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C-01

Distinguishing Aliphatic vs Aromatic Hydrocarbons:
Mechanism & Resonance

Organic Mechanisms & Aromaticity

20 Marks Total

OFFICIAL PROBLEM STATEMENT

How would you chemically and mechanistically distinguish between an aliphatic hydrocarbon (e.g. cyclohexene)
and an aromatic hydrocarbon (e.g. benzene)?

a) Outline two diagnostic laboratory chemical tests (bromine in  and Bayer's reagent) and describe
observations for both substrates.
b) Contrast the mechanism of electrophilic addition ( ) in alkenes with electrophilic aromatic substitution (

) in benzene.
c) Use Hückel's  rule and resonance energy thermodynamics to explain why benzene undergoes
substitution rather than addition.

Step 1: Diagnostic Laboratory Tests (Part a)

**1. Bromine in Carbon Tetrachloride Test (  or ):**
- *Aliphatic Alkene (Cyclohexene):* Rapidly decolorizes the reddish-brown bromine solution at room temperature without the
evolution of hydrogen bromide gas:

- *Aromatic (Benzene):* Fails to decolorize the reddish-brown bromine solution under identical conditions. Reaction occurs only in the
presence of a strong Lewis acid catalyst (e.g. ), yielding bromobenzene with the evolution of acidic  gas (fuming with
moist litmus).

**2. Bayer's Test (Cold Alkaline ):**
- *Aliphatic Alkene (Cyclohexene):* Readily decolorizes the purple  solution with the immediate precipitation of a dark brown
manganese dioxide ( ) solid, yielding *cis*-cyclohexane-1,2-diol via syn-dihydroxylation:

- *Aromatic (Benzene):* Completely resistant to cold or hot alkaline ; the solution remains intensely purple indefinitely.

Step 2: Mechanistic Divergence: Addition vs Substitution (Part b)

**1. Alkene Electrophilic Addition ( ):**
The localized -electron density of cyclohexene attacks the electrophilic , forming a cyclic bromonium ion intermediate. In the
second step, bromide ion ( ) attacks the backside of one of the ring carbons, opening the three-membered ring to form the trans-
dibromo addition adduct.

**2. Electrophilic Aromatic Substitution ( ):**
Benzene requires generation of a powerful electrophile, such as  complexed as :
- *Step 1 (Rate-Determining Arenium Ion Formation):* A pair of -electrons from the aromatic ring attacks , generating an
**arenium ion** (Wheland intermediate / -complex). The ring loses aromaticity; the positive charge is delocalized over the ortho and
para positions across three resonance contributors:

- *Step 2 (Fast Deprotonation):* The weakly basic  abstracts the proton ( ) from the -hybridized carbon bearing the
bromine atom. The electron pair from the  bond collapses back into the ring, re-establishing the planar aromatic -electron
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sextet:

Step 3: Aromatic Resonance Energy & Thermodynamics (Part c)

Benzene has -electrons in a planar, fully conjugated cyclic system (  in Hückel's  rule), filling all three bonding
molecular orbitals ( ) with zero non-bonding or anti-bonding electrons.
This grants benzene a massive **resonance stabilization energy** of  ( ) relative to a hypothetical
localized 1,3,5-cyclohexatriene.
- If benzene underwent electrophilic addition of  to yield 5,6-dibromocyclohexa-1,3-diene, the aromaticity of the ring would be
permanently destroyed, resulting in an endothermic loss of  of resonance energy.
- In contrast, by undergoing substitution (loss of a proton in Step 2), the aromatic  sextet is completely regenerated, conserving the

 stabilization energy.
Thus, the huge thermodynamic activation barrier against permanent loss of aromaticity forces benzene to undergo substitution rather
than addition.

EXAMINER MARKING RUBRIC

Formulation of  and Bayer's  tests with distinct observations (Part a) 6 Marks

Detailed mechanism of Arenium ion ( -complex) resonance delocalization and proton abstraction (Part b) 8 Marks

Thermodynamic resonance stabilization energy ( ) and Hückel rule explanation (Part c) 6 Marks

OLYMPIAD INSIGHT

Electrophilic addition permanently destroys benzene's  resonance energy. Deprotonation in 
allows the Wheland intermediate to restore its aromatic sextet, driving substitution over addition.

COPYABLE LATEX SNIPPET

\text{Alkene: } \text{C}_6\text{H}_{10} + \text{Br}_2 \longrightarrow \text{trans-1,2-dibromocyclohexane (Decolorizatio
n)}\\
\text{Benzene: } \text{C}_6\text{H}_6 + \text{Br}^+ \xrightarrow{\text{slow}} [\text{C}_6\text{H}_6\text{Br}]^+ \xright
arrow{\text{fast, } -H^+} \text{C}_6\text{H}_5\text{Br}\\
\Delta H_{\text{resonance}} \approx 152\,\text{kJ/mol} \implies \text{Substitution preserves aromaticity, addition dest
roys it.}
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C-02

Intersecting Circles Coordinate Geometry & Enclosed
Triangle Perimeter

Coordinate Geometry & Analytic Geometry

20 Marks Total

OFFICIAL PROBLEM STATEMENT

Two intersecting circles with centers  and  have radii  and , respectively, and lie along a
common horizontal axis. Points  and  lie on the horizontal baseline such that  (leftmost point on
circle ) and  (rightmost point on circle ). Segments  and  are perpendicular radii to the
baseline (  and ) with  and . Triangle  encloses the
figures with vertices  and  on the baseline, and sides  passing through , and  passing through .

a) Set up a Cartesian coordinate system with origin at center  and derive the coordinates of points
 in terms of distance .

b) Derive the linear equations for line  (passing through  and ) and line  (passing through  and 
).
c) Find the intersection point  and compute the exact perimeter of triangle .

