he design of Langmuir
§ molecular

the study ©

¢ compressed at the air—
m, D. (1983) Preparation
ecules, Thin golid Films,

Jlnte surface manometry:
ic acid at 25 °C, Proc. R.

sh and its applicability t©
i Rolid Films, 210/211,

a1 ionolayer assemblies,

reTsus Langmuir—Blodgett
Thin Solid

sy adsorption

films, int Handbook of Thin

v-Hill, New York
tion and characrerization of

erties of poly(p—phenylene-
Blodgett trough, Thin Solid

5., 23, 379-95
o5, ed. G 1 Ashwell, pp- 117~

n Langrmﬂr-Blodgett films,

wrface pressuse dependence of
5~41

hin Solid Films, 161, 32
1 relation to the formation 0

“rilms, ed. G. G. Roberts

qs, Thin Solid Films, 210/21%

quir—Blodgett Films,
1 the azumuthal &etrioution of
muir, 9, 543
g Langmmuir—

{ilms ahtained with an ordinary

in Solid Films, 743, 330~4
Cambridge

Iniversity Press

Jiego
oaches to the characteriza
;hysical—organic chemistry ©

ed. G. G :

-9 , :
Blodgett techniq™™

jon of

f the -

4. i
| Fatty acids and related compounds
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66 MONOLAYER MATERIALS

Table 4.1 Long-chain fatty acid compounds used for monolayer studies,

Structure Systematic name Common name
CisHoyCOOH n-tetradecanoic myristic
C14H,9COOH n-pentadecanoic .

CysH;; COOH n-hexadecanoic - paimitic
Cy7H3CO0OH n-octadecanoie stearic
CyoH3sCOOH n-eicosanoic -arachidic
CzH3COOH n-docosanoic behenic
Co,Hy:COOH n-tricosanoic

in monolayer work. These tend

number of carbon atoms that occur in nature. The longer chain materigls -

shown in the table are popular. with LB workers; high quality multilayer

films miay be built up readily from n-eicosanoic acid, n-docosanojc acid ang:
. n-tricosanoic acid (section 3.8.4) |

4.1.1 The headgroup . '

Long-chain organic compounds terminating in a group other thay
carboxylic acid (COOH] may form condensed insoluble monolayersaf
the air/water interface. The polarity of the headgroup will determine ‘th
stability of the layer (Gaines, 1966). The absence of a polar group (iej
simple long-chain hydrocarbon) or a weakly polat head (e.g, CH,I 4
CH,Cl} will simply result in drops or lenses on the water surface. O
the other hand, if the dipole moment associated with the headgroup :

large (e.g,, SO3), then the compound becomes too soluble in the aqueon;
subphase, '

The high surface pressure condensed LS,
(chapter 2) are found to occur with long-chain amphiphilic compound.
possessing a variety of polar ends. This is evidence that these phases ar
associated with different arrangements of the hydrocarbon chains (Sten

. “hagen, 1955). Examples are shown in table 4.2. At low temperatures, th
area per molecule for monolayers of most of these materials is about}
0.2nm” However, there are some instances where a long straight compound :
with a polar group at one end does not exhibit the usual high pressure ;

- monolayer phases. This may be due to a peculiarly shaped polar head, ;.
to interactions beMeen-neighbouring polar groups, or simply to the large

e

size of the head group. Particularly interesting examples are the long-
chain nitriles (alkyl cyanides, CaHyn1C=N). Although the CN headgroup
molecule for these materials is about
between the polar groups
in these monolayers (the

is small, the limiting area per
0.28 nm?, suggesting that electrical interactions
are important in determining the packing

R ————
e e

. Tabie -
R 1990, %Al
: ‘-%f;er"After Gaines, 198

to be the compounds containing an eyey -

sapiferent P

s dipole\_,dxr.xoments of

Some of the con
sition under ¢

sehaviour of fatty a

n acidic subphases

“The monolayer g
ubphase (e.g,, SO;
fatty acid subpl 77

- multileyers of vum
~ selves, The alterna

table 4.2, is just
more readily than 1
when a long-chain |
chain amine (e.g., 0

- of a proton from th
figure 4.1..




il

Table 42

1967 epfrer Gaines, 1982.

