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Abstract

For survival in adverse environments where there is drought, high salt concentration or low temperature, some
plants seem to be able to synthesize biochemical compounds, including proteins, in response to changes in water
activity or osmotic pressure. Measurement of the water activity or osmotic pressure of simple aqueous solutions has
been based on freezing point depression or vapor pressure deficit. Measurement of the osmotic pressure of plants
under water stress has been mainly based on vapor pressure deficit. However, differences have been noted for osmotic
pressure values of aqueous polyethylene gIif&EG) solutions measured by freezing point depression and vapor
pressure deficit. For this paper, the physicochemical basis of freezing point depression and vapor pressure deficit
were first examined theoretically and then, the osmotic pressure of aqueous ethylene glycol and of PEG solutions
were measured by both freezing point depression and vapor pressure deficit in comparison with other aqueous
solutions such as NaCl, KCI, CagCl, glucose, sucrose, raffinose, and bovine serum all@$#ih solutions. The
results showed thaf1) freezing point depression and vapor pressure deficit share theoretically the same physico-
chemical basis(2) theoretically, they are proportional to the molal concentration of the aqueous solutions to be
measured(3) in practice, the osmotic pressure levels of aqueous NaCl, KCI, LaCl , glucose, sucrose, and raffinose
solutions increase in proportion to their molal concentrations and there is little inconsistency between those measured
by freezing point depression and vapor pressure defidjt;the osmotic pressure levels of aqueous ethylene glycol
and PEG solutions measured by freezing point depression differed from the values measured by vapor pressure
deficit; (5) the osmotic pressure of aqueous BSA solution measured by freezing point depression differed slightly
from that measured by vapor pressure deficit.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction x' and x' the mole fraction of water in Phase |
(e.g. inside a cell and that in Phase I e.qg.

Plants cannot move away from adverse environ- external solutioh The subscript 1 indicates water

ments, and some have mechanisms to enable surwhich is the solvent and ‘ideal’ indicates an ideal

vival under such environments as high salt semipermeable membrane. Usually, the osmotic

concentrations, water stress, drought Asrdlow pressure of an ideal aqueous solution is expressed

temperature. Some plants can synthesize glycinein relation to that of pure wat€i36], namely,

betaine [1-7], glycerol [8,9], amino acids[10—

13] and proteins called dehydringl4—17, late Tigea= — (RT/VMy)lInx (2

embryogenesis-abundant prote[d$,19, proteins

with enzymatic functions such as aldehyde dehy-  For ordinary solutions in an ideal semipermeable

drogenasg20], small heat shock proteir&1] and membrane

some other proteingl3,22,23 in response to high

external salt concentration while not inducing plas- 5, — —(RT/VM)Inf (3)

molysis andor loss of water from cells under

drought or low temperature. where f; is the activity coefficient of water and
Recently, many genes of plants have been shown ;. “is the activity of water in terms of mole
to have a strong effect on their responses to f4ction.

physical stresses which induce loss of turgor/and
or heighten ion concentration in the surroundings
of the cell membrang2-4,6,7,16,17,24-31

Plants seem to synthesize such biochemical
substances in response to change in water activity
or osmotic pressure of their cellgf. [32]). Plant
and animal cells are enclosed by a cell membrane

which is semipermeable to many aqueous nonelec- .
. . .~ aqueous solutions whose solute molecules cannot
trolyte and electrolyte solutions and is less semi-
pass through the cell membrane at all ane-0

permeable to other aqueous solutions. In other :
for aqueous solutions whose solute molecules can
words, the cell membrane passes water molecules

with very large permeability, such small molecules fre&lgnpaslzrt]?rohu%?otlzeigtilIhrerll\tleer}n;dr?ng d the ohvs-
as ethylene glycol and glycerol with small per- yp by 9 b PRy

meabilities [33], and such large molecules as iological quantity of the water potential which

mannitol and sucrose with actually no permeability Is defined by the equation
[34,34.

Osmotic pressure, which is dependent on the
permeability of the cell membrane for solute mol- . . .
ecules or the reflection coefficient, is generated Where is u. the chemical potential of water
across the cell membrane due to the difference in €XPressed by the equation
the chemical potential of water inside and outside
a cell. The osmotic pressure originates essen-  Ha(T.p) =p3(T',p) + RTInx, (6)
tially from the difference in the chemical potential
of water across an ideal semipermeable membrane
as expressed by the equation =¥ (T)+pVm,;+RTInx, @)

For ordinary solutions in the cell membrane, the
osmotic pressurer is expressed by the equation

T = 0 Tideal (4)

whereo is called the reflection coefficient and has
a numerical value of 20 >0 [37-39: o =1 for

