“Microbes are remarkable chemists...”
- Fenchel et al. (1998)
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http://www.icm.csic.es/bio/outmol_e.htm


How do we know what bacterial processes dominate under a given set of circumstances?

Kinetics deals with mechanisms and rates. Thermodynamics provides a framework for:

» predicting whether or not a specific reaction takes place
spontaneously

» estimating the magnitude of energy exchanges
(production/consumption) btw. reactants and their
environment

» predicting whether a reaction may be usefully coupled to
biological work.

Kinetics will tell you how fast a reaction will go « thermodynamics will tell you if the reaction should go.
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https://web.stanford.edu/~kaleeg/chem32/kinT/#13


« Reaction rates depend on the proportion of reactants that are sufficiently energetic to participate in a given
reaction.

« This proportion is related to temperature and “activation energy” or Ea (kJ mol-t) — the energy that
must be available for the chemical reaction to take place.

Arrhenius equation (aka: rate constant): gives us the relationship between the activation energy
and the rate at which the reaction proceeds.

k = Ae—Ea/RT

A and Ea are characteristic reaction constants
R is the gas law constant (8.314 kJ mol-* Kt or 1.987 x 10 kcal mol! K1)
T is temperature in Kelvin

***In general the higher the activation energy — the slower the reaction.***
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Enzyme: https://www.medicalnewstoday.com/articles/319704.php




Example:

Substrates

‘ Product

Active site



Presenter
Presentation Notes
Example- 
H and O co-exist in gas and liquids without reacting....even though thermodynamically they ”should” spontaneously make H2O.... Add bacterial hydrogenases – rapid water H2O formation. 
Diamonds to graphite – thermodynamically favorable because graphite has a lower free energy than diamonds – but TOO slow


We use Gibbs Free Energy to predict chemical systems and it depends on the state and
mass under consideration and.....

Internal Energy (U sometimes called E)
Enthalpy (H)

Entropy (S)

Temperature (T)



Internal Energy (U)

Change in internal energy is related to heat exchange between the system and its surroundings and
work done by or on the system according to the first

AU =q+ w

q = heat flow
w = work (usually described by pressure-volume changes)

U has the units of Joules

“energy can be transformed from one form to another, but can be neither created nor destroyed"
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(+) between q and w because we are writing this because we are assuming work done by the system
Sometimes this equation is written as (-), in that case it’s work done on a system
Either form is fine, you just need to be clear what you are saying.

Also – am simplifying U. U is the internal energy for a system at rest (kinetic energy = 0) and in the absence of energy fields (e.g., gravity; potential energy =0).
It’s the sum of translational (energy from movement here to there), rotational, vibrational, electronic, relativistic, and interactional energies of the molecules within a specified system. 



Enthalpy (H) — total heat content of a system
H=U + PV

P= pressure
V= volume

Equivalent to the heat added to a substrate from a system as a result of a chemical process at constant pressure. Also
known as the heat of reaction.

Change in enthalpy: AH = U, + P, V, —(U;+ P, V;)

AH = AU
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For most biological systems change in PV is small – since changes volume changes of water are small w/ modest heating and at low or modest pressures.... 


AN

V% / AN

Evolving Heat = Exothermic = — AH Absorbing Heat = Endothermic = AH



Heats of Combustion (bomb calorimetry) Heats of Formation

Coffee Cup Calorimeter

Stirrer Thermometer
amiiml, nsulated
Heat of Combustion (AH,) - e e Stopper
Higher Value Indicated S e
Nested
Gasoline 47 .
— Reaction \ I”%’Lagsed
9.7 Mixture
49.9
15
Coal (lignite) 15
Coal (anthracite) 36
Natural gas 54




Hess’ Law of Constant Heat Summation — allows us to calculate standard enthalpies of reactions:

AH°= AH ]9 (products) — AH]9 (reactants)

Use the standard enthalpies of formation in the table below to determine the change in enthalpy for the
reactions which follow the table.

. Compound AH°f (kJ/mol Compound AH®f (kJ/mol
AH f = standard heat of formation cmé) - 741_{8( : NaHgoa(s) - 94];_(7 .
CO2(g) —393.5 NaOH(s) —426.7
CO(g) ~110.5 NHs(g) —46.2
P — 0 HCI(g) -923 NH4CI(s) —315.4
Standard meaning: 1 atm, pH=7, 25 °C (298.1 K), [1 M] FEOG) Toals NO) 004
H0(1) —285.8 NO2(g) +339
H2S(g) ~20.1 SO(g) —296.1
H2804(1) —811.3 SOs(g) ~3952
MgSOa(s) — 12782 SnCla(1) — 5452
MnO(s) —384.9 SnO(s) —286.2
MnOa(s) ~519.7 SnOx(s) —580.7
NaCl(s) —411.0 ZnO(s) —348.0
NaF(s) ~569.0 ZnS(s) ~202.9
1.  NaOH(s) + HCI(g) —» NaCl(s) + H20(g) AH® =777
2. 2CO(g) + 02(g) - 2COx(g) AH® = 792
3. CHa(g) +202(g) — CO(g) + 2H20(1) AHC =777
4. 2H:S(g) + 302(g) — 2H20(1) + 2502 (g) AH® = 722
5. 2NO(g) +O2(g) — 2NO:(g) ° =999