Class of

—_—3

4.1 EATTY ACIDS AND RELATED COMPOUNDS

Different polar head groups used for monolayer and multilayer studies.

b frer Gaines, 1966. ‘After Fukuda and Shiozawe, 1980. dAfter Jones,

e Afrer Flanm, 1990.
Afres F fAfrer Stenthagen, 1955.)

Chemical

rrnula LB film deposition

difficult to form LB flms.>®

zompound fo monolayer formation

similar to fatty acids; no
dissociation and isotherm
independent of pH (2-10)
and of dilute salt solutions,
C,Hyy41COOR  ethyl stearate

'ﬂ@hbls C,Hy+10H

ethy] stearate may be built
(Cy7H35CO,CoHs) and into LB multilayers; X-type
similar compounds form and Y-type deposition

1 condensed monolayers with  possible.”

areas per molecule of
~0.2 nm?,

C,H,, 4 1CONH, condensed isotherms with  alternate-layer deposition
area per molecule of - with a fatty acidd
0.2 nm?,

C,Hyp 1 NH2 condensed isotherms for docosylamine (n = 22)
n > 13; ionize at low pHs.  deposits readily.>b*
C,Hyp a1 CN limiting area per
molecule = 2.8 nm* for
n = 18f '
; , \ _
dipole moments of CH,CN and CH,COOH are 3.9 D and 1.7 D, respec-

tively). :
. Some of the compounds shown in table 4.2 also exhibit good LB film

deposition under appropriate conditions. Long-chain amines mirror the
behaviour of fatty acids. Compounds such as n-docosylamine arg protonated
on acidic subphases, i.e., : S

CHyp i :NHp + H;OF = C,Hy, 1 NHf +H,0 (4.1)

The monolayer can be stabilized by negatively charged counterions in the
subphase (e.g., SOZ™). This is analogous to the addition of divalent cations to
fatty acid subphases.

Alternate-layer LB deposition (section 3.1) offers a means of building up
multilayers of compounds that do not readily transfer as LB films by them-
selves. The alternation of a long-chain.amide with a fatty acid, noted in
table 4.2, is just one example. Occasionally the alternate layers deposit
more readily than the monolayers of the separate components. For example,
when a long-chain fatty acid (e.g., n~tricosanoic acid) is alternated with a long-
chain amine (e.g., n-docosylamine), the deposition is facilitated by the transfer
of a proton from the acid to the amine head group to form a salt, as shown in
figure 4.1. ‘ -
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C C
7N\ N
4] OH 0
- '
+
s o
N N

Figure 4.1 Proton transfer in long-chain acid/amine alternate-layer LB film.

4.1.2 The alkyl chain

A simple modification to the alkyl group in a long-chain fatty acid is to repla
= ' some, or all, of the hydrogen atoms with fluorine. Since a fluorocarbon chaj
(CF2),, is more hydrophobic than a hydrocarbon chain, it is. expected th:
shorter chains will be needed to confer monolayer-forming properties on’
particular polar headgroup. This is found to be the case. Monolayers ¢
many amphiphiles containing fluorocarbon chains are more stable th
those formed from their hydrocarbon counterparts (Elbert et al, 1984). Th
totally fluorinated molecule CyF,;COOH and the partially fluorinated:
species  CgF17{CH,),COOH, with n=2, 4, 6, form stable monolayers
(Hann, 1990). The latter material may also be readily transferred to a solid
substrate using the LB process. This is significant, as a disadvantage of the;
LB deposition method (compared to thermal evaporation or spin~coating) isifE

that the alky] chain is largely redundant in multilayers designed for electronic.

or electrooptic applications, The presence of these chains not only ‘dilutes’ the
effect of, say, nonlinear dye groups, but also provides a highly insulating
region in an LB film intended as a good electrical conductor.

