Exam 1 — Fall 2018
BCH 341 - Physical Chemistry with a Biological Focus
Professor Jeff Yarger

Aug 26-28, 2018
DUE Tuesday, Aug 28, 2018 by 11:59 PM (UTC-7). Turn in completed exam as a single PDF document into the
assignment link on ASU Canvas. Please make sure the completed exam is organized, self-contained and legible.

Name: (as recorded on ASU Canvas)

ASU Email: ASU ID:

There are 6 multiple-choice questions and 6 numerical problems. Pick 5 multiple-choice questions and 5
numerical problems to work on this examination, for a total of 10 questions. The exam is worth a total of
100 points. Each multiple-choice question is worth 5 points and each numerical problem is worth 15
points. Please record your answers in the summary area on this first page of the exam. IF you do provide
more than 5 answers on the multiple-choice section, then the first 5 answered will be graded. Please
completely fill in ONE bubble per multiple choice question and fill in the blank with the numerical
answer(s) and the associated units in the spaces below for the numerical problems (write N/A, if there is
not a numerical answer associated with a specific problem).
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7. (A) 0.39-0.45 GPa (0°C-500°C), (B) No Numerical Problem Points (75 possible): 75
(Answer 5 of the 6 questions)

8. (A) g = —36.6 k] (glucose), (B) g = —30.9 kJ (galactose)

9. (A)AH{,, = +4.45 kJ / moi (butene), (B) 1,2-dichloroethylene, (C) t-butyl-ethene

10. fat releases more energy than sugar... by ~ factor of 2.

11. ~0.1°C to 0.3 °C (depending on body weight and heat capacity used).

12. Not numeric answer.

Total Points (100 possible):



1. State the condition(s) under which the following equation can be applied: AH = T AS

a) Constant Pressure

b) Reversible Process

c) Constant Temperature
d) None of the above (a-c)
e) All of the above (a-c)

2. Calculate the molar heat capacity of methane (CHs) computationally (http:/molcalc.org/ or some

similar ab initio computational chemistry program) at standard temperature and pressure (STP). What

molecular ‘degree of freedom’ contributes the most to the total heat capacity of methane at STP?

a) Vibrational

b) Rotational

c¢) Translational

d) None contribute

e) All contribute equally

3. Estimate (or calculate) the change in enthalpy (AH) of the process of carbon dioxide gas (CO2 (g))
expanding from an initial volume of 20.0 liters at a temperature of 25°C to a final volume of 25.0 liters
at a temperature of 100°C. Assume the gas obeys the idea gas equation of state under these conditions

and that the gas is expanding under constant pressure conditions.

a) 0 kJ/mol
b) -1.6 kJ/mol
¢) 1.6 kJ/mol
d) -2.5 kJ/mol
e) 2.5 kJ/mol
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4. The melting of ice (H20 (s)) at 0°C and 1 atm is

a) Endothermic
b) Exothermic

c) Isoenthalpic
d) Zero

e) none of the above

5. Which of the following combinations of conditions most influences a gas to behave ideally?
(i.e., follow the ideal gas equation of state, PV=NRT)

a) low pressure and low temperature
b) high pressure and low temperature
c) low pressure and high temperature

d) high pressure and high temperature

6. Predict whether the change in entropy (AS) is positive, negative or near zero for the hydrolysis of the
dipeptide glycylglycine (Gly-Gly) at 5°C.

a) Positive
b) Negative
c¢) Near Zero
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7. The shells of many marine organisms contain CaCOs (s), largely in the crystalline form known as
calcite. There is a second crystalline form of CaCOs (s) know as aragonite. (A) Based on known
thermodynamic and physical properties of these two crystalline forms, what conditions (pressures and
temperatures) are required to make the direct conversion from calcite to aragonite spontaneous? (B) Are
there any known places in the ocean where the aragonite crystalline form of CaCOjs (s) would be expected
to be the stable phase? [Report pressures in gigapascal, GPa, and temperatures in degrees Celsius (°C).
Put a box around your Temperature-Pressure conditions for part-A]

