal energy of the latter. 
Since we may also presume that the internal tension between the ,a,, moles of 
polymer (A): in liquid A, z~,,, will also induce the same tension between the n 
molecules within each polymer (A):, then, as polymer (A): becomes more 
abundant so that z~,, diminishes, this reduced tension will increase the bond 
energy and diminish the internal energy of the n molecules within (A)!, and 
enhance the abundance of (A):. Only if the bonding between the n molecules 
of (A): is strong and the internal energy is small relative to polymers of 
another size, will the number of (A): increase to become the dominant 
polymer in liquid A. If the molecules in (A): are only slightly more strongly 
bonded than between monomers of liquid A, liquid A will remain as 
monomers, and the tension between these molecules will be minimized. 

Clearly, the partial molar quantities and colligative properties of polymer 
(A): in liquid A are derived from the stronger attractive force between 
molecules within polymer (A): compared with the attractive force between 
polymer (A): and the other polymers of size 1 to N. Furthermore, these 
quantities and properties are likely to be strongly temperature dependent 
since clusters of size n will rapidly diminish and the number of clusters of 
smaller size will rapidly increase with increasing temperature. 

McDouga17 determined that the vapor of acetic acid consisted of 8.0% 
monomers and 92.0% dimers at 25°C when its vapor pressure was the 
equilibrium vapor pressure of liquid acetic acid, 15.5 mmHg. At 3WC, the 
equilibrium vapor pressure increased to 20.6 mmHg, and the vapor was 9.0 % 
monomers and 91.0% dimers; that is, less dimerization at the higher 
temperature. Since the mole fraction of monomers was the same in liquid as 
in the vapor, then x ~ , ~ ~ ~ ~ ~ ~ ~  = 0.148 at 25°C and =0.165 at 30°C. 

CONCLUSIONS 

When molecules of liquid A polymerize at T and applied pressure p', then 
each polymer (A): becomes a separate species in liquid A. The chemical 
potential of (A): is lower than the chemical potential of pure liquid polymer 
(A): at the same T and p' by an amount 
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where zAn is the osmotic pressure of polymer (A)!, in liquid A, i.e. nAn is the 
difference in pressures applied to liquid A and pure liquid polymer (A)'," for 
which their chemical potentials are equal at the same T, 

pin(T P', &n) = pClf40n(T P' - ZAn). 

Likewise, all partial molar quantities of liquid A are equal to the molar 
quantities of pure liquid polymer (A), at the same T when the pressure 
applied to the latter is less than the pressure applied to the former by nAn; 

Kn(T P', xi,> = V ? n ( T  P' - zAJ, 

sin(T, p',  -&n> = s!&(T, p' - ZAn), 

ARk(T, $2 = p' - 71An), 

etc. 
When liquid A at T and p i  is in equilibrium with its vapor, the chemical 

potential of each polymer (A)!, in the liquid must be equal to the chemical 
potential of that polymer in the vapor. Thus, the magnitude of p;,(T, p') 
indicates the abundance of polymer (A)!, in the vapor phase as well as in the 
liquid phase. The more liquid A is polymerized, the lower will be the pressure 
of its vapor for a given mass of liquid A per unit volume. The mole fraction of 
every polymer (A)n in the liquid phase must equal its mole fraction in the 
vapor phase when the two phases are in equilibrium, i.e., xi, = xi, even as 
they are changed by changing the temperature or pressure applied to liquid 
A. We may conclude further that if the vapor consists of only one polymer, 
(A): then only polymer (A): will be found in the liquid phase. One important 
practical result follows from these conditions; namely, only monomers exist 
in pure liquid water. At every T from 0 to lOO"C, there is sufficient water in 
the saturated vapor phase to account for the measured vapor pressure only if 
the water vapor is monomeric. Therefore, liquid water must also be mono- 
meric; or if polymers exist at all in liquid water, their molar amount must be 
very small. 
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