V=w,/Vm, (5)

Tigea= — (RT /VMy)In(x'y/x'h) 1) where no7, p) and w,*(7) are the chemical
potential of water as a function of temperature and

whereR is the gas constanf] the absolute tem-  pressure, and temperature alone, respectively, in

perature,Vm, the partial molar volume of water, the standard state apdindicates pressure exerted
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on the water of the cell sap inside a plant cell high external salt concentratioj@0-43 and the

and/or the external solution. high external osmotic pressufé4,43, which are
Thus, so low that they cannot induce plasmolysis, would
affect the functions of the cell membrane.
W =wi(T)/Vmy+p+(RT/Vmy)inx, (8) Some plant cells such d&ilonia [46,47, Cod-

ium [48], Chara longifolia [49,50 and Lampro-
Therefore, if we define the water potential in thamnium [51,54, which grow in the sea or
relation to pure water as we do the osmotic brackish water, can sense a change in turgor
pressure(cf. Egs. (2) and (3)), we have the accompanying a change in the osmotic pressure of

equation the external solution and regulate ion transport
processes across the cell membrane.
VT=p—m 9 However, many other plant cells seem to be

insensitive to the change in turgpr On the other

Since the osmotic pressure of the plant cells is hand, all of the plant cells plasmolyze in the
usually higher than that of the external solution, external solution whose osmotic pressure is higher
water is about to enter the cell. However, plant than that of the cells, which would be drastic
cells are enclosed by a cell wall which has mechan- events to plant cells. Therefore, it is very important
ically strong elasticity. Thus, a hydrostatic pressure to measure the osmotic pressure of cells and the
which pushes the water back is generated acrossexternal solution.
the cell membrane. This hydrostatic pressure is The osmotic pressure has often been determined
called turgor and is the term in Eq. (9) itself. by measuring the vapor pressure of plant materials
Turgor is equal to the difference in the osmotic [16,53. This method shares the same physico-
pressure between the inside and outside the cell,chemical principle as the vapor pressure deficit

that is¥ =0 in Eq. (9) in an equilibrium state. method for measuring the osmotic pressure of
Thus, when the osmotic pressure of the external simple aqueous solutions.
solution is raised, the turgor pressyrelecreases To modify the osmotic pressure of the external
towards 0 approximately maintaining the following solution, polyethylene glycolPEG of various
linear relation until plasmolysis occurs number average molecular weights has sometimes
been used[23,54—64. Thus, some researchers
P=Tin— Tex (10 have measured the osmotic pressure of aqueous

PEG solutions using freezing point depression,
wheremr;, indicates the osmotic pressure inside the vapor pressure deficit method or a semipermeable
cell in question andw,, indicates the osmotic membrang54,58,65—-71
pressure of the external solution. The osmotic The values of the osmotic pressure of aqueous
pressure of the cellr;, increases only a little with  PEG solutions measured with the vapor pressure
the decrease in the turgor pressprbecause the deficit method do not always agree with those
cell volume decreases only a little during this measured with the freezing point depression meth-
process. od [68,69.

Therefore, the water activity inside a plant cell Recent trends in experiments on water stress
is reduced only a little until plasmolysis occurs. seem to be focused on plant responses to dehydra-
Beyond incipient plasmolysisy;, increases with  tion due to drought and high salt concentrations in
an increase inr., maintaining the osmotic relation  culture media. In these experiments, however, what

must be measured are the activity of water or the
Tin=Tex 1y osmotic pressure of the plants.

Plant cells contain or even can synthesize a

Thus, the water activity inside the cell decreases group of water-soluble proteins called ‘dehydrins’
with an increase inm, in the manner expressed [14-17 and probably also other water-soluble
by Eq. (11). However, this does not deny that the proteins[13,18,19,21,2Bwhich are polymers such
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as PEG. The values of their osmotic pressure may 2. Theoretical
differ depending on the method of measurement,
i.e. freezing point depression or vapor pressure 2.1. A theory of the freezing point depression
deficit. method

For both freezing point depression and vapor
pressure deficit measurements, the apparatus for A precise thermodynamical theory and formu-
determining osmotic pressure is calibrated using lation of freezing point depression has been offered
standard aqueous NaCl solutions of at least two by Kiyosawa[72]. However, the conclusive equa-
different concentrations before measurements andtion for expressing freezing point depression has
the water activity of aqueous solutions, plant and complex terms which cannot be determined pre-
animal cells is expressed in terms of Osmofkg : Cisely by experiments because mathematical exac-
1.000 Osmol kg? is equivalent to 1.000 molal titude is preferred to thermodynamical simplicity.
concentration of ideal aqueous nonelectrolyte solu- [N the present paper, a simple approximate equa-
tion with a freezing point depression of 1.86¢  tion to express the freezing point depression was
by the freezing point depression method and a derived from Kiyosawa’s procedurg2] through
depression of dew point of 0.30% by the vapor reasonable thermodynamical approximations. Ir_1
pressure deficit method at 2& (cf. Theory. the present paper, the procedure is applied to ot_)taln