+1 pt

* Ref TinOCO Chp 3, PrOblem 15. fiopsriesatzoB R (calcite) (aragonite)
AH® (k) mol ") —1206.87 -1207.04
(A) CaCoOs (Calcite) — CaCOs3 (Aragonite) T\“.<;J,::u‘..m|l ") —113::.:: —nil :(1)
+1 pt AGYogx = AG29gx (ATagonite) — AGSogk (Calcite) ‘m”"‘(“' ‘1' e petn o
e ——————————————————————————— —_— p
= k] k] 5 : nc'ens:\g Tem;‘):mlmc‘(GC] _:0 "
AGSoex = —1127.719/ — (—1128.79 /mol) T
500 | /-'/ {
k
AGosy = 108"/ +5 pts -
dG = VdP — SdT + z wdN, g |
i l 2500
dG = VdP (constant T and N) -
AG = VAP 3500 &= Al
ArG(Pz) - ArG(Pl) = ArV(Pz-Pl) “oi 3

ANV(P2-P1) = AG(P2) - AG(P1) = 0 kJ — 1.08x103 J = -2.7731x106 m? (P, — 100,000 Pa)

P> =3.9x10% Pa = 0.39 GPa (or 3.9 kbar) at room temperature (298 K or 25°C)

This pressure corresponds to a depth of around 40,000 meters +5 pts
(http://docs.bluerobotics.com/calc/pressure-depth/)
This is way deeper than the oceans on earth exist.

As can be seen by the Temperature vs. Depth plot, at increasing depth, which corresponds to increasing
pressure, we will generally have colder temperatures. Hence, instead of room temperature we can more
accurately look at this transition at closer to 0°C.

With Cp values for both calcite and aragonite, you can calculate the AG at 0°C. However, the similar heat
capacities and small temperature change indicates that this will NOT make much of an effect on the
resulting pressure for the equilibrium phase transition between calcite and aragonite. Basically, il will
stay about the same, ~0.4 GPa.

What about high temperatures? There do exist hydrothermal vents at significant depth in the ocean.
Maybe this gets to conditions for this transformation to take place. About the hottest hydrothermal vent
know is around 500°C. So, lets determine what pressure one can convert calcite to aragonite at 500°C.
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+1 pt

AfG (calcite, 0°C) = AH (0°C) — T AfS (0°C)

AfG (aragonite, 0°C) = AfH (0°C) — T AsS (0°C)
This can be done explicitly or through AC, (aragonite-calcite)
=-0.63 J/Kmol
0.00068 kJ/mol difference (so very small)

k
MG =108/

+1 pt

AfG (calcite, 500°C) = AfH (500°C) — T A¢S (500°C) =
AfG (aragonite, 500°C) = AH (500°C) — T AsS (500°C) =

da

0.16455 kJ/mol difference

k
A£G =124/

= VdP (constant T and N)

AG = VAP

AG(P2) - AG(P1) = AV(P2-P)

+5 pts

8 T ' T I T I T I T
Kerley, 89
6 —
08
o
o
G 4 —
a
- Aragonite 4
/ \
Py ;‘rluang&williﬂg‘
Calcite :’ Calcite
- (solid) (liquid)
o T T Y. TR S
0 2500

field of decomposition

AV(P2-P1) = AG(P2) - AG(P1) = 0 kJ — 1.24x10° J = -2.7731x10° m? (P, — 100,000 Pa)

P, = 4.5x10% Pa = 0.45 GPa (or 4.5 kbar) at room temperature (773 K or 500°C)

(B) NO

+5 pts

Nucleation of metastable aragonite CaCOj3 in seawater

Sun®, aman Jay

*Department of Materials Science and

Institute of

®, Wei Chen®, Kristin A. Persson®, and Gerbrand Ceder™'

Cambridge, MA 02139; and “Environmental Energy Technologies

Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

Edited by David A. Weitz, Harvard University, Cambridge, MA, and approved February 10, 2015 (received for review December 15, 2014)

icting the ¢ iti in which a adopts a meta-
stable strudure when it (rystalllzs out of solution is an unsolved
and problem in is, and one which, if

understood and harnessed, could enable the rational design of
synthesis pathways toward or away from metastable structures.