Step 1: Coordinate Assignment along the Diameter Axis (Part a)

Place center  of the left circle at origin . The horizontal baseline lies along the -axis ( ).
Given parameters:
- Center , radius .
- Radius  extends leftward along the -axis, so vertex .
- Perpendicular radius  extends vertically in the  direction ( ), so .
- Center  lies at distance  along the positive -axis:  with radius .
- From the official contest figure,  and  define the tangent geometry. For the circles to intersect with common internal tangents
and triangle enclosure, the distance between centers is .
- Then .
- Radius  extends rightward along the -axis, so vertex .
- Perpendicular radius  extends vertically in the  direction, so .

Step 2: Line Equations for Sides  and  (Part b)

**1. Line  (passing through  and ):**
The slope of line  is:

Using the point-slope form with -intercept :

**2. Line  (passing through  and ):**
The slope of line  is:

Using the point-slope form with :

Step 3: Intersection Vertex  & Perimeter Calculation (Part c)
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To find apex vertex , equate the two line equations:

Substitute  into either equation:

Thus, apex vertex  is located at .

**Triangle Side Lengths:**
1. Base :

2. Side  (from  to ):

3. Side  (from  to ):

Notice that , which proves that  is an isosceles right-angled triangle with
!

**Total Perimeter of :**

Using :

EXAMINER MARKING RUBRIC

Cartesian coordinate assignment for points  (Part a) 6 Marks

Derivation of linear equations  and  (Part b) 6 Marks

Intersection point , proof of right isosceles geometry, and exact perimeter  (Part c) 8 Marks

OLYMPIAD INSIGHT

Assigning analytic coordinates converts an intimidating multi-circle geometric configuration into two
orthogonal lines with slopes  and , immediately proving  is an isosceles right triangle.

COPYABLE LATEX SNIPPET

G(-5, 0), F(0, 5) \implies y = x + 5\\

C(7, 0), D(4, 3) \implies y = -x + 7\\
E = (1, 6), \quad GC = 12, \quad GE = CE = 6\sqrt{2}\\
\text{Perimeter} = 12 + 12\sqrt{2} = 12(1 + \sqrt{2}) \approx 28.97

E
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C-03

Thermodynamic Derivation of Delta G-knot = -RT
ln K

Chemical Thermodynamics & Equilibrium  20

Marks Total

OFFICIAL PROBLEM STATEMENT

Chemical equilibrium represents a state of minimum Gibbs free energy ( ) at constant temperature and
pressure.

a) Using the fundamental thermodynamic relation , derive the expression for the chemical
potential of an ideal gas: .
b) For a general reaction , derive the relation for reaction Gibbs energy: 

.
c) Apply the thermodynamic equilibrium condition to deduce , and explain the physical
significance when .

Step 1: Chemical Potential of an Ideal Gas (Part a)

At constant temperature ( ), the fundamental differential equation for Gibbs free energy simplifies to:

For one mole of an ideal gas, . The change in molar Gibbs energy (chemical potential ) between standard pressure 
 and pressure  is:

Integrating both sides:

For solutions, replacing partial pressure with thermodynamic activity  gives the general relation:

Step 2: Reaction Gibbs Free Energy  (Part b)

For a general chemical reaction written with stoichiometric coefficients  (negative for reactants, positive for products):

The reaction Gibbs energy is defined as the partial derivative of total Gibbs energy with respect to the extent of reaction  at constant
:

Substitute the chemical potential expression :
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Define the standard reaction Gibbs energy as  and use the property of logarithms :

The term  is the reaction quotient :

Step 3: The Equilibrium Limit  (Part c)

At dynamic chemical equilibrium, the Gibbs free energy of the system is at an absolute minimum with respect to reaction extent :

At this point, the reaction quotient  equals the thermodynamic equilibrium constant  ( ). Substituting these into the
equation:

Solving for :

**Physical Interpretation:**
- If  (exergonic): . The equilibrium mixture predominantly favors products at standard state.
- If  (endergonic): . The equilibrium mixture predominantly favors reactants.
- If : , reactants and products are equally balanced at standard state activities.

EXAMINER MARKING RUBRIC

Derivation of chemical potential  from  (Part a) 6 Marks

Formulation of  and derivation of  (Part b) 7 Marks

Equilibrium condition  to deduce  and energetic interpretation (Part c) 7 Marks

OLYMPIAD INSIGHT

 measures the instantaneous thermodynamic driving force under actual concentrations , whereas 
is a fixed benchmark constant measuring the inherent difference in standard chemical potentials.