To clarify any inconsistencies in the value of theérmodynamically more comprehensive
the osmotic pressure of aqueous PEG solutions XPressions.
expressed in terms of Osmolky between the
two methods, the following three points should be
made clear:(1) whether or not both the vapor
pressure deficit method and the freezing point
depression method share theoretically the same
physicochemical basis and similar theoretical equa-
tions; (2) whether or not the standard aqueous
NaCl solutions of the same concentration give the
same value of osmotic pressure in both the vapor

pressure deficit method and the freezing point g gradually cooled down to beyond 273.15 K,
depression method(3) whether or not aqueous 7ok and supercooled to several degrees below 0
PEG solutions actually give different values of the oc a5 shown in Fig. 1. At this point, mechanical
osmotic pressure expressed in terms of ghock is given to the solution to induce rapid ice
Osmol kg* depending on the vapor pressure def- formation which generates heat equivalent to that
icit method or the freezing point depression of jce fusion. This causes a rapid temperature rise
method. in the aqueous solution, followed by a gradual

To compare and verify the differences between approach to equilibrium temperatu®K, at which
osmotic pressure values measured by the freezingthe chemical potential of liquid watqr® '(T) of
point depression and vapor pressure methods, boththe aqueous solution becomes equal to that of ice,
methods were also used to measure the osmotici.e. solid water,,.° 3(7) formed in the solution;
pressure expressed in terms of Osmotkg for where subscript 1 indicates the solvent, i.e., water
aqueous ethylene glycol, KCI, CaCl, glucose, and the superscript | and s indicate liquid state and
sucrose, raffinose, and bovine serum albumin solid state, respectively.
(BSA) solutions, which are important in plant
physiology. 2.1.2. Theory

Let us start constructing theories of the freezing  Freezing point depression can be regarded as
point depression method and the vapor pressureone of the problems of the phase transition of
deficit method and then compare them. water molecules going from the liquid state to a

2.1.1. Procedure to measure freezing point
depression

Freezing point depression of an aqueous solution
is measured as followécf. Fig. 1). An aqueous
solution of approximately 2.0 ctn is taken into a
test tube for measurement. The test tube is cooled
using approximately 3.3 M aqueous ethylene gly-
col solution in a cooling bath brought to approxi-
mately — 6.5 °C beforehand. The aqueous solution
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ice

] ]
T T
T T°(273.15K)

Fig. 1. Schematic illustration of processes of freezing point depression as a function of the temfendtareaqueous solution.

The aqueous solution Sa to be measured in a test tube is cooled to below the freezing point of pufé ve2aerls K, to about

minus several degrees centigrade in 3.3 M aqueous ethylene glycol solution. To this aqueous solution in a supercooled state,
mechanical shock is given. This causes ice to form, generating the heat equivalent to that of fusiongHae,(7"), and raising

the temperature of the aqueous solution rapidly then gradually as it approaches a constant teniperaithies lower than?°

and determined primarily by its molal concentration. The difference bet@&emdT is the freezing point depression of the aqueous
solution. For further explanation, see the text.

solid one in an aqueous solution. In this phenom- because the solute of an aqueous solution cannot
enon, solute molecules in an aqueous solution dissolve into ice in it and thus, ice is pure solid
cannot dissolve in the phase of solid water, i.e., water

ice, and only water molecules in an aqueous

solution can be transformed to solid water by RInx$=RIn1=0 (15)
being transported from the liquid phase in an

aqueous solution to the solid one during the phasewhich corresponds t& In x} in Eq. (13).

transition. Here, Hn(7T) indicates the molar enthalpy as a
When an equilibrium is attained between liquid function of temperature; Sti) indicates the molar
water of an aqueous solution and ice in it7aK, entropy as a function of temperatu;is the gas
it should be expressed by the equation constant;T indicates the absolute temperature.
The change in the freezing point of aqueous
pA(T) = p3(T) (12) solutions of which solute molecules can dissolve

in ice formed in them on freezing differs from the
so-called freezing point depression in ordinary

where aqueous solutions where solute molecules cannot
dissolve in ice formed in them on freezif@3—
wA(T)=[HMY(T) —TSM(T)]+ RTInx'; (13) 75]. In the present paper, the so-called freezing
point depression in ordinary aqueous solutions is
and discussed.