The hydrocarbon chain (C,Hy, 1) in the compounds discussed so far has been
saturated. This term means that the carbon skeleton is ‘saturated’ with hydro-
. gen, ie., besides its bonds with other carbons, each carbon bonds to enough
hydrogens to satisfy its valency of four. In saturated hydrocarbon chains,

" there are only single bonds. If an alkyl chain includes one or more carbon—
carbon double or triple bonds, it is referred to as unsaturated. The double
bond is stronger than a single bond, and also the C=C bond {a vinyl group) is
much more reactive than the C—C bond. A double bond introduces a constraint
because the two parts of a molecule liked by such a bond cannot rotate about it
and the bond may disrupt the ordering of the chain, A single trans-double bond
(appendix A) in the alkyl chain does not produce as much disruption as the

“'0°C while the meld
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D195 ~ e 33Y)
23
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1

BF

b) Zfl%ﬂiﬁ;

14 (00169 L mol~")(600 bar)
(8314 X 10-2 L bar K™* mol ™ )(500 X))

1.244

I

V= @I‘;_T. = (1.246)(6.93 X 102 L mol™)

= 862 X 1072 Lmol ™

We can give this result a molecular interpretation by saying that V is greater for the real
gas because of the finite volume of the molecules.

1.6 P-V-T SURFACEFOR A ONE-COMPONENT SYSTEM

To discuss more general equations of state, we will now look at the possible values
of P, V,and T for a pure substance. The state of a pure substance is represented
by a pointina Cartesian coordinate system with P, V, and T plotted along the
three A%es. Each point on the surface of the three-dimensional modet in Fg 1.11
describes the state of a one-compdiént system that d LiPaéts an freezing. We will
not be concerned here with {he solid state, but will consider that part of the surface
later (Section 6.3). Projéctiors of thi¢ strfabe on the P-V and P-T planes are
shown. There are three two-phase regions on the surface: S+ G, L+ G, raﬁ S-+L.
These are riled surfaces, that is, they may be Ehought of as being gend ted by
. . . . ' . R
a moving straight line, in this case.one perpéndicular 10 the P-T plane. These
three surfaces intdredtt at the friple point t where vapor, liquid, and solid are in

equilibrivm.

T=const

Figare 111 P_V—T surface for a one-component system that contracts on freezing.
(From K. E. Bett, 1. S. Rowlinson, and G. Saville, Thermodynamics for Chemical En-
gineers. Cambridge, MA: MIT Press, 1975. Reproduced by permission of The Athlone
Press.)
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Figure L12 Pressure-molar volume relations (e.g. isotherms) in the region of the critical
point. The dashed horizontal lines in the two-phase Tegion are called tie lines. The path 1~
254 shows how a liquid can be converted to a gas without the appearance of a meniscus.
H liquid at point 4 is compressed isothermally, the volume decreases until the two-phase
region is reached. At this point there is a large decrease in volume at constant pressure
(the vapor pressure of the liquid) until all of the gas has condensed to liquid. As the lquid
is compressed, the pressure rises rapidly.

3

is represented by a point in the L + G region of this plot, the system contains
two phases, one liquid and one gas, in equilibrium with each other. The mg}}ﬁ}:
volumes of the liquid and gas can be _ob{a?néd by drawinga hortzontal line parallel
to the V\a}us through the point representing the state of the system and poting
the intersections with the b&ilﬁaéry‘line for the L + G region. Such a line, which
connects the state of ong phase with the state of another phase with which it is in
equilibrium, is called a tie fine. Two tie lines are shown in Fig. 1.12. The pressure
in this case is the equilibrium vapor pressure of the liguid. As the temperature is

 tajsed, the tie line becomes shorter, and the molar volumes of the liquid and gas

app'xgach each other. At the critical point c the tie line vanisties and the distinction.