AHO = (-393.5 + [2 x -285.8]) — (-74.80 + [2 x 0.00]) = -890.3 kJ mol-X

Exothermic reaction — it’s evolving heat.
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By convention – elements in the most stable state are considered to have a std. heat of formation of 0, so in this case O2 is 0. 
**values in these tables can be a little bit different, this is from different studies estimating them, They are very close though. 
Table from: http://www.chegg.com/homework-help/questions-and-answers/use-standard-enthalpies-formation-table-determine-change-enthalpy-reactions-follow-table-n-q8639425


Entropy (S)

Second law of thermodynamics: “For any spontaneous process there is an increase in the entropy of the universe.”

—— The universe = the system and it’s surroundings

Change in entropy of the universe: AS;ptq1 = ASscurroundings T ASsystem
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Heats of formation – i.e. changes in enthalpy don’t tell us about the spontaneity of a reaction. To know that we need to talk about entropy and the 2nd law of thermodynamics.


At constant temperature and pressure, entropy change in the surroundings (ASgyrrounaings) 1S €quivalent to
the heat added to the surroundings by the system divided by the temperature (K) at which heat is added:

AHsystem

Entropy change to surroundings: ASsy,roundings = —

Change in entropy of the universe: AS;ytq1 = ASsurroundings + ASsystem

TAStotar = —(AHgystem — TASsystem) Must be negative to be spontaneous

Gibbs free energy: AG = AH — TAS

Gibbs free energy at standard state AG°= AH° — TAS°



Gibbs free energy: AG = AH — TAS

AG <0 (l.e., It’s negative) then the reaction Is spontaneous — exergonic reaction.

AG > 0 (i.e., It’s positive) then the reaction not spontaneous and would require energy to proceed in the
direction as written — endergonic reaction.

AG = 0 the system is at equilibrium

** AG is the driving force of the reaction, the more negative AG the more favorable the reaction.**



Table 19.3 © Standard Molar Free Energies of Formation of Some
Substances at 298 K

Element/Compound  AG}(kJ-mol™')  Element/Compound  AG}(kJ - mol™?)

Ha(9g) C02(9) —394.4
02(9) CH.(g) —50.87
N2(g) H20(q) —228.6
C(graphite) H,0(€) —237.2
C(diamond) NH;(g) —16.4
C0(g) Fe,05(s) —742.2

© 2003 Thomson - Brooks/Cole
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We can calculate whether or a reaction is spontaneous or not using Gibbs free energy.
Table from:https://people.chem.umass.edu/botch/Chem122S08/Chapters/Ch7/Ch7.html

Question – how often are we at standard conditions?


Fe( (s)
Fe(OH), ( precip.)
x-Fey(0; (hematite)

Fe;0y (magnetite)
x-FeOOH (goethite)
FeQOH (amorph)
Fe(OH); (amorph)
FeCO, (siderite)
FeySi0), (fayalite)

-251.1

~486.6
—T42.7

-1012.6
~488.6
~462
—699(-T12)
—699.7
-1379.4



Presenter
Presentation Notes
We can calculate whether or a reaction is spontaneous or not using Gibbs free energy.
Table from:https://people.chem.umass.edu/botch/Chem122S08/Chapters/Ch7/Ch7.html

Question – how often are we at standard conditions?


Methane concentration, mM ulfate concentration, mM
000 002 004 0.06 1 0 15 20 25 30 3

Northern Site
—A— 85 —0—HC-4
—#%—HCG-8 —E2—HC-8
Southern Site
—A—15 —@—HC-10

—y—22 —B—HC-11
—b—106

15 20 256 30 3

0.2
0, (mM)

- T _ rr __r°r _T°r T 1
0 2 4 6 8 10 12
sulfide (mM)
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left graph: https://www.nature.com/articles/ismej200750
Right graph: https://www.researchgate.net/figure/283833989_FIGURE-3-Depth-profiles-of-A-methane-concentration-in-sediment-B-pore-water-sulfate
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We can calculate Gibbs under environmental conditions:

General Reaction: aA+ bB €-> cC +dD

Capital letters are the components reacting
Lower case letters represent the stoichiometric amounts

For any component of the system that deviates from standard conditions: AG’= G; + RTlna;

R is the gas constant (= 8.314 kJ mol* K-1)

T is temperature in Kelvin (K)

a; IS a quantity known as the activity and it’s related to concentration (c, molar) thru the activity coefficient
(y;, dimensionless):

a; = YiV¢

*activity coefficient represents the deviation from ideal behavior .... For ions for example the interactions of ions in a solution cause them to behave
differently than what would be predicted from their actual concentrations.
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For gases you’d use fugacity – so you’d need a fugacity coefficient and pressure. 