Since under constant pressure, the change in the
molar enthalpy dHr(TI) is equal to the quantity of
pi(T) =[HmXT) — TSMIT)] (14 the heat addedg dHM(T) and the change in the
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molar entropy dSif) can be expressed by the
equations

dHM(T) =dg (16
=Cm(T)dT 17
and

dSMT)=dg/T (18
=Cm(T)dT /T (19

Hm(T) and Sn{7) can be calculated, respec-
tively, from the molar heat capacity of solid water
(ice) Cmi(7), that of liquid water Crix7) and the
heat of fusion of ice af’® K, Aq,HMy(T°) from
the equations

Hmi(T)zf Cmy(T")dT’ (20)
[0]
Smi(T)=J' Cm§(T")dr’/T’ (22)
0]
Hm'l(T)=f Cmi(T")d1’
+AfusHm1(T°)+f cmy(THdr (22)

SM(T) = f Cmi(T)AT /T’ + A HM (T /T°

T
+ J lel(T')dT'/T' + RT|an1
70

(23)
From the conservation of energy, we have the
equation[72]

T0
A HM(T) = A  HM (T + f Cm(T")dT’

T

— J Cmy(T")dT’ (29)

T
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In pure water, since the equilibrium between
liguid water and ice is attained a° K,

WA(TO) = p3(T9) (25)
Namely,
HMY(7T°) —T°Sm(T%) =HmM{TY—TSmiT § (26)

Introducing Eqgs.(13), (14), (200—(23) into
Egs.(12) and (26), rearranging the equation thus
obtained, and then further introducing the conser-
vation of energy expressed by E@®4), we have
the equation

AneHMy(TO)(1/T —1/T9)
- J' Cmiy(T)dT' /T + J Cmi(T)dT' /T’

T T

- (1/T)J Cm3(T)dr’

—l—(l/T)j Cmy(T")dT’ — RInx!; (27

Eqg. (27) is a precise expression of the freezing
point depressioni72]. However, sincel is nearly
equal toT?, the entropy of liquid water between

70
T and T°, f Cmi(T")dT’/T’, is nearly equal to
T o
the enthalpy betweef and T°, J Cmy(T")dr’,

T
which is divided by the freezing poinl of an
agueous solution in question, namely,

f Cm(T)dT’/T'=(1/T) j Cmy(7)dT (28)

T

With the same logic, we have the equation

mei(T’)dT’/T’z(l/T)J’ Cm¥(T)dr (29

T
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Thus, we have the following simple equation as  For dilute aqueous solutions in whichsM,m,

a good approximation, namely, where
A HM(TO)(1/T —1/T%= —Rinx, 30  Xa=1/(1+Mum) (33
. . M, is the molecular weight of solvent in terms
For ordinary aqueous solutions of kg mol~* andm is the molal concentration of
the agueous solution in question, E§2) can be
A HMy(TO)(1/T—1/T% = —RInf 3, (3D approximated as follows:
T°—T = —{R(T?/AnHMy(T ) } M yn (34)

Transforming Eq(30), we have the equation

Introducing numerical values 0fR=8.314
T°—T = —{TT% ApHMy(T 9 }RINx (32)  JK lmol !, TO9=273.15K, AuHm(T9=

Fig. 2. Schematic illustration of processes of the vapor pressure deficit as a function of the tempgeftaresmall droplet of

water condensing on the surface of a thermocouple. A small amount of the aqueous solution to be measured, Sa, is allowed to be
absorbed onto a small paper disk in a small closed chamber Ch. The small chamber is equipped with a thermocouple Th which
measures the temperature of a small droplet of water w condensing on its surface. Th is another thermocouple which is kept at a
constant temperatur®. represents a volt meter to measure the difference in the electromotive force between the two thermocouples
Th and Th ; the difference in the electromotive force indicates the temperature of a small droplet of water w on the surface of
thermocouple Th. When electrical current is allowed to flow through the thermocouples, the temperature surrounding thermocouple
Th decreases due to the Peltier effect beyond the dew point of pure deionizedTwateaking vapor water condense onto the
surface of the thermocouple. When the temperature surrounding the thermocouple is lowered far beyond the dew point of pure water
T, due to the Peltier effect, the electrical current stops flowing. As vapor water continues to condense onto the surface of the
thermocouple generating the heat equivalent to that of vaporization of liquid water, the temperature of a droplet of liquid water on
the surface of the thermocouple rises and approaches a constant temp&gatuhéch is determined primarily by the molal
concentration of the aqueous solution Sa in question. The difference befyesmd 7, is the vapor pressure deficit. For further
explanation, see the text.
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6003.1 J mot?! [76] andM,=0.018016 kg mot! ,  equivalent to that of vaporization of liquid water