[« i of phases is i y ible via
low temperamm solution-based routes, such as chimie douce and
is, but the chemistry of the solu-

tion plays a crucial role in governing which polymorph forms, how
it does so is poorly understood. Here, we demonstrate an ab initio

to quantify of surfaces and
bulks in equilibrium with an aqueous env:ronment enabling the
ion of ion barriers of as

a function of solution chemistry, thereby pnd»ctmg the solution
conditions governing polymorph selection. We apply this approach
to resolve the long-standing “calcite-aragonite problem”—the ob-
servation that calcium carbonate precipitates as the metastable ara-
gonite polymorph in marine environments, rather than the stable
phase calcite—which i s of to
tion, carbon y. and the
ity of marine life to ocean acidification. We identify a direct
relationship between the calcite surface energy and solution Mg-Ca
ion concentrations, showing that the calcite nucleation barrier sur-
passes that of metastable aragonite in solutions with Mg:Ca ratios
i with modern allowing iteto i
the kinetics of nucleat-on Our ability to quantify how solution
v hs marks an important
step toward the ab initio prediction of materials synthesis path-
ways in solution.

nucleation | calcium carbonate | polymorphism | surface energy

A
AG x5, 8]
(=RTIna)"

where 7 is the surface energy of the nucleus in the medium, and o
is the supersaturation (10, 11). The steady-state nucleation rate
depends exponentially on this nucleation barrier, so minor differ-
ences in surface energy between polymorphs can correspond to
orders of magnitude differences in nucleation rates, which can
ially comp for bulk me bility. Quantifying how
solution environments modify the relative surface energies be-
tween competing polymorphs is therefore foundational to pre-
dicting synthesis pathways toward polymorphs with desired
materials properties.
Recent high-resolution in situ microscopy techniques have yielded
d ob of dynamics between com-
peting polymorphs (12, 13), and molecular dynamics simulations
of nudeation have identified structural motifs of bulk metastable
S for Lennard-Jones solids (14) and
ergy of nuclei in solution, and more
subtly, the change of surface energy with solution chemistry, has
remained inaccessible. In this paper, we use an ab initio thermo-
dynamic framework to directly relate solution chemistry to both the
bulk solubility and surface energies of nudlei, allowing us to quantify
and compare nucleation rates (Eq. 1) between competing poly-
morphs under varying solution parameters, thereby determining
polymorph selection as a function of predipitation conditions.
We demonstrate the effectiveness of our approach by resolving
one of the oldest ples of crystalline me bility—the pre-
cipitation of the aragonite polymorph of calcum carbonate in

www.pnas.org/cgi/doi/10.1073/pnas.1423898112
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8. Alcoholic fermentation by microorganisms typically involves the breakdown of glucose into ethanol
and carbon dioxide by the reaction

CsH1206 (s) = 2 CO2 (g) + 2 C2H50H (/)

Controlling the temperature and pressure conditions of this reaction is critical in most alcoholic
fermentation processes. Hence, being able to estimate how much heat is absorbed or liberated in this
process is extremely important. (A) Calculate the amount of heat (¢) liberated (or adsorbed) in a yeast
brew upon fermentation of 100 g of glucose at 25°C and a pressure of 1 bar (STP). (B) There are numerous
‘simple sugars’ (monosaccharides) that can be substituted in place of glucose in this fermentation process.
Assuming any monosaccharide can be catalytically broken down into ethanol and carbon dioxide in a
similar manner as glucose (microorganisms), suggest an alternative monosaccharide to glucose if the goal
is to reduce the amount of heat liberated during the alcoholic fermentation process, and where the starting
amount of material (sugar) is always 100 grams. Show the calculations of heat (¢) in support of your
suggestion for a new monosaccharide to use in this new reduced heat liberation process.
[Express your answers for heat in units of kilojoules, kJ. Put a box around your numerical answers and
the chemical formula, name and structure of your proposed monosaccharide alternative]