4H,0 () + 4S50y = 3H,S (qq) + 504(aq) + 2H(+aq)

(1) Gibbs free energy at standard conditions: AG°= Z(niAG]?i)products — Z(niAG]?i)reactants
AG°= 2[0] + [-744.6] + 3[-27.87] — [4(0) + 4(-237.18)] = 120.5 k.»mol-2

2HGag)  SOi(aq) 3H25aq)  45(s) 4H;0 ()
(2) Gibbs free energy at environmental conditions: AG = AG® + RTIn(a%a%)/(afal)

Conditions:
25°C, H3S(qq) = 100 uM, 504(aq) =28 mM, pH = 7.5, liquid water and solid phase set to 1, assume [] = activity

AG =120.5 + (8.314 x 103)(298)In(aj s Asosaf+) = - 42.5 ki mol?
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Disproportionation, sometimes called dismutation, is a redox reaction in which a compound of intermediate oxidation state converts to two different compounds, one of higher and one of lower oxidation states


Equilibrium:

Barring kinetic barriers (which can be significant) favorable (i.e., AG°<0) will continue until the distribution
of reacting components reaches equilibrium.

General Reaction: aA+ bB €-> cC +dD

We define the distribution of chemical species at equilibrium as:
Keq — (ag‘ag )/(a,fllalg)

Substitute in Gibbs free energy under non-standard conditions:
AG®°= RTInK,,

Rearrange to calculate equilibrium constants for AG®:
InK,, =- AG°/RT
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Substitute in your Gibbs free energy under environmental conditions equation


Gas Solubility and Henry’s Law

"At a constant temperature, the amount of a given gas
that dissolves in a given type and volume of liquid is
directly proportional to the partial pressure of that gas in
equilibrium with that liquid.”

Caq)i = PiKni

Ciaqyi 'S the concentration of the gas (M)

P; is the partial pressure of the gas (atm)

Ky; is the Henry’s Law constant (M atm-t)

Table 3.2 Henry's law constants (Kxy, Matm ), salting out coefficient (k;) and
heats of solution (AH ) for some gases of biological interest at 25°C

Gas Ky k; (kJ mol ") AH .,
CO,* 34 % 102 0.095 19.6
NH, 5.7 % 10!

H-S 1.0 % 10! 0.02

N, 6.5 % 10°* 0.131 8.8
0, 13 % 107 0.122 12.5
CO 9.6 x 10°* 0.134 15.9
CH, 13 %107 0.092 13.4
NO, 1.0 x 102

NO 1.9 x 107 11.3
N-O 2.5 x 1072 20.1
H-0, 1.0 x 10°

0, 94 x 10°°

H 78 % 10°* 1.3
“'[_'.'lL','l:._.JI $ H:D.:_,. “» H:E.’(’J_:._;L;._

Data from Stumm and Morgen (1996) and Millero (1996).
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Other things to think about:

lons interact — that is the electrostatic forces between individual ions can be attractive (different charges) or
repulsive (same charges).

The net result is always attractive — 1ons hold each other!
This restricts their ability to take part in reactions in aqueous systems.

For charged species, concentration (the total amount present in solution, given by [x] or Ci) is almost always an
overestimate of reaction potential — that is the amount free and available for a reaction.

At low concentrations we can ignore this, but at higher concentrations these interactions begin to matter.
Activity (a;) = Effective amount (less than total)

Dilute Solution: a; = Ci
Concentrated Solution (like seawater): a;< Ci
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These notes come from: http://ocean.stanford.edu/courses/bomc/chem/lecture_02.pdf



So what does this practically mean?

The ionic strength (i.e., the measure of the concentration of ions in that solution) is important to
understanding why we observe certain phenomena related to substances dissolving in seawater.

“Salting Out” of Gases as lonic Strength increases
J ’ Cagyi = PiKni

320

~ 57 uM change : i ..
Ciaq)i replace with activity coefficient

Dissolved Oxygen Concentration

0 5 10 15 20 25
Salinity

Temperature held at 18 °C
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In concentrated solutions, those w/ high ionic strength, concentration should be replaced w/ ai (activity). 
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Combined temp and salinity figure from: http://www.fondriest.com/environmental-measurements/parameters/water-quality/dissolved-oxygen/



	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24