between liquid and gas is lost. At temperatures above the critical temperature,
there is a single fluid phase. '

r)'; ;o

Figures 1.11 and 1.12 also show how a liguid at point 1 can be converted to

a gas at point 4 without the appearance of an interface between two 13-]%3%95;:%
do this; liquid at point 1 is heated at constant volume to point 2, then eXpanded
at constant temperature to point 3, and finally cooled at constant volumé'ntg Roint
4 where it is a gas. Thus, liquid and vapor phascs are really the same in terms of
molecular organization, and so when the densities of these two phases for a sub-
stance become equal, they cannot be distinguished and there is a critical point. On
the other hand, a solid and a lquid have different molecular organizations, and
the two phases do not become identical even if their densities are equal. There-
fore, solid-Jiquid, solid—gas, and solig-solid equilibrium lines do not have critical
points as do gas-liquid lines. ) '
. P S TSI MU S S 7 j.yu:?ﬁ)
T B

o o
SN -




he
11
Al
ice
e

by
ese
gin

reezing.
ical En-
Athlone

ErvTr. .'v_...,..“.M«m.ua.a'.iasml::J-Au.a-;'-pz.w.-u‘.«'u_ew-;«- 4o et

L. triple point £ 10 the critical point c. The

. triple point 110 /qplg,olute zero. The melting curve tises from the triple point. Most
<.+ gubstances cortract on freezing, and for them the’slope dP/dT for the melting
L Jigeis positive.

3¢ the highest temperature &t which conderisa :
mighest pressure at which a liquid will boil when heated.

-~

WA : :
The projection of the three-dimensional surface on the P-T plane is shown to

X

" the right of the main diagram in Fig. L11. JThe vapor pressure curve goes from the

sublimétioh pressure curve goes from the

At high temperatures the substance is in the gas state, and as the tempera-

ture 18 raised and the pressure 18 lowered the surface 1s more and more closely

represented by the ideal gas equation of state PV = RT.However, much more

. complicated equations are required to describe the rest of the surface that repre-

 sents gas and liquid. Refore discussing equations that canl represent this part of

uce this behavior at

point. Any realistic equation of state must be able to r‘eprg
least qualitatively. - >, > be '

the surface, we will consider the unusual phenomena tﬁlﬁxﬂatﬁoéc{cur,near the critical

L

17 CRITICAL PHENOMENA

E For,a,pure substance shere is a critical point (Pe T.) at the end of the liquid~gas

¢

sexistehice curve where the properties of the gas and liquid phases become 8O

pearly alike that they can no longer be djs@%lﬁished as separate phases. Thus, T¢_.
ion of d gas is possible, and Pisthe

The criticai pressures Pe, columes V., and temperatures T, of 2 number of sub-
stances are given in Table 1.2, along with the co: "’f}r&&%ﬂity factor at the critical
pointjZ; = P.V./RT,, and the "@_gylel temperature T5. )

Critical phenomena are most easily discussed using the projection of the

. three~dimensional surface in Fig. 1.11 on the’ P-Y plane. Figure 1.12 shows only

the parts of the P-V plot labeled L, G, and L + G. When the state of the system

Table 12 Critical Constants and Boyle Temperatures 3
Gas  TJK  PRsoar  VoLmol” Z, Ts/K
“Helium-4 52 2.27 0.0573 0,301 22,64
Hydrogen 332 13.0 0.0630 0306  110.04
Nitrogen 126.2 34.0 0.0895 0.290 327.22
Oxygen 154.6 50.5 0.0734 0.288 405.88
Chlorine 417 77.0 0.124 0275
Bromine 584 103.0 0.127 0.269
Carbon dioxide 304.2 73.8 0.094 0274 714.81
Water 647.1 2205 0.056 0.230 :
Ammonia 405.6 113.0 0.0725 0252 995
Methane 190.6 46.0 0.099 0287 500.66
Ethane 305.4 489 0.148 0.285
Propane 1608 - 425 ¢ 0.203 0.281
n-Butane 4252 38.0 0.255 0.274
Isobutane - 408.1 36.5 0.263 0,283
Ethylene 282.4 50.4 0.129 0277 624
Propylene 365.0 46.3 0.18% 0.276
"~ :, Benzene 5621 490 0.259 0272
- Cyclohexane 553.4 40.7 0.308 0.272