COPYABLE LATEX SNIPPET

d\mu = V_m dP = \frac{RT}{P} dP \implies \mu_i = \mu_i^\circ + RT \ln(P_i/P^\circ)\\
\Delta_r G = \sum \nu_i \mu_i = \sum \nu_i \mu_i^\circ + RT \sum \nu_i \ln a_i = \Delta_r G^\circ + RT \ln Q\\
\text{At equilibrium, } \Delta_r G = 0, Q = K \implies \Delta_r G^\circ = -RT \ln K \iff K = e^{-\Delta_r G^\circ / RT}
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C-04

Integrated Rate Laws & The Arrhenius Activation Energy
Derivation

Chemical Kinetics & Reaction Rates  20

Marks Total

OFFICIAL PROBLEM STATEMENT

Consider a chemical reaction  with initial reactant concentration .

a) Using separation of variables, derive the integrated rate law and half-life expression  for:
1. Zero-order kinetics ( )
2. First-order kinetics ( )
3. Second-order kinetics ( )
b) Derive the two-point form of the Arrhenius equation relating rate constant  to absolute temperature .

Step 1: Zero-Order Reaction Kinetics

Differential rate law: . Separating variables with limits from  ( ) to  ( ):

At the half-life , :

Notice that zero-order half-life is directly proportional to initial concentration .

Step 2: First-Order Reaction Kinetics

Differential rate law: . Separating variables:

In exponential form: .
At half-life , :

First-order half-life is completely independent of initial reactant concentration .

Step 3: Second-Order Reaction Kinetics

Differential rate law: . Separating variables:

Rearranging: .

At half-life , :
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Second-order half-life is inversely proportional to initial concentration .

Step 4: Arrhenius Equation & Temperature Dependence (Part b)

The Arrhenius equation models the fraction of molecular collisions having kinetic energy greater than the activation energy :

where  is the pre-exponential frequency factor,  is the activation energy,  is the gas constant, and  is temperature in Kelvin.
Taking natural logarithm of both sides:

Evaluating at two different temperatures  and  with corresponding rate constants  and :

Subtracting the first equation from the second:

EXAMINER MARKING RUBRIC

Integration and half-life derivation for zero-order and first-order kinetics (Part a) 8 Marks

Integration and half-life derivation for second-order kinetics (Part a) 6 Marks

Logarithmic linearisation of Arrhenius equation and derivation of two-point formula (Part b) 6 Marks

OLYMPIAD INSIGHT

The mathematical dependence of half-life reveals reaction order instantly:  for order 0, 
for order 1, and  for order 2.

COPYABLE LATEX SNIPPET

\text{0th Order: } [A]_t = [A]_0 - k_0 t, \quad t_{1/2} = \frac{[A]_0}{2k_0}\\
\text{1st Order: } \ln[A]_t = \ln[A]_0 - k_1 t, \quad t_{1/2} = \frac{\ln 2}{k_1}\\
\text{2nd Order: } \frac{1}{[A]_t} = \frac{1}{[A]_0} + k_2 t, \quad t_{1/2} = \frac{1}{k_2 [A]_0}\\
\ln\left(\frac{k_2}{k_1}\right) = \frac{E_a}{R} \left(\frac{1}{T_1} - \frac{1}{T_2}\right)
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C-05

Buffer Capacity & The van Slyke Formula
Derivation

Acid-Base Equilibria & Analytical Chemistry  20

Marks Total

OFFICIAL PROBLEM STATEMENT

A buffer solution contains a weak acid  of dissociation constant  and its conjugate base , with total
buffer concentration .

a) Derive the Henderson-Hasselbalch equation: .

b) Define the van Slyke buffer index  (where  is the concentration of strong base added) and

derive its exact analytical expression in terms of , , and total concentration .
c) Prove that buffer capacity reaches its absolute mathematical maximum when , and compute

.

Step 1: Henderson-Hasselbalch Derivation (Part a)

The acid dissociation equilibrium is:

The equilibrium constant expression is:

Rearranging for :

Take the negative base-10 logarithm ( ) of both sides:

By definition,  and . Using :

Step 2: Derivation of the van Slyke Buffer Capacity Index  (Part b)

Consider the electroneutrality (charge balance) equation in a solution containing strong base  (contributing ), weak
acid , and water:

Using the acid dissociation relation, the fraction of buffer in conjugate base form is:

HA K ​a A−
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HA + H ​O ​2 H ​O +3
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[H ][A ]+ −

[H ]+
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+ − log ​K ​ −10 a log ​ ​10 (

[A ]−
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pH = − log ​[H ]10
+ pK ​ =a − log ​K10 a − log(x) = log(1/x)
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[A ]−
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β

BOH [B ] =+ C ​b
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[H ] ++ [B ] =+ [A ] +− [OH ] ⟹− C ​ =b [A ] +− [OH ] −− [H ]+

α ​ =A−
​ =

[HA] + [A ]−

[A ]−

​ ⟹
[H ] + K ​

+
a

K ​a [A ] =− C ​

[H ] + K ​

+
a

K ​a



Substitute  and  into the charge balance:

The buffer index is defined as . Using the chain rule :

Since :

Now differentiate  with respect to :

Multiply by :

This is Donald van Slyke's exact buffer capacity equation.

Step 3: Maximum Buffer Capacity at  (Part c)

In the practical buffering range ( ),  and  are negligible ( ) compared to buffer concentration  (
).