Tinoco Chp 2, Problem 22

& Quiz

& Practice Exam from Spring 2018

+1 pt

This can be assumed to be performed at constant pressure so, dH = dg
qp = AH = 2AHP (EtOH, 1) + 2AH (CO,, g) — AHR (glucose, s)

= 2(—267.98) + 2(—393.51) — (—1274.4) = —66.6 k]/mol

+1 pt

100g glucose / 180.156 g/mol = 0.555 mol

+5 pts
4y = —66.6"/ (0555 mol) = —36.6 kJ (glucose) .

(B) C3HeOs3(s) > 1 CO2(g) + C:HsOH (/) | +1 pt

qp = AH = AHP (EtOH, 1) + AHP (CO,, g) — AHP (dihydroxyacetone,s) | +1 pt
= (—267.98) + (—393.51) — (—601.99) = —59.5 k]/mol

100g dihydroxyacetone / 90.08 g/mol = 1.11 mol | T1pt
gy = -595//  (1.11mol) = —66.1 k] (dihydroxyacetone)

e So it liberates more heat. This is common for ‘smaller’ monosaccharides (even though I have
not calculated them all, and it is possible one liberates less heat... but unlikely).

+5 pts

The easiest solution is another hexose with a more negative heat of formation, like Galactose.

qp = AH = 2AHP (EtOH, 1) + 2AH (CO,, g) — AHR (galactose, s) 12 pts
= 2(—267.98) + 2(—393.51) — (—1285.4) = —55.6 kf/mol

100g galactose / 180.156 g/mol = 0.555 mol
gp = —55.6"// (0,555 mol) = —30.9 kJ (galactose)

+5 pts

e So galactose liberates less heat.
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9. Determine the standard enthalpies (energies) of gaseous trams-2-butene and cis-2-butene using a
computational chemistry program (e.g., http://molcalc.org/ or any other ab initio computational chemistry
package you want to use). (A) Calculate the thermodynamic enthalpy attributed to the steric repulsion in
the cis compound relative to the trans compound (i.e., enthalpy of isomerism, AH;s0). Replace the methyl
groups with several common functional groups, atoms or molecular moieties (R-groups) to (B) minimize
and (C) maximize the AH;,. [Report all enthalpies (AH) in kJ/mol. Put a box around your numerical
answers (AH) and the chemical formula, name and structure of your proposed cis and trans compounds
that (B) minimize and (C) maximize the enthalpy of isomerism]
Tinoco Chp 2, Problem 35

(A)Using Molcalc:

)uj S f% +2 pts
J 9 ’ >

-14.85 kJ/mol -10.40 kJ/mol (MolCalc STP Heat of Formation)

AHf, (cis — trans) = AHf (trans) — AHR (cis) = —10.40 — (—14.85) = —4.45 k]/

mol
AHG, (trans — cis) = AHf (cis) — AHf (trans) = —14.85 — (—10.40) = 4.45 k]/mol
AHZ, = 4458/ s
(B) Using Molcalc:
C L & C
16.68 kJ/mol 14.89 kJ/mol s
k 9 pts

e H, Cl are R-groups that would have a smaller AHiso, but there are probably lots more.
e The example shown is 1,2-dichloroethylene

(C) Using Molcalc:

94.23 kJ/mol 78.71 kJ/mol

AHZ, = +1552M/

e T-butyl, F, OH, CF3, PH; are the R-groups that would have a smaller AHis,, but there are probably
lots more.
e The example shown is 1,2-diphosphine-ethylene

+5 pts
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10. The thermodynamic properties of foods can be discussed in terms of the enthalpy of combustion per
gram of food. Do you get more energy from the metabolism of one gram of ‘sugar’ or one gram of ‘fat’?
Answer this question quantitatively and with as much thermodynamic detail as possible. Use two of the
following three methods to quantify your answer: (A) arithmetic method, (B) calorimetry, and/or (C)
computational. The best way to quantitatively answer this question is to pick a simple ‘sugar’ and a
simple ‘fat’ and perform exact thermodynamic calculations of the change in energy when undergoing
‘metabolism’ (or an idealized chemical reaction that represents metabolism).