1.7 Critical Phenomena 15
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1.8 The van der Waals Bquation 17

anl sty g o . Lhe
At the critical point the isothermal compressibility [x = ~VYaVisP)r, - ) ARV
equation 1.37] becomes infinite because (8P 13V, = 0. If the isothermal com- - i

\Jk e [T \h ';‘) .
L i § o \
. pressibilig/ isyery large, asitisin the neighborhqggl {gf the criti_cg} Point, very little V6 - ra//@\! PV
work is req{fn?’ed to compress the ﬂgid.‘Thereforef graﬁfy sets 0 large differences ~ : ~V

i 1A A i R s
it g it bt s e - e

in density between the @ anq_.bottcLI;l of the container, as large as JQ% in a col- _
amn of fuid only a few centiméterShigh, This makes it difficult to_gﬁgiﬁuf@ PV o
isotherms pear th critical point. The high isothermal compressibility also permits / /o ) }‘( '”J" s

spont%ne%hs ucti tiéms in the density that extehd over macroscopic distances.

The distance may be as large as th wavelength of visible light or larger. Since -,

. . . = hf - ons i S 541 . : ,
fluctuations 11l c}g\psﬁy are accorhpanied by fluctnations in reéfractive index, light .,

is strongly scattéred, and this is called critical opalescence. , \% o
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1.8 THE VAN DER WAALS EQUATION , IRV ’
An “;”?‘*)?T T An DALY
Although the virial equation is very useful, it is important to have approzimate ! 7/ /’ 2 ; /
equations of state with only a few parameters. We turn now to )gh_e equation that b WP 2
was introduced by van der Waals in 1877, which is baseg ,g%pﬁggible reasons st ,,;\\k N R /2

real gases do not follow the i\defx% as law, ‘Zyicjg can be'défived for point Eﬁqles '\ Hv R
that do not interact except in elastic oml}@; fﬁf‘ze Chapter 17, Kinetic Theory R Ne D St
of Gases). The first reason that van der Waals ___Q_cfj_ifﬁ,”ed the ideal gas law is that - / - L

{gﬁ gt 0 ' /

molecules are not point particles, Therefore V is replaced by V — b, wherg bAs ,
the volume per mole that is oc"c’:upi‘eh:d by the molecules. This leadsto o w D Ve

T P@ —b) =RT : (1.22) !

* which corresponds to equation 1.14 with B = b/RT a_nd C " and higher constants o Y’q\"b i j \ﬁ)Tg] AY — 1
equal to zero. This,equation can represent compressibility factors greater than L .
+7 unity, but it cannopg{i%id compressibility factors less than unity. ' P tow NEy P 0 o
The second reason for modifying the ideal gas law is that gas molecules at- PO 5t s
tract each other and that real gases are therefore more compressible than ideal ! ig}\ﬁi’h \p 3 | '] o v =g
gases, The forces that lead to t':_gg»d,‘ensal’t,ion are still fgf'gﬁed to as van der Waals S0 Bl v
forces, and th%ﬁ\é_ﬁgiﬁ is discussed in Section 11.10. Van der Waals -pr.czyiﬁgd for
intermolecular attraction by adding to the observed pressure P in the equation of
state a term a/V 2, where a is a constant whose value depends on the gas.
: Van der Waals’ equat_igar}l_?igi",;‘f s :}f‘g
PR sV P aVT -0y =RT ©an)
' . T A —
- When the molar yolume V islarge, b becomes negligible in comparison with V, _
b a/V* becomes negligible with respect to P, and van der Waals’ equation reduces SRL Py ¥ {
to the ideal gas law, PV = RT. 7
The van der Waals constants for a few gases are listed in Table 1.3. They can
- be calculated from experimental measurements of P, V,and T or from the critical
constants, as shown later in equations 1.33-and 1.34.
_ Figure 1.13 shows three isotherms calculated using tEJe van der Waals equa-
tion. At the critical temperature trbe;} isotherm has an iifléction point at the