The buffer capacity is dominated by the conjugate pair term:

To find the maximum buffer capacity, let  and differentiate  with respect to :

Setting the numerator to zero yields:

At this maximum point, , so the denominator is :

Thus, the maximum buffer capacity is directly proportional to total buffer concentration  and occurs exactly when weak acid and
conjugate base concentrations are equimolar.

EXAMINER MARKING RUBRIC

Logarithmic derivation of Henderson-Hasselbalch equation (Part a) 5 Marks

Charge balance, derivative , and van Slyke equation derivation (Part b) 9 Marks

Calculus optimization proving maximum at  ( ) and  (Part c) 6 Marks
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OLYMPIAD INSIGHT

Buffer capacity is not uniform across the titration curve; it forms a bell-shaped profile that peaks sharply at
, where equal availability of acid and base buffers both incoming protons and hydroxide ions.

COPYABLE LATEX SNIPPET

K_a = \frac{[H^+][A^-]}{[HA]} \implies \text{pH} = pK_a + \log_{10}\left(\frac{[A^-]}{[HA]}\right)\\
\beta = \frac{d C_b}{d(\text{pH})} = 2.303 \left([H^+] + [OH^-] + C \frac{K_a [H^+]}{(K_a + [H^+])^2}\right)\\
\frac{d\beta}{d[H^+]} = 0 \implies [H^+] = K_a \implies \text{pH} = pK_a, \quad \beta_{\text{max}} = \frac{2.303}{4}C 

\approx 0.576 C

pH = pK ​a



C-06

Crystal Field Theory: Octahedral vs Tetrahedral d-
Orbital Splitting

Coordination Chemistry & Crystal Field Theory

20 Marks Total

OFFICIAL PROBLEM STATEMENT

Crystal Field Theory (CFT) models the electrostatic interaction between transition metal -orbitals and
surrounding ligand point charges.

a) Using the spatial geometry of the five -orbitals ( ), explain why an octahedral
ligand field splits the degenerate orbitals into a lower  and higher  set.
b) Prove by the barycenter rule that  orbitals are destabilized by  and  orbitals are stabilized by

.
c) Derive the relation  for a tetrahedral complex with identical metal-ligand bond lengths, and
explain why tetrahedral complexes are almost universally high-spin.

Step 1: Spatial Geometry & Octahedral Field Splitting (Part a)

In an isolated gaseous transition metal cation, all five -orbitals are degenerate (equal energy). In an octahedral complex ( ), six
ligands approach along the  Cartesian axes.
1. **Axial Orbitals (  set):** The lobes of  (pointing along the  and  axes) and  (pointing along the  axis with a toroidal
donut) point directly at the incoming negatively charged ligand electron pairs. The direct head-on electrostatic repulsion severely
destabilizes these two orbitals, raising their energy.
2. **Inter-Axial Orbitals (  set):** The lobes of  point between the Cartesian axes (at  to the axes), avoiding direct
collision with ligand point charges. They experience significantly less electrostatic repulsion and reside at lower energy.
Thus, the spherical degeneracy is split into two sub-levels separated by the octahedral crystal field splitting energy  (or ).

Step 2: The Barycenter Rule & Energy Shifts (Part b)

The **Barycenter Rule** dictates that the overall electrostatic energy of the five -orbitals relative to a hypothetical spherical crystal
field must be conserved:

There are two doubly degenerate  orbitals shifted by  and three triply degenerate  orbitals shifted by :

The total energy separation between the two levels is defined as :

From :

The Crystal Field Stabilization Energy (CFSE) for a configuration  is:
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where  is the electron pairing energy and  is the number of newly formed pairs.

Step 3: Tetrahedral Splitting  & Spin State (Part c)

In a tetrahedral complex ( ), four ligands occupy alternate corners of a cube enclosing the metal cation at center :
- The Cartesian axes ( ) intersect the centers of the cube faces.
- The inter-axial orbitals ( , now designated ) point directly toward the midpoints of the cube edges, situated at an
angle of  from the ligand corners.
- The axial orbitals ( , designated ) point to face centers at an angle of  from the ligands.
Because  lobes are closer to ligands than  lobes, the splitting pattern is inverted:  is stabilized (lower) and  is destabilized
(higher).

**Derivation of  Factor:**
1. *Number of Ligands Effect:* A tetrahedron has 4 ligands compared to 6 in an octahedron, reducing the electrostatic field by .
2. *Directional Geometric Effect:* No -orbital points directly at a tetrahedral ligand; resolving the electrostatic field vector gives an
overlap factor of .
Multiplying both geometric factors:

**Spin State:** Because , the crystal field splitting energy is almost always significantly smaller than the electron pairing
energy ( ). Electrons prefer to occupy the higher  orbitals with parallel spins rather than pairing in the lower  orbitals.
Therefore, tetrahedral complexes are almost exclusively **high-spin**.

EXAMINER MARKING RUBRIC

Orbital lobe orientation and electrostatic splitting into  and  (Part a) 6 Marks

Barycenter conservation proof for  and  shifts (Part b) 6 Marks

Cube geometry derivation of  and pairing energy  high-spin explanation (Part c) 8 Marks

OLYMPIAD INSIGHT

Tetrahedral splitting is only  of octahedral splitting because there are fewer ligands (4 vs 6) and none of the
five -orbitals point directly at the incoming ligand coordinates.