[Report all thermodynamic values in SI units. Underline all assumptions and put a box around the
calculated thermodynamic energies]

TanCO Chp 2’ Problem 21 TABLE 2.3 Averagnd Dissociation Energies at 25°C — Averag:::do:a)nergies
=" 259 Single Bonds
Sugar: Glucose (CsH120s) — 180.156 g/mol | T2 Pts e o T
Fat: Lauric Acid (Ci2H2402) —200.32 g/mol e o G
Combustion Rxn: et g SEe
CsH1206 (s) T 6 O2(g) > 6 CO2(g) +6 H20O (g) g:: 12; E21ET
Ci2H2402 (s) + 17 02 (g) — 12 CO2 (g) + 12 H20 (g) e e S e
NIST WebBook & Wikipedia +5 pts . i gzo zzg
AH_. (Glucose) = -2805 kJ/mol (-15.6 kJ/g)
AHC (LauI'IC ACld) = '7377 kJ/l’l’lOl ('36.8 kJ/g) Double Bonds
(A) Arithmetic method §=§ g?g
Bond Energies, Dissociation energies — Table 2.3 (Tinoco) & || o

AH. (Glucose) = [6(0=0) + (5(C-C) + 5(0-H) + 7(C-H) + 7(C-0))] - [12(C=0) + _
2P | 120-H))

= [6(498 kJ/mol)+(5(359 kJ/mol)+5(452 kJ/mol)+7(411 kJ/mol)+7(361 kJ/mol))] -
[12(709 kJ/mol)+12(452 kJ/mol)]
AH. (Glucose) = - 1483 kJ/mol = -8.2 kl/g

AH. (Lauric Acid) =[17(0=0) + (11(C-C) + 1(O-H) + 23(C-H) + (C-O) + (C=0)] - [24(C=0)
+ 24(0-H)]

= [17(498 kJ/mol)+(11(359 kJ/mol)+(452 kJ/mol)+23(411 kJ/mol)+(361 kJ/mol)+(709 kJ/mol)]
- [24(709 kJ/mol)+24(452 kJ/mol)]

AH. (Lauric Acid) = - 4474 kJ/mol = -22.3 kJ/g

Bond Energies, Dissociation energies — AGAIN using Avg Bond Energies Table

AH. (Glucose) = [6(498 kJ/mol) + (5(348 kJ/mol) + 5(470 kJ/mol) + 7(414 kJ/mol) + 7(352
kJ/mol))] - [12(800 kJ/mol) + 12(470 kJ/mol)]

AHc (Glucose) = - 2800 kJ/mol = -15.5 kJ/g

AHc (Lauric Acid) = [17(498 kJ/mol) + (11(348 kJ/mol) + (470 kJ/mol) + 23(414 kJ/mol) + (352
kJ/mol) + (800 kJ/mol)] - [24(800 kJ/mol) + 24(470 kJ/mol)]
AH. (Lauric Acid) = - 7042 kJ/mol = -35.2 kJ/g +5 pts

e http://sci-culture.com/chemistry/calculate enthalpy.php
e Either arithmetic method shows that Lauric Acid (fat) releases more energy than Glucose (sugar).
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(B) Calorimetry

Using Simulated Bomb Calorimeter (http://web.mst.edu/~gbert/cal/cal.html)

f(final) = 25,727 Slucose

toc

St ot B R

—v—v—v—|—|-’-r—

1.0834
sample weight

24.2
water temp

237
room temp

0.0296
wire before

0.0275

S
€2 (ime (min)

(sugar).

