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World market $350 billion/year
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Flint and
Quarts Crystals

Kremuk




Synthetic Crystals

“The history of salt-making in
salt-pans, from sea water or
salt springs, goes further back
than human records.”

G. Agricola
De re metalica (1556)

Insulin
Biosynthes

G. Dodson,

D. Steiner,

Curr. Op.Struct. Biol.
8 (1998) 189

e Single crystal
per vesicle

e Fast crystal
growth

¢ Ready response
to fluctuations in
conversion rate

e Crystals exclude
proinsulin present
in islet cells

e Slow dissolution
at
undersaturation
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Classical and Statistical Thermodynami

0, 1, 11, and Il laws .
+ +

| Weighted averaging
I of molecular states

I

| Equations of state

Classical Approach l

Statistical Approach I‘

The Four Laws
of Thermodynamics

oth Law

i ﬁ then A 5C

1st Law

AU = Q + W+ AE, + AE,

AU=Q+ W
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Entropy

2nd | aw

AS

. >
universe = 0

AS,

isolated system 20

3d Law

atT=0kK

Other Formulations of the Second Law

ASisalated system 20

AUg, <0

AG, ;<0

N
dG = Vdp - SdT + Z dn,
il

Environment




Other Formulations of the Second L

ASuniuerse = ASsyst:em + ASreservair =0

Atp=const, dU = 6W +6Q = —pdV + 6Q
6Q = dU +pdV =dH
Aststem = AHsysi:em

Aststem = —AQenvironment = —TASreservoir
_ Aststem _ AHsystem
ASreservoir - T - T

AHsyst:em r _AGsyst

ASyniverse = ASsystem iy T T

AG=AH—-TAS <0

AGsystem <0

Homogenous and Heterogeneous Sys

Homogeneous: properties do not change or ¢
Heterogeneous: properties change abrup

Phase: homogeneous part of a heter:
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Fluctuations

The only way forward for
activated processes

Gibbs’s Phase Rule

Equilibrium between IT phases: o, B, 7, ... ®.
N components
w=Ty=..=T,
pa =pﬂ = =pa)
Hig=Hig=-=H . »L
at '
Hoa=Hap= - =Hoor 28
HNa =Hnp = = HNaor

f=N-1T+2 |
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Solubility of a Crystal

N = 2 (solvent and solute)
IT = 2 (crystal and solution)

f= N-IT+2 =2

C=Cp T

G = Ce(Dp: 1atm

Solvent and Solute

Solution: a mixture of two or more components
majority component: solvent
present at lower concentration: solutes

At p = const and T = const

dG= I.lldnl + [lzdnz
Uy = P9+ RTIna,= u3 + RTiny,C,

= p9 + RTIny, + RT InC,
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Molecular-level View of the Soluti
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n; n;
Regular Solution Model o oo
)"a; o3 4 ‘:';':‘
3 F
AH # 0 "-»qv" ;",

Hsotution _ ZW11X1 | ZW2pX Wi + Wy
n 2 2

my, = znx,(1 - x,)
AG/nkBT

z Wwiq + Wy,
X12 = kB_T(le - T) =(1 - x5)In(1 - x;) + x5Inx, + 73,%,(1 -

AH/nkBT = x15x,(1 - X;5)

n; n,
Regular Solution Model o S
SIS oy
2 D+ a‘;“,“
KA %
STy
ZW3o

t2 = (0G/0n)1pn, = + kpTIn x; + kpTx1z(1 = x3)?

2

up = ud + RTIna,= p3 + RT InC, + RTIny,

RTIny,= y12(1 — x)?

' Nog: properties of pure solute
RTInG,: entropy of dissolution

|RTny,  interactions between solute and solve
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The Crystallization Driving Force

dG = dGrst + dG* = <
M;rystdn;ryst + yidni s Uy

dG = (”;ryst_ #;)dnz / #Cryst
2

dni™”*t >0

onlyif uS™*" < u3

If 5> s then

dG < 0onlyif dngry5t< 0: the crystal di

The Crystallization Equilibrium Consta

At equilibrium
13
dG=0and Ha
uy™”* = p$ = pd + RTIna,,
cryst
Ha
|
Since 'u;ryst= #;ryst,o I
then uf”*"% — g = AGO :
l a 2e a,

Keq = exp(—AG°/RT)

— 41
Keq =0Qze

AG® =RTlIna,,
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The Crystallization Driving Force

cryst

13— Wy
43 + RTIna, — (u3+RTna,,)

Ap

= RTIn(ay/az.)

= RTIn(C2/Cze) + RT In(y2/72e)

Ap = RT In(C/Cye)

Multi-component Systems

Ca?*(s) + CO;%(s) — CaCO,(cryst).
Ksp = Acgzt e Acoz-e

Ap = RT In(acq2+ acoz-/Ksp)
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Thermodynamic
Effects of the Solvent

Na*(gas) + Cl(gas) — NaCl(solid)
AH® = -788 k) mol

Na*(gas) + nH,0 — Na*(aq)

AH° = -406 kJ mol™.
Cl(gas) + nH,0 — Cl(aq)

AH° = -366 k) mol*
Na*(aq) + Cl-(aq) — NaCl(solid)

AH° =-19 kJ mol?

4S80 = ASsoolute + ASsoolvati

VAPOR
The Effect of Temperature

EVAPORATOR/
CRYSTALLIZER

0(AG/RT)pn,  AH HVE STEAN
aT - RT? HEAT EXCHANGER
AG® = RTIna,, i
dlna,, _ AH
aT ~ RT?
oy
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Thermodynamics of Hematin Crystallization

-1
0.45} : \ b
s g ] 3
E 0.30 0.0032 0.0036
J 0.15; o Bukl VT (1K)
. . .AFM dince Angyst
0 20 40 a5y =
T (°0) T

@ The crystallization enthalpy AHJ,s = -37+8 kJ mol*

@ The crystallization entropy ~ ASP,.,s = -49+7 J mol K
suggests a process leading to higher disorder
accompanies hematin crystallization

The Effect of Temperature

o T, AHO
p(Tr) = -1, f

——dT
T, T?

Au(Ty) = Au3(Ty) + RT, Inay(T,) — RTy Inay(Ty)

Ap = RTIn(az/az¢(T2))

Ap = RT In(C2/Cye(T2))
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Temperature [°C]
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The Phase diagram of lonic Solut
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cryst
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cryst
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cryst

Theoretical phase diagrams of
small-molecule solutes

T z
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coexist 3

Tcr “"L eHCe

g > A
=
Ttr =

Liquigy,
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Theoretical phase diagrams of
of protein and colloid solutions

cr

Macroscopic Methods of
Solubility Determination

Crystal growth

Crystal dissolution =

Step wise dissolution

Gy

.4

-
cz\ (@
t
C, (b)
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Microscopic Methods of

. - ) 250
Solubility Determination

200 C, = 2.5 mg ml!

3.0F

2.0F

1.0f

Protein Concentration [mg/ml]

0 5 10 15 20 25 30
Time [days]

Microscopic Methods of
Solubility Determination
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Rudolf Clausius
(1822 — 1888)

Josiah Willard Gibbs
(1839 — 1903)
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