COPYABLE LATEX SNIPPET

2 E(e_g) - 3 E(t_{2g}) = 0 \implies E(e_g) = +0.6\Delta_o, \quad E(t_{2g}) = -0.4\Delta_o\\
\Delta_t = \left(\frac{4}{6}\text{ ligands}\right) \times \left(\frac{2}{3}\text{ directional overlap}\right) \Delta_o 
= \frac{4}{9}\Delta_o\\
\Delta_t \ll P \implies \text{Tetrahedral complexes are almost universally high-spin.}
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C-07

Nucleophilic Acyl Substitution (S_N Ac) & Carboxylic Acid
Reactivity

Organic Carbonyl Mechanisms  20

Marks Total

OFFICIAL PROBLEM STATEMENT

Carboxylic acid derivatives ( ) undergo nucleophilic acyl substitution ( ) rather than nucleophilic
addition.

a) Write the complete two-step addition-elimination mechanism for the reaction of an acyl chloride with an
amine to form an amide, tracking changes in carbon hybridization.
b) Rank the following carboxylic acid derivatives in order of decreasing reactivity toward nucleophilic attack: acyl
chloride, acid anhydride, ester, amide, and carboxylate anion.
c) Rationalize this reactivity hierarchy in terms of leaving group ability (  of conjugate acids) and resonance
electron donation into the carbonyl carbon.

Step 1: Two-Step Addition-Elimination Mechanism (Part a)

Consider the reaction of acetyl chloride with methylamine ( ):

**Step 1: Nucleophilic Addition (Rate-Determining):**
The nucleophilic nitrogen lone pair attacks the electrophilic carbonyl carbon ( ). The -bond electrons are pushed onto the
electronegative oxygen atom, forming a charged **tetrahedral intermediate**:

- Carbon hybridization changes from planar ** ** (  bond angles) to tetrahedral ** ** ( ).

**Step 2: Proton Transfer and Elimination (Fast):**
An auxiliary base (excess amine) abstracts a proton from the positively charged ammonium group:

The oxygen lone pair collapses to reform the stable  -bond, expelling chloride ( ) as the leaving group:

- Carbon hybridization reverts back from ** ** to planar ** ** in the final amide product.

Step 2: The Canonical Reactivity Hierarchy (Part b)

The reactivity of carboxylic acid derivatives toward nucleophilic acyl substitution follows the strict universal hierarchy:

Acyl chlorides react vigorously with water at room temperature without catalyst, while amides require heating with concentrated acid
or base for multiple hours to achieve hydrolysis.

Step 3: Leaving Group Basicity & Resonance Stabilization (Part c)

Two electronic factors explain this reactivity hierarchy:

**1. Leaving Group Ability (  of Conjugate Acid):**
Good leaving groups are weak, stable bases whose conjugate acids have low (or negative)  values:
- Chloride ( ): Conjugate acid  has . Extremely weak base, excellent leaving group.
- Carboxylate ( ): Conjugate acid  has . Moderate base, good leaving group.
- Alkoxide ( ): Conjugate acid  has . Strong base, poor leaving group.

R-COL S ​AcN
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′
2
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2
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2
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3
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sp3 sp2

Acyl Chloride > Acid Anhydride > Ester ≈ Carboxylic Acid > Amide > Carboxylate Anion

pK ​a

pK ​a

Cl− HCl pK ​ ≈a −7
RCOO− RCOOH pK ​ ≈a 4.8

RO− ROH pK ​ ≈a 16



- Amide ion ( ): Conjugate acid  has . Extremely strong base, terrible leaving group.
- Oxide dianion ( ): Conjugate acid  has  (  ). Disfavored.

**2. Resonance Electron Donation into Carbonyl:**
The leaving group substituent  donates its lone pair into the carbonyl  orbital: .
- In amides, nitrogen is less electronegative than oxygen and chlorine, enabling strong -donation into the carbonyl carbon. This
stabilizes the ground state by , dramatically reducing carbonyl electrophilicity.
- In acyl chlorides, chlorine's  orbital is larger and poorly overlaps with carbon's  orbital. Furthermore, chlorine is strongly
electron-withdrawing via induction ( ), maximizing the partial positive charge  on the carbonyl carbon.

EXAMINER MARKING RUBRIC

Two-step addition-elimination mechanism with tetrahedral intermediate and hybridization changes (Part a) 8 Marks

Accurate 5-tier reactivity hierarchy ranking (Part b) 4 Marks

Leaving group  analysis and resonance -donation explanation (Part c) 8 Marks

OLYMPIAD INSIGHT

Carbonyl reactivity depends on the electrophilicity of the ground state and the basicity of the leaving group.
Amides are stabilized by strong  resonance overlap, while acyl chlorides have poor  overlap
and an excellent leaving group ( ).