.......

critical point. At temperatures el ow the critical rte}:nper_zi:cure each isotherm
- passes p\jﬁgh a minimom a qu a )émaxunum Th_e’lb‘_?;ﬁ‘é of these points s{lgown
__..by the d 3tféd line has been obtamed from (8P/aV )y = 0. The states within the

: *Thﬂ van der Waals equation can also be written in the form
; (P +an’V®)(V —nb) = nRT
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Figure 113 Isotherms calculated
from the van der Waals equation.
The dashed line is the boundary of
the L + G region.

)Y ¥ 4 ohed line is the boindaty of The two

Table 1.3 Van der Waals Constants

a/L? bar a/L? bar
Guas mol™? B/L mol™! Gas mol™? b/Lmol™!
H; 0.2476 0.026 61 CH, 2,283 0.04278
He 0.034 57 0.02370 Gl 5.562 0.063 80
N, 1.408 0.03913 CaHg R.779 0.084 45
0, 1.378 0.031 83 Ci¥lyo(n) 14.66 0.1226
Cly 6.579 0.056 22 C4Hypliso) 13.04 01142
NO 1.358 0.027 89 CsHypp(n) 19.26 0,146 0
NOy 5.354 0.044 24 co 1.505 0.039 85
H,0 5.536 0.030 49 CO, 3.640 0.042 67

dotted line have (aP/aT/“)T > 0, that is, the volume increases when the pressure
increases. These states are therefore mechanically unstable and do not exist.
Maxwell showed that states corresponding to the points between A and B and
/, those between D and E are metastable, that is, not true equi ibrium states. The
-phase region; the part of the isotherm o
and that to the right of E, gas. The analysis shows
that liquid at A is in equilibrium with gas at E. Any state along the line ACE will
separate int?r 'gﬁq&dfatﬁA and gas at E. We see that the van der Waals equation
with the Mexwell cohstrtéfion can represent the behavior of real substances.
¢ van der Waals equation is readily used when the volume and temperature
are sﬁ:ﬁwézi, but if is more difﬂc('ult to use when the pressure and t‘emperﬁt re are
specified. MEIfiplying out the terms in van der Waals’ equation 1.23 and YeArrdhg’ o
ing in descending powers of V, we have T

S
¥ —173—72(15+RT

The Teft of A represents the liquid

-2 =0

P (124)

.
"—P‘—)+ VF e
' . A A Pl
At temperatures below the critical temperature tihlgsﬂﬂllﬁlc“aquauon has three real
solutions, each value of P giving three values of V', as we have seen in Fig. 1.13.
The compressibility factor for ayan der Waals gas is given by
v a :
RTV
L 1 _a \
| 1-bV_ RTV S |
V <1 aﬁ),‘ S e f ; -1 -
Atlow pressures, b/V << 1sothatwec expand the first term using (A-x)"=( =
1+ % +x? + -~ This yields the virial equation in terms of volume: R
a

“Jl b
RT
AN

2
=+ |=]+
o]
From this equation we can see that the value of a is ;';e;l_at_ively more important at
low t@mper'%t,gge/s,‘ and the value of b is reljnjively more important at high temper-
atures. To 0 _jfain the virial equation in Sits of pressure, we can replace V' in the
second term by the ideal gas vahie to obtain, to first order in P,

L

SIAL A ﬁ”fﬁ ‘».u_—

(1.25)

z=1+Gu (1.26)

(1.27)
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t

oty Y A

but this @pﬂgz:@gybp is not good enough to give the correct coefficient for the:
P2 term. At the Boyle temperature the second virial coefficient is zero, and’so for

5 van det Waals gas

[LE=B% ( - (1.28)

The values of the van der Waals constants may be calculated from the critical
constants for a a;hg&s__glzy\ b@ seen in Fig. 1.12, there is a horfzdﬁ'fal il_ﬂiwguqtionv y s s
point in the P VELsus V drbe at the critical point so that (8P/8V )z, = 0 and
(@P 1V, = 0. i L

Exemple 1.7

Derive the expressions for the van der Waals constants in terms of the critical constants for
a gas.