respectively, we have the equation atT' K, A, Hm (7). Thus, when electric current
stops flowing through the thermocouple below the
T°— T=1.8616n (35 dew point, the temperature of liquid water con-
densing on the surface of the thermocouple rises
Namely, the freezing point depressi¢hi®—T) rapidly due to successive condensation of vaporous

is proportional to the molal concentratian of an water onto the surface of the thermocouple and
aqueous nonelectrolyte solution and the numerical approaches the equilibrium valug, determined
value of the proportional coefficient is the well- by the water activity of the aqueous solution being
known 1.862°C kg mol~*. measured. Here, let us designate the dew point of
The apparatus to measure the osmotic pressurepure deionized water at 25 or 3T asTa. For
of an aqueous solution based on the freezing point usual agueous solution, > Tp.
depression is designed so as to expigss—T7)/ The notations off, and T, are used according
1.862 in terms of Osmol kgt , or the molal con- to the manufacturer’'s (Wescor, Inc., USA) instruc-
centration of ideal aqueous nonelectrolyte solution. tions. However, it should be pointed out that the
Thus, the freezing poinf of the aqueous solution ~ explanation of the principle of the apparatus is not
in question can be obtained. based on a thermodynamically quantitative theory.
Introducing theT value into Eq.(30) or Eq. 2.2.2. Theory

(31), we can obtain the water activity of a usual  condensation of vaporous water to liquid water
aqueous solution in terms o In fix; Or fy, at a temperature below the dew point can be
Thus, introducing thek In f.x, or fyx,; obtained in  considered as a kind of phase transition of water
Eqg. (30) or Eq.(31) into Eq.(3), we can calculate  molecules in vaporous water to liquid water similar
the osmotic pressure of the aqueous solution in to the transformation of liquid water to ice in
question in terms of Pa if we have the numerical freezing point depression. Thus, the theory would
value of the partial molar volume of wat&m, (7, seem to be, in principle, equal to that of the
p) as a function of the solute concentration. freezing point depression method. What we must
consider are:(1) the equilibrium between the
2.2. A theory of the vapor pressure deficit method chemical potential of liquid water and that of
vaporous water of the agqueous solution in question
2.2.1. Procedure for measuring vapor pressure at Tp; (2) the equilibrium between the chemical
deficit potential of liquid water and vaporous water of

An apparatus to measure vapor pressure deficit pure water atl; and (3) how to formulate the
can be constructed with a small closed chamber heat of vaporization of water &b, Ay, HM (7o),
equipped with a thermocouplef. Fig. 2). A small as a function of the molar heat capacities of
amount of the aqueous solution to be measured isliquid water Cniy(T’), that of vaporous water
placed in a chamber maintained at a constant Cm'?*(T’') and the heat of vaporization of water
temperaturg(usually 25 or 37°C). When electric  at Ta, AypHMy(T ). These factors are similar to
current is passed through a thermocouple connect-those for the freezing point depression. The sub-
ed to the chamber, the temperature of the vapor script 1 and vap indicate water and vaporization,
water surrounding the thermocouple gradually respectively, and superscripts | and vap indicate
decreases due to the Peltier effect. liquid and vaporous states, respectively.

When the temperature decreases further beyond The equilibrium in the chemical potential of
the dew point, there is condensation of vaporous water between liquid water condensed onto the
water, which is in an equilibrium state with the surface of the thermocouple in the small chamber
chemical potential of water of the aqueous solution and the vaporous water of the aqueous solution to
to be measured, onto the surface of the thermocou-be measured af, can be expressed by the
ple in the chamber. This transformation of vapor- equation
ous water to liquid water generates the heat wi(To)=wP* (7o) (36)
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where From the conservation of energy, we have the
equation(cf. Eq. (24))
(T o) =[HMY(T o) — T 5SMy(T p)] + RTIn 37
Ta
AvaHM (T p) = A o im (T ,;+f cm (T)dr’

Tpb

RYAT o) = [HMYRT o) — T oSMY*T )] + RTInx,  (38) -
_ _ - f CmyX(T")dT’ (43)

In the formulation of Eqs.(36)—(38), it has o

been assumed thdfl) the solute in an aqueous

solution to be measured does not dissolve in the  From Eqs.(36)—(40), (42) and (43), we have

water condensed onto the surface of the thermo- the equation

couple and thus, the water is pure, that is,

RInx{"=RIn1=0 in Eq. (37): where the super- _

script th indicates the thermocouple and tkaj Avad::n](TA)(l/TD UT’;)A

the temperature of vaporous water surrounding the =J’ lel(Tl)dT,/T,_J’ Cm@(T)dT’ /T’

thermocouple is in an equilibrium state with that To To

of the condensed water on the surface of the Ta
—(1/TD)f CcCmy(T")dT’