R LTS

t(final) = 27.451 lauric acid

1.0128
sample weight

242
water temp

24.7
room temp

0.0208

t(init) = 24.206 wire before

0.0178
wire after

wire after

ignite sample

Loy
15

S
% time (min)

g e O B O
10 15

+5 pts

You can tell just from the rate of the AT, that Lauric Acid (fat) releases more energy than Glucose

Exact Calculation is explained on website and requires Benzoic Acid Calibration to get the

‘calorimeter constant’.
+5 pts
benzoic acid 1.0123
t(final) = 26.557 sample weight
300 —
- 241
285 water temp
t% [ 23.1
270 — room temp
B i . 0.0216
255 t(init) = 24.093 wire befare
240_J e J"iL-L-L—L—l R B N e o
Yo 5 10 15 wWire arier
- = time {(min)

ignite sample

If you do an exact calculation, you get values similar to the ideal values:

AHc¢ (Glucose) = -2800 kJ/mol (-15

SklJ/g)
AH. (Lauric Acid) = -7400 kJ/mol (-36.9 kJ/g)

+5 pts
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(C) Computational

e Computational thermochemistry methods are covered at:

https://biopchem.education/biopchem/courses/asu-bch-341-fall-2018/computational-biopchem/

e ASU has a site license for Gaussian 09 and 16 (and Gaussview 5 and 6) for linux and mac os. This

is the commercial package I use most often. I also have some videos on using this package at:

o https://www.youtube.com/user/PchemlLab

o https://www.youtube.com/watch?v=An35qX0fX7Q&t=4s

Octanoic acid

Molecule | Thermodynamics  Molecular Orbitals | Vibrational Frequenci

+5 pts

ies | Polarity and Solvation

Thermodynamics at 298.15 K and standard pressure

Enthalpy

Translational 6.20

Rotational 372

Vibrational 627.93

Total (Trans. + Rot. + Vib.) 637.84

Heat Capacity at Constant Pressure

Property Value

Translational 20.79

Rotational 12.47

Vibrational 157.09

Total (Trans. + Rot. + Vib.) 190.35

Unit

K mol

K mol

K molt

K mol

Unit

Imolt K1

Jmolt Kkt

Jmorl Kt

I mol k-1

Translational

Rotational

Vibrational

Total (Trans. + Rot. + Vib.)

Property

Heat of Formation

Entropy

Value

170.74

129.13

173.74

473.60

Other Properties

Value

-556.89

Ribose Heat of Formation (molcalc): -900.36 kJ/mol
e For comparison (AHs (glucose) = -1273 kJ/mol and AH¢ (lauric acid) = -775 kJ/mol
e The exact AH. can be calculated by also using molcalc to get the heat of formation of CO> and H>O,

then using the combustion balanced equation to determine.

Caprylic Acid (fat) releases more energy than ribose (sugar).

Unit

I molt K1

I mol1 K1

Imol K1

I mol K1

K mot!

For simplicity molcalc is more commonly used by students. However, it is limited on the number
of atoms in the molecule and cannot run glucose or lauric acid. Instead we need to use smaller sugar
and fat molecules. e.g. Caprylic Acid (fat) and Ribose (sugar)

+5 pts

+2 pts

Students exams can be graded by reproducing their molcalc (computational) results and

associated calculations.
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11. Adenosine triphosphate (ATP) is a complex organic molecule that provides energy to drive many
processes in living cells, often referred to as the ‘molecular unit of currency’ of intracellar energy transfer.
When consumed, ATP converts either to adenosine diphosphate (ADP) or to adenosine monophosphate
(AMP). A person will typically use a kilogram (1 kg) of ATP per hour or more. So, to get an idea of
how much energy this can transfer, estimate the following: If all the energy from the hydrolysis of 1 kg

of ATP into ADP was used to heat up your body, how much would your temperature increase?