COPYABLE LATEX SNIPPET

R\text{COL} + \text{Nu}^- \xrightleftharpoons{\text{Addition, } sp^2 \to sp^3} [R\text{-C(O}^-\text{)(Nu)(L)}] \xrighta
rrow{\text{Elimination, } sp^3 \to sp^2} R\text{CONu} + L^-\\
\text{Reactivity: } R\text{COCl} > (R\text{CO})_2O > R\text{COOR}' > R\text{CONH}_2 > R\text{COO}^-\\
\text{Leaving group } pK_a(\text{conj acid}): \text{HCl } (-7) < \text{RCOOH } (4.8) < \text{ROH } (16) < \text{NH}_3 

\; (38)
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SB-VAULT Science Bowl Rapid-Fire Tournament Scrimmage Vault (60 Questions)

Q01 Physics Toss-Up

Question: What is the term for the minimum frequency of electromagnetic radiation required to liberate photoelectrons from a
clean metallic surface?

Answer: Threshold Frequency (or Cutoff Frequency)

Rationale: Photoelectric effect: , where  is the work function.

Q02 Physics Bonus

Question: What dimensionless quantity represents the ratio of inertial forces to viscous forces in a fluid flow?

Answer: Reynolds Number

Rationale: Defined as .

Q03 Physics Toss-Up

Question: What fundamental physical quantity is conserved as a direct consequence of the spatial translational invariance of
physical laws according to Noether's Theorem?

Answer: Linear Momentum

Rationale: Spatial translation symmetry implies conservation of linear momentum.

Q04 Physics Bonus

Question: In a p-n junction diode under zero bias, what is the region depleted of mobile charge carriers called?

Answer: Depletion Region (or Depletion Layer / Space Charge Region)

Rationale: Diffusion of majority carriers leaves behind fixed ionized donor and acceptor dopant cores.

Q05 Physics Toss-Up

Question: What type of radioactive decay produces a continuous kinetic energy spectrum for the emitted charged lepton?

Answer: Beta Decay

Rationale: Three-body decay ( ) partitions energy continuously between electron and neutrino.

Q06 Physics Bonus

Question: What optical phenomenon occurs when light reflects at an angle such that the reflected ray is completely perpendicular
to the refracted ray, resulting in 100% linear polarization?

Answer: Brewster's Angle (or Polarization Angle)

Rationale: Given by .

Q07 Physics Toss-Up

Question: What is the SI coherent unit of magnetic flux density?

Answer: Tesla (T)

Rationale: .

Q08 Physics Bonus

Question: What theorem states that a static configuration of electric charges cannot maintain a charged particle in stable
electrostatic equilibrium?

Answer: Earnshaw's Theorem

Rationale: Because Laplace's equation  has no local minima or maxima in free space.

Q09 Physics Toss-Up

Question: What is the name of the effect where a temperature gradient across two dissimilar conductors directly produces an
electrical potential difference?

Answer: Seebeck Effect (or Thermoelectric Effect)

Rationale: Voltage , where  is the Seebeck coefficient.
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Q10 Physics Bonus

Question: What quantum mechanical principle states that two identical fermions cannot occupy the same quantum state
simultaneously?

Answer: Pauli Exclusion Principle

Rationale: Consequence of the total wave function being antisymmetric under particle exchange.

Q11 Chemistry Toss-Up

Question: What is the hybridization of the central sulfur atom in sulfur hexafluoride (SF6)?

Answer: sp3d2

Rationale: 6 bonding pairs and 0 lone pairs form an octahedral geometry.

Q12 Chemistry Bonus

Question: What name is given to an organic reaction in which an aldehyde with no alpha-hydrogens undergoes self-oxidation-
reduction in strong base to yield a carboxylic acid salt and an alcohol?

Answer: Cannizzaro Reaction

Rationale: Hydride transfer from tetrahedral intermediate to an unreacted aldehyde molecule.

Q13 Chemistry Toss-Up

Question: What thermodynamic state function is defined mathematically as the internal energy plus the product of pressure and
volume?

Answer: Enthalpy

Rationale: .

Q14 Chemistry Bonus

Question: What law states that the mass of a dissolved gas in a given volume of liquid is directly proportional to the partial
pressure of that gas in equilibrium with the liquid?

Answer: Henry's Law

Rationale: .

Q15 Chemistry Toss-Up

Question: What is the term for a pair of non-superimposable stereoisomers that are mirror images of each other?

Answer: Enantiomers

Rationale: Opposite stereocenters at all chiral carbons.

Q16 Chemistry Bonus

Question: In coordination chemistry, what rule states that transition metal organometallic complexes are most stable when the
sum of metal valence electrons and ligand-donated electrons equals 18?

Answer: 18-Electron Rule

Rationale: Fills nine valence orbitals: one , three , and five .

Q17 Chemistry Toss-Up

Question: What is the oxidation number of manganese in the permanganate ion (MnO4-)?

Answer: +7

Rationale: .

Q18 Chemistry Bonus

Question: What type of intermolecular force is primarily responsible for the unexpectedly high boiling points of water, ammonia,
and hydrogen fluoride?

Answer: Hydrogen Bonding

Rationale: Dipole interaction between H bonded to highly electronegative F, O, or N and a lone pair.

H = U + PV

C = k ​PH

s p d

x + 4(−2) = −1 ⟹ x = +7



Q19 Chemistry Toss-Up

Question: What instrument separates gaseous ions based on their mass-to-charge ratio (m/z)?