Tp

thermocouple.
Hm, '(Tp) and Sm '(Tp) in Eq. (37) are equal

to those in Eq.(13). Hm, ¥®(T) and Sm A7) N
are calculated by the equations +(1/To) o Cmi™(T")dT" — Rinue, (44)
T
Hm{a"(T)sz'l(TO)-i-f cmi(7)dr’ SinceTy, is nearly equal td in dilute aqueous
70 solutions, the following approximations can be
+ Ay Hm (T) (39) permissible(cf. Egs.(28) and (29)), namely,
and J’ Cm(T")dT"'/T' = (1 /TD)J’ Cm(7")dr’ (45)
Tpo Tp

SMPA(T) = Smy(T 9 + f Cmy(T)dT" /T’

+ A HM(T)/T (40)

J' ACm‘{ap(T’)dT’/T’z(l /To) f ACm;af(T')dT/ (46)

respectively, wheré, ,,Hm(7") indicates the heat
of vaporization of liquid water ai” K.

On the other hand, the equilibrium in the chem-
ical potential between liquid water condensed onto A i 7 2\ (1/T ~—1/T 2= — RIn 47
the surface of the thermocouple and vaporous v MA(T A(1/T o= 1/T ) = S
water of pure water af,, can be expressed by the

Thus, we have the simple equation

as an approximation. This equation is similar to

equation that for freezing point depression, EO0).

| vap For dilute aqueous solutions, from Eet7), we
pa(Ta) =p1(Ta) (41) have the equation

Namely, Ta—To={RTZ/AapHMy(T p)}M ym (48
HMY(T o) = TASIT(T'a) When T,=298.15 K (=25 °C), introducing

=HM*AT o) = TaSMY*T ) (420 numerical values of\,, Hm(298.15 K =43 979
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Fig. 3. Linear relationship between the freezing point depression and vapor pressure deficit of aqueous glucose, sucrose, and raffinos
solutions expressed in terms of OsmolRg and their molal concentration. Circles indicate aqueous glucose solutions; squares,
aqueous sucrose solutions; triangles, aqueous raffinose solutions. Open symbols indicate the freezing point depression and close
symbols indicate the vapor pressure deficit. For further explanation, see the text.

Jmol ! [76] and M,;=0.018016 kg mot! into Thus, using Eq947) and(49), we can calculate

Eq. (48) we have the linear equation the water activity of usual solution in terms of
R In fix, or fix 4. Introducing this numerical value
Ta—Tp=0.3027 (at 25°C) (49) into Eg.(3), we can calculate the osmotic pressure

of an aqueous solution in question in terms of Pa
if we have the numerical value of the partial molar
volume of watervm,(7T, p) as a function of the
solute concentration.

Eqg. (49) indicates that the vapor pressure deficit
of an ideal aqueous solution is proportional to the
molal concentrationm. This is the same as the
freezing point depression of an ideal aqueous 3 Materials and methods
solution.

An apparatus to measure the osmotic pressure Reagent grade glucose, sucrose, raffinose, NaCl,
of an aqueous solution based on the vapor pressureKCl, and CaC} were purchased from Wako Pure
deficit is designed so as to expre€f,—Tp)/ Chemicals, Ltd, or Nacalai Tesque, Inc., PEG and
0.303 in terms of Osmol kg' ; 1.000 Osmolky ethylene glycol used were purchased from Nacalai
is equivalent to 1.000 mol kgt of an ideal aque- Tesque, Inc. and Merck, respectively. B&fac-
ous nonelectrolyte solution whose vapor pressure tion V, fatty acid fre@ was purchased from Bayer
deficit (T, —Tp) is 0.303°C. Corporation. The water used was 17-18 M¢m
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squares, aqueous CaCl solutions. For further explanation, see the text.

