CHEMISTRY 209
PRELIM I October 4, 2007

ANSWER KEY



1.

(a) (7 points) Balance the following chemical reaction:

BsHo(g) + — Os(g) — By03(s) + —_H»0(g)

First, work on the B; there are 5/formula unit on the left, 2 /formula unit on the right; so we
need 2 moles on the left and 5 on the right. That gives us 18 H units on the left, that we need
to account for on the right; call it 9 HyO units. In total, that means we have 15+ 9 = 24
oxygen atoms on the right that we need to account for on the left; or 12 O, units. Ending
up with:

(b) (8 points) The hormone adrenaline has the molecular formula CqH;303N. Complete

combustion of adrenaline yields only COs, H,O and N5 as products. Balance the chemical
equation below representing the combustion of adrenaline by filling in the blanks with
appropriate coefficients.

7CQH1303N + 702 — 7002 + 7H20 + 7N2

Balance the equation by finding the coefficients which belong in the blanks.

Approach as in the previous problem. Each C on the left has to end up in a CO, molecule on
the right; each 2 H's on the left in an H,O molecule on the right, and each N atom as a part
of Ny on the right. So let’s start by using 2 units of the adrenaline molecule on the left; that
gives us 18 COy's, and 13 HyO's on the right. And 1 Ny product molecule. Without using
any of the O, species, we have 6 oxygen units on the left, and require 18 x 24+ 13 x 1 = 49
oxygen atoms on the right. So we need % units of Og; multiplying everything by 2 to get to
integer coefficients only (which is not strictly required) leads to:

4C9H13O3N + 4302 — 36C02 + 26H20 + 2N,



2. (15 points) Trimethyl aluminum, Al(CHj)s, must be handled carefully in an air-tight appa-
ratus as it spontaneously bursts into flame upon contact with oxygen. Calculate the mass
of trimethyl aluminum which can be prepared from 5.00 g of aluminum metal and 25.0 g of
dimethyl mercury via the chemical reaction

2A1(s) + 3Hg(CHs)a (1) — 2A1(CHy)5(1) + 3Hg(1)

We need to decide which input is the limiting reagent as a start. That means finding the number
of moles of each reactant;

5.00 g of Al metal with a molar mass 26.9815 corresponds to 0.1853 moles of Al;

25.0 g of dimethyl mercury has a molar mass of (200.59 + 2 x (12.0112+ 3 x 1.00797)) = 230.66
g/mole; corresponding to 0.1084 moles.

Our balanced equation states that we require three moles of the dimethyl mercury reactant for
each two moles of Al; thus we have an excess of Al metal, and our limiting reagent is the dimethyl
mercury. Each mole yields two-thirds of a mole of our product; therefore our maximum yield
(in moles of the trimethyl aluminum compound) is 0.1084 x 2/3 = 0.07226 moles of trimethyl
aluminum. The molar mass of the trimethyl aluminum is 26.9815+ 3 x (12.011243 x 1.00797)) =
72.08683; our 0.7226 moles would therefore weigh 0.7226 moles x72.08683 g/mole = 5.209 g;
we only have three significant figures, so call it 5.21 grams of product maximum.



3. (a) (10 points) A compound, cantharene, contains only carbon and hydrogen. The combus-
tion of 0.270 grams of cantharene in excess oxygen yields enough COs to react with just
20.0 m/ of 2.0 M NaOH solution, according to the chemical equation

2 NaOH + COQ — NEQCOg + HQO

Given the atomic weights H=1, C=12 and O=16 find the empirical formula for can-
tharene.

How much CO, is formed? That requires that we know how many moles of NaOH are used
up in the subsequent reaction; as one mole of CO, reacts with 2 moles of the NaOH. How
many moles of NaOH are used up?

(0.020 ¢ solution) x (2.0 moles NaOH /¢ solution) = 0.040 moles NaOH

meaning that we generated 0.020 moles of CO,, meaning our compound contained 0.020
moles of C which weighed 0.020 molesx 12 g/mole = 0.24 grams of C. The remainder must
be our H; corresponding to 0.030 grams; at one gram per mole, that corresponds to 0.030
moles of H atoms. So the empirical formula for cantharene is CoH3. Note that we didn't
really need the mass of the oxygen at all...