[Report the temperature increase in degrees Celsius. Underline all assumptions and put a box around your

final answer]

Tinoco Chp 2, Problem 31

In humans, approximately 60% of the energy released from the
hydrolysis of ATP produces metabolic heat rather than fuel the actual

reactions taking place. We are going to assume 100% for this

+5 pts

Reaction AG® (kJ/mol) AH° (kJ/mol)
ATP+H,0 = ADP+P; —32.48 —30.88
ADP+H,0 = AMP +P; —32.80 —28.86
AMP +H,0 = adenosine +P; -13.55 -122
2 ADP = ATP + AMP —-0.31 +2.02
G6P +H,0 = Glu+P; -11.61 —0.50
ATP +Glu = ADP + G6P —20.87 -30.39

Data from R. A. Alberty, Arch. Biochem. Biophys. 353, 116 (1998).

problem (as the maximum amount of heat we could get from this chemical process. Also, the energy
change (and heat) due to ATP hydrolysis depends upon the concentrations of the various participants in
the reaction and physiological conditions. But we are going to use -30.88 kJ/mol (but it can vary between
-20 and -70 kJ/mol, which is a very large variation and interesting to read about why!).

1000.0 g ATP / 507.18 g/mol = 1.97 mol of ATP +5 pts

So, -30.88 kJ/mol * 1.978 mol = -60.89 kJ of heat

The average specific heat capacity of a human body is approximately 3500 J/(kg.K) at normal conditions. The
average body mass globally is ~62 kg. So,

0.3°C.... So, not a lot every hour.

_AH 60.89k]

 (62kg) 35 “ gk
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12. Find and read a paper in the scientific literature that sounds interesting to you. It needs to be a
scientific paper in which common thermodynamic parameters (i.e., AH, AS, AG, or C,, ...) have been
measured or computed. (A) Record the reference (citation) to this scientific paper. (B) Summarize the
purpose of the paper and why it was worthwhile in one paragraph. (C) List the thermodynamic
parameters determined and what methods were used to measure or compute the thermodynamics
presented in the paper.

Tinoco Chp 1, Problem 2 Nucleatlon of metastable aragonite CaCO; in seawater

hao Sun®, aman Jay 3 Wei Chen®, Kristin A. Persson®, and Gerbrand Ceder®'

*Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139; and “Environmental Energy Technologies

Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

l<. Edited by David A. Weitz, Harvard University, Cambridge, MA, and approved February 10, 2015 (received for review December 15, 2014)
' Predicting the in which a pound adopts a meta- 7

/| stable structure when it crystallizes out of solution is an unsolved AG. x RTIno? 1
n and fundamental problem in materials synthesis, and one which, if (= na)

understood and harnessed, could enable the rational design of
synthesis pathways toward or away from metastable structures.
Crystallization of metastable phases is particularly accessible via
low-temperature solution-based routes, such as chimie douce and
hydrothermal synthesis, but although the chemistry of the solu-
tion plays a crucial role in governing whkh polymorph forms, how
it does sois poorly Here, we d an ab initio

where y is the surface energy of the nucleus in the medium, and o
is the supersaturation (10, 11). The steady-state nucleation rate
depends exponentially on this nucleation barrier, so minor differ-
ences in surface energy between polymorphs can correspond to
orders of magnitude differences in nucleation rates, which can
potentially compensate for bulk metastability. Quantifying how

ify thermody ic p of surfacesand  solution environments modify the relative surface energies be-
bulks i in equnllbnum with an aqueous envnronment enabllng the tween competing polymorphs is therefore foundational to pre-
of leation barriers of P hs as  dicting synthesis pathways toward polymorphs with desired

a function of solution chemistry, thereby pmdlctmg the solution
conditions governing polymorph selection. We apply this approach
to resolve the long-standing (akrte—aragomw problem”—the ob-
servation that calcium as the ara-

materials properties.

Recent high-resolution in situ microscopy techniques have yielded
unprecedented observations of nudeation dynamics between com-
peting polymorphs (12, 13), and molecular dynamics simulations

gonite polymorph in marine envwonments rather than the stable ¢ qjcation have identified structural motifs of bulk metastable
:::’(;1';?"_“”""‘ is of . an‘: e phases on the surfaces of nuclei for Lennard-Jones solids (14) and

ity of marine life to ocean acidification. We identify a direct
relationship between the calcite surface energy and solution Mg-Ca
ion concentrations, showing that the cakite nucleation barrier sur-
passes thatof i in luti wrth Mg:Ca ratbos
consistent with modern i to
the kinetics of nu:leatbon Our abllrty to quanhfy how solution
hs marks an important
step toward the ab initio prediction of materials synthesis path-
ways in solution.