The freezing point depression was measured the molal concentrationn on the same graph
with an osmometefType 3W, Advanced Instru- paper, we have one linear curve over dilute con-
ments, Inc., USA which had been calibrated with  centrations as predicted by Eq85) and (49).
standard aqueous NaCl solutiong7,7§. This Namely, Fig. 3 shows that the freezing point
apparatus takes advantage of the supercoolingdepression and vapor pressure deficit give the same
method. The vapor pressure deficit was measuredvalues for aqueous glucose, sucrose, and raffinose
with a Wescor vapor osmometefType 5520, solutions over the concentrations examined, irre-
Wescor, Inc) which had also been calibrated with spective of the difference in the temperature at

standard aqueous NacCl solutions. which the osmotic pressure of their aqueous solu-
tions was measured by freezing point depression
4. Results or vapor pressure deficit; the freezing point depres-

sion measures the osmotic pressure of aqueous
Fig. 3 shows the freezing point depression and solutions just below °C while vapor pressure
vapor pressure deficit in terms of OsmolKg in deficit gives the value at just below Z% in the
aqueous glucose, sucrose and raffinose solutionspresent experiments.
as functions of their molal concentration. Clearly, Fig. 4 is a plot of the vapor pressure deficit in
plotting their freezing point depression and vapor terms of Osmol kg! against the freezing point
pressure deficit in terms of Osmolkg§ against depression in terms of Osmolkg for aqueous
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NaCl, KCI, and CaGl solutions. There is a good sure deficit in aqueous PEG solutions. Fig. 5 is a
linear curve with a slope of 1 which passes through plot of the vapor pressure deficit and the freezing
the origin. The figure shows a good consistency point depression in terms of Osmolky against
between the freezing point depression and vaporthe concentration in terms of kg PEGky . The
pressure deficit examined in terms of Osmolkg  freezing point depression in terms of OsmolRg
over the concentrations examined for aqueous gave always larger numerical values than the vapor
electrolyte solutions such as NaCl, KCI, and pressure deficit in terms of Osmolkg for the
CaCl,, irrespective of any difference in tempera- same aqueous PEG solutions. The difference
ture at which the osmotic pressure of their aqueous between them became larger with an increase in
solutions was measured based on freezing pointthe concentration and the degree of polymerization.
depression or vapor pressure deficit. This deviation in the osmotic pressure of aqueous

However, the values of the osmotic pressure PEG solutions is qualitatively consistent with the
measured by freezing point depression were not results reported by Steuter et §8] and Schiller
consistent with those measured by the vapor pres-et al. [69].
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The deviation in the value of the osmotic pres- the water activity or osmotic pressure of ordinary
sure between those measured by the freezing pointagqueous solutions can be expressed as functions
depression and those measured by the vapor presof the temperature, species of the solute, and the
sure deficit can be observed even in agueous concentration under constant pressure.
ethylene glycol solutions although they are good The results obtained in the present study can be
linear functions of the molal concentratidifrig. summarized as follow€1) Both the freezing point
6). depression and vapor pressure deficit thermody-

Fig. 7 shows plots of the freezing point depres- namically share the same basis and are theoreti-
sion and vapor pressure deficit of agueous BSA cally proportional to the molal concentration of
solutions against the concentration in terms of kg agueous solutions over dilute concentratiof®.
BSA kg™!. They are good linear functions of the The osmotic pressure in terms of OsmolRg  of
concentration, but do not coincide with each other agueous glucose, sucrose, and raffinose solutions
at low concentrations. Namely, numerical values are proportional to their molal concentrations over
of the osmotic pressure of aqueous BSA solutions dilute concentrationscf. [79]) independent of the
measured by the freezing point depression were adifference in methods, based on either the freezing
littte smaller than those measured by the vapor point depression or the vapor pressure defi@).
pressure deficit. This is contrary to the case of Aqueous electrolyte solutions such as NaCl, KCl,
agqueous PEG solutions. and CaCJ give equal values of osmotic pressure

The BSA used was contaminated with 1.6 for the same molal concentrations, as theoretically
gNa" (kg BSA) ' and 2.5 gCt (kg BSA)* predicted, irrespective of the difference in method.
probably as NaCl and 2.6 gNdkg BSA) ™! (4) However, aqueous solutions of ethylene glycol,
probably as Na azide. Thus, the freezing point which is a monomer of PEG, give different values
depression of agueous BSA solutions examined of osmotic pressure with different methods,
seem to be explainable as due to the contaminatingalthough the osmotic pressure values obtained by
NaCl andor Na azide, except for BSA. What both methods were proportional to the molal con-
remains to be explained is why the vapor pressure centration. (5) Agueous solutions of PEG gave
deficit in terms of Osmol kg® is larger than the different values of the osmotic pressure in terms
freezing point depression in terms of Osmolkg  of Osmolkg® dependent on the methods as

in aqueous BSA solutions. reported by Steuter et al68] and Schiller et al.
[69]. (6) Aqueous solutions of BSA gave slightly
5. Discussion different values of osmotic pressure depending on

the methods.