(b) (10 points) A metallic element (call it M) combines with a halogen (call it X) to form
a compound M X,. At high temperature this compound undergoes quantitative decom-
position via the reaction

2M Xs(s) — 2M X (s) + Xa(g)

From 1.12 g of M X5 one obtains 0.72 g of the solid M X, and sufficient gaseous X5 to
react completely with 0.061 g of magnesium metal (Mg, with atomic weight 24.3). Find
the atomic weights of the halogen X and the metal M (to two significant digits).

What do we know? We know that 0.40 g of the gas X, reacts with 0.061 of magnesium
metal; magnesium is a metal that gets assigned a charge state in its ionic form of +2, so it
should combine with two atoms of X (as halogens are typically assigned an oxidation state
of -1). So our compound formed is MgXs; it contains 0.061 g of Mg and 0.40 g of Xy,
corresponding to

0.061 g x 1 mole Mg/24.3 g Mg = 0.00251 moles Mg

therefore 0.40 g represents 0.00251 moles of X5, or 0.00502 moles of X, and the molar
atomic weight of X is therefore 0.40 g/0.00502 moles = 79.7 g/mole; to 2 significant digits,
call it 80. Which is the atomic weight of Br, luckily enough—though the question doesn’t ask
that we determine that.

Now we need to identify the metal, M; we know that there are as many atoms of X left
behind as there are released from the heating of the original compound. So our 0.72 g of
the solid M X represents 0.00502 moles of M X; the formula weight of the compound M X
is therefore 0.72 g/0.00502 moles = 144 g/mole; and the mass of the metal M is therefore
144 — 80 = 64. Meaning that we have Cu as our “unknown” metal.



4. (a) (5 points) Below is shown a picture of the population probability density for a H-atom
orbital. Which values of n and ¢ does this orbital represent?

Most likely correct answer is a 4d orbital; one radial node, two planar nodes in the angular
direction. It could, from some perspectives, be confused with a 5f, or 6¢g, or 7h, etc. orbital.
Such answers should get full credit, if they exist. That would correspond to n =4,/ =2, or
any combination n = j,{ = j — 2 for j > 4.

(b) (5 points) Which of the following represents an allowed set of quantum numbers n, ¢, m,
and mg for an electron in an atomic orbital? Mark clearly in either the “allowed” or
“forbidden” columns to indicate whether you believe each row corresponding to a set of
quantum numbers is acceptable.

allowed forbidden n 14 ™y Mg
R - 2 0 0 5
X _ 8 4 -3 ~1
_ ® 3 3 2 .
- R 2 1 -2 z
- ® 5 3 2 1

(c) (5 points) Which of the following neutral atoms has the largest number of unpaired
electrons? Circle your choice.

Na Al Si ®) S



5. The Bohr model for one-electron species with nuclear charge Z states that the energy of any
stable electronic orbital is given by

2, 472
B = _27T me*Z i
h? n?
and the collection of constants can be gathered into a single constant that we will indicate by
21 met
2
these bound state energies are measured with respect to the state where the electron is free

from the influence of the nucleus.

= Ry where Ry is the Rydberg constant, and the negative sign exists to clarify that

(a) (10 points) The Rydberg formula describing the wavelengths A for transitions in the
emission spectrum of the one-electron species is derived easily from the above, and

2
ny n;

1 1 1
where n; is the state that the electron is initially found in, and ny is the state that the
electron ends in. Complete ejection of remaining electron in the He™ species from its
lowest energy state requires absorption of light with a wavelength A < 22.8 nm. Using
this information find for the H atom the wavelength of the (Lyman series) emission line
arising from a transition from n; = 2 to ny = 1.