The van der Waals equation may be written
p=L & (1.29)
. V—-b> ?V,z-w')g‘
=+ Ly -
Differentiating with respect to molar volume and qygl_ga__‘g_irfg these equations at the critical ;O
point yields i i
propan s (RPN TRT | J2 1.30
@ B u_t” V. (i-bp V2 (1.30)
a’P - 2RT, 6a s
i) =2~ =0 {1.31)
(aVZ)n Ve—by VI

. ‘ LA TR §
A third simultangous equation 18 obtained by writing equation 1.29 for the critical point:

S
RT, a

Po= —t ~ = 132
T—b V2 (1.32)
These three simultaneous equations may be combined to obtain expressions for g and b in
terms of T, and P, or T.and V.:
: 272§ B
Q, a = zﬁPTC == % RTV, ‘ (133) .
» Ay [ [ ’
/" }’)\ y 3 ))D o v
=t - 8
b= 8P, T (1.34)
_ {
- Exsmple 1.8

What is the molar volume of ethane at 350 K and 70 bar according to («) the ideal gas law

and (b) the van der Waals equation? i ) )
' T [
ip’) v oo B / !

(@) V =RT/P = (0.08314 L bar K™ mol™)(350 K)/(70 bar)

= 0.416 Lmol ™’ - R

(b) The van der Waals constants are given in Table 1.3. i g ] \

S | 6} I A e \

RT a > S U T .

. P = = mm— - i

Doy 7 V-b V2 ) Vo b v -

e . LN 10 = (0.08314)(350) _ 5.562 . ' S
U V - 0.0638 Ve
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This js a cubic equation, but we know it has a single solution because the temperature T
is above the critical temperature. The most practical way to solve it is 1o use successive
approximations. This yields V = 023 L mol ™.

We will see later that equations of state are very important in the calculation
P . V)i f oy

of vg“n__éyﬂs, thermodynamic opefrnes of gases. Therefore, a Yagfg;y of them have

been qﬁéﬁéd. To represent the P-V-T properties of a one-component sys-

tem over a wide range of conditions it is necessary to use an equation with many

more parameters. As more parameters are used they lose any simple physical in-

n 1179 q-terpretation. 'The van der Waals equation does not fit the properties of any gas

exactly, but it is very useful because it does have a simple interpretation and the

b qualitatively correct behavior.

A b
. - Lot Ly
CIST T e i 19 THE CHAIN RULE AND THE CYCLIC RULE
/pﬁuuﬂ #rgod
This chapter has been full of funttions of tw al_j‘}a_bles, aﬁd that is a common
situation in thermodynamics. We used several paftial rdgrivat?\%}s, 51;(1 $0 NOW 18
a good time tgjﬂgg;;\about how many there are, how thi%y are” rg’lﬁ_ng_é,c_l,, and how

-

_ many are indépendeit. There are six partial desivatives Volving V, P,and T:
DI Aav\ v 1fap\ (8T\ (8P) (oT
W0 N‘?/O LS S CAGR I iAd IS el g e N s L 1.35
A7 /’]‘mf,»‘f-}'.»\,“.))\ » A 2 6T P/i\’aP o \aV Jp 8V Jp BT NP v (33
J I - e —
' Two of these derivatives are u§ed regularty and have names: :
A e AR oy
NS __‘f o o~ D ?/\ g
biestn mlyast 237 o = cubic expansion coefficient = ey E (1.36)
3 v \aT
S
Fan(sYe 2 em% k= isothermal compressibility = Ly (1.37)
V. \éP
N \f 3{ The isothermal compressibility x is always positive because an incr;'éase in pres-
P sure at fixed T corresponds with g decrease in volume. Awg, of the remaining
‘ derivatives, (87 /6V )p and (3P1aV )y, are simply the reciprogals of the deriva-

tives involved in a and «. The last two derivatives, (3P /3T )y and (8T 3P )y, arC
simply reciprocals of each other and may be calculated using the cyclic rule.