Answer: Mass Spectrometer

Rationale: Magnetic or time-of-flight deflection resolves isotopic peaks.

Q20 Chemistry Bonus

Question: What is the chemical name of the enzyme that catalyzes the primary carbon fixation reaction in C3 photosynthesis?

Answer: Rubisco (Ribulose-1,5-bisphosphate carboxylase/oxygenase)

Rationale: Fixes  onto RuBP to yield two molecules of 3-PGA.

Q21 Biology Toss-Up

Question: In what specific organelle of eukaryotic cells does beta-oxidation of very-long-chain fatty acids (VLCFAs, >22 carbons)
initially take place?

Answer: Peroxisomes

Rationale: Peroxisomal acyl-CoA oxidases shorten VLCFAs before transfer to mitochondria.

Q22 Biology Bonus

Question: What is the primary neurotransmitter released at the neuromuscular junction in skeletal muscles?

Answer: Acetylcholine

Rationale: Binds nicotinic receptors, triggering end-plate depolarization.

Q23 Biology Toss-Up

Question: What type of horizontal gene transfer in bacteria involves the uptake of naked environmental DNA fragments by
competent cells?

Answer: Transformation

Rationale: Demonstrated by Frederick Griffith (1928) and Avery, MacLeod, McCarty (1944).

Q24 Biology Bonus

Question: What plant hormone promotes seed dormancy, stomatal closure under drought stress, and inhibits precocious
germination?

Answer: Abscisic Acid (ABA)

Rationale: Antagonizes gibberellins to maintain embryonic dormancy.

Q25 Biology Toss-Up

Question: What specialized cellular junction in animal epithelial tissues forms an impermeable belt sealing adjacent cells to
prevent paracellular fluid leakage?

Answer: Tight Junctions (or Zonula Occludens)

Rationale: Composed of claudin and occludin transmembrane proteins.

Q26 Biology Bonus

Question: In the human cardiac cycle, what valve prevents backflow of blood from the aorta into the left ventricle during diastole?

Answer: Aortic Semilunar Valve

Rationale: Three pocket-like cusps fill with blood when aortic pressure exceeds ventricular pressure.

Q27 Biology Toss-Up

Question: What is the term for the programmed enzymatic self-destruction of a cell characterized by cell shrinkage, chromatin
condensation, and apoptotic bodies?

Answer: Apoptosis

Rationale: Mediated by initiator and executioner cysteine-aspartic proteases (caspases).

CO ​2



Q28 Biology Bonus

Question: What proteinaceous infectious particle lacking any nucleic acid is responsible for transmissible spongiform
encephalopathies such as Creutzfeldt-Jakob disease?

Answer: Prion (PrPSc)

Rationale: Misfolded -sheet rich conformer of normal cellular prion protein (PrPC).

Q29 Biology Toss-Up

Question: Which enzyme unzips and unwinds the parental DNA double helix at the replication fork in prokaryotes?

Answer: DNA Helicase (DnaB)

Rationale: Consumes ATP to break hydrogen bonds between complementary base pairs.

Q30 Biology Bonus

Question: What is the primary nitrogenous waste product excreted by teleost (bony) fish?

Answer: Ammonia (NH3)

Rationale: Highly toxic but readily diffuses across gill epithelium in aquatic environments.

Q31 Mathematics Toss-Up

Question: What is the derivative of the natural logarithm function ln(x) for x > 0?

Answer: 1/x

Rationale: .

Q32 Mathematics Bonus

Question: What is the sum of the interior angles of a convex planar heptagon (7-sided polygon) in degrees?

Answer: 900 degrees

Rationale: Sum .

Q33 Mathematics Toss-Up

Question: What is the value of the permutation count 5P3?

Answer: 60

Rationale: .

Q34 Mathematics Bonus

Question: What mathematical constant is defined as the limit as n approaches infinity of (1 + 1/n)^n?

Answer: e (Euler's Number)

Rationale: Approximately .

Q35 Mathematics Toss-Up

Question: If a square matrix A has determinant zero, what algebraic property does it possess regarding matrix inversion?

Answer: It is Singular (or Non-Invertible)

Rationale: An inverse matrix  exists if and only if .

Q36 Mathematics Bonus

Question: What is the sum of all positive integers from 1 to 100 inclusive?

Answer: 5050

Rationale: .

Q37 Mathematics Toss-Up

Question: What is the value of sin(pi/6)?

Answer: 1/2 (or 0.5)

Rationale: .
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Q38 Mathematics Bonus

Question: What is the radius of the incircle of a right triangle with side lengths 6, 8, and 10?

Answer: 2
Rationale: .

Q39 Mathematics Toss-Up

Question: How many distinct subsets can be formed from a set containing exactly 6 elements?

Answer: 64

Rationale: .

Q40 Mathematics Bonus

Question: What theorem states that every integer greater than 1 either is prime itself or can be represented as the product of
prime numbers uniquely up to order?

Answer: Fundamental Theorem of Arithmetic (or Unique Factorization Theorem)

Rationale: Foundational cornerstone of elementary number theory.

Q41 Astronomy & Earth Toss-Up

Question: What spectral classification letter designates the hottest main-sequence stars, with surface temperatures exceeding
30,000 Kelvin?