nucleation | calcium carbonate | polymorphism | surface energy

ice (15). However, the surface energy of nuclei in solution, and more
subtly, the change of surface energy with solution chemistry, has
remained inaccessible. In this paper, we use an ab initio thermo-
dynamic framework to directly relate solution chemistry to both the
bulk solubility and surface energies of nuclei, allowing us to quantify
and compare nucleation rates (Eq. 1) between competing poly-
morphs under varying solution parameters, thereby determining
polymorph selection as a function of precipitation conditions.
We demonstrate the effectiveness of our approach by resolving
one of the oldest examples of crystalline metastability—the pre-

cipitation of the aragonite polymorph of caldum carbonate in

(A) Sun, Wenhao; Jayaraman, Saivenkataraman; Chen, Wei; Persson, Kristin; Ceder, Gerbrand.
Nucleation of Metastable Aragonite CaCOs in Seawater, Proceedings of the National Academy of
Sciences of the United States of America, 112(11), 3199-3204 (2015).

Or +5 pts

Sun, W., Jayaraman, S., Chen, W., Persson, K., Ceder, G., PNAS USA, 112(11), 3199-3204
(2015).

(B) The common occurrence in natural environments of CaCOs polymorphs has long been noted and
is very important in biology, geology and the interface of these two fields. Also, ocean acidification
and the dissolution of CaCOs could play a huge role in changing the earth’s oceans and marine
life. Therefore, a complete understanding of the thermodynamics in CaCOs is critical. One
important ‘problem’ has been the observation of natural environmental aragonite phase of CaCOs
found in oceans, where to the best of our thermodynamic understanding, it is not the expected or
stable phase. In spite of an early recognition that the occurrence and persistence of these
coexisting solid phases (Calcite and Aragonite) is anomalous, the explanation of the phenomenon
has remained remarkably elusive. The ability of this PNAS paper to identify a direct relationship
between the calcite thermodynamic surface energy and solutions Mg-Ca ion concentrations,
showing that the calcite nucleation barrier surpasses that of aragonite in solutions with Mg:Ca
ratios found in seawater, allowing aragonite to dominate the kinetics of nucleation. The ability to
quantify how solution parameters distinguish between polymorphs marks an important step toward
the thermodynamic prediction pathways in solution for this process.

+5 pts
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(C) Density Functional Theory (DFT) using VASP was used for all thermodynamic calculations. The
primary thermodynamic parameters plotted, determined and calculated where CaCOs3 polymorphs
(Calcite and Aragonite) AG, Equilibrium Constants (K), Surface Energy (y) and Ksp (solubility
constants). All four figures in this paper are plots of thermodynamic parameters associated with
CaCOs polymorphs (Calcite and Aragonite).
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correspond to uncertainties in the experimental log,o K9 = 7.8 +0.3. 51 0% Mg 05
S o4 i~
@ 2
S &
£ 035 04
S
"
@
S o
K
el
]
z

33 20 12 7 45 27 10810ls) 025 Aragonite
02
B B 2 1 6 8 10 12
0.35 PRI EaKite e s 2 Mole Percent MgCO; in Calcite
10
® Mg-Calcite, Mg/Ca=1.8 Fig. 2. (A) Predicted equilibrium solubility product of Mg-calcite. Dashed
0.3 15 lines correspond to different reference states for the aqueous ion formation

energies (S/ Appendix, section S.1.5). (B) Morphology-averaged surface en-
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calcite nucleation upon Mg uptake is primarily due to an increase in the £
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Fig. 4. Kinetic phase diagram of the relative nucleation rate between cal-
cite and aragonite (color-coded) as a function of solution Mg:Ca ratio and
the supersaturation. For Mg:Ca = 5.2 (modern seawater) only aragonite is
preferred to nucleate. Concurrent nucleation of calcite and aragonite occurs
for a broad span of supersaturations near Mg:Ca = 2.

Page 13