It 7 = f(ry, ) and x1 = xi(ysy2) X2 = 220 y2), then z = flxi(y1,y2)
x2(y1, ¥2)] is a function of y and y,. Thus, we can consider z to be a function of
either coordinates x;, xp or coordinates y1, ya. The following equation can be used

to calculate the parti__,akgisréiyaﬁve of f with respect to x:

A \?'ggf AN af \ {8yz !
pevee | (G-, o
f 1 2 Y1 2 dx X2, Byz ¥1 dx A2

o

. ' ' S DR
This is known as the chainnﬂeforpartial-di{férentﬁtmn. Takingx; = Lx =
Pandy, = T,y = V gives

ISR ' af af af \ [oV
e SR ey R e L) ={— - — 1.39
SRy £ooNy o (aT)P (3T>V v (BV)T (BT)P 39
o 18035 (

DA Later we will find the chain rule useful for other coordinate transformations. If

we take f = P, (8f/T)p = Obecause P is constant and f is P, and 80
1. - S :

: v
(&)o




_{aP P\ (oV .
o-(z)+Gwher), 0 ew
iso that . _aV ) ,;,S? \g};
| 8PN\ (VN (3TN _ _ '/ 0
wLGrLGE) - 7 e

“This equation, which is referred to as the cyclic rule, can be rearranged to
a - s nd

AT,
&

3P\ _ _({oP\ (aV\ _ _(@ViT)r > 7
(ﬁ)v - (GV )T (B-T )P T (@VieP)r (1.%2)
sing equations 1.36 and 1.37 yields ,
E .
aT )y ™

of an ideal gas, a = 1/T and x = U/P.

e |
el (1.43)

& o
K

i

omment

alculus is used so much in physical chemistry that we have put a section on
alculus in Appendix D for quick reference. Since the properties of o system
epend on a number of variables, it is important to be clear about which prop-
rties are held consiant for a measurement or a process and to use subscripts
n partial derivatives. '

. u/w - _,“"foff\-’ ;\U.'_D_J!‘
.10 PARTIAL MOLAR PROPERTIES A

This chapter has mostly been about pure gases, but we need to b::(g:;}e ared to
¢ consider mixtures of gases and mixtures of liquids. Mixtures have e _‘ggsﬁe ther-
¢ - modynamic properties (like internal energy U or volume V) that depend on 7,

.2 P, and the andounts of substances in the mixtures, AtYﬁJ?éQ%Z&)_ ang P, where most
. measurements in the laboratory are carried out, the extensive thermodynamic
‘ ‘:_"propg:;;j,es are functions of the amounts of the N substances in the mixture; this is

m@iggtﬂﬂb V;( 1, Hg, - + ., Fi), for example. All extensive thermodynamic prop-
. erties are ref'cfrred to as being homogeneous of degree 1 because

V(kny, kny, ..., kny) = kV (n, ;.. AN (1.44)*

- Since V is a function of amounts, the differential of V' at fixed T' and P is given
by

v av v

ony onn onN

IV WD cE=dV = (—) dny + (--) dn + +(—) dny (145) -
TRy Thny w2 TBnen R

;IPNT

ff‘A function f(xy, 3, .. ., Ty ) is said to be homogeneous of degree r if
Flhay kg ooy ken) = kOF (R0 X500, X)
F_Ol“such a function Euler’s theorem states that

. N af
(X1 X0y 00y Xn) = Zx: 3‘”
. x;

im=1
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