To express the water activity in terms of the Since both freezing point depression and vapor
osmotic pressure precisely in Pa units, numerical pressure deficit are in principle based on the
values are necessary for the partial molar volume colligative properties of solutions, they have been
of water Vvm,(7, p) in Eg. (3) of the aqueous expected to express the water activities or the
solutions under study. However, numerical values osmotic pressures of aqueous solutions of glucose,
were not examined for the partial molar volumes sucrose, raffinose, ethylene glycol, PEG, NaCl,
of water of all the aqueous solutions. Thus, in the KCI, CaClL, and BSA with unique numerical
present study, the osmotic pressure has beenvalues in terms of Osmol kgt irrespective of the
expressed only in terms of Osmolky as the methods used.
freezing point depression and the vapor pressure The apparatus to measure vapor pressure deficit
deficit. can give different values for aqueous solutions of

In the present theories, what should be noticed volatile solutes or solvents from those for non-
is that Egs.(30) and (35) and also Eqs(47) and volatile ones, according to the manufacturer’'s
(49) are only conventional approximations for (Wescor, Inc.) explanation. The boiling point of
measuring the water activity or the osmotic pres- ethylene glycol is 197.9C, which suggests that it
sure of aqueous solutions, respectively. Generally, may be a volatile solvent, while PEGs and BSA
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Fig. 6. Inconsistency of the freezing point depression expressed in terms of Osmol kg  with the vapor pressure deficit of aqueous
ethylene glycol solution. A solid line with open circles indicates freezing point depression and a dashed line with closed circles
indicates vapor pressure deficit, respectively. Linearity is maintained between the freezing point depression and the molal concen-
tration of agueous ethylene glycol and that between the vapor pressure deficit and the molal concentration. For further explanation,
see the text.

do not seem to be volatile. The question remains cells under water stress. These findings urge us to
of why the osmotic pressures of aqueous solutions provide a clear physicochemical basis for the
of PEGs and BSA have different values depending osmotic pressure of the cytoplasm as well as
on the method used to measure them. protein solutions, because the water activity of
Recent work in plant physiology has demon- plants has been measured mainly by the vapor
strated that certain kinds of proteins called ‘dehy- pressure deficit method 6,53 while that of aque-

drins’ [14—-17 and some other proteinkl3,18, ous solutions has been measured mainly by freez-
19,21,23 play an important roles in plant survival ing point depressiofi72,77.
in drought conditions. However, the present find- In the freezing point depression method, aque-

ings that aqueous solutions of a kind of protein, ous PEG solution is put into a glass tube. On the
BSA, as well as PEGs, which are polymers, give other hand, in the vapor pressure deficit method,
different values of the osmotic pressure expressedaqueous PEG solution is absorbed by a thin sheet
in terms of Osmol kg* depending on the method of filter paper in a small chamber of the apparatus.
used, i.e. either freezing point depression or vapor Thus, Hardegree and Emmeri€hl] have tried to
pressure deficit, can raise serious problems whenexplain the difference in the osmotic pressure
measuring the water activity of plants and plant measured by freezing point depression and vapor
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pressure deficit in terms of errors associated with potential by attaching subscript w a&,, by the
filter paper exclusion of PEG which are polymers equation
of high molecular weights. They have suggested

that, since filter paper is made from plant cell V=V, +V A+, (53)
fibers, it contains a volume fraction accessible to
water but not high molecular weight PEG. where W, is called the pressure potential a¥ig=

The chemical potential of waten.(7, p) of  ,in Eq. (52); V. is called the osmotic potential
ordinary aqueous solutions is expressed by the gye to the solute and is usually expressed by the

equation(cf. Eq. (7)) van't Hoff equation
pa(T,p) = pi(T) +pVmy+ RTInf 34 50 y——x (54)
=i (T)+pVm,+RTInx 1+ RTInf (51 — _RT¢ (55)
Thus, ¥ in Eq. (9) can be expressed by the \yhere ¢ is the molar concentration of cell sap;
equation V¥, is called the matic potential and is thought to
be due to colloids and surfaces in cells and cell
W =p—m+(RT/Vmy)Inf, (52) walls (cf. [80]).

Comparing Eq.(53) with Egs. (52) and (55)
Many of plant physiologists express the water shows that¥,, would consist of(RT/Vmj)In f,
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and deviation of the van't Hoff equation from Eq.
(3.

Since cellulose fibers composing filter paper,
which is used in the vapor pressure deficit method,
can be thought to be a species of colloidal particle,
it can be expected to affect the activity coefficient
of water f, of agueous PEG solutions and thus,
the osmotic pressure as well 45,.

The concept of ‘water potential’ which is the
chemical potential of watqw,(7, p) itself divided
by the partial molar volume of wate¥m; may
not need to be employed. ‘The chemical potential
of water’ is sufficient to describe water relations
in plants and plant cells.
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