The He™ species is entirely analogous to the H atom except for the fact that Z = 2 in
He; while in H atoms Z = 1. Our expression for the transitions given above tells us that
1/X o< Z?; equivalently, that AZ? is a constant for all one-electron species (assuming that
ns and n; are the same). Thus we require AZ? = 22.8 X Z? = 91.2 nm for the n; = oo to
ny = 1 transition in all one-electron species; if Z = 1-as it is in H-then ionization of the
H atom, corresponding to the transition from the ground state to the n = oo state would
occur at A = 91.2nm; in this problem, we are asked to find the n; = 2 to ny = 1 transition,

1 1
which corresponds to an energy (? — ﬁ) =1 as large as the ionization energy. As energy
. . . . 4
is inversely proportional to the wavelength, the required line would appear at 3 X 91.2 nm =

121.6 nm.



(b) (10 points) The wavelength A of the Lyman series line described above in the H atom
spectrum is also found in the emission spectrum of the He™ species. Find n; and ny for
the emission line at this wavelength in the He™t species.

Look to the Rydberg formula provide above. We have the same )\ for two different lines, one
originating in the Z = 1 species and the second in a Z = 2 species. This would tend to increase
the value of 1/ in the larger Z species, by the factor 22 = 4: if we are told that the same value
of 1/X is found then we must require that some other part of the equation for 1/\ be smaller by
exactly 4. Ry is a constant, that leaves only n; and n;; if we double each of them, and then
calculate the difference (nl2 — iz) we will find that we have exactly compensated for the increased

f i
value of Z. So the He™ species has an emission line at 121.6 nm if we are observing the transition

n;, =4tony=2.

6. (a) (5 points) A substance X,Z has a composition (by mass) of 40.0% X and 60.0% Z. What
is the composition (by mass) of the compound XZy?7

Take one gram of the compound XyZ; it contains 0.400 g of X and 0.600 g of Z. The
compound XZ, would contain 4 times as many Z atoms per X atom; or would require that we
have 2.400 g of Z for every 0.400 g of X. In that 2.800 g sample, the % by mass of X would be
0.400/2.800 x 100% = 14.3% and the remainder would be Z; that is, 2.400/2.800 x 100% =
85.7%.



(b) (10 points) John Dalton was provided with three compounds, each corresponding to a
binary compound of two of the three elements X, Y or Z. Each compound was treated
chemically to release quantitatively the elements, and their masses determined as follows:

From the compound formed from X and Y, 400 mg of X and 4200 mg of Y were recovered.
From the compound formed from Y and Z, 1400 mg of Y and 1000 mg of Z were recovered.

From the compound formed from X and Y, 2000 mg of X and 7000 mg of Y were
recovered.

Dalton was asked to determine the relative masses of X, Y and Z. Assigning X a mass of
exactly 1 Chem209 experimental mass unit (call it the Cemu), find the masses of Y and
7 in Cemus. Discuss the assumptions made in the derivation of those masses. Assume
each of the masses above are reported to 3 significant digits.

Binary compounds are composed of two elements, with formulae such as A,B, for a and b
typically small integers. When more than one binary compound is possible, we expect that for
fixed mass of A the ratio of the masses of B will be a small integer n so that the compounds
represented will look like A,B, and A,B,,; (note; it is also possible that n will be the ratio
of two small integers). In the experiment above, the X-Y binaries have mass ratios of 1:10:5
and 1:3.5; thus it would appear that they represent compounds of the form X;Ys, and X,Y,.
Without any more information, we cannot uniquely identify = and y; so we'll assume that they
are both 1, and would predict that the mass of Y is 3.5 Cemu's. Of course, if we assumed
xr =2 and y = 1, we would get a different answer; then we would find Y to have mass 7
Cemu's. Other choices are possible though less likely; one could perhaps imagine z = 1 and
y = 2, leading to a mass of 1.75 Cemu'’s, and so on; potentially any set of small integers p
and ¢ could be chosen leading to masses that are 3.5p/q.

Assume that the mass of Y is 3.5 Cemu's. Then Y-Z compound tells us that the mass of Z
is 2.5k/7 Cemu'’s, depending on what assumptions we make about the formula of the Y-Z
binary, Y,Z;. If the formula is YZ, then the mass of Z is 2.5; if it were YZ,, then 1.25
Cemu’s, and so on.
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