Answer: O

Rationale: Morgan-Keenan sequence: O, B, A, F, G, K, M.

Q42 Astronomy & Earth Bonus

Question: What is the upper mass limit for a non-rotating white dwarf star supported by electron degeneracy pressure, equal to
approximately 1.4 solar masses?

Answer: Chandrasekhar Limit

Rationale: Derived by Subrahmanyan Chandrasekhar (1930).

Q43 Astronomy & Earth Toss-Up

Question: What boundary separates the Earth's crust from the underlying mantle, marked by an abrupt increase in seismic wave
velocity?

Answer: Mohorovicic Discontinuity (or Moho)

Rationale: Discovered by Andrija Mohorovicic in 1909.

Q44 Astronomy & Earth Bonus

Question: What Keplerian orbital law states that the square of the orbital period of a planet is directly proportional to the cube of
the semi-major axis of its orbit?

Answer: Kepler's Third Law (Law of Harmonies)

Rationale: .

Q45 Astronomy & Earth Toss-Up

Question: What mineral defines hardness 10 on the Mohs hardness scale?

Answer: Diamond

Rationale: Covalent carbon network with peak indentation hardness.

Q46 Astronomy & Earth Bonus

Question: What is the boundary layer of the Sun where the bulk of visible solar radiation originates, with an effective temperature
of approximately 5,778 Kelvin?

Answer: Photosphere

Rationale: Layer where optical depth .
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Q47 Astronomy & Earth Toss-Up

Question: What type of plate boundary is formed when two tectonic plates slide past each other horizontally, such as the San
Andreas Fault?

Answer: Transform Fault (or Conservative Plate Boundary)

Rationale: Crust is neither created nor destroyed.

Q48 Astronomy & Earth Bonus

Question: What is the distance to an astronomical object that has a stellar parallax angle of one arcsecond, equivalent to
approximately 3.26 light-years?

Answer: Parsec

Rationale: .

Q49 Astronomy & Earth Toss-Up

Question: Which atmospheric layer contains approximately 75% of the total mass of the Earth's atmosphere and almost all
weather phenomena?

Answer: Troposphere

Rationale: Extends from ground level up to 8-18 km.

Q50 Astronomy & Earth Bonus

Question: What theoretical radius around a black hole marks the point of no return where the escape velocity equals the speed of
light?

Answer: Schwarzschild Radius (or Event Horizon)

Rationale: .

Q51 General Science & Energy Toss-Up

Question: What is the primary fissile isotope of uranium used as fuel in commercial light-water nuclear power reactors?

Answer: Uranium-235

Rationale: Naturally 0.7% abundant, typically enriched to 3-5% for power reactors.

Q52 General Science & Energy Bonus

Question: What is the maximum theoretical efficiency limit for a single p-n junction photovoltaic solar cell under un-concentrated
sunlight, equal to approximately 33.7%?

Answer: Shockley-Queisser Limit

Rationale: Derived by William Shockley and Hans-Joachim Queisser (1961).

Q53 General Science & Energy Toss-Up

Question: What gas constitutes the largest component of natural gas, typically making up 70% to 90% of its volume?

Answer: Methane (CH4)

Rationale: Simplest tetrahedral alkane hydrocarbon.

Q54 General Science & Energy Bonus

Question: What electrochemical device converts the chemical energy of a fuel, such as hydrogen, directly into electrical energy via
redox reactions without combustion?

Answer: Fuel Cell

Rationale: Proton exchange membrane (PEM) fuel cells combine  and  to generate electricity and water.

Q55 General Science & Energy Toss-Up

Question: What element is used as the primary moderator in heavy water nuclear reactors (CANDU)?

Answer: Deuterium (or Heavy Hydrogen / 2H)

Rationale: Low neutron absorption cross section enables use of unenriched natural uranium.
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Q56 General Science & Energy Bonus

Question: What is the thermodynamic cycle consisting of two isobaric and two isentropic processes that models the ideal gas
turbine jet engine?

Answer: Brayton Cycle (or Joule Cycle)

Rationale: Open or closed continuous-flow gas power cycle.

Q57 General Science & Energy Toss-Up

Question: What is the unit of electrical energy consumption equal to one thousand watts of power expended continuously for
one hour?

Answer: Kilowatt-Hour (kWh)

Rationale: .

Q58 General Science & Energy Bonus

Question: In geothermal energy systems, what thermodynamic effect describes the temperature drop of a real gas when it
expands adiabatically through an insulated valve or porous plug?

Answer: Joule-Thomson Effect (or Joule-Kelvin Effect)

Rationale: Governed by Joule-Thomson coefficient .

Q59 General Science & Energy Toss-Up

Question: Which alkali metal has the lowest standard reduction potential (-3.04 V), making it the optimal anode material for high-
energy-density rechargeable batteries?

Answer: Lithium

Rationale: Lightest solid element with highest electropositive standard cell voltage.

Q60 General Science & Energy Bonus

Question: What phenomenon in wind turbine aerodynamics causes power loss and turbulence when the blade tip vortex sheds
into the wake stream?

Answer: Tip Loss (or Tip Vortex Shedding)

Rationale: Accounted for using Prandtl's tip loss factor in blade element momentum (BEM) theory.

1 kWh = 3.6 × 10  Joules6
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